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Abstract

Background: Identifying periodically expressed genes across different processes (e.g. the cell and metabolic cycles,
circadian rhythms, etc) is a central problem in computational biology. Biological time series may contain (multiple)
unknown signal shapes of systemic relevance, imperfections like noise, damping, and trending, or limited sampling
density. While there exist methods for detecting periodicity, their design biases (e.g. toward a specific signal shape)
can limit their applicability in one or more of these situations.

Methods: We present in this paper a novel method, SW1PerS, for quantifying periodicity in time series in a
shape-agnostic manner and with resistance to damping. The measurement is performed directly, without
presupposing a particular pattern, by evaluating the circularity of a high-dimensional representation of the signal.
SW1PerS is compared to other algorithms using synthetic data and performance is quantified under varying noise
models, noise levels, sampling densities, and signal shapes. Results on biological data are also analyzed and compared.

Results: On the task of periodic/not-periodic classification, using synthetic data, SW1PerS outperforms all other
algorithms in the low-noise regime. SW1PerS is shown to be the most shape-agnostic of the evaluated methods, and
the only one to consistently classify damped signals as highly periodic. On biological data, and for several
experiments, the lists of top 10% genes ranked with SW1PerS recover up to 67% of those generated with other
popular algorithms. Moreover, the list of genes from data on the Yeast metabolic cycle which are highly-ranked only
by SW1PerS, contains evidently non-cosine patterns (e.g. ECM33, CDC9, SAM1,2 and MSH6) with highly periodic
expression profiles. In data from the Yeast cell cycle SW1PerS identifies genes not preferred by other algorithms,
hence not previously reported as periodic, but found in other experiments such as the universal growth rate response
of Slavov. These genes are BOP3, CDC10, YIL108W, YER034W, MLP1, PAC2 and RTT101.

Conclusions: In biological systems with low noise, i.e. where periodic signals with interesting shapes are more likely
to occur, SW1PerS can be used as a powerful tool in exploratory analyses. Indeed, by having an initial set of periodic
genes with a rich variety of signal types, pattern/shape information can be included in the study of systems and the
generation of hypotheses regarding the structure of gene regulatory networks.
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Background

Previous Work

Many methods are available for detecting periodicity in
time series data [1, 2], and many have been successfully
applied in the task of identifying periodic gene expres-
sion. Most of these algorithms can be classified into three
broad classes, based on how/if they use reference patterns.
In particular: approaches which use sinusoidal curves as
a base for comparison, user-defined shape templates, and
those that do not use a reference pattern. We provide a
brief description below.

Methods in the first class determine the period and
measure the strength of periodicity by comparing the
input time series to sinusoidal curves with different peri-
ods. This includes algorithms which transform a time
series into the frequency domain, as with the discrete
Fourier transform, and those that fit sinusoidal curves to
the target signal. The method introduced in [3] uses a
Fourier-based approach and a measure of amplitude (as
an indicator of regulation strength) to generate a score, as
well as a permutation test to asses significance. COSOPT
[4] compares a signal to cosine curves with different
phases and periods to measure their correspondence, and
then uses empirical resampling to compute significance.
Lomb-Scargle [5, 6] uses a variation of the discrete Fourier
transform to handle unevenly sampled data, and returns a
significance score.

Other methods compare the signal to reference curves
that are specified by the user. The method of Luan and
Li [7], for example, generates a spline function to repre-
sent the pattern of known periodic genes, and then uses
this shape model to score other signals. JTK_CYCLE [8]
determines increasing or decreasing patterns of the obser-
vations in both a reference curve and the signal, and
then measures the statistical significance of correlation
between them.

Other methods, by way of contrast, do not use a set pat-
tern to identify signals of interest, but instead attempt to
discover patterns that exist in the data. Address Reduc-
tion [9] measures the algorithmic compressibility of the
signal; a signal that is more compressible indicates there is
a pattern and it might be of biological interest. It is worth
noting that non-compressibility does not imply periodic-
ity. An instance of Persistent Homology [10] pairs, in a
subtle way, minima and maxima of a time series. This can
be used to measure periodicity: if there is only one mini-
mum and maximum pair, it is considered to be a perfect
oscillation. Additional oscillations in the time series will
create more minimum-maximum pairs, indicating a less
perfect curve.

A comparative study of the Lomb-Scargle, Persistent
Homology, JTK_CYCLE and de Lichtenberg methods was
undertaken in [1]. One of their main conclusions is that
curve shape has considerable impact on the scoring of
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biological signals; this is specially relevant in exploratory
settings where the shapes of interest produced by a partic-
ular periodic process are not known.

Our Contribution

SW1PerS, the algorithm introduced here, was designed
to help overcome the limitations posed by: Signal-shape
biases in the rankings of algorithms which use prede-
termined templates, the effects of damping in periodic-
ity estimation, and the difficulty of interpreting scores
derived from p-values. In a nutshell, SW1PerS transforms
the input time series into a high-dimensional set of points
(also referred to as a point cloud) and interprets period-
icity of the original signal as “circularity" of this set. When
constructing this point cloud one uses a local normal-
ization process geared toward diminishing the effects of
damping. A more in depth description will be presented
in the Methods section.

We compare SW1PerS (SW) to existing algorithms,
specifically: Lomb-Scargle (LS), de Lichtenberg (DL),
JTK_CYCLE (JTK), and Persistent Homology (PH). The
first test evaluates their performance on separating peri-
odic from non-periodic signals in a synthetic data set.
Their biases for different signal shapes is also analyzed.
We then examine how the algorithms behave when
applied to real data from different periodic processes and
species: the cell cycle in yeast, the metabolic cycle in yeast,
and circadian rhythms in mouse.

Results

Synthetic data description

The synthetic data used in this paper attempts to capture
characteristics found in biological time series, but was
generated with known parameters so that results across
algorithms could be compared. The periodic shapes
included can be seen in Fig. 1; please refer to the supple-
ments (table S1) for the equations which generate these
curves.

The periods and amplitudes were fixed, but the phase
shifts were allowed to vary from 0 to the length of the
period. The period length was 100 (time units) and the
signals covered 200 units of time, so each signal spans
two cycles. One thousand signals were generated for each
signal shape.

