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Abstract

Hypergraphs have emerged as a powerful tool for
representing high-order connections in real-world
complex systems. Similar to graphs, local structural
patterns in hypergraphs, known as high-order
motifs (h-motifs), play a crucial role in network
dynamics. In this work, we aim to advance our
understanding of such complex high-order dynamics
by introducing and formalizing the problem of h-
motifs prediction. To address this task, we propose
a novel solution that leverages both high-order and
pairwise to capture hyperedges correlation within h-
motifs. A key component of our solution is the
generation of non-trivial negative samples. designed
to generate close-to-positive negative samples.
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Figure 1. Differences between the graph and the
hypergraph models.

Datasets

We conducted our experiments on the following
four real-world networks:
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Figure 4. Dataset statistics - # Nodes, #

Hyperedges, # Clique expansion edges and h-
motifs distribution on the chart.

. Let M, C (2Y\{@})’ be the set of all possible h-motifs
Problem Formulation of type t that can be formed by any three hyperedges
involving nodes in V. Let M" CM be the subset
containing all the instances of type t observed in H and

No hyperlink

correlation 26
g B oo e M= | M be the set of all h-motifs in H = (V, E).
BN es and es o es\ es\ es
es\ es part of a esNes \ e =1

esNes h-motif 16?7 Motif Prediction

esNeg \ e
Mis = (es, es o\es

. S C R Finally, let H = (V, E) be a sub-hypergraph of H, with
E C E, where the set of observed h-motifs M7 in H is

Y .\ . . strictly contained in M, i.e., some h-motifs of type t
e:. . iG are missing in H.

. * The h-motif prediction problem consists in predicting
Q. e . whether a given h-motif m € M\M{ will appear in
“io * . MI\M} or not.

o In this, we frame this problem as a classification task

where our goal is to learn a scoring function

Figure 2. A high-level description of the h- ¥, : M; = [0,1], predicting the likelihood that a h-
motif prediction problem. motif m of type t occurs in M.
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Figure 3. The deep neural network architecture employed in the proposed h-motif framework.

Evaluation

In our experiments, networks were divided over hyperedges, allocating 80% of the data for the training
set and the remaining 20% for the test set. Due to computational constraints, we limited the h-motif
positive sampling algorithm to a maximum of |M;"| < 10K h-motifs selected at random.

EE CPS
n =001 n =001

N2v HM HM N2v HM HM
t M| = CcC AA jC HPRA N2v HGCN VL N2v VL M| = cC AA JC HPRA N2v HGCN VL N2v VL
1 V8K 0.45+0.01 060%0.01 0.70+0.01 0.68+0.02 0.74+£0.05 0.79+0.01 0.88+0.01 | 0.97+0.01 0.96+0.00 | A47K 0.40+0.01 0.73+0.01 0.70+0.03 0.60+0.03 0.91%0.01 0.96%0.01 0.94+0.03| 0.97+0.01 0.97 +0.00
2 A771K  038£0.00 0.53+£0.01 0.51+0.01 0.64+0.04 082+002 0.84+0.01 0.89+0.04 | 0.85+0.08 0.95+0.00 | A110M | 0.29£0.01 0.62+0.02 045+0.01 0.61+0.02 095+0.01 0.97£0.00 0.95+0.04 | 0.97+0.01 0.98+0.01
3 A10K 0.44%£0.04 0.61%0.04 0.73+0.07 0.71+£0.03 0.77+£0.03 0.84+0.00 0.90+0.02 | 0.96+0.03 0.98+0.01 | V2K 0.37+£0.04 0.72+0.03 0.66+0.05 0.67+0.04 0.84+0.05 0.96+0.01 0.95+0.03| 0.98+0.01 0.97 +£0.02
4 AUK 0.53+£0.02 0.67%0.00 0.77+0.01 0.71+0.01 0.73+£0.02 0.77+0.01 0.95+0.01 | 0.90+0.07 0.97+0.01 | V838 0.38+£0.03 0.76+0.03 0.66+0.03 0.64+£0.01 0.79%0.06 093+0.01 0.96+0.02| 0.97+0.01 0.96+0.03
5
6
7
8

