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Abstract

An acyclic model, often depicted as a directed acyclic graph (DAG), has been widely employed
to represent directional causal relations among collected nodes. In this article, we propose an
efficient method to learn linear non-Gaussian DAG in high dimensional cases, where the noises
can be of any continuous non-Gaussian distribution. The proposed method leverages the concept
of topological layer to facilitate the DAG learning, and its theoretical justification in terms of exact
DAG recovery is also established under mild conditions. Particularly, we show that the topological
layers can be exactly reconstructed in a bottom-up fashion, and the parent-child relations among
nodes can also be consistently established. The established asymptotic DAG recovery is in sharp
contrast to that of many existing learning methods assuming parental faithfulness or ordered noise
variances. The advantage of the proposed method is also supported by the numerical comparison
against some popular competitors in various simulated examples as well as a real application on
the global spread of COVID-19.

Keywords: Causal inference, DAG, non-Gaussian noise, structural equation model, topological
layer

1. Introduction

A directed acyclic graph (DAG) provides an elegant way to represent directional or causal structures
among collected nodes, which finds applications in a broad variety of domains, including genetics
(Sachs et al., 2005), finance (Sanford and Moosa, 2012) and social science (Newey et al., 1999).
In recent years, learning the DAG structures from observed data has attracted tremendous attention

from both academia and industries.
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In literature, various structure learning methods have been proposed to recover the Markov
equivalence class (Spirtes et al., 2000; Peters et al., 2017) of a DAG, which can be roughly cat-
egorized into three classes. The first class is the constraint-based method (Spirtes et al., 2000;
Kalisch and Biihlmann, 2007), which uses some local conditional independence criterion to test
pairwise causal relations. The second class, referred as the score-based method (Chickering, 2002;
Zheng et al., 2018; Yuan et al., 2019), attempts to optimize some goodness-of-fit measures among
the possible graph space. The last class (Tsamardinos et al., 2006; Nandy et al., 2018) combines
the constraint-based method and score-based method. Although success has been widely reported,
most aforementioned methods can only recover the Markov equivalence class and their computa-
tional burden remains a severe bottleneck. Recently, substantial effort has been made to pursuit
exact DAG recovery. For instances, Peters and Biihlmann (2014) shows that a linear Gaussian DAG
is identifiable under the equal noise variance assumption, and Ghoshal and Honorio (2018) and Park
(2020) relax the Gaussianity assumption but still require an explicit order among noise variances.
Along this line, many learning methods are proposed to recover the exact DAG structure (Ghoshal
and Honorio, 2018; Chen et al., 2019; Yuan et al., 2019; Li et al., 2020; Park, 2020), yet these
assumptions of Gaussianity or ordered noise variances are often difficult to verify in practice.

Linear non-Gaussian DAG, also known as linear non-Gaussian acyclic model (LINGAM; Shimizu
et al. 2006), relaxes the Gaussianity assumption, and its identifiability does not require any addi-
tional noise variance assumption. It is clear that linear non-Gaussian DAG can accommodate more
flexible distributions, and thus has attracted tremendous interests in recent years (Shimizu et al.,
2006; Hoyer et al., 2008; Entner and Hoyer, 2010; Shimizu et al., 2011; Hyvarinen and Smith,
2013; Tashiro et al., 2014; Wang and Drton, 2020). Specifically, Shimizu et al. (2006) proposes an
iterative search algorithm to recover the causal ordering of a linear non-Gaussian DAG by using
linear independent component analysis (ICA) and permutation. Subsequently, Shimizu et al. (2011)
proposes a multiple-step algorithm to learn a linear non-Gaussian DAG by some pairwise statistics,
which is further extended in Hyvarinen and Smith (2013) to iteratively identify pairwise causal or-
dering by likelihood ratio tests. These methods often require heavy computational cost, which may
lead to practical difficulties even when dealing with a medium-sized DAG. Most recently, Wang
and Drton (2020) proposes a modified direct learning algorithm for a linear non-Gaussian DAG in
high dimensional cases with theoretical guarantee, which sequentially recovers the causal ordering
with a moment-based criterion and reconstructs the directed structure with hard-thresholding. Yet,
it requires the parental faithfulness condition and its computational complexity is of exponential
order of the maximum in-degree. It is worthy pointing out that some most recent methods (Ghoshal
and Honorio, 2018; Park et al., 2021) can also be used to learn linear non-Gaussian DAG under
high dimensional settings, yet their numerical performance and theoretical justification highly rely
on the validity of the required ordered noise variance assumption.

In this paper, we propose a method to learn a linear non-Gaussian DAG with a large number
of nodes, by leveraging the concept of topological layer to facilitate efficient DAG learning. It as-
sures that any DAG can be reformulated into a unique topological structure with 7' layers, where
the parents of a node must belong to its upper layers, and thus acyclicity is naturally guaranteed.
More importantly, we show that the topological layers can be exactly reconstructed via precision
matrix estimation and independence testing procedure in a bottom-up fashion, and the parent-child
relations can be directly obtained from the estimated precision matrix. These results are obtained
without requiring the popular faithfulness (Uhler et al., 2013; Peters et al., 2017), parental faith-
fulness assumption (Wang and Drton, 2020) or the ordered noise variance assumption (Ghoshal
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and Honorio, 2018). The constructive proof also motivates an efficient learning algorithm for the
proposed method, whose complexity is much smaller than most existing linear non-Gaussian DAG
learning methods (Shimizu et al., 2006, 2011; Wang and Drton, 2020).

The main contribution of this paper is the development of an efficient method to learn linear
non-Gaussian DAG in high dimensional cases, and the investigation on its statistical guarantee in
terms of exact DAG recovery. More precisely, we show that the topological layers of the DAG
can be exactly reconstructed in Theorem 1 and Corollary 1, and the parent-child relations can be
directly recovered along with the topological layers in Corollary 2. We connect learning method and
precision matrix estimation by proving that the topological layers can be exactly reconstructed via
precision matrix estimations in a bottom-up fashion, and the parent-child relations can be obtained
directly from the obtained precision matrix. The statistical guarantees of the proposed method
by using graphical Lasso and distance covariance measure is established with sub-Gaussian and
(4m)-th bounded moment noise distributions, respectively. The established consistency results are
governed by the sample size, the number of nodes, the maximum cardinality of Markov blankets
(Peters et al., 2017) and the number of topological layers. Most interestingly, the obtained results
allow the number of nodes, the maximum cardinality of Markov blankets and the number of layers to
diverge with the sample size at some fast rate, which is particularly attractive in a high-dimensional
learning method. We want to also emphasize that the proposed method differs from most existing
LiNGAM algorithms (Shimizu et al., 2006, 2011; Hyvarinen and Smith, 2013; Wang and Drton,
2020) and some very recent works on linear structural equation models (Ghoshal and Honorio,
2018; Park, 2020; Park et al., 2021), which are mostly algorithm-based (Shimizu et al., 2006, 2011;
Hyvarinen and Smith, 2013), or requires the parental faithfulness assumption (Wang and Drton,
2020) or the ordered noise variance condition (Ghoshal and Honorio, 2018; Park, 2020; Park et al.,
2021) for establishing DAG recovery consistency, not to mention that many of them may suffer
from heavy computational cost even when dealing with a medium-sized DAG .

The rest of this paper is organized as follows. Section 2 introduces some background of lin-
ear non-Gaussian DAG. Section 3 introduces the concept of topological layers and shows that the
topological layers and the parent-child relations can be exactly reconstructed in a bottom-up fashion.
Section 4 provides an efficient learning algorithm for linear non-Gaussian DAG in high dimensional
cases, and Section 5 establishes the reconstruction consistency of the proposed method under mild
conditions. Section 6 compares the proposed method with some existing competitors in terms of
their computational complexity and theoretical guarantees. Numerical experiments on several sim-
ulated examples and one real application to the spread of COVID-19 are conducted in Section 7.
Section 8 contains a brief discussion, and all the technical details are provided in Appendix.

2. Preambles

Consider a DAG G = {\/, £}, encoding the joint distribution P(x) of x = (z1,...,x,)T € RP,
where N' = {1,...,p} consists of a set of nodes associated with each coordinate of x, and £ C
N x N consists of all the directed edges among the nodes. The directed edge from node j to node
k is denoted as j — k, indicating their parent-child relationship. For simplicity, we denote node &’s
parents as pay,, its children as chy, its descendants as dey, its non-descendants as ndy, and its Markov
blanket as mby, = pa;, Uchy U{i € pa;\{k}|j € chi}. Itis also assumed that G satisfies the Markov
property (Spirtes et al., 2000), and thus P(x) can be factorized as P(x) = [[;_, P(zx|Xpa,),
where xpa, = {z; : j € pa}.
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Once each node xj, is centered with mean zero, the graph structure in G can be embedded into a
linear structural equation model (SEM),

= Y PBuzites k=1,..p, (D
Jjepa,

where 3;; # 0 for any j € pa,, €, denotes a continuous non-Gaussian noise with variance 013,
and ¢; L ¢ for any [ # k. This independent noise condition further implies that €;, I x; for any
[ ¢ dej, U {k}. Itis also often assumed that there is no unobserved confounding effect among the
observed nodes in G, which is known as the casual sufficiency condition in literature (Spirtes et al.,
2000).

Note that the SEM model in (1) can be organized into a matrix form

X =BX+e,

where B = (Bj)k,; € RP*P and € = (e1,...,6,)7 is the noise vector with covariance matrix
Q = diag{o?, ..., ag}. Simple algebra yields that

x = (I-B) ‘e = Ag, 2

and zj, = Z§:1 ax;€;, where ay; is the (k, j)-th element of A = (I —B) ™, representing the total
effect of z; on x;. The SEM model implies that €; 1 xj and thus ay; = 0 for any node j €
dey. Moreover, the covariance matrix of x is ¥ = (I— B) 'Q(I — B) 7, and the corresponding
precision matrix is @ = 7! = (I—-B)"Q (I B). In the sequel, we use Oy, to denote the
(1, k)-th element of ®, and ©_;; to denote the [-th column of ® without Oy;.

3. Topological layers

In this section, we introduce the concept of topological layer, which allows us to convert a DAG into
a unique topological structure. Particularly, given a DAG G, we construct its topological structure
by assigning each node to one and only one layer, based on its longest distance to one of the leaf
nodes.