Four noise models were applied to the set of signals,
each at five different levels: Gaussian Additive with stan-
dard deviation SD equal to 0, 12,25, 37 and 50, Laplacian
Additive with spread b at 0, 8.49, 17.68, 26.16, and 35.36,
Gaussian Multiplicative with SD equal to 0, 0.12, 0.25,
0.37 and 0.5, and Laplacian Multiplicative with b =
{0,0.08,0.18,0.26,0.35}. The standard deviation SD for
additive (resp. multiplicative) Gaussian noise and the
spread b for additive (resp. multiplicative) Laplacian noise
were matched (SD = +/2b) so the distributions would
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have the same variance. Given the shapes of the distribu-
tions, this results in the Laplacian noise model producing
signals with more accentuated outliers, as compared to
the less extreme behavior of the Gaussian noise. The addi-
tive and multiplicative variances were not matched to each
other.

Synthetic Data Analysis

In what follows we present our results on the synthetic
data. The first analysis of performance is how well an algo-
rithm can distinguish between periodic and non-periodic
signals for several noise models, levels of noise and tem-
poral sampling density. The second explores signal shape
bias for each method. For this study JTK, LS, DL, PH
and SW1PerS were set to scan for periodicity at a period-
length equal to the true period.

Receiver Operating Characteristic (ROC) curves pro-
vide a succinct visualization of the classification accuracy
furnished by a scoring scheme. In a nutshell, each point
(F, T) in the ROC curve records the proportion of signals
which have been correctly (T') and incorrectly (F) classi-
fied as periodic for a particular choice of score cut-off. The
ROC curve is formed as this choice is varied. It follows
that the area under curve (AUC) is an explicit numeri-
cal summary for the classification accuracy of a scoring
scheme: a value of 1 for the AUC implies a perfect classi-
fier, while a value of 0.5 corresponds to random classifica-
tion. We report in Figs. 2 and 3 the AUCs obtained on the
synthetic data for all algorithms under consideration. The

ROC curves for each number of samples, noise model,
noise level, and shape can be found in the supplements
(Figures S3-S14).

The first thing to notice (see Figs. 2 and 3) is that at
the low sampling (17 time points) and low noise regime
(SD = 0 to 12 in the additive Gaussian model, SD = 0 to
0.12 in the multiplicative, » = 0 to 8.49 in the additive
Laplacian and b = 0 to 0.08 in the multiplicative), SW has
the best performance among the evaluated algorithms in
the task of identifying periodic and non-periodic signals.
Moreover, as the number of samples increases and the
noise level is kept constant (SD = 0), SW continues to be at
the top even as the other algorithms improve their scores.
This is due to signals like the contracting cosine and the
exponential trend, for Fourier-based methods; e.g. Lomb-
Scargle and de Lichtenberg. Indeed, for these types of
signals the spectral density will not be as concentrated at
a single frequency. This, even when there is a clear repeat-
ing pattern, which methods like SW and JTK correctly
identify.

Classification results deteriorate across the board as
noise increases, with DL being the most resilient — spe-
cially in high-sampling conditions, and SW performing on
par with the others. It is worth noting the similarity in
spacing and ordering (with respect to signal shape) of the
AUC scores between algorithms. This can be interpreted
as follows: for all the evaluated methods classification is
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Fig. 3 AUC's showing the algorithms’ performance on identifying periodic signals for different signal shapes, noise models, noise levels (SD and b)

more accurate for simpler signals (e.g. cosines and square
waves) but as shape patterns become more intricate (e.g.
contracting cosine and double peaked) correct classifica-
tion in the presence of noise is more difficult. Indeed,
periodicity (interpreted as the repetition of patterns) is
more severely affected in complicated signal shapes when
random additive noise increases.

If we now turn our attention to Fig. 3, we see a very sim-
ilar picture to what we have described so far. That is, even
with Laplacian noise, which tends to add more accentu-
ated outliers, the relative performance of the algorithms
tends to be similar. This can be interpreted as follows: the
algorithms presented here are stable, for the most part,
for the noise models under consideration. The exception
is PH, as can be seen from the figures.

In summary: For the noise models considered here,
SW1PerS is the best performer in the no-noise/all-
samplings and small-noise/low-sampling regimes. de
Lichtenberg is the most successful in the medium to high
noise regime. What we will show next is that SW1PerS has
better ranking properties, in that it has a greater richness
of signal types at the top of its score distributions.

In our second analysis, we examined how biased each
algorithm was toward each signal shape. This can be
visualized by plotting the distribution, as a histogram, of
periodicity scores for all instances of all signal shapes in
the synthetic data (Fig. 4). When one shape consistently
receives better scores than all others, the algorithm is
biased towards this shape. For JTK and LS, we can see
a strong bias for cosine signals, which receive the best

scores (Fig. 4). DL groups most exemplars at an interme-
diate level, except for peak2 and contracting signals which
receive worse scores, and the trended signals which are
distributed across a wide range. For SW1PerS, there is a
mixture of cosine, cosine 2, cosine damped, and square
signals near the top of the rankings. These are followed
closely by peaked and sawtooth signals. The plots of score
distributions for each algorithm, number of samples, noise
level, and shape can be seen in the supplement (Figures
S15-S34). As the noise level increases, these divisions by
shape become further blurred. In summary, SW1PerS is
the method with the most shape variation for signals
scored as highly periodic, and the only one to include
damped shapes at the top of its rankings.

Methods such as JTK and LS base their score on p-
values. This has a subtle drawback: increasing the number
of samples on a periodic curve causes the p-values to
become more significant, muddling comparisons across
experiments with different numbers of time points. Since
SW1PerS ignores the number of samples in its measure
of periodicity, it is more amenable to inter-experiment
queries.

Significance Analysis

Using synthetic data we have shown that SW1PersS is a
powerful method for quantifying periodicity in time series
data. And though the score it produces does not have the
subtle drawbacks of methods based on p-values, it is still
important to assess its statistical significance.
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In what follows we will present a permutation analysis
of the SW1PerS score, in order to quantify the probabil-
ity that observed good scores are due to chance alone.
In particular, we compute the empirical probability that a
permuted version of a signal gets a better score than the
original one. The setup is described below.

