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Abstract

Understanding the development of intrinsic brain network organization based on resting
state functional Magnetic Resonance Imaging (rs-fMRI) is of increasing importance and interest.
However, given a sample of rs-fMRI images from different aged subjects, the problem of how
to test for changes in network organization across ages is not well understood. We propose two
new approaches, eigen test (ET) and likelihood ratio test (LRT), to fill in the gap. As the names
suggest, ET utilizes the eigenvectors and LRT compares the log likelihood of competing models.
The former is sensitive only to changes in community assignment, while the latter detects both
changes in community assignments and connectivity between communities. We are interested
detecting various changes in network evolution: smooth trends over time, multiple change points
and outliers. We propose to develop a theoretical framework for LRT, especially for models with
multiple change points. We will evaluate our methods in a wide variety of settings: simulated
data, rs-fMRI data and dynamic gene co-expression networks, which can be analyzed with
structure similar to rs-fMRI networks. Thus far, with preliminary analysis we have discovered
that the network organization in rsfMRI is stable over time, which sheds light on competing
hypotheses in the literature. Gene co-expression data, which is available from conception to
adulthood, shows a marked change point at birth.

1 Introduction

Networks or graphs are used to display connections within a complex system. The vertices in a
network often reveal clusters with many edges joining vertices of the same cluster and comparatively
few edges joining vertices of different clusters. Such clusters, or communities, could arise from
functionality of distinct components of the network, e.g., brain regions cooperate a specific function
or genes co-regulating a cellular process.

Statistical theory (Kolaczyk! |2009], Newman| [2010], Lei and Rinaldo| [2015]) has mostly focused
on static networks, observed as a single snapshot in time or developmental epoch. In reality, networks
are generally dynamic, and it is of substantial interest to visualize and model their persistency.
Applications abound, e.g., social networks in Twitter, dynamic diffusion networks in physics and gene
co-expression networks or functional connectivity networks for developing brains. Recent works have
sought to extend community detection to dynamic networks (Matias and Miele| [2016], Ghasemian
et al.| [2016], |Cribben and Yu| [2017a], Nguyen et al. [2014], | Xu and Hero| [2014], [Liu et al.|[2018]),



to centrality (Taylor et al.| [2017]), and to extend clustering to dynamic data (Chi et al. [2007]).
Community detection is allowed to perform more precisely within dynamic network series, even if
the single is very weak in each single network.

However, how to perform further analysis is still not well discussed. One vital scientific question
for dynamic networks is whether the community structure is persistent over time, or if not, where is
the change point. This problem is especially important in understanding brain functions. Saying we
have a list of functional connectivity networks from different aged brains, then if we can detect that
some brain regions belongs to a same community in children’s brain networks but break down into
different communities for adult, it would be a very meaningful scientific finding. On the contrary, it
would also be significant if we can prove that the community structure of brain regions is persistent
over ages. Recent scientific papers have been focus on testing such changes over grouped networks
(Marek et al.| [2016]), but there is still no statistical method to detect and test the change point
among dynamic networks.

To fill in the gap, we proposed a framework to detect and visualize the changes of a list of net-
works. The changes of networks includes both changes of communities and changes of connectivities
between communities. There also could be three different kinds of changes as listed below:

1 Change point. The network structure (community assignments) or connectivity change signif-
icantly at one or several times (age in our setting)

2 Outlier. The network structure or connectivity is dramatically different at one or several times.
But the structure or connectivity are similar for the matrices before and after that point.

3 Smooth trend over time. For dynamic networks, a more reasonable assumption may should be
that the changes are smooth over time. There is no significant change point but the network
structure or functional connectivity are varying smoothly over time.

The major component of this proposal centers around change point detection methods for
dynamic networks. Our algorithms are all based on hypothesis testing, with "no change" as our
null hypothesis. Both spectral based method, eigen test (ET) and likelihood ratio test (LRT) are
proposed as possible approaches. ET employs the difference of eigenvectors between networks as
the test statistics based on the theories of spectral clustering under stochastic block model (Holland
et al.| [1983]). While LRT is performed by comparing the performance with or without a partition
of the network series. Significant test for both methods would be relying on data permutation.

We also propose outlier detection and smooth trend detection algorithms to support the whole
framework. The test statistics of these two detections are still based on ET and LRT. As a whole
procedure, outlier detection is our first step to remove "noise" networks from the series. Then a
change point detection can be performed to detect signification change. Assume we have already
divided the networks into different small groups without significant change, a trend detection can
then be performed to find out whether the community structure is smoothly varying over time. As
an extreme case, if the network structure is varying rapidly between every consecutive networks,
then every points are change points.

We applied the framework into two different dataset: functional connectivity networks from
resting state fMRI (rsfMRI) and gene co-expression networks from monkey brain. rs-fMRI is a
method of functional brain imaging that can be used to evaluate regional interactions that occur
when a subject is not performing an explicit task. Time series of blook-oxygen-level dependent signal
is observed for every voxels or regions. Functional connectivity (FC) networks can be formed with
rsfMRI data with brain regions as vertices and correlation of paired time series as edges. We got
FC networks from subject with different ages to form a list of dynamic networks. With this dataset,



we prove that the community structure is consistent over ages. Gene co-expression networks have a
similar structure as rsfMRI with vertices as genes and edges as correlation of gene expressions.

