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Rate-based Prefiltering Approach for BLAST Algorithm Acceleration

Abstract

DNA sequence comparison and database search has evolved in the last years as a
field of strong competition between several, reconfigurable hardware computing
groups, attempting to provide performance boosting at this fundamental algorithm
of computational biology. In this thesis we present a BLAST preprocessor that
efficiently marks the parts of the database that may produce matches. The actual
matches over these “high probability” database regions can be determined by
running the full BLAST algorithm. Our prefiltering approach offers significant
reduction in the size of the database that needs to be fully processed by BLAST,
with a corresponding reduction in the run-time of the algorithm. We have
implemented our architecture; we evaluate its effectiveness for a variety of
databases and queries, and compare its accuracy against the original NCBI BLAST
(software) implementation. We find that prefiltering offers at least a factor of 3
and up to 5 orders of magnitude reduction in the database space that needs to be
fully searched. Due to its prefiltering nature, our approach can be combined with
all major reconfigurable acceleration architectures that have been presented up to

date.
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Mepiinym

To onuavtikdtepo mMPOBANUA TNG UTOAOYLOTIKNG HOplakiG PBloAoylag elvat 1

OUYKPLON YEVETIK®WV aAAnAovxlwv. Fovidia 1 mpwTteiveg ovykpivovtal pe TO
yoviSiopa evog 1] IEPLOCOTEPWVY OPYAVIOUWY UE OKOTIO va eAeyxOel 1 VTapén Toug
OTOUG OUYKEKPLUEVOUG  opyaviopoUs. To  ouvykekpluévo mpofAnua  eival
VTIOAOYLOTIKA TIOAU akpl0 evw ot Baoelg dedouévwyv oTIG oToleG yivete 1)
avalntnon aviavouv pe paydaio pvOuo. ‘Exouv avamtuybel Sta@opot adyoptduot
Suvaplkol TPOYPAUUATIONOU atd TNV Sekaetia Tov 1970 péxpL onpepa ylax v
eMiAvon Tov pe ypnyopo tpomo. Ao Ti§ apxés TG Sdekaetiag Tov 1990 emikpatnoe
WG Un PEATIOTOG GAAG ONUAVTIKA OTOSOTIKOTEPOG O aAyoplOpog BLAST. O
aAyoplBpog autdg ouveyilel va PeAtiotomoleital amd to National Center for
Biotechnology Information (NCBI) pe kowr mpoomdBelax ™G €PELVNTIKNG
KowotNnTag. To peydAo evSla@EPOV YL TNV €QAPUOYT QUTH KAL O TEPACTLOG KAL
OLVEXWG AUEAVOUEVOS OYKOG SeSopévwv 001 ynce Tnv Kowomta oxeSLaopov
ocvoudtwyv PBaoclopéva oe avadiatacoopevn Aoywikny (FPGAs) otnv avdmtudn
QPXLTEKTOVIKWOV KL VALKOU €181KOU OKOTIOU yla Tov aAyoptOuo BLAST pe €vtovo
AVTAYWVLIOUO. OL TIPOTELVOUEVEG HEXPL OTILEPA APXLTEKTOVIKEG EXOUV WG OKOTIO TNV
amoTUTWOoN Tou aAyoplOpov BLAST pe tpoTmo amodoTIKO WOTE va YIVETE TILO
ypryopa 1 emegepyacia Twv 6eS0UEVWVY. TNV EPyACIA QUTT), TTAPOVGLAJOVUE LA
VEX TIPOCEYYLOT) OTO TIPOPLANUA, PE HLX VEX OPYLTEKTOVIKI] EVOG TIPO-EMEEEPYAOTH
Tou aAyopiBpov BLAST, mouv @ultpapel ta Tpog emefepyacio SeSopéva Kol
EMAEYEL €V WIKPO TOGOOTO TOUG Yl TNV €@APUOYN TOou oAyoptOuov. Ilo
OUYKEKPLUEVA QUTN 1] TIPOCEYYLOT PIATPAPICUATOS TIPOCPEPEL LK UEIWOT) TWV
TPLWOV 1] LEPLKEG (POPEG TWV TEVTE TALEWV HEYEDOUG TOU SLACTUATOS avalr)TnoNG
IOV TIPETEL VA €EETAOTEL KAl CUVETWG HIX ETLTAXUVON TPLWV 1 TEVIE TALEWV
HEYEBOUG TNG XPOVIKNG EKTEAEONG TOU aAyopiBuov. Auti 1 HEB0SOG SokLlpaoTnKE
AVOAVTIKA KOl TX QTMOTEAECUATA TG TAUTOTIOWONKAV PE QUTA TIOV TTAPAYEL TO
Aoylopkd tov NCBI. Emiong oxeSidotnke, TpooopolwBNKe avoAuTikA Kol
vAomombnke m avtioToln opXLTEKTOVIKY. H OUYKeKpLUEVN TIPOTEVOUEV
TPOCEYYLON — HE HKPEG AAAAYEG VAOTIONONG — pumopel va cuvSuaoTEl e OAEG TIG
OTNHAVTIKEG APXLTEKTOVIKEG aVASIATACOOUEVOU VALKOU TIOU €XOUV TAPOUVCLAOTEL

£WG ONUEPA 1) AKOUX KAL € CUOTHLATA AOYLOULKOV.
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Chapter 1 - Introduction

1.1 Preamble

As we move into the 21st century, we stand at a grand inflection point in biology,
how we view and practice biology has forever changed. This inflection point has
been catalyzed be number of events, perhaps the most important of which is the
human genome project. It provided a genetics parts list and catalyzed the
development of high throughput measurement tools and high throughput
measurements strategies, as well as stimulating the development of powerful new
computational tools for acquiring, storing and analyzing biological information.
The human genome project also changed how we view and practice biology in
several other ways. First, it has catalyzed the view that biology is an informational
science. Second, biology has become increasingly cross-disciplinary as biologists,
chemists, computer scientists, engineers, mathematicians, and physicists work
together to develop the high throughput technologies and computational/
mathematical tools required for this new biology - all driven by the contemporary
needs of biology. Finally, all of those changes have enabled the emergence of
systems biology. Systems approaches have been practiced for many years, but
what is unique about today’s systems biology is that it can make global
measurements and can integrate them from different levels of biological
information.

The world of biology is, accordingly, very different from what it was even ten years
ago. One of the biggest challenges is to bring an awareness and understanding of
the central role that mathematics, computer science and statistics play in
deciphering the complexities of this new world of biology. This is done through
bioinformatics and computational biology, where bioinformatics refers to the
creation and advancement of algorithms, computational and statistical techniques,
and theory to solve formal and practical problems arising from the management
and analysis of biological data, and on the other hand, computational biology
refers to hypothesis-driven investigation of a specific biological problem using
computers, carried out with experimental or simulated data, with the primary goal

of discovery and the advancement of biological knowledge. The combination and
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integration of bioinformatics, computational biology and computer architecture

consists the area where this thesis belongs to.

1.2 Contribution of Current Thesis

The main contribution of this thesis is the new approach in the problem of the

BLAST algorithm acceleration. This new approach offers a significant reduction in

the size of the database that needs to be fully processed by BLAST, with a

corresponding reduction in the run-time of the algorithm. According to the results

of our prefiltering analysis and after studying carefully the potential of it, we

proposed our architectural approach, which was tested analytically with real

datasets.

In a brief list the contribution of this thesis is the following:

e New approach on performance boosting of BLAST algorithm execution with
search space reduction.

¢ Software implementation of a BLAST machine for understanding the algorithm
in depth.

e Development of various software tools for BLAST algorithm analysis.

¢ Software implementation of our prefiltering TUC PreBLAST preprocessor based
on the prefiltering potential and analysis. This implementation also serves as
the verification and profiling tool of the hardware implementation.

e VHDL coding and synthesis, post place and route simulation of TUC PreBLAST
architecture.

e Fully automated verification of TUC PreBLAST against NCBI BLAST.

e Evaluation and performance measurements of TUC PreBLAST.

1.3 Thesis Overview

The contents of this thesis are structured as follows:

In chapter 2, the BLAST algorithm is introduced through a brief description of the
background of the algorithm, a small example that shows its execution, and the
related work and approaches of accelerating him.

In chapter 3, our prefiltering theory potential is analyzed, as well described with

all the methods of our approach.
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In chapter 4, the hardware design is presented, showing the issues that led us to
our architecture choices, and the performance measurements that were taken.

In chapter 5, the conclusion of the thesis presents also the possible ideas for future
work.

At the end of this thesis, two appendixes can be found, with the first one having all
the results of our experiments and the second giving a small description of the

software tools that were implemented.
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Chapter 2 - BLAST Algorithm & Acceleration
Approaches

2.1 Background and BLAST Algorithm

One of the cornerstones of bioinformatics is the process of comparing sequences to
deduce whether the sequences are actually related to one another. Through this
type of comparative analysis, one can draw inferences regarding whether two
proteins have similar function, contain similar structural motifs, or have a
discernible evolutionary relationship. There are pair-wise alignments, where two
sequences are directly compared, position by position, to deduce these
relationships. Another technique, multiple sequence alignment, is used to identify
important features common to three or more sequences.

The generation of all possible alignments between two sequences and the choice of
the ones giving the greatest score, consists the most obvious approach of
computing the optimal score between these sequences. However, such an
approach could produce a too slow algorithm as the number of the alignments
grows exponentially with the length of the involved sequences. With the
involvement of dynamic programming, Needleman and Wunsch [1] solved that
problem in 1970. Instead of determining the similarity of two sequences as a
whole, the solution is built up by the similarities between arbitrary prefixes of the
two sequences, starting with the ones with the smaller length and continuing with
the larger prefixes. A variation of the Needleman-Wunsch algorithm, with the use
of dynamic programming, was presented by Smith and Waterman [2] in 1981 for
performing faster local alignment.

Although the aforementioned dynamic programming algorithms for computing the
similarity and the optimal alignment between two sequences produce acceptable
results, their quadratic complexities makes them too slow for searching large
databases hence their use is forbidden. To overcome this problem, algorithms that
work much faster than the original dynamic programming, had been implemented
with the use of heuristic methods.

FASTA was the first program in use, based on heuristic methods, designed for

database similarity searching and was developed by Lipman and Pearson [3] [4] .
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FASTA enables the user to compare a query sequence against large databases, and
various versions of the program are available, shown on Table 1. The FASTA
algorithm can be divided into four major steps. In the first step, FASTA determines
all overlapping words of certain length in both query sequence and in each of the
sequences in the target database, creating two lists in the process. In step two, only
the ten best regions for a given pair-wise alignment are considered for further
analysis. In step three, FASTA ranks all the concatenated sequences , and then
considers further only the best of them in the list. In the fourth and final step,
FASTA assesses the significance of the alignments by estimating what the
anticipated distribution of scores would be for randomly generated sequences

having the same overall composition.

Program Query Database
Nucleotide | Nucleotide
FASTA
Protein Protein
FASTX/FASTY DNA Protein

TFASTYX/TFASTY | Protein Translated DNA
Table 1 FASTA Algorithms

By far, the most widely used technique for detecting similarity between sequences
of interest is BLAST (short for Basic Local Alignment Search Tool). The ideas in
BLAST were developed by Altschul, Gish, Miller, Myers and Lipman in 1990 [5]
with purpose to increase the speed of the FASTA program. The widespread
adoption of BLAST as a fundamental technique in sequence analysis lies in its
ability to detect similarities accurately between nucleotide or protein sequences
quickly, without sacrificing sensitivity - the original BLAST paper was the most
widely cited paper of the 1990’s, with over 10000 citations. The acronym BLAST
refers not to a single program but to a family of programs. Each of them is suitable
for a different problem domain but they all use the BLAST algorithm. Table 2
presents the name and the description of all the programs that are members of

BLAST family.
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Program | Query Database

BLASTN Nucleotide Nucleotide

BLASTP Protein Protein
Nucleotide,

BLASTX Protein

six-frame translation

Nucleotide,
TBLASTN | Protein
six-frame translation

Nucleotide, Nucleotide,
TBLASTX
six-frame translation | six-frame translation

Table 2 BLAST Algorithms

Since the initial development of BLAST in 1990, the size of genetic databases has
continued to grow at an exponential rate, meaning that improving BLAST
performance has remained an important goal. Algorithmic modifications such as
MegaBLAST [6] that make further speed/sensitivity tradeoffs have been proposed
and are used in certain situations where performance is critical and sensitivity of
the search is secondary, however accelerated versions of BLAST that do not

sacrifice sensitivity compared to the original BLAST algorithm are more desirable.

2.2 BLAST Overview

BLAST is local alignment method that is capable of detecting not only the best
region of local alignment between a query sequence and its target, but also
whether there are other plausible alignments between the query and the target.
BLAST algorithm consists of 3 steps whose implementation depends on the form
of the data processed, nucleotide sequences or amino acid sequences. The
nucleotide variant of BLAST, called BLASTn, will be the focus of this thesis, though
many of the ideas presented should be applicable to the other variants as well. As
we already mentioned, the inputs of BLAST algorithm are a query and a genetic
database. The outputs of the algorithm are pairs of the position of match in the
database and the query and the associated score, named High Score Pairs (HSP).
Every match is a possible HSP depending on its score. The lower bound for HSP is
defined by biologists and is dependent on research carried out each time. Although

the scoring scheme of the algorithm is based on PAM matrices (Point Accepted
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Mutations), we used a simpler scheme where every match corresponds to +5 and
every mismatch corresponds to a penalty of -4. BLAST algorithm consists of three
steps which depend on the form of the data processed.

During the first step, the query is processed. The method begins by “seeding” the
search with small subset of letters from the query sequence, known as w-mer. The
result of this process is a list of w-mers, which are contiguous substrings of the
query. An example will illustrate better how the query is processed resulting to w-
mers. We define the size of w-mer to be 12 letters-long. Consider that the following
sequence is a part of the query: ATGCAATATGGCCCGTAT. The corresponding list

of w-mers is presented in Figure 1.

ATGCAATATGGC
TGCAATATGGCC
GCAATATGGCCC (¥)
CAATATGGCCCG
AATATGGCCCGT
ATATGGCCCGTA
TATGGCCCGTAT

Fig. 1 W-mers list produced during the first step of BLASTn algorithm

In the second step the genetic database is searched for hits. A hit is an exact match
between a w-mer and a sequence of letters of the database. Every hit is possible to

be part of a High Scoring Pair (HSP). This procedure is illustrated in Figure 2.

Database  GT|GCAATATGGCCC|GTT.... —»
Stream | | HIT

| | Detected
Query AT|GCAATATGGCCC|GTAT
- >

Fig. 2 Second step of BLASTn algorithm; database is searched for hits
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In the third step, the list of hits is processed, so that its hit is extended in both
directions until its score no longer gets improved under the scoring rules. The

process followed during the third step is illustrated in detail in Figure 3.

Database  GGT|GCAATATGGCCC|GTT.... —»

Stream | | HIT
| | Detected
Query AT|GCAATATGGCCC|GTAT
- >
Score = 60
Database  GITGCAATATGGCCCGITT.... —»
Stream | | _
| | Extension
Query A|TGCAATATGGCCCG|TAT
- -
Score =70
Match +5 Match +5

Database  ¢|GTGCAATATGGCCCGT]T.... —»

Stream | |
| | Extension
Query |ATGCAATATGGCCCGT|AT
< -
Score=71
Match -4 Match +5

Fig. 3 The hit extension process executed during the third step of BLASTn
algorithm

2.3 BLAST Profiling

In [7], the authors profile BLAST running with three different query string lengths
(10K, 100K, and 1M bases), finding that step 1 of the BLAST computation takes up
an average of about 85% of the total pipeline processing time, while step 2 takes
up an average of about 15% of the running time, and the amount of time spent in

stage 3 is negligible. The authors of [8], doing profiling on a single query on a small
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database with an older version of NCBI BLAST, also concluded that step 1 of the
BLAST algorithm accounts for about 80% of the program running time.