A386K  044%0.01 0.59+0.01 063+0.01 0.66+001 0.80%0.01 0.82+0.00 0.93+0.01 | 0.94+0.04 0.97+0.01 | A4M 0.32£0.00 0.70+0.02 0.55+001 0.60£0.01 095%£0.01 0.98+0.01 0.95%+0.03| 0.97%0.03 0.98+0.01

AG610K = 047 £0.00 0.64+0.00 0.67+0.00 071+£003 0.80%001 0.82+0.01 095£0.01 | 094+£0.04 0.97+0.00 | AI3M 0.35+0.02 0.69+002 0.61+003 0.72+0.04 0.85+0.02 097+0.01 0.95+0.03| 0.97+0.00 0.97 +0.00

V2K 0.33+£0.02 0.50+0.03 0.67+0.06 0.64+0.06 0.87+0.04 096+0.01 0.92%0.01 | 0.98+0.01 0.98+0.01 | A16K 0.36+0.01 0.78+0.01 0.64+003 0.58%0.01 0.96%0.01 0.96%0.01 0.92+0.03| 0.96+0.03 0.95+0.03

A39K 0.48 £0.01 0.66+0.02 0.72+0.01 0.72%0.04 0.76+0.01 0.77+0.03 0.92+0.07 | 0.86£0.10 0.96 +0.01 | V4K 0.37+0.01 0.75+003 0.65+002 0.57£0.02 0.81%£0.02 0.95%£0.01 0.96+0.03| 0.96+0.01 0.96+0.02
9 A23K 0.39+0.03 0.55+0.01 0.70+0.06 0.65+0.02 0.89+0.01 091+£0.00 0.90*0.01 | 0.95+0.04 0.98+0.00 | A174K = 0.36£0.01 0.76 £0.02 0.65+0.01 0.64+0.01 0.96+0.01 0.97+0.01 0.94+0.01 | 0.98+0.01 0.98+0.01
10 A150K 0.54+0.01 0.68+0.02 0.75+0.01 0.74+0.01 0.74+0.02 0.76+0.03 0.97+0.01 | 0.87 +0.08 0.95+0.04 | A57K 037 £0.02 0.72+0.03 0.68+0.01 0.66%0.05 0.90%0.01 0.96%£0.00 0.95+0.03| 0.97+0.02 0.97 +0.02
11  A35K 0.45+0.03 0.68+0.04 0.76+0.02 0.77+0.03 0.81+0.02 0.84+0.02 088+0.01 | 0.99+0.01 0.98+0.00  A413K = 0.36+0.01 0.71+0.03 0.70+0.02 0.75+0.04 094+0.01 098+0.01 0.95+0.03| 0.98+0.02 0.98 +0.02
12 A122K  058+0.01 0.73+0.02 0.81+0.01 0.82+0.02 075+0.02 0.79%0.02 0.92+0.01 | 0.95+0.04 096+0.02 | A166K = 0.39%£0.01 0.71+0.03 073+0.01 0.74+0.03 0.87+0.03 097+0.00 0.97£0.02 | 0.98+0.01 0.99 +0.01
13 V420 0.31+0.01 0.52+0.04 071+0.04 0.68*0.05 0.83+0.03 096+0.01 0.91+0.05 | 0.98+0.01 0.97+0.00 | V5K 0.37£0.02 077+0.01 0.71%0.01 0.78+0.01 087+0.06 0.98+001 0.96%0.01 | 0.97%0.01 0.98 +0.01
14 A4K 0.39+0.01 058%0.02 0.75+0.01 0.73+005 0.85+0.02 0.88+0.00 0.86+0.02 | 0.96+0.03 0.98+0.00 | V5K 0.37+0.02 077 £0.01 0.71+0.01 0.78+0.01 0.87+0.06 098+0.01 0.96+0.01 | 0.97+0.01 0.98+0.01
15 A13K 0.56 £0.01 0.71%£0.01 0.81+0.01 0.79+0.03 0.72£0.05 0.78%£0.01 0.93+0.02 | 0.98+0.02 0.98+0.01 | VIK 0.37£0.03 0.70+0.05 0.72+0.03 0.79+0.04 0.83+0.03 098+0.01 0.97+0.01/| 0.98+0.00 0.98+0.01
