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Abstract— The Advanced Relation Model for Genome the National Center for Biotechnology Information
Sequence Visualization (ARM 4 GSV) is proposed in this (NCBI) [1]. GenBank is very well known for its
paper. This model is adapted from an earlier visualization large storage of nucleotides. The Entrez Nucleotide
model which has been applied to the visualization of database, accessed through the Entrez portal at
computer programs. A review of the fundamental model NCBI inc’ludes information from GenBank as well
components of the earlier visualization model is given. ’ .
Enhancements so as to make it applicable in genome@S from other sources. Other databases also exist.
visualization are discussed. As part of these enhance-Algorithms to data mine these databases as well as
ments, a relational characterization of genome sequencesto provide sequence analysis have been developed,
in terms of bases, codons, and patterns such as closesee for example [2] and the references therein.
inversions is developed and described. An adapted form Visualization is generally accepted as a powerful
of the Conceptual Crown Visualization (CCV) model, a . . . o
part of the earlier work, is discussed. Applications of approach in enabhng underSt,and'r,]g _Of scientific
the ARM 4 GSV to codon usage distribution and close Phénomenon. In this case, visualizations on se-
inversion distribution are discussed. These applicationare ~quence scale, gene scale and genomic scale help to
accompanied by many visualization figures of a 269 base see the structure of DNA or RNA, and its constituent
RNA molecule, a part of the Hepatitis C virus NS5 gene, components and properties thereof.

Locus AY769711. Our presentation illustrates the extent DNA or RNA strands are composed of sequences

and flexibility of our approach. We conclude by observing Lo
that our objectives of showing the potential usefulness of of bases. These sequences individually may be

our proposed visualization model are met. conS|dered as h"_iv'ng a S!ngle purpose, for exam-
ple, as involved in regulating genes or as codons.
|. INTRODUCTION Collectively, the molecule has a singular purpose

Genome sequencing is an important science effartdescribing the genetic code of an organism. We
nowadays. Interesting aspects of sequences incledasider the visualization of sequences pertinent
codon usage, identification of palindromes artd a single molecule and wish to present a more
other similar kinds of subsequences, the distributiatear picture of the relationships between the various
of palindromes, and secondary structures in tleenstituent sequences and the holistic purpose of the
molecule. Determining a sequence and its propertia®lecule. In particular, this paper considers visual-
provides information about the genetic structure @fations of codon usage and palindrome distribution
the organism and leads to better understandingwithin RNA molecules.
the genetic processes. Our approach is based on the Advanced Relation

There are several databases which store infddodel (ARM) reported in our earlier work [3]—
mation about genomes, including, nucleotide sps]. The ARM has been applied to program visu-
guences. Some of these databases are accessiblahzation: ARM 4 PV. The ARM 4 PV is really a



two-part decoupled model specification: in the firshg of hierarchal nestings of units. A codon is a
part, the ARM abstracts information as a relatiogrouping of three nucleotides; in a messenger RNA
hierarchy whereas in the second part, the 4 Rxéferred to as mRNA), codons are translated into
applies visualization techniques over the relatiammino acids during protein synthesis. For example,
hierarchy where, the hierarchy and visualizationke sequence GAAAGG would refer to the two
are suitable for program visualization. In a sensamino acids, in order, glutamic acid (Glu) and
genome sequencing is a biological equivalent afginine (Arg). An interesting issue is that decoding
computer programs. We adapt our visualizatiam sequence could begin at any index, in the above
approach where we couple the ARM with thexample, staring at the second nucleotide, the codon
specifics of genome sequencing, hence, we term ewould be AAA which refers to the amino acid lysine
model the Advanced Relation Model for Genomg.ys). There is a many-to-one relation between the
Sequence Visualization: ARM 4 GSV. The focuthree nucleotide triplet and the specified amino acid,
of this paper is to present a relational hierarchpat is, the same acid may be specified by more than
that is meaningful in genome sequencing and whidme codon. A sequence of codons may specify a
reflects from the basis of the ARM. We follow thigene.
by presenting various visualizations based on thoseBase-pairing occurs due to hydrogen bonding
defined in the ARM 4 PV and and thereby, showetween the two bases adenine and thymine for
the extent of the proposed ARM 4 GSV. DNA, between the two bases adenine and uracil

This paper is organized as follows. Section For RNA, or between the two bases cytosine and
provides a brief overview of genome sequencing agdanine. Hence, in terms of sequences, this occurs
which is given so the casual reader may be ablelietween A-T, A-U and C-G, respectively. DNA
follow the proposed model. The ARM 4 GSV ids double stranded with the two complementary
proposed in Section lll. Section IV presents sevet@tear nucleotide sequences base-paired. RNA is
visualization examples. Conclusions and discussioomposed of a single strand of these sequences.
are given in Section V. However, relatively short nucleotides subsequences
can participate in base-pairing.

