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A lllustration for Background

Ths paper relies on the Hodge decomposition and the spectral simplicial theory. To ease the exposition, we
illustrate them for the edge flow space. We refer to Barbarossa & Sardellitti (2020); [Yang et al.| (2021; 2022b)
for more details.

4) -5 ,(, 12 0747 n m ~044(7 o] -015(7 149 41 61 026 7 17() 039(7

f1 N © - tl o f1 t1
036 5 0.14 mo 007 0.21 mé 023 5 ~1.61
026 ,038 Qm -0.77

°O
~0.14 \Q S o 0 / ) N 014\“‘(14 7044\%{)4@
P N

-0.35 6 0.01 -0.58 6 0.95 ~0.89 %5 6 ~0.59 -0.69 6 0.46 0.31 0.65
(a) uaG,1, )\G’l(O.SO) (b) uaG,2, )\G 2(1.61) (C) uaG,s, AG 3(2.43) (d) UuG,4, )\G 4(396) (e) uG,s, )\G,5 (5.12)
~048 -029 0167 7
1003 040 041 024 1024
b~ \0-09 e 064 \ f 71 23 \ f 105 X f t P \%9
%N‘gz%sg \jq)ss /Oo qu § \Qogpq?z Or, . °
=0 g 02 B¢ > 2 Ay o>
043 _ '3 3 —062_'3 )
‘y( FOVA) 0642 /S 12%() 105(1 — DOVA;
4 219 : N 5
0.42 %6 033 \ / \ @ %6
() ua6,Ac,6(6.08)  (g) uc,1, Aca(1.59)  (h) uc2,Ac2(3.00) (i) uc,s, Ac,3(4.41) (i) wm, Au(0)

Figure 9: (a)-(f) Six gradient frequencies and the corresponding Fourier basis. We also annotate their
divergences, and we see that these eigenvectors with a small eigenvalue have a small magnitude of total
divergence, i.e., the edge flow variation in terms of the nodes. Gradient frequencies reflect the nodal variations.
(g)-(i) Three curl frequencies and the corresponding Fourier basis. We annotate their curls and we see that
these eigenvectors with a small eigenvalue have a small magnitude of total curl, i.e., the edge flow variation
in terms of the triangles. Curl frequencies reflect the rotational variations. (j) Harmonic basis with a zero
frequency, which has a zero nodal and zero rotational variation.

A.1 Spectral simplicial theory

Here we show how the eigenvalues of Lj carry the notion of simplicial frequency [Yang et al| (2022b)).
Specifically, we show for k£ = 1 an eigenvalue measures the total divergence or curl of the eigenvector.

o Gradient Frequency: the nonzero eigenvalues associated with the eigenvectors U; ¢ of L; 4, which
span the gradient space im(B;'—), admit L qui,g = A1,cu1,¢ for any eigenpair u; g and Ay g. Thus,
we have A\ g = u] o L1 au1,c = u{ o Bf Biuy ¢ = ||[Biui gl[3, which is an Euclidean norm of the
divergence, i.e., the total nodal variation of u; g. If an eigenvector has a larger eigenvalue, it has
a larger total divergence. For the SFT of an edge flow, if the gradient embedding &; ¢ has a large
weight on such an eigenvector, it contains components with a large divergence, and we say it has a
large gradient frequency. Thus, we call such eigenvalues associated with U, ¢ gradient frequencies.

o Curl Frequency: the nonzero eigenvalues associated with the eigenvectors U; ¢ of L, , which span
the curl space im(B>), admit Ly yu1,c = A\ cui,c for any eigenpair u; ¢ and Aj c. Thus, we have
Ao = UICLl,uUl,C = ulT,CBgBQTuLC = ||BJ u; |3, which is an Euclidean norm of the curl, i.e.,
the total rotational variation of u; ¢. If an eigenvector has a larger eigenvalue, it has a larger
total curl. For the SFT of an edge flow, if the curl embedding &, ¢ has a large weight on such an
eigenvector, it contains components with a large curl, and we say it has a large curl frequency. Thus,
we call such eigenvalues associated with U; ¢ curl frequencies.

e Harmonic Frequency: the zero eigenvalues associated with the eigenvectors U; g, which span the
harmonic space ker(L1), admit Liu; g = 0 for any eigenpair ©; g and A; g = 0. From the definition
of L;, we have Bju; g = B;—uLH = 0. That is, the eigenvector u; i is divergence- and curl-free.
We also say such an eigenvector has zero signal variation in terms of the nodes and triangles. This
resembles the constant graph signal in the node space. We call such zero eigenvalues as harmonic
frequencies.
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Fig. 9 shows the simplicial Fourier basis and the corresponding simplicial frequencies of the SC, from which
we see how the eigenvalues of Ly can be interpreted as the simplicial frequencies.

For k = 0, the eigenvalues of Lg carry the notion of graph frequency, which measures the graph (node) signal
smoothness w.r.t. the upper adjacent simplices, i.e., edges. Thus, the curl frequency of £ = 0 coincides with
the graph frequency and a constant graph signal has only harmonic frequency component. For a more general
k, there exist these three types of simplicial frequencies, which measure the k-simplicial signal total variations
in terms of faces and cofaces.

B Simplicial 2-Complex CNNs and Details on Properties

We give two examples where the first is a SCCNN on a SC of order two, and the second is the form of SCCNN
with multi-features.

Ezample 25. For k =2, a SCCNN layer reads as

z) = (How +H0u3193 b,

@) =o(H{ B zi ' + Hiz\"' + H{ By '), (16)
l

2

o(Hj 4By @\~' + Hymly ).
Recursively, we see that a SCCNN layer takes as inputs {:Bl t 6 2 a:ll 2 1272} to compute x}. One may
find this familar as some type of skip connections in GNNs [Xu et al. (2018b)

Ezample 26 (Multi-Feature SCCNN). A multi-feature SCCNN at layer [ takes {X,lc 11, Xl ! X,lc+11} as inputs,

each of which has F;_; features, and generates an output X ,lc with Fj features as

Tu Tu
Xj, = U(Z L oBl X; i Wilg, + ZLt o X Wi+ Z Lo Xy Wi + Z L, B X, i Wil
t=0 t=0 t=0 t=0
(17)
where L? indicates the matrix t-power of L, while superscript [ indicates the layer index.

B.1 Simplicial locality in details

The construction of SCFs has an intra- bimplicial locality. H}xy,, which consists of basic operations Ly, gk
and Ly ,x;. They are given, on simplex 5 , by

[Lazrli = Xjens oy Dhalijlenlys [Dea@eli = 2 e ogiy [Laulig (@], (18)

where s} aggregates signals from its lower and upper neighbors, Ny and NV},. We can compute the t-step
shifting recursively as Lj, ;&) = Lkvd(L};,_dl:ck), a one-step shifting of the (¢ — 1)-shift result; likewise for
Lfmusck. A SCF linearly combines such multi-step simplicial shiftings based on lower and upper adjacencies.
Thus, the output Hyxy is localized in Ty-hop lower and T,-hop upper k-simplicial neighborhoods (Yang
et al., 2022b). SCCNNSs preserve such intra-simplicial locality as the elementwise nonlinearity does not alter

the information locality, shown in and

A SCCNN takes the data on k- and (k & 1)-simplices at layer | — 1 to compute wff, causing interactions

between k-simplices and their (co)faces when all SCFs are identity. In turn, xf;ll contains information on

(k — 2)-simplices from layer | — 2. Likewise for :132111, thus, alcfC also contains information up to (k 4 2)-simplices
if L > 2, because Bio(By+1) # 0. Accordingly, this inter-simplicial locality extends to the whole SCif L > K,
unlike linear filters in a SC where the locality happens up to the adjacent simplices (Schaub et al., |2021;
Isufi & Yang, 2022, which limits its expressive power. This locality is further coupled with the intra-locality
through three SCFs such that a node not only interacts with the edges incident to it and direct triangles
including it, but also edges and triangles further hops away which contribute to the neighboring nodes, as

shown in
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B.2 Complexity

In a SCCNN layer for computing wfg, there are 2 4+ Ty + Ty, filter coefficients for the SCF H,l€7 and 1+ Ty
and 1+ T, for H llc,d and H llc,u’ respectively, which gives the parameter complexity of order O(Ty + Ty,).
This complexity will increase by F;Fj_ fold for the multi-feature case, and likewise for the computational
complexity. Given the inputs {@} |, @} ', 2} 4}, we discuss the computation complexity of @/, in m

First, consider the SCF operation H;x ! l 1 As discussed in the localities, it is a composition of Ty-step
lower and T,-step upper simplicial Shlftlngs. Each simplicial shifting has a computational complexity of
order O(npmy) dependent on the number of neighbors my, where ny is the number of k-simplices. Thus, this
operation has a complexity of order O(npmy(Tq + Tv))-

Second, consider the lower SCF operation I-I,lC dBkTalcfC 11 As incidence matrix By, is sparse, it has ng(k + 1)

nonzero entries as each k-simplex has k£ + 1 faces. This leads to a complexity of order O(nyk) for operation
B,;ra:;€ 11 Followed by a lower SCF operation, i.e., a Ty-step lower simplicial shifting, thus, a complexity of
order O(kny, + npmiTy) is needed.

Third, consider the upper SCF operation H,lc7uBk+1zc§€;11. Likewise, incidence matrix By41 has ng41(k + 2)

nonzero entries. This leads to a complexity of order O(ng11k) for the projection operation Bk+1m§€jrll.
Followed by an upper SCF operation, i.e., a Ty-step upper simplicial shifting, thus, a complexity of order
O(kng11 + npmiTy) is needed.

