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Interaction Networks
Biological interaction networks are often used as prior information when 
analyzing high throughput ‘omics data

Vertices: genes or proteins
Edges: Interactions between genes/proteins
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Proteins with similar functions are connected in 
an interaction network



Altered Subnetwork Problem
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Given:
1) Interaction network G = (V,E)
2) Vertex scores Xv 

Goal: Identify high-scoring subnetworks of G (“altered subnetworks”)

(also called network modules, active subnetworks)

Note: Different from DREAM competition (Lenore Cowen keynote), which does not use vertex scores



Choobdar, Ahsen, Crawford et al (Nature Methods 2019)

Altered subnetworks reveal important pathways 4

Leiserson, Vandin et al (Nature Genetics 2015)

Vertex scores Xv - somatic mutation frequencies

Somatic mutations in cancer Genome-wide association studies (GWAS)

Vertex scores Xv – GWAS gene-level p-values

Height

Multiple Sclerosis

International Multiple Sclerosi Genetics Consortium (AJHG 2013)

Altered Subnetwork Problem: 
Given:
1) Network G = (V,E)
2) Vertex scores Xv (usually derived from p-values)
Goal: Identify high-scoring subnetworks G

Altered subnetworks = functionally related genes/proteins (eg disease genes)



Many algorithms developed over past 20 years for identifying altered subnetworks

Mitra et al, Nature Reviews Genetics (2013)
Cowen et al, Nature Reviews Genetics (2017)
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Early algorithms model altered subnetwork as a 
connected subgraph

For example, seminal algorithms jActiveModules and heinz solve optimization 
problems over connected subgraphs S

Altered Subnetwork Problem: 
Given:
1) Network G = (V,E)
2) Vertex scores Xv (usually derived from p-values)
Goal: Identify high-scoring subnetworks G

High

Low
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jActiveModules/Cytoscape (Ideker et al, 2002) heinz/BioNet (Dittrich, Klau et al, 2008)
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Connectivity-based algorithms have theoretical 
guarantees
In previous work (RECOMB 2020, ICML 2021) we defined a generative model for 
connected altered subnetworks and:

1.  Showed that existing connectivity-based methods (jActiveModules, heinz) 
compute maximum likelihood estimators (MLE), but MLE is statistically biased
estimator of subnetwork size

2.  Derived NetMix algorithm to reduce MLE bias

Altered subnetwork Maximum Likelihood Estimator (MLE)
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Challenge: Connectivity is a weak topological constraint!
Networks have small diameter – most subnetworks are “almost connected”
Algorithms not much better compared to not using interaction network

Simulations from our 
generative model where 
altered subnetwork is 
connected subgraph
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Network propagation (network diffusion)
Use of random walks to “propagate”/smooth vertex scores across network
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Network 
propagation

High

Low



Network propagation uses global network structure
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Random walk 
similarity matrix

Network propagation = Matrix-vector multiplication

Cowen et al (Nature Reviews Genetics 2017)

Cowen et al (Nature Reviews Genetics 2017)Vertex scores



Network propagation is standard for ranking vertices

Personalized PageRank is asymptotically optimal for 
ranking in random graph models (PNAS 2017)
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Known
Unknown

High

Low

Binary vertex scores XRank vertices based on similarity to vertices w/ known characteristics e.g. genes associated 
with a specific disease (binary vertex scores Xv )

Random walk 
similarity matrix Vertex scores



How to use network propagation to identify altered 
subnetworks? High

Low
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Network 
propagation

Question: how to identify altered subnetwork from 
propagated gene scores?



Existing network propagation methods use ad hoc heuristics to 
identify altered subnetworks

High

Low

Network 
propagation

Ex: PRINCE: “We aim at inferring densely connected protein complexes that contain 
high scoring proteins … we start with the top 100 [propagated] scoring proteins as 
seeds … To each seed we iteratively add a neighboring protein with the highest 
score … A refinement phase takes place where proteins are removed from a 
putative complex to ensure that … its member proteins are densely interacting.”

Issue: These algorithms lack rigorous statistical guarantees – hard to investigate 
fundamental issues like bias
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HotNet2

PRINCE



Recent work shows existing approaches biased towards “high 
centrality” vertices
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“Our study reports on a different bias that is 
prevalent in AMI solutions: their tendency to report 
non-specific GO terms. …we observed that many 
enriched GO terms also appear on permuted 
datasets, suggesting that such enrichment stems 
from some proprieties of the network, algorithm, or 
the data that bias the results.”

“Our results indicate that classical but also 
supposedly bias-aware [altered subnetwork 
algorithms] extract disease modules based on 
the node degree”

Algorithms benchmark against existing network algorithms – can hide biases shared across methods



Our work:
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• Extend altered subnetwork generative model
• Model different altered subnetwork topologies (“subnetwork families”)
• Derive propagation family – “approximates” subnetworks found by network 

propagation

• NetMix2 algorithm for altered subnetwork identification with 
different subnetwork families
• w/ propagation family: principled network propagation algorithm for 

altered subnetwork identification

• Simple baselines for evaluating network algorithms – “scores only”
and “network only”



Generative model: Altered Subnetwork Distribution
• G=(V, E) is interaction network
• is subnetwork family (set of subsets of V)
• is the altered subnetwork

Vertex scores                   are distributed as(Xv)v2V
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S
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= altered distribution (unknown)

= background distribution (typically known)

A 2 S
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0 µ

Generative model: Altered Subnetwork Distribution
• G=(V, E) is interaction network
• is subnetwork family (set of subsets of V)
• is the altered subnetwork

Vertex scores                   are distributed as(Xv)v2V
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Example of distributions: z-scores

Da = N(µ, 1)
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Db = N(0, 1)
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Examples of subnetwork families:
S = CG
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S = EG,p
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S = TG,⇢
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Cut family = subgraphs with cut(S) < ρ

Edge-dense family = subgraphs with density(S) > p

Connected family = connected subgraphs S ⊆ V
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= altered distribution 
(unknown)

= background distribution 
(typically known)



Generative model: Altered Subnetwork Distribution
• G=(V, E) is interaction network
• is subnetwork family (set of subsets of V)
• is the altered subnetwork

Vertex scores                   are distributed as(Xv)v2V
<latexit sha1_base64="eb3LnKnvZ7V9XaGUCM2qiTUlOG4=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEI9VKSKuix6MVjBfsBbQib7aZdutmE3U2hhv4SLx4U8epP8ea/cdvmoK0PBh7vzTAzL0g4U9pxvq3CxubW9k5xt7S3f3BYto+O2ypOJaEtEvNYdgOsKGeCtjTTnHYTSXEUcNoJxndzvzOhUrFYPOppQr0IDwULGcHaSL5drnb9yYWfTVCfCdSe+XbFqTkLoHXi5qQCOZq+/dUfxCSNqNCEY6V6rpNoL8NSM8LprNRPFU0wGeMh7RkqcESVly0On6FzowxQGEtTQqOF+nsiw5FS0ygwnRHWI7XqzcX/vF6qwxsvYyJJNRVkuShMOdIxmqeABkxSovnUEEwkM7ciMsISE22yKpkQ3NWX10m7XnMva/WHq0rjNo+jCKdwBlVw4RoacA9NaAGBFJ7hFd6sJ+vFerc+lq0FK585gT+wPn8Ag7GSWQ==</latexit>

S
<latexit sha1_base64="s0ORvqxeEX0PpYtJdKPahu55m4g=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFNy4r2gdMh5JJM21oJhmSjFCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlGlmRSPZprQIMYjwSJGsLGS34+xGRPMs4fZoFpz6+4caJV4BalBgdag+tUfSpLGVBjCsda+5yYmyLAyjHA6q/RTTRNMJnhEfUsFjqkOsnnkGTqzyhBFUtknDJqrvzcyHGs9jUM7mUfUy14u/uf5qYmug4yJJDVUkMVHUcqRkSi/Hw2ZosTwqSWYKGazIjLGChNjW6rYErzlk1dJp1H3LuqN+8ta86aoowwncArn4MEVNOEOWtAGAhKe4RXeHOO8OO/Ox2K05BQ7x/AHzucPjPaRbQ==</latexit>

High

Low

A 2 S
<latexit sha1_base64="jsdSv9V1FKE+69xTTRvIoDOmi5I=">AAAB+nicbVC7TsMwFL0pr1JeKYwsFhUSU5UUJBgLLIxF0IfURJXjuq1Vx4lsB1SFfgoLAwix8iVs/A1OmwFajmTp6Jx7dY9PEHOmtON8W4WV1bX1jeJmaWt7Z3fPLu+3VJRIQpsk4pHsBFhRzgRtaqY57cSS4jDgtB2MrzO//UClYpG415OY+iEeCjZgBGsj9ezyJfKYQF6I9Yhgnt5Ne3bFqTozoGXi5qQCORo9+8vrRyQJqdCEY6W6rhNrP8VSM8LptOQlisaYjPGQdg0VOKTKT2fRp+jYKH00iKR5QqOZ+nsjxaFSkzAwk1lEtehl4n9eN9GDCz9lIk40FWR+aJBwpCOU9YD6TFKi+cQQTCQzWREZYYmJNm2VTAnu4peXSatWdU+rtduzSv0qr6MIh3AEJ+DCOdThBhrQBAKP8Ayv8GY9WS/Wu/UxHy1Y+c4B/IH1+QOOuJOO</latexit>

Altered Subnetwork Problem (ASP): Given graph G, subnetwork family      and 
vertex scores                 , find altered subnetwork A.(Xv)v2V

<latexit sha1_base64="eb3LnKnvZ7V9XaGUCM2qiTUlOG4=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEI9VKSKuix6MVjBfsBbQib7aZdutmE3U2hhv4SLx4U8epP8ea/cdvmoK0PBh7vzTAzL0g4U9pxvq3CxubW9k5xt7S3f3BYto+O2ypOJaEtEvNYdgOsKGeCtjTTnHYTSXEUcNoJxndzvzOhUrFYPOppQr0IDwULGcHaSL5drnb9yYWfTVCfCdSe+XbFqTkLoHXi5qQCOZq+/dUfxCSNqNCEY6V6rpNoL8NSM8LprNRPFU0wGeMh7RkqcESVly0On6FzowxQGEtTQqOF+nsiw5FS0ygwnRHWI7XqzcX/vF6qwxsvYyJJNRVkuShMOdIxmqeABkxSovnUEEwkM7ciMsISE22yKpkQ3NWX10m7XnMva/WHq0rjNo+jCKdwBlVw4RoacA9NaAGBFJ7hFd6sJ+vFerc+lq0FK585gT+wPn8Ag7GSWQ==</latexit>

S
<latexit sha1_base64="s0ORvqxeEX0PpYtJdKPahu55m4g=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFNy4r2gdMh5JJM21oJhmSjFCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlGlmRSPZprQIMYjwSJGsLGS34+xGRPMs4fZoFpz6+4caJV4BalBgdag+tUfSpLGVBjCsda+5yYmyLAyjHA6q/RTTRNMJnhEfUsFjqkOsnnkGTqzyhBFUtknDJqrvzcyHGs9jUM7mUfUy14u/uf5qYmug4yJJDVUkMVHUcqRkSi/Hw2ZosTwqSWYKGazIjLGChNjW6rYErzlk1dJp1H3LuqN+8ta86aoowwncArn4MEVNOEOWtAGAhKe4RXeHOO8OO/Ox2K05BQ7x/AHzucPjPaRbQ==</latexit>

A
<latexit sha1_base64="Lihtv2jYSe0RaYbwwPdS8141boc=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI+oF4+QyCOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR3cxvPaHSPJYPZpygH9GB5CFn1FipftMrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmpWyd1Gu1C9L1dssjjycwCmcgwdXUIV7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+AJQrjMk=</latexit>

ASP = estimating parameters of distribution
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Small distance between 
distributions         , 

Large distance between 
distributions        , Da

<latexit sha1_base64="5YKt2J/yWgJf90n3of4AYGeaPsY=">AAAB/3icbVDLSsNAFJ3UV62vqODGTbAIrkpSBV0WdeGygn1AE8JkOm2HTiZh5kYsMQt/xY0LRdz6G+78GydtFtp6YOBwzr3cMyeIOVNg299GaWl5ZXWtvF7Z2Nza3jF399oqSiShLRLxSHYDrChngraAAafdWFIcBpx2gvFV7nfuqVQsEncwiakX4qFgA0YwaMk3D9wQw4hgnl5nfuoCfYAUZ5lvVu2aPYW1SJyCVFGBpm9+uf2IJCEVQDhWqufYMXgplsAIp1nFTRSNMRnjIe1pKnBIlZdO82fWsVb61iCS+gmwpurvjRSHSk3CQE/madW8l4v/eb0EBhdeykScABVkdmiQcAsiKy/D6jNJCfCJJphIprNaZIQlJqArq+gSnPkvL5J2veac1uq3Z9XGZVFHGR2iI3SCHHSOGugGNVELEfSIntErejOejBfj3fiYjZaMYmcf/YHx+QMbWpbO</latexit>

