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With the advent of high-throughput technologies making large-
scale gene expression data readily available, developing appro-
priate computational tools to process these data and distill insights
into systems biology has been an important part of the “big data”
challenge. Gene coexpression is one of the earliest techniques de-
veloped that is still widely in use for functional annotation, path-
way analysis, and, most importantly, the reconstruction of gene
regulatory networks, based on gene expression data. However,
most coexpression measures do not specifically account for local
features in expression profiles. For example, it is very likely that
the patterns of gene association may change or only existin a subset
of the samples, especially when the samples are pooled from a
range of experiments. We propose two new gene coexpression
statistics based on counting local patterns of gene expression ranks
to take into account the potentially diverse nature of gene interac-
tions. In particular, one of our statistics is designed for time-course
data with local dependence structures, such as time series coupled
over a subregion of the time domain. We provide asymptotic anal-
ysis of their distributions and power, and evaluate their performance
against a wide range of existing coexpression measures on simulated
and real data. Our new statistics are fast to compute, robust against
outliers, and show comparable and often better general performance.

local rank patterns | bivariate association | random permutation statistics |
Stein’s approximation

major challenge in systems biology is to understand the in-

tricate interactions and functional relationships between
genes and their regulation targets. As advances in high-through-
put technologies lead to the generation of enormous amounts of
genomic data, the last decade has witnessed a rapidly increasing
effort to develop computational tools to reconstruct gene rela-
tionships based on a wide range of “omic” data available, in par-
ticular transcriptomic or expression data. Coexpression methods,
which assess certain types of dependence between the expression
profiles of two genes, are one of the earliest tools used for this
purpose. The technique has been routinely used for functional
gene annotation (1, 2) and more importantly as a measure of edge
weights for reconstructing gene networks (3-7).

The problem of finding gene coexpression is closely related to
that of detecting bivariate association between two vectors. Since
the work by Eisen et al. (8), the Pearson correlation has been
adopted as the most widely used coexpression measure (3, 9, 10)
for its straightforward conceptual interpretation and computa-
tional efficiency. However, it is also known that the Pearson
correlation is unsuitable for capturing nonlinear relationships
and susceptible to high false discovery rates. Another class of
coexpression methods is based on mutual information (MI) (5,
11, 12, 13), which measures general statistical dependence rather
than a specific type of bivariate association. The computation of
MI involves discretization of the data and tuning parameters,
and obtaining P values requires computationally intensive per-
mutation tests. The practical benefits and shortcomings of MI
compared with correlation-based methods are still under inves-
tigation (11, 12, 14). More comparisons of different coexpression
measures and the coexpression networks constructed can be found
in refs. 15 and 16.

www.pnas.org/cgi/doi/10.1073/pnas.1417128111

In the broader statistical literature, other methods available
for quantifying bivariate associations include the Renyi correla-
tion (17) measuring the correlation between two variables after
suitable transformations; various regression-based techniques
(14); and Hoeffding’s D (18), and distance covariance (dCov)
(19), for general statistical dependence. These methods are
not widely adopted in genomic applications yet. More recently,
Reshef et al. (20) proposed the maximal information coefficient
(MIC) as an extension of MI, but MIC was shown to have inferior
power to dCov (21) and MI (22) in various simulated scenarios.

Most of the methods mentioned so far, perhaps with the ex-
ception of MIC, do not specifically target dependence relation-
ships that can be local in nature and often assume the data are
random samples from a common distribution in the theoretical
analysis. However, real gene interactions may change as the in-
trinsic cellular state varies or only exist under a specific cellular
condition. Furthermore, with data integration now being a rou-
tine approach to combat the curse of dimensionality, samples
from different experimental conditions or tissue types are likely
to prescribe different gene relationships and thus create more
complex situations for detecting gene interactions. For instance,
a protein that positively regulates expression in one context
may act as a repressor in another [e.g., MECP2 (23)], or a gene
may participate in either neural development or hematopoiesis
depending on tissue type [e.g., EBF1 (24, 25)]. One possible
approach to discern local gene interactions is biclustering (26, 27),
which simultaneously clusters genes and samples. However, most
biclustering techniques are restricted to detecting simple subclasses
of linear associations. On the algorithm side, the optimizations of
most criteria for measuring the quality of given biclusters can
only be achieved locally, and their global behaviors are hard to
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characterize. Most algorithms also involve a number of tuning
parameters with little guidance on how to choose them.
Motivated by these observations, we propose two new coex-
pression measures based on matching patterns of local expression
ranks using count statistics. Our robust statistics specifically take
into account the local nature of gene associations while being
general enough to detect other common types of dependence
relationships. In particular, one of our statistics is designed for
time-course data with local dependence structures, such as time
series that are coupled over a subregion of the time domain. This
is a unique feature compared with other popular coexpression
measures. The statistics are fast to compute, and we provide
theoretical analysis of their asymptotic properties. We demonstrate
their applicability via comparisons to a comprehensive list of
existing methods on simulated and real data. Our new methods
show better precision, and have the important ability to detect
subtle gene relationships that are easily missed by other methods.

Definitions and Asymptotic Properties

For a heterogeneous set of samples with potentially changing
gene interactions, we can define a general coexpression measure
by aggregating the interactions across all subsamples of size
k <n. For genes x and y with expression levels from n samples
x=(x1,...,%,) and y=(1,...,yn), We consider

w= ¥

1<iy<-<ig<n

F(xi17"'7xik;yi1,"'7yik)7 [1]

where F(-;-) is an interaction measure on local expression pro-
files (x;,,...,%,) and (y;,...,y;) from a subset of k samples. In
this paper, we choose F(-;-) to be an indicator function com-
paring the rank patterns of the subsequences (x;,...,x;) and
i - - -»Yi,)- Depending on the nature of the expression data
studied, we define two corresponding count statistics.

i) When dealing with time-course data, it is sensible to preserve
the order of the samples and consider only interactions
within contiguous subsequences. We define W; as

n—k+1
Wi= > {1(pa, . Xik1) = ¢Wis - - Yirk-1)) 2]
i=1
(PO, - Xiskt) = P(Vi s = Yirk=1)) |

where I( - ) is an indicator function and ¢ is the rank function.
That is, ¢ returns the indices of elements in a vector after
they have been sorted in an increasing order. W, counts the
number of contiguous subsequences of length k with match-
ing and reverse rank patterns, indicating positive and nega-
tive associations respectively.

ii) When the order of the samples is not particularly meaningful
(e.g., non-time-series data), we consider a more general
count that includes all subsequences of length £,

W2= Z {]I(qﬁ(x,-l,...,x,-k)qu(y,-l,...,y,-k))

1<i, <<ig<n [3]

+H<¢(xi17-"’xik)z‘:b(_yiw"'v _yik))}'

It is easy to see that I, is equal to the number of increasing (and
decreasing) subsequences of length k in a suitably permuted
sequence. Suppose ¢ is a permutation that sorts the elements
of y in an increasing order. Let z=0(x) be that permutation
applied to x; W, can be rewritten as

Wo= Y {l@, < - <z)+1@z, > - >z)} 4]

1<ij<-<ip<n

A simple example of the two counts above is given in ST Appendix.
Both counts are symmetric with respect to x and y and efficient

16372 | www.pnas.org/cgi/doi/10.1073/pnas.1417128111

to compute. Counting W; has a running time of O(k(log k)n), while
counting W, takes O(knlogn) time using dynamic programing
and binary indexed trees. More details on the computation time
are given in SI Appendix, Proofs.