While the profiling results in [7] are useful for understanding the performance of
BLAST with larger queries, no benchmarks for query sizes under 10000 base-pairs
are reported (recall that according to NCBI statistics, over 90% of nucleotide
BLAST searches performed through their website are with queries of 2000 base-
pairs or less). The results reported in [8] seem to be in agreement with those in
[7], however, they are by no means exhaustive, covering only a single query on a
single database and using an old version of NCBI BLAST. In any case, all sets of
profiling results suggest that step 1 (word matching) should be the first target for

hardware acceleration, because of its dominance of the overall running time.

2.4 BLAST Accelerators

The National Center for Biotechnology Information (NCBI) [9] maintains the most
widely-used BLAST software implementation (hereafter referred to as NCBI
BLAST) and GenBank, the largest collection of all publicly available DNA
sequences. While the fundamental BLAST algorithm has undergone little change
since the late 1990's, advancements in general-purpose microprocessor
technology have provided necessary speed enhancements. However, the
exponential growth of sequence data has exposed serious limitations to this
strategy. For example, the BLAST server on the NCBI website makes use of a Linux
cluster consisting of around 200 CPUs [10]. NCBI reported processing 140,000
queries on a typical weekday in 2004 and planned to double their computing
capabilities to keep up with demand. The majority of BLAST accelerators run on a

cluster of workstations. A few have been designed to run on FPGA devices.

Faster Search Algorithm BLAST: FSA-BLAST [11] [12] employs software
optimization and modifications to the BLAST algorithm. The lookup table in step 1
is replaced by a deterministic finite automaton that is engineered for fast, cache-
conscious operation. A semi-gapped extension stage is added between step 2 and 3
to further filter data. Here, a dynamic programming recurrence similar to the
ungapped extension stage is used, but with gaps allowed only at every nt residue

in the two sequences. Finally, the recurrence of the gapped extension phase is
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modified to disallow adjacent gaps in the two sequences, leading to reduced
computation per cell. An overall speedup of 20-30% over NCBI BLASTp is

reported.

Apple/Genentech BLAST: Apple Computer and Genentech (AG-BLAST) [13]
provide an open-source version of NCBI BLAST customized to use Altivec
instructions on PowerMac G4 and G5 processors. The modifications are in the seed
generation stage. AG-BLAST used with word lengths 20 - 40 provides a two-fold
speed increase over MegaBLAST. However, the use of large word lengths makes it

unsuitable for searching divergent sequences.

BLAST clusters: The embarrassingly parallel nature of BLAST can be exploited to
run on a cluster of nodes. Query segmentation splits the set of query sequences
and runs each on individual nodes of a cluster. BLAST searches a subset of the
queries against the entire database on each node. This approach provides a near
linear scalability if the database can fit in main memory. Alternatively, the
database can be segmented, with the same query being processed against different
subsets of the database. NCBI-BLAST implements a native multi-threaded search
that can take advantage of SMP systems. Message Passing Interface BLAST
(mpiBLAST) [14] is capable of running on a diverse set of architectures including
Beowulf clusters, exhibiting near linear scalability on small numbers of nodes. SGI
High Throughput Computational BLAST (HTC-BLAST) [15] is a distributed cluster
implementation of BLAST on SGI Origin 300 servers that enables high-throughput
homology searching. A BLASTX comparison of a large number of query sequences
against the NR protein database on a 32-processor cluster yields a 30x speedup
over a single machine. A commercial offering, TurboBLAST [16], runs on many
parallel computing environments including heterogeneous workstations, parallel
supercomputers, and grids. Paracel BLAST [17] is designed to run on high-end Sun

clusters.

Cluster implementations can significantly decrease turn-around time on high-
throughput BLAST searches. Distributed resources can be harnessed to search

large queries or databases which would be infeasible on a single node. However,
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they scale poorly as more nodes are added to the cluster, since more time is spent
formatting databases and collating results. Equal-size database segments on each
node need not mean equal workload on the nodes. A large number of homologous
sequences in a database segment can cause an imbalance in the load. Clusters

typically also have high operational costs when compared to single-node solutions.

FPGA Accelerators:

Rdisk [18] is an FPGA based system to accelerate stage 1 of BLASTN.
Reconfigurable logic is attached close to a hard disk, providing on-the-fly filtering
capabilities. Rather than using lookup tables, the pattern matching computation is
performed between a database word and all query words. This computation can
proceed in parallel for all query words and requires processing elements
proportional to the size of the query. Rdisk reports a throughput of 60

MCharacters/sec for nucleotide searching.

DeCypherBLAST [19] is a commercial product running on FPGA based engines
attached to high-end servers. Scarcity of information on this offering makes a side-

by-side comparison impossible.

RC-BLAST [8] is a recent implementation of the BLAST word matching phase on
FPGAs. The work illustrates the difficulties faced in accelerating heuristic
algorithms on FPGAs. The final FPGA implementation was slower than software
version, although this was attributed to the limitations of the technology used by

the authors.

BEE2 BLAST [20] is an FPGA reconfigurable platform consisting of three primary
components: processing elements, memory elements, and interconnects. On the
system level, processing elements are the FPGA chips; memory elements are the
external DRAM modules locally attached to each of the FPGA; interconnects
consists of local connections, which links local FPGAs on the same PCB board, as
well as global connections that link multiple boards into a unified system. The

main difference of the BEE2 design from traditional parallel computer system
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design is that the processing elements are FPGA chips rather than
microprocessors. In addition to the primary components, BEE2 also incorporate a
range of secondary system components, including bootstrap, clock distribution,
power regulation, and thermal regulation. They support and monitor the primary
components to ensure proper operation of the overall system. By combining a
cycle-based simulator with an analytical model, they projected the performance
capability of the BEE2 platform to be 1 to 2 magnitude order higher than any of the
computing systems when run the BLAST algorithm then.

Mercury BLAST [7] [21] [22] involves the use of the Mercury system [23]
provides the infrastructure to support high-throughput disk-based computation
on reconfigurable hardware attached to general-purpose workstations. Data from
disks is streamed directly through pipelined logic blocks, typically being filtered by
progressively more complex computations before being sent for post-processing
on the attached workstation. Hardware/software code sign is necessary to ensure
efficient implementation of an application. The work on the Mercury system

targets a two-order-of-magnitude acceleration of the NCBI BLAST algorithm,

FPGA/FLASH [24] [25] combines the use of FPGA components and FLASH
memories, allowing a large amount of data to be rapidly accessed and quickly
processed. A PCI based system including a 64 GBytes FLASH memory connected to
a Xilinx Virtex-2 Pro board was developed, achieving a speed-up of 75 on TBLASTn

algorithm.

TreeBLASTP [26] is an FPGA-based accelerator for BLASTP, which accelerates
seed generation and un-gapped extension. The seed generation phase is similar to
the one-hit approach. High-scoring word matches are detected using dynamic
programming (thus eliminating lookup tables), and then passed to un-gapped
extension servers. Since two-hit filtering is not performed, larger word lengths and
threshold values must be used so as to not overwhelm un-gapped extension. The
authors claim a database processing rate of 170 million amino acids per second on
query sizes of 1024 residues on the latest FPGA. The effect of decreased sensitivity

due to the higher neighborhood threshold must be factored into these results.
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TUC-BLAST [27] [28] [29] [30] [31] is an FPGA solution to accelerate DNA
searches of small query sequences (1000 bases). The basic computation unit is a
hit finder and an extension unit. The former stores a hash table of the query in on-
chip block RAMs to detect hits. The extension unit performs ungapped extension to
detect significant alignments. High-throughput searching is achieved by replication

of the basic computation units.

An extensive literature survey of accelerated sequence analysis applications has
established the need for faster solutions, specifically for BLAST. The limited
number of BLAST accelerators highlights the difficulties faced in designing a

hardware amenable architecture for seed generation.
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Chapter 3 - Prefiltering for the BLAST
Algorithm

3.1 BLAST Prefiltering Potential

Our main observation that leads to our prefiltering approach is that the BLAST
algorithm finds and reports matches in the areas of high similarity between data
base and query, i.e. in areas where the third step of the algorithm is active and
successfully processes a large number of extensions. These areas with high activity
in the third step are also areas where the second step of the algorithm produces
multiple hits between different w-mers of the query and different offsets of the
database.

Our prefiltering formulates this observation: if within a particular portion
(window) of the database the high hit rate between the database and the set of w-
mers exceeds a Threshold, then there is high probability that this area will result to
a high similarity (extensions) between data base and query and we need to run the
full BLAST algorithm. Portions of the database for which the hit rate does not reach
the threshold are not processed further. Notice however that when the hit-rate
does exceed the threshold, there is no guarantee that we will actually find a match
in this window: multiple hits may be produced from different w-mers in an
incorrect order or distance, so they may not correspond to actual extensions. Our
approach is depicted in Figures 4 & 5 that plot the hit rate distribution for a
window of 100 characters that slides over a streaming database input. Figure 4
shows the hit density for window of 100 characters over the entire chimpanzee’s
chromosome Y database, and a part of human’s chromosome Y as the query. It is
clear that there is significant variation in the hit distribution over time, the basis
for our pre-filtering technique to work. Figure 5 zooms-in the Figure 1 data at a
smaller portion of the database at character positions 6x10°¢ up to 6.2x10°¢. Figure
5 shows more clearly the spikes in the hit distribution that form at a small subset
of database locations. Figure 5 also shows the way our technique will work. Using
a threshold, we will select to investigate further only windows with hit value
exceeding the threshold. Portions of the database with low hit values are not

investigated, saving computations compared to the traditional BLAST approaches.
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According to the threshold, different portions of the database are considered
interesting. The higher the threshold, the more selective the filtering, but if we

exceed a certain threshold value we will miss (some of) the correct BLAST results.

E] 4 5 E] 10

Fig. 4 Hit rate distribution for chimpanzee chromosome Y as database, and a
part of human chromosome Y as query, over a window of 100 characters.

T & T ) T T
6 - .
Threshold = 5 P
57 &S
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Threshold = 3
3 S ——— = S
2 L _
0 1 I

Fig. 5 Hit rate distribution for a window of 100 characters over the streaming
database input. The two top circled areas are “of interest” i.e. they result in
BLAST matches. The top horizontal line represents the optimal threshold
(=5) to identify all these areas. Thresholds less than 5 will produce more
candidate regions without identifying more hits (drawn for Threshold=3),
while thresholds greater than 5 will miss some of the hits reported by BLAST.
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To analyze the potential of BLAST prefiltering, a set of software tools (detailed in
Appendix B) was built that implement BLAST searching. We run these tools using
several data sets that were provided from NCBI site, and we compare the results
against those of the original NCBI BLAST software. In our main experiments parts
of Human’s chromosomes (Homo Sapiens) (queries) were compared against
Chimpanzee’s (Pan Troglodytes) genome (database). The data exhibit a high
degree of similarity which leads to high hit rate at the second step of the algorithm.
A second type of experiments was the comparison of the same parts of Human'’s
chromosomes (Homo Sapiens) (queries) against Mouse’s (Mus Musculus) genome
(database). The results of those experiments, due to table size, are shown on
Appendix A.

Also, the BioPerf [32] benchmark datasets for BLASTn were used in order to
achieve an even more acceptable verification; the results of them are shown on

Table 3.

BioPerf Input Datasets Window % Hit
Database Space %
Database Query of query | Rate %
10% 2,01006%
20% 2,24051%
30% 2,43499%
Escherichia test 10% 2,65555%
coli (E.coli) (Size 573 50% 0.026% 2,84138%
' characters) 60% ’ 3,08064%
70% 3,27476%
80% 3,46452%
90% 3,65406%
100% 3,84691%
Table 3 Percentage of database space for BLASTn Bioperf benchmark
datasets.

Several metrics were tracked in our simulations, such as the number of the hits
from the second step of the algorithm, the distances between the hits, and their
distribution. We also collected measurements from the third step of the algorithm,
i.e. the final BLAST reported matches, the number of extensions, and their width
and distribution, etc.

All the database spaces, which were taken as results of our experiments, were
compared with the results of NCBI BLASTn in order to validate that the complete

set of solutions were included.
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3.2 Prefiltering Window Size

First we investigate the effect of the window size, i.e. the width of the database
region in which we measure the hit rate. Figure 6 plots “Space” (i.e. the resulting
percentage of the database that we need to process after prefiltering) versus
window size: small values are better since they correspond to less input to the full
BLAST processing. Since the query size may vary greatly, we express the window
size as a percentage of the query length, ranging from 10% up to 100%. Intuitively,
larger window sizes will produce more hits shifting the hit rate upwards. The
results in Figure 6 lead to two conclusions. First, regarding window size, space is
either unaffected or increases as the window size increases; hence a small window
is both more effective and sufficient to capture the necessary information. Second,
the effectiveness of pre-filtering varies greatly: we find cases where the results are
excellent (space in the range of 3% or less of the database), while totally
ineffective in other cases (chromosomes 12 and 13) with space = 100% i.e. the

entire database is candidate for match. We will address this limitation in section

3.5.
Window Size vs Database Space %
100% :/H__.=.—Q—I—I—I—F
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Fig. 6 Database Space % vs. window Size.
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3.3 Prefiltering Threshold

The other main prefiltering parameter is the threshold. Figure 7 plots the database
space versus a threshold that ranges between two and five. We see that as
threshold increases there is a decrease in space, even for some of the “difficult”
cases (chromosome 12) identified in the previous paragraph. However, the results
for other queries such as chromosome 13 are insensitive to increasing the
threshold. Choosing the threshold value is not straightforward. Setting the
threshold too low results in larger database space that needs to be processed.
Setting the threshold too high we risk ignoring portions of the database that will
produce actual hits. In the rest of the thesis we use a threshold value of 2 based on
the following observation: for the BLAST algorithm to begin the extension process
we need at least one match. Since there will be at least one extension (otherwise
the BLAST extension process stops), we will find another hit for a w-mer
overlapping with the first. We tested all our results for all our runs and verified
that indeed this threshold identifies all the reported NCBI BLAST results. To safely
use larger threshold values we need to further investigate and understand the
biological significance on the reported results. We believe that setting larger
threshold values may omit only the least significant BLAST results while still

report the high ranked ones.

Threshold vs Database size %
100,00% -, o { {J —. Jﬁ
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Fig. 7 Database Space % vs. Threshold.
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3.4 Sensitivity to Query Size

To understand the behavior of the “difficult” cases such as of the chromosome 12
and 13 queries, we analyzed our results and observed that they all corresponded
to very long queries in the order to many thousand characters. In Figure 8 we plot
the effect of the query size on the resulting database space that must be searched
for the queries that are not amenable to prefiltering. To produce small queries we
use a prefix of the original query at a particular size. The trend in Figure 8 is very
clear: large queries are not amenable to prefiltering, while small queries show
great potential. A possible explanation for this behavior is that a large query
contains more distinct w-mers than a smaller one, so the probability of finding
multiple hits between the database and any two (or threshold many) of them is
larger. Prefiltering for these queries works very well for queries a few hundred

character long, and offers no improvement for queries longer than 5 thousand

characters.
Database % Space vs Query Size
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Fig. 8 Database Space % vs. Query size.
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3.5 Partitioned Queries

The results from Figure 8 made clear that long queries, while very useful in
Biology, cannot be handled effectively by prefiltering. However, the same results
offer the solution to the problem: if we partition the query in smaller pieces and
processed in parallel, we may achieve operation in the effective prefiltering region.
Figure 9 evaluates the partitioning potential. Starting with the original query size,
we subdivide it to pieces of one thousand, 500, 250 characters and so on,
evaluating the resulting database space that we need to search. As indicated from
Figure 8, as the query size becomes smaller, the effectiveness of prefiltering
increases. The best results are achieved for small sub-queries less that 250
characters, and for all the difficult queries pre-filtering achieves a 5-fold decrease
in the space that needs to be explored (space = 20% of the database). More
important is the correlation of query and prefiltering potential: given the database
and the query, we can determine the effectiveness of prefiltering, and the need for

and extend of partitioning the query.
Database Space % vs Query Size Partitioning
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Fig. 9 Query partitioning effect to Database Space.
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Chapter 4 - Hardware Design,

Implementation and Performance

4.1 Implementation Issues

All the prefiltering analysis properties are based on the number of the hits that are
produced on the second step of the algorithm. In order to find hits, comparisons
should be performed between every w-mer and the complete database.
Comparisons are 24 bit-wide (12 characters x 2 bits/character) and their number
is almost equal to the size of query. For a 1000 characters query 989 w-mers are
produced and consequently 989 concurrent comparisons are needed.