For permutation testing we use signals with 25 time
points and Gaussian additive noise of 12. One signal was
selected for each shape. This set of one signal per shape
was then subjected to permutation testing. For permu-
tation testing, each original signal was permuted using
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python’s "random.shuffle" method to create a sam-
ple, of size N, of permuted versions. This process was
repeated R times. Each one of the permuted signals, along
with the original ones, were then run through SW1PersS.
For each sample of size N, the p-value was computed as
the proportion of permuted signals with SW1PerS score
better than or equal to that of the original version.

The number N of permuted signals was tested at
increasing orders of magnitude: 1000, 10,000, 100,000.
The number of repetitions R was set to 5. The convergence
of the p-values for 5 (= R) repetitions and 100,000 (=
N) permutations was sufficient for analysis. In particular,
the standard deviation of the computed p-values for 5
repetitions, across all shapes, was less than 0.0023.

We report in Table 1 the mean p-values, across the
5 repetitions, along with their computed standard devi-
ations for all signal shapes. The low p-values, save for
the most challenging signal types, suggests that assign-
ing a good score with SW1PerS by chance alone is
highly unlikely. Figure S35 (supplements) depicts his-
tograms of the distributions of scores for the permuted
signals.

Biological Data Sets
We examined the results of the algorithms on data sets
from three microarray experiments (Additional file 2).
These experiments were designed to measure periodic
gene expression of different processes in different organ-
isms which, as we will show, feature signal shapes which
deviate from the usual cosine-like curves.

The wild-type data (WT) from [11] shows periodic gene
expression during the cell division cycle (CDC) in bud-
ding yeast, S. cerevisiae. A population of wild-type cells

Table 1 Computed mean p-values and standard deviations,
across 5 repetitions, for each signal type

Type Shape Mean p-value Std
Periodic Cos 0.00005 0.000012
Cos 2 0.003354 0.000313
Peak 0.010792 0.000363
Trend Lin 0.009752 0.00035
Trend Exp 0.161562 0.001052
Damp 0.006814 0.000177
Saw 0.00027 0.000035
Square 0.00001 0.00001
Contract 0.262642 0.002222
Non-periodic Flat 0.54663 0.002278
Line 0.935736 0.001094
Exp Decay 0.897834 0.000586
Sigmoid 1 0
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were synchronized and samples were taken at 16 minute
intervals. The period for the cell cycle in this experiment
is estimated to be approximately 95 minutes, and the data
sets cover a recovery period and roughly two cell cycles.
This data set contains 15 samples, but only the last 13
were used in order to omit a stress response. There are
two replicates, WT1 and WT2.

The yeast metabolic cycle (YMC) data of [12] are from
S. cerevisiae that were grown to a high density, briefly
starved and then given low concentrations of glucose.
Samples were taken at variable intervals of 23-25 minutes.
We evened the sample intervals by changing the times to
every 24 minutes. The yeast metabolic cycle is estimated
to be approximately 300 minutes; this data set covers
approximately three cycles and contains 36 samples.

The mammal circadian rhythm data from [13] is from
wild-type mice that were synchronized by entraining
them to an environment with 12 h light and 12 h dark
for one week. They were then placed into total darkness.
Samples were taken from the liver every hour. The period
of the circadian rhythm is approximately 24 hours, and
this data set covers two circadian cycles and contains 48
samples.

For the yeast cell cycle, the data has a low sampling den-
sity of 13 samples for two periods (6.5 samples per cycle).
Additionally, the data is damped. The yeast metabolic
cycle data has a higher sampling density of 36 samples
for three periods (12 samples per cycle). For the circadian
rhythm, the data has a higher sampling density of 48 sam-
ples for two periods (24 samples per cycle) and the data
appear noisier than the yeast cell cycle data.

Biological Data Analysis

Each data set was run through the LS, JTK, DL, and SW
algorithms (Parameters in Table S3). We omitted PH from
further analysis, as it did not perform as well as the oth-
ers on the synthetic data. Comparing these algorithms is
challenging; unlike in the synthetic data there is no ground
truth; the algorithms return p-values or scores that can
be difficult to compare directly, and their score distri-
butions are difficult to interpret (Figures $39-S41). We
evaluate the performance of SW on biological data, rela-
tive to the other algorithms, based on its ability to: find
periodic shapes which the other algorithms also identify;
find uncommon signals that have nonstandard periodic
shapes; and to recover signals of genes that are believed
to be part of a given periodic process. In addition, we
report sets of genes from overlapping periodic processes
found with SW1PerS. We present next the results of these
analyses.

Finding common periodic signals.
One of the goals in developing SW was that it would be
more shape agnostic, and therefore able to detect a larger
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range of periodic shapes in the data. SW should, however,
recover results from the top of the other algorithm’s lists,
which have been shown to detect periodic signals.

First, we take the top 10 % and 20 % of results by rank
from each algorithm and compare their overlaps (Table 2).

Complete Venn diagrams (Figures S42-S44) and tables
of percent overlap (Tables S4-S6) can be found in the
supplements.

We also quantify the ability of each algorithm to iden-
tify genes in sets of consensus. For this analysis, a set of
consensus is a list of probes which appear in the top 10 %
of at least 3 different algorithms. We report in Table 3
the number, and percentage, of consensus genes that each
algorithm is able to discover in its top 10 % of rankings.
We do this for each one of the biological data sets.

As shown, SW has the highest percentage of probes
(90 %) in the consensus for the yeast cell cycle. SW has
second highest percentage (93 % compared to 94 % for LS)
in the yeast metabolic cycle. In the mammal circadian set,
SW has 82 % in the consensus set, while the other algo-
rithms have higher percentages (88-97 %). These analyses
suggest that SW1PerS is able to identify a large portion of
genes labeled as highly periodic, even when the labelling
process has been done with very different algorithms.

Finding uncommon periodic signals.