Asymptotic Distributions. We can derive the asymptotic dis-
tributions of W; and W, for different regimes of k assuming the
following: (i) The two sequences x and y are independent and
have no ties within themselves and (ii) at least one of x and y has
an exchangeable distribution. Note that the second assumption
implies the ranks of the expression vector with an exchangeable
distribution is a random permutation of {1,2,...,n}.

The Stein and Chen—Stein approximations (28, 29) give us the
following two asymptotic regimes for W, the proof of which is
given in SI Appendix, Proofs.

Theorem 1. For n — o0, k >3 and k/(logn)” — 0 for some a < 1,

Wi —Hin D
=
Oln

T\:= N(0,1), (51

where py ,=2n—k+1)/k\, o1, =Var(Wy). For n— o, k’%:
o), '

dTV(WhZ)_)O, [6]

where Z ~ Poisson(u, ,,) and dry is the total variation distance.
When x and y satisfy the first assumption and assuming
without loss of generality x satisfies the second assumption, the
ranks of z follow the distribution of a random permutation.
While the properties and asymptotic distribution of the longest
increasing subsequence (LIS) in a random permutation have
been much studied and the statistic itself has been used in a
number of applications (30-34), not so much attention has been
paid to increasing subsequences of length k. Here we use the
results in ref. 35 and the Stein approximation to derive a central
limit theorem for W, for k growing sufficiently slowly. The proof
of the theorem is given in SI Appendix, Proofs, and the key lies in
obtaining a good upper and lower bound on the variance of W,.
Theorem 2. For n — oo, k >3 and k/(logn)” — 0 for some a < 1,

W, —
Ty = 27'“2»”21\](07 1), [7]
O2n

where u, , =2<Z)/k! and o3, =Var(Ws).

Asymptotic Power. Next we analyze the power of 7 and 7> under
specific alternative distributions. The first scenario we consider is
related to time-course data, where the temporal order of x and y
are preserved in subsequence analysis.

Theorem 3. Let x=(x1,...,X,) and y=(y1,...,Yn) be two time
series with n observations, m of which are perfectly coupled in the
sense that ¢(xi, ..., Xism—1) =P Vi, - ., Yitm—1). AS 1 — 00, M — o0,

i) T goes to infinity in the following regimes:

o For fixed k, if m ~an, a1 >2/k!, then T1=Q(\/n).
e Fork— oo and k/(logn)* =0, a<1,

- ifm>as-%, ax>2, then T =Q(\/n/k!);
— if m~asn, a; € (0, 1], then Ty =Q(V/nk!).
ii) T, goes to infinity in the following regimes:
e For fixed k, if m ~bin, b* > 2/k!, then T, =Q(y/n).
e Fork— o and k/(logn)* -0, a<1,

— f m>% then T, =Q(\/n/k3/?);
_ ifm~bon, by (0, 1], then T = Q(b5k1\/n/k57).

Here Q(-) denotes asymptotic lower bound.

Remark 1. In the regimes above, using 7 and T, as statistics
both lead to rejection of the null hypothesis with probability 1.
We also observe that for both 77 and T,, large k leads to
better power in the sense that (i) the statistics have a better

Wang et al.
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convergence rate when m grows as a fraction of n and (i) a
smaller lower bound on m can be achieved, consequently toler-
ating more noise in the data, while maintaining the power of the
tests going to 1. Comparing 7 and T,, T has better power in the
regime of fixed k because 7 allows for a smaller lower bound on
m while maintaining the power going to 1.

The next scenario we consider is when x and y follow a perfect
functional relationship with d strictly monotonic pieces. This is
a reasonable subclass of general functional relationships to study
since most smooth functions can be approximated by piecewise
strictly monotonic functions. In this case, the order of the data
does not have to be preserved, making 7 a less suitable statistic
than 7,. We only analyze the power of 75.

Theorem 4. y=f(x) for x4 Unif(0,1), f can be decomposed
into a fixed number of d strictly monotonic pieces which have
lengths ¢1, ... ,¢; when projected on to the x axis. As n — oo,

e For fixed k, if d' <k!/2, then P(T,>Cy/n) = 1;
o Fgrk—» oo and k/(logn)* =0, a< 1, then P(T, > C\/n/k5/2k!/
-1

for some constant C > 0.

Remark 2. In the regimes above, the power of the statistic 75
approaches 1. Larger k& and smaller d lead to better convergence
rates and thus better power. Having fewer monotonic pieces
implies there are more uninterrupted counts in each piece con-
tributing to W,.

The proofs of the above theorems are in SI Appendix.

Simulations

To investigate the power of our statistics in more realistic set-
tings, we considered four types of bivariate relationships, all of
which are illustrative of gene coexpression relationships likely to
exist in an expression dataset. It is essential to include a linear
type of relationship since pairwise gene relationships detected by
current analyses are still predominantly linear. As an example of
nonmonotonic associations, we considered a quadratic relation-
ship. The cross-shaped relationship may occur when two genes
switch from activators to repressors across different tissue types
or treatment conditions, or simply due to the changes in intrinsic
cellular state (36). These relationships have also been used as
illustrative scenarios in refs. 20 and 22 in the context of general
statistical dependence. An important additional example we
considered here pertains to the case of genes with time-course
data. We simulated two time series that were coupled over sub-
regions of the time domain. The robustness of the statistics was
tested against outliers—a ubiquitous feature of biological data.
Descriptions of the parameters used for each type of relationship
are provided in SI Appendix, Table S2.

Throughout the rest of the paper, the variances of W; and W,
were estimated by Monte Carlo experiments. We compared the
power of T} and T, with seven other popular measures of de-
pendence (the Pearson, Spearman, and Renyi correlations,
Hoeffding’s D, dCov, MI, and MIC). An additional comparison
with LIS-based statistics (34) is provided in SI Appendix, Fig. S4.
We chose k=5 for T; and T, guided by the log value of the
sample size 220. The results from other values of k are provided
in SI Appendix, Fig. S2. We note that the influence of k on the
power of T, is negligible. While the choice of k£ has a bigger
effect on the power of T} due to a smaller number of possible
values for the counts, the conclusions we draw from qualitative
comparisons with the other measures do not change. More
details on the computation of the statistics and their P values can
be found in SI Appendix, Simulations.

