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Tensor Kernel Recovery for Discrete
Spatio-Temporal Hawkes Processes

Heejune Sheen ", Xiaonan Zhu

Abstract—We introduce a new discrete spatio-temporal Hawkes
process model by formulating the general influence of the Hawkes
process as a tensor kernel. Based on the low-rank structure assump-
tion of the tensor kernel, we cast the estimation of the tensor kernel
as a convex optimization problem using the Fourier transformed
nuclear norm. We provide theoretical performance guarantees for
our approach and present an algorithm to solve the optimization
problem. In particular, our upper bound of squared estimation
error has the convergence rate of O(InK/vK), where K is
the number of samples in the time horizon. The efficiency of our
estimation is demonstrated with numerical simulations on synthetic
data and the analysis of real-world data from Atlanta burglary
incidents.

Index Terms—Hawkes process, spatio-temporal data, low-rank
tensor, transformed tensor nuclear norm, convex optimization.

1. INTRODUCTION

AWKES processes, a type of self- (and mutual) excit-
H ing point processes, have gained substantial attention in
machine learning and statistics due to their wide applicabil-
ity in capturing complex interactions of discrete events over
space, time, and possible networks. Such problem arises from
many applications such as seismology [27], criminology [36],
finance [17], [28], genomics [29], and social network [24], [35].
One advantage of Hawkes process modeling is that interactions
between the history and a current event can be represented in
the structure easily, as the Hawkes process, in general, has an
intensity function consisting of two parts, a baseline intensity,
and a triggering effect.

A central problem in Hawkes process modeling is to estimat-
ing the triggering effect through the so-called influence func-
tions, which capture how different locations interact with each
other. Estimating the triggering effects with Hawkes process
models has been conducted in several prior works [1], [16], [22],
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[23], [35]. Bacry etal. [1] and Zhou et al. [35] proposed a convex
optimization approach with sparse and low-rank assumptions
on the interaction adjacency matrix or tensor to estimate an
influence in a social network. In particular, they assumed the
triggering function as a form of a product between the interaction
coefficients and the fixed kernel functions that decay exponen-
tially with continuous time.

Low-dimensional structures are very common in high-
dimensional data, such as low-rank matrices and low-rank ten-
sors. A recent motivation for studying low-rank matrices is due
to the matrix completion problem [6], [7], [8], [10], [25]. One
of the popular approaches is convex relaxations with a matrix
nuclear norm to estimate a low-rank matrix. There has been
much effort in modeling with low-rank tensors by extending the
results on low-rank matrices, including [2], [3], [5], [14], [15].
However, unlike matrices, the rank of a tensor is not uniquely
defined, and it can have multiple ranks such as the CP rank [11],
[18], Tucker rank [32], tubal rank, and multi-rank. The tubal
and multi-rank for the low-rank kernel tensor were proposed
by Kilmer & Martin [21] with the algebra for a tensor and the
corresponding Fourier-transformed tensor nuclear norm (TNN).

We are interested in a low-rank structure in this work
for the tensor kernel capturing the interaction, which can
be viewed as a low-rank approximation to capture the dom-
inant mode of the influence functions. In particular, we
consider the tubal and multi-rank for the low-rank kernel
tensor.

The main purpose of this paper is to propose a discrete
Hawkes process model, which is derived from the spatio-
temporal Hawkes process approximation. More precisely,
spatio-temporal influence functions for the Hawkes process are
first parameterized as a low-rank tensor kernel in our model.
Then, an approach to estimate the tensor kernel is presented us-
ing maximum likelihood with constrained Fourier transformed
nuclear norm on the tensor, which leads to a convex optimization
problem. We also prove theoretical performance guarantees for
the squared recovery error. It is shown that the squared recovery
error of our model converges to 0 at the rate of O(In K/v/K) as
the number of samples in time horizon K increases to infinity.
To solve the optimization problem, a computationally efficient
algorithm is designed based on the alternating direction method
of multipliers (ADMM). The computational efficiency of our
estimation procedure is illustrated with numerical simulations
of synthetic and real data. We emphasize that our approach is
different from the previous works [1], [35] since the influence
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function is considered as a tensor kernel in the discrete-time and
discrete location set-up.

The rest of the paper is organized as follows. Section II
presents our model and the problem setup. Section III con-
tains the main theoretical performance upper bound. Section IV
proposes an ADMM-based algorithm to solve the optimization
problem. Section V contains the numerical study, and finally,
Section VI concludes the paper. The proofs are delegated to the
Appendix.

II. MODEL
A. Discrete Hawkes Processes

We first describe continuous spatio-temporal Hawkes pro-
cesses to motivate our discrete model. Consider a spatio-
temporal point process whose events occur at time ¢ € [0, T,
and the location (z,y) € A C R2. Define a counting process
N : A x[0,00) = Zq, such that N(B, () is the number of
events in the region B € B and the time window C' € C, where
B and C are the Borel o-algebras of A and [0, o). Let H; be the
o-algebra generated by history of the process IV up to time t.
The conditional intensity function of a point process is defined
as

MMz, y,t) =

E(N([z,x + A,] x

lim
A Ay, ALLO

[y, y + A, x

[t, 1+ A¢]|Hy)
A A A ‘

ey

For Hawkes processes, we can define the conditional intensity
function with the following form:

Mz, y,t) = p(r,y)

/ // (x —uy1,y — us, t —uz)N(d(u X ug) X dug),

2

where p(z,y) > 0 is the base intensity at location (z,y) and
g : R? x [0.00) — R is the kernel function.

