
SC10 HPC Challenge Submission for XcalableMP

Jinpil Lee
Graduate School of Systems
and Information Engineering

University of Tsukuba
jinpil@hpcs.cs.tsukuba.ac.jp

Masahiro Nakao
Center for Computational Sciences

University of Tsukuba
mnakao@ccs.tsukuba.ac.jp

Mitsuhisa Sato
Center for Computational Sciences

University of Tsukuba
msato@cs.tsukuba.ac.jp

I. I NTRODUCTION

XcalableMP[1], XMP for short, is a directive-based language extension for distributed memory systems, which is proposed
by the XMP Specification Working Group which consists of members from academia, Research Lab and Industries mainly
from Japan. It allows users to easily develop parallel programs for distributed memory systems and to tune performance
with minimal and simple notation. A part of the design is based on the experiences of HPF(High Performance Fortran)[5],
Fujitsu XPF (VPP FORTRAN)[6], and OpenMPD[7]. The specification is available at the web site of XcalableMP[1].

In this submission of this year, the highlights are as follows:
• We demonstrate the programmability and the expressiveness of XMP, that is, how to write efficient parallel programs

easily in XMP. In this submission, we take three benchmarks, RandomAccess, HPL and FFT in HPCC Benchmarks,
and CG in NAS Parallel Benchmarks[12], Laplace solver using simple Jacobi iteration. The Laplace solver is an simple
example to use shadow and reflect directives which communicates and synchronize the overlapped regions. In the CG
benchmark, we show the technique of two-dimensional parallelization using replicated data data distribution. It should
be noted that the parallelized codes are almost compatible to the sequential version by ignoring the XMP directives.

• We report several experimental results with different sizes and different machines, T2K-Tsukuba system and CRAY
XT5. In some benchmarks, we also show the MPI performance for comparison, showing that XMP performance is
comparable to that of the MPI.

• We consider an extension of XMP for multicore nodes. The loop directives can be extended to describe multi-threaded
execution in each nodes, by just adding simple clauses, as well as parallelization between nodes. While this extension
was applied to the Laplace solver, unfortunately we could not obtain effective results this time.

II. OVERVIEW OF XCALABLE MP

In XMP, a programmer adds directives to a serial source code, as in OpenMP[2], to describe data/task parallelism and
inter-node communication.

The features of XMP are as follows:
• XMP is defined as a language extension for familiar languages, such as C and Fortran, to reduce code-rewriting and

educational costs.
• XcalableMP supports typical parallelization based on the data parallel paradigm and work mapping under ”global

view programming model”, and enables parallelizing the original sequential code using minimal modification with
simple directives, like OpenMP. Many ideas on ”global-view” programming are inherited from HPF (High Performance
Fortran).

• The important design principle of XcalableMP is”performance-awareness”. All actions of communication and synchro-
nization are taken by directives, different from automatic parallelizing compilers. The user should be aware of what
happens by XcalableMP directives in the execution model on the distributed memory architecture.

• XcalableMP also includes a CAF-like PGAS (Partitioned Global Address Space) feature as ”local view” programming.

A. Execution Model

The target of XMP is a distributed memory system. Each compute node, which may have several cores that share the
main memory, has its own local memory, and each node is connected via a network. The compute node is the execution unit
referred to as a “node” in XMP. Like MPI[8], the execution model of XMP is the Single Program Multiple Data (SPMD)
model. In each node, a single thread starts program execution from the same main routine. By default, data declared in the
program is allocated in each node and is referenced locally by threads executed in the node. When the thread encounters XMP
directives, synchronization and communication occurs between nodes. In other words, no synchronization or communication
occurs without directives. In this case, the program performs duplicate executions of the same program on local memory in



#pragma xmp nodes p(4)

#pragma xmp template 
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Figure 1. Data Distribution Using Template

01:ÊintÊarray[N];Ê

02:ÊÊ

03:Ê#pragmaÊxmpÊnodesÊp(4)Ê

04:Ê#pragmaÊxmpÊtemplateÊt(0:N-1)Ê

05:Ê#pragmaÊxmpÊdistributeÊt(BLOCK)ÊonÊpÊ

06:Ê#pragmaÊxmpÊalignÊarray[i]ÊwithÊt(i)Ê

07:Ê

08:Êmain(void)Ê{Ê

09:ÊÊintÊi,Êj,ÊresÊ=Ê0;Ê

10:Ê

11:Ê#pragmaÊxmpÊloopÊonÊt(i)Ê

12:ÊÊforÊ(iÊ=Ê0;ÊiÊ<ÊYMAX;Êi++)Ê{Ê

13:ÊÊÊÊÊÊarray[i]Ê=Êfunc(i);Ê

14:ÊÊÊÊÊÊresÊ+=Êarray[i];Ê

15:ÊÊ}Ê

16:Ê

17:Ê#pragmaÊxmpÊ Ê

18:Ê}Ê

Figure 2. Example of Global-view Model Programming

each node. XMP directives are used to specify the synchronization and communication explicitly whenever the programmer
wants to communicate and synchronize data between nodes. XMP supports two models for viewing data: the global-view
programming model and the local-view programming model. In the local-view model, accesses to data in remote nodes are
performed explicitly by language extension for remote memory access with the node number of the target nodes, whereas
reference to local data is executed implicitly.

B. Global-View Programming Model

In the global-view programming model, programmers express their algorithm and data structure as a whole, mapping
them to the node set. Programmers describe the data distribution and the work mapping to express how to distribute data
and share work among nodes. The variables in the global-view model appear as a shared memory spanning nodes.

1) Template and Data Distribution:The global-view programming model supports typical communications for parallel
programs. First, to parallelize the program in the global-view model, the data distribution for each global data is described.
A template is used to specify the data distribution. The template is a dummy array used to express an index space associated
with an array. Fig. 1 shows the concept of a template. The node directive declares the node array. The distribution of the
template is described by a distribute directive; in this case, the distribute directive specifies the block distribution of the
template. Finally, the data distribution of an array is specified by aligning the array to the template by align directives.

2) Loop Construct and Parallelization of Loop:The loop construct maps work iteratively on the node at which the
computed data is located. The template is also used to describe the iteration space of the loop. A simple example of the
global-view programming model of the C language is shown in Fig. 2. Line 3 defines the “node set” (four nodes in this
case). Line 4 defines the template with the lower limit (0) and the upper limit (N – 1) of the index space. Line 5 specifies
the distribution of the template on the node set as a block distribution, and Line 6 defines the distribution of the array by
aligning the array with the template. For the distribution, block, cyclic, and gen-block distributions are supported. Line 11
is the loop construct for parallelizing the loop of statements from Line 12 to Line 15. In this case, Node 1 executes the
iterations from 0 to N/4 – 1, and Node 2 executes the iterations from N/4 to N/2 – 1, independently. Line 17 executes the
reduction operation on the variableres by the reduction directive. The reduction directive supports typical operators (such
as “+” and “ MAX”).

3) Communication in Global-View:Global-view communication directives are used to synchronize nodes, maintain the
consistency of a shadow area, and move distributed data globally.

The gmove construct is a powerful operation in global-view programming in XMP. The gmove construct copies the data of
a distributed array. This directive is followed by the assignment statement of scalar value and array sections. The assignment



#pragmaÊxmpÊdistributeÊt(block)ÊontoÊpÊ

#pragmaÊxmpÊalignÊA[*][i]ÊwithÊt(i)Ê

.Ê.Ê.Ê

#pragmaÊxmpÊgmoveÊ

ÊÊÊÊL[0:N-1]Ê=ÊA[0][0:N-1];Ê

0Ê 1Ê 2Ê 3Ê

A[N][N]Ê

L[N]Ê

Figure 3. Example of Gmove Directive
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Figure 4. Example of Shadow and Reflect Directives

operation of the array sections of a distributed array may require communication between nodes. In XMP, the C language is
extended to support array section notation in order to support the assignment of array objects. Fig. 3 shows a sample code
of the gmove directive. In this example, an arrayA distributed on three nodes is gathered in a local arrayB.

The shadow directive specifies the shadow width for the area used to communicate the neighbor element of a block of a
distributed array. The data stored in the storage area declared by the shadow directive is referred to as the shadow object.
The reflect directive assigns the value of a reflection source to a shadow object for variables having the shadow attribute.
Among the data allocated to a storage area other than a shadow area, the data representing the same array element as that
of the shadow object is referred to as the reflection source of the shadow object. Fig. 4 shows an example of the shadow
and reflect directives.

For collective communications, barrier, reduction, and broadcast operations are provided by the directives.
• #pragma xmp bcastvar [, var...] [from nodes-ref] [on nodes-ref| template-ref]

The “bcast” construct executes broadcast communication from one node.
• #pragma xmp barrier [onnodes-ref| template-ref]

The “barrier” construct specifies an explicit barrier at the point.
The global-view programming model is useful when, starting from the sequential version of the program, the programmer

parallelizes the program in the data-parallel model by adding directives incrementally with minimum modifications. Since
these directives can be ignored as a comment by the compilers of base languages (C and Fortran), an XMP program derived
from a sequential program can preserve the integrity of the original program when the program is run sequentially. The
global-view model shares a number of major conceptual similarities with HPF.

C. Local-View Programming Model

The local-view programming model attempts to increase performance by considering inter-node communication and the
local memory of each node explicitly. The local data distributed on the node can be referred to using the node number.

XMP adopts coarray notation as an extension of languages for local-view programming. In the case of Fortran as the base
language, most coarray notation is compatible to that of CAF, except that the task constructs are used for task parallelism.
For example, in Fortran, to access an array element ofA(i) located on computation nodeN, the expression ofA(i)[N] is
used. If the access is a value reference, then communication to obtain the value occurs. If the access updates the value, then
communication to set a new value occurs.

To use coarray notation in C, we propose a language extension of the language. A coarray is declared by the coarray
directive in C.

• #pragma xmp coarrayarray-variable co-array-dimension
An example of the local-view programming model of the C language is shown in Fig. 5.
The coarray object is referenced in the following expression:
• scalar-variable : [image-index]
• array-section-expression : [image-index]
To access a coarray, the node number (image-index) is specified by following an array reference by “:” Array section

notation is notation to describe part of an array and is adopted in Fortran90. In C, we extend C to have an array section of
the following form:



intÊarray[N];Ê

Ê

#pragmaÊxmpÊcoarrayÊarray[*]Ê

Ê

array[a:b]:[1]Ê=Êtmp[c:d];Ê

Figure 5. Example of Local-view Model Programming

#pragmaÊxmpÊ Ê

for(iÊ=Ê0;ÊiÊ<ÊN;Êi++)Ê{Ê

ÊÊxÊ=Êfunc(...,Êi);Ê

ÊÊ.Ê.Ê.Ê

ÊÊsumÊ+=Êx;Ê

}Ê

xmp_sched(&lb,Ê&ub,Ê&s,Ê...);Ê

#pragmaÊompÊ temp_sum)Êprivate(x)Ê

forÊ(iÊ=Êlb;ÊiÊ<Êub,ÊiÊ+=Ês)Ê{Ê

ÊÊxÊ=Êfunc(...,Êi);Ê

ÊÊ.Ê.Ê.Ê

ÊÊtemp_sumÊ+=Êx;Ê

}Ê

xmp_reduce(&sum,Ê&temp_sum);Ê

Figure 6. Sample Code of Threads Clause

• array name [lower bound : upper bound : step][...]

Either the lower bound or the upper bound can be omitted in the index range of a section, in which case the lower or
upper bound defaults, respectively, to the lowest or highest values taken by the index of the array. Thus,A[:] is a section
containing the whole ofA.

Fig. 5 shows that the elements fromc to d of array tmp are copied to forma to b of arrayarray in node 1.

III. H YBRID PARALLEL PROGRAMMING EXTENSION IN XCALABLE MP

One of interesting issues is hybrid programming on SMP clusters, because SMP clusters are now common platforms in
HPC. SMP clusters have several multicore processor(s) sharing the local memory. To obtain the performance, we need to
exploit resources inside a node. XMP has the similar programming model with OpenMP, directive-based approach. It is not
difficult to allow OpenMP directives in XMP source codes.

In the loop specifiedloop directive, each iteration can be executed independently in each nodes since data is private in
each node. To execute each iteration in parallel within the node, some variables should be declared as private to a thread in
the nodes. The equivalent data-scope clauses of OpenMP are used inloop directive in XMP to do this.

Fig. 6 shows a sample code using a thread-private variable in XMP. Afterthreadsclause in loop directive, you can write
OpenMP clauses such asprivate, firstprivate to declare thread-private variables. Thereductionclause does not appear after
threadsclause because XMP compiler can generate it from thereductionclause inloop directive. Loop iteration, reduction
variables are thread-private by default.

Note that if the users want to parallelize the inner loop by threads in the node, OpenMP can directly be used to parallelize
the loop.

IV. PERFORMANCEEVALUATION

We parallelized 5 benchmarks including RandomAccess, HPL and FFT in HPCC Benchmarks[9], CG in NAS Parallel
Benchmarks[12], Laplace solver using simple Jacobi iteration. We used T2K-Tsukuba system[10] and Cray Inc. XT5[13]
for evaluation. Table. I shows the node configuration of T2K-Tsukuba system and XT5. Each benchmark used 64 physical
system nodes of T2K-Tsukuba system, and 16 physical system nodes of XT5 . In this evaluation, we assigned XMP
processes(equivalent to MPI processes) to a physical node, a physical socket and a core. Moreover, we set the memory size
of three(called Small, Middle, Large ). We used CLOC[11] by Al Danial to count Lines-Of-Code(LOC).



Table I
T2K TSUKUBA SYSTEM & XT5 N ODE CONFIGURATIONS

System T2K Tsukuba System XT5

CPU
AMD Opteron Quad-core 8000 series

AMD Opteron Shanghai 2.7 GHz x 2 sockets (8 cores)
2.3Ghz x 4 sockets (16 cores)

Memory 32GB 32GB
Network Infiniband DDR (4 rails) SeaStar 3D-Torus interconnect

OS Linux kernel 2.6.18 x8664 CLE 3.1 pre-release (based on Linux 2.6.27.48)
MPI MVAPICH2 1.2 Cray MPT(Message Passing Toolkit) 5.1 (based on MPICH2）

#pragma xmp nodes p(NPCOL, NPROW)                                                        

#pragma xmp template t(0:XSIZE-1, 0:YSIZE-1)                             

#pragma xmp distribute t(block, block) onto p

#pragma xmp align u[j][i] with t(i, j)

#pragma xmp align uu[j][i] with t(i, j)

#pragma xmp shadow uu[1:1][1:1]

...

