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Abstract. Developing efficient parallel programs is more difficult and
complicated than developing sequential ones. Skeletal parallelism is a
promising methodology for easy parallel programming in which users
develop parallel programs by composing ready-made components called
parallel skeletons. We developed a parallel skeleton library SkeTo that
provides parallel skeletons implemented in C++ and MPI for distributed-
memory environments. In the new version of the library, the implemen-
tation of the parallel skeletons for lists is improved so that the skeletons
equip themselves with fusion optimization. The optimization mechanism
is implemented based on the programming technique called expression
templates. In this paper, we illustrate the improved design and imple-
mentation of parallel skeletons for lists in the SkeTo library.

Keywords: Skeletal parallelism, fusion transformation, list skeletons,
expression templates, template meta-programming.

1 Introduction

Hardware environments for parallel computing are now widely available. The
popularization and growth of multicore CPUs call for more parallelism to utilize
the potential of the hardware. Developing parallel programs, however, is more
difficult and complex than developing sequential ones due to, for example, data
distribution, communication, and load balancing.

Skeletal Parallelism [1] is a promising methodology for this problem. In the
skeletal parallelism, parallel programs are developed by composing ready-made
components, called parallel skeletons, which are abstract computational patterns
often used in parallel programs. Parallel skeletons conceal many details of par-
allelism in their implementation and, thus, allow for the development of parallel
programs as if they were sequential programs. This paper considers parallel skele-
tons for data-parallel computations in which large amounts of data are processed
in parallel.
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Our group has intensively studied skeletal parallelism for data-parallel com-
putations since the late 90’s. We have developed several methods for deriving
skeletal parallel programs and for optimizing skeletal programs using fusion
transformation [2] based on the constructive algorithmic theory [3]. To make
these results easily available, we have developed a parallel skeleton library named
SkeTo [4]: the name is from the abbreviation of Skeleton Library in Tokyo and
it also means helper or supporter in Japanese. Three important features of the
SkeTo library are:

– The library is implemented in standardC++ and MPI (MessagePassing Inter-
face), and we can widely use the library on distributed-memory environments
as well as shared-memory ones. Users who know C++ can use the library with-
out learning another language or library for parallel programming.

– The library provides parallel skeletons for data-parallel computation. Sup-
ported data structures are lists (one-dimensional arrays), matrices (two-
dimensional arrays), and trees. Parallel skeletons over these data structures
have similar interfaces.

– The library provides a mechanism of optimizing skeletal programs based on
fusion transformation [5].

The SkeTo library version 0.3beta was released in January 2007. After this re-
lease, some problems were found that needed be resolved and the new version 1.0
of the SkeTo library was developed. Two important improvements of the library
are:

– With the old version, users had to select the proper skeleton for their specific
situation (e.g., a skeleton to overwrite lists). In the new version, selections
are automatically done by the library.

– In the old version, the fusion optimization was implemented in OpenC++ [6]–
a meta-programming language for C++. OpenC++ is now obsolete. In the
new version, the fusion optimization mechanism is implemented using stan-
dard C++ in conjunction with the meta-programming technique called ex-
pression templates [7]. In addition, more powerful fusion rules than those of
the old version are implemented.

The SkeTo library is available for several environments. In terms of the OS, it
is available for Linux, Mac OS X, and Windows with cygwin; in terms of the
Compiler, it is available for GCC versions 3.4 and 4.3, and Intel Compilers 9.1
and 11.1; in terms of the MPI library, it is available for mpich and OpenMPI.

This paper discusses the design and the implementation of the parallel list
skeletons in the SkeTo library. The focus is on the self-optimization mechanism
implemented with expression templates. The rest of the paper is organized as
follows. Section 2 presents the sequential and the parallel definitions of the list
skeletons provided in the SkeTo library and discusses how to optimize skeletal
programs using fusion transformation. The implementation of the parallel list
skeletons is discussed in Section 3. Section 4 evaluates the performance of the
SkeTo library using two examples. Related work is reviewed in Section 5 and
concluding remarks are presented in Section 6.
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generate(f, n) = [f(0), f(1), . . . , f(n− 1)]

map(f, [a0, a1, . . . , an−1]) = [f(a0), f(a1), . . . , f(an−1)]

zipw(f, [a0, a1, . . . , an−1], [b0, b1, . . . , bn−1]) = [f(a0, b0), f(a1, b1), . . . , f(an−1, bn−1)]