Without loss of generality, we assume G has a total of T" layers, and A; denotes all the nodes
contained in the ¢-th layer, for ¢ = 0,...,7T — 1. Itis clear that UZ:OlAt = N, and all the leaf nodes
and isolated nodes in G belong to the lowest layer .4g. For each node k € Ay, it follows from the
layer construction that pa;, C ;41 = UZl:tlJrlAd’ and thus acyclicity is automatically guaranteed.
Note that Sy = A. Figure 1 illustrates a toy DAG in the left panel, and its converted topological
structure with three layers in the right panel.

In Figure 1, node 4 is an isolated node and node 3 has no child node, and thus they both belong
to Ag. Node 3 has two parent nodes, where node 2 belongs to .4; but node 1 belongs to Ay due
to the existence of a longer path 1 — 2 — 3. It is clear that the concept of topological layer is
general and it can restructure any DAG in such a way that causal ordering among each layers is
uniquely determined. This is in sharp contrast to the idea of causal ordering in literature (Shimizu
et al., 2006, 2011; Wang and Drton, 2020), which only requires that each node is ranked behind its
parents. For the toy DAG in Figure 1, it induces multiple possible causal orderings among the four
nodes,suchasl1 -2 —+3—+41—->2—>4—-3,1—-4—2—3,ord —>1— 2 — 3. This
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Figure 1: A toy DAG and its topological structure with three layers.

indeterministic causal ordering may cause unnecessary estimation instability and computational
inefficiency in reconstructing the DAG structures.

The concept of topological layer has been considered in recent literature (Gao et al., 2020; Zhou
et al., 2022). Both works define the layers in a top-down fashion based on the longest distances
to the root nodes, but the topological layers in this paper is constructed in a bottom-up fashion
motivated by the theoretical findings on linear non-Gaussian DAG in Section 3.1. Particularly, this
bottom-up layer structure motivates us to develop a new learning method for the linear non-Gaussian
DAG, which connects DAG learning with precision matrix estimation and leads to sound theoretical
justification.

3.1 Reconstruction of linear non-Gaussian DAG

To be self-contained, we first restate the Darmois-Skitovitch theorem (Darmois, 1953; Skitovitch,
1953), which is crucial for the reconstruction of topological layers of a linear non-Gaussian DAG.

Lemma 1 (Darmois-Skitovitch, 1953) Define two random variables w; and us as linear com-
binations of independent random variables s;,1 = 1,...,m, that u; = 221 c1,48; and up =
Z:‘L c2,i5i. Then, if uy and ug are independent, all variables s; with c1 ;c2; # 0 are Gaussian
distributed.

Lemma 1 shows that if s;’s are non-Gaussian distributed, it is impossible to construct two in-
dependent linear combinations of s;’s. This fact motivates us to use independence test to identify
nodes in each layers in a bottom-up fashion.

Theorem 1 Suppose that x = (xq, .., asp)T € RP is generated from the linear SEM model in (1)
with precision matrix ©. For any | € N, we regress x; on all other nodes x A\{1}» and denote the

expected residual as e; \r = T — Xff\{l} MX/), where Mj(\l/) = —0O_;;/Oy. Then, we have | € Ay if
and only if e; pr L xy, for any k € N\{l}.

Theorem 1 provides a sufficient and necessary condition to identify nodes in 4g. After all the
nodes in A are identified, we can remove them from A and denote S; = N\ Ag. Next, we apply
a similar treatment to Sy as in Theorem 1 to identify .4;, and then A5, until all nodes are assigned
to layers. Denote @ as the precision matrix of xs, and @50 = @. Further, denote [©°¢];, as the
element of ©®° corresponding to nodes [ and &, and [@°t]_j; as the column of @ corresponding to
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node [ without [©5¢];;. Corollary 1 summarizes the reconstruction of all the topological layers for a
linear non-Gaussian DAG.

Corollary 1 Suppose that all the conditions in Theorem 1 are satisfied and the layers Ay, ..., As_1
have been reconstructed. For any | € S;, we regress x; on Xg,\ (1) and denote the expected residual

aseys, = x — ng\{l} Mgg with M«(Slt) = —[@%]_;;/[©%t]y1. Then we have | € Ay if and only if
ers, L zy for any k € S\{l}.

The proof of Corollary 1 is similar to that of Theorem 1 with slight modification by replacing
N with S;. The reconstruction of the topological layers follows immediately by applying Corollary
1 repeatedly in the sense of mathematical induction. Furthermore, the parent set of each node in the
DAG can be determined during the reconstruction of the topological layers as well.

Corollary 2 Suppose that all the conditions in Theorem 1 are satisfied. For any | € A; and k €
Si+1, we have B = —[0°)1/[05], and thus pa; = {k € Si11 : [05]1 # 0}

Corollary 2 follows immediately after Corollary 1, and assures that the parent-child relations
can also be sequentially reconstructed along with the topological layers. It is important to point out
that both Corollaries 1 and 2 do not require the popularly-adopted faithfulness assumption (Uhler
et al., 2013; Peters et al., 2017), the parental faithfulness assumption (Wang and Drton, 2020), or
the ordered noise variance assumption (Ghoshal and Honorio, 2018).

3.2 Anillustrative example

Consider a simple linear non-Gaussian DAG generated as follows,
T = €1, Tg = Paux1+ €, x3=PF3z1+ L3222+ €3, and T4 = €y, 3)

where ¢; is a non-Gaussian distributed noise, and ¢; L ¢ for any [ # k. It is clear that the parental
faithfulness assumption is violated when (832521 + #31 = 0 as illustrated in Wang and Drton (2020),
and so is the faithfulness assumption. More precisely, if 832321 + 831 = 0, it follows from (3) that

x3 = (B32021 + B31)€1 + P32€2 + €3 = 0+ Baz€a + €3,

and thus x3 and ;1 = € are independent since €7, €2 and €3 are mutually independent by the gen-
erating scheme (3). However, x3 and x; are not d-separated in the graph, and thus the faithfulness
assumption is violated by Definition 6.33 of Peters et al. (2017). In contrast, such a linear non-
Gaussian DAG can be successfully reconstructed by the proposed criteria in Section 3.1.

Next, we show that all the layers and the parent-child relations can be exactly recovered from
the data by Theorem 1, Corollaries 1 and 2. We first regress x; on x_; and obtain the expected
residuals e; o for [ = 1,...,4. Itis easy to see that e3 v = €3 and e4 v = €4, and each of them is
independent with all the other three nodes. For e; nr and eg s, it follows from a similar treatment
as in the proof of Theorem 1 that

ex = (1= M5V 8o = M (Baafn + Bn))er — (S + MY g )es — MV,
ean = (Bo1 — M{P — MP (B3afioy + Ba1))er + (1 — MSP Brn)er — M7 es,
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where M k(f) denotes the k-th element of Mf\lf) = —©_;;/Oy; and can be regarded as the partial
correlation between nodes & and [ given all the other nodes in . Clearly, e; nr and ez A are not
equivalent to €; and €5, but they are sufficient for the independent test to detect Ag. In fact, since
O3 = —03_2631 # 0 and O30 = —03_2532 #£ 0, Mél) and MS(Q) are nonzero, and thus both e A
and ey ps are dependent with x3, leading to Ay = {3,4} and S; = {1,2}. It also follows from
Corollary 2 that pa; = {1,2} and pa, = 0.

Next, we repeat the above procedure for z; and x5, and obtain e; 5, = (1 — M2(1) Bo1)€1 —
M2(1)€2 and ez 5, = €2. Clearly, e s, is independent with 1 = €1, whereas e; s, is dependent with
x9 = Pa171 + €2 due to the fact that both e; s, and x2 depend on €2 as long as M2(1) 1S nonzero.
Therefore, we have A; = {2} and pa, = {1} by Corollaries 1 and 2. Finally, the last remaining
node 1 is assigned to A, and the topological layers and directed structure of the DAG in (3) are
perfectly reconstructed.

4. DAG learning algorithm

Given a sample matrix X = (X1,...,%,) € R™? with x; = (21, ..., )7, we first obtain the
estimated precision matrix (:), and then the residual is 61, N = X+ X_l@_zz / @u, where X _;
denotes the sample matrix without x;. To invoke Theorem 1, we proceed to test the independence
between €; s and all the nodes in A\ {I}, and estimate .4, as

Ay = {l : € v is tested to be independent with x, for any k € N\{l}}
LetS; = N \.Zo, then Corollary 2 implies that for each [ € Ay,
ﬁ\al:{kGS\llélk#O},

and Blk = —(:)lk/C:)ll for any k € pa,. R R R R
Suppose that the estimated layers Ao, ..., A;_1 are obtained, we denote S; = N \{UZ_:%AC[}

and estimate the corresponding precision matrix ©5t. The residuals can be computed as €, 5 =

X1+ X5\ 1) [©5]_;,/[©5],, for any | € S;, where X 5\ (1) denotes the sample matrix correspond-

ing to S;\{/}. By Corollary 1, A; can be estimated as
A = {l : 817 g, is tested to be independent with x;, for any k € §t\{l}}
Let Sy =N \{ngoﬁd}, then Corollary 2 implies that for each [ € Ay,
ﬁ\al = {k € '§t+1 : [ést]lk 75 0},
and Bk = —[@%]lk/@gf]u)\ for any k € pa;. The procedure is repeated until 5;| < 1, and we set
T =t+1and A = S, if |S¢| = 1, and T = t otherwise.
The details of the developed DAG learning method is summarized in Algorithm 1.

Note that the performance of the proposed method relies on the accuracy of the precision matrix
estimation in Step 2a and the independence test procedure in Step 2b. Many existing methods in
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Algorithm 1
1: Input: X € R™?, 8 ={1,...,p}, B = {Bij}]i),jzl =0,xpandt =0.
2: Repeat: until [S| < 1:
a. Estimate ©S and compute 617 gforanyl € S ;
b. Estimate A; = {l : 613 L zy, forany k € g’\{l}}
c. Estimate pa, = {k € S\ A; : [@g]kl £ 0} and By, = _[@§]lk/[@§]” for any [ € A; and
kepa;
d. Let S =8\Asandt +t + 1.
3 If|S| = 1, setf —=t+1and A; = S; otherwise set T = t.
4: Return: {A4;}7-! and B.

literature can be adopted, such as the graphical Lasso algorithm (Friedman et al., 2008; Raviku-
mar et al., 2011) or the constrained sparse estimation method (Cai et al., 2011) for precision matrix
estimation, and the Hilbert-Schmidt independence criterion (Gretton et al., 2008), the distance co-
variance measure (Székely et al., 2007; Székely and Rizzo, 2009) or the ball divergence (Pan et al.,
2018) for independence test. For illustration, we adopt the graphical Lasso algorithm and the dis-
tance covariance measure in the proposed method, which yields satisfactory performance in all the
numerical experiments in Section 7.

