Automated User-centered
Reasoning and Acquisition System

-——
T R R R BB o & = e e
[P TR

THE UNIVERSITY Ol

7 g ke e
ke >

Carnegie Mellon.

"HAL



Acknowledgment

= The project is funded by Vulcan Inc. — a Paul
Allen Company
= Vulcan Program Management
» Mark Greaves
= Dave Gunning
= Benjamin Grosof

"HAL



AURA Team

= SRI
= Vinay K. Chaudhri
» Brian Adair (Chemistry)
= David Martin
= Sunil Mishra
= John Pacheco
= Aaron Spaulding
= Jing Tien

» The Boeing Company
= Peter Clark
= John Thompson
= Phil Harrison

= University of Texas at Austin

Ken Barker
Jason Chaw
Bruce Porter
Dan Tecuci

= Consultants

Bert Bredeweg (UVA)
Richard Fikes (Stanford)

Art Fortgang (Physics)
Karen Hurst (Biology)
Bonnie John (CMU)

Sheila Mcllraith (Toronto)
Michael Wellman (Michigan)
Shirin Sohrabi (Toronto)
Shahin Zarafshar (Biology)



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

OGN DN
THE FINAL
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5
DIGITAL
ARISTOTLE




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



Outline

* Project Overview
= Research Framework
= Requirement Analysis

* Implementation
= Knowledge Formulation
= Question Formulation
= Question Answering

= Evaluation
= Future Work




Towards Digital Aristotle

General strategy for approaching the Final Encyclopedia

(for factual scientific knowledge)
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Research Framework

= Read a Chapter of a textbook and answer
guestions at the back of the chapter”

* Raj Reddy on Three Open Problems in Al, JACM’'03

= Build a Knowledge Base by Reading a
Textbook”

» Ed Feigenbaum on Some Challenges for
Computational Intelligence, JACM’'03
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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 guestion answering

* Focus on the basic system and provide ways to
Incorporate automatically extracted information

= Qur focus is on "book representation” -
Representation is essential for reading



Automated User-Centered
Reasoning and Acquisition System

o

¥ = -~ 1’

= Aura is atool to help users formalize knowledge
= Aura can then reason with that knowledge
» So users can ask guestions 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 Answers Questions
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How i1s AURA Different?

Al

Knowledge Representation
Automated Reasoning
Natural Language Processing
Ontologies

Semantic Web

Domain

- Physics
Chemistry

AURA Biology
Environmental Science
Micro Economics
US Government & Politics

HCI

@—— User-Centered Design
Usability testing
Natural Visualizations
Graphic Design



Outline

» Research Framework
= Requirement Analysis

* Implementation
= Knowledge Formulation
= Question Formulation
» Question Answering

= Evaluation
= Potential Application
= Future Work




Requirement Analysis

= Knowledge Representation and Reasoning
(KR&R) Requirements

= Question Asking Requirements
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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

Combination and Decomposition Reactions

Table 3.1 ¥ summarizes two simple types of reactions, combination and decom- Structured Objects
position reactions. In combination reactions two or more substances react to

form one product. There are many examples of such reactions, especially those

in which elements combine to form compounds. For example, magnesium meta|

burns in air with a dazzling brilliance to produce magnesium oxide, as shown Rules

in Figure 3.5 B

2Mg(s) + Og(g) — 2MgOis) [3.6]

This reaction is used to produce the bright flame generated by flares.

When a combination reaction occurs between a metal and a nonmetal, as in
Equation 3.6, the product is an ionic solid. Recall that the formula of an ionic com-
pound can be determined from the charges of the ions involved. (Sectiom 2.7}
When magnesium reacts with oxygen, for example, the magnesium loses elec-
trons and forms EhE‘ magnesium ion, Mgz * The oxygen gains electrons and forms
the oxide ion, 0. Thus, the reaction product is MgO. You should be able to rec-
ognize when a reaction is a combination reaction and to predict the products of
a combination reaction in which the reactants are a metal and a nonmetal.