Finally, we have a computational complexity of order O(k(ny + ng+1) + NpMy(Tq + Ty)) in total.
Remark 27. The lower SCF operation H}, dB,I:I:k 1 can be further reduced if n_; < ny. Note that we have

! T..1-1 t BT zl-1 -1
Hk,dBkwk 1= E wk:dt Bz, = Bk E wkdt k 1,ulr_1s (19)

where the second equality comes from that Lk,dB,;r = B,;erB,;r = B,;rLk_Lu, Li’dB,;r =
(B} By)(B{ By)B, = B| (BB} )(B;B)) = B} L1, and likewise for general t. Using the RHS of
where the simplicial shifting is performed in the (k — 1)-simplicial space, we have a complexity of
order O(kny, + ng—1mp—1Tq). Similarly, we have

Ty

l -1 ¢ -1 _ 1 -1
Hk,uBk+1wk+1 E wk u th,uBkJrlwarl = Bj11 E wk,u,thJrl dLri1 (20)
t=0

where the simplicial shifting is performed in the (k + 1)-simplicial space. If it follows that ng41 < ng, we
have a smaller complexity of O(kny41 + ngr1mi+17y) by using the RHS of [Eq. (20)

B.3 Symmetries of SCs and simplicial data, Equivariance of SCCNNs

Permutation symmetry of SCs. There exists a permutation group P,, for each set S* in a SC of order
K. For K = 0, this gives the graph permutation group. We can combine these groups for different simplex
orders by a group product to form a larger permutation group P = X, P, , which is a symmetry group of
SCs and simplicial data, assuming vertices in each simplex are cons1stently ordered. That is, we have, for
p= (po,p1,--.,Px) € P, [p- Lk]ij = [Lk]pgl(i)pgl(j)v [p- Bk}ij = [Bk]p’:il(i)plzl(j)’ and [p- zx); = [wk]pgl(i)'
This permutation symmetry of SCs gives us the freedom to list simplices in any order.

Orientation symmetry of simplicial data. The orientation of a simplex is an equivalence class that two
orientations are equivalent if they differ by an even permutation |Lim| (2020); [Munkres (2018). Thus, for a
simplex s¥ = {ig,...,ix} with k > 0, we have an orientation symmetry group O ; = {ozi, o,;i} by a group
homomorphism which maps all the even permutations of {ig,...,i;} to the identity element 0; ;, and all the
odd permutations to the reverse operation oy ,.

We can further combine the orientation groups of all simplices in a SC as O = X ik Oy,; by using a group
product. This however is not a symmetry group of an oriented SC because o, ; - Lj changes the signs of
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Ly, elements in ith column and row, and o, , - By, changes the ith row, resulting in a different SC topology.
Instead, it is a symmetry group of the data space, due to its alternating nature w.r.t. simplices. For o € O
we have [0 @k]; = o - fru(sF) = fk(olz’i - sF), i.e., [xg); remains unchanged w.r.t. the changed orientation of
sk. This gives us the freedom to choose reference orientations of simplices when working with simplicial data.
Theorem 28 (Permutation Equivariance). A SCCNN z'n is P-equivariant. For all p € P, we have
p-SCCNNg : {pr—1 - T—1,Pk - Ths Ph+1* Tht1} — PkTk-

Theorem 29 (Orientation Equivariance). A SCCNN in|Eq. (4)|is O-equivariant if o(-) is odd. For all o € O,
we have o+ SCCNNy, : {og—1 - Tk—1, 0k * Tk, Ok41 * Tht1} — Ok * T

Proof. (informal) Both the permutation group and orientation group have linear matrix representations. By
following the same procedure in (Bodnar et al., |2021b, Appendix D) or Roddenberry et al. (2021), we can
prove the equivariance. O

B.4 Diffusion process on SCs

Diffusion process on graphs can be generalized to SCs to characterize the evolution of simplicial data over the
SC, in analogy to data diffusion on nodes |Anand et al. (2022); [Ziegler et al.| (2022); |Grady & Polimeni (2010).
Here we provide an informal treatment of how discretizing diffusion equations on SCs can give resemblances
of simplicial shifting layers. Consider diffusion equation and its Euler discretization with a unit time step

Z(t) = —Lyxy(t), Euler step: @y (t + 1) = () — Lyxy(t) = (I — L)xx(t) (21)

with an initial condition zj(¢) = . The solution of this diffusion is () = exp (—Lyt)x}. As the time
increases, the simplicial data reaches to a steady state @x(¢t) = 0, which lies in the harmonic space ker(Ly).
The simplicial shifting layer resembles this Euler step with a weight and nonlinearity when viewing the time
step as layer index. Thus, a NN composed of simplicial shifting layers can suffer from oversmoothing on SCs,
giving outputs with decreasing Dirichlet energies as the number of layers increases.

Now let us consider the case where the two Laplacians have different coefficients
a:'k(t) = —Lk,d.’llk(t) — 7Lk7umk(t), Euler step: sr:k(t) = (I — Lk,d — 7Lk7u)wk(t). (22)

The steady state of this diffusion equation follows (Lyq + YLk u)®k(t) = 0, where x(¢) would be in the
kernal space of Ly, still. However, before reaching this state, when the time increases, xx(t) would primarily
approach to the kernel of B,Ll if v > 1, in which the lower part of the Dirichlet energy remains, i.e., the
decrease of D(x(t)) slows down.

When accounting for inter-simplicial couplings, consider there are nontrivial ;1 and 1 and the diffusion
equation becomes
@i (t) = —Lyzi(t) + B ®p—1 + Bri1Tii1, (23)

which has source terms B,;rxk_l + By y1xk+1. Consider a steady state € = 0. We have Lyxy(t) = ©x.a+ Tk, u,
where xy, is not in the kernel space of L;. The Euler discretization gives

2i(t+1) = (I - L)ag(t) + i + Teo (24)

The layer in [Bunch et al. (2020) wfjl = wo(I — Lk)az%€ + W1 Tk,q + Waxy,y is a weighted variant of above step
when viewing time steps as layers.

C Related works

We first compare SCCNN with other architectures on if they respect the three principles in in
@. We then describe how the SCCNN in generalize other NNs on graphs and SCs in @.
For simplicity, we use Y and X to denote the output and input, respectively, without the index [. Note that
for GNNs, Lg 4 is not defined.
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Table 5: Comparisons between SCCNN and other architectures on if they respect the three principles.

Methods Scheme P1 P2 P3
MPSN |B0dnar et al.‘ (IZO?lbD message-passing yes yes no, only direct neighborhoods
Eq. (11) of MPSN, or Bunch et al. (2020)  convolutional no yes no, only direct neighborhoods
Eq. (27) of MPSN convolutional yes yes no, only direct neighborhoods
SNN |[Ebli et al. (2020 convolutional no  no yes
PSNN [Roddenberry et al. | (]2021b convolutional yes mno no, only direct neighborhoods
SCNN |Yang et al. (2022a) convolutional yes  no yes
SCCNN convolutional yes  yes yes

Table 6: SCCNNs generalize other convolutional architectures on SCs.

Methods Parameters (n.d. denotes “not defined”)
Ebli et al. wh 4 = Wh e He g, HE , n.d.
Roddenberry et al. | (]2021b Ta=T. =1, H,,ZC’d7 H,lc’u n.d.
Yang et al. (2022a) Hj 4, H} , nd.
Bunch et al. (2020) Ta=T.=1,H,,=Hj , =1
Bodnar et al. (2021b) Ta=Te=1,Hya=H}, =1

|Gama et al.| (2020a) proposed to build a GNN layer with the form

Tu
Yo=o0 ( > LBXOWQM) (25)

t=0

where the convolution step is performed via a graph filter (Sandryhaila & Moural [2013;[2014; |Gama et al.|[2019a;
[2020b). This GNN can be easily built as a special SCCNN without contributions from edges. Furthermore,
Defferrard et al.| (2016) considered a fast implementation of this GNN via a Chebyshev polynomial, while
et al.| (2019) simplified this by setting Wy ;, as zeros for ¢ < T,. [Kipf & Welling| (2017) further simplified
this by setting T, = 1, namely, GCN.

[Yang et al.| (2022a) proposed a simplicial convolutional neural network (SCNN) to learn from k-simplicial
signals

Td Tu
Y=o ( S L XeWias+ Y L Xk W,m,’t> (26)
t=0 t=0

where the linear operation is also defined as a simplicial convolution filter in [Yang et al.| (2022b)). This is
a special SCCNN with a focus on one simplex level without taking into the lower and upper contributions
consideration. The simplicial neural network (SNN) of [Ebli et al. did not differentiate the lower and
the upper convolutions with a form of Y = O'(ZZ;O L! X}, W),+), which leads to a joint processing in the
gradient and curl subspaces as analyzed in

While Roddenberry et al.| (2021) proposed an architecture (referred to as PSNN)of a particular form of
[Eq. (26)| with Ty = T, = 1, performing only a one-step simplicial shifting [Eq. (18)} Keros et al.| (2022) also
performs a one-step sunphmal shifting but with an inverted Hodge Laplacian to locahze the homology group
in an SC. An attention mechanism was added to both SCNNs and PSNNs by |Giusti et al. (2022) and |Goh|
et al. (2022), respectively. [Battiloro et al. (2023) added the attention mechanism to SCCNNs.

To account for the information from adjacent simplices, [Bunch et al.| (2020) proposed a simplicial 2-complex
CNN (S2CCNN)

Yb = U(L0X0W07u71 + BIXIWOI,u7O)
Y, = O'(B;FX()WL(LO + L X Wi+ BZXZWII,u,O) (27)
Y'Q = (T(B;X1W2,d,0 + L2,11X2W2,u,1)

28



Under review as submission to TMLR

which is limited to SCs of order two. Note that instead of Hodge Laplacians, simplicial adjacency matrices
with self-loops are used in [Bunch et al. (2020), which encode equivalent information as setting all filter orders
in SCCNNs as one. It is a particular form of the SCCNN where the SCF is a one-step simplicial shifting
operation without differentiating the lower and upper shifting, and the lower and upper contributions are
simply added, not convolved or shifted by lower and upper SCFs. That is,|Bunch et al.[ (2020) can be obtained
from by setting lower and upper SCFs as identity, Hy q = Hj = I, and setting wy g+ = Wk v+ and
Tq =T, = 1 for the SCF Hj. The convolution in [Yang et al. (2022c¢, Eq. 3) is the same as [Bunch et al.
(2020) though it was performed in a block matrix fashion.