There are several implementations proposed for this problem.

(i) The comparisons can be multiplexed in time using one 24 bit comparator or
multiplexed in space using for example 989 parallel comparators. This method
either takes a lot of time, or consumes a significant number of reconfigurable
resources respectively, which is not appropriate for reconfigurable logic based
systems [31].

(ii) Another approach is to use a Content Access Memory (CAM) which will have to
be too deep (24 bits address) due to w-mer size and hence very expensive in terms
of area.

(iii) A memory cache-like scheme could be also used. A single memory cannot be
implemented due to its size (24 bits address) that can not fit to any reconfigurable
device. Using of memories has the advantage that the size of the designed
hardware is proportional to w-mer size which is constant and not to query size
which varies.

Due to hardware implementation problems, an alternative method is proposed. In
this method we count probable hits instead of actual hits. A probable hit is defined
as the exact match between the bits 0 to 14 and 3to 17 and 6 to 20 and 9 to 23, of
the examined part of database and the corresponding part of any of the w-mers.
That match does not produce necessarily a hit in contrast to the second step of the
algorithm. This alternative approach gives slightly worse results but is better
suited for FPGA implementation. The 15-bit wide ranges are not chosen

arbitrarily: each one of them can occupy an embedded BRAM block to be efficiently
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implemented. Xilinx BRAM blocks are available with 32kx1 bit size and need 15
bits for addressing. The BRAM is initialized with 0 in all locations except those that
appear in the query w-mer list that are initialized to 1. For example, if the w-mer is
110011001100110011001100, an ‘1’ will be
110011001100110 of the first memory, 011001100110011 of the second,
001100110011001 of the third, and finally at position 100110011001100 of the

preloaded at positions

fourth memory. This example is illustrated at Figure 10. Hence a simple lookup in
the memory identifies if this w-mer portion is a sub-match with some w-mer of the
query. Using multiple (4) overlapping BRAMs reduced the probability of reporting
false matches. In Table 4 we can see the comparison between the actual and the

probable hits for several of our experimental datasets.

Database | Actual Hits Probable Hits Acflf:l(}(;’l:ﬂt)abg;b le
chr2A 360435 6364378 5,66%
chr3 19132 33982 56,30%
chr5 656694 751234 87,42%
chré 109198 1029581 10,61%
chr7 6355 16919 37,56%
chr8 22258 85900 25,91%
chr9 39865 246654 16,16%
chr10 30224 180618 16,73%
chrll 1331477 2708931 49,15%
chrl2 97850 437342 22,37%
chrl3 656217 11044906 5,94%
chr14 1514674 2839267 53,35%
chrl15 720788 1315354 54,80%
chrl6 25230 199093 12,67%
chrl7 1532071 2460778 62,26%
chr18 8762 16092 54,45%
chr19 464064 522410 88,83%
chr20 669683 1030465 64,99%
chr21 64610 82123 78,67%
chr2?2 198204 803426 24,67%
chrX 23605 161691 14,60%
chrY 4636 23270 19,92%
ecoli 185 1234 14,99%

Table 4 Actual VS Probable hits
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W-mer

110011001100110011001100

2|2 2|2 = 2 2|2
-2 -2 -2 -2
1
BRAM
1bit X
BRAM | | | 1 ........ BRAM 15k
iex | | fre , s Worner
15k BRAM 15k
N s bitX | L L) 911223
W-mer 15k W-mer ]
part part [
0to 14 W-mer 6to 20
part
3to17
1

Fig. 10 Illustration of the example of BRAMs preloading

4.2 PreBLAST Architecture

The input of the designed architecture is the database stream. A new character, 2
bits, is processed at every clock cycle. The data path consists of a 12 characters (24
bits) shift register and four blocks of RAM 1 bit x 15K. The shift register gets a new
character (2 bits) and addresses the four blocks of RAM at every clock cycle. If the
value ‘1’ is stored in all the corresponding 15 bit addresses then a probable hit is
detected at the output. Shift register has 24 bit width due to w-mer size which is

12 characters or 24 bits. At every clock cycle when a new character (2 bits) is
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inserted shift register perform a shift of two positions. Shift register addresses the
four preloaded RAMs with 15 bits each. RAM Data outputs are 1 bit wide and drive
an AND gate. If there is ‘1’ at all RAM output at the same clock cycle then the
output of AND gate will be ‘1’ and a probable hit will be produced. Two data path
designs had been made based on the type of RAMs. The use of dual port RAMs

utilizes more efficiently the available number of BRAMs. Figure 11 and Figure 12

show the two data paths that had been designed.

L L
Thits Shift Register i
» 4 w| 7 v A | 9
2 52 52 e
n )
oS v s |
BRAM BRAM BRAM BRAM
1bit X 1bit X 1bit X 1bit X
15k 15k 15k 15k
" W-mer " W-mer " W-mer > W-mer
part part part part
Bits Bits Bits Bits
0to14 3to17 6 to 20 9 to 23
Probable
HIT

Fig. 11 Data path of the designed system with single port RAMs
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Qhift Dagictor
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Zbits DI 1\\/510 A 93 § 1 Zbits
Probable
,_ HIT
v @ | A 7 7 @l A
=l =l o = =l
35 =5 25 oE
—Z —=2 —~2 ~2
BRAM BRAM BRAM BRAM
1bit X 1bit X 1bit X 1bit X
15k 15k 15k 15k
i W-mer i W-mer i W-mer i W-mer
part part part part
Bits Bits Bits Bits
0to 14 3to17 6 to 20 9 to 23
B B HE E
Ay iy iy Ay
b =g g b
Probable
HIT
2bits . C 2bits
— Shift Register 2 —

Fig. 12 Data path of the designed system with dual port RAMs

Figure 13 shows the control path of the design which consists of a shift register at
window size, an up/down counter, a 32 bit position counter, a control unit and a
space memory. At every clock cycle system checks for a new probable hit. The
input data is inserted into the shift register and if its value is ‘1’ the up down
counter increases. If an ‘1’ shifts out from the shift register, the up/down counter
decreases. This design counts the number of the ‘1’ that the shift register holds.
The value of the up/down counter is the number of the probable hits that have
been detected at the character window examined for the certain database position.

Position counter increases every time that a new character from data base stream
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is inserted in the design. When the up/down counter value exceeds the predefined
threshold, the control unit writes the value of the position counter at the space
memory, tagging the start of the area of high similarity. When the up/down
counter value falls below threshold value, the control unit writes the value of the
position counter at the space memory tagging the end of the area of high similarity.

This architecture tags all the areas of high similarity of the data base stream.

Probable Shift Register
HITS] (Window Size)

v

A

\ 4

Up / Down Counter

A Address
| 10 bits
Control Unit BRAM

............... Data | 32 x 10k
Y, 32 bits

) 4

Space
Memory

Position Counter
32 bits

Fig. 13 Control path of the designed system

4.3 Performance Measurements

The design was implemented, full post placed and routed simulated. A Xilinx Virtex
5 family FPGA XC5VLX330T was used for the implementation. Table 5 shows the
allocation of the resources for two different implementations with single port
RAMs in the data path, for one preprocessor and for 64 parallel preprocessors
working in a single chip. Table 6 shows the allocation of the resources for two
different implementations with dual port RAMs in the data path, for two
preprocessors and for 108 parallel preprocessors working in a single chip. The
designs are bounded up to 64 and 108 parallel preprocessors because of the total

available BRAMs. On the other hand very few LUTs are used. Table 7 and Table 8
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show the corresponding system clock speed and throughput of the two designs.

The speed data of version ADVANCED 1.53 was used to measure the clock speed.

Number of Preprocessors | LUTs/Unit | BRAM/Unit
1 105 5
64 3780 320
Total FPGA Resources 207360 324
Coverage Percentage 1,82% 98,76%

Table 5 Resources allocated to TUC PreBLAST with single port RAMs

Number of Preprocessors | LUTs/Unit | BRAM/Unit
2 177 6
108 6397 324
Total FPGA Resources 207360 324
Coverage Percentage 3,08% 100%

Table 6 Resources allocated to TUC PreBLAST with dual port RAMs

Number of Clock Speed Throughput
Preprocessors MHz Characters 10°
1 232,13 232,32
64 140,21 8973,64
Table 7 System clock speed and throughput of TUC PreBLAST with single
port RAMs
Number of Clock Speed Throughput
Preprocessors MHz Characters 10°
2 204,50 409
108 120,48 13011,84

RAMs

Microprocessors and Hardware Laboratory - MHL
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Performances essentially come from the point that today, FPGA components house

a huge potential computational power which can really be exploited if they can be

fed at a consequent data rate. The use of TUC PreBLAST attains such filtering rates,

as to provide a BLAST processor with the appropriate data in a rate that will effect

in an equivalent speed up. In Table 9, is depicted in brief, the search space

reduction that we achieved based on our proposed methods with the use of TUC

PreBLAST. Chromosome 3 is a typical instance of our experiments, in contrast with

the rest 4 chromosomes that consisted the 4 most “hard” cases. Accordingly, the

real execution time of a BLAST processor can achieve correspondent speed ups,

which are shown in Table 10.

Database
chimpanzee
chromosome

Query part of
human
chromosome

Database

Space %

for total
query

Database Space % for separated queries

Query, parts of 250 characters

chr3

(total query)
chr3q
(Size 965
characters)

3,11632%

0,52070%

Query, parts
of 1000
characters

Query,
parts of 500
characters

Query,
parts of 250
characters

Query,
parts of 150
characters

Query,
parts of 100
characters

chri3

(total query)
chr13q
(Size 12775
characters)

100,01275
%

88,01238%

56,79287%

31,86639%

19,89180%

13,94842%

chrY

(total query)
chrYq
(Size 3175
characters)

85,37016%

28,71856%

13,37890%

5,64921%

2,31991%

1,61528%

chrl4

(total query)
chrl4q
(Size 5511
characters)

100,01674
%

69,15938%

43,12856%

26,19166%

17,92562%

15,64721%

chr17

(total query)
chrl7q
(Size 3959
characters)

99,90502%

69,89792%

48,57718%

32,92334%

26,06596%

21,07837%

Table 9 Database Search Space reduction for some experiments
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Database Query part Speed up
chimpanzee of human for total Speed up for separated queries
chromosome | chromosome query
Query, parts of 250 characters
(total query)
chr3q
chr3 (Size 965 32,09 192,05
characters)
Query, parts | Query, parts | Query, parts | Query, parts | Query, parts
0f 1000 of 500 of 250 of 150 of 100
characters characters characters characters characters
(total query)
chr13q
chrl3 (Size 12775 1 1,13 1,76 3,13 5,02 7,16
characters)
(total query)
chrYq
chrY (Size 3175 1,17 3,48 7,47 17,70 43,10 61,90
characters)
(total query)
chrl4q
chr14 (Size 5511 1 1,44 2,31 3,81 5,57 6,39
characters)
(total query)
chr17q
chr17 (Size 3959 1 1,43 2,05 3,03 3,83 4,74
characters)
Table 10 Equivalent speed up for some experiments
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Chapter 5 - Conclusion & Future Work

In this thesis we exploit a property of the BLAST algorithm to collect simple
measurements and filter the database that needs to be considered for a query. We
show that BLAST prefiltering offers significant search space reduction that ranges
from a factor of 3 for long queries up to 5 orders of magnitude for short queries,
and a proportional acceleration to the entire query execution time. Prefiltering is
very compact in terms of logic, and requires memory blocks in proportion with the
required bandwidth. The filtered database can be subsequently processed with
any existing software or hardware BLAST processing system in a streaming
fashion.

The new database has different statistical characteristics concerning the hit rate
than the initial one. This may affects the execution performance of the system that
will process the BLAST algorithm. TUC PreBLAST can be connected as it is shown
in Figure 14 with any BLAST processing system (software or hardware). In that
case, the throughput of TUC PreBLAST has to be greater or equal than the
throughput of BLAST processing system. The BLAST processing system has less
computational load due to this architectural arrangement. TUC PreBLAST’s output
rate is the same with the rate of the input database stream, not at a continuous
base but at small time windows. So the BLAST processing system can manipulate
data at lower rates, provided that it has an input storage system.

Another arrangement of the system is the existence of multiple TUC PreBLAST
systems connected with one BLAST processing element, which will also, needs an

input storage system.

BLAST
Input DataBase Stream TUG New DataBase Stream Processing
PreBLAST
System

Fig. 14 TUC PreBLAST and BLAST processing system arrangement
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The investigation of prefiltering can be investigated in several directions. First,
alternatives can be evaluated to determine the optimal number and position of bits
that address the BRAMs in our implementation. One such alternative is to use
hashing in a Bloom [33] filter-like fashion. Also it can be investigated what is the
necessary number of BRAMs needed to reduce the false positive results and work
closer to the actual BLAST hits.

In this thesis we have considered mainly a small window size of 10% of the query,
and a threshold of 2. Ways to dynamically determine these parameters can be
investigated, using sampling methods to achieve better filtering without losing
accuracy in the results.

