The Processes of Scientific Research;:
The Strategy of Experimentation

Deepak S. Kulkarni

Department of Computer Sciencea
Camegie-Melion University
Pittsburgh, Pennsyivania 15213

This thasis is submitted lo Carmegis-Mellon University in partial fuliliment of the reguirements for the
degrae of Doctor of Philosophy. This research was sponsored by the Defense Advanced Research
Projects Agency {DOD), ARPA Order No. 4976 under Contract F33615-87-C-149% and monilored by:
Avianics Laboratory, Alr Force Wright Aeronautical Laboratories, sercnautical Systerns Division (AFSCY,
Wright-Patterson AFE, OH 45433-6543, The views and conclusions centained in this decument are those
of the author and should ngl be interprated as representing the official policies, eilher expressed ar
wnpiled, of e Defense Advanced Rasearch Prodects Agency or of the .5 Governiment:

[



s



Abstract

in this research, we produce a program KEKADA capabie of camying out infeliigent experimental
programs on problems similar to those faced by a number of experimental scentists. KEKADA has a set
of experimentation strategies, that were detected from the traces of the behaviors of actual scientists.
KEKADA strategies include : focusing on a surprising phenomenon, charactenzing the surprising
phenomenon by general strategies such as magnification, applying divide-and-conquer, determining the
scope of phenomenon, factor-analysis, relating to similar phenomena, and domain-specific strategies and
hypotheses. The domain-specific heunistics in KEKADA are efficient and practical instantiations of
genaral strategies such as - controlied experimentation, determination of complexity of a procass, testing
o & causal chain componential analysis, differencing and divide-and-conguer. We also analyze the
reasons why KEKADA in is present form wouid not be a good experimental scientist



Acknowledgements

With Harb Simon as an advisor. with Allen Newell, David Klahr and Tom Mitchell as thesis
committee membars, and with the intellectual, computational and social environmert of CMU, | had the
best environment to study the subject of scientific discovery, Although due to my bounded rationality |
couid leamn only a few skills in four years, | would Gke {0 take this coportunity to thank ail those who made
this a great learning axpsrience.

First of all, | would like to thank my advisor Herb Simon for his invaluable guidarce and
coflaboration. This work has benefitted much from his deep insights in cognitive science. Working with
him has been an exhiliarating experience. | would also like to thank other members of my thesis
committée- Allen Newell, David Klahr, and Tom Mitchell. Discussigng with them have always been
thought-provoking and have exposed many new issues. o

| would like to thank Langley, Simon, Bradshaw, and Zytkow, whose previous work provided the
basic guestions in scientific discovery on which this research focuses. Many thanks are due to Prof.
Fredernc L. Holmes whose work on Hans Krebs' research has provided some of the basic data used in
this research. | would like also Ike to thank the Royal Institution, London and Thomas Martin for
publishing Faraday's diaries. This work builds upon the anafysis of Ryan Tweney, who has been a
pianasar in taking a cognitive science approach to the anafysis of Faraday s diaries.

| would like to thank Raul Valdes-Perez and Peter Jansen for many stimulating discusesions. |
have alsg benefitted from comments of the following people on an sarlier paper and a draff of thig
dissertation- John Modell, David Steier, Kurt Van-Lehn, Kenneth Schafiner, Eugene Miya, Yumi lwasaki,
Peter Jansen, Craig Knoblock, and Elaine Kant. Chen Mo, David Hackney, Uday Shenoy and Natarajan
Ganesh have helped ma with chemistry. | would also lke to thank the participants in the Machine
lL.earning seminar for the lively discussions on the topic of discovery.

My CMLU) years have been made particularly enjoyable by my friends: Milind Tambe, Sunil issar,
Yumi wasakd, Wei-MEn Shen, Hary Printz. Anthony Stenfz, Haul Valdes-Parez Paeter Jjanser, Uday
Shengy, Raju Ramarujan, Inderpal Bhandar, Thad Polk, Ravi Mirchandani, Craig Kapian, Crag
Kroblock, Carle Tomasi. Angelika Zobel, end Yoshimasa Goto. | would like fo express my indeblednass

10 iy parerds for instifing the impodance of education in me.



Table of Contents

1. Introduction

1.1. Perspective

1.2. The Strategy

1.3, Overview of the research
1.4, Organization

2. Task Analysis

2.1. The Strategy
2.1.1. The Choice of the problems
2.1.2. Methodology
2.2, Derivation of the test-problems
2.2.1. Hans Krabs' work on urea synthesis,
2.2.2. Initial State: Background of the Discovery
2.2.3. Final state: Discovery of Omnithine Cycle
2.2.4. Transition from Initial state to final state
2.2.5. Problem Statament
2.2.6. Degree of similarity to actual problem
2.2.7. Sources of Historical Data
2.2.8. Problems
2.2.9. Sensitivity analysis of the problem statements
2.3. The Procedure followed

3. KEKADA the program

3.1. Scenarlo
3.2. Dual Search in KEKADA
3.3, Production System
3.4. Representation of data and processes
3.4.1. Representation of Data
3.4.2. Representation of Confidence Measures
3.4.3. Representation of processes/heuristics
3.5. Goal of KEKADA
3.5.1. The goai of the program
3.5.2. Focusing on surprise as a search-control strategy
3.6. KEKADA controf structure
3.6.0.1. interaction of Hauristics
1.6.1. Implementation of the ‘surprise’ heuristic
3.6.2. Expectation-seiters
3.6.3. Problem-genarators
3.6.4. Problem-Choosers
3.6.5. Hypothesis or Sirategy Choosers
3.6.6. Experimenters

: -k N
AR R EECao o o tlldvowes~ N e RW W



3.7.

Strategles KEKADA uses to characterize a surprising phenomenon
3.7.1. Characterization of a surprising phenomenon
3.7.2. Magnlfication of the phenomenon
3.7.3. Divide-and-conquer strategy
3.7.4. Determination of the scope of the puzzling phenomenaon
3.7.5. Factors analysls
3.7.6. Relating similar phenomena
3.7.7. Gather-data sirategy
3.7.8. Activation of previously known hypotheses
3.7.9. Domain-specific Strategles
3.7.9.1. Testing a causal chain
3.7.9.2. Controlied Experimentation / Factor Analysis
3.7.8.3. Mill's Ditference Principle
3.7.9.4. Reasoning about structural componants
3.7.9.5. Determination of the complexity of a process
3.7.9.8. Successive Refinement
3,7.8.7. Consarvatiam
. 3.7.9.8. Direct Verification
3.7.10. Daclsion-makers

3.8. Summary
4. Program Behavlor
4.1. Behavlor In the biochemistry of urea metabolism

4!21

4.1.1. Initlal Working memory of the program

4.1.2. Overview of the KEKADA behavior

4.1.3. The Ormnithine Effect Discovety

4.1.4. Determination of Scope

4.1.5. Discovery of the Reaction Path
4.1.5.1. Discovery of Cltrulline as an Intermediate

4.1.6. Summary of the resuits produced

4.1.7. Analysis
4.1.7.1. Prior hypotheses factor the problem space
4.1.7.2. Focus on a surprige factors the problem space
4.1.7.3. Etfectivenass of gradual refinament sirategy
4.1.7.4. Heuristics do not always work

4.1.8, Trace of KEKADA behavior on urea synthesis

4.1.9. Differences In KEKADA behavior and Krebs research

4.1.10. Sensitlvity analysls of the problem statement

4.1.11. Summary

Behavlor in the blochemistry of giutamine metabolism

4.2.1. Background of the discovery

4.2.2. Initial working memory of the program

4.2.3. Ovarview of KEKADAs behavior on amino acid metabolisms

4.2 4. Characterization of Ornithine-in-kidney Effect

4.2.5. Resulis produced of the program

4.2.6. Analysis
4.2.6.1. Focusing on a surprise as a search-contro! sirategy
4.2.6.2. Detarmination of scope
4.2.6.3. Gather Data Strategy

4.2 7. Domain-specific strategles

4.2.8. Trace of KEKADA behavior

4.2 9. Sensitivity analysis of the Problam Statameni

4,210, Summary

AU Y S S A AR ER288YY Y ERERERRRRRCL8BBRBNNE

(4]
=

Sagiaen



]

4.3. Behavior In the ether reactions

4.4.

4.3.1. Background of the discovery
4.3.2. Iniiial state
4.3.3. Discovery of alcohol structure
4.3.4. Trace of program behavior
4.3.5. Results produced by KEKADA
4,3.6. Sensitivity analysls of the probiem statement
4.3.7. Summary
Behavior In magneto-electriclty
4.4.1. Background of the discovery
4.4.2. Initial Working Memory
4.4.3. Overview of KEKADA’s research on magneto-giectricity
4.4.3.1. Observation of Make-Break Effect
4.4.3.2. Characterization of Make-Break Effect
4.4.3.3. Observation of induction from Magnetic Motion.
4.4.4. Anaiysis
4.4.4.1. Role of focusing on a surprise
4.4.4.2, Magnification Strategy
4.4.4.3. Factor Analysis
4.4.4.4. Reisting similar phenomena
4.4.5. Trace of the program behavior
4.4.6, Results produced by KEKADA
4.4.7. Sensitivity analysis of the problem statement
4.4.8, Summary

4.5, Behavior on KEKADA surprise

4.6.

4.5.1. Introduction

4.5.2. Initial state

4.5.3. KEKADA's regearch on cognitive sclence

4.5.4. Trace of program behavior

4.5.5. Results produced by KEKADA

4.586.

Other Cases from History of Sclence
4.6.0.1. Priestley's work on oxygen
4.6.0.2, Discovery of X-rays
4.6.0.3. Discovery of radloactivity
4.6.0.4. Discovery of radioactive chains
4.56.0.5. Discovery of Photo-electric Effect

5. Analysis
5.1.

Genergiity of the heuristlcs

5.2. Applicability of the heuristics In multiple tasks
5.3. Empirical evidence of the effectiveness of KEKADA
5.4, Analysis of the program performance

5.4.1. Role of dual search of KEKADA

5.4.2. Focusing on surprise as a search-conirol strategy

5.4.3. Role of KEKADA control structure

5.4.4. Strategies used o understand ths surprising phenomenon better
5.4.5, Magnitication Strategy

5.4.6. Determination of scope

5.4.7. Divide and conguer

5.4.8, Factor analysis

5.4.9. Gather Data Strategy



5.4.10. Related phenomenon
5.4.11. Demain-specitic strategles as efficient and practical instantiations of General
strategise

5.4.12. The effect of tha Intervention of the user
5.4.12.1. Urea synthesis probiem
5.4.12. The roie of the missing procasses
£.4.14, Role of the Architecture
5.5. KEKADA as a model of Hans Krebs
5.6. The ciass of problems over which KEKADA Is applicable

5.7. Summary
§. Conclusion
6.1. Summary of the ideas in the Chapters
8.2, Central Thesls of this research
6.3. Contributions of the work
6.4. Relation to other work
8.5. Directions for future research
6.5.1. Comparisan of plan-tweaking with sxperimantation
6.5.2. Problem-choosers
6.5.3. Crestlon of discovery assistants
6.5.4, Representation Change
6.5.5. Integrated models
Appendix A, Glossary
Appendix B. KEKADA Heuristics In An Qrdered Form

B.1. Expectation-Setters

B.2. Problem-generators

B.3. Problem-Choosers

B.4. Hypothesls or Strategy Choosers
B.5. Experimenters

B.6. Experiment-Proposers

B.7. Hypothesis and Confidence Modiflers

Appendix C. A detailed trace of KEKADA

C.1. The generation of hypotheses and strategies in the face of Ornithine Etect
C.2, Pleces of knowledge In the working memory

C.3. Changes in the working memory

C.4. A firing of a production

Appendix D. KEKADA.1 simulation of the Discovery of Urea Cycle

91
g1

94
98

a5

a7
7

98
10%
101

101

101

102
102
103
105
105
105
108
106
106
108
109

i1

111
111
113
115

117



List of Figures

Figure 2-1: Ornlthine Cycle

Flgure 3-1: Two-space Mode! of Learning

Figure 3-2: Interaction of heuristics

Figure 4-1: Discovery of Ornithine EHfect

Flgure 4-2: Discovery of Ornithine Cycle

Figure 4-3: Ornithine Effect in Kidney

Figure 4-4: Study of deamination reaction

Figure 4-5: Study of glutamic acld effect...

Figure 4-6: Discovery of Glutamine reaction

Figure 4-7: Discovery of Alcohol Structure

Flgure 4-8: Study of induction of electricity

Figure 4-9: Study of Induction of electricity

Figure 4-10: Discavery of induction from mction of a magnet
Figure 5-1: Generality of heuristics

Figure 5-2: Applicabllity of heurlstics In multipie tasks
Figure 5-3: Number of Experiments carried out

10
17

42
52

a8

56

BRE3888






Chapter 1

Introduction

One thing | have leamed in 2 long life: that all our science, measured against reality, is primitive and
chiidiike - and yet it is the most precious thing we have,

- Albert Einstein. (MacGibbon, 1873)

Lenat and Feigenbaum {1987) argue that the ability to learn by discovery is needad in future Al
expert systems for two reasons. AHer handcoding some initial knurwlﬂdg;. it will be cheaper to I8t the
. program learn by discovery. Secondly the program can discover new knowledge that was not known by
the program designers. Similarly, Simon in an earlier analysis of machine leaming research aisc came o
the conciusion that machine discovery is an important research area (Simon, 1582).

Apart from its central impontance for the Al programs, machine discovery also holds promise as a
means of producing new sclentific knowledge In various disciplines. This potential has already been
demonstrated by the Meta-DENDRAL program (Buchanan & Feigenbaum, 1978). Some of Meta-
DENDRAL discoveries were published in a chemical journal.

1.1. Perspective

Previous Al work on scientific discovery includes the work of Buchanan and others on Meta-
DENDRAL {Buchanan & Feigenbaum, 1978}, of Lenat on AM (Davis & Lenat, 1980) and EURISKD
{Lenat, 1982), of Friediand (1879) on MOLGEN and of Langiey, Simon, Bradshaw, and Zytkow (1987) on
the BACON senes, The BACON series of programs produced nheuristics which are capable of
discoverng new terms and new laws from data. The guestion of whal processes are capable of
producing such dats was téftuféii‘"gﬂ!y unanswered. This rasearch aims (o advance the state of the art by
producing computational sirategies of experimentation apolicabla over a wide variety of dormaing

Tre last few-years Nave aiso sean & nurmber of fisiorians, phrioscphers, and sociologsts of scence
advocating the cognitive science approach to the study of scieniific research (Gruber 1974, Tweney 1987

Eiere 1988), Thers have been aralyses of nistorical accounts fram the cognitive scisice soint of view



{Tweney 1985). Research reporad in this thesis has benefited from some of the fine-grained data and
analyses produced by the historians (Hoimes 1380).

1.2. The Strategy

Scientific research invoives a wide variety of processes, and a large number of guestions can be
asked about the nature of scientific research. One would tend to think that some of these processes [for

axample, the use of mantal imagery) couid not be fully automated in the near future. The strategy used

hera t0 deal with the complexity of scientific research is o focus on a specfic aspect of t and try to ...

answer anly a few questions in one study.
This resparch hag focused on identitying some straiegies of experimentation that are likely to be

useful in empircal scientific research.

1.3. Overview of the research

In this research, we produce a program KEKADA capable of carrying out Inteligent experimental
programs on problems similar 1o those faced by a number of expernmental scientists. KEKADA has a set
of experimentation strategies that were detected from the traces of the behaviors of scientists. KEKADA
strategies include : focusing on a surprising phenomanon, characterizing the surprising phenomenon by
general strategies such as magnification, applying divide-and-conguer, determining the scope of
phenomenon, factor-analysis, relating o similar phenomena, and domain-specific strategies and
hypotheses. The domain-specific heuristics in KEKADA are efficient and practical instantiations of
genarsl strategies such as - controfied exparmentation, determination of compiexity of a process, testing
of a causal chain, componential analysis, differencing and divide-and-conguer.

We defined five different problems similar to those faced by some experimental scientists.
KEKADA was shown capable of producing interesting research results on inese problems. However
KEKADA lacks rmany of the processes a human meearcher amploys in his research, and thug the

orogram: wowid not be & good expeamental scentist in its present form



1.4. Organization

Chapter 2 will describe the methodology used in this research. Chapler 3 describes KEKADA,
Chapter 4 describes the behavior of KEKADA in various task-situations. Chapter 5 analyses the behavior
of KEKADA. Chapter 6 summarizes the conclusions drawn from the work. There Is a glossary at the end
of the dissertation to help a reader who s not familiar with the specific subject-domains in which KEKADA

operates,






Chapter 2
Task Analysis
H you try to do the task, you may or may not succeed. But if you don't, you cenainly won't,
~Anonymous
2.1. The Strategy

f a human researcher makes a discovery worthy of getting a patent, we would be justified in
judging him to be capabie of taking a position of a research sclentist in a particular discipline, Such a
Judgement would not appropriate in the case of computer programe. Hurnan researchars possess a wide
range of processes and are capabie of producing fruitfuf investigations on a very wide class of probiems.
It is not within the curren: state of art in Al to produce a computer program having 100,000 productions a
human mind may have. Therefors, a reasonable research strategy would be to create a computer
program that possesses certain processes such as those capable of making a discovery of a law from
numerical data, but not many others . Such a computer program will fack many of the processes a
human researcher possesses, and thus it will capable of making discoveries cn 2 ciass of problems wiikich
is significantly smaller than the ciass of the problems on which a human researcher can make
discoveres. As we make progress in identifying various processes invoived in scientific research, we wiil
have programs capable of warking on a larger range of problems, As we mentionsd aarlier, this research
aimad at identfying some stralegies usehsl in experimental research and at creating a program

possessing them. We neaded 10 choose a set of problems (o tast the effectiveress of this program.



2.1.1. The Choice of the problems

The ideal choice for such probiems would be some of today's open research probléms. However
testing @ computer program directly on such research problems would present a number of difficuities.
Thera is no guarantee that a particular research prablem is likely to be solvable within a short periad of a
few months even by a human researcher. There would be an even smaller chance that a computer
pragram having enly a limited number of processes will be capable of making a discovery an an arbitrarily
chosen problem. Furthermore, experimentation would be costly and would require help of researchers
working on that problem. Lastly, the scientific community relies on the ime-consuming process of peer
review of evaluating new research resuits. For these reasons, it is a risky and costly strategy to test a
computer program directly on epen research problems,

Most engineering discipiines and medicine deal with such a difficuity by creating an artificial system
closely resembling the real one and testing the mechanism first on this system. In our own work, we will
set KEKADA with some problems closely resembling those faced by some scientists in the past
However when one runs a program on a problem from the hisiery of science, one might know both the
solution of the problem and possibly the pathway to the solution before munning the program.
Methodology we use in evaluating the ability of the computer program has some safeguards against the
affacts of knowledge of the soiution of the problem on the construction of the program.

2.1.2. Methodology

The methodology used in this research is three-fold:

" Obsarve tha behavior of scientists as evident In dianes and retrospective imtarviews. This is a
primary rich source from where we uncover mathods.

* Express these methads in the form of a running program.

* Run the programi on a number of differant tasks,

Consider a heurnistic \n the program that satishies two properses Fisst, it is not specific for the
particular problem such as urag synthesis (Al | could he a hewristic zoplicable generally in chamisiry ar
niochemistry or it could be damain-indepandent heuristic. Secondly, it is used In solving more than ane
prabiar (B).

Such a neuristic would not be specific for & padicular pralliem on which e program was run. Thys

it is kel 10 De usefut for @ ciass of problems. f we treste & program having such heyistics and show



that it is sutficiant o solve a number of diffarent problems, we can safely conciude that it will be sufficient
1o soive a wider class of problems. The assumption in this methodoiogy :s that tne above two constraints
(A and B) are good safeguards against the bias introduced by prior knowiedge of the solution of the

problem,

2.2. Derivation of the test-problems

In this section we will define a set of problems on which we will run our program. First we will
examine the work of Hans Krebs on the urea synthesis and define a problem similar to the one faced by
Hans Krebs.

2.2.1. Hans Krebs' work on urea synthesls.

Hans Krebg' discovery of ures synthesis in 1932 was an important discovery. In the next
shsaction, we will first describe the initial state of knowiedge with which Krebs began his resaarch on
July 26, 1931, we will then describe the research results he had produced by April 13, 1932. My account
is based largely on the historical investigations of Krebs' work by F.L. Hoimes (Holmes1880). Then we

will describe a problem which is quite similar to the research problem Krebs ssemed to be facing.

2.2.2. Initial State: Background of the Discovery

Early in the 19th Century, urea had been synthesized in the laboratory, and knowledge of its
composition and the synthesis paths led to certain hypotheses as to how it might be synthesized in vivo.
Feeding experimenis with animals showed that adding giycine or leucne !0 the diet increases the
secretion of urea, and led to the conciusion that these amino acids were the intermediales Detween
protein and urea. Similar feeding experimants later showed that ammonium salts added to the diet would
alan increase the output of urea.

By the use of isolated perfusad fivers, it was then shown Ina ammonum Saits, ‘sucine, lyrosine,
and aspartic acid increase the formation of urea, and it was concluded that the fiver produces urea from
aming acids and ammona. 1 had then peen hypothesized that aming acids might be producing uraa with
arnmonia &8 an intermediale or amme acids might be combiniag wilh smmonia in a mechanism producing
urea  Both of nese were incomplels hypotneses sbout The mecharssm of urea symihesis.

This was the situation thaf prevailed, \n 1931, when KreDs began Nis research on s lop.
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Ornithine
Urea_dh . Carbon-dioxide
/ \l’ T‘imonia
f/W:}EItET
Va Water Water
Arginine < Citrulline
Ammonia

Figure 2-1: Ornithine Cycle

2.2.3. Final state: Discovery of Omithine Cycle

Krebs studied urea synthesis using the tissue siice method. By April 13, 1332, he had shown that
the reaction proceeds by a cyclic mechanism shown in the figure 2-1. One molecule of Omithine
combines with one molecule of ammonia_and one moleculs of carbonic acid producing citrulline and
waler. In a second reaction, one molecule of citrulline combines with a molecule of ammonia producing
argining. in a third reaction, arginine hydrolyses to produce ornithine and urea. The ornithine cycle as it
was understood and depicted in 1932 s shown in Figure 2-1. Other researchers have since further
alaborated the sieps in the cycle, and the ornithing cycle as we understand it loday is somewhst mora

complex (See Lahninger 1982).
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2,2.4, Transition from initial state to tinal state

Let us now examine the nature of the transiion of the state of knowledge of Hans Krebs. The initial
state of knowledge of Krebs was mainly a set of reactions and a set of nypotheses about the mechanism
of urea syrthesis. Thus It included such hypotheses as that amino acids pmmce urea by combining with
ammoania or by producing ammonia as an Intermadiate, Krebs' final state was again a set of reactions,
now including the reactions involved in the omithine cycle. Thus by April, 1932, Krebs had more detailed
knowiadge about the mechanism of urea synthesis than he had in November 1931. Thus his scientific

research produced progress from ong knowledge state to a better knowledge state.

2.2.5. Problem Statement

Now we will define a problem P1, which is similar to the problem faced by Hans Krebs.

Problem 1 (P1):
Glven:
A surprising phencmenomn, that alanine produces vary Hitle urea on fiver tissue slices,

Two previously postulated hypotheses about wea synthesis: aminp acids might somehow combing with
ammonia 10 produce urea, or aming acids May deaminate producing amimona wikch
may further convert 1o uresL

Some Basic Facts: Structural formuiae of vangus substances, se! of values of pH, ordered-lists of amino-
acids, amines, and carboxylic acids, stimulators and inhibitors associated with
processes. A set of praviously known reaction including the arginine reaction.

Preduce: some of the reactions involved in the urea synthesis.

2.2.6. Degree of simllarity to actual problem

Problem P1 is not exactly the same as the problem faced by Hans Krebs. P1 has been spacified at
a cerain lavel of abstraction. Krebs had to carry out the experiment by setting up the apparatus,
Planning an experimant given the top-level goal is a research pretdem on which some Al work has been
done. (For exampie, Friedland, 1979) Thus probiem P is amed at capunng the difficulty Krebs faced in
soming up with experiments such as "Carry out an experment on Ormithine and Ammenia in liver fissue
alices under cerain expermental conditions,” However post-hos knowledge has affected our detinition of
the problem statement, While it Is guite clear that lhe problem P1 has strong resemblance with e
probiems Krebs faced, o s Doyong the soope of thys thess 10 maxe an avaiuaton of how Simpifed s

prooksm i owith resoect o Krebs achual prmblem.
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2.2.7. Sources of Historical Data

We will use a number of different historical sources for defining problems Similar o the problems
some scienstists faced and also as sources of uncovering new mechanisma.

Blochemistry of urea synthesis: Hans Krebs' discovery, in 1932, of the urea cycle was a major
event in biochemistry. Hoimes' reconstruciion of this discovery from published papers, laboraiory
notebooks, and diaries constitutes a magnificent body of data (Holmes, 1980).

Aminc-acid blochemistry: Alter his discovery of the urea cycle, Hans Krebs continued to work on
amino acid metabolisms. Holmes has now provided us with data on this later research pathway which jed
to the discovery of glutamina synthesis.

Magneto-electricity : In 1831, Faracay camed out research that resulted in the discovery of
induction of electricity from the motion of a magnet. The Royal Institution has published Faraday's
diaries, which describe how Faraday carried out his research (Martin, 1832). Faraday's perscnal
communications have also been published (Wiliams, 1971). A number of Faraday historians have
analyzed the data |leading to the discovery of induction (Twenay, 1987).

willlamson's work on aicohol structure: In 1850, Wiliamson carried out a series of experiments
that allowed him to infer the molecuiar structure of alcohols. In his classic paper on etherification,

Willlamson raports how his research progressed (Leicestar, 1952).

2.2.8. Problams

Similar to the way we derived the probliem P1, we have derived three more problems corresponding
to Krebs® work on amino-acid biochemistry, Faraday’s work on magneto-electricity, and Wilkamson's work
on aleahol structure. We derived an additional problem based on a research problem in cognitive science
at a high level of abstracson.

Probiem 2 (P2):
Given
A supiising phenomenorr. that Ornithine produces ammonia on kidney fissue shoes.

Some Basic Facls: Structural formuize of varipug substances, a set of values of pH, cordered-lists of
aming-acids, amines, and carboxylic acids, stiimulators and inhibltors asseciated with
processes. Knowledge apout how inkibitors normally affect a reaction.

Frevipusly posfulated hypoiheses: Aming acids might be producing ammenia in fiver by an oxidative,
My argiylic or requciive rRatnon.

Froduce. new Tacts aboul aming acid melanaisms.
Erobvbony § {203
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Glven
A surprising phenomencn: that common alcohol, ethy! iodide and potash together produce sther.
Facts: Struciural formulas of commaon alcohol, ethyi iodide and other chemicals.

Prior hypotheses. Two hypotheses about the structure of commaon alcohol, one preposing existence of an
ethyl group, other proposing existence an ethenn group.

Produce: new phenomeana and make other inferences.
Problem 4 (P4):
Given

A surprising phenomenom:  On swilching on electric current in a coil around a cylinder, a temporary
currant is produced in ancther nearby coil,

Knowladge: Various methods of measurement of electrle current. Knowledge about the value-sets and
classes of various attributes associated with the experment. Arago’s effect.

Produce: Interasting phenomena.
Problem § (P5):
Glven

Surprising phenomenonm: When a program X is run on the urea synthesis problem, the number of state
: transiions of the program that match with the behavior of Krebs is much larger than

expected.
Domain Facts: Names of components of X by Kulkarni and Simon {1988}, names of various computars,
and domains ordered by cost and availability.

Produce: new phenomena and hypotheses about them,

2.2.9. Sensitivity analysis of the problem statements

Froblems P2, P3, and P4 have close resemblance with the problems faced by the corresponding
sciantists. But it shouid be noted that it is beyond the scopa of this thesis to make an evaluation of how
simplifiad these problems are. in forth chapter, where we would describe the behavior of KEKADA, we

would make some comments on how KEKADA would behave on slightly different prablems,

2.3. The Procedure followed

We started with data on Krebs work on ures synthesis. We detected cenain heuristics in this data
and built & program which 12 capabla of working on fha propiem P {Kulkarni&Simon 1988). We then tried
to run the program: on the oroblems P2 P2 P4 and PE osuccessively.  For tha program o run
successtully on thase new prabiems, we needed 10 switch 10 a more general reprasentabion ang we also

naaded 0 add a faw new Heurstcs.
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Chapter 3
KEKADA the program

The whole of science is nothing more than a refinemant of averyday thinking,
- Albert Einstein (1850)

In this chapter, we descrbe the program KEKADA. in the first saction, we will describe a scenario
to give the reader an idea about KEKADA's abifies. In the second saction. we will describe the role of
dual search in KEKADA. The third section will describe the representation of data and processes in
KEKADA. Woe will describe the role of surprise in KEKADA In the fourth section, KEKADA control
structure, which embodies the dual space search and the strategy of focusing on surprises, will be
describad in the fifth section. In the sixth seciion we will descqibe the sirafegies KEXKADA uses fo
characterize a surprsing phenomenan. The final section is a summary.

3.1. Scenatio

Below is a partial trace of KEKADA's behavior on a particular surprising phenormenon it encounters,
Some of the details have been omitted for the sake of clarity. A more detailed description can be found in
the chaptar 4.

= Focus attention on A surprising phencmenon that Ornithine produces
ammuonie in kidney.

- Find out if other amino acids can also produce ammonia.

= When other aminc acids are alsce found to produce zmmoniz in kidney,
recognize this as tha deamination -saction.

- Consider the oxidative, hydrolytic and reductive hypotheses.

- Carry out axperiments bto verify the oxidative hypothesisz,

= Experiments confirm the oxidative hypothesis,

=  GEatheryr more data on other amino acids,

~  HWotioe that glutamic scid produces an pnusual geaction,

- Focus attention on this uvnusual resctlon.

KEKADA begins wiih ifs attention on 3 surpnsing gheanomenan (hat ornithing progucas ammoania in

kicrey, One of the strategies 1f then follows i o find cut i other aming acids also behave 0 a simiar
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manner. When experiments are carried ocut on other aming acids, i is found that the phenomenon seems
to be not specific to omithine, but is aiso exhibited by other amino acids. Now KEKADA recognizes that
this reaction could passibly be the deamination reaction. It then considers various known hypotheses
about the machanism of the deamination reaction. One of the hypotheses is that it could be an oxidative
sagetion in which an amino aeid is oxidized 1o produce a keip acid and ammonia.  An experiment, carned
out to test this, confirms it. Next KEKADA decides to gather more data about the deamination reactions.
‘While carrying out experiments on varous amino acids, it notices that glutamic acid produces an unusuai
reaction. it then decides to focus attention on this unusual reaction.

Thus in this scenario KEKADA showad that a deamination reaction takes place in kidney and by a
particular oxidative reaction. Scientific research is a continuous process and at the point where the above
scenario ends, KEKADA has found a new puzzle to attend 1o, As we describe KEKADA, we will use this
scenarlo as an example on a number of occasions. Now we will describe the overall organization of
KEKADA.

3.2. Dual Search in KEKADA

The basic source for new knowledge in KEKADA is nature. KEKADA carries out experiments on
the external environment to gather new information and to modify conficences in the existing irformation.
Thus it explores a space of rules containing hypotheses and strategies, and a space of experiments
containing expariments and results. On the basis of tha current state of the rule space (what hypotheses
are held, with what confldences), the system chooses an experiment to carry out. ‘The outcome of the
experiment modifies the hypotheses and confidences. This organizasion is shown in figure 3-1.