To determine if SW finds unusual periodic shapes that
other algorithms might overlook, we next examine sig-
nals ranked highly only by SW. To this end, we study the
sets of signals that are in the top 10 % of SW'’s rankings,
but not in the top 10 % for any other algorithm (Addi-
tional file 3). These sets include 151 probes of a total
5900 yeast cell cycle probes on the microarray, 179 of
9335 yeast metabolic probes, 1029 of 45101 mammal cir-
cadian probes. The yeast metabolic cycle data, with higher
sampling and three cycles, shows interesting examples
(Fig. 5).

All signals in this figure are listed in the 3,656 probes
(39 % of all probes on the array) identified as periodic in
[12]. They use an autocorrelation function with a period
determined by Lomb-Scargle. These signals are ranked
very highly by SW, are not necessarily highly periodic

Table 2 Percentage of overlap from the top 10 % and 20 % of
probes as ranked by the algorithms

Data Cell Cycle Met. Cycle Circ. Rhy.
Top # 590 1180 933 1866 4510 9020
Top % 10 % 20 % 10 % 20 % 10 % 20 %
SwnNDL 51 % 59 % 36 % 56 % 64 % 68 %
SWNLS 52% 60 % 67 % 78 % 67 % 59 %

SWNJTK 51 % 59 % 60 % 73 % 67 % 66 %
All 26 % 42 % 23 % 42 % 53% 55%
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Table 3 Number and percentage of probes in the top 10 % of
rankings from each algorithm that are in a consensus set. That is,
those which appear in the top 10 % of rankings for at least three
algorithms

Data Set Alg #Consensus %Consensus
Yeast Cell Cycle sw 316 0.90
Consensus: 353 dl 289 0.82
Is 298 0.84
jtk 311 0.88
Yeast Met. Cycle sw 553 0.93
Consensus: 596 dl 345 0.58
Is 563 0.94
jtk 541 091
Mammal Circadian sw 3090 0.82
Consensus: 3767 dl 3330 0.88
Is 3640 0.97
jtk 3636 0.97

according to the other algorithms under consideration,
and have shapes which are very unusual. Notice that a rep-
etition across three periods makes it highly unlikely for
these shapes to be artifacts.

Finding signals that are part of a periodic process.

To determine if the algorithms recover genes associated
with periodic processes, we examine their rankings of
genes associated with the yeast cell cycle and the circadian
rhythm. The lists of genes were created from previous
studies that locate the binding sites of genes known to be
part of the given periodic process.

For the yeast cell cycle, the ChIP-chip data of [14]
includes nine known cell cycle transcription factors:
Mbpl, Swi4, Swi6, Mcm1, Fkh1, Fkh2, Ndd1, Swi5, and
Ace2. From this data set, we selected a list of 141 genes as

% Gene SW DL LS JTK  Amp Plot

10 ECM33 137 1552 1194.5 1492 35.86 \N”\\jv
10 SAM1,2 628 1133 1723 3289.5 60.82 J"W
15 CDC9 291 1494 1993.5 27145 2.81 WM\J\
25 MSH6 715 3569 2381 33415 5.06 _J\N

Fig. 5 Some example shapes in the yeast metabolic cycle data found
in the top 10 % of SW results, but not in the top % listed (first column)
of any of the other algorithms. The columns are: gene symbol; rank
from SW, DL, LS, and JTK; amplitude; and the plot of the time series.
Ties in the rank are averaged. The amplitude is the maximum
minimum. The plots are normalized from the minimum to the
maximum of the signal. For a full listing of genes in the top 10 % of
one algorithm but not in the top 10 % the others, see supplemental
files “top_genes”
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targets of these transcription factors. For the mouse cir-
cadian rhythm, the Chip-Seq data of [15] includes seven
known circadian transcription factors: BMAL1, CLOCK,
NPAS2, PER1, PER2, CRY1, and CRY2. From this data
set, we selected 361 genes as targets of these transcription
factors. See Methods for our inclusion criteria.

Promoter binding does not guarantee functional regu-
lation and therefore some targets may not be periodically
expressed in response to binding by a cell cycle or circa-
dian rhythm transcription factor. However, for including
genes in our periodic process list, we are willing to accept
the cost of including false positives in exchange for the
benefit of not using other periodicity detection methods
to determine inclusion. The rankings of these genes are
visualized with a histogram to show how periodic the
algorithms consider them (Fig. 6).

For the yeast cell cycle, SW and DL pick the highest
number of binding targets at the top of their rankings,
with DL selecting the most. Within the top 10 % of the
rankings, DL finds 53 % of the genes, SW 24 %, LS 22 %,
and JTK 19 %. For the mammal circadian data, the dis-
tributions for the top rankings are more similar; SW and
the other algorithms find 50-55 % of the gene list within
the top 10 % of their rankings. We find that these results

Histogram of Process Genes by Rank
Yeast Cell Cycle Mammal Circadian
Simon 2001 Koike 2012
‘3‘8 ] 150
T 2] 4 0
20 2 1o 2
10 . 50 1
0 = 0 -
‘3‘8 1 150 1
» 20 - w) 100 A 'g
[} - 50
Qo 10+
2 o0+ S 0 -
o
H# 40+ 150 -
30
0 4 (,7) 100 CIT)
10 u i 50 1
04 T R 0
401 150 A
1 o
30 < 100 =
20 1 - =
10 ‘ | A 501
04 hil. L 0- e
o o o o o O © O O
o o o o O O O
& § 3 8 888
~ N O <
Rank Rank
Fig. 6 Distribution of genes identified as targets of transcription
factors involved in periodic processes. The yeast cell cycle list comes
from ChlIP-chip experiments and the mammal circadian rhythm data
comes from ChIP-Seq experiments
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are relatively stable across different cutoffs, as shown in
Tables 4 and 5.

In contrast with SW, LS and JTK have pushed a larger
portions of these genes to the lowest rank. See supplement
for a comparison of rankings for yeast cell cycle (Figure
$45) and mammal circadian rhythm (Figure S46) for a
selected set of known genes.

Discovery of signals from multiple processes.

