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Network (Graph)
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Mathematical Representation of a Network

Social network Adjacency matrix A = (aij)
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Generating Model for Network

1960 1983
@ O

2006
O >

Stochastic Block Model
(SBM)

Paul W. Holland

Erdos—Rényi model

Paul Erdds and Alfréd Rényi
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a;j~Ber(p;n) , ifi,jarein a
same group

aij~Ber(pout) , otherwise

Erdos, and Rényi. Publ. Math. Inst. Hung. Acad. Sci. 1960 Holland, Laskey and Leinhardt. Social networks 1983.

Graphon model

Laszlo Lovasz

a;j~Ber(p;;),
pij = f(ww)
u; € [0,1], Uj € [0,1]

Lovasz, and Szegedy. Journal of Combinatorial Theory,

Series B 2006
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Heuristic of Probability Matrix

Graphon Probability matrix P = (p;;) Adjacency matrix

Generate

>

<

Estimate

1m0
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Why Care Graphon Estimation?

Friend Recommendation Drug Repurposing

Disease 2

D|sease 1

>

Disease 3

J \ Drug 2

Disease 4
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Graphon Estimation Methods

Sort-and-smoothing  (SAS) _ _
method (Chan and — Depends on a hyperparameter: Neighborhood size h
Edoardo. ICML 2014)

“Neighbors” of i “Neighbors” of j

a;; =1 Q Q

Only one observation for p;;!
"Replicated observations” for p;;

Challenge

Neighborhood smoothing

(NS) method (Zhang, Levina —— Depends on a hyperparameter: Neighborhood size m,/nlogn
and Zhu. Biometrika 2017)
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Hyperparameter Influences Graphon Estimation

True P = (p;) Estimator P = (§;;
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Hyperparameter Tuning

MSE(m) = — [P — P

|

m” = argmin,,c,y MSE(m)

Approaches Pros and Cons
 Empirical experience > Lack of theoretical guarantee
» Analytic solution > Explicit form between P,,, and m is

...... usually elusive

» Cross-validation - Theoretical guarantee; Effective



Problems of Node Splitting

Node splitting will destroy Fold

the network structure!

Fold 2

Fold 3
Three folds

Train Validation
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Challenges of Edge Splitting

Missing value!! Validation data

Three-fold split Train Validation

00 66 60 06 00 00 00 00 0O
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Challenges of Missing Value Imputation

Ber(p;2) Ber(pz4) A = (ay) Unbiased Estimator of p;;
Imputation Estimation
Ber(pss) /D'e%
Imputation ? Estimation

NS
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Literature Review of Network Cross-Validation

Edge Cross-Validation (ECV)
( Li, Levina and Zhu. Biometrika 2020 )

Imputation ~ Estimation
1 ha Fill SVD
NA NA Zeros Thresholding hY
i x i Estimator
NA | of Dij
:; \ J

« Restrictive assumption: Rank(P) < g, where § is average degree

* Introduce additional hyperparameter: Threshold

- Expensive computational cost: O(n3)
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MMV Procedure

Step 1: Imputation

G0 60 60 00 00 00 06 000000

6

d=—
10

Pooled mean p =

Network density
i< @ij
d =—r
()

IS an unbiased

estimator for p_

Training data A = (@;;)

Fold 1

Fold 2

Fold 3
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Distribution of A

K — (&l])'&l] ~ Ber(ﬁij)

If i and j are in validation

) 4

Ei,;j ~ Ber(d)

(

\_

— P(i and j are in validation) = 7

IP’(c"li j = 1lliandj arein Validation) =d

\

J

K is the number of folds

If i and j are not in validation

) 4

a;j = a;; ~ Ber(p;j)

-

.

K—1
P(i and j are not in validation) = —

P(d;; = 1|i and j are not in validation) = p;;

~N

J

‘ By law of total probability

~

p

o= P(a; = 1)
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Derivation of Bias Correction Formula

1 K—-1
Dij:= IP)(aU = 1) ——d+TpU

’ Reverse map

By applying
graphon estimation
method to A, we

Used for bias

correction : .« can get an
; ; e unbiased estimator
Unbiased Unbiased estimator of of pj;.

estimator of p;; Dij
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Step 2: Estimation and Bias Correction

Training data

Estimator
DA
P

1
I 0.8

0.6

=)

Applying a graphon
estimation method

04

I 0.2
0

using a given
hyperparameter
m

ij—th entry is an unbiased
estimator of p;;

Unbiased estimator
P, = (pij)

—

Bias
correction

ij—th entry is an unbiased
estimator of p;;
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Step 3: Validation Loss

e m=——— e R R i I
-

== ——— e e e e e — -
-
-

————— -
- -~
-

Validation loss

1

(@i — IA’U)Z

n
(2)/K ij in kth validation . ) = A
K Unbiased estimator P,,, = (p;;)
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MMV Score of a Hyperparameter

Fold K

.| Fold 2

Fold 1

Adjacency matrix A
Hm1l1 WO
OO0 6 06

Validation data

"u
"