#pragma xmp loop (x, y) on t(y, x)

    for(x = 1; x < XSIZE; x++)

        for(y = 1; y < YSIZE; y++)

          uu[x][y] = u[x][y];

#pragma xmp reflect uu

#pragma xmp loop (x, y) on t(y, x)

for(x = 1; x < XSIZE; x++)

        for(y = 1; y < YSIZE; y++)

          u[x][y] = (uu[x-1][y] + uu[x+1][y] + uu[x][y-1] + uu[x][y+1])/4.0;

Figure 7. Parallel Code of Laplace

A. Laplace solver

The Laplace solver is an implementation of Laplace equation using simple Jacobi iteration with 4 points-stencil operations
in two dimensional block distribution. The LOC of Laplace is 100. We added 20 directives to parallelize Laplace. Fig. 7 shows
an outline of parallelization of Laplace. This program is taken to demonstrate parallelization by shadow and reflect directives.
The overlapped region between nodes are updated by using shadow and reflect directives. Note that the parallelization is
very simple and straightforward from its sequential version.

Fig. 8 shows the performance of Laplace in GFlops. The result is verified by checking the residual after the fixed number
of iterations.

The numbers ofu[][] anduu[][] elements of Small size are 4,096, those of Middle size are 4,096× 4 and those of Large
size are 4,096× 16. In Size large, the Laplace benchmark requires more than memory of 4 nodes. The results for Laplace
indicate that the performance of XMP is similar to that of MPI.

B. CG Benchmark

In the CG benchmark, the conjugate gradient method is used to compute an approximation to the smallest eigenvalue
of a large, sparse, symmetric positive definite matrix. We have implemented two-dimensional parallelization(equivalent to
original MPI CG).

The LOC of CG is 545. We added 41 directives to parallelize CG. Fig. 9 shows an outline of two-dimensional parallelization
of CG. The two-dimensional template is declared and distributed in a two-dimensional block distribution on the nodes. The
one-dimensional vectors are aligned to one dimension of the template and are replicated in other dimensions in the two-
dimensional node array. For example, the array w is distributed from p(*,1) to p(*,NPROW), where “*” stands for any
number from 1 to NPCOL. This means that the array is replicated in the first dimension of nodes arrayp.

The subscript “*” in the template of the align directive and the loop directive specifies replication or replicated execution.
In the figure, the first loop construct specifies align to t(*,j), which means that the iterations of this loop are mapped on the
first dimension t(*,j). Moreover, index arraysrowstr and colidx are calculated to refer arraya before entering the loop in
each node. This operation enables the double loop sentence to be calculated and is equivalent to the MPI version of CG.
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Figure 8. Performance of Laplace



#pragma xmp loop on t(*, j)

   for (j = 1; j <= lastrow-firstrow+1; j++) {

      sum = 0.0;

      for (k = rowstr[j]; k < rowstr[j+1]; k++) {

         sum = sum + a[k]*p[colidx[k]];    

      }

      w[j] = sum;

    }

#pragma xmp reduction(+:w) on pros(*, :)

#pragma xmp gmove

   q[:] = w[:];

#pragma xmp nodes pros(NPCOL, NPROW)

#pragma xmp template t(0:na+1, 0:na+1)

#pragma xmp distribute t(block, block) onto pros

#pragma xmp align x[i], z[i], p[i], q[i], r[i] with t(i, *)

#pragma xmp align w[i] with t(*, i)

・・・

・・・

Figure 9. Parallel Code of CG

This replication rule is applied to the reduction operation. The following directive executes the reduction operation on
distributed arrayw. The symbol “:” specifies the entire set of indices.� �

#pragma xmp reduction(+:w) on p(*,:)� �
The “gmove” directive copies arraysw andq in their entirety with different distributions.
Fig. 10 shows the performance of CG. The results are verified by the rule given by NPB.
Small size is CLASS A defined by NAS Parallel Benchmarks, Middle size is CLASS B and that of Large size is CLASS

C. The results for CG indicate that the performance of XMP is similar to that of MPI.

C. FFT Benchmark

FFT benchmark measures the floating point rate of execution for double precision complex 1-dimensional Discrete Fourier
Transform. Fig. 11 shows the parallel code of FFT. The six-step FFT algorithm is used as in the MPI version. The main
function invokeszff1d function. in andout are passed toa andb. Those 1-dimensional vectors are accessed as 2-dimensional
matrices inzff1d0function. Inzff1d0function, 1-dimensional FFT is performed on each dimension of the matrix. Therefore,
matrix transpose operations are required during the calculation.

We parallelizedzff1d and zff1d0 function in global view model. Localalign directives are describing distribution of
parameter arrays. We distributed them along the second dimension in a block manner because FFT is done along the first
dimension. Two templates of different sizes are used to distributea andb. Because the block size is same(((N1×N2)÷p) =
((N2 ÷ p) × N1) = ((N1 ÷ p) × N2)), the original 1-dimensional vectors can be accessed as 2-dimensional matrices in
the parallel version. In six-step FFT, matrix transpose operation is done before 1-dimensional FFT. The matrix transpose is
implemented by local memory copy betweena and b in the sequential code. In the parallel version, the matrix transpose
operation is implemented by thegmovedirective and local memory copy. Fig. 12 shows how matrix transposea to b is
processed on node 1. The number is the node number where the block is allocated, and dotted lines show how the matrices
are distributed. Since the distribution manner is different, node 1 does not have all the elements of matrixa which are
needed for the transpose. At first, agmoveis written to collect those elements. A new arraya work is declared to store the
elements.a work is distributed byt1 which was used to distributeb. Consequently, the local block ofa work andb have
the same shape. By the all-to-all communication of thegmovedirective, all elements needed for transpose are stored in local
buffer. So we can copy it tob using the loop statement1. And then, FFTE routine(FFT235) is used for 1-dimensional FFT.
The rest of the code is simple work-sharing parallelizing loop statements. The LOC of FFT is 217. We added 31 directives
to parallelize FFT.

1we cannot describe the transpose only by thegmovedirective because of the syntax of the array section statement
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Figure 10. Performance of CG



#pragmaÊxmpÊnodesÊp(*)Ê

#pragmaÊxmpÊtemplateÊt0(0:(N1*N2)-1)Ê

#pragmaÊxmpÊtemplateÊt1(0:N1-1)Ê

#pragmaÊxmpÊtemplateÊt2(0:N2-1)Ê

#pragmaÊxmpÊdistributeÊ(BLOCK)ÊontoÊpÊ::Êt0,Êt1,Êt2Ê

in[N1*N2],Êout[N1*N2],Êa_work[N2][N1];Ê

#pragmaÊxmpÊalignÊ[i]ÊwithÊt0(i)Ê::Êin,ÊoutÊ

#pragmaÊxmpÊalignÊa_work[*][i]ÊwithÊt1(i)Ê

.Ê.Ê.Ê

intÊ ( Êa[N],Ê Êb[N],Ê...)Ê{Ê

#pragmaÊxmpÊalignÊ[i]ÊwithÊt0(i)Ê::Êa,ÊbÊ

ÊÊ Ê**)a,Ê( Ê**)b,Ê...);Ê.Ê.Ê.Ê

}Ê

.Ê.Ê.Ê

voidÊ ( Êa[N2][N1],Ê Êb[N1][N2],Ê...)Ê{Ê

#pragmaÊxmpÊalignÊa[i][*]ÊwithÊt2(i)Ê

#pragmaÊxmpÊalignÊb[i][*]ÊwithÊt1(i)Ê

ÊÊ.Ê.Ê.Ê

#pragmaÊxmpÊgmoveÊ

ÊÊa_work[:][:]Ê=Êa[:][:];Ê

#pragmaÊxmpÊloopÊonÊt1(i)Ê

ÊÊforÊ(iÊ=Ê0;ÊiÊ<ÊN1;Êi++)Ê

ÊÊÊÊforÊ(jÊ=Ê0;ÊjÊ<ÊN2;Êj++)Ê

ÊÊÊÊÊÊc_assgn(b[i][j],Êa_work[j][i]);Ê

#pragmaÊxmpÊloopÊonÊt1(i)Ê

ÊÊfor(iÊ=Ê0;ÊiÊ<ÊN1;Êi Ê

ÊÊ.Ê.Ê.Ê

}Ê

Figure 11. Parallel Code of FFT
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Figure 12. Matrix Transpose in FFT

Fig. 13 shows the performance of FFT. The numbers ofN1 and N2 elements of Small size are 1,024, those of Middle
size are 1,024× 2 and those of Large size are 1,024× 4. The most of the overhead is all-to-all communication by the
gmovedirective. We have to improvegmoveruntime functions get better performance. Or, users can describe overlapping
gmove communication with local copy using co-array functions.

D. Linpack Benchmark

Linpack benchmark measures the floating point rate of execution for solving a dense system of linear equations. Fig.
14 shows the parallel code of Linpack. We parallelized simple sequential Linpack routines(dgefaanddgesl) in global view
model. Matrix a is distributed along the first dimension in a cyclic manner. Pivot vectorpvt v is an N sized local array
duplicated on each node.

When a function processes distributed arrays(distributed by the global view directives), the function should also be
parallelized. For example,A daxpy in Fig. 14 calculatesdy = dyda× dx. dx and dy are pointers referring arrays. When
the referred arrays are distributed, the loop statement should be parallelized not to access unallocated area of the arrays.
The align directive is often used in global scope to describe that the target (global) array is distributed. And the compiler
creates the array descriptor and reallocates the target array. In a function’s local scope, thealign directive can be used for the
function’s parameters. It tells that the target parameter array is distributed in global scope (we assume that the target array
is already distributed by thealign directive in global scope), and creates the array descriptor which is used to parallelize the
function. InA daxpy, the descriptor is used to parallelize the loop. The size of parameter arrays should be written explicitly
to create the array descriptor. Current prototype compiler only allows a constant number for the parameter size. We are
fixing this to allow variable length arrays as parameters.

The main issue on parallelizing Linpack is exchanging the pivot vector. On iterationk, row l is selected as a pivot vector
and rowk is exchanged with rowl. This is a typical operation of Gaussian elimination with partial pivoting. The problem
is matrix a is distributed among nodes, that is, the row exchange requires inter-node communication. We used thegmove
directive to describe the communication. The firstgmovedirective copies thel-th row to pvt v. Then, the owner of rowl
broadcasts row data topvt v. The secondgmovedirective generates send/recv communication. The owner of rowl receives



Large

Middle

T2K Tsukuba

System

Large

Middle

Small

Small

XT5 

0.01 

0.1 

1 

10 

1 2 4 8 16 32 64 128 256 512 1024 

P
e

rf
o

rm
a

n
c

e
(G

F
lo

p
s

) 

Number of Processes 

per Node(XMP) 

per Node(MPI) 

per Soket(XMP) 

per Soket(MPI) 

per Core(XMP) 

per Core(MPI) 

0.01 

0.1 

1 

10 

1 2 4 8 16 32 64 128 256 512 1024 

P
e

rf
o

rm
a

n
c

e
(G

F
lo

p
s

) 

Number of Processes 

per Node(XMP) 

per Node(MPI) 

per Soket(XMP) 

per Soket(MPI) 

per Core(XMP) 

per Core(MPI) 

0.01 

0.1 

1 

10 

1 2 4 8 16 32 64 128 256 512 1024 

P
e

rf
o

rm
a

n
c

e
(G

F
lo

p
s

) 

Number of Processes 

per Node(XMP) 

per Node(MPI) 

per Soket(XMP) 

per Soket(MPI) 

per Core(XMP) 

per Core(MPI) 

0.1 

1 

10 

100 

1 2 4 8 16 32 64 128 

P
e

rf
o

rm
a

n
c

e
(G

F
lo

p
s

) 

Number of Processes 

per Node(XMP) 

per Node(MPI) 

per Soket(XMP) 

per Soket(MPI) 

per Core(XMP) 

per Core(MPI) 

0.1 

1 

10 

100 

1 2 4 8 16 32 64 128 

P
e

rf
o

rm
a

n
c

e
(G

F
lo

p
s

) 

Number of Processes 

per Node(XMP) 

per Node(MPI) 

per Soket(XMP) 

per Soket(MPI) 

per Core(XMP) 

per Core(MPI) 

0.1 

1 

10 

100 

1 2 4 8 16 32 64 128 

P
e

rf
o

rm
a

n
c

e
(G

F
lo

p
s

) 

Number of Processes 

per Node(XMP) 

per Node(MPI) 

per Soket(XMP) 

per Soket(MPI) 

per Core(XMP) 

per Core(MPI) 

1 Proc./Node(XMP)

1 Proc./Node(MPI)

1 Proc./Socket(XMP)

1 Proc./Socket(MPI)

1 Proc./Core(XMP)

1 Proc./Core(MPI)

1 Proc./Node(XMP)

1 Proc./Node(MPI)

1 Proc./Socket(XMP)

1 Proc./Socket(MPI)

1 Proc./Core(XMP)

1 Proc./Core(MPI)

1 Proc./Node(XMP)

1 Proc./Node(MPI)

1 Proc./Socket(XMP)

1 Proc./Socket(MPI)

1 Proc./Core(XMP)

1 Proc./Core(MPI)

1 Proc./Node(XMP)

1 Proc./Node(MPI)

1 Proc./Socket(XMP)

1 Proc./Socket(MPI)

1 Proc./Core(XMP)

1 Proc./Core(MPI)

1 Proc./Node(XMP)

1 Proc./Node(MPI)

1 Proc./Socket(XMP)

1 Proc./Socket(MPI)

1 Proc./Core(XMP)

1 Proc./Core(MPI)

1 Proc./Node(XMP)

1 Proc./Node(MPI)

1 Proc./Socket(XMP)

1 Proc./Socket(MPI)

1 Proc./Core(XMP)

1 Proc./Core(MPI)

Figure 13. Performance of FFT



row k from its owner. The thirdgmovedirective is a local memory copy operation. The owner of rowk copiespvt t to row
k. Consequently, row exchanging is completed using the pivot buffer. Those communications are generated by the compiler
with the gmovedirective descriptions, and users do not need to consider the owner node of each data. The LOC of Linpack
is 243. We added 35 directives to the sequential code to parallelize.