It is also worthy pointing out that the conditional independence test error is inevitable in practice
and may affect the numerical performance of the proposed method. Once Type I error occurs, some
nodes belonging to the current layer may be assigned to some upper layer; once Type Il error occurs,
some nodes belonging to some upper layer may be assigned to the current layer. Both errors will lead
to reconstruction errors and reduce the DAG recovery accuracy. Moreover, if no node is assigned to
Ag owing to Type I error, Algorithm 1 will return a null graph. To prevent it from happening, we
may slightly modify Algorithm 1 by adaptively decreasing the significance level of the conditional
independence test.

5. Statistical guarantees

In this section, we establish asymptotic consistency of the proposed method with the graphical
Lasso and distance covariance measure in terms of exact DAG recovery. The consistency results are
established with explicit dependence on the sample size n, the number of nodes p, the maximum
cardinality of the Markov blankets d = max;c s |[mb;| and the number of layers 7. Note that the
support of ®_j; is a subset of the Markov blanket of node ! (Park et al., 2021).

For simplicity, denote 07,,,, = MaXjen 07, Oryy, = Milien 07, Bmaz = Maxjen kepa, |Gk
and Bnin = minen kepa, |Bix|. Further, denote f(n) = Q(g(n)) if there exists a positive constant
a such that f(n) > ag(n) for all sufficiently large n. The following technical assumptions are made
to establish the exact DAG recovery.

Assumption 1 There exists some constant 1 € (0, 1] such that

ma max || ¢, (T’ -y <1 —
tG{O,...,¥71} rECiC(H Tct( tht) ||1 > 1,
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where I' = 3 ® 3 with @ denoting the Kronecker product, I i, (j.m) = LUip+k jp+m = ZikXjm,
Ct = {(l, ]6) € St X St : [@St]lk 75 O} and th = (St X St)\Ct

Assumption 2 Forany j € N, €;/c; follows a sub-Gaussian distribution with parameter .

Assumption 1 limits the correlation between the zero and non-zero elements in I', which is
analogous to the irrepresentable condition in Zhang and Yu (2006) or the incoherence condition
in Ravikumar et al. (2011). Assumption 2 characterizes the noise distribution and implies that
xj/ \/27” also follows a sub-Gaussian distribution with parameter .

Lemma 2 Suppose Assumptions 1 and 2 hold, and n = Q(d*logp). For any | € N, there exist
some positive constants a1, as and T > 4 such that with probability at least 1 — aap®>~", there holds

0, al” 2 1/ |dlogp
L=< —sf 4
’ Oy O;ll2 — et L%n “)

provided that the regularization parameter in estimating © is A\, o o +/logp/n, where Ly =
O 0 {1, (Z222)2 L7t} with Lt = Brmaa(1 + dBmas).

Lemma 2 paves a bridge between the estimated precision matrix and the estimated residuals,
and plays a crucial role in establishing the consistency for the exact DAG recovery.

Assumption 3 There exists a positive constant Ap,q, such that Amax(%XTX) < Amaz, Where
Aoz (+) denotes the maximum eigenvalue of a matrix.

Assumption 4 Foranyt=0,...,T — 1, we have

> phys if1E€ S\A

2
max dcov-(eys,, Tk)
keS\{1} ot

where p;, , = Q(max{d*n"1/2log"?(max{|S;|,n}),n"}) with 0 < n < 3, and |Sy| denotes the
cardinality of S;.

Assumption 3 is a standard regularity condition on the sample covariance matrix of X in N/,
which also regulates the sample covariance matrix of X, since Apqz (%th Xs,) < Amaz (2XTX)
forany t = 0,...,7 — 1. Assumption 4 assures that the distance covariance is sufficient in dis-
criminating nodes in A4; or S;\\A;. Similar assumptions have also been employed in Kalisch and
Biihlmann (2007) and Ha et al. (2016).

Theorem 2 (Consistency of ./Zl\o) Suppose that all the assumptions in Lemma 2 and Assumptions 3
and 4 hold, and n = Q(d6 log p). Then there exist some positive constants as, ay, as and ag such
that

P(ﬁo =Ay) >1- asp*™" — aqp? exp{—a5n(1*2’7)/3},

provided that the significance level of the independence test is set as o, = 2(1 — ®(agv/npno)),
where ®(-) denotes the distribution function of N (0, 1).
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Theorem 2 shows that the lowest layer Ag in G can be exactly recovered by the proposed method
with properly chosen significance level a,,. Note that the chosen «,, depends on the lower bound
of distance covariance defined in Assumption 4, and it is clear that a,, — 0 as n — oo. Similar
choice of o, has also been employed in Kalisch and Biihlmann (2007). After reconstructing Ay,
the selection consistency of the parent set for nodes in A can also be established, following from
the fact that minje 4, kepa, |©1k| = mine Ao, kepa, 07 2| Bik| > 0.2 . Bmin and a similar treatment
in Theorem 2 of Ravikumar et al. (2011).

Corollary 3 Suppose that all the assumptions in Theorem 2 are satisfied, and n = Q((d® +
ﬁ;ﬁn) log p). Then there exists some positive constant a; such that

P({p?ll =pa;: l e A\o}‘jo = Ao) >1- a7p2_7.

Further, let 3’1 =N \ﬁo, and we apply the similar treatment on 5’1 to establish consistency in
estimating A1, as well as other upper layers. In the spirit of mathematical induction, we arrive at
the following theorem on the asymptotic estimation consistency of G.

Theorem 3 (Consistency of §) Suppose that all the assumptions in Corollary 3 are satisfied, and
n= Q(Tl/(7_4) (dS + B2 )(log(max{p, n}))?’/(l_zn)). Then there holds

min

P(g=g)—>1, asn — oo,

provided that the regularization parameter in estimating @t is \,, 4 o V1og(max{[S|,n})/n.

Theorem 3 ensures that the linear non-Gaussian DAG G can be consistently recovered by the
proposed method even under the high dimensional setting. Theorem 3 can be further extended
by relaxing the sub-Gaussian noise assumption, such as a noise distribution with (4m)-th bounded
moment; that is, max; E((e;/ aj)4m) < K,, for an integer m > 1 and a positive constant K,,.
Note that this bounded moment assumption further implies that z; / \/27” also has (4m)-th bounded
moment (Ghoshal and Honorio, 2018).

Corollary 4 Suppose that all the assumptions in Theorem 3 are satisfied, except that Assumption
2 is relaxed to a noise distribution with (4m)-th bounded moment, Assumption 4 holds with P%,t =
Q(max{d?’n_% \St\%(max{|8t|, n})%,n_"}) for some constants 4 < T <m+4and 0 <n <
3, and n = Q(Tm(d6 + 5;fn)pmax{%’ﬁ¢ﬂ}(max{p, n})%) for some constant
ﬁ <o < % —nand m > 1. Then, there holds

P(é:g) — 1, asn — oo,

m+4—T1

2
provided that Ay, ;  |St|mn~ " 2m

Corollary 4 establishes the asymptotic DAG recovery of the proposed method with (4m)-th
bounded moment noise distributions, which requires a relatively larger sample size compared with
that in Theorem 3. Also, it is worthy pointing out that the sample complexities in Theorem 3 and
Corollary 4 are both polynomial in d and 7. Thus, under high-dimensional settings with n < p, d
and T should be relatively small indicating that the DAGs need to be relatively sparse and shallow.
More importantly, both Theorem 3 and Corollary 4 are established without assuming the parental
faithfulness assumption in Wang and Drton (2020) or the ordered noise variance assumption in
Ghoshal and Honorio (2018), indicating a more general applicability of the proposed method.
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6. Related work

In this section, we compare the proposed method, denoted as TL, with some existing competitors
in terms of their computational complexity and theoretical results. Specifically, we compare TL
with the direct high-dimension learning algorithm (MDirect; Wang and Drton, 2020), the pairwise
learning algorithm (Pairwise; Hyvarinen and Smith, 2013), the direct learning algorithm (Direct;
Shimizu et al., 2011), the ICA-based learning algorithm (ICA; Shimizu et al., 2006). Note that
all the afore-mentioned methods estimate the causal orderings in a top-down fashion, whereas TL
reconstructs DAG in a bottom-up fashion by leveraging of the concept of topological layer. Most
recently, following a different line of research, some works on linear structural equation models
(Ghoshal and Honorio, 2018; Park, 2020; Park et al., 2021) can also be employed to learn linear
non-Gaussian DAG under some additional ordered noise variance assumption. In particular, we
also compare TL with the bottom-up search LISTEN algorithm (Ghoshal and Honorio, 2018).

The computational complexity of TL is largely determined by the precision matrix estimation
and the independence tests in Steps 2a and 2b of Algorithm 1. The complexity of Step 2a using
graphical Lasso (Friedman et al., 2008) is of order O (n|S;|?+ R|S;|?) for both low and high dimen-
sional settings, where |S;| denotes the cardinality of S; = 35—, Az and R denotes the number of
coordinate descent cycles until convergence. The computational complexity of Step 2b using the dis-
tance covariance measure (Székely et al., 2007; Huo and Székely, 2016) is of order O(n log n|S;|?).
Therefore, the computational complexity of Algorithm 1 in learning a random linear non-Gaussian
DAG with T layers is of order O( 3>/ ' (R|S:|> + nlogn|S[?)). Theoretically, TL does not
require the popularly-adopted faithfulness assumption (Uhler et al., 2013; Peters et al., 2017), the
parental faithfulness assumption (Wang and Drton, 2020) or the ordered noise variance assumption
(Ghoshal and Honorio, 2018) as shown in Corollaries 1 and 2, and the DAG recovery consistency
of TL, established in Theorem 3 and Corollary 4, guarantees that the linear non-Gaussian DAG can
be exactly recovered by TL with high probability under the high-dimensional setting.