The power values of various statistics computed under four
types of dependence relationships are shown in Fig. 1. Un-
surprisingly, the Pearson and Spearman correlations can only
detect the linear relationship, with the Pearson correlation being
more sensitive to outliers. Across the first three types of de-
pendence, 7>, Hoeffding’s D, MI, dCov, and Renyi are the only
statistics maintaining reasonable power throughout. Of these

Wang et al.

statistics, Renyi and MI have the best performance on the quadratic
relationship, but are underpowered on the linear relationship. For
the linear scenario, we also computed a variant of 7 and T3
counting only the matching rank patterns (omitting the reverse
patterns), which are denoted 7} and T35 in the plot. These unidi-
rectional counts provide a way to significantly improve the power
when the monotonicity of the relationship is known. In fact, 75
demonstrates the best power while remaining robust to outliers. On
the cross relationship, 75 has a higher power than all of the other
statistics. 77 does not perform well on the first three types of rela-
tionships as it is designed for data with a temporal order.

T, and T, are the only statistics showing significant power on
the time-course data. Without respecting the order of the data
points, the scatter plot shows no obvious association pattern, mak-
ing it difficult for the other measures to detect the dependence
structure. 7' has a slightly better power than 7.

We remark here that although other dependence relationships
were tested in refs. 20 and 22, most of these are less often ob-
served in real gene coexpression patterns. Such examples include
sinusoidal, circular, and checkerboard relationships. For the
former two examples, we expect the power of T, to be affected
by the noise level and the frequency of the sinusoidal wave. As
discussed in Theorem 4, the power of 7, is boosted by having
uninterrupted counts from monotonic pieces of the association
pattern. Since the checkerboard pattern is not piecewise mono-
tonic, we do not expect 75 to detect this type of relationships.

In addition, we performed simulations to show the behaviors
of the statistics conform to their derived asymptotics. Detailed
simulation procedures and results are described in SI Appendix,
Asymptotic Convergence.

Real Data Examples

In this section, we evaluate the performance of our new sta-
tistics on two gene expression datasets: the classic yeast gene
expression dataset (3), and a collection of microarray data for
Arabidopsis tissues downloaded from the National Center for
Biotechnology Information Gene Expression Omnibus.

Yeast Cell Cycle Data. The yeast expression data contain the ex-
pression levels of 6,178 genes from four reasonably long time-
course experiments with a total of 73 time points. More details
on data processing are in SI Appendix, Yeast Cell Cycle. We fo-
cused on the coexpression of 133 transcription factors (TFs)
(Dataset S1). Using all of the statistics discussed in simulations,
we computed 133X 133 coexpression matrices and compared
them to a total of 428 curated genetic and physical interactions
from BioGrid.

As we expected T to be more suitable for time-course data
than 7,, we examined the interactions identified by 77 more
closely. These interactions reveal the ability of T} to capture im-
portant bivariate associations missed by the other methods. Fig. 2
shows two pairs of TFs (BAS1 vs. GCN4; MSN2 vs. YAP1) whose
coexpression strengths were consistently ranked among the top 10
and top 20 by 7'} with k =7 but were assigned very low rankings by
all of the other methods. Both pairs correspond to previously
reported genetic interactions curated in BioGrid. However, their
scatter plots show no obvious trends or dependence patterns,
highlighting the importance of preserving the temporal order of
the data. More specifically, Gen4p and Baslp were shown to be
involved in cooperative transcriptional regulation of the ADE3
gene, which encodes an essential regulon enzyme for the bio-
synthesis of several amino acids (37). MSN2 and YAPI are both
activators required for oxidative stress tolerance, and there is
a partial overlap between their H,O,-inducible regulons (38).
Studies using epistatic miniarray profiles (39, 40) have shown that
double mutations in MSN2 and YAP1 lead to severe fitness defect.
Two more such examples can be found in SI Appendix, Fig. S5.

SI Appendix, Table S3, shows the number of known inter-
actions between TFs among strongly coexpressed pairs as ranked
by various statistics. Overall, T; (with various choices of k) and
the Pearson correlation have the largest number of overlaps
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with the known interactions, with 77 being the better of the
two at most cutoffs. These are followed by T, and the Renyi

correlation.

Arabidopsis Microarrays. We integrated data from 13 microarray
experiments to create a metadata with 220 samples for 22,810
Arabidopsis genes. The samples were harvested from shoot

A

tissues and different regions of root tissues subject to various
stress experiments including salt, low pH, and sulfur deficiency
treatments. From ref. 41, we downloaded a list of genes involved
in the glucosinolates biosynthesis pathway in addition to the 30
pathways in ref. 15 to comprise a total of 510 unique pathway
genes (Dataset S2). We computed the pairwise coexpressions
between these pathway genes and all of the genes available to
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test the performance of various measures on distinguishing genes
in the same pathway. Our selection of k was guided by the log
value of the total sample size, which is ~5. The results presented
here were obtained by setting k=5 for 77 and k=9 for T,. As
expected, T, is not sensitive to the choice of &, and the results
below remain stable for a range of k. More information on data
processing can be found in SI Appendix, Arabidopsis Microarrays.

Fig. 3 shows the proportions of gene pairs (i) in the same
pathway, (if) in two different pathways, and (iii) containing one
nonpathway gene among the top 50 and 80 pairs as ranked by all
of the methods. T, achieves the best pathway enrichment, fol-
lowed by MI, the Spearman correlation, Hoeffding’s D, and T7.
As the samples are not composed of long time-course data, it is
not surprising that 77 is a less ideal statistic than 7. dCov and
Renyi are among the worst performing methods, with almost
no pairs in the same pathway, despite their good performance
in simulations. Extending the cutoffs to examine more highly
ranked pairs, in SI Appendix, Fig. S6, the same trend continues
for the best four methods until around the top 700 pairs, after
which they start to become indistinguishable. dCov remains at
the bottom of the list.

Fig. 4 shows two examples where the gene pairs are in the
same pathway, but their coexpression values remain significant
only under T, at 5% level after Bonferroni correction. Some of
the sample points are color coded according to their tissue types
or treatments to highlight the different patterns of association
they exhibit and the lack of a consistent global structure. T, is
more powerful in this situation due to its definition.

A closer look at the types of relationships detected by 7, and
its closest competitor MI reveals that MI is underpowered on

' D ' ' | ) |
qeh o Y\oe“é K ea\e:“ 5P <

n different pathways
n same pathway

m unknown

Fig. 3. Number of gene pairs in the same pathway
(green), in different pathways (red), and containing
a nonpathway gene (blue) among (A) the top 50 pairs
and (B) the top 80 pairs as ranked by each method.

linear relationships with outliers, an issue also reported by ref.
14. An example is shown in SI Appendix, Fig. S7, for two pairs of
genes in the same pathway, where the bulk of the samples follow
a linear trend but they failed to be identified by MI at an un-
adjusted significance level of 5%. On the other hand, both pairs
were assigned significant P values by 7, and other statistics, in-
cluding the Pearson and Spearman correlations.

