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Part II

Rumor Detection
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Chapter 6

Modeling Hierarchical Diffusion for
Rumor Detection

6.1 Chapter Overview

Conventional methods for rumor detection broadly fall into two groups: (1) hand-
crafted feature-based approaches —mostly identifying and incorporating complicated
hand-crafted features for rumor detection, including lexical features [23, 29], syn-
tactic features [23, 79], visual features [24, 77], user profile related features [26, 83],
and social relationship features [137, 138]. Their performance highly depends on the
effectiveness of extracted features, which require extensive domain knowledge. (2)
credibility propagation-based approaches [24, 31, 32], which aims to find the truth
against conflicting information. These approaches usually leverage the inter-entity
relations but heavily rely on the constructed credibility network for high rumor iden-
tification accuracy. Recent studies inspired by the successes of deep learning methods
in many fields have developed various neural network-based models to learn several
feature representations for rumor detection in an end-to-end way [16, 33, 34, 102].
Although these methods have shown performance improvements over the previ-
ous methods, they still face several critical limitations. First, most of the existing
methods still require a large volume of textual data or a rich collection of users’
comments as input [16, 34, 102]. In addition, previous works focused on either
microscopic diffusion patterns that emphasize users’ personal retweeting behavior
or macroscopic diffusion structures depicting the full rumor in-network diffusion
paths [16, 100].

To overcome the limitations mentioned above, in this chapter, we propose MMRD
(Macroscopic and Microscopic-aware Rumor Detection), a novel deep learning-
based framework for rumor detection. MMRD models the rumor diffusion from both
macroscopic and microscopic perspectives through newly designed encoding compo-
nents MacroE and MicroE and enhancing the diffusion representations through the
cross-learning mechanism. We design a fusion gate to selectively aggregate learned
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macroscopic and microscopic knowledge and introduce the attention mechanism to
merge row-level information to form a unique rumor representation. The rumor
prediction is generated based on the learned rumor representation. Moreover, a
knowledge distillation technique is applied to further improve the model’s detection
performance. Our main contributions are summarized as follows:

• Firstly, we propose a new model to learn the representation of rumor through
modeling the macroscopic and microscopic diffusion. The model is flexible and
can be easily integrated into any existing approaches.

• Secondly, we design two encoding components for macroscopic and micro-
scopic diffusion modeling, respectively, as well as the mechanism to control
the information aggregation.

• Thirdly, MMRD employs a powerful technique–knowledge distillation to trans-
fer knowledge from a teacher model to a student model, which further improves
the model performance since the student capture more knowledge than the
teacher.

• Finally, we conduct extensive evaluations on two benchmark datasets. The
experimental results demonstrate that our model significantly outperforms ex-
isting baseline methods on rumor detection.

This chapter is based on the following publication[44]:

• Chen, X., Zhou, F., Zhang, F., Bonsangue, M.: Modeling microscopic and
macroscopic information diffusion for rumor detection. International Journal
of Intelligent Systems36(2021) 5449–5471

6.2 Problem statement

We first borrow the definitions of macro-level and micro-level diffusion prediction
from the field of information cascades modeling [71] to define macroscopic diffusion
and microscopic rumor diffusion, and then give the formalized definition of rumor
detection, which are formally defined as follows.

In information cascades modeling, the macro-level diffusion prediction aims at pre-
dicting the eventual size of a given cascade. Similarly, the macroscopic diffusion in
our work refers to the evolution of the network scale, representing both the change
of edges and nodes.

Definition 10 Macroscopic diffusion. We denote the macroscopic diffusion as
a diffusion graph G = {U,E} (see Definition 2), where U is the user set comprising
N users, and E = {(ui, uj)|ui, uj ∈ U} represents a set of edges connecting pairs of
users when uj retweets ui.
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6.3 MMRD: Modeling Microscopic and Macroscopic Information Diffusion for
Rumor Detection

Similar to micro-level diffusion prediction that aims to predict the next infected user,
we define the user infected process as microscopic diffusion, i.e., who will engage in
the information spreading and when this event (retweeting) occurs.

Definition 11 Microscopic diffusion. We represent the microscopic diffusion as
a user-time series P = {(u1, t1), · · · , (uj, tj), · · · , (uN , tN)}, where (u1, t1) denotes
user u1 created source tweet at time t1, and the rest of (uj, tj) tuples denote user
uj retweet the source tweet at time tj. Here, all users are in chronological order
according to their timestamps. P is also known as diffusion path in Definition 3

Recall the definition of observed diffusion graph G(to) and diffusion path P(to) in
Definition 4, where to is the observation window, we now give a formal definition of
rumor detection in this work:

Definition 12 Rumor detection. Given a tweet m = {Gm(to),Pm(to)} within
an observation window to, the goal of rumor detection is to learn a classification
function f(m) to classify m as a rumor or non-rumor.

Others definitions, such as user vector, used in next sections, are formally given in
Definition 5.

Table 6.1: Main notations used throughout this chapter.
Symbol Description
MacroE(·) Macroscopic diffusion encoding component.
MicroE(·) Microscopic diffusion encoding component.

HMacro
The macroscopic diffusion representation learned by
MacroE.

FMacro Dimension of macroscopic diffusion representation.

HMicro
The microscopic diffusion representation learned by Mi-
croE.

FMacro Dimension of microscopic diffusion representation.
HFuse Importance-aware diffusion representation.
HRumor Rumor representation.
K A set of order powers.
K Max order (i.e., max-value of K).
ŷ,y Prediction and the ground truth.

6.3 MMRD: Modeling Microscopic andMacroscopic
Information Diffusion for Rumor Detection

The overall framework of the proposed model MMRD is shown in Figure 6.1. In
particular, it consists of the following main components: (a) the input layer, which
takes the observed diffusion graph G(to) and diffusion path P(to) as inputs; (b)
the normal training process, so-called the training process of a teacher model, the
teacher model consists of (1) the macroscopic and microscopic diffusion encoding
layer, including MacroE, MicroE, and cross-learning mechanism, (2) the fusion gate,
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MacroE

MicroE

MacroE

MicroE

H1
Macro<latexit sha1_base64="qbvEfbMdo5MfRLy/dY4G2YWpA9s=">AAACB3icbVDLSsNAFJ3UV62vqEtBgkVwVZIq6LLophuhgn1AG8NkOmmHTh7M3IglZOfGX3HjQhG3/oI7/8ZJmoW2Hhg4nHMvd85xI84kmOa3VlpaXlldK69XNja3tnf03b2ODGNBaJuEPBQ9F0vKWUDbwIDTXiQo9l1Ou+7kKvO791RIFga3MI2o7eNRwDxGMCjJ0Q8HQB/A9ZJm6iQ5Z5BcYyLCNL2zKo5eNWtmDmORWAWpogItR/8aDEMS+zQAwrGUfcuMwE6wAEY4TSuDWNIIkwke0b6iAfaptJM8R2ocK2VoeKFQLwAjV39vJNiXcuq7atLHMJbzXib+5/Vj8C7shAVRDDQgs0NezA0IjawUY8gEJcCniqjoTP3VIGMsMAFVXVaCNR95kXTqNeu0Vr85qzYuizrK6AAdoRNkoXPUQE3UQm1E0CN6Rq/oTXvSXrR37WM2WtKKnX30B9rnD8Sumdw=</latexit>

H1
Micro<latexit sha1_base64="cjFGGpZQDaw5kZ6c9mO9P4p0OI8=">AAACBnicbZDLSsNAFIYn9VbrLepShGARXJWkCrosuulGqGAv0MYwmU7aoZNMmDkRS8jKja/ixoUibn0Gd76N07QLbf1h4OM/53Dm/H7MmQLb/jYKS8srq2vF9dLG5tb2jrm711IikYQ2ieBCdnysKGcRbQIDTjuxpDj0OW37o6tJvX1PpWIiuoVxTN0QDyIWMIJBW5552AP6AH6Q1jMvzZlBes2IFFl253hm2a7YuaxFcGZQRjM1PPOr1xckCWkEhGOluo4dg5tiCYxwmpV6iaIxJiM8oF2NEQ6pctP8jMw61k7fCoTULwIrd39PpDhUahz6ujPEMFTztYn5X62bQHDhpiyKE6ARmS4KEm6BsCaZWH0mKQE+1oCJZPqvFhliiQno5Eo6BGf+5EVoVSvOaaV6c1auXc7iKKIDdIROkIPOUQ3VUQM1EUGP6Bm9ojfjyXgx3o2PaWvBmM3soz8yPn8AkKyZ0A==</latexit>

H2
Micro<latexit sha1_base64="lRjDDrheJjBLGQk0fthAnL73AEc=">AAACBnicbZDLSsNAFIYn9VbrLepShGARXJWkCrosuulGqGAv0MYwmU7aoZNJmDkRS8jKja/ixoUibn0Gd76N0zYLbf1h4OM/53Dm/H7MmQLb/jYKS8srq2vF9dLG5tb2jrm711JRIgltkohHsuNjRTkTtAkMOO3EkuLQ57Ttj64m9fY9lYpF4hbGMXVDPBAsYASDtjzzsAf0AfwgrWdeOmUG6TUjMsqyu6pnlu2KPZW1CE4OZZSr4ZlfvX5EkpAKIBwr1XXsGNwUS2CE06zUSxSNMRnhAe1qFDikyk2nZ2TWsXb6VhBJ/QRYU/f3RIpDpcahrztDDEM1X5uY/9W6CQQXbspEnAAVZLYoSLgFkTXJxOozSQnwsQZMJNN/tcgQS0xAJ1fSITjzJy9Cq1pxTivVm7Ny7TKPo4gO0BE6QQ46RzVURw3URAQ9omf0it6MJ+PFeDc+Zq0FI5/ZR39kfP4AkjCZ0Q==</latexit>

H2
Macro<latexit sha1_base64="dYDSjPNIDcN8Q8SBB5m6FOmeQh8=">AAACBnicbVDLSsNAFJ3UV62vqEsRgkVwVZIq6LLophuhgn1AG8NkOmmHTiZh5kYsISs3/oobF4q49Rvc+TdO2yy09cDA4Zx7uXOOH3OmwLa/jcLS8srqWnG9tLG5tb1j7u61VJRIQpsk4pHs+FhRzgRtAgNOO7GkOPQ5bfujq4nfvqdSsUjcwjimbogHggWMYNCSZx72gD6AH6T1zEunnEF6jYmMsuyu6pllu2JPYS0SJydllKPhmV+9fkSSkAogHCvVdewY3BRLYITTrNRLFI0xGeEB7WoqcEiVm05jZNaxVvpWEEn9BFhT9fdGikOlxqGvJ0MMQzXvTcT/vG4CwYWbMhEnQAWZHQoSbkFkTTqx+kxSAnysiU7O9F8tMsQSE9DNlXQJznzkRdKqVpzTSvXmrFy7zOsoogN0hE6Qg85RDdVRAzURQY/oGb2iN+PJeDHejY/ZaMHId/bRHxifP4XYmck=</latexit>

