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Abstract

The design of PCR or DNA Chip experiments is a
time consuming process where bioinformatics is extensively
used. The selection of the primers, which are immobilized
on the DNA chip, requires a complex algorithm. Based on
several parameters an optimized set of primers is automat-
ically detected for a given gene sequence.

This paper describes a parallel architecture which per-
forms the optimization of the primer selection on a hard-
ware accelerator. In contrast to the pure software approach,
the parallel architecture gains a speedup of factor 500 using
a PCI based hardware accelerator. This approach allows
an optimization of a specified primer set in real-time.

1 Introduction

Both, the amplification of DNA sequences using poly-
merase chain reaction (PCR) and the massive parallel anal-
ysis of genes in biological cells using DNA chips (or DNA
arrays) have a great impact on modern biological research.

PCR is used to amplify a particular DNA fragment called
target sequence. In general, a forward and a reverse primer
is generated. The target sequence, located between the two
primers, is duplicated using a complex process protocol [1].

DNA chips are used to analyse a large number of genes
in parallel. This provides an insight view into cells or can
improve the search for gene defects in a particular genome.
The DNA chips perform up to 500.000 experiments in par-
allel and enable the researcher to monitor the whole genome
on a single chip at the same time [2, 3].

Although these two applications have different aims –
amplification and analysis – both techniques make use of
primers. Formally, primers are considered as strings that
represent a DNA sequence. This DNA sequence consists
of four bases represented by the lettersfA;G; T; Cg. The
start of the DNA sequence is denoted by 5’ end and the
termination is denoted 3’ end [4].

Prior to the biological experiments, either PCR or DNA
chips, primers have to be designed and synthesized. In gen-
eral, primer design is based on several criteria that extend
beyond string matching. Typical criteria used for the design
are the exact string match, the primer length, the melting
temperature, the salt concentration for the experiment and
the hybridization effects that have to be taken into account
for the selected primers.

PCR experiments need only a few different primers
whereas several thousand different primers are needed for
a DNA chip. The complete processing time for an optimal
primer set can take hours taking the various criteria into ac-
count.

Preparing a DNA experiment can be described as a work-
flow consisting of three steps.

1. Define the genes that have to be analysed.

2. Design the optimum primer for the gene.

3. Verify the primer in a macroscopic experiment.

Furthermore, the second design step is separated into the
computation of the primer sets and a database comparison
with each primer. The database check compares the selected
primers against the genome database to avoid a “false posi-
tive” signal that is not generated by the specified gene. This
paper concentrates on the design of the primers.

In section two the basics of DNA chips are described.
Section three specify various parameters that are used to se-
lect the optimal primers. The computation steps performed
to select these optimal primers are described in section four.
The fifth section shows the idea of the parallel architecture
whereas its implementation is described in section six. The
results achieved with the parallel architecture are listed in
section seven. The final section provides some conclusions
and further applications of the parallel architecture.



2 DNA Chips

2.1 Experiments

It is believed that thousands of genes and especially their
interactions are responsible for the mystery of life. Before
DNA chips were available, researchers were able to look at
only a few genes at the same time.

Nowadays, DNA chips provide a complete set of biolog-
ical experiments on one chip that can be performed simulta-
neously with one single probe. This enables researchers to
have a complete look at a biological cell so that gene inter-
actions or gene defects can be analysed within a short time.
The main application fields for DNA chips are gene expres-
sion analysis, single polymorphism detection (SNPs), med-
ical diagnostics, gene discovery, drug discovery and toxo-
logical studies. For more information see [5].

2.2 DNA Chip Design

A DNA chip is separated into a matrix of spots. The
amount of spots can vary from low density chips with 96
spots up to high density chips with 500.000 spots on one
chip. Each spot on a DNA chip contains primers with a
unique coding. The primers are immobilized on the spots.
As shown in Figure 1 the interesting gene sequence1 binds
to the primer. Each primer base binds the corresponding
position on the gene sequence. This prevents the gene se-
quence from swill during the washing process. A fluores-
cence marker is attached to the probe sequence so that the
found sequence can be read out by a DNA chip reader.
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Figure 1. Sample spot on a DNA chip.