#pragmaÊxmpÊnodesÊp(*)Ê

#pragmaÊxmpÊtemplateÊt(0:N-1)Ê

#pragmaÊxmpÊdistributeÊt(CYCLIC)ÊontoÊpÊ

doubleÊa[N][N],Êpvt_v[N];Ê

#pragmaÊxmpÊalignÊa[*][i]ÊwithÊt(i)Ê

.Ê.Ê.Ê

voidÊdgefa(doubleÊa[N][N],ÊintÊn,ÊintÊipvt[N])Ê{Ê

#pragmaÊxmpÊalignÊa[*][i]ÊwithÊt(i)Ê

ÊÊ.Ê.Ê.Ê

ÊÊforÊ(kÊ=Ê0;ÊkÊ<Ênm1;Êk++)Ê{Ê

ÊÊÊÊ.Ê.Ê.Ê

#pragmaÊxmpÊgmoveÊ

ÊÊÊÊpvt_v[k:n-1]Ê=Êa[k:n-1][l];Ê

ÊÊÊÊifÊ(lÊ!=Êk)Ê{Ê

#pragmaÊxmpÊgmoveÊ

ÊÊÊÊÊÊa[k:n-1][l]Ê=Êa[k:n-1][k];Ê

#pragmaÊxmpÊgmoveÊ

ÊÊÊÊÊÊa[k:n-1][k]Ê=Êpvt_v[k:n-1];Ê

ÊÊÊÊ}Ê

ÊÊÊÊ.Ê.Ê.Ê

ÊÊÊÊforÊ(jÊ=Êkp1;ÊjÊ<Ên;Êj++)Ê{Ê

ÊÊÊÊÊÊtÊ=Êpvt_v[j];Ê

ÊÊÊÊÊÊA_daxpy(k+1,Ên-(k+1),Êt,Êa[k],Êa[j]);Ê

ÊÊÊÊ}Ê

ÊÊÊÊ.Ê.Ê.Ê

}Ê

voidÊA_daxpy(intÊb,ÊintÊn,ÊdoubleÊda,ÊdoubleÊdxÊ[N],ÊdoubleÊdy[N])Ê{Ê

#pragmaÊxmpÊalignÊ[i]ÊwithÊt(i)Ê::Êdx,ÊdyÊ

ÊÊ.Ê.Ê.Ê

#pragmaÊxmpÊloopÊonÊt(i)Ê

ÊÊforÊ(iÊ=Êb;ÊiÊ<Êb+n;ÊiÊ++)Ê

ÊÊÊÊdy[i]Ê=Êdy[i]Ê+Êda*dx[i];Ê

}Ê

Figure 14. Parallel Code of Linpack

Fig. 15 shows the performance of Linpack. The number ofa[] elements of Small size is 1,024, that of Middle size is 1,024
× 4 and that of Large size is 1,024× 16. The performance is not satisfying. One of the reasons is its simple parallelization
scheme, 1-dimensional array distribution. Another reason of bad scalability is communication indgesl function, diagonal
elements of matrixa should be broadcasted when solvingb. Although the performance is not that good, Linpack can be
described with a few directives and we can optimize the performance based on this parallel code. 2-dimensional array
distribution and cache blocking will be the next step to achieve better performance.

E. RandomAccess Benchmark

RandomAccess benchmark measures the performance of random integer updates of memory. The measurement is Giga
UPdates per Second(GUPS). Fig. 16 shows the parallel code of RandomAccess. It updates arbitrary array elements for each
iteration. The array update is written like the following statement in the sequential version.

• Table[temp]ˆ = temp;
When an element to update is allocated on a remote node, the operation should be done using inter-node communication.

Message passing with send/recv is not suitable for describing this kind of applications. The MPI version of RandomAccess
creates a message handler processing remote update requests with long and complicated descriptions of MPI functions such
as MPI Isend(), MPI Irecv() and MPI Test(). Fundamentally, this is remote memory access. RandomAccess can be easily
described with one-sided communication support.

We parallelized RandomAccess in the local view model. In the local view model, data distribution is more explicit than the
global view model. The updated arrayTableis divided by the number of nodes. We manually redefined the size ofTablein the
source code, andSIZEsized array is allocated on each node. Only the localTablecan be accessed using local indices now. To
enable remote memory access, we declaredTableas a co-array by describing theco-arraydirective. RandomAccess create a
random indextemp(The range is from 0 to (TABLESIZE - 1)) on each iteration. The information for remote memory access
is manually calculated and used in the co-array notation. ((temp%TABLESIZE)/SIZE) indicates the node number to access,
and (temp%SIZE) indicates the local index oftempon the target node. Consequently, accumulation(BIT XOR) toTable[temp]
can be done remotely. Remote memory access with co-array notation is asynchronous in XMP. Barrier synchronization is
taken to complete requested remote memory access(barrier directive). This is for the performance evaluation. The LOC of
RandomAccess is 77. We added 4 directives and modified 3 lines(array declaration and update) to the sequential code to
parallelize RandomAccess.

Fig. 17 shows the performance of RandomAccess. The number ofTable[] elements in Small size of 131,072 and that of
Large size is 131,072× 64. In this experimentation, we used from 2 to 32 processes because XMP execution required a lot
of time. We couldn’t achieve good performance on RandomAccess, and it shows bad scalability. The most of the overhead
is barrier of remote memory access processing a large number of asynchronous messages. We are using MPI-2 functions
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Figure 15. Performance of Linpack



#define SIZE TABLE_SIZE/PROCS 

u64Int Table[SIZE] ; 

#pragma xmp nodes p(PROCS) 

#pragma xmp coarray Table [PROCS] 

. . . 

for (i = 0; i < SIZE; i++) Table[i] = b + i ; 

. . . 

for (i = 0; i < NUPDATE; i++) { 

  temp = (temp << 1) ˆ ((s64Int)temp < 0 ? POLY : 0); 

  Table[temp%SIZE]:[(temp%TABLE_SIZE)/SIZE] ˆ= temp; 

} 

#pragma xmp barrier 

Figure 16. Parallel Code of RandomAccess
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Figure 17. Performance of RandomAccess



#pragma xmp loop (x, y) on t(y, x) threads private(y)

    for(x = 1; x < XSIZE; x++)

        for(y = 1; y < YSIZE; y++)

          uu[x][y] = u[x][y];

#pragma xmp reflect uu

#pragma xmp loop (x, y) on t(y, x) threads private(y)

for(x = 1; x < XSIZE; x++)

        for(y = 1; y < YSIZE; y++)

          u[x][y] = (uu[x-1][y] + uu[x+1][y] + uu[x][y-1] + uu[x][y+1])/4.0;

Figure 18. Parallel Code of Hybrid Parallel Laplace
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Figure 19. Performance of Hybrid Parallel Laplace

such asMPI Get(), MPI Put() andMPI Fence()to implement one-sided communication; the co-array notations and barriers
are translated those function calls. This benchmark shows the performance of remote memory access, and it tells we need
more efficient implementation of one-sided communication.

F. Hybrid Laplace solver

Here, we parallelized Laplace in Section IV-A in thread-level using the XMP extension which is introduced in Section
III. Fig. 18 shows the hybrid parallel code of Laplace. Each loop statement withloop directive is parallelized in thread-level
by the XMP compiler. Because the loop iteration countery has to be thread-private, we addedprivate cluase afterthreads
clause (x is declared as a thread-private variable by XMP compiler).

Fig. 19 shows the performance of Hybrid Parallel Laplace which is evaluated on Cray XT5. Each XT5 node has 2
quad-core processors(socket). We executed a XMP process(equivalent to a MPI process) with 4 threads on each socket for
Hybrid Parallel Laplace. In this experimentation, the performance did not change compared to the flat-MPI(4 XMP processes
on each socket). This result is reasonable because the more the Laplace uses processes, the less communication between
processes is.
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APPENDIX

• Source Code of Laplace

1 # i n c l u d e <s t d i o . h>
2 # i n c l u d e <math . h>
3 # i n c l u d e <t ime . h>
4 # i n c l u d e <s t d l i b . h>
5 # i f d e f XCALABLEMP
6 # i n c l u d e <xmp . h>
7 # e n d i f
8
9 # d e f i n e XSIZE (4096 )

10 # d e f i n e YSIZE XSIZE
11 # d e f i n e PI M PI
12 doub le u [ XSIZE ] [ YSIZE ] , uu [ XSIZE ] [ YSIZE ] ;
13
14 #pragma xmp nodes p (NPCOL, NPROW)
15 #pragma xmp t e m p l a t e t ( 0 : XSIZE−1, 0 : YSIZE−1)
16 #pragma xmp d i s t r i b u t e t ( b lock , b lock ) on to p
17 #pragma xmp a l i g n u [ j ] [ i ] w i th t ( i , j )
18 #pragma xmp a l i g n uu [ j ] [ i ] w i th t ( i , j )
19 #pragma xmp shadow uu [ 1 : 1 ] [ 1 : 1 ]
20 doub le t ime ;
21 i n t rank , n i t e r ;
22
23 s t a t i c vo id lap main ( vo id ) ;
24 s t a t i c vo id v e r i f y ( vo id ) ;
25
26 i n t main ( ){
27 i n t x , y ;
28
29 # i f d e f XCALABLEMP
30 rank = xmp get rank ( ) ;
31 # e l s e
32 rank = 0 ;
33 # e n d i f
34
35 /∗ i n i t a l i z e ∗ /
36 #pragma xmp loop ( x , y ) on t ( y , x )
37 f o r ( x = 1 ; x < XSIZE−1; x++)
38 f o r ( y = 1 ; y < YSIZE−1; y++)
39 u [ x ] [ y ] = s i n ( ( doub le ) ( x−1)/XSIZE∗PI ) + cos ( ( doub le ) ( y−1)/YSIZE∗PI ) ;
40
41 #pragma xmp t a s k on t ( 0 ,∗ )



42 {
43 #pragma xmp loop on t (∗ , x )
44 f o r ( x = 0 ; x < ( XSIZE ) ; x++){
45 u [ x ] [ 0 ] = 0 . 0 ;
46 uu [ x ] [ 0 ] = 0 . 0 ;
47 }
48 }
49
50 #pragma xmp t a s k on t ( ( YSIZE)−1 , ∗ )
51 {
52 #pragma xmp loop on t (∗ , x )
53 f o r ( x = 0 ; x < ( XSIZE ) ; x++){
54 u [ x ] [ YSIZE−1] = 0 . 0 ;
55 uu [ x ] [ YSIZE−1] = 0 . 0 ;
56 }
57 }
58
59 #pragma xmp t a s k on t (∗ , 0 )
60 {
61 #pragma xmp loop on t ( y ,∗ )
62 f o r ( y = 0 ; y < ( YSIZE ) ; y++){
63 u [ 0 ] [ y ] = 0 . 0 ;
64 uu [ 0 ] [ y ] = 0 . 0 ;
65 }
66 }
67
68 #pragma xmp t a s k on t (∗ , ( XSIZE)−1)
69 {
70 #pragma xmp loop on t ( y ,∗ )
71 f o r ( y = 0 ; y < ( YSIZE ) ; y++){
72 u [ XSIZE−1][ y ] = 0 . 0 ;
73 uu [ XSIZE−1][ y ] = 0 . 0 ;
74 }
75 }
76
77 t ime = −xmp get second ( ) ;
78 l ap main ( ) ;
79 t ime += xmp get second ( ) ;
80 v e r i f y ( ) ;
81
82 #pragma xmp r e d u c t i o n (MAX: t ime ) on p
83 i f ( rank == 0){
84 f p r i n t f ( s t d e r r , ” Per . = %.3 f GFlops\n ” ,
85 ( doub le ) n i t e r∗ ( XSIZE−2)∗(YSIZE−2)∗5/ t ime / 1 0 0 0 / 1 0 0 0 / 1 0 0 0 ) ;
86 }
87
88 r e t u r n 0 ;
89 }
90
91 vo id lap main ( vo id ){
92 i n t x , y , k ;
93 doub le sum ;
94
95 f o r ( k = 0 ; k < n i t e r ; k++){



96
97 /∗ o ld <− new ∗ /
98 #pragma xmp loop ( x , y ) on t ( y , x )
99 f o r ( x = 1 ; x < XSIZE−1; x++)

100 f o r ( y = 1 ; y < YSIZE−1; y++)
101 uu [ x ] [ y ] = u [ x ] [ y ] ;
102
103 #pragma xmp r e f l e c t uu
104
105 /∗ upda te ∗ /
106 #pragma xmp loop ( x , y ) on t ( y , x )
107 f o r ( x = 1 ; x < XSIZE−1; x++)
108 f o r ( y = 1 ; y < YSIZE−1; y++)
109 u [ x ] [ y ] = ( uu [ x −1][ y ] + uu [ x +1 ] [ y ] + uu [ x ] [ y −1] + uu [ x ] [ y + 1 ] ) / 4 . 0 ;
110
111 } / / end of n i t e r
112 }
113
114 vo id v e r i f y ( vo id ){
115 i n t x , y ;
116 doub le sum = 0 . 0 ;
117
118 #pragma xmp loop ( x , y ) on t ( y , x ) r e d u c t i o n ( + : sum )
119 f o r ( x = 1 ; x < XSIZE−1; x++)
120 f o r ( y = 1 ; y < YSIZE−1; y++)
121 sum += ( uu [ x ] [ y]−u [ x ] [ y ] ) ;
122
123 i f ( rank == 0){
124 f p r i n t f ( s t d e r r , ” V e r i f i c a t i o n Value = %f\n ” , sum ) ;
125 }
126
127 }

• Source Code of CG

1 # i n c l u d e <s t d i o . h>
2 # i n c l u d e <s t d l i b . h>
3 # i n c l u d e <math . h>
4 # i f d e f XCALABLEMP
5 # i n c l u d e <xmp . h>
6 # e n d i f
7
8 # d e f i n e NZ NA∗ (NONZER+1)∗ (NONZER+1)+NA∗ (NONZER+2)
9 # d e f i n e NA 75000