The remaining of this proposal is organized as follows. In section 2, we provide a background on
stochastic block model and its eigen-decomposition structure, as well as one global spectral clustering
algorithm for dynamic networks. In section 3, we give a brief introduction of related change point
detection algorithms and also develop our own change point detection methods. And in section 4,
we discuss outlier detection and trend detection procedures. In section 5, we give application results
in both rsfMRI data and gene co-expression networks. In section 6, we map out our future plan.
Additionally, in Appendix Al, we give simulations results of proposed methods. In Appendix A2,
we give the proof of related theoretical results.

2 Background information

2.1 Stochastic block model (SBM)

To support our change point detection, we want to find models which are both realistic and
mathematical tractable, and can lead to a consistent community detection results. There have
been a lot of recent works focus on statistical modeling of networks [Newman paper]. We used
stochastic block model (SBM) as a fundamental model because of its simplicity and expressive
power. Especially, the eigen structure of SBM has already been well explained |[cite jing]|, which
allows eigen decomposition becomes a powerful and consistent way to convey information and apply
community detection. But our method can also be easily extended to other networks models, like
degree corrected block model.

A network is formed by its nodes and edges. If we further assume the nodes are belong to
different communities, SBM gives a way to generate edges based on nodes and their communities.
A SBM with n nodes and K communities is parameterized by a pair of matrices (0, B), where
O € M, k is the membership matriz and B € RE*E is a symmetric connectivity matriz. For each
node i, let g; be its community label, such that the ith row of © is 1 in column g; and 0 elsewhere.
The entry By, in B is the edge probability between any node in community k and any node in
community /. Given (O, B), the adjacency matrix A = (a;;)1<s j<n IS & symmetric matrix with
diagonal equals to 0. The entries of A are generated independently from Bernoulli distribution as
follows.

By, 4. ifi <y S
P(CLU = 1) _{ 9i:9j Hr< , Qi = Qg4 for i > (1)

0 if i = j

In a SBM, the heuristic of spectral clustering is to relate the eigenvectors of A to those of
P := ©BOT using the fact that E(A) = P — diag(P). Let P = UDUT be the eigen-decomposition
of P with UTU = I;, and D € RE*X diagonal, then it is easy to see that U has only K distinct rows
since P has only K distinct rows. Under mild conditions, two nodes are in the same community if
and only if their corresponding rows in U are the same. [Lei and Rinaldo| [2015] gives a following
lemma for the decomposition of P.

Lemma 2.1. (Basic eigen-structure of SBM) Let the pair (©, B) parametrize a SBM with K com-
munities, where B is full rand. Let UDUT be the eigen-decomposition of P = @BOT. ThenU = ©0X

where X € REXK gnd [| X ke — Xl = nlzl—&-nl_l,for all <k<I<K.

Based on this observation, spectral clustering tries to estimate U and its row clustering using a
spectral de-composition of A. Letting A = UDUT be the eigen-decomposition of A and U denote



K eigenvectors corresponding to the K largest absolute eigenvalues. U KﬁKUE could be a good
approximation of P = UDUT.

2.2 Global spectral clustering for dynamic networks

Community detection with one network could be challenging if the signal is not strong enough.
For example, we can not detect proper communities with only one imaging in rs-fMRI data. Getting
the mean of several networks and then performing community detection is a simple and powerful
solution. However, in the analysis of smooth trend detection, we want to compare the community
structure of each specific network. In order to make it possible, we introduce one previous work of
our group, PisCES (Liu et al.| [2018]).

Our method, PersIStent Communities by Eigenvector Smoothing (PisCES), implements degree-
corrected spectral clustering, with a smoothing term to promote similarity across time periods, and
iterates until a fixed point is achieved. Specifically, this global spectral clustering approach combines
the current network with the leading eigenvector of both the previous and future results. The
combination is formed as an optimization problem that can be solved globally under moderate levels
of smoothing when the number of communities is known. We also utilized data-driven method to
choose appropriate levels of both smoothing and model order, as well as to balance regularization
with “letting the data speak".

The basic idea of PisCES is to perform eigenvector smoothing. Let Aq,..., Ar denote a time
series of symmetric adjacency matrices, and for ¢ = 1,...,T, let L; denote the Laplacianized version
of A;. Let K be fixed, and let V; € R™*¥ denote the matrix whose columns are the K leading
eigenvectors of L;. Let U; = V;V,T, the projection matrix onto the column space of V;.

In static spectral clustering, one would apply K-means clustering to Vi, ...,V separately. To
share signal strength over time, a simplified form of PisCES would solve the following optimization
problem, which returns a sequence of matrices Uq, ..., Ur that are smoothed versions of Uy, ..., Up:

T T—1
min > U = Uellz +a Y 0 = U |17
Ui Ur i t=1 (2)

subject to U, € {VVT : V e RVE VIV =1}V ¢,

and then apply K-means clustering to the eigenvectors of each smoothed matrix Uy, ..., Ur sepa-
rately.