reduce(⊕, [a0, a1, . . . , an−1]) = a0 ⊕ a1 ⊕ · · · ⊕ an−1

scan(⊕, e, [a0, a1, . . . , an−1], ptr) = [e, e⊕ a0, . . . , e⊕ a0 ⊕ a1 ⊕ · · · ⊕ an−2]
where ptr ← e⊕ a0 ⊕ a1 ⊕ · · · ⊕ an−2 ⊕ an−1

scanr(⊕, e, [a0, a1, . . . , an−1], ptr) = [a1 ⊕ · · · ⊕ an−2 ⊕ an−1 ⊕ e, . . . , an−1 ⊕ e, e]
where ptr ← a0 ⊕ a1 ⊕ · · · ⊕ an−2 ⊕ an−1 ⊕ e

shift�(e, [a0, a1, . . . , an−1], ptr) = [e, a0, . . . , an−2] where ptr ← an−1

shift�(e, [a0, a1, . . . , an−1], ptr) = [a1, . . . , an−1, e] where ptr ← a0

Fig. 1. The sequential definition of list skeletons. Updates of values through pointers
are denoted by ptr ← a to make the definition consistent with the implementation in
the SkeTo library.

2 Parallel List Skeletons in the SkeTo Library

The parallel skeletons provided in the SkeTo library are computational patterns
in the Bird-Meertens Formalism (BMF) [3] that was originally studied for se-
quential programming. This section defines the parallel list skeletons from two
viewpoints: the sequential definition from the user’s point of view and the paral-
lel definition from the implementer’s point of view. This sections also discuss how
to apply fusion transformation to optimize programs with parallel list skeletons.

2.1 Sequential Definition of List Skeletons

Figure 1 shows some of the list skeletons available in the SkeTo library. Users
develop their programs based on this sequential definition.

Skeletons generate, map, and zipw are element-wise computational patterns.
Skeleton generate(f, n) returns a list of length n whose elements are the results
of the function f applied to the indices [0, . . . , n−1]. Skeleton map(f, as) applies
the function f to each element of the list as. Skeleton zipw(f, as, bs) applies the
function f to each pair of corresponding elements of the lists as and bs.

Skeleton reduce(⊕, as) computes the reduction of the list as with the associa-
tive binary operator ⊕. Skeleton scan(⊕, e, as, ptr) computes accumulation on
the list as from the left to the right (also called prefix-sums) with the associa-
tive binary operator ⊕. The accumulation starts at e, and the fully accumulated
result is returned through the pointer ptr . Skeleton scanr(⊕, e, as, ptr) accumu-
lates from the right to the left.

Skeleton shift�(e, as, ptr) (shiftr in the program code) returns a list whose
elements are shifted to the right, where the leftmost value is e and the original
rightmost value is returned through ptr . Skeleton shift�(e, as, ptr) (shiftl in
the program code) is a shift computation from the right to the left.
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generate(f, n)
= let bsi = generatelocal(f, �i ∗ n/p�, �(i + 1) ∗ n/p� − 1) for i ∈ [0, p− 1]

in [bs0, . . . , bsp−1]

map(f, [as0, . . . , asp−1])
= let bsi = maplocal(f, asi) for i ∈ [0, p− 1]

in [bs0, . . . , bsp−1]

zipw(f, [as0, . . . , asp−1], [bs0, . . . , bsp−1])
= let csi = zipwlocal(f, asi, bsi) for i ∈ [0, p− 1]

in [cs0, . . . , csp−1]

reduce(⊕, [as0, . . . , asp−1])
= let bi = reducelocal(⊕, asi) for i ∈ [0, p− 1]

in reduceglobal(⊕, [b0, . . . , bp−1])

scan(⊕, e, [as0, . . . , asp−1], ptr)
= let bsi = scanlocal(⊕, ι⊕, asi, ci) for i ∈ [0, p− 1]

[d0, . . . , dp−1] = scanglobal(⊕, e, [c0, . . . , cp−1], ptr)
esi = maplocal((di⊕), bsi) for i ∈ [0, p− 1]

in [es0, . . . , esp−1]

shift�(e, [as0, . . . , asp−1], ptr)
= let bi = last(asi) for i ∈ [0, p− 1]

[c0, . . . , cp−1] = shift�global(e, [b0, . . . , bp−1], ptr)
dsi = shift�local(ci, asi,NULL) for i ∈ [0, p− 1]

in [ds0, . . . , dsp−1]

Fig. 2. The parallel definition of list skeletons based on the sequential definition given in
Figure 1. The subscript “local” indicates that a skeleton is used as a local computation
and the subscript “global” indicates that a skeleton is used as a global computation.
The definition of generatelocal is a bit different from that in Figure 1. It takes the first
and the last indices of the list as input. Function last returns the last element of the
given list and ι⊕ is the unit of the binary operator ⊕.