-

Validation Loss L

MMV score

MMV(m) =

K
K k
k=1
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Hyperparameter Tuning Using MMV score

Candidate Pool MMV Score Computation MMV Score Comparison
r— T
‘ Hyperparameter m; — | &= MMV(m, ) 3
| |
@‘ Hyperparameter m, — MMV (m,) : :
] | |
. Hyperparameter mg — MMV (mj3) : :
\ _ -/

Best

Candidate
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Theoretical Results

Assumption 1. K = 0(n).

||P5 — Phallr
i = 0,(1).
1A —Allr

Assumption 2:

Theorem (Selection consistency of MMV)

Given a set of hyperparameters, under Assumptions 1 and 2, as n — oo, the probability of MMV

selecting the [optimal hyperparameter]converges to one.

Minimize the MSE
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Simulation Setting

Generate . Generate p;; Probability matrix Generate network
P= (pi]_) € Ryun using a;; ~ Ber(p;;)

Graphon Setting 1
1

PU = T ¥ exp(—10(22 + 1)) n = 50,100,
150,200
Graphon Setting 2
u; ~ U(0,1), pij=0.5+%
i=1,..,n
Graphon Setting 3
Pij = Hiltj K =0.1n

Graphon Setting 4

pij = exp(—(u)” + u”))




Simulation Results: Validation of Our Theorem

Tuning hyper-
parameter m in NS
method

(Zhang, Levina and Zhu.
Biometrika 2017)

Graphon 1

Graphon 2

Graphon 3

Graphon 4
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Simulation Results: Graphon Estimation

True P P (m selected by MMV) P (m selected by ECV)
Average MSE Average MSE

0.51 (sd = 0.13)

Graphon 1 0.98 (sd = 0.26)

Graphon 2 ‘

Graphon 3

§

"4
e
E
!

4

d

‘u,es:e'{

0.79 (sd =0.11) & 1.06 (sd = 0.09)

0.94 (sd = 0.03) ~ 1.21 (sd = 0.07)

L

1.39 (sd = 0.11) 2.22 (sd = 0.22)

Graphon 4
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Simulation Results: Computation Time

Graphon 1 Graphon 2 Graphon 3 Graphon 4
15
m 15+ ) 15+ m 15 -
£ £ £ £
E 10+ £ 10- y £ 10- £.101
o o o ()
E 5- E 5- E 5- E 54
= = = =
0 h i-l- T T T O i ::.I.-. T T T D A .lll : T T T O i l:-l T T T
50 100 150 200 50 100 150 200 50 100 150 200 50 100 150 200
n n n n
MMV =& ECV

27/40



Outline

0 Application to Drug Repurposing

Drug Repurposing
Med-Reader Al Tool
Case Study



Drug Repurposing

S o o P Drug repurposing example
B s Yoi T M4 SR
Influenza

Drug
discovery c1o(n)1;> guondos
Stage2 =

Pre-clinical
development

y ’ =3
' Phases g ﬁ%;’b::

Stage 3 0 Effect on body
PETETTETEEEE. 090909 e oL R a
Clinical development || " safety in humans “
77777 y  Effectiveness at §
treating diseases g
m  Larger scale safety %
_________ endeffeativengss ge . 3
IV Long term safety vrlo g .g %‘
---------------------- » o
Regulatory approval nUD"‘ . 286
i) &7
it
Q

‘ 1 compound

12-15 years
$2-3 billion

https://discover.hubpages.com/education/How-are-drugs-developed-and-approved-The-drug-development-process 29/40
https://www.hopkinsmedicine.org/health/conditions-and-diseases/influenza/influenza-flu-in-children




Drug Repurposing Using Knowledge Graph

Gene

Knowledge graph S
( N Drug repurposing

Drug

Predlcted
new link

\\

‘\\

Step 1: Knowledge graph construction

Disease

Step 2: New drug-disease link prediction
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Challenge of Step 1
PublQed cor  como < T

Advanced Create alert Create RSS User Guide
Save Email Send to Sorted by: Best match Display options ¥ °
A
MY NCBIFILTERS [ 326,069 results Page 1 of 1,631 > >>

If the reading speed is 30 MINS one paper

It takes 1 9 yea rS to read all papers

Picture source: https://discover.hubpages.com/education/How-are-drugs-developed-and-approved-The-drug-development-process 31/40



Solution: Our Developed Med-Reader

Med-Reader: Help expedite your research

Home Ligquid Hot Topics Network with Significance Score Multi-databases Cross Validation Hypotheses Generation Tutorial About this site

»* Medical Al Read
Publication Start Date ¢ b. e Ica e a e r
2020-01-01

Publication End Date

Click 'Submit query' directly to get example results for input query 'COVID-19".
Mote: This search query will be passed to PubMed to retrieve relevant publications.
2020-04-30 Click here for PubMed query search help
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Med-Reader for Knowledge Graph Construction

Co-occurrence Network

Disease

- 0100010111
Jaii il 1100101010
1100101010
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Graphon Estimation in Step 2

Knowledge Graph Graphon Estimate Prediction Results
é Rank Drug Disease Dij
1 Drug 1 Disease 1 0.97
2 Drug 2 Disease 2 0.95

Challenge: How to tune
hyperparameters?