H1
Macro<latexit sha1_base64="qbvEfbMdo5MfRLy/dY4G2YWpA9s=">AAACB3icbVDLSsNAFJ3UV62vqEtBgkVwVZIq6LLophuhgn1AG8NkOmmHTh7M3IglZOfGX3HjQhG3/oI7/8ZJmoW2Hhg4nHMvd85xI84kmOa3VlpaXlldK69XNja3tnf03b2ODGNBaJuEPBQ9F0vKWUDbwIDTXiQo9l1Ou+7kKvO791RIFga3MI2o7eNRwDxGMCjJ0Q8HQB/A9ZJm6iQ5Z5BcYyLCNL2zKo5eNWtmDmORWAWpogItR/8aDEMS+zQAwrGUfcuMwE6wAEY4TSuDWNIIkwke0b6iAfaptJM8R2ocK2VoeKFQLwAjV39vJNiXcuq7atLHMJbzXib+5/Vj8C7shAVRDDQgs0NezA0IjawUY8gEJcCniqjoTP3VIGMsMAFVXVaCNR95kXTqNeu0Vr85qzYuizrK6AAdoRNkoXPUQE3UQm1E0CN6Rq/oTXvSXrR37WM2WtKKnX30B9rnD8Sumdw=</latexit>

H1
Micro<latexit sha1_base64="cjFGGpZQDaw5kZ6c9mO9P4p0OI8=">AAACBnicbZDLSsNAFIYn9VbrLepShGARXJWkCrosuulGqGAv0MYwmU7aoZNMmDkRS8jKja/ixoUibn0Gd76N07QLbf1h4OM/53Dm/H7MmQLb/jYKS8srq2vF9dLG5tb2jrm711IikYQ2ieBCdnysKGcRbQIDTjuxpDj0OW37o6tJvX1PpWIiuoVxTN0QDyIWMIJBW5552AP6AH6Q1jMvzZlBes2IFFl253hm2a7YuaxFcGZQRjM1PPOr1xckCWkEhGOluo4dg5tiCYxwmpV6iaIxJiM8oF2NEQ6pctP8jMw61k7fCoTULwIrd39PpDhUahz6ujPEMFTztYn5X62bQHDhpiyKE6ARmS4KEm6BsCaZWH0mKQE+1oCJZPqvFhliiQno5Eo6BGf+5EVoVSvOaaV6c1auXc7iKKIDdIROkIPOUQ3VUQM1EUGP6Bm9ojfjyXgx3o2PaWvBmM3soz8yPn8AkKyZ0A==</latexit>

HMacro
<latexit sha1_base64="xu3BP5oePWHGjX6TgXN+t4OOT/8=">AAACBHicbVDLSsNAFJ34rPUVddnNYBFclaQKuiy66UaoYB/QhjCZTtqhkwczN2IJWbjxV9y4UMStH+HOv3GaZqGtBwYO59zLnXO8WHAFlvVtrKyurW9slrbK2zu7e/vmwWFHRYmkrE0jEcmeRxQTPGRt4CBYL5aMBJ5gXW9yPfO790wqHoV3MI2ZE5BRyH1OCWjJNSsDYA/g+Wkzc9Occ0hvCJVRlrlm1apZOfAysQtSRQVarvk1GEY0CVgIVBCl+rYVg5MSCZwKlpUHiWIxoRMyYn1NQxIw5aR5iAyfaGWI/UjqFwLO1d8bKQmUmgaengwIjNWiNxP/8/oJ+JdOysM4ARbS+SE/ERgiPGsED7lkFMRUE52b679iOiaSUNC9lXUJ9mLkZdKp1+yzWv32vNq4KuoooQo6RqfIRheogZqohdqIokf0jF7Rm/FkvBjvxsd8dMUodo7QHxifP0nrmSU=</latexit>

HMicro
<latexit sha1_base64="OpTgH6bpWad6qMX+cypKNYwu5b0=">AAACBHicbZDLSsNAFIYnXmu9RV12M1gEVyWpgi6LbroRKtgLtCFMppN26OTCzIlYQhZufBU3LhRx60O4822cpllo6w8DH/85hzPn92LBFVjWt7Gyura+sVnaKm/v7O7tmweHHRUlkrI2jUQkex5RTPCQtYGDYL1YMhJ4gnW9yfWs3r1nUvEovINpzJyAjELuc0pAW65ZGQB7AM9Pm5mb5swhveFURlnmmlWrZuXCy2AXUEWFWq75NRhGNAlYCFQQpfq2FYOTEgmcCpaVB4liMaETMmJ9jSEJmHLS/IgMn2hniP1I6hcCzt3fEykJlJoGnu4MCIzVYm1m/lfrJ+BfOikP4wRYSOeL/ERgiPAsETzkklEQUw2ESq7/iumYSEJB51bWIdiLJy9Dp16zz2r12/Nq46qIo4Qq6BidIhtdoAZqohZqI4oe0TN6RW/Gk/FivBsf89YVo5g5Qn9kfP4AVjOZLQ==</latexit>

HFuse
<latexit sha1_base64="df7dq7J8hb5yXsgZrfGta8PoITU=">AAACA3icbZDLSsNAFIYnXmu9Rd3pJlgEVyWpgi6LgnRZwV6gDWEynbRDJ5MwcyKWEHDjq7hxoYhbX8Kdb+M0zUJbfxj4+M85M3N+P+ZMgW1/G0vLK6tr66WN8ubW9s6uubffVlEiCW2RiEey62NFORO0BQw47caS4tDntOOPr6f1zj2VikXiDiYxdUM8FCxgBIO2PPOwD/QB/CBtZF6aM4P0JlE0yzyzYlftXNYiOAVUUKGmZ371BxFJQiqAcKxUz7FjcFMsgRFOs3JfXxtjMsZD2tMocEiVm+Y7ZNaJdgZWEEl9BFi5+3sixaFSk9DXnSGGkZqvTc3/ar0Egks3ZSJOgAoyeyhIuAWRNQ3EGjBJCfCJBkwk03+1yAhLTEDHVtYhOPMrL0K7VnXOqrXb80r9qoijhI7QMTpFDrpAddRATdRCBD2iZ/SK3own48V4Nz5mrUtGMXOA/sj4/AGKEZi8</latexit>

Attention

+
Attention Sum 

Pooling

(a) Input

Fusion 
Gate

u1
<latexit sha1_base64="owU612ss0kt/beWsTZ0WWxk+PTU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0kPa9frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa1a1buo1u4vK/WbPI4inMApnIMHV1CHO2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gAIbI2h</latexit>

uN
<latexit sha1_base64="6p5OgkgU1Nmgk2LeR/fwKZC7Qkc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04kkq2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekKleSwfzThBP6IDyUPOqLHSQ9q765XKbsWdgSwTLydlyFHvlb66/ZilEUrDBNW647mJ8TOqDGcCJ8VuqjGhbEQH2LFU0gi1n81OnZBTq/RJGCtb0pCZ+nsio5HW4yiwnRE1Q73oTcX/vE5qwis/4zJJDUo2XxSmgpiYTP8mfa6QGTG2hDLF7a2EDamizNh0ijYEb/HlZdKsVrzzSvX+oly7zuMowDGcwBl4cAk1uIU6NIDBAJ7hFd4c4bw4787HvHXFyWeO4A+czx80YI2+</latexit>· · ·<latexit sha1_base64="9pGPaDabNijkWLtd2pluvCo4p5o=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRV0GPRi8cK9gPaUDabTbt2sxt2J0Ip/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemApu0PO+ncLa+sbmVnG7tLO7t39QPjxqGZVpyppUCaU7ITFMcMmayFGwTqoZSULB2uHodua3n5g2XMkHHKcsSMhA8phTglZq9Wik0PTLFa/qzeGuEj8nFcjR6Je/epGiWcIkUkGM6fpeisGEaORUsGmplxmWEjoiA9a1VJKEmWAyv3bqnlklcmOlbUl05+rviQlJjBknoe1MCA7NsjcT//O6GcbXwYTLNEMm6WJRnAkXlTt73Y24ZhTF2BJCNbe3unRINKFoAyrZEPzll1dJq1b1L6q1+8tK/SaPowgncArn4MMV1OEOGtAECo/wDK/w5ijnxXl3PhatBSefOYY/cD5/AK+ljzM=</latexit>

t1
<latexit sha1_base64="Ynqb8X5/kiOyHX7xonGGLyOZ6hM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB+x7/XLFrbpzkFXi5aQCORr98ldvELM04gqZpMZ0PTdBP6MaBZN8WuqlhieUjemQdy1VNOLGz+anTsmZVQYkjLUthWSu/p7IaGTMJApsZ0RxZJa9mfif100xvPYzoZIUuWKLRWEqCcZk9jcZCM0ZyokllGlhbyVsRDVlaNMp2RC85ZdXSatW9S6qtfvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifPwbmjaA=</latexit>

t6
<latexit sha1_base64="ujw0Pbp6FuPNu5kt+Sza2DAOY6Y=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Vj04rGi/YA2lM120y7dbMLuRCihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR7dRvPXFtRKwecZxwP6IDJULBKFrpAXuXvVLZrbgzkGXi5aQMOeq90le3H7M04gqZpMZ0PDdBP6MaBZN8UuymhieUjeiAdyxVNOLGz2anTsipVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2hC8xZeXSbNa8c4r1fuLcu0mj6MAx3ACZ+DBFdTgDurQAAYDeIZXeHOk8+K8Ox/z1hUnnzmCP3A+fwAOeo2l</latexit>

(b) Train Teacher-Model     

(c) Knowledge Distillation

u1
<latexit sha1_base64="owU612ss0kt/beWsTZ0WWxk+PTU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0kPa9frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa1a1buo1u4vK/WbPI4inMApnIMHV1CHO2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gAIbI2h</latexit>

uN
<latexit sha1_base64="6p5OgkgU1Nmgk2LeR/fwKZC7Qkc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04kkq2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekKleSwfzThBP6IDyUPOqLHSQ9q765XKbsWdgSwTLydlyFHvlb66/ZilEUrDBNW647mJ8TOqDGcCJ8VuqjGhbEQH2LFU0gi1n81OnZBTq/RJGCtb0pCZ+nsio5HW4yiwnRE1Q73oTcX/vE5qwis/4zJJDUo2XxSmgpiYTP8mfa6QGTG2hDLF7a2EDamizNh0ijYEb/HlZdKsVrzzSvX+oly7zuMowDGcwBl4cAk1uIU6NIDBAJ7hFd4c4bw4787HvHXFyWeO4A+czx80YI2+</latexit>
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Figure 6.1: Overview of MMRD: (a) inputs of MMRD; (b) normal training process
of MMRD; (c) the process of train MMRD with knowledge distillation.

and (3) the rumor detection layer; (c) knowledge distillation phase, which is used to
further improve the model performance. With this model in mind, we first introduce
two essential structural encoding components – MacroE and MicroE, and then
discuss how to generate the unique rumor representation based on the two modules
that will preserve both macroscopic and microscopic diffusion properties. Finally,
we introduce how to use the knowledge distillation technique to develop a powerful
student model for rumor detection.
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Figure 6.2: Illustration of diffusion encoding components.