2.2 Parallel Definition of List Skeletons

The SkeTo library is a parallel skeleton library for distributed-memory envi-
ronments. We adopt the SPMD (Single Program/Multiple Data) computation
model in which each process has its own data. In this model, we implement a
list as a nested list whose elements are local lists allocated by processes. More
concretely, in an environment with p processes we represent a list of n elements
a0, a1, . . . , an−1 as follows.

[[a0, . . . , a�n/p�−1], . . . , [a�(p−1)∗n/p�, . . . , an−1]]

The parallel implementation of the list skeletons consists of local computation
parts in which each process computes independently with its local lists and of
global computation parts for which inter-process communication occurs. Figure 2
shows the definition of the list skeletons for parallel implementation. We omit
the definition of scanr (and shift�), since it is similar to that of scan (and shift�).
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Since skeletons generate, map, and zipw are element-wise computational pat-
terns, they can be easily implemented with local computations. Skeleton reduce
first performs local reduction on each local list, and then reduces the local results
with a global computation. Skeleton scan is implemented in three steps: (1) we
compute scan for each local list, (2) compute scan globally on the results of the
local scans, and (3) update the results of local scan with local map for each local
list. Skeleton shift� is implemented by global shift� applied to the last elements
of local lists followed by local shift� applied to each local list.

Note that there exists another three-step implementation of scan that con-
sists of local reduce, global scan, and local scan. This implementation is not
used, because applying the fusion transformation to the local scan is, in general,
complicated.

2.3 Target of Fusion Optimization

In the skeletal parallelism, users develop parallel programs by composing several
skeletons. One potential drawback of such a methodology is the overhead caused
by many calls of skeletons with intermediate data passed between skeletons. The
fusion transformation is an important optimization technique that removes such
overhead, and there have been several studies on this topic [8, 9, 2, 5]. We will
review these studies in Section 5.

In the new version of the SkeTo library, we implemented the fusion trans-
formation focusing on realistic and important parts of skeletal programs. The
idea is to fuse the local computation parts only, instead of applying the fusion
transformation over whole skeletons. As we defined in Figure 2 the skeletons are
implemented with local computations and global computations, and we apply
the fusion transformation to the consecutive local computations between global
computations. Figure 3 shows an example of the targets of the fusion transfor-
mation. It is worth noting that almost all the skeletal programs to which the
fusion mechanism of the old version of the SkeTo library can be applied to can
be optimized. Moreover, programs can be optimized using the scan and shift
skeletons.

Now the targets of the fusion transformation are formalized. First, in the im-
plementation of the shift� and shift� skeletons the global shift computation is
moved before the local shift computation. Based on this fact and on the def-
inition of skeletons in Figure 2, observe that the local computations between
global computations have a specific form: almost element-wise computations
(map, zipw, shift�, and shift�) occur in some order first and then scanning on
local lists (reduce or scan) may follow. Therefore, there is a fusion transforma-
tion implementation for this specific form. Implementation details are given in
Section 3.

The fusion transformation considered here is known as the loop-fusion opti-
mization. It is worth noting that loop-fusion often makes a program faster when
the loop computations are rather small. Sometimes, however, loop fusion makes
the program slower due to the increased number of registers needed.
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as

maplocal

scanlocal

scanglobal

maplocal

ziplocal

as

reducelocal

reduceglobal

Fig. 3. Two targets of the fusion transformation (denoted by dashed lines). After the
fusion transformation, the number of local computations (loops) decreases from 5 to 2.
You may think that this example is artificial, but this combination of skeletons comes
from parallelization of a very common form of recursive functions on lists [10].

3 Implementation of Parallel List Skeletons in the SkeTo
Library

Before discussing the implementation details, example programs to compute the
variance of n values [a0, . . . , an−1] (where ai = i5 mod 100) using the following
definition below are displayed.

ave =
∑n−1

i=0 ai/n

var =
∑n−1

i=0 (ai − ave)2/n

Figure 4 shows a program with simple for-loops, Figure 5 shows a program with
the SkeTo library, and Figure 6 shows a program with the STL library.