16 V9K 0.70 £0.02 0.76+0.01 0.88+0.02 0.81+0.01 0.68+0.12 0.83+0.02 0.87%0.03 | 0.96+£0.03 0.97+0.01 | V141 0.36+£0.03 0.70+0.05 0.69+0.04 0.77+0.03 089+0.04 090+004 0.97+0.01 | 0.95%0.03 0.95+0.04
17 V487 035%0.00 053%0.03 0.67+0.02 0.59+004 0.83+003 097+0.01 097+0.00 | 0.98+0.01 0.98+0.01 | VIK 0.34+0.01 074+001 0.63+002 0.52+0.02 0.86+0.02 097+0.01 0.96+0.01 | 0.99+0.00 0.99+0.01
18 A38K 0.66 £0.04 0.80%0.02 0.80+0.04 0.68+0.04 0.69£0.05 0.72%£0.04 0.94+0.03 | 0.87£0.09 0.92+£0.04 | Vi23 0.46+0.04 0.76+0.13 0.81+0.04 0.69£004 0.76%0.08 0.72%£0.09 0.95+0.03| 0.86+0.07 0.86£0.02
19 A38K 0.36 £0.02 0.51+0.02 0.62+0.06 0.57+0.01 0.90+0.02 093+0.01 086+0.03 | 095+0.03 0.97+0.01 | AIM 0.32+£0.00 0.69+0.01 055%0.00 0.60+0.01 096+0.01 097+002 0.93+0.03| 0.97+0.02 0.97 +0.03
20 A770K 0.59%0.02 0.71+0.02 074+0.03 0.70+0.01 0.74%0.02 0.76+0.02 0.97+0.00 | 0.96+0.01 0.95+0.02 | A600K = 0.34£0.01 0.70+0.03 0.59%0.01 0.62+0.01 093+£0.02 0.97+0.01 0.98+0.02 | 0.99+0.01 0.99 +0.01
21 AIM 0.38+£0.01 0.54+0.01 0.54+0.04 0.58+0.01 0.86+0.00 0.87+0.01 0.88+0.04 | 0.96+0.02 0.97+0.00 | A170M = 0.27 £0.01 0.61+0.01 043+0.01 058+0.04 0.96+0.00 0.98+0.00 0.95+0.02 | 0.97+0.02 0.97+0.01
22 ASM 0.52+0.03 0.67+0.02 0.68+0.04 0.71+0.01 0.79+0.01 0.81+0.01 095+0.01 | 0.95+0.02 0.96+0.00 | A311M | 0.28+0.01 0.64+0.03 0.50+0.02 0.63+0.02 094+0.01 097%0.00 0.96+0.02 | 0.98+0.01 0.99+0.01
23 V2K 0.33+0.01 045+0.01 053+0.02 0.58*0.09 0.86+0.04 096+0.01 0.91+0.04 | 0.96+0.01 0.97+0.01 | A115K = 0.29£0.01 0.68+0.01 0.49+0.02 056+0.03 0.97+0.01 0.98+0.01 0.94+0.01 | 0.97+0.01 0.97+0.01
24  A40K 0.44+0.02 0.59+0.03 0.64+0.04 0.62+001 0.83+0.00 086+0.02 0.94+0.03 | 0.93+0.06 0.96+0.01 | A771K = 0.31£0.01 0.68+0.01 0.54+0.02 0.60+0.04 0.96+001 0.97+0.01 0.97+0.02| 0.98+0.01 0.98+0.01
25 A119K = 052%0.00 0.68+0.00 072+0.01 0.73%0.01 0.79+0.02 0.81+0.02 0.96+0.00 | 0.93£0.07 0.96+0.02 | AIM 0.34+0.01 0.70+0.02 0.63+000 0.63+£0.03 095%0.02 097+0.01 0.96+0.02| 0.97+0.01 0.97+0.01
26 A71K 0.62+0.01 0.75+0.01 084+0.02 0.80*0.02 0.75+0.01 0.81+0.02 0.92+0.01 | 0.94+0.06 0.98+0.00 | AIM 037+0.02 077+0.01 071+£001 0.78£0.01 0.87+£0.06 098+0.01 0.96%+0.01| 0.97£0.01 0.98+0.01