MDirect is one of the most recently proposed learning methods in literature, whose computa-
tional complexity in the worst-case scenario is at least of order O(J2(n+J)p’*1), where .J denotes
the maximum in-degree of the DAG. It is worthy pointing out that MDirect is mainly designed for
high-dimensional setting and it requires to search all the possible subset of size no more than .J for
computing the determining statistic sequentially. Thus, .J is suggested to be small in Wang and Dr-
ton (2020). Theoretically, MDirect requires the parental faithfulness assumption, which is weaker
than the faithfulness assumption, but is still somewhat restrictive as illustrated in Section 3.2 and
is usually difficult to verify in practice. Under the parental faithfulness condition as well as other
regularity conditions, the DAG recovery consistency is also established for MDirect in Wang and
Drton (2020).

The computational complexity of ICA is dominated by Steps 1 and 5 of Algorithm A in Shimizu
et al. (2006), and thus its order is up to O(np® + p*). The computational complexity of Pairwise
is also of order O(np?® + p*). Moreover, the dominant computational part of Direct is the em-
ployed kernel-based independence measure, and thus its total computational complexity is of order
O(np*M? + p* M?3), where M denotes the maximal rank obtained by the applied low-rank matrix
decomposition in the kernel-based independence measure. Note that these three methods are mostly
algorithm based, and their theoretical properties remain undeveloped. These methods may also suf-
fer from heavy computational cost even when dealing with a medium-sized DAG. For example, as
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reported in Section 4 of Shimizu et al. (2011), the median computational time of Direct for a sparse
DAG with 500 observations and 100 nodes is up to 2.35 hours.

LISTEN recovers the causal ordering among the nodes in a bottom-up fashion. Particularly,
given the last identified node, LISTEN updates the corresponding elements in the estimated preci-
sion matrix and determines the next node by checking the smallest diagonal values of the updated
precision matrix. Its computational complexity is of order O(Lp® + np?) for a dense DAG, where
np? comes from computing the sample covariance matrix, Lp® comes from the precision matrix
estimation by using CLIME (Cai et al., 2011), and L denotes the number of arithmetic operations
performed (Spielman and Teng, 2003) in CLIME. When the DAG is sparse, the computational
complexity of LISTEN can reduce to O(L(p* 4 pd*) 4+ np?), where O(Lp*) comes from solving
p linear programmings in CLIME each with complexity up to O(Lp?) (Spielman and Teng, 2003),
and O(Lpd*) comes from updating only the elements corresponding to the Markov blanket of the
last identified node in each iteration. Theoretically, under the ordered noise variance assumption
as well as other regularity conditions, the exact DAG recovery can also be established for LISTEN
(Ghoshal and Honorio, 2018).

For easy reference, we summarize the computational complexities and theoretical results men-
tioned above in the following table.

Complexity Faithfulness? Consistency
TL O( =t (RIS:|? + nlogn|S[?)) No v
MDirect O(J*(n + J)p’*1) Parental faithfulness v
ICA O(np? + p?) No —
Direct O(np>M? + p* M?3) No -
Pairwise O(np® + p?) No -
LISTEN O(L(p* + pd*) + np?) No v

13

Table 1: A comparison summary of all competing methods. Here “—” denotes that theoretical

results including DAG recovery consistency are unavailable.

From Table 1, it is clear that TL is computationally more efficient than the other competing
methods, especially for the sparse or shallow graphs with a large number of nodes. When the DAG
is relatively sparse, R can be treated as a constant, and the computational complexity of TL becomes
O(p* + np3logn) in the worst-case scenario with 7' = p. When the DAG is a shallow hub graph
with T' = 2, the computational complexity of TL becomes O(p® + np? log n), where the log n term
may be discarded if an alternative method of independence test (Jitkrittum et al., 2017) is employed.
It is also interesting to notice that the computational complexity of MDirect is of an exponential
order in J, and thus it may suffer from serious computational challenges when some nodes have a
relatively large number of parents. The computational complexity of LISTEN is comparable to that
of TL for the dense graphs. The computational advantage of TL is also supported by the numerical
results in Section 7. For instance, TL is the only method that can produce a reasonable estimate of
a shallow DAG graph with 1000 nodes. Detailed numerical comparisons in term of computational
complexity are also provided in Section 7.1.

Furthermore, TL and MDirect are two comparable methods in the literature of learning lin-
ear non-Gaussian DAG, with asymptotic DAG recovery consistency based on the property of non-
Gaussianality only. Particularly, Theorem 3 implies that log p in TL is allowed to diverge at order
o(n1=21/3) with 0 < n < 1/2, whereas Corollary 3 in Wang and Drton (2020) shows that log p
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in MDirect can only diverge at order o(nl/ 2Ky with K > 3. It is clear that the order of log p in TL
can be much larger than that in MDirect, and more importantly, we want to emphasize again that
the parental faithfulness assumption in Wang and Drton (2020) is unnecessary for Theorem 3 and
Corollary 4. On the other hand, the asymptotic DAG recovery can also be established for LISTEN,
but based on a different set of assumptions on the ordered noise variances, which can be difficult to
verify in practice.

7. Numerical experiments

In this section, we examine the numerical performance of TL, and compare it against some pop-
ular learning linear non-Gaussian DAG methods, including the afore-mentioned MDirect, Pair-
wise and ICA, and some general DAG learning methods, including LISTEN, the high dimensional
constraint-based PC algorithm (PC; Kalisch and Biihlmann, 2007) and a hybrid version of max-min
hill climbing algorithm (MMHC; Tsamardinos et al., 2006). Particularly, TL adopts the graphical
Lasso algorithm with a fixed regularization parameter as suggested in Section 5, and the inde-
pendence test based on distance covariance measure. MDirect is implemented in the R package
highDLingam (Wang and Drton, 2020), both ICA and MMHC are implemented in the R package
CompareCausalNetworks, and LISTEN is implemented by slightly modifying the R pack-
age EqVarDAG. Furthermore, we implement Pairwise by using the R package causalXtreme
(Gnecco et al., 2021), and further extend it with the Lasso algorithm for DAG in high dimensional
cases, and we implement PC by using the R package pcalg (Kalisch et al., 2012), which out-
puts a partial DAG, and then we apply the treatment in Yuan et al. (2019) to convert it to a DAG
by using the pdag2dag routine in the R package pcalg. Following the same treatment as in
Kalisch and Biihlmann (2007), the significance level of independent tests in both TL and PC is set
as o, = 0.01, and the least square estimation is also applied to estimate the connection strength of
directed structures for MDirect, MMHC and PC.

The numerical performance of all the methods is evaluated in terms of estimation accuracy
of directed edges and coefficients. For the accuracy of estimated directed edges, we employ the
true positive rate (TPR) and false discovery rate (FDR) as the evaluation metric. To evaluate the
closeness of the estimated and true DAG, we report the normalized structural Hamming distance
(Tsamardinos et al., 2006), which measures the smallest number of edge insertions, deletions, and
flips to convert the estimated DAG into the truth. For overall accuracy of the estimated DAG struc-
ture, we use the Matthews correlation coefficient (MCC) as an overall evaluation metric, which is
also considered in Yuan et al. (2019). For evaluation of the coefficient estimation, we report the
relative error between the estimated adjacency matrix B and the true adjacency matrix B in Frobe-
nius norm that rel-Fnorm := ||B — B||r/||B||r. Note that a good estimation is implied with small
values of FDR, HM and rel-Fnorm, but large values of TPR and MCC.

7.1 Simulated examples

In this section, the numerical performance of all the methods are evaluated in two simulated exam-
ples, where Example 1 considers a sparse hub graph, and Example 2 considers a scale-free graph
generated by the Barabési-Albert (BA) model.

Example 1. We consider a sparse hub graph with 7" = 2, Ay = {2,...,p} and A} = {1},
whose DAG structure is illustrated in Figure 2a. Specifically, we select the first 3[(log p)?] nodes
in A as children of node 1 and the remaining nodes are isolated. Moreover, we randomly draw
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the noise terms from various distributions, including uniform distribution on [—3, 3], student ¢ dis-
tribution with 9 degree of freedom, and double exponential distribution with location parameter
0 and scale parameter /1.5, and the corresponding variance o2 of these noise terms are 3,9/7
and 3, respectively. Moreover, the coefficient of each directed edge is uniformly generated from
[—1.5,—0.5] U [0.5,1.5].

Example 2. We consider a similar data generating scheme as in Wang and Drton (2020). Specif-
ically, we start with a graph with only one node, and at each step, a node with 2 directed edges are
added to the graph. The probability of generating a directed edge from each previous node to the
newly added node is proportional to the number of neighbors of the previous node. Its DAG struc-
ture is illustrated in Figure 2b. Moreover, we generate each noise terms ¢, from vy x Uniform[—3, 3]
where vy, ~ Uniform[1, 2] denotes a prior parameter and is fixed for each ¢, and then the corre-
sponding variance ai of noise term ¢y, is 311,3. Moreover, the coefficient of each directed edge is
uniformly generated from [—1.5, —0.5] U [0.5, 1.5].

Figure 2: The topological layer of the DAG structures in Examples 1 and 2.

For each example, we repeat the data generating scheme 50 times and the averaged performance
of all the methods under the cases with (n, p) = (200, 100), (200, 200), (400, 200) and (400, 1000)
are summarized in Tables 2 and 3. Note that ICA is only designed for the low dimensional case
with p < n, and some methods do not produce any results for cases with large p in Examples 1 and
2 after more than 48 hours.

It is evident from Tables 2 and 3 that TL outperforms all the other competitors in almost all the
cases, except that it yields the second or third best TPR in the cases with (n,p) = (200, 100) and
(400, 200) in Example 2. In these two cases, Pairwise and ICA attain higher TPR, largely due to the
fact that they tend to produce very dense graphs with many false edges and thus have much higher
FDR. Note that MDirect does not perform well, possible due to its sensitivity to the data generating
scheme, and the performance of LISTEM appears less satisfactory largely due to the violation of its
required ordered noise variance assumption. It is also interesting to point out that the performance
of TL may be further improved with a finer tuning scheme, at the cost of increasing computational
cost.

