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Vulcan’s Goals

Build a ``Digital Aristotle’’ – a reasoning system 
capable of answering novel questions and solving 
advanced problems in a broad range of scientific 
disciplines



Some Uses of Digital Aristotle

Digital Research Assistant
Enable new biological discoveries (e.g., cure for 
diseases such as cancer, HIV), supporting analysis of 
the experimental data (e.g., micro array analysis) by 
relating it to bio-medical literature (18 million articles in 
PubMed)
Proposed as part of an NIH Center of Excellence 

Digital Tutor
Textbook of the future will be 

Online, computable, adaptable, interactive
Help a student clarify misconceptions and enable deeper 
learning

Tool for teacher training
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Towards Digital Aristotle

Single Domain Expert Small Team of Domain 
Experts and Knowledge 
Experts
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and Knowledge 
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Educational 
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Single
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Research Framework

``Read a Chapter of a textbook and answer 
questions at the back of the chapter’’

Raj Reddy on Three Open Problems in AI, JACM’03
``Build a Knowledge Base by Reading a 
Textbook’’

Ed Feigenbaum on Some Challenges for 
Computational Intelligence, JACM’03



Research Framework 

Focus on fundamental hard sciences where 
knowledge is explicitly written down

Physics, Chemistry, and Biology
Choose a widely accepted test for competence

Advanced Placement Test
The AP test is merely a metric.  The system capability should 
be general enough to answer a broader set of questions

Scope the problem to a manageable size
50 pages of syllabus in each of the three domains



Research Framework

Automatic reading was kept out of (initial) scope
Automatic techniques will not produce a fidelity of 
representation needed for AP question answering
Focus on the basic system and provide ways to 
incorporate automatically extracted information
Our focus is on ``book representation’’
Representation is essential for reading



AURA
Automated User-Centered 
Reasoning and Acquisition System

Aura is a tool to help users formalize knowledge 
Aura can then reason with that knowledge
So users can ask questions and understand the answers. 



AURA Concept of Operations

Domain Experts Enter Knowledge

Domain Experts add knowledge to the
AURA Knowledge Base and imoprt
Knowledge using the mapping tool

Users ask questions and get 
answers and explanations

AURA

AURA Answers Questions



Prior Work (Partial List)
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1987
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1997

Macsyma

1968

BKB
Porter
1988

SHAKEN
Chaudhri
2001

ECLIPS
Oberem
1994

Carps
Charniak
1968

Halo
Pilot
2003

Dendral
Feigenbaum
1965

BNA
Kowalski
1986

CyclePad
Forbus
1999

Garp3
Bredeweg
2004

Companion
Forbus
2009



How is AURA Different?

AURA
AI

HCI

Domain

Knowledge Representation
Automated Reasoning
Natural Language Processing
Ontologies
Semantic Web

User-Centered Design
Usability testing
Natural Visualizations
Graphic Design

Physics
Chemistry
Biology
Environmental Science
Micro Economics
US Government & Politics
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Requirement Analysis

Knowledge Representation and Reasoning 
(KR&R) Requirements
Question Asking Requirements



KR&R Requirements

We undertook a survey of the textbook 
knowledge and a sample of AP exams in the 
three domains

Systematically enumerated representation capabilities 
using a KR&R Ontology (Fikes 2008)
Most frequent KR&R types

Structured Objects
Rules
Mathematical equations
Tables
Diagrams
Computational Knowledge



KR&R Requirements

Rules

Structured Objects



KR&R Requirements

Mathematical equations



KR&R Requirements

Tables



KR&R Requirements

Diagrams

Mitochondrion

Vesicle

Nuclear Envelope

Lysosome



Knowledge Acquisition Design Approach

Structured Objects and Rules
Well-known type of knowledge
Prior experience with SHAKEN system

Equations
Indispensable in Physics, and Chemistry

Tables
Could be stated using a conceptual knowledge 
interface, but sometimes very tedious

Diagrams
Very common, yet a very hard problem
Most often the same knowledge can be stated using 
text



Question Asking Requirements

The training requirement needs to be kept low
The question asker should not have to know 
about how the knowledge is represented
The questions may contain scenarios
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Knowledge Formulation