Solution: Masked Mirror Validation!
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Case Study of Drug Repurposing
Step 1: COVID-19 Knowledge Graph Construction

Co-occurrence Network

1036 nodes 5781 edges
o %3 Medical Al Reader

° cardiovascular disease

2020-01-01 dyspnea ®
COVID-19 <4 Submit Query y / 7 /
4 ® - fatigue
Publication End Date € 7 dney injury
- e pneunonia @
¥ glyeyrrhizin | oreafinine
2020-04-30 ibuprofen - : e
[ ] arbidol P MERS —
losartan baricitinib o W P i \
\ i . ) [ N
o |/NItrogen  rionavir | ,. —
cough | pypertension = .
., ,"darunavir | e ; v == o
amoxicillin L2 o 7 . ;
A _ . Iopina\g . ; . F : hydroxychloroquuﬁ

ozone

- 1 9” X ; 'ren’i"desivir. ' '
- [ ¥ . ards
|npUt COVI D s ® covid-19 'a'd"*“*em’?e. A A S

; foiof %/ Zoonotic L— o
11 7 111 7 . g Se”?:vi':'avir . azjityiopcn { ‘ rheumatic
— methylprednisolone ® p sars diarrheal Virusmfectign o
in®=— ‘ | ' . .
e _ rapam}g:’osbuvir v f ards autoimmune diseast
melatonin @ . SN
respiratory illness @
glucose Iqts! . .h
6 - f [ » rhinorrhea
inflammation . alcohol diabetes ® o diarrhea
@ arrhythmias malaria
| depression .
® toxicity
anxiety
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Case Study of Drug Repurposing
Step 2: Graphon Estimation

Hyperparameter Tuning Prediction

Tuning hyperparameter m in NS method
(Zhang, Levina and Zhu. Biometrika 2017)

MMV selects m = 1.2

1.00- l : . .
| | Prediction Results using MMV
| I
] E i Rank Drug Disease Dij
o E i A 1 Ledipasvir COVID-19 0.91
g 0.50
% | | 2 Budesonide  COVID-19 0.87
! ! ECV
0.25 - . !
I |
| |
1 |
0.00 - : :
0.5 1.0 15 2.0

ECV selects m = 0.2  Hyperparameter m
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Top Prediction: COVID-19 and Ledipasvir
N

Ledipasvir COVID-19
ATTETREIE _{{"

28 Tablets

! ‘%\‘%& ; \&\{i\x““ﬁ%

B

Ledipasvir 90 mg & |
Sofosbuvir 400 mg |
Tablets
Ledifos
HErEE

Scientific way of validating the prediction

Cells. 2021 May; 10(5): 1052. PMCID: PMC8146643
Published online 2021 Apr 29. doi: 10.3390/cells10051052 PMID: 33946869
1/1/2020 —
5 / 1 / 2 O 2 O —_ 5 / 1 / 2 O 2 2 Remdesivir and Ledipasvir among the FDA-Approved Antiviral Drugs Have Potential to

4/ 3 O/ 2 O 2 O Inhibit SARS-CoV-2 Replication

g

Used formaking  jgeq for validating prediction
prediction

Rameez Hassan Pirzada,’ Muhammad Haseeb,' Maria Batool,!2 MoonSuk Kim,' and Sangdun Choi'2"

v
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Comparison Between MMV and ECV

Prediction Accuracy Time
# validated predictions
Accuracy= —
# predictions
1.00 T : : :
MMV Computational Time (mins)

> ECV - MMV: 28.90 + 1.30
© 0.9
)
&(3 « ECV: 250.65 = 2.11

0.8 -

1I0 2IO 3IO 4I0 5I0 6I0

Number of predicted drug-disease links



Take Home Message

- Med-Reader . Masked mirror validation (MMV)
Med-Reader: Help expedite your research : 1 [Faak |

! 1
Home  Liquid Hot Topics  Network with Significance Score  Multi-databases Cross Validation ~ Hypotheses Generation ~ Tutorial  About this site i | N IM

1 ! Adjacency matrix 4 = e, (1P
&2 Medical Al Reader E E v" Theoretical guarantee

2019-12-01

o
i ' ol > rainingdatad ~ Estimator ) / a S t
COVID-19 A Subrmit Query | ! | “ - | I
y | | of A A TN .
Publication End Date ! 1 NA b . .
Click 'Submit query" directly to get example results for input query 'COVID-19 ' ! v | = 3 / Eff
L . eclive
i | Debiased Estimator

Note: This search quary will be passed to FubMed to retrieve relevant publications.
2020-03-15 Clck here for PubMed query search help

o 0. =  KPz-d
X 9 P==
a2

Better
estimation

Graphon Promotes
Estimation ]

Knowledge graph
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Thank you!
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