3.1 Interface

Distributed List Structure. In the SkeTo library, distributed lists are pro-
vided as instances of the template class dist_list. Data distribution is con-
cealed in the constructors of the dist_list class and users do not need to know
how the elements of a list are distributed to the processes.

One difference of the new implementation from the previous one is that the
real buffer of a distributed list is managed with its reference count in another
class dist_list_buffer to which the dist_list class has a pointer. With this
change, we can implement automatic allocation/release of memory and auto-
matic dispatching to specialized skeletons that overwrite the results on the in-
puts. We illustrate the difference with an example. In the previous version, users
had to call delete explicitly to release the memory used by the distributed lists
as follows:
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#include <iostream>
using namespace std;
const int n = 10000000;

int main(int, char**) {
int *as = new int[n];
double ave = 0;
for (int i = 0; i < n; ++i) {

as[i] = i*i*i*i*i % 100;
ave += as[i];

} ave /= n;

double var = 0;
for (int i = 0; i < n; ++i) {

var += (as[i]-ave) * (as[i]-ave);
} var /= n;

cout << var << endl;
delete [] as;

}

Fig. 4. A program using for-loops

#include <iostream>
#include <sketo/sketo.h>
#include <sketo/list_skeletons.h>
const int n = 10000000;

using namespace std;
using namespace sketo;
using namespace sketo::list_skeletons;

struct gen
: public functions::base<int (int)> {
int operator()(int i) const {

return i*i*i*i*i % 100;
}

};

int sketo::main(int, char**) {
dist_list<int> as;
as = generate(n, gen());
double ave

= reduce(plus<double>(), as) / n;

double var
= reduce(plus<double>(),

map(functions::square<double>(),
map(bind2nd(minus<double>(), ave),

as))) / n;

sketo::cout << var << endl;
}

Fig. 5. A program using the SkeTo library

#include <iostream>
#include <vector>
#include <functional>
#include <algorithm>
#include <numeric>
using namespace std;

const int n = 10000000;

struct gen {
mutable int index;
gen() : index(0) {};
double operator()() const {
const int i = index++;
return i*i*i*i*i % 100;

}
};

struct minus_ave_sqr {
double ave;
minus_ave_sqr(double ave) : ave(ave) { }
double operator()(double x) const {
return (x - ave) * (x - ave);

}
};

int main() {
vector<double> as(n);

generate(as.begin(), as.end(), gen());
double ave
= accumulate(as.begin(), as.end(),

0.0, plus<double>()) / n;

transform(as.begin(), as.end(),
as.begin(),

minus_ave_sqr(ave));
double var
= accumulate(as.begin(), as.end(),

0.0, plus<double>()) / n;

cout << var << endl;
}

Fig. 6. A program using STL
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dist_list<int> *as = new dist_list<int>(array, size);

dist_list<int> *bs = list_skeletons::map(f, as);

...

delete bs;

delete as;

In the new version of the SkeTo library, the dist_list class is responsible for
memory management and, thus, programmers can simplify as follows:

dist_list<int> as(array, size);

dist_list<int> bs = list_skeletons::map(f, as);

...

Parallel Skeletons. The parallel list skeletons that manipulate distributed lists
are defined in the name space list_skeletons. The interfaces of the parallel
list skeletons are essentially the same as before.

In the SkeTo library, the argument functions for parallel skeletons are func-
tion objects (objects that implement an operator() method). With function
objects instead of function pointers, compilers can find the concrete definition
of the functions and optimize the function calls by inline expansion. The in-
line expansion works quite well when programs are the composition of several
small components. Function objects passed to parallel skeletons are instances
of classes that inherit one of the template classes sketo::functions::base for
the declaration of the types of the arguments and the return value. For exam-
ple, a function object that takes a value of type A and returns a value of type B
should inherit the template class sketo::functions::base<B (A)>. These base
classes are implemented in a similar way to the boost::function. The reason
for reimplementation is that boost::function cannot be inline-expanded due to
its implementation. For the same reason, anonymous functions, boost::lambda,
have problems of efficiency. It is worth noting that the function objects provided
by <functional> in STL are available in SkeTo.