Suppose that the event data lie in bounded region [0, n1 A ;] %
[0,n9A,] and time [0, KA,] for some nq,n9, K € Zg. To
discretize the process in both space and time, we define “bin
counts” over the discrete space

{i,j:1<i<ni,1<j<na}
and time horizon
{k:—p+1<k<K}:
Ziji = N([(1 = 1) Az, iA] X [(j = 1)Ay, jA]
X[(k — 1)Ay, kA]). 3)

Let A = A, A, A,. For a given data preceding discrete time
k, the expected bin counts can be approximated as follows:

E[Zijk|Hr-1] =
~ Ap((i = 1Ay, (-

AN = 1)Aq, (5 —
DAy)

DAy, (k= 1)A¢)
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ni no
+A Z 2.2 9= A=)
=k—pi'=1j=1
x Ay,w—k')At)ZW
ni na
=A Mlj+ Z Zzgz i'+n1,5—j5 +ns,k— k’ZZQ’k’ )
=k—-pi=1j5=1

where p € R™*"2 and G € R~ Dx(2n2=1)xp yre discretized
versions of the base intensity p(x,y) and the kernel g(x,y,t),
respectively. For the first approximation above, E[Z; ;| H 1] is
approximated using (1) with small A. For the second approxi-
mation, (2) and (3) are used to derive the discrete form.

It is commonly assumed in literature [1], [35] that g has the
following form:

g(z,y,t) = h(z,y) f(t), “)

where f is a monotonically decreasing non-negative function,
and f(t) goes to zero for large t. An example of f(t) is the
class of exponential kernels, f(t) = ae™®!. For our model, we
relax these assumptions so that the kernel function does not need
to follow the form (4) and g is not necessarily monotonically
decreasing non-negative in time ¢. The history data with memory
depth p is instead exploited to approximate the expected current
bin counts. Thus, our model can be applied to more general
cases.

Now, we propose a discrete spatio-temporal Hawkes process
model with the conditional intensity function defined as follows:

ik (11, G) = AM(i — 1) Ag, (j —

ny  ng

—,Ufw"‘ Z Zzgz i'+n1,5—j5 +na,k— k’Zz]’k’

k'=k—pi=1j=1

DAy, (k= 1)A¢)

forl1 <i<ni;,1<j<mng,and1 <k < K.

Our model is derived from the spatio-temporal Hawkes pro-
cess. The structure of our model is different from that of Kirch-
ner’s approximation [22] of the temporal Hawkes process with
the model INAR(p). Thus, the proposed model has various ad-
vantages over Kirchner’s model when analyzing spatio-temporal
data. A more complex setting with higher dimensions (two
dimensions in location and one in time) is dealt with in our
model, and the location space and time-space are simultaneously
discretized with tensor G. Moreover, our interpretation of the
discretized version of the kernel function enables the presence
of space-time interactions. With constraints imposed on the rank
of the tensor and entry-wise bounds on the estimators, a better
estimation of the Hawkes process can be obtained when its
coefficients are low-rank. Consequently, a convex optimization
problem is constructed based on the likelihood function and our
corresponding regularization, while [22] employed the projec-
tion method on the approximated time series model INAR(p).

To estimate the base intensity matrix x4 and the underlying
tensor G, the followings are assumed: First, we assume that each
entry of p and G has the upper and the lower bound, i.e., there
exist non-negative constants ay, by, az, bo such that a; < p;; <
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Fig. 1. Forany given (4, j) grid, it displays the case where the spatial influence
from (4,75) to (¢,’ j') follows a standard gaussian function.

b1, a2 < G;j1 < be and ay + a2 > 0. This assumption ensures
that our problem is well-posed.

Second, we also assume that tl}ve tensor G has a low multi-rank
(r1,...,7p), where 7, = rank(G(*)) and G(¥) is the kth frontal
slice of transformed tensor G (i.e., G := G(:,:, k) using
MATLAB notation). The transformed tensor G is obtained by
applying the Discrete Fourier Transform (DFT) to the mode-3
fibers of G (Lemma 1). In other words, a small sum of multi-rank
v = Y_¥_, ry is assumed. This assumption is based on the high
correlations that exist within locations and time. For instance, for
any given grid (4, j), suppose that the spatial influence from (2, j)
to (i, j') is proportional to a standard Gaussian function (i.e.,
oc e~ (=) +(1=3)?)/2) a5 illustrated in Fig. 1, and the temporal
influence follows a decreasing function in time. Then, the tensor
G € R(?m-1x(2n2=1)xp 5 our model has a low multi-rank at
most (1,...,1) and a small sum of the multi-rank less or equal
to p.

Our problem considers a transformed multi-rank of a kernel
tensor and a TNN over other tensor ranks and norms. The rank of
atensor can be defined in several ways, for instance, the CP rank,
the Tucker rank, and the multi-rank. Depending on the tensor
rank, the corresponding tensor nuclear norms should be utilized.
It is known that the computation of the CP rank is NP-hard [19]
and its relaxation is intractable in general. For this reason, the
tractable Tucker rank and its relaxation are usually used. One of
the popular relaxations is the sum of the matrix nuclear norms
of matrices obtained by unfolding a tensor [26]. It is, however,
not the tightest convex relaxation of the Tucker rank [30] and
the matrix norm may be inefficient when the unfolding matrices
have a significant difference in the number of rows and columns.
We use TNN since it is the convex envelope of the multi-rank
and can successfully interpret the low-rank structure of a kernel
tensor.

B. Low-Rank Tensor Regularization

In this section, we review the tensor nuclear norm (TNN),
which is used to guarantee the low-rankness of G. We be-
gin by introducing some notation. For matrix X, let || X || be
the matrix spectral norm, || X ||. the matrix nuclear norm, and
IX|lr = (32, X3)"/? the Frobenius norm. For 3-way tensor
G € RN1xN2xNs  MATLAB notation is used to denote k-th
horizontal, lateral, and frontal slice by G(k,:,:), G(:, k,:), and
G(:,:, k) respectively. Specifically, the k-th frontal slice of G
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is denoted by G**) := G(:,:,k) for k=1,..., N3. The k-th
mode-3 fiber of a 3-way tensor is defined by holding the first
two indices fixed and varying the third, and denoted by G (k, k, :).
The norm of tensor is defined as |G+ = >, ;  |Gijl, |9l F =
ik ijk)l/2. The tensor spectral norm ||G||spec is defined
later in Definition 1.