3 Change point detection algorithms

3.1 Related works

Even though there is no change point detection method particularly for network series, the
change point detection for long-term multivariate data is well discussed. Ivor Cribben and Yi Yu
(Cribben and Yu [2017b|) proposed a Network Change Points Detection (NCPD) method based on
spectral clustering. Start from n time series for n ROIs, each time series have T' time points. They
want to find possible partitions of t = {1,2,--- , T}, say 1 < 71 < T. And then divided the time series
into 2 part T, = {1,2,--- ,71} and T = {71 + 1,--- , T} where the correlation matrices Ry, and rg
formed with T, and Tk have different network structure. Their test statistics is the singular value



between centralized eigenvectors of Ry, and Rp (Figure 2), where the centralized index are results
from community detection by spectral clustering. They also performed stationary bootstrap to do
significant testing. Since their test statistics is the singular value between centralized eigenvectors,
this test only focus on the community assignments. On the other words, different connectivity within
or between communities would not influence the results.

This method can easily be extended to our settings, we just need to change R; and Rp to
averaged correlation matrices for younger ages and older ages. However, since NCPD rely on the
results of spectral clustering, it is not stable in networks series. We will use it as a baseline and
discuss the results in Appendix Al.

Data matrix ! Y € RTxp
Split matrix Y;, Yr
5 8;0; + 1
Correlation matrices: Ry Ry € RP*P
Spectral clustering : (z1,CL) (zr,Cr) € RP @ RE*K
Centralised matrices | UL Urn e RP*E
Singular values U Ur c REXK
Stationary bootstrapi Significant?

Figure 1: Work flow of NCPD

There are also several papers which focus on the change of the covariance (correlation) matrix.
DCR (Cribben et al.[[2012}/2013]) use graphical lasso to estimate the precision matrix and a partition
is significant if the BIC of graphical lasso rise significantly after that partition. Moving window
(Lindquist et al.|[2014]) approaches are also well used in fMRI related papers. Many statistical
papers (Avanesov and Buzun| [2016], [Matteson and James| [2014]) also proposed many method and
series based on multivariate normal distribution. The problem setting of those paper are pretty
different from ours, but we still can borrow some ideas, like model based likelihood ratio test,
heuristic searching and sliding window searching, from those papers.

3.2 Problem setting

Let {Ay,As,---,Ar} € R™™ denote T symmetric matrices from subject with time ¢ =
{1,---,T}. Each matrix have the same n nodes and those n nodes can be divided into K; commu-
nities by community detection of A;. To make things easier to explain, we assume K; is constant for
different ¢. But our method can be easily extended to time varying K;. And let ©1,--- ,07 € M, g
denote the membership matrix for each network.

We further assume that A; are adjacency matrices independently generated from SBM. {4;};;
denotes the edge between node ¢ and node j and is generated based on their group labels and a
symmetric connectivity matrix B € R¥*¥ as showed in section 2.1: {A};; ~ Bernoulli(By, 4,).

As a hypothesis testing problem, our null hypothesis is that the networks are i.i.d generated from
the same SBM model. We consider two different problems: whether the membership is consistent
or whether the model, which means either membership or probability matrix, is consistent. Those



two problems are both arised from specific scientific questions. Use rsfMRI as an example, sometime
we only care about the communities (or clusters) of brain regions, while sometimes the connectivity
between communities are also took into account. The following two null hypothesis illustrate those
two cases.

HY:0,=0,=-.. =07 (3)
H(()Z):@1:@2:-~-:®T&31:BQZ~-~:BT (4)
We further assume that there is only one change point (multiple change points case would be

discussed in section 3.5). Then the alternate hypothesis is that there exist one change point 7 where
the model changes after ¢t = 7:

Hs(‘i17)1gle:61:”':@7:7&67':&-1:'”:9’1—' (5)
HY W ©1==0;£0 = =0r0r P=-=B; 4B, = Br (6)

We proposed 2 methods: eigen test (ET) and likelihood ratio test (LRT) to deal with these two
problems respectively. ET focus on the change of membership while LRT considers both membership
and connectivity.

3.3 Eigen test

As the names suggests, ET utilizes the eigenvectors of adjacency matrices to compare the
membership. Assume 7 € (1,7 is one candidate change point, we get 2 matrices Ay = >, %
and Aright = Z,:T:T 41 % as the averaged adjacency matrix of left part and right part. Let Ujcs:
and Upignt € R™* X denote the leading K eigenvectors of A;. ¢t and Apigne, where K can either be
per-defined or estimated from other methods (cite or ref). Based on the theories of SBM (lemma
, eigenvectors contains the information of community assignments. So we define our first test

statistics as the difference between UleftUlzgft and UrightUg;‘ght'
T T
Yr = ||UleftUleft - UT’ightUright||2

Then we choose the 7 which gives biggest test statistics, which means biggest difference between
left part and right part, among all candidation change points as our estimated change point.