Finally as with all BLAST acceleration works there are significant system-level 10
issues. Our proposed TUC PreBLAST system demands an aggregate of 13 Giga
characters per second or 26 Gbps at maximum performance. While the pin 1/0
bandwidth is supported in current FPGA devices, sustaining such demands at the

system level is still an open issue for the reconfigurable hardware community.
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Appendix A - Experimental Results

Database Query partof | Window Hit Database Database Database Database
chimpanzee human % of Rate % Space % for Space % for Space % for Space % for
chromosome chromosome query ° threshold 2 threshold 3 threshold 4 threshold 5

10% 99,79117% 100,00709% | 100,00708% | 100,00707%
20% 99,99551% 100,00709% 100,00708% 100,00707%
30% 100,00202% 100,00709% | 100,00708% | 100,00707%
Chr2 Chr2 40% 100,00275% 100,00709% | 100,00708% | 100,00707%
Size nreq 50% 100,00347% 100,00709% | 100,00708% | 100,00707%
(Size 8079 5,708%
111497100 characters) 60% ’ 0 100,00420% 100,00709% | 100,00708% | 100,00707%
characters) 70% 100,00492% 100,00709% | 100,00708% | 100,00707%
80% 100,00565% 100,00709% 100,00708% 100,00707%
90% 100,00637% 100,00709% | 100,00708% | 100,00707%
100% 100,00710% 100,00709% | 100,00708% | 100,00707%
Table 11 Chimpanzee VS Human Chromosome 2, thresholds 2,3,4,5

. Database Database Database Database

D.atabase Query partof | Window Hit Rate Space % for | Space % for | Space % for Space % for
chimpanzee human % of
chromosome chromosome uer % threshold threshold threshold threshold

query 10 25 50 100
10% 100,00706% | 99,89465% 97,16463% 42,89804%
20% 100,00706% | 100,00039% 99,57486% 90,69474%
30% 100,00706% | 100,00642% 99,86911% 97,07084%
Chr2 Chr2 40% 100,00706% | 100,00673% 99,96645% 98,87351%
Size . req 50% 100,00706% | 100,00673% 99,99421% 99,53920%
(Size 8079 5,708%
111497100 characters) 60% ’ 0 100,00706% | 100,00673% 100,00483% 99,77784%
characters) 70% 100,00706% | 100,00673% | 100,00634% 99,89909%
80% 100,00706% | 100,00673% | 100,00634% 99,95259%
90% 100,00706% | 100,00673% | 100,00634% 99,97861%
100% 100,00706% | 100,00673% | 100,00634% 99,99306%

Table 12 Chimpanzee VS Human Chromosome 2, thresholds 10,25,50,100

Database Query partof | Window Hit Database Database Database Database
chimpanzee human % of Rate % Space % for Space % for Space % for Space % for
chromosome chromosome query 0 threshold 2 threshold 3 threshold 4 threshold 5

10% 0,56886% 0,93604% 0,28160% 0,09276%
20% 1,16451% 1,05831% 0,32442% 0,10911%
30% 1,77051% 1,18502% 0,36696% 0,13055%
Chr3 Chr3 40% 2,39901% 1,32396% 0,41836% 0,14981%
Size -red 50% 3,03719% 1,45569% 0,46693% 0,16724%
(Size 965 0,017%
202464459 characters) 60% ’ ’ 3,69490% 1,59651% 0,51922% 0,18511%
characters) 70% 4,36180% 1,75020% 0,57929% 0,20399%
80% 5,04421% 1,90403% 0,63337% 0,22821%
90% 5,74385% 2,05289% 0,69059% 0,25151%
100% 6,44482% 2,20486% 0,75341% 0,27734%
Table 13 Chimpanzee VS Human Chromosome 3, thresholds 2,3,4,5
. Database Database Database Database

Qatabase Query partof | Window Hit Rate Space % for | Space % for | Space % for Space % for
chimpanzee human % of
chromosome chromosome uer % threshold threshold threshold threshold

query 10 25 50 100
10% 0,00464% 0,00452% 0,00373% 0,00000%
20% 0,00537% 0,00476% 0,00403% 0,00091%
30% 0,00589% 0,00499% 0,00422% 0,00096%
Chr3 Chr3 40% 0,00618% 0,00523% 0,00442% 0,00100%
(Size (Sizer‘)cés 50% 0,017% 0,00647% 0,00547% 0,00460% 0,00105%
202464459 characters) 60% ’ 0 0,00675% 0,00571% 0,00480% 0,00110%
characters) 70% 0,00704% 0,00647% 0,00499% 0,00194%
80% 0,00733% 0,00675% 0,00518% 0,00231%
90% 0,00761% 0,00704% 0,00537% 0,00240%
100% 0,00790% 0,00733% 0,00556% 0,00250%

Table 14 Chimpanzee VS Human Chromosome 3, thresholds 10,25,50,100
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Database Query part of | Window Hit Database Database Database Database
chimpanzee human % of Rate % Space % for Space % for Space % for Space % for
chromosome chromosome query 0 threshold 2 threshold 3 threshold 4 threshold 5

10% 12,08713% 33,27838% 28,30759% 25,71133%

20% 20,92470% 36,49611% 30,96001% 27,99713%

30% 29,08665% 39,44959% 33,42132% 30,11649%

Chr5 Chrs 40% 36,60987% 42,27456% 35,80807% 32,23415%
(Size (Sizerl';]76 50% 0.413% 43,51047% 45,07359% 38,20479% 34,25408%
182067534 characters) 60% ! 0 49,69416% 47,72435% 40,48027% 36,25870%
characters) 70% 55,32630% 50,30633% 42,83528% 38,22168%
80% 60,35552% 52,70858% 45,01849% 40,16186%

90% 64,89509% 55,03252% 47,14292% 42,06409%

100% 68,96098% 57,28893% 49,21493% 43,90987%

Table 15 Chimpanzee VS Human Chromosome 5, thresholds 2,3,4,5

Database Query part of Window Database Database Database Database
. yp Hit Rate Space % for | Space % for | Space % for Space % for

chimpanzee human % of

chromosome chromosome query % threshold threshold threshold threshold

10 25 50 100

10% 19,85300% 7,60146% 0,14444% 0,00100%

20% 21,94841% 11,60463% 1,59910% 0,00115%

30% 23,54969% 12,88965% 2,33779% 0,01275%

Chr5 Chrs 40% 25,11762% 14,11504% 2,99677% 0,04415%

Size -9 50% 26,63341% | 15,30237% 3,58871% 0,08750%

(Size 1776 0,413%

182067534 characters) 60% ! 0 28,10802% 16,42697% 4,17986% 0,15846%

characters) 70% 29,57054% 17,56749% 4,76626% 0,23978%

80% 30,97229% 18,65645% 5,42425% 0,34520%

90% 32,37313% 19,74981% 6,05600% 0,45107%

100% 33,74760% 20,83996% 6,67312% 0,56570%

Table 16 Chimpanzee VS Human Chromosome 5, thresholds 10,25,50,100

Database Query part of | Window Hit Database Database Database Database
chimpanzee human % of Rate % Space % for Space % for Space % for Space % for
chromosome chromosome query threshold 2 threshold 3 threshold 4 threshold 5

10% 48,73887% 86,28147% 75,49835% 63,95943%

20% 74,08333% 91,37351% 84,14880% 75,68035%

30% 86,55467% 94,12591% 89,04922% 82,66914%

Chré Chréq 40% 92,74900% 95,80311% 92,04285% 87,17840%
(Size (Size 2434 50% 0.580% 95,94914% 96,90631% 94,07035% 90,25854%
177555873 characters) 60% ’ 97,66489% 97,65796% 95,48940% 92,51560%
characters) 70% 98,60918% 98,19698% 96,52904% 94,13659%
80% 99,15208% 98,59148% 97,30346% 95,38782%

90% 99,46949% 98,89132% 97,85350% 96,35722%

100% 99,65802% 99,11798% 98,28950% 97,06925%

Table 17 Chimpanzee VS Human Chromosome 6, thresholds 2,3,4,5

Database Query part of Window Database Database Database Database
. yp Hit Rate Space % for | Space % for | Space % for Space % for
chimpanzee human % of

% threshold threshold threshold threshold

chromosome chromosome query 10 25 50 100
10% 22,64196% 1,42127% 0,02934% 0,00342%
20% 35,65681% 2,73032% 0,07139% 0,00356%
30% 46,57498% 4,75275% 0,14805% 0,00370%
Chré Chré 40% 55,63832% 7,45859% 0,28872% 0,00384%
Size -nrod 50% 63,03328% 10,71703% 0,49006% 0,00399%

(Size 2434 0,580%

177555873 characters) 60% ! 0 69,22076% 14,46121% 0,74515% 0,00413%
characters) 70% 74,24727% 18,37403% 1,10984% 0,00427%
80% 78,48050% 22,73721% 1,59180% 0,00867%
90% 81,94488% 27,01496% 2,25449% 0,01257%
100% 84,80291% 31,43938% 3,01522% 0,01991%

Table 18 Chimpanzee VS Human Chromosome 6, thresholds 10,25,50,100
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Database Query part of | Window Hit Database Database Database Database
chimpanzee human % of Rate % Space % for Space % for Space % for Space % for
chromosome chromosome query threshold 2 threshold 3 threshold 4 threshold 5

10% 1,46995% 0,52218% 0,23878% 0,10572%

20% 1,63786% 0,59140% 0,27791% 0,12283%

30% 1,79685% 0,66366% 0,31098% 0,13854%

Chr7 Chr7q 40% 1,95355% 0,73377% 0,34614% 0,16016%
(Size (Size 700 50% 0.010% 2,10369% 0,80261% 0,37804% 0,17563%
162359053 characters) 60% ’ 2,26206% 0,86790% 0,40775% 0,18947%
characters) 70% 2,41918% 0,93529% 0,43996% 0,20463%
80% 2,57780% 1,00588% 0,47626% 0,22206%

90% 2,74586% 1,07591% 0,51011% 0,24126%

100% 2,90275% 1,14495% 0,54440% 0,25791%

Table 19 Chimpanzee VS Human Chromosome 7, thresholds 2,3,4,5

Database Query part of Window . Database Database Database Database
chimpanzee human % of Hit Rate Space % for | Space % for | Space % for Space % for

chromosome chromosome query % threshold threshold threshold threshold

10 25 50 100

10% 0,00562% 0,00139% 0,00087% 0,00000%

20% 0,00709% 0,00193% 0,00092% 0,00080%

30% 0,00896% 0,00206% 0,00096% 0,00087%

Chr7 Chr7q 40% 0,00981% 0,00219% 0,00101% 0,00091%

(Size (Size 700 50% 0.010% 0,01005% 0,00277% 0,00105% 0,00095%

162359053 characters) 60% ! 0,01126% 0,00204% 0,00155% 0,00100%

characters) 70% 0,01194% 0,00212% 0,00165% 0,00104%

80% 0,01380% 0,00221% 0,00173% 0,00108%

90% 0,01597% 0,00229% 0,00182% 0,00113%

100% 0,01684% 0,00238% 0,00191% 0,00117%

Table 20 Chimpanzee VS Human Chromosome 7, thresholds 10,25,50,100

Database Query part of | Window Hit Database Database Database Database
chimpanzee human % of Rate % Space % for Space % for Space % for Space % for
chromosome chromosome query threshold 2 threshold 3 threshold 4 threshold 5

10% 0,01401% 8,88965% 3,73705% 1,73178%

20% 0,01531% 11,06658% 5,09439% 2,51629%

30% 0,01628% 12,96321% 6,36724% 3,27681%

Chr8 40% 0,01849% 14,86652% 7,63375% 4,14873%
(Size (Si(;};rf';]BO 50% 0058% |_001957% 16,77179% 8,92049% 4,96908%
148638763 characters) 60% ’ 0,02065% 18,55964% 10,20215% 5,80738%
characters) 70% 0,02173% 20,31498% 11,48185% 6,64326%
80% 0,02281% 22,13715% 12,76331% 7,55417%

90% 0,02516% 23,87049% 14,07677% 8,48957%

100% 0,02636% 25,58314% 15,38733% 9,38510%

Table 21 Chimpanzee VS Human Chromosome 8, thresholds 2,3,4,5

Database Query partof | Window . Database Database Database Database
chimpanzee human % of Hit Rate Space % for | Space % for | Space % for Space % for

chromosome chromosome query % threshold threshold threshold threshold

10 25 50 100

10% 0,09134% 0,02622% 0,01914% 0,01401%

20% 0,14524% 0,02935% 0,02047% 0,01531%

30% 0,19584% 0,03257% 0,02179% 0,01628%

Chr8 40% 0,25860% 0,03593% 0,02313% 0,01849%

(Size (Siczzrf%o 50% 0.058% 0,32316% 0,04064% 0,02445% 0,01957%

148638763 characters) 60% ’ 0,42267% 0,04500% 0,02577% 0,02065%

characters) 70% 0,52176% 0,05308% 0,02709% 0,02173%

80% 0,61095% 0,05852% 0,02843% 0,02281%

90% 0,75053% 0,06190% 0,02975% 0,02516%

100% 0,90001% 0,06506% 0,03107% 0,02636%

Table 22 Chimpanzee VS Human Chromosome 8, thresholds 10,25,50,100

Microprocessors and Hardware Laboratory - MHL

Page 45




Rate-based Prefiltering Approach for BLAST Algorithm Acceleration

Database Query part of | Window Hit Database Database Database Database
chimpanzee human % of Rate % Space % for Space % for Space % for Space % for
chromosome chromosome query threshold 2 threshold 3 threshold 4 threshold 5

10% 52,14174% 35,70315% 26,27202% 20,09645%

20% 57,42680% 41,11884% 30,91144% 23,89371%

30% 61,77050% 45,82078% 35,11153% 27,55357%

Chr9 40% 65,55173% 50,01162% 39,00396% 30,98112%
(Size (Si(;}elrlgg65 50% 0.205% 68,86724% 53,84642% 42,63471% 34,33123%
120061799 characters) 60% ’ 71,86312% 57,30924% 46,09915% 37,51657%
characters) 70% 74,52124% 60,50824% 49,37307% 40,53543%
80% 76,92847% 63,45718% 52,39454% 43,49823%

90% 79,10944% 66,23881% 55,38659% 46,32537%

100% 81,06245% 68,77914% 58,11400% 49,05627%

Table 23 Chimpanzee VS Human Chromosome 9, thresholds 2,3,4,5

Database Query part of Window . Database Database Database Database
chimpanzee human % of Hit Rate Space % for | Space % for | Space % for Space % for

chromosome chromosome query % threshold threshold threshold threshold

10 25 50 100

10% 7,61398% 0,58820% 0,04430% 0,00332%

20% 9,14115% 0,78465% 0,06048% 0,01041%

30% 10,68664% 0,96372% 0,07056% 0,01303%

Chr9 Chr9q 40% 12,32053% 1,20165% 0,08808% 0,01582%

(Size (Size 1865 50% 0.205% 13,98859% 1,43010% 0,10389% 0,01924%

120061799 characters) 60% ! 15,72245% 1,68350% 0,11823% 0,02065%

characters) 70% 17,52834% 1,94172% 0,13965% 0,02205%

80% 19,37556% 2,24474% 0,16118% 0,02345%

90% 21,16511% 2,54717% 0,17993% 0,02649%

100% 23,02853% 2,92572% 0,20209% 0,02812%

Table 24 Chimpanzee VS Human Chromosome 9, thresholds 10,25,50,100

Database Query part of | Window Hit Database Database Database Database
chimpanzee human % of Rate % Space % for Space % for Space % for Space % for
chromosome chromosome query threshold 2 threshold 3 threshold 4 threshold 5

10% 33,11310% 17,98532% 10,35217% 6,26894%

20% 36,99100% 21,42048% 12,79046% 7,98756%

30% 40,53500% 24,62980% 15,27329% 9,72599%

Chr10 40% 43,76999% 27,58035% 17,62341% 11,54304%
(Size (5(1:2(511%(;0 50% 0131% 46,85358% 30,39318% 19,91120% 13,26481%
137441083 characters) 60% ’ 49,72797% 33,13655% 22,17431% 15,01556%
characters) 70% 52,46424% 35,81592% 24,38500% 16,79329%
80% 55,02326% 38,36060% 26,56434% 18,57778%

90% 57,43763% 40,81492% 28,73264% 20,38455%

100% 59,70814% 43,17155% 30,85577% 22,16591%

Table 25 Chimpanzee VS Human Chromosome 10, thresholds 2,3,4,5

Datab erv part of Window Database Database Database Database
atabase Query p Hit Rate Space % for | Space % for | Space % for Space % for
chimpanzee human % of

% threshold threshold threshold threshold

chromosome chromosome query 10 25 50 100
10% 0,78837% 0,02204% 0,00183% 0,00175%
20% 1,04613% 0,02891% 0,00297% 0,00184%
30% 1,40171% 0,03439% 0,00315% 0,00193%
Chr10 Chr10 40% 1,72067% 0,04491% 0,00334% 0,00202%
(Size (Sizerlzgo 50% 0131% 2,10432% 0,05045% 0,00352% 0,00212%
137441083 characters) 60% ! 0 2,52762% 0,05512% 0,00473% 0,00221%
characters) 70% 2,93305% 0,06390% 0,00501% 0,00230%
80% 3,40080% 0,07020% 0,00529% 0,00239%
90% 3,93509% 0,08089% 0,00558% 0,00249%
100% 4,44654% 0,09343% 0,00679% 0,00258%