In a decomposition reaction one substance undergoes a reaction to produce
two or more other substances. Many compounds undergo decomposition reac-
tions when heated. For example, many metal carbonates decompose to form
metal oxides and carbon dioxide when heated:

CalCO4(s) — CaO(s} + COx(y) [3.7]

The decomposition of CaCQj is an important commereial process. Limestone or
seashells, which are both primarily CaCOs, are heated to prepare CaQ, which is
known as lime or quicklime. Over 2.0 X 1010 kg (22 million tons) of CaO are
used in the United States each year, principally in making glass, in obtaining
iron from its ores, and in making mortar to bind bricks.



KR&R Requirements J

» Mathematical equations

V=1t at [a = constant] (2-11a)

x=x oyt + % af? [a = constant] (2-11b) K_inemanc equations
W= v% + 2a(x — xo) [¢ = constant] (2-11¢) for constant acceleration
vt (we'll use them a lot)
V= [@ = constant] (2-11d)




KR&R Requirements

= Tables

ACID BASE
HC(l 1 2
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KR&R Requirements

= Diagrams

FIGURE 2-19 Example 2-11.
When an object is dropped from

a tower, it falls with progressively
greater speed and covers greater
distance with each successive
second. (See also Fig. 2-16.)

Acceleration
due 1o —

. —— . - }l‘:’ﬂ
M, -450m
(After 1.00 s)

$Y2= 19.6 m
(After 2.00 5)

y3= 44.1 m
{After 3.00 5)

34 CHAPTER 2 Duscrib'rn’

The lack of a rigid cell wall allowed animals to develop a greater diversity of cell types,
tissues, and organs. Specialized cells that formed nerves and muscles -- tissues impossible
for plants to evolve — gave these organisms mobility. The ability to move about by the use
of specialized muscle tissues is the hallmark of the animal world. (Protozoans locomote, but
by nonmuscular means, i.e. cilia, flagella, pseudopodia.)

The anirnal kingdorn is unigue amongst eukaryatic arganisms because animal tissues are
hound together by a triple heli< of protein, called collagen. Plant and fungal cells are bound
together in tissues or aggregations by other molecules, such as pectin. The fact that no
other organisms utilize collagen in this manner is one of the indications that all animals
arose from a common unicellular ancestor.

Animals are a large and incredibly diverse group of organisms. Making up about three-
guarters of the species on Earth, they run the gamut from sponges and jellyfish to ants,
whales, elephants, and - of course - human beings. Being mobile has given animals the
flexibility to adopt many different modes of feeding, defense, and reproduction.

Mitochondrion \’QT@;EST—

o

Lysosome

Nuclear Envelope

Vesicle

The earliest fossil evidence of animals dates from the Vendian Period (650 to 544 million
wears ago), with coelenterate-type creatures that left traces of their soft bodies in shallow-
water sedirments. The first mass extinction ended that period, but during the Carmbrian
Period which followed, an explosion of new forms began the evolutionary radiation that
produced most of the major groups, of phyla, known today. Vertebrates (animals with
hackbones) are not known to have occurred until the Ordavician Period (505 to 438 million
YEars ago).

» Centrioles - Centrioles are self-replicating organelles made up of nine bundles of
microtubules and are found anly in animal cells. They appear to help in organizing
cell division, but aren't essential to the process.

« Cilia and Flagella - For single-celled eukaryotes, cilia and flagella are essential for
the locomotion of individual organisms. In multicellular organisms, cilia function to
rmove fluid or materials past an immobile cell as well as moving a cell or group of
cells.

» Endoplasmic Reticulum - The endoplasmic reticulum is a netwaork of sacs that
manufartures orocesses and fransnnrts chemical comonnnds for nse inside and

PROJECT
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Knowledge Acquisition Design Approach

= Structured Objects and Rules

= Well-known type of knowledge

* Prior experience with SHAKEN system
= Equations

* |ndispensable 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

"HAL



Question Asking Requirements

ne training requirement needs to be kept low

ne guestion asker should not have to know
pout how the knowledge is represented

ne guestions may contain scenarios

"HAL



Outline

» Research Framework
* Requirement Analysis

* Implementation
= Knowledge Formulation
= Question Formulation
» Question Answering

= Evaluation
= Potential Application
= Future Work




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 Ul 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