Let us consider two examples of how KEKADA uses experimants. [ KEKADA is studying the
hypothesis that a specific substance, omithing, is acting as a catalyst in a given reaction, it may decide to
carry out a speciflc expariment to verlfy this. Thus it may experiment to sea if a sufficiently large amount
of urea can be produced in a reaction in the presence of a small amount of ornithine. ¥ farge amount of
urea can be produced, |t would constitute confirmative gvidence about the catalyic hypothesis
Expenmerits could also be used purely for the purpose of gathering new nfermation. For example, in the
seenarle in the introductory section, KEKADA decides o gather data aboul 4 reaction in which aming
acds degminale. HEKADA cames oul expenments On Vancus amnge acias one oy one The
axpenments raves! that giulamic acic proguces an unusual reachon.

Now we will proceed i give Turther descrption of the probiem spaces and statagies KEKADA
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Experimentation

/N

Interpretation
Figure 3-1: Two-space Modei of Learning
usas. First we will describe the reprasentation of data and processes of KEKADA. Later we will describe
the operators and heunstics it has and how they are effective in controiing the space in which it is

searching.

3.3. Production System

The KEKADA systemn is implemented in the production system language orss (Brownston, Farrall,
Kant & Martin, 1985}, -

A production system consists of two main components: a set of condition-action rules or
productions, and a dynamic working memaory. The systerm operates in cycles. On every cycle, the
conaitions of eacn production are maiched against the curreni siate of the working memory. From the
rules ihat match successiully, ore is seiacted for appiication. When a production is applied, s actions
alter the state of working memaory, 50 that new productions may mateh the working memeony on ihe nexd
cycle. The cycles of maichng and aciing corinue untll Nng nules are maiched by the working memony

slaments ors siop command 3 ancouriared,
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3.4. Representation of data and processes

3.4.1. Representation of Data

Working memaory elements are represented as attribute-value pairs. Below we describa some of
the imporant caiegores of working memory elements: expernments, hypotheses/sirategies, and
confidences in hypotheses/strategies.

Experiment. An experiment has a set of independent entities. An independent entity is any entity
ovar which we have control to dacide whather to introduce it in the given experiment . Consider a
chemical reaction in which omithine combines with ammonia to produce urea.  Omiéthine and ammonia
are indepandent ertities, as we nhave control to decide whether to intfroduce them in the expenmant or
not. On the contrary, a dependent entity is any entity over which we do not have a direct control, but
which is produced as an effect in the given phanomenon. In the above reaction, urea is a dependent
entity.

An entity has a set of variables associated with it. These variables can be independent, dependert
or apparatus variables. For example, the entity ornithine may have concantration as an independent
varlable, and the rate of consumption as a dependent variable. Apparatus-variables are those that play
an auxiliary role in the process under considergiion and thus ars not considered direct causes of the
results of the experiments. But the distinction between an apparatus-vanable and an independent
variable can at imes be subjective. Experimants may have one or more goais associated with them.

Below wa give an example of how an experiment may be represanted.
var-of-expt “type independent “no 1 “attribute name “valus ornithins
var-of-axpt “type indepandent “no 1 “attribute conc “valus medimm
var-of-expt “type apparatus-var “neo U “attribute aercbicity “value yas
var-of-expt “type dependent “noc 1 “~attribute name “value urea
expt-goal “geal g0001

Semantics of the exarnple;

The experiment s caried oul with medium concerdration (conc of the subsiance omithine under
zerobic cendition. The goal of the aexpermeant is indicaied by a symbo! (G001, which is a pointer, s
oosarvad that urea 15 produced i this reaction.

A Process: Like an exparimant, a process may have independent antiies, dependent entitias. and
coresponding \ndependent, cependern:, and spparatus vanables. A process may further have sub-

processes: A surprise, An expenmani, an expecialion, 3 process, and za hypothesized process Nave

siriiar reprasaniztions,
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A Hypothesis/Strategy: A hypothesis or strategy is representad Dy an internal working memory
elemant called 'description.” This description has a fype and it also allows the specification of reactants
and groups involved. A ftype may thus be ‘determire-scope’, 's-catalyst’, or 'donates-group. The
specification of a specific hypothesis may also mnvoive a number of reactants. For example:

{description *name g001 ~type calalyst ~reactant1 ornithine )

This would represant that ornithine might be acting as a catalyst.

(description “name g002 Atype donates-group *group amino Areactantt omithine
Areactant? urea)

This would indicate that ornithine might be donating an amino group o urea.

3.4.2. Representation of Confidence Measures

The confidence in a hypothesis is represented by a 5-tupie:

1. Success: the number of experiments that have verified the universal hypothesis about a class
or a hypothesis in general.

2. Failure: the number of expariments that have faisified tha hypothesis.

3. Failed-effont: the amount of effort spent unsuccessfully to find positive instances.

4, impled-success: afact that is a positive indication, but inconclusive, that tha hypothesis may be
true.

5. Implied-faiiure: a fact that indicates, but not conclusively, that the hypothesis may be false.

Below is an exampie of how confidence in an hypothesis may be represented.

(description Aciass-name amino-acld ~*name g00004 *Mype scope-over-class member-value
omnithine *member-atiribute name *member-no 1)

(confidence *success 0 *name g00004 rimplled-success 0 Aimplied-tailure 0 *fall 0 ~falled-
effort 3)

Semantics of the exampis: This working memory element represants the confidence in the
hypothesis that the observed phenomenon may not be limited (o ornithing, but similar phenomena may
aisg be exitibited by other mambare of the class amingacid.  The program has (ailed © vedly the

Mypotness an Nree allernpts
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3.4.3. Representation of processes/heuristics

The KEKADA system is implemented in the production system ianguage OPSs (Brownston, Farrel,
Kant & Martin, 1985).

A production system consists of two main components: a set of condition-action rules or
productions, and a dynamic working memory. The system operates in Cycles. On every cycle, the
conditions of each production are maiched against the currant state of the working memory. From the
rules tha match successfully, one is selected for appication. When 3 production is appied, its actions
alter the state of working memary, so that new productions may match the working memery on the next
cycle. The cycles of malching and acting continue untll no rules are matched by the working memory

elements or a stop command is encountered.

3.5. Goal of KEKADA

3.5.1. The goal of the program

As we discussed in our ‘ask analysis section, the goal of expermental scientific research is to
produce interesting phenomena. KEKADA empiloys a set of strategies to control its search in its attempt
to achieve the goal,

3.5.2, Focusing on surprise as a search-conirol strategy

k is well-known that surprises have played a central role In many important discoveries. An
gxample of this is Priestiey's work. In the course of years of work producing many important research
results, Priastiey observed that "the first hints, at least of almost everyihing we have discoverad, of much
importance, have cccurred o me in this manner {as unexpected phenomenaj. " (Conant. 1957} Some of
the previous Al work has produced evidence of the utility of focusing on the unexpected (Quinian, 1283,
Lenat, of al, 1983). Schank (1982) nas argued for a central roie for expectation fziluras in learning, He
argues that we would not be abls o notice errors 0 our view of world without sefing expeciations.
KEKADA atiends to surprises, therelby searching the par of protlem space that is likaly 1o be dense with
ieresting phenomana To do s o assocsles expectalions with each expenment ARer e

exparimanrt is carrled oul, I the sxpectiations Bave been viclated, L focuses s allertion on the sumprse,
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3.6. KEKADA control structure

The control structure of the program is based on twoe of the ideas introduced earlier: the dual
search space and the strategy ‘0 focus on the surprises. The program has a set of heuristic operators
which allow it to carry out this search and which aliow it to focus on surprises.

Thesa heuristics falt inta the following processas.

1. Experiment-proposers, which propose &xpea‘imérﬂs based on existing hypotheses.

2. Experimenters, which carry out experiments.

3, Hypothesis or strategy proposers: When the system has decided to focus on a particular
problem, these decide which hypothesis to focus on or which strategy to adopt for the work an the
problem,

4, Problam-generatora, which propose new problems or subproblems on which tha system can
focus attention.

5. Problem-choosers, which choose the task the system should work on next.

6. Expectation-setters, which set expectations for the experimants o be carried out. :

7. Hypothesls-generators, which gensrate new hypotheses about unknown mechanisms or
phenomena.

8. Hypothesis-and-confidence-modifiers, which modify the hypotheses on the basls of new
evidence; and which modity confidences about hypotheses on the basis of the interpretations of
experiments.

9, Declislon-Makers, are the heuristics to make choices. In KEKADA, only certain aiternatives are
applicable at any stage. If more than one alternative is applicable, heuristics called declision-makers are
used to choose between alternatives.

In an appendix section, we fist the program with the full set of heuristics ordered in each category.
Readers may want 10 refer to it while reading the iraces of KEKADA runs. Now we will describe

functionaiity of the program in more detail.
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3.6.0.1. interaction of Heuristics

At any stage the system is trying to understand a given surprising phenomenon,
Hypothesis-gensrators create hypotheses when laced with a new problem. Thus at any given stage a
cenain number of hypotheses or strategies with varying confidences are present in the working memory.

Hypothesis-or-strategy-choosers will choose cne or more of the hypotheses or strategies to work
on, Then the sxperiment-proposers will propose the expariments 10 be carried out, Both of these type of
heunstics may need the decision-makers. Then expectafion-seflers set expectations and expenimenters
carry out experiments. The resuits of the experments are interpreted by the hypothesis
-and-confidence-modifiers, When appiicable, problem-generators may add new problems to the agenda
and preempt the system to focus on a different problem. When the system focuses on a naw surprising
phenomenon, hypothesis-generalors generate various hypotheses and strategies about this

_phenomanon.

Thus this contro! structure allows KEKADA to carry ouf a two-space search and to focus on a
surprising phenomeanon opportunistically.

The following trace of KEKADA iliustrates how the control structura of KEKADA operates.

[Throughout this thesis, we wiif be using the following short-forme: HSC: Hypothesis and Strategy
Choosers, DM: Decision Makers, EP: Experiment Propasers, =: Experimenters HCM: Hypothesis and
Contidence Modifiers, PG: Problem Generators, PC. Problem Choosers, ES: Expectation Setters.)

HSC1, DM Degide to verify the oxidative reaction.
EP2 Decide to carry oul experiments on alanine and oxveen together.
El, HCM6 Alanine and axygen together produce keto-acid with q-rate of 10 and ammonia is also

produced at g-rate of 10, Oxvgen is consumed at the g-rate of 5. Conclude that the
oxidation hypothasis of deamination is corsect,

HSC1, DM1 Decide to garther data on deaminanion of aming-acids.

EP10, DR, ES*, El
Try out expesiments on virious aming-acids

‘L ast ope 13 glgramic-acd: gerale of oxy gen conmenpuon 3, g.rate of sroducdon of keto-a0id 150}

PG, PCE Make the ghefarmc acid reaction the focus of attention,

HOG2 There might be a missng inbibator,

The semantics of (his race worg discussed sarier o s chapier. The exampie Jjiisrales how
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different types of heuristics interact in KEKADA, We started with HSC and DM heuristics choosing a
particular hypothesis, an EP heuristic suggesied an experiment. An E heurnstic camed out the
experiment, and a HCM heuristic modified the confidence in an existing hypothesis. In the iattar half we
sea how an ES heuristic can be used to set expectations for an experiment and PG and PC heunstics

can be used to focus attentlon on a surprising phenomenon,

3.6.1. Iimplementation of the ‘surprise’ heuristic

Whenever an expariment is {0 be carrisd oul, expectation-sefters associate expectations with: the
experiment. Experimenters cary out the experiment. Problem-generators check if expectations are
viclated. Problem-choosers choose a specific problem and decide to focus attention on It

3.6.2. Expectation-setters

Knowledge of previous experiments is used !0 set expectations for new experiments. This
knowledge is stored in summary elements called ‘expectation’ and ‘var-of-expectation.’ As we discussed
earliar, every experiment has a sst of independent and dependent variables associated with it.

In the summary elament, expectations are associated with some of the dependent variables. If the
aftricute is non-numeric, then the expectation is a symbolic value siored in 'expected-valug.'! Thus for an
experiment on an amino acid, the expected output-reagent is a non-numeric attribute and would have a
value such as ‘'urea’ associated with it. If the atiribute is of the type numerc, then the expactation has two
numeric values - the lower bound and upper-bound. For example, the rate of formation of a reagent is a
numaric attribute and therefore has a lower-tound and an upper bound, ‘no-of-expt’ gives the number of
experiments which wera used in the derivation of a specific expeciation. When the expeciations are
darived purely from analytic considerations or uging methods inferior to methods being used currently, the
no-of-expt is set to 0.

Expectation summaries are stored in the form of a tree of cues to limit the search, (For
corvenience of implemaniation, we uee A simplified EPAM model of memon.) A number of summanies
may match against the expenment o be camed out. For example, we may expect an amino-acd In
genaral not 1o produce urea in iver, we may axpect a specific amino acid, argining, to produce a arge
amcunt of ures. The swmmanes associated with ke aming-acid class asd with argining both would
match against ihe axperiment (nvblving argining. Twe rules are used o rescive the conflicts « summaries

witly the larger number of cue-matches and with more spadfic cue-matthes are proforred. Thus the
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expectation about arginine would be used 10 Set expectalions about an expenment with argining. Once
an expectation summary element is chosen according to these conflict resolution rules, the foliowing rules
are used to set the axpactations of the experiment.

{ES1] Expected lower-bound is set to be the lowest of the ‘lower-bounds’ of maiching expectation-
summaries. if the attribute is numeric.

[ES2) Expected wpper-hound is set to be the highest of the ‘higher-bounds' of matching expeciation-
summaries. if the attributs is numenc.

[ES3] For an attribute with symbolic value. expected value is set 1o be the the expected-value associated with
the matching summary element,

Afier an experiment is carried out & match is carred out against the trea of cues, and expeciation-
summares in the matching elements are modified according to the foliowing ruies.

{ES4] If the previous expectations were not based ¢n experimental evidence and the attribute 1§ numeric, then
the lower bound is the lowest quantity observed previously minus a tolerance factor. The upper bound is the largest
quantity observed previously plus a tolerance factor. The expected-value with a symbolic agribute is that observed
in the experiment.

[ES5] If the previous expectations were based on at least one experirment, and the present experiment violates
the bounds or valpe in the axpectation-summary, update iL

To illustrate how expectation-setters work, consider ine foliowing example. When KEKADA
decides to work on the urea synthesis probiem, it carries out experiments with alanine and a number of
other amino acids. These amino acids produce urea at a very low rate {Q-rate = 1), Now assume
tolerance factor o be 4. Afier the expenment on alanine s compieted, ES4 would set the expeciation
summary with a lower-bound on Q-rate of 0 and a higher of 5. After the alanine experiment, experiments
are caried out on & number of cther amino acids. In each case expectations would be associated with
the expanment by ES1-3: that the g-raie be in the range 0-5 and the ouiput be urea, so that whenever an
axpermant is carmed out on an amino-acid, the resuitant g-rate is expected 1o ba in this range. Ore of
e last aming acids s omithine,  Orsithine produces urea gt & much nighar rale (Q-rate = 9).  Hanoe,
ESE heurigtic rgsets the uppar-bound on the expacied output for aming-acids fo be & MNow & an
axperiment iz tater carmed out with an aming acid on fver sices, KEXKADA will axpect the output © be

urea with g-raig i the range from O fo 3.



3.6.3. Problem-generators

KEKADA tests for any vipiations of expectations, as the expariments that violate expectations,
provide a pointar 10 a pan of problem space dense with interesting phenomena.

[PG1] If the outcome of an experiment violates expectations for it, then make the study of this puzzling
phetomenon & task and add it 1o the agenda.

For example when KEKADA carries out an expenmert on giutamic add in kidney, it finds that
g-rate of production of keto-acid is 0, which is lower than the minimum expected amount. The PG1

heuristic In such a case would detect a surprise and add it to the aganda.

3.6.4. Problem-Choosers

At present we have a computationally simple scheme for choosing a new problem. KEKADA
focuses on any surprise it encounters.

{PC1] If a new task to study a puzzling phenomenon is being added o the agenda, prefer it over all the other
tasks, making it the focus of atention.

3.6.5. Hypothesis or Strategy Choosers

[HSC-11 Evaluate the allsmutive hypotheses or stralegies and choose one or more of them for congideration
using the decision-makang rales.
3.6.6. Experimenters

In the current systermn, there are no expermentation heuristics.
[El] The outcomes of experiments are stored in cenain working memory clements and are directly copied

from them,

3.7. Strategies KEKADA uses to characterize a surprising phenomenon
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3.7.1. Characterization of a surprising phenomenon

In the previous section we discussed how KEKADA uses a strategy to focus on a surprise 1o attend
1o the part of the problem space nch with interesting phenomena. A surprising phenomencn ingicates
that the prior knowledge was deficient in some dimension. KEKADA employs following set of strategies
to characterize 4 surprising phanomenan.

1. Magnify the phenomanon by varying apparatus vanables.

2. Divide and canguer: the surprising eftect may depand an one of the subprocesses.

3. Agsess the scope of the surprising phenomanon.

4, Determine if all the independent entities are necessary to produce the surprising phenomenon.

5. Tryto find a relation between similar phenomena.

6. Gather more data about & surprising phenamanon,

7. Use domain-specific sirategies.

We will now discuss these strategies one by one, and describe how they are implemented.

3.7.2. Magnification of the phenomenon

KEKADA may try to magnify an effect by carefully changing the setup of the apparatus and the
methods of measurement, thal were used to produca the surpnsing phenomanon.  This Increases the
chances of making crucial obsesvations on further experimentation with the surprising phenomenon. After
magnification, the surprsing phenomenon may become far more interesting and important. Whan
Roentgen found new kinds of rays which could penetrate cardboard, that was surprising, The next step
Roantgen ook was 10 see if these rays could also penelrate the walls, and found thal they do. This
amazing penetrating power of these rays immediately made clear the importance of the phenemenon.
The following productions are used in KEKADA's implementation of the sirategy of magnification,

THGY] If a phenomenon is found lo be surprising, then a possible strategy is 10 alempt (0 magnify the effece
{or make it conveniently visible) by changing the apparatus variables associated with the phenomenon.

[EF9] 3 the chosen stratepy 1s v magnily 3 certain effect, then cary oul expenments varying the valop of
each apperatys vasiable ower the ser of values associated with this warable. Nole thar 2 vaniable may be ssocigled
with the method of the measurement of a dependent vanable.

THCK-9) If the goal of the sxperiment wos 1o magnify the effect or meke it more visibie, and it 15 chserved
that by changing the value of some apparaius vanable the phenomenon 1s magnified. decide to carcy further study of

the surprising phenomenon with the new value of fhe appamsias vanable



1.7.3. Divide-and-conquer strategy

If the surprising phenomenan is knawn to contaln subprocesses, KEKADA may focus on one of the
subprocesses, assuming that the surpnsing result may depend on 1. This is a specific implementation of
the well-known 'divide-and-conquer’ strategy. The following productions are related to the impiementation
of this strategy.

[HG3] If thers is a hypothesis that a pbenomenon has subprocesses and the phepomenon 15 noted as
surprising, hypothesize thal the surprising result depends on one of the subprocesses (divide-and-conquer strategy ).

{EPT7} If the chosen strategy is divide-and-conquer , carry out each of the subprocesses of the phenomenon

under vanous conditions.

3.7.4. Determination of the scope of the puzzling phenomenon

KEKADA may ury to assess the scope of the surprising phenomenon using domain-specified
taxonomies. When Fleming observed Penicilium had the property of kiling paricular bacteria, the
questions which were later pursued wera: Can other moldg kil bacteria? Can Panlclllium klik similar other
bacteria? Following productions are related to the implemantation of this stralegy.

[HG1] If an independent variable <at> associated with an independent enlity of a swprising phenomenon has
value <v> and <¢l> is a class of values of <at» containing <v, thep consider the sicategy to determing the scope of
the pbenomenon over the range of values specified by <cl>.

[EP1] If the preferred strategy is 1o assess the scope of 4 surprising phenomenon over a class of values of an
attribute of an independent entity, then use the decision-makers 1o choese  value A in that class, and decide to study
the phenomencn with A as the value of the variable.

[HCM-5] If the goal of the experiment currently camed out was to assess (he scope of a surprising
phenomenon; then check the similarity between the resulting phenomenon and the surprising phenomenon and
accordingly modify the confidences in the hypothesis suessing the scope of the pheromenon over a class

[HCM-T] If there 15 & hypothesis that the surprising phenomenon may have scope over a class <c> And the
scgezs-slod in the confidence of this hypothesis exceads the (hresbold vaiwe (or peocralization, genersiize fh
surpnsing phenomencn and ransier the conmred 1o the vpothesis- geperatons.

[HCH-3] 16 the amouns of ¢ffort spent on an existengal hypothesis tcaches a specified ugh value (which we

have assbpnad 1o be 3, duake the hypothesis wsctive,
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3.7.5. Factors analysis

Given a surprising phenomenan, one may ask which variables are actually causing the surprise.
Some scientific disclplines use "control experiments® to determine whether a paricular factor is in fact
necessary for the production of an observed phenomengn. Determining exactly which of the aclors are
necessary 1o produce the phenomenan is impartant in gaining a better understanding of it. The following
productions are ralated to the implementation of the factors aralysis strateqy.

[HG7) If the phepomenon has two or more mdependent epuiies, then consider the srategy of deciding
whether all enrities are pecessary to produce the phenomenon.

FEP3] If the preferred hypothesig is that the phenomenon bas A dod B as 2 independent entities, carry out
experiments on A and B in combination and on A and B separately. An independent variable associsled with A may
be dependent on some variables associated with B and vice versa In such a case, the experimenter should add
additional apparatus (o give causal support to the variable,

3.7.6. Relating simliar phenomena

KEKADA may ook for phenomena that are similar to the surprising phenomena in some way and
then try to find a relation between these closely related phenomena. In particular, if two anomalous
effects are being observed and both inciude the same vanabie, (nen there is some chance that thera is a
commeon hidden mechanism. This is due to our balief in the principie of unitormity of nature. Thus when
Hans Krebs was working on the ormithine effect, there were two odd reactions. First arnithine was the
only amino acd producing a iot of urea in the presence of ammonia. Second a reaction was aiso kown
in which arginine hydrolysed to produce ornithine and urea, a reaction peculiar o arginine. It was
reasonable to guess that there might be some relation between thase two peculiar reactions. In this case
there was in fact the relation that is shown in fig 2-1, KEKADA uses both domain-specific and domain-
independent strategies t© guess such a reiation. One domain-independent sirategy conjectures that
there might He a whoig class of substances exhibiting a cumman effect. The follewing productions are
rafated to the implementalion of this steategy.

[HGH] If the zoal 5 o sudy 2 purdmg phepomenon and amother phenomence and the surpsising
phenomenon contin o common dependent or indepandent eptbes | then create & hypothesis that the other
phenomeson may w related 16 the surprising phenemeanogn.

TEPR] If the prafomed hrpothests = o smdy the refation of anoither phenomenon 10 2 surpnising ohenofmecos

ther create the following hypotheses ang 2dd them to the hypothess et
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{a)if the swrprising phenomenon and the related phenomenon have 2 common dependent entity <> and a
common independent entity <vnal>; and <vpal> has an atiribute <at>, and the surprising phenomenon and the
related phenomenon have values of <at> , of <va> and <va2> respectively, a possible strategy is to try to find out if
there is a set of valoes of that attribute containing both <va> and <vad> which will exhibit the same phegomenon.

(b)If the surprising phenomenon and the related phenomenon have a common dependent entity <u> and the
surprising phenomenocn has an independent entity <va> and the related phenomenon has an independent entity
<¥a2>, a possible strategy 15 to try to find a set of entities containing both <va> and <va2> that will exhibit the same
phenomenon.

{¢) If the phenomenon is a chemical reaction, the surprising reaction and the related reaction have a common
output <u> and the related phenomenon has an input <i>, then create the hypothesis that <i> is an intermediate in

the surprising reaction.

3.7.7. Gather-data strategy

Whan one finds & novel and unusual phenomenon, aven systematic collection of data about it can
be of great interest to the scientific community. Furthermore while collecting such data, surprises can turmn
up. HG12 and EP10 are the heuristics related to this strategy. In the scenario in the beginning of the
chapter, we saw how KEKADA comes across the glutemic acid effect, while gathering data on the
deamination reaction,

{HG12] If one of the vanables of the surprising phenomencn is a ciass. then a possible strategy is to gather
more data by carrying out experiments on the various members of this class.

[EP10) IE the prefemed strategy is to to ‘galhﬂr data about a phenomenon and an atribute of an independent
entity is a class. then use the decision-makers 1o choose a value A in that class, and decide 1o siudy the phenomenon

with A as the value of the atmnbute,

3.7.8. Activation of previously known hypotheses

¥ the surprising phenomengn s thought to De a prémiously koown lype of process, then one shouid
consider praviously known hypotheses about that process. Thus in the scenano in tha section 3.7, whan
KEKADA posits that the surpriging phanomenon in which aming acids are producing ammonia in Kidney
as the dagmingtion reachon, || achivales xnown #ypufheség about tha degringlios, camely, oxidiive.
reductve, and Nydrolylic processes.

(HGH | Actvaie any previonsly known hypotheses about the surprising phenomenou,
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3.7.9. Domain-specific Strategles

The domain-specific strategies in KEKADA are actually specializations of foilowng general
strategies.

* Testing a causat chain.

* Conzrolied experimentation / Factor Analysis

" Miifz Differance Principle

* Determining the compilexity of a process

* Successive Refinement

* Conservatism

* Direct Venfication

3.7.8.1. Testing a causal chain

One strategy proposes experiments to test a causal chain A —> B - C where A, B, C are three
events. The fact that B is an intermediate event implies that B shouid be able to cause C; furthermore B
should be able to cause C no more slowly than A can, In domains where we can produce B as an
independent event under experimantal conditions and whers means are avallable to measure the rates of
eccurance of C, a possible strategy would be fo see if B can produce C at ail.  Further if differential
speads are meaningful {e.g. the causation is not instantaneous), then one would also measure the rates
of formatien from A and from B and compare them. The domain of metabolic biochemistry in the early
19002 satisfied these properies. KEKADA uses the following productions ta implamant this strategy.

[EP2] If there is a hypothesis thal the chemical reaction under study comtaitis 2 subresctions PR1 and PR2
one followed by the other. and I1 is the set of inputs to PRI, and 1I the set of nputs 1o PR2, then smudy these two
reactions, measuring the rates of formation of the oulputs.

THCM-17 If the domain is chemistry And the goal of two of the experiments currently carried oul is (o study
the hvpothesis that B is an imermediate in the reaction from ACL to € And these (wo experiments measiee the mios
of formangs of C from A and Gom B, And A is the member of the clzwt ACL. modify the imphed-soccess or
implied-fagture slot o the confidence about the ahove ypotbesis deépending on whether there 15 faster formanon

from B or from A
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3.7.8.2. Controlied Experimentation / Factor Analysis

Earligr we discussed the role of controlled experimantation and factor analysie in the study of
compiex phenomena. In some domains, there are many background variables and processes. Thus two
entities A and B under study may both be producing ancther entity C at certain base rates independently
of pach other. We may want to ask: do these entities interact at all when we employ both of them? if in
the domain there is a property associated with G which will allow us to answer this question by measunng
P from A, B separately and together, then one may resolve the matter. For exampile in chemicai
reactions, we might iook at the rates of formation of C. Then if A and B together produce more than the
sum of what is produced by A and by B separately. there Is an interaction betwean A and B. Thus say
ornithine produces urea at the rate of 1, ammonia at the rate of 4, and both together at the rate of 9, ane
shouid conclude that both reactants are Involved in the reaction. |f the output rate were only 5, one can
not make such a conclusion. The lfoliowing productions aliow such an interpretation. Experiments
needed for such interpretations are suggested in general by the factors-analysis heuristics. +

{HCM-4] If the domain is chemistry : And the goal of three of the experiments currently carried ot is w0
study the hypothesis that ACL and B react together to form C; Aod these three experiments measure the rates of
formation of C from A, and from B, and from A and B together: And A 1= a member of the class ACL: modify the
implied-success or implied-failure slot in tbe confidence about the above hypothesis depending on which of the
following two is greater: the rate formation from A and B together, or the sum of the rates from A and from

B. {Allow for an error tolerance factor, )

3.7.9.3. Mili's Difference Principle

Mill's Difference Prncipla states that if under canditions C1 phenomenon P occurs and under C2 it
does not occur, than the differences between C1 and C2 are causally responsibie for the phenomanah
P. For example we know that urea forms in the body from alanine, but under experimerial conditions of a
particular expenment it does not. We may {hen conclude that cedain substances are missing fram the
expenmantal setup. In the metabohc reactions in the Ussue skices, the suzpectad missing substances
wouid be energy-producing stimulators such as glucose.

When a surDrising phenomencn occurs, one possibie hypothesis 13 the presence of other
interdgring phenomend. ¥ we know maans of removing these interforances, we would use such means to
shminate them. 3uch shateqes woud Moilly be doman-specfic. In metabohic bipcharmisty. ore could

uge substances called inhibitors o remowe these interfering phanomanon.
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This sirategy is implemented by the foliowing productions.

[HG2) If subswances previously known to influence the phenomenon were absent from the swprising
phenomenon, then hypothesize that the absence of such an sctivatorfinhibitor is the causal factor behind the sumprise
{Set prionily aqual to be 2. }

[EP§] If the chosen hypothesis is that the reason for a surprising silcome s in the absenca of some entity,
choose oné of the entities that earlier éxperiménts seem (o dave associated with the given class of processes and
study the effects of addipg this entity 1o the independent entities associated with the surprising phenomenca.

(HCM-2) 1f the goal of the experiment is 10 study the hypothesis that the cause of the surprising phetiomenon
lies in the absence of an independent entity And in the experiment which was just carried out, the entity currently
guessed to be missing did not have any effect on the phenomenon: increase “failed-effort” slot in the confidence tha
an independent entty is missing, by 1.
3.7.9.4. Reasoning about structural componenis

The STAHL and DALTON programs (Langley et al,1987) incorporated & set of generai heuristics to
generate componential and structural models of substances from a set of reactions, In the problems
KEKADA faces, it uses the same reasoning in the reverse situation, it knows the components and
structures of the molecuies, but it may not have a complete undersianding of the observed reaction.
Thus it may know that ornithine angd ammania produce urea, but it may not know if auxiiiary reactants are
involved and how many molecules of ornithine and ammonia are invoived in the reaction. KEKADA uses
structural reasoning 1@ constrair in Sueh a situation, Thus if ammania has an amino group and urea also
an amino group, it woufd create an hypothesis that ammaonia cortributes its aming group towards the
uraa. Thus it is reasoning simiar to STAML in a slightly reversed situation. (STAHL would tdentify
components of urea from & reaction such as "2 molacuies of ammonia and one of CO, form urea.™ In the
situation KEKADA faces, it has the companantial modals, but it does not nave the exact description of the
raaction.)

(HGE: I 2 chemical maction produces some oapal (with g-rate or quantty above 3 menunum threshold),
ciedle hypotheses asserming which reacrant dotateés which group (o the output substance apd if there is mome than one
reactant, theo 4 mactant may be a catalvst. If the reaction Has enly one known input and only one outpul, then guess
thae thers must be other awliary inpuis among substances around or other auxiliary unknown outputs. Note i s
possitle thay mors than one structiral formuola hes been nypotiesized aboud a given input or culput. [Set priority to

e f )
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[HGR] If the surprising pheniomenion is a chemical reaction and the input reactant <il> is hypothesized to
have the formula <iill> or <ii]2>, the group <gr> is present in the formula <iil 1> but not <ii12>, none of the other
input reactants contans the group <gr>, and one of the outpul reactants contain the formula <gr>, conclude that the
reactant <il> hag the formula <itl I» and not <iill>.

[HCM-8] If in a chemical reaction, a small amount of an input can produce large amounts of the output,
conclude it acts as & catalyst and there exists an intermediate in the catlytic reaction, and apply HCM-10.

[EP5] If the chosen hypotbesis is that the reactant A in an experiment is a catalyst , then carry oul the
experiment over long periods but with very low initial quantity and concentration of A Measure final quantities of
alf outputs,

[EP4] I the phenomenon under consideration is a chemical reaction and the preferred hypothesis is that <in>
donates the group <gr> 1o the <out>, then camy out the reaction making 2 special effort to measure the rass of

consumption of <in> and the rate of formation of <outs.