6.3.1 Macroscopic Diffusion Encoding Component

The macroscopic diffusion of a tweet m reflects its diffusion scale. In our work, we
cast the macroscopic diffusion modeling as learning the latent structural patterns
from its diffusion graph Gm(to). Inspired by the recent success of graph neural
networks in processing the graph structural data, e.g., graph convolutional net-
work (GCN) [41, 61] and graph attention network (GAT) [109], we implement the
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6.3 MMRD: Modeling Microscopic and Macroscopic Information Diffusion for
Rumor Detection

macroscopic diffusion encoding component (MacroE) based on vanilla GCN [61].

The vanilla GCN is a multi-layer structure that contains several convolution layers,

which is defined as:
H(j+1) = σ

(
ÃH(j)W(j)

)

Ã = D−
1
2 (A + IN)D−

1
2

(6.1)

where H(j) ∈ RN×dj and H(j+1) ∈ RN×dj+1 are the input and output for layer j,

W(j) ∈ Rdj×dj+1 is a trainable weight matrix and σ(·) is an activation function (e.g.,

Relu). Ã is a symmetrically normalized adjacency matrix with self-connections, and

D is a diagonal degree matrix. The adjacency matrix A and degree matrix D are

expressed as the following:

Aij =

{
1 if (ui, uj) ∈ E and i 6= j,
0 otherwise.

Dii =
∑

j

Aij

(6.2)

The initial input of the first GCN layer H(0) = X, which is formed by user vectors,

i.e., X = {u1, · · · ,uN} ∈ RN×Fuser . Even the vanilla GCN shows powerful ability in

graph embedding, it still faces some limitations: (1) it focuses on undirected graphs

rather than the directed graph [10]; and (2) the nodes receive latent representa-

tions only from their immediate neighbors, cannot be summarized as higher-order

adjacency information [111, 130].

To overcome the aforementioned limitations of GCN in modeling the directed graph

and learning higher-order interactions, in this work, we reference the work of CasCN [10]

(ref. Chapter 4) and MixHop [126], and extend the vanilla GCN. Finally, we propose

a directed multi-hop graph convolutional network with attention aggregation as the

MacroE (Figure 6.2a). The convolutional kernel of MacroE is defined as:

HMacro = fAGG

[
σ(L̃

(k)
XW(k))k∈K

]

= σ(fAGG

[
L̃

(0)
XW(0)

...L̃
(1)
XW(1)

... · · · ...L̃(K)
XW(K)

]
)

= σ(fAGG[H(0)
...H(1)

... · · · ...H(K)])

(6.3)

where X ∈ RN×F is the input feature matrix and HMacro = {h1
Macro, · · · ,hNMacro} ∈

RN×FMacro is the output of MacroE. In order to capture the directional information

from the diffusion graph, we replace the Ã with L̃ – normalized Laplacian for directed
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graph. The calculation of L̃ is defined as:

P = (1− α)
E
N

+ α
(
D−1A

)
,

L = Φ
1
2 (I−P) Φ−

1
2 ,

L̃ =
2

λmax
L− I

(6.4)

whereP is a transition probability matrix, E ∈ RN×N is an all–one matrix. α ∈ (0, 1)

is an initial probability used to restrict the state transition matrix D−1A a strongly
connected matrix [10]. Φ is a diagonal matrix with entries Φ (v, v) = φ (v) – φ (v) is
the column vector of P [117], and λmax denotes the largest eigenvalue of L.

K is a set of integer order powers – the value ofK is from 0 toK, andWk ∈ RF×FMacro

is the weight matrix for k-hops. L̃
(k)

denotes the normalized Laplacian matrix L̃
multiplied by itself k times, and its value represents the probability connecting
path from vertex ui to vertex uj in k-hops. Specifically, L̃

(0)
= I is an identity

matrix. Through the Laplacian matrix’s multiple powers, MacroE mixes the feature
representation of higher-order neighbors in one graph convolutional layer.

fAGG(·) is an aggregation function, which is used to fuse the latent representation
from different orders. In most of the existing works [112, 126], fAGG(·) is similar to
the pooling methods in CNNs, which can be a mean-pooling function, max-pooling
function, or sum-pooling function. However, the distance of the message passing
for each node is different, i.e., different nodes have different max-orders. In this
work, we implement the aggregation function via the order attention mechanism at
the node-level. As for each node uj in the diffusion graph Gm(to), it has a set of
latent representations huj(0), · · · ,h

uj
(K) from K-orders. Then the order attention of uj

is calculated as:

a
uj
(k) =

exp(〈wuj , tanh(Wujh
uj
(k) + buj〉))∑K

∗=1 exp(〈wuj , tanh(Wujh
uj
(∗) + buj〉))

,

hujMacro =
K∑

k=1

a
uj
(k)h

uj
(k)

(6.5)

where Wuj ∈ RFMacro×d, buj ∈ Rd and wuj ∈ Rd. So that, the aggregation
function fAGG is formulated as fAGG = {hujMacro = Attention(huj(0), · · · ,h

uj
(K)), |j ∈

{1, · · · , N}}. The calculation process of MacroE is outlined in Algorithm 7.

MacroE vs. GCN: As depicted above, the convolutional kernel in MacroE for
one single order is similar to a single layer of GCN, i.e., L̃

(k)
XW(k) and ÃH(j)W(j),

respectively. The main differences between our MacroE and GCN are: (1) we use
normalized directed Laplacian L̃ to replace the symmetrically normalized adjacency
matrix Ã in GCN, which introduces the directional information of edges into the
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6.3 MMRD: Modeling Microscopic and Macroscopic Information Diffusion for
Rumor Detection

Algorithm 7: Calculation of MacroE (Eq. (6.5)).

Input: Feature matrix X, normalized laplacian matrix L̃, a set of order powers K
and its max-value K = max(K).

Parameters: {W(k)}k∈K.
1: B := X
2: for k = 0 to K do
3: if k = 0 then
4: B := IB
5: else
6: B := L̃B
7: end if
8: H(k) := BW(k)

9: end for
/*From step 1 to 9, complete the calculation of (L̃

(k)
XW(k))k∈K in Eq. (6.3)*/

10: HMacro := fAGG([H(0), · · · ,H(k), · · · ,H(K)]) via Eq. (6.5).
11: return σ(H)

convolution rather than only considering the link information between nodes; and
(2) our MacroE can learn high-order information for each node by using one single
layer; however, GCN relies on multi-layers and may introduce the over-smoothing
issue in learning node feature representations [112].

6.3.2 Microscopic Diffusion Encoding Component

The microscopic diffusion encoding component (MicroE, shown in Figure 6.2b)
aims to capture temporal patterns from the user engagement time series Pm(to).
Inspired by the success of RNNs in sequential modeling, we employ a Bi-directional
GRU (Bi-GRU) [108] as the encoding component, where the hidden states are used
to memorize the diffusion history. At each step tj, Bi-GRU takes the feature vector
and previous hidden state as inputs and computes the updated hidden state as:

↔
h
j

= Bi-GRU(xj,hj−1),
↔
h
j

∈ RFMicro (6.6)

Then, the output of MicroE module is a sequence of hidden statesHMicro = {
↔
h
j

Micro|j ∈
{1, · · · , N}} ∈ RN×FMicro

6.3.3 Macroscopic and Microscopic Cross-learning

After introducing the necessary encoding components, we go to describe how to
apply them to learn the latent representations from macroscopic and microscopic
diffusion, summarized into two steps. In the first step, we train MacroE and MicroE
separately. MacroE takes the feature matrix X, the normalized Laplacian matrix L̃
and max-order number K as inputs. As for MicroE, we first represent the infected
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timestamp of each user into one-hot vector tj ∈ Rdtime , and then concatenate the
timestamp vector matrix T = {t1, · · · , tN} with X to form the input X̂ for MicroE.
Specifically, assume that, the time window is [t1, to], and we first split the time
window into l disjoint time intervals, and then compute the corresponding time
interval for each retweet user uj as tjint =

⌊
tj−t1
to/l

⌋
, where t1 is the timestamp for the

source post user, and tj is timestamp for user uj. Finally, each user’s timestamp
is falling into corresponding time intervals and each interval is related to a one-hot
embedding, thus, for uj its timestamp embedding equals to the related time-interval
embedding. Note that, in our work, the initial feature matrix X is extracted from
users’ profiles. Figure 6.3 shows a toy example of the model inputs. The outputs of
first step are H1

Macro and H1
Micro, respectively:

H1
Macro = MacroE(X, L̃, K)

H1
Micro = MicroE(concat(X,T))

(6.7)

In the second step, we train MacroE and MicroE in a cross-learning manner. Specif-
ically, we use H1

Macro to train a new MicroE, and vice versa. The outputs of second
step are H2

Macro and H2
Micro:

H2
Macro = MacroE(H1

Micro, L̃, K)