Db
<latexit sha1_base64="lQNAmi3nddVDM0KPoJ/xQrEMfBg=">AAAB/3icbVDLSsNAFJ3UV62vqODGTbAIrkpSBV0WdeGygn1AE8JkOm2HTiZh5kYsMQt/xY0LRdz6G+78GydtFtp6YOBwzr3cMyeIOVNg299GaWl5ZXWtvF7Z2Nza3jF399oqSiShLRLxSHYDrChngraAAafdWFIcBpx2gvFV7nfuqVQsEncwiakX4qFgA0YwaMk3D9wQw4hgnl5nfuoCfYA0yDLfrNo1ewprkTgFqaICTd/8cvsRSUIqgHCsVM+xY/BSLIERTrOKmygaYzLGQ9rTVOCQKi+d5s+sY630rUEk9RNgTdXfGykOlZqEgZ7M06p5Lxf/83oJDC68lIk4ASrI7NAg4RZEVl6G1WeSEuATTTCRTGe1yAhLTEBXVtElOPNfXiTtes05rdVvz6qNy6KOMjpER+gEOegcNdANaqIWIugRPaNX9GY8GS/Gu/ExGy0Zxc4++gPj8wcc4JbP</latexit>

Da
<latexit sha1_base64="5YKt2J/yWgJf90n3of4AYGeaPsY=">AAAB/3icbVDLSsNAFJ3UV62vqODGTbAIrkpSBV0WdeGygn1AE8JkOm2HTiZh5kYsMQt/xY0LRdz6G+78GydtFtp6YOBwzr3cMyeIOVNg299GaWl5ZXWtvF7Z2Nza3jF399oqSiShLRLxSHYDrChngraAAafdWFIcBpx2gvFV7nfuqVQsEncwiakX4qFgA0YwaMk3D9wQw4hgnl5nfuoCfYAUZ5lvVu2aPYW1SJyCVFGBpm9+uf2IJCEVQDhWqufYMXgplsAIp1nFTRSNMRnjIe1pKnBIlZdO82fWsVb61iCS+gmwpurvjRSHSk3CQE/madW8l4v/eb0EBhdeykScABVkdmiQcAsiKy/D6jNJCfCJJphIprNaZIQlJqArq+gSnPkvL5J2veac1uq3Z9XGZVFHGR2iI3SCHHSOGugGNVELEfSIntErejOejBfj3fiYjZaMYmcf/YHx+QMbWpbO</latexit>

Db
<latexit sha1_base64="lQNAmi3nddVDM0KPoJ/xQrEMfBg=">AAAB/3icbVDLSsNAFJ3UV62vqODGTbAIrkpSBV0WdeGygn1AE8JkOm2HTiZh5kYsMQt/xY0LRdz6G+78GydtFtp6YOBwzr3cMyeIOVNg299GaWl5ZXWtvF7Z2Nza3jF399oqSiShLRLxSHYDrChngraAAafdWFIcBpx2gvFV7nfuqVQsEncwiakX4qFgA0YwaMk3D9wQw4hgnl5nfuoCfYA0yDLfrNo1ewprkTgFqaICTd/8cvsRSUIqgHCsVM+xY/BSLIERTrOKmygaYzLGQ9rTVOCQKi+d5s+sY630rUEk9RNgTdXfGykOlZqEgZ7M06p5Lxf/83oJDC68lIk4ASrI7NAg4RZEVl6G1WeSEuATTTCRTGe1yAhLTEBXVtElOPNfXiTtes05rdVvz6qNy6KOMjpER+gEOegcNdANaqIWIugRPaNX9GY8GS/Gu/ExGy0Zxc4++gPj8wcc4JbP</latexit>

Hard to solve ASP
Easy to solve ASP 
without network

Altered Subnetwork Distribution

S
<latexit sha1_base64="s0ORvqxeEX0PpYtJdKPahu55m4g=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFNy4r2gdMh5JJM21oJhmSjFCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlGlmRSPZprQIMYjwSJGsLGS34+xGRPMs4fZoFpz6+4caJV4BalBgdag+tUfSpLGVBjCsda+5yYmyLAyjHA6q/RTTRNMJnhEfUsFjqkOsnnkGTqzyhBFUtknDJqrvzcyHGs9jUM7mUfUy14u/uf5qYmug4yJJDVUkMVHUcqRkSi/Hw2ZosTwqSWYKGazIjLGChNjW6rYErzlk1dJp1H3LuqN+8ta86aoowwncArn4MEVNOEOWtAGAhKe4RXeHOO8OO/Ox2K05BQ7x/AHzucPjPaRbQ==</latexit>

Subnetwork family
Altered subnetwork A 2 S

<latexit sha1_base64="jsdSv9V1FKE+69xTTRvIoDOmi5I=">AAAB+nicbVC7TsMwFL0pr1JeKYwsFhUSU5UUJBgLLIxF0IfURJXjuq1Vx4lsB1SFfgoLAwix8iVs/A1OmwFajmTp6Jx7dY9PEHOmtON8W4WV1bX1jeJmaWt7Z3fPLu+3VJRIQpsk4pHsBFhRzgRtaqY57cSS4jDgtB2MrzO//UClYpG415OY+iEeCjZgBGsj9ezyJfKYQF6I9Yhgnt5Ne3bFqTozoGXi5qQCORo9+8vrRyQJqdCEY6W6rhNrP8VSM8LptOQlisaYjPGQdg0VOKTKT2fRp+jYKH00iKR5QqOZ+nsjxaFSkzAwk1lEtehl4n9eN9GDCz9lIk40FWR+aJBwpCOU9YD6TFKi+cQQTCQzWREZYYmJNm2VTAnu4peXSatWdU+rtduzSv0qr6MIh3AEJ+DCOdThBhrQBAKP8Ayv8GY9WS/Wu/UxHy1Y+c4B/IH1+QOOuJOO</latexit>

Vertex scores

Altered subnetwork 
problem: Given Xv
and       find AS

<latexit sha1_base64="s0ORvqxeEX0PpYtJdKPahu55m4g=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFNy4r2gdMh5JJM21oJhmSjFCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlGlmRSPZprQIMYjwSJGsLGS34+xGRPMs4fZoFpz6+4caJV4BalBgdag+tUfSpLGVBjCsda+5yYmyLAyjHA6q/RTTRNMJnhEfUsFjqkOsnnkGTqzyhBFUtknDJqrvzcyHGs9jUM7mUfUy14u/uf5qYmug4yJJDVUkMVHUcqRkSi/Hw2ZosTwqSWYKGazIjLGChNjW6rYErzlk1dJp1H3LuqN+8ta86aoowwncArn4MEVNOEOWtAGAhKe4RXeHOO8OO/Ox2K05BQ7x/AHzucPjPaRbQ==</latexit>

20



Small distance between 
distributions         , 

Large distance between 
distributions        , Da

<latexit sha1_base64="5YKt2J/yWgJf90n3of4AYGeaPsY=">AAAB/3icbVDLSsNAFJ3UV62vqODGTbAIrkpSBV0WdeGygn1AE8JkOm2HTiZh5kYsMQt/xY0LRdz6G+78GydtFtp6YOBwzr3cMyeIOVNg299GaWl5ZXWtvF7Z2Nza3jF399oqSiShLRLxSHYDrChngraAAafdWFIcBpx2gvFV7nfuqVQsEncwiakX4qFgA0YwaMk3D9wQw4hgnl5nfuoCfYAUZ5lvVu2aPYW1SJyCVFGBpm9+uf2IJCEVQDhWqufYMXgplsAIp1nFTRSNMRnjIe1pKnBIlZdO82fWsVb61iCS+gmwpurvjRSHSk3CQE/madW8l4v/eb0EBhdeykScABVkdmiQcAsiKy/D6jNJCfCJJphIprNaZIQlJqArq+gSnPkvL5J2veac1uq3Z9XGZVFHGR2iI3SCHHSOGugGNVELEfSIntErejOejBfj3fiYjZaMYmcf/YHx+QMbWpbO</latexit>

Db
<latexit sha1_base64="lQNAmi3nddVDM0KPoJ/xQrEMfBg=">AAAB/3icbVDLSsNAFJ3UV62vqODGTbAIrkpSBV0WdeGygn1AE8JkOm2HTiZh5kYsMQt/xY0LRdz6G+78GydtFtp6YOBwzr3cMyeIOVNg299GaWl5ZXWtvF7Z2Nza3jF399oqSiShLRLxSHYDrChngraAAafdWFIcBpx2gvFV7nfuqVQsEncwiakX4qFgA0YwaMk3D9wQw4hgnl5nfuoCfYA0yDLfrNo1ewprkTgFqaICTd/8cvsRSUIqgHCsVM+xY/BSLIERTrOKmygaYzLGQ9rTVOCQKi+d5s+sY630rUEk9RNgTdXfGykOlZqEgZ7M06p5Lxf/83oJDC68lIk4ASrI7NAg4RZEVl6G1WeSEuATTTCRTGe1yAhLTEBXVtElOPNfXiTtes05rdVvz6qNy6KOMjpER+gEOegcNdANaqIWIugRPaNX9GY8GS/Gu/ExGy0Zxc4++gPj8wcc4JbP</latexit>

Da
<latexit sha1_base64="5YKt2J/yWgJf90n3of4AYGeaPsY=">AAAB/3icbVDLSsNAFJ3UV62vqODGTbAIrkpSBV0WdeGygn1AE8JkOm2HTiZh5kYsMQt/xY0LRdz6G+78GydtFtp6YOBwzr3cMyeIOVNg299GaWl5ZXWtvF7Z2Nza3jF399oqSiShLRLxSHYDrChngraAAafdWFIcBpx2gvFV7nfuqVQsEncwiakX4qFgA0YwaMk3D9wQw4hgnl5nfuoCfYAUZ5lvVu2aPYW1SJyCVFGBpm9+uf2IJCEVQDhWqufYMXgplsAIp1nFTRSNMRnjIe1pKnBIlZdO82fWsVb61iCS+gmwpurvjRSHSk3CQE/madW8l4v/eb0EBhdeykScABVkdmiQcAsiKy/D6jNJCfCJJphIprNaZIQlJqArq+gSnPkvL5J2veac1uq3Z9XGZVFHGR2iI3SCHHSOGugGNVELEfSIntErejOejBfj3fiYjZaMYmcf/YHx+QMbWpbO</latexit>

Db
<latexit sha1_base64="lQNAmi3nddVDM0KPoJ/xQrEMfBg=">AAAB/3icbVDLSsNAFJ3UV62vqODGTbAIrkpSBV0WdeGygn1AE8JkOm2HTiZh5kYsMQt/xY0LRdz6G+78GydtFtp6YOBwzr3cMyeIOVNg299GaWl5ZXWtvF7Z2Nza3jF399oqSiShLRLxSHYDrChngraAAafdWFIcBpx2gvFV7nfuqVQsEncwiakX4qFgA0YwaMk3D9wQw4hgnl5nfuoCfYA0yDLfrNo1ewprkTgFqaICTd/8cvsRSUIqgHCsVM+xY/BSLIERTrOKmygaYzLGQ9rTVOCQKi+d5s+sY630rUEk9RNgTdXfGykOlZqEgZ7M06p5Lxf/83oJDC68lIk4ASrI7NAg4RZEVl6G1WeSEuATTTCRTGe1yAhLTEBXVtElOPNfXiTtes05rdVvz6qNy6KOMjpER+gEOegcNdANaqIWIugRPaNX9GY8GS/Gu/ExGy0Zxc4++gPj8wcc4JbP</latexit>

is large|S|
<latexit sha1_base64="Zflfu/i2GDXAOkF1qEfil0FOsX0=">AAAB9HicbVDLSsNAFL2pr1pfUZduBovgqiRV0GXRjcuK9gFtKJPppB06mcSZSaGk/Q43LhRx68e482+ctFlo64GBwzn3cs8cP+ZMacf5tgpr6xubW8Xt0s7u3v6BfXjUVFEiCW2QiEey7WNFORO0oZnmtB1LikOf05Y/us381phKxSLxqCcx9UI8ECxgBGsjedNuiPWQYJ4+zKY9u+xUnDnQKnFzUoYc9Z791e1HJAmp0IRjpTquE2svxVIzwums1E0UjTEZ4QHtGCpwSJWXzkPP0JlR+iiIpHlCo7n6eyPFoVKT0DeTWUa17GXif14n0cG1lzIRJ5oKsjgUJBzpCGUNoD6TlGg+MQQTyUxWRIZYYqJNTyVTgrv85VXSrFbci0r1/rJcu8nrKMIJnMI5uHAFNbiDOjSAwBM8wyu8WWPrxXq3PhajBSvfOYY/sD5/AFk3knk=</latexit>

is small|S|
<latexit sha1_base64="Zflfu/i2GDXAOkF1qEfil0FOsX0=">AAAB9HicbVDLSsNAFL2pr1pfUZduBovgqiRV0GXRjcuK9gFtKJPppB06mcSZSaGk/Q43LhRx68e482+ctFlo64GBwzn3cs8cP+ZMacf5tgpr6xubW8Xt0s7u3v6BfXjUVFEiCW2QiEey7WNFORO0oZnmtB1LikOf05Y/us381phKxSLxqCcx9UI8ECxgBGsjedNuiPWQYJ4+zKY9u+xUnDnQKnFzUoYc9Z791e1HJAmp0IRjpTquE2svxVIzwums1E0UjTEZ4QHtGCpwSJWXzkPP0JlR+iiIpHlCo7n6eyPFoVKT0DeTWUa17GXif14n0cG1lzIRJ5oKsjgUJBzpCGUNoD6TlGg+MQQTyUxWRIZYYqJNTyVTgrv85VXSrFbci0r1/rJcu8nrKMIJnMI5uHAFNbiDOjSAwBM8wyu8WWPrxXq3PhajBSvfOYY/sD5/AFk3knk=</latexit>