T = argmax -y,
T

Permutation test is then performed to test whether 7 gives a significant change. Assume Agb), Ag’), e Ag,? )

is the b-th trial of permutation of the original adjacency matrices, we calculate test statistics ,ng)

at t = 7 for the permutation trail the same as above. After N, trials, let 'y;l), e 7’}/7(:Nb) denotes the
corresponding test statistics. The p-value is defined as:
cardinality ({b : 'ygb) > v:})

-value = .
p-valu N,

One thing need to be notices is that the eigenvectors are not only related to membership but
also related to connectivity matrix. Based on lemmal[2.1] U = ©X where X is from the connectivity
matrix B. But in practice, we find that our test statistics actually can only convey the difference
between membership ©. We will explore possible theoretical results and extensions about that as a
future work.



Test statistics from NCPD As mentioned in section 3.1, NCPD can be easily extended to our
settings. Apply kmeans to Uy € R™¥ and U,gn € R™X. With kmeans, we can get community
labels gie ¢ and grign: and K centroids for each community. Since we only interested in the community
assignments, we then construct new matrices Cieys € R™ X and Cright € R K whose rows are
the corresponding centroids: Cies¢(i,:) = centroid of gicf(¢). The column spaces of Cic; and Crighy
encode the location information, so we do not impose the condition that the columns have to be
orthonormal. Then the test statistics is defined as the summation of singular values of C’lj; ftC'Tight

NCPD, = sum(svd(C?;ftCmght))

One drawback of this statistics could be that 1 is big for all of the candidate change points around
the boundary. For example is we have T' = 10 networks and change point at ¢t = 5. Then we may
get big v1 from ¢t = 3 to t = 7. Further discussion would be showed in Appendix Al.

3.4 Likelihood ratio test

The likelihood ratio test (LRT) examine whether a partition of networks series would improve
the likelihood fitting based on stochastic block model (SBM). Given a list of networks which ordered
by time, we first fit a consistent SBM all of the networks by assuming they are i.i.d under the null
hypothesis (Eq: ) Then for any candidate change point, we fit SBM separately to its previous
part and future part, i.e. we assume different model for each side. LRT would test if the partition
make a significant improving of the fitting.

Let Ay, Ao, - -+, A7 denote adjacency matrices of the network series as showed above, we use the
mean matrices to fit the model if we assume they are i.i.d. For example, under the null hypothesis,
those matrices are all i.i.d from the same model. We get A, = Zle % € R™ ™ as the aggregated
input matrix. Then SBM is fitted to A, by performing community detection. Many different
methods can be used in this case [10, 11, 12]. Let gnuu € R™ denote the corresponding estimated
membership, where g; = k means the i-th node belongs to the k-th community. Then the connectivity
matrices By € REXE in SBM can be estimated as:

B Zi,j Aijléi:klﬁj:l
kl =
2ij Lai=klg;=1

For any adjacency matrix A and membership g, the log-likelihood can be calculated as the following,

L(A,§,B) =) Aylog(By, 5,) + (1 = Ay)log(1 — By, 5,)
i

Then the log-likelihood under null hypothesis is defined as the summation of log-likelihood of each
matrix with g, and B,y as the following,

T
Lnull = Z ﬁ(Ata Qnullv Bnull) (7)

t=1

For one candidate change point 7 € (1,T), we can also get the mean adjacency matrix for

the previous part Ajepr = Y, 4t ¢ R™™ and the mean adjacency matrix for the future part

—
T A N N - A . .
Avight = ) j—r i1 7= € R™*"™. Then gieyt, Grignt and Bieyt, Brignt can be estimated with the same

procedure. The log-likelihood with partition at ¢ = 7 would be based on those 2 models,

T T
L'r - ZL(Atvglefta-Pleft) + Z L(Atvgrightvpright) (8)
t=1 t=74+1



Then the test statistics is defined as the following,
AT - L'r - Lnull (9)

where larger A shows bigger improvement. The final estimated change point is one who get the
biggest test statistics among all candidate change point 7 = argmax, A.

To test whether the estimated change point is significant, we applied the same permutation
procedure as ET. Let A(;), e ,A;N”) denote the test statistics at 7 from N, different permutations,
The p-value is defined as:

inali A S AL
pvalue — cardina 1ty({§)Vb 2> r})

Since the log likelihood based on SBM including both membership g and connectivity matrix
B, LRT is able to find the changes in both community and connectivity. In practice, LRT (ref sim
figure)is also very powful in detecting both changes.