We introduce the following operators for the tensor algebra:
the block circulation, the block diagonalization, and the fold and
unfold command of tensor G.

gy  gNs)  g(Ns-1) fe{®)
(el ¢ G(Ns) Gg®
bcirc(G) = . . . e
GNs)  GNs-1)  G(Ns-2) g
g
g2
blockdiag(g) = ) )
. G(Ns)
g
fe{®)
unfold(G) = , and fold(unfold(G)) = G.
G(Ns)

For two tensors G; € RN1*N2xNs gnd G, € RN2xNaxNs the
t-product is defined as

G1 * Gy = fold(bcirc(G; )unfold(Gy)) € RN *NaxNs,

Note that Kilmer and Martin [21] proposed a singular value
decomposition (SVD) method for three-way tensors, and based
on the tensor SVD, TNN is proposed by Semerci et al. [31].
We first review some background materials on the tensor SVD
to introduce TNN. See [21] for more information. For a tensor
G € RN1xN2xNs the block diagonalization property of block
circulant matrices is described in the following lemma.

Lemma 1:[21] For G RNvN2xNs o peirg(G) €
RNsN1xNsN2 e have

(Fn, ® Iy, )bcirc(G)(Fy, @ In,) = blockdiag(g),

where © is the Kronecker product, Iy, and Iy, are identity
matrices in RVt M1 gnd RN2x Nz respectively, Fiy, € RNsxNs
is the normalized DFT matrix, which is unitary, zgld F* denotes
its conjugate transpose. The matrix blockdiag(G) is the trans-
formation of beirc(G) into the Fourier domain, and the tensor G
is obtained by performing the DFT to the mode-3 fibers of G as
mentioned earlier.

Based on the matrix SVD, we have

blockdiag(G) = blockdiag(t/)blockdiag(S)blockdiag(V),
_ o 5
in the Fourier domain, where G(*) = /() S)(V(F))T is the
SVD. The equivalent decomposition of three-way tensors to (5)
is characterized as a tensor-SVD [33]. The tensor-SVD for three-
way tensors is described as follows.
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Theorem2[21]: AnytensorG € RN >*N2xNs can be factored
as

N1AN2
G=UxS*xV = > U(,i,:) xS(iyi,:) « V(eyiyo) T

i=1

Combining Theorem 2 and (5), TNN can be defined as fol-
lows.

Definition I (Theorem 2.4.1in[34]): The tensor nuclear norm
(TNN) of G is defined as the sum of the singular values of all
the frontal slices of G:

NiAN> N3
IGIran = Y > S

i=1 j=1

Note that the dual norm of the tensor nuclear norm is the tensor
spectral norm ||G||spec := ||bCirc(G)]|.

C. Problem Formulation
We use the notation:
2" ={Zijr,1 <i<ny,1<j<ng,—p+1<k<t},
Zt ={Zije,1 <i<np, 1 <j<ny,q<k<th
Assume that the discrete data follow the Poisson distribution:
Zijk|Hi—1 ~ Poisson (AX;jx) .

Note that for fixed k, Z;;;, are conditionally independent for
all i,7 given Hy_1, and \;;; depends only on the history of
data before k, not on the data at time k. We also mention that
our analysis can be applied to the alternative, the Bernoulli
distribution assumption with slight modifications. Our goal is
to estimate the true parameters p and G of the discrete Hawkes
process model. By our assumptions on the low-rank tensor G,
we have

G|l v = [|beric(G) |l = ||blockdiag(G)l].

< V/|[blockdiag(G) || » = v/7|blockdiag(F)|| »

< byy/v(2n1 — 1)(2ny — 1)p.

Accordingly, the candidate set D for the true value (p,G) is
defined as:

D :={(1,9)] a1 < pij < b1, as < Gjji < bo,
1G]l nn < ban/y(2n1 — 1)(2n2 — 1)p }.

We consider a formulation by maximizing the log-likelihood
function of the optimization variable p and G given the obser-
vations Z. The negative log-likelihood function is given by

K ni no
F(,u‘7 g) = Z Z Z(AAU’C(,UH g)_Zij IH(AAijk’(Ma g)))
k=1i=1 j=1
Therefore, the estimators (i, G ) can be obtained by solving the
following convex optimization problem:

-~

(7.G) = arg min F(11,G). ©6)
(1,9)eD
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Remark 1: Note that the convex optimization problem (6)
constrained in a candidate set D can also be formulated as
a regularized maximum likelihood function problem. Indeed,
there exists a constant 7 € R such that problem (6) equals

~

(1,G) = arg min {F (1, G) + 7(|G | rnn}
with the natural constraint upon the entries:
ar < prij <bi, ag < G < ba, Vi, k.

It follows from the duality theory in optimization [4]. We use
the regularized form to derive the algorithm in Section IV.

III. THEORETICAL GUARANTEE

We present an upper bound for the sum of squared errors of
the two estimators, which is defined by

R, 9@ 9)) := |l — A% + G = Gl

where /i and QA are the optimal solutions to (6).

To state our theoretical guarantee, we define the condition
number as in [20].

Definition 2: Given X € R4 X =0 and p € [1, 0], the
condition number is defined by

Sp[X] :=max{6 > 0: g Xg > dllg|3, Vg € R'},

where X > 0 (X > 0) denotes that X is a positive semidefi-
nite matrix (a positive definite matrix, respectively). Note that
0,[X] > 0 when X > 0.

Now, we present our main theorem.