®# The mitotic phase alternates with interphase in the cell cycle: an overview

Mitosis is just one part of the cell cycle (FIGURE 12.4). In fact, the mitotic (M} phase, which includes both mitosis and cytokinesis, is usually the shortest
part of the cell cycle. Mitotic cell division alternates with a much langer interphase, which often accounts for about 90% of the cycle. It is during interphase
that the cell grows and copies its chromosomes in preparation for cell division. Interphase can be divided into subphases: the G, phase (“first gap”), the S

phase, and the G_phase ("second gap”). During all three subphases, the cell grows by producing proteins and cytoplasmic organelles. However,
chromosomes are duplicated only during the & phase (S stands for synthesis of DMA). Thus, a cell grows (G,), continues to grow as it copies its
chromosomes (), grows mare as it completes preparations for cell division (5;), and divides (M). The daughter cells may then repeat the cycle.

S
(DNA synthesis)

Cogryrightl © Pasmcen Erucalicn e pobsheng as Baryamer Cisssmingn k%
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Knowledge Formulation

The mitotic phase alternates with interphase in the cell cycle: an overview

Witosis is just one part of the cell cycle (FIGURE 12.4). In fact, the mitotic (M) phase, which includes both mitasis and cytokinesis, is usually the shortest
part of the cell cycle. Mitotic cell division alternates with a much longer interphase, which often accounts for about 90% of the cycle. It is during interphase
that the cell grows and copies its chromosomes in preparation for cell division. Interphase can be divided into subphases: the G, phase ("first gap”), the S

phase, and the Gophase ("second gap”). During all three subphases, the cell grows by producing proteins and cytoplasmic organelles. Howewer,
chromosomes are duplicated only during the 5 phase (5 stands for synthesis of DMA). Thus, a cell grows (G,), continues to grow as it copies its

chromosomes (3], grows mare as it completes preparations for cell division (5;), and divides (M). The daughter cells may then repeat the cycle.

INTERPHASE

S
(DNA synthesis)




Knowledge Formulation

| A AURA editor

File Edit Yiew ‘Window Help

Clear &l | Search | Cell Canvas =
E ritakic [ Mew concept,.. | reate eouatior reate ta Insert concept
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(] cel Cel|
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Device

Event
Go-Ta
Locomokion
Mowe

Se

o
C
1]
|
[m]
[n1]

Thing

[ Mew concept.., |




Knowledge Formulation

earch Concepks
Ewvenk

Search Resulks

< Ewent
[ ©rganization
[ Person
[ Place
[ Thing

Details

1 instance of Grow

Event/AckionGram

Grow
open concepk

Superconcepkts:
Acktion

Subconcepts:
Elongation

Component Semantics:
Definftion: dn action in the biology knowledge base

Relevant concepks: Elongation

Browse Concepks
Create
Decrease

Detach

Disperse

Edit

Express

Forgek

Elongation

Irnpair

Increase

[

|

k-

Irikiakion
Inkerpret
Make-Accessible
Make-Contact
Make-Inaccessible

S S

Mowe
Meorve-Apark
Mowve-Together
Crrient

[

Peretrake

Perceive
Place-Order
Release-Resource
Remowve
Repair
Replace
Replenish
Select
Send
Specify
Skore
Take-Contral
Terminakion

Transfer

Bckiviby
aoal
Role

Add subclass




Knowledge Formulation

Choose a relation. .. "

arigin s
path
prevents
priarity
rake
subevent raw-material

Cell-Cycle = recipient

From:Event result
rokational-rate

same-type
fo:Event sike

speed

Description: = hevent

An event that is a step of another event, and occurs substrate

durinegit, supporks
koward w

Examples:

1. Fo carry somefhing means fo hofd
something and move af the same
fime.

2. Remowing Bhe fug nots is 3 step of
repfacing a tire.

3. As one step in his move fo Cafifornia,
John pack ed his sinfcase.

4,  Part of gefting marvied & excianaging
FOH'S,



Knowledge Formulation

Event

open concepk Cell-Cycle =5

Subconcepts:
Action
Activity
Goal

Component Semantics:

Definition: "Things that happen", such as Actions
and Skakes, as opposed to "Things that

are,

Fhis i the top fevel concept for Actions and
Sfafes.

ronfrast Events xith Enfify concepts.