3.5 Multiple change points

In this section, we extend our methods into multiple change points. The null hypothesis is still
the same as before (eq: , ), while the corresponding alternate hypothesis becomes there exist

D change points 71, T2, - - , 7p where model changes at those times.
1
HO) e 1©1= =05 #0541 = =05, #0511 (10)
HE),, 0.+ Bither © or B change at 71,7, , 7p (11)

To estimate multiple change points, we iteratively apply the techniques of single change point as
follows (Figure 2). Suppose that d—1 change points have been estimated at locations 0 < 71 < -+ <
T4—1 < T. These change points separate the matrices into d clusters of matrices C’l, C’g, ceey C’d, such
that C; = {As,_,+1, -+, A%}, in which 7p = 0 and 7y = T. Given these clusters, we then apply the
methods for finding a single change point to the observations within each clusters. Specifically, for
the ith cluster C', denote the proposed change point location as 7(¢) and the associated statistics.
Then, let

i* = argmax 5(4)
i€{1,---,d}

the corresponding d-th estimated change point is 7y = ¢* located within cluster C;+. This procedure
has running time (DT?) where D is the unknown number of change points.

We prove that the heuristic procedure is consistent when the number of networks goes to infinity.
The estimated change point at each step would always be around the true change point even with
multiple change points, which means a mixture of models. More detailed discussion about the
theoretical results would be discussed in section 3.6. However, in practice, the length of network
series could be very small, even thought the length of the total network series is large enough, the
distance between two change points could also be relatively short. So we do find that a sliding
window search is necessary in some cases. We would leave it as a future work to do in this proposal.
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Figure 2: Bisection searching with 2 change points. The procedure of hierarchical (bisection) search-
ing is showed for Eigen test and likelihood ratio test with 2 change points. The blue line shows
original test statistics and red line shows statistics from permutation test. The vertical dotted red
line shows true change point and vertical solid line shows how we divide the matrices in each step.



3.6 Theoretical results for likelihood ratio test

Here we list some theoretical results we get for likelihood ratio test. For single change point, the
consistency is based on the accuracy of estimation of the model, and the sub-additivity of the metrics
(log-likelihood or square error). For multiple change point, the key lemma is that the statistics can
still be maximized in true change point when there are mixture of distributions, or multiple change
points. Is it also because the metrics maximized with true model and the sub-additivity of the
metrics.

3.6.1 Single change point

Assumption 1 and theorem 3.1 show that likelihood ratio test can find the true change point
asymptotically when the sample size of each window goes to infinity.

Assumption 1. Suppose we have a sequence of independent adjacency matrices from 2 different
SBM: M : {©1,B1} and My : {O2, By}, where © € R™*™ denotes the membership and B; € REixKi
is the connectivity matriz between K;,i = 1,2 communities. Specifically, let 7 € (1,T) denote the
change point and w € (0, 1) denote the fraction of the observations belongs to one of the distributions,
such that Ay, Ag,-+ ,Argr ~ My and Zz 41, , Zr ~ My for every sample size T. Let {d7} be a
sequence of positive numbers such that 67 — 0 and Tor — oo, as T — oo.

Theorem 3.1. Suppose Assumption 1 holds. Let taur denote the estimated change point location
for a sample of size T, as defined from the likelihood ratio test. Then for T large enough and
7 € [6r,1 — o] and further more, for all € > 0

P( lim |#r/T —7/T| > €) =0

To prove theorem 3.1, firstly, we assume that the true model could be estimated when sample
size goes to infinity. If the adjacency matrices are all from the same model, It is easy to imagine
that the mean adjacency matrix of infinite samples would converge to the true probability matrix
P = ©BOT. If the adjacency matrices are from different models {©1, By}, -+, {04, B4}, then the
mean of them would converge to a weighted probability matrix based on the proportion of samples
from those models. So in the extreme case when sample size all goes to infinity, we can just use
the mean adjacency matrix as our estimation of probability matrix P in LRT. Secondly, since the
entry of adjacency matrix [A;];; is just a Bernoulli sequence based on P;, we can easily prove that
the log likelihood L, is increasing when 7 is within (1, 7], and decreasing when 7 € [7 + 1,T). So
the maximum would occur at 7 = 7. Detailed proof would be showed in Appendix B.

3.6.2 Multiple change points

When there are multiple change point, Theorem 3.2 shows that under similar assumption with
single change point, LRT can detect the true change points by our heuristic searching procedure.

Assumption 2. Suppose that we have heterogeneous sequence of independent adjacency matrix from
k + 1 distributions, denoted {M,}¥_,. Specifically, let 0 = 70 <« 7 <o < 7B =T Then for
i=0,1,---,k, we have Z 1, , Zri+1 ~ M, such that M; # M;,. Let {07} be a sequence of
positive numbers such that 67 — 0 and Tép — oo, as T — oo.

Theorem 3.2. Suppose Assumption 2 holds. For number set Ay C (07,1 — ér) and x € R, define
d(z,Ar) =inf{|lz —y| : y € Ar}. Let 71 be the estimated change point as defined by likelihood ratio
test and A = {7V )T, . 7®) /T}. Then d(7/T,Ar) £ 0
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The proof of Theorem 3.2 is similar with Theorem 3. since log likelihood function L, is concave
within each interval between change points, It can only get maximized at any of boundary, which
means the true change points.

4 Trend detection and outlier detection

4.1 Smooth trend detection

Other than assume there is one significant change at some specific time point, smooth trend
may be a more realistic assumption in many areas. For example in gene co-expression networks, the
community of genes is varying smoothly with subject ages (Liu et al.|[2018]). Examine whether the
smooth trend is happening in one network series and how the trend varying over time is another
interesting problem.