One effect of base-parings in RNA is the con-

Molecular Biology and Bioinformatics have seeRtruction of secondary structures, including, pseudo-
dramatic rise of interests over the recent past. TRfots. Understanding secondary structures in RNA
subject area is quite extensive and a number [9|ps in understanding the RNAs functions [7]. A
excellent books are available on the subject, for exumber of methods have been proposed to predict

ample [2], [6]. This section specifically concentrategnd locate such secondary structures; comments
on the RNA and DNA molecules and sequences @garding these methods are made in [7].

nucleotides contained therein. (Information is cited Since our motivation is with respect to our pro-

from [2], [6]). posed visualization model, we consider specific
A nucleotide is a three-component unit made Lmoperties of sequences as follows.close inver-

of a base, a sugar and a phosphate. Nucleotides §&g is a sequenceép, s,p’) where a subsequence

identified by a Single letter that corresponds Wltb is Separated by an arbitrary Subsequemdmm

the base: A — adenine, G — guanine, C — cytosings complement subsequenge |p| = |p/|. A palin-

U — uracil and T — thymine. A linear sequence dfrome is a special case of a close inversion where
nucleotides is identified by a string of these IetterF3| = 0. A close repeat is a sequencesp.

for example, AGC means the three nucleotides In
the order of adenine, guanine and cytosine. An RNA |1 A byANCED RELATION MODEL FOR
molecule is composed of sequences of A, G, Cand  geyomE SEQUENCE VISUALIZATION
U while a DNA molecule is composed of sequences (ARM 4 GSV)
of A, G,Cand T.

The information stored in RNA and DNA The Advanced Relation Model for Genome Se-
molecules may be described (simplified) as consisfdence Visualization (ARM 4 GSV) is based on the

[I. BACKGROUND



ARM for Program Visualization (ARM 4 PV) [3]- example C, the semicolon separates two statements
[5]. First, we review the ARM 4 PV placing em-and hence, multiple statements could be present on
phasis on the decoupling of the visualization frorine same line. In whatever the case, the ARM 4 PV
the underlying data set. Next we introduce thgefines the program statement as the object of
ARM 4 GSV as extensions to the ARM 4 PV. interest. Hencel! = (S, d, p) whereS is a program

statement and is the statement’s semantics (e.g. its
A. ARM 4 PV operational semantics).

The ARM 4 PV can be described in two ways. In Essentially, the hierarchy establishes the means
terms of functionality, the model consists of threm which to propagate low-level abstractions about
phases: (i) identification and extraction of data, (iipdividual program statements (objects of interest)
representation and preparation of the data, and (i) higher-level abstractions about groups of program
the visualization of the data. In terms of structuretatements (groups of objects of interest). ket
the model consists of a suite of sub-models whiatenote a semantic operation that combines two
collectively provide for this functionality, and, insemantics and generates an abstraction of those
addition, the model defines potential multiple visseombined:7(d;,d,) = d,. For example, ifd; is
alization sub-models that may be incorporated intorompt user for input’ andi, is ‘read input value’,
the ARM 4 PV. thenT = ‘interactive user input’. With regards to the