Hard to solve ASP

Easy to solve ASP 
without vertex scores

Altered Subnetwork Distribution

S
<latexit sha1_base64="s0ORvqxeEX0PpYtJdKPahu55m4g=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFNy4r2gdMh5JJM21oJhmSjFCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlGlmRSPZprQIMYjwSJGsLGS34+xGRPMs4fZoFpz6+4caJV4BalBgdag+tUfSpLGVBjCsda+5yYmyLAyjHA6q/RTTRNMJnhEfUsFjqkOsnnkGTqzyhBFUtknDJqrvzcyHGs9jUM7mUfUy14u/uf5qYmug4yJJDVUkMVHUcqRkSi/Hw2ZosTwqSWYKGazIjLGChNjW6rYErzlk1dJp1H3LuqN+8ta86aoowwncArn4MEVNOEOWtAGAhKe4RXeHOO8OO/Ox2K05BQ7x/AHzucPjPaRbQ==</latexit>

Subnetwork family
Altered subnetwork A 2 S

<latexit sha1_base64="jsdSv9V1FKE+69xTTRvIoDOmi5I=">AAAB+nicbVC7TsMwFL0pr1JeKYwsFhUSU5UUJBgLLIxF0IfURJXjuq1Vx4lsB1SFfgoLAwix8iVs/A1OmwFajmTp6Jx7dY9PEHOmtON8W4WV1bX1jeJmaWt7Z3fPLu+3VJRIQpsk4pHsBFhRzgRtaqY57cSS4jDgtB2MrzO//UClYpG415OY+iEeCjZgBGsj9ezyJfKYQF6I9Yhgnt5Ne3bFqTozoGXi5qQCORo9+8vrRyQJqdCEY6W6rhNrP8VSM8LptOQlisaYjPGQdg0VOKTKT2fRp+jYKH00iKR5QqOZ+nsjxaFSkzAwk1lEtehl4n9eN9GDCz9lIk40FWR+aJBwpCOU9YD6TFKi+cQQTCQzWREZYYmJNm2VTAnu4peXSatWdU+rtduzSv0qr6MIh3AEJ+DCOdThBhrQBAKP8Ayv8GY9WS/Wu/UxHy1Y+c4B/IH1+QOOuJOO</latexit>

Vertex scores

Altered subnetwork 
problem: Given Xv
and       find AS

<latexit sha1_base64="s0ORvqxeEX0PpYtJdKPahu55m4g=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFNy4r2gdMh5JJM21oJhmSjFCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlGlmRSPZprQIMYjwSJGsLGS34+xGRPMs4fZoFpz6+4caJV4BalBgdag+tUfSpLGVBjCsda+5yYmyLAyjHA6q/RTTRNMJnhEfUsFjqkOsnnkGTqzyhBFUtknDJqrvzcyHGs9jUM7mUfUy14u/uf5qYmug4yJJDVUkMVHUcqRkSi/Hw2ZosTwqSWYKGazIjLGChNjW6rYErzlk1dJp1H3LuqN+8ta86aoowwncArn4MEVNOEOWtAGAhKe4RXeHOO8OO/Ox2K05BQ7x/AHzucPjPaRbQ==</latexit>
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Hard to solve ASP
Easy to solve ASP 
without network



Small distance between 
distributions         , 

Large distance between 
distributions        , Da

<latexit sha1_base64="5YKt2J/yWgJf90n3of4AYGeaPsY=">AAAB/3icbVDLSsNAFJ3UV62vqODGTbAIrkpSBV0WdeGygn1AE8JkOm2HTiZh5kYsMQt/xY0LRdz6G+78GydtFtp6YOBwzr3cMyeIOVNg299GaWl5ZXWtvF7Z2Nza3jF399oqSiShLRLxSHYDrChngraAAafdWFIcBpx2gvFV7nfuqVQsEncwiakX4qFgA0YwaMk3D9wQw4hgnl5nfuoCfYAUZ5lvVu2aPYW1SJyCVFGBpm9+uf2IJCEVQDhWqufYMXgplsAIp1nFTRSNMRnjIe1pKnBIlZdO82fWsVb61iCS+gmwpurvjRSHSk3CQE/madW8l4v/eb0EBhdeykScABVkdmiQcAsiKy/D6jNJCfCJJphIprNaZIQlJqArq+gSnPkvL5J2veac1uq3Z9XGZVFHGR2iI3SCHHSOGugGNVELEfSIntErejOejBfj3fiYjZaMYmcf/YHx+QMbWpbO</latexit>

Db
<latexit sha1_base64="lQNAmi3nddVDM0KPoJ/xQrEMfBg=">AAAB/3icbVDLSsNAFJ3UV62vqODGTbAIrkpSBV0WdeGygn1AE8JkOm2HTiZh5kYsMQt/xY0LRdz6G+78GydtFtp6YOBwzr3cMyeIOVNg299GaWl5ZXWtvF7Z2Nza3jF399oqSiShLRLxSHYDrChngraAAafdWFIcBpx2gvFV7nfuqVQsEncwiakX4qFgA0YwaMk3D9wQw4hgnl5nfuoCfYA0yDLfrNo1ewprkTgFqaICTd/8cvsRSUIqgHCsVM+xY/BSLIERTrOKmygaYzLGQ9rTVOCQKi+d5s+sY630rUEk9RNgTdXfGykOlZqEgZ7M06p5Lxf/83oJDC68lIk4ASrI7NAg4RZEVl6G1WeSEuATTTCRTGe1yAhLTEBXVtElOPNfXiTtes05rdVvz6qNy6KOMjpER+gEOegcNdANaqIWIugRPaNX9GY8GS/Gu/ExGy0Zxc4++gPj8wcc4JbP</latexit>

Da
<latexit sha1_base64="5YKt2J/yWgJf90n3of4AYGeaPsY=">AAAB/3icbVDLSsNAFJ3UV62vqODGTbAIrkpSBV0WdeGygn1AE8JkOm2HTiZh5kYsMQt/xY0LRdz6G+78GydtFtp6YOBwzr3cMyeIOVNg299GaWl5ZXWtvF7Z2Nza3jF399oqSiShLRLxSHYDrChngraAAafdWFIcBpx2gvFV7nfuqVQsEncwiakX4qFgA0YwaMk3D9wQw4hgnl5nfuoCfYAUZ5lvVu2aPYW1SJyCVFGBpm9+uf2IJCEVQDhWqufYMXgplsAIp1nFTRSNMRnjIe1pKnBIlZdO82fWsVb61iCS+gmwpurvjRSHSk3CQE/madW8l4v/eb0EBhdeykScABVkdmiQcAsiKy/D6jNJCfCJJphIprNaZIQlJqArq+gSnPkvL5J2veac1uq3Z9XGZVFHGR2iI3SCHHSOGugGNVELEfSIntErejOejBfj3fiYjZaMYmcf/YHx+QMbWpbO</latexit>

Db
<latexit sha1_base64="lQNAmi3nddVDM0KPoJ/xQrEMfBg=">AAAB/3icbVDLSsNAFJ3UV62vqODGTbAIrkpSBV0WdeGygn1AE8JkOm2HTiZh5kYsMQt/xY0LRdz6G+78GydtFtp6YOBwzr3cMyeIOVNg299GaWl5ZXWtvF7Z2Nza3jF399oqSiShLRLxSHYDrChngraAAafdWFIcBpx2gvFV7nfuqVQsEncwiakX4qFgA0YwaMk3D9wQw4hgnl5nfuoCfYA0yDLfrNo1ewprkTgFqaICTd/8cvsRSUIqgHCsVM+xY/BSLIERTrOKmygaYzLGQ9rTVOCQKi+d5s+sY630rUEk9RNgTdXfGykOlZqEgZ7M06p5Lxf/83oJDC68lIk4ASrI7NAg4RZEVl6G1WeSEuATTTCRTGe1yAhLTEBXVtElOPNfXiTtes05rdVvz6qNy6KOMjpER+gEOegcNdANaqIWIugRPaNX9GY8GS/Gu/ExGy0Zxc4++gPj8wcc4JbP</latexit>

is large|S|
<latexit sha1_base64="Zflfu/i2GDXAOkF1qEfil0FOsX0=">AAAB9HicbVDLSsNAFL2pr1pfUZduBovgqiRV0GXRjcuK9gFtKJPppB06mcSZSaGk/Q43LhRx68e482+ctFlo64GBwzn3cs8cP+ZMacf5tgpr6xubW8Xt0s7u3v6BfXjUVFEiCW2QiEey7WNFORO0oZnmtB1LikOf05Y/us381phKxSLxqCcx9UI8ECxgBGsjedNuiPWQYJ4+zKY9u+xUnDnQKnFzUoYc9Z791e1HJAmp0IRjpTquE2svxVIzwums1E0UjTEZ4QHtGCpwSJWXzkPP0JlR+iiIpHlCo7n6eyPFoVKT0DeTWUa17GXif14n0cG1lzIRJ5oKsjgUJBzpCGUNoD6TlGg+MQQTyUxWRIZYYqJNTyVTgrv85VXSrFbci0r1/rJcu8nrKMIJnMI5uHAFNbiDOjSAwBM8wyu8WWPrxXq3PhajBSvfOYY/sD5/AFk3knk=</latexit>

is small|S|
<latexit sha1_base64="Zflfu/i2GDXAOkF1qEfil0FOsX0=">AAAB9HicbVDLSsNAFL2pr1pfUZduBovgqiRV0GXRjcuK9gFtKJPppB06mcSZSaGk/Q43LhRx68e482+ctFlo64GBwzn3cs8cP+ZMacf5tgpr6xubW8Xt0s7u3v6BfXjUVFEiCW2QiEey7WNFORO0oZnmtB1LikOf05Y/us381phKxSLxqCcx9UI8ECxgBGsjedNuiPWQYJ4+zKY9u+xUnDnQKnFzUoYc9Z791e1HJAmp0IRjpTquE2svxVIzwums1E0UjTEZ4QHtGCpwSJWXzkPP0JlR+iiIpHlCo7n6eyPFoVKT0DeTWUa17GXif14n0cG1lzIRJ5oKsjgUJBzpCGUNoD6TlGg+MQQTyUxWRIZYYqJNTyVTgrv85VXSrFbci0r1/rJcu8nrKMIJnMI5uHAFNbiDOjSAwBM8wyu8WWPrxXq3PhajBSvfOYY/sD5/AFk3knk=</latexit>

Hard to solve ASP

Easy to solve ASP 
without vertex scores

“Sweet spot” - both network 
(subnetwork family) and vertex scores 
are necessary

Important to compare against 
naïve baselines that use 
(1) “scores only” 
(2) “network only”
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Hard to solve ASP
Easy to solve ASP 
without network



Propagation family

Random walk 
similarity matrix M

Vertex 
scores Xv

network 
propagation

Vertex scores Xv

S = M�,p
<latexit sha1_base64="DI8r8ftnZPaGxpJTPltC7qDxXcU=">AAACDHicbVDLSsNAFL2pr1pfVZduBovgQkpSBd0IRTduhIr2AU0ok8m0HTp5MDMRSsgHuPFX3LhQxK0f4M6/cdIG0dYDA4dzzmXuPW7EmVSm+WUUFhaXlleKq6W19Y3NrfL2TkuGsSC0SUIeio6LJeUsoE3FFKedSFDsu5y23dFl5rfvqZAsDO7UOKKOjwcB6zOClZZ65YrtYzUkmCe36fkPv057ie1RrvARilKdMqvmBGieWDmpQI5Gr/xpeyGJfRoowrGUXcuMlJNgoRjhNC3ZsaQRJiM8oF1NA+xT6SSTY1J0oBUP9UOhX6DQRP09kWBfyrHv6mS2rpz1MvE/rxur/pmTsCCKFQ3I9KN+zJEKUdYM8pigRPGxJpgIpndFZIgFJkr3V9IlWLMnz5NWrWodV2s3J5X6RV5HEfZgHw7BglOowxU0oAkEHuAJXuDVeDSejTfjfRotGPnMLvyB8fENRsibvw==</latexit>