Theorem 3 (Estimation error driven by data): Assume that

-~

(11, G) € D and (1, G) are the optimal solution to (6). Let

J = ay+azmin|| 25},

7 — — k-1
T = b1+ b2/ (201 = 1)(2n2 = )p max {1237 [lspec

and let A[-] : Rmxm2x(E+p) _, R4 be 3 mapping defined in
Appendix A. Then, for every Z K ay,ay € (0, 1), it holds that

-~

R[(1, 91, 9)]

16\@77,17L2j2 ln(j/l) nin9
= VE(L — e 21)A5, A[ZK]| as

N K K
-max{z,/Ajln Mz g M2 } )
(651 (65}

with probability at least 1 — 2a; — 2as.

Remark 2: 1f 65[A[Z%]] > 0, for large n1, n2, p and K, there
exists aconstant C' > 0 such that the following bound holds with
high probability.

~ G ningJ? In(J)y/In(n1ny) - In(ning K)
R[(w, 91, G)]<C i .

Remark 3: From Remark 2, we observe that, for given data
ZX the upper bound can be regarded as an increasing function
of J. More precisely, the estimation error for the upper bound
increases with the upper bound on the tensor nuclear norm
bo[y(2n1 — 1)(2ny — 1)p]*/2. It implies that the upper bound
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Max tensor spectral norm of data over K

Max tensor spectral norm

Fig. 2. The simulation of maxy, || Z ]k“__; IIspec-

of the estimation error will be small if we have a small sum of
multi-rank ~. It is a characteristic that we can expect from the
low-rank tensor recovery.

Remark 4: We observe that by fixing, ni, ns, A, a1, ag,
b1, bz, and ~y, the upper bound (7) tends to 0 as K —
oo at the rate of O(InK/vK). We experimentally show
that maxlngK{HZ,’:j; llspec } is bounded above by O(InK) in
Fig. 2.

The proof for Theorem 3 is presented in Appendix A. In
the proof, the Kullback-Leibler (KL) divergence and Hellinger
distance are defined between two Poisson distributions. For any
two Poisson mean p and ¢, the KL -divergence is defined as

D(pllq) :==pn(p/q) — (p — @),

and the Hellinger distance as
1
H2(plo) =2~ 2exp (~5 (V5 ~ V@ )

Then, a lower bound is derived for Zszl Sy

-~

2521 D(Nijr (1, G)l[Nij (7, G)) with the Hellinger distance
and Lemma 8 in [9]. Furthermore, we establish an upper bound
on the sum of the KL divergence using the Azuma Hoeffding’s
inequality. We then obtain the upper bound for the estimation
error by combining the lower and upper bound.

Corollary 1 immediately follows from Theorem 3. In partic-
ular, it demonstrates the data-driven upper bound for the sum
of KL divergence between the estimated and the true intensity
functions. R

Corollary 1: Assume that (@, G) € D and (i, G) are the
optimal solution to (6). With the notation defined in Theorem 3,
for every ZX, ay, a € (0,1), it holds that

-~

ni na

s D(Nij (e, G)|[Nijr (12, G
ZZZ ( k(ﬂnlrnyk(M )

k=1i=1 j=1

2 j ninsg
<4/=In-=1
SVE"I "

~max{2\/AJ1nn1n2K, 41nn1712K}
(03] (&3]

with probability at least 1 — 2a; — 2as.
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IV. ALGORITHM

For the proposed convex optimization problem (6), we apply
ADMM and the majorization-minimization (MM) algorithms.
Based on the ADM4 algorithm proposed by [35], we design our
algorithm for problem (6). To start with, the constraint sets for
1 and G are separated to the following two closed convex sets:

I'y={p]ar < pij <bi, V(i,7) € [n1] x [n2]},
Ty :={G | az < Giji < by,

(i, j, k) € [2n1 — 1] x [2n2 — 1] x [p]},
where [n] := {1,2,...,n}. Then, problem (6) can be written as
F(p, G) + 7(1G]lrnn
subjectto pu €Iy, GeTls. )

min

ADMM is employed to convert the above optimization problem
to several sub-problems that are easier to solve. More specifi-
cally, the problem is separated into the first term of the objective
function, the regularization term, and the constraints. To that
end, three auxiliary variables, m, G and R are introduced, and
(8) can be equivalently expressed as

F(p,G) + 7[Rl N
subjectto m e I'y, G € T'y,
p=m, G=G, G=R. )

We then define the following augmented Lagrangian function of

9):

min

‘Cp(gvuaRaGam7}/1,1/27Y3)
= F(p, G) + 7| Rllrnw + ¢r, (m) 4 ¢r, (G)
+p(Y1,G — R) 4+ p(Y2,G — G) + p(Y3, 1 — m)

P p P
+ 219 - RI%+ 219 - I3 + £ — m3,

where Y7,Y5, and Y3 are the dual variables associated with
the constraints G = R, G = G, and p = m, respectively. The
constant p is a penalty parameter, and the functions ¢r, (m) and
Y, (G) are defined as

o (m) = 0 ifm eIy,
Iy " | +oo otherwise,
{0 if G €Ty,

Ur, (G) == {+oo otherwise.

Notice that two blocks of variables (G'*1 puf*!) and
(R, m!T1 G'F1) are separable in the augmented Lagrangian
function. Thus, ADMM can be applied as the following
iterations.
(gt+17 NJH_l) =arg min 'Cp(gv Hy Rta Gt? mtv Y1t7 Y2ta KSt)v
w9

(10)
(RIHT, mt+L, Gy

=argmin £,(G", 't R, Gom, Y YL YY),
R,m,G
(1)
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}/1t+1 — Yt + (gt+1 _ Rt—‘,—l)7
Y2t+1 _ Yt + (gt+1 o Gt+1>,
VIS )

It has been shown in [13] that the above application of ADMM
on the two-block convex minimization problem converges.