3.7.9.5, Determination of the compiexity of a process

If a process is a simpie one-step process, one or more properties would be true of it (These
properties often could be derived directly from the domain's definition of "one-step” process. ) If these
properties are not true of a process P, then it can be inferred to be 2 mulb-step process.

[HGS5] If the given phenomenon is a chemical reaction and a one-step reaction from inputs to outpots of a
reaction is found not to be possible with only two inputs , then create the hypothesis that an intermediate exists. (Set

piority lobe 6. )

3,7.9.6. Successive Refinement

Science follows the strategy of successive refinemant of its theories as a practical necessity. For
example, a science that aims to understand the metabolic reactons in the body would not be able to
hypothesize a completa theory of pathways in tha body and be able o propose experiments to test such
& theory. KEKADA uzes the successive refinement strategy in is work on metabolic reactions.

[HCM-107 B the prefered sirategy 15 o verify the existence of an intermediate in 2o expedment | camry ouwt
ihe following three sleps: (1) Consider substances stuctrslly iotermedisie belween the inputs and cutputs as
possibie candidates (1) Evaluate the plausibility of sach candigate’s bemg misTmediate i the reaczion (3) Choese
the substance (if anv) that has been evalvated most fiksly 1o be an intermediate in the reacnon, [f in one of the
suberepofions there s more than one dgnul, conclude tat there 05 vet soother itermedinte, Ssk wser 1o caory g

lizeraturs survey aod recussively apply HOM- 16
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4.7.4.7. Conservatiam

if phenomenon P viclates model M , a conservative strategy hypothesizes that modei M is correct,
but there is an additional process causing the viciation, For example, recently some experiments have
reported results that deviate from the pradictions of Newton's Gravilational laws. In response to these
anomplies, it has been proposed that there may be an additionai component force fo gravily {Poole,
1988). Conservatism would not suspect the valdity of previous knowledge if a reiatively simpie
hypathesis can explain an ancmaly, Thig strategy has bean implemented by following productions.

[HG10] If the phenomenon under stady is a chemical reaction and the incremental g-rate of an output rses
upexpectedly oo adding an inhibitor, then conclude thar this reactans is heing conswned in a chemical reaction
{Thus it may be either degrading or reacting with one of the other reactants. ) (Set priodity to be 6.)

3.7.9.8, Direct Verification

The foliowing heuristics gre used to suggest an expariment 10 test a hypothesis diractly.

[EP11] If the hypothesis under consideration is that reactant <rl> may be involved in ao unknown reaction
and there exists a hypothesis that <rl> and <v> react together and <v> is a reactant in the surprising phenomenon,
carry out a reaction with <rl> and <v> a8 the reactants.

[HOM-6] If the goal of the experiment last camied out was o verify whether a hyvpothesized process
description is the correct process descripoon of 2 surpsising phenomenon, And the results of the experiment confirm
this, conclude that this hypothesized process description is the comect descripion of the surpnsing phenomenon.

1.7.10. Decislon-makers

Decision-makears are used to choose (1) between altemate hypotheses/ strategies (2) beiween a
number of substances. Each strategy and hypothesis in KEKADA has a preference level associatad with
i, KEKADA uses the preference levels to choose betwean the apphicable strategies,

Magnification; {Sat priority to be |} Divide and conquer: {Set priorfzy to be 1.3 Scope: (Sei priority to be 4.}
Factor analysis: (Sat peionty 10 be 3.} Relanng similar phenomena: (Sex priority 1o be 6 or 7 depending on the
number of common variables . Gather-date strategy (Set priodty to be &) Domain-specific sirategies (A few
domain-specific hypotheses have high preferences, bat most of them are considen:d after the general siratemes are
nead )

the sduabans 1 wheh XENADA has Seern run, s proforence struchurd Croaiss a3 regsonabie

R L g

1]

ardening among the strategies. The behavior of the program s howaver not overly sarsitive o the
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ordering. When we compare KEKADA's grdering with the behavior of specific sclantists, we find that the
scientists follow an order which is siightly different from KEXADA in a some cases. In such cases we
allow the user to reorder the hypotheses.

DM production implements this straiegy.

{DM1] The order in which the hypotheses or strategies are considered is based on the user-specified
priorities, which closely resemble the programi-defined priorities.

Furthermore at times KEKADA needs to choose among alternative members of a class. e.g. it may
io have to choosa among a number of amino acids. The DM2 hauristic implements this.

[DM2] The substances are siored in the form of an ordered list (It is assumed that this list has besn ondered
by cost and availability criteria.)

3.8. Summary

In this chapter we have described KEKADA. Some of its important features of the program are:

* The system searches in an instance space and a rule space. The possible experiments and
axpermental outcomes define the instance space, which is searched by performing expaermants. The
hypotheses and othar highar-leval descriptions, coupled with the confidences assigned to thess, define
the rule space.

* The program is written in the production system language OFSS.

“The giobai gocal of the program is o attend 10 puzzling phenomenon (interesiing phenomenon} and
try 1o understand them batter,

“The program empioys the foilowing processes: Hypothesis-generators, Hypothesis-or-strategy-
choosers, experiment proposers, decision-makers, expectation-setters, hypothesis-or-confidence-
modifiers, problam-genegrators, problem-choosers,

" KEKADA has some domain-independent and some domain-specific sirategies. Domain-
independent strategies include magnification of the phenomenan, divida-and-conquer, assessing the
scope, factor-anaiysis, relaling similar shenomenon, Domain-specilic sirategies are speciaiizations of
general strategies such as controlied experimentation, determination of complexity of a process, lesting a

causal chain, componential analysis, diterencing, ang divide-and-conguer.
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Chapter 4

Program Behavior

A man, viewed as a behaving systam, is quite simple. The apparent complexity of his bahayvior over time
is largely a raflaction of the complasity of the environment in which he finds himael.
- Herb Simon{1981),
in this chapter, wa will describe the behavior of KEKADA on the research problems defined in the
second chapler and try to anaiyse the reasons for iiS success in producing important research resufts on

these problams,

4.1. Behavior in the biochemistry of urea metabolism

Hans Krebs™ discovery, in 1832. of the urea cycie was a major event in biochemistry. The probiem
that Krebs attacked, to discover how urea was synthesized in living animals from the decomposition
products of proteins,had been investigated for many years with very limited success, The general nature
of the catalylic process discovered served as a prototype for much subsequent research and theory on

metabolic phenomena. (The historical account of this discovery is derived mainly from Hoimes, 1980.}

4.1.1. initlal Working memory of the program

KEKADA is given the following knowledge: Structural formulae of varlous substances, & set of
values of pH. crdered-lists of aming-acids, amines, and carbowyiic acids, stimulators and inhibitors
associated with processes. We run KEKADA wilh its focus of atiention on the fpllowing surprising
phenomenon: that alanine produces very little urea in liver tissue shces. KEKADA also has two previously
known nypotheses about how urea might be synthesized. These nypotheses ars aming acids might
somshow combing wih ammonia to produse ured, Or aise thal aming acid may deaminate preducing

MO Which: May funher conven: o uread



4.1.2. Overview of the KEKADA behavior

Wae divide our account into three phases: discovery of the ormithine effect, the determinaton of
scope, and the discovery of the reaction path.

1. The ornithine effect. KEKADA begins with its focus of attention on a puzziing phenomenon
that alanine can't produce much urea in liver tissue shices. It tests the efficacy of various amino acids in
producing urea, with generally negative results. When it carries out the axperiment with ornithing (one of
the less common amino acids) and ammonia, an unexpeciedly arge amount of urea 1s produced. R then
focuses on the omithine affect.

2. Determinafion of scope. KEKADA next follows a standard strategy. If a given compound
exerts a particular action, check if homologues and other similar compounds have a similar action.
KEKADA carries out tests on amino acids, amines similar to ornithine, But none of these substances has
effects comparable to ornithine.

3. Discovery of reactlon path. KEKADA now seeks (0 eiucidate the mechanisms of the omithine
effect. Concluding from the guantitative data that the ornithine could only be a catalyst, KEKADA Infars
that omithing with ammoma produces argining, which in tum produces urea and omithing. Later
axparimants Indicate that citrulline is an intermediate substance between ormithine and arginine,

We must now spell out the details of KEKADA's experiments and reaspning somewhat more fully,

4.1.3, The Ornithine Effect Discovery

KEKADA begins its expioration with its attention on a surprising phenomencn. In an experiment it
is observed that a tissue slice with alanine produces very fittle urea, much lesser than expected.

There are two previously known hypotheses about urea formation,

1.Amino-acids may produce urea with ammonia as intermediate.

2. Amino-acids may combing with ammaonia to produce uraa.

By examining the alanine o urea reaction, #t is also concluded that an intermediate exisis in the
reaction.

KEKADA also generaies the following hypotheses and sirategies in response 1o the puzzling
phancmenor.

. One possible stratagy 18 o mageify the phanomenon by varnying tha apparatus varables.

Z.5ince alaning on iver liszue sice doss Nof produce wea, Bnd since it 15 asswmed that
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Focus on the surprising effect thaf Attempt to make the effect
alanine produces little urea. ‘

W

clearly visible,

Search for a possible missing

stimulator.

\H* Attempt to divide and conquer.

_9_._[ Try to assess the scope of

the effect.

Observe the Crnithine Effect.

Figure 4-1: Discovery of Omitnine Effect

alaning in the living organism doas progduce urea, there must be some stimulator, prosent
intha arganisi, that is misging from tha tissue slice preparation,

3.Using the heunstic that if thera i3 & defect in a process made up of subprocesses the
defact may be in one of the subprocesses, the inference is drawn (Nat the defect may b= in
the subprocess that corveris alanine info ammonia, of the subprocess that converts
ammgniz Nto wea

4. A possibie strategy = 0 determing if the phenomeancn i3 vaid only for alamne, or s vaid

tor ether aming-acids, amines, ar carboxylic aclds,
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The various experiments that the system now carries out are dnven by these hypotheses or
sirategles. At the beginning, tha system has internally detingd priorities about various hypotheses and
strategies. The system-defined priorties at times differ from the oroer in which the scientist considered
these hypotheses. To give a better fit to the data about a specific scientist, we allow the user 1o reset the
pricrities,

The first sirategy chosen is o iry (0 magnify the phenomenon by varying the apparatus variables
associated with the phenomenon. Absence of production of urea might be due to improper physioiogical
conditions. By changing them one might be able to get alanine to produce urea. However such atiempts
fail.

In response to the possibility that there is & stimulator in whose presence alanine produces ures,
the system tries to identify the stimulator. KEKADA adds such substances as giucose and fruciose,
without any change in outcome. These results do not falsify the hypothesis that there might be a
substance in whose presence alanine would produce urea, but they do reduce confidence in the
hypothesis. Each failed guess of the stimulator increases the failed-effort vaiue by one, and when that
value reaches a specified level, confidence in the hypothesis is low enough to remove it from further
consideration.

The divide-and-conguer hypothesis leads KEKADA o study each of the subprocesses individually.
The two subprocesses involved are the formation of urea from ammonia and the the formation of
ammania from the amino-acid. KEXADA repaats experiments on formation of urea from ammonia o
confirm previous knowiadge about the reaction. The system confirms that aerobic conditions are required
and that the pH must lie in a certain range. "Experiments are also carried out 1o verify that only liver tissue
is able to carry out the reaction. The experiments conflrm previously established affacts but do not reveal
any reason for tha surprising phenomanon, Similarly, KEKADA studies the other subprocess involved.

The strategy next considered is to try to determine the scope of the surprising phenomenon. While
trying to determing the scope, KEKADA tries o explore the validity of the iwo hypotheses about the
mechanism of urea synthesis: that an aming acid and ammonia may combine te form urea or that an
aming acid may produce urea with ammonia as an intermediae, KEKADA now carrdes out experiments
with differant aming acids. & carnes oul exbperimants on the amino-acid, on ammonia separaiely and on
the two combinad togetner, The first experimants do not produce much urea from the aming agids. and
tha confidences @ he vanous hypatheses are shanges accordingly, The expectation of output of urea
froitt an aming acid is rediced. as ‘s the expeclation of an intreasze in the production of wias fom

ammonia in the prasence of gming aomd,
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The next amino acid tested :s arnithine. The experiment shows that omithine alone produces little
uréa; ammonia alone produces urea &t about the expected rate; but omithine and ammonia together
produce urea at about double that rate, which is much above the expactations. Thig rasult is noticed as a

surprise.

4,1.4. Determination of Scope

The ornithine effect now becomes the focus of attention. KEKADA considers a numier of different
possible hypotheses and strategies about it,

1.Try to magnify the effect by varying the apparatus variables.

2.Assess the scope of the surpnsing phenomenon.

3.1t |s possible that ornithine or ammaonia may be acting as a2 catalyst,

4 An intermediate exists in the chemical reaction in which ornithine and ammonia are inputs
and urea is the output.

5.Both the inputs ara necessary for the reaction to occur.

B.Possible hypotheses about which input reactant donates which group 1o which putput
reactant.

7.This effect may be related to the argining reaction.

B.Problemn may be in one of the sub-reactions of the process.

The first strategy chaosen is to try to magnify the phanomenon by varying the apparatus variables
associated with It In this case the fact that alanine was observed not to produce urea, might be due to the
fact that physiological conditions such as pH are not proper. By changing tham one might be able 1o get
alarine to produce urea. However these attempts fail o wm up anything interesting.

The next strategy considered is to try to assess the scope of the puzziing phenaomanan, KEKADA
censider three possible groups of substances that may exhibit the ornithine eflect: {1} certain carboxylic
acids, (2) certain amino acids, and (3) certain amines.

A wholg series of expernments s carried oul with these subsiances, none of which, axcept control
axperiments with ammoenia, produce much urga. Thase outcomes proguce 'ow confidances in all of 1he

above possibiiities anag «wdicale (=5 tho ornithine effect may be specic
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-

| Attempt 1o make the effect
Focus on the Ornithine effect. N, N
- clearly visible.
|
N Try to assess the scope of
o the effect.
N Experiments show that Ornithine
~ acts as a catalyst.
N

Arginine is an intermediate.

Citrulline is an intermediate,

Figure 4.2: Discovery af Ornithine Gycle

4.1.5. Discovery of the Reaction Path

At ihis stage, after the phase of determining scope s over, KEKADA Fas falled to ideniffy a class of
substances all of which would axhibd the ornithine effect, Withouw! further guidance, the number of
possible reaction palhs & large and the system is able 16 consider anly very, incompiete process
gesgrigtions. Triese hypoineses ars at a figh fevel of absiraction, where a8 Ine detais "=ed "L De

spacidied. Some such possibilities include:
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1.0Omithine may be donating a carbonyl group o urea.

2.0rnithine may he donating an amino group.

3.Ornithine may be acting as a catalyst,

4 Ammoria may be donaiing an aming group.

5.Ammaonia may be acting as a catalyst.

Next, KEKADA decides to carry out an experiment to find out whether ornithine is a catalyst. In this

expenment, 25 molecules of urea are formed for every molecule of omithine used. This proves
conclusivaly that the arnithine is not consumed in the reaction, but is & catalyst. Later it is concluded that

arginine is an intarmediate in the catalylic reaction,

4.1.5.1. Discovery of Cltrulfine as an Intermediate

On chemical grounds, KEKADA conciudes that the conversion of ornithine to arginine could not
“proceed 0 a single step and decides to pursue the goal of finding an intermadiate. I then creates
possible candidate substances which are structurally infermediate between the inputs and culputs of the
reaction producing arginine from ornithine. For each candidate substance, it evaluates the plausibifity of
its serving as tha intermed|ate substance. Citrulline is the ciear choice praferred by reaction-balancing
heuristics. Besides, the sysiem has the knowledge of Ackermann's work in which he showed that citrulline
can be produced by biclogical action from arginine. Therefore t concludes citrulline is an intermediate
substance in the reaction that produces arginine fram omithing. The reaction pathway it xnows at this

stage is shown in Figure 2-1.

4.1.6. Summary of the results produced

In the research discussed in the previous section, KEKADA produced a number of research resuits.
it showed that most amino acids do not produce urea in lver sices. | also showed omithing enters a
cyclic pathway in which ammonia is convertad 0 urea. In the next section we analyze what strateges

nelped KEKADA to succeed on this probiam.



4.1.7. Analysis

4,1.7.1. Prior hypotheses factor the problem space

KEKADA did not start from scratch, but it started with two previously known hypotheses about urea
synthesis. These hypotheses kept KEKADA in the par of the problem space containing interesting
phenpmena. The hypothesls that aming acids and ammonia may be combining together to form urea led
KEKADA to try combination expenments. Previous hypathesas led KEKADA 1 work on the part of the
problem space containing amino-acids, ammonia as reactants and with liver tissue as the locus of the
process.

4.1.7.2. Focus on a surprise factors the problem space

KEKADA's dacision to focus its attention on a surprise led it to a part of the problam space that
turned out to have some interesting phenomena. Omithine effect was surprising to KEKADA because
KEKADA did not have any knowledge that wouid allow It to assign a special role to QOrnithine, Thus the
surprising effect indicated a deficiency in its knowiedge.

4.1.7.3. Effectlveness of gradual refinement strategy

We notad earfier that today's textbooks show a3 more detsited mechanism of urea synthesis than
the one Krebs discovered. Krebs did not have cognitive resources to solve the problem in that much
detall. For Krebs, like any other scientist, it was not possible 1o know by foregight to what degree of datall
avallable cognitive and other resources would allow him to solve the problem. Thus we may look at

stages in the davelopment of the problem:

1. Ornithine afiect

2. Orrithine as a catalyst
3. Arginine as intermediate
4. Citrusfiine as Intermadiate

xDetamd mechanism in today's textbook.

Thare are hwo bensfils of gradual safingmeant, ¥ allows the program {6 generata regsonabie aitematives,
and hance fo make progress o the point permifted Dy (S resources. For exampie, whis examining the
rofe of ormithine as a catalyst, it is possibie for the progrars [0 generate reasonable allermatives about an
intermediate. But it would not he pDoOssibis lor the program 1o have genecztors for complets procoss
modeis.

Second, a scientist could onfy 0 hindsigh? know for sure how detailed 2 30kdion lo the oroblam Big
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cognitive resources wouid permit it to discover. This calls for a strategy of gradual refinemant with an

agenda that allows opportunistic shiff of attention.

4.1.7 .4, Heuristica do not always work

Many contemporary scientists had an additional heuristic: synthetic reactions can only studied in
wivo with (ntact cell structure. Such a heurdstic wouid have factored the problem space in an effective and
useful manner for many of the other research problems. However in the case of urea synthesis it
elimnated the part of the problem space containing phenomena necessary for understanding the
synthesis. it thus led Warburg and others o believe that it was not a wise idea to study urea synthesis

using tissue slices. Krebs, a newcomer, was free of these birses, Heuristics often work, but may not

always work.

4.1.8. Trace of KEKADA behavior on urea synthesis

We present here the log of the run of KEKADA on the urea Synthesis problem. An asterisk (%)
denctas repeated application of a set of hauristics. Seg/ names the sequence of firings of heuristics that
ig encloged in the following pair of dashed ines.

The fact that alanine produces very ltle urea js a2 surprising phenomenon on which the system is
focusing attention.

Heuristics Results

HGLL Amino-acids may produce uree with aminoniz as iotermediste. Amipo-acids may

combine with anuronia 1o produce urea.

HGS Studies alanine to urea reaction. decides that intermediate exists.
HG2 Some stumulator might be missing frorn the nssue slice preparation.
HG3 The reason for surprise may be ose of the sub-resctions: either in the reaction thar

produces ammonia from the umino scid or in the reaction that produces urea from
Arimonis

B Study scope of the phenomenon by varving the "conc” attribute of vanable alasine over
the class "oonc-range” of typical values of cong:

HiGi Study scope of the phenomenan over (he class " anin-acid. '

HG1 Snudy scope of the pheagstienion over the class “arboxylic-acid.”

HG Study scope of the phenomiatient over thie clags "smines,’
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Effect needs to be magnificd by varying apparatus variables,

Gets user-assigned pnorities from the user (identical to the system-defined priorites. )
HSCL.DMLES* EPO.EL(™)

begin{seq0)
HSC1.DM1
EP6.DM2*

'ES‘

El,ES4

HCM-2

{End seq}

Tries magnifying the reaction by varying the values of pH, place. and aerobivity. The

anempts to magnify do not succeed.

Consider the hypothesis that an absence of a stmulator may be r;a.t:sing the surprise.
Guess the stimulators which may be present: various substances involved in carbobydrate
mechanism. Chooses lactate.

Decides to carry out an experiment on lactate and alanine both together,

Set expectations for the experiment.

Ask user for output for this experiment. The experiment on alanine and lactate produces
urea at the g-rate of Q=1

Muodify failed-effont slot in the applicsble hypotheses. Modify the confidence in the
hypothesis that lactate and alanine are both required to produce urea.

[Repeat seq0 for various substances.]

HCM-3

HSC1
DM1

EPL Bl

{Begin ==qi |
HAC

ER LT
DM1

Make inactive the existential hypothesis that there may be a stimulator missing after
trying on 3 substances,

Evaluate the alternatives,

Decide to consider the hypothesis that the cause of the procéss may be in one of the
subprocesses,

(Carry gt experiments on the subprocesses under vanous condidons of pH, serobicity

and ip varions organs. Nothng roms op.

Evalumies the iisrmatives,

Dacides 10 consider following ypothecrs somumitimecusly -1 rhat syrpricing phenomenon
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may have scope over the class of amito-acids. 2. that an amino-acid and ammonia may
be acting together to form wrea. 3.that amino-acids may produce urea with ammonia as
EP1-3,DM2 Decides for an expenment oo glycine and oo ammonia Decides for an expeniment on
both combined 1ogetber.
ES*El Qree = L for the amino-acid, Q, _ = 3 for ammonia and Q= 4 for the combination;
ESi-3, El, ES4 HCM1 4,5
Sets expectations for these experiments. Asks user for the results of the experiment.
Modifies the confidences in hypotheses.
(End seql]

[Repeats seql oo other amino acids, last one being omithine] Q, ., = 9 for omithine + ammonia

PGl1, PC1 Notices the omithine effect and makes it the focus of aneotion. Creates following
hypothesss,

HG4* Possibility that orithine or ammonia i5 catalyst.

HGT Creatas a clue that mixed action of both the inputs,

HG4* Hypotheses about who dooases what to the reaction,

HGH* Possibility of relation to similar reactions.for example,lo arginine reaction

HG3 problem may be in ooe of the sub-reactions of the process

HG1* Possibility that the phenomenon may be common to a class of substances: namely

aming-acids, amines, carboxylic-acids,

HGY Magnify the effect by varying the apparanus variables.
HGS Intermeadiate exists.
[seg2]

B i S A g

HSC1.DMI, EPY, E1E®)

Foes o magmify the surprizing phenomenon by varying vanous apparsiue vanables.

Attermpts fail
e pin segl]
HEC) Fualuates the aliematves
Eit Diecides to study the scope of the phenomenon; Considers thet the phepomencno may be

CENRLROE 10 aning-acids



EP1.DM2 Considers various amino-acids. Decides on leuvine as the choice.

EP1 Decides to run an experiment on the amine-acid leucine and on ammonia combined only.

ES1-3, E1,LHOM-5 Sets expectations for these experiments. Asks the user for the results of experiments.
Changes the implied-failure in hypotheses about how urea is formed, reduce the failed-
effort slot in the hypothesis asserting that the phenomenon may be common to a class.

(End seq2]

[Repeats [seq2] for various aming-acids]

HCM-3 Remaoves the description that some amioo acids might produce urea.
(seq3]

[Repeats {seq?] for various amines. ]

HCM-3 Removes the description that some amines might produce wrsa.

[Repeats fzeq2] for various carboxylic acids.)

HCM-3 Removes description that some carboxylic-acids might produce urea.

HSC1-DM1 Chooses the possibility that omithine is catalyst,

EPS Decides for an experiment to venify catalysis.

ES* El Carries out experiments to check catalysis, Low conc of omithine + NH,Cl for 4 hours

for each molecule of omithine, 25 molecules of urea are formed.

HCM-8 Concludes that ormithine acts as a catalyst. Decides 1o detect the inermediate o the
maction
HCM-10 Creates candidates for intermediate. Balances the reactions. Counts the sumber of inputs.

Evaluates the plausibility of intermediates. Chooses arginipe. Funber concludes that in
the reaction from omithine 1o arginine there exicls intermadiate Ack user o camy ow a
Interatre survey.
tLiser, when asked o carry onl 2 survey, creaies elements covesponding (o citruling and other substances. )
HCM-10 Considers candidate substances wiuch are stroclurally inErmediate between the iopuls
and 3o ouipuis of the ormithine o arginine reaction, Balances the reactions. Touns the
atnher of inpots. Evaluates the playcibility of the candidate zubsiancey and chooses

crirulisse from them:
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4.1.9. Ditferences In KEKADA behavior and Krebs research

After the initial failure to produce much urea from aming acids on lissue slices, wo of the
experiments Krebs carried out were with ammonia in liver tissue-slices from starved and well-fed rats, A
better rate from the slices from well-fed rats indicated that tissue-sice method worked. Here we find
Krebs suspecting the effectiveness of the tissue-slice method and carrying out some experiments to test
it. While KEKADA may switch o better apparatus whilg studying a phenomancn, it does not have tha
knowledge that can suggest experiments to test the effectiveness of the apparatus.

After absarving the Crnithine effect, Krabs tried to make some changes in the saline solution te
improve the effectiveness of the method. Thus Krebs seems to be using the magnification strategy. but
below the level of abstraction of KEKADA.

In his research work on urea synthesis, Krabs carned out expariments on thymine. This shows thet
he also entertained a known hypothesis that pyrimidines might be pracursors to urea. if KEKADA is also
supplied with that hypothesis, it will also carry out the relavant expariments.

4.1.10. Sensitivity analysis of the problem statement

In this subsection, we will try to make soma comments on how difficult # will ba for KEKADA fa
work on a probiem which (s slightly different from the current formulation.

Hypotheses about the urea synthasis: Two hvpotheses about urea synthesis stated In P1 were the
dominant hypothesas in 1920s. A probiem sistement which has an addiional hypothesis such as the one
about pyrimidines being precursors 10 urea would result in KEKADA carrying out a few more experiments.
A problem staterment that has a large numbaer of incorrect hypotheses aboul urea synthasis or the ong
that doas not have any hypotheses at ail would make the problem significantly more difficult than those
faced by actuaf scientists.

COre aspect of the statement which Seem to be seriously affacted by the posi-hoc knowledga s tha
fact that givens in the problem include the arginne reaction, but not hundreds of other arbitrary reactions

knpwn af that time
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4.1.11, Summary

In this section, we saw how KEKADA can rediscover the omithing cycle as the mechanism of urea
synthesis, Prior knowledge of incompiete theories allow KEKADA to work in the problem space
containing important phenomena. KEKADA's focusing attertion on the surprising phenomenaon result in
its attending to a part of the problem space nch in interesting phenomena. Gradual refinement of the

hypotheses using domain knowledge allows it to deepen its understanding of the ornithine effect.

4.2. Behavior in the biochemistry of glutamine metabolism

Krebs continued to work on aming acid metabolisms, after the discovery of the Ornithine cycie.
This research produced a number of interesting results. it established that the deamination of aming acids
occurs by an oxidative reaction in kidney. and not in liver as has been previpusly assumed. it produced
data on deamination rates of various amino acids. Furthermore it showed that glutamic acid combines
with ammonia producing glutamine, a substance that was not previously known to play any role in
metabolisms. Discovery of the glutaming reaction opened a whole set of new duestions in metabolic
biochemistry. As we menfioned eariier, the basic data on Krebs' work on aming acids was supplied 1o us
by Holmes (1988).

4.2.1, Background of the discovery

Before Krebs began his work on deamination of amino acids, experiments on deamination of amino
acids had been carried out mainly using the perfusion method and dist studies. It was believed
errpnegusly that the liver is the gite of deamination, Funthermore, thare ware 3 possihle pathways posited
about the nature of the deamination reaction. The three theones argued that deamination could take
place by an oxidative, reductive, or hydrolytic reaction. While a ot of stugies had been carried ouf on
deamination, none of them had revealed any special rola for glutamic acid. Glutamine was not known to

have a place in metabolc cathways.
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4.2.2. initial working memory of the program

while Krebs workad on the urea synthesis probiem, he had carried out an experiment with ornithine
on kidney tissue slices. The result was the formation of ammonia. As previpus theories pasited no roie
for kidney in deamination reactions, this was an unexpected resull. Krebs camed out a long senes of
fruithul experiments after he started paying attention te this resuit.

Wa saw in the last section that KEKADA also decldes to carry out an axperimeant with ornithine on
kidney tssue siices. As KEKADA's problem-evaluation heuristics are not very sophisticated, we supplied
KEKADA with the result that the experiment does not result in the formation of ammania or urea. Thus
KEKADA was not surprised and did not divert its attention from the ornithine effect. In the present
section, we run the program with its attention focused on the surprising reaction in which ornithine
produces ammonia in kidney. Background knowledge about aminc aclds provided to the program is
almost the same as that which was provided for its run on the urea synthesis problem,

The background knowledge includes the following: Structural formulge of various substances, sef
of values of pH, ordered-ists of amino-acids, amines, and carbaxylic acids, stimuiators and inhibitors
associagted with processes, The system starts with its focus of attention on the following phenomenon:
that arnithing produces ammonia In the Kidney, The system alse knows that there are 3 previously
postulated reaction pathways about the deamination reaction n which an amino acd locse s amino

group.

4.2.3. Overview of KEKADA's behavlor on amino acid metabollsms

KEKADA's behavior on the research problem can De divided into four different stages:
characterization of the ornithine-in-kidney effect, study of the deamination reaction, study of the glutamic
acid effect, and the discovery of the glutamine reaction.

Charactenzation of ornithing-in-kidney effect: After observing that ornithine produces ammeonia in
kidney, KEKADA tries to characterize the surprising phenomenon and then realizes that it iz a part of the
general dearmination redction,

Study of ihe deaminration reacion: KEKADA further confirms the cuidation scheme of deamnation
and gathars more data on the deamination reaction. in the course of gatharng this cata, it comes across
an nasual reaction from glutdmic acid,

Study of glulas=c acc sifect: While allempliing 1o chemdienie (he ghiamc acid raaction, KEKADA

noticas that arsenite has a lurthar surprising effect on the glutamine réactian,
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Discovery of giutamine reaction: KEKADA conjeclures the possibility of glutamic acid combining
with ammonia. 1t further verifies experimentally that giutamic acid does indeed produce glutamine
combining with ammonia.

We will now describe KEKADA's bﬂh.avinr in more detail. The description is a paraphrase of the

trace described in a later section,

4.2.4. Characterization of Ornithine-In-kidney Effect

The system begins with its focus of attention on the puzziing observation that ormithine produces

ammaonia In kidney.

Attempt to make the effect
clearly visible.

Focus on the Ornithine effect.

N

Try to assess the scope of
the effect.

b

The effect Is exhibited even by
other amino acids.

Figure 4-3: Omithine Effect in Kidney
In response fo this surprise, the nvpothesis and strategy generators suggest a number of
Hypotheses and strategies.
1. The reaction couid be an example of (he deamination reaction.  Three reactions Nave Dreviously
naen hypothesized about deamination: It pould be an oxidative, hydrolviic, or 8 reduchive reaction,
2, Chmitiving meght De dongnng one OF 5 @meg groups 10 ammonia
4, The effect may he cOomman 10 a class of substances. Eming acids, aminegs, carboxylic acids)

Ancthar strateqy woiid be ‘o examine (he effects of varving the concantation of orithing,

L ]
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4. Magnify the effect by varying the apparaius vanabies.

KEKADA first chooses the magnification sirategy and ines 10 magnlfy the phenomenon by varying
the apparatus variables. Howsver thase attempis do not succeed in magnifying the effect.