H2
Micro = MicroE(H1

Macro)
(6.8)

u1
<latexit sha1_base64="owU612ss0kt/beWsTZ0WWxk+PTU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0kPa9frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa1a1buo1u4vK/WbPI4inMApnIMHV1CHO2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gAIbI2h</latexit>

u6
<latexit sha1_base64="pVEC410Gs8TJiDKFRoh5Ve5eJhY=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Vj04rGi/YA2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRjBP0IzqQPOSMGis9pL3LXqnsVtwZyDLxclKGHPVe6avbj1kaoTRMUK07npsYP6PKcCZwUuymGhPKRnSAHUsljVD72ezUCTm1Sp+EsbIlDZmpvycyGmk9jgLbGVEz1IveVPzP66QmvPYzLpPUoGTzRWEqiInJ9G/S5wqZEWNLKFPc3krYkCrKjE2naEPwFl9eJs1qxTuvVO8vyrWbPI4CHMMJnIEHV1CDO6hDAxgM4Ble4c0Rzovz7nzMW1ecfOYI/sD5/AEQAI2m</latexit>· · ·<latexit sha1_base64="9pGPaDabNijkWLtd2pluvCo4p5o=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRV0GPRi8cK9gPaUDabTbt2sxt2J0Ip/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemApu0PO+ncLa+sbmVnG7tLO7t39QPjxqGZVpyppUCaU7ITFMcMmayFGwTqoZSULB2uHodua3n5g2XMkHHKcsSMhA8phTglZq9Wik0PTLFa/qzeGuEj8nFcjR6Je/epGiWcIkUkGM6fpeisGEaORUsGmplxmWEjoiA9a1VJKEmWAyv3bqnlklcmOlbUl05+rviQlJjBknoe1MCA7NsjcT//O6GcbXwYTLNEMm6WJRnAkXlTt73Y24ZhTF2BJCNbe3unRINKFoAyrZEPzll1dJq1b1L6q1+8tK/SaPowgncArn4MMV1OEOGtAECo/wDK/w5ijnxXl3PhatBSefOYY/cD5/AK+ljzM=</latexit>

t1
<latexit sha1_base64="Ynqb8X5/kiOyHX7xonGGLyOZ6hM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB+x7/XLFrbpzkFXi5aQCORr98ldvELM04gqZpMZ0PTdBP6MaBZN8WuqlhieUjemQdy1VNOLGz+anTsmZVQYkjLUthWSu/p7IaGTMJApsZ0RxZJa9mfif100xvPYzoZIUuWKLRWEqCcZk9jcZCM0ZyokllGlhbyVsRDVlaNMp2RC85ZdXSatW9S6qtfvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifPwbmjaA=</latexit>

t6
<latexit sha1_base64="ujw0Pbp6FuPNu5kt+Sza2DAOY6Y=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Vj04rGi/YA2lM120y7dbMLuRCihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR7dRvPXFtRKwecZxwP6IDJULBKFrpAXuXvVLZrbgzkGXi5aQMOeq90le3H7M04gqZpMZ0PDdBP6MaBZN8UuymhieUjeiAdyxVNOLGz2anTsipVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2hC8xZeXSbNa8c4r1fuLcu0mj6MAx3ACZ+DBFdTgDurQAAYDeIZXeHOk8+K8Ox/z1hUnnzmCP3A+fwAOeo2l</latexit>

u1
<latexit sha1_base64="owU612ss0kt/beWsTZ0WWxk+PTU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0kPa9frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa1a1buo1u4vK/WbPI4inMApnIMHV1CHO2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gAIbI2h</latexit>

u6
<latexit sha1_base64="pVEC410Gs8TJiDKFRoh5Ve5eJhY=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Vj04rGi/YA2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRjBP0IzqQPOSMGis9pL3LXqnsVtwZyDLxclKGHPVe6avbj1kaoTRMUK07npsYP6PKcCZwUuymGhPKRnSAHUsljVD72ezUCTm1Sp+EsbIlDZmpvycyGmk9jgLbGVEz1IveVPzP66QmvPYzLpPUoGTzRWEqiInJ9G/S5wqZEWNLKFPc3krYkCrKjE2naEPwFl9eJs1qxTuvVO8vyrWbPI4CHMMJnIEHV1CDO6hDAxgM4Ble4c0Rzovz7nzMW1ecfOYI/sD5/AEQAI2m</latexit>

u1
<latexit sha1_base64="owU612ss0kt/beWsTZ0WWxk+PTU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0kPa9frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa1a1buo1u4vK/WbPI4inMApnIMHV1CHO2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gAIbI2h</latexit>

u6
<latexit sha1_base64="pVEC410Gs8TJiDKFRoh5Ve5eJhY=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Vj04rGi/YA2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRjBP0IzqQPOSMGis9pL3LXqnsVtwZyDLxclKGHPVe6avbj1kaoTRMUK07npsYP6PKcCZwUuymGhPKRnSAHUsljVD72ezUCTm1Sp+EsbIlDZmpvycyGmk9jgLbGVEz1IveVPzP66QmvPYzLpPUoGTzRWEqiInJ9G/S5wqZEWNLKFPc3krYkCrKjE2naEPwFl9eJs1qxTuvVO8vyrWbPI4CHMMJnIEHV1CDO6hDAxgM4Ble4c0Rzovz7nzMW1ecfOYI/sD5/AEQAI2m</latexit>t1

<latexit sha1_base64="Ynqb8X5/kiOyHX7xonGGLyOZ6hM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB+x7/XLFrbpzkFXi5aQCORr98ldvELM04gqZpMZ0PTdBP6MaBZN8WuqlhieUjemQdy1VNOLGz+anTsmZVQYkjLUthWSu/p7IaGTMJApsZ0RxZJa9mfif100xvPYzoZIUuWKLRWEqCcZk9jcZCM0ZyokllGlhbyVsRDVlaNMp2RC85ZdXSatW9S6qtfvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifPwbmjaA=</latexit>

t6
<latexit sha1_base64="ujw0Pbp6FuPNu5kt+Sza2DAOY6Y=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Vj04rGi/YA2lM120y7dbMLuRCihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR7dRvPXFtRKwecZxwP6IDJULBKFrpAXuXvVLZrbgzkGXi5aQMOeq90le3H7M04gqZpMZ0PDdBP6MaBZN8UuymhieUjeiAdyxVNOLGz2anTsipVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2hC8xZeXSbNa8c4r1fuLcu0mj6MAx3ACZ+DBFdTgDurQAAYDeIZXeHOk8+K8Ox/z1hUnnzmCP3A+fwAOeo2l</latexit>
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�0.037 �0.008 �0.031 �0.958 �0.008 �0.008
�0.041 �0.009 �0.034 �0.009 �0.958 �0.008
�0.041 �0.009 �0.034 �0.009 �0.008 �0.958

3
7777775

<latexit sha1_base64="ENKfWbD77W7qFE1zeS22AV2H4Co="></latexit>
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u6
<latexit sha1_base64="FYqBhFhDRxYdcS8SlxqgFjj2mmg=">AAAB83icbVBNS8NAEN34WetX1aOXxSJ4KkkV9Vj04rGC/YCmlM120i7dbMLuRCyhf8OLB0W8+me8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk41hwaPZazbATMghYIGCpTQTjSwKJDQCka3U7/1CNqIWD3gOIFuxAZKhIIztJLvIzxhEGbppHfZK5XdijsDXSZeTsokR71X+vL7MU8jUMglM6bjuQl2M6ZRcAmTop8aSBgfsQF0LFUsAtPNZjdP6KlV+jSMtS2FdKb+nshYZMw4CmxnxHBoFr2p+J/XSTG87mZCJSmC4vNFYSopxnQaAO0LDRzl2BLGtbC3Uj5kmnG0MRVtCN7iy8ukWa1455Xq/UW5dpPHUSDH5IScEY9ckRq5I3XSIJwk5Jm8kjcndV6cd+dj3rri5DNH5A+czx9Yd5Hh</latexit>
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[0 1 0 1 1 0 · · · 0 1 0 1 0]
<latexit sha1_base64="FKNIWZzKXhNtpcWBS6YJezH4l+o=">AAACE3icbVDLSgMxFL3js9bXqEs3wSKIizJTBV0W3bisYB8wM5RMJm1DM5MhyQhl6D+48VfcuFDErRt3/o1pO4K2Hkju4Zx7Se4JU86Udpwva2l5ZXVtvbRR3tza3tm19/ZbSmSS0CYRXMhOiBXlLKFNzTSnnVRSHIectsPh9cRv31OpmEju9CilQYz7CesxgrWRuvap5/gIuT4yxfUL4pNIaPWjFXfQtStO1ZkCLRK3IBUo0Ojan34kSBbTRBOOlfJcJ9VBjqVmhNNx2c8UTTEZ4j71DE1wTFWQT3cao2OjRKgnpDmJRlP190SOY6VGcWg6Y6wHat6biP95XqZ7l0HOkjTTNCGzh3oZR1qgSUAoYpISzUeGYCKZ+SsiAywx0SbGsgnBnV95kbRqVfesWrs9r9SvijhKcAhHcAIuXEAdbqABTSDwAE/wAq/Wo/VsvVnvs9Ylq5g5gD+wPr4Bt46ZDQ==</latexit>

[0 0 0 1 1 0 · · · 0 1 0 1 0]
<latexit sha1_base64="EwiPbQjTr2ihFpwqspcipWbolug=">AAACEnicbVBNS8MwGE79nPOr6tFLcAh6Ge0U9Dj04nGC+4C2jDRNt7A0KUkqjLLf4MW/4sWDIl49efPfmHUVdPPhTXh4nvcleZ8wZVRpx/mylpZXVtfWKxvVza3tnV17b7+jRCYxaWPBhOyFSBFGOWlrqhnppZKgJGSkG46up373nkhFBb/T45QECRpwGlOMtJH69qnn+HBWblGG+DgSWv1o5R307ZpTdwrAReKWpAZKtPr2px8JnCWEa8yQUp7rpDrIkdQUMzKp+pkiKcIjNCCeoRwlRAV5sdIEHhslgrGQ5nANC/X3RI4SpcZJaDoTpIdq3puK/3lepuPLIKc8zTThePZQnDGoBZzmAyMqCdZsbAjCkpq/QjxEEmFtUqyaENz5lRdJp1F3z+qN2/Na86qMowIOwRE4AS64AE1wA1qgDTB4AE/gBbxaj9az9Wa9z1qXrHLmAPyB9fENWmyY4g==</latexit>

[1 1 0 1 1 0 · · · 0 1 0 1 0]
<latexit sha1_base64="vgGeSfktHbCM1PmnRvFCMZZ7EYA=">AAACEnicbVBNS8MwGE79nPOr6tFLcAh6Ge0U9Dj04nGC+4C2jDRNt7A0KUkqjLLf4MW/4sWDIl49efPfmHUVdPMheXl4nvcleZ8wZVRpx/mylpZXVtfWKxvVza3tnV17b7+jRCYxaWPBhOyFSBFGOWlrqhnppZKgJGSkG46up373nkhFBb/T45QECRpwGlOMtJH69qnn+tAcp6gz4uNIaPWjlTXo2zWn7hSAi8QtSQ2UaPXtTz8SOEsI15ghpTzXSXWQI6kpZmRS9TNFUoRHaEA8QzlKiAryYqUJPDZKBGMhzeUaFurviRwlSo2T0HQmSA/VvDcV//O8TMeXQU55mmnC8eyhOGNQCzjNB0ZUEqzZ2BCEJTV/hXiIJMLapFg1IbjzKy+STqPuntUbt+e15lUZRwUcgiNwAlxwAZrgBrRAG2DwAJ7AC3i1Hq1n6816n7UuWeXMAfgD6+MbXb+Y5A==</latexit>

· · ·<latexit sha1_base64="9pGPaDabNijkWLtd2pluvCo4p5o=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRV0GPRi8cK9gPaUDabTbt2sxt2J0Ip/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemApu0PO+ncLa+sbmVnG7tLO7t39QPjxqGZVpyppUCaU7ITFMcMmayFGwTqoZSULB2uHodua3n5g2XMkHHKcsSMhA8phTglZq9Wik0PTLFa/qzeGuEj8nFcjR6Je/epGiWcIkUkGM6fpeisGEaORUsGmplxmWEjoiA9a1VJKEmWAyv3bqnlklcmOlbUl05+rviQlJjBknoe1MCA7NsjcT//O6GcbXwYTLNEMm6WJRnAkXlTt73Y24ZhTF2BJCNbe3unRINKFoAyrZEPzll1dJq1b1L6q1+8tK/SaPowgncArn4MMV1OEOGtAECo/wDK/w5ijnxXl3PhatBSefOYY/cD5/AK+ljzM=</latexit>