The textbook is embedded in the software
Provides context, and starting point for formulation

The users never begin from an empty KB
Knowledge Engineers provide a library of pre-built representations

The Component Library (CLIB) contains classes representing 
physical actions, e.g., Move, Attach, Penetrate, and semantic 
relations, e.g., agent, object, has-part (Barker, Clark, Porter, 
KCAP’01)

Some domain-specific knowledge is pump primed
User-centered Design for UI abstractions

Concept Maps
Based on extensive research in education
Present a collection of rules instead of one rule at a time (Clark, et. 
al., KCAP 2001, Chaudhri, EKAW 2003, KCAP 2007)
Use of four basic graph operations

Add, connect, specialize, equate



Example Knowledge



Knowledge Formulation



Knowledge Formulation



Knowledge Formulation



Knowledge Formulation



Knowledge Formulation



Knowledge Formulation



Knowledge Formulation



Knowledge Formulation



Formulated Knowledge



Knowledge Formulation





Mapping Graphs to Axioms

Based on prior work with Shaken & CLIB
A fragment of first order logic called prototypes

Clark et. al., KCAP’2001, 
Chaudhri, et. al. EKAW, 2003
Fikes et. al., 2009



Motivation for Prototypes

Support rule editing by
Grouping related axioms together
Providing a stable view of derived knowledge

Provide a bridge to natural language processing 
systems
Allow knowledge about a concept to be factored 
into multiple pieces



What is a Prototype?

A set of axioms
A prototype identifies a root class, either by name or by 
a set of sufficient conditions for membership in the root 
class, and states necessary conditions on each 
member of that root class. 

E.g., “Every car has a engine and a fuel tank’’
A red car is red if and only if its color is red

In the form of a set of descriptions of individuals
Each description is said to describe a prototype participant
The participants include --

A “prototypical” member of the root class
Called the root participant

E.g., a prototypical car
“Prototypical” slot values in other participants

Call non-root participants
E.g., prototypical engine of a car, prototypical fuel tank of a car



FOL Formalization of a Prototype

A prototype is logically equivalent to the following axiom:
If x satisfies the sufficient conditions specified in the prototype for 

membership in the prototype’s root class, then there exist non-root 
participants satisfying the conditions specified in the prototype for 
each such participant such that the description of the root 
participant given in the prototype holds for x.

E.g., A cell has parts Nucleus, Chromosome, Plasma-membrane, and the 
Chromosome is inside the Nucleus

(forall ?c
(=> (instance-of ?c Eukaryotic-Cell)

(exists ?x ?y ?z
(and
(instance-of ?x Nucleus)
(instance-of ?y Chromosome)
(instance-of ?z Plasma-Membrane)
(has-part ?c ?x) (has-part ?c ?y)
(has-part ?c ?z) (is-inside ?y ?x)))))



Sufficient Properties

A prototype is logically equivalent to the following axiom:
If x satisfies the sufficient conditions specified in the prototype for 

membership in the prototype’s root class, then there exist non-root 
participants satisfying the conditions specified in the prototype for 
each such participant such that the description of the root 
participant given in the prototype holds for x.

(forall ?c
(=>   (or 

(instance-of ?c Eukaryotic-Cell)
(and 

(instance-of ?c Cell)
(exists ?n

(instance-of ?n Nucleus)
(has-part ?c ?n))))

(exists ?x ?y ?z
(and
(instance-of ?x Nucleus)
(instance-of ?y Chromosome)
(instance-of ?z Plasma-Membrane)
(has-part ?c ?x) (has-part ?c ?y)
(has-part ?c ?z) (is-inside ?y ?x)))))



Other Features

Property values
E.g., 1 m, Tall Person, Red 

Constraints
If-then-else conditions
Mathematical equations, and their inheritance

V=u+at
Tables and qualitative orders



Expressiveness Analysis

Following fragments of FOL are represented in 
the prototypes in relation to F-Logic/SILK

Frames
Equality
Monotonic Lloyd Topor
Aggregation
Constraint checking
Negation as Failure (NAF)
Skolemization
Prioritized default rules



Motivation for Prototypes

Support rule editing by
Grouping related axioms together
Providing a stable view of derived knowledge