avg 0.47 0.62 0.71 0.69 0.79 0.84 0.92 0.94 ¥ 0.97 0.35 0.71 0.63 0.66 0.90 0.96 0.95 ‘ ¥ 0.97 P 0.97
CHS co
n=0.01 n = 0.0001

N2v HM HM N2v HM HM
t M| = CcC AA jc HPRA N2v HGCN VL N2v VL | M| = cc AA JC HPRA N2v HGCN VL N2v VL
1  Al4K 0.69£0.02 0.80+0.02 0.90+0.01 0.68+0.02 0.79+0.04 0.97+0.01 094+0.00 | 0.98+0.01 0.98+0.01 | V591 0.66 £0.02 0.70 £0.02 0.87+0.02 0.16£0.04 0.71+0.10 0.80%0.05 0.79+0.05| 0.93+0.04 0.90 +0.07
2  A381K 0.66+001 0.71%+0.01 0.80+0.01 073+0.02 0.89%0.05 0.97+0.00 093+0.01 | 098+0.01 0.99+0.00 | A71K 033+0.03 058+003 051+001 045£0.01 095%0.01 0.96%0.01 0.70+0.06 | 0.96+0.03 0.98 +0.01
3 V2K 0.67£0.02 0.79+0.01 0.87+0.01 0.71+0.01 0.80£0.07 0.98+0.00 0.97+0.01 | 0.98+0.01 0.99+0.00 | V55 0.68+£0.06 0.76+0.06 0.95+0.03 0.07%0.04 0.79+0.02 0.82+0.03 0.96+0.05| 0.94+0.03 0.93+0.01
4 V664 0.77£0.03 0.84+0.02 0.91+0.01 0.78+0.01 0.76+0.01 097%0.01 0.95+0.01 | 0.99+0.00 0.99+0.00 | V&1 0.73+0.01 0.74+0.08 0.95+0.00 0.09£0.02 0.71+0.01 0.71%0.02 0.93+0.02 | 0.95+0.02 0.93+0.01
5 AIM 0.68+0.01 0.78+0.01 0.85+0.01 0.70+0.03 0.82+£0.01 098+0.00 0.92+0.01 | 0.99+0.00 0.99+0.00 | A17K 0.49+0.01 0.64+0.02 0.68+0.01 0.36%0.01 0.86+0.03 0.90+0.02 0.80+0.05| 0.97+0.03 0.98+0.01
6 AIM 073+0.01 0.80%0.01 087+0.00 0.80%0.02 085+0.01 097%£0.00 0.93+£0.00  0.95+0.05 0.99+0.00 | A57K 0.46+0.01 0.60+0.00 0.71+0.00 0.26+0.00 090+0.03 095+001 0.83+0.05| 0.97%0.01 0.99 +0.01
7 V8K 0.66 £0.01 0.79+0.01 0.87+0.01 0.64+0.03 086+0.03 0.99+0.00 093+0.01  099+0.00 0.99+0.00 | V57 0.70 £0.06 0.85+0.04 0.90+0.00 0.21£0.01 0.88+0.01 094%+0.02 0.96+0.02| 0.92+0.02 0.90 +0.02
8 W3K 0.68+£0.02 0.81+0.01 0.87+0.01 0.65+0.01 086+0.04 0.98+0.01 0.97+0.01 0.99+0.00 099+0.01 | V95 0.65+0.07 0.77+0.06 0.84+0.08 0.21%£0.03 0.85+0.03 0.84+0.06 0.96+0.02| 0.90+0.02 0.90+0.01
9 AS53K  071+001 0.83+0.00 089+000 0.77+0.03 081+001 0.98+0.00 0.94+001 | 0.99+001 0.99+0.01 | V434 0.58 £0.03 0.68+004 0.86+0.03 021£001 0.77+0.02 089+000 0.81+0.01 | 0.93+0.02 0.92+0.01
10 A22K 0.76 £0.02 0.85+0.01 0.90+0.00 0.77+0.03 083+0.02 0.98+0.00 0.95+0.01 | 0.99+0.00 0.99+0.00 | VIK 0.63+0.03 0.71+004 087+003 0.13£004 0.79+0.02 0.88+0.02 0.80+0.03| 0.97+0.01 0.96+0.02