The primary datum in the ARM 4 PV is aproperty sets, at present, a vector consisting of scalar
relation in arelation hierarchy. Individual relations rational numbers has been defined (determined from
are denoted by?! where! refers to the relation’s specific applications to particular given input pro-
level in the hierarchy. At present, relations argrams). Propagation of such property set values is
binary. The hierarchy consists of a set of connectadcomplished by averaging. This discussion follows
relations: {R; ,R;,..., Rl } wherel < i; < n; the present definition of the ARM 4 PV. As we
are integers that denote particular relations in testend the model and apply it to genome sequences
specified level;1 < j < [. Relations may be in this paper, we will propose a more cohesive and
one of two types.Semantic relations bind both comprehensive model of relation propagation.
semantics and properties to an object of interest:A simple example taken from [3] illustrates the
R = (o,d,p) where o is an object of interest,first two phases of the ARM 4 PV as well as the
d represents semantic information abautand p relation hierarchy. Figure 1 shows a seven line pro-
is a property set associated with Constructive gram in pseudocode; each statement is identified by
relations are higher-order relations that combine thigs line number. A corresponding relation hierarchy
semantics and properties of two existing lower lev@r this program is shown in Table I. A pictorial
relations:R'(R!, R, d,, p,) wherei, j < [ such that representation of the hierarchy is shown in Figure 2.
eitheri = [ —1orj =1 —1, andd,,p, are For this example, there are five Level 1 relations,
obtained by combining the respective informatioeach of which bind the statement’s semantics and
together. Details of this process are discussed bel@roperty set to the associated statement. Here, the
At present, all Level 1 relations are of the semantgemantics represents a simple descriptive meaning
type while all other relations are of the constructivef the purpose of the associated statement. The
type. property set, in this example, is composed of a

The underlying data for the ARM 4 PV is ahree element vector that corresponds to the de-
computer program. A program consists of indgree to which the statement participates in spec-
vidual statements, usually one-per-line in the filéfying (as opposed to measured performance) a
A statement, in this work, is taken to mean #le input/output, a user output, or a computation,
specification of a distinct operation, for example, thespectively. Relationk} therefore indicates that
calculation of a formula or the output of a variablehe purpose of Statement 2 (i.@sintf("Some
In some cases, for example FORTRAN, each lim®lumn headings"”) ) is to “print column head-
must contain a single statement (statements mayibgs”; furthermore, this statement does not specify
continued over multiple lines). In other cases, fany file input/output nor computation, but does



Level 1 Level 2 Level 3 Level 4

1. fileopen(“foo.bar",read-access)
2. printf("some column headings")
3. while not eof on file do R
4. readfile 1 \RZ
5. printf(detail report) 1
6. end-while R — \
7. close file R‘i
Rl
3 — 2 /
Fig. 1. File processing pseudocode program. Rl < 2 T Rr3
4 , — 1
Rl = 3
TABLE | 5

TABLE FOR PROGRAM STATEMENT RELATIONS . C . . .
Fig. 2. Pictorial display of relation hierarchy for Figure 1

Levell File User Comp
110 Output
(RT,S2,print column headings) 0.0 1.0 0.0 |the underlying data set while the 4 PV part of the
(R%,S&print data in columns) 0.0 1.0 0.0 | model describes the visualization of the relational
(R3,S3,eof query on file) 0.25 0.0 0.0 ;
(R1,S3,repeat loop-body) 0.0 0.0 0.1 abstraction.
: :
(R5,S4,read a record from a file) 1.0 0.0 0.0 B. ARM 4 GSV
| Level2 | | | . .
(72 LR print report) 5o o 5o The approach described here is to concentrate
(RZ,RL,RI repeat eof query) 0.125| 00 0.05 | on enhancing the ARM part of the model so that
(R3,Ri,Rs repeat file read) 0.5 0.0 0.05 |it becomes suitable for applications to genome
| Level3 | | | sequence visualizations. The essential components

|

| (Bi.R3 R3 process every record infil) 0.31 | 0.0 | 0.05 |of the ARM 4 PV are kept intact, in particular,

| Leveld | | | | its three-phase functionality, it sub-model structure

[ (R1,R% R general file report) [ 015 ] 05 [ 0.025 | gnd the idea of the relational hierarchy. However,

in order to adapt the ARM 4 PV as intended,
the following components need to be re-defined or
specify a user output (to the degree of 100%). (Tlhanced: the selection of objects of interest, the
fact that we do not consider this particular statemegi¢termination of relational abstractions including
to also be file input/output is a matter of technicalemantics and property sets over these objects of
definition not germane to this paper.) The secomsterest, and propagation functions used to generate
level relations are combined as indicated, so, feonstructive relations. The decoupled nature of the
R%, the semantics of the two lower level relation®\RM 4 GSV (and the ARM 4 PV) allows the
“print column headings” and “print data in columnstransfer of the various existing visualization models.
are combined and abstracted as “print report”. AlsPhese are described separately later.
the averages of the corresponding property set areThe selection of objects of interest is inherently
computed, and inserted in the table. This relatiarser-driven, and derives from the user’s decision
abstracts information about two particular progrags to which data elements are important or useful
statements. The relation hierarchy is constructed 8o further research exploration. In this paper, we
that the highest level relations represent abstracticsedect a nucleotide as the object of interest and
(elsewhere in our earlier work referred to as coljustify this by showing the ‘could-be’ usefulness
cepts) about groups of program statements. as we construct visualizations of codon usage and
The decoupled nature of the ARM 4 PV arisegalindrome distribution based on this selection.