Provide a bridge to natural language processing 
systems
Allow knowledge about a concept to be factored 
into multiple pieces



Supporting Rule Editing

Grouping related axioms together

(forall ?c
(=> (instance-of ?c Eukaryotic-Cell)

(exists ?x ?y ?z
(and
(instance-of ?x Nucleus)
(instance-of ?y Chromosome)
(instance-of ?z Plasma-Membrane)
(has-part ?c ?x) (has-part ?c ?y)
(has-part ?c ?z) (is-inside ?y ?x)))))

(forall ?c
(=> (instance-of ?c Eukaryotic-Cell)

(exists ?x
(and
(instance-of ?x Nucleus)
(has-part ?c ?x)))))

(forall ?c
(=> (instance-of ?c Eukaryotic-Cell)

(exists ?y 
(and
(instance-of ?y Chromosome)
(has-part ?c ?y)))))

(forall ?c
(=> (instance-of ?c Eukaryotic-Cell)

(exists ?z
(and
(instance-of ?z Plasma-Membrane)
(has-part ?c ?z)))))

(forall ?c ?y ?x
(=>   (and

(instance-of ?c Eukaryotic-Cell)
(instance-of ?y Chromosome)
(instance-of ?x Nucleus)
(has-part ?c ?x) (has-part ?c ?y))

(is-inside ?y ?x)

vs



Support Rule Editing

Provide stable view of knowledge
Prototypes serve as views over derived knowledge



Some Open Formalization Issues

Formal analysis of reasoning properties of 
prototypes

Graph Equality
Multiple inheritance of rules

Propagation of knowledge base updates 
How does prototype structure help in 

Natural language processing
Factoring rules into multiple prototypes
Automated reasoning
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Question Formulation

Formal
language

Unrestricted
natural

languageComputer Processable Language

“A boulder is dropped”
“Consider the following 
possible situation in 
which a boulder first…”

“∀x∃y B(x)∧
R(x,y)→C(y)”

Too hard 
for the 
user

There lies a “sweet spot” between logic and full NL which 
is both human-usable and machine-understandable



Question Formulation Cycle

Original
text

A boulder is dropped.
The initial speed of the boulder is 0 m/s.
The duration of the drop is 23 seconds.
The acceleration  of the drop is 7.9 m/s^2.
What is the distance of the drop?.

CPL (Controlled english)

Question-
Answering

Rewriting
advice

Graph & paraphrase of
system’s understanding

A boulder is the object of a dropping.
The dropping has a duration of 23 seconds.
The dropping has initial speed 23 seconds.
The dropping has acceleratio 7.9 m/s^2.
The dropping has a distance of unknown
What is the distance?



Example of Question Formulation

A boulder is dropped.
The initial speed of the boulder is 0 m/s.
The duration of the drop is 23 seconds.
The acceleration of the drop is 7.9 m/s^2.
What is the distance of the drop?

An alien measures the height of a cliff by 
dropping a boulder from rest and measuring the 
time it takes to hit the ground below. The boulder 
fell for 23 seconds on a planet with an 
acceleration of gravity of 7.9 m/s2. Assuming 
constant acceleration and ignoring air 
resistance, how high was the cliff?

?



Example Feedback from the System



Question Understanding Pipeline

Parsing
Syntactic logic generation
Reference resolution
Transform verbs to relations
Word sense disambiguation
Semantic role labeling
Metonymy resolution
Question annotation
Paraphrasing
Query relaxation
Abductive reasoning
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Question Answering

Reasoning Control
Reasoning Engine

Knowledge Machine (Clark, Porter, 1999)
Semantic Matching (Yeh, Porter, AAAI 2006)

Specialized Reasoning Modules
Equation solving
Chemical compound recognition

Explanation Generation
English generation from the knowledge base



Example Answer



Example Answer
A solution that has a pH greater than 7 will result when this substance is dissolved in 

water. 
a. sulfur dioxide
b. oxalic acid
c. phosphoric acid
d. carbonic acid
e. potassium nitrate

CPL
a. there is an aqueous solution of SO2.
what is the pH of the solution? 
Answer
pH = 0

CPL
b. there is an aqueous solution of H_2C_2O_4.
what is the pH of the solution?
Answer
pH is less than 7



Example Answer

What is the relationship between Caveolin and 
Muscle Cell?
(Inspired by Larry Hunter’s work on Biological Discovery)



Example Answer
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Evaluation

Functional Evaluation
Generality Evaluation



Functional Evaluation

How well does AURA support knowledge 
formulation by KFEs?
How well does AURA support question 
formulation by the QFEs?
How well does AURA support answers to novel 
questions?