The used primers vary depending on the chip and the
experiments. Usually, the primers are between 20 and 100
bases long and they are manufactured synthetically. See [3]
for more information.

1This can be a DNA sequence or a product generated by the gene.

3 Primer Design

A biological experiment needs a complete primer set
that has to be designed. Choosing the optimal primers
for a given target sequence or gene requires the evaluation
and comparison of several partly independent parameters
against a set of ideal values.

The user defines the target sequence and specifies a set of
ideal parameter values. Each parameter value consists of an
ideal value and a range indicating valid parameter results.
The minimum and maximum values are used for filtering.
They reduce the amount of primers that have to be analysed.
A quality score is computed to select the optimum primer.
This score is defined as the sum of all distances between the
parameter result to the ideal values.

3.1 Hybridization conditions

The parameters taken into account for selecting each
optimal primer set have major influence on the quality of
the hybridization process where the primers react with the
genes or target sequences. The condition is defined by
the parameters which are described in the following para-
graphs.

Primer length The primer length defines the amount of
bases that build the biological primer. Primarily this length
defines the selectivity [6] of the primer. Secondly it has an
influence on the melting temperature and the hybridization
effects. The primer length is used to generate the primers
from the specified sequence windows that are evaluated.
See section 4 for more details.

Melting temperature The primer and the searched gene
sequence correspond to each other so that each base can
bind to its counterpart. The melting temperature is the tem-
perature at which the bonds between primer and gene dis-
solves. This is an important parameter for the PCR and also
for the DNA chips to avoid bindings that use only a fraction
of the available primer and cause a “false positive” signal.

The melting temperature for a given primerp =
(p1; :::; pn) is calculated with a prominent approximation
for the melting temperature [7, 8, 9, 10]. The formula is:

Tm; 1(p) =
4H(p)

4S(p) +R � ln(4 )
+ T0 + t (1)

whereR = 1:987(cal=ÆC �mol) is the molar gas constant,
 = 50 � 10�9 is the molar concentration of the primer
in its solution,T0 = �237:15ÆC, and t = �21:6ÆC is
an empirical temperature correction. The valuet may de-
pend upon the ion concentration and other unknown fac-
tors. The enthalpy4H(p) and the entropy4S(p) of
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the primerp are computed according to the nearest neigh-
bor schemata [9]4H(p) =

Pn�1
i=1 4H(pi; pi+1) and

4S(p) =
Pn�1

i=1 4S(pi; pi+1) where enthalpy and entropy
of a string consist of two bases. The used values for the
base combinations are listed in the following Table 1. The

Nearest neighbor thermodynamics
(pi; pi+1) 4H(pi; pi+1) 4S(pi; pi+1)
AA or TT 9.1 24.0

AT 8.6 23.9
TA 6.0 16.9

CA or TG 5.8 12.9
GT orAC 6.5 17.3
CT orAG 7.8 20.8
GA or TC 5.6 13.5

CG 11.9 27.8
GC 11.1 26.7

GG orCC 11.0 26.6

Table 1. Nearest neighbor thermodynamics values [11]

values in Table 1 refer to the energy required to disrupt the
hydrogen bonds of a single base pair of a paired chain. It
is assumed to be influenced by neighboring bases. More
details can be seen in [11].

GC content Chemically, hydrogen bonds between the
bases of the primer and the gene are responsible for a sta-
ble binding. G-C pairs form three hydrogen bonds and are
more stable than A-T pairs which form only two hydrogen
bonds. Thus, a high GC content results in a greater stability
between primer and gene.

The GC content simply measures the amount of GC
bases for the primer. The following formula is used:

GC(p) =
#G in p+#C in p

jpj
� 100 (2)

Secondary structure Above, only the linear sequence,
also known as the primary structure, is considered. Beside
this primary structure also the secondary structure and its
effects have to be taken into account.