As a first part, we want to find out whether the membership of nodes is varying smoothly over
time. We focus on the membership for now, but the procedure can be easily extended to consider
both membership and connectivities.

The null hypothesis is still the same as above Hy : ©; = Oy = --- = Op. We then define
the alternate hypothesis as the similarity of 2 networks: Ay, , A, is proportion to the gap of time
it = |ty — t1]-

We still use the difference of eigenvectors to measure the difference of adjacency matrices. For
each gap value it, we can get a mean difference value over all ¢ as the following.

D = VUL — U arUfyllo t € (LT — it); 000 = " 6™ /(T — i)
t

Linear regression can then be applied to test whether ¢;; is proportion to #t.

If there is smooth trend in the network series, the next thing we want to do is to test whether
the trend is changing over time. For example, we want to know whether human brain change more
rapidly at childhood than after growing to adult. Based on our definition of cbgit), we can also
test whether the difference with given it is related to t, e.g., fit qﬁiit:l) ~t. If ¢§“:” significantly
increasing or decreasing with ¢, then we say the smooth trend is changing during time. More
discussions about it can be found in Appendix A.

4.2 QOutlier detection

One nature way to perform outlier detection is to compare A; with all of the other A_, =
> izt Ai/ (T —1). After we get a difference 8; = dif f(A¢, A—¢). Z-score of By can be calculated as

Zt:@

where 3 is the mean of all 3; and s is the standard deviation. Then Grubb’s test (or any other test)
can be performed with the Z-scores. It requires a large sample size to make Z-score works.

11



Eigen test in Luna cohort with K=13 LRT in Luna cohort with K =13
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Figure 3: Change point detection on Luna cohort. The blue line shows original « value and red line
show values from bootstrap. No change point detected.

5 Application in real data

5.1 resting state fMRI data

We got rsfMRI data from 2 cohortS: longitudinal data of typically developing youth from Dr.
Beatriz Luna’s laboratory (Luna cohort). In Luna cohort, we have N = 339 the brain images
from subjects with age between 13 and 26. All of the subjects in Luna cohort have typical brain
developing, i.e. they do not hat any psychotic disease. Those 339 brain images are got from 223
different subjects. 50 of the subjects visit the lab twice in different ages so that we got two brain
images for those 50 subjects. 57 of the them visit the lab three times so that we have three brain
images for those subjects.

In PNC cohort, we got N = 907 brain images from 907 different subjects, i.e. there is no
longitudinal data in PNC cohort. The subjects are also from ages between 13 to 26. 572 of the
subjects have typical developed brain, 139 of the subjects have psychosis spectrum and 192 of the
subjects have non-psychotic psychopathology. So another interesting problem is to find our the
difference between typical developed brains and brains with psychopathology.

Figure 5 shows the change point detection results in Luna Cohort. There is no change point in
those networks. Figure 6 and 7 also show that there is no outlier or smooth trend in those networks.
PisCES is applied with window size w = 5 in community detection, i.e. we use previous 2 and future
2 networks to enhance the detection in specific age.

5.2 Gene co-expression networks

The transcriptional patterns of the developing primate brain are also of keen interest to neuro-
scientists and others interested in neurological and psychiatric disorders. Bakken et al. [25] provide
a high-resolution transcriptional atlas of rhesus monkey (Macaca mulatta) built from recorded sam-
ples of gene expression, including expression of 9,173 genes that can be mapped directly to human.
The samples span six prenatal ages from 40 embryonic days to 120 (E40-E120), and four postnatal
ages from 0 to 48 months after birth (0M-48M). These ages represent key stages of development in
the prenatal phase, and key milestones postnatally (newborn,juvenile, teen and mature). So we can
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Change point detection for E40-E120 OM-48M
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Figure 4: Change point detection of gene co-expression network. One change point is detected
between E120-0M
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Figure 5: Smooth trend detection of gene co-expression network. The left plot shows Eigen diff at
each ages with the network have specific gap with them. The right plot shows how the mean value
changes over gap. "Eigen diff" is defined as sum(SV DUy, Uya))
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also get 11 dynamic networks with this dataset.

Figure 8 shows the change point detection results of both eigen test and likelihood ratio test.
We can see that birth (between E120 and 0M) is a significant change point. It also fits the ideas of
scientists. But because there are only 11 networks, we are not able to detect further change point
for prenatal and postnatal. One possible new permutation idea will be showed as a future plan.

Figure 9 shows the trend detection results. The difference of eigenvectors are showed with
different gap of ages. It is easy to find that bigger gap results in larger difference.

6 Next steps

Further works focus on further theoretical results, sample permutation ideas and analysis of
longitudinal data.