10 # d e f i n e NONZER 13
11 # d e f i n e NITER 75
12 # d e f i n e SHIFT 60 .0
13 # d e f i n e RCOND 1.0 e−1
14 # d e f i n e COMPILETIME ”30 Jun 2010”
15 # d e f i n e NPBVERSION ” 2 . 3 ”
16 # d e f i n e CS1 ” cc ”
17 # d e f i n e CS2 ” cc ”
18 # d e f i n e CS3 ” ( none ) ”
19 # d e f i n e CS4 ”− I . . / common”
20 # d e f i n e CS5 ”−O3 ”



21 # d e f i n e CS6 ” ( none ) ”
22 # d e f i n e CS7 ” randdp ”
23
24 # d e f i n e NUMCOL 4
25 # d e f i n e NUMROW 2
26 #pragma xmp nodes p ros (NUMCOL, NUM ROW)
27 #pragma xmp t e m p l a t e t ( 0 :NA, 0 :NA)
28 #pragma xmp d i s t r i b u t e t ( b lock , b lock ) on to p ros
29 #pragma xmp a l i g n x [ i ] w i th t ( i ,∗ )
30 #pragma xmp a l i g n z [ i ] w i th t ( i ,∗ )
31 #pragma xmp a l i g n p [ i ] w i th t ( i ,∗ )
32 #pragma xmp a l i g n q [ i ] w i th t ( i ,∗ )
33 #pragma xmp a l i g n r [ i ] w i th t ( i ,∗ )
34 #pragma xmp a l i g n w[ i ] w i th t (∗ , i )
35
36 s t a t i c i n t naa , nzz , f i r s t r o w , l a s t r o w , f i r s t c o l , l a s t c o l ;
37 s t a t i c i n t c o l i d x [NZ+ 1 ] ; /∗ c o l i d x [ 1 :NZ] ∗ /
38 s t a t i c i n t r o w s t r [NA+1+1] ; /∗ r o w s t r [ 1 :NA+1] ∗ /
39 s t a t i c i n t i v [2∗NA+1+1] ; /∗ i v [ 1 : 2∗NA+1] ∗ /
40 s t a t i c i n t arow [NZ+ 1 ] ; /∗ arow [ 1 :NZ] ∗ /
41 s t a t i c i n t a c o l [NZ+ 1 ] ; /∗ a c o l [ 1 :NZ] ∗ /
42 s t a t i c doub le v [NA+1+1] ; /∗ v [ 1 :NA+1] ∗ /
43 s t a t i c doub le a e l t [NZ+ 1 ] ; /∗ a e l t [ 1 :NZ] ∗ /
44 s t a t i c doub le a [NZ+ 1 ] ; /∗ a [ 1 :NZ] ∗ /
45 s t a t i c doub le x [NA+1] , z [NA+1] , p [NA+1] , q [NA+1] , r [NA+1] , w[NA+ 1 ] ;
46 s t a t i c doub le amul t ;
47 s t a t i c doub le t r a n ;
48 s t a t i c i n t rank , s i z e ;
49 s t a t i c doub le tmp ;
50 s t a t i c i n t tmp i [NA+ 1 ] ;
51
52 s t a t i c vo id c o n j g r a d ( i n t c o l i d x [ ] , i n t r o w s t r [ ] , doub le x [ ] , doub le z [ ] , doub le a [ ] ,
53 doub le p [ ] , doub le q [ ] , doub le r [ ] , doub le w[ ] , doub le∗ rnorm ) ;
54 s t a t i c vo id makea ( i n t n , i n t nz , doub le a [ ] , i n t c o l i d x [ ] , i n t r o w s t r [ ] ,
55 i n t nonzer , i n t f i r s t r o w , i n t l a s t r o w , i n t f i r s t c o l ,
56 i n t l a s t c o l , doub le rcond , i n t arow [ ] , i n t a c o l [ ] ,
57 doub le a e l t [ ] , doub le v [ ] , i n t i v [ ] , doub le s h i f t ) ;
58 s t a t i c vo id s p a r s e ( doub le a [ ] , i n t c o l i d x [ ] , i n t r o w s t r [ ] , i n t n ,
59 i n t arow [ ] , i n t a c o l [ ] , doub le a e l t [ ] , i n t f i r s t r o w , i n t l a s t r o w ,
60 doub le x [ ] , boo lean mark [ ] , i n t n z l o c [ ] , i n t nnza ) ;
61 s t a t i c vo id sp rnvc ( i n t n , i n t nz , doub le v [ ] , i n t i v [ ] , i n t n z l o c [ ] , i n t mark [ ] ) ;
62 s t a t i c i n t i c n v r t ( doub le x , i n t ipwr2 ) ;
63 s t a t i c vo id v e c s e t ( i n t n , doub le v [ ] , i n t i v [ ] , i n t∗nzv , i n t i , doub le v a l ) ;
64 s t a t i c vo id s e t u p s u b m a t r i x i n f o ( ) ;
65 e x t e r n vo id t i m e r c l e a r ( i n t ) ;
66 e x t e r n vo id t i m e r s t a r t ( i n t ) ;
67 e x t e r n vo id t i m e r s t o p ( i n t ) ;
68 e x t e r n doub le t i m e r r e a d ( i n t ) ;
69
70 /∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
71 program cg
72 −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
73 i n t main ( i n t argc , cha r ∗∗ argv ) {
74 i n t i , j , k , i t ;



75 i n t n t h r e a d s = 1 ;
76 doub le z e t a ;
77 doub le rnorm ;
78 doub le norm temp11 , normtemp12 ;
79 doub le t , mf lops ;
80 cha r c l a s s ;
81 boo lean v e r i f i e d ;
82 doub le z e t a v e r i f y v a l u e , e p s i l o n ;
83
84 # i f d e f XCALABLEMP
85 rank = xmp get rank ( ) ;
86 s i z e = xmp get s i ze ( ) ;
87 # e l s e
88 rank = 0 ;
89 s i z e = 1 ;
90 # e n d i f
91
92 #pragma xmp loop on t ( i ,∗ )
93 f o r ( i =0; i <NA; i ++) {
94 x [ i ] = 0 . 0 ; z [ i ] = 0 . 0 ;
95 p [ i ] = 0 . 0 ; q [ i ] = 0 . 0 ;
96 r [ i ] = 0 . 0 ;
97 }
98
99 #pragma xmp loop on t (∗ , i )

100 f o r ( i =0; i <NA; i ++) {
101 w[ i ] = 0 . 0 ;
102 }
103
104 f i r s t r o w = 1 ;
105 l a s t r o w = NA;
106 f i r s t c o l = 1 ;
107 l a s t c o l = NA;
108
109 i f (NA == 1400 && NONZER == 7 && NITER == 15 && SHIFT == 1 0 . 0 ) {
110 c l a s s = ’S ’ ;
111 z e t a v e r i f y v a l u e = 8.5971775078648;
112 } e l s e i f (NA == 7000 && NONZER == 8 && NITER == 15 && SHIFT == 1 2 . 0 ) {
113 c l a s s = ’W’ ;
114 z e t a v e r i f y v a l u e = 10.362595087124;
115 } e l s e i f (NA == 14000 && NONZER == 11 && NITER == 15 && SHIFT == 2 0 . 0 ) {
116 c l a s s = ’A ’ ;
117 z e t a v e r i f y v a l u e = 17.130235054029;
118 } e l s e i f (NA == 75000 && NONZER == 13 && NITER == 75 && SHIFT == 6 0 . 0 ) {
119 c l a s s = ’B ’ ;
120 z e t a v e r i f y v a l u e = 22.712745482631;
121 } e l s e i f (NA == 150000 && NONZER == 15 && NITER == 75 && SHIFT == 1 1 0 . 0 ){
122 c l a s s = ’C ’ ;
123 z e t a v e r i f y v a l u e = 28.973605592845;
124 } e l s e i f (NA == 1500000 && NONZER == 21 && NITER == 100 && SHIFT == 5 0 0 . 0 ){
125 c l a s s = ’D’ ;
126 z e t a v e r i f y v a l u e = 52.514532105794;
127 } e l s e {
128 c l a s s = ’U’ ;



129 }
130
131 i f ( rank == 0){
132 p r i n t f ( ” \ n\n NAS P a r a l l e l Benchmarks 2 .3 OpenMP C v e r s i o n ”
133 ” − CG Benchmark\n ” ) ;
134 p r i n t f ( ” S i ze : %10d\n ” , NA) ;
135 p r i n t f ( ” I t e r a t i o n s : %5d\n ” , NITER ) ;
136 }
137
138 naa = NA;
139 nzz = NZ;
140
141 /∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
142 c I n i t i a l i z e random number g e n e r a t o r
143 c−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
144 t r a n = 314159265 .0 ;
145 amul t = 1220703125 .0 ;
146 z e t a = r a n d l c ( &t r a n , amul t ) ;
147
148 /∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
149 c
150 c−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
151 s e t u p s u b m a t r i x i n f o ( ) ;
152
153 makea ( naa , nzz , a , co l i dx , rows t r , NONZER,
154 f i r s t r o w , l a s t r o w , f i r s t c o l , l a s t c o l ,
155 RCOND, arow , aco l , a e l t , v , iv , SHIFT ) ;
156
157 /∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
158 c Note : as a r e s u l t o f t h e above c a l l t o makea :
159 c v a l u e s o f j used i n i n d e x i n g r o w s t r go from 1−−> l a s t r o w− f i r s t r o w +1
160 c v a l u e s o f c o l i d x which a r e c o l i n d e x e s go from f i r s t c o l−−> l a s t c o l
161 c So :
162 c S h i f t t h e c o l i ndex v a l s from a c t u a l ( f i r s t c o l−−> l a s t c o l )
163 c t o l o c a l , i . e . , (1−−> l a s t c o l− f i r s t c o l +1)
164 c−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
165 #pragma xmp loop on t (∗ , j )
166 f o r ( j = 1 ; j <= NA; j ++) {
167 tmp i [ j ] = r o w s t r [ j − f i r s t r o w + 1 ] ;
168 }
169 tmp i [ j ] = r o w s t r [ j − f i r s t r o w + 1 ] ;
170
171 #pragma xmp loop on t (∗ , j )
172 f o r ( j = 1 ; j <= NA; j ++)
173 r o w s t r [ j ] = tmp i [ j ] ;
174 r o w s t r [ j ] = tmp i [ j ] ;
175
176 /∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
177 c s e t s t a r t i n g v e c t o r t o ( 1 , 1 , . . . . 1 )
178 c−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
179 #pragma xmp loop on t ( i ,∗ )
180 f o r ( i = 1 ; i <= NA; i ++) {
181 x [ i ] = 1 . 0 ;
182 }



183
184 z e t a = 0 . 0 ;
185
186 /∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
187 c
188 c Do one i t e r a t i o n unt imed t o i n i t a l l code and d a t a page t a b l e s
189 c ( then r e i n i t , s t a r t t im ing , t o n i t e r i t s )
190 c−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
191 f o r ( i t = 1 ; i t <= 1 ; i t ++) {
192
193 /∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
194 c The c a l l t o t h e c o n j u g a t e g r a d i e n t r o u t i n e :
195 c−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
196 c o n j g r a d ( co l i dx , rows t r , x , z , a , p , q , r , w, &rnorm ) ;
197
198 /∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
199 c z e t a = s h i f t + 1 / ( x . z )
200 c So , f i r s t : ( x . z )
201 c Also , f i n d norm of z
202 c So , f i r s t : ( z . z )
203 c−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
204 norm temp11 = 0 . 0 ;
205 norm temp12 = 0 . 0 ;
206
207 #pragma xmp loop on t ( j ,∗ ) r e d u c t i o n ( + : normtemp11 , normtemp12 )
208 f o r ( j = 1 ; j <= NA; j ++) {
209 norm temp11 = norm temp11 + x [ j ]∗ z [ j ] ;
210 norm temp12 = norm temp12 + z [ j ]∗ z [ j ] ;
211 }
212
213 norm temp12 = 1 .0 / s q r t ( normtemp12 ) ;
214
215 /∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
216 c Normal ize z t o o b t a i n x
217 c−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
218 #pragma xmp loop on t ( j ,∗ )
219 f o r ( j = 1 ; j <= NA; j ++) {
220 x [ j ] = norm temp12∗z [ j ] ;
221 }
222
223 } /∗ end of do one i t e r a t i o n unt imed∗ /
224
225 /∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
226 c s e t s t a r t i n g v e c t o r t o ( 1 , 1 , . . . . 1 )
227 c−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
228 #pragma xmp loop on t ( i ,∗ )
229 f o r ( i = 1 ; i <= NA+1; i ++) {
230 x [ i ] = 1 . 0 ;
231 }
232
233 z e t a = 0 . 0 ;
234
235 t i m e r c l e a r ( 1 ) ;
236 t i m e r s t a r t ( 1 ) ;



237
238 /∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
239 c−−−−>
240 c Main I t e r a t i o n f o r i n v e r s e power method
241 c−−−−>
242 c−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
243 f o r ( i t = 1 ; i t <= NITER ; i t ++) {
244
245 /∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
246 c The c a l l t o t h e c o n j u g a t e g r a d i e n t r o u t i n e :
247 c−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
248 c o n j g r a d ( co l i dx , rows t r , x , z , a , p , q , r , w, &rnorm ) ;
249
250 /∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
251 c z e t a = s h i f t + 1 / ( x . z )
252 c So , f i r s t : ( x . z )
253 c Also , f i n d norm of z
254 c So , f i r s t : ( z . z )
255 c−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
256 norm temp11 = 0 . 0 ;
257 norm temp12 = 0 . 0 ;
258
259 #pragma xmp loop on t ( j ,∗ ) r e d u c t i o n ( + : normtemp11 , normtemp12 )
260 f o r ( j = 1 ; j <= NA; j ++) {
261 norm temp11 = norm temp11 + x [ j ]∗ z [ j ] ;
262 norm temp12 = norm temp12 + z [ j ]∗ z [ j ] ;
263 }
264
265 norm temp12 = 1 .0 / s q r t ( normtemp12 ) ;
266 z e t a = SHIFT + 1 .0 / normtemp11 ;
267
268 i f ( rank == 0 ){
269 i f ( i t == 1 ) {
270 p r i n t f ( ” i t e r a t i o n | | r | | z e t a\n ” ) ;
271 }
272 p r i n t f ( ” %5d %20.14 e %20.13 e\n ” , i t , rnorm , z e t a ) ;
273 }
274
275 /∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
276 c Normal ize z t o o b t a i n x
277 c−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
278 #pragma xmp loop on t ( j ,∗ )
279 f o r ( j = 1 ; j <= NA; j ++) {
280 x [ j ] = norm temp12∗z [ j ] ;
281 }
282 } /∗ end of main i t e r i nv pow meth∗ /
283
284 t i m e r s t o p ( 1 ) ;
285
286 /∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
287 c End of t imed s e c t i o n
288 c−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
289 t = t i m e r r e a d ( 1 ) ;
290