The secondary structure considers the fact that primers
are flexible and that base pairs may bind to each other gener-
ating structures [6]. The DNA double helix is one example
of a secondary structure. Other important secondary struc-
tures for the primer design are primer-primer bindings and
hairpin, bulge or internal loops.

The secondary structure is an important criterion for the
selection of the primer, because a hybridization between
base pairs can disable the primer for the actual hybridiza-
tion. Interaction between primers either for PCR or for
DNA chips must be avoided to conserve the maximum sen-
sitivity of the primer and the spot on the DNA chip.

The following four paragraphs show the criteria that are
used for the detection of secondary structure effects. The

calculation compares the primer sequences and examines
the possibility of a hybridization to itself or to another
primer. All calculations use the same basic score function
for comparing a base pair. This score function is defined as

s(pi; qj) =

8<
:

2; if fpi; qjg = fA; Tg
4; if fpi; qjg = fC;Gg
0; else

(3)

wherep = (p1; ::::; pn) andq = (q1; ::::; qm) are the two
primers that are analysed for a possible secondary structure.

Self Annealing The self annealing (SA) calculation esti-
mates the possibility of an unintended hybridization to the
primer itself. Therefore, the SA score indicates the proba-
bility of generating hairpin and internal loops.

The calculation is done using the original primer and an
opposite version of the same primer. The following example
shows these two primers.

original primer 5’-TTCGTACGAAC-3’
opposite primer 3’-CAAGCATGCTT-5’

Both primers are defined as

original primer p = fp1; :::; png
opposite primer q = fq1; :::; qmg

The calculation of the SA score starts with the left shifted
opposite primer, where only one overlapping position with
the original primer exists. It compares each single overlap-
ping position using the score function 3 and accumulates
each single score values to an alignment score. After com-
puting this alignment, the opposite primer is shifted one po-
sition to the right and the new alignment score is calculated.
This will continue until there is only one overlapping posi-
tion at the right end of the original primer. The maximum
of all alignment scores is used as the SA score for the given
primer. The complete function is defined as

SA(p; q) = max
k=�(n�1);:::;m�1

nX
i=1

s(pi; qi+k) (4)

The SA score calculation requires the evaluation of all pos-
sible alignments. The amount of alignmentskSA depend on
the primer length and can be calculated using the formula
kSA = (n� 1) � (m� 1) + 1:

The example in Table 2 shows the calculation of the SA
score for the primerp = GATTA. The table shows the
alignments and the resulting SA scores.

Self End Annealing The self end annealing (SEA) cal-
culation is very similar to the SA calculation but it consid-
ers only those alignments where the 3’ end of the original
primer belongs to the overlapping region. Furthermore, the
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SHIFT ALIGNMENT SA SCORE

5’-GATTA-3’
-(n-1) 0

3’-ATTAG-5’
5’-GATTA-3’

-(n-2) 0
3’-ATTAG-5’

5’-GATTA-3’
-(n-3) 0

3’-ATTAG-5’
5’-GATTA-3’

-(n-4) || 4
3’-ATTAG-5’
5’-GATTA-3’

0 | | 4
3’-ATTAG-5’
5’-GATTA-3’

(n-4) 0
3’-ATTAG-5’

5’-GATTA-3’
(n-3) | | 4

3’-ATTAG-5’
5’-GATTA-3’

(n-2) || 4
3’-ATTAG-5’

5’-GATTA-3’
(n-1) 0

3’-ATTAG-5’

Table 2. Self annealing calculation for the example.

SEA score is accumulated only for these overlaps which are
continuous. Therefore, the SEA score evaluates the prob-
ability of generating hairpin loops or other primer-primer
interaction that start from the 3’ end and are continuous.

Because only these alignments are considered where the
3’ end is involved there are less alignments that have to be
evaluated. The amount is equal to the primer length.