It remains to solve (10) and (11) respectively. We start with
deriving the updating step for G and p as follows. Note that for
(10), the following optimization problem is considered:

ny n2

Z Z Z A)\z’j’k’ M»

k'=1iv=1j=1

*Zi’j’k’ h’l(A)\i’j’k’ (M, g))}

min g(p, G
.G

p
+519 = R+ Y%

+ 219G + VS + Bl —m' + i} (2)
Since no closed-form solutions exist, we apply the MM algo-
rithm as in [35]. For any 1, G, let Q (1, G; M(Q) , Q(Q)) be a convex

function such that

9(11,G) < Q1 G: p'9,G'7))
g(,u(Q), g(q)) _ Q(N(q),g(q); M(Q), g(q))’

where (9 and G(9) are estimates of y and G. Then, we can
obtain the optimal solutions to convex problem (12) by using
the iterative procedure:

13)
(14)

(M(Hl),g(tﬂrl)) _ arirginQ(%g;u(q)’ G@).
Let
Q= {k| Zx # 0 for some i and j}
and
l(k) ={(i,4) | Ziji # 0}
Define Q(u1, G; 1'9), G(9)) that satisfies (13) and (14) as follows:
QG ;G\, V)

SOV

K'eQ (¢,5)el(k)

:U’ il
|:Z7;/j/k)l ln A —|— Zi/j/k/ (pi/j/k./ ln 1]
pi’j/k/

K —

ijk,i'j
k=k'—p (i,5)el(k) p”k”'k'

k-1

>

k=k'—

ny n2

D))

K=1i=1j=1

Z Gir—itna j—jtne K —kZLijk
P (4,5)€l(k)

P R LYY P _ Gty
+2||g + 1HF+2”g + Y5 ||

ny n2

P
+ 5”# —m' +Y{|[F + ”3AZ Z Hitjrs

i=1j'=1
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where
(q) (q) )
i'j' ity g'—jna -k ik
Dirj'k = , and Dijk,i'j'k =
(q) ’ )\(q)
i'§ k! i'§ k!

Leta=4¢—i+n,b=5 —j+ny, c=k —k,and I'(k) =
kyn{i —i+ny =a,j' —j+n2 =b,k — k = c}. By tak-
ing derivative, a closed form solution to Q(u, G; (9, G(0) is

iy  “B+ VB2~ 40 (s)
1/J/ 2p )
gty _ U+ VU2 = 8pV (16)
abc 4/) ’
where
B=n3A+p [_(/lt)i’j’ + (Y;)i’j’] )
— Z Z Zi’j’k’pi/j’k"

K'eQ (¢,5)el(k)

k-1

>, D A

k=k'—p (i,5)€l' (k)

(Ylt)abc - (Gt)abc + (Y;)abc] )

k-1

Z Z Z Z Zz]’k/ngk i gk

KEQ (i,5) El(k') k=K'—p (i,5)el' (k)

ny N2

r-y 3

k'=1v=1j=1

+p [_(Rt)abc +

Recall that R, m, and G in the objective function of the
problem (11) are separable. Hence they can be calculated one
by one. We start with updating step R. The optimal solution to
(11) regarding R is given by

Rt+1 = arg minTHRHTNN + g” — Ry + Ylt + gt—HH%
R

= Pr0X<r/p>u~nTNN (Yi +6'1)
=UxSp)rxV

where U xS+ V' is a tensor singular value decomposition
of Y+ G, S, = IFT(SP/T,[ ],3) for the third frontal

slices, and §p/7’ = max{S p/T,0}. Here, the operator IFT
corresponds to an inverse Fourier transform.

For updating GG, an optimal solution to problem (11) for G is
obtained as

G = arg minvir, (G) + £11G = (@™ + v}
G

= Pr.(@ +Y9),

where Pr, is a projection onto I's. Similarly, for m, we obtain
an optimal solution as follows.

t+1

t : P t ¢
= arg min i, (m) + £ lm — (a1 + ) 3
m

= PFI (/j—H + YVSt)a

where Pr, is a projection onto I';.
Finally, all the steps are summarized in Algorithm 1.
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Algorithm 1: Algorithm for Solving (9).

Input: Given data ZX ¢ R"li”ﬂ(K“’), P, T,a1,az,by,ba
Output: Matrix i and tensor G
Initialize 2(©), G, RO m© c©, v v v
and sett = 1.
repeat
Update p!*! and G*+! by the following steps:
while not converge do
Update p, G by the (15) and (16).
end while
Update R, Gt m!*! by solving (11)
Update

Ylt-‘rl — Ylt + (gt+1 _ Rt+1)
Y2t+1 _ th + (gt+1 . Gt+1)
YBH_l _ Ygt + (MtJrl _ mt+1)

t=t+1.
until Termination criterion is met.

V. NUMERICAL EXAMPLES

A. Synthetic Data

We first experiment with Algorithm 1 on synthetic data
to see the performance of our method. We generate the true

G € RZm=UxCna=1)xp with multi-rank (r1,72,...,7,) =
(1,1,...,1) by Giji = ugl)uf)u,(f), where uz(-l), u§-2), and u,(f)

are from uniform distribution U (0, 1). By our discrete approx-
imation to Hawkes processes with memory depth p, we use a
non-increasing function of & for the kth frontal slice G %) for
k=1,...,p. We also generate x randomly from U(0, 1). The
1 and G are rescaled for a well-defined point process. With the
true i, G, we generate the synthetic data by

Ziji|H (k-1) ~ Poisson (AXiji)

fori € [n1],j € [n2] and k € [K] with given initial data Z7_,.
The initialization 1(°) and G(©) are randomly generated with
similar scales to their true values. To ensure that the error terms
in different cases are at the same scale, we use the relative error

_ 9=l

Gl r

to evaluate the estimation of x and G, respectively.