: Subgraphs S with Mu,v � �
<latexit sha1_base64="ilYODneQAGyMw0nii8YxhOB+Bpk=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFcSEmqoMuiGzdCBfuAJoTJ5LYdOnk4MymEUH/FjQtF3Poh7vwbp20W2nrgwuGce7n3Hj/hTCrL+jZWVtfWNzZLW+Xtnd29ffPgsC3jVFBo0ZjHousTCZxF0FJMcegmAkjoc+j4o5up3xmDkCyOHlSWgBuSQcT6jBKlJc+s3Hl5ejaeYGcAj9gJgCvimVWrZs2Al4ldkCoq0PTMLyeIaRpCpCgnUvZsK1FuToRilMOk7KQSEkJHZAA9TSMSgnTz2fETfKKVAPdjoStSeKb+nshJKGUW+rozJGooF72p+J/XS1X/ys1ZlKQKIjpf1E85VjGeJoEDJoAqnmlCqGD6VkyHRBCqdF5lHYK9+PIyaddr9nmtfn9RbVwXcZTQETpGp8hGl6iBblETtRBFGXpGr+jNeDJejHfjY966YhQzFfQHxucPFL+UZw==</latexit>

for p fraction of (u, v) 2 S
<latexit sha1_base64="r5LF2SNTiaqq3XzvoSI7dnPiEX8=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRahgpTdKuix6MVjRfsB26Vk02wbmk2WJFsopT/DiwdFvPprvPlvTNs9aOuDgcd7M8zMCxPOtHHdbye3tr6xuZXfLuzs7u0fFA+PmlqmitAGkVyqdog15UzQhmGG03aiKI5DTlvh8G7mt0ZUaSbFkxknNIhxX7CIEWys5JfTi9E56jCBHrvFkltx50CrxMtICTLUu8WvTk+SNKbCEI619j03McEEK8MIp9NCJ9U0wWSI+9S3VOCY6mAyP3mKzqzSQ5FUtoRBc/X3xATHWo/j0HbG2Az0sjcT//P81EQ3wYSJJDVUkMWiKOXISDT7H/WYosTwsSWYKGZvRWSAFSbGplSwIXjLL6+SZrXiXVaqD1el2m0WRx5O4BTK4ME11OAe6tAAAhKe4RXeHOO8OO/Ox6I152Qzx/AHzucPhH+QGg==</latexit>

Vertices are “close” 
via random walk (also require                  if M is not 

symmetric, eg personalized PageRank)
Mv,u � �

<latexit sha1_base64="S2+za/cxhN8cyTaye78s/ptK5oo=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFcSEmqoMuiGzdCBfuAJoTJ5LYdOnk4MymEUH/FjQtF3Poh7vwbp20W2nrgwuGce7n3Hj/hTCrL+jZWVtfWNzZLW+Xtnd29ffPgsC3jVFBo0ZjHousTCZxF0FJMcegmAkjoc+j4o5up3xmDkCyOHlSWgBuSQcT6jBKlJc+s3Hn5+CydYGcAj9gJgCvimVWrZs2Al4ldkCoq0PTMLyeIaRpCpCgnUvZsK1FuToRilMOk7KQSEkJHZAA9TSMSgnTz2fETfKKVAPdjoStSeKb+nshJKGUW+rozJGooF72p+J/XS1X/ys1ZlKQKIjpf1E85VjGeJoEDJoAqnmlCqGD6VkyHRBCqdF5lHYK9+PIyaddr9nmtfn9RbVwXcZTQETpGp8hGl6iBblETtRBFGXpGr+jNeDJejHfjY966YhQzFfQHxucPFMGUZw==</latexit>

In paper: theory and simulations show propagation family approximates subnetworks found by 
network propagation methods

Altered Subnetwork Distribution

S
<latexit sha1_base64="s0ORvqxeEX0PpYtJdKPahu55m4g=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFNy4r2gdMh5JJM21oJhmSjFCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlGlmRSPZprQIMYjwSJGsLGS34+xGRPMs4fZoFpz6+4caJV4BalBgdag+tUfSpLGVBjCsda+5yYmyLAyjHA6q/RTTRNMJnhEfUsFjqkOsnnkGTqzyhBFUtknDJqrvzcyHGs9jUM7mUfUy14u/uf5qYmug4yJJDVUkMVHUcqRkSi/Hw2ZosTwqSWYKGazIjLGChNjW6rYErzlk1dJp1H3LuqN+8ta86aoowwncArn4MEVNOEOWtAGAhKe4RXeHOO8OO/Ox2K05BQ7x/AHzucPjPaRbQ==</latexit>

Subnetwork family
Altered subnetwork A 2 S

<latexit sha1_base64="jsdSv9V1FKE+69xTTRvIoDOmi5I=">AAAB+nicbVC7TsMwFL0pr1JeKYwsFhUSU5UUJBgLLIxF0IfURJXjuq1Vx4lsB1SFfgoLAwix8iVs/A1OmwFajmTp6Jx7dY9PEHOmtON8W4WV1bX1jeJmaWt7Z3fPLu+3VJRIQpsk4pHsBFhRzgRtaqY57cSS4jDgtB2MrzO//UClYpG415OY+iEeCjZgBGsj9ezyJfKYQF6I9Yhgnt5Ne3bFqTozoGXi5qQCORo9+8vrRyQJqdCEY6W6rhNrP8VSM8LptOQlisaYjPGQdg0VOKTKT2fRp+jYKH00iKR5QqOZ+nsjxaFSkzAwk1lEtehl4n9eN9GDCz9lIk40FWR+aJBwpCOU9YD6TFKi+cQQTCQzWREZYYmJNm2VTAnu4peXSatWdU+rtduzSv0qr6MIh3AEJ+DCOdThBhrQBAKP8Ayv8GY9WS/Wu/UxHy1Y+c4B/IH1+QOOuJOO</latexit>

Vertex scores

Altered subnetwork 
problem: Given Xv
and       find AS

<latexit sha1_base64="s0ORvqxeEX0PpYtJdKPahu55m4g=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFNy4r2gdMh5JJM21oJhmSjFCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlGlmRSPZprQIMYjwSJGsLGS34+xGRPMs4fZoFpz6+4caJV4BalBgdag+tUfSpLGVBjCsda+5yYmyLAyjHA6q/RTTRNMJnhEfUsFjqkOsnnkGTqzyhBFUtknDJqrvzcyHGs9jUM7mUfUy14u/uf5qYmug4yJJDVUkMVHUcqRkSi/Hw2ZosTwqSWYKGazIjLGChNjW6rYErzlk1dJp1H3LuqN+8ta86aoowwncArn4MEVNOEOWtAGAhKe4RXeHOO8OO/Ox2K05BQ7x/AHzucPjPaRbQ==</latexit>
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Propagation family

Alternatively: edge-dense subnetworks of 
“similarity threshold graph”

Interaction network G Similarity threshold graph 𝐺!Random walk 
similarity matrix M

Vertex 
scores Xv

network 
propagation

Vertex scores Xv
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S = M�,p
<latexit sha1_base64="DI8r8ftnZPaGxpJTPltC7qDxXcU=">AAACDHicbVDLSsNAFL2pr1pfVZduBovgQkpSBd0IRTduhIr2AU0ok8m0HTp5MDMRSsgHuPFX3LhQxK0f4M6/cdIG0dYDA4dzzmXuPW7EmVSm+WUUFhaXlleKq6W19Y3NrfL2TkuGsSC0SUIeio6LJeUsoE3FFKedSFDsu5y23dFl5rfvqZAsDO7UOKKOjwcB6zOClZZ65YrtYzUkmCe36fkPv057ie1RrvARilKdMqvmBGieWDmpQI5Gr/xpeyGJfRoowrGUXcuMlJNgoRjhNC3ZsaQRJiM8oF1NA+xT6SSTY1J0oBUP9UOhX6DQRP09kWBfyrHv6mS2rpz1MvE/rxur/pmTsCCKFQ3I9KN+zJEKUdYM8pigRPGxJpgIpndFZIgFJkr3V9IlWLMnz5NWrWodV2s3J5X6RV5HEfZgHw7BglOowxU0oAkEHuAJXuDVeDSejTfjfRotGPnMLvyB8fENRsibvw==</latexit>

: Subgraphs S with Mu,v � �
<latexit sha1_base64="ilYODneQAGyMw0nii8YxhOB+Bpk=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFcSEmqoMuiGzdCBfuAJoTJ5LYdOnk4MymEUH/FjQtF3Poh7vwbp20W2nrgwuGce7n3Hj/hTCrL+jZWVtfWNzZLW+Xtnd29ffPgsC3jVFBo0ZjHousTCZxF0FJMcegmAkjoc+j4o5up3xmDkCyOHlSWgBuSQcT6jBKlJc+s3Hl5ejaeYGcAj9gJgCvimVWrZs2Al4ldkCoq0PTMLyeIaRpCpCgnUvZsK1FuToRilMOk7KQSEkJHZAA9TSMSgnTz2fETfKKVAPdjoStSeKb+nshJKGUW+rozJGooF72p+J/XS1X/ys1ZlKQKIjpf1E85VjGeJoEDJoAqnmlCqGD6VkyHRBCqdF5lHYK9+PIyaddr9nmtfn9RbVwXcZTQETpGp8hGl6iBblETtRBFGXpGr+jNeDJejHfjY966YhQzFfQHxucPFL+UZw==</latexit>

for p fraction of (u, v) 2 S
<latexit sha1_base64="r5LF2SNTiaqq3XzvoSI7dnPiEX8=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRahgpTdKuix6MVjRfsB26Vk02wbmk2WJFsopT/DiwdFvPprvPlvTNs9aOuDgcd7M8zMCxPOtHHdbye3tr6xuZXfLuzs7u0fFA+PmlqmitAGkVyqdog15UzQhmGG03aiKI5DTlvh8G7mt0ZUaSbFkxknNIhxX7CIEWys5JfTi9E56jCBHrvFkltx50CrxMtICTLUu8WvTk+SNKbCEI619j03McEEK8MIp9NCJ9U0wWSI+9S3VOCY6mAyP3mKzqzSQ5FUtoRBc/X3xATHWo/j0HbG2Az0sjcT//P81EQ3wYSJJDVUkMWiKOXISDT7H/WYosTwsSWYKGZvRWSAFSbGplSwIXjLL6+SZrXiXVaqD1el2m0WRx5O4BTK4ME11OAe6tAAAhKe4RXeHOO8OO/Ox6I152Qzx/AHzucPhH+QGg==</latexit>

Vertices are “close” 
via random walk (also require                  if M is not 

symmetric, eg personalized PageRank)
Mv,u � �

<latexit sha1_base64="S2+za/cxhN8cyTaye78s/ptK5oo=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFcSEmqoMuiGzdCBfuAJoTJ5LYdOnk4MymEUH/FjQtF3Poh7vwbp20W2nrgwuGce7n3Hj/hTCrL+jZWVtfWNzZLW+Xtnd29ffPgsC3jVFBo0ZjHousTCZxF0FJMcegmAkjoc+j4o5up3xmDkCyOHlSWgBuSQcT6jBKlJc+s3Hn5+CydYGcAj9gJgCvimVWrZs2Al4ldkCoq0PTMLyeIaRpCpCgnUvZsK1FuToRilMOk7KQSEkJHZAA9TSMSgnTz2fETfKKVAPdjoStSeKb+nshJKGUW+rozJGooF72p+J/XS1X/ys1ZlKQKIjpf1E85VjGeJoEDJoAqnmlCqGD6VkyHRBCqdF5lHYK9+PIyaddr9nmtfn9RbVwXcZTQETpGp8hGl6iBblETtRBFGXpGr+jNeDJejHfjY966YhQzFfQHxucPFMGUZw==</latexit>



High

Low

Input

Subnetwork family

Similarity matrix  
(Personalized PageRank) Similarity threshold graph

Vertex scores (Xv)v2V
<latexit sha1_base64="eb3LnKnvZ7V9XaGUCM2qiTUlOG4=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEI9VKSKuix6MVjBfsBbQib7aZdutmE3U2hhv4SLx4U8epP8ea/cdvmoK0PBh7vzTAzL0g4U9pxvq3CxubW9k5xt7S3f3BYto+O2ypOJaEtEvNYdgOsKGeCtjTTnHYTSXEUcNoJxndzvzOhUrFYPOppQr0IDwULGcHaSL5drnb9yYWfTVCfCdSe+XbFqTkLoHXi5qQCOZq+/dUfxCSNqNCEY6V6rpNoL8NSM8LprNRPFU0wGeMh7RkqcESVly0On6FzowxQGEtTQqOF+nsiw5FS0ygwnRHWI7XqzcX/vF6qwxsvYyJJNRVkuShMOdIxmqeABkxSovnUEEwkM7ciMsISE22yKpkQ3NWX10m7XnMva/WHq0rjNo+jCKdwBlVw4RoacA9NaAGBFJ7hFd6sJ+vFerc+lq0FK585gT+wPn8Ag7GSWQ==</latexit>

Interaction network 
G=(V,E)

S
<latexit sha1_base64="s0ORvqxeEX0PpYtJdKPahu55m4g=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFNy4r2gdMh5JJM21oJhmSjFCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlGlmRSPZprQIMYjwSJGsLGS34+xGRPMs4fZoFpz6+4caJV4BalBgdag+tUfSpLGVBjCsda+5yYmyLAyjHA6q/RTTRNMJnhEfUsFjqkOsnnkGTqzyhBFUtknDJqrvzcyHGs9jUM7mUfUy14u/uf5qYmug4yJJDVUkMVHUcqRkSi/Hw2ZosTwqSWYKGazIjLGChNjW6rYErzlk1dJp1H3LuqN+8ta86aoowwncArn4MEVNOEOWtAGAhKe4RXeHOO8OO/Ox2K05BQ7x/AHzucPjPaRbQ==</latexit>