11 A76K 0.79+0.01 0.86+0.01 0.93+0.00 0.85+0.03 0.83+0.03 098+0.00 0.95%0.01 | 0.99+0.00 0.98+0.01 | VIK 0.61+0.01 0.67+0.03 087+0.01 0.12+001 077+0.04 092+001 0.64+0.03 | 0.96+0.00 0.95+0.00
12 A36K 0.82+0.02 0.87%0.01 0.93+0.01 0.90+002 0.87+0.04 098+0.00 097+0.00 | 1.00+0.00 0.99+0.00 | V3K 0.65+0.04 0.65+0.07 0.89+002 0.09£001 089+0.06 095+0.00 0.69+0.07 | 0.99+0.00 0.980.00

13 VIK 070 £0.01 0.81%0.01 0.91+0.01 0.82+0.01 0.88£0.07 0.99%£0.00 0.97+0.00 | 0.99+0.00 0.99+0.00 | Vil 0.78 £0.08 0.78+£0.07 0.99+0.01 0.05%£004 0.73%+0.05 0.64%+0.09 0.87+0.06| 0.95+0.01 0.80+0.08
14 V2K 0.77£0.03 0.85%+0.02 0.93+0.01 0.85+0.01 0.85+0.04 099+0.00 0.96+0.01 | 0.99+0.00 0.99+0.00 | ¥35 0.69+0.04 083+0.13 0.97+0.02 0.02+0.01 075+0.02 0.69+005 0.84+0.07 | 0.95+0.02 0.93 +0.01
15 V995 0.85+0.00 0.89%0.00 0.95+0.00 0.92+0.00 0.85+0.07 098%0.00 0.96+0.02 | 099+0.00 0.99+0.00 | V68 0.62+0.01 0.75+0.04 0.94+001 0.06%£001 0.86%0.03 0.72+0.09 0.91+0.07 | 0.95+0.02 0.94+0.02
16 w127 0.96 £0.02 097%£0.01 098+0.01 0.98+£001 0.78£0.03 0.96%£0.02 0.98+0.01 | 098+0.02 0.99+0.01 | V74 0.70+0.06 0.73+0.13 0.94+0.03 0.05+0.02 079+0.13 089+0.04 0.66+0.03 | 0.98+0.01 0.95+0.03
17 V669 0.67+£0.01 0.77+0.01 0.88+0.01 0.69+0.07 0.89+0.03 098+£001 0.96+0.03 | 0.99+001 0.99+0.01 | V4 021+0.16 050+020 0.71+021 0.17%024 0.75+0.20 092+0.12 0.83+0.24 | 0.58+0.42 0.75+0.02
18 V99 0.59+£0.03 0.73%£0.01 0.84+0.06 0.64+003 0.82+£0.10 093%£0.04 094+0.07 | 0.96+0.04 0.97+0.04 | VO 0.86+0.10 0.90+0.14 0.96+0.05 0.22£0.09 090*0.11 085*+0.14 0.83+0.14 | 0.86+0.10 0.62 +0.20