Table 26 Chimpanzee VS Human Chromosome 10, thresholds 10,25,50,100
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Database Query part of | Window Hit Database Database Database Database
chimpanzee human % of Rate % Space % for Space % for Space % for Space % for
chromosome chromosome query threshold 2 threshold 3 threshold 4 threshold 5

10% 99,89969% 99,72064% 99,27667% 98,32503%

20% 99,94135% 99,87177% 99,72273% 99,46184%

30% 99,95473% 99,90879% 99,84229% 99,71368%

Chr11 Chr1lq 40% 99,96212% 99,93078% 99,88834% 99,81526%
(Size (Size 4772 50% 2.000% 99,96688% 99,94362% 99,91043% 99,86711%
135429951 characters) 60% ’ 99,97065% 99,95679% 99,92417% 99,89568%
characters) 70% 99,97417% 99,96288% 99,93577% 99,91358%
80% 99,97706% 99,96917% 99,94787% 99,93091%

90% 99,97955% 99,97332% 99,95748% 99,93940%

100% 99,98167% 99,97675% 99,96620% 99,94928%

Table 27 Chimpanzee VS Human Chromosome 11, thresholds 2,3,4,5

Database Query part of Window Database Database Database Database
. yp Hit Rate Space % for | Space % for | Space % for Space % for
chimpanzee human % of
% threshold threshold threshold threshold
chromosome chromosome query 10 25 50 100
10% 88,40167% 64,37156% 64,37156% 2,69741%
20% 94,59926% 73,33299% 73,33299% 10,48407%
30% 97,31555% 79,56146% 79,56146% 18,74556%
Chr11 Chril 40% 98,54749% 84,21386% 84,21386% 26,06771%
(Size (Sizer47(’l72 50% 2.000% 99,20707% 88,03289% 88,03289% 32,59917%
135429951 characters) 60% ! 0 99,51169% 91,08030% 91,08030% 38,36511%
characters) 70% 99,65589% 93,40593% 93,40593% 43,61202%
80% 99,75756% 95,14963% 95,14963% 48,33756%
90% 99,80734% 96,49118% 96,49118% 52,58424%
100% 99,84457% 97,47937% 97,47937% 56,68336%

Table 28 Chimpanzee VS Human Chromosome

11, thresholds 10,25,50,100

Database Query part of | Window Hit Database Database Database Database
chimpanzee human % of Rate % Space % for Space % for Space % for Space % for
chromosome chromosome query 0 threshold 2 threshold 3 threshold 4 threshold 5

10% 92,25198% 76,45637% 58,81778% 43,40459%

20% 95,69126% 85,98683% 72,39902% 58,37106%

30% 97,36197% 90,93100% 80,77802% 68,90745%

Chr12 Chri2 40% 98,31786% 93,94807% 86,53004% 76,73967%
(Size (Siz£31%2 50% 0322% 98,87507% 95,90379% 90,35958% 82,63476%
135675203 characters) 60% ! ? 99,23449% 97,12689% 93,07238% 86,99107%
characters) 70% 99,46598% 97,96996% 94,93220% 90,22009%
80% 99,61403% 98,54809% 96,28588% 92,61384%

90% 99,72749% 98,94715% 97,26367% 94,38800%

100% 99,80232% 99,21605% 97,95864% 95,73729%

Table 29 Chimpanzee VS Human Chromosome 12, thresholds 2,3,4,5

Database Query part of Window Database Database Database Database
. yp Hit Rate Space % for | Space % for | Space % for Space % for
chimpanzee human % of
% threshold threshold threshold threshold
chromosome chromosome query 10 25 50 100
10% 10,63824% 1,76147% 0,06211% 0,00297%
20% 17,69201% 2,35818% 0,11761% 0,00563%
30% 25,10284% 3,04437% 0,20006% 0,00610%
Chr12 Chri2 40% 32,62599% 3,91268% 0,26852% 0,00660%
Size -rtaq 50% 39,74949% | 5,02782% 0,37591% 0,00981%
(Size 3162 0,322%
135675203 characters) 60% ! 0 46,86688% 6,31075% 0,47629% 0,01061%
characters) 70% 53,50624% 7,86151% 0,60614% 0,01141%
80% 59,64344% 9,62828% 0,76867% 0,01284%
90% 65,04520% 11,60009% 0,95564% 0,01833%
100% 70,14120% 13,67762% 1,19092% 0,02667%

Table 30 Chimpanzee VS Human Chromosome 12, thresholds 10,25,50,100

Microprocessors and Hardware Laboratory - MHL

Page 47
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Database Query part of | Window Hit Database Database Database Database
chimpanzee human % of Rate % Space % for Space % for Space % for Space % for
chromosome chromosome query threshold 2 threshold 3 threshold 4 threshold 5

10% 100,01275% 100,01272% | 100,01272% | 100,01271%

20% 100,01275% 100,01272% | 100,01272% | 100,01271%

30% 100,01275% 100,01272% | 100,01272% | 100,01271%

Chr13 Chr13q 40% 100,01275% 100,01272% | 100,01272% | 100,01271%
(Size (Size 12775 50% 11,190 100,01275% 100,01272% 100,01272% 100,01271%
98704794 characters) 60% % 100,01275% 100,01272% | 100,01272% | 100,01271%
characters) 70% 100,01275% 100,01272% 100,01272% 100,01271%
80% 100,01275% 100,01272% | 100,01272% | 100,01271%

90% 100,01275% 100,01272% | 100,01272% | 100,01271%

100% 100,01275% 100,01272% | 100,01272% | 100,01271%

Table 31 Chimpanzee VS Human Chromosome 13, thresholds 2,3,4,5

Database Query part of Window . Database Database Database Database
chimpanzee human % of Hit Rate Space % for | Space % for | Space % for Space % for
chromosome chromosome query % threshold threshold threshold threshold
10 25 50 100
10% 100,01264% | 100,08978% | 100,02399% 100,03153%
20% 100,01264% | 100,01245% | 100,01225% 100,04959%
30% 100,01264% | 100,01246% | 100,01226% 100,01170%
Chr13 40% 100,01264% | 100,01246% | 100,01226% 100,01170%
(Size (Sicz}elr1123;l75 50% 11.190% 100,01264% | 100,01246% | 100,01226% 100,01170%
98704794 characters) 60% ’ 100,01264% | 100,01246% | 100,01226% 100,01170%
characters) 70% 100,01264% | 100,01245% | 100,01225% 100,01170%
80% 100,01264% | 100,01246% | 100,01226% 100,01170%
90% 100,01264% | 100,01246% | 100,01226% 100,01170%
100% 100,01264% | 100,01246% | 100,01226% 100,01170%

Table 32 Chimpanzee VS Human Chromosome 13, thresholds 10,25,50,100

Database Query part of | Window Hit Database Database Database Database
chimpanzee human % of Rate % Space % for Space % for Space % for Space % for
chromosome chromosome query threshold 2 threshold 3 threshold 4 threshold 5

10% 100,01674% 100,02127% | 100,02037% | 100,01067%

20% 100,00556% 100,00489% | 100,00471% | 100,00438%

30% 100,00587% 100,00550% | 100,00532% | 100,00512%

Chr14 Chri4q 40% 100,00587% 100,00587% | 100,00584% | 100,00573%
(Size (Size 5511 50% 3134% 100,00587% 100,00587% 100,00584% 100,00584%
90582208 characters) 60% ’ 100,00587% 100,00587% | 100,00584% | 100,00584%
characters) 70% 100,00587% 100,00587% | 100,00584% | 100,00584%
80% 100,00587% 100,00587% | 100,00584% | 100,00584%

90% 100,00587% 100,00587% | 100,00584% | 100,00584%

100% 100,00587% 100,00587% | 100,00584% | 100,00584%

Table 33 Chimpanzee VS Human Chromosome 14, thresholds 2,3,4,5

Datab tof Window Database Database Database Database
h.a ase Qu(;lry parto % of Hit Rate Space % for | Space % for | Space % for Space % for
Ch !mpanzee h uman ° % threshold threshold threshold threshold
chromosome chromosome query 10 25 50 100
10% 99,20939% 76,58866% 60,98448% 29,58968%
20% 99,97177% 88,35075% 68,76847% 42,22873%
30% 99,99255% 96,07625% 75,18778% 50,70975%
Chr14 Chrl4 40% 99,99646% 99,04029% 81,20936% 57,33208%
(Size (SizerSS(il 50% 31349 100,00429% 99,75066% 87,10653% 62,87852%
90582208 characters) 60% ! 0 100,00535% 99,94408% 92,16482% 68,13112%
characters) 70% 100,00570% 99,98484% 95,86815% 72,85467%
80% 100,00570% 99,99701% 98,03053% 77,27981%
90% 100,00570% | 100,00103% 99,10465% 81,21912%
100% 100,00570% | 100,00276% 99,62128% 84,66596%

Table 34 Chimpanzee VS Human Chromosome 14, thresholds 10,25,50,100
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Database Query part of | Window Hit Database Database Database Database
chimpanzee human % of Rate % Space % for Space % for Space % for Space % for
chromosome chromosome query 0 threshold 2 threshold 3 threshold 4 threshold 5

10% 99,60550% 98,07147% 94,81573% 90,27161%

20% 99,82635% 99,29924% 97,90313% 95,56102%

30% 99,90867% 99,68677% 99,03781% 97,83201%

Chr15 Chris 40% 99,94220% 99,83286% 99,50142% 98,86066%
(Size (Sizer31(;9 50% 1.603% 99,96375% 99,90058% 99,73948% 99,40170%
82071288 characters) 60% ’ 0 99,97551% 99,93968% 99,84955% 99,65491%
characters) 70% 99,98396% 99,96825% 99,91067% 99,78738%
80% 99,98862% 99,97983% 99,94553% 99,87662%

90% 99,99252% 99,98628% 99,96650% 99,92498%

100% 99,99516% 99,99279% 99,98307% 99,95425%

Table 35 Chimpanzee VS Human Chromosome 15, thresholds 2,3,4,5

Database Query part of Window Database Database Database Database
. yp Hit Rate Space % for | Space % for | Space % for Space % for
chimpanzee human % of
% threshold threshold threshold threshold
chromosome chromosome query 10 25 50 100
10% 69,32392% 42,68612% 19,09732% 2,28634%
20% 78,35360% 49,68117% 25,64255% 4,95528%
30% 85,00927% 55,50405% 31,43767% 7,73283%
Chr15 Chris 40% 89,79801% 60,63714% 36,39553% 10,55928%
(Size (Sizer31(’l79 50% 1.603% 93,10135% 65,32694% 40,76020% 13,64020%
82071288 characters) 60% ! 0 95,41285% 69,78300% 44,88812% 16,50829%
characters) 70% 96,92890% 73,71839% 48,79154% 19,54672%
80% 97,97292% 77,45162% 52,37787% 22,50427%
90% 98,64872% 80,89259% 55,71112% 25,41964%
100% 99,13848% 83,93436% 58,95344% 28,33352%

Table 36 Chimpanzee VS Human Chromosome

15, thresholds 10,25,50,100

Database Query part of | Window Hit Database Database Database Database
chimpanzee human % of Rate % Space % for Space % for Space % for Space % for
chromosome chromosome query 0 threshold 2 threshold 3 threshold 4 threshold 5

10% 75,05567% 55,94701% 41,23058% 30,66650%

20% 80,22641% 64,03604% 49,88208% 39,22708%

30% 83,81862% 69,89466% 56,63570% 45,91827%

Chrl6 Chri6 40% 86,55481% 74,41572% 62,15374% 51,69872%
(Size (Sizer31(13 50% 0.238% 88,68524% 78,14949% 66,82448% 56,72068%
83696349 characters) 60% ’ ? 90,45492% 81,19580% 70,98990% 61,06850%
characters) 70% 91,92241% 83,77107% 74,48263% 64,95820%
80% 93,07519% 85,89730% 77,57457% 68,54085%

90% 94,07531% 87,64048% 80,07964% 71,81475%

100% 94,92660% 89,18615% 82,30692% 74,64930%

Table 37 Chimpanzee VS Human Chromosome 16, thresholds 2,3,4,5

Database Query partof | Window . Database Database Database Database
chimpanzee human % of Hit Rate Space % for | Space % for | Space % for Space % for

chromosome chromosome query % threshold threshold threshold threshold

10 25 50 100

10% 8,01946% 0,94156% 0,08521% 0,01205%

20% 12,88258% 1,83610% 0,26765% 0,02046%

30% 16,97894% 2,63759% 0,41019% 0,03371%

Chril6 40% 20,88884% 3,51784% 0,58724% 0,05723%

(Size (S(i:;leﬂfl(iB 50% 02380, | _2468702% | 4,52520% | 0,77003% 0,06677%

83696349 characters) 60% ’ 28,23994% 5,48885% 0,97164% 0,09755%

characters) 70% 31,77278% 6,56632% 1,11827% 0,12737%

80% 35,11558% 7,62094% 1,34923% 0,15318%

90% 38,42928% 8,71572% 1,61541% 0,17519%

100% 41,62968% 9,84672% 1,92804% 0,20582%

Table 38 Chimpanzee VS Human Chromosome 16, thresholds 10,25,50,100
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Database Query part of | Window Hit Database Database Database Database
chimpanzee human % of Rate % Space % for Space % for Space % for Space % for
chromosome chromosome query threshold 2 threshold 3 threshold 4 threshold 5

10% 99,90502% 99,61152% 98,89835% 97,55295%

20% 99,94462% 99,86193% 99,58611% 99,15419%

30% 99,95720% 99,91966% 99,82722% 99,58853%

Chr17 40% 99,96291% 99,93874% 99,90653% 99,80478%
(Size (5(1:35132%9 50% 3013% 99,96897% 99,95590% 99,93400% 99,87901%
81665014 characters) 60% ’ 99,97427% 99,96670% 99,94506% 99,91702%
characters) 70% 99,97815% 99,97140% 99,95462% 99,93737%
80% 99,98641% 99,97601% 99,96246% 99,94982%

90% 99,99041% 99,97854% 99,96771% 99,95781%

100% 99,99238% 99,98097% 99,97451% 99,96638%

Table 39 Chimpanzee VS Human Chromosome 17, thresholds 2,3,4,5

Database Query part of Window . Database Database Database Database
chimpanzee human % of Hit Rate Space % for | Space % for | Space % for Space % for
chromosome chromosome query % threshold threshold threshold threshold

10 25 50 100

10% 87,76555% 77,51344% 54,60578% 5,37139%

20% 93,08693% 81,21808% 64,81239% 22,27246%

30% 96,25514% 84,19845% 70,73300% 34,92096%

Chr17 Chr17q 40% 97,93112% 86,73487% 74,95942% 43,85599%
(Size (Size 3959 50% 3.013% 98,80345% 89,07984% 78,22613% 50,75199%
81665014 characters) 60% ! 99,24372% 91,15241% 80,93637% 56,19707%
characters) 70% 99,52838% 92,92491% 83,24138% 60,81683%
80% 99,68628% 94,47012% 85,27887% 64,64345%