We also examined the performance of each method in in-
dividual pathways. SI Appendix, Table S4, shows the methods
with the highest counts of same pathway pairs in 20 pathways
achieving statistically significant enrichment of pathway genes.
T, outperforms all of the other methods in 12 pathways out of
20, followed by MI and 77, which are the best methods in 4 out of
20 pathways. Note that in the four pathways where MI achieves
the highest counts, it is always tied with 75, whereas 7, and
T, are the unique maxima in six and four pathways, respectively.
This implies 77 and T, are potentially more accurate than the
other methods in capturing certain coexpression relationships.

Discussion

Statistically, the problem of discovering gene coexpression is to
detect bivariate associations between gene expression profiles. In
this paper, we propose two new statistics capable of detecting local
dependence structures within expression data, motivated by the
observation that real gene relationships may have disparaging
behaviors in large heterogeneous samples. The statistics are fast
to compute, and their asymptotic distributions under the null
assumption of independence and exchangeable sample distri-
butions can be derived.

o |2 shoot_salt 4 a 2 shoot_salt
w |+ stele_protoph_salt -+ stele_protoph_salt
< columell_root o 4 < columell_root
whole_root_salt o whole_root_salt
o whole_root_pH o whole_root_pH
o root_low_pH + - root_low_pH
w © + + ~ o A
< . . . .
2 2 Fig. 4. Expression levels of two gene pairs in the same
S N a 2 st pathway (A) AT4G27550 and AT4G39770, and (B)
S (6] A .
5 9 4 s8¢ AT2G45560 and AT3G11180 with some samples
+ . . .
N I3 A a ol color coded according to their tissue types or
< A .
o . *a a o . N treatments: shoot_salt, shoot tissues under salt stress;
24 e t% ? Fo0 0 e stele_protoph_salt, stele and protophloem cells under
o b s 3 o salt stress; columell_root, columella root cap under salt
~ stress, low pH, and sulfur deficiency; whole_root_salt,
. . . . . . . . B . . whole root under salt stress; whole_root_pH, whole
40 45 50 55 60 65 7.0 4.0 45 5.0 5.5 root under low pH; root_low_pH, other root cells un-
AT4G39770 AT3G11180 der low pH.
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As demonstrated in both simulation and the yeast cell cycle
data, T specializes in detecting local associations in time-course
data. In particular, when such associations are not visible within
the global association pattern, T offers an attractive alternative
to other commonly used coexpression measures. The statistic 77,
which considers more general local patterns of dependence, is
effective on a variety of functional and nonfunctional relationships.
However, as T relies on counts from monotonic subpatterns, it
is sensitive to noise on high-frequency sinusoidal relationships.

Both statistics involve a tuning parameter k. Asymptotic con-
siderations suggest that values around logn are reasonable
choices since this is within the normal regime of convergence and
larger k values are preferable based on the power studies. In
simulations, fluctuations of k around log n have very little effect on
the results of T, (SI Appendix, Fig. S2). For the Arabidopsis data,
a range of k can be chosen (5-10) with a small impact on the final
results. Due to the more discrete nature of its distribution, 77 is
more sensitive to the choice of k. However, for the yeast cell cycle
data, the interacting gene pairs in Fig. 2 received consistent high
rankings with k =6-9. More comparisons of different k values are
provided in SI Appendix, Table S3. In practice, choosing k also in-
volves a tradeoff between precision and recall—a common theme of
most tuning parameter problems. Larger £ would favor higher pre-
cision but make the statistics less robust to noise and outliers. More
thorough studies investigating how it affects the performance of
the statistics in relation to the structure of data would be desirable.
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Our definitions and asymptotic analyses of the two unnor-
malized counts W and W, naturally suggest further investigation.
Modifying the current definitions to account for ties in the data
would be a desirable addition. Extending W; to capture temporal
dependence patterns with lags would be important for discovering
delayed regulations (42). At a more fundamental level, other
choices of the interaction measure F(-;-) in Eq. 1 would be
interesting to explore. For instance, we can consider relaxing the
exact pattern matches to approximate matches, or replacing the
indicator function itself with a correlation-based statistic. In terms
of asymptotics, it would be of theoretical interest to study the
limiting distribution of W, for k beyond the log regime. In prac-
tice, there often exist inherent dependence structures among
the gene samples, especially in time-course data. Thus, removing
the exchangeability assumption in the analysis of the null dis-
tributions would improve computational accuracy of the P values.
Alternatively, it would also be interesting to study the sample
dependence directly by reversing the roles of genes and samples
and applying a similar technique.
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Supporting Information

The supporting information is divided into the following sections:
1. An example of computing W7 and Wy

2. Additional simulations for asymptotic convergence

3. Simulation details and additional results

4. Additional information and results for the yeast cell cycle data
5. Additional information and results for the Arabidopsis data

6. Proofs of the theorems

1 An Example of W; and W,

Suppose x = (1,3,4,2,5), y = (1,4,5,2,3), and we are interested in computing W; and W counts for
k = 3. For W1, there are three possible positions to start a contiguous subsequence of length 3, and only
the ones starting at position 1 and 2 have the same ranks in x and y. There are no pairs of contiguous
subsequences of length 3 with reverse ranks. Hence Wi = 2. To compute Wa, first sort y in an ascending
order with permutation o. Applying o to x we have o(x) = (1,2,5,3,4). The total number of increasing
subsequences of length 3 in o(x) is 5, and there are no decreasing subsequences of length 3. Hence W5 = 5.

2 Asymptotic Convergence

Figure S1 shows the convergence of the empirical quantiles of 77 and 7> toward the theoretical standard
normal quantiles as n increases. Note due to the fact that 77 can only take n — k + 2 possible values,
it is easy to produce ties. To examine the asymptotic power of the two statistics under alternative
distributions described previously, we generated data that i) were partially coupled time series with the
length of dependence m = n/10; ii) followed an exact functional relationship with six monotonic pieces,
and computed the average power at 5% significance level over 500 iterations. The results for different &
and n are shown in Table S1. As predicted by the theoretical analysis, larger k results in better power
and 77 is more powerful than 75 on the time-course data. In all the cases, as n increases the power tends
to 1. The table also displays the average power for the corresponding null distributions of i) and ii) when
the two data vectors are independent. Some values are slightly larger than 0.05 due to the heavier tails
of the empirical distributions.