The combination of graph shifting and edge shifting in |(Chen et al. (2022b)) can be again seen as a special
S2CCNN, where the implementation was performed in a block matrix fashion. |Bodnar et al.| (2021b]) proposed
a message passing scheme which collects information from one-hop simplicial neighbors and direct faces and
cofaces as Bunch et al.| (2020) and Yang et al.| (2022¢)), but replacing the one-step shifting and projections from
(co)faces by some learnable functions. The same message passing was applied for simplicial representation
learning by [Hajij et al. (2021).

Lastly, there are works on signal processing and NNs on cell complexes. For example, |Sardellitti et al. (2021));
Roddenberry et al.| (2022) generalized the signal processing techniques from SCs to cell complexes, |Bodnar
et al. (2021a)); [Hajij et al. (2020) performed message passing on cell complexes as in SCs and [Hajij et al.
(2022) added the attention mechanism. Cell complexes are a more general model compared to SCs, where
k-cells compared to k-simplices contain any shapes homeomorphic to a k-dimensional closed balls in Euclidean
space, e.g., a filled polygon is a 2-cell while only triangles are 2-simplices. We refer to [Hansen & Ghrist
(2019) for a more formal definition of cell complexes. Despite cell complexes are more powerful to model
real-world higher-order structures, SCCNNs can be easily generalized to cell complexes by considering any
k-cells instead of only k-simplices in the algebraic representations, and the theoretical analysis in this paper
can be adapted to cell complexes as well.

D Proofs for [Section 3

D.1 Dirichlet energy minimization perspective

Hodge Laplacian smoothing. We can find the gradient of problem [Eq. (7)| as (QBTDIC = B, Bixj +
7Bk+1B;—+1wk, thus, a gradient descent step follows as [Eq. (7)[ with a step size 7.

Proof of [Proposition 5. Consider n = 1.
D(ai™) = w§|| Bi(I = Li.a = YLk |3 + w§| Byys (I = Lia — 7Liu)a 3
= wp||(I — Li—1,0) ey |3 + w5 | (I = vLys1,0) Bl a3 (28)

< will(X = Ly ) 311 B3 + will (X = v Lisr.a) 31 By 213

which follows from triangle inequality. By definition, we have ||[I — Lx_14||3 = ||[I — Lx.al/3 and ||I —
Liu|3 = I — Lky1.4all3- Also, we have ||[I — Li||3 = max{||I — Lial3,||[I — Lxul|3} Thus, we have
D(zi™) < wi|[I — Lg|3D(x}) when v = 1. When w3||I — L[|} < 1, Dirichlet energy D(x.™) will
exponentially decrease as [ increases. O

When v # 1, from [Eq. (28)} we have D(x™) = Dy(2t™) + Dy (24™), which follows
Da (™) < will(I = La)l3Da () and Dy (@) < wil|(I = yLiw)l3Du(}) (29)

When v = 1, the oversmoothing condition is ||[I — Li||3 = max{[[I — Lgal3,|[T — L3} < 2. If
9

I — Li||3 = ||[I — Lk al|3, under the oversmoothing condition, by not restricting vy to be 1, wi||(I —yL.u)|3
can be larger than 1 depending on the choice, which means Dy (x!) does not necessarily decrease, so does not
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Hodge Laplacian smoothing with sources. The gradient of the objective in [Eq. (8) is given by
Lk;:vff — B,Ia:k,l — By t1i41, which gives the gradient descent update in [Eq. (8)| with a step size 7.

Consider the layer in [Bunch et al. (2020) @™ = wo(I — Ly,)x}, + wix), 4 + wak,, with some weights. By

triangle inequality, we have D(mﬁjl) < w3 || — Li||3D(x}) + w¥Amax (Li.a) | k.all3 + w3 Amax (Lk ) |2k 13- If
the weight wy is small enough following the condition in the contribution from the projections,
controled by weights w; and ws, can compromise the decrease by wg, maintaining the Dirichlet energy.

E Proofs for [Section 4
E.1 The SCF is Hodge-invariant in

Proof. We first give the following lemma.

Lemma 30. Any finite set of eigenfunctions of a linear operator spans an invariant subspace.

Then, the proof follows from [Lemma 30| and [Proposition 10] O

E.2 A derivation of the spectral frequency response in [Eq. (11)

SFT of x). First, the SFT of x; is given by &, = [i;H,ik—r’G,i;C]T with the harmonic embedding
TpH = U,IH:B;C = U,IHwk,H in the zero frequencies, the gradient embedding & g = U,;':ka = U]IG(IZ]C’G in
the gradient frequencies, and the curl embedding &i.c = U,I cTk = U,I cTk,c in the curl frequencies.

SFT of Hyxj;. By diagonalizing an SCF Hj with Uy, we have
Hyzy, = U H U 2 = Uy (hy © &5,) (30)
where ﬁk = diag(hy). Here, hj, = [ﬁ;H, ﬁ;G, BE’CF is the frequency response, given by

harmonic response : hi u = (Wk.,d,0 + Wku,0)1,
) = T
gradient response : h,.g =Y 4 w;“d,t)\gtg + Wk,u,0l,
~ Ty ’
curl response : h.c = >," wk’u’t)\?tc + Wk,a,01,

with (-)®? the elementwise ¢-th power of a vector. Thus, we can express hi ® &), as

[(hrn @ Zpn) ', (hre @2rae), (hrc @ Zrc) '], (31)

SFT of projections. Second, the lower projection xj 4 € im(B,I) has only a nonzero gradient embedding
Tpd = U;ka’d. Likewise, the upper projection x , € im(Byj11) contains only a nonzero curl embedding
Tpu = UkT,ka,u- The lower SCF Hj, 4 has ilk,d = ZtTiO w;C)dAt)\k@tG as the frequency response that modulates

the gradient embedding of x4 and the upper SCF Hj , has fNLk,u = tTLO w}c)uAt)\k@tC as the frequency

response that modulates the curl embedding of xy, .

SFT of y;,. For the output y;, = Hy axr,q + Hrxr + Hy wTr vy, we have
Urn = hin © Tpm,
Yr,¢ = hrad © Tpq + hyg © Tiq, (32)
Ye,c = hr,c © Zp,c + hpu © T u-

E.3 Expressive power in

Proof. From the Cayley-Hamilton theorem [Horn & Johnson| (2012), we know that an analytical function
f(A) of a matrix A can be expressed as a matrix polynomial of degree at most its minimal polynomial degree,
which equals to the number of distinct eigenvalues if A is positive semi-definite.
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Consider an analytical function Gy q of Ly q, defined on the spectrum of Ly, q via analytical function gi . (\)
where A is in the set of zero and the gradient frequencies. Then, G} 4 can be implemented by a matrix
polynomial of Ly 4 of order up to n; g where ny g is the number of nonzero eigenvalues of Ly, 4, i.e., the
number of distinct gradient frequencies. Likewise, any analytical function G, of Ly, can be implemented
by a matrix polynomial of Ly, of order up to nj,c, which is the number of nonzero eigenvalues of Ly , i.e.,
the number of distinct curl frequencies.

Thus, as of the matrix polynomial definition of SCFs in a SCCNN, the expressive power of H}, g 4+ HiTy +
Hj, yxy y, is at most G%,dfﬂk,d +(Gr,a+ Gru)xk + Gﬁﬂ’uazkm, when the matrix polynomial orders (convolution
orders) follow Tk,d = Tl;,d = Ng,G and Tk,u = Tlg.u = Ng,C- ]

E.4 Hodge-aware of SCCNN in [Theorem 14

Proof. Consider a linear mapping 7' : V' — V. An invariant subspace W of T has the property that all
vectors v € W are transformed by T into vectors also contained in W, i.e., v € W = T'(v) € W. For an
input = € im(B,), the output Hyz is in im(B} ) too, because of

Hyx =Y Li,x+» L, x=)Y L} ,xcim(B)) (33)
t t t

where the second equality comes from the orthogonality between im(B,) and im(Bj.1). Similarly, we can
show that for @ € im(Byy1), the output Hyx € im(By1); for x € ker(Ly), the output Hyx € ker(Ly).
This essentially says the three subspaces of the Hodge decomposition are invariant with respect to the SCF
H),. Likewise, the gradient space is invariant with respect to the lower SCF H}, 4, which says any lower
projection remains in the gradient space after passed by Hj, q; and the curl space is invariant with respect to
the upper SCF Hjy .

Lastly, through the spectral relation in , the learning operator Hy, in the gradient space is controlled
by the learnable weights {wy ¢}, which is independent of the learnable weights {wy, 4+ }, associated to the
learning of Hj, in the curl space. Likewise, the lower SCF learns in the gradient space as well but with another
set of learnable weights {w§€7d7t}, and the upper SCF learns in the curl space with learnable weights {ij,t}.
From the spectral expressive power, we see that above four independent learning in the two subspaces can be
as expressive as any analytical functions of the corresponding frequencies (spectrum). This concludes the
independent and expressive learning in the gradient and curl spaces. O

F Proofs for [Section 5

We first give the formulation of SCCNNs on weighted SCs, then we proceed the stability proof.

F.1 SCCNN on weighted SCs

A weighted SC can be defined through specifying the weights of simplices. We give the definition of a
commonly used weighted SC with weighted Hodge Laplacians in |Grady & Polimeni (2010); Horak & Jost
(2013).