Theoretical results about Eigen test Theoretical results have already been build for likeli-
hood ratio test. But the corresponding results for Eigen test still need more effort. Since A;cf: and
Aright can be assumed be to averaging adjacency matrices of infinite samples, they are converging
into the probability matrix Py and Prgn. Based on the theories about spectral clustering in
SBM, the eigen-decomposition of P = ©BOT where {©, B} parametrize a SBM and © is just the
community assignment in SBM. So if all of the networks forming A; are from the same model,
i.e., there is no further change point in the left part, then the eigenvectors U — © is just the true
assignment. However, if the averaged matrix is formed from a mixture of different models, things
could be more complex. For example if A, Ag, -, Ay, are from one SBM with K; communities
and Ay 11, -+, A, are generated with another model with Ko communities, then A7, = 2?:1 A fta
should have K7 + K5 communities. How it influence the test statistics would be very an interesting
problem.

Moving window and stationary bootstrap Since mixture of models may cause problem
with Eigen test method, a possible way to solve it to apply moving windows. The moving win-
dow strategy has been widely applied in change point detection for univariate times series () and
covariance matrices (Matteson and James| [2014]). By pre-defining a window size [, for each can-
didate change point 7, we can only use left [ and right [ networks to calculate A; and Ag, i.e.
Ap =31, %l ,Ar = IITZ 41 %. By choosing one appropriate window size [, we can avoid mix-
ture of models in one window. However, how to choose the window size would be another problem.
One nature approach is to choose the one returns best test statistics. But it would be very time-
consuming. Stationary bootstrap procedure would also be needed for moving window approaches to
avoid mixture of models in the bootstrap sample.

Sample permutation for gene co-expression networks As mentioned in section 5, because
there are only 11 ages in gene co-expression data, we are not able to perform further change point
detection after finding the first change. Fortunately, if we are using correlation matrices and each
correlation matrix at one age actually is formed with multiple samples. Assume Ay, Ay, -+ , Az are
the correlation matrices, one entry of each matrix A;; is the correlation of gene expression levels
over different samples in that age. For example, there are 48 samples for A;, then {A;};; is the
Pearson’s correlation between gene i and gene j over those 48 samples. Since we are not able to get
good significant level by permuting correlation matrices, we can permute the samples instead. This
procedure is similar with what Yu’s paper did for partition of long-term time series. In order to
make it work, a Gaussian graphical model instead of SBM should be assumed for the samples and
corresponding theoretical results can also be built. We believe the sample permutation could also
be a very powerful way to deal with problems raised by lack of series size in many different areas.
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Analysis of longitudinal data Longitudinal data is defined as networks from the same subject
with different visits (ages). As mentioned above, we have longitudinal data for both Luna and PNC
cohort. About 1/3 of subjects visit the lab two or three times in those 2 cohort. In the change point
detection algorithms, we assume that the network series are independent with each other. However,
those longitudinal data are of course dependent and may influence the results. The analysis of
longitudinal data including 2 parts: (i) if we have 2 networks from subjects with different ages, by
giving one of those networks, can we identify the other one based on their similarity. Once recent
paper (Finn et al.|[2015]) show that 2 rs-fMRI images scanned by consecutive days from the same
subject can be identified from a list of images from different people. Based on this results, we also
want to know whether images scanned by different ages from the same people can also be identified,
and whether the identification rate related to subject ages. (2) find out whether the longitudinal
data influence the community detection and change point detection results. For both of those 2
parts, we can also test whether the identification or influence are related to specific sample ages.

Data visualizationHow to visualize the dynamic networks series is another interesting and
necessary task. In PisCES paper, we applied sankey plot to show the nodes flow between networks.
Similar ideas may also be used in the change point or smooth trend visualization.
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Appendices

A Simulation results

A.1 Change point detection

We use SBM to generate different simulation cases. For all of the cases, there are n = 200,
K = 4 communities, and the membership of gEl) ~ Multinolmial(1/K,1/K,--- ,1/K). We further
let z € RT denote the percent of change of membership during time. For instance, z(2) = 0.5 means
the 50% of the nodes re-generate there membership at time ¢ = 2, i.e.,

(t+1) gft) with prob. 1 — z(t)
i = Multinolmial(1/K,--- ,1/K) otherwise

In all of our simulations, the original connectivity matrix B is fixed as the following.

025 0.1 01 0.1
0.1 025 01 0.1
0.1 01 025 0.1
01 01 01 0.25

B —

When we only consider the change of membership, we keep B consistent over time.

We considered 3 cases in this simulation:

e Single change point of membership with growing T'. For specific T, z([T/2]) = 0.1,0.2 or 0.5,
otherwise, z(t) = 0. We considered T' = 8,12, 16, 20 in this case. For each T" and label change
probability, we applied 100 repetitions.

e Single change point of connectivity with growing 7. z(¢) = 0 for all ¢. But when ¢ > [T/2],
B® = 2BM . We considered T = 8,12,16,20 in this case. For each T and label change
probability, we applied 100 repetitions.

e Double change points of membership with growing T. For specific T, z([T/3]) = 2([2T/3]) =
0.1,0.2 or 0.5 , otherwise, z(t) = 0. We considered T = 12,18, 24,30 in this case. For each T
and label change probability, we applied 100 repetitions.