Knowledge Formulation

(@ Evernt_—[¥
Event ¥ Delete
open concepk Specialize
Subconcepts:
Action
Activity
Goal
Mitosis

Component Semantics: Cell-cycle =&

subevent

Show parents

and States, as opposed ko "Things that

S — o i Find related concepks
Definftion: "Things that happen”, such as Actions .
Cpen Event in new kab

are .,

his ix Ehe Fop fevef concepf for Actions and
Stafes.

Confrast fvents with Enfify concepts,



Knowledge Formulation

Interphase Interphase
Metaphase

search Results Metaphase-1

Metaphase-II
< Interphase Mitn:nt::n;-CeII-n: cle
< Ackion :

< Event Prometaphase

“_F Grow Prophase
Prophase-I

Prophase-II

S-phase

Telophase
Irnpair
Increase
Inikiakion
Inkerpret
Make-Accessible
Make-Contack
Make-Inaccessible
o
Mowe-Apark

Interphase Maove-Together
Orienkt
open concepk

Cell-cycle =2 Penetrate

1 instance of Interphase

AckionyGrow) Inkerphase

8 o R R

I+

Superconcepts: Perceive
Grow Place-Crder
Definition: During inkerphase the cell grows and copies its Release-Resource
chromosomes in preparation For cell division, Remaove
Repair
Replace
Replenish

Seleck




Knowledge Formulation

subevent

from:Event

W Inkerphase =

Fo:Event

Description:
An event that is a skep of another event, and occurs Cell-cycle ==

durireit,

Examples:
1. Fo carry something means fo hold
something and move af the same
fime.

2. Removing the fig nuts is a step of
repfacing a e,

3. As one step in s move fo Calfornia,
John packed his suifcase.

4, Part of getting married i exchanging
WO RS,



Formulated Knowledge

W 5]-phase =

B S-phase =, [ ® Chromosome =
W Interphase == W 5Z2-phase =

Mitotic-Cell-cycle =2

® prophase =.

“® Prometaphase =

W [Metaphase =

B Take-Apart =
W Telophase =

i1 Diploid-cell

® Anaphase =.

&2 Diploid-cell Diploid-cel
= % Diploid-cell = |z

W Cytokinesis =



Knowledge Formulation

W Centrosome = ('“F..'f Cuankity EDIT :'J

W Certrosome =

W Organele = (= Quantity o)

B Duplicate == (® Quantity = < )

W Organelle =,
“® 31-phase ==

(™ Quantity  =m - )

_
W Organclle =

® Organclle = B Prokein =

B Quantity o s )

I-|:ri:ii|'.|l

| ® chromosome = |

Interphase =3 Mpesyit = 2 * Neriging
B S phase ==

| ® Chromosome = |

B Quantity = s )

= - - _ el
® Organcle — '
 Organelle =

B Organclle =
® Gz-phase =2

W Organelle =



Ionic-Compound- =&
Substance

® [onic-Compound =

B Solubilty = @ Cation-Substance =

e

Ionic-Compound-5Sub... Solubility-value

Mitrate-Substance isaluble

Acetate-Substance soluble

Chloride-Substance soluble
Silver-Chloride-Subst..,  insoluble

Mercury-Chloride-Subst.., insoluble
Lead-Chloride-Substance insoluble

Bromide-Substance soluble _
Silver-Bromide-Subst...  insoluble A = —
Mercury-Bromide-Subst... insoluble

Lead-Bromide-Substance  insoluble ("™ Ease-Of-Oxidation =0 = )
Sulfate-Substance soluble

Iodide-Substance soluble (®srong Chemical _=om =)