The calculation of the SEA score starts in the shift posi-
tion where all bases of the original and the opposite primer
overlap. All overlapping positions starting from the 3’ end
of the original primer are accumulated using the score func-
tion 3. In case that the base pair does not match, the accu-
mulation is aborted. After the alignment score is computed,
the opposite primer is shifted to the right by one position
and the new alignment score is computed. This process
continues until only one position at the 3’ end of the origi-
nal primer overlaps. The SEA score is the maximum of all
alignment scores.

The primer from the SA example is taken to show the
computation of the SEA score in Table 3. Altogether,
5 alignments have to be evaluated for the primerp =
GATTA to achieve the SEA score. These alignments and
the resulting scores are shown.

In case that a primer binds to itself or to a primer with
the same sequence a secondary structure is generated. Sec-
ondary structures are also build when several primers are
combined for a PCR experiment. Several primers are mixed

SHIFT ALIGNMENT SEA SCORE

5’-GATTA-3’
0 0

3’-ATTAG-5’
5’-GATTA-3’

(n-4) 0
3’-ATTAG-5’

5’-GATTA-3’
(n-3) | 2

3’-ATTAG-5’
5’-GATTA-3’

(n-2) || 4
3’-ATTAG-5’

5’-GATTA-3’
(n-1) 0

3’-ATTAG-5’

Table 3. Self end annealing calculation for the example.

in one tube where each primer can bind to each other and
inhibit the reaction with the target sequence or the gene.
Therefore, the effects with different primers must be con-
sidered when the optimal primers are selected.

Pair Annealing The pair annealing (PA) calculation takes
the interaction of different primers into account and calcu-
lates all possible primer pairs. The models and the comput-
ing process is similar to the SA tests. Each primer pair is
processed using the formula 4.

For PCR the PA scores are calculated for each primer
pair that is considered to work together. On DNA chips
the PA score is used to compare the primer from each spot
against the primers from all other spots.

Pair End Annealing The pair end annealing (PEA) is
similar to the SEA and evaluates all possible bindings start-
ing from the 3’ end of the primer. The model and the com-
puting process of the SEA test are used for the PEA calcu-
lations.

This PEA scores are also calculated for each primer pair
that can be combined.

3.2 Optimal Primer Selection

The various parameters that are described above are
combined to a scoring vector. This scoring vector for PCR
experiments is

scPCR(p; q) = (lenght(p);GC(p); Tm(p); sa(p); sea(p);
length(q);GC(q); Tm(q); sa(q); sea(q);

pa(p; q); pea(p; q))

It is used to calculate a quality score for selecting the opti-
mal primer pair that is needed for the PCR.

The designer specifies the hybridization conditions that
are described in Section 3.1. These specified conditions

4



for the GC content, the melting temperature and the length
are used together with the ideal values for the secondary
structure to evaluate the optimal primers for the experiment.
These ideal score vector for PCR is

scPCR;ideal = (lengthf ; GCf ; Tm;f ; 0; 0;
lengthr; GCr; Tm;r; 0; 0; 0; 0)

All ideal annealing scores are set to zero. The melting tem-
peratureTm;f = Tm;r and the GC contentGCf = GCr are
set to be equal for the forward and reverse primer.

The deviation between the calculated value and the given
ideal value is computed for each parameter of the scoring
vector. Each deviation is then weighted using the values in
Table 4.

Deviation from ideal length k1 = k6 = 0:5
Deviation from ideal GC content k2 = k7 = 1
Deviation from ideal temperature k3 = k8 = 1
Deviation from ideal self annealing k4 = k9 = 0:1
Deviation from ideal self end annealing k5 = k10 = 0:2
Deviation from ideal pair annealing k11 = 0:1
Deviation from ideal pair end annealing k12 = 0:2

Table 4. Weights for the deviation calculation[11].