Next KEKADA tries to assess the scope of the surprising phenomenon. i finds that other amino
acids can also produce ammania in kidney.

Study of the Deamination reactlon

|
Focus on the deamination reaction i },— Reaction is shown to be oxidative.
|
|
}
l !
} “ Gather data about various amino
7| acids.
e g
]
| Observe the giutamic acid effect.

Flgure 4-4: Study of dearmination reaction

Al this stage the program recognizes that the phenomenon under consideration is quite similar to
deamination reaction and activates known hypothasas about the déamination reaction. Thesa include

ihydrolysis, R-CH-COOH + H, O = A- CHOR - CODH « NH,

Areductive: FA-CHINHL)-COOH 4+ Hy = 7 -CH, COOH + NH,

Jyoxidative: 2 R-CH (MH,)-CO0H « O, = 2 RCOCOOH + 2 M,

Thus generalizing the phanomenon aliowed KEXADA 16 use pravious koowledge apout a pamcular
class.

KEKADA also corsiders the follpwng strajegies

i Observad reaction mighi e in some way aigisd o the una synthagis raachon

2 One couid gather more data by carying cut expenmerts on Vanous aming-acids.
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3. The effect may be common o a even bigger class of amines or carboxylic acids.

4. One may fry o magnify the effect by varying ihe apparatus variables.

KEKADA first decides to verify the oxigative hypothesis. To carry out an experiment, it needs to
choose one of the amino acids. It decides to camy out the experiment on alanine for a number of
reasons. Alanine is both reactive and cheap, and is thus particularly appropriate. Hers we see ane mare
advantage of the strategy of assessing the generality of a gurprise, If the phenomenon turns out 1o be
general , the expenmenter has more choice in choosing a variable in the the phenomenon. To verify the
oxidative reaction, KEKADA carries out experimants on alanine and on oxygen together. It is observed
that oxygen ls consumed at the g-rate of 5 and that ammania and the keto-acid are produced at the g-rate
of 10. Asg this is consistent with the chamistry of the oxidative reaction, KEKADA concludes that
deamination must be occurring by an oxidative reaction:

2 R-CH (NH,)-COOH + O, = 2 RCOCOOH + 2 NH,

Next KEKADA decides to gather more data ort the deamination of aminc-agids. A rasearch
strategy 1o produce data on an important problem is fkely to produce information which is of interest to
other sclentists. If the scientist also iooks for the unexpected, he may get a further lead to producing
maore interasting phenomeana,

Thus KEKADA tries out experiments on various aming-acds. The !ast of the aming acids is
glutarmic-acid. It is found that the g-rate of ocxygen consumption is 5, and the g-rate of production of
keto-acid is 0. As the rate of production of keto-acid is lowar than expected, this is noted as a surprizae,

Study of Glutamic Acid ENect

immediately KEKADA makes the glutamic acid reaction the focus of attention.

Fresantly it creates a number of hypotheses and strategies about the puzzling phenomeanon,

1. There might be a missing inhibitor,

2. Either the giutamic acid or oxygen might be acting as a catalyst.

4. Exarming f all the reactants are necessary for the reaction o accur.

4. Gltamic acid may be donating amine group o ammoniz ang COOH group 1o keto acid,
Glutamic aod may e donating carbony! group 1o Kets acd

5. The phenomanan may b& common to a ¢lass— carboxyhc acids, amino acids, amine acids, atc,

Study the affects of varying e concentrations of the reactants.

2 ok}
SDMES

i

5. Magnify the affact by varying the apparalus v

First KEKADA attermpts 1o magniy the phenomenan by varying paramsters such as pH, place, and

aarobicity. Attempls o magnify fail



Focus on the glutamic acid effect.
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b

Attempt to magnify the effect.

Try adding various inhibitors.

s

Observe the arsenite effect.

Figure 4-5: Study of glutamic acid effect

Mext, it thes out a number of standard inhibitors, hoping that inhibltor will selectively block the

reaction consuming the ketc-acid. The initial inhibitors do not succeed in blocking the reaction. The last

of the inhibltors is arsenita,

When a reaction ig carrled out with arsenite, and the g-rate of NH, Incraases as well as the keto-
acid. No incremental increase in NH; production was expecied by addition of arsanite. Thus the fact that
addition of arsenite is capable of increasing the production of NH, is noted as a surprise, KEKADA

focuses its attention an it

Discovery of Glutamine Reaction

KEKADA generatas foflowing hypatheses and strategies about the surprsing phenomenon.

1. Glutamic aoid, arsenite, Or oxygen may Da a calalyst.

2 Try to find out if (e phenomenon iz imited only o arsenie, or i 1 8 also exhibited by oiher

rmatabolic-inkiniors

3. Try varying the concentration of arsenite 10 sae 11s effects

4. Glutamic acid may be donating COOH or carhony: group to keto-amd.  Glutamic agid may be

Jonaeng an amanQ-Group 10 2MMona.

5. Deamination of glutamic acid in the absance of arsenite |3 2 reiated raaction
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Focus on the arsenite effect, _, >— Try fo deferrmine the scope of |
E the effect.
|
1 Glutamic acid might be combining
with ammonia.
N
Glutamine is formed.

Figure 4-6: Discovery of Glutamine reaction

6. Examine if all the three regents are reguired to exhibit the effect.

7. The phenomenon may be common to a class: carboxylic acids. amino acids, or amines,
Another strategy would be to vary the concentration of giutamic acid.

8. Ammania may be reacting with one of the reactants in a side-reaction.

9. Magnify the effect by varying the apparatus variables.

First, KEKADA chooses the hypothesis that the phenomenon will have some scope over the ciass
of carboxylic-acids.

However after the negative resuits for aspartic acid and other carboxylic acids, KEKADA raduces
the confidence in the hypothesis that the phenomenon may also be exhibited by other carboxylic acids.
how KEKADA decides to consider the hypothesis that ammonia may be reacting with one of the other
reactants in a side-reaction.

When KEKADA carres cut tha reaction with gitamic-acid and ammenia, glutamine s produced.

At this stage REKADA has discovared the important glutamine reaction.
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4.2.5. Results produced by the program

This research produced a number of interesting resuits. it established that deamination of amino
acids occurs by an oxidative reaction in kidney, and not in fiver as has been previously assumed. Ht
produced data on deamination rates of various aming acids, Furthermore it showed that glutamic acid
combines with ammonia producing glutamine, a substance that was previously not known 1o play any role
in medabolisms, Discovery of the glutamine reaction opened a whole set of new questions in metabolic
biochamistry.

4.2.6. Analysis

4.2.6.1. Focusing on a surprise as a search-conirol strategy

Throughout the previous log. we find that decisions to focus on a surprise led to revealing a lot of
interesting phenomenan. For example, consider the first experiment on giutamic acid which KEKADA
finds surprising. Since KEKADA cannot explain an abnormal reaction of glutamic acld, the surprising
reaction of glutamic acid indicated a dimension along which KEKADA lacked knowiedge. As KEKADA
attemnpted to understand the reaction batter, it acquired some of the missing knowledge. Furthermore wa
saw that a number of hypothesis and stralegy generators were effective in characterizing particular

surprising phanomana.

4.2.6.2. Determination of scope

After observing that the omithine-in-kidney effect is general to the class of amino-acids, KEKADA
carries out expenments with aianine, a cheaper and more reactive agent, We aiso saw how prior
knowiedge about aming-acids helpad in understanding the effect. Two of the many advantages of
generaiizing a phenomenon are: it improves our experimentai control Dy giving us much wider choice,
and by aliowing us to use knowledge about & wider class, it increases the chances of solving the research

prabiam,



4.2,6.3. Gather Data Strategy

We saw that while KEKADA gathered more data about the deamination reaction by running
experiments on various amino acids, it produced important data on deaminaton of amino-acids and aiso
came across the surprising glutamic acid effect. This shows the usefuiness of the gather-data strategy.
When one finds & nove! and unusual phenomanon, aven systematic collection of data about the
phenomencn can be of great interest 1o the scientific community. Furthermore while collecting such data,

surprises can turn up.

4.2.7. Domain-specific strategies

We also saw how domain-specific knowledge suggested the possibility of glutamic acid combining

with ammoriia.

4.2 8. Trace of KEKADA behavior

The system is focusing aftention on the puzzling observation that that ornithing produces ammonia

in kidney.

Heuristics Results

HGI1 Tha maction cosld be ao example of 1he deamination maction, Three reactions have
previously been hypothesized about deamination: an oxidation, an hydrolytc, and a
reductive reaction.

HG4 Omithine might be donating an amino proup to ammoenia

HGI* Creates vanous hypotheses including that ™ the effect may be common to & class of
substances” (amine acids, amines. carboxylic acids). Copsider the effects of varying the
concenlration of omithine.

HG2 Magmifies the ¢ffect by varying the apparamus variables

HSCi, DM, EP9, Ei{*)
Chooses the mingoification bypothesis and Carry oul ¢xpersmnents viryug the appatatuy

variables Anemps 10 magmfy the phenomenon fail.

FE ] F. Ty - I S TR R P s P ol = s
HSCT. DM hooses ihe vpothesis that the elfedt may De (OEMON (o SOMe amanG- 30
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EPL. DM2, ES* El
Decides to camry out an experiment on alanine in kdney. (Ammonia is produced with
g-rate of 10)

HOM-5 Increases the confidence in the hypothesis that the phenomenon has some scope over the
class of amino-acids.

Repeat [seqf)] for various aminc-acids.

HCM-T Generalizes the description of the phenomenon to: amino acids produce surprisingly large
amount of ammoaia in kidoey.

HG4 Amino-acids may be donating an amino group to ammonia and there may be some not
vet known reactants involved in the reaction.

HG11 This might be the deamination reaction. Activates 3 hypotheses about il

1)hydrolysis: R-CH-COOH + H, O = R- CHOH - COOH + NH,

2reductive: R-CH(NH,)-COOH + H, = R -CH, COOH + NH,

3)oxidative: R-CH (NH,)-COOH + O, = RCOCOCH + NH,

HG1 Tries to determine the effect of varving the concentration of amino-acid.

HGo Urea synthesis is a related reaction.

HGI12 Tries to gather mare data by carrying obt experiments on various aming-acids,

HG1 The effect may be common to & even bigger class of amines or carboxylic acids.

HGY Decides to magnify the effect by varying the appararus variables.

HSCI, DM1 Decides to verify the exidative reaction.

EP2 Drecides to camy out experiments on alanine and oxygen iogether.

El. HCM-5 Alanine and oxygen together produce keto-acid with g-rate of 10 and ammonia is also

produced at g-rate of 10, Oxygen is consumed at the g-mte of 5. Concludes 1hat the
oxidative hypothesis of deaminasion is comect.

HSC, DME Drecides to gather data on deamination of aming-acids,

EPrig, DM2 ES* 5]
Tnes om the roacuon oo vanoes aminc-acds. Last ope bemng giotamic-acid (G-rawe of
oy pen consunption 8, g-rae of production of keto-acid is 0)

Pesi Yl Flnbes the glutamic arid reaction the focus of attention.

H2 There maphi be 2 mssing mhbator
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HG4 Either the glutamic acid or oxygen might be acting as a catalyst.
HGT Examines if all the reactants are necessary for the reaction to occur,
HG4* Glutamic acid may be donating an amiso group to ammonia and COOH group 1o keto

acid. glutamic acid may be donating a carboayl group to the keto acid.

HG1* The phenomenon may be common to & class- carboxylic acids, amino acids, amino acids,
ete. Swudy the effects of varving the concentration of the reactanis.

HGY Magnify the effect by varying the apparates vanables.

HSC1, DML, E1(*™)
Chooses the magnification hypothesis, and carry out a number of experiments by varying
the pH. place, aerobicity. Amtempts 10 magnify fail

[seq2]

HSC1, DML, EPs, DM2
Choose the missing inhibitor hypothesis.
ES* Ei No incremental action of HCN

Repeats [s2q2] for vanous imhbitors.
Carries out the reaction with arsenite, and g-rate of NH, increases as well as the keto-acid. (No incremental

increase in NH, production was expected by addition of arsenite.} Qua® 1 Quey acid™

10: Q=5
PGLPC1 Notes this as a surprise.
HG4* Glutamic scid, arsenite, or oxygen may be a calalyst.
HG4 Try to find ow if the phenomenon is limited only to arsenite. or it holds for larger number

of members of the class of metabolic-inixbators.
HG4 Try varying the concentration of arsenite to see its effects.
HGS* Ciluzamic acid may be donating COOH or (he carboayl group o keto-acid, Glatamic acid

may be donang SMisd-gTOup 10 ImMmoma.

HG6 Formation of ammonia from glutamic acid (o the zhsence of arsenie) is a related
RGO

HG7 The cifes may &f due 0 3l 1he Toee sy

HGl® The ghenomenon may be common 0 a class- carboxylic acds, | amino acids, amines

Study the effect of varying congentration of glutamic acid,
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HGIO0 Ammonia may be reacting with coe of the reagents to form a side-rzacnon

HG9 Magnify the effect by varying the apparatus vanables.

[seq3]

HSC1, DM1 Chooses the hypothesis that the phenomenon will have some scope over the class of
carboxylic-acids.

EP1. El. HCM-5 Scope expeniment gives negative resaits for aspartic acid

HCM-3 After repeating [seq3] for various carboxylic acids, the hypothesis that the pbenomenon
may have scope over carboxylic acids is removed.

HSC1, DM1 Chooses the hypothesis that ammonia may be reacting with ooe of the other reactants in
side-reaction.

EPI1 Carries out an reaction with glutamic-ncid and armmonia. This results in the production of
glutamine.

4.2.9. Sensitivity analysls of the Problem Statement

Problem statement P2 include previous postulated hypotheses that amino acids might be
producing ammonia in liver by an oxidative, hydrolytic or reductive reaction. [t would not be historically
plausible to Include many mora hypotheses in the problem statemant.

We are aiso assuming that KEKADA needs to carry out an experiment only once o get a reiable
resuit. In actual history, Krebs sometimes needed to repeat the experiment a number of times 1o get a
rgliable result. The reason was that washing procedures are not uniform and unknown amount of residual
enzymes and other substances might be present. We assume that this varlation is below the level of

abstraction of the program.

A4.2.10. Summary

The program Seqins with (1S atenbon gn the puzzing phenomencn hat ormthing procuces urean
kidney. By the tims the program run (5 interrupted, it fas produced interesting data on aming-acid
mrietaboizms and || has orodussd he importand fact that glutamic acid combines with ammonid progucing
giutamne

its strategy ‘o assess scops of an intergsing phenomenon and its focusging attestion on the
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surprising phenomenon result in its atteriding to the pant of the problem space containing interesting
phenomena. Heunstic search using its domai n-specific knowledge and its abifity {0 carry 0ut experiments

aliow it to understand turther various surpnsing phenomena it encounters.

4.3. Bahavior in the ether reactions

Wiliamson's discavery that alcohol contains two ethyl groups led to better understanding of
atharification processes and thus resolved a long-standing problem about the structure of alcohal. The

basic source of historical data used here |s Leicester1352.

4.3.1. Background of the discovery

in 1850 before Willamson started work on aicohais, there were a number of moiecular structures
proposed for common alcohol. Dumas had proposed that alcohol {C, H 4 O) had an etherin group.
Laurent (1846) had proposed that aicohol had an ethyl group. It was against this background that
Wiliamson started his work. He started carrying out experiments with the aim to produce aicohols, He
decided to carry out an experiment with common alcohol, potash, and sthyl iodide. He expectsd that
potash would repiace hydrogen from common alcoho! and tuthermaore ethyl group would replace K.
Thus he expected that a higher order alcohol would be formed. However to his surprise the substance

formed was athar. Williamson carriad out a fruittul serles of experiments while studying this effect.

4.3.2. Initlal state

We run KEKADA with the following background knowledge about chemlstry: namas of various
substiances, and their structural formuiae. The fact that common aicohol together with potash and ethyl
iodide produces common ether, is the puzziing phenomencn on which the system starts focusing

atention.

4.3.3, Discovery of alcohol structure

Ar expenment is caried out with 3 resciants: common alcohol, K* and elhy! ‘odide. Thig
expanment produces sihar
Commpr alecohot + KT + o0 produces G H, O

i rasponse 'o e supnis the RyDonesis and Soalegy Droposers suggest the ol

[
&
x
]
L ]

rynotheses and strategies
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1. Ethyl iodide may be donating an 8thyl group to ether.

2. Common aicoho! may be donating an ethy! group fo ether.

3. Etharification in the présence of sulphuric acid may be reiated to the observed phenomenan,
4. Study the effect of varying the concentration of the input reactants,

5. The phengmencn might be common to other aicohols, to ethyi halides, or to alkyl iodides.

8. Try to find if all the reactants are necessary 1o produce the phenomenon.

7. The effect should be magnifiad by varying apparatus variables.

B. Any of the input reactants could be acting as a catalyst.

t !
Focus on the common alcohol N Try to assess the scope of the
effect. 3 phenomenon.
N
Nature of generality of phenomenc
understood.
N

Structure of aicohol inferred.
|

L

I
|
E

b

Figure 4-7: Discovery of Alcohoi Structure

KEKADA next decides to assess the scope of the phenomencn over the class alkyl iodide. The
prenocmenon may ot be imited o ethyl indide, but may also be exhibited by othar membars of the class
alkyl iodige. When expenmenis are carned out on other akyl nakdes, it is fourd that in presence of
potash and common alconol they produce few ethers, [n particular melhy! odide with common aleohol
and potash oroduces mathyl ethyl ather and in gensaral

R-l + common alcehol + K* produce A-Cohs-O

Erorn the generalizec description, s abvipus ihat common alcohol mus! contain the elhyl group.

Onily the structural formua of alcoho! contaimng the

%

byl groups is consistent with the above
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phenomenon. In this case the strategy of generalizing the phenomenaon to an abstract lavel reduced the
space of possible alcoho! structures to one. Generalizing a surprising phenomanon would often efiminate
many variables in a specific form of the surprise, and thus reduces the size of the relevant problem space.
This can lead to understanding the effect better.

Let us compare KEKADA reasoning with the reasoning Wiliamson followed. Hawing faced with the
same surprising phenomenon as KEKADA, he tried to see if the surprise can be explained by the two
possible structural hypotheses about alcohol, IF aleohol Is C,H.O H and the potassium compound is
C,Hg OK, then the ethyi group from sthy! icdide may repiace K to form ether. Thus

CoHgO-K + CoHgl = Ki + CoHg-0-CoHg

Another theory would explain the phenomenon by assuming that the potassium compound cortains
ether and potash, which separate during the action of ethyl iodide.

Thus

C4Hg0.K0 + CHyplp = 2 Ki + 2 G H, O

White Williamson considered the first explanation more convincing, he decided to carry out a
discriminatory experiment by carrying out the reaction between common alcohol, potash, and methyl
ipdide. ¥ the second explanation was right, one should obtain a mixture of cornmon ather and an oxide of
methyl. if the first explanation was right, one should obtain C,HgO. The experiment thus discriminated
between the two expianations. KEKADA al present does not have the ability to carry out such
discfiminatory experiments,

4.3.4, Trace of program behavlor

Heuristics Resuits
Experiment is carried out with 3 reactants common alcobol, K +, and ethyl iodide. Expectation set is that this
should produce the figher homologue of alcobol. Instead, the output 15 ether, KEKADA

iz rup with its focus of anenoon on s surpTising reacion

G Ethyt 1odide may be donating ethvi group 1o ether.

HG4 Common alechol reay he dopating ethy) peoup (o cther,

HG6 Etherificanon w the presence of sulpbunc aczd may be refated.

e Siudy the ¢ffzat of vazying the Consentration of the mput mactass.

HGi* The phenomanon world be commion (o adeer alechols, te ethy) halides, (o alkvt iodides.

HGT Try to find if all the peactants are necessary 1o produce the phencmenon



HGY
HG4

-

[begin seqi]
H3C1.DM1

EP1, El

HCM-5

(End seql}

———
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The effect should be magnified by varying apparatus variables.
Any of the input reactants could be acting 25 a catalyst.

Evaluate the aliernatives. Decide (o assess the scope of the phenomenon over the class
alkyi iodide. (Phenomeson may oot be limited 16 ethyl jodide, but may be exhibited by
other members of the class alkyi 1odide)

Chooses methyl iodide. The experiment on commeon alcohol, K* and methyl iodide

produces ethyl methyl ether.
Increase the confidence in the scope-hypothesis,

Repeat [seql] for varioos alkyl iodides.

HCM-7

HGE

Generalize the phenomenon to the following description: R-1+ CoH-OH + K+ produce
R-C.Hy-0

Conclude that the correct structural formula of alcohol contain C.Hy, and is CH,OH

4.3.5. Results produced by KEKADA

in the research odescrbed in the previous section, KEKADA estzbiishes the generality of ihe

atherification reaction. Furthermors it concludes that alcohol contains an ethyl group and has the formula

4.3.6. Sensltivity analysis of the problem statement

Our probiem statement which is based on Wiliamson's own accours states two hypotheses about

the aicohol structure. However thera was al ieast ane more hypothesis by Berzelius that ether and aicohol

wisrs axides of different radicals 1o which Willaimson does not refer in his paper. ¥ our problem statersant

were to nave this additional hypothesis, KEKADA would siill be productve in progucing new facts and but

wouid not B8 ahle to seduce the number of pessibie hypotheses abou the structure of algohal to one.



4.3.7. Summary

While studying a puzziing phenomenon the program infers the corract structural formuia of alcohol.
The strategy of assessing the scope of a phenomernon and generaiizing the description of the

phenomenon essentially reduces the space of possible of alcohol structuras to one,

4.4, Behavior in magneto-electricity

Faraday's discovery of the Induction of slectricity from magnetism is a ciassic discovery in tha
history of science. In its practical form, it led to large-scale production of electricity by mechanical means.
Faraday's diaries (Martin, 1932) and Ryan Tweney's analysis (1885) of these diaries are our basic
sources of information. We used Faraday's comespondance (Wiliams, 1971) and Wiliams™ analysis

(1965) as supplementary sources.

4.4.1. Background of the discovery

in 1820, Qersted reported that a wira carrying electric currant can Induce magnetism . This caused
an immediate sensation. 1t appeared o support the hypothesls that a single force exhibits itself in the
form of electrical and magnetic forces. If thig nypothesis was true, it should be possibie to induce
electricity from magnefism in a way symmeinc o Oersted's experment. Before 1830, different
researchers had tried to demonstrate such inducton of electriclly and failed. However, the research of
alectricity and magnetism produced a number of new phenomeana and theornes in the 1820s. One of the
interesting phenomena was reported by Francois Arago in France. He reported that the rotation of a
copper disc in the presence of sarth's magnetlc fleld made it magnetic. This was a surprise, as simple
motion seemead to be inducing magnetism in a non-magnetic substanca. Further work on Aragoe's effect
demonsirates that magnetism in metion induces magnetism in copper and other melais previously not
Anown [0 ba magnatic.

In Uinitea States, Joesaph Henry repared on how powerful magneic power could be genaraind fram
eleciro-magnets, Faraday 5 tnend Gerrtt Mol informed Faraday of Henny's sxparments on June 7th

1831, 1t was against this backgroungd that Faraday resumed his experimentaiion on August 29, 1831 and

i

carsed out fruithul invasigaton

Gn magneio-Secinoily
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4.4.2. Initial Working Memory

KEKADA begins with certain background knowledge about magnets and about electricity, This
knowiedge includes knowledge about instruments and about vanous availabie methods of measuremsnt
of electric current. The program alse knows about the effect reported by Arago. The system begins by
focusing on the tollowing phenomenon: On switChing on electric current in a ¢oil araund a cylinder, a

temporary current is produced in another nearby coil,

4.4.3. Overview of KEKADA's research on magneto-electricity

KEKADA's research on magnelo-électricity can divided in three slages: observation of make-break
effect, characterization of make-break effect, and observation of induction from magnetic motion.

Observation of Make-Break effect: KEKADA explores if the transient current aiso reappears whan
the electrc current is switched off from the coil; and finds that it does.

Charactenzation of Make-Break Effect: Funther KEKADA afternpts o understand the phenomsnon
better by making changes In the apparatus. It aiso observes that making or breaking of magnetic circuit
can also produce current In the adjoining colk.

Observation of induction from magnetic mofon: KEKADA aiso entertains the possibility that
pheromana it is observing might be related to Arago’'s effect. One of the experiments it tries out is
moving a magret towards a coil. In this experiment, it observas that metion of the magnet alone is

capable of producing electrical current in a coil.

4.4.3.1. Observation of Make-Break Effect

KEKADA begins with its focus of attention on a puzziing phenomanon. In the apparatus shown in
figure 4-8, on cigsing the electric circuit in coil A around the cylinder, current is produced in {he coil 8, Laf
me refer to this as the make effect.

Hypotheses and strategy gereratons in KEKADA suggest the following hypotheses and strategies
about this surprsing ochenomenon,

Try o magnify tne effact by varying he associated apparatus vanables. By using sightly
diferant apparatus or methods or measurament, it might be possible (o Make the effec: it clearly visibie,

2 Ty to see i the effect 19 also be svident for vanous values of steady-state slectric current and

SIS0 on Dreaking the sleCing Grous o0 Side A Efact may not b@ r=sincled 1o DNy

Lrr)

WLIENg O g ihe

al|ctric current. 1t may alsc be valid for steady state valuas of the cuerrant and it may perhaps be evident

winen the clrouit i switched off.
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Figure 4-8: Study of induction of electricity

3. Effect may be common to ather known forms of electricity. For example, would static alactriclty
also display such an effect?

4. The surprising phenomenon might somehow be related to the Arago's effect. However as the
current phenomenon and the Arago's effect have only one variable magnetism in common, KEKADA
gives a low priority to attending to this hypothesis.

5. Another possible strategy to understand the surprising phenomenon better is to determine if
both the independent variables are required in the phenomenon.

KEKADA generates the different strategies with fixed order priorities without using any detailed
knowledge about the experimental setup. While carrying out the experimeant in which the make-effact was
observed, any physicist of that time would have noted that it is possible to make an additional observation
about the behavior on breaking of electrical circuit in the coil A without camying out an additional
axperiment. The detailed knowledge about the setup wouid make that an obvious choice. In actual
historical fact, Faraday made ihe observations of an adjoining coll when a clreuil s switched on and off in
a single sxperiment. But KEKADA cperatas al 3 higher level of absiraction and lacks the knowiedge o
carry ouf this reasoning. Thus KERADA would ask for separate exparments (o make thess observations.
As wa mentioned previcusly, we alow the uzer to reset KEKADA's priorities so that KEKADA's hahavioge
matcnes better with that of a particular scientist. The user sefs a high priarity for the strategy of assessing
thé scope of the pheromenon. Thus KEKADA decides 10 assess the scope of the phenomanon

Thus KEKADA tries lo'find cut i the aflect could alsp be produced by the braaking of the alactric



Focus on the results of 4 Try to assess the scope of

making of electric circuit, | = phenamenon.

b

Electric current is also produced
from the breaking of the circuit.

Figure 4-8: Study of induction of electricity
circuit in the coil A. Whan the experiment is carmed out, it is observed that the electric current is produced
_in the second cail on the breaking of the electric current in the first coii.

It is then conciuded that the effect is produced either by making or breaking of the electric clrouit,
The make effect provides further evidence 10 support some of earfier conciusions we made about the
surprising phenomena. A surprising phenomenon indicates a dimension along which the program lacks
khuwlvudga. The surprise has a wider scope than originally observed. The phanomenon actually would
be exhibited by any change in the currert value. Unfortunately the problem space of the program dees
not have the concept of the derivative of the current, Thus It only considers the change from off state of
circuil to on etate of the cirguit, and vice versa. lts attempt fo detarming the scope of the make offect
immediaiely reveals this fact.

4.4.3.2. Characterization of Make-Break Elfect

Next the program attempts to magnify the Make-Break effect by changing the method of
measurament, by increasing the length of the side A, and by also trying o making other smaill changes in
the apparatus . On increasing the langth of side A, it is found hal more alectic current Is produced in the
second coll. The subsequent sxpenments are carried out on 2 longer coil. The rationale of the stratsgy
of mardpulaling apparatus is that § increases our chances of rmaking the crucial observations in the furthar
expanmertation on the puzrling prenomenan. This wou'd help us urdersiand a phenomansn betlar

One stiategy Lsed Dy some expenmental sCiantists who deal with complex phenomsena involving a

large numbaer of variabies s factor analysis. This woilg simpily the descrigtion of i, thereby clarifying our

b ]

A o Jwn e . i T P e, = . LE SR e Py ey R T # e s pa - 13 P P i
srderstanding of the phensmeng As we identi’y that e varalyes are saiayant 3ng oifers oralasan

11

i

,wa reduce (ha sizes of reigvant probiem spaces.
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Electricity is produced Attempt to make the effect
tlearly visible.

N

from making or breaking of circuit.

+. Try to do Factors Anaiysis.

N

Observe that break in magnetic
circuit can produce electricity.

N
Observe that the motion of a magn+
can produce electricity. !

Figure 4-10: Discovery of induction from motlon of a magnat

For the phenomenon under consideration, there are only two independent variables electric current
and magnetism so that a simple scheme suffices. Two experiments are carried out - one involving
making an elactric eircwit but without any core that would induce magnstism; angther in which a magnetic
circuit is broken but without any elecincity in the coil A. KEKADA which operaies at a higher level of
abstraction, does not design ine apparatus in which a magnetic circuit is broken. On carrying out the
axpenmant on the magnetic crowl | it is observad that making the magretic circuit can by itself induce
current in the adigining co. Immadiately XKEKADA decides 0 focus its altenlion on this surprising

phanomanan.
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4.4.3.3. Observation of induction from Magnetic Motion,

A number of hypotheses and strategies are generated about this surprising phenomenon,

1. That the phenomenon might be related fo Arago's eflect

2, The effect may not be limited to making a magnetic circuit but may alse be produced by other
arrangaments of 2 magnetic clreuit

3. Try 1o magnfy he effect by making small changes in the sppargius associaled with
phenomenan.

KEKADA firgt triog to magnify the effect by making small changes in the apparatus associated with
phenomengn. These attempts do not succeed.

Naxt KEKADA tries to examine if this effect is in some way related 1o Arago's effect. One commant
Is due here about KEKADA's access to knowledge about Arago's effect. We have allowed KEKADA to
have access 0 Arago’'s sfiect but not many other phenomena reporied in the 1820s. We havent
expiored the issue of whether the ‘relate similar phenomenon’ heuristic in its present form will be able o
generate good hypotheses it it is givan access to the larger sat of phanomena reported al this time.

On attending Arago’s effect, KEKADA creates two hypotheses 1. That making or breaking of a
magnetic circuit might be producing the electric current in the adjoining coil. 2. That the motion of
magnet might be producing magnetism in non-magnetic materiais.

To test the second hypothesis, it carries out an expeniment on a magnet in motion. it is found that
a magnet in motion can produce alectricity in the second coil. At this stage the program KEKADA has

discovered the induction of electricity from the motion of a magnet.

4.4.4. Analysls

4.4.4.1, Roie of focusing on & surptise

in KEKADA's penavior on magneto-electnicity. we saw ha sumpnrses provided pointers 10 the
regions of expenment space containing more interesting phenomana, Thus KEKADA was able o use Ihe

sirateqy of focusing on & sumise ellectively,
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4.4.4.2. Magnification Strategy

The first strategy KEKADA empioys in the face of a surprise 8 to attempt to magnify the
phenomenon. This increases the cbservabiiity of the phenomenon. Systematic manipuiation of a

surprising phenomencn increases the chances that a phenomenon wili be observed at a later stage.

4.4.4.3. Factor Analysis

We saw that in the initial description of the phenomenon, both the magnetic Feid and the eleciric
current were potential causative agents. By separating the two factors, KEKADA could infer that it is
possible to produce an electric spike in a coil when the magnetic circuit is broken. Factor analysis thus

simphfied the description of the observed phenomenon.