Definition 31 (Weighted SC and Hodge Laplacians). In an oriented and weighted SC, we have diagonal
weighting matrices My, with [M];; measuring the weight of ith k-simplex. A weighted kth Hodge Laplacian
is given by

Ly =Lya+Lyw=MB M B+ Bj;1My1 B M, " (34)
where Ljgq and Ly, are the weighted lower and upper Laplacians. A symmetric version fol-
lows Lj = M, "’LyM,’* and likewise, we have L{, = M;’B] M, B,M,”* and Lj, =

M,;l/QBkHMkHB;_lM,;l/Q, with the weighted incidence matrix is M,;_11/2BkM,1/2 (Horak & Jost| [2013;
Guglielmi et al.| 2023} |Schaub et al.| [2020).

SCCNNs in weighted SC. The SCCNN layer defined in a weighted SC is of form
@, = o(H] sRyaz) ' + Hix) ' + Hj Ry .x,.}) (35)
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where the three SCFs are defined based on the weighted Laplacians [Eq. (34), and the lower and upper

contributions ! ; and z! , are obtained via projection matrices Ry 4 € R™*" -1 and Ry, € R™MXMk+1,

instead of B,;'— and Bjy1. For example, Bunch et al.| (2020) considered Ry g4 = M1B;'—M(;1 and Ry, = By Mo.

F.2 Proof of Stability of SCCNNs in [Theorem 24

For a SCCNN in |[Eq. (35) in a weighted SC S, we consider its perturbed version in a perturbed SC S at layer
l, given by P

k *J(Hk de di’;:l "‘Hl £, +Hllc,uRk ui;-s-ll) (36)
which is defined based on perturbed Laplacians with the same set of filter coeflicients, and the perturbed
projection operators following relativ perturbation model.

Given the initial input x{ for k = 0,1,..., K, our goal is to upper bound the Euclidean distance between the
outputs z} and #! forl=1,... L,
N 1 Tl B a1
&), — xyll2 = llo(Hy q R, d% 1 Hk aRpazh

Hl ’\l 1 H H R Al—1 H R (37)
+ Lo+ kuftkuTy s — Hy g kuwk+1)H2

We proceed the proof in two steps: first, we analyze the operator norm ||H,lC — H!||3 of a SCF H! and its

perturbed version H }C; then we look for the bound of the output distance for a general L-layer SCCNN.
To ease notations, we omit the subscript such that ||A| = max||,—1( Az is the operator norm (spectral
radius) of a matrix A, and ||z| is the Euclidean norm of a vector x.

In the first step we omit the indices k& and [ for simplicity since they hold for general k and [. We first give a
useful lemma.

Lemma 32. Given the ith eigenvector u; of L =UAU", for lower and upper perturbations Eq and E,, we
have

Equ; = qqu; + Eiu;, Euu; = quu; + Eaug (38)

with eigendecompositions Egq = VdeV:iT and E, = VuQuVuT where Vg, Vi collect the eigenvectors and
Qa, Q. the eigenvalues. It holds that || E1||< €ada and | Es||< €46y, with 6q = (|[Va — U||+1)*> — 1 and
§u = (||Va = U||+1)? — 1 measuring the eigenvector misalignments.

Proof. We first prove that Equ; = qq;u; + E1u;. The perturbation matrix on the lower Laplacian can be
written as Eq = E; + B with B} =UQuU " and E, = (Vq —U)Qa(Va —U)T +UQqa(Va —U)" + (V4 —
U)QqU . For the ith eigenvector u;, we have that

Equ; = E;Uz' + Ei1u; = qqiu; + Equ; (39)

where the second equality follows from Eju; = gq,u,. Since ||Eq|< €q, it follows that ||Qa||< €q. Then,
applying the triangle inequality, we have that

1B [[<[[(Va = U)Qa(Va = U) T [+[UQa(Va = U) T [[+]|(Va — U)QaU|
<[ Va - UIPP[Qall+2[Va - UllQallIT< €al| Va — Ul|*+2€a]| Va — U] (40)
=ca(([Va = U[[+1)* = 1) = eada,

which completes the proof for the lower perturbation matrix. Likewise, we can prove for E,u;. O

F.2.1 Step I: Stability of the SCF

Proof. 1. Low-order approximation of H — H. Given a SCF H = ST wa LY + S0 wa L, w
denote its perturbed version by H= tho wd,tLd + Zt:o wu’tLu, where the filter coefficients are the same.
The difference between H and H can be expressed as

Td Tu
H—H =Y wa(Li—Li)+> we (L, - L), (41)
t=0 t=0
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in which we can compute the first-order Taylor expansion of ifj as

LY = (Lq + EqLq + LaEq)' = LY + D, + Cy (42)
with Dg,; := Zf;%)(LQEdefT + LM E LT parameterized by ¢ and Cy following ||Cy||<
S o (DN EaLa + LaEq|"||La]/*~". Likewise, we can expand LY, as

L' = (Ly + EuLq + Lqu)' = L!, + Dy, + C, (43)
with D,; = Y.'ZU(LLE.LY" + LIt E,LY""1) parameterized by ¢ and C, following ||C,|<
S (D)IEuLy + LyEy ||| Ly||*~". Then, by substituting [Eq. (42)|and [Eq. (43)|into [Eq. (41)] we have

/-\ Tq Tu

H-H=) wqDa;+» wyiDy;+ Fa+ F, (44)

t=0 =0

with negligible terms ||Fy||= O(||Eq||*) and [|F,||= O(||Ey4||*) because perturbations are small and the
coefficients of higher-order power terms are the derivatives of analytic functions hg(A) and hc(X), which are

bounded [cf. [Definition 18].

2. Spectrum of (iI\ — H)z. Consider a simplicial signal  with an SFT £ =U "z = [%1,...,3,] ', thus,
x = 1, &;u;. Then, we study the effect of the difference of the SCFs on a simplicial signal from the spectral
perspective via

n Tq n Tq
(H-H)z=>» #» wa:Diui+» &Y weDhu+ Fax+ Fa (45)
=1 t=0 =1 t=0
where we have
t—1 t—1
Diui =Y (LyEqLy " + LV EqLy " Mui, and DY ju; = > (LLELLY" + LT By L ug. (46)
r=0 r=0

Since the lower and upper Laplacians admit the eigendecompositions for an eigenvectotﬁ u;

Lau; = Aaiwi,  Lyu; = Ay, (47)
we can express the terms in [Eq. (45)|as

where the second equality holds from Thus, we have

LT EBaL "ty = qai)\yus + Ny T LT B (49)

With the results in [Eq. (48)|and [Eq. (49)] we can write the first term in [Eq. (45)|as

n Ta n Ta t—1
} :~ 2 : t } :~ 2 : 2 : t

Z; wd,th,tui = X Wq, ¢ QQdi)\diui
i=1  t=0 i=1  t=0 r=0

term 1 (50)
n Ta t—1
+Y @Y war Y (A TLiBiu; + AT LT Bray).
=1 t=0 r=0

term 2

2Note that they can be jointly diagonalized.
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Term 1 can be further expanded as

n Tq n
term 1 = 2 Z indi Z twd,t)\éiui =2 Z jigdi)\dihlc:()\di)ui (51)
i=1 t=0 =1

where we used the fact that ZtTio twa, A, = )\diﬁ’(;()\di). Using Lqg = UAqU T we can write term 2 in

as

term 2 = Z i:iUdiag‘(gdi)UTElui (52)
i=1
where gq; € R™ has the jth entry
2)\dth(/\ i) for j =1,
[gail; = > w + A5 THA ’?+1> ; - - . 53
il Z @ Z < ¢ Adl; /A\ZJF:\\ZZ (ha(Aai) — ha(Aaj))  for j #i. (53)

Now, substituting [Eq. (51)|and [Eq. (52)|into [Eq. (50)} we have

n Ta
Z z; Z wa DYy ju; =2 Z Ziqairaihg (Aai)wi + Z #;Udiag(ga))U " E1u,. (54)
i=1 t=0 i=1 i=1

By following the same steps as in [Eq. (50)HEq. (53)} we can express also the second term in as

n Ta
> &> wa D u; =2 Z Ziquiruihc(Aui)wi + Z #,Udiag(gu:)U ' Bau; (55)
i=1 t=0 i=1 i=1

where gu; € R" is defined as

Ta t—1 ’ . .

2/\uzh (Aui) for j =1,
guily =D wae Y (A TAG + AL A f“) = uthu (] ; (6
gl =2 :< A Al 2t (i (i) = ho(hag)) for j £0. )

3. Bound of ||(H — H)x|. Now we are ready to bound ||(H — H)z|| based on triangle inequality. First,
given the small perturbations || Eq4|| < €q and || Ey|| < e,, we have for the last two terms in [Eq. (45)

[Faz| < O(ed) |z, and [|[Fux| < O(e))llz|. (57)

Second, for the first term ||>"1 | &; Zfio wq ¢+ DY || in[Eq. (45), we can bound its two terms in [Eq. (51) and
as

n Ta n n
D> &y waiDhul| < H2 > #iqairaihg (Aai)ui > #Udiag(ga)U ' By (58)
i=1 =0 i=1 i=1
For the first term on the RHS of [Eq. (58)] we can write
n 2 n
lzzjiqm)\dih/(;()\di)uz <4 1&ilP il haihe (hai)|® < deied ), (59)
i=1 i=1
which results from, first, |q4;| < €q = || Eq|| since gq; is an eigenvalue of Eq; second, the integral Lipschitz

property of the SCF [\ (\)| < cq; and lastly, the fact that S &) = 2] = ||:1:||2 and |ju;]|> = 1. We
then have

H szqdzxdzhgum) w| < 2eacal]] (60)
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For the second term in RHS of [Eq. (58)] we have

< > |#l|Udiag(ga) U || Ex l]|usl), (61)

i=1

Z #;Udiag(ga;)U " E1u;