To scrutinize the exact recovery rate of the proposed method, we consider the same setting
as Example 1 with noises generated from a mixed distribution, and a modified setting with noise
generated solely from a uniform distribution on [—3, 3]. Note that all the noise terms in Example
1 have (4m)-th bounded moments. For example, the noise term ¢, following student ¢ distribution
with 9 degree of freedom has bounded 8-th moment that E((e;,/0y)®) = 7* < co. Moreover, the
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(n,p) Method TPR FDR MCC HM rel-Fnorm
(200, 100) TL 0.9923 (0.0018)  0.0015 (0.0007)  0.9953 (0.0010)  0.0001 (0.0000)  0.0861(0.0045)
MDirect  0.0498 (0.0018)  0.0132(0.0002)  0.0032 (0.0006)  0.0475 (0.0005)  1.1212 (0.0024)
Pairwise  0.8086 (0.0194)  0.8078 (0.0046)  0.3871 (0.0095)  0.0235 (0.0003)  0.8378 (0.0085)
ICA 0.5569 (0.0049)  0.6977 (0.0020)  0.4048 (0.0029)  0.0114 (0.0001)  0.9265 (0.0013)
MMHC  0.2277 (0.0010)  0.8148 (0.0013)  0.1994 (0.0011)  0.0117 (0.0001)  0.9214 (0.0016)
PC 0.1631 (0.0012)  0.5969 (0.0049)  0.2529 (0.0023)  0.0071 (0.0000)  0.8947 (0.0013)
LISTEN  0.2791 (0.0055)  0.1738 (0.0123)  0.4774 (0.0071)  0.0051 (0.0001)  0.8337 (0.0046)
(200, 200) TL 0.9805 (0.0050)  0.0002 (0.0002)  0.9899 (0.0026)  0.0000 (0.0000)  0.0971 (0.0070)
MDirect  0.0277 (0.0011)  0.9972 (0.0001) ~ 0.0021 (0.0003) ~ 0.0232 (0.0002)  1.1287 (0.0028)
Pairwise  0.4559 (0.0253)  0.9348 (0.0042)  0.1666 (0.0104)  0.0195 (0.0005)  0.7793 (0.0157)
MMHC  0.1767 (0.0009)  0.9355(0.0004)  0.1036 (0.0006)  0.0073 (0.0000)  0.9935 (0.0018)
PC 0.1212 (0.0011)  0.8516 (0.0019)  0.1322 (0.0014)  0.0034 (0.0000)  0.9429 (0.0013)
LISTEN  0.0460 (0.0123)  0.9914 (0.0023)  0.0150 (0.0053)  0.0134 (0.0002)  1.0741 (0.0078)
(400, 200) TL 0.9979 (0.0006)  0.0000 (0.0000)  0.9980 (0.0003)  0.0000 (0.0000)  0.0537 (0.0022)
MDirect  0.0227 (0.0006)  0.9977 (0.0001)  0.0004 (0.0002)  0.0235 (0.0001)  1.1071 (0.0016)
Pairwise  0.8388 (0.0140)  0.7512(0.0041)  0.4547 (0.0075)  0.0057 (0.0000)  0.7505 (0.0068)
ICA 0.7002 (0.0031)  0.8277 (0.0006)  0.3447 (0.0013)  0.0079 (0.0000)  0.9034 (0.0016)
PC ok ok ok ok o
LISTEN sk sk sk sk sk
(400, 1000) TL 0.9910 (0.0057)  0.0000 (0.0000)  0.9953 (0.0030)  0.0000 (0.0000)  0.0642 (0.0068)
MDirect o ok ok ok ok
Pairwise ke sk sk sk sk
MMHC ok o ok ok ok
PC Kk ek Fk kk kok
LISTEN o ok ok ok ok

Table 2: The averaged measures of all the methods in Example 1 together with their standard errors
in parentheses. Here ** denotes the fact that the corresponding methods are either not applicable or
take too long to produce any results.

noise term drawn from U[—3, 3] is also sub-Gaussian distributed. Following the similar analysis
in Park et al. (2021), we replicate both cases with p = 50 or 100 for 50 times, and vary n/p €
{2,4,...,12} for the original setting and n/log(p) € {25,50,...,200} for the modified setting,
respectively. The averaged exact recovery rates of the proposed method are displayed in Figure 3. It
is clear that the exact recovery rates increase with ratio n/p or n/ log(p), and eventually converge to
1 when the ratios are sufficiently large. This confirms the asymptotic consistencies of the proposed
method in Theorem 3 and Corollary 4 for a sub-Gaussian noise or a (4m)-th bounded moment
noise.

Furthermore, the averaged running times of all the competing methods in Examples 1 and 2 are
reported in Table 4. It is clear that TL has remarkable computational efficiency compared with its
competitors, especially when the underlying DAG has some shallow structure. In Example 1, the
averaged running time of TL is much shorter than the other method, and it is the only method that
can produce a reasonable estimate of a DAG with 1000 nodes. In Example 2, the averaged running
time of TL is shorter than that of MDirect and Pairwise, and comparable to that of ICA, MMHC,
PC and LISTEN.

7.2 Spread of COVID-19

We now apply TL to analyze the spread of COVID-19 based on the daily global confirmed cases
collected by the Center for Systems Science and Engineering (CSSE) at Johns Hopkins University,
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(n,p) Method TPR FDR MCC HM rel-Fnorm
(200, 100) TL 07113 (0.0098) 0.1379 (0.0072) _ 0.7788 (0.0083) _ 0.0080 (0.0003) _ 0.7518 (0.0247)
MDirect  0.1266 (0.0016)  0.9141 (0.0012) ~ 0.0822 (0.0014)  0.0444 (0.0002)  1.1210 (0.0037)
Pairwise  0.8401 (0.0102)  0.7931 (0.0026)  0.3969 (0.0052)  0.0674 (0.0005)  0.8839 (0.0077)
ICA 0.7056 (0.0028)  0.7034 (0.0014)  0.4413 (0.0013)  0.0394 (0.0003)  0.8339 (0.0029)
MMHC  0.3027 (0.0023)  0.3421 (0.0046)  0.4391 (0.0032)  0.0170 (0.0001)  0.8882 (0.0027)
PC 0.2007 (0.0021)  0.5656 (0.0039)  0.2859 (0.0028)  0.0211 (0.0001)  0.9454 (0.0020)
LISTEN  0.3779 (0.0071)  0.2330 (0.0061)  0.5315 (0.0064)  0.0147 (0.0002)  0.8401 (0.0058)
(200, 200) TL 0.7000 (0.0092)  0.1554 (0.0043)  0.7663 (0.0066)  0.0043 (0.0001)  0.7804 (0.0303)
MbDirect  0.0931 (0.0013)  0.9389 (0.0007)  0.0639 (0.0009)  0.0233 (0.0001)  1.1331 (0.0033)
Pairwise  0.6303 (0.0089)  0.8929 (0.0013)  0.2439 (0.0034)  0.0560 (0.0004)  1.2092 (0.0180)
MMHC  0.2991 (0.0023)  0.3253 (0.0042)  0.4457 (0.0030)  0.0084 (0.0000)  0.8823 (0.0028)
PC 0.1893 (0.0023)  0.5855(0.0044)  0.2753(0.0032)  0.0107 (0.0000)  0.9551 (0.0020)
LISTEN  0.3097 (0.0041)  0.3146 (0.0060)  0.4571 (0.0046)  0.0083 (0.0001)  0.8912 (0.0047)
(400, 200) TL 0.7701 (0.0066)  0.1168(0.0035)  0.8227 (0.0044)  0.0033 (0.0001)  0.6969 (0.0194)
MDirect  0.0935 (0.0008)  0.9366 (0.0006)  0.0656 (0.0006)  0.0229 (0.0001)  1.1270 (0.0015)
Pairwise ~ 0.9403 (0. 022)  0.7772 (0.0009)  0.4488 (0.0013) ~ 0.0335 (0.0001)  0.7579 (0.0029)
ICA 0.7827 (0.0014)  0.7788 (0.0006)  0.4063 (0.0006)  0.0298 (0.0001)  0.8158 (0.0009)
MMHC  0.3229 (0.0016)  0.3364 (0.0034)  0.4592 (0.0022)  0.0084 (0.0000)  0.8752 (0.0019)
PC 0.2005 (0.0021)  0.6142 (0.0040)  0.2729 (0.0029)  0.0112 (0.0001)  0.9559 (0.0022)
LISTEN 05233 (0.0081)  0.1394 (0.0045)  0.6678 (0.0061)  0.0056 (0.0001)  0.7372 (0.0070)
(400, 1000) TL 0.7411 (0.0097)  0.1532(0.0043)  0.7908 (0.0058)  0.0008 (0.0000)  0.6898 (0.0174)
MDirect  0.0500 (0.0003)  0.9652 (0.0002)  0.0394 (0.0002)  0.0047 (0.0000)  1.1410 (0.0012)
Pairwise sk sk sk sk sk
MMHC 02973 (0.0011)  0.3173 (0.0017)  0.4498 (0.0014)  0.0017 (0.0000)  0.8874 (0.0015)
PC  0.1575(0.0008) 0.6838 (0.0015) 0.2220 (0.0011)  0.0024 (0.0000)  0.9794 (0.0013)
LISTEN o ok ok ok ok

Table 3: The averaged measures of all the methods in Example 2 together with their standard errors
in parentheses. Here ** denotes the fact that the corresponding methods are either not applicable or
take too long to produce any results.
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Figure 3: The averaged exact recovery rates of the proposed method over 50 replications and their
corresponding standard errors.

which is publicly available at https://github.com/CSSEGISandData/COVID-19. Fig-
ure 4 displays the heat maps for the global cumulative confirmed cases for countries around the
world from March 1st, 2020 to April 15th, 2020. It is clear that most confirmed cases of COVID-19
are first reported in China, Europe and Iran, then it quickly spreads to Middle East and North Amer-
ica, and finally most of the countries are affected by COVID-19, especially USA and west European
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(n,p) TL MDirect Pairwise ICA MMHC PC LISTEN
Example I (200,100)  0.13(0.01) _ 038 (0.01) _ 024(0.0) 0.09(0.00) 033 (0.02) 1.66(0.06)  1.52(0.03)
(200, 200) 0.26 (0.01) 4.06 (0.10) 2.00 (0.02) wE 0.59(0.03)  4.42(0.14) 156.77 (5.37)
(400,200) 077 (0.01)  842(0.08)  4.56(0.03) 1.37 (0.01) o o ok
(400,1000)  11.73 (0.41) wox o HE o oK o
Example 2 (200, 100) 0.21 (0.01) 0.14 (0.00) 0.18 (0.00)  0.12(0.00) 0.02(0.00)  0.06 (0.00) 0.10 (0.01)
(200, 200) 0.33 (0.02) 0.72 (0.02) 0.89 (0.01) wE 0.08 (0.00)  0.25 (0.00) 2.05 (0.10)
(400, 200) 1.40 (0.03) 1.09 (0.02) 2.51(0.01) 1.56(0.02) 0.14(0.00)  0.44 (0.01) 2.42(0.07)
(400,1000)  28.63 (1.23)  114.85(2.45) o wE 7.78 (0.07)  33.63 (0.16) o

Table 4: The averaged running times (in mins) of various methods in Examples 1 and 2 together
with their standard errors in parentheses. Here ** indicates that the corresponding methods are
either not applicable or take too long to produce any results.

countries. Interestingly, compared with other continents, countries in Africa appear to be much less
affected.

