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Abstract
Stencils are typical building blocks for many numerical scientific
applications. Different parallelization methods exist, the choice
of a method depends on the given stencil, parallel programming
system etc. Implementing stencils in a library simplifies application
programming, allows to experiment with different parallelization
methods, and supports their automatic adaptation to a given stencil.
This paper introduces PASTHA, a prototype for a Haskell library
that allows to declaratively describe stencil-based problems and
calculate them in parallel. The description is flexible enough to
cover all 2D stencils we are aware of. Implementation is based on
task queues and strict evaluation. We report on experiments with a
Gauß-Seidel stencil, where we achieved speedups of up to 4 on six
cores, and with global and local sequence scoring from the Haskell
bioinformatics library bio. For local scoring, the running time was
reduced by a factor of 55, which is partially due to PASTHA.

Categories and Subject Descriptors D.1.3 [Programming Tech-
niques]: Concurrent Programming—Parallel Programming

General Terms Languages, Performance

1. Introduction
Stencils are building-blocks for numerical scientific applications.
A stencil is a pattern to describe the calculation of matrix elements
by defining the relative positions of elements required for the cal-
culation. The values at these positions are used to update the value
of the current position. Stencils are used for example in the ap-
proximation of partial differential equation systems by applying
iterative numerical approximation methods such as the Jacobi or
Gauß-Seidel relaxation method.

Despite the progress in both hardware and software develop-
ment the demand for increasing processing power of stencil codes
is still prevailing. Greater processing power leads to more detailed
simulations, increases the quality of the results or reduces the time
for finishing them. Therefore improving the calculation speed of
stencil-based applications leads to a general improvement of nu-
merical applications.

The current solution to this problem is no longer limited
to increasing clock rates: instead parallelization of applications
executed on modern shared-memory multicore architectures is
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favoured. Unfortunately the increase of computing power comes
with a price: not only need the developers handle the single-
threaded correctness of their programs but have to handle for ex-
ample thread synchronization and race conditions as well at least
in the traditional explicit thread-parallelism model.

One possibility to manage the complexity while still enabling
parallelism is to hide it from the developer. Libraries are well
known to achieve this goal: Firstly, they can handle the parallel as-
pects of the execution. Secondly, they can provide (semi-)automatic
techniques to choose the most performant implementation depend-
ing on the specific problem. Thirdly, by allowing a declarative de-
scription of the problem calculation, details are abstracted. Devel-
oping a library to handle the parallel calculation for a class of prob-
lems like stencil calculation should fulfill some constraints. These
constraints should make the library useful for real-world applica-
tions:

• The provided functions of the library should be flexible enough
to be applied on different classes of problems while at the same
time the learning curve for simple examples should be small.

• The library should use the resources of modern multicore hard-
ware and provide a good speedup.

• The efficiency of the provided functions should not be signif-
icantly worse than the efficiency of existing hand-coded ver-
sions. On the other hand small decreases in computation speed
for having a more convenient development environment are a
common trade-off.

• Depending on the problem type it should assist – or even au-
tomatize – the choice for the most performant implementation.

Haskell provides a solid basis for parallel programming due to its
active research on parallel programming models and the resulting
developer-friendly parallel programming techniques. Since Haskell
supports parallelization using explicit, semi-implicit and data paral-
lel techniques, it allows to explore and compare the advantages and
disadvantages of the different approaches to parallel stencil calcu-
lation while using a common code basis and common abstractions.
As a functional language, its support for higher level abstraction
and thus declarative stencil descriptions and parallelization strate-
gies is better than in most imperative programming languages. Our
contributions are

• The definition of types in Haskell that allow to declaratively
express 2D stencil-based problems. Addressing both multiple
data matrices and arbitrary referencing of values from past
iterations is possible.

• PASTHA, the prototype of a library for parallel stencil calcu-
lations. It allows us to evaluate parallel strategies for stencil-
based calculations and to calculate stencil-based problems on
multicore architectures. Our implementation is based on task
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queues and strict evaluation by which we achieve speedups for
Gauß-Seidel-based stencils of 3 on four and 4 on six cores for
instance.

• The parallelization of the affine sequence score algorithm in
the Haskell bioinformatics library[1]. Thereby we explore the
advantages and disadvantages of the library’s current paral-
lelization strategies and provide some real-world benchmarks
and experiences. It was of special importance to us that biolib
users should be able to use the parallelization without having to
change their code too much. We were able to achieve speedups
of up to 55 on four cores. This speedup is due to strict eval-
uation, computing in the IO monad, and partially the use of
PASTHA.

Despite being a prototype implementation, PASTHA can already
be used to calculate some commonly used and declaratively de-
scribed stencils in parallel. For other stencils the user has to define
two simple functions to describe the dependency relation between
stencil elements. Due to the prototype nature of PASTHA, our de-
sign decision was aimed at perspicuity: When having the choice
between a simple, clean and possibly slower implementation and a
more complex one (for example, involving customized shared data
structures, STM etc.) we chose the simpler one.

The remainder of the paper is structured as follows. Section 2 in-
troduces a voltage diffusion simulation. This voltage diffusion sim-
ulation will serve as a guiding example throughout the paper. We
formalize the different components of a stencil-based problem in a
declarative form and present types for these components in Haskell.
Section 3 points out how to define the voltage simulation in Haskell
and initiate its parallel calculation. Section 4 explains the general
parallelization scheme for this class of problems, describes our im-
plementation in Haskell and provides benchmarks. In Section 5 we
give a short introduction to sequence scoring, demonstrate how to
transform programs for using PASTHA and provide benchmarks
comparing the original implementation of the biolib-algorithms
with the PASTHA-version. Section 6 compares this paper to re-
lated work and Section 7 concludes and describes future research
ideas.