from the relation hierarchy definition of the data. We now describe the form of the relational ab-
The first phase of the model identifies and extractraction. Figure 3 illustrates this form. Although
relations about the underlying program. The secondt used in the subsequent visualizations, we de-
phase constructs a hierarchy of relations (prepafare a Level O relation that abstracts the base,
tion). The third phase allows visualizations of theugar and phosphate molecules that make up a
relational hierarchy. In essence, the ARM part afucleotide. Properties of these relations include the
the model describes a relational abstraction ovease (exactly five base types are allowed), the




molecular structure, molecular bonding properi G Level 6
(e.g. bonding energy), and a short text descript

In the figure, Level O relations are denoted as n Level 5
P and S. Level 1 relations are trinary relations t
abstract the nucleotides. These model the obj

of interest as described earlier. Relation proper revel 4
include those of the previous level, and, in additi
the index of the nucleotide in the original sequen
In the figure, these relations are denoted as Level 3
Level 2 relations abstract codons. These are Level 2
trinary relations that combine three nucleotid
Properties include the three nucleotide bases .

. evel 1
describe the codon, the molecular structure, bonc
information and a short text description. Due
the issue that a reading frame of three nucleoti
defines respective three different codons, a se Level 0

Level 2 relations is correspondingly defined &
denoted as G C, and G respectively. The figure
shows these sets. Level 3 relations abstract u.c

amino acids coded by the codon with properties _ ) ) ) ) _
including the amino acid’s name and molecul&tructuring of this relational hierarchy. The linearity

structure. In the figure, A denotes these relatiof@mes from the fact that the+ 1 level may have
Level 4 relations are multirelations that abstra@@rticipating relations at thelevel (although neither
subsequences of nucleotides, denoted by s, p OIlll‘g,lst_rated nor explicitly discussed here, Level 5
in the figure. Properties of these relations includerglations abstract Sec_ondar_y structures that make up
sequence designation (i.e., some identifying texgg—)nes). The three dlme.n5|ongllty comes from the
its starting index and length, together with thfact that codons and amino acids are non-necessary
appropriate combinations of the molecular structuf@MPonents of sequences, hence, can be considered
from the participating lower-level relations. Sinc&® fill-in” the third dimensional space equivalent to
close inversions, palindromes and close repeats §tg importance of the nucleotides (similar for the
defined over sequences, an additional property Rgeudo-structures defined by Level 5 relations).
identify relations that participate in these special The example in Figure 4 illustrates the con-
formations is needed. Level 5 relations abstract tRfuction of a relational hierarchy for a portion
secondary structures of the sequence, for examglé the Hepatitis C virus NS5 gene. The sequence
pseudo-knots where such are defined purely by clo¥as taken from the NCBI Nucleotide database,
inversions or palindromes. In the figure, n denoté®cus AY769711, and consists of 269 bases. In the
these relations. Lastly, Level 6 relations abstractexample, we show a close inversion at indices 1-6
gene, denoted by G in the figure. We note the utilignd 253-258.

of connecting Level 3 to Level 4 relations, and in Although we do not explicitly express the tran-
so doing, the necessary requirement of connectisgription process in terms of our model, we do point
Level 2 relations to Level 4 as well. This providesut that the relational hierarchy supports this process
information about the sequence of amino acides follows. Let Level 4 relations be supported by
coded by the respective subsequences and is usehuel 1 through 3 relations (as discussed earlier),
for the subsequent visualization of codon usagien, construct an operation such that models ri-
In the figure, these connections are shown by thesome bonding to sequences (perhaps by iterating
dashed lines (for visual clarity, we connect thesm/er the sequences as defined by the Level 4 rela-
dashed lines to a different subsequence). The figti@ns). The effects of a ‘slip’ of the ribosome may be
also shows the dual linear and three dimensiomabdeled by shifting from the Qo the G_; modulo