Connected family CG
<latexit sha1_base64="FJ80dqdgQ5OyTPdEugwNr6dOJSQ=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZkq6LLYhS4r2Ae0Q8mkmTY0k4xJplCGfocbF4q49WPc+Tdm2llo64HA4Zx7uScniDnTxnW/nbX1jc2t7cJOcXdv/+CwdHTc0jJRhDaJ5FJ1AqwpZ4I2DTOcdmJFcRRw2g7G9cxvT6jSTIpHM42pH+GhYCEj2FjJ70XYjAjmaX3Wv+uXym7FnQOtEi8nZcjR6Je+egNJkogKQzjWuuu5sfFTrAwjnM6KvUTTGJMxHtKupQJHVPvpPPQMnVtlgEKp7BMGzdXfGymOtJ5GgZ3MQuplLxP/87qJCW/8lIk4MVSQxaEw4chIlDWABkxRYvjUEkwUs1kRGWGFibE9FW0J3vKXV0mrWvEuK9WHq3LtNq+jAKdwBhfgwTXU4B4a0AQCT/AMr/DmTJwX5935WIyuOfnOCfyB8/kDw4CSFw==</latexit>

Edge-dense family EG,p
<latexit sha1_base64="09dDNOU2cW/Vu3NuFNMrB0T3beA=">AAAB+nicbVDLSsNAFL3xWesr1aWbYBFcSEmqoMuiiC4r2Ae0IUymk3boZBJmJkqJ+RQ3LhRx65e482+ctFlo64GBwzn3cs8cP2ZUKtv+NpaWV1bX1ksb5c2t7Z1ds7LXllEiMGnhiEWi6yNJGOWkpahipBsLgkKfkY4/vsr9zgMRkkb8Xk1i4oZoyGlAMVJa8sxKP0RqhBFLrzMvvTmJM8+s2jV7CmuROAWpQoGmZ371BxFOQsIVZkjKnmPHyk2RUBQzkpX7iSQxwmM0JD1NOQqJdNNp9Mw60srACiKhH1fWVP29kaJQykno68k8qJz3cvE/r5eo4MJNKY8TRTieHQoSZqnIynuwBlQQrNhEE4QF1VktPEICYaXbKusSnPkvL5J2veac1up3Z9XGZVFHCQ7gEI7BgXNowC00oQUYHuEZXuHNeDJejHfjYza6ZBQ7+/AHxucPTdqUBg==</latexit>

TG,⇢
<latexit sha1_base64="LmYrON5Zhx53QetKBvmU+JLNMIs=">AAAB/XicbVDLSgMxFM34rPU1PnZugkVwIWWmCrosutBlhb6gMwyZNNOGZpIhyQh1KP6KGxeKuPU/3Pk3ZtpZaOuBwOGce7knJ0wYVdpxvq2l5ZXVtfXSRnlza3tn197bbyuRSkxaWDAhuyFShFFOWppqRrqJJCgOGemEo5vc7zwQqajgTT1OiB+jAacRxUgbKbAPvRjpIUYsa06C7PbMk0MxCeyKU3WmgIvELUgFFGgE9pfXFziNCdeYIaV6rpNoP0NSU8zIpOyliiQIj9CA9AzlKCbKz6bpJ/DEKH0YCWke13Cq/t7IUKzUOA7NZJ5VzXu5+J/XS3V05WeUJ6kmHM8ORSmDWsC8CtinkmDNxoYgLKnJCvEQSYS1KaxsSnDnv7xI2rWqe16t3V9U6tdFHSVwBI7BKXDBJaiDO9AALYDBI3gGr+DNerJerHfrYza6ZBU7B+APrM8fveKVaA==</latexit>

M�,p
<latexit sha1_base64="I1V8S0AB3jRE5z0iOgPwzriSGS0=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXEhJqqDLohs3QgX7gCaEyWTSDp1MwsxEKDELf8WNC0Xc+hvu/BsnbRbaemDgcM693DPHTxiVyrK+jcrS8srqWnW9trG5tb1j7u51ZZwKTDo4ZrHo+0gSRjnpKKoY6SeCoMhnpOePrwu/90CEpDG/V5OEuBEachpSjJSWPPPAiZAaYcSy29zLnIAwhU6T3DPrVsOaAi4SuyR1UKLtmV9OEOM0IlxhhqQc2Fai3AwJRTEjec1JJUkQHqMhGWjKUUSkm03z5/BYKwEMY6EfV3Cq/t7IUCTlJPL1ZJFWznuF+J83SFV46WaUJ6kiHM8OhSmDKoZFGTCggmDFJpogLKjOCvEICYSVrqymS7Dnv7xIus2GfdZo3p3XW1dlHVVwCI7ACbDBBWiBG9AGHYDBI3gGr+DNeDJejHfjYzZaMcqdffAHxucPcgqWXw==</latexit>

Propagation family

Cut family

…

NetMix2
Step 1: Estimate size         of altered 
subnetwork A using local FDR (non-
parametric method)

c|A|
<latexit sha1_base64="DntdCPG40SmWz6WprWGOMTQAl+g=">AAAB9HicbVBNT8JAEN36ifiFevTSSEw8kRZN9Ih68YiJfCTQkO12gA3bbd2dYkjhd3jxoDFe/THe/Dcu0IOCL5nk5b2ZzMzzY8E1Os63tbK6tr6xmdvKb+/s7u0XDg7rOkoUgxqLRKSaPtUguIQachTQjBXQ0BfQ8Ae3U78xBKV5JB9wFIMX0p7kXc4oGslrP/EA+hTT8fV40ikUnZIzg71M3IwUSYZqp/DVDiKWhCCRCap1y3Vi9FKqkDMBk3w70RBTNqA9aBkqaQjaS2dHT+xTowR2N1KmJNoz9fdESkOtR6FvOkOKfb3oTcX/vFaC3Ssv5TJOECSbL+omwsbIniZgB1wBQzEyhDLFza0261NFGZqc8iYEd/HlZVIvl9zzUvn+oli5yeLIkWNyQs6ISy5JhdyRKqkRRh7JM3klb9bQerHerY9564qVzRyRP7A+fwBPsJJz</latexit>

Step 2: Compute subnetwork                   
with size and largest total 
vertex score Xv

c|A|
<latexit sha1_base64="DntdCPG40SmWz6WprWGOMTQAl+g=">AAAB9HicbVBNT8JAEN36ifiFevTSSEw8kRZN9Ih68YiJfCTQkO12gA3bbd2dYkjhd3jxoDFe/THe/Dcu0IOCL5nk5b2ZzMzzY8E1Os63tbK6tr6xmdvKb+/s7u0XDg7rOkoUgxqLRKSaPtUguIQachTQjBXQ0BfQ8Ae3U78xBKV5JB9wFIMX0p7kXc4oGslrP/EA+hTT8fV40ikUnZIzg71M3IwUSYZqp/DVDiKWhCCRCap1y3Vi9FKqkDMBk3w70RBTNqA9aBkqaQjaS2dHT+xTowR2N1KmJNoz9fdESkOtR6FvOkOKfb3oTcX/vFaC3Ssv5TJOECSbL+omwsbIniZgB1wBQzEyhDLFza0261NFGZqc8iYEd/HlZVIvl9zzUvn+oli5yeLIkWNyQs6ISy5JhdyRKqkRRh7JM3klb9bQerHerY9564qVzRyRP7A+fwBPsJJz</latexit>

S 2 S
<latexit sha1_base64="2fF2E16qvMfrLclnXthv2lR7oPk=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUmqoMuiG5eV2gc0oUym03boZBJmJkqJ/RQ3LhRx65e482+ctFlo64GBwzn3cs+cIOZMacf5tgpr6xubW8Xt0s7u3v6BXT5sqyiRhLZIxCPZDbCinAna0kxz2o0lxWHAaSeY3GR+54FKxSJxr6cx9UM8EmzICNZG6tvlJvKYQF6I9ZhgnjZnfbviVJ050Cpxc1KBHI2+/eUNIpKEVGjCsVI914m1n2KpGeF0VvISRWNMJnhEe4YKHFLlp/PoM3RqlAEaRtI8odFc/b2R4lCpaRiYySyiWvYy8T+vl+jhlZ8yESeaCrI4NEw40hHKekADJinRfGoIJpKZrIiMscREm7ZKpgR3+curpF2ruufV2t1FpX6d11GEYziBM3DhEupwCw1oAYFHeIZXeLOerBfr3fpYjBasfOcI/sD6/AGrIJOg</latexit>

|S| = c|A|
<latexit sha1_base64="/RI/zom6ZXD5cirZVUG/jrmp4pU=">AAAB+nicbVBNS8NAEN34WetXqkcvwSJ4KkkV9CJUvXisaD+gDWWzmbRLN5uwu7GUpD/FiwdFvPpLvPlv3LY5aOuDgcd7M8zM82JGpbLtb2NldW19Y7OwVdze2d3bN0sHTRklgkCDRCwSbQ9LYJRDQ1HFoB0LwKHHoOUNb6d+6wmEpBF/VOMY3BD3OQ0owUpLPbOUPWRX3RH1YYBVml1nk55Ztiv2DNYycXJSRjnqPfOr60ckCYErwrCUHceOlZtioShhMCl2EwkxJkPch46mHIcg3XR2+sQ60YpvBZHQxZU1U39PpDiUchx6ujPEaiAXvan4n9dJVHDpppTHiQJO5ouChFkqsqY5WD4VQBQba4KJoPpWiwywwETptIo6BGfx5WXSrFacs0r1/rxcu8njKKAjdIxOkYMuUA3doTpqIIJG6Bm9ojcjM16Md+Nj3rpi5DOH6A+Mzx/EapRU</latexit>

Output

CG
<latexit sha1_base64="FJ80dqdgQ5OyTPdEugwNr6dOJSQ=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZkq6LLYhS4r2Ae0Q8mkmTY0k4xJplCGfocbF4q49WPc+Tdm2llo64HA4Zx7uScniDnTxnW/nbX1jc2t7cJOcXdv/+CwdHTc0jJRhDaJ5FJ1AqwpZ4I2DTOcdmJFcRRw2g7G9cxvT6jSTIpHM42pH+GhYCEj2FjJ70XYjAjmaX3Wv+uXym7FnQOtEi8nZcjR6Je+egNJkogKQzjWuuu5sfFTrAwjnM6KvUTTGJMxHtKupQJHVPvpPPQMnVtlgEKp7BMGzdXfGymOtJ5GgZ3MQuplLxP/87qJCW/8lIk4MVSQxaEw4chIlDWABkxRYvjUEkwUs1kRGWGFibE9FW0J3vKXV0mrWvEuK9WHq3LtNq+jAKdwBhfgwTXU4B4a0AQCT/AMr/DmTJwX5935WIyuOfnOCfyB8/kDw4CSFw==</latexit>

EG,p
<latexit sha1_base64="09dDNOU2cW/Vu3NuFNMrB0T3beA=">AAAB+nicbVDLSsNAFL3xWesr1aWbYBFcSEmqoMuiiC4r2Ae0IUymk3boZBJmJkqJ+RQ3LhRx65e482+ctFlo64GBwzn3cs8cP2ZUKtv+NpaWV1bX1ksb5c2t7Z1ds7LXllEiMGnhiEWi6yNJGOWkpahipBsLgkKfkY4/vsr9zgMRkkb8Xk1i4oZoyGlAMVJa8sxKP0RqhBFLrzMvvTmJM8+s2jV7CmuROAWpQoGmZ371BxFOQsIVZkjKnmPHyk2RUBQzkpX7iSQxwmM0JD1NOQqJdNNp9Mw60srACiKhH1fWVP29kaJQykno68k8qJz3cvE/r5eo4MJNKY8TRTieHQoSZqnIynuwBlQQrNhEE4QF1VktPEICYaXbKusSnPkvL5J2veac1up3Z9XGZVFHCQ7gEI7BgXNowC00oQUYHuEZXuHNeDJejHfjYza6ZBQ7+/AHxucPTdqUBg==</latexit>

TG,⇢
<latexit sha1_base64="LmYrON5Zhx53QetKBvmU+JLNMIs=">AAAB/XicbVDLSgMxFM34rPU1PnZugkVwIWWmCrosutBlhb6gMwyZNNOGZpIhyQh1KP6KGxeKuPU/3Pk3ZtpZaOuBwOGce7knJ0wYVdpxvq2l5ZXVtfXSRnlza3tn197bbyuRSkxaWDAhuyFShFFOWppqRrqJJCgOGemEo5vc7zwQqajgTT1OiB+jAacRxUgbKbAPvRjpIUYsa06C7PbMk0MxCeyKU3WmgIvELUgFFGgE9pfXFziNCdeYIaV6rpNoP0NSU8zIpOyliiQIj9CA9AzlKCbKz6bpJ/DEKH0YCWke13Cq/t7IUKzUOA7NZJ5VzXu5+J/XS3V05WeUJ6kmHM8ORSmDWsC8CtinkmDNxoYgLKnJCvEQSYS1KaxsSnDnv7xI2rWqe16t3V9U6tdFHSVwBI7BKXDBJaiDO9AALYDBI3gGr+DNerJerHfrYza6ZBU7B+APrM8fveKVaA==</latexit>