We apply two measurement to compare the results: (1) exact accuracy which count the number
trials when 7 = 7; (2) approximate accuracy which calculate the number of trials when |7—7| < T'/10.
LRT perform perfectly in every cases (Figure 6, 7, 8). While ET is less powerful when the probability
of label change is small.

B Proofs

Proof of Theorem 3.1. Part 1: Let P = ©BO is the probability matrix where P;; = By, 4. P is
the probability matrix for the first model and P is for the second model. We first prove that under
Assumption 1, the true or mixtured probability matrix P can be estimated.

17



Figure 7:

Figure 8:

x10° LRTwith T=12,2(6)=0.5 ET NCPD

1.8 2.45 1.4
1.79 1.2
8 24
3 178 ’
I
17}
g LR .. 235 0.8
1.76 0.6
1.75 2.3 0.4
5 10 15 0 5 10 15 0 5 10 15
time time time
Figure 6: One example of how LRT, ET and NCPD work.
Pr(label change) = 0.1 Pr(label change) = 0.2 Pr(label change) = 0.5
1 1 1 AN £ £
> —A— LRT > >
o [} O
g SR ET o 4 O
3 —— NCPD 3 B 3
< 05 < 05 < 05
o * ok * )
o N o 3]
v} (3] v}
> x >
L L ]
e
0 —=¥ 0 0
5 10 15 20 5 10 15 20 5 10 15 20
Length of network series: T Length of network series: T Length of network series: T
Pr(label change) = 0.1 Pr(label change) = 0.2 Pr(label change) = 0.5
1 1 £ as as 1 AN as as
g oy g
g © 08 g
3 > 3
3 3 3
< 05 < 0.6 < 05
o A o o
oy g 04 g
< < <
0 — 0.2 0
5 10 15 20 5 10 15 20 5 10 15 20
Length of network series: T Length of network series: T Length of network series: T

Comparison of LRT, ET and NCPD when there is single change point of membership.

Pr(label change) = 0.1 Pr(label change) = 0.2 Pr(label change) = 0.5

1 1 1 A s T
9 ——w || g 9
5 ET 5 . g
8 —_— 8 ¥ 3]
£ 05 NCPD £ 05 < 05
L *< L —K L
< > >
1] S i i

0 —=% 0 0

5 10 15 20 5 10 15 20 5 10 15 20
Length of network series: T Length of network series: T Length of network series: T
Pr(label change) = 0.1 Pr(label change) = 0.2 Pr(label change) = 0.5

1 1 A £ £ 1 £ s T
> > >
[$] [} [}
IS © ©
3 2 3
£ 05 <05 < 05

| *. I I

o o o
s x s / s
< S < < \'/\

0 —= 0 0

5 10 15 20 5 10 15 20 5 10 15 20
Length of network series: T Length of network series: T Length of network series: T

Comparison of LRT, ET and NCPD when there is double change points of membership.

18



Use Ajepr = >, A/ as an example, if 7 < 7, hm Aleft — P;, then based on lemma 2.1,

we can estimate the true membership g; and B; as well as P1 by spectral clustering. If 7 > 7, then

TP+ (1—7) P2
lim A — —

o := Pleyt, this Pi.s: can also be well estimated by spectral clustering.
T—T)—0Q

Part 2: Under assumption 1, the log likelihood function L, is maximized around the true
change point 7 = 7.
Ve > 0, P(Tlim |77 /T — 7/T| > €) > 0 is equivalent with V|e| > 0, P(Tlim Aryper > A7) =
—00 —00

Since Ly, is the same for every time point, we only compare L; and Lz, .p. Notice that the log
likelihood of one adjacency matrix A is the summation of log likelihood at every edge of A.

T T
L'r = ZL(Atvgleftv-Pleft) + Z L(Atvgrightapright)
t=1 t=7+1
- Z Z[At]ij IOg(Bleftgl,gftivgl;ftj) + (1 o [At}ij) log(l o Bleftgl;ftiwgléftj)

t=1 ij

T
+ Z Z[At]lj IOg(BrightgriAghti197"iAghtj) + (1 o [At]lj) IOg(l o Brighthi};htwgri}]htj)

t=r+1 ij
=> Z [Atijlog(p1)) + (1 — [Ad]ij) log(1 — p1)
i 7T
+ > [Adijlog(pa)) + (1 = [Adli;) log(1 — p2))
t=7+1

where p; = Bl;ft and py = BT;ght . So we only need to prove that Ve > 0,

gieftigleft
Vi, 7, P(Th_rgo lz+er(if) > 17(ij)) = 0. It actually turns the problem as the log likelihood in Bernoulli

9right; 7g7'iyhtj

sequence. Based on our results in Part 1, given 7 = 7 + €T,

lim I:(i7) = (74+€T) (Prlog(p1)+(1—p1) (1—log(p1))+H(T—F—€T') (p2log(p2)+(1—p2) (1—log(p2))

T—o0,eT—00

where p; = ﬂ?iﬁig)pz, p1 = [P1]ij, pw = [P2]ij is the probability parameter from the original model
in Assumption 1. It is easy to show that this function maximized at € = 0. O
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