We test the performance of our method with different nq, no
and p, and compare it with the model without the low-rank
constraint on G, and a widely used Hawkes process model
with an exponential temporal decay function (e.g., [35]). We
denote the proposed method as “TNN,” the maximum likelihood
estimation method without the low-rank constraint as “MLE,”
the estimation method with the exponential decay function (i.e.,
ae % where k = 1,...pand a > 0 is a decay parameter.) as
“EXP,” and the estimation method with the matrix nuclear norm
and the exponential decay function as “MNN”.
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TABLEI
EVALUATION OF TNN, MLE, EXP AND MNN WITH THE ATLANTA
CRIME DATASET

FRQ (1) FRQ (60) NLR
TNN 0.3474 0.3677 41263
MLE 0.4456 0.3732 4197.3
EXP 0.4509 0.3790 4138.0
MNN 0.3823 0.3681 41292

The parameters for each method are chosen based on the
dataset that is disjoint from the training dataset. For parameter
p in Algorithm 1, it is set to 0.002 for TNN, 0.001 for MLE,
0.06 for EXP and MNN. Since p serves as a dual step-size
in ADMM, the performance of methods is robust to the mild
change of p. For hyper-parameter 7 on the regularized terms, a
cross-validation-like method is exploited to tune the parameter
and it is set to 0.5 for TNN and 0.1 for MNN. Two cases of
experiments are carried out, and the representative results are
shown in Fig. 3. The results of each case are averaged over five
runs. Table I in Appendix B shows the detailed estimation errors
for each case.

In the experiments, we observe that both the relative error
of the matrix estimation and the tensor estimation decrease
as the sample number grows and becomes close to zero. We
notice that the numerical results correspond to our theoretical
result on the upper bound of the estimation error mentioned
in Remark 4. Moreover, TNN outperforms MLE, EXP, and
MNN. It shows the computational efficiency of implementing
the Fourier-transformed TNN when the tensor kernel has a
low-rank structure, which commonly occurs in the real world
due to high correlations between locations and time. It can be
observed that TNN has advantages over EXP and MNN for
data with unknown or non-exponential temporal decay func-
tions. Moreover, TNN can capture more general spatio-temporal
correlations than MNN, where the kernel is decomposed into a
matrix and a temporal decay function. We note that our model,
TNN, can be easily applied to a wide range of discrete data.

B. Real Data

We next apply our method to real-world data, the crime dataset
in Atlanta, USA. The dataset contains 47,245 burglary incidents
in Atlanta from January 1, 2015, to February 28, 2017. The
events in the region where the latitude is from 33.71 to 33.76
and the longitude are from —84.43 to —84.38 are considered. In
the region, 9937 burglary incidents occurred during 789 days.
We discretize the area into 5 x 5 discrete space and the time
with a 4-hour interval unit.

We use p =5 as a memory depth for the data, and the
parameter 7 is set to 3.5 for TNN and 0.4 for MNN. The model
is trained and tested with 80% and 20% of the data sequence,
respectively.

To evaluate our model, two metrics are employed: First, the
metric FRQ, defined as the sum of the absolute difference in
frequency of events between the predicted data and the true
test data, is used. It is the frequency difference of burglary
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Fig. 3. The relative errors of the estimated tensor kernel (left) and base intensity matrix (right) under different n;, no, p, and sample size K.
TABLE II
THE NUMERICAL ESTIMATION ERROR WITH DIFFERENT 71, ng, p AND K
Case Method Error K=1000 K=2000 K=3000 K=5000 K=8000 K=10000
TNN Gerr 0.536 0.460 0.427 0.363 0.330 0.316
=4, na—=4, p=5 Merr 0.202 0.131 0.094 0.080 0.064 0.061
’ ’ MLE Gerr 1.264 0.940 0.785 0.640 0.534 0.482
Merr 0.202 0.144 0.110 0.094 0.066 0.063
EXP Gerr 0.817 0.732 0.654 0.600 0.574 0.563
Merr 0.296 0.174 0.133 0.112 0.103 0.109
MNN Gerr 0.692 0.650 0.621 0.597 0.553 0.534
Merr 0.215 0.163 0.143 0.148 0.144 0.137
TNN Gerr 0.686 0.595 0.536 0.466 0.405 0.375
=5 na=5 p="1 Merr 0.241 0.178 0.192 0.133 0.116 0.105
’ ’ MLE Gerr 1.278 0.994 0.844 0.698 0.596 0.548
Merr 0.378 0.315 0.297 0.237 0.249 0.241
EXP Gerr 0.878 0.984 0.646 0.597 0.563 0.556
Merr 0.386 0.456 0.385 0.312 0.267 0.239
MNN Gerr 0.684 0.643 0.623 0.603 0.592 0.589
Merr 0.462 0.380 0.323 0.256 0.217 0.200

incidents in 25 subregions. Second, the metric NLR, the sum
of the negative log-likelihood function, is compared.

Table I shows numerical results on TNN, MLE, EXP and
MNN. The numbers in the columns of FRQ (1) and FRQ (60)
represent one instance of FRQ and the average FRQ over 60 runs,
respectively. In all metrics, TNN provides better results than
MLE, EXP and MNN. We observe again the clear advantage of
exploiting a low-rank structure of the tensor kernel. We note that
TNN is implemented without any predefined decay parameter,
whereas it is necessary for EXP and MNN.

VI. CONCLUSION

We have studied the recovery of the base intensity matrix and
the tensor of the discretized version of the kernel function for
spatio-temporal Hawkes processes. Using TNN, a formulation
of the maximum likelihood estimation with the constraints has
been proposed. Specifically, a precise theoretical upper bound
for the sum of square errors of the proposed estimators has
been presented. We have also applied the ADMM and MM
algorithms to solve the proposed convex optimization problem.
The numerical experiments demonstrate the efficiency of our

method and support the theoretical results. For future work,
non-convex optimization techniques will be investigated to es-
timate the matrix and the tensor kernel in the problem. It will
be interesting to study whether the convex relaxation gap can be
estimated and reduced by employing non-convex optimization
methods.