Independent Evaluation by BBN

Ideal
Reference

Newly Trained 
Knowledge 
Formulators

Newly Trained 
Question 

Formulators

Newly Trained 
Knowledge 

Formulators & 
Question 

Formulators

Upper 
bound

Initial 
Indicator 
of KB 
Quality

• The evaluation employs a 2 x 2 design to test the effects 
of user experience on KF and QF

• In each cell users will author KBs for a section of an AP 
syllabus and other users will query the KBs to answer a  
set of AP questions in that domain

Knowledge Formulation
20 hours of training
160 hours of knowledge entry

Question Formulation
4 hours of training
40 hours of question asking



Independent Evaluation

KF experiment
Held at UC Denver
9 KFEs (3 in each domain)

QF/QA Experiment
Held at BBN in Boston
16 QFEs



Evaluation

Functional Evaluation
Generality Evaluation
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Take Away from 2008-2009 Evaluation

We had good results in Biology giving us 
confidence to propose encoding a full book as a 
good next scaling target

Scaling requires a knowledge factory
We had some challenges in Chemistry and 
Physics suggesting need for further system 
improvement



Implementing Knowledge Factory

Two performers selected after extensive search
- Evalueserve with IIT New Delhi as a consultant
- Kidosoft with IIIT Hyderabad as a consultant

We repeated a modified version of refinement 
phase evaluation experiment

After a two week training in Menlo Park, each team 
trained three biologists in India. 

The resulting KBs were tested on novel questions

Each biologist team used AURA for five 
weeks to collaboratively construct a KB



Multi-User Knowledge Entry

Two Knowledge Factory Locations in India

Kidosoft/IIIT Hyderabad

Evaluserve/IITD New Delhi
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Results

EXPECTED RESULTS
Teams were able to replicate the KB creation process
KFEs were able to successfully collaborate

UNEXPECTED RESULTS
We were expecting the scores in the range of 50%
Breadth and depth of syllabus coverage is superior 

Single User Experiment

SRI 45%

Multi-User Experiment

Evalueserve 75%

KidoSoft 68%



Generality Outside the Current Scope

Even though we built the KB only for 50 pages of 
syllabus, our requirement analysis covered the whole 
syllabus

With the features currently implemented, we expect to be able to
answer 50% of the questions on an AP Exam in the three Science 
domains

A preliminary exercise for encoding the whole Physics textbook 
required 36 specific extensions to CLIB

We have analyzed three new domains
Micro Economics

Similar to Physics, but also more qualitative
US Government and Politics

Some similarities to Biology in the need for approximate matching of 
descriptions

Environmental Sciences
Similar to Physics and Biology, but requires qualitative reasoning

The 50% coverage generalizes to the new domains
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A Computer-Based Tutor

Integrated into a Textbook
Help a student

Read
Learn
Apply
Write



Future Work

Knowledge base for a full textbook
Expand the expressiveness of the question formulation 
interface (Boeing)

Paraphrases, query relaxation, abduction

Expand expressiveness of knowledge formulation
Computational knowledge, qualitative knowledge, and diagrams 

New Reasoning methods
Qualitative, symbolic, explanation

Knowledge Debugging 
Applications

Bio discovery
Textbooks of the future



Summary

AURA is aimed to be a generic computational 
tool aimed at modeling knowledge in hard 
sciences

We have good results based on 50 pages of textbook 
syllabus and questions suite drawn from an advanced 
placement exam
We are set to mature the technology by scaling to one 
full book and put out an initial product protype



Disclaimer:  The preceding slides represent the views of the author only. 
All brands, logos and products are trademarks or registered trademarks of their respective companies.

Thank You

For more information

http://www.ai.sri.com/project/aura