Altered subnetwork A 2 S
<latexit sha1_base64="jsdSv9V1FKE+69xTTRvIoDOmi5I=">AAAB+nicbVC7TsMwFL0pr1JeKYwsFhUSU5UUJBgLLIxF0IfURJXjuq1Vx4lsB1SFfgoLAwix8iVs/A1OmwFajmTp6Jx7dY9PEHOmtON8W4WV1bX1jeJmaWt7Z3fPLu+3VJRIQpsk4pHsBFhRzgRtaqY57cSS4jDgtB2MrzO//UClYpG415OY+iEeCjZgBGsj9ezyJfKYQF6I9Yhgnt5Ne3bFqTozoGXi5qQCORo9+8vrRyQJqdCEY6W6rhNrP8VSM8LptOQlisaYjPGQdg0VOKTKT2fRp+jYKH00iKR5QqOZ+nsjxaFSkzAwk1lEtehl4n9eN9GDCz9lIk40FWR+aJBwpCOU9YD6TFKi+cQQTCQzWREZYYmJNm2VTAnu4peXSatWdU+rtduzSv0qr6MIh3AEJ+DCOdThBhrQBAKP8Ayv8GY9WS/Wu/UxHy1Y+c4B/IH1+QOOuJOO</latexit>

M�,p
<latexit sha1_base64="I1V8S0AB3jRE5z0iOgPwzriSGS0=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXEhJqqDLohs3QgX7gCaEyWTSDp1MwsxEKDELf8WNC0Xc+hvu/BsnbRbaemDgcM693DPHTxiVyrK+jcrS8srqWnW9trG5tb1j7u51ZZwKTDo4ZrHo+0gSRjnpKKoY6SeCoMhnpOePrwu/90CEpDG/V5OEuBEachpSjJSWPPPAiZAaYcSy29zLnIAwhU6T3DPrVsOaAi4SuyR1UKLtmV9OEOM0IlxhhqQc2Fai3AwJRTEjec1JJUkQHqMhGWjKUUSkm03z5/BYKwEMY6EfV3Cq/t7IUCTlJPL1ZJFWznuF+J83SFV46WaUJ6kiHM8OhSmDKoZFGTCggmDFJpogLKjOCvEICYSVrqymS7Dnv7xIus2GfdZo3p3XW1dlHVVwCI7ACbDBBWiBG9AGHYDBI3gGr+DNeDJejHfjYzZaMcqdffAHxucPcgqWXw==</latexit>

bANetMix2
<latexit sha1_base64="vTiJKa+CusDpbFvHX8Ulj1ouB6w=">AAACBXicbVDJSgNBEO2JW4xb1KMeBoPgKcxEQY9RL16UCGaBJISenpqkSc9Cd40mDHPx4q948aCIV//Bm39jZzlo4oOCx3tVVNVzIsEVWta3kVlYXFpeya7m1tY3Nrfy2zs1FcaSQZWFIpQNhyoQPIAqchTQiCRQ3xFQd/qXI79+D1LxMLjDYQRtn3YD7nFGUUud/H7rgbvQo5icp52khTDA5Abwmg9KadrJF6yiNYY5T+wpKZApKp38V8sNWexDgExQpZq2FWE7oRI5E5DmWrGCiLI+7UJT04D6oNrJ+IvUPNSKa3qh1BWgOVZ/TyTUV2roO7rTp9hTs95I/M9rxuidtRMeRDFCwCaLvFiYGJqjSEyXS2AohppQJrm+1WQ9KilDHVxOh2DPvjxPaqWifVws3Z4UyhfTOLJkjxyQI2KTU1ImV6RCqoSRR/JMXsmb8WS8GO/Gx6Q1Y0xndskfGJ8/hmeZOQ==</latexit>

X

v2S

Xv

<latexit sha1_base64="Qv0vm+eqWyMZNjfdmOadaOmdODk=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwVJIq6LHoxWNF+wFNCJvtpl262YTdTbGE/hUvHhTx6h/x5r9x2+agrQ8GHu/NMDMvTDlT2nG+rbX1jc2t7dJOeXdv/+DQPqq0VZJJQlsk4YnshlhRzgRtaaY57aaS4jjktBOObmd+Z0ylYol41JOU+jEeCBYxgrWRArviqSwO8jHymEAPU9QNxoFddWrOHGiVuAWpQoFmYH95/YRkMRWacKxUz3VS7edYakY4nZa9TNEUkxEe0J6hAsdU+fn89ik6M0ofRYk0JTSaq78nchwrNYlD0xljPVTL3kz8z+tlOrr2cybSTFNBFouijCOdoFkQqM8kJZpPDMFEMnMrIkMsMdEmrrIJwV1+eZW06zX3ola/v6w2boo4SnACp3AOLlxBA+6gCS0g8ATP8Apv1tR6sd6tj0XrmlXMHMMfWJ8/TMKT9A==</latexit>

argmax
<latexit sha1_base64="jgoOsCwWyW5v1CqS1cBDr+ql2h8=">AAAB9HicbVBNTwIxEO36ifiFevTSSEw8kV000SPRi0dM5COBDemWWWjodtd2lkAIv8OLB43x6o/x5r+xwB4UfMkkL+/NtDMvSKQw6Lrfztr6xubWdm4nv7u3f3BYODqumzjVHGo8lrFuBsyAFApqKFBCM9HAokBCIxjczfzGELQRsXrEcQJ+xHpKhIIztJLfRhjhhOlexEbTTqHoltw56CrxMlIkGaqdwle7G/M0AoVcMmNanpugb59DwSVM8+3UQML4gPWgZaliERh/Ml96Ss+t0qVhrG0ppHP198SERcaMo8B2Rgz7Ztmbif95rRTDG38iVJIiKL74KEwlxZjOEqBdoYGjHFvCuBZ2V8r7TDOONqe8DcFbPnmV1Msl77JUfrgqVm6zOHLklJyRC+KRa1Ih96RKaoSTJ/JMXsmbM3RenHfnY9G65mQzJ+QPnM8fimWSmQ==</latexit>

S 2 S
<latexit sha1_base64="2fF2E16qvMfrLclnXthv2lR7oPk=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUmqoMuiG5eV2gc0oUym03boZBJmJkqJ/RQ3LhRx65e482+ctFlo64GBwzn3cs+cIOZMacf5tgpr6xubW8Xt0s7u3v6BXT5sqyiRhLZIxCPZDbCinAna0kxz2o0lxWHAaSeY3GR+54FKxSJxr6cx9UM8EmzICNZG6tvlJvKYQF6I9ZhgnjZnfbviVJ050Cpxc1KBHI2+/eUNIpKEVGjCsVI914m1n2KpGeF0VvISRWNMJnhEe4YKHFLlp/PoM3RqlAEaRtI8odFc/b2R4lCpaRiYySyiWvYy8T+vl+jhlZ8yESeaCrI4NEw40hHKekADJinRfGoIJpKZrIiMscREm7ZKpgR3+curpF2ruufV2t1FpX6d11GEYziBM3DhEupwCw1oAYFHeIZXeLOerBfr3fpYjBasfOcI/sD6/AGrIJOg</latexit>

|S| = c|A|
<latexit sha1_base64="/RI/zom6ZXD5cirZVUG/jrmp4pU=">AAAB+nicbVBNS8NAEN34WetXqkcvwSJ4KkkV9CJUvXisaD+gDWWzmbRLN5uwu7GUpD/FiwdFvPpLvPlv3LY5aOuDgcd7M8zM82JGpbLtb2NldW19Y7OwVdze2d3bN0sHTRklgkCDRCwSbQ9LYJRDQ1HFoB0LwKHHoOUNb6d+6wmEpBF/VOMY3BD3OQ0owUpLPbOUPWRX3RH1YYBVml1nk55Ztiv2DNYycXJSRjnqPfOr60ckCYErwrCUHceOlZtioShhMCl2EwkxJkPch46mHIcg3XR2+sQ60YpvBZHQxZU1U39PpDiUchx6ujPEaiAXvan4n9dJVHDpppTHiQJO5ouChFkqsqY5WD4VQBQba4KJoPpWiwywwETptIo6BGfx5WXSrFacs0r1/rxcu8njKKAjdIxOkYMuUA3doTpqIIJG6Bm9ojcjM16Md+Nj3rpi5DOH6A+Mzx/EapRU</latexit>

=<latexit sha1_base64="MWbL6R2hZsQThSAdMNvF0orSXwY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQS9C0IvHBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/lgxkn6Ed0IHnIGTVWqt/0iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkmal7F2UK/XLUvU2iyMPJ3AK5+DBFVThHmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP44bjMU=</latexit>



G = HINT+HI interaction network with |G|≈15000 nodes (Leiserson et al 2015)
Altered subnetwork A of size |A|=0.01n selected uniformly at random from subnetwork family S

<latexit sha1_base64="s0ORvqxeEX0PpYtJdKPahu55m4g=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFNy4r2gdMh5JJM21oJhmSjFCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlGlmRSPZprQIMYjwSJGsLGS34+xGRPMs4fZoFpz6+4caJV4BalBgdag+tUfSpLGVBjCsda+5yYmyLAyjHA6q/RTTRNMJnhEfUsFjqkOsnnkGTqzyhBFUtknDJqrvzcyHGs9jUM7mUfUy14u/uf5qYmug4yJJDVUkMVHUcqRkSi/Hw2ZosTwqSWYKGazIjLGChNjW6rYErzlk1dJp1H3LuqN+8ta86aoowwncArn4MEVNOEOWtAGAhKe4RXeHOO8OO/Ox2K05BQ7x/AHzucPjPaRbQ==</latexit>

Scores only = {vertices w/ top-|A| scores} Network only = {vertices w/ top-|A| vertex centrality}

Network propagation = {vertices w/ top-|A| propagated scores}

30Simulations: Propagation family corresponds to the subnetworks 
identified by network propagation



Results: somatic mutations in cancer

Note: “Scores-only” has good performance – how helpful is interaction network?

31

G = STRING protein interaction network Vertex scores Xv = MutSIg2CV z-scores computed based on 
frequency of somatic mutations in TCGA tumor samples

NetMix2 outperforms other methods at identifying previously reported driver 
mutations in cancer.



Results: GWAS 32

Network 
propagation “scores only”

Recent study by Carlin et al (iScience 2019) – evaluates how well methods identify known disease 
reference genes



Results: GWAS 33

Network 
propagation “scores only”

Recent study by Carlin et al (iScience 2019) – evaluates how well methods identify known disease 
reference genes

Issue: AUROC is 
poor metric for 
small reference 
sets! (<1% of 15,000 
genes)



Schizophrenia
<latexit sha1_base64="fMf1jteNGIS2vA86zspl7YRINWA=">AAAB/XicbVBNS8NAEN34WetX/Lh5CRbBU0mqoMeiF48V7Qe0oWy203bpZhN2J2Ibin/FiwdFvPo/vPlv3LY5aOuDgcd7M8zMC2LBNbrut7W0vLK6tp7byG9ube/s2nv7NR0likGVRSJSjYBqEFxCFTkKaMQKaBgIqAeD64lffwCleSTvcRiDH9Ke5F3OKBqpbR+2EB4xvWN9PorivgLJ6bhtF9yiO4WzSLyMFEiGStv+anUiloQgkQmqddNzY/RTqpAzAeN8K9EQUzagPWgaKmkI2k+n14+dE6N0nG6kTEl0purviZSGWg/DwHSGFPt63puI/3nNBLuXfsplnCBINlvUTYSDkTOJwulwBQzF0BDKFDe3OqxPFWVoAsubELz5lxdJrVT0zoql2/NC+SqLI0eOyDE5JR65IGVyQyqkShgZkWfySt6sJ+vFerc+Zq1LVjZzQP7A+vwBgpqV5w==</latexit>

Type 2 Diabetes
<latexit sha1_base64="UeA99aYaoisJ7X1Ch91SxWEfBdk=">AAAB/3icbVDLSgNBEJz1GeNrVfDiZTAInsJuFPQY1IPHCHlBsoTZSScZMvtgplcMaw7+ihcPinj1N7z5N06SPWhiQUNR1U13lx9LodFxvq2l5ZXVtfXcRn5za3tn197br+soURxqPJKRavpMgxQh1FCghGasgAW+hIY/vJ74jXtQWkRhFUcxeAHrh6InOEMjdezDNsIDplVj0RK9EcwHBD3u2AWn6ExBF4mbkQLJUOnYX+1uxJMAQuSSad1ynRi9lCkUXMI43040xIwPWR9ahoYsAO2l0/vH9MQoXdqLlKkQ6VT9PZGyQOtR4JvOgOFAz3sT8T+vlWDv0ktFGCcIIZ8t6iWSYkQnYdCuUMBRjgxhXAlzK+UDphhHE1nehODOv7xI6qWie1Ys3Z0XyldZHDlyRI7JKXHJBSmTW1IhNcLJI3kmr+TNerJerHfrY9a6ZGUzB+QPrM8foWqV2Q==</latexit>

Crohn’s Disease
<latexit sha1_base64="5ZCHvVW9cNPGsoPOb7dl30mg2CM=">AAAB/3icbVDLSgNBEJyNrxhfUcGLl8Egegq7UdBjMB48RjAPSEKYnXSSIbOzy0yvGNYc/BUvHhTx6m9482+cPA6aWNBQVHXPdJcfSWHQdb+d1NLyyupaej2zsbm1vZPd3auaMNYcKjyUoa77zIAUCiooUEI90sACX0LNH5TGfu0etBGhusNhBK2A9ZToCs7QSu3sQRPhAZOSDvvqxNBrYcC+Nmpnc27enYAuEm9GcmSGcjv71eyEPA5AIZfMmIbnRthKmEbBJYwyzdhAxPiA9aBhqWIBmFYy2X9Ej63Sod1Q21JIJ+rviYQFxgwD33YGDPtm3huL/3mNGLuXrUSoKEZQfPpRN5YUQzoOg3aEBo5yaAnjWthdKe8zzTjayDI2BG/+5EVSLeS9s3zh9jxXvJrFkSaH5IicEo9ckCK5IWVSIZw8kmfySt6cJ+fFeXc+pq0pZzazT/7A+fwBALGWFg==</latexit>