2. A declarative model of stencil problems in
Haskell

In this section we give reasons for the usage of stencils by explain-
ing how to model the diffusion of voltage on a metal sheet and
calculate the voltage’s distribution. We generalize the introduced
terms of the example in such a way that arbitrary stencil-based
problems can be expressed. Using the defined terms we show how
to transform the definitions into Haskell types.

2.1 A voltage diffusion simulation

Our aim is to determine the resulting pattern voltages of a two-
dimensional conductive metal sheet with constant voltage applied
only at the boundaries (Figure 1). The resulting pattern is modeled
by the linear partial differential Laplace Equation

∂2v

∂2x
+

∂2v

∂2y
= 0 (1)

Since this equation can only be solved numerically we apply the
Jacobi relaxation method on a two-dimensional grid of points on
the surface of the metal sheet. Let Vi,j denote the voltage at the
grid point (i, j). Applying (1) to the grid results in the equation
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The approximation algorithm iterates successively over all internal

at boundaries
Fixed voltage

Internal point

Figure 1. A two dimensional conducting metal sheet.

// Alternative :
// while (! converged ) ...
while (steps ++ < maxSteps ) {

for (i=0; i < N; ++i)
for (j=0; j < N; ++j)

VNew[i,j] = (V[i-1,j] + V[i+1,j] +
V[i,j-1] + V[i,j+1]) / 4.0;

Copy(VNew ->V);
}

Figure 2. Code to calculate values for the voltage diffusion simu-
lation using a Jacobi-stencil.

points (i, j) evaluating Vi,j , as shown in Figure 2. This is repeated
until either a fixed number of iterations has been calculated or the
minimal difference of the same matrix element for the current and
previous iterations is smaller than a threshold value ε. The voltage
simulation already contains all typical elements of a stencil-based
problem: a data matrix with initial values, a stencil described by
references to other elements of V , a function computing the average
of the neighbour elements defined by V for each grid point, and a
convergence condition.

While the Jacobi stencil only refers to values of the previous it-
eration, there are also commonly used stencils with more advanced
dependencies (see Figure 3): The Gauß-Seidel stencil is similar to

Vi,j+1

Vi−1,j Vi−1,j

Vi,j−1 Vi,j−1

Vi,j Vi,jVi+1,j Vi+1,j

currently calculated referenced by depenedencies

Sequence scoring

Jacobi Gauß−Seidel

Vi,j+1
(k−1)

(k−1)

(k−1)

(k−1) (k−1)

(k−1)

(k)

(k)

Figure 3. Jacobi, Gauß-Seidel and sequence scoring stencils

a Jacobi stencil but its upper and left element are from the current
iteration not the previous one. The stencil we use in Section 5 to
parallelize sequence scoring is based on the wavefront stencil: an

6



element depends on the values from the upper, left, and upper-left
elements that have to be calculated in the previous iteration. In this
particular case the calculation is more complicated because a total
of four data matrices is needed, all matrices having interdependen-
cies of their own.

The next section shows our approach to make PASTHA appli-
cable for many stencil-based problems by introducing a general
declarative stencil description.

2.2 A generalized declarative stencil definition

A general definition for stencil-based problems should allow the
description of common 2D stencils, and moreover needs mecha-
nisms to describe stencil problems with an arbitrary number of data
matrices and references to past iterations. The following definition
accounts for this.

A stencil-based problem is described by the dimensions and
number n of the data matrices, the initial values in the matrices,
a tuple of n (stencil, function) pairs, and a convergence condition.
This can be formalized in a 5-tuple where w, h, n ∈ N are the
dimension and number of the data matrices:

((w, h), n, init, (stencil × function)n, conv)

Note, that all data matrices need to have the same dimensions,
which is the case in all stencil problems we are aware of. Each ini-
tial value is defined through a tuple from ((W, H,N), R), where
W = [1 . . . w], H = [1 . . . h], N = [1 . . . n], that is for each
given coordinate a value is specified. To cover stencil-based prob-
lems with more than one data matrix, we need to define tuples of
(stencil, function)-pairs. Each pair defines the dependencies in
one data matrix, as well as the corresponding update function.

While it would have been more convenient for the user to de-
scribe both the dependencies and how to update elements in a sin-
gle definition, splitting the dependency definitions and calculation
functions simplifies the analysis of dependencies and thus allows a
performant parallelization.

A stencil is defined by a k-tuple of four-dimensional tuples
where each element of the list defines the dependency on another
element:

stencil = (N−, Z, Z, N)k

for an arbitrary k ∈ N. The first tuple-element describes the
referenced iteration: the current one is numbered 0, the previous
-1, and so on. The second and third elements define the horizontal
and vertical coordinates of a referenced element in the data matrix,
relative to the current position. The last element defines which of
the data matrices is referenced. The Gauß-Seidel stencil can thus
be defined by

{(0,−1, 0, 0), (−1, 1, 0, 0), (−1, 0,−1, 0), (0, 0, 1, 0)} (3)

The updated values for each element in a data matrix are calculated
by a function. It receives the values of the elements referenced by a
stencil and can perform arbitrary complex operations. Since some
functions need the coordinates of the currently calculated element,
they are a parameter:

function = (W, H) × R
k → R

The convergence condition is checked after each iteration (the data
for the check can be calculated while elements are processed); if it
is fulfilled, the calculation terminates. The first common condition
is ε-difference: if

min
i,j

|Vi,j − V −1
i,j | ≤ ε (4)

holds for a defined threshold value ε and V −1 as the data matrix
of the previous iteration, the calculation stops. The second one is
to terminate after a fixed number of iteration steps. Formally we

introduce the set

conv = {(Epsilon, R), (Steps, N)}
to distinguish between the two possibilities.