The resulting distancelPCR, that is equal to the quality
score, is calculated using

lPCR =

12X
i=1

ki jsc(p; q)i � (scideal)ij (5)

The scoring vector for the evaluation of a DNA chip primer
considers less parameters, because only one primer has to
be selected for each spot on the chip. The scoring vector
and the ideal vector are defined to be

scChip(p) = (lenght(p);GC(p); Tm(p); sa(p); sea(p))

scChip;ideal(p) = (lenghtf ; GCf ; Tm;f ; 0; 0):

The distancelchip used for the selection the optimal
primer is calculated using the weights from Table 4 and the
formula

lchip =

5X
i=1

ki jsc(p; q)i � (scideal)ij (6)

4 Primer Set Computation

Since the calculation of primers for the DNA chip can be
seen as a subset of the calculation of PCR primers the paper
concentrates on the PCR primer calculation.

Additionally to the set of hybridization criteria two se-
quence regions from the target sequence or gene are speci-
fied by the designer. Figure 2 shows these regions that are

defines as the forward and the reverse window. All possible
primer candidates for the forward primer are taken from the
forward window and all possible reverse primer candidates
are taken from the reverse window.

5' 3'

Forward Window

3'

5'

Reverse Window

Primer set for one
particular primer length

6 Bases

13 Bases

Primer set for one
particular primer length

6 Bases

10 Bases

Figure 2. Primers generated from given windows.

Substrings with the lengthn are taken from both win-
dows and serve as primers. The amount of these primers
vary on the window lengthN and on the primer lengthn
and can be calculated usingw = (N � n) + 1. In general,
the length is specified as a range and therefore the amount
of possible primers for one window is

W = (P1; :::; Pw) =

nmaxX
l=nmin

(N � l) + 1 (7)

For selecting the optimal primer pair all these primer
pairs have to be computed and the distance scoreslPCR are
calculated.

4.1 Complexity

Computing thelPCR distance is a complex step that re-
quires several operations using all given parameters. The
complexity for the weightedlPCR distance calculation is
O(n2 +m2 + nm). This is essentiallyO(n2) for comput-
ing the SA and SEA score for primerp,O(m2) for comput-
ing the SA and SEA score for primerq andO = (mn) for
computing the PA and PEA scores.

A second step compares all primersS = (P1; :::; Pw)
from the forward window against all primersT =
(Q1; :::; Qv) from the reverse window. This step requires
O(S2T 2) distance calculations.

5 High Performance Primer Design Archi-
tecture

Calculating the quality score for one primer pair is a
computationally extensive step that requires a high num-
ber of various operations. In order to keep the computa-
tion time reasonably low a parallel architecture can be used
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which performs this part in a very efficient way. In our ap-
proach the overall time to compute optimal primers has only
a complexity ofO(S2T 2).

5.1 Architecture Overview

The calculation of the quality score consists of two main
steps which can be seen in the upper part of Figure 3.

The first step computes several parameters for the given
sequence pair. These parameters are the length, the GC con-
tent, the melting temperature, the SA, SEA, PA and PEA
value. With these results the second step calculates a dis-
tance value. The distance is multiplied with the weights to
achieve the quality score that is further used for selecting
the optimal primer set for the experiments.

Due to the fact that the single parameters are indepen-
dent, the parameter and the distance value calculation can
be separated into two architectures which run indepen-
dently. This partitioning reduce the total calculation time,
because only valid primers from the first architecture are
considered when the PA and PEA values are calculated. The
two architectures are shown in the lower part of Figure 3.
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Figure 3. Architectures for the optimal primer selection.

5.2 Single Primer Selection Architecture

The first architecture performs a parallel calculation of
the parameters: Length, GC content, melting temperature,
SA score and SEA score. These values are calculated for
each single primer defined by the length range and the win-
dow length. All forward and all reverse windows are pro-
cessed, whereas each window is computed separately. The
parameter results are instantly compared to the given ranges
that are specified, they are multiplied with the given weights
and a sub scoresc1 is calculated for each primer.

A following filter selects the single primers from each
window and stores these primers using the window position,
the sub scoresc1 and the length of the primer.