Bipolar Disorder
<latexit sha1_base64="WBh9Bs9AknNTnj35LJbrez+cBiA=">AAACAHicbVA9SwNBEN2LXzF+nVpY2CwGwSrcRUHLEC0sI5gPSELY20ySJXu3x+6cGI40/hUbC0Vs/Rl2/hs3H4UmPhh4vDfDzLwglsKg5307mZXVtfWN7GZua3tnd8/dP6gZlWgOVa6k0o2AGZAigioKlNCINbAwkFAPhtcTv/4A2ggV3eMohnbI+pHoCc7QSh33qIXwiGlZxEoyTW+EUboLetxx817Bm4IuE39O8mSOSsf9anUVT0KIkEtmTNP3YmynTKPgEsa5VmIgZnzI+tC0NGIhmHY6fWBMT63SpT2lbUVIp+rviZSFxozCwHaGDAdm0ZuI/3nNBHtX7VREcYIQ8dmiXiIpKjpJg3aFBo5yZAnjWthbKR8wzTjazHI2BH/x5WVSKxb880Lx7iJfKs/jyJJjckLOiE8uSYnckgqpEk7G5Jm8kjfnyXlx3p2PWWvGmc8ckj9wPn8AQDCW0w==</latexit>

Type 1 Diabetes
<latexit sha1_base64="iCFC/2EWjnNFRvckrKaYNGzD+3I=">AAAB/3icbVDLSgNBEJz1GeNrVfDiZTAInsJuFPQY1IPHCHlBsoTZSScZMvtgplcMaw7+ihcPinj1N7z5N06SPWhiQUNR1U13lx9LodFxvq2l5ZXVtfXcRn5za3tn197br+soURxqPJKRavpMgxQh1FCghGasgAW+hIY/vJ74jXtQWkRhFUcxeAHrh6InOEMjdezDNsIDplVjUZfeCOYDgh537IJTdKagi8TNSIFkqHTsr3Y34kkAIXLJtG65ToxeyhQKLmGcbycaYsaHrA8tQ0MWgPbS6f1jemKULu1FylSIdKr+nkhZoPUo8E1nwHCg572J+J/XSrB36aUijBOEkM8W9RJJMaKTMGhXKOAoR4YwroS5lfIBU4yjiSxvQnDnX14k9VLRPSuW7s4L5assjhw5IsfklLjkgpTJLamQGuHkkTyTV/JmPVkv1rv1MWtdsrKZA/IH1ucPn9yV2A==</latexit>

Rheumatoid Arthritis
<latexit sha1_base64="cpaL7Z9F685/1bTSZLY2WEyjZkE=">AAACBHicbVC7SgNBFJ31GeNr1TLNYBCswm4UtIzaWEYxD0iWMDt7kwyZfTBzVwxLCht/xcZCEVs/ws6/cfIoNPHAwOGce7lzjp9IodFxvq2l5ZXVtfXcRn5za3tn197br+s4VRxqPJaxavpMgxQR1FCghGaigIW+hIY/uBr7jXtQWsTRHQ4T8ELWi0RXcIZG6tiFNsIDZrd9SEOGsQjohcK+Eij0qGMXnZIzAV0k7owUyQzVjv3VDmKehhAhl0zrlusk6GVMoeASRvl2qiFhfMB60DI0YiFoL5uEGNEjowS0GyvzIqQT9fdGxkKth6FvJs1P+3reG4v/ea0Uu+deJqIkRYj49FA3lRRjOm6EBkIBRzk0hPFxck55nynG0fSWNyW485EXSb1cck9K5ZvTYuVyVkeOFMghOSYuOSMVck2qpEY4eSTP5JW8WU/Wi/VufUxHl6zZzgH5A+vzB7AxmMI=</latexit>

Hypertension
<latexit sha1_base64="ngKd1NfJA9g3/serjU1prOzJ5iY=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFclaQKuiy66bKCfUAbymQ6aYdOJmHmRgyh/oobF4q49UPc+TdO2iy09cDA4ZxzmXuPHwuuwXG+rbX1jc2t7dJOeXdv/+DQPjru6ChRlLVpJCLV84lmgkvWBg6C9WLFSOgL1vWnt7nffWBK80jeQxozLyRjyQNOCRhpaFcGwB4haxpLAZN5bja0q07NmQOvErcgVVSgNbS/BqOIJiGTQAXRuu86MXgZUcCpYLPyINEsJnRKxqxvqCQh0142X36Gz4wywkGkzJOA5+rviYyEWqehb5IhgYle9nLxP6+fQHDtZVzGiTmMLj4KEoEhwnkTeMQVoyBSQwhV3OyK6YQoQsH0VTYluMsnr5JOveZe1Op3l9XGTVFHCZ2gU3SOXHSFGqiJWqiNKErRM3pFb9aT9WK9Wx+L6JpVzFTQH1ifP94llY4=</latexit>

Coronary Artery Disease
<latexit sha1_base64="I82dmlmWw9FqNxzFl+wFVFJ1HZQ=">AAACB3icbVDLSgMxFM3Ud31VXQoSLIKrMlMFXdbHwmUFW4V2KJn0Tg1mkiG5I5ahOzf+ihsXirj1F9z5N6a1C7UeCDmcc+9N7olSKSz6/qdXmJqemZ2bXyguLi2vrJbW1ptWZ4ZDg2upzVXELEihoIECJVylBlgSSbiMbk6G/uUtGCu0usB+CmHCekrEgjN0Uqe01Ua4w/xEG62Y6dMjg+CuU2HBTR10SmW/4o9AJ0kwJmUyRr1T+mh3Nc8SUMgls7YV+CmGOTMouIRBsZ1ZSBm/YT1oOapYAjbMR3sM6I5TujTWxh2FdKT+7MhZYm0/iVxlwvDa/vWG4n9eK8P4MMyFSjMExb8fijNJUdNhKLQrDHCUfUcYN8L9lfJrZhh3YdiiCyH4u/IkaVYrwV6ler5frh2P45gnm2Sb7JKAHJAaOSN10iCc3JNH8kxevAfvyXv13r5LC964Z4P8gvf+BYM7mbY=</latexit>

(N) Network alone is 
sufficient to identify 
reference genes

(S) Scores alone are 
sufficient to identify 
reference genes

(B) Both network 
and scores help 
identify reference 
genes

Network Propagation
<latexit sha1_base64="372srjqKBS9SxExLoCm3GCDLJjY=">AAACA3icbVA9SwNBEN3zM8avqJ02i0GwCndR0DJoYyURzAckIextJsmSvdtjd04NR8DGv2JjoYitf8LOf+PmkkITHww83pthZp4fSWHQdb+dhcWl5ZXVzFp2fWNzazu3s1s1KtYcKlxJpes+MyBFCBUUKKEeaWCBL6HmDy7Hfu0OtBEqvMVhBK2A9ULRFZyhldq5/SbCAybXgPdKD2hZq4j1Um/UzuXdgpuCzhNvSvJkinI799XsKB4HECKXzJiG50bYSphGwSWMss3YQMT4gPWgYWnIAjCtJP1hRI+s0qFdpW2FSFP190TCAmOGgW87A4Z9M+uNxf+8Rozd81YiwihGCPlkUTeWFBUdB0I7QgNHObSEcS3srZT3mWYcbWxZG4I3+/I8qRYL3kmheHOaL11M48iQA3JIjolHzkiJXJEyqRBOHskzeSVvzpPz4rw7H5PWBWc6s0f+wPn8AfJAmFo=</latexit>

Scores Only
<latexit sha1_base64="ja8D4ptLYgjV2q+8Zgpt9JSlKK0=">AAAB+3icbVDLSgNBEJyNrxhfMR69DAbBU9iNgh6DXrwZ0TwgCWF20kmGzM4uM72SsOyvePGgiFd/xJt/4+Rx0MSChqKqm+4uP5LCoOt+O5m19Y3Nrex2bmd3b/8gf1iomzDWHGo8lKFu+syAFApqKFBCM9LAAl9Cwx/dTP3GE2gjQvWIkwg6ARso0RecoZW6+UIbYYzJAw81GHqn5CTt5otuyZ2BrhJvQYpkgWo3/9XuhTwOQCGXzJiW50bYSZhGwSWkuXZsIGJ8xAbQslSxAEwnmd2e0lOr9Gg/1LYU0pn6eyJhgTGTwLedAcOhWfam4n9eK8b+VScRKooRFJ8v6seSYkinQdCe0MBRTixhXAt7K+VDphlHG1fOhuAtv7xK6uWSd14q318UK9eLOLLkmJyQM+KRS1Iht6RKaoSTMXkmr+TNSZ0X5935mLdmnMXMEfkD5/MHaTiUrQ==</latexit>

Network Only (PageRank)
<latexit sha1_base64="ViwxvU+NlpN5DiMA+W5CV+tr8Mo=">AAACB3icbVC7SgNBFJ31GeMrainIYBC0CbsqaCnaWGkUo4FkCbOzN8mQ2dll5q4alnQ2/oqNhSK2/oKdf+PkUWj0wMDhnHu5c06QSGHQdb+cicmp6ZnZ3Fx+fmFxabmwsnpt4lRzqPBYxroaMANSKKigQAnVRAOLAgk3Qeek79/cgjYiVlfYTcCPWEuJpuAMrdQobNQR7jE7A7yLdYeeK9ml22XWgkumOju9RqHoltwB6F/ijUiRjFBuFD7rYczTCBRyyYypeW6CfsY0Ci6hl6+nBhLGO/ZCzVLFIjB+NsjRo1tWCWkz1vYppAP150bGImO6UWAnI4ZtM+71xf+8WorNQz8TKkkRFB8eaqaSYkz7pdBQaOBoo4eCcS3sXylvM8042urytgRvPPJfcr1b8vZKuxf7xaPjUR05sk42yTbxyAE5IqekTCqEkwfyRF7Iq/PoPDtvzvtwdMIZ7ayRX3A+vgGSyZka</latexit>

A
U
P
R
C

<latexit sha1_base64="VRV/gyW2FYcliq2Iys+sLf7QT1A=">AAAB83icbVBNT8JAEJ36ifiFevTSSEw8kRZN9Ihy8YjGAgltyHZZYMN22+xOjaThb3jxoDFe/TPe/Dcu0IOCL5nk5b2ZzMwLE8E1Os63tbK6tr6xWdgqbu/s7u2XDg6bOk4VZR6NRazaIdFMcMk85ChYO1GMRKFgrXBUn/qtR6Y0j+UDjhMWRGQgeZ9TgkbyfWRPmF17jfv6pFsqOxVnBnuZuDkpQ45Gt/Tl92KaRkwiFUTrjuskGGREIaeCTYp+qllC6IgMWMdQSSKmg2x288Q+NUrP7sfKlER7pv6eyEik9TgKTWdEcKgXvan4n9dJsX8VZFwmKTJJ54v6qbAxtqcB2D2uGEUxNoRQxc2tNh0SRSiamIomBHfx5WXSrFbc80r17qJcu8njKMAxnMAZuHAJNbiFBnhAIYFneIU3K7VerHfrY966YuUzR/AH1ucP0vCRig==</latexit>
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Network Propagation
<latexit sha1_base64="372srjqKBS9SxExLoCm3GCDLJjY=">AAACA3icbVA9SwNBEN3zM8avqJ02i0GwCndR0DJoYyURzAckIextJsmSvdtjd04NR8DGv2JjoYitf8LOf+PmkkITHww83pthZp4fSWHQdb+dhcWl5ZXVzFp2fWNzazu3s1s1KtYcKlxJpes+MyBFCBUUKKEeaWCBL6HmDy7Hfu0OtBEqvMVhBK2A9ULRFZyhldq5/SbCAybXgPdKD2hZq4j1Um/UzuXdgpuCzhNvSvJkinI799XsKB4HECKXzJiG50bYSphGwSWMss3YQMT4gPWgYWnIAjCtJP1hRI+s0qFdpW2FSFP190TCAmOGgW87A4Z9M+uNxf+8Rozd81YiwihGCPlkUTeWFBUdB0I7QgNHObSEcS3srZT3mWYcbWxZG4I3+/I8qRYL3kmheHOaL11M48iQA3JIjolHzkiJXJEyqRBOHskzeSVvzpPz4rw7H5PWBWc6s0f+wPn8AfJAmFo=</latexit>

Scores Only
<latexit sha1_base64="ja8D4ptLYgjV2q+8Zgpt9JSlKK0=">AAAB+3icbVDLSgNBEJyNrxhfMR69DAbBU9iNgh6DXrwZ0TwgCWF20kmGzM4uM72SsOyvePGgiFd/xJt/4+Rx0MSChqKqm+4uP5LCoOt+O5m19Y3Nrex2bmd3b/8gf1iomzDWHGo8lKFu+syAFApqKFBCM9LAAl9Cwx/dTP3GE2gjQvWIkwg6ARso0RecoZW6+UIbYYzJAw81GHqn5CTt5otuyZ2BrhJvQYpkgWo3/9XuhTwOQCGXzJiW50bYSZhGwSWkuXZsIGJ8xAbQslSxAEwnmd2e0lOr9Gg/1LYU0pn6eyJhgTGTwLedAcOhWfam4n9eK8b+VScRKooRFJ8v6seSYkinQdCe0MBRTixhXAt7K+VDphlHG1fOhuAtv7xK6uWSd14q318UK9eLOLLkmJyQM+KRS1Iht6RKaoSTMXkmr+TNSZ0X5935mLdmnMXMEfkD5/MHaTiUrQ==</latexit>