To determine if SW finds genes involved in multiple pro-
cesses in budding yeast, we compared cell cycle genes
preferred by SW with results from other experiments in
yeast. To create the list of genes that SW prefers, we
selected the top 10 % of ranked results from SW that
were not in the top 10 % of ranked results for the yeast
cell cycle (WT1) on either DL, JTK or LS. This results in
151 probes with 148 unique systematic names. To filter
out probes that are potentially more noise than signal, we
compared the replicates WT1 and WT2 using a combined
score from SW and JTK (see Supplements, section 8). A
cutoff of 0.05 yielded a list of 77 probes.

We compared this set of signals to lists of genes from
other experiments: the gene list of the yeast metabolic
cycle (YMC) from [12] and the gene lists of the positive
and negative universal growth rate response (GRR) from
[16]. The genes with universal growth rate response are
a subset of the periodically expressed genes in the yeast
metabolic cycle [16]. The percent overlap between our list
of 77 probes and these data sets are shown in Table 6.
(Supplemental figures S47-549.)

In the overlap with the yeast metabolic data, but not pre-
viously identified as periodic in [11], was CDC10, a com-
ponent of the septin ring [17]. Not identified in [18] or [11]
were BOP3, a potential target of Cdk1 [19]; and YIL108W
and YER034W, which are involved in the response to DNA
replication stress [20]. In the overlap with the negative
universal growth rate response, but not previously iden-
tified as periodic in [11] or [18], were MLP1, which has
a role in controlling the length of telomeres [21]; PAC2,
which is involved in microtubule functioning and chro-
mosome segregation [22]; and RTT101, which is involved
in the progression of anaphase [23]. The algorithm rank-
ings and time series for these genes are shown in Fig. 7.

Table 4 Overlap between algorithm rankings and binding data
for Yeast Cell Cycle data. The percent of probes in the top X % of
rankings for each algorithm that are in the set of bindings targets
that we compiled from the ChIP-chip data of Simon, et al, 2001
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Table 5 Overlap between algorithm rankings and binding data
for Mammal Circadian data. The percent of probes in the top X %
of rankings for each algorithm that are in the set of bindings
targets that we compiled from the ChIP-Seq data of Koike, et al,
2012. Note that the array for the circadian data set has multiple
probes for some genes and duplicates were not removed

Alg 5% 10% 15 % 20%
SW rank 32 50 63 74
DL rank 41 54 69 70
LS rank 37 53 65 71
JTK rank 35 55 70 78
Discussion

The results from the synthetic data show that SW is
comparable to other popular algorithms for most signal
shapes, noise levels, and sampling densities. Additionally,
SW outperforms DL, LS, JTK, and PH on the low noise
regime and across all sampling densities. This analysis
has shown that SW1PerS performs well on data that has
shapes which occur in biological systems from different
organisms, and that it is well behaved under sampling
densities and noise levels found in microarray data sets.
SW1PerS shows less bias against damped signals, which
occur frequently for instance in the yeast cell cycle data.

The analysis of the biological data shows that SW1PerS
is able to recover many of the signals other algorithms
find, and can additionally discover non-cosine shapes that
other algorithms might exclude. We believe that finding
signals with a greater diversity of shapes well outweighs
the cost of giving higher ranks to signals that might appear
to be noise. SW also appears to detect different types of
biological processes than the other algorithms based on
GO enrichment (see Supplemental table S7-514).

Each algorithm tested here has strengths and weak-
nesses that vary by signal shapes, noise levels, and sam-
pling rates. For SW1PersS, in particular, we have observed
the following relative strengths:

e SW1PersS, in the low noise range, has been shown to
be the most shape-agnostic algorithm out of the
methods studied here.

Table 6 Number of probes from the top 10 % of SW, not in the
top 10 % of other algorithms, filtered for noise using the
replicates, that overlap with other data sets. We also show the
numbers of these probes not identified in Orlando 2008,

Alg 5% 10% 15 % 20%  Spellman 1998, and not in either of these data sets

SW rank 14 24 31 35 Dataset Overlap —Orlando —Spellman —Either
DL rank 39 53 56 59 YMC 36 (47 %) 21 (27 %) 30 (39 %) 18 (23 %)
LS rank 9 22 35 38 GRR Pos 3 (4 %) 2 (3%) 3 (4 %) 2 (3%)
JTK rank 10 19 31 40 GRR Neg 13 (17 %) 8 (10 %) 12 (16 %) 8 (10 %)
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% Gene SW DL LS JTK WT1 WT2
10 BOP3 76 644 6575 681 /7 \/\~
10 CDC10 221 1224 7485 1827 /\— /\,~—
15  PAC2 494 970 1309 940 /\~ “Y“-_
15 RTT101 581 1103 16935 1207 \ /M~ “~__
20 YIL108W 242 1361 2095 1207 \/ v \/\ ¥
25 YER034W 560 2026 1880.5 1495 [/~ /\ ~
25 MLP1 348 1954 15345 1827 [\~ /S

Fig. 7 Examples of genes from the yeast cell cycle data in the top 10
% of SW, not in the top % listed (first column) of other algorithms,
filtered for noise, that overlap with other data sets and have not been
identified in [11] and/or [18]. Columns are gene symbols; the rank out
of 5,900 probes for each method; and the plot of the wild-type
replicates 1 and 2. Ties in rank are averaged. The plots are normalized
from the minimum to the maximum. For a full listing of genes in the
top 10 % of one algorithm but not in the top 10 % the others, see
supplemental files “top_genes”

e SW1PersS is able to effectively estimate periodicity
even as the period length changes from oscillation to
oscillation. We saw this, for instance, with the
contracting cosine in the synthetic data.

e The score that SW1PerS returns has a geometric
interpretation, and can be compared across different
data sets.

® SW1PerS can be used on data with low temporal
resolution and uneven time spacing.

e While the algorithm requires the selection of certain
parameters (e.g. window size, embedding dimension,
etc), the theory behind the method suggests
reasonable values.

e Even though the inner-workings of the SW1PerS
algorithm are quite different from the other methods
studied here, it is able to recover — to a large extent —
what other algorithms find.