The voltage diffusion simulation can now be expressed as a
stencil-based problem by

((w, h), 1, init, (s, f), (Epsilon, ε))

with

f((x, y), l, r, b, t) =
l + r + b + t

4
and s defined by equation (3). The particular values for w, h and
init depend on the requested precision and the voltages at the
boundaries.

2.3 Describing stencils in Haskell

A generalized stencil-based problem is defined by a type Stencil-
Problem

data StencilProblem a = StencilProblem {
stencils :: [Stencil ]

, functions :: [ Function a]
, matrix :: Matrix a
, convergence :: Convergence

}

which precisely describes the components of the abstract definition.
To support more than one data matrix, both stencils and functions
are lists. In the calculation of the nth data matrix the nth stencil and
nth function of these lists are chosen for the value update. Therein

type Stencil = [(Int ,Int ,Int ,Int )]

and

type Function a = (Int , Int ) -> [a] -> a

A function receives the coordinate of the currently calculated ele-
ment and a list of values obtained by reading the data matrix values
referenced by the appropriate stencil.

To store the data matrices and all necessary past iterations, a
four-dimensional unboxed IO array is used:

type Matrix a = IOUArray (Int ,Int ,Int ,Int) a

While staying pure is naturally preferable, pure arrays do (cur-
rently!) not offer the performance achievable by IO based ones.
Since we provide functions to access arbitrary data matrices of spe-
cific iterations (see Section 3) a user can conveniently work with a
Matrix without having to have its internal representation in mind.

The convergence condition is specified by the type Conver-
gence

data Convergence = Epsilon Double | Steps Int

and defines either a ε-threshold or a maximal number of steps.
In this section we have shown how to generalize a stencil-based

problem and define the components in terms of Haskell types. The
next section exemplifies these types by applying them to the voltage
diffusion simulation and demonstrates how a parallel calculation is
initiated.

3. Using PASTHA
In this section we use the declarative definitions for stencils to
describe and calculate the voltage diffusion simulation in Haskell.
Additionally we introduce some of the helper functions.

By using the types of Section 2.3, we define and calculate the
voltage diffusion problem for a grid size of 2000 × 2000 and 10
iterations by:
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import Pastha .Types
import Pastha .Calc.TaskQueue

voltageProblem :: Int -> Int -> Int ->
IO (StencilProblem Double )

voltageProblem width height steps = do
let stencil = gaussSeidelStencil

function = \_ vals -> sum vs / 4.0
converge = Steps steps

sheet <- newMatrix 1 0 width height >>=
fillBoundaries 200.0 400.0

500.0 100.0

return $ StencilProblem [stencil ]
[function ] sheet
convergence

main = do
problem <- voltageProblem 2000 2000 10
run 4 50 50 problem

let dm = dataMatrix problem
return ()

PASTHA already defines common stencils, e.g. for Jacobi, Gauß-
Seidel, and Wavefront-based stencils. To hide the internally used
Matrix-type, convenience functions (for example generating ma-
trices with the right dimension for common stencils) are already
provided: The call to newMatrix receives the needed iteration
depth, number of data matrices, and their width and height;
fillBoundaries fills the boundaries of the data matrices with
the corresponding values.

To calculate the data matrices for the defined stencil, we import
one of the calculation modules of Pastha.Calc and call the re-
spective run-function. In addition to the problem run receives pa-
rameters which depend on the chosen module. For the TaskQueue-
based strategy they are the number of threads to use and the hor-
izontal and vertical block sizes (see Section 4.4). The function
dataMatrix is a convenience function to provide transparent ac-
cess to the values of the first data matrix. Currently a user needs to
choose both the number of threads and the block sizes. We plan to
develop mechanisms to automatically determine these parameters
in future research (see Section 7).

4. Parallel stencil calculation using PASTHA
After giving an overview of the different existing parallelization
techniques currently supported by Haskell we describe our imple-
mentation for the parallelization of common stencil calculations,
explain our design decisions, and provide benchmarks.

4.1 Parallelization in Haskell

Haskell supports three types of parallelization for multicore ar-
chitectures: semi-implicit, data-parallelism, and explicit. Semi-
implicit parallelization is characterized by the par- and pseq-
functions. These functions offer the possibility to annotate those
parts of an expression that are a potential source for parallelization
– the user does not need to handle threads, communication, and
synchronization at all. Data-parallel Haskell allows you to com-
pute independent data elements in parallel. The elements are ex-
pressed in a vectorized form and thus provide a natural source for
parallelization known as data parallelism. By hiding parallelism,
both techniques complicate reasoning and in-detail measuring of
performance.