The most important change to the interface of parallel list skeletons is that we
only provide a single function for each skeleton. In the previous implementation,
we provided two or more functions for a skeleton. For example, for the map
skeleton there were three functions: normal map function with two arguments,
map function with three arguments, and specialized implementation map_ow for
overwriting. In the new version, we unify those implementations into a single
interface. In fact, based on the reference count in dist_list_buffer and the
expression template technique, the library dispatches skeleton calls to specific
implementations. The details of the implementation with expression templates
are shown in the next subsection.

To illustrate the differences consider the following example. In the previous
version, to overwrite the results of map onto its inputs a specialized version of
the map skeleton, namely map_ow, had to be used as follows:

list_skeletons::map_ow(f, as);

list_skeletons::map_ow(g, as);

v = list_skeletons::reduce(plus, 0, as);.
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With the new version the code is written as follows:

as = list_skeletons::map(f, as);

as = list_skeletons::map(g, as);

v = list_skeletons::reduce(plus, as);.

The library automatically selects the specialized code. Furthermore, since the
result of the map is dist_list, we can also write it in the following nested way:

v = list_skeletons::reduce(plus,

list_skeletons::map(g,

list_skeletons::map(f, as)));.

3.2 Optimization Mechanism by Expression Templates

The new version of the SkeTo library uses expression templates [7] to implement
fusion transformations and uses overwriting for memory reuse. This section in-
troduces the expression template technique and illustrates how the optimization
mechanisms are implemented.

Expression Templates. This subsection introduces the meta-programming
technique called expression templates [7]. This technique has been used to im-
plement efficient libraries for linear-algebraic computations [11] and for domain-
specific regular expressions.

When an expression in C++ is evaluated, the sub-expressions are evaluated
one by one. Consider evaluating the following code where the variables A, B, C
and D are vectors:

D = A + B - C;

Usually, the sub-expression A + B is evaluated first which generates, E, an
intermediate vector. Then the subtraction, E - C, is computed which also gen-
erates, F, another intermediate vector. Finally, the vector F is assigned to D.

The use of the expression template technique generates certain structures rep-
resenting the computation (often tree structures like abstract syntax trees) and
delay the computation until the results are required. By delaying the computa-
tion, efficient code can be generated for the whole expression. In the example
above, an instance of template type plus<vec,vec> is generated for the sub-
expression A + B, then the right-hand side of the expression is given as an in-
stance of template type minus<plus<vec,vec>,vec>, and finally the member
function

vec::operator=(minus<plus<vec,vec>,vec>)

is called. Proper code is generated for these member functions with the help of the
template structures. In the example above, a fast implementation corresponding
to the following loop is generated:

for (int i = 0; i < n; i++) { D[i] = A[i] + B[i] - C[i]; }.
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Implementation of Fusion Transformation. In Section 2.3, we stated that
the target of the fusion transformation is a set of consecutive local computations
between global computations. Due to the lack of type inference in C++, in the
new version of the SkeTo, we apply the fusion transformation to local computa-
tions that are written as a single expression. For example, in the following code
from Figure 5

double var

= reduce(plus<double>(),

map(functions::square<double>(),

map(bind2nd(minus<double>(), ave), as))) / n;

the two maps and the reduce are the target of the fusion transformation.
In the implementation, template types for local map, local zipw, local shift�,

and so on are defined. For example, the template object for local map, ls_mapobj,
is defined as follows:

template <typename F, typename AS>

struct ls_mapobj {

F f;

const AS as;

ls_mapobj(const F &f, const AS &as) : f(f), as(as) { }

typedef typename F::result_type element_type;

element_type local_get(int i) const { return f(as.local_get(i)); }

...

};.

This template object stores the function object and the argument list, and the
computation of the map skeleton is executed in the member function local_get.
The map skeleton just generates this template object as follows:

template <typename F, typename AS>

_impl::ls_mapobj<F, AS> map(F f, const AS& as) {

return _impl::ls_mapobj<F, AS>(f, as);

}.

The computation of a parallel skeleton is delayed until either reduce, scan,
scanr or an assignment to a list occurs. For example, in the implementation of
reduce, the computation of skeletons is triggered through the member function
local_get as shown in the following code:

A result = as.local_get(0);

{

const int n = as.get_local_size();

for (int i = 1; i < n; ++i) {

result = oplus(result, as.local_get(i));

}

}.