90% 99,76978% 95,77254% 87,10630% 68,08451%

100% 99,81332% 96,79230% 88,63662% 71,19724%

Table 40 Chimpanzee VS Human Chromosome

17, thresholds 10,25,50,100

Database Query part of | Window Hit Database Database Database Database
chimpanzee human % of Rate % Space % for Space % for Space % for | Space % for
chromosome chromosome uer ° threshold 2 threshold 3 threshold 4 threshold 5

query
10% 8,94617% 3,17624% 1,23872% 0,51319%
20% 10,18067% 3,76013% 1,51615% 0,67149%
30% 11,36236% 4,35377% 1,76132% 0,77564%
Chr18 Chri8 40% 12,58287% 4,99119% 2,03282% 0,88787%
(Size (SiZ£21‘é7 50% 00219% |1377734% 5,60016% 2,30521% 1,03323%
77548041 characters) 60% ! ? 14,96043% 6,21027% 2,65582% 1,21655%
characters) 70% 16,14681% 6,79381% 2,99134% 1,38169%
80% 17,32706% 7,42132% 3,33926% 1,57651%
90% 18,52157% 8,07781% 3,67813% 1,76158%
100% 19,65884% 8,72865% 4,05268% 1,95660%

Table 41 Chimpanzee VS Human Chromosome 18, thresholds 2,3,4,5

Database Query partof | Window . Database Database Database Database
chimpanzee human % of Hit Rate Space % for | Space % for | Space % for Space % for
chromosome chromosome query % threshold threshold threshold threshold

10 25 50 100

10% 0,05912% 0,02248% 0,00704% 0,00392%

20% 0,06448% 0,02444% 0,00760% 0,00420%

30% 0,06980% 0,02640% 0,00816% 0,00448%

Chr18 40% 0,07510% 0,02835% 0,00872% 0,00475%
(Size (S(i:;ler12?l(é7 50% 002105 |_008345% | 0,03031% | 0,00928% 0,00503%
77548041 characters) 60% ’ 0,08904% 0,03227% 0,00984% 0,00531%
characters) 70% 0,09462% 0,03422% 0,01039% 0,00559%
80% 0,10026% 0,03618% 0,01099% 0,00587%

90% 0,10590% 0,03814% 0,01155% 0,00615%

100% 0,11149% 0,04010% 0,01210% 0,00643%

Table 42 Chimpanzee VS Human Chromosome 18, thresholds 10,25,50,100
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Database Query part of | Window Hit Database Database Database Database
chimpanzee human % of Rate % Space % for Space % for Space % for Space % for
chromosome chromosome query threshold 2 threshold 3 threshold 4 threshold 5

10% 50,52817% 45,79913% 43,25422% 41,51494%

20% 53,39265% 48,57161% 45,97346% 44,34091%

30% 55,99948% 51,02554% 48,36606% 46,63198%

Chr19 40% 58,41500% 53,34010% 50,57408% 48,79465%
(Size (sci?erll?t%s 50% | (gogys |_6069059% | 5553151% | 52,66745% | 50,79630%
58176543 characters) 60% ’ 62,81737% 57,52321% 54,61675% 52,71256%
characters) 70% 64,82570% 59,44365% 56,49107% 54,51286%
80% 66,70372% 61,25022% 58,29792% 56,21834%

90% 68,45551% 62,98366% 59,96321% 57,86764%

100% 70,09377% 64,60676% 61,56533% 59,43275%

Table 43 Chimpanzee VS Human Chromosome 19, thresholds 2,3,4,5

Datab Query part of Window Database Database Database Database
atabase yp Hit Rate Space % for | Space % for | Space % for Space % for
chimpanzee human % of

% threshold threshold threshold threshold

chromosome chromosome query 10 25 50 100
10% 35,09451% 13,58127% 0,19739% 0,00000%
20% 38,58750% 21,87424% 1,74784% 0,00000%
30% 40,89679% 24,81156% 4,02454% 0,00517%
Chr19 Chr19 40% 43,01896% 27,17355% 6,27972% 0,05067%
(Size (i r14%8 50% 0.898% 45,02905% 29,22324% 8,16142% 0,12024%
58176543 ch;Zchters) 60% O707 1T 46,88660% | 31,20970% | 9,84788% 0,27577%
characters) 70% 48,69856% 33,06492% 11,41306% 0,49319%
80% 50,42867% 34,83238% 12,86679% 0,75716%
90% 52,05698% 36,56544% 14,41330% 1,16781%
100% 53,61335% 38,26990% 15,82005% 1,57814%

Table 44 Chimpanzee VS Human Chromosome

19, thresholds 10,25,50,100

Database Query part of | Window Hit Database Database Database Database
chimpanzee human % of Rate % Space % for Space % for Space % for Space % for
chromosome chromosome query threshold 2 threshold 3 threshold 4 threshold 5

10% 99,24431% 96,35832% 90,72847% 83,48308%

20% 99,65191% 98,52804% 95,88725% 91,82204%

30% 99,78678% 99,32063% 97,96266% 95,47757%

Chr20 40% 99,86097% 99,57534% 98,84724% 97,31797%
(Size (5(1:25233%2 50% 1.664% 99,91186% 99,72042% 99,31605% 98,34419%
61944263 characters) 60% ’ 99,94150% 99,80368% 99,55511% 98,96623%
characters) 70% 99,96114% 99,86395% 99,69174% 99,32875%
80% 99,97176% 99,90457% 99,76992% 99,52756%

90% 99,98036% 99,94052% 99,83352% 99,66186%

100% 99,98523% 99,95411% 99,87926% 99,74535%

Table 45 Chimpanzee VS Human Chromosome 20, thresholds 2,3,4,5

Datab v part of Window Database Database Database Database
atabase Query p Hit Rate Space % for | Space % for | Space % for Space % for
chimpanzee human % of
% threshold threshold threshold threshold
chromosome chromosome query 10 25 50 100
10% 56,75542% 43,68808% 32,75301% 7,67493%
20% 66,46641% 47,19827% 36,47983% 13,03435%
30% 75,31526% 50,67713% 39,76887% 16,65025%
Chr20 Chr20 40% 82,43932% 53,95031% 42,78993% 20,11140%
(Size si r34%2 50% Leeay, |_8751412% [ 57,39245% | 4555401% | 23,12341%
61944263 ch;Zchters) 60% PO 1791,00386% | 60,87687% | 48,20399% | 25,96649%
characters) 70% 93,59518% 64,64938% 50,69280% 28,86166%
80% 95,30162% 68,13549% 53,11246% 31,46540%
90% 96,55112% 71,69106% 55,30480% 33,93814%
100% 97,44507% 75,04563% 57,47056% 36,43924%

Table 46 Chimpanzee VS Human Chromosome 20, thresholds 10,25,50,100
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Database Query part of | Window Hit Database Database Database Database
chimpanzee human % of Rate % Space % for Space % for Space % for Space % for
chromosome chromosome query 0 threshold 2 threshold 3 threshold 4 threshold 5

10% 40,08949% 29,38879% 23,53711% 19,54954%

20% 43,88507% 32,51746% 26,21607% 21,96319%

30% 47,30834% 35,62359% 28,81889% 24,19390%

Chr21 Chr21 40% 50,48933% 38,58809% 31,25734% 26,35913%

Size . 0% 3,48847% 41,46022% 33,72057% 28,51041%
(51251237 > 0,251% > > >

32724799 characters) 60% ’ ’ 56,44865% 44,22841% 36,14676% 30,63168%

characters) 70% 59,11959% 46,82447% 38,47617% 32,70594%

80% 61,70248% 49,38473% 40,77647% 34,81510%

90% 64,11385% 51,80925% 42,93177% 36,82214%

100% 66,30757% 54,04895% 45,10337% 38,75791%

Table 47 Chimpanzee VS Human Chromosome 21, thresholds 2,3,4,5

Database Query part of Window . Database Database Database Database
chimpanzee human % of Hit Rate Space % for | Space % for | Space % for Space % for

chromosome chromosome query % threshold threshold threshold threshold

10 25 50 100

10% 8,57729% 0,34779% 0,00000% 0,00000%

20% 9,98194% 0,53831% 0,00000% 0,00000%

30% 11,27377% 0,70079% 0,00000% 0,00000%

Chr21 40% 12,61903% 0,87822% 0,00394% 0,00000%

(Size (S(i:;ler2112%7 50% 0.251% 13,90003% 1,07943% 0,00431% 0,00000%

32724799 characters) 60% ! 15,20248% 1,29479% 0,00873% 0,00000%

characters) 70% 16,52645% 1,55128% 0,00948% 0,00000%

80% 17,88774% 1,78550% 0,01023% 0,00000%

90% 19,24865% 2,09038% 0,01944% 0,00000%

100% 20,62824% 2,37891% 0,02545% 0,00000%

Table 48 Chimpanzee VS Human Chromosome 21, thresholds 10,25,50,100

Database Query part of | Window Hit Database Database Database Database
chimpanzee human % of Rate % Space % for Space % for Space % for Space % for
chromosome chromosome query 0 threshold 2 threshold 3 threshold 4 threshold 5

10% 99,97316% 99,95051% 99,91323% 99,83514%

20% 99,97072% 99,96033% 99,94066% 99,92615%

30% 99,96252% 99,96657% 99,95596% 99,95028%

Chr22 Chr22 40% 99,96552% 99,95760% 99,94999% 99,94590%
(Size (Sizer45%3 50% 2.285% 99,96682% 99,96151% 99,95445% 99,95272%
35163897 characters) 60% ! ? 99,96812% 99,96542% 99,95836% 99,95667%
characters) 70% 99,96943% 99,96921% 99,96227% 99,96059%
80% 99,97073% 99,97071% 99,96593% 99,96426%

90% 99,97203% 99,97202% 99,96854% 99,96687%

100% 99,97303% 99,97302% 99,97085% 99,96917%

Table 49 Chimpanzee VS Human Chromosome 22, thresholds 2,3,4,5

Database Query part of Window Database Database Database Database
. yp Hit Rate Space % for | Space % for | Space % for Space % for
chimpanzee human % of
% threshold threshold threshold threshold
chromosome chromosome query 10 25 50 100
10% 97,08669% 71,29801% 20,44742% 0,08011%
20% 99,19989% 86,12109% 44,65673% 3,29838%
30% 99,70497% 92,25090% 63,27983% 9,70366%
Chr22 Chr22 40% 99,86124% 95,45992% 74,61622% 19,14591%
(Size (Sizer45%3 50% 2285% 99,90898% 97,36417% 82,16152% 30,67986%
35163897 characters) 60% ! 0 99,94390% 98,46414% 87,04508% 42,53968%
characters) 70% 99,95336% 99,17791% 90,49428% 52,41529%
80% 99,95767% 99,53908% 92,93012% 60,73340%
90% 99,96158% 99,68307% 94,69129% 67,67643%
100% 99,96508% 99,80814% 96,14135% 73,09763%

Table 50 Chimpanzee VS Human Chromosome 22, thresholds 10,25,50,100
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Database Query part of | Window Hit Database Database Database Database
chimpanzee human % of Rate % Space % for Space % for Space % for Space % for
chromosome chromosome query 0 threshold 2 threshold 3 threshold 4 threshold 5

10% 33,55978% 19,46973% 12,34355% 7,65527%

20% 37,15220% 23,18893% 15,21837% 9,91249%

30% 40,52605% 26,24985% 17,78410% 11,84692%

ChrX 40% 43,51536% 29,06583% 20,07127% 13,73210%

ChrX
(Size (Sizer1258 50% 0.108% 46,32315% 31,73492% 22,30471% 15,51644%
150212081 60% ’ 0 48,96896% 34,24429% 24,45723% 17,35475%
characters)

characters) 70% 51,45258% 36,68559% 26,57641% 19,16258%
80% 53,83319% 39,04943% 28,67284% 20,99111%

90% 56,06682% 41,27280% 30,72401% 22,75623%

100% 58,23453% 43,49595% 32,76069% 24,50828%

Table 51 Chimpanzee VS Human Chromosome X, thresholds 2,3,4,5

Database Query part of Window . Database Database Database Database
chimpanzee human % of Hit Rate Space % for | Space % for | Space % for Space % for
chromosome chromosome query % threshold threshold threshold threshold

10 25 50 100

10% 1,40004% 0,01660% 0,00000% 0,00000%

20% 1,86112% 0,03767% 0,00120% 0,00000%

30% 2,34148% 0,05840% 0,00393% 0,00000%

ChrX ChrXq 40% 2,83536% 0,08088% 0,00553% 0,00000%
(Size (Size 1658 50% 0.108% 3,36201% 0,10657% 0,00610% 0,00000%
150212081 characters) 60% ! 3,89377% 0,12605% 0,00656% 0,00000%
characters) 70% 4,45566% 0,15150% 0,00811% 0,00000%
80% 5,07416% 0,17907% 0,00985% 0,00121%

90% 5,69801% 0,20935% 0,01295% 0,00132%

100% 6,32393% 0,24690% 0,01639% 0,00146%

Table 52 Chimpanzee VS Human Chromosome X, thresholds 10,25,50,100

Database Query part of | Window Hit Database Database Database Database
chimpanzee human % of Rate % Space % for Space % for Space % for Space % for
chromosome chromosome query threshold 2 threshold 3 threshold 4 threshold 5

10% 85,37016% 65,01173% 46,25236% 30,27861%

20% 89,50116% 74,44551% 58,11092% 42,86122%

30% 92,10471% 80,56263% 67,29021% 53,41478%

ChrY Chryq 40% 94,03492% 85,04324% 73,73703% 60,76076%
(Size (Size 3175 50% 0.208% 95,22364% 88,01914% 78,64068% 66,94981%
11163273 characters) 60% ’ 96,20835% 90,46402% 82,55172% 72,36895%
characters) 70% 96,92775% 92,40725% 85,64545% 76,82966%
80% 97,47011% 93,88837% 88,21238% 80,39675%

90% 97,89473% 95,00236% 90,08088% 83,37480%

100% 98,32645% 95,99099% 91,93404% 86,00310%

Table 53 Chimpanzee VS Human Chromosome Y, thresholds 2,3,4,5

Database Query partof | Window . Database Database Database Database
chimpanzee human % of Hit Rate Space % for | Space % for | Space % for Space % for

chromosome chromosome query % threshold threshold threshold threshold

10 25 50 100

10% 2,46926% 0,11004% 0,10616% 0,04358%

20% 5,99838% 0,14909% 0,11508% 0,04644%

30% 10,24330% 0,19179% 0,12361% 0,04948%

ChrY 40% 15,01277% 0,28892% 0,13273% 0,05234%

(Size (Sicz];r;%s 50% 0208% |_2039106% 0,34182% 0,14130% 0,05518%

11163273 characters) 60% ’ 26,33332% 0,40148% 0,15005% 0,05805%

characters) 70% 31,40135% 0,52472% 0,15865% 0,06089%

80% 36,78767% 0,73833% 0,16750% 0,06376%

90% 41,71927% 0,93576% 0,17608% 0,06660%

100% 46,93111% 1,59710% 0,21828% 0,06946%

Table 54 Chimpanzee VS Human Chromosome Y, thresholds 10,25,50,100
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clll)i?nt:gi?; Query part of human Window % of HitoRate 303;:??;::;;2(1:3
chromosome chromosome query %o 2
10% 0,01729%
20% 0,01887%
30% 0,02045%
40% 0,02202%
Chr3q(Size 100 50% 0.001% 0,02360%
characters) 60% ’ 0,02517%
70% 0,02675%
80% 0,02832%
90% 0,02990%
100% 0,03147%
10% 0,79670%
20% 0,87351%
30% 0,95016%
40% 1,02851%
Chr3q(Size 500 50% 1,10437%
characters) 60% 0,008% 1,18071%
70% 1,25862%
80% 1,33731%
90% 1,41301%
100% 1,48997%
10% 3,11632%
20% 3,47686%
30% 3,83110%
Chr3 40% 4,19408%
. Chr3q(Size 1000 50% 4,55829%
(Slii:gzcjfrtz)}sg characters) 60% 0,017% 4,92814%
70% 5,30221%
80% 5,67721%
90% 6,06688%
100% 6,44482%
10% 100,00274%
20% 100,00185%
30% 100,00138%
40% 100,00197%
Chr3q(Size 5000 50% 4622% 100,00222%
characters) 60% ’ 100,00230%
70% 100,00230%
80% 100,00230%
90% 100,00230%
100% 100,00230%
10% 100,00489%
20% 100,00489%
30% 100,00489%
40% 100,00489%
Chr3q(Size 10000 50% 10,083% 100,00489%
characters) 60% 100,00489%
70% 100,00489%
80% 100,00489%
90% 100,00489%
100% 100,00489%