5.3 Primer Pair Selection Architecture

After all valid primers for each window are computed,
each primer pair is evaluated to choose the optimal primer
pair for the PCR. This is done using the second architec-
ture which calculates the remaining PA and PEA values for
each primer combination. The calculation of the PA and the
PEA value is also done in parallel to achieve a high through-
put. The results are compared to the given ranges, multi-
plied with the given weight and combined to the sub score
sc2. The quality score is calculated using this sub scoresc2
and adding the sub scores of the forward primersc1;f and
the reverse primersc1;r. A filter selects the bestM primer
pairs and stores the quality score together with the involved
primers.

6 Implementation

The two previously described architectures have been
implemented on a novel computing architecture called hard-
ware accelerator. This implementation reduces the com-
plexity for the distance calculation fromO(n2+m2+nm)
to O(1). The implementation of the GC content, the tem-
perature and the annealing score calculation is described in
this section.

6.1 GC Content

The GC content shows the percentage of G or C bases
in the primer. It is implemented as a counter followed by a
divider.

Primers that will be evaluated are taken from the speci-
fied window. This primer selection shown in Figure 4 can be
described as a sliding window. For each new primer length

C G A T A G

G C G A T AA G T A

A T AG

Primer(n)

Primer(n+1)

Window

−GC

+G

+AG

GC content

Temperature

3’

5’

5’

3’

−G

Figure 4. Primer sliding along a window.

the window starts at the 5’ end and moves towards the 3’
end. With every new primer the 5’ base is removed and in
exchange a new 3’ base is attached. This circumstance is
used for the implementation and makes it possible to count
the GC content for a new primer with only one instruction.
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In case a C or G base is added and a A or T base is re-
moved the CG counter is incremented. If the C or G base
is removed and a A or T base is added the GC counter is
decremented. All other combinations have no effect on the
counter.

The example in Figure 4 shows that a G base is removed
and a new G base is added. Therefore, the GC content is not
changed.

6.2 Melting Temperature

The same sliding window technique is used for calculat-
ing the melting temperature. The example in Figure 4 shows
that a GC pair is removed and a AG pair has to be added to
4S and4H . The entropy and enthalpy values are stored
in a lookup table and the difference estimated through the
sliding window is added to the present values. Afterwards
the division is performed and theT0 and thet constants are
added.

The operations needed to compute the temperature are
arranged in a pipeline, so that the temperature of a new
primer can be computed with every clock cycle.

6.3 Annealing Matrix

As shown in Section 4.1 the time needed to compute the
distance is dominated by calculating the annealing values.
The novel annealing matrix shown in Figure 5 allows to pro-
cess a new annealing value with every clock cycle. Together
with the other parallel working blocks in both architectures
a single primer or primer pair can be calculated every clock
cycle.

Prim
er

 1
Prim

er 2

Score Evaluation End Annealing
Filter

Accumulate
Diagonals

Build
Maximum

Annealign
Score

Figure 5. Schematic view of the annealing matrix.

The parallel architecture for computing the annealing
scores base in a rotated matrix shown in Figure 5 on the
left side. For either self or pair annealing the primers are
applied to the matrix from the left side. All possible align-
ments have a different overlapping length. They are equal
to the diagonals of the matrix.

Each single matrix cell compares the attached primer
bases and performs the score function 3. The cells gener-
ate also a signal for the end annealing calculation indicating
that the mismatch occurred.

The SA and the PA values are accumulated along each
diagonal for all possible alignments. After the diagonal
scores are computed, the maximum value of all the align-
ment results is generated. This output is the SA/PA score.
The accumulation and the maximum building are performed
in separated units using pipelines.

The SEA and the PEA scores are computed using the
same blocks. The abort of the calculation on a mismatch is
implemented through an additional disable signal that per-
mits an accumulation. These signals are generated in a sep-
arate block and applied to the accumulation unit.

This annealing architecture described above allows to
process a primer pair every second clock cycle. The out-
put are the two annealing scores, either SA and SEA or PA
and PEA. The current matrix size is 16�16 resulting in 768
parallel executed operations performed in only two clock
cycles.