To illustrate how the fusion transformation with expression templates is done
consider, once again, the sample code above. The skeleton reduce takes a value
of type
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ls_mapobj<G,ls_mapobj<F,dist_list<double> > >

where F represents the type of bind2nd(minus<double>(),ave), and G repre-
sents the type of functions::square<double>(). Then, in the computation of
reduce, the local computation represented by two ls_mapobjs are fused to the
local reduction because the local_get functions of the two ls_mapobj are called
in a nested way. After fusion optimization and inline expansion, the main loop
of the generated code becomes the same as the following simple loop:

double result = (as[0] - ave) * (as[0] - ave);

for (int i = 1; i < n; ++i) {

result = result + (as[i] - ave) * (as[i] - ave);

}.

The performance effects of the fusion transformation are discussed in Section 4.
The current implementation of the fusion transformation for programs includ-

ing shift� or shift� has room for improvement. For example, for the following
code

bs = map(f, shiftr(e, as));

the current implementation generates code corresponding to the following loop.

for (int i = 0; i < n; ++i) {

bs[i] = f( (i==0) ? e : as[i-1] );

}

However, the following loop is faster in many cases.

bs[0] = f(e);

for (int i = 1; i < n; ++i) {

bs[i] = f( as[i-1] );

}

This improvement of the fusion transformation is a part of our future work.

Implementation of Specialized Skeletons. Overwriting the results of paral-
lel skeletons onto their inputs is an important optimization in terms of memory
consumption and the cost of memory allocation/release. The implementation of
this optimization is also attained by expression templates.

A single line of the skeletal programs usually has the following form.

as = skeleton calls;

With the expression templates, the right-hand side skeleton calls forms a tree
structure representing the skeleton calls. The following template member func-
tion was added to dist_list

template <typename BS> void operator=(const BS &bs);

and the dispatch mechanism was implemented in the member function.
The results of skeletons are overwritten when all the following conditions hold

(where as denotes the distributed list on the left-hand side):
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1. The buffer is already allocated for as.
2. The length of as is the same as that of resulting list of the right-hand side.
3. The reference count in as is greater by one than the number of occurrences

of as on the right-hand side. Note that the reference count of as increases
if it appears on the right-hand side, and this condition means that as does
not share the array with other variables.

4. The tree structure has no shift�/shift� applied to as except for the root.

Note that in condition 4 we permit the inclusion of scan and scanr because they
allocate another distributed list.

Revealing Errors in Programs Developed with Expression Templates.
Expression templates are an important programming technique for implementing
efficient libraries. However, a problem occurs when we use expression templates
for implementing a skeleton library: unreadable error messages appear when we
fail to compile template programs. It is worth noting that the following discussion
is relevant to the use of GCC. The Intel Compiler checks errors before expanding
expression templates and, thus, the following “tricks” are unnecessary.

When using expression templates for linear-algebraic computations, the pri-
mary operators used in user programs are + and * and, as such, programs have
fewer errors. However, in skeletal parallel programming, users can specify any
function for parallel skeletons and thus user programs tend to have errors. For
example, in the code displayed in Figure 5, a programmer may mistakenly pass a
unary function, like square<double>(), as the first argument to bind2nd. This
single mistake causes 20 lines of error messages. A sample error message line is
a line:.

sketo/list_skeletons_with_fusion.h: In member function ’typename F::

result_type sketo::_impl::ls_mapobj<F, AS>::local_get(int) const [

with F = sketo::functions::square<double>, AS = sketo::_impl::

ls_mapobj<std::binder2nd<sketo::functions::square<double> >, sketo::

dist_list<double> >]’: .

Note that this error is detected inside the library code even though the bug is in
the user code. Users not familiar with the implementation details of the SkeTo
library cannot determine the reason for this annoying error message.

To resolve this problem, we provide another implementation of the SkeTo li-
brary that does not optimize skeletal programs by expression templates. Users
can easily switch the implementations: defining a macro __SKETO_NO_FUSION__
at the preprocessing stage is enough and no change to the program code is
needed. The bug can easily be found with this alternative library implementa-
tion. For the above example, the error messages are reduced to 13 lines and the
bug can directly be identified in:

variance.cpp:26: error: no matching function for call to ’map(std::

binder2nd<sketo::functions::square<double> >, sketo::dist_list<

double>&)’
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Fig. 7. The execution time for computing variance

Table 1. The execution time for
computing variance (in seconds)

#cores 1 2 4 8

LOOP 1.10 1.11 0.61 0.51
SkeTo 2.38 1.25 0.68 0.50
SkeTo N.O. 3.93 2.25 1.43 1.26
STL 2.60 1.64 1.24 1.19

4 Experiments

To evaluate the performance of the SkeTo library, experiments with computing
variance (Figures 4, 5, and 6), the bracket matching problem [10], and the N-
queen problem were conducted.