4.4.4 4. Relating similar phenomena

We saw that KEKADA conjectured that there might be some relation between the observed
surprising phenomenon and Arago's sffect and the experiments reveaied such a relation. The reason for
this lies in the uniformity of nature. If there are two very similar surprising phenomena, then there is some

chance that this is not a mere coincidence and that there is a common hidden mechanism.

4.4.5. Trace of the program behavior

The system stars with its focus of aftention on the following phenomenon: On starting on electric
current in a coil around a cylinder, a current Is produced in arother coil.

Heunsgcs Resuits

HGI* Create the hypothesis that the effect may be evident for other values of the quantity of
volig-electric coment, [ might also be evident on breaking the electric cironit | and for
steady state vaipes of slectne cmrent.  Create hypotheses that the effect may be common
1o make-break class of values of quamity of volta-electricity. Create the hypothesis that
the effect may be comemon (o other known forms of eleceicity, Thus it may be common
10 static eleciricity, Ampere’s elecic currents insids magnets

HG9 Hypothesize that the cause of the Gypothesis will become evident 1f the effect is
magmified by changing the apparatus vicables,

HGh Hypothesive shat the given o fect mavy bo welated o the Aragn's effect as both thess have

the \ndependent vanable “magpeiism
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HGT The effect may be due to both the independent vanables,

HSC1,DMI Chooses the hypothesis that the phenomenon may also be valid for breaking of eleciric
current.

EP2.DM1 Carries out an experiment observing what happens when electric current in the circuit is
broken.

El Electric curment is produced in the second coil. 1oo.

HCM-5.HCM-7  Decides to generalize the surprising phepomenon to a new descripon that either making
or breaking of electric curent would producs electric cumment in the second coil under the
experimental conditions.

HG1* Create the hypoethesis that the effect may be evident for other values of the quantity of
volta-electric current. [t might also be evident for the steady state values of electric
current. Creaie the bypothesis that the effect may be Ccommon o other known forms of

electneiny.

HG9 Hypothesize that the capse of the hypothesis will become evident if the effect is
magnified by changing the apparatus variables.

HGH Hypothesize that the given effect may be related 1o the Arago’s effect as both these have

the independent variable "magnetism."

HG7 The effect may be due to both the independent vadables.

HG12 Swdies the phepomenon in mors detail by gathering data on results of experiments for
various values of ‘make-break’ class.

HSC1.DM1 EPY, E1, HCM-9 *

Chooses the hypothesis that the effect 15 because of invisibility of certaun observations and
needs 1o be magnified.

Tries out the various experiments to magnify the effect. Tdes oul odier methods of measuwrement, Changes
the length of side A | changes mstrument-type and materzal of coil oo ssde A and change
oiher apparatus variables, Tt s found that use of a powerful palvanometer makes the
effects more sasily visible. Henceforth, 8 powerfal gabvapomiter will be ased as 2 means
:f meazurement

HaC1.DMI (hnoses the strate gy 1o do facier analysis,

EP? Decides 10 caroy st @ ypertmente on voliz-electsicity ahd on mpenetsm separdlely and on

poth rassther
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ES* El* Carries out the expenments. Making of magnetic circuit alone produces electric current
in the adjoining coil,

G The phenomenon of production of electicity from making of magnetic circuit becomes
the focus of anention.

HGé& Hypothesizes that the given effect may be refated to the Arago’s effect as both these have
the independent variable "magnetism."

HGL* Creates the hypothesis that the effect may be evident on other values of quantity of
magnetism Thus it may also be evident on bresking of magnetic circuit , 2nd for other
values of steady state current.

HGY Hypothesizes that the cause of the bypothesis will become evident if the effect is
magmified by changing the apparatus vanables.

H5C1.DM1EPY, El
Chooses to magnify the effect. Tries out various experiments to magnify the effect by
varying the apparatus varables. Nothing succeeds.

HSCi.DMl1 Chooses the hypothesis that Arago's effect is related 10 given effect.

EPS Creates the hypothesis that the two effects belong to common class (Effect]l: Making or
breaking of magnetism produces volta-glectric current, Effect2: Motion of the magnet
produces mapnetism in non-magnetic materials.)

H5C1.DMI1 Chooses the above-mentioned class-hvpothesis.

EF1, El Carries out an experiment with the magnet in motion, It produces electricity in the second

coik,

4.4.6. Results produced by KEKADA

During the research described in the previous subsection, KEKADA produced a number of interesting and

important phenomens.  The mosi important yesudt was that clecibcity can be prodiced

Eom the moton of 2 magnet wowands 2 coil
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4.4.7. Sensltivity analysis of the problem statement

Knowledge in the problem statement P3 has a transition class with the values ‘switching the circuit
on' and ‘switching the circuit off,' Tweney has argued that historical evidence indicates that Faraday's
gxperience in the months befora August 1831 made him prone o observing transient effects. This
provides some piausibility of having such a class, but no proof.

Secondly our problem statement allows KEKADA access to the Arago’s effect, but not to any other
effects. We made some comments on this issue earfigrin this chapter.

Thirdly. the design of actual experimental setup did invoive some crealive thinking in some of the
experiments in Faraday's case, By choosing a suitable level of abstraction, we have thus simpiified the

problam.

4.4.8. Summary

The program stants with basic knowledge about various pieces of apparatus needed for alectricity
and magnetism experiments and with the knowledge of & phenomenon that switching on the electrical
current in a coil surrounding a core can induce cument in ancther coil. KEKADA further characterizes the
effect. in particular, it shows that the motion of & magnet can induce electric current in a coil. its goai of
focusing on surprising phenomenan and trying to characterize it allows KEKADA to produce novel
phenomena. In characierizing a specific phenomenon, it successiully empioys a number of siralegies:

factor-analysis, magnification strategy, and trying to find a relation to similar facts.

4.5. Behavier on KEKADA surprise

4.5.1. introduction

I the methodology section we noted that Al nas often been characterized as an empirical inguiry.
{Newail & Siman 1976, Lenat & Feigenbaum! 987 We will guote the Empirlcal Inguiry Hypolhesis as has
ceen armicuiated by Lenat and Feigenbaum:

“intelligence is st so poorly understood that Naiure stili holds most of the important surprises 0

store for ug. So ihe most profilablie way to investigate Al is 1o embody our hypothesis i programs, and

gather caia by runring the programs. Tre

[fi}

LUMIASES USustyY SUgRes: evisans that stan the cycie ower

again, Progress depends on tNese expermants Deing anle fo falsity gur nypotheses i 8., these orograms

must ba capabie of behaviar not axpecied by the axpanmentar.” [Lenat & Feiganbaum, 1587)



76

They argue that the history of Al research shows thai much of the progress has been brought about
by empirical inquines.

A number of our colleagues in CMU have been surprised by the existence of the program KEKADA
[Kulkarni&Simon 1988]. That KEKADA.1, which has only about 64 heuristics, can still account for the
bahavior of a great sclentist appesred to be unusual. One aspect of the surprise can be formulated thus |
When KEKADA is run on the urea-synthesis example, the number of state transitions ¢f the program that
maich with the behavior of Krebs is iarger than expecied. For the sake of ciarity, we will refer to the
program that produces this surprise as X, We will now explore what actions KEKADA strategles would
suggest if faced with the surprise produced by program X.

4.5.2. Initial state

We run the program with the following background knowiedge: Names of compeonents of X by
Kulkarni and Simon (1988), Names of various computers, and domains ordered by cost and availahility.
The run bagine with the system's focus of attantion on the following phenomenon: When X I run on the
urea synthesis problam, the number of state iransitions of the program that match with the behavior of the

scientist is much larger than expected.

4.5.3. KEKADA's research on cognltlve science

in resparsa fo thiz surprise, KEKADA generaies a number of hypotheses and sirategies it could
use to deal with this puzzfing phenamenon.

1. One possible strategy is to make the phenomenon easily visible by using better computers or
grehitecture. One may thus use faster computers so that it is possible to experiment with the program
with ease, or one may use an easily avaiable computer such as Macintosh or IBM-FC so that the
program can be easily distributed and studied by other researchers. One may Iy '0 uss architecture such
as GRAPES or SOAR and o see i the effects are ciearer. |n the currani run, we have nol provided
KERADA with the domain-specific knowladge necessary 1o reason deeply about the possible bengfits of
fwitching o an archilgciure with particular featurss. There 18 ancther possibie way 10 magnify tha
nhsarved affect that KEKADA coss ~ot suggest One right examine [arger numbers of siate-trarsitions
Thus ane might want 10 see § we can extend tha progmam 50 that i accounts for Krebs' day-to-day wark
cvae his antire ifetime. Soma of the effects that are not sasily visile inthe current runwould be visitle 1

sUch & run, should it become possinie to produce i,
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2 As the program X has a number of subprocesses, a possible strategy is o divide and conguer.
Try to focus on ona of the subprocesses and try to undarstand that subprocess better. One might thus
wart to focus only on the issue of choosing a problem or proposing an experment and study that ssue in
much more detail.

4. Another possible strategy is to vary the amount of knowledge KEKADA has. How much better
performance will KEKADA display if it is provided with a larger data-base?

4 Similar phenomena might exist even for task types other than post-surprise experimentation.
Can we produce similar phenomana for programs making mathematical discoveries, or for discoveries
involving a change in the representation?

5. Similar surprising phenomena might exist in other scentific disciplines. The phenomenon
obsarved might not be restricted to biochemistry. Thus KEKADA when provided with appropriate domain
knowledge might be able to produce behavior resembing behaving funcions of scienists in other
domains.

&, All three independent variables: the general-companant, the domaln-specific knowledge, and the
way the initial state is encoded may be responsibie for the behavior.

As one sees, all of these constituia reasonable strategies to deal with the observed surprising
phenomenon,

it is routine in Al to see if lessons learnt from an Al program running in a specific domain are valid
in other domains. KEKADA decides tc assess the scope of the surprising phenomanan. The advantage
of assessing the scope would ba that If the surprising phenomenon is found to have more scope, then we
will know that the features of a specific domain have not caused the surprising phenomenan and it would
be easier tp reascn about the puzzle,

KEKADA has a list of domaing ordered by availability and cost of implementation. I chooses
domains from thig list one by one. It asks the user to see it KEKADA's genaral component whan added
with appropriate domain-knowiadge can produce the behavior resembling that of Faraday on magneto-
aleetricity | thai of Wiliamson on alcohol structure, and that of Krebs an glutaming-synthesis. Whaan the
usar confirms inal they do. KEKADA infers that the general components of oregram X when
supplemented by appropriate domain-specific knowiedge would exnibit behavior resembling that of 3
setentist doing post-surpnise experimantation in any scientific discipline.

In reaiity, however, on e Dasis of our general knowledge of oW vEAOUE Sdiencat Gporale wa

wouid reglize that this 5 an over-generalizaton. it would be safer ust 1o say that the phangmenon [5 vald
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for other domains like the ones we looked at, Here we have one muore illustration of the impontance of the
scope strategy. A generaiized phenamenon 's of more importance o the scentific community than a
specific one. if a scientist starts to study expanmentation in a particular domain, his work can benefit from
concluglons about a phenomanon that is valid for a broad variety of domains. But it might ba difficult for
him to relate his work 1o a result that is specific only to, say . biochemistry.

KEKADA at this stage agan generates a number of hypotheses and straiegies about this
genaralized phenomenon:

1. All three independent variables: the general strategies in KEKADA, appropriate domain-
knowledge for a given domain, appropriate initial encoding for the initial state may be responsibie for the
behavior. KEKADA does not have the abiiity to do a causal analysis of the program iike that done in the
chapter 5 of this thesis. Chapter 5 is another exampie of how it is much easier to make a causal analysis
if we can show that a phenomanan i8 valid for a large number of cases, and not limited to a specific case.

2 Make the phenomenan easily visibla by using batter computers or architechure.

3. One possible strategy is to vary the amount of knowledge KEKADA has.

4, Similar phenomena might exist even for lask-types other than post-surprise-expermentation.

&, Divide and conguer might be a possible strategy to understand the phenomenen better.

Here we see that the generators in KEKADA are able to suggest reasonable hypotheses ang
sirategies at an abstract level. An experiment in cognitive science research can take months 1o carry out
The thought involved in carrying out such an experiment would not show up in our simuiation.
Researchers might spend & Iot of time thinking about the global goal of the experiment before actually
undertaking the experiment They might thus bring !o bear significant amount of knowledge while
attacking the problem.

The next subsection gives the actual trace of the program behavior.

4.5.4. Trace of program behavior

Heurstes Resoles

Hiz3 Dhvide and comouer 18 o possible stmiegy (0 understand the phenomenea beller.

HGH Ancther possibie stratepy is to vary the amouni of knowledge KEKADA bas,

HGI Semiiar pheposmene might exiss oven for task-types other than post-surprse-
L '.[ﬂ?“::!'LERE.ll WAL

HGL Slmilar phanomena might existio other soweonfc disapines,
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HG7 All three independent variables may be responsible for the behavior.
HOS Make the phenomenon easily visible by using better computers or architectures.
(Begm seql]

o B o v s

HSC1, DML, EP1,DMZ, El
Decides 10 assess the scope of the swprsing pbenomenon. Repeats the surpnsing
phenomenon on Krebs® |ater work leading 1o glutamine synthesis discovery. Result is that
the number of transitions matching Krebs' behavior remain high.

HOMS Increases the confidence in the bypothesis that the phesomenon may be valid for other
scientific disciplines,

{End seql]

Repeat [seql] for a number of disciplines.
HCM-7 Concludes that the originally observed phenomenon is more general and that for any
scicatific discipline, the shove-meationed phesomenon will be observed.

HGY Makes the phenomenon easily visible by using better computers or architectures.

HG One possible strategy i8 to vary the amount of knowledge KEKADA is provided with.

HG1 Similar phenomena might exist even for task-types otber thap post-susprise-
expenmentation.

HG3 Divide and conguer might be & possible strategy to understand the phenomenon beter,

HGT All three independent variables may be causally responsiiile for the behavior.

4.5.5. Results produced by KEKADA

In the research described in the previous section KEKADA tnad to defermine the scope of a
surprising phanomenen and furthermore concluded ihat the phenomenon has wider scope and is net
restricted o a particular domaln. The program further suggested a number af nypothases and strateqes

wihich could be used 10 exiend this research,
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4.5.6. Summary

In this section wa saw a speciflc example in which the strategy to focus on a surprise and to assess
the scope of a phenomenon ware effective sirategies. Furthermore we saw thal the hypothesis and
strategy generators of KEKADA were capabie of generating reasonable strategies In the specific

instance.

4.6. Other Cases from History of Science

In this section | will describe saome more cases from the history of sclance. These cases are typical
cases , describing behavior of sclentists in the face of a surprise . They would serve to demonstrate use
of KEKADA heunstics Dy scientists in many different domains.

The account of Priestley's work is based on the historical study by James Conant (1957). The

remaining accounts are based on the descriptions in Asimov's Guide to Science (1972),

4.6.0.1. Priestiey’s work on oxygen

Priestley’s discovery of Oxygen was “the central event in the overthrow of the phlogiston theary.”
{Conant, 1957] Before Priestley started his wark on red oxide of mercury, Bayen had reported erroneously
that red oxide when heated produces carbon dioxide. Thus when Priestley camed out the expernment
heating the red oxide, he was surprised o find that the gas evoived was not carbon dioxide. He further
found that a candle burned with vigorous flame in this gas. He tharafore erronecusly canciuded that the
gas was laughing gas. He proceeded o check if two other substances - red precipitate and red lead aiso
would produce the same gas when heated. Both these substances when healec¢ produced a gas in
which a candle burned vigorously. Priestley turther tried 16 test the gas by other methods. Unllke the
laughing gas, this gas burned vigorously even after shaking in the water. Priestiey then iried the nitrous
air test in which a gas is mixed with ritrous air and a candle is burned in the mixiure. The nitrous air =5t
showed that the gas was more wholesome (hat the comman air. This new gas was oxygen. Thus on his
rasearch on axygen, Frastiey effectively used three of the KEMADA strategies. foousing on surpriges,

Tragnifcation, and determination Of scope
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4.6.0.2. Discovery of X-rays

Roentgen's discovery of X-rays was an immediate sensation, as scientists had not previously
known any radiation with powerful penetrating capability. On November & 1985, Roantgen stumbled
upon a surprising phenomencn. He had a cathede-ray 'wbe in a closed cardboard box. He found that the
tube emitted radiation that made a luminescent material outside the box glow. Roentgen was surprised to
find that there existad radiation which could penetrate through a box. Next he applied the magnification
strategy. He iried to see i the radiation couid even penetraie the walls of the room, and it did. The
amazing penetrating power of these rays immediately made clear the imponance of the phengmenon,

4.6.0.3. Discovery of radloactivity

After Roentgen reported his discovery, other sciertists tied to assess the scope of the
_phenomenon by asking: do radiations other than cathode rays also contain X-rays? Henri Becquerel was
studying o see if the radiations of the potassium urany! sulphate contalned X-rays.

This could be tested by exposing the sulphate lo sunight while the compound is put on a
photographic plate wrapped in black paper. If the fluorescent radiation contained X-rays, it would darken
the plate. However Becquerel had to postpone the experiment because of lack of sunlight in cloudy
weathar. After several days, he developed the photographic plates. evan though he had noi carded out
the experiment. To his surprise, the plate was darkened by exposure lo some radiation. Thus the
emigsion of the radiation did not depend on the potassium uranyl suiphate being exposed to sunlight.
When he further thed to assess the scope of the phenomenon, he found that even other uranyl

compounds exhibit radioactivity.

4.6.0.4. Dscovery of radloactive chaing

Crookes was surprised to find that a substance he had isolated from yranium was more radipactive
than uranium. He referred to this substance as Uranium X. Becquers! further characterized the
pheroemenon and showed that Uraniuvm continually genarates Uranium X, Next the scientists attempted to
assess the scope of g phenomanos by frving 1o ses if other radinactive substances exhibited the same
property. Rutherford found Shonum generated thonum X Furthermore soon the scientists came up with a
saries of new substances and named these substances radium A, adium B, ele. | hecame evident that
radigactve substances ae tranformed into rew substances in radicactive chaing. Here we ses anothe|

exampie of How Ccrgsal SurDnsing

- |

ghangmenon indicated 3 dmension siong which sCenlsls iacked

knowladge and how ine soope-sirategy can De effactively used to characterize a surpaising phanomenaon.



4.6.0.5, Discovery of Photo-electric Effect

Lenard won @ Nobe! Prize in 1905 for his discovery of the photo-electnc effect. Later it was
reported that light with increased intensity did not emit electrons with more energy, but ight with different
wavelength could. Einstein showed that Planck's quantum thoery explained this surprising phenomenon .

KEKADA clearty iacks the abiity to create an eiaborate expianation invelving a deep thaory.



Chapter 5

Analysis

That "creativity” is bayond analysls is a romantic illusion we must now oulgrow.
Petar Medawar|1969)

in this chapter, we will analyse KEKADA and its performance.

In the first section, we produce statistics showing that KEKADA heuristics as they are encoded are
not spacific for the problems on which they are run, but are genaeral in applicability. In the second section,
we will discuss the empirical avidance showing that most of the KEKADA heuristics have in fact been
used in more than ocne problem. Tha third section notes the variety of domains and problems on which
KEKADA was shown to be useful. In the forh section, we will analyse tha reasons why KEKADA
heurnstics were effective on the problems in the last chapter and we discuss the role sach aspect of
KEKADA played in its success. The fifth section views KEKADA as a parsimonious modal producing the
behaving function of Hans Krebs. Together this evidance suggests that KEKADA strategies would be
capable of producing inteligent experimental program on problems in a wide range of domains.

in another section, we will atternpt to charactarize the class of problems on which KEKADA would

ba useful. We will aiso give reasons why exact characienization of such a class may not be possibie.

5.1. Generality of the heuristics

As figure 5-7 indicates, 28 of the 43 heuristics in the program are domain-independent, The
rermaining 15 are specfic to 3 domain such as biechemisiny, but none are specific 1o a particuiar protiem
such s urea synthess, Mowever we aliow usar-definad ordering of strafegies i the program. The etfed

o the ardenng is shown in the higure 5-3,



-
cﬁtgﬁist " General [NO Domain-specifici No
Expectation-setters ES{-5 5
Hypothesis
ng:b*l % HG1,3,6,7,9,1112! 7 HG2.45810 | 5
roblem
Generators PG1 1
EhBem PC1 1
Poosers | EP1378810 | 6|  EP25811 | 4
Hypothesis or
Strategy Choosers HSC1 1
Experimenters El 1
Hypothesis or "
Confidence Modifierg  HOM3,6,7,9 4 | HCM1,2,4638,10
Decision
Makers DM1,2 2
Total 28 15

Flgure 541: Ganeraiity of heuristics

5.2. Applicability of the heuristics in multiple tasks

As shown in the Sgure 5-2, 31 of the heunistics were actually used in more than one sk,

5.3. Empirical avidence of the effectiveness of KEKADA

The program has been run in 4 differant gorraing and was able to produce interssting research
sgsults in all thesa domains. Further, we also ‘ooked & a random sampiing of some cases from the

nistory of science and found (hat these sirategies ware widely usad.



Number of heuristics used in more than one problem = 31
Number of heuristics used in only one problem =12

Number of The heuristics No
Problems
5 EP1,HCM5HG1,HG7, HGO,HSC1,DM1,E1 | 8
4 HCM7 1
3 EP2,EP9,HG6,DM2,PG1,PCY
ES1,ES2,ES3,ESS 10
2 EP3,EP6,HCM3,HCM10,HG2, HG3 |
HG4,HGS5,HG11,HG12,ES4,HCM2 12
1 EP5,EP7.EPBEP10,EP11,HCM1,HCM4
HCM86, HCMB8,HCM9,HGB,HG 10 12

Flgure 5-2: Applicability of heuristics in multiple tasks

3.4. Analysis of the program performance

In this section, we will discuss the role various KEKADA heuristics play in the performance of the

program.

5.4.1. Role of dual search of KEKADA

Wa saw throughout the ‘ast section that the centrai source of gaining riew knowledge was
azpanmeants on nature. At imes axpenimants wamg only confirmatory, thay allowed KEKADA to change
confidence in an guisting hypothasis, Thus KEKADA's expenmaent with very 'ow concentration of
ormithing vanfiad the catalytic hypolhasis it wag entertaining. At other times axperiments gave new
information aboul what the outputs of the experiment are. Uf special importance, were the axpenments
Ihat produced sumprsing resulls, theg giving 2 vad to the regulanties nature held, The sxpeniments were
used for gathering new information aboul the external envirgnmant and lor modifying configences in the

sEigling information.
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However the experiment spaces wars large in 5izé and random experiments in these spaces would
not have produced interesting and useful information. Therefora the program always started wih 3
hypothesis of @ strategy generated by its hypothesis and strategy generators and used experiment-
proposers to generate an experiment. We saw that such a scheme produced experments with an
acceptabie rate of generating good information. The program also needed knowledge to interpret the
rosults of the experiments, Thus a specific piece of knowledge allowed it 10 conclude from an experment
that omithine is a catalyst. Thus the sirategy of carying outl a dual space search was at the heart of
KEKADA's abifity to make new discoveries, that is generating useful new information.

5.4.2. Focusing on surprise as a search-control strategy

in all the tweive cases discussed in the previous chapter, surprisas ane pointarg o pars of tha
problem spaces where a numbar of phenomena (interesting with raspect to initial knowledge) exist. In all
thesa cases, the dacision to focus attention on such surprising phenomena enabiled the program to keap
its attention on “interesting® phenomena. In KEKADA's behavior, the surprises play the crucial role in
discovery of novef phenomena.

Beyond this empirical evidence, the analytic reason for the surprise-focusing strategy is clear: when
a phencmenon in the exiernal environment is surprising with respect {0 the internal knowledge, i
indicates a dimension along which the system is missing significant knowledge. Understanding a surprise
may remove a deficiency in internal krnowiedge. Due to the uniformity of nature, similar interesting
phenomena may exist.

Once a program detects a surpnsing phenomenon and puts it on the agenda, KEKADA has a
heuristic that always prefars the mast recent surprising phenomanon over any other tasks, Though ths
schame works fine in ail the cases In which the program has been run. analytic evaiuation would ingicate
the schama is not fully satisfactory, KEKADA does not have tha fundamental ability 1o choose bhetwesn
twir diffaram puzziing problems. KEKADA, the previcus version of KEKADA [Kukarni & Sitmorn, 1988)
hag the followang critera.

[PC0) Take into considaeration ail the tasks on the agenda.

[PCAL Y no analvtic methods exist [0 measurs the oulpuls of a process or 1o carry oul the process,
allminate i

P2 i the task is not regardsd as vary smpaant by ihe disciphng, siimnate i

IPCAL W a new method significantly increasss the rate at which a iask can be carmed out ang its

accuracy, then prafer it over another mathod | ather things being equal.
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[PC4] If there are no other criteria applicable, then make a random choice.

[PCS] If you do not have the skill to study a task, eliminate it.

[PCE] Other things baing equal, prefer the task that can be studied more accurately.

{PC7] Other things being equal, prefer the task which can be carried out fast.

These criteria are the kind of criterion we would use to choose among the problems in science.
Essentially we want to choose problems that are both important and solvable within the state of the art
KEKADA doss not have the ability 10 evaiuate the imparnance of a new problam. One possibie criterion ig
to see i the surprise is related to previous supergoals of the system.

We leave this as an open question which the program does not address. If the goal of science is to
produce and undarstand “novel and useful” phenomenon, our program has a notion of "novelty”, but lacks
the abliity to evaluate the relative imponance of focusing on differant tasks on the agenda.

One may want to ask why KEKADA's simple scheme works. Gne would nofica that KEKADA's
expariments are related to its general cbjectives, and thus the surprises wiil actually turm out o be
relevant to the general area of interest of the system.

As Pasteur said, surprises occur to the prepared mind. KEKADA prepared its mind by setting
expectations with every experimant it carried out, Thus we saw how expectation-setters along with the

surprise-detector heuristic wera needed for implementation.

5.4.3. Role of KEKADA control structure

As we noted in chapter 3, KEKADA's control structure simply combines the Ideas of ifs dual search
and surprise-focusing strategy withoul allowing the iwo fo interfere with each other. Wa saw in the
pravious section that it does serve that purpose in alf scenarios.

5.4.4. Strategies used to understand the surprising phenomenon better

We naw that having focused on 3 sumnaing phenomenon, the program smploys tha following
straiegies.

1. Magnify the phenomenon Dy varying apparatus vanabies

#. Dwide and conguar: tha surprising sifect may depend on ane af the subprocesses.

T Agsess the scope of (he sumpnging phanomeanan.

4 Destenming if gl the indspendent entifies are necessary [0 produce Ihe surpnsing phanocmanan

5. Try to find any relation o closely refaied phenomana and study any hypotheses suggesied

dormamn-specfic heunshcs,
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6. Use a number of domain-spec:fic strategies.
Below we discuss the role these strategies play in the behavior of the program,

5.4.5. Magnification Strategy

Empirical evidence of usefuiness of the strategy: In all the cases we saw, the attempts 0
magnify the phenomenon were limited to a few experiments, and thus a reasonabie cost. In the
magnetc-electricity scenario, some of the effects may not have bean visible if the program had not
attempted to first magnity the effect and than tried other manipuiations. In the case-study of Rutherford's
work on alpha particle bombardment, his declsion to use a powertul device made visible what was the
first man-made transmutation. When Roentgen observed the surprising radiation that penetrated the
card-board , he chacked i the radiation could penetrate the thickar wall, too; and it did. The surprise in
the magnified form- that the radiation coud penelrate a thick wal- was a more novel and important
phenomanon,

Analytic evidenca of the utility of strategy: The advantage of magnification is clear: it increases
our chances of making the crucial cbservations in the further experimentation on the puzziing
phenomenon, which would help ug clanfy the surprise. For example, at imes, the surprise may oocur
becauss that the observations are spunous or small in magnitude arc are not visible, Secondly if a
surprisa is magnified, itis iikely to be more "interesting” for the same reasons discussed above about why
surprises are inlgresting. A magnified phenomenon may aiso be more uséful, in some cases.

in the program's runs, the cost of this stralegy was limited due to the fact program only knows a
limited number of relevant variables and sets of values associaied with them. However the program doas
not have the notion of 'cost, and adding it might be one way of improving the parformance of the
program.  Second, the program uses a relatively simple scheme in its atternpts 10 magnify the
phenomsanon. Another way to exiend the program would be o ailow it 10 attempt magnification by using
more elabirate general problem solving processes. This might allow it 16 make the kinds of charges in
the apparatus which Anderson carred out whern he observed a carticle behaving unex@ectedly

Concomitant vanation of an independant varisble with a dependent varable can be aiso he used 10
ipfar a causal ralation hetween nem. KEKADA al present 'acks such an atiily. Sul thal would consiituie

2 usehiiaulension,



5.4.6. Determination of scope

The omithine effect in kidney and the surpnses in the Al case and in the ether case were more
general than the originally observed phenomena. Tha hisiory of science provides numerous examples
where initially observed specific surprising phenomena are found to be more general on closer
examination. (Soms of these were cited in tha special section on exampies from tha history of scence in
the previous chapter.) In all these cases the surprising phenomenon is interesting, hence showing that it
is vafid for a general class furthers ifs importance. AsS we saw in the ether case, there are fewer
hypotheses that can fit a generalized description than a particular one, thus we have a simpiified problam
which can solved more easily. in the case of thestudy of the ornithine effect in kidney, after cbserving
that the effect is general to the class of amino acids, experdmants were then carried out with alanine, a
cheaper and more reactive agent. Besices, pnor knowledge about amino acids helped in understanding
the effect. Thus two more advantages of generalizing a phenomenon are that it improves our
gxperimental confrol by giving us much wider choice, and allows us {0 use knowledge aboul @ wider
cfass. As we are iikely to have more knowledge about a wider class, it incrgases the chances of solving
the problem at hand.

Angther point to be noted is that we are not seeking prec s& quaniifications while determining the
scope of the phenomenon. Only rough quantifications suffice to give us the above-mentioned
advantages. We know from BACON that a greedy regularity seexing heunstic is useful in the global goal
of sesking regularities. Our wish to generalize is also partly a reflection of the reqularity seeking
character of nature.

Now we need to assess the cost of the strategy. In the cases we lpoked at, this is a imited cost
strategy. We discontinue using the strategy afler the cost exceeds a certain vaiue. As in many cases,
more specific urderstanding of a puzzie is Wkely 10 involve a iong-term effort, searching a ‘ot of very
specific explarations (the space of specfic hypotheses about the causasly may be large), a smited
amount of exploration rghtin tha beginning is 3 Mghly cost-elfective strategy.

Concomutant vanaton of an independent vanabie with 3 degendent varabie ¢an 320 be used 10

infer a causat retaton betwean tham, KEMADA at present lacks such an ability,



5.4.7. Divide and conquer

Given a certain state of sophistication of instruments, certain hypothases can be tested by a single
experiment, whereas other compiex hypotheses can only be tested by a large number of expenments. H
a complex hypothesis has many subcomponant hypotheses that can be tested individually by a single
experiment, then It wouid be efficient to consider one subcompenert at a time, carry out an experiment
and use the information gained from this expeniment in further choice of hypotheses.

Furthermore, generators that create a simple component of a more complex hypothesis can be
potentially used to generate a larger number of hypotheses, and would give a system required parsimony.
Thus a parsimonious system would only possess genarators that can create simple hypotheses, and
complax hypotheses would have 10 generated by combining simple hypotheses. Therefore it is much
easier for such a system to generate good simple hypotheses about subcomponents, than generate good
complex hypotheses.

For these two reasons, an agent might prefer to divide a compiex phanomeanon intg simpler
components and focus on a component at a time. This will enable it to genarate good hypothases and
strategies and it will also be able 10 test each hypothesis with a singie experimant,

The program’s strategy of dividing processes inio subprocessas is a specific implamentation of our
intuitive notion of the divide-and-conguer strategy. Even the factor-analysis strategy used by the program
can be viewed as a specific impiementation of the divide-and-congquer siralegy. These impiementations
together however do not completely capiure our intuitive notion of the divide-and-conquer strategy.

