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Abstract

DNA microarray technology provides a broad snapshot
of the state of the cell by measuring the expression levels
of thousands of genes simultaneously. Visualization tech-
niques can enable the exploration and detection of patterns
and relationships in a complex dataset by presenting the
data in a graphical format in which the key characteris-
tics become more apparent. The purpose of this study is to
present an interactive visualization technique conveying the
temporal patterns of gene expression data in a form intuitive
for non-specialized end-users.

The first Fourier harmonic projection (FFHP) was in-
troduced to translate the multi-dimensional time series data
into a two dimensional scatter plot. The spatial relationship
of the points reflect the structure of the original dataset and
relationships among clusters become two dimensional. The
proposed method was tested using two published, array-
derived gene expression datasets. Our results demonstrate
the effectiveness of the approach.
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1 INTRODUCTION

Knowledge of the spectrum of genes expressed at a cer-
tain time or under given conditions proves instrumental to
understand the working of a living cell. DNA microarray
technology allows measurements of expression levels for
thousands of genes simultaneously [9]. Extensive research
has been conducted on the study of temporal patterns of
gene expressions [10, 16]. Clustering methods which group
genes or samples with similar patterns have become main-
stream analysis tool [14]. Visualization can facilitate the
discovery of structures, features, patterns, and relationships
in data and may provide more insightful information than
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traditional numerical methods. By visualization, we hope
to gain some intuition regarding the data, but more impor-
tantly, we would like to understand the relationships be-
tween data points and detect the intrinsic structure, or possi-
ble cluster tendencies. Visualization is especially important
in the early stages of data analysis in which qualitative anal-
ysis is primary to quantitative. Early success will enhance
the users’ performance in the remaining stages of analy-
sis. Array-derived gene expression datasets present analysis
and visualization challenges because of their dimensional-
ity, noisy environment, and pattern varieties.

The parallel coordinates approach [18] is perhaps the
simplest method to display patterns of gene expression pro-
files. Here the data in each dimension are plotted along a
separate axis. Holter et al. [8] have used parallel coordi-
nates to visualize the temporal progression in the yeast cell
cycle data. Self-organizing maps (SOM) [12] is another ap-
proach. More recently, Hautaniemi et al. [6] have presented
a heat map-based strategy for visualizing the U-matrix from
SOM. The most prominent visualization-enhanced analy-
sis tool for gene expression data is TreeView [5], which
provides a user-friendly computational and graphical en-
vironment for assessing the results from hierarchical clus-
tering. The graphical presentations from TreeView include
a dendrogram to reflect the distance relationships between
clusters and a heat plot to visually convey gene expression
changes between samples. The heat plot can be viewed as
variation of the parallel coordinates plot in which color is
used to convey dimension values.

Here, we present an alternative mapping for multi-
dimensional data that is based on the first harmonic of the
discrete Fourier transform. The mapping has interesting
properties and preserves certain key characteristics of a va-
riety of data sets, especially time series data. Unlike par-
allel coordinates and heat plot which display all individual
dimensional information, our approach uses a two dimen-
sional point to represent each gene over the time at the com-
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putational cost of O(N log N). It focuses on one very im-
portant aspect of the visualization: revealing the structure of
the entire dataset. Tested using two published, array-derived
gene expression time series datasets, our results indicated
that temporal patterns were well reflected in the visualiza-
tion: cluster relationship became two dimensional, clusters
were apparent, and outliers were clear. An interactive visu-
alization tool, VizStruct, was implemented to perform the
visualization.

The remainder of this paper is organized as follows. Sec-
tion 2 presents the model of visualization. In section 3, we
show our analysis results. The final section discusses other
issues in this approach. Proofs for all mapping propositions
are included as appendix.

2 METHODSAND SYSTEM
The Mapping

Mapping converts multi-dimensional data to two-
dimensions for visualization. An array-derived profile
for M genes with N measurements results in M N-
dimensional data point containing real valued numerical
data. Time series data in its simplest form is merely a set
of data {y;,t = 0,..., N — 1} where the subscript ¢ indi-
cates the time at which the datum y, was observed [4]. On
the other hand, a discrete-time real signal on N evenly dis-
tributed time points is represented as an indexed sequence
of N real numbers 0,..., N — 1 denoted by x[n] [1]. Each
term of x[n] is denoted by z[n]. The denotation similarity
between time series and digital signal suggests that we can
view each data point in a time series as a discrete-time real
signal (It is not necessary for the signal’s time index to com-
ply with the actual time points). In this scenario, the prob-
lem of a two dimensional visualization of the time series is
transformed into the problem of finding a two-dimensional
point estimation for signals (data points).

The frequency domain representation of discrete-time
signals is through discrete-time Fourier transform, or DFT
[13]. The DFT of a N-point signal x[n] is a frequency se-
quence with N complex values: F(x[n]) = [Fr(x[n])],
where each

N—-1
Fe(x[n]) = > z[n]WRF, k=0,...

n=0

,N—-1. (1)

Wy = e~ 27/N js called twiddle factor.

Each harmonic F;, in the DFT is a measure of the kth
sinusoidal frequency component in the signal. For exam-
ple, the zero harmonic, Fy, is the mean value, the first har-
monic F; measures the base frequency component, the sec-
ond harmonic F> measures the component in the signal that
is twice the base frequency, and so forth. Because Fourier

harmonics, in general, are complex numbers, they provide
the two-dimensional point estimate for mapping a multi-
dimensional signal. For this reason, we refer to the mapping
as the Fourier harmonic projections. In particular, we are
interested in the first Fourier hamonic projection (FFHP):

N-—1 N-—1 .
Fix[n]) =Y a[n]Wh =) znle ?™/N . (2)
n=0 n=0

The relationship between the DFT and the mapping al-
lows the fast Fourier transform algorithm (FFT), originally
discovered by Cooley and Tukey [13], to be used for com-
putation. The FFT is a computationally efficient algorithm
and has a complexity of O(N log N).

The complex number of F; (x[n]) in Equation (2) can be
expressed in terms of magnitude » and phase 6 to provide a
useful geometric interpretation of the mapping. The data set
was normalized so that the range of values of each dimen-
sion across the dataset was 0 to 1. For a data point with N
dimensions, the complex exponential divides a unit circle
centered at the origin of the complex plane into N equally
spaced angles. The value of the first dimension is projected
on the radial line corresponding to # = 0 and, similarly, the
value of the kth dimension is projected on to the radial line
corresponding to the § = 27(1 — k) /N radians. The overall
two-dimensional FFHP mapping is the complex sum of all
N projections from a data point. Figure 1 illustrates the ge-
ometric interpretation for a point containing 6 dimensions.

Figure 1. A geometric interpretation of the
first Fourier harmonic projection. A normal-
ized 6-dimensional data point is shown on the
right by the stem plot. The powers of twid-
dle factor Wy divide the unit circle centered
at the origin into 6 equal angles and each di-
mension of the data point is projected onto a
different radial angle (open circle). The pro-
jections are taken complex number sum to
give a 2-dimensional image (indicated by a
filled circle).
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