There are also weaknesses which are worth keeping in
mind:

® The implementation we have of SW1PerS has been
clocked at between 0.5sec and 1.0sec per signal, on a
laptop computer. Hence, running-time can be an
issue. We expect that as better algorithms for
computing 1-persistent homology and more
computational resources become available, this
problem can be mitigated.

e The probability distribution for the SW1PerS score,
even for the additive Gaussian noise model, has not
been described as of yet. Hence, we lack a principled
way of producing p-values. And though studying this
distribution is out of the scope of the present article,
we have used synthetic data — where the ground truth
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is known — to assess the performance of SW1PerS
relative to other algorithms. In addition, permutation
tests were also performed to evaluate significance and
positive results were obtained as shown in Table 1.

e As we have observed with the synthetic data,
SW1PerS tends to degrade as noise increases, and it
does so at a faster rate than some of the other
methods studied here. Signal processing, however, is a
rich field with highly successful denoising algorithms
that can be brought to bear in this problem.

e SW1PerS does not recover the phase or period length.

Keeping all this in mind, the analyses presented here
have shown the benefits of applying SW1PerS, especially
in exploratory situations where signal shapes might not be
known and a broad set of candidates is desirable.

Conclusions

We have presented in this paper a new algorithm,
SW1PersS, for quantifying periodicity in time series data.
The algorithm has been extensively tested and com-
pared to other popular methods in the literature, using
both synthetic and biological data. Specifically, with a
vast synthetic data set spanning 14 different signal types
(10 periodic and 4 non-periodic), 4 noise models, 5
noise levels and 3 sampling densities, it was shown that
SW1PerS outperforms the other algorithms presented
here in the low-noise and low-sampling regimes. More-
over, it exhibits at the top of its rankings the most variety
in signal types, making it the most shape-agnostic and
the only one to identify damped signals as highly peri-
odic. In the biological data SW1PerS recovers, to a large
extent, what other algorithms have identified in previous
work. Moreover, it was also able to discover signals with
interesting shapes, which were overlooked by the other
methods.

By using SW1PerS along with other algorithms that
complement its strengths and lessen its weaknesses, it
can be used as a powerful tool in exploratory analyses.
Indeed, in biological systems with low noise, i.e. where
periodic signals with interesting shapes are more likely
to occur, SW1PerS can be used to identify an initial set
of periodic genes with a rich variety of signal types. Pat-
terns and shape information can then be included in the
study of systems, as well as in the generation of hypotheses
regarding the structure of gene regulatory networks.

Methods

The SW1PerS Algorithm

The way SW1PerS recognizes periodicity is simple: It
measures the existence of a distinctive pattern in the graph
of the signal, and quantifies the extent to which it repeats.
The quantification step, in contrast with other methods,
does not involve the usual measures of correlation. Instead
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we use tools from topological data analysis [24], a new
set of techniques that probe/quantify the shape of data, to
measure the circularity of a point cloud derived from the
time series.

More specifically, given a time series go, g1, .. .,gs (e.g.
of gene expression data) measured at times £, 1, ..., s,
we map the interval [fp,ts] linearly onto [0,27] and
apply cubic splining to obtain a continuous function g :
[0,27] — R so that g(0) = go and g(2w) = gs. For
a fixed 0 < w < 2w, referred to as the window size,
and each time ¢ €[0,27 — w] we consider the graph of
g restricted to the interval [¢,¢ 4+ w]. Let us use Fig. 8,
where we depict a prototypical function g with a window
of length w, as a running example.

Sliding this window (the first two words in the acronym
SW1PerS) corresponds to letting ¢ vary from 0 to 27 — w,
and it follows that each ¢ €[ 0, 27 —w] yields a snapshot, or
snippet, from g. If these snippets were arranged according
to their degree of similarity, similar snippets being closer,
then the emerging picture would be analogous to that in
Fig. 9.

The repetition of a pattern in the graph of g is thus asso-
ciated with the circular arrangement of the snippets, while
its distinctiveness corresponds to the size of the “hole”
in the middle of the arrangement. Notice that the term
“pattern” applies to any type of snippet; this is what gives
SW1PersS its shape-agnostic nature.

We formalize this construction as follows: let M be a
positive integer (usually larger than twice the number of
time points) and set 7 = 77 for some window size w €
(0,27). The theory behind SW1PerS [25] implies that a
good window size should be close to %, where L is
the number of expected periods.

The discretized sliding window starting at ¢ is given by
the vector

g
gt+1)
SW-g(t) = :
gt + Mr)
0 t t+w 27
Fig. 8 g along with a window of length w starting at t €[0,2r — w]
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Fig. 9 Arrangement of snippets according to similarity

As we let t take values in a (sufficiently dense) finite
set® T C[0,2m — w], the result is a collection of points
X ¢ RM*! which we refer to as a sliding window point
cloud. In this cloud, viewed as a subset of RM*+1 two
points are close if and only if the corresponding snippets
they discretize are similar. It follows that the extent to
which X can be thought of as sampled from a closed curve
without self-intersections (a topological circle), is in direct
correspondence with the periodicity of g as measured with
windows of size w. The resulting point cloud is then point-
wise mean-centered and normalized; that is, we replace X
by

x—mean(X)

X= { Tx—meanc] ¢ X € X }

This ameliorates the effects of damping and trending in
the original time series, and also makes SW1PerS ampli-
tude blind.

We input X into the 1-Persistent Homology algorithm
[26] using a fast implementation tailored specifically for
sliding window point-clouds (see supplements, Section 2).
From the 1-Persistent Homology computation one can
extract two numbers: 0 < b < d < +/3, where b measures
the maximum distance from a point X € X to its nearest
neighbor in X, and d measures both how circular and wide
X is. This is what we alluded to as measuring the shape of
data and the size of the hole in Fig. 9. The pair (b, d) yields
a score

d’—b"

S(i’l,m) =1- W

between 0 (periodic) and 1 (not periodic) for each choice
of integers n > m. For this paper we use n = m = 2, as
this pair yielded the best results on the synthetic data. We
refer the reader to [25] and Section 1 of the supplements
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for a more detailed discussion on the choice of the param-
eters M, w, the set T C[0,2m — w], and the mathematical
underpinnings of the method.