=1

which stems from the triangle inequality. We further have |[Udiag(ga;)U " || = [|diag(ga:)|| < 2Cq resulting
from ||U|| = 1 and the cq-integral Lipschitz of hg () [cf. [Definition 18]. Moreover, it follows that || E1|| < eqdq

from [Lemma 32| which results in

n
> #Udiag(ga:)U " Eru,

=1

< 2Cq€eqdav/n| || (62)

where we use that > |Z;] = |21 < v/n||&| = /n|jz|. By combining [Eq. (59)|and [Eq. (62)| we have

n Ta

Z z; Z wa,t DY yui|| < 2eqcallz|| + 2Caeqdav/nl|z|. (63)
i=1 =0
Analogously, we can show that
n Td
Z z; Z Wt DY jug|| < 2eqcu|2]| + 2Cueuduv/nl|]|. (64)
i=1 =0

Now by combining |Eq. (57)L |Eq. (63)|and |Eq. (64)L we can bound H(f—I\— H)z| as

|(H — H)a|| < 2eqcal|| + 2Cacadav/nla| + O3)|z|

) (65)
2,z + 2Cuedu Vil + O o).
By defining Ag = 2(1 + dg+/n) and A, = 2(1 + §,4/n), we can obtain that
||iI\ — H|| < cqAgeq + culyeq + O(3) + O(€2). (66)

Thus, we have HHllc*ﬁIi” < Ck,dAk,de,d+Ck,uAk,u€k,u with Ak,d = 2(1+5k7d\/nk) and Ak,u = 2(1+6k7u,/nk)
where we ignore the second and higher order terms on €y 4 and €. Likewise, we have ||H,l€7d - H,lc)d|| <
Ck,dAk,a€k,a for the lower SCF and || HJ, , — f{\,lcuH <k ulk €k for the upper SCF. O
F.2.2 Step Il: Stability of SCCNNs

Proof. Given the initial input ¢, the Euclidean distance between ! and #! at layer [ can be bounded by

using triangle inequality and the c,-Lipschitz property of o(-) [cf. [Assumption 22] as

&) — hll2 < co(Ph g + Sk + Dhu), (67)

with N
¢§c,d ::||Hllc,dewd:i:§cill - Hli,de,dxécill”,
o = H}&) " — Hial |, (68)
O = HL Ry — Hi Ry
We now focus on upper bounding each of the terms.

1. Term d)ﬁc. By subtracting and adding H ,ia:é;l within the norm, and using the triangle inequality, we
obtain — l L l l l e l
l 1/al—1 -1 1 Iy I—1 Al—1 -1 1 ! -1
Op < [[Hy (@) — g )|+ (Hy — Hyzy || < |2 — @ |+ [ Hy — Hill[|2, |l

|

~l—1 -1 1 (69)
<&y — x|+ (cr,alr,a€r,d + CuDku€hu) ||
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where we used the SCF stability in [Eq. (66)|and that all SCFs have a normalized bounded frequency response
in |JAssumption 20l Note that H! L 18 also characterized by hg()\) with the same set of filter coefficients as H [

2. Term ¢f€7d and (bﬁm. By subtracting and adding a term H,i dﬁk,dwﬁ;ll within the norm, we have

¢§c,d < ||H/lc,de a@ T — = DI+ ||(Hk de d— Hk aRea)z |

X (70)
< |Riallll&hh — al || + | HY gRia — Hi g Reallllzi4 ],

where we used again triangle inequality and ||H ,lc’d|| < 1 from [Assumption 201 For the term ||1§§€d||, we
have HftidH < ||R§C’d|| + |\Jk,d||||R27d|| < 7k,a(1 + €g,q) where we used ||R§€7d|\ < 7k,q in [Assumption 21|and
||J,l€7d|| < €j,a. For the second term of RHS in [Eq. (70)} by adding and subtracting H,l€7(iR§€,01 we have

||H/lc,d§k,d - H/lc,de,dH = ||Hllc,d§k;d - Hllc,ngc,d + Hllc,ngc,d - H/lc,de,dH
< [|Hj allllR.a — Riall + | Hy g — Hj, gll| Rp.all (71)
< 7,a€k,d + Ch a Dk d€k,dTh,d

where we use the stability result of the lower SCF H}md in [Eq. (66)} By substituting |Eq. (71)| into |Eq. (70)|,

we have

Gha < Pral@p ) — 24 + (Pha€ra + Ch aBDraérare.a) @]l (72)

By following the same procedure [cf. [Eq. (70)|and [Eq. (71)], we obtain

¢€c,u < fk,u”‘i’;;ﬁ k+1|| + (Tku€ku + Ck 0Dk u€kulk u)”xk+1 B (73)

3. Bound of ||:i:§€ — :Bi:” Using the notations ty, t; a4 and tj , in{Theorem 24] we then have a set of recursions,
fork=0,1,.... K

12 — 5| <co(Prall@yy — il = e

(74)
+7°ku||93k+1 k+1|| +tku||$k+1H)-
Define vector b as [b'], = ||2} — .| with b° = 0. Let B collect the energy of all outputs at layer [, with
[BYs = ||:ch§€_1 ||. We can express the Euclidean distances of all k-simplicial signal outputs for £ =0,1,..., K,
as
b <, Zb " 4 ¢, TR ! (75)
where =< indicates elementwise smaller than or equal, and we have
to  tou 1 7o
t1a t1 t1u f1a 1 P1u
T—| . md Z=| .o ()
tk—1,4 tk—1 tk—1u fx—1d 1 7Pr-1u
tK,d 1379 PK.d 1

We are now interested in building a recursion for [Eq. (75)| for all layers [. We start with term x!. Based on

its expression in [Eq. (35), we bound it as
]| < co (1 H, d””Rk allll, -+ 1R+ 1 H ol Rll255 1)

1 (77)
< co(riallai |+ lleg |+ reullg s D,
which holds for k = 0,1,..., K. Thus, it can be expressed in the vector form as 8! < ¢,ZB'~!, with
1 TO,u
a1 T1u
Z = . (78)
rk—1d 1 Tk-1u

TK,d 1
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Similarly, we have B'~! < ¢, ZB'~2, leading to B! < ¢, Z'B° with 8% = B [cf. [Assumption 23]. We can then

express the bound as

b <, Zb 4 TZ . (79)
Thus, we have
=0, b' <, TB, b <2 (ZTB+TZB), b> = A (Z*TB+ ZTZB+TZ*B), b* < ...,  (80)
which, inductively, leads to
b < cﬁ,i:éi—szl—iﬁ. (81)
i=1
Bt setting | = L, we obtain the bound b% < d = c& Zlel EZ_ITZL_lﬂ in @. O

G Experiment details

G.1 Synthetic experiments on Dirichlet energy evolution

We created a synthetic SC with 100 nodes, 241 edges and 135 triangles with the GUDHI toolbox
(2015), and we set the initial inputs on three levels of simplices to be random sampled from U([—5,5]). We
then built a SCCNN composed of simplicial shifting layers with weight wg and nonlinearities including id, tanh
and relu. When the weight follows the condition in @, from (the dashed lines labled as
“shift”), we see that the Dirichlet energies of all three outputs exponentially decrease as the number of layers
increases. We then uncoupled the lower and upper parts of the Laplacians in the edge space in the shifting
layers by setting v # 1. As shown in (the dotted lines), the Dirichlet energies of the edge outputs
decrease at a slower rate than before. Lastly, we added the inter-simplicial couplings, which overcome the
oversmoothing problems, as shown by the solid lines.

] —20
s 10 = = shift,node \\\\ . = = shift,node \\\\ —~ 10 = = shift,node \\
= 10-11 ] = with proj.,node N\ ¥ 10711 4 —— with proj.,node \\\ ¥ 10294 = with proj.,node (
8 shift,edge N\ . shift,edge “\ S shift,edge %
10779 with proj.,edge AN Y 10 with proj.,edge \\\ 10774 with proj.,edge \
10-19 4 ==+ uncouple lower/upper,edge \\\\ 10194 ==== uncouple lower/upper,edge \\‘ 10~47 ==+ uncouple lower/upper,edge \
== shift,tri. \ == shift,tri. \- == shift,tri. \\
10-23 4 ) o \ 10-23 4 ] S \ 10756 4 ) S
= with proj.,tri. A = with proj.,tri. \ = with proj.,tri. \
T T T T T T T T T
1 10 100 1 10 100 1 10 100
Layer Layer Layer
(a) identity, v = 2 (b) tanh, v =2 (c) relu, y =5

Figure 10: Oversmoothing effects of simplicial shifting and the mitigation effects of uncoupling lower and
upper adjacencies and accounting for inter-simplicial couplings.

G.2 Additional details on Forex experiments

In the forex dataset, there are 25 currencies which can be exchanged pairwise at three timestamps. We first
represented their exchange rates on the edges and took the logrithm, i.e., [21]}; ;) = logyg rili = —[z1]5,0-
Then, the total arbitrage can be computed as the total curl B, x;.

We considered to recover the exchange rates under three types of settings: 1) random noise following normal
distribution such that the signal-to-noise ration is —3dB, which is spread over the whole simplicial spectrum;
2) “curl noise” projected from triangle noise following normal distribution such that the signal-to-noise ration
is —3dB, which is distributed only in the curl space; and 3) 50% of the total forex rates are recorded and the
other half is not available, set as zero values.
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Table 7: Forex results (nmse, arbitrage) and the corresponding hyperparameters.