APPENDIX A
PROOF OF THEOREM 3

We prove Theorem 3. For the simplicity of analysis, we let
7 := (i, G). Then, the problem is expressed as:

K nip ng

min F(n) == > > > [AXije(n) = Zijr In(Aije(n))]

k=11i=1 j=1

subjectto 7 € D :={(u, G)| a1 < pij < bi, as < Giji < b,

|9ty < b2y/ACm — D@z —p }, (D)
where \, Z € RmxnzxK,

We now define the KL-divergence between two Poisson dis-
tributions. For any two Poisson mean p and ¢, the KL divergence
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is defined as follows:

(p—q).

Similarly, the Hellinger distance for Poisson distributions is
defined:

20 =2 - 2o {3 (5 - v? .

D(pllq) == pIn(p/q) —

Let 8 be a true parameter that we aim to estimate. Forany n € D,
we have

F(n) = F(0)

Fy(n) — Fr(0)

M= I

{Fx(n) + Ex1[Fr(n)] — Ep1[Fr(n)] — Fi(6)

>
Il
—

+Er1[Fr(0)] — Er1[Fr(0)]}

I
M=

{Ex-1[Fk(n) — Fx(0)] + Fi(n) — Ex—1[Fk(n)]

>
Il
—

—Fi(0) + Ek—1[Fk(9)]}7 (13)

where Fiy(n) := 3202 37721 (Aijr(n) — Zijr In(AXiji(n)))
and Fj,_1 denotes the condmonal expectation taken with respect
to Z* given Hj,_1.

Observe that

K
> BialFi(n)
k=1

K ni na

— Fi.(0)]

N ;;;A)\”kw) In Nin(m) A(Xije(0) = Aijr(n))
K n; no
ZZZAD le? ||)\ij7( )) 19)

k=11=1 j=1

Since our estimator @ is the optimal solution to the problem (17),
we obtain that F'(0) — F() < 0. From (18) and (19), we have

K ny no

NS T ADNGE(0)] 1M (6))
k=1i=1 j=1
K o~ o~
< Z —Fi(0) + Ex_1[F(0)] + Fr(0) — Exp_1[F(0)]

k=1
K np no
= DD (ANGk(0) — Zigi) In(AXijr(9))
k=11i=1 j=1
+ (ANijk(0) — Ziji) (AN (0)) }

ny no

K
=D 3> (AN(9)
k=11=1

=1 j=1

Aijk(0)
Ziin) 1 e (20)
i) o (Aijk(9)>
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We first derive the lower bound and then the upper bound for
the inequality (20).

A. Lower Bound for KL-Divergence

For a fixed ZX, we describe how to obtain the lower bound
for
K ni1 ns
D22 AD(K(
k=1

=1 j=1

0)IXix(0))-

From the information theory, we know that

DOk ()M (0)) = H (Nigie(0) || Xigne(9))-

To obtain the lower and upper bound for any A;jx(6)
with ZX, we define the mapping W (.): R™M*n2xp
R(2m-1)x(2n2=1)xp a5 follows:

ij (k- A

(WI(Zg ) )ijw =
ifi<i <itn—1,

J<i <ji+n2—1,

1<k <p
0, otherwise.

Zny—(—i)na— (i~ ) k—k'>

Then, we can express \;;, () as
Xigk(0) = pij + (WY (Z:7)),6),

where (-, -) is an inner product for tensors.
LetE € R(2m-1)x(2n2=1)xp pe a tensor of all ones. We define

= minf{E, W (257} = min{| 25} 1)
and

u =

k—1 k—
1I<1’}€a%)§{{||WU(Zk,p)”speC} = 13}5?%{“Zk ||8pec}-

For any A, ;1 (0|H,—1), the lower bound is
Xijk(0) = a1 + aa(B, WY (Zy7 1)) > a1 + agl,
and the upper bound is
Xiji(0) < by + (g,Wij(thlﬁ
< by + [W(Z2 ) lspec Gl

< by + ubg\/’y(in —1)(2n2—1)p

by Cauchy-Schwartz inequality and the assumptions. As aresult,
given Z K

Ji=ar +azl < Ajp(0)

< by + ubg/y(2n1 — 1)(2ng — 1)p := J, Vi, 5, k, V0 € D.

By Lemma 8 in [9], for all T > $(+/X;;,(0) — \/Aijk(a))2
holds that
1 =T

H2 (i (O] A (8)) 2 — 72— (0) = A (O]
Taking 7' = 2.J, we have
_ e 2J .
OOl Piik(8) = =D (®) A O
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For the subsequent discussion, we need the following nota-
tion. Let F;; € R™*"2 be a matrix whose ijth entry is one
and all the other entries are zero. We also denote the number of
parameters as d := nins + (2ny — 1)(2n2 — 1)p. Let

B := [vec(u); vec(g)] € RY,
C” Zk: 1)

Aij(Z;7) =

veo(E,,): vec(W (2£7)))] € RY,
e (2 e (2], € R,

K ni no

k- 1 dxd
=% Z D> A(ZE)) e RP,
k=11i=1 j=1
where vec is a vectorization operator.
Then, we can represent ;5 (6) as follows.
Xiji(0) = i (Z)) ' B.
Thus,
H? (Xije(0)]|\iji (0))
1—e2/ ~
> W[Azﬂe(@) — ik (0))°
1—e27 k—1\T k—1\T 372
= —g7zli(Z2,) B~ cii(Zi,) Bl
1—e? T k-1 k—13T A
=g B B) (ei(Z35p)ei(Z:=,) ) (B = 6)
1—e?/ T k-1
= (B B) A (ZE)(E - B).
Note that for given data Z} - ;, Ay (ZF 1) is positive semidefi-

nite (A;;(Z ,’j:;) > 0). We use the condition number in Defini-
tion 2 to obtain the lower bound for (20):

K np no

YD D ADAG(O)1Min(9)
k=11i=1 j=1
K niy no

> Z ZAHZ Uk H)‘Uk< ))
k=11i=1 j=1

K ny no

> Ak S S (5 By a2 s - )

k=11i=1 j=1
1—e2
> AK——=—0[AIZ¥])I15 - Bll3
1—e? K ~12 A2
= AK—=—0[A[Z7]|(ln - EllF + 116 - GlF)- @D

The last inequality follows from Definition 2.