6.4 Hardware Accelerator

The annealing matrix is mapped together with other
computing blocks and additional core logic onto a hardware
accelerator. The current implementation use a PCI based
hardware accelerator that is controlled by a standard PC. In
general a suitable hardware accelerator [12] can be used to
execute the time extensive parts.

The central computing core used on the hardware ac-
celerators is a field programmable gate array (FPGA). This
FPGA consists of a highly parallel structure of processing
elements that can be configured for a specific application.
In general, high performance is achieved using a specific
parallel implementation for the application.

6.5 Application Features

Currently, the implemented architecture on the hardware
accelerator can process a total amount of 512 primer pairs.
The implemented annealing matrix size is 16�16. These
features where chosen for a specific task and can be easily
modified and extended to the user specific application.

7 Results

The overall time needed to process a set of 512 primer
pairs is measured on a 500MHz Celeron processor and is
compared to the execution time using the same Celeron sys-
tem with an integrated hardware accelerator. The software
version performs the identical functionality as the parallel
architecture.
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The version supported by an hardware accelerator exe-
cutes the two implemented architectures shown in Figure 3.
These are implemented for a PCI based hardware acceler-
ator and run at 50 MHz. The following Table 5 shows the
times measured for both applications. Based on these mea-

PURE SOFTWARE HARDWARE ACCELERATED

1920 sec 3,41 sec

Table 5. Execution times for 512 primer pairs

surements for the entire application a speedup factor greater
than 500 is achieved by using the hardware accelerator. This
remarkable speedup is also valid considering state of the art
processors because the implemented matrix can be easily
expanded in size using modern hardware accelerators.

8 Conclusion

This paper shows a solution that accelerates the execu-
tion time of a primer design application by a factor greater
than 500. The accelerated application selects a handful opti-
mal primers that can be used for polymerase chain reaction
(PCR) as well as for DNA chip experiments. The optimal
primers were selected from a defined set of possible primers
specified through the target sequence or gene sequence and
the length range. Various parameters are computed for all
these candidates. The optimal primers are selected using a
quality score that is calculated upon these parameters.

It is shown that the calculation of the quality score has
a complexityO(n2 +m2 +mn). This complexity is dom-
inated by the calculation of the annealing values. There-
fore, a matrix based parallel architecture is used to process
the four different annealing value. Additionally, the other
parameter are also processed in parallel. Thus, this novel
computing architecture process a given primer pair every
clock cycle and reduce the complexity toO(1). This im-
provement reduce the overall complexity toO(S2T 2).

The entire distance calculation process is split into two
architectures which are mapped onto a hardware accelera-
tor. The execution of both architectures at 50 MHz lead
to a total speedup factor of more than 500 compared to a
500MHz Celeron processor.

Using a parallel architecture executed on a hardware ac-
celerator provides very high performance for this primer de-
sign application. Other applications like contig assembly or
a precise primer based database search can also gain using
the annealing matrix. In general, hardware accelerators can
be used universally to increase the performance of standard
workstations by several orders of magnitude.

9 Acknowledgements

We would like to thank Prof. Dr. R. M¨anner from the
University of Mannheim for the support and the ideas and
Chandra Sarkar from Biomers.net for contributing some
specific aspects of primers, PCR and DNA chips.

The parallel architecture for computing the annealing
vector is part of a filed patent.

References

[1] Brown, T.A.(1998): Genetics: A Molecular Ap-
proach. Chapman & Hall, London.

[2] Blanchard, A.P.(1998): Synthetic DNA Arrays. Ge-
netic Engineering Vol.20, 111-123.

[3] Singlair, B. (1999): Everything’s Great When It Sit’s
on a Chip. The Scientist13[11]:18.

[4] Matthews, H.R., Freeland, R. and Miesfeld,
R.L.(1997): Biochemistry - a short course. New
York.

[5] Wallace, R.W. (1997): DNA on a chip serving up
the genome for diagnostics and research. Molecular
Medicine Today, Vol.3, Issue 9, 348-389.

[6] Kaderali, L. (2001): Selecting Target Specific Probes
for DNA Arrays. Universität Köln.
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