Fig. 3. Generic structure of the ARM 4 GSV relation hierarchy



relations is natural, for example, the molecular
structure of the three Level O relations that support a
s p s p s Level 1 relation are propagated by combining these
into a single molecular structure for the designated
nucleotide. Chemical rules may be applied to en-
sure the correct propagation. However, given the
semantic-constructive nature of this relational set,

/\ %\ %\ %\ it is likely easier to merely inject the molecular
structure based on the nucleotide type.
Fig. 4. Relational hierarchy illustration for a portion tietHepatitis IV. VISUALIZATION

C virus NS5 gene. . o )
The visualization phase of the ARM 4 GSV inher-
its the visualization models that have been defined in
or may yet be defined) the ARM 4 PV. Four such

three Level 3 Relation sets (which are available éﬁ’odels are described in [3]-[5]. Each model em-

the participating relations in the Level 4 sequentg, qi; a5 certain aspects of the data in the relational
relations). Clearly, clarlf!catlon of this process | jerarchy. The idea is that suitable combinations of
b.eyond.the SCOpe of this paper, nevertheless, i \isyalizations taken from the multiple models
discussion motivates future work. combine to provide heightened understanding of the
The form of the relation hierarchy required fogata to the users. The presentations in some of the
genome sequence visualization via the ARM 4 GS¥arlier work illustrate this idea. Here, to maintain
is somewhat changed than that used in the earliggus within the scope of the paper, we describe
work with program visualization. In the earliergng apply one of these visualization models.
work, all the relations are binary with a clear The Conceptual Crown Visualization (CCV)
upwards propagation of semantics and propertiggpdel provides concept visualizations to facilitate
extending from the only objects of interest identifieghe viewer's better understanding of the concepts
at the lower level. In particular, the next higher levghherent in the relational hierarchy. Here, concepts
is based on at least one relation at the immedigige defined by the relative abstractness of the re-
lower level. As with the earlier work, we haveation, in particular, the semantics of relations at a
defined a singular object of interest. However, thi§igher level define higher level concepts. There are
said, there are semantic bindings at the higher levglg basic types of visualizations that are defined:
that do not follow from the mere propagation of |ine structure and a space structure visualization.
lower level bindings. For example, Level 3 relaThe former renders selected relations in the relation
tions abstract amino acids, the existence of whigflerarchy as either single vertical lines (Level 1)
provides added semantic information not obtaiy multiple piece-wise single point-connected lines
able from the relation propagation. Consequenthigher levels) whereas, the latter renders concepts

the notion of semantic versus constructive relatigy a convex hull of the participating lower-level
is modified to include a third category, namelyg|ations.

semantic-constructive, that reflects the nature ofRelations are graphed in the — y plane. The

these relations. For these relations, semantics bagggtion’s level is mapped to thg-axis. The linear
on the relation’s level prOVideS a SlmpIIStIC de'flnlx axis is ordina| that is represents an ordering of
tion for modeling the semantics of these additiong{stances of the objects of interest. With respect to
ObJeCtS of interest. In addltlon the limited alphab%mputer programs, program statements in lexico-
constrains the possible types of relations, for exagraphic order are mapped to increasing ordinal num-
ple, there are exactly five types of Level O relationpers on ther-axis. With respect to genome sequence
five types of Level 1 relations, 20 types of Level Zjsualization as proposed in this paper, nucleotides
relations and 20 types of Level 3. are mapped to the-axis such that the index of the
Propagation of some of the properties of theucleotide is identified with its value on the axis.



For perceptive reasons, theaxis itself is mapped to 0
a circle in the viewer's coordinates thereby creatir | i
a cylinder shaped visual object. This enables: (|
immersive visualization by allowing the viewpoin