Dealing with Noise

We present two denoising paradigms included in the
SW1PerS pipeline; the first operates on time series, and
the second focuses on noise at the point-cloud level.

Simple Moving Average

Can be interpreted as a discrete version of convolution
with a step function. The input for this method is an odd
integer 2k + 1, much smaller than the number of obser-
vations in the time series go, . ..,gs. The result, a locally
averaged time series go, . . ., gs, is obtained as follows: for
eachs =0,...,Swelet £ = min{s, S — s, k} and define

N RN R Y,
s 2041

Simple Moving Average often yields satisfactory results
given its local nature, and that it can be applied to time
series with low time resolution (S > 13). A limita-
tion, however, is that it can remove fine features and
peak-like behavior. Thus, we restrict k to values so that
G5k 185 - 851k does not span more than a third of
the window size w.

Mean-Shift

Has appeared numerous times in the statistics literature,
and more recently in the work of [27]. It can be seen as
a point-cloud-level version of moving average, in which
each point of the cloud is replaced by the average of those
close to it. Intuitively, this has a tightening effect. Close-
ness to a point can be defined as being among its g-th
nearest neighbors for some integer g, or by being no far-
ther than € away for some constant € > 0. It is the second
option we use in this paper. Since in SW1PersS the sliding
window point cloud has been pointwise mean-centered
and normalized, it follows that it lies on the surface of the
unit sphere in RM*+1, Hence we measure distance between
two such points X, y via the angle between them and deem
them to be close® if £(x, Y) < {g- Once each point has
been replaced by the average of those no more than {z
away, we proceed to pointwise normalizing the resulting
cloud.

Availability and Supporting Data
An implementation of SW1PerS can be found at http://
cms.math.duke.edu/harer/?q=downloads.

Endnotes ‘
In practice weuse T = {KZ;TTBW)U =01...,
This constant was set experimentally based on
performance on the synthetic data.
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Additional files

Additional file 1: Supplements. The supplements file contains detailed
information on several points discussed in this paper. In particular: 1. The
mathematics behind the SW1PerS algorithm, 2. A detailed description of
the fast 1-Persistent Homology algorithm, 3. Generating functions for the
synthetic data, 4. All ROC plots from the synthetic data analysis, 5. All score
distributions from the synthetic data analysis, 6. Histograms of score
distributions for permutation test,7. Details regarding the availability and
processing of the biological data, 8. Gene lists from ChIP-chip and ChIP-seq
data, 9. The method used for filtering noise using replicates and 10. GO
Enrichment analysis.

Additional file 2: Rankings. These three files contain the biological data
sets used in this paper, as well as the scores and rankings from all the
algorithms presented here. In addition, they include filters so that users can
re-order the probes by the score of a particular algorithm.

Additional file 3: Top genes. This zip file contains three pdf files,
associated to each one of the 3 biological data sets studied in this paper.
Each file shows the full ordered list, sparkLines included, of genes in the top
10 % of rankings according to SW1PerS and that are not present in the top
10 % of the other algorithms.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

Jose Perea and Anastasia Deckard prepared the manuscript, implemented the
SW1PerS algorithm and did the analysis of the data. Steve Haase revised the
manuscript, provided the relevant literature, and designed the analysis of the
data. John Harer revised the manuscript and designed the fast 1-Persistent
Homology algorithm.

Acknowledgements

We would like to thank Dave Orlando for his implementation of DL, Yuriy
Mileyko for that of PH and John Hogenesch for his implementation of the JTK
algorithm. We thank Sara Bristow, Adam Leman, and Christina Kelliher for
informative discussions. J. Perea would like to thank the IMA at the University
of Minnesota for its support during portions of this project. This research was
supported by the Defense Advanced Research Projects Agency through grant
[D12AP0O0001].

Author details

! Department of Mathematics, Duke University, Science Dr, 27708 Durham, NC,
USA. 2Institute for Mathematics and its Applications (IMA), University of
Minnesota, Minneapolis, MN, USA. 3Program in Computational Biology and
Bioinformatics, Duke University, 27708 Durham, NC, USA. 4Center for Systems
Biology, Institute for Genome Sciences & Policy, Duke University, 27708
Durham, NC, USA. 5Departmem of Biology, Duke University, 27708 Durham,
NC, USA. 6 Department of Computer Science and Department of Electrical and
Computer Engineering, Duke University, Science Dr, 27708 Durham, NC, USA.

Received: 21 December 2014 Accepted: 10 June 2015
Published online: 16 August 2015

References

1. Deckard A, Anafi RC, Hogenesch JB, Haase SB, Harer J. Design and
analysis of large-scale biological rhythm studies: a comparison of
algorithms for detecting periodic signals in biological data.
Bioinformatics. 2013;29(24):3174-3180.

2. WuG, ZhuJ, Yul, Zhou L, Huang JZ, Zhang Z. Evaluation of five
methods for genome-wide circadian gene identification. Journal of
Biological Rhythms. 2014,29(4):231-242. doi:10.1177/0748730414537788.

3. deLichtenberg U, Jensen LJ, Fausball A, Jensen TS, Bork P, BrunakS.
Comparison of computational methods for the identification of cell
cycle-regulated genes. Bioinformatics. 2005;21(7):1164-1171.

4. Straume M, Vol. 383. Methods in Enzymology. Methods in Enzymology:
Elsevier; 2004.

5. Lomb N. Least-squares frequency analysis of unequally spaced data.
Astrophysics and Space Science. 1976;39:447-462.



http://cms.math.duke.edu/harer/?q=downloads
http://cms.math.duke.edu/harer/?q=downloads
http://www.biomedcentral.com/content/supplementary/-s1.pdf
http://www.biomedcentral.com/content/supplementary/-s2.xls
http://www.biomedcentral.com/content/supplementary/-s3.zip
http://dx.doi.org/10.1177/0748730414537788

Perea et al. BMC Bioinformatics (2015) 16:257

20.

21.

22.

23.

24.

25.

26.

27.