Variance computation was used to evaluate the sequential performance, the
speed-up, and the overhead of the parallel list skeletons. In the experiments, a
list of length 200,000,000 was used. The experiments were carried out on a desk-
top PC with two Intel Xeon E5430 (2.66GHz, quad-cores) CPUs and 8 GByte
memory. The compiler and MPI library were GCC 4.4.0 and mpich 1.2.7p1. Fig-
ure 7 and Table 1 show the results of experiments. LOOP indicates the program
with simple loops in Figure 4 parallelized with OpenMP, SkeTo indicates the
program with the SkeTo library in Figure 5, SkeTo N.O. indicates the same pro-
gram as SkeTo but no optimization is applied, and STL indicates the program
with STL in Figure 6 parallelized with GCC libstdc++ parallel mode [12]. With
the fusion optimization using expression templates, the program utilizing SkeTo
is optimized so that it achieves almost the same performance as the simple for-
loops with OpenMP. It is worth noting that the SkeTo library and the program
in Figure 5 are also available on distributed-memory environments. The pro-
gram without fusion optimization and the program with STL are slower due to
the overhead caused by multiple list traversals. Note that the relatively small
speedups in this example are due to memory bandwidth saturation.

The bracket matching problem [10] was used to investigate the effects of the
fusion optimization using expression templates. The outline of the skeletal pro-
gram for this problem is the same as that in Figure 3, but the concrete function
objects for skeletons are a bit more complicated. The complete definition can
be found in [10]. The main part of the program is the first map and scan: the
function g′2 for map is
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Fig. 8. The speedup for the bracket matching
problem

Table 2. The execution time
for the bracket matching problem
(in seconds)

# core 1 4 8 16

SkeTo 12.26 3.29 1.62 0.88
SkeTo N.O. 15.21 3.94 2.01 1.23

g′2(a) = if isOpen(a) then ([a], 1, 0)
elseif isClose(a) then ([ ], 0, 1)
else ([ ], 0, 0)

and the operator ⊗ for scan is

(cs1, n1, m1) ⊗ (cs2, n2, m2) = if m1 ≥ n2 then (cs1, n1, m1 − n2 + m2)
else (cs1 ++ drop(m1, cs2), n1 + n2 − m1, m2)

where the operator ++ concatenates two lists and the function drop(m1, cs2)
drops the first m1 elements from the list cs2.

In the experiment, the string length is 100,000,000, the different types of
brackets is 4, and the maximum nesting of brackets is 10. The hardware envi-
ronment is a cluster of four PCs with an Intel Core2Quad 2.4GHz CPU and
4 GByte memory connected with Gigabit Ethernet. The compiler and library
used are Intel C++ Compiler 9.0 and MPICH 1.2.7p1. The optimized version
and the non-optimized version of the skeletal program were executed varying
the number of cores from 1 to 16. Table 2 shows the results of the experiments
and Figure 8 plots the speed-up with respect to the execution of the optimized
version on one core. The optimized version is 20% faster than the non-optimized
version independent of the number of cores.

Finally, experiments to evaluate the scalability of the SkeTo library using
the 18-Queens problem are presented. The hand-written code using MPI and C
developed by Kise et al. [13] (qn24b) and a program with list skeletons using the
SkeTo library (SkeTo) are used as benchmarks. The environment is a cluster of
PCs with dual Xeon 2.4GHz CPUs and 2GByte memory connected with Gigabit
Ethernet, GCC 4.1.2, and mpich 1.2.7p1. Figure 9 and Table 3 show the empirical
results.

From these results, we can see that both programs achieve good speedups. In
this example, nonoptimized version runs as fast as the optimized version, since
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Fig. 9. The speed-up for 18-Queens problem

Table 3. The execution time for
18-Queens problems (in seconds)

#CPU 1 4 16 32

SkeTo 554 157 39.9 20.9
qn24b 596 149 37.3 18.7

almost all the execution time is spent in a single map skeleton. The program
with the SkeTo library shows a bit worse scalability. This is due to the static
scheduling policy of the SkeTo library: the program with the SkeTo library runs
a bit faster on 1 CPU, but the loads may be ill-balanced on many CPUs. In
the future version of the SkeTo library we would like to integrate dynamic load-
balancing.