The explicit type of parallelization supported by Haskell is char-
acterised by parallel threads and manual handling of their cre-
ation, communication, and synchronization. An arbitrary number

of threads is started using forkIO and the communication between
them is accomplished over MVars: these are thread-safe containers
for values that block a thread either when it tries to read and no
value has been stored or it tries to write and the previously stored
value has not been read yet. For many parallel scenarios this sim-
ple synchronization scheme is not sufficient: threads do not want
to send or receive single values but need to continuously exchange
data for synchronization. Channels, built on top of MVars imple-
ment a synchronized concurrent unbounded FIFO-stream for an ar-
bitrary number of values of the same type: reading of a channel
blocks if the channel is empty but writing is always possible.

For our prototype implementation of PASTHA we chose ex-
plicit threading and channels for the communication between
threads: this parallel programming model offers clear semantics,
performant synchronization and direct control over the parallel
execution at the cost of extra complexity. It also offers manual
profiling, for example by using logfiles, in the IO monad. Manual
profiling was needed because compilers have no support for par-
allel profiling. This drawback will change by the rise of a parallel
profiler in the next version of GHC [13].

4.2 How to calculate stencils in parallel

It is difficult to parallelize stencil calculations in such a way that
it still has significantly better performance than a sequential so-
lution. In a stencil-based problem elements depend on other ele-
ments’ values, hence dependencies of the order of calculation are
introduced. For our explicit parallel programming model this im-
plies that threads have to be synchronized to calculate elements in
the correct order and we will have to use data structures allowing
concurrent access.

To utilize all available threads and take advantage of modern
caches, we use the well-known block-based approach for parallel
stencil calculation, as for example described in [16]: the matrix is
divided into blocks, which are calculated in an order that satisfies
the data dependencies: Every block contains border elements which
in order to be calculated require elements of the adjacent blocks
in addition to the elements of the same block. Just like a stencil
element the block can only be calculated if all adjacent blocks
it depends on have already been processed (see Figure 4). To

Blocks with single

matrix elements

0

1

3

2

4

A

Figure 4. Block-dependency scheme of a Gauß-Seidel based sten-
cil, arrows represent dependencies. Block A can be calculated di-
rectly because it has no unfulfilled dependencies. Block 2 can be
calculated only if both Blocks 0 and 4 have been processed.

calculate the whole matrix of one iteration, the initially independent
block is calculated. By finishing the calculation, dependencies of
other blocks are fulfilled and can now be processed. This is repeated
until all blocks of the matrix have been calculated.

The convergence condition plays the second important role in
the parallelization. In a block-based parallelization the minimal ε-
difference is calculated as follows:

• For each block a local block-dependent minimal ε is calculated.
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• When a block’s calculation is finished the current (global) ε is
updated if the local one is smaller.

At the end of an iteration the global ε contains the minimum over
all local ε.

There are different ways to implement the needed synchro-
nization, varying in their general applicability, performance etc.
For a Gauß-Seidel based stencil one possibility is a Wavefront-
synchronization with blocks that can be realised as follows (see Fig-
ure 5): The matrix is divided into diagonals, whereby the blocks in

1

3

3

3

2

2

Figure 5. Diagonalization in a block-based wavefront paralleliza-
tion.

each diagonal can be calculated independently by available threads.
Finished threads wait until all blocks in the current diagonal have
been calculated before starting with the next one. The iteration is
completed when the last block in the lower-right corner has been
calculated. The synchronization differs depending on the under-
lying parallelization runtime system: Haskell uses channels and
MVars, OpenMP[6] uses barriers after each diagonal, and MPI[17]
sends messages both for synchronization and updating of border
values (cp. [16] for more information about OpenMP and MPI
Wavefront implementations).

On a more global level we can picture other, more advanced
parallelization strategies, for example strategies which are more
adapted to specific classes of stencils: a strategy only to be ap-
plied to Jacobi-based stencils needs fewer synchronizations be-
cause blocks are independent. This particular strategy typically per-
forms better but is not applicable on a broader basis. For the pro-
totype implementation of PASTHA we wanted to cover the par-
allelization of all classes of 2D-stencils, hence we developed and
implemented a much more general scheme using taskqueues. This
scheme is introduced in the next section.

4.3 Parallel stencil calculation with Taskqueues

Our implementation for a block-based parallel processing of arbi-
trary 2D-stencils is based on the scheme in Figure 6. A main thread
supervises the calculation and coordinates the worker threads that
only do the number crunching. We decided to include a main-thread
since other parallelization approaches complicate the communica-
tion about (partially) finished blocks between worker-threads and
require more advanced synchronization of data structures.

OpenTasks
Thread 1

Thread n

   Main 

ClosedTasks

Figure 6. The communication scheme between the main- and
worker threads.

For communication between the main thread and all worker
threads (task)queues are used: in general a taskqueue is a concur-
rent data structure used in parallel programming to distribute tasks
and other messages among threads. Each thread polls the queue for
new messages and can write messages back as well.

To distribute blocks among the worker threads, a channel of type
OpenTasks (called open-channel) is used:

type OpenTasks = Chan Task

To describe messages for this channel, we define a Task by

data Task =
Task Block

| Stop

Thus this Task can be either a block that can be calculated or a
message stopping the receiving thread. Each block is described by
a type Block

type Block = (Int , Int , Int , Int)

which specifies the horizontal and vertical coordinates and with this
the block’s dimension as part of the matrix.

Results are sent to the back-channel, defined by the type
ClosedTasks

type ClosedTasks = Chan Result
type Result = (Block , Successors , Double )
type Successors = [(Block , Dependencies)]
type Dependencies = [Block]

The back-channel’s messages describe which block has been fin-
ished, what other blocks can be calculated now if the dependen-
cies are fulfilled (called successors) and describes the minimal dif-
ference between iterations for the finished block to check for ε-
convergence. Note that not blocks themselves are sent back but
simply their coordinates and dimensions.