Methods ‘ Random noise ‘ “Curl noise” ‘ Interpolation
Input ‘ 0.119 +0.004, 25.19 + 0.874 ‘ 0.552 £ 0.027, 122.36 + 5.90 ‘ 0.717 £ 0.030, 106.40 £ 0.902
{o-norm ‘ 0.036 £ 0.005, 2.29 £ 0.079 ‘ 0.050 £ 0.002, 11.12 4+ 0.537 ‘ 0.534 £ 0.043 , 9.67 £ 0.082
SNN 0.11 +0.005, 23.24 £1.03 0.446 £ 0.017, 86.947 £ 2.197 | 0.702 £ 0.033, 104.738 £ 1.042
L=5F=064,T =4, tanh L=6,F=064,T = 3, tanh L=2F=64,T =1, tanh
PSNN 0.008 £ 0.001, 0.984 +0.17 0.000 + 0.000, 0.000 £ 0.000 0.009 + 0.001, 1.128 4+ 0.329
L =6,F = 64, tanh L=5F=1,id L =6, F = 64, tanh
Bunch 0.981+ 0.0, 22.912 £ 1.228 0.981 + 0.0, 22.912 4+ 1.228 0.983 £ 0.005 , 19.887 £+ 6.341
MPSN 0.039 £ 0.004, 7.748 4+ 0.943 0.076 £ 0.012, 14.922 +2.493 | 0.117 £ 0.063, 23.147 + 11.674
L =2,F =64, id, sum L =4, F = 64, tanh, mean L =2, F = 64, tanh, sum
SCCNN, id 0.027 £ 0.005, 0.000 £ 0.000 0.000 =+ 0.000, 0.000 £ 0.000 0.265 £ 0.036 , 0.000 £ 0.000
L=2F=16,14=0,T,=3 | L=5F=1,T4=1T,=1 | L=2F=16,T4=0,T7, =3
SCCNN, tanh | 0.002 £ 0.000, 0.325 + 0.082 0.000 + 0.000, 0.003 £ 0.003 0.003 £ 0.002, 0.279 + 0.151
L=6,F=64,14=5,Tw=2 | L=1,F=64,T3=2T,=2 | L=6,F=64,T4=5T, =1

First, as a baseline method, we chose £5 norm of the curl Boxq as a regularizer to reduce the total arbitrage,
ie, &1 = (I +wkLy ) '@ with a regularization weight w € [0, 10]. For the learning methods, we consider the
following hyperparameter ranges: the number of layers to be L € {1,2,...,6}, the number of intermediate
features to be F' € {1,16,32,64}. For the convolutional methods including SNN [Ebli et al. (2020), PSNN
Roddenberry et al.| (2021)), Bunch |Bunch et al. (2020) and SCCNN, we considered the intermediate layers with
nonlinearities including id and tanh. The convolution orders of SNN and SCCNN are set to be {1,2,...,5}.
For the message-passing method, MPSN |[Bodnar et al.| (2021b)), we considered the setting from (Bodnar
et all 2021b, Eq. 35) where the sum and mean aggregations are used and each message update function is a
two-layer MLP. With these noisy or masked rates as inputs and the clean arbitrage-free rates as outputs,
we trained different learning methods at the first timestamp, and validated the hyperparameters at the
second timestamp, and tested their performance at the thrid one. During the training of 1000 epochs, a
normalized MSE loss function and adam optimizer with a fixed learning rate of 0.001 are used. We run the
same experiments for 10 times. reports the best results (nmse) and the total arbitrage, together with
the hyperparameters.

G.3 Additional details on Simplex prediction
G.3.1 Method in Detail

The method for simplex prediction is generalized from link prediction based on GNNs by [Zhang & Chen
(2018): For k-simplex prediction, we use an SCCNN in an SC of order up to k to first learn the features of
lower-order simplices up to order £ — 1. Then, we concatenate these embedded lower-order simplicial features
and input them to a two-layer MLP which predicts if a k-simplex is positive (closed, shall be included in the
SC) or negative (open, not included in the SC).

For example, in 2-simplex prediction, consider an SC of order two, which is built based on nodes, edges and
(existing positive) triangles. Given the initial inputs on nodes xg and on edges @1 and zero inputs on triangles
@2 = 0 since we assume no prior knowledge on triangles, for an open triangle ¢ = [i, j, k], an SCCNN is used
to learn features on nodes and edges (denoted by y). Then, we input the concatenation of the features on
three nodes or three edges to an MLP, i.e., MLPnode([90]ill[yo];11[yo]x) or MLPcage([Y]i, 111 [¥] 1.0 [l fi,k), to
predict if triangle ¢ is positive or negative. A MLP taking both node and edge features is possible, but we
keep it on one simplex level for complexity purposes. Similarly, we consider an SCCNN in an SC of order
three for 3-simplex prediction, which is followed by an MLP operating on either nodes, edges or triangles.
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G.3.2 Data Preprocessing

We consider the data from the Semantic Scholar Open Research Corpus |Ammar et al. (2018) to construct
a coauthorship complex where nodes are authors and collaborations between k-author are represented by
(k — 1)-simplices. Following the preprocessing in [Ebli et al.| (2020), we obtain 352 nodes, 1472 edges, 3285
triangles, 5019 tetrahedrons (3-simplices) and a number of other higher-order simplices. The node signal @,
edge flow &1 and triangle flow xo are the numbers of citations of single author papers and the collaborations
of two and three authors, respectively.

For the 2-simplex prediction, we use the collaboration impact (the number of citations) to split the total
set of triangles into the positive set Tp = {t|[x2]: > 7} containing 1482 closed triangles and the negative set
Tn = {t|[x2]; < 7} containing 1803 open triangles such that we have balanced positive and negative samples.
We further split the 80% of the positive triangle set for training, 10% for validation and 10% for testing;
likewise for the negative triangle set. Note that in the construction of the SC, i.e., the incidence matrix Bs,
Hodge Laplacians L; , and Ly 4, we ought to remove negative triangles in the training set and all triangles
in the test set. That is, for 2-simplex prediction, we only make use of the training set of the positive triangles
since the negative ones are not in the SC.

Similarly, we prepare the dataset for 3-simplex (tetrahedron) prediction, amounting to the tetradic collabora-
tion prediction. We obtain balanced positive and negative tetrahedron sets based on the citation signal xs.
In the construction of B3, Ly, and L34, we again only use the tetrahedrons in the positive training set.

G.3.3 Models

For comparison, we first use heuristic methods proposed in [Benson et al.| (2018) as baselines to determine if a
triangle t = [i, j, k] is closed, namely, 1) Harmonic mean: s; = 3/([:1:1][22] + [ml]g}k] + [:cl][;}k}), 2) Geometric
mean: §; = limpﬁo[([wl]ﬁ.’j] + [ml]’[}’k] + [:;131]1[71.’16])]1@7 and 3) Arithmetic mean: s; = ([x1];; + [®1][8 +
[®1][:,57)/3, which compute the triangle weight based on its three faces. Similarly, we generalized these
mean methods to compute the weight of a 3-simplex [4, j, k, m] based on the four triangle faces in 3-simplex
prediction.

We then consider different learning methods. Specifically, 1) “Bunch” by Bunch et al. (2020) (we also
generalized this model to 3-dimension for 3-simplex prediction); 2) Message passing simplicial network
(“MPSN”) by Bodnar et al. (2021b) which provides a baseline of message passing scheme in comparison to
the convolution scheme; 3) Principled SNN (“PSNN”) by [Roddenberry et al.| (2021); 4) SNN by [Ebli et al.
(2020)); 5) SCNN by |Yang et al. (2021)); 6) GNN by [Defferrard et al. (2016)); 7) MLP: providing as a baseline
for the effect of using inductive models.

For MLP, Bunch, MPSN and our SCCNN, we consider the outputs in the node and edge spaces, respectively,
for 2-simplex prediction, which are denoted by a suffix “-Node” or “-Edge”. For 3-simplex prediction, the
output in the triangle space can be used as well, denoted by a suffix “-Tri.”, where we also build SCNNs in
both edge and triangle spaces.

G.3.4 Experimental Setup and Hyperparameters

We consider the normalized Hodge Laplacians and incidence matrices, a particular version of the weighted
ones Horak & Jost (2013); |Grady & Polimeni| (2010). Specifically, we use the symmetric version of the
normalized random walk Hodge Laplacians in the edge space, proposed by |Schaub et al. (2020]), which were
used in |Bunch et al.[ (2020); |Chen et al.| (2022a) as well. We generalized the definitions for triangle predictions.

Hyperparameters 1) the number of layers: L € {1,2,3,4,5}; 2) the number of intermediate and output
features to be the same as F' € {16,32}; 3) the convolution orders for SCCNNSs are set to be the same, i.e.,
T\=Ta=T,=T,=T¢€{1,2,3,4,5}. We do so to avoid the exponential growth of the parameter search
space. For GNNs (Defferrard et al.| [2016) and SNNs (Ebli et al., [2020), we set the convolution orders to be
T €{1,2,3,4,5} while for SCNNs (Yang et al. [2022a), we allow the lower and upper convolutions to have
different orders with Ty, T, € {1,2,3,4,5}; 4) the nonlinearity in the feature learning phase: LeakyReLU
with a negative slope 0.01; 5) MPSN is set as [Bodnar et al.| (2022); 6) the MLP in the prediction phase: two
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layers with a sigmoid nonlinearity. For 2-simplex prediction, the number of the input features for the node
features is 3F, and for the edge features is 3F'. For 3-simplex prediction, the number of the input features for
the node features is 4F, for the edge features is 6F and for the triangle features is 4F since a 3-simplex has
four nodes, six edges and four triangles. The number of the intermediate features is the same as the input
features, and that of the output features is one; and, 7) the binary cross entropy loss and the adam optimizer
with a learning rate of 0.001 are used; the number of the epochs is 1000 where an early stopping is used. We
compute the AUC to compare the performance and run the same experiments for ten times with random
data splitting.

G.3.5 Results

In [Table 8, we report the best results of each method with the corresponding hyperparameters. Different
hyperparameters can lead to similar results, but we report the ones with the least complexity. All experiments
for simplex predictions were run on a single NVIDIA A40 GPU with 48 GB of memory using CUDA 11.5.

Table 8: 2- (Left) and 3-Simplex (Right) prediction AUC (%) results.