(c) March 30, 2020 (d) April 15, 2020

Figure 4: Heat map of the cumulative confirmed cases for countries around the world from March
1st, 2020 to April 15th, 2020.

It is interesting to note that DAG is an efficient tool to describe the spread of COVID-19, where a
directed edge indicates the virus is spread from one country to the other. Although virus-spread may
not be necessarily acyclic, DAG provides insightful information on the future infection tendency of
virus-spread among the countries. We pre-process the dataset and exclude those countries or regions
with no confirmed cases for more than 10 days during March 1st, 2020 to April 15th, 2020. This
leads to the daily confirmed cases in p = 99 countries or regions for a total of 61 days. Further,
we convert the actual number of daily confirmed cases to the percentage over all countries, and use
a 3-day moving average of the percentages as the observation for each day. We then apply TL to
estimate the DAG for the spread of COVID-19, with 99 nodes and 736 directed edges.

Figure 5 shows the top 25 hub nodes with the number of their child nodes in the estimated DAG
for the spread of COVID-19, which consists of mostly Eastern Asian and Western Asian countries,
and most European countries. This concurs with the heat map in Figure 4b that these countries
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Figure 5: Top 25 hub nodes with the number of their child nodes in the estimated DAG for the
spread of COVID-19.
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Figure 6: Top 30 directed edges in the estimated DAG for the spread of COVID-19.

reported many confirmed cases in middle March, and thus are more likely to spread the virus.
Figure 6 presents 30 directed edges with largest estimated weights, showing that China, Korea, Italy
and United Kingdom are the major countries that spread the virus to others. This trend of infection
appear sensible, since these countries have more confirmed cases in early March as shown in Figure
4 and they are also closely connected to other countries due to their active economy or tourism
attractions. Moreover, many directed edges are present among European countries, largely due to
the fact that population movement and interaction in these countries are much more frequently than
others. It is also interesting to note that Figure 6 shows no directed edges point from the United
States of America and Canada to other countries, yet they are indeed hub nodes with 11 and 6 child
nodes, respectively. Given the fact that there is a surge in the number of confirmed cases in these two
countries as observed in Figure 4, one can expect the virus would spread from these two countries
to their child nodes after April, 2020.
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8. Discussion

This paper proposes an efficient method to learn linear non-Gaussian DAG in high dimensional
cases with statistical guarantees. The proposed method leverages a concept of topological layers to
facilitate DAG learning, which ensures that the parents of a node must belong to its upper layers, and
thus naturally guarantees acyclicity. To learn the DAG, its layers can be reconstructed via precision
matrix estimation and independence tests in a bottom-up fashion, and its parent-child relations can
be directly obtained from the estimated precision matrix. More importantly, the proposed method
can consistently recover the underlying DAG under more mild conditions than existing methods in
literature. Its advantages over some popular competitors are also supported by numerical experi-
ments on a variety of simulated and real-life examples.
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Appendix A. Proof for Theorem 1
Proof of Theorem 1: First, if [ € Ay, we have ¢; ;v = ¢ by the SEM model in (1), and thus
ein AL xp forany k € N\{l}.

Next, we show that if e; v L x, for any k£ € N'\{l}, then [ € Ay. If not, denote its youngest
child as j € ch; such that node j belongs to the lowest layer compared with other nodes in ch;, and
it follows from (1) and (2) that

T = Z Bikxk + €5 = Z 5jk(zakd€d) +e = Z( Z Bikaka)ea +ej,  (5)

kepa, kepa, d£j d#j kepa,

where the second equality follows from the fact that a;; = 0 for any & € pa;.

The expected residual e; nr can be obtained by

l l l
elyN:xl—ZMé)xk:xl— Z Mé)xk—M](-)xj, (6)
k#l k#lk#£j

where Mlgl) denotes the k-th element of MS\Z/) = 2:11712_171 = —0©_;;/0;,, and can be regarded
as the partial correlation between nodes k and [ given all other nodes in N. Furthermore, we
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decompose each term in (6) as

T = Z aded;

d#j
M;l)l‘j = Z ( Z M;l)ﬁlkakd)fd + M]@(?j,
d#j  kepa,
> =YY Mlwiear (Y M0n)
kAL k] d#j k#Lk#] k#Lk#]
=320 Maat+ (Y M),
d#j kALk#] ke de;

where the first equality follows from (2) and the fact that a;; = 0 since j € de;, the second equality
follows from (5), and the last two equalities follow from (2), the fact that [, j ¢ de; and ag; = O for
any k ¢ de;. Thus, (6) can be rewritten as

(N =y <a1d - M;l)ﬁlkakd - M;gl)akd)Gd - (M]@ + > M,El)akj)ej. (7

d#j kepa, k#lk#j ke de;

where M ]@ is nonzero due to the fact that node j is the youngest child of node [.
Now we consider two cases: (i) ch; = (; and (ii) ch; # ). For case (i), we have ch; = (), which
implies that j € Ay, and thus de; = (). Then the coefficient of €; in (7) reduces to M ;l). For case

(ii), it implies that j € UtT:? Ay and thus de; # (). Note that for any k € de;, there holds that
nodes [ and k are independent given all the other nodes including node j, due to the fact that node
7 belongs to the lowest topological layer among all the nodes in ch;. This immediately implies that

Mlgl) = 0 for any k € dej, and thus the coefficient of ¢; in (7) also reduces to M](l). Therefore, (7)
reduces to

N = (azcl -y M;Z)ﬁlkakd - > M,El)akd) €d — M;l)fj- ®)

d#j kepa, KAl kA j
Putting (5) and (8) together, since ¢; or L x;, it follows from Lemma 1 that ¢; must be Gaussian

distributed, which contradicts with the generating scheme of the SEM model in (1). This completes
the proof. |

Appendix B. Proof for Lemma 2

Lemma 3 Suppose that Assumptions 1 and 2 hold, and n = (d?logp), then there exist some
positive constants by, by and T > 4 such that with probability at least 1 — byp®>~", there holds

Hé - G”maz < 61’727—1/2 \/ 10%7

provided that A\, o < \/log p/n, where || - || maqr denotes the matrix max norm.
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Lemma 3 is a standard consistency result for precision matrix estimation by the graphical Lasso
algorithm Ravikumar et al. (2011), and thus its proof is omitted here.

Proof of Lemma 2: Define

{H@”‘@“H > dhytr ) [0

and €, = 2b02,, v>71/? lo%. Then, P(D;) can be decomposed as

PN 1
P(Dy) = P(Dl N {amaw mln |@ll| <1-— fen}) + P(D1 N {O‘m(w m}\rfl\@m >1-— ien})
1 . 1
< P( Ora m1n|@ll| <1-— fen) + P(D1 N {Umm m}\rfl|@ll| >1-— §en})
=P+ B

It then suffices to bound P; and P, separately. First, P; can be bounded as

~ 1
P = P(U?nax min [0y +60; — 0y <1 - §€n>
~ 1
Oas mln Oy — 02 rlré&}\:}( Oy — Oyl <1-— §en>

<P(e)
S (CRCI
(

= P18 ~ Ollyas > b7/ L) < b2, ©)

where the second 1nequa11ty follows from the fact that min; »r © = minge N( +Z keeh, OF =2 Bk;l) >
minep o, 2> 5,2 and the last inequality follows from Lemma 3.
Next, to bound P, we have

PN 1
P, <P(Di N {amax mlﬁl\@m > 5})

@)_” ®—ll 2 .1/2 dlogp 2 RN 1
SP(‘ Ai—AiH 221)17 T / —s 5, O m1n|@ll| Z *>—|—
Oy oy L3n MAT e N 2

O, Oy 9 1/2 |dlogp o A 1
Oy O, ll2 — T L%n Tmaz ?61}\1/1| ”’ -2

=Py + P»o

where the first inequality follows the fact that €,, < 1 for sufficiently large n.
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To bound Ps;, there holds

dl
P <P(|0-1 - 0, > mozts [ 1FE2)
SP(HG_” — @_”H > blama$’y27'1/2 10#)
Lin
/1
P(HG) - G)H > blamamf}/27—1/2 zgﬁj)

<P(|® - O], > bir?r/2 L) < by, (10)
n

where the second inequality follows from Theorem 1(b) in Ravikumar et al. (2011) which induces
that |C:)_“—®_”] has at most d non-zero elements and thus ||@_U—G)_ll H2 < \/ﬁH(:)_”—@_” HOO
and the last inequality follows from Lemma 3.

To bound P»o, we first note that O, = —Jf2ﬁlk - U;?Bicl + ZiECthhk J{QBilﬁik for any

[ # k and thus max;, |O;] < U;l?nﬁmax(l + dBmaz) = a;?nLl. Then, there holds

miney Oy mitien [Oul 5 12 [dlogp 5

Pyy <P H@ G)Hmaac > 2b1

~ 1
in |© >7>
i 19l = 3

maxje N H@_”HQ L%n Tomary
minge Oy minen |Oul 5 12 |logp o A 1
<P ©-0 >2b Ol > 7>
H Hmam = maxj-£k ’@lk’ T L%n » Tmaz ?El.l/\r/l’ ”‘ -2

log p
<P(11® = Ollmar = b10yts02in L7 727 Lgn)
<P(|® -, > 7?2\ 2EL) < by (n
n

where the second inequality follows the fact that ®_; has at most d non-zero elements and thus
1©_ull2 < Vd||O®_jlleo < Vdmaxs |@lk\ and the third inequality follows from the facts that
mlnle/\/’ Gll > O—m?m and maxij£g ’@lk‘ < Umanl

Therefore, combining (9), (10) and (11) yields that P(D;) < 3b2p2_7. The desired result fol-
lows immediately with as = 3bs. [ |