B. Upper Bounds for the Random Term
We next derive the upper bound on (20). The upper bound can

be written as
Niin (0
ij)l ]’f(/\)
Aijis(6)

K ni no

PIPIPJCEC

k=1i=1 j=1
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K (k)
®)(g) — 7)) o1n | 20
-3 (B wio-zen (153 ))

u E FE A)\(k) 0) — Z(k) In 7)\(16)(9) 22
< o
o 7876Dpk 1 ! ©) ) )\(k)(n) (22

where £ € R™*"2 is a matrix of all ones, /\(k), Z®) are kth

frontal slice of tensor A and Z, respectively, o is the Hadamard

)\(k)(g)
)\(k)(g)

”’“(0)) For the analysis of (22), we define

/\7.7k(0)
A®) (g
(AXP(0) = ZW)oln | = )] ¢ grne,
A (1)
Note that &, is a martingale difference vector.

In the subsequent discussion, we will apply the Azuma-
Hoeffding inequality and union bound property to derive an
upper bound. We need the condition, |(&)s| < by for all s =
1,...,n1n9, to apply the Azuma-Hoeffding inequality. The
bounds can be obtained by applying the following Poisson

concentration inequality.
Lemma 4: ForY ~ Pois()), for all t > 0, it holds that

product, and In ( ) € R™*"2 jg a matrix whose 7jth entry

is equal to In (

&, = vec

+2
P{]Y = A\| > t} < 2e 2050,
By Lemma 4, for e > 0,

52
P{|ANije(0) — Ziji)| > e/ Hp—1} < 2e 2Ciar®F9

2
g 2e 2(AJ+e) |

By the tower property for conditional expectations,
E[P{|AN;jk(0) = Ziji)| = €|Hi-1}]
2
Therefore, by applying the union bound property,
‘A)\Uk(e) - lek| S €, Vla j7 ka

with probability 1 —2njnsKe 2<AJ+6
have

. Since 0,1 € D, we

)\m(e))’ J
ANiik(0) — Ziip) In J <eln=:=¢/

2
with probability 1 — 2nins K e &7, Note that this shows
each entry in & is not upper bounded by ¢ with a small
probability.

Now we apply the following Theorem.

Theorem 5 (Theorem 32, 33 in [12]): Consider arandom vari-
able X and a filtration {Fy,...F,}. Suppose Xo, X1,... X,
is a martingale sequence such that X; = E[X|F;]. For ¢t > 0, it
holds that

B(X ~EX| 2 1) <2 D + 3 P(X — Xio| 2 ),

where ¢y, . .., ¢, are non-negative values.
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For fixed s, we define “bad events™ as a set such that |(£x)s| >
€ forany k = 1... K. By Theorem 5, the generalized Azuma-
Hoeffding inequality can be applied to the sum of unbounded
martingale difference with a probability of the “bad events”.

For t > 0, we obtain

K
Pol( D
k=1
and it implies that for x > 0,
K
Poll X &
k=1
By the union bound, we have

K
D
k=1

2
>ty < Qe FH L7 + P (“bad events”)

S

E2
> V2e22K b <2 4+ 2Ke 2@aTTa,

S

< V2e2zK

oo

62
with probability 1 — 2n1nyKe 20+9 — 2ninge™*.
2

_767 — T
Let oy = ninsKe 2287+9 and ap = ninge ™, where J =

by + uy\/y(2n; — 1)(2ns — 1)p and = > 0. By simple compu-
tation, we have

ning K o N1MN2 K ning K
n—m—— In® ———— _—

+ +2AJ In

aq aq aq

[ K K
max { 2y /AJ In 22 , 41n ke
(65} (65}

Hence, it follows that

K
D
k=1

e=1

IN

< VoKW 2, "
J o9
o0

2,/Ajln i K, 41n %2 K
Qa7 (&3]

with probability 1 — 2a;; — 2avs. Finally, the upper bound is

- max

K ni no

STSTS T ADOGEO)IN(0))

k=11i=1 j=1
K (k)

<sup Y (B, (AXP(0) — Z2")oln Akf@

neD b—1 A (77)

IN

K
Ivec(E)11 [l D €xlloc
k=1

J
nineV2KIn —,/In e
A a%
[ _ K K
-max < 24/AJIn Tinz 2 , 41n Tinz 2
a1 o

with probability at least 1 — 2a;; — 2o We obtain Theorem 3
by combining (21) and (23).

IN

(23)
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APPENDIX B
NUMERICAL RESULTS FOR SIMULATION

Table II demonstrates the results for the simulations in
Section V. “TNN” denotes our method, which involves low-
rank constraints using Fourier transformed nuclear norm, while
“MLE” denotes the maximum likelihood method without such
constraint, “EXP” denotes the estimation method with fixed
exponential temporary decay function, and “MNN” denotes
the estimation method with the matrix nuclear norm and the
exponential decay function. For each case and each sample size,
the experiment was repeated five times for each method. The
visualization is presented in Fig. 2 in Section V.
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