Silver-lodide-Substance  insoluble
Mercury-Iodide-Subst...  insoluble
Lead-lodide-Substance
Strontium-Sulfate-Subs... insoluble
Barium-Sulfate-Subst...  insoluble
Mercury-Sulfate-Subst...  insoluble
Lead-Sulfate-Substance  insoluble
Sulfide-Substance insoluble
Armmonium-Sulfide-Su... soluble
Alkali-Metal-Sulfide-Su... soluble
Calcium-Sulfide-Subst...  soluble
Strontium-Sulfide-Subs... soluble
Barium-Sulfide-Subst.,.  soluble
Carbonate-Substance insoluble
Arnmonium-Carbonate-.., soluble
alkali-Metal-Carbonate-... soluble
Phosphate-Substance insoluble
alkali-Metal-Fhosphate-... soluble
alkali-Metal-Fhosphate-... soluble
Hydroxide-Substance
Alkali-Metal-Hydroxide-... soluble
Calciurn-Hydroxide-Sub... soluble
Strontium-Hydroxide-S... soluble
Bariurn-Hydroxide-Subs... soluble
Silver-Cyanide-Substance insoluble




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
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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’”
= Ared car is red if and only if its color is red

* |n 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

| ® 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)))))

| Eukaryotic-Cell =, |

| | Chromosame =

| ® Plasma-membrane = |




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)
Triggers & Zell will be classified as an Eukaryotic-cell if it meets the Following criteria: (and
T [3] Eukaryatic-cell has-part Mucleus (instance-of ?c Cell)
(exists ?n

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

(exists ?x ?y ?z

(and
[ Eukaryotic—cell -. | [has-part] (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)))))

[ ® Chromosome =,




Other Features

= Property values
= E£E.9., 1 m, Tall Person, Red

= Constraints
= |f-then-else conditions

= Mathematical equations, and their inheritance
= V=u+at
» Tables and qualitative orders

"HAL



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

"HAL



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

"HAL



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)))))

VS

(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 ?2c ?y)))))
(forall ?c
(=> (instance-of ?c Eukaryotic-Cell)
(exists ?z
(and

(instance-of ?z Plasma-Membrane)
(has-part ?c ?z2)))))

(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)



Support Rule Editing

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

| Eukaryotic-cell =, |




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

"HAL



Outline

» Research Framework
* Requirement Analysis

* Implementation
= Knowledge Formulation
= Question Formulation
» Question Answering

= Evaluation
= Potential Application
= Future Work




Question Formulation

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

Formal
language Computer Processable Language
“Vx3y B(X)A “A boulder is droppecD
R(X,y)—>C(y)"
Too hard
for the
user

Unrestricted
natural
language

“Consider the following
possible situation in
which a boulder first..



Question Formulation Cycle

Original
text

CPL (Controlled english)

[ 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?.

Rewriting
advice

: ; T

© QFCMapEditor
= a=D
¢ Bt e veiend
((_ramee
(e ™
. /

| -
Ert

=== 23 seconds.

bping.

P3 seconds.

Graph & paraphrase of
system’s understanding

What is the distance?

m/s"2.

FF J
The dropping has a distance of unknown

V

Question-
Answering



Example of Question Formulation

An alien measures the height of a cliff by A
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 oL

acceleration of gravity of 7.9 m/s2. Assuming O ?
constant acceleration and ignoring air
resistance, how high was the cliff? 7

i '
A boulder is dropped. Y
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? -




Example Feedback from the System

Enter CPL: [help][test]

A boulder is dropped.

The initial speed of the boulder iz 0 m/s=.
The duration of the drop i=s 23 seconds.

Mew

Start over

The acceleration magnitude of the drop i= 7.8 m/s"2. Cancel

What iz the distance of the drop?

© QFCMapkEditor =

Fall

7.9 meter-per-second-
squared
( 23 second ::}

(D meter-per-second )

Boulder
Pieceof St

m

I F




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

Answer

The distance of the fall = 2089.55 m

Explanation

free-fall :

Assumptions:
= Only for this concept consider downward positive.

Given the values

s t=23s

= U=0mis

= OJ=7.9mis"2

Given the equations

- '_-2=|__|E+E:-:g.u|1_

e« h=uxt+1=2=xgxtd
s v=u+g=t

Evaluatedv=u+g =1t
gving v = 181.7 mJs

e h=208955m




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 20 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)

"HAL



Example Answer

® What iz the relationship between Caveolin and Muscle Cell?

Enter CPL: [help][vocabulary]

That is the relationship between Caveolin and Muscle Cell?