3 Simulations

The estimates for Hoeffding’s D, dCov, the Renyi correlation, MI and MIC were computed using rel-
evant R packages (Hmisc [1], energy [2], acepack [3], parmigene [4] and minerva [5]). We used the
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Figure S1: Empirical quantiles for the standardized counts (a) T} and (b) T for n = 50, 500 and 1000,
k =5, from 10° simulated random permutations.

k/n 100 200 300 400 500 k/n 100 200 300 400 500
3 0.332 0.562 0.690 0.812 0.902 3 0.070 0.050 0.056 0.038 0.036
4 0.636 0.976 1 1 1 4 0.060 0.044 0.030 0.054 0.052
) 1 1 1 1 1 ) 0.038 0.074 0.064 0.0568 0.060
6 1 1 1 1 1 6 0.052 0.042 0.064 0.046 0.076

(a) Power of Ty (b) Power of T

k/n 100 200 300 400 500 k/n 100 200 300 400 500
3 0.302 0.504 0.658 0.796 0.848 3 0.048 0.054 0.076 0.052 0.050
4 0340 0.568 0.726 0.844 0.908 4 0.068 0.060 0.044 0.072 0.040
) 0.360 0.650 0.798 0.892 0.952 ) 0.042 0.056 0.040 0.070 0.038
6 0392 0.734 0.882 0.924 0.982 6 0.050 0.068 0.056 0.046 0.046

(c) Power of T (d) Power of T

k/n 100 200 300 400 500 k/n 100 200 300 400 500
3 0.516 0.784 0.884 0.952 0.972 3 0.058 0.048 0.062 0.044 0.052
4 0.710 0.952 0.996 1 1 4 0.058 0.062 0.044 0.060 0.052
5) 0.866 0.992 1 1 1 ) 0.078 0.040 0.060 0.062 0.030
6  0.946 1 1 1 1 6 0.070 0.060 0.064 0.062 0.054

(e) Power of T» (f) Power of T»

Table S1: Power at 5% significance level for different choices of k and n when x and y are: (a), (c) two
independent AR(1) time series (with coefficients 0.1 and -0.2 respectively) but (1, ...,Zm) = (Y1,-- -, Ym)
with m = n/10; (e) z; i Unif(0,1), yi = cos(6mz;). The right panel shows the power under the
corresponding null distributions: (b), (d) x and y are two independent AR(1) time series (with coefficients

0.1 and -0.2 respectively); (f) x and y are iid Unif(0, 1).



standard ACE estimate ([6]) for approximating the Renyi correlation. The computation of some of the
measures involve tuning parameters. The MI estimates were computed using the kth nearest neighbor
(KNN) algorithm of [7]. A number of bandwidth parameters were tried (6, 10 and 20) and the results
corresponding to the one with the best power (20) are shown. The MIC estimates were computed using
the R package minerva with default parameter settings. For statistics with unknown asymptotic distri-
butions (dCov, ACE and MI), the p-values were calculated by a permutation procedure. For each dataset
generated the same statistics were calculated on a null dataset obtained by permuting the orders of y;.
The power was taken to be the fraction of datasets with a statistic value more significant than 95% of
the values produced by the permuted datasets. Pre-computed p-values of MIC were downloaded from
http://www.exploredata.net /Downloads/P-Value-Tables.

Descriptions of the parameters used for the four types of dependence relationships are given in Table
S2. 2000 datasets were generated for every scenario with i € {1,...,220}, ¢; w N(0,1) for the first three
relationships and e; N (0,0.5) for the time-course relationship. Outliers were created by randomly
choosing a fraction of the data and replacing e; with ;.

L Yi i
Linear z; " N(0,1) yi = i + 2 ni % N(0,5)
Quadratic z; " N(0,1) yi = a7 + 2e i~ N(0,5)
1 . e 1
y s 4 x; + e; with probability =, y
Cross X u N(0,1) Yi =1 > o o i “ N(0,3)

% — x; + e; with probability %

Ti+ei, 1€ [1,30]
xi, ~ AR(l). —x; + €4, 1 € [101,120] iid
with coefficient  y; = . ] n; ~ N(0,3)
0.1 AR(1) with coefficient -0.2,

independent of x;, otherwise.

Partially coupled
time series

Table S2: Parameters for generating the four types of relationships

Power curves for T and 15 with different choices of k are shown in Figure S2.

We additionally investigated the power loss on a linear relationship with increasing noise level but no
outliers. The results are plotted in Figure S3. The linear relationship was generated with y = x + fe,
where z % N(0,1), e b N(0,1) and 8 € {1,2,...,10}. T, remains the best performing statistic. As
expected, Pearson’s correlation shows better performance on data with no outliers and is now ranked the
second. T5 still demonstrates less power than Spearman’s correlation, dCov and Hoeffding’D, but remains
more powerful than Renyi’s correlation and MI.

We provide a power comparison between our statistics and the LIS-based statistics ([8]) computed
using their R package LIStest on simulated data in Figure S4. The four scenarios used the same param-
eters as described in Table S1, except with n = 200 — the largest n allowed by the R package. LIS_Ln
represents the LIS; LIS_JLn uses a jackknife version of LIS; and LIS_JLMn uses the longest monotonic
subsequence (the maximum of LIS and the longest decreasing subsequence). Overall the power of this
class of statistics is not optimal, which can be explained by the relative non-robustness of the length of
LIS in the presence of noise and outliers. Furthermore, intuitively LIS-based statistics are better suited to
detect global monotonic relationships, which differs from our consideration of potentially changing local
dependence patterns. As Figure S4 confirms, their power values are lower for non-monotonic relationships

((b), (¢) and (d)).
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Figure S2: The power of T} and T, for various k values rejecting at 5% significance level as level of
contamination by outliers increases when the bivariate data have (a) a linear relationship; (b) a quadratic
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4 Yeast Cell Cycle

The yeast expression data was accessed from http://genome-www.stanford.edu/cellcycle/ and contains
the expression levels of 6178 genes from four reasonably long time-course experiments: alpha factor release
(18 time points), cdc 15 (24 time points), cdc 28 (17 time points) and elutriation (14 time points). We
linearly interpolated some missing data if a point had the two adjacent time points belonging to the same
experiment with no missing values. We focused on the coexpression of 133 transcription factors (TFs)
with no missing data after interpolation. Since the data has a number of ties, we added small random
perturbations for the computation of 77 and 75 and took the final results as the maximum counts over
50 iterations.

Figure S5 shows two pairs of TFs (MOT3 and RPN4; PHO2 and SUT1) with genetic interaction
identified by 77 but missed by all the other methods.
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Figure S5: Expression levels of (a) MOT3 and RPN4; (b) PHO2 and SUT1 in four time-course experiments
(boundaries indicated by the dashed lines). The solid lines highlight regions contributing to the counts

in 77. Both have reported genetic interactions ([9, 10]), but received low rankings under methods other
than T7.

Table S3 shows the number of known TF interactions among strongly coexpressed pairs as ranked by
each method. A number of k£ values were tried for 17, while for T5 only k = 7 was shown since the results
were quite stable over a range of k values. As 77 led to many ties, the cutoffs were chosen to include the
entire stretches of gene pairs with the same statistic values.
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Table S3: Number of known interactions in highly ranked coexpression pairs by various statistics. A
range of k values were tested for 17, and k = 7 for T5.