So far we have just defined what types of messages can be
sent and what types they consist of. Still missing is the order in
which unprocessed blocks can be inserted into the queue. For each
stencil two additional functions are needed. These functions de-
scribe which successive blocks can be calculated and what de-
pendencies they still have: The initialization function init ::
[Task] defines all initial blocks that can be calculated without
further dependencies, that is those blocks the parallelization can
start with. The successor function next :: (Int,Int,Int,Int)
-> Block -> Successors receives the dimensions of the matrix
and the block size as the first parameter. For a finished block it
returns the list of successors as a list of tuples; each tuple-element
contains a block that can now be calculated and a list of the remain-
ing dependencies. PASTHA currently provides those functions for
common stencils, e.g. Jacobi, Gauß-Seidel, and Wavefront-based
ones. The underlying scheme for the init- and next-function for
a Gauß-Seidel stencil is shown in Figure 4: Block A is returned by
the init-function; it does not have any dependencies and calcu-
lation can start immediately. When next is called with block 0 it
returns [(1,[3]), (2,[4])]: block 1 depends on block 0 and to
be calculated correctly also needs block 3 to already be computed.

The parallel calculation of a stencil is now done as follows: the
main thread first forks the threads. For each iteration, i.e. until all
blocks have been calculated it then

• Fills the open-channel with the blocks returned by init.

• Waits for a block on the finished-channel.

• With a finished block:

Compares and stores the minimal ε for this iteration.

Checks whether the dependencies of the successor blocks
have already been fulfilled; if so, puts them in the open-
channel, if not discards them.

We use Data.Set with a lookup-complexity of O(log n) to
both store and check for finished blocks.
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After all blocks have been calculated the minimal ε is checked.
If it is lower than the value defined by the user the calculation is
terminated by filling the open-channel with one Stop-message for
each thread. Otherwise, the next iteration begins.

Each worker-thread tries to pull messages of the open-channel,
blocking until a message is received. With a message a thread

• Checks whether Stop is received: if so it terminates. Otherwise
it has received a block.

• Calculates both the values of the matrix for the given block and
the minimal ε.

• Wraps the result into a Result, sends it back over the closed-
channel and polls the queue for the next message.

The next section provides benchmarks that show the achieved
speedups for different stencils and analyzes potential optimizations
for this approach.

4.4 Benchmarks

We tested the taskqueue-based implementation on a 2.2 GHz 8-core
AMD Opteron 875, a Linux-kernel 2.6.18, and GHC 6.10.4 to mea-
sure the speedup for the voltage simulation using the Gauß-Seidel
and for comparison a Jacobi-stencil. Additionally we describe the
effect of varying block sizes during the performance. When uti-
lizing more than four cores we sometimes had huge discrepancies
in the run time (According to [15] performance problems are en-
countered when using eight cores with GHC under Linux). There-
fore we ran each test twenty times and always report the minimum,
the maximum, and the average speedup. For our tests we used a
non-threaded sequential version (an implementation of the algo-
rithm of Figure 2) and a parallel version which used two up to
seven cores. Preliminary tests with development versions of GHC
(to avoid the performance problems mentioned above) sometimes
resulted in more speedup but were not reliable and significant and
therefore are not presented here.

The first benchmark measured the speedup for the voltage sim-
ulation on a 2000 × 2000 grid with a uniform blocksize of 50 for
ten iterations. Experiments with ε-difference came to similar re-
sults. The blocksize 50 delivered the best average speedup. The
speedups are shown in Figure 7. We receive in the best as well as in
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Figure 7. Speedup of the voltage diffusion simulation for a 2000×
2000 grid, a uniform blocksize of 50 and 10 iterations

the average case speedups of up to 4 on six cores. Nevertheless the
achievable speedup is restricted by the parallel runtime overhead
for instance by the cost for synchronization and communication.

Thereupon we simulated the voltage diffusion using a Jacobi
stencil. This stencil only needs values of the previous iteration,
hence the init and next-functions are much easier to implement
and less communication about finished blocks is needed. Figure 8
shows the according speedup graph. As can be seen, the decrease
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Figure 8. Speedup of the voltage diffusion simulation using a
Jacobi stencil

in the communication pays off: since all tasks can be calculated
independently we receive better speedup. This indicates that the
implementation of the taskqueue does not provide a huge overhead;
rather it costs little when it is used only to pull out values and
discard the sent-back results.

The performance of the calculation depends on different factors,
e.g. on the specific calculation, the number of threads, the parallel
runtime system, and the block size. Figure 9 shows the relation be-
tween uniform blocksizes of various sizes and the achieved speedup
for the voltage problem using four cores. Even though the tolerance
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Figure 9. Dependency between block sizes and speedup.

for good speedups is huge (blocksizes from 40 up to 100 provide
nearly the same speedup) the user still has to run a few tests with
different block sizes to identify the block size for the best speedup.
We plan to automatize this step (see Section 7).

5. Parallelizing sequence scoring and alignment
We transformed a class of sequence analysis algorithms into our
stencil description and compared the parallel performance with the
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original sequential implementation. The sequential implementation
was taken from the Haskell bioinformatics library bio, which is a
collection of bioinformatics-related data structures, algorithms and
supporting utilities.