to be placed in the center of the circle, (b) a zoomir
operation by providing greater forefront focus whils
compressing the information in the peripheral area, . o
and (c) greater information densiy by providing Ui, Coten esee wesmiater oray lecorpma e
to twice the amount of information displayed on the
screen. Further details are described in [8]. .
Although the CCV model presents the relation: JL\
hierarchy for visualization, the current systems in MMMMMMMMM“
plementation of the model is limited to binary rela ) L o
tions and, moreover, is targeted for the ARM 4 P X A
We consider two types of work-arounds, first, w M MMMM
adapt the relational hierarchy proposed in this pag..
to include binary relations and "_]tmduce _mlddl_gig. 6. Codon usage visualization: binary relationshipg)le factor
layers used to assemble the required relationshigs,2, Leucine coding highlighted in red, top side rightatet! view.
second, we construct multiple unary or binary re-
lations that describe a single common abstraction.
(We intend in the future to re-implement the CC\a 2-D plane and subsequently to manipulate the
model to natively support the multi-relational needgresentation in terms of line, space or landscape
of this application.) plots, and third, AVS/Express is used to render the
Visualizations of sequences have been reportisgages and provide user interactive features (e.g.
in the literature. The VISTA toolset [9]-[11] in-rotatation, zooming, perspective viewing).
cludes the VISTA browser to view visualizations o
of sequences and comparisons between sequenfedc0don Usage Distribution
Additional visualization models and programs are In this section we describe various presentations
also available. Some plotting and visualization toots the CCV model applied in the area of codon
are provided as part of the European Moleculasage. Common aspects of Figures 5 through 18
Biology Open Software Suite (EMBOSS) [12]. Ainclude: a circularz-axis at varying degrees of
visualization system called GenomePlot is reportetbsure with the nucleotide sequence ordered left-to-
in [13] where genomic scale visualizations are iHght and (in most of the figures) displayed below a
lustrated. corresponding vertical line, various rotated views, a
The subsequent visualizations are based on theee dimensional axis located near the center of the
269 base sequence for a portion of the Hepatitinage, and highlighting via colors. Specific aspects
C virus NS5 gene, Locus AY769711 (i.e., the sanage described below.
dataset used in Figure 4). Although the primary em- Figures 5, 6 and 7 present a codon as a two-level
phasis with respect to these visualizations is to shdwerarchy of binary relations; this is best seen in the
the application of our proposed visualization modebomed image, Figure 7. The select amino acid of
and further, we lack the biological background to agaterest, Leucine (L) in this case, is highlighted in
sess the realism and usefulness of the visualizatioad. The distribution of L throughout the sequence
we feel that these example visualizations illustrate readily identifiable from the first two figures. In
the potential of our approach. addition, these figures also allow the user to visually
The visualization system experimental prototypgespect all regions of the sequence, for example,
used to generate these visualizations has three pdrtgh the beginning and ending parts of the sequence
first, the relational abstraction is prepared, second,easily viewable in Figures 5 and 6.
the CCV model is applied to map the relations to Figures 8, 9 and 10 present a codon using a
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Fig. 7. Codon usage visualization: binary relationshipgl@ factor Fig. 10. Codon usage visualization: trinary relationshigrgyle factor
of 12, Leucine coding highlighted in red, front zoomed view. of 12, Leucine coding highlighted in red, front zoomed view.

i)

Fig. 11. Codon usage visualization: trinary relationshipsyle factor
of 12, Arginine coding highlighted in red, all acids disptaly front
view in perspective.

Fig. 8. Codon usage visualization: trinary relationshigygle factor
of 12, Leucine coding highlighted in red, top front leftattd view.

latter is a zoomed-in image. First, perspective view-
ing is enabled. This provides heightened immersive
trinary relation (due to the systems limitations notegkperiences to the user including support of placing
earlier, there is actually one binary relation connedhe user within the image, hence, the image extends
ing the first and the third nucleotide and one unafyom in-front-of the user out along both sides and
relation connecting the second nucleotide such thatyond the user. Peripheral vision is therefore en-
the relations describe the same abstractions; dueatded as well. Figure 12 provides some illustration
the CCV model, these dual relations are renderedah this experience. Second, all of the amino acids
appearance as a single trinary relation). Figure fitat are encoded are displayed. Third, Arginine (R)
best shows the structural difference of the presen-highlighted.
tation with the previous method. The highlighting Figures 13, 14 and 15 show a space-structure
of the selected amino acid (also L in these figuregariation of the previous figures. The angle is more
is more visible due to the single abstraction of thdosed than the earlier figures as well. Here, the
trinary relationship. Again, these figures allow alfrinary relations are replaced by the corresponding
regions of the sequence to be visually inspectadangle. The figures are displayed using various
including, both the begging and ending portions. rotational views. Although difficult to see in the
Figures 11 and 12 show several variations; theinted form, the first two figures use a unidirec-
tional light source from the interior of the fig-
ure, thereby, the interior surface is rendered more