5 Arabidopsis Microarrays

The original CEL files of the microarrays were downloaded from NCBI GEO (GSE 5623, 7636, 7639, 7641,
7642, 8787 and 30166), then normalized using the robust multi-array analysis (RMA) ([11]) function in
the Bioconductor package. After normalization, a small fraction of the data were tied. We added small
random perturbations for the computation of 77 and 75 and took the final results as the maximum count
over 20 iterations. We noted that this had negligible influence on all the final results. Asymptotic p-values
were computed for 17, T5, the Pearson correlation, the Spearman correlation and Hoeffding’s D. For dCov,
Renyi and MI, null statistic values were calculated by permuting the sample labels of each gene and used
as empirical quantiles for determining the significance level of the statistics. Pre-computed p-values for
MIC from http://www.exploredata.net/Downloads/P-Value-Tables were used.

Figure S7 shows two pairs of genes in the same pathway, where the bulk of the samples follow a linear
trend but they failed to be identified by MI at an unadjusted significance level of 5%. On the other
hand, both pairs were assigned significant p-values by 75 and other statistics including the Pearson and
Spearman correlations.

For each pathway, we ranked the coexpression between the pathway genes and all the genes available
and chose the top L pairs, where L is the number of total gene pairs in this pathway. We then counted
the number of gene pairs belonging to this pathway among the chosen pairs, and kept 20 pathways in
which at least one method achieved a significant enrichment of pathway genes using Fisher’s exact test.
Table S4 tallies the methods with the highest counts of same pathway pairs in these 20 pathways.

6 Proofs

6.1 Running time of the algorithms
Lemma 6.1. Computing Wi and Wy takes O(k(log k)n) and O(knlogn) time respectively.

Proof. Computing W involves ranking and comparing the elements of vectors of length k£ O(n) number
of times, thus the running time is O(k(log k)n).

Wy counts the total number of subsequences of length k with matching or reverse rank patterns. For
any pair of subsequences with matching rank patterns, permuting the two subsequences simultaneously
to sort one of them in an increasing order will also sort the other one in an increasing order. Using
this observation, let o be the permutation that sorts y in an increasing order and z = o(x) be that
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Figure S6: Proportion of gene pairs in the same pathway as a function of the number of highly ranked
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Figure S7: Expression levels of two gene pairs in the same pathway showing a linear relationship with
outliers which were not identified as statistically significant by MI.

permutation applied to x. Then Wy is the number of increasing (and decreasing) subsequences of length
k in z. To compute Wj, it suffices to consider counting the increasing subsequences. One obvious solution
is dynamic programing. Let dp[i,1] be the number of increasing subsequences of length 1 ending at
position i, then the matrix dp[i,1] can be updated as follows.

Initialize dp[i,1] = 0; dpl[i,1] =1
for i =2 ton

for j =1 to i-1

if z[i] > z[j]



Individual pathways Tally
Renyi v 1
dcov
Hoeffd v v v
MI v v v v
MIC
Pearson v v 7
Spearman v v v
T v v v v
T v v v v v v v v v 7 v v 12

=W w o k= Wwo

Table S4: Methods with the highest counts of pathway genes pairs in 20 pathways with statistically
significant enrichment

for 1 =2 to k

dpl[i,1] += dpl[j,1-1]
The final answer is obtained by summing dp[i,k] over i. It is easy to see this has a running time of
O(kn?). Note that in the second loop the only entries involved in the update are z[j] whose ranks are

smaller than that of z[i]. Therefore by first ranking the elements in z, a binary indexed tree structure
can be implemented to perform the sum and update efficiently, reducing the running time to O(knlogn)

([12)). O

6.2 Asymptotic distributions of W,

Throughout the sections, C' and C; denote positive constants which may be different at each appearance.
Without loss of generality assume x satisfies the assumption that it has an exchangeable distribution.
Then the ranks of any subsequence of x can be treated as a random permutation. Denote

]Ij_ = H((ﬁ(.’lﬂ'“ o 7xi+k71) - (b(yla ey yi+k71))7
I = ]I((b(m’bv o 7x’i+k71) - (b(_yu ey —Z/i+k71))7
If +1;. (S1)

We have

= ZIP(gb(mZ, .. a$i+k—1) =W ’ gf)(yl, ... ’yi+k—1) = W)P(qb(yz, . 7yi+k—l) = W)
1

=4 ZP<¢(yi7 s Yik—1) = W)
1

by the independence assumption and the fact that there is only one way to arrange a list of numbers in
a given order. Clearly also E(I;") = 1/k!. In the next lemma, we characterize the behavior of the cross
terms E(I7T).

Lemma 6.2. 1. When |j—i| >k, I and ]Ij+ are independent. So are (]I;r,]I;) and (I;7,I).



2. When |j—i|=k—1lwithl <I<k-1,

(it
<E(IfI)) < S3
2k =1 — W) < 2k =) (53)
The same conclusions hold for (I, 1), 1 < [j —i[ <k, and (I, 1), (I ,I7), |i — j| =k — 1.

3. E(I717) =E(I]) =0 for 1 <|i—j| <k -1,

Proof. Note that conditioning on the sequence y,

E(ITI) = ZP (@i - s Tigk—1) = W, (5, Tjgp—1) = V)

X P(A(Yiy -+ s Yirk—1) = W, 0(Yjs - -+ Yjrk—1) = V). (S4)

For |j — i| > k, the subsequences (z,...,Zj1x—1) and (z;,...,2;4k—1) do not overlap. Thus their local
rank patterns are independent, each having probability 1/k! for a given order.

2
E(IT)) = <kl;,> > POy Yirk—1) = W, (s, - Yjrk—1) = V)

2
1
= <k:'> = IE(]I;')IE(]I;F) (S5)
For j—i = k—1 < k (assuming WLOG j > i), (z4,...,%itx—1) and (zj,...,xj1,—1) form a contiguous
subsequence zj, ..., Zj, ..., Tjtk—1. SUppose ¢(&;, ..., Tjrk—1) = (U1, ..., Uk—1), then
o(ug, ..., ux) = (wy,...,wg),
¢(uk‘—l+17 cee au2k—l) — (Ula cee 7Uk‘)7
¢(uk‘—l+17 R ,Uk;) = ¢(wk—l+1, s ,U]k) = gb(”la s 7,Ul)
— (o1, 0, say. (S6)
Focusing on the overlapping part (ux_;+s) for 1 < s <1, the numbers of elements smaller than ug_;, 5 in
the subsequences (ui,...,ux), (Ug—i41,...,u2k—;) and (ug_j41,...,ux) are wg_j+s — 1, vs — 1, and o5 — 1,
respectively. Given the overall rank uy_;ys in the sequence (uy, ..., Ug—j4+1,.- -, Uk, .- ., Usx—7), We have
Up—i4s — 1= (Wp—is — 1) + (vs — 1) = (05 — 1), (S7)
since the elements in the overlapping part are counted twice. In other words, the overlapping part (ug_;1s)

for 1 < s <1 is fixed, and there are at most (2’;:?1) ways of arranging the rest 2k — 2] numbers. Thus we

arrive at the upper bound in (S3). The lower bound is trivial. The same arguments hold for (I;",L;),
1<|j—i| <k, and (7, 1;), (I7,17), |i = j| =k - 1.