After a short introduction into sequence scoring algorithms
(where we leave out the biological background) we show the trans-
formation of the algorithms into a stencil-based problem and how
an existing call to a bio-library function has to be rewritten to al-
low parallel calculation. We conclude with a benchmark comparing
the sequential with our parallel implementation.

5.1 Background: Sequence scoring

One of the most common and at the same time computational
expensive problems in bioinformatics is the comparison of two
genomic sequences. A genomic sequence consists of strings of the
alphabet {A, C, G, T} of nucleotide acid bases.

Given two sequences S1 and S2 we want to determine the
similarity between the entire sequences which is called global
scoring. With an exemplary score-function c(x, y)

c(x, y) =

8><
>:

1 x = y

0 x �= y

−1 x = − or y = −
covering the cases of a match and mismatch of two sequence
elements and the case when the position is empty (denoted by the
symbol −) we are able to calculate a global score: apply c to every
two elements of S1 and S2 and sum them up. For the sequences
S1 = AAGGCA and S2 = GACGA the maximal score is 2: if
the empty symbol was at another position the score would either be
equal or less:

S1 A A G G C A
S2 G A C G - A
Score 0 1 0 1 -1 1 = 2

In the evolutionary process subsequences of acid bases were
moved, inserted or deleted. The current model only differenti-
ates between a match, mismatch or space. For better accordance
to the underlying biological model the influence of consecutive
spaces (called gaps) should be larger. This desired property can
be modelled by functions that give the first occurring gap a very
low (typically negative) score and the immediately following gaps
a score linear in their length. This class of functions is called affine
gap functions: Let go be the initial gap penalty for the first gap and
ge the penalty for the n successive ones; the class of affine gap
functions is then described by

g(n) = go + nge

With go = −10 and ge = −1 the maximal possible score for the
sequences S1 and S2 under an affine gap function is -7:

S1 A A G G C A
S2 G A C G - A
Score 0 1 0 1 -10 1 = -7

The global score is determined by examining both sequences in
their entirety. However we are often interested in the comparison of
local subsequences. Local subsequences often have more similarity
and thus a much higher score: gaps which lower the overall score
when whole sequences are considered can be excluded from the
subsequence and therefore have no influence on the score. Since
only local sections of the sequences are considered, this scoring is
called local scoring. It is determined by scoring all subsequences
of S1 against all subsequences of S2 and finding the maximal
value. The local score for our example is maximal for the two
subsequences AGG and ACG with a score of 2:

S1 |A A G| G C A
S2 G |A C G| A
Score |1 0 1| = 2.

locally important
subsequences

The next section demonstrates how the search for a global or local
score, respectively, is expressed in terms of matrices, recursive
dependencies between matrix elements, and simple functions.

5.2 Scoring as a stencil problem

To calculate the score of two sequences S1 and S2 by an affine
gap function, we define a set of recurrence relations that work on
matrices. Since the difference between global and local scoring is
only in the initialization of border elements and the determination
of the result, the calculation and therefore its parallelization is the
same; we only present the formulas for global scoring.

Let V , G, E and F be matrices with the dimension (length(S1)+
1) × (length(S2) + 1). The initial values for the matrices V , E
and F are defined by

V (i, 0) = E(i, 0) = go + ige (5)

V (0, j) = F (0, j) = go + jge (6)

The matrix G does not need initialization values. The other values
of the matrices are given by the recurrence relations

V (i, j) = max{E(i, j), V (i, j), G(i, j)} (7)

G(i, j) = V (i − 1, j − 1) + σ(S1(i), S2(j)) (8)

E(i, j) = max{E(i, j − 1), V (i, j − 1) − go} − ge (9)

F (i, j) = max{F (i − 1, j), V (i − 1, j) − go} − ge (10)

with σ as the score function between two bases and Sk(n) as
the element at position n for string k. The data dependencies are
more complex than in typical stencil-based problems with only one
stencil: G depends on values of V , both E and F on values of
V and previously calculated ones respectively and V depends on
elements from all other matrices.

An iterative implementation iterates over each point of (i, j),
typically rowwise and calculates the values of the matrices such
that implicit dependency relations are fulfilled. For example in the
order E(i, j), F (i, j), G(i, j) and finally V (i, j). After each of
the elements has been calculated the global score is the value in
V (length(S2) + 1, length(S1) + 1). To obtain the local score,
V ’s maximal value has to be found.

To use the developed parallelization strategies for stencil-based
problems, we need to transform the matrices initializations and the
recurrence relations into a stencil-based problem: stencils are im-
plicitly defined by the references to other elements in the recur-
rences, functions are defined directly through equations (7) to (10).
The initial values are filled according to equations (5) and (6). Since
one iteration is sufficient to calculate all values in V the conver-
gence condition states that after one iteration the calculation should
terminate.

5.3 Using PASTHA to score

We implemented a module Pastha.Bio which uses PASTHA to
implement parallel versions of the scoring algorithms of biolib. We
took great care to hide internal PASTHA details from the biolib-
user by providing a similar interface as the existing functions do.