Scargle J. Studies in astronomical time series analysis. lI-Statistical aspects
of spectral analysis of unevenly spaced data. Astrophysical Journal.
1982;263:835-853.

Luan'Y, Li H. Model-based methods for identifying periodically expressed
genes based on time course microarray gene expression data.
Bioinformatics. 2004;20(3):332-339.

Hughes M, Hogenesch JB, Kornacker K. JTK_CYCLE: An Efficient
Nonparametric Algorithm for Detecting Rhythmic Components in
Genome-Scale Data Sets. Journal of Biological Rhythms. 2010;25(372):
372-380.

Ahnert S, Willbrand K, Brown F, Fink T. Unbiased pattern detection in
microarray data series. Bioinformatics. 2006;22(12):1471-1476.
Cohen-Steiner D, Edelsbrunner H, Harer J, Mileyko Y. Lipschitz Functions
Have L p -Stable Persistence. Foundations of Computational
Mathematics. 2010;10(2):127-139.

. Orlando D, Lin C, Bernard A, Wang J, Socolar J, Iversen E, Hartemink A,

Haase S. Global control of cell-cycle transcription by coupled CDK and
network oscillators. Nature. 2008;453(7197):944-947.

Tu B, Kudlicki A, Rowicka M, McKnight S. Logic of the yeast metabolic
cycle: temporal compartmentalization of cellular processes. Science.
2005;310(5751):1152-1158.

Hughes ME, DiTacchio L, Hayes KR, Vollmers C, Pulivarthy S, Baggs JE,
Panda S, Hogenesch JB. Harmonics of circadian gene transcription in
mammials. PLoS genetics. 2009;5(4):1000442.

Simon |, Barnett J, Hannett N, Harbison CT, Rinaldi NJ, Volkert TL, Wyrick
1), Zeitlinger J, Gifford DK, Jaakkola TS. Serial Regulation of Transcriptional
Regulators in the Yeast Cell Cycle. Cell. 2001;106(6):697-708.

Koike N, Yoo SH, Huang HC, KumarV, Lee C, Kim TK, Takahashi JS.
Transcriptional architecture and chromatin landscape of the core
circadian clock in mammals. Science. 2012;338(6105):349-354.

Slavov N, Botstein D. Coupling among growth rate response, metabolic
cycle, and cell division cycle in yeast. Molecular Biology of the Cell.
2011,;22(12):1997-2009.

Hartwell LH. Genetic control of the cell division cycle in yeast. IV. Genes
controlling bud emergence and cytokinesis. Experimental cell research.
1971,69(2):265-276.

Spellman PTP, Sherlock GG, Zhang MQM, lyer VRV, Anders KK, Eisen
MBM, Brown POP, Botstein DD, Futcher BB. Comprehensive
identification of cell cycle-regulated genes of the yeast Saccharomyces
cerevisiae by microarray hybridization. Molecular Biology of the Cell.
1998,9(12):3273-3297.

Ubersax JA, Woodbury EL, Quang PN, Paraz M, Blethrow JD, Shah K,
Shokat KM, Morgan DO. Targets of the cyclin-dependent kinase Cdk1.
Nature. 2003;425(6960):859-864.

Tkach JM, Yimit A, Lee AY, Riffle M, Costanzo M, Jaschob D, Hendry JA,
Ou J, Moffat J, Boone C, Davis TN, Nislow C, Brown GW. Dissecting DNA
damage response pathways by analysing protein localization and
abundance changes during DNA replication stress. Nat. Cell Biol.
2012;14(9):966-976.

Hediger F, Dubrana K, Gasser SM. Myosin-like proteins 1 and 2 are not
required for silencing or telomere anchoring, but act in the Tel1 pathway
of telomere length control. Journal of Structural Biology. 2002;140:79-91.
NiuW, LiZ, Zhan W, lyer VR, Marcotte EM. Mechanisms of Cell Cycle
Control Revealed by a Systematic and Quantitative Overexpression
Screen in S. cerevisiae. PLoS genetics. 2008;4(7):1000120. Ve

Page 12 of 12

Michel JJ, McCarville JF, Xiong Y. A role for Saccharomyces cerevisiae
Cul8 ubiquitin ligase in proper anaphase progression. The Journal of
Biological Bhemistry. 2003;278(25):22828-22837.

Carlsson G. Topology and data. Bulletin of the American Mathematical
Society. 2009;46(2):255-308.

Perea JA, Harer J. Sliding windows and persistence: An application of
topological methods to signal analysis. Foundations of Computational
Mathematics. 20141-40. doi:10.1007/510208-014-9206-z.

Edelsbrunner H, Letscher D, Zomorodian A. Topological persistence and
simplification. Discrete and Computational Geometry. 2002;28(4):
511-533.

Comaniciu D, Meer P. Mean shift: A robust approach toward feature space
analysis. Pattern Analysis and Machine Intelligence. 2002;24(5):603-619.

~
Submit your next manuscript to BioMed Central
and take full advantage of:
e Convenient online submission
e Thorough peer review
¢ No space constraints or color figure charges
¢ Immediate publication on acceptance
¢ Inclusion in PubMed, CAS, Scopus and Google Scholar
¢ Research which is freely available for redistribution
Submit your manuscript at ( -
www.biomedcentral.com/submit Bioled Central
J



http://dx.doi.org/10.1007/s10208-014-9206-z

	Abstract
	Background
	Methods
	Results
	Conclusions
	Keywords

	Background
	Previous Work
	Our Contribution

	Results
	Synthetic data description
	Synthetic Data Analysis
	Significance Analysis
	Biological Data Sets
	Biological Data Analysis
	Finding common periodic signals.
	Finding uncommon periodic signals.
	Finding signals that are part of a periodic process.
	Discovery of signals from multiple processes.


	Discussion
	Conclusions
	Methods
	The SW1PerS Algorithm
	Dealing with Noise
	Simple Moving Average
	Mean-Shift


	Availability and Supporting Data
	Endnotes
	Additional files
	Additional file 1
	Additional file 2
	Additional file 3

	Competing interests
	Authors' contributions
	Acknowledgements
	Author details
	References