Lastly, for 1 < |i —j| < k—1, IE(]I;FH]_) = E(]IT]IJ_) = 0 since no such arrangements of the elements are
possible. O

Let N; denote the dependency neighborhood of I;, the next lemma tries to bound a key quantity in
the variance calculation.

Lemma 6.3. For all k > 3,

k—1 n—k+1 n—k 1
Hn—2k+2) (Z 2k — 1)! 2k—1> 2. 2 E g((k-i-l;) (58)

=2 =1 jeN;\{i}

for some C > 0.
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Proof. First note that

n—k+1 n—k+1 n—k+1

YooY E@m)=2 ) ) E@IH+2 > > EIT)

=1 jeN:\{i} =1 jeN;\{i} =1 |j—il=k-1

k—1
8(n —k+ 1) Z’yl
=1

by (S3), where
(2k—2l)
= et
(2k —1)!
It remains to bound Z;:ll ~;. Taking the ratio of successive terms,
2k—21—2
_ Ml iy C(2k =1
mo @k—l-1) (2R
B (k—1)2(2k — 1)
2k —20)(2k — 20 — 1)
_ (k=DEk-1)
22k —20—1)’

I=1,...,k—2.

For all k > 3, there exists positive constant C and Cs (independent of k) such that
ClkiST’lSCQkJ, lZl,...,k‘—Q.

Therefore Zé:ll ~; is upper bounded by

k-1 B2 g\
;% < Ve-1 Z (Cﬂf)

=0
k—1
1
1 (cix)
= VYk—-1 1
l—&%
__cC
=k +1)!

for some C' > 0. Equations (S13) and (S9) give the required upper bound.
For the lower bound, it is easy to see

n—k+1 n—k+1 n—k+
oY Emp =2y Y E@T)+2 Z Z E(IT5)
i=1 jeN\{i} =1 jeN;\{i} =1 lg—il=k-
o S 1
>22(n—k+1)—2(k—1)] (Z 2k —1)! + (2k — 1)!)
=1 ' '
k—1 9
>4(n —2k+2)
Hn—2k+ <g;2k—l @k—lﬂ)

by the lower bound in (S3).

11

(S10)

(S11)

(S12)

(S13)

(S14)



With the above bounds we can now prove Theorem 1.

Proof of Theorem 1. In order to use Stein’s method for normal approximation, we first give a lower bound
of the variance. Note that

n—k+1
> > (B(LI)) — (EI)(EL)))
i=1 jEN;
n—k+1 n—k+1
E+1)
= > > EWL) 7+ > Y Ea
=1 ]GN \{’L} =1 jeN
k—1
1 2 2(n—k+1) 4n—k+1)(2k—1)
> 4(n — 2k + 2) (Z @ (%_1)!> + o - E . (S15)
=2
by (S8). For k such that k/n — 0, when n is sufficiently large, O'%n is lower bounded by the dominating
terms
k—1
2 2n  4n(2k —1)
> - _ =" 7
i 2 G < (M k=0 T @k =) ) T ()2 >
_ 2Cin 5 1 1 T 2 +1_2(2k—1)
k! E+1 (k+2)(k+1) 2k—1)---(k+1) k!
CQ?”L
=k (S16)

for some C1,Cy > 0 and all £ > 3. One version of Stein’s method gives the following error bound for
normal approximation ([13]),

D2 n—k+1 26D3/2 n—k+1
dw(T1,Y) < 5 Y ElL—2/kP + “==—.| Y E|L—2/k!* (S17)
9n 5 VoL, i=1

where dyy is the Wasserstein metric, Y ~ N(0,1) and D = max; N; = 2k—1. This can be further bounded
by

D2 D3/2 1/2
H1,n + 02 . %

n Jl,n

3
o1

2
D H1n

3
Ul,n

k2Vk!
< NG
using (S16) for k/(logn)* — 0, a < 1.

-0 (S18)
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The Chen-Stein method yields the following error bound for Poisson approximation,

n—k+1 n—k+1
dry(Wh, Z) <min{Lup} (Y D EMEM)+ > Y E(LL)
i=1 jen; i=1 jeN;\{i}
n—k+1 n—k+1
< 3 SE@MEC)+ Y. Y E@)
i=1 jeN; =1 jeN;\{i}
An—k+1)(2k—1) Cn—k+1)
= (k!)? (k+1)!
Cn—Fk+1)
< -
< ot (S19)

for some C' > 0 and k sufficiently large. For k growing fast enough such that p;, = O(1), the above
bound goes to 0. In particular, using Stirling’s approximation one can show in the regime logn/k = O(1)
this condition is satisfied. O

6.3 Asymptotic distribution of W,

Assuming x has an exchangeable distribution, the permuted sequence o(x) also has an exchangeable
distribution, and its ranks can be treated as a random permutation. For notational simplicity, take z as
a random permutation of {1,...,n}. For integers {ij,...,i;} satisfying 1 < i3 < .-+ < iy < n, define
indicators ]IZ% (z) such that

1 (41,...,1x) is a subsequence of z,
Zlk( ) = . (S20)
’ 0 otherwise.
Similarly define
- (2) 1 (ig,...,71) is a subsequence of z, (821)
. . 7Z) =
et 0 otherwise.

Then W5 can be written as the sum of

Wo = Z iy, (2), (522)

1< << <n

where
Liv,.in(2) = L) 5 (2) + 1, (2). (523)
It is easy to see that if {i1,..., i} N {j1,.. ..k} =0, L; ;. (2) and I}
variance of W5 becomes

jr(2z) are independent. The

-----

Var(W3)

= Z {E(Hm,,lk (Z)Hjl,...,jk (Z)) - E(Hi1,~~~7ik (Z)>E(Hj17“"jk (Z))}
{’il,...,ik}ﬁ{jly--wjk}#@

oS B @i @)

{i1,e ik }0{g1,-0dk } 70

b2 YRG0 - (s21)
{1yt Y1501 J O
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since E(I" (i, ..., 23,)) = 1/k!. Here D is the size of the dependency neighborhood and equals (}) — (";k)

The sum of the first cross terms can be written as (Proposition 2 in [14])

> E(I .5 (@) . (2)

{ilv 7ik}ﬂ{j17 7]k}7é®

1 .
;(% )@yt =) (525
where

AN = Y H(llem: )2. (S26)

0
I _olr=N "=

ZZ":O mT:N
We will be using the following fact about the constants A(N,j) from Lemma 3 in [14].
Fact 6.4. For sufficiently large k, there exists C' > 0 such that

2
Ak —1,1) > CkY/? <2:__12> . (S27)

It is easy to see for all k > 2, A(k—1,1) > (2kk__12)2.
The sum of the second cross terms reduces to
> BT (2 (2),
{31, 8k yO{J1,05Jk =1

since when the size of the intersection is greater than one, it is impossible to find a permutation z satisfying
both conditions specified by the indicators. Using arguments similar to the proof of Proposition 2 in [14],

> R @00 = (5" ) Gt (528)

i1yt Y0{g150 08 H=1

o 5 CPEETI0T)

lo+li1=k—1
mo+mi=k—1

we can show

where

Now we can obtain a lower bound on the variance and use the Stein method to prove Theorem 2.