METHODS AUC PARAMETERS METHODS AUC PARAMETERS
HARM. MEAN 62.8+2.7 — HARM. MEAN 63.6+1.6 —
ARITH. MEAN 60.8+3.2 ARITH. MEAN  62.2+1.4

GEOM. MEAN 61.7£3.1 — GEOM. MEAN 63.1+1.4 —
MLP-NODE 68.5+1.6 L=1,F=32 MLP-TRI. 69.0+2.2 L=3F =32
GNN 93.9+1.0 L=5F=32T=2 GNN 96.6+0.5 L=5F=32T=5
SNN-EDGE 92.0+1.8 L=5F=32T=5 SNN-TRI. 95.14+1.2 L=5F=32T=5
PSNN-EDGE 95.6+1.3 L=5F=32 PSNN-TRI. 98.14+0.5 L=5F=232
SCNN-EDGE 96.54+1.5 L=5F=32Ty=5"T,=2 SCNN-TRI 98.340.4 L=5F=32Ty=2T,=1
BuNCH-NODE 98.3£0.5 K=1L=4F =32 BuncH-EDGE 98.5+0.5 K=3,L=4,F =16
MPSN-NODE 98.1+0.5 K=1,L=3,F =32 MPSN-EDGE 99.240.3 K=3,L=3,F =32
SCCNN-NoDpE  98.740.5 K=1,L=2F=32T=2 SCCNN-NoDpE 99.440.3 K=3,L=3F=32,T =

G.3.6 Complexity

Table 9: (Left) Complexity of the best three methods for 2-simplex prediction. (Right) Running time of
SCCNN with different layers and convolution orders.

METHOD  #PARAMS. RUNNING TIME (SECONDS PER EPOCH) HYPERPARAMS. T =2 T =5
SCCNN 24288 0.073 L=2 0.073  0.082
BuncH 21728 0.140 L=3 0.110 0.130
MPSN 84256 0.028 L=5 0.192  0.237

Here we report the number of parameters and the running time of SCCNN for 2-simplex prediction on one
NVIDIA Quadro K2200 with 4GB memory, compared with the two best alternatives. MPSN, compared to
convolutional methods, has three times more parameters, analogous to the comparison between message-
passing and graph convolutional NNs. We also report the running time as the layers and convolution orders
increase.

G.3.7 Ablation Study

We perform an ablation study to observe the roles of different components in SCCNNs.
SC Order K We investigate the influence of the SC order K. [Table 10| reports the 2-simplex prediction

results for K = {1,2} and the 3-simplex prediction results for K = {1,2,3}. We observe that for k-simplex
prediction, it does not necessarily guarantee a better prediction with a higher-order SC, which further
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indicates that a positive simplex could be well encoded by both its faces and other lower-order subsets. For
example, in 2-simplex prediction, SC of order one gives better results than SC of order two (similar for Bunch),
showing that in this coauthorship complex, triadic collaborations are better encoded by features on nodes
than pairwise collaborations. In 3-simplex prediction, SCs of different orders give similar results, showing

that tetradic collaborations can be encoded by nodes, as well as by pairwise and triadic collaborations.

Table 10: Prediction results of SCCNNs with different SC order K.

METHOD 3-SIMPLEX PARAMETERS
METHOD 2-SIMPLEX PARAMETERS

SCCNN-NopE  99.340.3 K=1,L=2F=32T=1
SCCNN-Nope  98.7£0.5 K =1,L=2F=32T=2  gCCNN-Nope 99.340.2 K =2L=2F=32T=5
SCCNN-Nobe  98.43£0.5 K =2,L=2F=32T=2  §CONN-NobE 99.440.3 K =3,L=3F=32T=3
BuNncH-NODE 98.3+0.4 K=1L=4F =32 MPSN-NODE 96.0+1.2 K=1L=3F=32
Bunce-NoDE  98.0+0.4 K=2L=4F=32  \PSN-Nopbr  98.24+0.8 K=2L=2F =32
MPSN-NODE 94.5+1.5 K=1L=3F =32
MPSN-NODE 98.1+0.5 K=2L=3F=32 SCCNN-EDGE 98.9+0.5 K=1L=3F=32T=5

SCCNN-EDGE  99.2404 K =2,L=5F=32T=5
SCCNN-EDGE 97.9£0.9 K=1,L=3F=32T=5 SCCNN-EDGE 99.0+1.0 K=3L=5F=32T=
SCCNN-EDGE 95.9+1.0 K=2L=5F=32T=3 MPSN-EDGE 96.3+1.1 K=1L=3F=32
BunNcH-EDGE 97.3£1.1 K=1,L=4,F =32 MPSN-EDGE 98.340.8 K=2L=3F=32
BuNCH-EDGE 94.6+£1.2 K=2L=4F =32
MPSN-EDGE 94.1+£2.4 K = 1, L= 3,F =32 SCCNN-TRI. 97.9£0.7 K= 2, L= 47 F = 32,T =
MPSN-EDGE 97.0+1.2 K=2L=2F=16 SCCNN-TRI. 97.44+0.9 K=3L=4F=32T=4

MPSN-TRI. 99.1+0.2 K=2L=3F=32

Missing Components in SCCNN With a focus on 2-simplex prediction with SCCNN-Node of order one,
to avoid overcrowded settings, we study how each component of an SCCNN influences the prediction. We

consider the following settings without: 1) “Edge-to-Node”

included, equivalent to GNN; 2
“Node-to-Edge”, where the projection x; 4 from node to edge is not included, i.e., we have :Bll = O'(HliL'l DE

and 4) “Edge-to-Edge”

, where for edge output, we have ¢} = o(H

l

de d.CL‘l 1).

, where the projection x , from edge to node is not

2) “Node-to-Node”, where for node output, we have xf, = o(H} Ry, W) 3)

Table 11: 2-Simplex prediction (SCCNN-Node without certain components or with limited inputs).

Missing Component AUC Parameters Missing Input AUC Parameters
B1L05 L=2F=38T=2 " 08.7405 L=2,F =32,T =2
Edge-to-Node 93.9+0.8 L=5F=32,T = .
Node input 98.2+0.5 L=2,F=32,T=4
Node-to-Node 98.7404 L=4,F=32,T=2 .
Edge input 98.1+04 L=2F=32T=3
Edge-to-Edge 98.5+1.0 L=3,F=32,T= Node. Edee i ts 50.040.0
Node-to-Edge 98.8403 L=4,F=32T=3 ode, Bdge mputs 09Uy —

From the results in @ (Left), we see that “No Edge-to-Node”, i.e., GNN, gives much worse results
as it leverages no information on edges with limited expressive power. For cases with other components
missing, a similar performance can be achieved, however, at a cost of the model complexity, with either a
higher convolution order or a larger number of layers L, while the latter in turn degrades the stability of the
SCCNNs, as discussed in SCCNNs with certain inter-simplicial couplings pruned/missing can be
powerful as well (this is similarly shown by (Bodnar et al.,|2021bl, Thm. 6)), but if we did not consider certain
component, it comes with a cost of complexity which might degrade the model stability if more number layers
are required.

Limited Input We study the influence of limited input data for model SCCNN-Node of order two.
Specifically, we consider the input on either nodes or edges is missing. From we see that the
prediction performance does not deteriorate at a cost of the model complexity (higher convolution orders)
when a certain part of the input missing except with full zeros as input. This ability of learning from limited
data shows the robustness of SCCNNS.
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G.3.8 Stability Analysis

We then perform a stability analysis of SCCNNs. We artificially add perturbations to the normalization
matrices when defining the Hogde Laplacians, which resemble the weights of simplices. We consider small
perturbations Ej on node weights which is a diagonal matrix following that || Ey|| < €9/2. We generate its
diagonal entries from a uniform distribution [—e€y/2,€p/2) with €y € [0, 1], which represents one degree of
deviation of the node weigths from the true ones. Similarly, perturbations on edge weights and triangle
weights are applied to study the stability. In a SCCNN-Node for 2-simplex prediction of K = 2, we measure
the distance between the simplicial outputs with and without perturbations on nodes, edges, and triangles,
ie., ek —2L||/||zE ||, for k =0,1,2.

Stability dependence We first show the stability mutual dependence between different simplices in
We see that under perturbation on node weights, the triangle output is not influenced until the number of
layers becomes two; likewise, the node output is not influenced by perturbations on triangle weights with
a one-layer SCCNN. Also, a one-layer SCCNN under perturbations on edge weights will cause outputs on
nodes, edges, triangles perturbed. Lastly, we observe that the same degree of perturbations added to different
simplices causes different degrees of instability, owing to the number nj of k-simplices in the stability bound.
Since Ny < N1 < Na, the perturbations on node weights cause less instability than those on edge and triangle
weights.
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Figure 11: The stabilities of different simplicial outputs are dependent on each other.

Number of Layers shows that the stability of SCCNNs degrades as the number of layers increases

as studied in |Theorem 24] As the NN deepens, the stability deteriorates, which corresponds to our analysis
of using shallow layers.
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Figure 12: The relative difference of SCCNN outputs with and without perturbations in terms of different
numbers of layers. We consider perturbations on edge weights.

G.4 Additional details on Trajectory prediction

G.4.1 Problem Formulation

A trajectory of length m can be modeled as a sequence of nodes [vg, v1,...,V,—1] in an SC. The task is to
predict the next node vy, from the neighbors of v,,_1, N,, _,. The algorithm in [Roddenberry et al. (2021)
first represents the trajectory equivalently as a sequence of oriented edges [[vo, v1], [v1, V2], - - -, [Um—2, Um—1]]-
Then, an edge flow @ is defined, whose value on an edge e is [x1]. = 1 if edge e is traversed by the trajectory
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in a forward direction, [x1]. = —1 if edge e is traversed in a backward direction by the trajectory, and
[z1]. = 0, otherwise.