Table 55 Chimpanzee VS Human Chromosome 3, sample of query sizes
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cl?i?nt:g?lzze Query part of human Window % of HitoRate 303;:??;::;;2(1:3
chromosome chromosome query %o 2

10% 0,04073%

20% 0,04451%

30% 0,04835%

40% 0,05215%

Chre6q(Size 100 50% 0,002% 0,05589%

characters) 60% 0,05963%

70% 0,06337%

80% 0,06711%

90% 0,07085%

100% 0,07459%

10% 9,64847%

20% 10,68120%

30% 11,67053%

40% 12,66332%

Chré6q(Size 500 50% 0,099% 13,63866%

characters) 60% 14,59264%

70% 15,52534%

80% 16,45459%

90% 17,38603%

100% 18,31909%

10% 40,46808%

20% 44,64828%

30% 48,31180%

Chr6 Chréq(Size 1000 ;ng;o 23{2@%3’
i ré6q(Size 0 , 0
(Slzi177555873 characters) 60% 0.236% 57,42039%
characters) 70% 60,00257%
80% 62,38816%

90% 64,61751%

100% 66,69790%
10% 100,00389%
20% 100,00183%
30% 100,00227%
40% 100,00256%
Chréq(Size 5000 50% 2810% 100,00260%
characters) 60% ’ 100,00260%
70% 100,00260%
80% 100,00260%
90% 100,00260%
100% 100,00260%
10% 100,00553%
20% 100,00553%
30% 100,00553%
40% 100,00553%
Chré6q(Size 10000 50% 7 246% 100,00553%
characters) 60% 100,00553%
70% 100,00553%
80% 100,00553%
90% 100,00553%
100% 100,00553%

Table 56 Chimpanzee VS Human Chromosome 6, sample of query sizes
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clll)i?nt:gi?; Query part of human Window % of HitoRate 303;:??;::;;2(1:3
chromosome chromosome query %o 2
10% 0,05655%
20% 0,06164%
30% 0,06699%
40% 0,07245%
Chr7q(Size 100 50% 0,003% 0,07759%
characters) 60% 0,08266%
70% 0,08803%
80% 0,09335%
90% 0,09842%
100% 0,10357%
10% 0,73294%
20% 0,80748%
30% 0,88017%
40% 0,95209%
Chr7q(Size 500 50% 0,007% 1,02418%
characters) 60% 1,09549%
70% 1,16561%
80% 1,23774%
90% 1,31259%
100% 1,38700%
10% 40,22183%
20% 43,13810%
30% 45,81004%
40% 48,39850%
Chr7
. Chr7q(Size 1000 50% 50,82363%
(Slzi 162359053 characters) 60% 0,915% 53,10113%
characters) 70% 55,27278%
80% 57,36327%
90% 59,34553%
100% 61,23563%
10% 99,98067%
20% 99,98305%
30% 99,98625%
40% 99,98844%
Chr7q(Size 5000 50% 3.803% 99,99041%
characters) 60% ’ 99,99225%
70% 99,99380%
80% 99,99534%
90% 99,99720%
100% 99,99873%
10% 100,00611%
20% 100,00611%
30% 100,00611%
40% 100,00611%
Chr7q(Size 10000 50% 7320% 100,00611%
characters) 60% 100,00611%
70% 100,00611%
80% 100,00611%
90% 100,00611%
100% 100,00611%

Table 57 Chimpanzee VS Human Chromosome 7, sample of query sizes
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clll)i?nt:gi?; Query part of human Window % of HitoRate 303;:??;::;;2(1:3
chromosome chromosome query %o 2
10% 0,01185%
20% 0,01292%
30% 0,01398%
40% 0,01504%
Chr8q(Size 100 50% 0,001% 0,01611%
characters) 60% 0,01717%
70% 0,01823%
80% 0,01930%
90% 0,02036%
100% 0,02142%
10% 0,49938%
20% 0,54744%
30% 0,59497%
40% 0,64194%
Chr8q(Size 500 50% 0.005% 0,69111%
characters) 60% 0,73795%
70% 0,78682%
80% 0,83513%
90% 0,88369%
100% 0,93326%
10% 3,17670%
20% 3,55469%
30% 3,92693%
Chr8 40% 4,31028%
. Chr8q(Size 1000 50% 4,69081%
(Slzi 148?8763 characters) 60% 0.016% 5,07828%
characters) 70% 5,45789%
80% 5,83749%
90% 6,22314%
100% 6,60664%
10% 99,99139%
20% 99,99715%
30% 99,99967%
40% 100,00161%
Chr8q(Size 5000 50% 1.715% 100,00270%
characters) 60% ' 100,00303%
70% 100,00303%
80% 100,00303%
90% 100,00303%
100% 100,00303%
10% 100,00661%
20% 100,00661%
30% 100,00661%
40% 100,00661%
Chr8q(Size 10000 50% 6.395% 100,00661%
characters) 60% ’ 100,00661%
70% 100,00661%
80% 100,00661%
90% 100,00661%
100% 100,00661%

Table 58 Chimpanzee VS Human Chromosome 8, sample of query sizes
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clll)i?nt:gi?; Query part of human Window % of HitoRate 303;:??;::;;2(1:3
chromosome chromosome query %o 2
10% 0,01484%
20% 0,01620%
30% 0,01765%
40% 0,01921%
Chr9q(Size 100 50% 0,001% 0,02059%
characters) 60% 0,02196%
70% 0,02343%
80% 0,02484%
90% 0,02622%
100% 0,02760%
10% 0,80243%
20% 0,88056%
30% 0,95851%
40% 1,03707%
Chr9q(Size 500 50% 1,11236%
characters) 60% 0,008% 1,18926%
70% 1,26874%
80% 1,34567%
90% 1,42409%
100% 1,50226%
10% 5,35506%
20% 6,01849%
30% 6,63870%
40% 7,26293%
Chr9
. Chr9q(Size 1000 50% 7,89173%
(Slzi 120?61799 characters) 60% 0,026% 8,52433%
characters) 70% 9,14423%
80% 9,74554%
90% 10,35877%
100% 10,97574%
10% 99,98122%
20% 100,00082%
30% 99,99261%
40% 99,99472%
Chr9q(Size 5000 50% 1.718% 99,99797%
characters) 60% ’ 99,99935%
70% 100,00018%
80% 100,00101%
90% 100,00185%
100% 100,00287%
10% 100,00818%
20% 100,00818%
30% 100,00818%
40% 100,00818%
Chr9q(Size 10000 50% 2.823% 100,00818%
characters) 60% ’ 100,00818%
70% 100,00818%
80% 100,00818%
90% 100,00818%
100% 100,00818%

Table 59 Chimpanzee VS Human Chromosome 9, sample of query sizes
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clll)i?nt:gi?; Query part of human Window % of HitoRate 303;:??;::;;2(1:3
chromosome chromosome query %o 2
10% 0,06280%
20% 0,06863%
30% 0,07437%
40% 0,08021%
Chr13q(Size 100 50% 0.003% 0,08595%
characters) 60% ’ 0,09170%
70% 0,09744%
80% 0,10319%
90% 0,10893%
100% 0,11467%
10% 4,45073%
20% 4,87248%
30% 5,28352%
40% 5,68569%
Chr13q(Size 500 50% 0.070% 6,08693%
characters) 60% ’ 6,48881%
70% 6,89201%
80% 7,29818%
90% 7,69215%
100% 8,09314%
10% 26,08391%
20% 29,16503%
30% 31,96758%
Chri3 Chr13q(Size 1000 ;ng;o 23’233323’
. r13q(Size b , o
(S‘CZ};?SZJ;Z)% characters) 60% 0,167% 39,61983%
70% 41,96174%
80% 44,20348%
90% 46,39564%
100% 48,44972%
10% 99,99819%
20% 99,99937%
30% 100,00039%
40% 100,00161%
Chr13q(Size 5000 50% 2076% 100,00212%
characters) 60% ’ 100,00263%
70% 100,00313%
80% 100,00373%
90% 100,00424%
100% 100,00461%
10% 100,00994%
20% 100,00994%
30% 100,00994%
40% 100,00994%
Chr13q(Size 10000 50% 7273% 100,00994%
characters) 60% ’ 100,00994%
70% 100,00994%
80% 100,00994%
90% 100,00994%
100% 100,00994%

Table 60 Chimpanzee VS Human Chromosome 13, sample of query sizes
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clll)i?nt:gi?; Query part of human Window % of HitoRate 303;:??;::;;2(1:3
chromosome chromosome query %o 2
10% 3,11416%
20% 3,37625%
30% 3,63447%
40% 3,88956%
Chr17q(Size 100 50% 0,181% 4,14086%
characters) 60% 4,39101%
70% 4,63784%
80% 4,88117%
90% 512172%
100% 5,35860%
10% 18,75500%
20% 20,05536%
30% 21,32886%
40% 22,55922%
Chr17q(Size 500 50% 0,263% 23,77716%
characters) 60% 24,95837%
70% 26,11051%
80% 27,24080%
90% 28,35097%
100% 29,43217%
10% 34,39168%
20% 36,88812%
30% 39,21623%
40% 41,42825%
Chr17
. Chr17q(Size 1000 50% 43,52947%
(Slcsza?;f‘cifg)l4 characters) 60% 0.292% 45,54940%
70% 47,48160%
80% 49,34243%
90% 51,12970%
100% 52,84733%
10% 100,01353%
20% 100,00947%
30% 100,01129%
40% 100,00588%
Chr17q(Size 5000 50% 2 447% 100,00588%
characters) 60% ’ 100,00588%
70% 100,00588%
80% 100,00588%
90% 100,00588%
100% 100,00588%
10% 100,02408%
20% 100,01215%
30% 100,01215%
40% 100,01215%
Chr17q(Size 10000 50% 7 634% 100,01215%
characters) 60% 100,01215%
70% 100,01215%
80% 100,01215%
90% 100,01215%
100% 100,01215%

Table 61 Chimpanzee VS Human Chromosome 17, sample of query sizes
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Database

Database Space

chimpanzee Query part of human Window % of HitoRate % for threshold
chromosome chromosome query %o 2
10% 0,02642%
20% 0,02882%
30% 0,03123%
40% 0,03363%
Chr20q(Size 100 50% 0,002% 0,03604%
characters) 60% 0,03844%
70% 0,04085%
80% 0,04326%
90% 0,04566%
100% 0,04807%
10% 1,36073%
20% 1,49779%
30% 1,63864%
40% 1,78397%
Chr20q(Size 500 50% 0,284% 1,92537%
characters) 60% 2,06960%
70% 2,23883%
80% 2,38248%
90% 2,53070%
100% 2,67858%
10% 7,74490%
20% 8,76071%
30% 9,77452%
Chr20 40% 10,83406%
. Chr20q(Size 1000 50% 11,87529%
(Slcsza?‘;cgtifszfg characters) 60% 0.677% 12,88276%
70% 13,96062%
80% 15,02230%
90% 16,07882%
100% 17,13547%
10% 100,00203%
20% 99,99682%
30% 99,99983%
40% 100,00172%
Chr20q(Size 5000 50% 8.054% 100,00253%
characters) 60% ’ 100,00333%
70% 100,00414%
80% 100,00495%
90% 100,00576%
100% 100,00656%
10% 100,01601%
20% 100,01601%
30% 100,01601%
40% 100,01601%
Chr20q(Size 10000 50% 100,01601%
characters) 60% 20,769% ™100,01601%
70% 100,01601%
80% 100,01601%
90% 100,01601%
100% 100,01601%

Table 62 Chimpanzee VS Human Chromosome 20, sample of query sizes
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clll)i?nt:gi?; Query part of human Window % of HitoRate 303;:??;::;;2(1:3
chromosome chromosome query %o 2
10% 0,00568%
20% 0,00620%
30% 0,00672%
40% 0,00724%
Chr21q(Size 100 50% 0,00776%
characters) 60% 0,0003% 0,00828%
70% 0,00879%
80% 0,00931%
90% 0,00983%
100% 0,01035%
10% 7,92979%
20% 8,61542%
30% 9,30939%
40% 9,99223%
Chr21q(Size 500 50% 0.104% 10,66799%
characters) 60% ’ 11,34378%
70% 12,01907%
80% 12,68003%
90% 13,33473%
100% 13,98347%
10% 20,47533%
20% 22,59326%
30% 24,66217%
Chr21 Chr21q(Size 1000 ;ng;o 33’?3333’
. r21q(Size o , o
(Slczrfai iztifz)gg characters) 60% 0,135% 30,47313%
70% 32,36602%
80% 34,20779%
90% 36,05433%
100% 37,82167%
10% 100,00949%
20% 100,01370%
30% 100,01462%
40% 100,01462%
Chr21q(Size 5000 50% 3813% 100,01462%
characters) 60% ’ 100,01462%
70% 100,01462%
80% 100,01462%
90% 100,01462%
100% 100,01462%
10% 100,03037%
20% 100,03037%
30% 100,03037%
40% 100,03037%
Chr21q(Size 10000 50% 9228% 100,03037%
characters) 60% ’ 100,03037%
70% 100,03037%
80% 100,03037%
90% 100,03037%
100% 100,03037%

Table 63 Chimpanzee VS Human Chromosome 21, sample of query sizes
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Database Query part Window Database
chimpanzee of human % of Space % for Database Space % for separated queries
chromosome | chromosome query total query
Query, parts of 250 characters

10% | 3,11632% 0,52070%

20% | 3,47686% 0,56867%

30% | 3,83110% 0,61614%

(total query) |_40% | 4,19408% 0,66427%

chr3 chr3q 50% 4,55829% 0,71237%

(Size 965 60% 4,92814% 0,76059%

characters) |"7005 | 5,30221% 0,80866%

80% 5,67721% 0,85704%

90% 6,06688% 0,90536%

100% | 6,44482% 0,95454%

Table 64 Chimpanzee VS Human Chromosome 3, partitioned queries

Database |Query partof | Window Database
chimpanzee human % of Space % for Database Space % for separated queries
chromosome | chromosome query total query
Query, parts of Query, parts Query, parts Query, parts Query, parts
1000 of 500 of 250 of 150 0of 100
characters characters characters characters characters
10% 100,01275% | 88,01238% | 56,79287% | 31,86639% | 19,89180% | 13,94842%
20% 100,01275% | 90,67320% | 60,12930% | 34,10059% | 21,40844% | 15,08292%
30% 100,01275% | 92,60044% | 63,19930% | 36,23447% | 22,86692% | 16,09720%
(total query) | 40% | 100,01275% | 94,09599% | 66,01189% | 38,29229% | 24,26311% | 17,18371%
chr13 chr13q 50% 100,01275% | 95,25021% | 68,58937% | 40,28316% | 25,62632% | 18,24584%
(Size 12775 60% 100,01275% | 96,13737% | 70,97263% | 42,20140% | 26,95467% | 19,20843%
characters) [™7006 | 100,01275% | 96,84698% | 73,17878% | 44,06180% | 28,25127% | 20,23413%
80% 100,01275% | 97,40666% | 75,21913% | 45,85386% | 29,52300% | 21,15410%
90% 100,01275% | 97,85075% | 77,08886% | 47,59061% | 30,77262% | 22,12870%
100% | 100,01275% | 98,21509% | 78,83651% | 49,32940% | 32,06973% | 23,08460%
Table 65 Chimpanzee VS Human Chromosome 13, partitioned queries
Database |Query partof | Window Database
chimpanzee human % of Space % for Database Space % for separated queries
chromosome | chromosome query total query
Query, parts of | Query, parts Query, parts Query, parts Query, parts
1000 of 500 of 250 of 150 of 100
characters characters characters characters characters