Appendix C. Proof for Theorem 2

Before providing necessary lemmas and proofs, we first give some notations. For each [ € N,
an =z +xL,0_3/0y = x10.,/0, ey = XO,/O) = (eyn, .. emn)t, and € =
X(:).l/(:)” = (€un, - enin) T . Furthermore, for each | € A and k € N'\{l}, we consider the
following independence test statistic,

dcov? el Ny Tk
T(er, ) = SN
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where deov® (e, 2x) = Tiky + ik — 20k 3, ey = Ellein — e yellan — 2], Tiwa = Ellein —
ey w1 Ellze — 2|l and Iy 3 = E[Elle; n — €] |El|xy — x}||zx]] with €] 5, and 27, denoting
an independent copy of e; or and xy, respectively. Its sample and estimated versions are

—2 —2

dcov (e X ~ dcov (e X
(Al,/\/, k) and T(@x, x0) — @, k)

f(eu\/, Xp) =
Iig 2 Ilk 2

Here, CEO\VQ(GJ,N,Xk;) = Iy 1+ Do—20k 3 with Iy = > it lean—ejnllTie—ajil, Tieo =
(& 0y lean — ean ) (G 0oy lwae — 2e))s Tis = 25 S0 ey lean — el e — znk-
and CEO\VQ(EZ,N, Xp) = D1+ Lo — 200 3 with Ty 1 = L >oii=1 e —€unllzie—zjk, Tko =
(& 0y [Can — Gun) G X 1w — al)s ik = 5 S0 ey [ — Gl lzjn — zakl-

Lemma 4 Suppose that all the assumptions in Lemma 2 and Assumption 3 are satisfied. For any
1 € N, with probability at least 1 — agpQ_T, there holds

LIS 2 1/2 |dlogp
—|le; y — € < A /2 [ 2288
\/HH LN Z,NH2 > ary (T maz) L%n

Proof of Lemma 4: Recall thate; r = X ©,/0y and €, \r = X (:).l/@”, and thus

s e X (@ .1 ®~l>

IN —CN = -5 )
@ll @ll

Furthermore, it follows from Assumption 3 that

o -5,

@ll 911

1/2 H
max

1 .
—llen —enl2 < — XQH H
vl I < Z=I1XI 2 o

It further implies that

1 . dlogp dlogp
pl _ > 2 Amas) /2 Hi_iH > 2.1/2
(e —euvle 2 an(rhman) /) [T2F) < P[50 = G|, 2 a2 T52E).

and then by Lemma 2, there holds

This completes the proof. |

Lemma 5 Suppose that all the assumptions in Lemma 4 are satisfied, and n = Q(d® logp). Then,
forany l € N and k € N\{l}, there exist some positive constants by and by such that with
probability at least 1 — byp®>~7, there holds

‘f(al,/\fa Xk) — j:(el”/\[’xk)’ < b3,>,27_1/2)\max
where L3z = max{1, 16)\max(dL%(%)4 + 1)1/2}‘
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Proof of Lemma 5: Note that

- 1 &
i1 — Dk < = |3 — i
N2
ij=1

lean — el — lean — ejl,N|‘

1 O . .
e} Z |zik — Tk (\eil,N —ean| + €y — le,/\f\)

ij—1
2 —~
02 Z | T3k — k| [ean — ean]
ij—=1

IN

2 — 1 & 1 &
- Z |zik||lean — ean| + 2(; Zl |$ik|) (ﬁ Zl lean — eil,/\/|)
1= 1=

—kallz [€n — el
\/7 ,\/7
< 4(>\max) \/>Hel/\/’ - elNHQ)
where the second last inequality follows from Holder ’s inequality and Jensen’s inequality, and the

last inequality follows from the fact that = ||x4||3 < Anas <%XTX> and Assumption 3.

Then, it follows from Lemma 4 that

~ ~ dlo
P(\Izm — Iika| > 4av* 7 Mo LQgp>
2n
1 .. dlo _
gp(ﬁnew — ez = ey (PAmas) /2 L%ip> < a7 (12)
Following a similar treatment, there also holds
7 7 2.1/2 dlogp 9—r
P(\Ilk,Q — Lig 2| > 41y T * Mg T) < ap” ", (13)
Qn
dlogp

P(mk,g - flk73| > 41?1 N ) < agp* 7. (14)

2 _—
Lin

_——— 9 ~ ~ ~ —2 -~ - ~
Recall that dcov (e 7, Xk) = lig,1 + Lik,2 — 211%,3 and deov (€ z7, Xx) = L1 + lig2 — 2011 3,
and thus we have

—9 2 ~ ~ ~ ~ ~ ~
|dcov” (€17, xi) — deov” (e nr, Xp) | < [Ty — L] + iz — Dik2| + 21 ks — ik 3.

Therefore, combining (12), (13) and (14) yields that

9 —2
P<|dcov (e1,n, X)) — deov (eLN,xk)‘ > 16a17271/2/\mm
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Next, recall that €; o = X ©.;/0)y;, then there holds
iHe s < 1

where the last inequality follows from Assumptions 3 and the fact that min;c s © > o

max;p O] < U;L?nﬁmm(l + dBmaz) = ‘7;1?”[/1- Then, we have

Omaz \ %
1X[l2 1©.4/@ulle < (Amar) /(L3 (2242 )" + 1)!/2,

-2

o and

~ 1< 1<
ikl = — > Jwik — zjkllean — ejin| < 3 > (il + lzjel) (e + lejinl)
i,j=1 4j=1
2 1 ¢ 1 1
== Jaallean] + 2<* ) fﬂ?ik\) <* ) \ejz,/\/l) < 4(Amaz) P —=llernl2
gt gt i Vin

< 4Amm(dL%("M)4 + 1Y

Omin
where the second inequality follows from Holder ’s inequality, Jensen’s inequality and Assumption
3 with the fact that 2 [|x4 |13 < Az ( %XTX) . Following a similar treatment, there also holds

~ 4 ~ 4
ool g4Amax(dL§(M) +1)Y2 and [Tps| < 4Amx(dL$(0m”) +1)V2,

Omin Omin

Therefore, we obtain that

Omaz \ 4
< 160 (AL (222) 4 Y2 (16)

Omin

9 ~ ~ ~
|dcov (epn, Xi)| < L a| + [Lik2| + 2|11k 3

Note that it follows from (B.10) in Li et al. (2012) that IAle converges to I o with high proba-
bility, and I;;, > must be a positive constant by its definition. Thus, when 7 is sufficiently large, there

holds true that min;j, ]Alk,g > bs with bs = I}, 2/2. Then, we denote

gn = 8a1/b57271/2)\max

and define the event

T(e T L3dlo
2

where b3 = 16a1/b6 with b6 = b5 min{1/4, b5}
Then, P(D3) can be decomposed as

~ 1 ~ 1
P(D2) = P(Dz N {Tina < bs — 5b56n}) + P(D2 1 {Tiz = bs = 5bséa})

~ 1 ~ 1
< P(Tnz < b= 5b56a) + (D2 11 {Tika = b5 — Sbs6n})
= P;+ Py.
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To bound P3, we notice that
P<P( in o — | Io — Lo <b 1b§)
min — — - =
3= o 1k,2 2~ k2] = 05 = 50580

- 1
< P(Uzm — I ol > 555571)

- ~ dlo _
< P(|Ilk,2 — Tika| > 417> 7 A inp> < agp® T, (17)
2

where the second inequality follows from the fact that min; _/[\lk’g > bs, and the last inequality

follows from (13).
Next, we turn to bound Py. Note that when n is sufficiently large, &, € (0, 1). Thus,

-1
Py SP<DQ N{li2 > 5@5})

9 9
deov (€ nr,xx)  dcov (e n, X 1 L2dlo ~ 1
§P<‘ E« ) — E« )‘ > §b3727_1/2/\max ?)ijgp s Do > 555)‘1'
Iik. 2 Iik 2 an
—— 2 —2
deov (e n,xg)  deov (e, Xp)| 1, o 4 Lidlogp ~ 1
P(‘ = - = ‘ > 5537 T Amaz 1z, Iigo > §b5>
Ik 2 Ik 2 an

=Py1 + Pyo.

V

V

For the first term Py, there holds

——2 — 2 1 | L2d1o
Py SP(\dCOV (ein, Xg) — deov (e ar, xg)| > 1b3b5727'1/2/\mm %)
2

—2 9 0
SP(|dcoV (€1n7, Xg) — dcov (elexk)‘ > 16017272 Mnas Lo2gp)
on
<3asp® 7. s

For the second term Pjs, there holds

=~ =~ 1 Tk liko Lidlogp ~ 1
Py §P<Um,2 — L 2| > 51)3 —— V1V N % s Do > §b5>
[dcov (e a7, X4 2"

~ ~ 1 b? L2dlo
§P<‘Ilk,2 - Ilk,?’ Z Zbi’) 3 4 727—1/2)\mar %)
16\ maz(dL3 (—g’;jz) +1)1/2 Voo

dlogp)
L%n

§P<|le,2 - Ek,2| > 401727_1/2)\171(196
<agp*™7 (19)

)

where the second inequality follows the facts that min;, Ek,Q > b5 and (16).
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Therefore, combining (17), (18) and (19), we have

L§d10gp) < Sagp®

P(D2) = P(|T (@ %) = Tern, )| 2 b3y’ 7" Aoy | 2120 ) <
2

This completes the proof. u

Lemma 6 Suppose that Assumption 2 is satisfied. For anyl € N and k € N'\{l}, there exists some
positive constants by, bg, bg and n < 1/2 such that

P(\f(ez,/v,xk) — T(ein, wp)| > bm‘") < bg exp(—bgn1=2/3).

Lemma 6 ensures that T\(eh N> Xi;) converges to T'(e; a7, ;) with high probability. Its proof is
similar to Theorem 1 in Li et al. (2012), and thus omitted here.

Proof of Theorem 2: Note that the proposed method needs to conduct p(p — 1) times of indepen-
dence tests to estimate 4. Specifically, for any I € A and k € N'\{l}, we consider the following
testing hypothesis,

Hiko eIl xp vs Higr t ey L xg,

and denote &, = Sllk U ElIkI , Where

Type I error : £}, = { nf(ﬁm\/,xk) > (@711 —a/2))? and T(ey pr, %) = 0},

Type Il error : E}f = { nf(él,j\/,xk) < (@11 - «/2))? and T(ernr, %) > 0}.

It is clear that P(ﬁo # Ag) < P( Uk Slk) < p? Sup; 4, P(Elk), and thus we turn to bound
P(&w).

