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Probably Approximately Correct Learning



How do you know that a training s et has a
good domain coverage?

Robus t Clas s ifier → Low Generalizability Error

Cons is tent Clas s ifier → Low Training Error

Confidence: More Certainty (lower δ) 
means  more number of s amples .

Complexity: More complicated 
hypothes is  (|H|) means  more number 
of s amples

Probably Approximately Correct Learning



Challenge:

Existing ML Models: 

Infusion:

True Data 
Distribution

Hypothesis Data 
Distribution

PAC Learning to Knowledge Infusion 



Knowledge Resources
● Ontology
● Knowledge Graph
● Knowledge Base
● Lexicons

● Forms  a  conceptual framework of 
interconnecting s ets  of domain-
focused concepts  and rela tionships

● Remove ambiguity and sparsity .
● Reduce false alarm. Drug Abuse Ontology

● Concepts (315)
● Relations (31)
● Instances (814)

Algorithmic possibilities and limitations of AI Systems



Patient is a 
known case of 
non-Hodgkin’s 
lymphoma and 

undergone three 
cycles of 

chemotherapy.

Context



Abstraction : Medical Entity Normalization

I am sick of loss,
need a way out

No way out, 
I am tired of my losses Losses, Losses, I want to die

SuicideDepression

Suicide Depression Suicide

Depression

depress, suicide ideation suicide ideation, depress Depress, suicide attempt

Example: Depression



Knowledge Infusion in Healthcare
3 Challenges

Abstraction

Contextualization

Personalization

Shallow Infusion

Shallow and Semi -Deep Infusion 

Shallow, Semi -Deep, and Deep 
Infusion 

Challenges



Knowledge Infusion -Existing Work



BERT

Abstractive 
Summarization using 

Integer Linear 
Programming (ILP)

Abstractive Summarization 
using ILP and PHQ-9

Statistical Statistical + Constraints Statistical + Constraints 
+ Knowledge

Summarization: Hybrid Approach



Gyrard, A., Gaur, M., Shekarpour, S., Thirunarayan, K., & Sheth, A. (2018). Personalized Health Knowledge Graph. In ISWC 2018 Contextualized Knowledge 
Graph Workshop.

Personalized Health Knowledge Graph



Hu, Zhiting, et al. "Deep generative models with learnable knowledge constraints." Advances in Neural Information Processing Systems. 2018.

Knowledge Incorporation in ML 



Dataset

enrich

ML

Tacit 
Knowledge

Hypothes is  
tes ting or 

s imilarity-bas ed 
verification

Shallow Infusion

Tacit 
Knowledge

Self-aware or 
External Knowledge Self-aware or 

External Knowledge

Similarity 
bas ed 

verification

Semi-Deep Infusion

Datas et

ML

Knowledge Incorporation in ML 



Suicide Risk 
Class

Number of 
Entities

Sample Medical Phrases

Suicide 
Indicator

1472 Severe mood disorder with 
psychotic feature; Severe major 
depression;
Family history of suicide; Sedative

Suicide 
Ideation

409 Bipolar affective disorder; Borderline 
Personality; Depressive conduct 
disorder; Sexual maturation 
disorder

Suicide 
Behavior

145 Suicidal behavior; Intentional self -
harm; Incomplete attempt; 
Threatening suicide

Suicide 
Attempt

123 Attempt actual suicide; Attempt 
physical damage; Intensive care;
Second-degree burns

Suicide by Hanging 
[SNOMED ID: 287190007]

<child of> Suicide 
[SNOMED ID:44301001] 

<sibling of> Drug Overdose 
[SNOMED ID:274228002] 

<sibling of> Personal history 
of self -harm [ICD-10 ID: Z91.5]

<sibling of> Severe depressive 
episode psychotic symptoms 
[ICD-10 ID: F32.3]

http://bit.ly/lexicons_suicide_severity

Knowledge: Suicide Severity Lexicon

http://bit.ly/lexicons_suicide_severity


Contextualization

I dont think Ive thought about it 
every day of my entire life. I 
have for a good portion of it, 
however, my boyfriend may be 
able to determine whether I’m 
worth his time 

Outcome : Suicide Indication

Having a plan for my own 
suicide has been a long time 
relief for me as well. I more often 
than not wish I were dead.
I dont think Ive thought about it 
every day of my entire life. I 
have for a  good portion of it, 
however, my boyfriend may be 
able to determine whether I’m 
worth his  time 

Outcome : Suicidal Ideation 

Contextualization



Contextualization

Medical Knowledge Bases

Language Model 
(LDA, BERT)

Content Similarity Matrix

Contextualization & Abstraction



… refers to future course of 
action by taking into account the 
contextual factors  such as  
user’s  health history, physical 
characteristics, environmental 
factors, activity, and lifestyle.

Chatbot with contextualized (asthma) knowledge is 
potentially more personalized and engaging.