291 i f ( rank == 0){
292 p r i n t f ( ” Benchmark comple ted\n ” ) ;
293
294 e p s i l o n = 1 .0 e−10;
295 i f ( c l a s s != ’U’ ) {
296 i f ( f a b s ( z e t a − z e t a v e r i f y v a l u e ) <= e p s i l o n ) {
297 v e r i f i e d = TRUE;
298 p r i n t f ( ” VERIFICATION SUCCESSFUL\n ” ) ;
299 p r i n t f ( ” Ze ta i s %20.12 e\n ” , z e t a ) ;
300 p r i n t f ( ” E r r o r i s %20.12 e\n ” , z e t a − z e t a v e r i f y v a l u e ) ;
301 } e l s e {
302 v e r i f i e d = FALSE ;
303 p r i n t f ( ” VERIFICATION FAILED \n ” ) ;
304 p r i n t f ( ” Ze ta %20.12 e\n ” , z e t a ) ;
305 p r i n t f ( ” The c o r r e c t z e t a i s %20.12 e\n ” , z e t a v e r i f y v a l u e ) ;
306 }
307 } e l s e {
308 v e r i f i e d = FALSE ;
309 p r i n t f ( ” Problem s i z e unknown\n ” ) ;
310 p r i n t f ( ” NO VERIFICATION PERFORMED\n ” ) ;
311 }
312
313 i f ( t != 0 .0 ) {
314 mf lops = ( 2 . 0∗NITER∗NA)
315 ∗ ( 3 . 0 + (NONZER∗ (NONZER+1) ) + 2 5 . 0∗ ( 5 . 0 + (NONZER∗ (NONZER+ 1 ) ) ) + 3 .0 )
316 / t / 1000000 .0 ;
317 } e l s e {
318 mf lops = 0 . 0 ;
319 }
320
321 c p r i n t r e s u l t s ( ”CG” , c l a s s , NA, 0 , 0 , NITER , n t h r e a d s , t ,
322 mflops , ” f l o a t i n g p o i n t ” ,
323 v e r i f i e d , NPBVERSION, COMPILETIME,
324 CS1 , CS2 , CS3 , CS4 , CS5 , CS6 , CS7 ) ;
325 }
326 }
327
328 s t a t i c vo id s e t u p s u b m a t r i x i n f o ( ) {
329 i n t c o l s i z e , row s ize ;
330 i n t n p c o l s = NUMCOL, nprows = NUMROW;
331 i n t proc row = rank / n p c o l s ;
332 i n t p r o c c o l = rank − proc row ∗ n p c o l s ;
333
334 /∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
335 I f naa even l y d i v i s i b l e by npco ls , t hen i t i s even l y d i v i s i b l e
336 by nprows
337−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
338 c o l s i z e = NA / n p c o l s ;
339 f i r s t c o l = p r o c c o l ∗ c o l s i z e ;
340 l a s t c o l = f i r s t c o l − 1 + c o l s i z e ;
341 row s i ze = NA / nprows ;
342 f i r s t r o w = proc row ∗ row s ize ;
343 l a s t r o w = f i r s t r o w − 1 + row s ize ;
344 }



345
346 /∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
347 c−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
348 s t a t i c vo id c o n j g r a d (
349 i n t c o l i d x [ ] , /∗ c o l i d x [ 1 : nzz ] ∗ /
350 i n t r o w s t r [ ] , /∗ r o w s t r [ 1 : naa +1] ∗ /
351 doub le x [NA] ,
352 doub le z [NA] ,
353 doub le a [ ] , /∗ a [ 1 : nzz ] ∗ /
354 doub le p [NA] ,
355 doub le q [NA] ,
356 doub le r [NA] ,
357 doub le w[NA] ,
358 doub le ∗ rnorm )
359 /∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
360 c−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
361
362 /∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
363 c F loag ing p o i n t a r r a y s he re a r e named as i n NPB1 spec d i s c u s s i o n o f
364 c CG a l g o r i t h m
365 c−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
366 {
367 s t a t i c doub le d , sum , rho , rho0 , a lpha , b e t a ;
368 i n t i , j , k ;
369 i n t c g i t , cg i tmax = 25 ;
370 i n t coun t ;
371
372 #pragma xmp a l i g n x [ i ] w i th t ( i ,∗ )
373 #pragma xmp a l i g n z [ i ] w i th t ( i ,∗ )
374 #pragma xmp a l i g n p [ i ] w i th t ( i ,∗ )
375 #pragma xmp a l i g n q [ i ] w i th t ( i ,∗ )
376 #pragma xmp a l i g n r [ i ] w i th t ( i ,∗ )
377 #pragma xmp a l i g n w[ i ] w i th t (∗ , i )
378
379 rho = 0 . 0 ;
380
381 /∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
382 c I n i t i a l i z e t h e CG a l g o r i t h m :
383 c−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
384 #pragma xmp loop on t ( j ,∗ )
385 f o r ( j = 1 ; j <= NA; j ++) {
386 q [ j ] = 0 . 0 ;
387 z [ j ] = 0 . 0 ;
388 r [ j ] = x [ j ] ;
389 p [ j ] = r [ j ] ;
390 }
391
392 #pragma xmp loop on t (∗ , j )
393 f o r ( j = 1 ; j <= NA; j ++) {
394 w[ j ] = 0 . 0 ;
395 }
396
397 /∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
398 c rho = r . r



399 c Now, o b t a i n t h e norm of r : F i r s t , sum s q u a r e s o f r e l eme n t s l o c a l l y . . .
400 c−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
401 #pragma xmp loop on t ( j ,∗ ) r e d u c t i o n ( + : rho )
402 f o r ( j = 1 ; j <= NA; j ++) {
403 rho = rho + x [ j ]∗ x [ j ] ;
404 }
405
406 /∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
407 c The con j g rad i t e r a t i o n loop
408 c−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
409 f o r ( c g i t = 1 ; c g i t <= cg i tmax ; c g i t ++) {
410 rho0 = rho ;
411 d = 0 . 0 ;
412 rho = 0 . 0 ;
413
414 /∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
415 c q = A. p
416 c The p a r t i t i o n submat r i x−v e c t o r m u l t i p l y : use workspace w
417 c−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
418 C
419 C NOTE: t h i s v e r s i o n o f t h e m u l t i p l y i s a c t u a l l y ( s l i g h t l y : maybe %5)
420 C f a s t e r on t h e sp2 on 16 nodes than i s t h e u n r o l l e d−by−2 v e r s i o n
421 C below . On t h e Cray t3d , t h e r e v e r s e i s t r u e , i . e . , t h e
422 C u n r o l l e d−by−two v e r s i o n i s some 10% f a s t e r .
423 C The u n r o l l e d−by−8 v e r s i o n below i s s i g n i f i c a n t l y f a s t e r
424 C on t h e Cray t3d− o v e r a l l speed of code i s 1 .5 t i m e s f a s t e r .
425 ∗ /
426 #pragma xmp loop on t (∗ , j )
427 f o r ( j = 1 ; j <= NA; j ++) {
428 sum = 0 . 0 ;
429 f o r ( k = r o w s t r [ j ] ; k < r o w s t r [ j + 1 ] ; k++) {
430 sum = sum + a [ k ]∗ p [ c o l i d x [ k ] ] ;
431 }
432 w[ j ] = sum ;
433 }
434
435 #pragma xmp r e d u c t i o n ( + :w) on p ros ( : ,∗ )
436
437 #pragma xmp gmove
438 q [ : ] = w [ : ] ;
439
440 /∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
441 c C l e a r w f o r r e u s e . . .
442 c−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
443 #pragma xmp loop on t (∗ , j )
444 f o r ( j = 1 ; j <= NA; j ++) {
445 w[ j ] = 0 . 0 ;
446 }
447
448 /∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
449 c Obta in p . q
450 c−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
451 #pragma xmp loop on t ( j ,∗ )
452 f o r ( j = 1 ; j <= NA; j ++) {



453 d = d + p [ j ]∗ q [ j ] ;
454 }
455
456 #pragma xmp r e d u c t i o n ( + : d ) on p ros ( : ,∗ )
457
458 /∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
459 c Obta in a l p h a = rho / ( p . q )
460 c−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
461 a l p h a = rho0 / d ;
462
463 /∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
464 c Save a tempora ry o f rho
465 c−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
466 rho0 = rho ;
467
468 /∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
469 c Obta in z = z + a l p h a∗p
470 c and r = r − a l p h a∗q
471 c−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
472 #pragma xmp loop on t ( j ,∗ )
473 f o r ( j = 1 ; j <= NA; j ++) {
474 z [ j ] = z [ j ] + a l p h a∗p [ j ] ;
475 r [ j ] = r [ j ] − a l p h a∗q [ j ] ;
476 }
477
478 /∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
479 c rho = r . r
480 c Now, o b t a i n t h e norm of r : F i r s t , sum s q u a r e s o f r e l eme n t s l o c a l l y . . .
481 c−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
482 #pragma xmp loop on t ( j ,∗ ) r e d u c t i o n ( + : rho )
483 f o r ( j = 1 ; j <= NA; j ++) {
484 rho = rho + r [ j ]∗ r [ j ] ;
485 }
486
487 /∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
488 c Obta in b e t a :
489 c−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
490 b e t a = rho / rho0 ;
491
492 /∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
493 c p = r + b e t a∗p
494 c−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
495 #pragma xmp loop on t ( j ,∗ )
496 f o r ( j = 1 ; j <= NA; j ++) {
497 p [ j ] = r [ j ] + b e t a ∗p [ j ] ;
498 }
499 } /∗ end of do c g i t =1 , cg i tmax∗ /
500
501 /∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
502 c Compute r e s i d u a l norm e x p l i c i t l y : | | r | | = | | x − A. z | |
503 c F i r s t , form A. z
504 c The p a r t i t i o n submat r i x−v e c t o r m u l t i p l y
505 c−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
506 sum = 0 . 0 ;



507
508 #pragma xmp loop on t (∗ , j )
509 f o r ( j = 1 ; j <= NA; j ++) {
510 d = 0 . 0 ;
511 f o r ( k = r o w s t r [ j ] ; k <= r o w s t r [ j +1]−1; k++) {
512 d = d + a [ k ]∗ z [ c o l i d x [ k ] ] ;
513 }
514 w[ j ] = d ;
515 }
516
517 #pragma xmp r e d u c t i o n ( + :w) on p ros ( : ,∗ )
518
519 #pragma xmp gmove
520 r [ : ] = w [ : ] ;
521
522 /∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
523 c At t h i s po in t , r c o n t a i n s A. z
524 c−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
525 #pragma xmp loop on t ( j ,∗ ) r e d u c t i o n ( + : sum )
526 f o r ( j = 1 ; j <= NA; j ++) {
527 d = x [ j ] − r [ j ] ;
528 sum = sum + d∗d ;
529 }
530
531 (∗ rnorm ) = s q r t ( sum ) ;
532 }
533
534 /∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
535 c g e n e r a t e t h e t e s t problem f o r benchmark 6
536 c makea g e n e r a t e s a s p a r s e m a t r i x w i th a
537 c p r e s c r i b e d s p a r s i t y d i s t r i b u t i o n
538 c
539 c p a r a m e t e r t ype usage
540 c
541 c i n p u t
542 c
543 c n i number o f c o l s / rows of m a t r i x
544 c nz i nonze ros as d e c l a r e d a r r a y s i z e
545 c rcond r ∗8 c o n d i t i o n number
546 c s h i f t r ∗8 main d i a g o n a l s h i f t
547 c
548 c o u t p u t
549 c
550 c a r ∗8 a r r a y f o r nonze ros
551 c c o l i d x i c o l i n d i c e s
552 c r o w s t r i row p o i n t e r s
553 c
554 c workspace
555 c
556 c iv , arow , a c o l i
557 c v , a e l t r ∗8
558 c−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
559 s t a t i c vo id makea (
560 i n t n ,



561 i n t nz ,
562 doub le a [ ] , /∗ a [ 1 : nz ] ∗ /
563 i n t c o l i d x [ ] , /∗ c o l i d x [ 1 : nz ] ∗ /
564 i n t r o w s t r [ ] , /∗ r o w s t r [ 1 : n +1] ∗ /
565 i n t nonzer ,
566 i n t f i r s t r o w ,
567 i n t l a s t r o w ,
568 i n t f i r s t c o l ,
569 i n t l a s t c o l ,
570 doub le rcond ,
571 i n t arow [ ] , /∗ arow [ 1 : nz ] ∗ /
572 i n t a c o l [ ] , /∗ a c o l [ 1 : nz ] ∗ /
573 doub le a e l t [ ] , /∗ a e l t [ 1 : nz ] ∗ /
574 doub le v [ ] , /∗ v [ 1 : n +1] ∗ /
575 i n t i v [ ] , /∗ i v [ 1 : 2∗ n +1] ∗ /
576 doub le s h i f t )
577 {
578 i n t i , nnza , i o u t e r , i v e l t , i v e l t 1 , i row , nzv ;
579
580 /∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
581 c nonzer i s a p p r o x i m a t e l y ( i n t ( s q r t ( nnza / n ) ) ) ;
582 c−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
583 doub le s i z e , r a t i o , s c a l e ;
584 i n t j c o l ;
585
586 s i z e = 1 . 0 ;
587 r a t i o = pow ( rcond , ( 1 . 0 / ( doub le ) n ) ) ;
588 nnza = 0 ;
589
590 /∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
591 c I n i t i a l i z e c o l i d x ( n+1 . . 2n ) t o ze ro .
592 c Used by sp rnvc t o mark nonzero p o s i t i o n s
593 c−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
594 f o r ( i = 1 ; i <= n ; i ++) {
595 c o l i d x [ n+ i ] = 0 ;
596 }
597 f o r ( i o u t e r = 1 ; i o u t e r <= n ; i o u t e r ++) {
598 nzv = nonzer ;
599 sp rnvc ( n , nzv , v , iv , &( c o l i d x [ 0 ] ) , &( c o l i d x [ n ] ) ) ;
600 v e c s e t ( n , v , iv , &nzv , i o u t e r , 0 . 5 ) ;
601 f o r ( i v e l t = 1 ; i v e l t <= nzv ; i v e l t ++) {
602 j c o l = i v [ i v e l t ] ;
603 i f ( j c o l >= f i r s t c o l && j c o l <= l a s t c o l ) {
604 s c a l e = s i z e ∗ v [ i v e l t ] ;
605 f o r ( i v e l t 1 = 1 ; i v e l t 1 <= nzv ; i v e l t 1 ++) {
606 i row = i v [ i v e l t 1 ] ;
607 i f ( i row >= f i r s t r o w && irow <= l a s t r o w ) {
608 nnza = nnza + 1 ;
609 i f ( nnza > nz ) {
610 p r i n t f ( ” Space f o r m a t r i x e l e me n ts exceeded i n ”
611 ” makea\n ” ) ;
612 p r i n t f ( ” nnza , nzmax = %d , %d\n ” , nnza , nz ) ;
613 p r i n t f ( ” i o u t e r = %d\n ” , i o u t e r ) ;
614 e x i t ( 1 ) ;