By Assumption 2, it can be verfied that x;, and e; s are also sub-Gaussian distributed, and
thus there must exist some positive constants byp and b1 such that maxgepn Elxg| < b1p and
max;en Ele; a| < bii. Then, we set the significance level as a 1= oy, = 2(1 — ®(agy/npn0))
with ag = —=———, and it is clear that cv,, — 0 as n — oco. Thus, there holds

V8biob11

sup P(€f) = sup P(nT(@,x, %) > (97(1 - 0/2))?)

£k 1#k
~ 1 -~
= sup P (1T @1 xe) = Tlerwsa)] > (@71~ a/2))
2
N pn,O
= sup P (1T (@) = Tlern, o) > ). (20)
Ik 8b10b11
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By Assumption 4 and the fact that Ij;, o < 4E|zi|Ele;n| < 4biobi1, we have T'(e; pr, xg) =

dcov? (eonsxk)/Iika > 4b10b11 ifl ¢ Ap, and then

sup P(Ef]) = sup P(nT(@x, %) < (271(1 - a/2))?)
I#£k I#£k

2
_ P 1
< supP(IT(ez,N,Xk) — T(epn zp)| > 2 — — (@711 — a/2))2>
4b10b11

Ik n
~ Pao
= sup P (|7 @) = Tleai)| = 29— ). @1
1£k 8b10b11

Note that when n is sufficiently large, there must exist some positive constant by such that

6 L2d1 . 2 6
blm/dlnﬂ > ,/%T?Lgp, and then by Assumption 4, we have 815)107’;11 > b3b1oY2 12 A pazt/ dlnﬂ—l—

Ldlogp+bn "

b7n_77 > b3'727—1/2)\mam

It then follows from (20), (21), Lemmas 5 and 6 that

sup P(Ey) <sup P(EL) + sup P(ELT)
1#k 1#k 1#k

§2supP<\f(§l,N,Xk)—T(el,/\/vﬂfk” Z pno )

14k 8b10b11
Lid]l
<25upP<‘ (ele Xk) T<el,./\f7 Xk)’ > b37271/2)\m(1m %ng)
I£k Lin
QSUPPOf(el,N,Xk) —T(ein; k)| > 5771_77)
1£k

§2b4p277 + 2bg exp{—bgn(lfmﬂ/?’},
Hence, we have
P("ZO # Ao) <P(Uper Ei) < p*sup P(&r) < 2b4p T + 2bgp? exp{ —bgn 1 ~2M/3},
I#k
This completes the proof of Theorem 2.

Appendix D. Proof for Theorem 3

Proof of Theorem 3: Note that
P(G #G) =P((U[' 1A # A} U{E # 1)
T—1
P(Ay # Ag) + > P(Ay # A Ay = Ao, ..., Ay = Aroa)+
t=1

PE#E) Ay = Ao, .., Ar_1 = Ap_1).  (22)
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By Theorem 2, we have P(Ag = Ag) > 1 — asp*™ ™ — agp® exp{—azn1=27/3} Then, it suffices
to bound P(./Zt 75 .At‘./z{o = Ao, ...,.,Zl\t,1 = Atfl) and P(g 75 5’./2(0 = .Ao, --~,A\T—1 = »AT—I)a
separately.

Note that |S;| can be diverging with n or just a fixed constant, and thus the proof of Theorem
2 is not applicable to S; directly. Instead, for any ¢ = 1,2,...,T — 1, we replace the term p™
in Theorem 1 of Ravikumar et al. (2011) by |S;|*n7~4, and then it is can be verified that all the
required conditions in the proof of Theorem 1 of Ravikumar et al. (2011) are still satisfied if n =

_ ) _ . ..

Q (Tl/(T D(d®+ 8,2 )(log(max{p,n}))>/(1 277)) . Thus, there must exist some positive constants

b13 and by4 such that with probability at least 1 — b14|S;|~2n*~, there holds

165 = @10, < byyy?rifzy B )

9

provided that A, ; o< \/log(max{|S;|,n})/n. Then, following a similar treatment as the proof of
Theorem 2 and Corollary 3, there must exist some positive constants b5, big, b7 and byg such that

P(./Zl\t == At‘/zl\o == .Ao, ceny ./zl\t,1 == Atfl) 2 1-— b15n4_T — b16|8t|2 exp{—b17n(1_2”)/3}, (23)

P({Iﬁll =pa; : l e .zzl\t}’.;l\o = .AQ, ...,./Zt = .At) >1- blg‘St‘_2TL4_T. (24)
Furthermore, to bound P(é\ £& \.Zo = Ay, ..., .ZT_l = Ar_1), we notice that
T—2
P(& # €A = Ao, A1 = Ar 1) < S P({pa #pay s L e At}]Ao = Ao, A = Ay)
t=0
< arp® T+ big(T = 2)I8,| >0t T, (25)

where the last inequality follows from (24) and Corollary 3.
Finally, combing (23) and (25) implies that

P(G # )
< azp"T + agp® eXP{—aE)n(l_%)/B} +(T-1) <b15n4_T + big|S|? eXp{—b17n(1_277)/3}>
+ arp® T + big(T — 2)|S;| 2nt"
< azp*™ T+ arp® T 4 bigTn* T + bagTp? exp{—bon172/3},
where b9 = 2max{bis, bis}, boo = max{ay4,big} and by; = min{as, by7}. Thus, when n =

Q(Tl/(7_4)(d6 + B2 )(log(max{p, n}))3/(1_277)>, it is clear that P(G # G) — 0 as n diverges.

min

This completes the proof of Theorem 3. |

Appendix E. Proof for Corollary 4

Lemma 7 Suppose that Assumption 1 holds and for any j € N, €;/o; has (4m)-th bounded mo-
ment. Then there exist some positive constants by, bag and 4 < T < 44+m such that with probability
at least 1 — bosp® ™", there holds

T/m

P~ p
||@ - ®||max S b22 n 5
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provided that n = Q(d*p™™) and M\, o x pTém.

Note that the assumption that for any j € N, €;/0; has (4m)-th bounded moment, implies
that x;//%;; also has 4m-th bounded moment, and the detailed proof is provided in the proof of
Theorem 3 in Appendix of Ghoshal and Honorio (2018). Clearly, the condition required in Lemma
2 of Ravikumar et al. (2011) is satisfied, and Lemma 7 is a standard consistency result by Lemma
2 of Ravikumar et al. (2011) for the precision matrix estimated by with graphical Lasso. Thus, we
omit the proof of Lemma 7 here.

Lemma 8 Suppose that all the assumptions in Lemma 7 and Assumption 3 are satisfied, and n =
Q(dSp™/™). Then, for any |l € N and k € N\{l}, there exist some positive constants bay and bos
such that with probability at least 1 — bosp?~", there holds

~ . L2d T/m
‘T(el,Na Xk) - T(el,/\/a Xk)| < b24>\maz“ %
2

The proof of Lemma 8 can be established as that in Lemma 5 with slight modification, and thus
we omit it here.

Lemma 9 Suppose that for any j € N, €;/o; has (4m)-th bounded moment. Then for any | € N
and k € N'\{l}, there exist some positive constants bag, bar, 7 < % and ﬁ <o < % — 1 such that

P(’T\(el,f\fvxk) - T(€l7/\/',$k)‘ > b26n_"7) < b27n1—2m¢.

Proof of Lemma 9: Note that the proof of Lemma 9 is similar as that of Theorem 1 in Li et al.
(2012) except that we need to replace the upper bounds in (B.5), (B.13), (A.15) of Li et al. (2012)
and modify all the relevant parts correspondingly. Specifically, to replace the upper bound in (B.5),
we notice that for 0 < ¢ < % — n and some positive constant b, there holds

E(|ay[*™)

P(jwi| > bn®?/2) < —30 5,

where the inequality follows from Chebyshev’s inequality and the fact that x; also has (4m)-th
bounded moment with mean zero. Thus, the upper bound in (B.5) of Theorem 1 in Li et al. (2012)
can be modified as

P(|L, 1| > €/2) < bogn'~2m?,

where I} 1, = 1oy 2 lean — enllen — zipll(lean — ejnllamw — 2] > b*n?) with
1(-) denoting the indicator function and bog is a positive constant. Then, we use similar argument as
above to replace (B.13) and (A.15) in Theorem 1 of Li et al. (2012) and also modify all the relevant
parts correspondingly. This completes the proof. |

Proof of Corollary 4: The proof of Corollary 4 can be completed following similar arguments as
the proof in Theorem 3. Specifically, P(Ay # Ag) and P({pAal #pa :le A\o}‘ﬁo = Ag) can
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be bounded by Lemmas 8 and 9, and following a similar treatment as in the proof of Theorem 2 and
Corollary 3. Thus, there exist some positive constants bag, bsg and bs; such that

P (wzfo # Ag) < bagp™™T + bagp®n! T2, (26)
P({5 # pay 1 € Ao} Ao = Ag) < by @7)

To bound P(flt =+ At‘ﬁo = Ay, ...,.%Tt_l = .At_1>, we also replace p” in Theorem 1 of

Ravikumar et al. (2011) by |St|4nT_4. Then, there must exist some positive constant b3o and bss
such that with probability at least 1 — b33|S;|~2n?~7, there holds

A5 @S |5 >/™
HG) O] ”mal’ S b32 n(m+4_7_)/(2m) ’

provided that A, ; o |St|2/ My~ (m+4=7)/(2m) " Following a similar treatment as the proof of Theo-
rem 3, there must exist some positive constants bsy, bss and bzg such that

P(-le\t # At‘;lo = Ao, .oy Ary = At—1) < bagn®T by Sy Pt MO (28)
P({pAal #+ pa; : le ./zl\t}‘./zt\o = Ay, ...,./zl\t = .At) < b36|St|_2n4_T. 29)
Moreover, we notice that
P(E # €l = Ao, s Apy = A1) < 30 P({ #pay i1 € At}]Ao = Ao, s Ay = A
t=0
< ba1p* 7 4 bsg(T — 2)[S| P07, (30)

where the last inequality follows from (27) and (29).
Finally, combing (26), (28) and (30), we have

PG #9)
< bagp™ T + byop*n' T + (T - 1) (b34n4_T + bg5|8t]2n1_2m¢>
F by p2 T + by (T — 2)[S,| 20t
< oo™ + ba1p? " + by Tt + bagTp2nl—2m9.
1

where b37 = 2max{bs4, b3s } and bsg = max{bso, bss}. Thus, when n = Q(TW (df +
5;,2‘n)pmax{%vﬁ}(max{p, n})%), it is clear that P(§ # G) — 0 as n — oo. This completes
the proof. .
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