5 Related Work

Parallel Skeleton Libraries

Several parallel skeleton libraries have been implemented. Since the idea of skele-
tal parallel programming is closely related to functional programming, there are
several implementations based on functional languages such as Haskell [14], Tem-
plate Haskell [15], and SML [16].

There are also several implementations or widely used imperative languages
like C, C++, and Java developed for efficiency reasons. For example, Muskel [17]
and eSkel [18] provide parallel skeletons mainly for task-parallel computations;
Muesli [19] provides a two-tier model of task- and data-parallel skeletons; In-
tel TBB (Thread Building Blocks) [20] is now being widely used for multicore
parallel programming. Among these, Muesli is the skeleton library most related
to the SkeTo library. It provides data-parallel skeletons for lists and matrices
implemented in C++ and MPI (the new version of Muesli also uses OpenMP)
and some task-parallel skeletons. Compared with Muesli, the SkeTo library offers
the advantages of matrix skeletons that are defined based on the theory of con-
structive algorithmics [21], tree skeletons [22], and the optimization mechanism
based on the fusion transformation.

Instead of developing a new library, providing a parallel implementation to
an existing standard library is another approach to skeletal parallelism. For ex-
ample, DatTel [23] and MCSTL [12] are parallel implementations for STL (the
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standard template library) in C++. In particular, the latter is now integrated
into GCC with the name “libstdc++ parallel mode,” and is used in the experi-
ments in Section 4.

Optimization of Skeletal Programs by Fusion Transformation

The fusion transformation is an important optimization technique that removes
overhead caused by too many skeleton calls with intermediate data between
them. There have been several studies on this topic [2, 5, 8, 9, 24, 25].

In the framework proposed by Aldinucci et al. [8], many transformation rules
are used to optimize skeletal programs. They considered not only simple rules
like map-map fusion, but also complex rules like fusing scan and reduce under
certain conditions on operators. The number of optimization rules, however,
easily becomes too large and it is unrealistic to implement all of them.

In the previous version of the SkeTo library [5], we implemented a fusion
optimization mechanism based on normal forms that characterize data genera-
tion/consumption. The fusion rules on those normal forms were proposed in [2].
Though this method is simple and rather easy to implement, the fusion transfor-
mation often fails for scan and shift skeletons. Note that the fusion optimization
by the expression templates covers almost all the cases that the fusion mecha-
nism in the old version can be applied to.

Single assignment C (SAC) [25] is a programming language with high level ar-
ray operations. The SAC compiler has a powerful fusion optimization mechanism
called with-loop-folding [24], which combines consecutive array operations into
a singe one. The basic idea for the fusion transformation is almost the same:
to fuse almost element-wise computations. Since the optimization was imple-
mented in the SAC compiler, it supports more powerful optimizations such as
high-dimensional arrays, more complicated data movement, and changing the
size of arrays.

Expression Templates

In the new implementation of the SkeTo library, we implemented the fusion
transformation by the expression template technique. Expression templates are
often used in efficient implementations for linear algebraic computation and in
domain-specific computations such as those for regular expressions. For the lin-
ear algebraic computation, Blitz++ [11] and the uBLAS library in the Boost
library1 are two well-known implementations. As a research-level implementa-
tion, NT2 [26] implemented several nontrivial optimizations for parallel linear-
algebraic computation with expression templates.

6 Conclusion

This paper discusses the new design and implementation of the parallel list skele-
tons of the SkeTo library. Based on the parallel definition of the list skeletons, we
1 http://www.crystalclearsoftware.com/cgi-bin/boost wiki/

wiki.pl?Effective UBLAS
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formalized the target of the fusion transformation as consecutive local compu-
tations between global computations. The optimization mechanism in the new
version of the SkeTo library was implemented using expression templates. The
presented experiments confirm the good performance of the SkeTo library and,
in particular, the good performance of the fusion optimization implemented in
the new library.

As we stated in Section 3.2, the results of the fusion transformation for the
computations with shift skeletons are not the best ones. Emoto et al. [9] proposed
an optimization method for those computations with shift skeletons. Implement-
ing this optimization for the SkeTo library is a part of our future work.
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