T
<latexit sha1_base64="7oSbA3WnBYJv+fKmxAA9CjHUUAI=">AAAB8XicbVDLSgNBEJyNrxhfUY9eBoPgKexGQY9BLx4j5IVJCLOT3mTI7Owy0yuGJX/hxYMiXv0bb/6Nk2QPmljQUFR1093lx1IYdN1vJ7e2vrG5ld8u7Ozu7R8UD4+aJko0hwaPZKTbPjMghYIGCpTQjjWw0JfQ8se3M7/1CNqISNVxEkMvZEMlAsEZWumhi/CEfpDWp/1iyS27c9BV4mWkRDLU+sWv7iDiSQgKuWTGdDw3xl7KNAouYVroJgZixsdsCB1LFQvB9NL5xVN6ZpUBDSJtSyGdq78nUhYaMwl92xkyHJllbyb+53USDK57qVBxgqD4YlGQSIoRnb1PB0IDRzmxhHEt7K2Uj5hmHG1IBRuCt/zyKmlWyt5FuXJ/WareZHHkyQk5JefEI1ekSu5IjTQIJ4o8k1fy5hjnxXl3PhatOSebOSZ/4Hz+APFnkRc=</latexit>

t1
<latexit sha1_base64="b0Lh6u06lnO2y1TyB5ruRzQnFG8=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBbBU0mqoMeiF48V7Ac0pWy2k3bpZhN2J2IJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVHJo8lrHuBMyAFAqaKFBCJ9HAokBCOxjfzvz2I2gjYvWAkwR6ERsqEQrO0Eq+j/CEQZjhtO/1yxW36s5BV4mXkwrJ0eiXv/xBzNMIFHLJjOl6boK9jGkUXMK05KcGEsbHbAhdSxWLwPSy+c1TemaVAQ1jbUshnau/JzIWGTOJAtsZMRyZZW8m/ud1Uwyve5lQSYqg+GJRmEqKMZ0FQAdCA0c5sYRxLeytlI+YZhxtTCUbgrf88ipp1areRbV2f1mp3+RxFMkJOSXnxCNXpE7uSIM0CScJeSav5M1JnRfn3flYtBacfOaY/IHz+QNPXJHb</latexit>

t2
<latexit sha1_base64="+jJwroHhDaR2X4/mBbNuCTUvbcA=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBbBU0mqoMeiF48V7Ac0pWy2k3bpZhN2J2IJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVHJo8lrHuBMyAFAqaKFBCJ9HAokBCOxjfzvz2I2gjYvWAkwR6ERsqEQrO0Eq+j/CEQZjhtF/rlytu1Z2DrhIvJxWSo9Evf/mDmKcRKOSSGdP13AR7GdMouIRpyU8NJIyP2RC6lioWgell85un9MwqAxrG2pZCOld/T2QsMmYSBbYzYjgyy95M/M/rphhe9zKhkhRB8cWiMJUUYzoLgA6EBo5yYgnjWthbKR8xzTjamEo2BG/55VXSqlW9i2rt/rJSv8njKJITckrOiUeuSJ3ckQZpEk4S8kxeyZuTOi/Ou/OxaC04+cwx+QPn8wdQ4JHc</latexit>

t6
<latexit sha1_base64="71xFxKnK4ztK122U6biCkv8eh2A=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Vj04rGC/YCmlM120y7dbMLuRCyhf8OLB0W8+me8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR7dRvPXJtRKwecJzwbkQHSoSCUbSS7yN/wiDMcNK77JXKbsWdgSwTLydlyFHvlb78fszSiCtkkhrT8dwEuxnVKJjkk6KfGp5QNqID3rFU0Yibbja7eUJOrdInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4XU3EypJkSs2XxSmkmBMpgGQvtCcoRxbQpkW9lbChlRThjamog3BW3x5mTSrFe+8Ur2/KNdu8jgKcAwncAYeXEEN7qAODWCQwDO8wpuTOi/Ou/Mxb11x8pkj+APn8wdW8JHg</latexit>

[1 11 0 189 1906 · · · 3769 0 0]
<latexit sha1_base64="W7nM4w9e5vgPD9hxtVHcTrnVY6o=">AAACE3icbVC7TsMwFHV4lvAKMLJYVEiIoUpa1MdWwcJYJPqQkqhyHKe16jxkO0hV1H9g4VdYGECIlYWNv8FNM0DLka59dM69su/xEkaFNM1vbW19Y3Nru7Sj7+7tHxwaR8c9Eaccky6OWcwHHhKE0Yh0JZWMDBJOUOgx0vcmN3O//0C4oHF0L6cJcUM0imhAMZJKGhqXtuVAS5WprmZLHS2z7kAH+7EUDqw16q3cM3V3aJTNipkDrhKrIGVQoDM0vhw/xmlIIokZEsK2zES6GeKSYkZmupMKkiA8QSNiKxqhkAg3y3eawXOl+DCIuapIwlz9PZGhUIhp6KnOEMmxWPbm4n+encqg6WY0SlJJIrx4KEgZlDGcBwR9ygmWbKoIwpyqv0I8RhxhqWLUVQjW8sqrpFetWLVK9e6q3L4u4iiBU3AGLoAFGqANbkEHdAEGj+AZvII37Ul70d61j0XrmlbMnIA/0D5/AGtgmNw=</latexit>

u2
<latexit sha1_base64="eCC1YxHsREEQRmTE57tKCoZKY9Q=">AAAB83icbVBNS8NAEN3Ur1q/qh69BIvgqSRV0GPRi8cK9gOaUjbbSbt0swm7s2IJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZemAqu0fO+ncLa+sbmVnG7tLO7t39QPjxq6cQoBk2WiER1QqpBcAlN5CigkyqgcSigHY5vZ377EZTmiXzASQq9mA4ljzijaKUgQHjCMMrMtF/rlyte1ZvDXSV+TiokR6Nf/goGCTMxSGSCat31vRR7GVXImYBpKTAaUsrGdAhdSyWNQfey+c1T98wqAzdKlC2J7lz9PZHRWOtJHNrOmOJIL3sz8T+vazC67mVcpgZBssWiyAgXE3cWgDvgChiKiSWUKW5vddmIKsrQxlSyIfjLL6+SVq3qX1Rr95eV+k0eR5GckFNyTnxyRerkjjRIkzCSkmfySt4c47w4787HorXg5DPH5A+czx9SZ5Hd</latexit>

u2
<latexit sha1_base64="eCC1YxHsREEQRmTE57tKCoZKY9Q=">AAAB83icbVBNS8NAEN3Ur1q/qh69BIvgqSRV0GPRi8cK9gOaUjbbSbt0swm7s2IJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZemAqu0fO+ncLa+sbmVnG7tLO7t39QPjxq6cQoBk2WiER1QqpBcAlN5CigkyqgcSigHY5vZ377EZTmiXzASQq9mA4ljzijaKUgQHjCMMrMtF/rlyte1ZvDXSV+TiokR6Nf/goGCTMxSGSCat31vRR7GVXImYBpKTAaUsrGdAhdSyWNQfey+c1T98wqAzdKlC2J7lz9PZHRWOtJHNrOmOJIL3sz8T+vazC67mVcpgZBssWiyAgXE3cWgDvgChiKiSWUKW5vddmIKsrQxlSyIfjLL6+SVq3qX1Rr95eV+k0eR5GckFNyTnxyRerkjjRIkzCSkmfySt4c47w4787HorXg5DPH5A+czx9SZ5Hd</latexit>

u1
<latexit sha1_base64="/eh+oLxlxAaYM/H3KlU0ud6YnA8=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBbBU0mqoMeiF48V7Ac0pWy2k3bpZhN2J2IJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVHJo8lrHuBMyAFAqaKFBCJ9HAokBCOxjfzvz2I2gjYvWAkwR6ERsqEQrO0Eq+j/CEQZil077XL1fcqjsHXSVeTiokR6Nf/vIHMU8jUMglM6bruQn2MqZRcAnTkp8aSBgfsyF0LVUsAtPL5jdP6ZlVBjSMtS2FdK7+nshYZMwkCmxnxHBklr2Z+J/XTTG87mVCJSmC4otFYSopxnQWAB0IDRzlxBLGtbC3Uj5imnG0MZVsCN7yy6ukVat6F9Xa/WWlfpPHUSQn5JScE49ckTq5Iw3SJJwk5Jm8kjcndV6cd+dj0Vpw8plj8gfO5w9Q45Hc</latexit>

u6
<latexit sha1_base64="FYqBhFhDRxYdcS8SlxqgFjj2mmg=">AAAB83icbVBNS8NAEN34WetX1aOXxSJ4KkkV9Vj04rGC/YCmlM120i7dbMLuRCyhf8OLB0W8+me8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk41hwaPZazbATMghYIGCpTQTjSwKJDQCka3U7/1CNqIWD3gOIFuxAZKhIIztJLvIzxhEGbppHfZK5XdijsDXSZeTsokR71X+vL7MU8jUMglM6bjuQl2M6ZRcAmTop8aSBgfsQF0LFUsAtPNZjdP6KlV+jSMtS2FdKb+nshYZMw4CmxnxHBoFr2p+J/XSTG87mZCJSmC4vNFYSopxnQaAO0LDRzl2BLGtbC3Uj5kmnG0MRVtCN7iy8ukWa1455Xq/UW5dpPHUSDH5IScEY9ckRq5I3XSIJwk5Jm8kjcndV6cd+dj3rri5DNH5A+czx9Yd5Hh</latexit>

[4 14 0 15 394 · · · 2256 0 0]
<latexit sha1_base64="ljQ+LTAGHiWWadFirz4CSt8fwG4=">AAACEXicbVC7TsMwFHXKq4RXgJHFokLqVCVpy2OrYGEsEn1ISVQ5jtNadR6yHaQq6i+w8CssDCDEysbG3+CmHaDlSFc+OudeXd/jp4wKaZrfWmltfWNzq7yt7+zu7R8Yh0ddkWQckw5OWML7PhKE0Zh0JJWM9FNOUOQz0vPHNzO/90C4oEl8Lycp8SI0jGlIMZJKGhhVp+FCS5WpnqYL61eKuzhIpHChbTfPC8fUvYFRMWtmAbhKrAWpgAXaA+PLDRKcRSSWmCEhHMtMpZcjLilmZKq7mSApwmM0JI6iMYqI8PLioik8U0oAw4SriiUs1N8TOYqEmES+6oyQHIllbyb+5zmZDC+9nMZpJkmM54vCjEGZwFk8MKCcYMkmiiDMqforxCPEEZYqRF2FYC2fvEq6ds2q1+y7RqV1vYijDE7AKagCC1yAFrgFbdABGDyCZ/AK3rQn7UV71z7mrSVtMXMM/kD7/AFlsphY</latexit>