Reducing the complexity of a phenomenon by focusing on a smaller part aliows an agent to have
good generators of hypotheses about a part of the phenomenon and also conveniently test a hypothesis.
KEKADA used this sirategy only in the urea synthesis scenano and it did not pay-off. We have discussed

the analytic reasons why such a strategy is neverthelass knowrt 10 be usaful.

5.4.8, Faclor analysis

Wa saw that this strategy was affective in the case of magnsto-electncty. in the make-sffect both
mpgrieds ligid or eleciic current sndividually or together could have caused the observed inducion of
alactic curtent. By loousing Gn each facion saparalply, KEKADA simplified the phenomanon, thus clearly
egtablishing that & magnelic fiaig aisng 15 capable of inducing elattnic currant.

ln geroral the tactor anaiyais sirglegy allows s 1o ramove draevant vananhas, Thus o simpifiss

the problem by reducding the degrees of freedom, and thus the size of the relevant preblen: space
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5.4.9. Gather Data Strategy

We saw that while KEKADA gathered more data about the deamination reaction by running
experiments on various aming acids, it produced important data on deamination of am:no acids and also
came across the surpnsing glutamic acid effect. This shows the usefuiness of the gather-data sirategy.
When one finds a novel and unusual phenomenon, even systematic collection of data about the
phenomenon can be of greal interest 1o the scientific community. Furthermore while collecting such data,

SUMpnNsas can wrn up.

5.4,10. Related phenomenon

KEKADA aiso has a strategy which recommends trying to find relations between the surprising
phenomenon and a similar phenomenan.

We saw the utiiity of the strategy in the magneto-eleciricity case. When KEKADA was studying the
phenomanon in which breaking a magnatic circuit induces current In the adjoining coil, it tried 1o relate it
to Arago's effect. This led the system to see if motion of the magnet ca}'t produce electricity in the coil and
it doas. KEKADA generates this strategy with one of the lowest prefarance.

As KEKADA is supplied with a iimited amount of knowledge, one might question whether, in case
KEKADA had general knowledge about lots of phenomena, the similarty heuristics might detect such a
‘arge number of apparently related phenomena as 10 create a search problem. We leave this as an open

question.

5.4.11. Domain-specific strategles as efficlent and practical Instantiations of General

strategies

The domain-specific strategies are afficient and practical instantiations of morg general pringiples,
Wa would tke to illustrate thig wvath the impiamantation of Mi's difference principle:

Bt 3 Difigrance Fongiple tells g that f undar conditions C1, phanomenan P ooous and under ©2
t goes not pocur, (hen the differances betweaen C1 and C2 are causally rasponsibie for the changmenon
P.But when wa 3pply 198 prnoigie to g pharpmenon in which fittle wres s formed in fissue sice and & 1
keown that an amino aod woud form orea unger the sama condtons n the human body, ditterence
principles could potent ally gereraie hundreds of organic compounte ang olher sondificns thet exst i the

bidy but ara ngl prasant oo Lssue cuttura,  These hypoth#sas wouiQ Create a search probles and could
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not be easily tested by an experiment, Qur domain-specific implementation would suggest only testing
sEmulators. Thus it suggests a few substances which can be experimentally tested.

In a task-environment where cur access o instrumants is iimited, in some cases knowledge can't
ba replaced by more search, because hypotheses generated in a larger search space can't be tested with
the available instruments. Alternatively it one has access to all the instruments that are used by the
scientific community and the skills o use these instrumeants, knowledge would only frade against much
largar amount of search.

Thus by using the genaral principles in domain-specific forms, we reduced the search problem and

genarated some plausible hypotheses which could be expenmentally tested.

5.4.12. The effect of the intervention of the user

As we mentionad earliar, we have aliowed the user to reset the priorities among diffarent stralegies.
In some cases, this was done to get a befter fit with the behavior of the scientist. R also resulted in
reducing the run-time of the program. However the system does not go astrhy in the absence of this
user-interfarence. It just needs to carry soma additional experiments before making the discoveries.

Figure 5-3 shows the number of experiments KEKADA needs to carry out In the absence of the
user irtervantion. it shows that the number of expenments would increase only by a factor of about two in
the absence of this imtervention. (In the cases where KEKADA generates a set of sirategies all with equal

priority, the tabie refers to the worst case scenario.)

5.4.12.1. Urea synthes!g problem

To filustrate how the user-intervention is used, et us éxamine a particuiar exampla.
When faced with the Ornithine effect, KEKADA produces a number of stralegies and hypotheses,

with the priorities indicated in the brackets,

Tey to magnify the effect (1)

Divida and coaguer {(3)

Assmss the Bcops over the olsss of amino acide (4}
Assass the Scope orvsy the class of amings(d)

Rigzems the Scopa over the class of carboxyllic acide{4)
Yary the concentration of Crnithine and of ammonia (4]
Faceor analyveis{3),

Qrnithine may ba acting az 2 catalyst {8},

Amenonis may be acting =23 a catalyst (8],

Bypothasas about what r2acstant might be donating what gsoup
The sifect might be related to the sapginine reagtionid).

P
|IIE

Lser orders tne stratagies as delow.
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Experiments Experiments
with without

Problem user-defined user-defined

priorities priorities

(worst case)
Urea Synthesis 48 82
Amino-acid metabolisms 34 71
Magneto-electricity 37 54
Alcohol Structure 3 12

Figure 5:3: Number of Experiments carried out

Try to magnify the effect (1)

Assess the Scope over the class of amino acids (4)
hssess the Scope over the class of aminens(d)

Assass tha Scops over the class cf carboxyllic acids(4)
Orpithine may ba acting as a catalyst(§).

In the absence of tha user's intervantion, the program wow'd have to choose randomly batwean the
strategies with equal prionties. In the worst case scenano, KEXADA carries out 22 more expariments in
the absence of user-defined priorities as compared to the run with such prionties. In this particular case,
Krebs did carry out expenments to test such hypotheses as: Omithine might be donating an amina group
to urea Therefore the program will produce a better fit with Krebs' behavior in the absence of these
particuiar user-defired priorities. Howevar in almost ali of our other cases, we have used user-defined

prionties o improve the fit with ihe behavior of the scientist.

5.4.13. The role of (he missing processes

in this previous chapter, we noted a few discrepancias between tha bahavior of KEKADA znd thal
of a scientist warking on the similar problem, and we lound that the scientisis were employing some
sdditiopnal orocesses Balow ae will list the vanous processes we ohserved arnd discuss o thaza

processas could pe used to amprove the peformance of the program.,

P R —— £ Vi<l T g LRt pom o il A e =L Ry - - -
DCasses may G WOk nat 15 NOY ergClly sgrewanl D7 e [3sK 50ihon, Dul reght ba impartant ¢
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some other problems. For example, consider the expenments Krebs carmed out on liver tissue slices of
wall-fed and ill-led rats, KEKADA does not have the knowledge about the relation of expaeriments in
tissue slices to reactions in the human body, and thus does not camy out such experimants. However
there could ba other problems where possessing such knowledge is necessary to make progress.

In some cases, scientists employ additional processes {0 use new results in the context of other
related problems. In the previous chapter, we discussed Priestley's use of KEKADA strategies. While
Priestiey was camying out these expenments, he was aiso looking at the results and using STAHL-like
heurigtics to make inferances about componants of chemical reactants. KEKADA works on only ong
problem at a time and limits the kinds of inferences it doas from a new axpariment.

As we saw in all our examples, KEKADA works at a higher level of abstraction, and the scientists
do need cerain procasses 1o be able o plan the detaiis of an expariment. Processes working at a lower
level of abstraction can occasionally affect the designs at a higher level of abstraction, as we saw in the
case of Faraday's cbservations on switching off an electric circuit As KEKADA works only at a higher
lgvel of abstraction, it is simpler 1o design, but is unable lo reason at a lowar lavel of abstraction and use
this reasoning in the context of the problem at a higher level abstraction.

Lastly, while working on one particular problem, productions whosa condition sides are not met,
would not play any role. Thus our chemistry-specific heurstic do no work in the run on magneto-
glactricity and do not play any role. Thus a large number of processes a scientist possesses may not play
any role in solving a specific problem.

One would therefore expect that our program, lacking these processes, would be able to make
digtcoverias on a range of problems smaller than the range of problems a typical researcher is capable of.
Whean wa tried to sat i KEKADA can run on an arbitrary problem faced by Faraday, we found that there is

direct armpincal evidence ndicating so.

5.4.74, Aofa of tha Archilecturs

Procasses wara reprasented as productions in OFS5. As many of KEKADA sirategies 'ake the
form of condiions ang achions, thal was pariculary approprate. Howaver therg are some KEKADA
sirategies which reason about e mamber class relation.  An archilectura ke GRAPES which has

schamias and rules wouid be beller suited 0 these.
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5.5. KEKADA as a model of Hans Krebs

KEKADA can also be viewed as a parsimonious model producing the behawvior of Hans Krebs. We
include in the appendix a paper that analyses the validity of KEKADA, as a model of the heuristics Hans
Krebs used in his discovery of the Omithine cycie.(Kulkarni&Simon 1388) This provides additional
avidence that KEKADA strategies should be applicable 10 a larger class of problems than the five tasks in

the last chapter.

5.6. The class of problems over which KEKADA is applicable

Even in the case of a human researchar, wa can not characterize precisely the ciass of open
problems in a ressarch area s/he will be able to solve. We might say that tha area of specialization of a
researcher is graph theory. That would mean that he is capable of solving some problems in that area.
We can only charactenze a wider class of problems of which he has the abikly 0 soive soma. Thus
experimental physicist might be able to make some discovenes in expgrimental physics after trying his
hand on a larger number of problems. In the case of KEKADA, this class can be characterzed as the
class of problams In empiricat sciences in which a surprise is involved. However the size of the class of
probiems it would be able soive would be much smaller than 1he size of the class of problems a typical

human researcher can soive,

5.7. Summary

in this chapler, we discussed the empiricai and aralyvcal evidence that shows that KEKADA
strategies are capabie of carrying out an intelligent experirmantal program on & wide range of problems.
KEKADA strategies are not specific for the panmicular problems an which they were run. Furthermore most
of these have heen useful on mora (han one problem in the runs (n the previous chapter. We alsp

analyzed the reasons why KEKADA sirategias arg effective in producing inlarasting results.
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Chapter 6

Conclusion

Whancs is it that nature does nothing in vain; and whence arises all that order and beavty which wa sea
in the world?
Sir Izsac Newlon(1931),

6.1. Summary of the Ideas in the Chapters

In Chapter 2 wa characterized tha nature of the problem of scientific research and defined a sef of
problems. Ws also described the methodology used to study this problem. Chapter 3 described the
program KEKADA. KEKADA carries out a dual space search . We discussed how KEKADA focuses on
surprises and tries to characterize them, Chapter 4 described the behavior of the program whan it is
placed in different task-situations. We ran the program successfully in the domains of biochemistry,
magneto-electricity, chemistry and cognitive science. Chapter 5 analyzed the behavior of the program.
We discussed the empincai and anaiytical evidence indicating the efectiveness of KEKADA strategies in

a wide variety of domains. This chapter will summarize the conclusions drawn fram the work .

6.2. Ceniral Thasis of this research

The thesis of this research is Ihat KEKADA is capable of carrying out intelligent expenmen:al
programs on problams similar to those faced by a number of expermental scientists, KEKADA has a se!
of exparmantation strategies, hat ware datected from the traces of 1he behaviors of scieniists. KEKADA
strgtegies Include - focusing on 3 sworsing phanomenon, characlanzing the suronsing phanamanon Sy
general sirategies such as magnification, applying divide-and-conguer, determining ihe scope of
phencmenon, factor-araiysis, relating 0 similar phenomenra. a2nd domain-spacific sirategies and
hBypathesss,  The domain-spechic hewrisice in KEXADRA arg eficient and practicat [nstashations of

ganerai srategies such as - controded oxpaéfmentation, determnalon f compiaxity of 3 pmcess, testing

ol a causal chain, cornponential analysis, difarencing and divide-and-conquer, Howevar KEKADA lacks
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many abilities a human researcher possesses and thus it would not be a good expenimental scentist in it

present form.

6.3. Contributions of the work

This work advances the state of the art in Artificial Intelligence by producirg a set of computational
strategies for expanmental research applicable in a wide variety of domains. The KEKADA work aiso
shows how a detailed hislorical account of scientisis work could be examined to extract domain-

indepandent and domain-specific computer-implemantable strategies that scientist used in his research.

6.4. Relation to other work

In this subszection, we will discuss the work in discovery and exparimantation which is related to my
research work.

Dendral and Meta-Dendral: Dandral showed that one way to deal sffectively with large search
spaces, is 10 use knowiedge lo ientify constraints, and then apply the generate-test method, Thus
Dendral suggests one way 1o deal with problem of creating good generators. While DENDRAL can only
use information about structures from mass spectroscopy, KEKADA's study of the chamistry of alcohol
shows that it |3 possible to get mare knowiedge by carrying out reactions and this knowledge may
serandipitously lead to clues about the structure of some molaculras.

BACON: Langley, Siman, Bradshaw and Zytkow(1987) designed a series of programs, including
BACON, GLAUBER, DALTON and STAHL, that used a small number of simpie and general heuristics to
induce a large number of Iheoriss from data. A natural guestion which BACON programs raised was
where the data came from. Tha present ressarch is amed at addressing fthat issue and is a natural
gxtension of lhe BACON research. To illustrate the point clearly, congider the phanomenon that red oxide
of mercury when heated produces Oxygen. This reaction has Deen used as 3 data pont by
STAHLIZytxowASimoni386), STAHLP{Ross&langley1988) and REVOLVER{Roseklangiey1988)
programs, ‘We earier discussed now Priestiev used KEKADA strategies in producing this oata point.

Cther programs such as ABACUS (FalkenhainerZMichaeisk, 1988)and COPER (Mokar, 1988)
rgva further addrassed some of (e isduas 1 1he indiuction of theones from gata,

Schank’s work: Roger Scnank [19R2Y bas sigued for a central role Tor expadtation failures in

‘saming. His work bas targely focusad on remindings in the face of expectation failures, KEKADA work
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focuses on experimentation strategies which could be used in the face of an expectation failure and thus
is more in spirt of the work of Carbonell (e.g. Git&Carbonell 1987). A number of KEKADA strategies (a.g.
determination of scope) would benefit from remindings of similar experiences. Our mechanmism for
retreval of similar phenomena in the 'reiating similar phenomena heunstic’ is relatively simple and would
banefit from 8 more sophisticated model of memaory. In the cases in Schank’s book, one does not have
the freedom to carry out experiments on external environment and therefore KEKADA strategies couid
not be used. On the other hand, the explanations in his book would not be applicable to many of the
surprises KEKADA encounters. With the state of the art in the 1930s, the only explanation of the
ornithine effect was the detailed mechanism by which urea is formed.

MOLGEN: In 1879, Friedland designed MOLGEN which used skeletal plan refinement to design
expariments In molecular biology, seeking to mode! the human experiment design process. His work
shows that the design of experments involves a gradual refining of more abstract plang, KEKADA is
capabie of designing experiments at a certain level of abstraction, leaving cut the details. The design of
the left-out details would need further use of {(mainly domain-specific) heuristic processes,

Whila MOLGEN can generate a plan for a specific experiment, KEKADA can interprete the results
of the experiments, using them to modify the hypotheses and in um again carry out furthar
experimentation. Friadiand and Kedes (1986) (Also, see Karp 1986) have further proposed to build
MOLGENZ using Intarviews of Yanolsky in molecular genatics.

As KEKADA works on a domain with a shallow theary, the credit-assignment problem is not a
crucial one. Accumulation of empincal data in the form of programs working on different domains with
differert characteristics would eventually enabie us to undemtaﬁﬂ which mechanisme are affactive in
which kind of domains.

EDISON: EDISON (Dyer Flowers&8Hodges 1986) uses procasses of mulation, generaiization, and
aralogical reasoning, and organized, indexed episodic mamary lo invent novel new devices. As the
KEKADA wark in slagtro-magnetism produces phenomena which wera directly used as rew devicas, we
could maxe two ponts. KEKADA stratagies witich focus on 8 swiprise and anempt (o charscianza it are
useful in the invention of new davices. However KEKADLA also used 1he the Neunstic of reiating simvlar
phanomena in org of 15 cisdvanes in magneto-alecincity. In that case, i related an gxisting shenomanor
with 3 pravicusly Known phenomencn, that reported by Arage. Wa aiso noted thers that as we had
sypplied KEKADA win Arage's offsct bul haven'l invastigated whnat would nappen & KEKADA knew iy

more phanomeang. The question of meamany reinoval (3 ikely 10 Decome nporant in such 2 case. While
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KEKADA implements the strategy of relating 1o a similar phenomenon in a specific form, this strategy in
its general form includes analogical reasoning. However analogical réasoning can be a good generator of
ngw experimants which we have not expiored in KEKADA.

PRODIGY: While KEKADA uses expenmentation only 1o acquire factual knowledge,
experimentation could also be used to refine parially specified operators, and to acquire control
knowledge. PRODIGY is a general-purpose planner (Minton&Carbonell, 1887). Gil and Carbonell (1887)
describa a number of techniques PRODIGY uses to refine partially specified operators. Another well-
known program which usas experimeniaion to refine its operators is LEX (Mitchell,1983).

AM: AM is a program that can rediscover many concepts in mathematics (Lenat, 1976). i uses an
agenda-structure in locussing attention on interesting concepts. While the task of AM is not isomorphic to
that o! KEKADA, there are some similarities in the two programs. For example, while AM uses a number
of heuristics to avaluate interestingness of a concept, one of the heuristics recommends increasing the
interestingness in an unusuat relation between two concept, very simifar to KEKADA. AM has also bean
viewed as carrying out a dual-space search (Barr & Feigenbaum, 1981). The experiments of AM , like the
KEKADA expariments in Al, are not on an externai environmant but on thought material,

KEKADA work provides extansive evidence for the utlity of a surprise-focussing strategy to many
domains that carry out experiments in an external environment. Thus thera might be a number of
mechanisms that can be used both to carry out experiments on the external environment and %o carry out
information processing experimeants.,

Meta-DENDRAL used the version-space method to infer rules from mass-speciroscopy data
{Buchanan&Feiganbaum, 1978, Mitchell, 1878) Another program, Eurisko(l.enat, 1983) can alsq discover
rew heunstics as well as make changes in represaentation. KEKADA does not have tha ability to discover
naw productions or make ¢hanges (n ts represantations. Thus these other programs show one natural
way o extend KEKADA's apiities.

ADEPT snd PHINEAS. Falkenhainer and Rajamooney repert on a sysiem that can generals a
theary by using analogical reasomng and thad cary oub Gxpariments 1o verty  that thaary,
{FalkenhainerkPajamonrey 1388} This shows that there are probably many more siraiegies o ganarate

sxperimerts than thosa in KEKADA

BIGTRAK Weosk: Kianr, Shrager ang Dunbar (ShragerdKishr 12856, Xiahe2Dunbar!288) ~ave
studied childen's discovery of the functionality of a new key i the oy BIGTRAK, They found that childran

=

carry out cual-space search.  This comes 35 a funther evidence of the ulily of dual-space search.
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Work In history of science: KEKADA work shows how a detailed histoncal account of scientists
work could be examined to extract domain-independent and domain-specific computer-implementablg
strategles that scientist used in his research. This shows that the accounts in history of science are
informal and incomplete descrptions of information processing Involved in science. Computer programs
require precision in specying how information processing transformations are occurnng. KEKADA
research extended earfier work on STAHL and Thagard's program and others in showing how historcal
accounts could be usaed effectively in creating computer programs.

6.5. Directions for future research

There are a number of possible ways in which this research can be extendad. Subsections beiow
describe these in detail.
6.5.1. Comparison of plan-tweaking with experimentation

Schank has ncted that subjects sometimes create an sxplanafion by plan-tweaking when facaed
with a surprise. it remains an open issue 'o understand when an agent should resort 0 KEKADA
exparnmentation and whan it should generate an explanation by the plan-tweaking.

6.5.2. Problem-choosers

We might want to extend KEKADA by replacing the prasant scheme of choosing a problem by a
more elaborate problem-chooser as we discussad in chapter 5,
£.5.3. Cresation of discovery asslistants

Cina possible extension to this wark wili be to create automaled research assistants which can be
distributed to & research community.
#.5.4. Reprasentation Change

As wa saw i This (nasss, new prnenomena oflen emerge 35 surpnses it tha context of stugy of
comg other pherameng. The older rapresentations migy not be most eficient 1o redson about (he nawly
discovared phenamanad. Thus wnan Krebs dizcoversd the grmithine owtia, fa centinued 1o raDresent 4 n

tarma of the basic reprasentalian of reactions. If was only lates when thé importanca of the paculiar @ naw
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cyclic phenomena was realized, & study was dane of the cyclic nature of tha phenomena and new
representation which made cenain featres easily accessible emerged. Change of representation in

discovery is in general one of the opan areas,

6.5.5. Integrated models

A possible next stap would be towards integration into a discovery Sysiem that has the vanous
experimentation strategies of KEKADA, BACON heuristics for creating new laws and new terms, and
ability to reason about causaiity. it may aiso have an EURISKO-ike abiity tc make changes in

represantation. Further extension would allow it to discover new hauristics,
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Appendix A
Glossary

Alaning: CHyCH(NH,)COOH, is the simplest of the optically active amino-acids.

Ammania: NH,

Aminase: Arginase is the enzyme that catalyses the hydrolysis reaction in which arginine produces
ornithine and urea.

Cysteine: This amino acid has chemical formula CH,{SH)CH(NH,}COOH

Cadaverine: H,N(CH,)gNH.

Guanidino: The Guanidino group is characterized by (NH,~C(NH)-NH-). Arginine and creatine
are exampies of guanidino-bases.

Perfusion method: In the 1920s, perfusion was one of the methods used 10 study experimentally
the metabolic activities cccurring in an organ. In the perfusion methed, the organ under study is artificiaily
provided with an independent circulation, driven by a mechanical pump, of blood of an individual of the
same species or of certain physiociogical salines. The organ is thereby maintained under conditions very
close 1o normal physiolegical conditions.

Lysing: This is the next higher homolcgue of ormithine. The chemical formula s
H N(CH,) , CH(NH JCOOH.

Q-rate: mm per hour per mg tissus,

Tissue-slice mathad! In this methed the expanmant is camed out with thin fssus slices. Provided
certain conditions are fuifiied, these slices will survive for some Nours, apparantly in a manner that closely
approximaies the physiclogical Sliges are gasy 1o praparg angd manipuiate. The size of the gvarage call
's such that the proporion of damaged cells o undamaged |8 very small, and the debrs of the damagad

cefis can e remaved by washing,



104



103

Appendix B
KEKADA Heuristics in An Ordered Form

B.1. Expectation-Setters

[ES1) Expacted lower-bound is set 10 be the lowest of the lower-bounds’ of maiching expectation-
summaries. if the afiribute is numeric.

[ESZ] Expected upper-bound Is sel 1o be the highest of the higher-bounds’ of malching
axpectation-summaries. if the attribute I8 numaeric.

[ES3] For an attribute with symbolic value, expected value is set 1o be the the expecied-value
associated with the matching summary element.

[ES4] it the previous expectations were not based on experimental avidence and the atiribute is
numeric, then the lower bound is tha lowest quantily cbserved previously minus a iolerance factor. The
upper bound is the largest quantity obsarved previously plus a tolerance faclor. The expecied-value with
1 symbolic attribute is that cbserved in the expsrimant,

[ESS) i the previous expectations were based on at least one experiment, and the present
experiment violates the bounds or value in the expectation-summary, update 2.

B.2. Problem-generators

(PG} i the outcome of an experiment viciales expectalions for i, then make 1he study of this

puzziing phenomeanon 3 task and add 1t 1o the agenda.
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B.3. Problem-Choosaers

At present we have a computationally simple scheme for choosing a new problem, KEKADA
focuses on any surprise it encounters.
[PCI) If & new task 10 study a puzzling phenomenon is being added 1o the agenda, prefer it over all the other

tasks, making it the focus of anention,

B.4. Hypothesis or Strategy Choosers

(HSC-1] Evaluate the alternative hypotheses or strategies and choose one or more of them for consideration
using the decision-maling rules.

B.5. Experimenters

In the curmant system, thare ara no expermeantation heuristica.

{E1] The ocutcomes of experiments are stored in certain working memory clements and are directly copied
from them, -

DM1 production implements this siralegy.

[DM1]} The order in which the hypotheses or straiegies are considered is based on the user-specified
priorites, which closely resemble the program-defined priorities.

Furthermora at times KEKADA needs 1o choose among alternative members of a class. 8.9, it may
to have o choose among a number of amino acids. The OM2 heuristic implements this.

| T2} The substances are stored in the form of an orderad list. (1L is assumed that this list has been ordered
by cost and availability criteria.)

[HG1] I an independent variable <at> associaled with an independent entity of a surprising
phonomenon has value =v> and «cl> 8 a class of vaiues ol <at> containing <vs, then consider the
strategy o delerming ina scope of the phenomenon over the range of values spacitied by <¢1>.

[HGZ] ¥ substances previcusly known lo influence the phenomenon were absant from the
surprising phenomanan, then hypothesize that the absence of sugh an aclwalorinhibior 's the causal
faciar behind the surprise. (Set prondy equaitcbs 2. |

{(HG3] If there 5 3 hypothes!s that 4 phenomenaon has subprocesses and the pheromeancn is nojed
A% suprising, nveothesize thal the sumpnsing mesull depands on one of 1he subprocesses (civide-and-

condguer stratagy).
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(HG4] ¥ a chemical reaction produces some oulput (wilth g-rate of guanity above a minimum
{hreshold), create hypotheses asserting which reactant donates which group (o the outpul substance and
# there is mere than one reactant, then a reactant may ba a caialyst. ! the reaction has only one known
input and only one output, then guess that there must ba othar auxiliary inpuls amang substances around
or other auxiliary unknown outputs. Note it is possible that more than one structural formula has been
hypotlhesized about a given input of output. (Sel priority to ba . )

(HGS] it the given phenomancn ig a chemical reaction and a one-step reaction from inpuls to
outputs of a reaction is found not 10 be possibia with only two inputs |, then creale the hypothesis that an
imermediale exisls. (Setprornty lobe 8. )

[HGE] if the goal is to study a puzzling phenomenon and another phenomencn and the surmrising
phenomanon cortain two commeon dependent or independert entitiss , 1hen create a hypothasls that the
other phenomenon may be ralated to the surprising phenomsanon.

[HGT] If the phenomancn has 'wo or more independent anlitias, then consider the strategy of
deciding whether all entities are necessary 1o produce the phanomenan.

[HGB] If the surprising pheromenon is a chemical reaction and the inpul reaclamt <ii> s
hypothasized to have the formula <ii1 1> or <li12>, the group <gr> is presant in the formula <ii11> but net
<iii2>, none of the other inpud reactanis contains the group <gr=, and cne of the oulput reaciants contain
the formula <gr>, conclude that the reactant <i1> has the formuia <ii1 1> and not «iii2>.

[HGS] i a phenomenon is found to be surprising, then a possible sirategy is o attempi 1o magnify
the effect (or make it convemently visible) by changing the apparatus variables associated with the
phenomanon.

(HG10] 1 the phenomenon under study is a chemical reaction and the incremental g-rate of an
auiput rises unexpeciedly on adgding an inhibitor, then concluda that this reactant is being consumed in a
cherncal reaction. (Thus it may be either degrading or reacting with cne of the other reactants. ) (Set
priority (o b8 6.}

fHGT 1] Activate any praviousty Known hypotheses aboul ihe surprising phenomenan

[HG12] 1 one of the vanables of ine surprising phenomanon § a class, ihen g possinle stategy s

to gather mare data by camang oul experiments on the vanoyus members of this class.
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B.6. Experiment-Proposers

[EP1] if the prefermed strategy is to assess the sCOpe of a surprising phenomenon over a class of
values of an attribute of an independant entity, then use tha decision-makars o choose a value A in that
class, and decide 1o study (he phenomenon with A as the valua of the variable.

[EP2] if there is a hypothesis that the chemical reaction under study contains 2 subreactions PR1
and PA2 onae followed by the cther, and 11 is the set of inputs to PR1, and 12 the set of inpuls 1o PR2,
then study these two reactions, measuring the rates of formation of the cutputs.

|EP3] If tha preferred hypothesis is that the phenomenon has A and B as 2 independent entities,
carry out experimeris on A and B in combination and on A and B saparately. An independent variabla
associated with A may be dependent on somae variables associated with B and vice versa. In such a
case, the experimenter should add additional apparatus to give causal suppon to the varialde,

[EP4] If the phenomanon under consideration is a chemical reaction and the preferred hypothesis
is that <in» donates the group <gr> to the <out>, then carry out the reaction making a special effort 10
measura the rate of consumplion of <in> and the rate of formation of <cuts.

[EPS] If the chosen hypothesis is that the reactant A in an experiment is a catalyst , then camy out
the axperiment over long periods but with very low initial quantity and concentration of A. Measure final
quantities of all outputs.

[EP&] I the chosen hypothesis is that the reason for a surprising culcome is in the absence of
some entity, choose one of the entities that eariier experiments seem fo have associated with the given
class of processas and study the eflects of adding this entifty 1o the indepandent antities associated with
the surprising phenomenon,

[EPT] If the chosen strategy is divide-and-Conquer , carry cul gach of the subprocesses of the
phenomenon under various conditions.

{EPE] If the prefarred hypothesis is o study the relation of another phenomenon 10 a surprising
phanomanon, than creats the foliowing hvpoihases and add them o the hypothesis set;

fajlf the sumprising phanomeanon and the related phenomenon have 3 common dependent entity
<> and 3 common independent entity <vnals; and <vnals has an atlribute <als! and the suiprising
phenomenan ang the refaled phanomenon have valuss of <ats | of <va» and <valds respectively, 3
nessitia straieay ig to try 1o find out f there 18 2 set of vatues of that altrbute conlaining holh <vas and

eyad= whchwill sxindil e sams phenomeEnon.
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(b}l the surprising phenomenon and the related phenomenon have a common depandsnt entity
<u> and the surprising phenomenon has an independent entity <va> and the related phenomenon has an
independant entity <va2s, a possible strategy I8 1o try to find a sel of entities containing both <va» and
eva2s (hat will exhibit the same phenomenon.

(c) If the phanomenon is a chemical reaction, the surprising reaction and the related reaction have
a commen oulput <us and the related phenomeanon has an input <i», then create the hypothesis |hat <i>
is an intermediale in the surprising reaction.

|EP9] If the chosen sirategy is to magniy & cartain effect, then carry out expariments varying the
value of each apparatus variable over the set of values associated with this variable. MNote that a variable
may ba associaled with the method of the measuremant of a dependent variable.

[EP10] if the preferred strategy is 10 10 gather data about a phenomenon and an alribute of an
independent entity is a class, then use the decision-makers lo choose a value A in that ¢lass, and decide
1o study the phenomanon with A as the value of the attribute.

[EP11] i the hypothesis under consideration is that reactant <r1> may be involved in an unknown
reaction and there exists a hypothesis that <ri> and <v> react logether and <v» is a reactant in the
surprising phenomenon, cany out a reaction with <ri> and <v> as the reactants.

B.7. Hypothesls and Confldence Modiflers

[HCM-1] If the domain is chemisiry And (he goai of two of the sxperiments currently carried out is o
siudy the hypothesis that B is an intarmediate in the reaction from ACL 1o C And thesa two experimenis
measure the rates of lormation of C from A and from B, And A is the member of |ha clagss ACL, modily the
implied-success or implied-failure siol in the confidence about the above hypothesis depending on
whather thete is {asiar lormalion from B or from A,

{HCM-2] ¥ the goal of the experiment is lo study the hypothesis that the causs of tha surprising
phansmenon lles in the absence of an independent antity And in {he experiment which was jusi carried
out. the entity currentfy guiessed to be missing did not have any stiect on the phenomencn; increase
“Tailed-aHon” slot in the confidence that an independent entity is missing, oy 1.