L
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Fig. 12. Codon usage visualization: trinary relationshipsyle factor
Fig. 9. Codon usage visualization: trinary relationshasgle factor of 12, Arginine coding highlighted in red, all acids dispdaly front
of 12, Leucine coding highlighted in red, top side rightated view. zoomed view in perspective.
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A A ‘ A ‘ A ‘ ‘ ‘ A A A A “““ Fig. 16. Codon usage visualization: triangle represengdation-

ships, angle factor of 6, Leucine codings highlighted, froiew,

Fig. 13. Codon usage visualization: triangle represenédation- black background.

ships, angle factor of 16, Leucine coding highlighted in, teg front
left-rotated view, unidirectional (interior) lighting.
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‘{““] . ““M Fig. 17. Codon usage visualization: triangle represengdation-

““““‘ ““““ ships, angle factor of 6, Leucine codings highlighted in, rednt

view, white background.

Fig. 14. Codon usage visualization: triangle represengdation- . . . .
ships, angle factor of 16, Leucine coding highlighted in, teg front Printed visualizations.

view, unidirectional (interior) lighting. Informal comparisons of these figures lead us
to the following specific observations. First, tri-
nary relations are more appealing than the binary

brightly than the exterior surface. One advantagedsunterparts. Second, space structure visualizations

that heightened depth-cues are provided to the ugesvide the same visual information with less visual
thereby making it easier for the user to maintaifiutter.

visual identification with the image. Figure 15 how- . )

ever, uses bi-directional lighting, thereby, both tHg: Close Inversion, Palindrome and Close Repeat

interior and exterior surfaces are shown brightly, Distribution

Figures 16, 17 and 18 highlight the various The modeling of close inversions, palindromes

codons that code for L. There are six such codor@)d close repeats also extends naturally from the

of which, the following appear: two coded by ‘cugtrelational hierarchy. A single Level 5 binary relation

shown in cyan, four by ‘cuc’ shown in green, twds used to connegt with p’ or, for repeatsp with

by ‘cuu’ shown in red, and one by ‘uug’ showrp. The figures shown in this section present these

in purple. In addition, these figures display theglations in various ways.

sequence in a shallow curve thereby allowing betterThe ‘palindrome’ program of the European
Molecular Biology Open Software Suite (EMBOSS)
is used to generate the close inversions displayed

Lo L L L L L
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Fig. 15. Codon usage visualization: triangle represengdation- Fig. 18. Codon usage visualization: triangle represengation-
ships, angle factor of 16, Leucine coding highlighted in, tegh side ships, angle factor of 6, Leucine codings highlighted, freiew,
right-rotated view, bi-direction (interior and exteridighting. white background with white-out applied.



Fig. 19. Palindrome distribution visualization: palindre length of

5 with no maximum gap between elements, no mismatches allowe
perspective front view, height ordered by gap between aisneach
palindrome is colored individually

Fig. 21. Palindrome distribution visualization: palindre length of
5 with no maximum gap between elements, no mismatches allowe
top view, height and color coding ordered by gap between etésn
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Fig. 20. Palindrome distribution visualization: palindre length of

5 with no maximum gap between elements, no mismatches allow&ig. 22. Palindrome distribution visualization: palindre lengths of

perspective front view, height and color coding ordered Iap g4 and 5 with maximum gap between elements of 20, no mismatches

between elements. allowed, front perspective view, height and color codindesed by
palindrome length.

in this section. For convenience, the output of the _
EMBOSS software is filtered to provide the inpug0ding whereas the second uses a blue-red coding.

into our visualization System Figure 24 shows a front tilted view.

Figures 19, 20 and 21 show the distribution of A landscape visualization is an adaptation of
close inversions of length five which occur anythe space structure variation of the CCV where
where in the sequence. Both color and height &€ z-axis is used to plot additional information.
used to highlight properties. In all three figured;igures 25 and 26 show front-tilted and front-tilted-
height is based ons|, i.e., the length of the gapr_otated views, respectlve_ly, of_the previous three
betweerp andy'. In Figure 19 each close inversiodigures, namely, of close inversions of lengths four
is represented by a distinct color, thereby, aidirgd five for|s| < 20. Both of these landscape
navigation during the visualization. However, iryisualizations also use color and height to represent
the remaining two figures, color is mapped as the
height, thereby, aiding identification of small versu<
large gaps. Both Figures 19 and 20 use perspect m M m’m
viewing. Figure 21 is a top view, that is, a 90 degre Do e )
rotation (tilt) about ther-axis.