[15 13 136 7143 · · · 4356 1 0]
<latexit sha1_base64="M1srBScg9TR9DPX+L5IuCLzPSlY=">AAACEXicbZC7TsMwFIadcivhFmBksaiQOlVxL5SxgoWxSPQiNVHlOE5r1bnIdpCqqq/AwquwMIAQKxsbb4PTZoCWXzrSp/+cI/v8XsKZVLb9bRQ2Nre2d4q75t7+weGRdXzSlXEqCO2QmMei72FJOYtoRzHFaT8RFIcepz1vcpP1ew9USBZH92qaUDfEo4gFjGClraFVHqCGA1Etq0sHNlFdo0P8WEkH1msN7SEH2qY7tEp2xV4IrgPKoQRytYfWl+PHJA1ppAjHUg6QnSh3hoVihNO56aSSJphM8IgONEY4pNKdLS6awwvt+DCIha5IwYX7e2OGQymnoacnQ6zGcrWXmf/1BqkKrtwZi5JU0YgsHwpSDlUMs3igzwQlik81YCKY/iskYywwUTpEU4eAVk9eh261gmqV6l291LrO4yiCM3AOygCBJmiBW9AGHUDAI3gGr+DNeDJejHfjYzlaMPKdU/BHxucPRKSYRA==</latexit>

· · ·<latexit sha1_base64="9pGPaDabNijkWLtd2pluvCo4p5o=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRV0GPRi8cK9gPaUDabTbt2sxt2J0Ip/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemApu0PO+ncLa+sbmVnG7tLO7t39QPjxqGZVpyppUCaU7ITFMcMmayFGwTqoZSULB2uHodua3n5g2XMkHHKcsSMhA8phTglZq9Wik0PTLFa/qzeGuEj8nFcjR6Je/epGiWcIkUkGM6fpeisGEaORUsGmplxmWEjoiA9a1VJKEmWAyv3bqnlklcmOlbUl05+rviQlJjBknoe1MCA7NsjcT//O6GcbXwYTLNEMm6WJRnAkXlTt73Y24ZhTF2BJCNbe3unRINKFoAyrZEPzll1dJq1b1L6q1+8tK/SaPowgncArn4MMV1OEOGtAECo/wDK/w5ijnxXl3PhatBSefOYY/cD5/AK+ljzM=</latexit>

X
<latexit sha1_base64="nM3ChPESpQ2dvwthlTzHQNs4T9M=">AAAB8XicbVBNS8NAEN34WetX1aOXxSJ4KkkV9Fj04rGC/cA2lM120i7dbMLuRCyh/8KLB0W8+m+8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk41hwaPZazbATMghYIGCpTQTjSwKJDQCkY3U7/1CNqIWN3jOAE/YgMlQsEZWumhi/CEQZi1J71S2a24M9Bl4uWkTHLUe6Wvbj/maQQKuWTGdDw3QT9jGgWXMCl2UwMJ4yM2gI6likVg/Gx28YSeWqVPw1jbUkhn6u+JjEXGjKPAdkYMh2bRm4r/eZ0Uwys/EypJERSfLwpTSTGm0/dpX2jgKMeWMK6FvZXyIdOMow2paEPwFl9eJs1qxTuvVO8uyrXrPI4COSYn5Ix45JLUyC2pkwbhRJFn8kreHOO8OO/Ox7x1xclnjsgfOJ8/93uRGw==</latexit>

Propagation threads

G(to)
<latexit sha1_base64="IviKX2H26m9qaPBIQllnUmmkBe0=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoMQL2FXBT0GPegxgnlAsoTZyWwyZnZmmekVQsg/ePGgiFf/x5t/4yTZgyYWNBRV3XR3hYngBj3v28mtrK6tb+Q3C1vbO7t7xf2DhlGppqxOlVC6FRLDBJesjhwFayWakTgUrBkOb6Z+84lpw5V8wFHCgpj0JY84JWilxm0Zu+q0Wyx5FW8Gd5n4GSlBhlq3+NXpKZrGTCIVxJi27yUYjIlGTgWbFDqpYQmhQ9JnbUsliZkJxrNrJ+6JVXpupLQtie5M/T0xJrExozi0nTHBgVn0puJ/XjvF6CoYc5mkyCSdL4pS4aJyp6+7Pa4ZRTGyhFDN7a0uHRBNKNqACjYEf/HlZdI4q/jnlbP7i1L1OosjD0dwDGXw4RKqcAc1qAOFR3iGV3hzlPPivDsf89ack80cwh84nz+9UI6U</latexit>

P(to)
<latexit sha1_base64="SH+BQv94q/ROjvC0oVB/zZopsfM=">AAAB+XicbVDLSsNAFJ3UV62vqEs3wSLUTUmqoMuiG5cV7APaECbTSTt0MhNmbgol9E/cuFDErX/izr9x0mahrQcGDufcyz1zwoQzDa77bZU2Nre2d8q7lb39g8Mj+/iko2WqCG0TyaXqhVhTzgRtAwNOe4miOA457YaT+9zvTqnSTIonmCXUj/FIsIgRDEYKbHsQYxgTzLPWvAaBvAzsqlt3F3DWiVeQKirQCuyvwVCSNKYCCMda9z03AT/DChjhdF4ZpJommEzwiPYNFTim2s8WyefOhVGGTiSVeQKchfp7I8Ox1rM4NJN5Tr3q5eJ/Xj+F6NbPmEhSoIIsD0Upd0A6eQ3OkClKgM8MwUQxk9UhY6wwAVNWxZTgrX55nXQade+q3ni8rjbvijrK6Aydoxry0A1qogfUQm1E0BQ9o1f0ZmXWi/VufSxHS1axc4r+wPr8ATXOk2A=</latexit>

Figure 6.3: A toy example of the model inputs.

6.3.4 Feature fusion via hybrid aggregation layer

We concatenate H1
Macro with H2

Macro to form HMacro ∈ RN×2FMacro , and concatenate
H1

Micro with H2
Micro to form HMicro ∈ RN×2FMicro . Thus, for each tweet mi, we have a

macroscopic representationHMacro and a microscopic representationHMicro. In most
of the existing works, after gettingHMacro andHMicro, they will concatenate them di-
rectly, however, this operation ignores the different dependence on the two different
representations. In our work, in order to effectively aggregate the learned represen-
tations, inspired by the gate mechanism [108] and attention mechanism [131], we
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Rumor Detection

design (1) a fusion gate to fuse HMacro and HMicro to form HFuse, and (2) row-level
attention to aggregate features to merge a unique representation HRumor.

To selectively integrate the important information of two representations, we employ
a concise and effective fusion gating mechanism that produces an importance-aware
diffusion representation HFuse as follows:

G = sigmoid(W1
gateHMacro + W2

gateHMicro + bgate)

HFuse = G�HMacro + (1−G)�HMicro
(6.9)

where W1
gate,W

2
gate ∈ R2F ′×2F ′ , and bgate ∈ R2F ′ . Note that, here F ′ = FMacro =

FMicro. G is used to drop trivial parts of macroscopic representation and add impor-
tant information from microscopic representation. The rationale behind this design
is that the representation fusion HFuse = {h1

Fuse, · · · ,hNFuse} ∈ RN×2F ′ would be
aware of the different importance of macroscopic and microscopic diffusion.

Then, we merge the row-level information of HFuse to form an unique representation
HRumor for tweet m through attention sum-pooling operation:

aj =
exp(〈w, tanh(Wah

j
Fuse + ba〉))∑N

∗=1 exp(〈w, tanh(Wah∗Fuse + ba〉))
,

HRumor =
N∑

j=1

ajh
j
Fuse

(6.10)

where Wa ∈ R2F ′×d, ba ∈ Rd and w ∈ Rd.

6.3.5 Rumor detection and optimization

Subsequently, HRumor is used to generate the corresponding binary prediction vector
ŷ = [ŷ0, ŷ1], where ŷ0, ŷ1 indicate that the prediction probabilities of the label being
0 and 1, respectively, via a fully connected layer and the Softmax function:

ŷ = Softmax (FC (HRumor)) . (6.11)

In our implementation, we train all the model parameters by minimizing the cross-
entropy between ŷ and y:

L = − 1

|B|

|B|∑

i=1

1∑

c=0

yi,c log ŷi,c + λ ‖Θ‖2
2 , (6.12)

where |B| is the batch size, yi,c and ŷi,c are the ground truth and predicted results
for the i-th sample. That is, if the sample belongs to c-th class, ŷi,c is 1; other-
wise it is 0. ‖Θ‖2

2 is the L2 regularizer over all the model parameters Θ, and λ

is the trade-off coefficient. The optimization can be solved by stochastic gradient
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descent–based optimization approaches, such as Adam [139] and RAdam [140]. The
above computation process of our MMRD model is outlined in Algorithm 8.

Algorithm 8: Training process of MMRD.

Input: A set of tweets M =
{
mi

}|M |
i=1

, each tweet mi =
{
Gi(to),Pi(to)

}
, the

max-order number K.
Output: MMRD-optimized parameters Θ.
1: initialize Θ
2: while Θ has not converged do
3: for each tweets batch B do
4: for each tweet mi in tweets batch B do
5: /* (1st) Train MacroE and MicroE separately. */

1st macroscopic diffusion encoding: H1
Macro ← X, L̃, K via Eq.(6.3);

1st microscopic diffusion encoding: H1
Micro ← X̂ via Eq.(6.6);

6: /* (2nd) Cross-learning MacroE and MicroE */
2nd macroscopic diffusion encoding: H2

Macro ← H1
Micro, L̃, K via Eq.(6.3);

2nd microscopic diffusion encoding: H2
Micro ← H1

Macro via Eq.(6.6);
7: /* Concatenate operation */

HMacro = concat(H1
Macro,H

2
Macro)

HMicro = concat(H1
Micro,H

2
Micro)

8: macroscopic and microscopic representation fusion:
HFuse ← HMacro,HMicro via Eq.(6.9);

9: Attention sum-polling: HRumor ← HFuse via Eq.(6.10);
10: Estimate the probability ŷ via Eq.(6.11);
11: end for
12: L ← Eq.(6.12);
13: Θ← RAdam(L)
14: end for
15: end while

6.3.6 Rumor detection with knowledge distilling

In order to further improve the model performance on rumor detection task, we
inspired by knowledge distillation technique [141]. The knowledge distillation tech-
nique, which involves capturing the “dark knowledge” from a teacher model to guide
the learning of a student network, has emerged as an essential technique for model
improvement. We first train a teacher model via Algorithm 8, and then trans-
fer the knowledge from the teacher model to a student model. Here in our work,
the student model has the same model architecture as the teacher model (self-
distillation [142, 143]). Before introducing the concrete training procedure of MMRD
with knowledge distillation, we first give the definition of the softmax with temper-
ature:

qi = softmax(H, τ) =
exp(H/τ)∑
j exp(H/τ)

(6.13)
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where τ is a temperature that is normally set to 1. We use a higher value for
temperature τ to produce a softer probability distribution over the class, which
brings the advantage that the information carried by the negative label will be
relatively amplified, and the model training will pay more attention to the negative
label.