10% 85,37016% 28,71856% | 13,37890% | 5,64921% 2,31991% 1,61528%
20% 89,50116% 31,22707% | 14,55194% | 6,16694% 2,53105% 1,76568%
30% 92,10471% 33,60840% | 15,69361% | 6,66244% 2,73901% 1,90569%
(total query) |_40% | 94,03492% | 36,03200% | 16,83530% | 7,16010% | 2,94596% | 2,05462%
chrY chrYq 50% 95,22364% 38,34534% | 17,96173% | 7,65594% 3,15315% 2,20667%
(Size 3175 60% 96,20835% 40,53956% | 19,06005% | 8,14972% 3,35590% 2,34350%
characters) [™7004 | 96,92775% | 42,69016% | 20,15520% | 8,64082% | 3,56221% | 2,49282%
80% 97,47011% | 44,79639% | 21,23398% | 9,12619% 3,76416% 2,62907%
90% 97,89473% | 46,85125% | 22,29112% | 9,60871% 3,96835% 2,77846%
100% | 98,32645% | 48,77194% | 23,35790% | 10,10898% | 4,18313% 2,92668%

Table 66 Chimpanzee VS Human Chromosome Y, partitioned queries
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Database |Query partof | Window Database
chimpanzee human % of Space % for Database Space % for separated queries
chromosome | chromosome query total query
Query, partsof | Query, parts Query, parts Query, parts Query, parts
1000 of 500 of 250 of 150 of 100
characters characters characters characters characters
10% 100,01674% | 69,15938% | 43,12856% | 26,19166% | 17,92562% | 15,64721%
20% 100,00556% | 72,65680% | 45,61789% | 27,68458% | 18,80748% | 16,44722%
30% 100,00587% | 75,72566% | 47,97386% | 29,12305% | 19,66644% | 17,14927%
(total query) | 40% | 100,00587% | 78,50986% | 50,21297% | 30,52113% | 20,50034% | 17,90154%
chri4 chrl4q 50% 100,00587% | 80,87882% | 52,35994% | 31,88578% | 21,31537% | 18,63114%
(Size 5511 60% 100,00587% | 82,96427% | 54,39879% | 33,21766% | 22,11451% | 19,28584%
characters) 70% 100,00587% | 84,81686% | 56,34392% | 34,51588% | 22,90178% | 19,98893%
80% 100,00587% | 86,49343% | 58,21141% | 35,78447% | 23,67827% | 20,62464%
90% 100,00587% | 87,98409% | 59,97977% | 37,02412% | 24,44489% | 21,30725%
100% | 100,00587% | 89,31199% | 61,71904% | 38,28187% | 25,24824% | 21,98113%
Table 67 Chimpanzee VS Human Chromosome 14, partitioned queries
Database |Query part of | Window Database
chimpanzee human % of Space % for Database Space % for separated queries
chromosome | chromosome query total query
Query, parts of | Query, parts Query, parts Query, parts Query, parts
1000 of 500 of 250 of 150 of 100
characters characters characters characters characters
10% 99,90502% 69,89792% | 48,57718% | 32,92334% | 26,06596% | 21,07837%
20% 99,94462% 72,76146% | 50,88465% | 34,52019% | 27,35643% | 22,13933%
30% 99,95720% 75,26236% | 53,03681% | 36,01898% | 28,56185% | 23,09437%
(total query) |_40% | 99,96291% | 77,55061% | 55,06353% | 37,45038% | 29,65408% | 24,09981%
chrl? chri7q 50% 99,96897% 79,60203% | 56,96315% | 38,83275% | 30,70280% | 25,03218%
(Size 3959 60% 99,97427% 81,45742% | 58,76281% | 40,17371% | 31,70883% | 25,87087%
characters) 7005 | 99,97815% | 83,12965% | 60,47796% | 41,48152% | 32,68530% | 26,75642%
80% 99,98641% 84,64677% | 62,08856% | 42,74030% | 33,64453% | 27,53505%
90% 99,99041% 85,99897% | 63,62694% | 43,96280% | 34,57922% | 28,33422%
100% | 99,99238% 87,25219% | 65,10413% | 45,19452% | 35,54353% | 29,11285%

Table 68 Chimpanzee VS Human Chromosome 17, partitioned queries

Database mouse Query part of human Window % of . Database Space %
Hit Rate %
chromosome chromosome query for threshold 2
10% 99,98306%
20% 99,98018%
30% 99,98093%
Chrl 40% 99,98167%
. Chrlq 50% 99,98241%
(S‘ifliichgfs)lzg (Size 7154 characters) 60% 2,488% 99,98316%
70% 99,98379%
80% 99,98416%
90% 99,98453%
100% 99,98490%
Table 69 Mouse VS Human Chromosome 1
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Database mouse

Query part of human

Window % of

Hit Rate %

Database Space %

chromosome chromosome query for threshold 2
10% 99,95824%
20% 99,95915%
30% 99,96006%
40% 99,96096%
Chr2
. Chr2q 50% 99,96187%
(S‘Zi 178?983)87 (Size 8079 characters) 60% 4980% 99,96277%
characters 70% 99,96368%
80% 99,96458%
90% 99,96549%
100% 99,96639%

Table 70 Mouse VS Human Chromosome 2

Database mouse

Query part of human

Window % of

Database Space %

i 0,

chromosome chromosome query Hit Rate % for threshold 2
10% 3,82329%
20% 4,26198%
30% 4,69041%
Chr3 40% 5,13222%
. Chr3q 50% o 5,56361%
(Slii :rf;ﬁcffi?gz (Size 965 characters) 60% 0.019% 6,02517%
70% 6,47945%
80% 6,93592%
90% 7,41301%
100% 7,87954%

Table 71 Mouse VS Human Chromosome 3

Database mouse Query part of human Window % of Hit Rate % Database Space %
chromosome chromosome query for threshold 2

10% 99,85915%
20% 99,85152%
30% 99,85355%
Chra 40% 99,85559%
. Chr4q 50% 99,85763%
(S‘Zfl 152550714 (Size 5170 characters) 60% 1,036% 99,85967%
characters) 70% 99,86187%
80% 99,86391%
90% 99,86595%
100% 99,86799%

Table 72 Mouse VS Human Chromosome 4

Database mouse

Query part of human

Window % of

Database Space %

chromosome chromosome query Hit Rate % for threshold 2
10% 29,61796%
20% 33,41637%
30% 36,88392%
cins s oot 44196
. r 0 . .
(SIZE 148:48609 (Size 1776 ch(:\racters) 60% 0.100% 46,44846%
characters) 70% 49,28706%
80% 52,03128%
90% 54,64723%
100% 57,13288%

Table 73 Mouse VS Human Chromosome 5
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Database mouse

Query part of human

Window % of

Hit Rate %

Database Space %

chromosome chromosome query for threshold 2
10% 92,06880%
20% 94,67190%
30% 96,19884%
40% 97,24030%
Chr6
. Chréq 50% o 97,95163%
(S‘i}el;éif:rzgm (Size 2434 characters) 60% 0.508% 98,44507%
70% 98,81499%
80% 99,07253%
90% 99,26276%
100% 99,40975%

Table 74 Mouse VS Human Chromosome 6

Database mouse

Query part of human

Window % of

Database Space %

chromosome chromosome query HitRate % for threshold 2
10% 2,91641%
20% 3,21043%
30% 3,51286%
a7 . ot E o0
) Chr7q 0 2 0
(Slzi 142Z13043 (Size 700 characters) 60% 0.020% 4,41583%
characters) 70% 4,71612%
80% 5,02466%
90% 5,33138%
100% 5,63053%

Table 75 Mouse VS Human Chromosome 7

Database mouse

Query part of human

Window % of

Hit Rate %

Database Space %

chromosome chromosome query for threshold 2
10% 26,20453%
20% 29,99362%
30% 33,44835%
40% 36,71574%
Chr8
. Chr8q 50% 39,69132%
(S‘Zi 125‘:’%464 (Size 1780 characters) 60% 0.078% 42,37054%
characters) 70% 44,93152%
80% 47,40462%
90% 49,80466%
100% 51,99646%

Table 76 Mouse VS Human Chromosome 8

Database mouse Query part of human Window % of . Database Space %
Hit Rate %
chromosome chromosome query for threshold 2
10% 54,09982%
20% 59,69588%
30% 64,56008%
Chr9 451-0% 68,52633%
. Chr9q 0% 72,00284%
(SIZ‘; 121:98575 (Size 1865 characters) 60% 0.333% 75,01927%
characters) 70% 77,65243%
80% 80,00777%
90% 82,10859%
100% 83,94394%
Table 77 Mouse VS Human Chromosome 9
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Database mouse Query part of human Window % of . Database Space %
Hit Rate %
chromosome chromosome query for threshold 2
10% 32,89505%
20% 37,08353%
30% 40,94344%
0, 0,

Cann o o o 753626
(Slzi 126§572 5 (Size 1270 characters) 60% 145% 51,02908%
characters) 70% 53,91866%
80% 56,60324%
90% 59,15723%
100% 61,57005%

Table 78 Mouse VS Human Chromosome 10

Database mouse Query part of human Window % of Hit Rate % Database Space %
chromosome chromosome query for threshold 2

10% 100,00562%
20% 100,00121%
30% 100,00287%
Chri1 40% 100,00338%
. Chrllq 50% 100,00338%
(S‘Z'}i 118343856 (Size 4772 characters) 60% 1,211% 100,00338%
characters) 70% 100,00338%
80% 100,00338%
90% 100,00338%
100% 100,00338%

Table 79 Mouse VS Human Chromosome 11

Database mouse Query part of human Window % of . Database Space %
Hit Rate %
chromosome chromosome query for threshold 2
10% 94,75894%
20% 97,19886%
30% 98,30664%
0, 0,

o e
(Slzi 117?26530 (Size 3162 characters) 60% 0511% 99,40289%
characters) 70% 99,52222%
80% 99,60005%
90% 99,64316%
100% 99,67021%

Table 80 Mouse VS Human Chromosome 12

Database mouse Query part of human Window % of . Database Space %
Hit Rate %
chromosome chromosome query for threshold 2
10% 99,97485%
20% 99,97704%
30% 99,97922%
40% 99,98141%
Chr13
. Chr13q 50% o 99,98360%
(Sli‘}ialrlai?eorg)GB (Size 12775 characters) 60% 9,566% 99,98556%
70% 99,98665%
80% 99,98775%
90% 99,98884%
100% 99,98993%
Table 81 Mouse VS Human Chromosome 13
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Database mouse

Query part of human

Window % of

Hit Rate %

Database Space %

chromosome chromosome query for threshold 2

10% 99,67909%

20% 99,67930%

30% 99,68365%

40% 99,68771%

(Size gg;}éﬂm . Chrldq 50% 1.246% 99,69177%
characters) (Size 5511 characters) 60% ’ 99,69583%
70% 99,69990%

80% 99,70396%

90% 99,70802%

100% 99,71209%

Table 82 Mouse VS Human Chromosome 14

Database mouse Query part of human Window % of Hit Rate % Database Space %
chromosome chromosome query for threshold 2

10% 99,35845%
20% 99,79576%
30% 99,91337%
Chris 40% 99,97319%
. Chrl5q 50% 99,99412%
(S‘Z'}i 100339974 (Size 3179 characters) 60% 0.645% 99,99443%
characters) 70% 99,99748%
80% 99,99878%
90% 99,99973%
100% 100,00068%

Table 83 Mouse VS Human Chromosome 15

Database mouse Query part of human Window % of . Database Space %
Hit Rate %
chromosome chromosome query for threshold 2

10% 61,70553%

20% 68,76250%

30% 73,73586%

0, 0,

o e
(S‘CZlfaia Cztifsl)M (Size 3113 characters) 60% 0,149% 83,61692%
70% 85,89748%

80% 87,80272%

90% 89,46215%

100% 90,81614%

Table 84 Mouse VS Human Chromosome 16

Database mouse Query part of human Window % of Hit Rate % Database Space %

chromosome chromosome query for threshold 2
10% 99,63854%
20% 99,71898%
30% 99,73629%
: i s
. Chr17q % ,7 %
(Slzhe 926t96390 (Size 3959 characters) 60% 0.676% 99,75409%
characters) 70% 99,75708%
80% 99,76007%
90% 99,76294%
100% 99,76550%

Table 85 Mouse VS Human Chromosome 17
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Database mouse Query part of human Window % of Hit Rate % Database Space %
chromosome chromosome query for threshold 2
10% 9,34599%
20% 10,54817%
30% 11,78732%
Chris 40% 13,02966%
. Chr18q 50% 14,18873%
(S‘CZ}fa?thgigfl (Size 2167 characters) 60% 0.033% 15,38415%
70% 16,61677%
80% 17,80799%
90% 19,01038%
100% 20,21270%

Table 86 Mouse VS Human Chromosome 18

Database mouse Query part of human Window % of . Database Space %
Hit Rate %

chromosome chromosome query for threshold 2
10% 15,36548%
20% 17,18873%
30% 18,99475%

9 0,

Si C5hgr1122430 Chr19q 151-802 0.068% 52:2232%3
( ICZ}‘lsaracters) (Size 1438 characters) 60% ’ 0 24,30557%
70% 26,01272%
80% 27,73095%
90% 29,35698%
100% 31,00693%

Table 87 Mouse VS Human Chromosome 19

Database mouse Query part of human Window % of . Database Space %
Hit Rate %
chromosome chromosome query for threshold 2

10% 38,24272%
20% 42,17699%
30% 45,96645%
ChrX 40% 49,27440%
. ChrXq 50% 52,35424%
(S‘Zi 163?35371 (Size 1658 characters) 60% 0,145% 55,22538%
characters) 70% 57,92598%
80% 60,78914%
90% 63,18074%
100% 65,82946%

Table 88 Mouse VS Human Chromosome X

Database mouse Query part of human Window % of . Database Space %
Hit Rate %

chromosome chromosome query for threshold 2
10% 83,59658%
20% 88,64514%
30% 91,52841%
40% 94,07515%
A, ChrYq 50% 2000 95,31453%
(Slczhearggtirs(,)) 6 (Size 3175 characters) 60% 0,200% 96,37510%
70% 97,21260%
80% 97,88715%
90% 98,33452%
100% 98,67234%

Table 89 Mouse VS Human Chromosome Y
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Appendix B - TUC PreBLAST Software Tools

preblast.c : produces the probable hits for the PreBLAST filter simulating the
memories and the spliting of the w-mer

window.c : produces the windowed results of the PreBLAST filter

threshold.c : produces the space results of the PreBLAST filter

charcount.c : counts characters for the query and the database

hitcount.c : counts actual and probable hits

splitquery.c : creates the partitioned parts of the query

ncbispace.c : produces the spaces of the NCBI results

checkspaces.c : checks the spaces of PreBLAST in compare with NCBI

reverse.c : transforms the FASTA type datasets in simple format

hitsdistance.c : counts the distance between the hits and their distribution
extensions.c : counts the extension, their width and distribution

totalspaces.m : produces the total space, concatenating the spaces of the
partitioned datasets and removing the overlapping spaces (matlab)
testbenchcreatorl.c : creates the vhdl testbench for the query

testbenchcreator2.c : creates the vhdl testbench for the database
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