[HECM-3] # the amount of effort spent on an gxisiential hypothesis reaches a specified high valus

ahich wa have assigned 10 Se 3}, make lhe hypothesis inaclive.

IHCM-4) 1 (he domain 5 chermisirg | And the goat of hree of the expanmenis currently camied oul

s 10 study the hypothes:s ihat ACL and B react logethés 1o form C And (hese threg experiments measure
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the rates of formation of C from A, and from B, and from A and B fogether; And A is a member of the
class ACL: modiy the implied-success or implied-1ailure siot in 1he confidence about the zhove
hypothasis dgr:wdmg.an which of the following two is greater: the rate formation from A and 8 together,
or the sum of the rates from A and from B. (Allow for an emor lolerance factor, )

[HCM-5] If the goal of the experiment currently carried out was 10 assess the scope of a surprising
phenomenon: then check the similarity between the resulting phenomancn and the surprising
phenomenon and accordingly modity the confidences in the hypothesis guessing ihe scope of the
phenomenon over a class.

[HCM-8] if the goal of the experiment last carried out was o verify whether a hypothesized process
description is the corrac! process description of a surprising phenomenon, And the results of the
axperimant confiem this,

conclude that this hypothesized process description is the comect description of the surprising
phenomenon.

[MCM-7] H thera is a hypothasis that the surprising phenomanon may have scopa over a class <c>
And the success-siot in the confidence of this hypothesis exceeds the threshold vaiue for generalization,
generalize the surprising phenomenon and transfer the control 1o the hypothesis-genarators.

[HCM-8] If in a chemical reaction, a small amount of an input can produce large amounts of the
oulput, conclude it acls as a catalyst and there exisls an intermediate in the catlytic reaction, and apply
HCOM-10.

[HCM-8] If the goal of the experiment was lo magnily the effect or make il more visible, and #t is
cbserved that by changing the value of some apparatus variable the phanomenan is magnified, decids to
carry turthar study of the surprising phenomenon with the new value of the apparalus variable.

IHCM-10] |l the preterred siralegy is 1o verify the exislence of an inlenmediate in an experimant |
carry oul the fofiowing three steps: (1) Consider subslances structuraily intermediate between the inputs
z2nd oulpuls 38 sossible candidates (2) Evaluate the plausibility of each candidale's being intermadiate in
the reaction {3) Choosa the substance (i any) that has Deen evalualed mosi kely 1o be an intermadiale
in the reaction. il in gne of the sub-reaclions there s mora than one input, conclude 1hat (hare i yet

another wiermediate. Ask user o carry cul Bersture survey and recursively apply HCM-30.
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Appendix C
A detailed trace of KEKADA

in this appendix, we will give a more detailed description of how the working memory of KEKADA
changes when it 1s run. The description below assumes that the reader is familiar with CPSS,
C.1. The generation of hypotheses and strategles in the face of Ornithine Effect

Below | reproduce a part of the trace of KEKADA from the subsaction 4.1.8. | will describe how the
working memeory In KEKADA changes in thae later sections.

Heuristics Results

HG4* Possibility that omithine or ammonia is a catalyst.

HGS Intermediate exisis.

HG7 Creates a clue that mized action of both the inputs,

HG4* Hypotheses aboul who donatas what 1o the reaction.

HG&* Possibility of relation o similar reactions,for example lo arginine reaction

HG3 Problem may be in one of the sub-reactions of the process

HG1® Possibility that the phenomenon may be common to a class of substances: namaly

amino-acids, amines, carboxyllic-acids,

HGY Magnify the effect by varying the apparatus variables,

C.2. Places of knowlsedge in the working memory

| will tirst describe some of 1he pleces of wnowledge in (he working mamagny, ahich are relevan (o
the currant i of the orodram
s Active group of productions is kypothesis-genecators.
JaR4: (contéxy "name hvpothesis-gangrslion "acive ves)

s Drnithine and ammonia were observed to produce iarge amopnt of urea in



112

1 a surprising phenomenot,
0204: (surprise “name g00064 Adomain chemistry)
9363: (var-of-surprise “father g00064 Atype independent “atnbute name “value ornithine *no 1}
9369; (var-of-surprise “father g00064 Arype independent ~atribute name “value ammonia “no 2)
9361: (var-of-surprise Afather g000G4 Atype dependent Aautribute name *value urea *no | *expected-value
urea)
9352 (var-of-surprise Aparent-var-type dependent ather gl0064 Arype dapendent Aaitribute g-ras
Avaloe 9 *no | Aexpectad-lower-bound 2 Aexpected-upper-bound 6)
;Structural information about various substances
324: (has-formuls Asubstance ammonia AMformula ammonia)
279 (formula-substance Asubstance-name emmonia AMeve! 2 Aatom aming Anumber 1)
320: (has-formula Asubstance omithine Aformula omithine}
284; (formuls-subsmnce Asubstance-name omithine *level 2 Aatom amino *number 2)
285: {formula-substance *substance-name omnithine *level 2 Aatom cooh *number 1}-
325: (has-formula Asubstance urea “formula urea)
292: (formula-substance Asubstance-name urea Mevel 2 Aatom aming *number 2)
273: (formula-substance #subsiance-name urea Mevel 2 Aatom carbonyl *number 13
319 {panial-match *groupl amino *group2 amino)
317: (parual-mawch *group| cooh *group2 carbonyl)
;Description of & process hh§
82: (process "name hhS )
83: (var-of-process Afather hh% “type independent *attribute name Mealus amino-acid no 1)
84: (var-of-pmcess *father hh5 *type dependent *attribute name Avalpe orea *no I)
89: (hyp-process “name h6 “part-of hh3 *prionty 4)
1 {hyp-process name hhhS “part-of hé *next-pant hbhé)
i B9 the arginioe rosciion
74: {process “niame i)
75: {var-of-process “type independent "no } “amnbute mame *value arginine “ather B3}
76; {var-of-procass “ather hd Mype dependent *aunbuie rame Avalue grea “no 1)
1 dvar-ol-progess Sfathers hd Mype dependent Maltnbute name Svaloe cmuihing "no 2j

sdomein-defined fpvonomiss
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49: {member *name omithine Aattribule name *order-no 7 Aclass carb-acid)
48: (member name omithine *attribute name "order-no 7 Aclass amine)
30: (member *name ornithine Aattribute name “order-ne 3 Aclass amino-acid)

C.3. Changes In the working memory

Below | will describe an OPS5 frace which shows the kinds of changes occur in the working

memeory. For the sake of brevity, some of the productions are in (watch 1) and the olharg are in (watch

2).

5737, hypothesis-generation:catalyst: HG4% 9484 9362 9361 9363 9369 9294
=>wm: 9485; (description “name g00079 AMather g00064 Mype catalyst Areactant] omithine Apriority 6)
=>wm: 9486: (confidence “name g00079 Asuccess 0 Aimplied-success 0 Aimplied-failure O Afail 0 Aailed-
effort 0)

:ammonia might be acting as a catalyst

5738, hypothesis-generation:catalyst: HG4% 9484 9362 9362 9369 9363 9294

5739, hypothesis-generation:intermediate-exists: HGS 9484 9294 9363 9369 72 73 71

5740. hypothesis-generation:mixed-action-of-vars: HG7 9484 9294 9363 9369
=>wm: ¥91: (description *name gUO082 *father 00054 Mype mixed-sction Mpriority 5)
=>wm: 9492; {confidence *name gO0082 Asuccess 0 Aimplied-success 0 Mimplied-failure 0 Afail O Aailed-
effort

;ammouia might be donating an amino group to urea.

5741. hypothesis-generation:donates-group: HG4 % 9484 9162 9362 9294 9369 9361 324 325 279 272 319
a>wm: 9493; (descripion “name gO0083 Aather gOO084 Mype donates-group freaclantl ammonia
Areactant2 urea Agroup amino Apriority 6)
exwim: 9494 {confidence “name gO0083 Asuccess O ~implied-success O *implied-f2ilure D Afail O Mailed-
effors O)

Chnithine sight be donating an 2ming group L0 wea

5742, hypotbesis-generation:donates-group; HG4% 9484 9361 9362 9294 9363 9361 \20 125 284 272 )13

‘Ornithing might be donating carbonyl group 1o urea

5743, hypothesis-generation:donates-group: HGA% 94584 9382 9361 9204 2362 0341 220 325 285 173 117

; the process [0 might be refated by the surprising phemomenon

5744, bypotbesis-generation: note-refaled-fact2: HGE % 9484 3154 C3a1 9263 156 3682 259
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; Problem may be in one of the sub.reactiona,
5748, hy mm;ﬂm:dﬂtﬂ-hvmhpaﬂ:ﬂﬂ-l 9484 32949363 9361 30 32 83 B4 89 91
=>wm: 9501: (description *name gDOOBT *ather g00064 Mype defect-in-subpart Apriority 3 ~process-
name hE)
s>wrm: 9502 (confidence *name g00087 "success 0 “implied-success O Aimplied-failure 0 Afail 0 Mailed-
effort 0)
;the process b4 (arginine reaction) might be related to the
; currently found surprising phenomenon
5746, hypothesis-generation:note-related-factl: HGS % 9484 9294 9361 9363 T4 76 77
=>wm: 9503: (description name g00088 Afather gD0064 Atype related-fact Mact-id hd Apriority 6)
=>wm: 9504: (confidence *name gODOES Asuccess O AMimplied-success 0 Aimplied-failure 0 Mail 0 Aailed-
effort 0)
;the phesomencn may not be specific to Ornithine, but may be common to ;carboxyllic-acids.
5747. bypothesis-generation:scope-rulel: HG1 9484 9294 9363 49
=>wm: 9505: (description *name gOO089 Afather g00064 Atype scope-over-class Aclass-pame carb-acid
~member-value omithine *member-attribule name *member-no | *pricrity 4)
=>wim: 9508 (confldence “name gDDOREY Asuccess D Mmplied-success O ~implied-failure 0 Afail O Mailed-
effort ()
;the phenomenon may oot be specific to Ornithine, but may be common Lo amines.
2748, hyvpothesis-generation:scope-rulel:HGI 9484 9294 9363 48
ithe phenomenon may not be specific to Ornithine, but may be common to amino ;acids.
5749. hypothesis-generation:scope-rulel:HG1 9484 $294 9343 30
=>wm: 9509 (description “name g00091 Afather gl0064 Atype scope-overclass “class-name amino-acid
Amember-vidue omiting *member-atizibute name *mamber-no | *prionty 4)
w>win: 351G (confidence *name gD0031 *success 0 “implied-seceess 0 fimplied-failure O Alail 0 Mailed-
cffors 0}
: Attempt 0 magnify the effect.
5750, hypothesis-generaticnmagnily: HGY 7484 5254
=wwm: 3511: (descopuon “name 00097 AMather g00064 “type magnily-the-<lfect “prienty 1)
=»we 9512 foonfidence “name 00OV Muccess U Mimphied-sucsss O Mmplicd-fadure O Magd O Maileg-

effor 03
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C.4. A firing of a production

How did HG1 get fired in 5749th cycle?

{p hypothesis-generation:scope-rule1: HG1

-

{context *name hypothesis-generation *active yes)

[surprise “name <sSurprs}

{var-ol-surprise “type independent “atiribute <at> *value <val>
Ano <n= *parant-var-lype <pvi>)

{member *name <val> *class <c1»}

{bind <descis)
{make dascription *father <surpr» *“name <desci» “type scopa-overclass
rmamber-attribute <al> *membaear-value <vals> *mamber-ng <ns
*member-pvt <pvi>
rclass-name <c1> “priorty 4)
{make confidence *namea <desc1> “success 0 “implied-success 0
*implied-failure 0 *fail 0 “ailed-effont 0))

Right hand side matches against 9484 9234 9363 30.

9484: (context "name hypothesis-generalion *active yes)

9204: (surprise *name g00064 Adomain chemistry)

9363; (var-of-surprise “father g00064 ~type independent Mattribute name Avalue omithine *no 1)

30 (member *name ormithine *attribute name *order-no 3 fclass amino-acid)

Rule gets selected by the conflict resolution scheme, and produces the right hand side.

=>wm; 9509: (descripdon “name gO0091 Mather gO0064 *type scope-over-class Mclass-name aming-acid

Amember-value omithine *member-atribute name *member-no | *priority 4)

s»wm: 9510 (confidence ~name g0O0091 Asuccess O Aimplied-success O Aimplied-failure O Mail O Maiied-

efforn )
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KEKADA.1 Simulation of the Discovery of Urea Cycle
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Haons Krebs' discovery, in 1932, of the ureo cycle wos o mojor avenl in béocham.
tsdry, This erficle describes a progeam, KEKADA, which models tha hauristics
Hans Erabs waed in this discovery, KEKADA reccls to surprises, foomubates ou.
planntiane, mnd rarvies apt separimands in tha come e bha msiards @ bn
the larm of labarotory notebooks and Intardiess ndicates Hona Krebs did, Fur-
{hermors, we answar o nomboer of guestions ohowt the noture of the howristics
used by Krabs, in porricular: How damein-specific ore the hawristics? To what ax-
tant are they disaynoratic ie Krabe? To what sxtent do they reprecent ganeral
sirategles of prablem-solving seorch?

Thie reletive gorerality of KEKADA allews us ta view tha canirol strustusa of
KEHADA and Ik demain-indepandent heuristics a8 o model of sdandific expari-
mantailon thet ehould apply cver a broad domain.

This article is part of a program of research aimed at studying the processes
of scientific discovery by constructing computer programs that are capable
of making discoveries and that simulate, at a grosser or finer leved of approx-
imation, the paths that have been followed by distinguished scientisis on
their roads to important discoveries. Predecessors to this article include the
work of Buchanan and others on Meta-DENDRAL (Buchanan & Feigen-
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baum, 1978}, of Lenat on AM (Davis & Lenat, 1980), of Friediand (197%)
o MOLOEMN and of Langley, Stioon, Biadsbhaw, and Zyikow (1987} on
BACON and refaled programs,

Since scientific discovery involves a whole array of activities—designing
and performing experimenis, inferring theories from data, modifving theo-
ries, inventing instruments, and many others—any single inquiry will neces-
sarily focus on some specigl aspects of the whole process, The research on
BACOM, for example, was concerned mainly with the wavs in which thag-
ries could be generated from empirical data, with little or no help from
theory. The question of where the data came from was left largely unan-
swered. The processes of designing experiments and programs of observa-
Lion were Aol investigated.

The present grticle represents a first investigation of some of the domains
left unexplored by the previous research, It was made possible by the exis-
tence of o detniled historical study of a particular seientific discovery: Hans
Krebs' elucidation of the chemical pathways for synthesis of urea in the
liver (Holmes, 1980). That study traces in detail the sequence of experiments
carried out by Krebs and Kurt Henselait between July 1931 and April 1932,
the strategies that determined the experimental program, and the gradual
emergence of & theory of the urea synthesis pathway from the experimental
data in combination with previous literature on the problem.

The discovery of the ernithine cycle was the firs! demonstration of the
existence of a cypele in the metabolic bicchemistry and it marked “‘a new
stage in the development of Biochemical thought' (Fruton, 1972).

Halmes' reconstruction of this discovery from published papers, labora-
tory notebooks, and interviews with Krebs, provides a magnificent body of
data for developing and testing theories of many aspects of the scientific
discovery process.

The system, KEKADA," which we have built does not, of course, capture
the full detail of the actual historical process: but it does represent 3 seTious
attempt to describe both the knowledge and the heuristics that Krebs used in
his research. In addition to domain knowledge and special experimental
techniques, domain-independent methods playved a significant role in this
discovery. By extracting these general discovery heuristics from the prob-
lem-specific knowhadge of KEKADA, we can derive from the sysiem @ num-
ber of domain-independent methods of discovery which may be used in the
future to create a more general discovery system,

Thinking-aloud protocols have been used extensively as a tool for ebtain-
ing insights into psychological processes in problem solving, They have even

!The sysiem Is pamed KEKADA for fwo ressons, KEKADA iz a Hindd synonym for the
Cerman word Krebs: Thus we nomed the sysiem afier Hana Krcha, the great hiochomiat, Sce-

andly, KEKA DA meang a crab in Erglish. The process of sslentific discovery is analogous 1o a
crab crawllng slowly 1o & destination.
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been used for studying some learning and discovery tasks (Anzai & Simon,
197%; Shrager & Klahr, 1984), The focus of this research was to study dis-
coveries that occur in experimental sciences, Since the research leading to
such discoveries sometimes spans months or years, it is not practical to
gather continuous protocols of the process. Thus, we musi sesk other sources
for insights into the processes: for example, scientists' recollections, pub-
lished papers on the discovery, and accounts from diaries and laboratory
notes.

1. Accounis by recollestion. The discovery is recounted by the discoverer
from his recollections. This is a very common source of information
about discoveries, much of it contained in scientists® avtobiographies.

2. Accounts from published papers. Another easily available source of in-
formation about a discovery is the papers which the scientist has pub-
lished in the course of discovery,

3. Accounis from diaries and laboratory motes. The course of discovery
is reconstructed from notes and diaries of the discoverer. Gaps in the
diaries may be filled in by retrospective recollections of the discoverer
during his lifetime, Holmes' reconstfuction of Krebs™ discovery was
based on Krebs' laboratory notebooks, supplemented by interviews.,

Given the known fallibilities of human memory, accounts by recollec-
tiom, though by far the most common, are also the least reliable, There are
likely to be errors of both omission and inclusion, the likelihood increasing
with the gap in years between the time the work was done and the time when
the recollections were recorded. Kekule {irst repored publicly his famows
anecdotes about the imagery he used in discovering the benzene ring some
29 years after the event. How much probative weight can be place on such
recollections?

Technical papers on the discovery are writien at a time when memary of
it is fresher than in the case of a scientist recollecting after 30 years. Bul gen-
erally the papers explain and justify a discovery and rarely describe how the
scientist made it. Besides technical papers are written not on a daily basis,
but after 2 major piece of work is completed. In the sbsence of better sources
they are sometimes used to get clues about psychological processes. For ex-
ample, Friedland (1979) used published papers and inlerviews as a source of
information for understanding how people design experiments. On the basis
of this information, in 1979 he constructed MOLGEN, a system that designs
experiments in moleoular genetics.

In most experimental sciences it s customary for scientizis to record the
details of their experimental activity on a daily basis in a laboratory note-
book or log. Logs mav be bareboned, or they may contain reasons for carry-
ing out an experiment, observations, and conclusions drawn from the data.
Experiments would seldom be omitted. Some scientists also note in their
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notebooks when new ideas occur to them and how their thoughts and plans
were influenced by them. Since the log entries are usually made daily, when
the investigator has no knowledge of the discovery that will later emerge,
the accounts are not influenced by the future results.

In relatively theoretical sciences, scientists would do much deep thinking
about the domain which may not be reflected in the logs and thus the ac-
count from logs may have major gaps. On the contrary in 8 domain that has
& relatively shallow theary, the scientists may nol rule out possibilities with-
out actually carrying out experiments and the reasoning behind an experi-
menl would be easy to guess. In such cases an account from logs can provide
a very close, if not complete, picture of the thinking that leads to the dis-
COVErY.

Holmes" reconstruction, based on laboratory notebooks and retrospec-
tive interviews falls in the second category. First of all, the domain of bio-
chemistry in the 1930 had a relatively shallow theory. In addition, **Having
had less than & year of systematic training in chemistry, Krebs did not possess
the extensive knowledge of the properties and reactions of organic com-
pounds necessary to reason desply about the metabolic steps that would be
miost likely, on theoretical grounds, to take place. He could only follow
every plausible suggestion he came across,"” (Holmes, 1986, personal com-
mumnication]). Irenically, his lack of expert knowledge of organic reactions
Ireed Krebs from some of the biases built into the conceptual frameworks
within which contemporary biochemists operated and thus conferred on
him some real benefits (Holmes, [936, personal communication}, Consider-
ation of these factors in the context of a apecific domain makes it plawsible
that Holmes" reconstruction is a close description of how Krebs attacked the
problem and thought about it, It therefore follows that it should be possible
to create a good theory based on such data.

In this study, we use Holmes® reconstruction, based on laboratory note-
books and retrospective interviews, as our source of insight into the process
that led to the discovery of the ornithine cycle for the synthesis of urea.
Using this reconstruction, we have built & computer program. KEKADA,
that placed in the situation in which Krebs began his work, simulates this
discovery. In the next section, we will summarize Holmes® sccount. Then
we will describe the heuristics employed by KEKADA for the simulation. In
& third section, we will report the behavior of KEKADA when placed in the
situation in which Krebs began his research, and we will compare the actual
history with the simulation,

1. THE ORNITHINE CYCLE

We paraphrase here (with hiz kind permission) Holmes® (19800 account of
the discovery of the arnithine cycle. The direct quotations are from Holmes
paper, The discovery. in 1932, of this chemical pathway was of major impor-
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tance to biochemistry. The problem that Krebs attacked, to discover how
ures was synthesized in living mammals fvom the decomposition products
of proteins, had been investigated extensively for many years with very
limited success, The methods used in Krebs' discovery, and the general
nature of the catalytic process discovered, served as prototypes for much
subsequent research and theory on metabolic phenomena.

1.1. Background of the Discovery

Early in the 1%th Century, urea had been synthesized in the laboratory, and
knowledge of its composition and the synthesis paths led to certain hypotheses
as to how it might be synthesized in vivo, Feeding experiments with animals
showed that adding glycineg or leucine 1o the diet increases the secredon of
urea, and led to the conclusion that ithese amino acids were the intermediates
between protein and vrea. Similar feeding experiments later showed that
ammonium salts added o the diet would also increas= the output of urea,

By the use of isolated perfused livers, it was then shown that ammonium
saltg, leucine, tyrosine, and aspartic acid increase the formation of urea,
and it was concluded that the liver prodeces urea from aming acids and am-
monia, Experimental difficulties with perfusion methods left the question
of the actual mechanism undecided—it appeared (o be "impossible to prove
experimentally which of the several theories of the reaction mechanism de-
rived from test tube processes was the one thal occurred physiologically™
{Holmes, 1930).

Attempis to get around the limitations of the perfusion experiments by
attempting to synthesize urea with tissue extracts also failed o abtain con
clusive results, supporting the opinion of Loffler that “‘urea formation in
the surviving liver is bound up with the integrity of the cell structure® (Laff-
ler. 19200. This was the situation that prevailed, in 1931, when Krebs began
his research on this topic.

1.2, Course of Krebs' Research
The aceount of Krebs' research can be divided conveniently into three major

segments: the first from July 26, 1931 to November 15, when the effects of

ornithine were first noticed; the second from November 15 until about Jan-
uary 14, 1932, when evidence indicated that the effect was quite specific 1o
crhithine; the third from January 14 to April 13, when Krebs was sufficiently
convinced that he had discovered the synthesis mechanism to send off a
paper for publication. Thus, the critical phenomenon that led to the solu-
tion of the problem was detected after about three and a hallf months of
work, while interpreting the new phenomenon and testing the theory re-
quired another five months,

1. The ornithine effect. Krebs began with the idea of using the tissue-slice
method, a technigque he had acquired in Otto Warburg's laboratory, to
study urea synthesis. He tested the efficacy of various amino acids in
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producing urea, with generally negative results. When he carried out
the experiment with omithine {one of the less commeon aming acids)
and ammonia, unaxpectedly large amounts of urea were produced. He
then focosed on the omithine effect.

2. Determinotbon af seope. Krebs next followed a standard sirategy: if a
given compound exerts a particular gction, check whether derivatives of
that compound have a similar action. Thus, he carried out tests on some
ornithine derivatives and substances similar to ornithine. But none of
these substances had effects comparable to ornithine.

3. Discovery of reaclion path. New apparatus that he obtained at this time
cnabled him to determine that the nitrogen in the urea produced was
comparable in quantity o the nitrogen in the ammonis consumed, Fe
concluded that the ammonia, not the amino acids, was the source of the
nitrogen. Krebs now sought to elucidate the mechanizms of the omithine
effect, It oceurred to him that the (known) arginine reaction, by which
arginine is converted (o ornithine and wrea, might be related to the orni-
thine effect. Concluding from the quantitative data that the ornithine
could only be & catalyst, he inferred that arnithine with ammonis pro-
duces arginine, which in turn produces urea and ornithine. Later experi-
ments indicated that citrulline was an intermediate substance hetween
ornithine and arginine.

We must now spell out the details of Krebs® experiments and regsoning
somewhat more fully, still following closely the account of Holmes,

L2 1. The Ornithine Effect. In the laboratory of Otto Warburg, from
1926 to 1930, Krebs learned the method Warburg had developed of carrying

Urza Crrithine

2
Argining - \

\ Citruline

Flgura 1. The Ornithinge cycla
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out reactions on tissue slices instead on the organ itself. The tissue slice
methed is sinnple and Fast compared with e perlfusion method wsed previ-
ously. Krebs conceived the idea of using the tissue slice method for problems
other than the study of cellular respiration, which had been the focus of
Warhurg's work. Since the method preserved many cells intact, metabolic
processes might be observed that disappeared with tissue extracts. Warburg
did not support Krebs' ides, perhaps because he thought that energy-absorb-
ing reactions (as contrasted with oxidation reactions) would not go forward
in tissue slices,

When Krebs got freedom to initinte & major research enterprise of his
own, in 1931, he decided to begin experiments of the sort he had conceived.
Urea synthesis was an obvious choice of a metabolic reaction that had re-
ceived a great deal of attention. At the outsel, he had no specific hypotheses
about the reaction mechanism, but a number of more general questions: Is
ammenia an cbligatory intermediate; and how do rates of urea formation
from various amino acids compare? These were not new guestions, but
Krebs thought that the tissue slice method would give him greater flexibility
and more quantitative precision in seeking answers than did the methods
used previously.

Krebs carried out his first experiment with alanine. The amount of urea
produced in this experiment was much less than estimated according 1o the
assumed equation of complete oxidation, Mext, he compared rates of urea
formation from glycine, from alanine, and from ammonium chiocide, in
each case with glucose present in the medivm. He found very little wrea for-
mation from glycine or alanine, but substantial amounts from ammonium
chlaride. He also noted that the rate of formation of urea from alanine
declined in the presence of glucose. Therefore, Krebs concluded that the
glucose inhibiled the formation of ammonia from the amino ackd. He ap-
parently accepted the received view that ammaonia was an essential interme-
diate product, and spent about four weeks characterizing the formation of
urea from ammonia: checking the quantitative relations and the necessity of
aerobic conditions, and testing the effects of changes in pH. He verified
that the reactions proceeded only in liver tissue, All of this work was essen-
tially a verification of known results.

From this point on, the work was carried on with the assistance of a new
medical student, Henseleit. Krebs now turned back to determining the initial
source of the urea nitrogen, which he presumed io be the amino acids, Test-
'iTIE alanmine, ph |:'|'|],r1a'|g11'in|:‘ glycine, r.ﬁf-&"m!-.:, aned |:!:|.|!:I'i'r'|E:J e foand lhn}r all
produced urea at lower rates than did ammenium chloride, He also included
other substances that might contribule aming groups that would be oxidized
to ammonia, with the same result. Similar negative results were obtained in
comparisons of ammonium chloride alone and in combination with amino
acids; none of the combinations yielded urea at a higher rate than ammonium
chloride alone,
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During the first two weeks in November, the investigators turned o a
wvew lige of inguiry: the influenve of glucose, Moeclose, lactate, amd citrate,
all substances involved as intermediates in carbohydrate metabolism. They
had no specific hypotheses, but were exploring in this direction because a
difference had been found in urea production in liver slices from well-fed
and starved rats.

On Movember 15, Henseleit was continuing these experiments, but also
ran a test with the amino acid, ornithine, and with a combination of ornithine
and ammonjum chloride. The combination produced urea at an unexpectedly
high rate, and Krebs immediately turned his attention to the ornithine effect.
The laboratory logs (and Krebs® later recollections, as well) do nod provide
conciusive informatrlon as to why the ornithine experiment, which repre-
sented a departure from the current activity, was run at that particular time,
Krebs in his recollections insisted that he took ornithine just because it was
avablable, But Holmes speculaies that he chose ornithine becauze the meata-
bolic fate of ornithine was an unsolved problem. It is possible to speculate
further about the reasons for the experiment, but we will leave the question
unanswered here,

12,2, Determifnaiion of Seope. In investigating the ornithine effect, Krebs
employed "'a standard biochemical stretegy: if a given compound exerts
some particular aclion, check whether derivatives of that compound have
similar actions.”"” Nene of the substances tested had effects similar to the
ornithine effect, and Krebs became more and more convinced that the effect
waa guite specific 1o ornithine, although he hed no clear hypothesia of a
mechanism to sccount for it. This phase of the inguiry extended from the
middle of Movember to the middle of January, 1932,

1.2.3, Discovery af Reaction Park. On January 14, Krebs and Henseleit
used, for the first Hime, new apparatus that permitted accurate comparison
of the amounts of ammonia consumed with the amounts of urea formed,
Although some of the results of the first experiments were ambiguous, it
was fairly clear by January 23 that the ammonia was the precursor of all of
the nitrogen in the urea. .

How some function had wo be found For the crpithioe, and Krebs gradu-
ally arrived at the conclusion that it served as a catalyst. While this conclu-
sion might seem obvious to us, it was much less obvious in 1932, when the
gtudy of eatalytic reactions was relatively new,

A known reaction existed, the conversion of arginine to urea and orni-
thine, that could serve as the second stage of the cycle. Krebs had, in fact,
studied this reaction in an experiment performed the previous October, At
some point, it occurred to him that this reaction might enter into the picture,
The fact that arginase is abundant in the livers of animals that excrete urea
seemed gignificant. While Krabs was trying to conceive of a specific reaction



PROCESSES OF SCIEMTIFIC DISCOVERY

path for the catalytic action of ornithine, he continued to direct Henseleit in
experiments 1o elucidate further the ornithine effect, and also its interaction
with arginine, During March, they also performed experiments to show spe-
cifically that the ornithine effect could be obtained with very small amounts
of arnithine {in relation to the amounts of urea produced), and must thece-
fore be catalytic. A very successful experiment of this kind was performed
on April 13, in which 24,5 molecules of urea were formed for each moleculs
of ornithine that was present.

Cradually, Krebs inferred a specific reaction path consistent with all the
known facts. On chemical grounds, it was evident that the conversion of
ornithine to arginine could not proceed in & single step, and the theory was
improved when Kréebs found in the literature a 1930 paper reporting a sub-
stance, citrulline, that had the properties of a satisfactory intermediate be-
tween ornithine and arginine, Even before he obtained some citrulline, with
which he could test thizs hypothesis, he felt sufficiently confident of his
theory (sans the citrulline intermediate) to publish it. On April 25, five davs
before his paper appearsd, he performed a test with citrulline, and by the
middie of May. on the basiz of further experiments, Krebs sent off a second
paper describing the elaborated theory. The ornithine cycle as it was under-
stood and depicted in 1932 is shown in Figure 1. Other researchers have since
further elaborated the steps in the cycle, and the ornithine cycle as we under-
stand today is somewhat more complex. (See Lehninger, 1982)

2. DESCRIPTION OF KEKADA

In this section, we describe the KEKADA system, a computer program that
simulates Krebs® discovery process,

2.1. Production System
The KEKADA system is implemented in the production system language
OPSS (Brownston, Farrell, Kant, & Martin, 1985}

A production system consists of two main components: a set of condition-
action rules or productions, and a dynamic working memary, The system
operates in cycles, On every cyele, the conditions of each production are
matched against the currenl state of Ue working memory. From the rules
that match successfully, one is selected for application. When a production
is applied, its actions alter the state of working memory, so that new pro-
durtions may match the working memory on the next eyele. The cyeles of
mateching and acting continue until no roles are matched by the working
memory elements or a stop command is encounterad.