The concrete training procedure of the knowledge distillation is listed in Algorithm 9,
and Figure 6.1–(c) gives a visualization of Algorithm 9. The objective function of
the knowledge distillation is a weighted average of two different objective functions.
The first loss function is the cross-entropy with the soft targets and it is computed
using the same high temperature τ = t in the softmax of the student model as was
used for generating the soft targets from the teacher model.

Lsoft = −
|B|∑

i=1

ȳTi log ȳSi (6.14)

where ȳTi = softmax(FC(HT
Rumor), τ = t) is soft output from teacher model, and

ȳSi = softmax(FC(HS
Rumor), τ = t) is soft output from student model.

The second loss function is the cross-entropy with the ground truth. This is com-
puted using exactly the same logits in softmax of the student model but at a tem-
perature of 1.

Lhard = −
|B|∑

i=1

yi log ŷSi (6.15)

where yi is the ground truth and ŷSi = softmax(FC(HS
Rumor), τ = 1) is the hard

output of student model. Finally, the objective function of knowledge distillation
is:

LKD = (1− β)Lsoft + βLhard (6.16)

where β is the balance weight, which always been a considerably lower value since
the amplitude of the gradients produced by the scale of the soft output as 1/τ 2. This
ensures that the relative contributions of the hard and soft targets remain roughly
unchanged [141].

6.4 Evaluating MMRD

In this section present the findings from our experimental evaluations. We compare
the performance of our MMRD with the state-of-art baselines on rumor detection,
and we also investigate the effects of different components by comparing several
variants of MMRD. Specifically, we aim at providing empirical evaluations to answer
the following research questions:

• Q1 How does MMRD perform compared with the state-of-the-art baselines
on rumor detection?
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Algorithm 9: Training procedure of MMRD with knowledge distillation.

Input: A set of tweets M =
{
mi

}|M |
i=1

, each tweet mi =
{
Gi(to),Pi(to)

}
, the

max-order number K, temperature τ .
Output: Student-optimized parameters Θ.
1: Pre-train a Teacher model via Alogrithm 8.
2: initialize Θ in Student model.
3: while Θ has not converged do
4: for each tweets batch B do
5: for each tweet mi in tweets batch B do
6: HT

Rumor ←Teacher
7: /* Train Student model via step 1 to step 9 in Alogrithm 8.*/

HS
Rumor ← Student

8: /* Soft outputs from Teacher*/
ȳTi = softmax(FC(HT

Rumor), τ = t)
/* Soft outputs from Student*/
ȳSi = softmax(FC(HS

Rumor), τ = t)
/* Hard outputs from Student */
ŷSi = softmax(FC(HS

Rumor), τ = 1)
9: calculate loss LKD via Eq. 6.16
10: end for
11: Θ← RAdam(LKD)
12: end for
13: end while
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• Q2 How does each component of MMRD contribute to the performance?

• Q3 Can MMRD detect rumor at an early stage?

6.4.1 Datasets

We conducted our experiments on two real-world datasets: Twitter15, Twitter16.
Both Twitter15 and Twitter16 datasets were collected by Ma et al. [33]. Each dataset
contains a collection of source tweets with its corresponding propagation threads.
The original datasets were constructed for multi-class classification, and we removed
the tweets labeled as “unverified” or “true rumor” since they were beyond our research
interest, and only keep “non-rumor" and “false-rumor" labels as ground truth in both
datasets. We built the macroscopic diffusion graph and microscopic diffusion path
for each source tweet from its propagation threads. The statistics of the datasets
are presented in Table 6.2. The user profiles were crawled via Twitter API based on
the provided user IDs, and for a fair comparison, we follow PPC_RNN+CNN [100]
that extracts eight types of characteristics, including, (1) length of a user name; (2)
created time of a user account; (3) length of description; (4) followers count; (5)
friends count; (6) statuses count; (7) whether the user is verified; and (8) whether
the geographical information is enabled.

Table 6.2: Statistics of the datasets.
Statistic Twitter15 Twitter16
# source tweets 739 404
# non-rumor 370 199
# rumor 369 205
# users 306,402 168,659
Max. # retweets 2,990 999
Min. # retweets 97 100
Avg. # retweets 493 479
Avg. # time length 743 Hours 167 Hours

6.4.2 Baselines

We compare our model with a series of state-of-the-art baseline approaches for rumor
detection:

• DTC [23]: A decision tree-based classification model that combines manually
engineered characteristics of tweets to compute the information credibility.

• SVM-TS [85]: A linear SVM-based time series model, which can capture
the variation of a broad spectrum of social context information over time by
converting the continuous-time stream into fixed time intervals.
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• SVM-RBF [86]: A SVM-based model that uses radius basis function (RBF)
as the kernel, and leverages the handcrafted features of posts for rumor detec-
tion.

• GRU [33]: An RNN-based model, which learns temporal patterns and content
features from user comments for rumor detection.

• TD-RvNN [34]: A top-down tree-structured RNN model that explores the
importance of propagation structure for rumor detection.

• PPC_RNN+CNN [100]: A model combines RNN and CNN for early rumor
detection, which learns the rumor representations through the characteristics
of users.

• Bi-GCN [16]: A GCN-based model exploring rumor dissemination through
bi-directional propagation structures and text contents for rumor detection.

• GCAN [102]: A state-of-the-art co-attention network for rumor detection,
which learns the rumor representation based on the tweets content and the
corresponding retweet users.

6.4.3 Parameter Settings and Evaluation Metrics

We implement DTC with Weka1, SVM-TS and SVM-RBF with scikit–learn2, and
other deep learning-based baselines and our MMRD with Tensorflow3. The hy-
perparameters of baselines are the same as the settings described in the original
papers.

Note that, in our work, MMRD only takes the user profiles and timestamps as
inputs, and ignores the content features, such as source tweet text and comments,
for a fair comparison, we implement some variants for the baselines by changing
the initial inputs. Specifically, as for TD-RvNN and Bi-GCN, we use user profile
features to replace the comment features, and the variants of these two baselines are
denoted as TD-RvNN(User) and Bi-GCN(User), respectively. As for GCAN, we remove
the source tweet features in the original inputs which termed as GCAN-Text.

The main hyperparameters in our MMRD are tuned as follows. The batch size is
32. The output dimension of MacroE FMacro = 64, and the hidden sizes of both the
forward GRU and backward GRU units are FMicro = 32. The max-order number
K is 3. The number of time intervals l is 100 and the embedding size for each
timestamp vector dtime is 50. The learning rate for both the teacher training phase
and knowledge distillation is 0.001 and the balance weight β in distillation is 0.3.
The temperature τ in knowledge distillation is 2.5. The training process is iterated
upon for 500 epochs but would be stopped earlier if the validation loss does not

1https://www.cs.waikato.ac.nz/ml/weka/
2https://scikit-learn.org/
3https://www.tensorflow.org/
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decrease after 10 epochs. And we randomly choose 70% data for training and the
rest of 10% and 20% for validation and testing. In this work, we measured the
detection deadline by the number of retweets, i.e., the first k-th retweets. In the
overall performance, the baselines and our MMRD consider the first 40-th retweets.
We choose accuracy (ACC), precision (Pre), recall (Rec) and F-score (F1) as the
evaluation protocols to measure the models’ performance in this work.

Table 6.3: Overall performance comparison of rumor detection on Twitter15. The
best method is shown in bold, and the second best one is underlined.

Twitter15
Method Acc Pre Rec F1
DTC 0.495 0.494 0.481 0.495
SVM-TS 0.519 0.519 0.518 0.519
SVM-RBF 0.535 0.552 0.521 0.536
GRU 0.580 0.544 0.545 0.544
TD-RvNN 0.628 0.594 0.616 0.604
PPC_RNN+CNN 0.691 0.674 0.686 0.679
Bi-GCN 0.748 0.731 0.759 0.745
GCAN 0.835 0.825 0.829 0.825
TD-RvNN(User) 0.678 0.671 0.674 0.672
Bi-GCN(User) 0.820 0.846 0.824 0.834
GCAN-Text 0.683 0.705 0.652 0.678
MMRD 0.922 0.922 0.923 0.922
Improvement 10.41% 11.76% 11.34% 11.76%

Table 6.4: Overall performance comparison of rumor detection on Twitter16. The
best method is shown in bold, and the second best one is underlined.

Twitter16
Method Acc Pre Rec F1
DTC 0.561 0.575 0.537 0.562
SVM-TS 0.693 0.692 0.691 0.692
SVM-RBF 0.711 0.724 0.709 0.716
GRU 0.554 0.514 0.516 0.515
TD-RvNN 0.633 0.619 0.610 0.614
PPC_RNN+CNN 0.655 0.632 0.651 0.641
Bi-GCN 0.711 0.709 0.710 0.716
GCAN 0.823 0.803 0.841 0.822
TD-RvNN(User) 0.661 0.632 0.641 0.636
Bi-GCN(User) 0.814 0.815 0.816 0.816
GCAN-Text 0.664 0.716 0.579 0.648
MMRD 0.876 0.877 0.874 0.875
Improvement 6.44% 9.22% 3.92% 6.45%
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6.4.4 Overall performance (Q1)

The overall performance is shown in Table 6.3 and 6.4, from which we can find that
our MMRD model consistently outperforms all baselines on both Twitter15 and
Twitter16 datasets. In addition to the overall superiority of our model, we have the
following observations.

First, compared to the deep learning-based methods, feature-based methods such
as DTC, SVM-TS, and SVM-RBF are not competitive because their performance
heavily depends on the hand-crafted features. However, designing effective features
is time-consuming and requires extensive field-specific knowledge. Furthermore, the
performance gain of SVM-TS over DTC lies in its capability of considering time
information. On the other hand, SVM-RBF performs slightly better than SVM-TS,
suggesting that the kernel-based SVM is better than linear SVM but is still limited
to the quality of hand-crafted features.

Second, among all the deep learning-based baselines, GRU, as the early deep learning-
based work for rumor detection, performs the worst, primarily because it only relies
on temporal-linguistics of the repost sequence but ignores other informative signals
such as diffusion structures and user profiles. In addition, both TD-RvNN and Bi-
GCN explore the dissemination of rumors on the basis of GRU and learn textual
information from replies (i.e., the retweets with comments). However, their perfor-
mance is not competitive when there are few comments or replies. Bi-GCN generally
performs well than TD-RvNN, demonstrating that GCN is a powerful graph learn-
ing model compared with tree structure RNN. PPC_RNN+CNN performs relatively
well than GRU and TD-RvNN, implying that user-profile information is more in-
formative than text information in rumor detection, the reason is that compared
with the replies, in reality, there exist more retweets without any comments, how-
ever, the user information of such retweets is acquirable. The same observations
can find when compare Bi-GCN with its variant Bi-GCN(User) and TD-RvNN with
TD-RvNN(User).