We now illustrate exemplary how to transform a call to perform
local scoring from the biolib into a call to a function provided by
Pastha.Bio. To sequentially calculate the local score in the biolib
for two sequences s1 and s2 with a predefined scoring matrix
score and gap penalty of -10 for the opening gap and -1 for each
successive gap, we call Bio.Alignment.AAlign.local score:
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import Bio.Alignment .AAlign

calc =
let score = local_score score (-10,-1) s1 s2
in score

To gain the performance achievement of unboxed IO arrays and use
explicit threading, we needed to lift the computations into the IO
monad. As in the example above the local score of two sequences
can be obtained by

import Pastha .Bio.AAlign

calc = do
score <- local_score <bw> <bh >

sco (-10,-1) s1 s2
return score

and is calculated in parallel. While PASTHA can determine the
number of available cores using numCapabilites, the user needs
to provide values for the block width and height (called <bw> and
<bh> in the example; see Section 4.4).

Since all functions from Bio.Alignment.AAlign are imple-
mented in Pastha.Bio.AAlign the adaption for parallel perfor-
mance is reduced to lifting the necessary calculations into the IO
monad.

5.4 Performance

To measure the speedup, we used the same machine and test setup
as for the benchmarks described in Section 4.4. We tested both the
sequential and parallel version with a randomly generated sequence
over the alphabet {A, C, G, T} for global and local scoring. Each
test was ran for different lengths of sequences. We provide only
the speedup for sequences of length 2000 since results did not
differ a lot for other lengths. Shorter sequences were calculated
too fast using PASTHA’s implementation (leading to imprecision in
the measurement), longer ones took too much time for the original
sequential version, especially for local scoring.

Figure 10 shows the speedup for calculating the global score
of two sequences. The original sequential implementation makes
heavy use of lazy evaluation and lists to simulate arrays to save
memory but both techniques lead to poor performance for bigger
sequences because the garbage collector has to traverse through
the arrays on each call. The superlinear speedup happens because
we did not simply parallelize the sequential implementation but
also developed a new, strict, and IO-based implementation that per-
forms and scales a lot better than a non-parallelized pure version.
Surprisingly we observe a drop in the speedup when PASTHA used
more than four cores; when using six and seven cores the speedup
raised again. We are currently investigating this unusual behaviour.

Figure 11 shows the speedup for local scoring. While global
scoring only uses one specific element in the lower right corner
of the data matrix and thus profits from lazy evaluation, local
scoring needs to find the maximal value in the whole matrix, thus
every element needs to be evaluated; this is computationally very
expensive with pure arrays. PASTHA’s implementation for both
global and local scoring is nearly equivalent. Finding the maximum
value in the data matrix is therefor negligible.

Summarizing the achieved results, we think that the speedup
justifies the sacrifice of pureness in this case. It remains interesting
to see if future work (see Section 7), especially pure paralleliza-
tions, compares to this explicit parallelization.

6. Related work
Since stencil-based calculations are one of the key patterns in sci-
entific calculation[3] a lot of work has been done both to describe
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scoring.
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Figure 11. Maximal, average and minimal speedup for local scor-
ing.

them conveniently and to improve their performance using paral-
lelization. Traditional performance-demanding systems are writ-
ten in C/C++[18] and Java[14] and parallelized using OpenMP for
shared- and MPI for distributed-memory architectures. Distributed-
memory systems are especially useful for large problem instances
where thousands of cores can be utilized while multicore shared-
memory systems are nowadays found in commodity desktop sys-
tems. For example, the C++-framework Janus [10, 11] provides a
template-based system to express (among others mesh-like struc-
tures) stencil-based calculations and calculate them in parallel us-
ing MPI. It was later extended to support shared-memory paral-
lelization using OpenMP[12].

The general idea of providing a high-level framework for par-
allel stencil calculations is an active research topic: [9] describes
a parallel framework that uses different levels of parallelization
which depend on the given stencil to provide a performant paral-
lel calculation; [7] shows how a performant optimization strategy
for a stencil can be determined automatically. Both ideas are very
promising and interesting, especially with a purely declarative sten-

12



cil description where (semi)automatic analysis can guide the opti-
mizations.

Another approach to parallel stencil calculation are very high-
level languages, for example Chapel[5] and Fortress[2], which pro-
vide (quasi) implicit parallelization; [4] describes how to imple-
ment stencil calculations using seemingly sequential code. Since
stencil calculations are easy to express in such high-level lan-
guages, this is an interesting alternative approach to a purely declar-
ative description, although it limits the possibilities of stencil-
dependent optimizations.

Parallelization of sequence scoring and alignment on shared-
memory architectures using a block-based waveform pattern has al-
ready been described in [8], where a nearly linear speedup has been
achieved. Unfortunately the authors do not make any statements to
the question whether their approach could be generalized to allow
the parallel computation of general stencil-based problems.

As far as we know, the idea of providing a general framework
for parallel stencil calculation has not yet been transformed to
modern functional languages.

7. Conclusion and future work
We have shown how to define general stencil-based problems in
Haskell using a declarative description and developed an example
using voltage diffusion as a basis. The definition of sequence scor-
ing algorithms from the biolib as stencil-based problems indicated
that our approach is sound. Not only can it be used to solve real-
world problems but also it delivers a superlinear speedup of up to
4.8 for four cores in the biolib example. This speedup was partially
achieved by lifting the calculations into the IO monad and using
unboxed arrays.

We developed the prototype for a library to test, implement,
and evaluate parallelization strategies for stencil-based problems.
By implementing a taskqueue-based parallelization strategy, we
demonstrated that the approach of describing stencils on a more
general basis and calculating them in parallel is working in a func-
tional context and leads to speedups of up to 4 for six cores.