Figures 22, 23 and 24 show close inversions
lengths four and five forls| < 20. Both color . S .
and height represenp, ie., the lengih of the F0-2% Palndme dstiuion ususzaton pantre englcf

close inversion. The first two figures use perspectiv@wed, front perspective view, height and color codindeved by
views, the first of which use a blue-purple colopalindrome length.
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\\\\\\\\\\
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[
. || Fig. 28. Combined coden usage and palindrome distribution
visualization: Leucine coding highlighted in blue, paliathe lengths
of 5 with maximum gap between elements of 20, no mismatches
allowed, perspective front view.

Fig. 24. Palindrome distribution visualization: palindre lengths of
4 and 5 with maximum gap between elements of 20, no mismatches

allowed, front rotated view, height and color coding ordefgy . . . .
palindrome length. inversions of Igngth flvg wherés| < 20 in .red.
The uninteresting relations have been whited out
for clearer visual inspection. This figure employs
h— . e Y 'y fm‘il‘ Lﬂ 0 :* - a perspective view.
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V. CONCLUSIONS

Fig. 25. Palindrome distribution visualization: palindre lengths of . This paper 1s focused on adaptlng. and extend-
4 and 5 with maximum gap between elements of 20, no mismatcH&¥) as necessary the Advanced Relation Model for

allowed, landscape front view. Program Visualization (ARM 4 PV) to apply to
visualizations of genome sequences. The new model
is termed the Advanced Relation Model for Genome
palindrome length, blue is used fgr] = 4 and red sequence Visualization (ARM 4 GSV). We have
is used for|p| = 5. For this set of visualizations,presented a decoupled version of the model which
we have also included the output of the EMBOSS|ows for the adaptation and subsequent extensions.
‘palindrome’ program in Figure 27 specific to th&ve have proposed a relational hierarchy based
generation of relations fop| = 4. model of various aspects of genome sequences;
The homogenius data abstraction of relations ovgiis hierarchy is based on the ARM. We have also
the underlying domain data set of genome sequenggfipted the Conceptual Crown Visualization (CCV)
allows for the visualization of combinations Of'nodel and have app“ed it to a Simp|e genome se-
codon usage distribution and close inversion distauence_ Lasﬂy, we have shown some visualizations
bution in the same visualization. Figure 28 showsgsed on the ARM 4 GSV. We believe that our
Leucine (L) distribution in blue together with closenethod provides useful information and insight into
genome sequences. This satisfies the goal of this

paper.
Clearly, we have demonstrated possibility and
potential; but lack conclusive results based on re-

alistic needs of the research community. This is an
. . o _ area that requires much additional work, namely,
Fig. 26. Palindrome distribution visualization: palindre lengths of

4 and 5 with maximum gap between elements of 20, no mismatcH& couple our visualization model with the analytic

allowed, landscape rotated view. needs of the molecular biology and bioinformatics
- f researcher so as to provide more conclusive results.

Palindromes of: L . .. .

Sequence length is: 269 Some |nS|ght into addltlpnal future work is now

Start at positon: 1 described. First, we have illustrated sequence scale

M?nimaump(fZ'n'gotﬂ' of Palindromes is: 4 visualizations. We feel that adaptation via multiple

Maximum length of Palindromes is: 10 concentric circles (i.e., by mapping data to the

Maximum gap between elements is: 20 . . .

Number of mismatches allowed in Palindrome: 0 axis) as well as stacking images on top of each

other (i.e., by mapping data to multiple levels on

Fig. 27. EMBOSS palindrome program output correspondimgato  the y-axis), we can provide for visualizations of
of the input data set used for the landscape visualizations. six to nine kilo-bases, thereby, enabling small gene



scale visualizations. Second, much greater systenus C. Mayor, M. Brudno, J. R. Schwatz, A. Poliakov, E. Rubin
development is needed to provide for a useful sys- K. A. Frazer, L. S. Pachter, and |. Dubchak, “Vista: Visuialiy
tem that can be exported to users. Third, although
we have demonstrated only one visualization model] 1. bubchak, M. Brudno, G. G. Loots, C. Mayor, L. Pachter,
in this paper, the ARM 4 GSV via inheriting vi-
sualization models from the ARM 4 PV, contains

additional visualization models. Investigation int@2]
adapting and enhancing these additional modelslig
needed. Fourth, in this paper we had selected the

nucleotide as the object of interest. Other objects of
interest could be eligible for considerations.
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