19 A417K  0.66+0.01 0.76+0.01 0.83+0.01 0.67+0.03 090+0.02 0.98+0.00 093+0.02 | 0.99+0.00 0.99+0.00 | VIK 0.46+£0.02 0.57+0.01 0.72+0.01 0.20%+0.02 086+0.03 091+£003 0.78+0.07 | 0.95+0.01 0.95+0.00
20 A169K 0.71£0.01 0.79+0.00 0.85+0.00 0.75%0.01 0.86+0.03 098+0.00 0.97£0.01 | 0.99+0.00 0.99+0.00 | V4K 047 £0.02 0.61+0.02 0.72+0.02 0.16£0.01 0.89+0.02 093+0.01 0.69+0.08 | 0.96+0.02 0.95+0.01
21 A22M  0.64%0.00 0.68+0.00 0.79+0.00 0.69+0.02 0.92+0.04 0.98+0.00 091+0.03 095+0.05 0.98+0.00 | A55K 047 £0.02 0.61+0.02 0.72+0.02 0.16£001 0.89+£0.02 093%£0.01 0.69+0.08 | 0.96+0.02 0.95%0.01
22 A30M  071%£0.00 0.75%0.01 0.84+0.00 0.75+0.03 0.88+0.03 0.97+0.00 092+0.02 | 0.99+0.00 0.84+0.20 | A319K | 0.39%0.01 0.56+0.01 0.63+001 0.16£0.01 0.83+0.01 093%0.01 0.89+0.02| 0.96+0.01 0.96+0.01
23 A37K 0.67 £0.00 0.66+0.00 0.87+0.00 0.61+0.02 0.97£0.01 0.99%0.00 093+0.02 | 0.98+0.00 0.98+0.00 | VI5 0.75+0.13 0.72+0.13 0.93+£0.03 0.21£0.05 091%0.04 087*+0.04 0.91+0.02| 0.96+0.05 0.88+0.05
24 A18K 073%0.01 0.74+0.01 0.83+0.01 076+002 0.88+0.02 098+0.00 0.96+0.00 | 0.99+0.00 0.99+0.00 | ¥3il 0.51+£0.04 0.63+0.05 0.77+0.02 0.19+0.02 083+0.04 085+002 0.88+0.03 | 0.92+0.00 0.92+0.01
25 A293K 079%0.01 0.83+0.00 092+0.01 0.79£002 0.83+0.01 097+0.00 0.96%0.01 | 0.99+0.00 0.97+0.02 | VIK 0.51+0.00 0.61+0.03 0.79+002 0.12£0.01 0.82+0.01 0.88%0.02 0.77+0.02 | 0.96%0.00 0.94+0.01
26 A180K 0.85+0.01 0.89+0.01 095+0.00 091+0.02 0.90*0.05 0.97+0.00 0.96+0.01 | 0.99+0.00 0.99+0.00 | V3K 0.53+0.01 0.59+003 085+002 0.06£001 0.89+0.04 0.96%£0.00 0.56+0.05]| 0.99+0.00 0.98+0.00

avg 0.73 0.80 0.89 0.76 0.85 ¥ 0.98 0.95 ¥ 0.98 P 0.98 0.58 0.68 0.83 0.16 0.83 0.87 0.81 P 0.94 0.92 ‘

Table 1. Performance comparison of prediction methods across all 26 h-motif types.

0 https://github.com/hypernetwork-research-group/motif _representation_learning
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