Cavenlin

Caveolin
e what,relationzhip

Muscle-Cell

Muszcle Cell

Answer

find more answers

The muscle-cell and the cavealin are related in the following ways:

The caveolin iz a basic structural unit ofthe caveola.
The caveola does the transcytosis.
The transcytosis has as subevent the carryving.
The carring is to the recyclingendosomes.
The recyclingendosomes has the glucose-transporter.
The glucose-transporter does the muscle-cell-glucose-uptake,
The muscle-cell-glucose-uptake is daone to the muscle-cell.
CT
L1 L
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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
guestions?

"HAL



Independent Evaluation by BBN

* The evaluation employs a 2 x 2 design to test the effects

of user experience on KF and QF Question Formulation

(Scores on a test of newly generated AP questions})

* In each cell users will author KBs for a section of an AP "
syllabus and other users will query the KBs to answer a SR Cambridge
set of AP questions in that domain Domain Experts Undergrads

SRI’s With Without With Without
Regression Partial Partial Partial Partial
Test Credit Credit Credit Credit
Biol Newly Trained
c SRl . ° Cigy Upper Ideal y
o Domain Physics Knowledge
‘S c | : bound Reference
= xperts Chemistry Formulators
3 Biology 1
g Biology 2
(o] Biology 3 Newly Trained
o : Initial :
) Physics 1 i Newly Trained Knowledge
[sYs) UC Denver | . Indicator .
S Physics 2 Question Formulators &
o SMEs | ‘ of KB )
§ ths‘ncs 3 Quality Formulators Question
5 Chemistry 1 Formulators
o Chemistry 2
~ .
Chemistry 3
Knowledge Formulation Question Formulation
20 hours of training 4 hours of training

160 hours of knowledge entry 40 hours of question asking 50N



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 \UR A

Domain Known Question Set | Novel Question Set
Biology 71% 54%
Chemistry 73% 24%
Physics 79% 61%

= 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

PROJECT
o7 HAL



Implementing Knowledge Factory

Two performers selected after extensive search
EVALUESERVE - Evalueserve with IIT New Delhi as a consultant
Teur Chobal loon page Rattas - Kidosoft with IlIT 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.

»z

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

;
AFGHANISTAN
b

PAKISTAN

The resulting KBs were tested on novel questions
Business | ine e

i .‘_,:“""w_._, [ Lt ) ':;, - Financial Daily frorm THE HINDL group of publications
il Ve Jonco Wednesday, Jun 02, 2004
B ® Bhojpal Sy % [ -
b P b i ]
b » f MADHYA PRADESH o e L L
, i 2 ok r«_r-u,-,u_a'nlp#- /; . " Info-Tech - Software
Damafl - . Bhubanashw:
v S L
) ¢ b ! A H
N I L Kido Soft lab at T

ttttttt
ARABIAN

3 Our Bureau
':. ANDHRA

{ PRADESH HYDERABAD: Kido Software, a Hyderabad-based software
company, plans to establish & Dynamic Software Lab in
International Institute of Information Technology (1IIT),

Hyderabad, to work on artificial intelligence (A1),

Yo,

Z % port Blair

T

a
* Slale&U.T Capital The Managing Director of Kido Software, Mr Prasad Yalamanchi,

and Prof Rajiv Sangal, Director of [IT-Hyderabad, on Monday,
entered into a memorandum of understanding for setting up a

tyian

= 3
%Q %!, Map not to Scale
i Copyright ® 2009 www.mapsofindia.com

st wvacam

Dynamic Software Lab in the [IT-H Gachibowli campus. The
focus will be on creating new technology platforms and an
environment to train and develop software architecture.

L1AL




Multi-User Knowledge Entry

= Two Knowledge Factory Locations in India

Kidosoft/llIT Hyderabad

Evaluserve/llITD New Delhi



Results

Single User Experiment

SRI 45%
Evalueserve 75%
KidoSoft 68%

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

m HALG



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
= | earn

= Apply
= Write

"HAL



Future Work

= Knowledge base for a full textbook

= EXxpand 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 guestions 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



For more information

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

Thank You

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.