615 }
616 a c o l [ nnza ] = j c o l ;
617 arow [ nnza ] = i row ;
618 a e l t [ nnza ] = v [ i v e l t 1 ] ∗ s c a l e ;
619 }
620 }
621 }
622 }
623 s i z e = s i z e ∗ r a t i o ;
624 }
625
626 /∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
627 c . . . add t h e i d e n t i t y ∗ rcond t o t h e g e n e r a t e d m a t r i x t o bound
628 c t h e s m a l l e s t e i g e n v a l u e from below by rcond
629 c−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
630 f o r ( i = f i r s t r o w ; i <= l a s t r o w ; i ++) {
631 i f ( i >= f i r s t c o l && i <= l a s t c o l ) {
632 i o u t e r = n + i ;
633 nnza = nnza + 1 ;
634 i f ( nnza > nz ) {
635 p r i n t f ( ” Space f o r m a t r i x e l e men ts exceeded i n makea\n ” ) ;
636 p r i n t f ( ” nnza , nzmax = %d , %d\n ” , nnza , nz ) ;
637 p r i n t f ( ” i o u t e r = %d\n ” , i o u t e r ) ;
638 e x i t ( 1 ) ;
639 }
640 a c o l [ nnza ] = i ;
641 arow [ nnza ] = i ;
642 a e l t [ nnza ] = rcond− s h i f t ;
643 }
644 }
645
646 /∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
647 c . . . make t h e s p a r s e m a t r i x from l i s t o f e l em en t s w i th d u p l i c a t e s
648 c ( v and i v a r e used as workspace )
649 c−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
650 s p a r s e ( a , co l i dx , rows t r , n , arow , aco l , a e l t ,
651 f i r s t r o w , l a s t r o w , v , &( i v [ 0 ] ) , &( i v [ n ] ) , nnza ) ;
652 }
653
654 /∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
655 c g e n e r a t e a s p a r s e m a t r i x from a l i s t o f
656 c [ co l , row , e lemen t ] t r i
657 c−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
658 s t a t i c vo id s p a r s e (
659 doub le a [ ] , /∗ a [ 1 :∗ ] ∗ /
660 i n t c o l i d x [ ] , /∗ c o l i d x [ 1 :∗ ] ∗ /
661 i n t r o w s t r [ ] , /∗ r o w s t r [ 1 :∗ ] ∗ /
662 i n t n ,
663 i n t arow [ ] , /∗ arow [ 1 :∗ ] ∗ /
664 i n t a c o l [ ] , /∗ a c o l [ 1 :∗ ] ∗ /
665 doub le a e l t [ ] , /∗ a e l t [ 1 :∗ ] ∗ /
666 i n t f i r s t r o w ,
667 i n t l a s t r o w ,
668 doub le xx [ ] , /∗ xx [ 1 : n ] ∗ /



669 boo lean mark [ ] , /∗ mark [ 1 : n ] ∗ /
670 i n t n z l o c [ ] , /∗ n z l o c [ 1 : n ] ∗ /
671 i n t nnza )
672 /∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
673 c rows range from f i r s t r o w t o l a s t r o w
674 c t h e r o w s t r p o i n t e r s a r e d e f i n e d f o r nrows = l a s t r o w− f i r s t r o w +1 v a l u e s
675 c−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
676 {
677 i n t nrows ;
678 i n t i , j , j a j p 1 , nza , k , nzrow ;
679 doub le x i ;
680
681 /∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
682 c how many rows of r e s u l t
683 c−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
684 nrows = l a s t r o w− f i r s t r o w + 1 ;
685
686 /∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
687 c . . . coun t t h e number o f t r i p l e s i n each row
688 c−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
689 f o r ( j = 1 ; j <= n ; j ++) {
690 r o w s t r [ j ] = 0 ;
691 mark [ j ] = FALSE ;
692 }
693 r o w s t r [ n +1] = 0 ;
694
695 f o r ( nza = 1 ; nza<= nnza ; nza ++) {
696 j = ( arow [ nza ] − f i r s t r o w + 1) + 1 ;
697 r o w s t r [ j ] = r o w s t r [ j ] + 1 ;
698 }
699
700 r o w s t r [ 1 ] = 1 ;
701 f o r ( j = 2 ; j <= nrows +1; j ++) {
702 r o w s t r [ j ] = r o w s t r [ j ] + r o w s t r [ j −1];
703 }
704
705 /∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
706 c . . . r o w s t r ( j ) now i s t h e l o c a t i o n o f t h e f i r s t nonzero
707 c o f row j o f a
708 c−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
709
710 /∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
711 c . . . do a bucke t s o r t o f t h e t r i p l e s on t h e row index
712 c−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
713 f o r ( nza = 1 ; nza<= nnza ; nza ++) {
714 j = arow [ nza ] − f i r s t r o w + 1 ;
715 k = r o w s t r [ j ] ;
716 a [ k ] = a e l t [ nza ] ;
717 c o l i d x [ k ] = a c o l [ nza ] ;
718 r o w s t r [ j ] = r o w s t r [ j ] + 1 ;
719 }
720
721 /∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
722 c . . . r o w s t r ( j ) now p o i n t s t o t h e f i r s t e lemen t o f row j +1



723 c−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
724 f o r ( j = nrows ; j >= 1 ; j−−) {
725 r o w s t r [ j +1] = r o w s t r [ j ] ;
726 }
727 r o w s t r [ 1 ] = 1 ;
728
729 /∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
730 c . . . g e n e r a t e t h e a c t u a l o u t p u t rows by add ing e lem en t s
731 c−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
732 nza = 0 ;
733
734 f o r ( i = 1 ; i <= n ; i ++) {
735 xx [ i ] = 0 . 0 ;
736 mark [ i ] = FALSE ;
737 }
738
739 j a j p 1 = r o w s t r [ 1 ] ;
740 f o r ( j = 1 ; j <= nrows ; j ++) {
741 nzrow = 0 ;
742
743 /∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
744 c . . . l oop over t h e j t h row of a
745 c−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
746 f o r ( k = j a j p 1 ; k < r o w s t r [ j + 1 ] ; k++) {
747 i = c o l i d x [ k ] ;
748 xx [ i ] = xx [ i ] + a [ k ] ;
749 i f ( mark [ i ] == FALSE && xx [ i ] != 0 . 0 ) {
750 mark [ i ] = TRUE;
751 nzrow = nzrow + 1 ;
752 nz l o c [ nzrow ] = i ;
753 }
754 }
755
756 /∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
757 c . . . e x t r a c t t h e nonze ros o f t h i s row
758 c−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
759 f o r ( k = 1 ; k <= nzrow ; k++) {
760 i = n z l o c [ k ] ;
761 mark [ i ] = FALSE ;
762 x i = xx [ i ] ;
763 xx [ i ] = 0 . 0 ;
764 i f ( x i != 0 . 0 ) {
765 nza = nza + 1 ;
766 a [ nza ] = x i ;
767 c o l i d x [ nza ] = i ;
768 }
769 }
770 j a j p 1 = r o w s t r [ j + 1 ] ;
771 r o w s t r [ j +1] = nza + r o w s t r [ 1 ] ;
772 }
773 }
774
775 /∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
776 c g e n e r a t e a s p a r s e n−v e c t o r ( v , i v )



777 c hav ing nzv nonze ros
778 c
779 c mark ( i ) i s s e t t o 1 i f p o s i t i o n i i s nonzero .
780 c mark i s a l l ze ro on e n t r y and i s r e s e t t o a l l ze ro b e f o r e e x i t
781 c t h i s c o r r e c t s a per fo rmance bug found by John G. Lewis , caused by
782 c r e i n i t i a l i z a t i o n o f mark on every one of t h e n c a l l s t o sp rnvc
783−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
784 s t a t i c vo id sp rnvc (
785 i n t n ,
786 i n t nz ,
787 doub le v [ ] , /∗ v [ 1 : ∗ ] ∗ /
788 i n t i v [ ] , /∗ i v [ 1 : ∗ ] ∗ /
789 i n t n z l o c [ ] , /∗ n z l o c [ 1 : n ] ∗ /
790 i n t mark [ ] ) /∗ mark [ 1 : n ] ∗ /
791 {
792 i n t nn1 ;
793 i n t nzrow , nzv , i i , i ;
794 doub le v e c e l t , v e c l o c ;
795
796 nzv = 0 ;
797 nzrow = 0 ;
798 nn1 = 1 ;
799 do {
800 nn1 = 2 ∗ nn1 ;
801 } wh i le ( nn1 < n ) ;
802
803 /∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
804 c nn1 i s t h e s m a l l e s t power o f two no t l e s s than n
805 c−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
806 wh i le ( nzv < nz ) {
807 v e c e l t = r a n d l c (& t r a n , amul t ) ;
808
809 /∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
810 c g e n e r a t e an i n t e g e r between 1 and n i n a p o r t a b l e manner
811 c−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
812 v e c l o c = r a n d l c (& t r a n , amul t ) ;
813 i = i c n v r t ( vec loc , nn1 ) + 1 ;
814 i f ( i > n ) c o n t i n u e ;
815
816 /∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
817 c was t h i s i n t e g e r g e n e r a t e d a l r e a d y ?
818 c−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
819 i f ( mark [ i ] == 0) {
820 mark [ i ] = 1 ;
821 nzrow = nzrow + 1 ;
822 nz l o c [ nzrow ] = i ;
823 nzv = nzv + 1 ;
824 v [ nzv ] = v e c e l t ;
825 i v [ nzv ] = i ;
826 }
827 }
828
829 f o r ( i i = 1 ; i i <= nzrow ; i i ++) {
830 i = n z l o c [ i i ] ;



831 mark [ i ] = 0 ;
832 }
833 }
834
835 /∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
836 ∗ s c a l e a doub le p r e c i s i o n number x i n ( 0 , 1 ) by a power o f 2 and chop i t
837 ∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
838 s t a t i c i n t i c n v r t ( doub le x , i n t ipwr2 ){
839 r e t u r n ( ( i n t ) ( ipwr2 ∗ x ) ) ;
840 }
841
842 /∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
843 c s e t i t h e lemen t o f s p a r s e v e c t o r ( v , i v ) w i th
844 c nzv nonze ros t o v a l
845 c−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
846 s t a t i c vo id v e c s e t (
847 i n t n ,
848 doub le v [ ] , /∗ v [ 1 : ∗ ] ∗ /
849 i n t i v [ ] , / ∗ i v [ 1 : ∗ ] ∗ /
850 i n t ∗nzv ,
851 i n t i ,
852 doub le v a l )
853 {
854 i n t k ;
855 boo lean s e t ;
856
857 s e t = FALSE ;
858 f o r ( k = 1 ; k <= ∗nzv ; k++) {
859 i f ( i v [ k ] == i ) {
860 v [ k ] = v a l ;
861 s e t = TRUE;
862 }
863 }
864 i f ( s e t == FALSE) {
865 ∗nzv = ∗nzv + 1 ;
866 v [ ∗ nzv ] = v a l ;
867 i v [ ∗ nzv ] = i ;
868 }
869 }

• Source Code of FFT
• hpccfft.h

1 # i n c l u d e <s t d i o . h>
2 # i n c l u d e <s t d l i b . h>
3 # i n c l u d e <mal loc . h>
4 # i n c l u d e <math . h>
5
6 # i f d e f LONG IS 64BITS
7 t y p e d e f uns igned long u 6 4 I n tt ;
8 t y p e d e f long s 6 4 I n t t ;
9 # e l s e

10 t y p e d e f uns igned long long u 6 4 I n tt ;
11 t y p e d e f long long s 6 4 I n t t ;



12 # e n d i f
13
14 t y p e d e f doub le f f t w r e a l ;
15
16 t y p e d e f s t r u c t {
17 f f t w r e a l re , im ;
18 } f f tw complex ;
19
20 # d e f i n e c re ( c ) ( ( c ) . r e )
21 # d e f i n e c im ( c ) ( ( c ) . im )
22
23 # d e f i n e ARR2D( a , i , j , l d a ) a [ ( i ) + ( j )∗ ( l d a ) ]
24 # d e f i n e ARR3D( a , i , j , k , lda1 , l da2 ) a [ ( i ) + ( l da1 )∗ ( ( j ) + ( k ) ∗ ( l da2 ) ) ]
25 # d e f i n e ARR4D( a , i , j , k , l , lda1 , lda2 , l da3 ) a [ ( i ) + ( l da1 )∗ ( ( j ) + ( l da2 )∗ ( ( k ) + ( l da3 )∗ ( l ) ) ) ]
26 # d e f i n e c mul3v ( v , v1 , v2 ) \
27 { c re ( v ) = c re ( v1 )∗ c re ( v2 ) − c im ( v1 )∗ c im ( v2 ) ;
28 c im ( v ) = c re ( v1 )∗ c im ( v2 ) + c im ( v1 )∗ c re ( v2 ) ; }
29 # d e f i n e c assgn ( d , s ){ c re ( d )= c re ( s ) ; c im ( d )= c im ( s ) ; }