Without
Contextualized Personalization

With
Contextualized Personalizatio

Personalization



Let Me Tell You About Your Mental Health! :
Contextualized Classification of Reddit Posts to 
DSM-5

Gaur, Manas, Ugur Kursuncu, Amanuel Alambo, Amit Sheth, Raminta Daniulaityte, Krishnaprasad Thirunarayan, and Jyotishman Pathak. "Let me 
tell you about your mental health!: Contextualized classification of reddit posts to dsm -5 for web-based intervention." In Proceedings of the 27th 
ACM International Conference on Information and Knowledge Management, pp. 753-762. ACM, 2018.

Case Study - Mental Health



Social Anxiety and Therapeutic Pessimism

Pa tient : Poor Reca ll Ra te

Clin ician: Poor unders tanding of pa t ient  behavior

Poor long las t ing pa t ient-doctor rela t ions hip

Clin ica l da ta  is  t im e-lim ited

Da ta  is  s hort  and not  ca tegorized

Da ta  is  long and ca tegorized

Reddit categorization does not overlap with 
Clinician

Problem 



● Can social media data assist Mental Health 
Profes s ionals  in ps ychiatric diagnos is , prevention 
and early intervention ?

● Map Subreddits  to Diagnos tic Statis tical Manual for 
Mental Health (DSM-5) ?

Problem 



Main Post

Comment

Reply

Subreddit

Problem 



I know you want m e to s ay no and tha t it is a part of
me blah blah blah . But I can 't . Hones t ly, not having
bipolar disorder would be a huge bles s ing. I would
be s o m uch happier and could control m y life
bet ter. I wouldn 't have frantic, scattered thoughts
and depression . I would be norm al, happy, and les s
dram a tic.

Depressive Disorders

Post from Bipolar Subreddit:

DSM-5 Chapter:

Upon additiona l res ea rch , zolpidem (ambien) has a
ha lf-life of 2-3 hours , and s o if he’s s t ill awake, he’s
either got a m as s ive tolerance for th is s tuff or he’s
rea lly trolling.

Suicidal Behavior/Ideation Disorders

Post from Suicidewatch Subreddit:

DSM-5 Chapter:

Examples



2005 -2016

550K Users

8 Million Conversations

15 Mental Health 
Subreddits

2005 -2016

270K Users 
( Only Authors of 
Main Posts)

3 Million 
Conversations (Main 
Posts Only)

15 Mental Health 
Subreddits

Dataset



Dataset



Medical Knowledge Bases

N-grams
(n=1, 2, 3)

LDA

LDA over 
Bi-grams

Normalized
Hit 

Score

DSM-5 
Lexicon

<Reddit Post>
<Subreddit Label>

Input

<Reddit Post>
<DSM-5 Label>

Output

DAO
Drug Abuse 
Ontology

Reddit to DSM-5 Mapping



Reddit to DSM-5 Mapping



BiPolar

Depression Disorder

Subreddits DSM-5 Chapter

BiPola rReddit

BiPola rSOS

Depres s ion

Addict ion

Substance use & Addictive Disorder

Crippling Alcoholis m

Opia tes Recovery

Opia tes

Self-Harm

Stop Self-Harm

Mapping Example



SEDO Semantic Encoding and Decoding Optimization. It is a 
procedure to modulate word embedding (vectors) of a word. 

Reddit with
DSM-5 labels

Word 
Embedding 

Model
Correlation Matrix 
(Q)over word vectors

Medical 
Knowledge Bases

Domain 
Experts

Correlation Matrix 
(P)
over DSM-5 Lexicon 
or DAO

SEDO
Optimize 
P, Q & Z

DSM-5 Lexicon

DSM-5 
Vocabulary 

Matrix

Word -modulated 
Word 

Embeddings

DSM-5 
Classification

Cross Correlation 
Matrix (Z)
between word 
vectors and DSM -5 
Lexicon or DAO

Linguistic 
Features

DAO

Architecture



Infused knowledge in DSM-5-DAO to the clas s ifica tion
proces s utilizing SEDO.

We introduce SEDO as an approach for obtaining a
discriminative weight matrix between the DSM-5 lexicon
and Reddit embedding space

SEDO modulates the embeddings of each word in the
Reddit content of the us er based on proximity of the
word to DSM-5 category .

Correlation Matrix 
(Q)over word vectors

Correlation Matrix 
(P)
over DSM-5 
Lexicon or DAO

SEDO
Optimize 
P, Q & Z

Cross Correlation 
Matrix (Z)
between word 
vectors and DSM-5 
Lexicon or DAO

Semantic Encoding and Decoding Optimization



12808 
Words 

300 dimension embedding 300 dimension embedding

20 DSM-5 
Categories 

R D

Reddit Word 
Embedding Model

DSM-5 -DAO 
Lexicon

W

Solvable Sylvester Equation

Semantic Encoding and Decoding Optimization



Domain-specific 
Knowledge lowers 
False Alarm Rates.

Reduction in False Alarm
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