On the other hand, GCAN takes both text information and user-profile information
as input and indeed outperforms other baselines. By comparing GCAN with its
variant GCAN-Text, we can find that the performance of GCAN still heavily relies
on text information. This is because it models the structural information from the
user similarity matrix rather than the retweet network, which may be insufficient in
capturing user interactions, and due to the two datasets were existed for a long time,
when we try to crawl the user profiles for all users in the datasets, we find that some
user accounts do not exist anymore, and it causes difficulties in constructing user
similarity graph. Besides that, compare GCAN-Text with Bi-GCN(User), the results
of Bi-GCN(User) far exceed GCAN-Text, this observation illustrates the diffusion
graph is more powerful than user similarity graph in detecting rumor when ignoring
the textual features. To further illustrate that our MMRD indeed significantly
outperforms the baselines, we conduct a McNemar’s test [144] between our MMRD
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and the best baseline (GCAN) based on the prediction results on the testing set, and
the p-values are 0.001 and 0.013 on Twitter15 and Twitter16, respectively. As p <
0.05 on both Twitter15 and Twitter16, we can conclude that MMRD significantly
outperforms GCAN.

Our MMRD, in contrast, learns rumor representation from macroscopic and mi-
croscopic diffusion without any textual information, suggesting the possibility of
detecting rumors by completely exploiting rumors’ diffusion patterns. However, the
performance of MMRD can be further improved by taking into account other infor-
mation such as textual information.

6.4.5 Ablation study (Q2)

In order to answer the RQ2, we conduct several ablation studies from the following
perspectives: (1) we first propose five variants of MMRD and compare their perfor-
mance on both Twitter15 and Twitter16; then, (2) we compare the performance of
MMRD in without knowledge distillation and cross distillation settings; finally, (3)
we pick up two special parameters to test the model’s accuracy change brings by
them when changing their value.

6.4.5.1 Variants comparison

We conducted an ablation study to explore each component’s effect in MMRD by
removing a particular component from the original MMRD. Towards that, we derive
the following variants of MMRD:

• -AGG_Atten: In “-AGG_Atten”, we use sum-pooling function to replace
the attention aggregation function fAGG in MacroE.

• -Gate: In “-Gate”, we remove the fusion gate from the MMRD, i.e., concate-
nate HMacro and HMicro directly (HFuse = concat(HMacro,HMicro)).

• -Atten: In “-Atten”, we replace the attention sum-pooling with normal sum-
pooling, that is HRumor =

∑N
j=1 h

j
Fuse.

• -GCN: In “-GCN”, we replace the convolution kernel in MacroE with a vanilla
GCN layer.

• -Time: In “-Time”, we ignore the timestamp information, i.e., the input fea-
ture of the first MicroE are user profile features.

The results of the ablation study are summarized in Table 6.5, where we can observe
that:

(1) The accuracy of “-Atten" remarkably decreases compared with other variants,
which indicates that user-level attention sum-pooling can learn the importance of
each user in rumor diffusion since it allocates different significance to each row (that
correlated to a specific user) of HFuse. The visualization of the attention weights is
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Table 6.5: Performance comparison between MMRD and its variants.

Twitter15 Twitter16
Method Acc Pre Rec F1 Acc Pre Rec F1
-AGG_Atten 0.854 0.855 0.855 0.855 0.826 0.827 0.824 0.825
-Gate 0.875 0.875 0.874 0.875 0.845 0.845 0.844 0.844
-Atten 0.831 0.835 0.829 0.832 0.795 0.799 0.769 0.784
-GCN 0.851 0.851 0.851 0.851 0.807 0.807 0.806 0.807
-Time 0.878 0.878 0.879 0.878 0.845 0.863 0.839 0.851
MMRD 0.922 0.922 0.923 0.922 0.876 0.877 0.874 0.875

depicted in Figure 6.4, which further proves the effectiveness. From Figure 6.4, we
also find that the later users are more critical in rumor spreading, which confirms the
hypothesis that rumors can spread deeper than non-rumors [43]. (2) Using the fusion
gate to control the dependency on macroscopic diffusion and microscopic diffusion
will improve the model performance as achieved by the “-Gate". (3) The results
of “-GCN" demonstrate that multi-hop and directional information are essential for
macroscopic diffusion modeling, and the performance of “-AGG_Atten" worse than
MMRD, which further demonstrates that as for each node, their order-dependency is
different. (4) As for “-Time", it shows the importance of the timestamp information
in capturing microscopic diffusion.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40

Users in retweet order

R1
R2
R3

NR1
NR2
NR3

Figure 6.4: Visualization of attention weights in attention sum-pooling, which ran-
domly choose 3 rumors and 3 non-rumors from Twitter15. Dark colors refer to a higher
value.

6.4.5.2 Performance on knowledge distillation

In our work, one of the most important components is the use of knowledge distilla-
tion to enhance model performance. In order to test the performance of knowledge
distillation (for briefly, simplify as KD), in this section, we conduct experiments on
removing KD and using cross KD, respectively.

Figure 6.5 shows the results when removing the KD, we find that, after removing
KD, although the model still can achieve better performance compared with the
baselines in Table 6.3 and 6.4, it can be further improved by using KD to transfer
knowledge from a teacher model to a student model. Besides that, the effect of KD
is more remarkable on the Twitter16 dataset, it yields a large performance interval
between “MMRD” and “MMRD w/o KD”.
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Figure 6.5: The effectiveness of knowledge distillation. The number of observed
retweet users per source tweet varies from 10 to 100, and we plot the corresponding
detection accuracy of MMRD with and without knowledge distillation. “MMRD w/o
KD” denotes MMRD without knowledge distillation.

Figure 6.6 shows the comparison between different strategies of cross KD. Specif-
ically, we train the teacher model and student model based on different datasets
and then test the student’s performance on both Twitter15 and Twitter16 datasets.
For example, “T15/S16” means we first train a Teacher model “T15” on Twitter15
dataset and then distill the model on Twitter16 to get a student model “S16”, and
finally use the “S16” model to perform rumor detection on Twitter15 and Twitter16,
respectively. From Figure 6.6, we observe that the performance of MMRD is much
better when both the Teacher model and Student model train on the same dataset,
this is because of some dataset-specific reasons, such as diffusion scale, the number
of non-exist users, user-specific feature (e.g., create time), etc.
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Figure 6.6: Cross knowledge distillation. The number of observed retweet users per
source tweet sets to 40. Each bar represents the detection accuracy and the labels
of the x-axis denote the datasets used when training the teacher model and student
model. E.g., “T15” and “T16” denote that we train the teacher model on Twitter15,
and Twitter16, respectively; “S15” and “S16” means that we learn the student model
via distilling knowledge on Twitter15 and Twitter16, respectively.
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6.4.5.3 Parameter analysis

From all parameters in MMRD, we choose two special parameters to conduct pa-
rameter analysis experiments – the value of max-order K and the time embedding
size dtime. The results shows in Figure 6.7. From both Figure 6.7a and Figure 6.7b,
we find that by blindly increase the number of K and dtime, the model accuracy
not improve, instead, decreased. And when set K = 3 and dtime = 50, the model
achieves the best performance. Moreover, the embedding size dtime with small values
achieve better performance than large values. And Figure 6.7a also demonstrates
that take the higher-order of node interaction into consideration is useful when mod-
eling macroscopic diffusion of tweets.
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Figure 6.7: Results of parameter analysis on Twitter15 and Twitter16 when the num-
ber of observed retweet users per source tweet sets to 40. (a) Performance on different
max-order value K, ranging from 2 to 5. (b) Performance on different embedding size
dtime of timestamp vector T.

0 10 20 30 40 50 60

Diffusion time (min.)

0

25

50

75

100

125

150

175

200

A
v
g
. 
R

et
w

ee
ts

Twitter15 Twitter16

(a) Average propagation
speed

10 20 30 40 50 100

Number of retweet users

0.6

0.7

0.8

0.9

1.0

A
cc

u
ra

cy

PPC_RNN+CNN

TD-RvNN(User)

GCAN-Text

Bi-GCN(User)

MMRD

(b) Twitter15

10 20 30 40 50 100

Number of retweet users

0.6

0.7

0.8

0.9

1.0

A
cc

u
ra

cy

PPC_RNN+CNN

TD-RvNN(User)

GCAN-Text

Bi-GCN(User)

MMRD

(c) Twitter16

Figure 6.8: Evaluations on early rumor detection. (a) The average propagation speed
of tweets calculated based on Twitter15 and Twitter16 datasets. (b) and (c) plot the
detection accuracy when the number of observed retweet users per source tweet are in
the range of [10, 20, 30, 40, 50, 100] on Twitter15 and Twitter16, respectively.

6.4.6 Early detection (Q3)

Detecting rumors as early as possible is crucial for public opinion control. Figure 6.8a
shows the average propagation speed of messages on twitter calculated based on

98



6.5 Summary

Twitter15 and Twitter16. We find that within 60 minutes, both Twitter15 and
Twitter16 have a diffusion speed near 190 retweets. And when the time is extremely
small, i.e., within 30 minutes, the average retweets of both two datasets are close
to 100. So, to investigate the performance of models on identifying rumors at an
early stage, here, we consider the number of observed retweet users per source tweet
from the list [10, 20, 30, 40, 50, 100]. Besides, for a fair comparision, we choose user
profile-based mtheods, i.e., “TD-RvNN(User)”, “PPC_RNN+CNN”, “Bi-GCN(User)”
and “GCAN-Text” as contrast methods. Figure 6.8b and Figure 6.8c show the
performance comparison of early-stage detection between our MMRD and selected
baselines. We can see that MMRD performs better, especially when there are only a
few observations, i.e., MMRD achieves almost 89% and 87% accuracy on Twitter15
and Twitter16, respectively, even with only 10 retweet user observations.

6.5 Summary

This paper proposed a novel rumor detection model named MMRD, which can
effectively and efficiently summarize a unique representation for each rumor prop-
agation through capturing the dissemination patterns from both macroscopic and
microscopic diffusion levels. Simultaneously, MMRD leverages the knowledge distil-
lation technique to transfer knowledge from a pretraining teacher model to a student
model which further improves the model detection performance. The experimen-
tal results based on two real-world Twitter data sets demonstrate that our method
achieves state-of-the-art performance on rumor detection and also effective in de-
tecting rumors at an early stage. Besides that, MMRD detects rumor via learning
its spreading process, which can help us to develop rumor spreading models.
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