Proof of Theorem 2. From equations (S24), (S25) and (S28), we have

o5 (1) (BY)? _ D
T e T N ()

. ’i . (1 _ nf;il)k_l (2:__11) Al — 11) 1 B(R) - (%.

(S30)
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For k — oo and k = o(n'/?), it is easy to check D/(}) = O(k?/n). Applying Fact 6.4,

,u27n o n—k+1 2k—1)---(k+1)
k5/2 ) k 2 )
=C - — 5y — 1+ O(k*/n)) <2k—1> + O(k*/n)
]{35/2
>C — (S31)
n

for some C' > 0 and sufficiently large k£ and n. Applying the bound from the Stein method as in equation
(S17), we have

D2y D3/2 1/3
dy (Tp,Y) < Cy - o b2n g, 212
UZn J2,n
k1/4(k‘!)2 kl/Q(k!)Z’)/Q
|- 5 Cy - — -0 (S32)
for k/(logn)® — 0.
For k fixed, D/(}}) < k?/(n — k +1) 4+ o(1/n). (S30) becomes
2 -2 2
2 k 2k —1 k
— Alk-1,1)+ B - 1
stz g0 0m) () (-1 4B - g oli/)
= 1 (k—1,1) + B(k)) 2]‘“_172—1 k—2+(1/)
=12 k-1 n O
= — + o(1/n), say. (S33)

When k = 3, we can check that C(3) > 0 and thus o3, /3, > C/n. For other fixed k, the same order
lower bound holds. Applying (S17),

dw (T2, Y) < O(n"Y%) = 0. (S34)
O

6.4 Power analysis

First we prove a lemma upper bounding the variances of T7 and T5.

Lemma 6.5. e 07, = O(n) for fized k; 07, = O(n/k!) for k — oo and k/(logn)* — 0.
. U%,n = O(n?*=1) for fized k; U%,n = O(,u%’nk:‘:’m/n) for k — oo and k/(logn)* — 0.

Proof. By the upper bound in (S8),

n—k+1 n—k+1

=Y ¥ Ean+ S Som
=1 jeN;\{i} i=1 jEN;
Cln—k+1) 2(n—k+1)

- (k+1) k!

_ {O(n) for fixed k; ($35)

O(n/k!) for k — oo, k/(logn)® — 0.
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To bound U%m, first note that B(k) < A(k — 1,1) for all £ > 2. This holds because for every pair of
(lp,11) and (mg,mq) such that lp +1; = k — 1 and mo + m1 = k — 1, we have

lo+mo 2 lh +my 2+ lo+mq 2 i +mo 2>2 lo+mg\ (11 +mq lo +mq l1 +myg
lo l1 lo l1 - lo l1 lo l1 '

By equations (524), (S25) and (S28),
n 1 o n 1 4D(})
2% —j) o= k= da)+ 2<2k - 1) o=k - (k:!)g

(
( n .>(1 14(,€_”.)_41?(2)

= 2k —j) (2k — j)! (k!)?
2 1.5/2
~0 (“ 2in (36)
n
by Theorem 1 in [14]. The first part of the lemma holds since s, = O(n*) for k fixed. O]

Proof of Theorem 8. 1t is easy to see the count W7 is bounded below by m — k 4+ 1. By the first part of
Lemma 6.5,

lem_k'f‘l_,ul,n

O1,n

> Cvn <7: - ;) , (S37)

for some C > 0, fixed k and m, n sufficiently large. In this case, m has to grow at the same rate as n,
that is m ~ a;n and a; > 2/k!l. Tt follows then 77 = Q(y/n).
When k — oo and k/(logn)® — 0, for n large enough,

n (kl(m—k+1)
To>o L (BT ET
120 k:!< n—k+1 >
n<a2n—k!-k‘—|—k!_2)

> -
2C k! n—k+1

e < ;) (S38)

for m > agn/k!, ag > 2. If m grows at the rate of asn, as € (0, 1],

m—k+1 2
T >COvVnkl (2 ET2 2
12 CVnk <n—k+1 k!>

> CVnklas = Q(Vnk!). (S39)

Similarly, the count W5 is lower bounded by (T,';), using the second part of Lemma 6.5, for fixed k,

TzZC.w

nk—1/2
v (B 2)
ZC\/ﬁ<(TZ>k—,§,> (S40)

16



for sufficiently large m and n. m has to grow at the rate of byn for the lower bound to go to infinity, and
by > 2/k!. We have Ty = Q(v/n).
When k£ — oo and k/(logn)® — 0, again by Lemma 6.5,

m---(m—k+1)
> | _
=0y o (k (n—k+1) 2)
[0 (M)
= k5/2 <k n) 2
mn
>0\ s (S41)

for m > en/k. When m ~ ban, by € (0, 1],
ey (#(%)
> ChhRl, [ —— PR (S42)

v

O
Proof of Theorem 4. Let ny,...,ng denote the number of points in (x,y) falling on to each monotonic
piece, then Wj is lower bounded by Zfil (")) For fixed d and k, ,
d
S k+1 PN
= l S43
n--(n—k+1 — Z ! (543)
Since by Lemma 6.5,
folnt---(nt—k‘—l-l) 2
T, > C — - — S44
2= ﬁ( n---(n—k+1) k! (544)
for some C' > 0, it follows
P (T2 > Oy/n(d=*D - 2/k!)) 1 (S45)

using Holder’s inequality and the fact Zle ¢ = 1. Thus Ty is lower bounded by C'/n with probability
tending to 1 when d*~! < k!/2.
When k — oo and k/(logn)®* — 0, it is easy to check

.« o nti n k
etk (22,

J(RE)

S]P(Zf—lz(l%—e)l/k >+IP’<£—1<(1 )1/"“—1)

neg nLy

Also,

<exp(—2nl2((14 )% —1)?) 4+ exp(—2nl?((1 — €)% —1)%) = 0 (S47)
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by Hoeffding’s inequality. It follows then

d -1
ot (Soh) S )

t=1

Now noting that

d
| (2= (e =k 1)
T,>C\ 55 (k OB oy 2], (S49)

we have

k' | n
again by Holder’s inequality. ]
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