• fft xmp.h

1 #pragma xmp nodes p (∗ )
2
3 # d e f i n e N1 (10∗1024)
4 # d e f i n e N2 (10∗1024)
5 # d e f i n e N (N1∗N2)
6 # d e f i n e NMAX (N1 > N2 ? N1 : N2)
7
8 #pragma xmp t e m p l a t e t 0 (0 : ( ( 10∗1024 )∗ ( 10∗1024 ) )−1 )
9 #pragma xmp t e m p l a t e t 1 (0 : (10∗1024)−1)

10 #pragma xmp t e m p l a t e t 2 (0 : (10∗1024)−1)
11
12 #pragma xmp d i s t r i b u t e t 0 ( b lock ) on to p
13 #pragma xmp d i s t r i b u t e t 1 ( b lock ) on to p
14 #pragma xmp d i s t r i b u t e t 2 ( b lock ) on to p
15
16 e x t e r n f f tw complex i n [N] , ou t [N] , tbl ww [N ] ;
17 e x t e r n f f tw complex tb l w1 [N1 ] , tb l w2 [N2 ] , work [N MAX] ;
18
19 #pragma xmp a l i g n i n [ i ] w i th t 0 ( i )
20 #pragma xmp a l i g n ou t [ i ] w i th t 0 ( i )
21 #pragma xmp a l i g n tblww [ i ] w i th t 0 ( i )

• zfft1d-sixstep-xmp.c

1 # i n c l u d e ” h p c c f f t . h ”
2 # i n c l u d e ” f f t xmp . h ”
3
4 f f tw complex a work [N2 ] [ N1 ] ;
5 #pragma xmp a l i g n awork [ ∗ ] [ i ] w i th t 1 ( i )
6
7 vo id s e t t b l 2 ( f f tw complex w[N1 ] [ N2 ] )
8 {
9 i n t i , j ;



10 doub le pi , px ;
11 #pragma xmp a l i g n w[ i ] [∗ ] w i th t 1 ( i )
12
13 p i =4.0∗ a t a n ( 1 . 0 ) ;
14 px=−2.0∗ p i / ( ( doub le ) ( N1∗N2 ) ) ;
15
16 #pragma xmp loop on t 1 ( i )
17 f o r ( i = 0 ; i < N1 ; i ++) {
18 f o r ( j = 0 ; j < N2 ; j ++) {
19 c re (w[ i ] [ j ] ) = cos ( px∗ ( ( doub le ) ( i ) )∗ ( ( doub le ) ( j ) ) ) ;
20 c im (w[ i ] [ j ] ) = s i n ( px ∗ ( ( doub le ) ( i ) )∗ ( ( doub le ) ( j ) ) ) ;
21 }
22 }
23 }
24
25 vo id z f f t 1 d 0 ( f f tw complex a [N2 ] [ N1 ] , f f tw complex b [N1 ] [ N2 ] ,
26 f f tw complex ww[N1 ] [ N2 ] , f f tw complex w1[N1 ] , f f tw complex w2[N2 ] ,
27 f f tw complex ∗work , i n t i p1 [ 3 ] , i n t i p2 [ 3 ] )
28 {
29 i n t i , j ;
30 f f tw complex ztmp1 , ztmp2 , ztmp3 ;
31 #pragma xmp a l i g n a [ i ] [∗ ] w i th t 2 ( i )
32 #pragma xmp a l i g n b [ i ] [∗ ] w i th t 1 ( i )
33 #pragma xmp a l i g n ww[ i ] [∗ ] w i th t 1 ( i )
34
35 #pragma xmp gmove
36 a work [ : ] [ : ] = a [ : ] [ : ] ;
37
38 #pragma xmp loop on t 1 ( i )
39 f o r ( i = 0 ; i < N1 ; i ++) {
40 f o r ( j = 0 ; j < N2 ; j ++) {
41 c assgn ( b [ i ] [ j ] , a work [ j ] [ i ] ) ;
42 }
43 }
44
45 #pragma xmp loop on t 1 ( i )
46 f o r ( i = 0 ; i < N1 ; i ++)
47 HPCC fft235 ( b [ i ] , work , w2 , N2 , ip2 ) ;
48
49 #pragma xmp loop on t 1 ( i )
50 f o r ( i = 0 ; i < N1 ; i ++){
51 f o r ( j = 0 ; j < N2 ; j ++) {
52 c assgn ( ztmp1 , b [ i ] [ j ] ) ;
53 c assgn ( ztmp2 ,ww[ i ] [ j ] ) ;
54 c mul3v ( ztmp3 , ztmp1 , ztmp2 ) ;
55 c assgn ( b [ i ] [ j ] , ztmp3 ) ;
56 }
57 }
58
59 #pragma xmp loop on t 1 ( i )
60 f o r ( i = 0 ; i < N1 ; i ++) {
61 f o r ( j = 0 ; j < N2 ; j ++){
62 c assgn ( awork [ j ] [ i ] , b [ i ] [ j ] ) ;
63 }



64 }
65
66 #pragma xmp gmove
67 a [ : ] [ : ] = a work [ : ] [ : ] ;
68
69 #pragma xmp loop on t 2 ( j )
70 f o r ( j = 0 ; j < N2 ; j ++) {
71 HPCC fft235 ( a [ j ] , work , w1 , N1 , ip1 ) ;
72 }
73
74 #pragma xmp gmove
75 a work [ : ] [ : ] = a [ : ] [ : ] ;
76
77 #pragma xmp loop on t 1 ( i )
78 f o r ( i =0; i < N1 ; i ++){
79 f o r ( j =0; j < N2 ; j ++){
80 c assgn ( b [ i ] [ j ] , a work [ j ] [ i ] ) ;
81 }
82 }
83 }
84
85 i n t
86 z f f t 1 d ( f f tw complex a [N] , f f tw complex b [N] , i n t i o p t , i n t n1 , i n t n2 )
87 {
88 i n t i ;
89 doub le dn ;
90 i n t i p1 [ 3 ] , i p2 [ 3 ] ;
91 #pragma xmp a l i g n a [ i ] w i th t 0 ( i )
92 #pragma xmp a l i g n b [ i ] w i th t 0 ( i )
93
94 i f (0 == i o p t ) {
95 HPCC set tb l ( tb l w1 , n1 ) ;
96 HPCC set tb l ( tb l w2 , n2 ) ;
97 s e t t b l 2 ( ( f f tw complex ∗∗ ) tbl ww ) ;
98 r e t u r n 0 ;
99 }

100
101 HPCC factor235 ( n1 , i p1 ) ;
102 HPCC factor235 ( n2 , i p2 ) ;
103
104 i f (1 == i o p t ){
105 #pragma xmp loop on t 0 ( i )
106 f o r ( i = 0 ; i < N; ++ i ) {
107 c im ( a [ i ] ) = −c im ( a [ i ] ) ;
108 }
109 }
110
111 z f f t 1 d 0 ( ( f f tw complex ∗∗ ) a , ( f f tw complex ∗∗ ) b , ( f f tw complex ∗∗ ) tbl ww ,
112 ( f f tw complex ∗ ) tb l w1 , ( f f tw complex ∗ ) tb l w2 , ( f f tw complex ∗ ) work ,
113 ip1 , i p2 ) ;
114
115 i f (1 == i o p t ) {
116 dn = 1 .0 / N;
117 #pragma xmp loop on t 0 ( i )



118 f o r ( i = 0 ; i < N; ++ i ) {
119 c re ( b [ i ] ) ∗= dn ;
120 c im ( b [ i ] ) ∗= −dn ;
121 }
122 }
123
124 r e t u r n 0 ;
125 }

• fft main xmp.c

1 # i n c l u d e ” h p c c f f t . h ”
2 # i n c l u d e ” f f t xmp . h ”
3
4 f f tw complex i n [N] , ou t [N] , tbl ww [N ] ;
5 f f tw complex tb l w1 [N1 ] , tb l w2 [N2 ] , work [N MAX] ;
6
7 doub le HPL t imer cput ime ( vo id ) ;
8
9 i n t

10 main ( vo id )
11 {
12 i n t rv , n , f a i l u r e = 1 ;
13 doub le Gf lops = −1.0;
14 FILE ∗ o u t F i l e ;
15 i n t doIO = 0 ;
16 doub le maxErr , tmp1 , tmp2 , tmp3 , t0 , t1 , t2 , t 3 ;
17 i n t i , n1 , n2 ;
18 i n t rank ;
19
20 # i f d e f XMP
21 rank = xmp get rank ( ) ;
22 # e l s e
23 rank = 0 ;
24 # e n d i f
25
26 doIO = ( rank == 0 ) ;
27
28 o u t F i l e = s t d o u t ;
29 s r a n d ( t ime (NULL ) ) ;
30
31 n = N;
32 n1 = N1 ;
33 n2 = N2 ;
34
35 t 0 = −HPL t imer cput ime ( ) ;
36 HPCC bcnrand ( 0 , i n ) ;
37 t 0 += HPL t imer cput ime ( ) ;
38
39 t 1 = −HPL t imer cput ime ( ) ;
40 z f f t 1 d ( in , out , 0 , n1 , n2 ) ;
41 t 1 += HPL t imer cput ime ( ) ;
42
43 t 2 = −HPL t imer cput ime ( ) ;



44 z f f t 1 d ( in , out , −1, n1 , n2 ) ;
45 t 2 += HPL t imer cput ime ( ) ;
46
47 t 3 = −HPL t imer cput ime ( ) ;
48 z f f t 1 d ( out , in , +1 , n1 , n2 ) ;
49 t 3 += HPL t imer cput ime ( ) ;
50
51 HPCC bcnrand ( 0 , ou t ) ;
52
53 maxErr = 0 . 0 ;
54 #pragma xmp loop on t 0 ( i )
55 f o r ( i = 0 ; i < N; i ++) {
56 tmp1 = c re ( i n [ i ] ) − c re ( ou t [ i ] ) ;
57 tmp2 = c im ( i n [ i ] ) − c im ( ou t [ i ] ) ;
58 tmp3 = s q r t ( tmp1∗ tmp1 + tmp2∗ tmp2 ) ;
59 maxErr = maxErr>= tmp3 ? maxErr : tmp3 ;
60 }
61
62 #pragma xmp r e d u c t i o n ( max : maxErr )
63
64 i f ( doIO ) {
65 f p r i n t f ( o u t F i l e , ” Vec to r s i z e : %d\n ” , n ) ;
66 f p r i n t f ( o u t F i l e , ” G e n e r a t i o n t ime : %9.3 f\n ” , t 0 ) ;
67 f p r i n t f ( o u t F i l e , ” Tuning : %9.3 f\n ” , t 1 ) ;
68 f p r i n t f ( o u t F i l e , ” Computing : %9.3 f\n ” , t 2 ) ;
69 f p r i n t f ( o u t F i l e , ” I n v e r s e FFT : %9.3 f\n ” , t 3 ) ;
70 f p r i n t f ( o u t F i l e , ”max (| x−x0 | ) : %9.3 e\n ” , maxErr ) ;
71 }
72
73 i f ( t 2 > 0 . 0 ) Gf lops = 1e−9 ∗ ( 5 . 0 ∗ n ∗ l og ( n ) / l og ( 2 . 0 ) ) / t 2 ;
74
75 i f ( doIO )
76 f p r i n t f ( o u t F i l e , ” S i n g l e FFT Gf lop / s %.6 f\n ” , Gf lops ) ;
77
78 r e t u r n 0 ;
79 }
80
81 # i n c l u d e <sys / t ime . h>
82 # i n c l u d e <sys / r e s o u r c e . h>
83
84 # i f d e f HPL STDC HEADERS
85 doub le HPL t imer cput ime ( vo id )
86 # e l s e
87 doub le HPL t imer cput ime ( )
88 # e n d i f
89 {
90 s t r u c t r u s a g e r u s e ;
91
92 ( vo id ) g e t r u s a g e ( RUSAGESELF , &r u s e ) ;
93 r e t u r n ( ( doub le ) ( r u s e . ruu t ime . t v s e c ) +
94 ( ( doub le ) ( r u s e . ruu t ime . t v u s e c ) / 1000000.0 ) ) ;
95 }

• Source Code of Linpack



1 # i n c l u d e <math . h>
2 # i n c l u d e <s t d i o . h>
3 # i n c l u d e <s t d l i b . h>
4
5 # d e f i n e ZERO 0.0
6 # d e f i n e ONE 1 .0
7 # d e f i n e EPS 1 .0 e−8
8
9 # d e f i n e N 1024∗8

10
11 doub le a [N] [N] , b [N] , x [N] , pv t v [N ] ;
12 i n t i p v t [N] , n , rank , s i z e ;
13
14 #pragma xmp nodes p (∗ )
15 #pragma xmp t e m p l a t e t (0 : (1024∗8) −1)
16 #pragma xmp d i s t r i b u t e t ( c y c l i c ) on to p
17 #pragma xmp a l i g n a [∗ ] [ i ] w i th t ( i )
18 #pragma xmp a l i g n b [ i ] w i th t ( i )
19 #pragma xmp a l i g n x [ i ] w i th t ( i )
20
21 vo id
22 matgen ( doub le a [N] [N] , i n t n , doub le b [N] , doub le∗norma )
23 {
24 i n t i n i t , i , j ;
25 doub le normatemp ;
26 #pragma xmp a l i g n a [∗ ] [ i ] w i th t ( i )
27 #pragma xmp a l i g n b [ i ] w i th t ( i )
28
29 s rand48 ( rank ) ;
30 ∗norma = 0 . 0 ;
31
32 f o r ( j = 0 ; j < n ; j ++) {
33 #pragma xmp loop on t ( i )
34 f o r ( i = 0 ; i < n ; i ++) {
35 a [ j ] [ i ] = drand48 ( ) ;
36 norma temp = ( a [ j ] [ i ] > norma temp ) ? a [ j ] [ i ] : norma temp ;
37 }
38 }
39 #pragma xmp r e d u c t i o n ( max : normatemp )
40
41 ∗norma = normatemp ;
42
43 #pragma xmp loop on t ( i )
44 f o r ( i = 0 ; i < n ; i ++) {
45 b [ i ] = 0 . 0 ;
46 }
47
48 f o r ( j = 0 ; j < n ; j ++) {
49 #pragma xmp loop on t ( i )
50 f o r ( i = 0 ; i < n ; i ++) {
51 b [ i ] = b [ i ] + a [ j ] [ i ] ;
52 }
53 }
54 }