The prototype implementation can already be used to parallelize
common 2D-based stencils. Nevertheless we still see room for
improvement, for example in the aspects of advanced automatisms,
adaption to specific stencils, and evaluation of other parallelization
techniques from Haskell, to mention some. We plan to

• Evaluate both semi-implicit parallelism, data parallel Haskell
and other alternatives, e.g. GPUs, in terms of performance and
usability for stencil problems.

• Generate the dependency functions for the Taskqueue automat-
ically by analyzing the stencils.

• Implement specialized parallelization strategies with limited
general applicability but better parallel performance for specific
classes of stencils and apply them automatically.

• Extend PASTHA to heuristically determine a block size that
achieves good speedup.

Moreover it remains interesting to investigate whether our defi-
nition and implementation can be applied to other existing and
new problems. For example for already implemented algorithms
in packages on Hackage which have not yet been parallelized.

Acknowledgments
I am grateful to Claudia Fohry for comments, insightful discussions
and hints, Katja Bianchy for proof reading and Jens Breitbart for
initial comments. I thank the anonymous reviewers for their helpful
feedback.

References
[1] bio: a bioinformatics library for haskell. http://hackage.

haskell.org/cgi-bin/hackage-scripts/package/bio.

[2] Eric Allen, David Chase, Joe Hallett, Victor Luchangco, Jan-Willem
Maessen, Sukyoung Ryu, Guy L. Steele Jr., and Sam Tobin-
Hochstadt. The Fortress Language Specification. 2007. URL
http://research.sun.com/projects/plrg/Publications/
fortress1.0beta.pdf.

[3] Krste Asanovic, Ras Bodik, James Demmel, Tony Keaveny, Kurt
Keutzer, John D. Kubiatowicz, Edward A. Lee, Nelson Morgan,
George Necula, David A. Patterson, Koushik Sen, John Wawrzynek,
David Wessel, and Katherine A. Yelick. The parallel computing labo-
ratory at u.c. berkeley: A research agenda based on the berkeley view.
Technical Report UCB/EECS-2008-23, EECS Department, Univer-
sity of California, Berkeley, Mar 2008. URL http://www.eecs.
berkeley.edu/Pubs/TechRpts/2008/EECS-2008-23.html.

[4] R.F. Barret, P. C. Roth, and S. W. Poole. Finite difference stencils
implemented using chapel. Technical Report TM-2007/119, 2007.

[5] B.L. Chamberlain, D. Callahan, and H.P. Zima. Parallel programma-
bility and the chapel language. Int. J. High Perform. Comput. Appl., 21
(3):291–312, 2007. ISSN 1094-3420. doi: http://dx.doi.org/10.1177/
1094342007078442.

[6] L. Dagum and R. Menon. Openmp: an industry standard api for
shared-memory programming. Computational Science & Engineer-
ing, IEEE, 5(1):46–55, 1998. ISSN 1070-9924. doi: 10.1109/99.
660313. URL http://dx.doi.org/10.1109/99.660313.

[7] Kaushik Datta, Mark Murphy, Vasily Volkov, Samuel Williams,
Jonathan Carter, Leonid Oliker, David Patterson, John Shalf, and
Katherine Yelick. Stencil computation optimization and auto-tuning
on state-of-the-art multicore architectures. pages 1–12, 2008.

[8] Zhihua Du, Zhen Ji, and Feng Lin. Parallel computing for optimal
genomic sequence alignment. pages 532–535, 2006.

[9] Hikmet Dursun, Ken-Ichi Nomura, Liu Peng, Richard Seymour,
Weiqiang Wang, Rajiv K. Kalia, Aiichiro Nakano, and Priya
Vashishta. A multilevel parallelization framework for high-order sten-
cil computations. pages 642–653, 2009. doi: http://dx.doi.org/10.
1007/978-3-642-03869-3 61.

[10] Jens Gerlach and Mitsuhisa Sato. Generic programming for parallel
mesh problems. In ISCOPE, pages 108–119, 1999.

[11] Jens Gerlach, Peter Gottschling, and Uwe Der. A generic c++ frame-
work for parallel mesh-based scientific applications. In HIPS, pages
45–54, 2001.

[12] Jens Gerlach, Zheng-Yu Jiang, and Hans Werner Pohl. Integrating
openmp into janus. pages 101–114, 2001.

[13] Don Jones, Simon Marlow, and Satnam Singh. Parallel performance
tuning for haskell. In Haskell ’09: Proceedings of the second ACM
SIGPLAN symposium on Haskell. ACM, 2009. URL http://www.
haskell.org/~simonmar/papers/threadscope.pdf.

[14] John F. Karpovich, Matthew Judd, W. Timothy Strayer, and Andrew S.
Grimshaw. A parallel object-oriented framework for stencil algo-
rithms. In HPDC, pages 34–41, 1993.

[15] Simon Marlow, Simon Peyton Jones, and Satnam Singh. Runtime
support for multicore haskell. pages 65–78, 2009. doi: http://doi.acm.
org/10.1145/1596550.1596563.

[16] Gregory F. Pfister. In search of clusters: the coming battle in lowly
parallel computing. Prentice-Hall, Inc., Upper Saddle River, NJ, USA,
1998. ISBN 0-13-437625-0.

[17] Marc Snir and Steve Otto. Mpi-the complete reference: The mpi core,
1998.

[18] Gregory V. Wilson. Parallel Programming Using C++. MIT Press,
Cambridge, MA, USA, 1996. ISBN 0262731185. Foreword By-
Stroustrup, Bjane.

13



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