Network Only (PageRank)
<latexit sha1_base64="ViwxvU+NlpN5DiMA+W5CV+tr8Mo=">AAACB3icbVC7SgNBFJ31GeMrainIYBC0CbsqaCnaWGkUo4FkCbOzN8mQ2dll5q4alnQ2/oqNhSK2/oKdf+PkUWj0wMDhnHu5c06QSGHQdb+cicmp6ZnZ3Fx+fmFxabmwsnpt4lRzqPBYxroaMANSKKigQAnVRAOLAgk3Qeek79/cgjYiVlfYTcCPWEuJpuAMrdQobNQR7jE7A7yLdYeeK9ml22XWgkumOju9RqHoltwB6F/ijUiRjFBuFD7rYczTCBRyyYypeW6CfsY0Ci6hl6+nBhLGO/ZCzVLFIjB+NsjRo1tWCWkz1vYppAP150bGImO6UWAnI4ZtM+71xf+8WorNQz8TKkkRFB8eaqaSYkz7pdBQaOBoo4eCcS3sXylvM8042urytgRvPPJfcr1b8vZKuxf7xaPjUR05sk42yTbxyAE5IqekTCqEkwfyRF7Iq/PoPDtvzvtwdMIZ7ayRX3A+vgGSyZka</latexit>

NetMix2
<latexit sha1_base64="+GX+17uA9TESSRUfsgu9RyLJjJI=">AAAB9XicbVDLSgNBEJz1GeMr6tHLYBA8hd0o6DHoxYsSwTwgWcPspDcZMvtgplcTlvyHFw+KePVfvPk3TpI9aGJBQ1HVTXeXF0uh0ba/raXlldW19dxGfnNre2e3sLdf11GiONR4JCPV9JgGKUKooUAJzVgBCzwJDW9wNfEbj6C0iMJ7HMXgBqwXCl9whkZ6aCMMMb0FvBHD8rhTKNolewq6SJyMFEmGaqfw1e5GPAkgRC6Z1i3HjtFNmULBJYzz7URDzPiA9aBlaMgC0G46vXpMj43SpX6kTIVIp+rviZQFWo8Cz3QGDPt63puI/3mtBP0LNxVhnCCEfLbITyTFiE4ioF2hgKMcGcK4EuZWyvtMMY4mqLwJwZl/eZHUyyXntFS+OytWLrM4cuSQHJET4pBzUiHXpEpqhBNFnskrebOerBfr3fqYtS5Z2cwB+QPr8we+UZKq</latexit>

Type 2 Diabetes
<latexit sha1_base64="UeA99aYaoisJ7X1Ch91SxWEfBdk=">AAAB/3icbVDLSgNBEJz1GeNrVfDiZTAInsJuFPQY1IPHCHlBsoTZSScZMvtgplcMaw7+ihcPinj1N7z5N06SPWhiQUNR1U13lx9LodFxvq2l5ZXVtfXcRn5za3tn197br+soURxqPJKRavpMgxQh1FCghGasgAW+hIY/vJ74jXtQWkRhFUcxeAHrh6InOEMjdezDNsIDplVj0RK9EcwHBD3u2AWn6ExBF4mbkQLJUOnYX+1uxJMAQuSSad1ynRi9lCkUXMI43040xIwPWR9ahoYsAO2l0/vH9MQoXdqLlKkQ6VT9PZGyQOtR4JvOgOFAz3sT8T+vlWDv0ktFGCcIIZ8t6iWSYkQnYdCuUMBRjgxhXAlzK+UDphhHE1nehODOv7xI6qWie1Ys3Z0XyldZHDlyRI7JKXHJBSmTW1IhNcLJI3kmr+TNerJerHfrY9a6ZGUzB+QPrM8foWqV2Q==</latexit>

Bipolar Disorder
<latexit sha1_base64="WBh9Bs9AknNTnj35LJbrez+cBiA=">AAACAHicbVA9SwNBEN2LXzF+nVpY2CwGwSrcRUHLEC0sI5gPSELY20ySJXu3x+6cGI40/hUbC0Vs/Rl2/hs3H4UmPhh4vDfDzLwglsKg5307mZXVtfWN7GZua3tnd8/dP6gZlWgOVa6k0o2AGZAigioKlNCINbAwkFAPhtcTv/4A2ggV3eMohnbI+pHoCc7QSh33qIXwiGlZxEoyTW+EUboLetxx817Bm4IuE39O8mSOSsf9anUVT0KIkEtmTNP3YmynTKPgEsa5VmIgZnzI+tC0NGIhmHY6fWBMT63SpT2lbUVIp+rviZSFxozCwHaGDAdm0ZuI/3nNBHtX7VREcYIQ8dmiXiIpKjpJg3aFBo5yZAnjWthbKR8wzTjazHI2BH/x5WVSKxb880Lx7iJfKs/jyJJjckLOiE8uSYnckgqpEk7G5Jm8kjfnyXlx3p2PWWvGmc8ckj9wPn8AQDCW0w==</latexit>

Rheumatoid Arthritis
<latexit sha1_base64="cpaL7Z9F685/1bTSZLY2WEyjZkE=">AAACBHicbVC7SgNBFJ31GeNr1TLNYBCswm4UtIzaWEYxD0iWMDt7kwyZfTBzVwxLCht/xcZCEVs/ws6/cfIoNPHAwOGce7lzjp9IodFxvq2l5ZXVtfXcRn5za3tn197br+s4VRxqPJaxavpMgxQR1FCghGaigIW+hIY/uBr7jXtQWsTRHQ4T8ELWi0RXcIZG6tiFNsIDZrd9SEOGsQjohcK+Eij0qGMXnZIzAV0k7owUyQzVjv3VDmKehhAhl0zrlusk6GVMoeASRvl2qiFhfMB60DI0YiFoL5uEGNEjowS0GyvzIqQT9fdGxkKth6FvJs1P+3reG4v/ea0Uu+deJqIkRYj49FA3lRRjOm6EBkIBRzk0hPFxck55nynG0fSWNyW485EXSb1cck9K5ZvTYuVyVkeOFMghOSYuOSMVck2qpEY4eSTP5JW8WU/Wi/VufUxHl6zZzgH5A+vzB7AxmMI=</latexit>

Network Propagation
<latexit sha1_base64="372srjqKBS9SxExLoCm3GCDLJjY=">AAACA3icbVA9SwNBEN3zM8avqJ02i0GwCndR0DJoYyURzAckIextJsmSvdtjd04NR8DGv2JjoYitf8LOf+PmkkITHww83pthZp4fSWHQdb+dhcWl5ZXVzFp2fWNzazu3s1s1KtYcKlxJpes+MyBFCBUUKKEeaWCBL6HmDy7Hfu0OtBEqvMVhBK2A9ULRFZyhldq5/SbCAybXgPdKD2hZq4j1Um/UzuXdgpuCzhNvSvJkinI799XsKB4HECKXzJiG50bYSphGwSWMss3YQMT4gPWgYWnIAjCtJP1hRI+s0qFdpW2FSFP190TCAmOGgW87A4Z9M+uNxf+8Rozd81YiwihGCPlkUTeWFBUdB0I7QgNHObSEcS3srZT3mWYcbWxZG4I3+/I8qRYL3kmheHOaL11M48iQA3JIjolHzkiJXJEyqRBOHskzeSVvzpPz4rw7H5PWBWc6s0f+wPn8AfJAmFo=</latexit>

Scores Only
<latexit sha1_base64="ja8D4ptLYgjV2q+8Zgpt9JSlKK0=">AAAB+3icbVDLSgNBEJyNrxhfMR69DAbBU9iNgh6DXrwZ0TwgCWF20kmGzM4uM72SsOyvePGgiFd/xJt/4+Rx0MSChqKqm+4uP5LCoOt+O5m19Y3Nrex2bmd3b/8gf1iomzDWHGo8lKFu+syAFApqKFBCM9LAAl9Cwx/dTP3GE2gjQvWIkwg6ARso0RecoZW6+UIbYYzJAw81GHqn5CTt5otuyZ2BrhJvQYpkgWo3/9XuhTwOQCGXzJiW50bYSZhGwSWkuXZsIGJ8xAbQslSxAEwnmd2e0lOr9Gg/1LYU0pn6eyJhgTGTwLedAcOhWfam4n9eK8b+VScRKooRFJ8v6seSYkinQdCe0MBRTixhXAt7K+VDphlHG1fOhuAtv7xK6uWSd14q318UK9eLOLLkmJyQM+KRS1Iht6RKaoSTMXkmr+TNSZ0X5935mLdmnMXMEfkD5/MHaTiUrQ==</latexit>

Network Only (PageRank)
<latexit sha1_base64="ViwxvU+NlpN5DiMA+W5CV+tr8Mo=">AAACB3icbVC7SgNBFJ31GeMrainIYBC0CbsqaCnaWGkUo4FkCbOzN8mQ2dll5q4alnQ2/oqNhSK2/oKdf+PkUWj0wMDhnHu5c06QSGHQdb+cicmp6ZnZ3Fx+fmFxabmwsnpt4lRzqPBYxroaMANSKKigQAnVRAOLAgk3Qeek79/cgjYiVlfYTcCPWEuJpuAMrdQobNQR7jE7A7yLdYeeK9ml22XWgkumOju9RqHoltwB6F/ijUiRjFBuFD7rYczTCBRyyYypeW6CfsY0Ci6hl6+nBhLGO/ZCzVLFIjB+NsjRo1tWCWkz1vYppAP150bGImO6UWAnI4ZtM+71xf+8WorNQz8TKkkRFB8eaqaSYkz7pdBQaOBoo4eCcS3sXylvM8042urytgRvPPJfcr1b8vZKuxf7xaPjUR05sk42yTbxyAE5IqekTCqEkwfyRF7Iq/PoPDtvzvtwdMIZ7ayRX3A+vgGSyZka</latexit>

NetMix2
<latexit sha1_base64="+GX+17uA9TESSRUfsgu9RyLJjJI=">AAAB9XicbVDLSgNBEJz1GeMr6tHLYBA8hd0o6DHoxYsSwTwgWcPspDcZMvtgplcTlvyHFw+KePVfvPk3TpI9aGJBQ1HVTXeXF0uh0ba/raXlldW19dxGfnNre2e3sLdf11GiONR4JCPV9JgGKUKooUAJzVgBCzwJDW9wNfEbj6C0iMJ7HMXgBqwXCl9whkZ6aCMMMb0FvBHD8rhTKNolewq6SJyMFEmGaqfw1e5GPAkgRC6Z1i3HjtFNmULBJYzz7URDzPiA9aBlaMgC0G46vXpMj43SpX6kTIVIp+rviZQFWo8Cz3QGDPt63puI/3mtBP0LNxVhnCCEfLbITyTFiE4ioF2hgKMcGcK4EuZWyvtMMY4mqLwJwZl/eZHUyyXntFS+OytWLrM4cuSQHJET4pBzUiHXpEpqhBNFnskrebOerBfr3fqYtS5Z2cwB+QPr8we+UZKq</latexit>

NetMix2 results on diseases where both network 
and scores help

(B) Both network 
and scores help 
identify reference 
genes

R
ef
er
en

ce
G
en

es
<latexit sha1_base64="w7HdvljP39168JbEJ8fccubDcAU=">AAAB/3icbVDLSgNBEJz1GeMrKnjxMhgET2E3CnoMetBjFPOAJITZSW8yZHZ2mekVw5qDv+LFgyJe/Q1v/o2Tx0ETCxqKqm66u/xYCoOu++0sLC4tr6xm1rLrG5tb27md3aqJEs2hwiMZ6brPDEihoIICJdRjDSz0JdT8/uXIr92DNiJSdziIoRWyrhKB4Ayt1M7tNxEeML2FADQoDvQKFJhhO5d3C+4YdJ54U5InU5Tbua9mJ+JJCAq5ZMY0PDfGVso0Ci5hmG0mBmLG+6wLDUsVC8G00vH9Q3pklQ4NIm1LIR2rvydSFhozCH3bGTLsmVlvJP7nNRIMzlupUHGC9rnJoiCRFCM6CoN2hAaOcmAJ41rYWynvMc042siyNgRv9uV5Ui0WvJNC8eY0X7qYxpEhB+SQHBOPnJESuSZlUiGcPJJn8krenCfnxXl3PiatC850Zo/8gfP5A0pwlkU=</latexit>
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NetMix2 outperforms network propagation on 2/3 diseases



Summary

• Generative model for altered subnetworks from different 
subnetwork families

• Propagation family approximates subnetworks identified by 
network propagation

• NetMix2 algorithm: principled network propagation approach for 
altered subnetwork identification

• Important to correctly benchmark network algorithms against 
simple “scores only” and “network only” baselines!
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Code: https://github.com/raphael-group/netmix2
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