55
56 i n t
57 A idamax ( i n t b , i n t n , doub le dx [N] )
58 {
59 doub le dmax , gdmax , temp ;
60 i n t i , ix , i temp ;
61 #pragma xmp a l i g n dx [ i ] w i th t ( i )
62
63 i f ( n < 1) r e t u r n −1;
64 i f ( n == 1) r e t u r n 0 ;
65
66 i t emp = 0 ;
67 dmax = 0 . 0 ;
68
69 #pragma xmp loop on t ( i ) r e d u c t i o n ( l as tmax : dmax / i temp / )
70 f o r ( i = b ; i < b+n ; i ++) {
71 temp = dx [ i ] ;
72 i f ( f a b s ( temp ) >= dmax ) {
73 i t emp = i ;
74 dmax = f a b s ( temp ) ;
75 }
76 }
77
78 r e t u r n i temp ;
79 }
80
81 vo id
82 A dsca l ( i n t b , i n t n , doub le da , doub le dx [N] )
83 {
84 i n t i , m, mp1 , n incx ;
85 #pragma xmp a l i g n dx [ i ] w i th t ( i )
86
87 i f ( n <= 0) r e t u r n ;
88
89 #pragma xmp loop on t ( i )
90 f o r ( i = b ; i < b+n ; i ++)
91 dx [ i ] = da∗dx [ i ] ;
92 }
93
94 vo id
95 A daxpy ( i n t b , i n t n , doub le da , doub le dx [N] , doub le dy [N] )
96 {
97 i n t i ;
98 #pragma xmp a l i g n dx [ i ] w i th t ( i )
99 #pragma xmp a l i g n dy [ i ] w i th t ( i )

100
101 i f ( n <= 0) r e t u r n ;
102 i f ( da == ZERO) r e t u r n ;
103
104 #pragma xmp loop on t ( i )
105 f o r ( i = b ; i < b+n ; i ++) {
106 dy [ i ] = dy [ i ] + da∗dx [ i ] ;
107 }
108 }



109
110 vo id
111 dge fa ( doub le a [N] [N] , i n t n , i n t i p v t [N] )
112 {
113 doub le t ;
114 i n t j , k , kp1 , l , nm1 , i ;
115 doub le x pv t ;
116 #pragma xmp a l i g n a [∗ ] [ i ] w i th t ( i )
117
118 nm1 = n−1;
119
120 f o r ( k = 0 ; k < nm1 ; k++) {
121
122 kp1 = k +1;
123 l = A idamax ( k , n−k , a [ k ] ) ;
124 i p v t [ k ] = l ;
125
126 #pragma xmp t a s k on t ( l )
127 i f ( a [ k ] [ l ] == ZERO) {
128 p r i n t f ( ”ZERO i s d e t e c t e d\n ” ) ;
129 e x i t ( 1 ) ;
130 }
131
132 #pragma xmp gmove
133 pvt v [ k : n−1] = a [ k : n−1][ l ] ;
134
135 i f ( l != k ) {
136 #pragma xmp gmove
137 a [ k : n−1][ l ] = a [ k : n−1][ k ] ;
138 #pragma xmp gmove
139 a [ k : n−1][ k ] = pv t v [ k : n−1];
140 }
141
142 t = −ONE/ pv t v [ k ] ;
143 A dsca l ( k +1 , n−(k +1) , t , a [ k ] ) ;
144
145 f o r ( j = kp1 ; j < n ; j ++) {
146 t = pv t v [ j ] ;
147 A daxpy ( k +1 , n−(k +1) , t , a [ k ] , a [ j ] ) ;
148 }
149 }
150
151 i p v t [ n−1] = n−1;
152 }
153
154 vo id
155 d g e s l ( doub le a [N] [N] , i n t n , i n t i p v t [N] , doub le b [N] )
156 {
157 doub le t ;
158 i n t k , kb , l , nm1 ;
159 #pragma xmp a l i g n a [∗ ] [ i ] w i th t ( i )
160 #pragma xmp a l i g n b [ i ] w i th t ( i )
161
162 nm1 = n−1;



163
164 f o r ( k = 0 ; k < nm1 ; k++) {
165
166 l = i p v t [ k ] ;
167 #pragma xmp gmove
168 t = b [ l ] ;
169
170 i f ( l != k ) {
171 #pragma xmp gmove
172 b [ l ] = b [ k ] ;
173 #pragma xmp gmove
174 b [ k ] = t ;
175 }
176
177 A daxpy ( k +1 , n−(k +1) , t , a [ k ] , b ) ;
178 }
179
180 f o r ( kb = 0 ; kb < n ; kb ++) {
181 k = n − ( kb + 1 ) ;
182 #pragma xmp t a s k on t ( k )
183 {
184 b [ k ] = b [ k ] / a [ k ] [ k ] ;
185 t = −b [ k ] ;
186 }
187 #pragma xmp b c a s t t from t ( k )
188
189 A daxpy ( 0 , k , t , a [ k ] , b ) ;
190 }
191 }
192
193 doub le
194 e p s l o n ( doub le x )
195 {
196 doub le a , b , c , eps ;
197 a = 4 .0 e0 / 3 . 0 e0 ;
198 eps = ZERO;
199
200 wh i le ( eps == ZERO) {
201 b = a − ONE;
202 c = b + b + b ;
203 eps = f a b s ( c−ONE) ;
204 }
205
206 r e t u r n ( eps∗ f a b s ( x ) ) ;
207 }
208
209 doub le b u f f e r [N ] ;
210
211 vo id
212 dmxpy ( i n t n , doub le y [N] , doub le∗x , doub le m[N] [N] )
213 {
214 i n t i , j ;
215 doub le temp ;
216 #pragma xmp a l i g n m[∗ ] [ i ] w i th t ( i )



217 #pragma xmp a l i g n y [ i ] w i th t ( i )
218
219 #pragma xmp gmove
220 b u f f e r [ : ] = x [ : ] ;
221
222 #pragma xmp loop on t ( i )
223 f o r ( i = 0 ; i < n ; i ++) {
224 temp = 0 ;
225 f o r ( j = 0 ; j < n ; j ++) {
226 temp = temp + m[ j ] [ i ]∗ b u f f e r [ j ] ;
227 }
228 y [ i ] = y [ i ] + temp ;
229 }
230 }
231
232 vo id
233 c h e c k s o l ( doub le a [N] [N] , i n t n , doub le b [N] , doub le x [N] )
234 {
235 i n t i ;
236 doub le norma , normx , r e s i d n , r e s i d , eps , tempb , temp x ;
237 #pragma xmp a l i g n a [∗ ] [ i ] w i th t ( i )
238 #pragma xmp a l i g n b [ i ] w i th t ( i )
239 #pragma xmp a l i g n x [ i ] w i th t ( i )
240
241 #pragma xmp loop on t ( i )
242 f o r ( i = 0 ; i < n ; i ++) {
243 x [ i ] = b [ i ] ;
244 }
245
246 matgen ( a , n , b , &norma ) ;
247
248 #pragma xmp loop on t ( i )
249 f o r ( i = 0 ; i < n ; i ++) {
250 b [ i ] = −b [ i ] ;
251 }
252
253 dmxpy ( n , b , x , a ) ;
254
255 r e s i d = 0 . 0 ;
256 normx = 0 . 0 ;
257
258 #pragma xmp loop on t ( i ) r e d u c t i o n ( max : r e s i d , normx )
259 f o r ( i = 0 ; i < n ; i ++) {
260 temp b = b [ i ] ;
261 temp x = x [ i ] ;
262 r e s i d = ( r e s i d > f a b s ( temp b ) ) ? r e s i d : f a b s ( tempb ) ;
263 normx = ( normx > f a b s ( temp x ) ) ? normx : f a b s ( tempx ) ;
264 }
265
266 eps = e p s l o n ( ( doub le )ONE) ;
267 r e s i d n = r e s i d / ( n∗norma∗normx∗eps ) ;
268
269 i f ( rank == 0) {
270 p r i n t f ( ” norm . r e s i d r e s i d machep\n ” ) ;



271 p r i n t f ( ”%8.1 f %16.8 e %16.8 e\n ” ,
272 r e s i d n , r e s i d , eps ) ;
273 }
274 }
275
276 i n t
277 main ( vo id )
278 {
279 i n t i , j ;
280 doub le ops , norma , t0 , t1 , dn ;
281
282 rank = xmp get rank ( ) ;
283 s i z e = xmp get s ize ( ) ;
284
285 i f ( rank == 0)
286 p r i n t f ( ” L inpack . . .\ n ” ) ;
287
288 n = N;
289 dn = N;
290 ops = ( 2 . 0 e0∗ ( dn∗dn∗dn ) ) / 3 . 0 + 2 . 0∗ ( dn∗dn ) ;
291
292 matgen ( a , n , b , &norma ) ;
293
294 t 0 = xmp get second ( ) ;
295 dge fa ( a , n , i p v t ) ;
296 d g e s l ( a , n , i p v t , b ) ;
297 t 1 = xmp get second ( ) ;
298
299 i f ( rank == 0)
300 p r i n t f ( ” t ime=%g , %g MFlops\n ” , t1−t0 , ops / ( ( t1−t 0 )∗1 . 0 e6 ) ) ;
301
302 c h e c k s o l ( a , n , b , x ) ;
303
304 i f ( rank == 0)
305 p r i n t f ( ” end . . .\ n ” ) ;
306
307 r e t u r n 0 ;
308 }

• Source Code of RandomAccess

1 # i n c l u d e <s t d i o . h>
2 # i n c l u d e <s t d l i b . h>
3
4 t y p e d e f uns igned long long u 6 4 I n t ;
5 t y p e d e f s i g n e d long long s 6 4 I n t ;
6
7 # d e f i n e POLY 0x0000000000000007ULL
8 # d e f i n e PERIOD 1317624576693539401LL
9 # d e f i n e NUPDATE (4 ∗ XMP TABLE SIZE)

10
11 # d e f i n e XMP TABLE SIZE 131072
12 # d e f i n e PROCS 2
13 # d e f i n e LOCAL SIZE XMP TABLE SIZE /PROCS
14



15 u 6 4 I n t Tab le [LOCAL SIZE ] ;
16
17 #pragma xmp nodes p (∗ )
18 #pragma xmp c o a r r a y Tab le [∗ ]
19
20 u 6 4 I n t
21 HPCC star ts ( s 6 4 I n t n )
22 {
23 i n t i , j ;
24 u 6 4 I n t m2 [ 6 4 ] ;
25 u 6 4 I n t temp , ran ;
26
27 wh i le ( n < 0) n += PERIOD ;
28 wh i le ( n > PERIOD) n −= PERIOD ;
29 i f ( n == 0) r e t u r n 0x1 ;
30
31 temp = 0x1 ;
32 f o r ( i = 0 ; i < 64 ; i ++) {
33 m2[ i ] = temp ;
34 temp = ( temp<< 1) ˆ ( ( s 6 4 I n t ) temp< 0 ? POLY : 0 ) ;
35 temp = ( temp<< 1) ˆ ( ( s 6 4 I n t ) temp< 0 ? POLY : 0 ) ;
36 }
37
38 f o r ( i = 62 ; i >= 0 ; i−−)
39 i f ( ( n >> i ) & 1) b reak ;
40
41 ran = 0x2 ;
42 wh i le ( i > 0) {
43 temp = 0 ;
44 f o r ( j = 0 ; j < 64 ; j ++)
45 i f ( ( ran >> j ) & 1) temp ˆ= m2[ j ] ;
46 ran = temp ;
47 i −= 1 ;
48 i f ( ( n >> i ) & 1)
49 ran = ( ran << 1) ˆ ( ( s 6 4 I n t ) ran < 0 ? POLY : 0 ) ;
50 }
51
52 r e t u r n ran ;
53 }
54
55 s t a t i c vo id
56 RandomAccessUpdate ( u 6 4 I n t s )
57 {
58 u 6 4 I n t i , temp ;
59
60 temp = s ;
61 f o r ( i = 0 ; i < NUPDATE/ 1 2 8 ; i ++) {
62 temp = ( temp<< 1) ˆ ( ( s 6 4 I n t ) temp< 0 ? POLY : 0 ) ;
63 Tab le [ temp%LOCALSIZE ] : [ ( temp%XMP TABLE SIZE ) / LOCAL SIZE ] ˆ= temp ;
64 }
65 #pragma xmp b a r r i e r
66 }
67
68 i n t



69 main ( vo id )
70 {
71 i n t rank , s i z e ;
72 u 6 4 I n t i , b , s ;
73 doub le t ime , GUPs ;
74
75 rank = xmp get rank ( ) ;
76 s i z e = xmp get s ize ( ) ;
77 b = ( u 6 4 I n t ) rank ∗ LOCAL SIZE ;
78
79 f o r ( i = 0 ; i < LOCAL SIZE ; i ++) Tab le [ i ] = b + i ;
80 s = HPCC star ts ( ( s 6 4 I n t ) rank ) ;
81
82 t ime = −xmp get second ( ) ;
83 RandomAccessUpdate ( s ) ;
84 t ime += xmp get second ( ) ;
85
86 GUPs = ( t ime > 0 .0 ? 1 .0 / t ime : −1.0) ;
87 GUPs ∗= 1e−9∗NUPDATE;
88
89 #pragma xmp r e d u c t i o n ( + : GUPs)
90
91 i f ( rank == 0) {
92 p r i n t f ( ” Executed on %d node ( s )\ n ” , s i z e ) ;
93 p r i n t f ( ” Time used : %.6 f seconds\n ” , t ime ) ;
94 p r i n t f ( ”%.9 f B i l l i o n ( 1 0 ˆ 9 ) u p d a t e s per second [GUP/ s ]\ n ” , GUPs ) ;
95 }
96
97 r e t u r n 0 ;
98 }