With the trajectory flow @, as the input, together with zero inputs on the nodes and triangles, an SCCNN of
order two is used to generate a representation x! of the trajectory, which is the output on edges. This is
followed by a projection step m(ﬁ . = BiWa! where the output is first passed through a linear transformation
via W then projected into the node space via Bj. Lastly, a distribution over the candidate nodes NV, _,
is computed via a softmax operation, n; = softmax([z§ ,];),j € V,,,_,. The best candidate is selected as
vm = argmax;n;. We refer to Roddenberry & Segarra (2019, Alg. S-2) for more details.

Given that an SCCNN of order two generates outputs also on nodes, we can directly apply the node feature
output z} to compute a distribution over the candidate nodes N,,, , without the projection step. We refer
to this as SCCNN-Node, and the method of using the edge features with the projection step as SCCNN-Edge.

G.4.2 Model

In this experiment, we consider the following methods: 1) PSNN by |Roddenberry et al.| (2021); 2) SNN by
Ebli et al. (2020); 3) SCNN by Yang et al. (2022a) where we consider different lower and upper convolution
orders Ty, T,; and 4) Bunch by [Bunch et al. (2020) where we consider both the node features and edge
features, namely, Bunch-Node and Bunch-Edge.

Synthetic Data Following the procedure in [Schaub et al. (2020), we generate 1000 trajectories as follows.
First, we create an SC with two “holes” by uniformly drawing 400 random points in the unit square, and
then a Delaunay triangulation is applied to obtain a mesh, followed by the removal of nodes and edges in two
regions. To generate a trajectory, we consider a starting point at random in the lower-left corner, and then
connect it via a shortest path to a random point in the upper left, center, or lower-right region, which is
connected to another random point in the upper-right corner via a shortest path.

We consider the random walk Hodge Laplacians [Schaub et al.| (2020). For Bunch method, we set the shifting
matrices as the simplicial adjacency matrices defined in [Bunch et al. (2020). We consider different NNs with
three intermediate layers where each layer contains F' = 16 intermediate features. The tanh nonlinearity
is used such that the orientation equivariance holds. The final projection n generates a node feature of
dimension one. In the 1000-epoch training, we use the cross-entropy loss function between the output d and
the true candidate and we consider an adam optimizer with a learning rate of 0.001 and a batch size 100. To
avoid overfitting, we apply a weight decay of 5- 1076 and an early stopping.

As done in [Roddenberry et al. (2021), besides the standard trajectory prediction task, we also perform a
reverse task where the training set remains the same but the direction of the trajectories in the test set is
reversed and a generalization task where the training set contains trajectories running along the upper left
region and the test set contains trajectories around the other region. We evaluate the correct prediction ratio
by averaging the performance over 10 different data generations.

Real Data We also consider the Global Drifter Program datasetﬁ localized around Madagascar. It consists
of ocean drifters whose coordinates are logged every 12 hours. An SC can then be created as [Schaub et al.
(2020) by treating each mesh as a node, connecting adjacent meshes via an edge and filling the triangles,
where the “hole” is yielded by the island. Following the process in |[Roddenberry et al. (2021), it results in 200
trajectories and we use 180 of them for training. In the training, a batch size of 10 is used and no weight
decay is used. The rest experiment setup remains the same as the synthetic case.

G.4.3 Results

We report the prediction accuracy of different tasks for both datasets in We first investigate the
effects of applying higher-order SCFs in the simplicial convolution and accounting for the lower and upper
contributions. From the standard accuracy for both datasets, we observe that increasing the convolution
orders improves the prediction accuracy, e.g., SCNNs become better as the orders Ty, T, increase and perform

Shttp://www.aoml.noaa.gov/envids/gld/,
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always better than PSNN, and SCCNNs better than Bunch. Also, differentiating the lower and upper
convolutions does help improve the performance as SCNN of orders Tq = Ty, = 3 performs better than SNN
of T =3.

However, accounting for the node and triangle contributions in SCCNNs does not help the prediction compared
to the SCNNs, likewise for Bunch compared to PSNN. This is due to the zero node and triangle inputs
because there are no available node and triangle features. Similarly, the prediction directly via the node
output features is not accurate compared to projection from edge features.

Moreover, we also observe that the performance of SCCNNs that are trained with the same data does not
deteriorate in the reverse task because the orientation equivariance ensures SCCNNs to be unaffected by
the orientations of the simplicial data. Lastly, we see that, like other NNs on SCs, SCCNNs have good
transferability to the unseen data.

Table 12: Trajectory Prediction Accuracy. (Left): Synthetic trajectory in the standard, reverse and gener-
alization tasks. (Right): Ocean drifter trajectories. For SCCNNs, we set the lower and upper convolution
orders Ty, Ty, to be the same as T.

METHODS STANDARD REVERSE GENERALIZATION PARAMETERS STANDARD PARAMETERS
PSNN 63.1+3.1 58.4+3.9 55.3+£2.5 — 49.048.0 —
SCNN 65.6+3.4 56.6+£6.0 56.1+£3.6 Tao=T,=2 52.5+9.8 Tao=T,=2
SCNN 66.5+5.8 57.7+£5.4 60.6+4.0 Ta=T,=3 52.5+7.2 Ta=T,=3
SCNN 67.3+2.3 56.9+4.8 59.444.2 Ta=T,=4 52.548.7 Ta=Tu=4
SCNN 67.7+£1.7  55.34+5.3 61.243.2 Ta=Tu=5 53.0£7.8 Ta=Tu=5
SNN 65.5+2.4 53.6+6.1 59.5+£3.7 T=3 52.546.0 T=3
BuNCH-NODE 35.4+3.4 38.1+£4.6 29.0+3.0 — 35.0£5.9 —
BUNCH-EDGE 62.3+4.0 59.6+6.1 53.94+3.1 — 46.0+£6.2 —
SCCNN-NODE  46.8+7.3  44.548.2 31.9+5.0 T=1 40.54+4.7 T=1
SCCNN-EDGE 64.6+3.9 57.2+6.3 54.0+3.0 T=1 52.5+7.2 T=1
SCCNN-NoDE  43.5+9.6 44.4+7.6 32.8+2.6 T=2 45.54+4.7 T=2
SCCNN-EDGE 65.2+4.1 58.9+4.1 56.84+2.4 T=2 54.5£7.9 T=2

G.4.4 Convolution Order and Integral Lipschitz Property

We investigate the effect of the integral Lipschitz property of the SCFs in an NN on SC. To do so, given an
NN on SCs with an SCF Hj, for k-simplicial signals, we add the following integral Lipschitz regularizer to
the loss function during training so to promote the integral Lipschitz property

Ta Ty
riL = [ Akahha k)l + 1A kchhcQeo)ll = || D twkada | + || D twewidh o (82)
t=0 t=0

for Ak.a € {Mrcitir® and Ao € {Mkcitis, which are the gradient and curl frequencies. To avoid
computing the eigendecomposition of the Hodge Laplacian, we can approximate the true frequencies by
sampling certain number of points in the frequency band (0, Ax,q.m] and (0, Ag,c,m] where the maximal
gradient and curl frequencies can be computed by efficient algorithms, e.g., power iteration (Watkins| [2007;
Sleijpen & Van der Vorst, [2000)).

Here, to illustrate that the integral Lipschitz property of the SCFs helps the stability of NNs on SCs, we
consider the effect of regularizer r1;, against perturbations in PSNNs and SCNNs with different Ty and Ty,
for the standard synthetic trajectory prediction. The regularization weight on ryy, is set as 5 - 10~% and the
number of samples to approximate the frequencies is set such that the sampling interval is 0.01.

Fig. 13| shows the prediction accuracy and the relative distance between the edge outputs of the NNs trained
with and without the integral Lipschitz regularizer in terms of different levels of perturbations. We see that
the integral Lipschitz regularizer helps the stability of the NNs, especially for large SCF orders, where the
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edge output is less influenced by the perturbations compared to without the regularizer. Meanwhile, SCNN
with higher-order SCFs, e.g., Ty = T,, = 5, achieves better prediction than PSNN (with one-step simplicial
shifting), while maintaining a good stability with its output not influenced by perturbations drastically.

We also measure the lower and upper integral Lipschitz constants of the trained NNs across different layers
and features, given by maxy, o |A\r,chk,c(Mr,c)| and maxy, o [A.chi,c(Aec)|, shown inm We see that
the SCNN trained with rpp, indeed has smaller integral Lipschitz constants than the one trained without the
regularizer, thus, a better stability, especially for NNs with higher-order SCFs.

.6 A 0.61 ) <
0.6 \ 0.6
5 -
g 0.5 g g 0.5 g
® L. s ®
0.5 0.5
0.4 with 7, —— with ry, 0.4 —— with rp, —— with ry,
~——— without 7y, o4 ——— without 7y, ——— without 7y, 04l T without 7y,
90 2.0
2201 —— with ry, // P with 7, o | = with o — with 7y,
El - | = without ry, - = 1 —— without TIL % 1.5 — without ry, El»i’ ~——— without 7y,
s = S = '
= = = =10
7 1.0 P - Z10 Z
| / [P | [
705 / Em /// 705 705
0.01.7 0.0{7 0.017 0.0
0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
€ € € €
(a) PSNN (b) SCNN13 (c) SCNN31 (d) SCNN55

Figure 13: Effect of the integral Lipschitz regularizer ryp, in the task of synthetic trajectory prediction against
different levels e of random perturbations on Lq 4 and L ,. We show the accuracy (Top row) and the relative
distance between the edge output (Bottom row) for different NNs on SCs with and without rir,. SCNN13 is
the SCNN with T4 =1 and T3, = 3.
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(a) SCNN31, without rir, (b) SCNN31, with 71, (c) SCNN55, without rir, (d) SCNN55, with 7,

Figure 14: The integral Lipschitz constants of SCFs at each layer of the trained SCNNs with and without
the integral Lipschitz regularizer ry,. We use symbols ¢} ; and cﬁw to denote the lower and upper integral
Lipschitz constants at layer [. Regularizer ry;, promotes the integral Lipschitz property, thus, the stability,
especially for NNs with large SCF orders.
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