2.1. Representation of Processes
The discovery heuristics of the KEKADA system are stated as OPS5 pro-
ductions. Each rule contains a set of conditions describing the system'’s
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hypotheses or specifying patterns that may occur in the data. In addition,
each rule containg & sel of ooiipns, which are responsibble for formulating
hypotheses, changing conlidencas in the hypotheses, suggesting new experi-
ments, and so forth.

On each eyele, one of the matching rules is selected for action and the
associated actions are carried out. When two or more rules match, the sys-
tem prefers the rule that matches against elements that have been added to
memory most recently; if there is more than one such rule, then it chooses
the one thal is most specific.

1.3, Representation of Data

Working memory elements are represented as atribute-value pairs. Among
the important categories of working elements are process, subsiance, experi-
ment, supplementary faci, and kypoihesis.

Process. Process elements, which describe chemical reactions, have the
following attributes: inputs, outputs, likely locus of reaction, name,
and & flag indicating whether the description of the process may be
incomplete, An S-g atbibuie names the class of processes o which
the individual process belongs.

Substance, Substance gives information about a given substance (an
amino acid or some other substance). As attributes, it has the name
of the substance, its chemical formula, the classes to which it belongs,
its cost, and its availability.

Experiment. The attributes of experiment elements are: inputs, condi-
tions for carrying out, place for carrying out, initial quantities of in-
puts, flags indicating what is to be measured when the experiment is
carried out.

Supplementary Facl. Supplementary rfacts, which give additional infor-
mation about & process, have the name of the process, a locus, and a
meazure of confidence that the process takes place at this place, They
also have attributes that nome a sondition and give a measure of the
confidence that the process takes place under this condition,

Hypothesis. A hvpothesis is a deseription of how a phenomenon or pro-
cess that has been noted might have taken place, Associated with a
hypothesis is a measure of confidence in its truth.

A hypothesis about a regction is represented at one of the follow-
ing four levels of abstraction: (1) the reaction is viewed in terms of the
inputs and the outputs, (Examples: *"in a reacton some amino acids
may produce urea’ or “ornithine and ammonia produce wrea''y,
(2} its description 15 given in terms of compound groups. (Example:
UMHCOOH group in arginine comes from ommithine™), (3) its de=
seription is given in lerms of simple groups. (Examples: "amino acids
contribute their amino group to urea® or “ornithine may donate an
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aming group to urea’'}, (4) its description s given at the atomic level
(Example: "'C in ures comes Trom casboo-dioaide® ),

These levels of abstraction are among the levels that have been in wide-
spread use in chemistry since the mid-nineteenth century.,

2.4, Representation of Confidence Measures
Confidence in a hypothesis is represented by a S-tuple:

1. Success: the number of experiments that have verified a universal hy-
pothesis about a class or a hypothesis in general.

2. Failure; the number of experiments that have falsified & hypothesis.

3. Failed-effori: the amount of effort spent to find positive instances.

4, Implied-success: & fact that 15 a positive indication, but inconclusive,
that the hypothesis may be true,

3. Implied-failure: a fact thar indicates, but not conclusively, that the hy-
pothesis may be false,

These attributes seem (o represent many of the ways in which people
evaluate hypotheses, for they make such comments as: '"There are many
Facts indicating the truth of this."" **If after spending so much effoct [ stll
cannot prove this, probably it is falze.” “Three experiments have disproved
this hypothesis.""

We convert the values of the attributes into numbers by assuming that
each fact increments the appropriate attribute by one unit, That is to say, if
a fact 1ndir-_=.|:¢; rhg'r A h}rpl‘,rrhﬁﬁs i; prnhnhly rql;n the ;mpHgH '.F'“"I'E 5:1|.rll =
incremented by one: This rough scheme seems (o work satisfactornily for a
realm like scientific discovery where matters are, at best, highly conjectural.

2.5, Processes and Heuristics
The overall organization of KEKADA is based on the two-space model of
learning proposed by Simon and Lea (1974) shown in Figure 2. The system
searches in an instance space and a rule space. The possible experiments and
experimental outcomes define the instance space, which is searched by per-
forming experiments. The hypotheses and other higher-level deseriptions,
coupled with the conNdences assigmed (o these, deline the rele space. O e
bazis of the current state of the rule space (what hypotheses are held, with
what confidences), the system chooses an experiment to carry out. The out-
come of the experiment modifies the hypotheges and confidences.
Operators to carry ouf the search in the instance space: The heuristic
operators used to search the instance space fall into two categories:

1. Experiment-proposers, which propose experiments based on cdsting
hypoiheses, .
2, Experimenlers, which carry oul experiments.
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Flgure 2. Two-spooe Mode! of Leorning

Dperators (o carry out the search in the rule space: The heuristic opera-

tors used to search the rule space fall in the following categories:

Hypothesis or strategy proposers: When the system has decided to focus
on a particular prablem, these decide which hypothesziz or hypotheses to
focus on or which strategy to adopt for the work on the problem.
Problem-generators, which propose new problems or subproblems on
which the system can ocus attention.

Problem-choosers, which choose which task the system should waork on
next.

Expectation-setters, which set expectations for the experiments to be
carried oul,

Hypothesis-generators, which generate new hypotheses about unknown
mechanisms or phenomena,

Hypothesis-modifiers, which modify the hypotheses on the bazie of new
evidence, .
Confidence-modifiers, which modify confidences about hypotheses on
the basis of the interpretations of experiments.,

Heuristics to make choices: In KEEKADA, only certain alternatives are

applicable at any stage, If more than one alternative is applicable, heuristics
ralled decisiom-makers, are uged to choose between the operators. Declsion-
makers determine, for example, which of the various problems proposed by
problem-proposer heuristics will be worked on,

2.5.1. Inferaction of Heurisifcs. We now can describe in more detail how

the heuristics in various categories interact as the system works on a prob-
lem. If the system has not decided on which task (o work (or in situations
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where new tasks have been added to the agenda), problemi-choosers will
declde which problem the system should start working on. Ayporhesis-
generaiors create hypotheses when faced with a new problem. Thus, at any
given stage a certain number of hypotheses with varying confidences are
preeent in working memory,

When working on a given task, the hyppothesis or sirategy proposers will
choose a strategy to work on, Then the experimeni-proposers will propose
the experiments to be carried out. Both of these types of heuristics may need
the decision-makers. Then expeciation-setters set expectations and exgperi-
mieniers carry out experiments. The resulis of the experimenters are inter-
preted by the hyporhesis modifiers and the confidence modifiers. When
applicable, prodlem-generalors may add new problems to the agenda and
preempt the system to focus on a different problem.

Since the interaction of these mechanisms can produce surprise, 8 very
important incident in the discovery process, we will dizcuss how the coneept
of ““surprise’” is represented in the program, before proceeding to discuss
the heuristics in more detail.

2.6. Surprise

The ability to react to surprise, and (o altempt to explain the puzzling phe-
nomencn, plays an important role in many discoveries. KEKADA has an
ability o notice a phenomenon as “surprising.”” Before any experiment is
carried out, expectations are formed by expeciation-sefters and are associated
with the experiment. These expectations consist of expected output sub-
stances of the reactign, and expected lower and upper bounds on the quanti-
ties or the rates of their owtputs, IT the results of the experiments violate
these bounds, this is noted as a surprize, We give in Figure 4 a slightly sim-
plified version of the OPSS code (See, Drownston, Farrell, Kant, & Martin,
1985} which implements the PG1 heuristics: if the outcome of an experiment
violates the expectations for it, then make the study of this puzzling phe-
nomenon & task and add it to the agenda. The bold lines heginning with a
semicolon (i) are comments about the OPSS code.

Mow we will discuss the heuristics in the program in detail.

2.7. Problem-choosers

[PCO] Take into consideration all the tasks on the agenda.

[BC1] If nip analytic methods exist to measure the outputs of a process
or to carry out the process, eliminate it.

[FC2] IT the task is not regarded as very important by the discipline,
eliminate it.

[FC3] If a new method significantly increases the rate at which a task can
be carried out and its accuracy, then prefer it over another method,
otheér things being equal,
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[FC4] If there are no other criteria applicable, then make a random
choles.

[PC3] If you do not have the skill to study a task, eliminate it

[PC8] Ornher things belng equal, prefer the task that can be studied more
accurately.



PROCESSES OF SCIENTIFIC DISCOVERY

i Name of the rule
{p nole-Surprise

; LEFT HAND SIDE (Condition of the rule)

sif this rule is of type problem-generator

(conext “name problem-gensratos)

;iF given experiment with inputs <il», <i2>, and <i3= is found (o

; to have output <tc- and the rate-of-oulput <r-o=

{experiment “£1alus just-done Mnpull <il> Mnpul? <iz> “npuld <ii>
Aexpected-output <g-o>
Aexpectied-lower-bound <lbe> Aexpecied-upper-bound <ube
Aputpait <05 Arte-al-matpol <)

jand il expectations sef with the experiment are: oulput <e-0>

3 upper-bound on the output-rate <ubs, and

i lower-bound on the output-rate <fb>

3 and If the results of the experiment violate these expectatlons

~(experiment Astatos just-done Anpotl <il> Anput2 <i2» Mapull <i3>
Aexpected-output <g-o>
Aexpected-lower-bound <lbe *expecied-upper-bound <ub>
Aoutput <e-o> Arate-of-output | >= <lbs> <= <ubx])

{THEN
=

JRIGHT HAND SIDE {Action taken if the condition i% met)
iMote this as s surprise and add to the agenda, with associated
sinformation en actual and expected outputs.
{bind <newid>)
{make agenda Atask-name <newid>)
{make surprise fname <pewids Aoputl <il> Snpui? <iZs Mopud <id>
Aexpecied-oulpul <&-o
Aexpected-lower-bound <lbs fexpected-upper-bound <ubs
Aputpul <o Arate-of-output <r-oe))

Figure &, OP35 code for the surprise.detectar heuristic

[PC7] Other things being equal, prefer the task which can be carried out
fast,

[PCE] If a new task to study a puzzling phenomenon is being added to
the agenda, prefer it over all the other tasks, making it the focus of
attention.

1.8, Problem-generators
[PG1] IT the outcome of an experiment violates expectations for it, then
make the study of this puzzling phenomenon a task and add it to the agenda.
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1.9, Decision-makers
The decision-making process is represented by a sel of rules, Different ses
of rules are used for different types of decisions, There are three such sets:
(1) Rules for choice among biclogical processes, (2) Rules for choice among
substances, (3) Rules for defining an initial ordering.

Rules for choice among processes: The following sed of rules is used for
deciding which one of the given set of processes is to be chosen for study.,

[DMi1] If the ouiput of a process i3 not measurable, climinate it.

[DMZ] I the typical rate of progress of 2 process is significantly more
than that of another process, prefer it.

[DM43] I there are no other erteria for choice betwean fwo processes,
choose one of them at random.

Rule for choice among hypoiheses: [DM4] IF confidencs in one hypothe-
515 is higher than in another hypothesis, with respect to any one of the
slots, then prefer the former hypothesis,

Rules for choice among sobstances: The following rules are used to
decide which one of the given set of substances should be chosen for
study.

[DM 5] I the cost of a substance to be tested is too high, eliminate it.

[DM&] If a substance to be tested is not easily available, eliminate it.

[BAT] IT the cost aof tan substances s low and both are availahle, and
they are being tested because they are similar to a particular sub-
stance, then give preference to the substance that is most similar to
the given substance. (In the present implementation, a partial order-
ing iz defined on various substances indicating their similarity to or-
nithine.)

[DMBE] If there is no other criterion for chodce between two substances,

chouse one of tiem al ramdom,

Defined priority: [DMY] Sometimes the investigators’ expeérience before
his current research program was undertaken or the nature of the hypothe-
ses defines a partial order on the hypotheses. For example, the hypothesis
that & given surprising reaction may be common to a class of substances is
normally considered before other hypotheses, for experience shows that
work on this kind of & hypothesia i3 likely to be very productive. Corre-
spondingly, the system has the following predefined order for hypotheses:
(1} & causal explanation that substance S, which i previously known to have
a stimulating effect on & process, may be necessary for the process, (2) divide
and conquer, (3) a hypothesis about scope of a phenomenon, (4) any other
hypotheses, But since we do not have exact data on Krebs' previous experi-
ence in the cases where we have used a predefined order, it is possible that
he actually vsed decision-making rules like other rules in the DM category.

[DML0] In running this system for the urea example, in a few cases where
the biochemical heuristics Krebs used to make the choice are not clear to us,
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the choice was made by the user, Interaction with the user allows the system
to make the discovery of the ornithine cycle along different pacheays,

2.108, Experimeni-proposers
These heuristics propose (o carry out an experiment whose Findings could
change confidences in existing hypotheses or werify or falsify hypotheses.

[EF1] IT the preferred strategy is o see if a surprising phenomenon is
common to a class of substances, then use the decision-makers to
choose a substance A in that class, and decide to study the phenome-
non with A as a reactant.

[EF2] If you are siudying a phenomenon with A as reactant, and there
is a hypothesis that A produces C with B as an Intermediate produst,
then carry out experiments on A and on B, and compare rates of for-
mation of C from A and from B.

[EF3] If you are studying a phenomenon with A as reactant, and there
is 2 hypothesis that A and B react to form C, carry out experiments
on A and B in combination and on A and B separately,

[EP4] If the chosen hypothesis is that in the reaction under study A and
B react together to form C, and that B is the source of one of the
components of C, then carry out an experiment with A and B together,
meéasuring appropriate parameters to detérming the quantity of Cin
relation to the quantities of A and B,

[EFP5] If the chosen hypothesis is that the reactant A in an experiment [s
a catalyst, or if the chosen hypothesis is that A donates some element
or group and no other poszibility of A donating a group or element
exists, then carry out the experiment over long periods but with very
low eoncentratlon of A.

[EP#] If the chosen hypothesis is that the reason for a surprising out-
come may lie in an unknown substance, guess the substance to one
that iz related to the process (i.e., a substance that earlier experiments
seem to have associated with the given process or the same class of
the process.) Choose one of the substances using decision-makers,
and carry out an experiment on it.

[EFT7] IF the goal is to study a particular reaction in detail, carry out the
reaction under various conditions. (Draw on general knowledge about
the process to design the experiment.)

[EPR] If the preferred hypothesis is to study the relation of a related fact
to a surprising phenomenon, and the related reaction and the given
phenomenon both produce the same output, create two new hypothe-
ses and add them to the hypothesis s2t: (a) Hypothesize a class and
predict that it will produce this output. (b) If there is evidence for a
hypothesis that the given reactant could be an intermediate, then
ereate this hypothesis. (Note that this rule operates as a hypothesis
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generalor of modifier.) Finally study one of the newly identified hy-
potheses,

1.11. Expecialion-seilers

[ES1] If the same experiment was carried out before, the expected value
15 the mean of the previous oulcome quantities, while the lower bound
is the lowest quantity observed previously minus a tolerance factor.
The upper bound is the largest quantity observed previously plus a
tolerance factor.

[ES2] If no experiments with the given inputs have been carried out
hefore, and no experiments with similar inputs (2.g., experiments
with different amino acids), then the expectation 15 a predetermined
value assumed to reflect the prior knowledge of the investigator.

[ES3] If experiments are carried out on members of a class, the expecta-
tien for the class (that is, for all members of the class) is modified o

' reflect the outcome, Expectations for a class are used as expeclations
for members of the class not previously tested.

[ES4] ¥When a new experiment has besn carried out, update the sum-
mary information elements.,

2,12, Experimeniers
In the current system, there are no experimentation heuristics,

[El] The outcomes of experiments are supplied interactively by the user,

1.13. Hypothesis-generators

[HGI1] If a surprising outcome occurs involving A as one of the reactants,
then hypothesize that thers is a class of substances containing A (or
its derfvatives) that will produce the same cutcome.

[HG2] TF there is a surprisingly low ouiput of substance A under some ex-
perimenial conditions bul not others, and if it iz possible that another
substance 5 is present in the latter conditions but not the former,
hypothesize that the absence of 5 is cavsing the low output.

[HG3] If a reection has subprocesses and the outcome of the reaction is
surprising, hypothesize that the surprising result depends on one of
the subprocesses (divide and conguer strategy).

[HG4] If & reaction produces some output, create hypotheses asserting
which reactant donates which geoup to the cutput substance and that
a reactant may be a catalyst.

[HGS] Il a one-step sterepchemical transformation from inpuots to out-
puts of & reaction is not possible, then create the hypothesis that an
intermediate exists, Otherwise create a.hypothesis that there is a one-
step stereochemical reaction.

[HGS] I the goal is o study a puzzling phenomenon and if the given
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reaction and the surprising phenomenon contain two common sub-
stances, tien creale a hypothesis thal ey meay be related,

[HGT] I the output from A and from B s different feom the sum of the
outputs from A and B, then create hypothesis that there is mixed ac-
tion feom A and B otherwize creats the hypothesis that the effect is
additive.

[HGE] Properties of a class are true for a member.

2,14, Hypothesis-modifiers

[HM1] If A and B react do produce C, and B does not act without A,
and the amount of product is large relative to the amount of A, then
conclude that A is a catalyst.

[HM2Z] If the preferred strategy is to verify the existence of an interme-
diate in a reaction, then carry out the following three steps: (1) Con-
sider substances structurally intermediate between the inputs and
outputs as possible candidates; (2} evaluate the plausibility of each
candidate’s being intermediate in the reaction; (3) choose the sub-
stance (if any) which has been evaluated meost likely o be g jotesope-
diate in the reaction.

[HM3] (This actually is a set of heuristies.) Given a reaction in an In-
complete and unbalanced form, vge balance heuristics listed below to
attempt to balance it.

Fules applicable at levels of abstraction corresponding to simple and
compound groups:

[B1] If the coefficient of a substance in the reaction is known, then con-
vert the groups contained in the substance into FLOATING GROUPS.
(E.E., If ammaonia (3 Known o Rave one amino group and the coeffl-
cient of ammonia Is 2, then produce two floaling amino groups on
the appropriate side.)

[B2] If no other rule iz applicable, change the level of abetraction.

[B3] Cancel equal groups on the right- and left-hand sides.

[B4] If a substance on one side has a group A, and there are no floating
groups A on the same side, and there are a certain number of floating
groups A on the other side of the reaction, then determine the coeffi-
cient of the substance by a simple match.

[B5] If there are floating groups of A on one side, and there i3 no re-
actant having A on the other side whose coefficient i= not known,
and one of the other substances present has group A, then guess this
substance as the possible reactant of the reaction.

Rules applicable at atomic level of abstraction:

[B&] I the coefficient of a substance In the reaction is known, then con-
vert the atoms of the substance into FLOATING ATOMS. (E.g., it is
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known that ammonia is NH, and that the coefficient of ammonia is
2, then produce & floating atoms of H and 2 of H.)

[BT] If no other rule is applicable and the reaction is not balanced, then
conclude that the reaction cannot be balanced,

[B8] Cancel identical atoms on the right- and lefi-hand sides.

[BY] If the substance on one side has an atom A, and there are no float-
ing atoms A on the same side, and there are a certain number of
floating atoms A on the other sids of the reaction, then determine the
coefficient of the substance by simple maich.

[B10] If there are floating atoms of A on one side, and there is no re-
actant having A on the other side whose coefficiént is not known,
and one of the substance present has arom A, then guess this sub-
stance as the possible reactant of the reaction and attempt to balance
this reaction,

[B11] If you can ascount for both the sides at the atomie level then the
reaction is balanced,

Hypotheses in the system are in one or the other of two states: active or in-
wetive. When KEKADA has very low confidencs in an hypothesis; il removes
that hypothesis from consideration and makes it inactive. The following
heuristics are used by the hypothesis-removers.,

[HN4] If the amount of effort spént on an existential hypothesis reaches
& specified high value, make the hypothesis inactive.

[HM3] If the number of experiments that falsify a given hypothesis
reaches a specified high value, make the hypothesis inactive.

[HMB] IT by experiment it is found that the source of a group or element
G is substance A, then eliminate hypotheses that any other substance
donates group G, and create a clue that A donates G {i.e., increase
the suecess-slot of the confidence in the hypothesis by 1).

2.15. Confidence-modifiers
The following rules modify confidences in the hypotheses that the system

holds:

[CFI] If there is a hypothesis that A produces C with B as an intermedi-
ate, and if experimenis show that the production from B is slower
than from A, then increase the implied-failure of the hypothesis by 1;
else increase the implied-success by 1.

[CFZ] If there is a hypothesis that A and B react together to produce C,
and A and B together do not produce more output than A or B indi-
vidually, then increase the implied-failure by 1; or else increase the
implicd-suecess by 1.

[CF3] The failed effort slot in the confidence slot stores the amount of
effort spent on & hypothesis or a problem.
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[CF4] If there is a hypothesis that a reaction will take place under cer-
taln conditions and there 15 a positive result from the experiment
under the conditions, then the success slot is increased by 1,

[CF5] If there is a hypothesis that a certain reaction will take place under
cartain conditions and there iz a negative result from the experimant
under the conditions, then the failure slot is increased by 1.

1.16. Hypothesis or Stralegy Choosers

[HSC1] IT no hypothesis is chosen for consideration, then evaluate the
alternatives and choose one of them according to decision-making
rules.

[HSC2) If the chosen strategy is to study a subprocess in detail, then
choose one of the subprocesses to study using the decision-makers.

1.17. Subjeci-matter Knowledge
Any scientist has a certain amount of background knowledge when he be-
gins his research. While he is doing research, he may acquire additional
knowiledge through literature surveys or through discussions with colleages,
Scientists with different background knowledge may follow different courses
of research. Correspondingly, KEKADA needs background knowledge
before it is run and can acquire additional knowledge while it is running.
Differences in its background knowledge may cause it (o work on different
problems or follow different courses of action on any particular problem,
When provided with knowledge corresponding to that which Krebs had,
KEKADA follows a'path of discovery similar to that actually followed by
Erebs. We discuss this knowledge in further detail in the paragraphs below,

20V 1. Background Knowledge, The background knowledge takes two
forms. Some of it is contained in domain-specific heuristics embedded in
KEKADA, that are described in previouws subsectlons, Other knowledge
is created by wsing “make® statements before KEKADA is run. “Make®
statements create initial working memory elements of various kinds. These
working memory elements constitute the system's initial knowledge. Prior
knowledge falls in 3 categories: knowledge about substances, knowledge
about processes, and knowledge about previous experiments.

1. Emowledge abour substances including the amino acids, ghecose, and 50
forth, include: their chemical formulas, co, avallabillly and the gl to
which they belong. KEEADA also knows the typical low, medium and high
dquantity of a substance to be wied in the experiments. Besides KEEADA
kmows the partial order relation stating which of two substances Is more
sumilar fo & given sabstance.

2. KEEADA also has knowledge about chemieal reactions. This inclhedes the
inputs, the outpats, the class 1o which the reaction belongs and some supple-
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mentary facts. When the exact place or condition under which the process
takes place is not known, supplementary facis may give various possilde
places or conditions where the process might be taking place. Also associ-
ated with each supplementary fact is the confidence that the process does
take place ar this place. The knowledge also includes various possibilities
previoualy considered likely regarding where the process takes place.

3. Before Krebs undsrtook the research program that bed to the ornithine cycle
discovery, he had read about the experiments others had carried out on urea
synthesis. It & sssumed that his initia] expectations about the ocwicomes
were sed ither by the previous experiments or by some previously known
theory., Therefore, the summary of these previous experiments iz made
avatlable 1o KEKADA. KEKADA uses this knowledge anly 1o 5ot the ex-
pectations for the initial expenments.

2072, Aeguiring Knowledge Through Literature and from Colleagues.
Apart from the resulis of his own experiments, Krebs® research was alse in-
fluenced by such factors as the availability of a new instrument and the re-
search results published by other scientists. Correspondingly, OPSS allows

the creation of new working memory elements at intermediate stages in the
progress of KEKADA to allow such factors to enter,

3. SIMULATION OF THE DISCOYERY OF THE
ORNITHINE CYCLE

We present here the log of a particalar ron of KEKADA deseribed in terms
of the numbered heuristics we have described, An asterisk (*) denotes re-
peated application of a set of heuristics. Seqf names the sequence of firings
of heuristics that is enclosed in the following pair of dashed lines.

Heuristics Results

PCO Considers various alternative tasks on the agenda. Con-
siders as possible candidates urea synthesls and synthe-
sis of some fats, proteins, and fatty acid degradation,
elc,

PiC1-T* Chonoge: urea synthesizs from among the varioos alterna-

tives and creates a goal to study urea synthesls using the
tisswe shice method.

HSC1 Considers alternative hypotheses on urea synthesis, viz.,
aming acids may produce urea, pyrimidines may do so,
cynates may be precursors to urea, ete.

Dha= Considers it likely that amino acids may produce urea.
EF1 Considers various aming acids as altermatives,
DM 3-8 Chooszes alanine,

HGE Assigns to alanine the properties of the class, amino acid,



EF1-3

ES1-3*
El,E&4,CF1-2*

PG, PCE

HGS,B1-11*

HG2

EELEEEEE ST

[Bagin seql]
HSLC1
D4, o*

EFe

5=
E&S3
El,ES4

CF3
[End seq0]
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Decides for an experiment on alanine and on ammonia,
Decides for an experiment eo both combined together,

Sets expectations for these experiments.

Asks user For the results of experiments, modifies confi-
dences,

Motes the result of the experiment on alanine as surpelsing,
and makes it focus of attention, creates the following
hypotheses:

Studies alanine to urea reaction, decides that intérmediale
exists.

Some essential substance is missing frowm the tssue slice
prepararion.

The reason for surprise may be one of the subreactions.

The phenomenon rmay be common fo some or all elements
of o clags.

Evaluates the alternatives,

Decides to consider the hypothesis that an absence of a
substance may be causing the surprise.

Linesses the substances which may be present-various sub-
stances involved in carbohydrate mechanism.

Chooses glucose,

Sets cupectations for the experiment.

Asks uger for output for an experiment on alaning and
glucose,

Modifies failed-effort slot in hypothesis,

[Repeats seql for various substances.|

HM4

H3C1
D4, 5=

HSCZ,DM1

Makes inactive the existential hypothesis that there may
be a substiance missing.

Evaluates the alternatives,

Decides to consider the hypothesis that the cause of the
process may be in one of the subprocesses.

Decides to study the subprocess of urea synthesis from
ammania.

EP7,E51,El,Es4,CF4-5*

[ 1 TE—

Carries out experiments on wrea formation on ammonia
under various conditions of PH, aerobicity and in vari-
ous organs, study quantitative relations.
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[Begin seql] |

HS5C1 Evauluales the alleratives,

Dnvig® Decides to consider the third hypothesis: that surprise
may be limited to a class.

EP1 Dwecides to list possible amino acids for consideration.

Dm3-§* Chooses cysteine.

HGE Assigns properties of the class to cysteine.

EP2-3 Decides for an experiment on cysteine and on ammonia,

Decides for an experiment on both combined together.
ES1-3,E1,E54,CF1-2*

Sets expectations for these experiments. Asks user for the

results of the experiment. Modifles the confidences in

hypothesas,

[End seql]

[Repeats seql on other amino acids, last one being ornlthine]

PGLPCE Motices the ornithine effect and makes it the focus of
attention, Creates following hypotheses,

HGT Mew clue is created for mixed action af both the inputs,

HG4* Hypotheses about who donates what fo the reaction,

HGS5,B1-11* Tntermediale exisis,

HGar Fosnbility that ornithine or ammaonia (5 cafalypst,

HG1* Pozzibility that the phenomenon may be common o a
class of subsiances.

HGH* Possibility af relation to similar reaetions,

[seq2]

[Begin seq2]

HEC1 Evaluates the alternatives,

DM4-9* Decides to study the scope of the phenomenon. Considers
that the phenomenon may be common to amino acids.

EP] Considers various amino acids.

Dh5-8* Decides on an amino acid as the choice.

HGE Assigns properties of the class to that amino acid.

Erz-] Decides for an experiment on the amino acid leucine and

on ammonia, separately and combined.
ES1-3,E1,ES4,CF-3*

Sats expectations for these experiments. Asks nzer for the
results of experiments, Changes the implied failure in
hypotheses about how urea is formed reduce the failed-
effort slot in the hypothesis asserting that the phenome-
non may be common to a class.
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[Repeats [seql] for various amino-acids)

HM4

[seq3]

[Begin seq3]
HSC1
Dd4-9+

EP!
DM5-8*

HGS

ES3,E1,ES4,CF2

o ————

Femoves the description thal some amino acids might
produce urea.

Evaluates the alternatives,

Decides to study the hypothesis that the scope to the sur-
prise may be common to some or all amines.

Considers various amines.

Decides on putrescine. Decides for an experiment on
putrescine and ammonia.

Aszsigns the properties of its class to putréscine.

Sete expectations for theze experiments. Azke uzer for the
results of experiments. Reduces the failed-effort slot in
the hypothesis asserting that the phenomenon may be
commen (o a class.

IRgpem [seq3] for various amines.)

Hemoves description that some amines might produce
urea,

[Repeats [seqd] for various carboxylic acids.]

HM4

HSC1
D10

EP4,E51,E1
HM&
H3CI

DMI0

Er'g, DMI10

EP1
DM35*
EP1
HGE

Removes description thot some carboxylic acids might
produce urea.

Evaluates the various alternatives,

User decides to study the hvpothesis that source of NH,
group in ures is ammonia,

Carries out the experiment after seiting expectations,

Concludes that the source of amino group is NH,.

Evaluates the various alternatives.

User chooses to study the related reaction: arginine re-
action.

Two possible hypotheaes are created: arginine may be in-
rermediale, or there may be a class of substances ex-
hibiting reaciion sirmilar to arginine réaction, Considers
the second hypothesis.

Considers substances in gpuaniding class,

Chooses guanidine as substance for reaction.

Decides for the reaction on guanidine and ammonia.

Assigns properties of the class to guanidine.
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ES3,El,E54,CF3
Carries out the experiment. Reduces the confidence in the
existential hypothesis,
HSCI-DM 10 Chooses the possibility that ornithing is catalyst.

EPS Necides for an exparimeant ta verlfy catalysis.

El Carries out experiments to check catalysis.

HMI Concludes that ornithine acts as a catalvsi.

Bl-11* Balances the catalysis reaction.

HGS Creates hypothesis that there exizis intermediaie in the
reaciion.

HM2,BI-11* Creates candigates for intermediafe, Balances the reac-
tions. Counts the number of inputs. Evaluates the in-
termediates. Chooses arginine.,

HGE Creares a kypothesis that there exisis intermediale in the
Feaciion.

(Lser, when asked (o carry out a survey, creates elements corresponding to

citrulline and other substances.)

HM2,Bl-11* Considers candidate substances which are structurally
intermediate betwesn the inputs and the outputs of the
ornithine to arginine reaction. Balances the reactions.
Counts the number of inputs. Evaluates the plausibility
of the candidate substances and chooses citruliine from
them,

3.1, Overview of the Simulation

As we mentioned [n the previous section, differences in background knowl-
edge would lead KEKADA to follow a different research pathway, In the
present section we will interpret the log we have displaved. which describes
the behavior of KEKADA when placed in & situation similar to Krebs. Ina
few cases the choice between the alternatives was made by the user, because
the heuristics Krebs used are not clear to us. Interaction with the user (which
is indicated by (INT)) allows the system to make the discovery of the orni-
thine cycle along different pathways. It is possible to conjecture the reasons
that might have led Krebs to make the choices exactly the way he did, but
given the uncertainty hers, we decided to rely on ussr interaction to resolve
the issue instead.

As in the earlier description of the actual history in Section 1 above, we
divide our aceount into thres phases: discavery of the arnithine effect, the
determination of scope, and the discovery of the reaction path. Major stages
in these phases are depicted in Figure 5.

3.2, Simulating the Ornithine Effect Discovery
The first task of KEKADA 15 to select a research problem, It considers the
various problems on its research agenda including urea synthesis and protein
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Figure 3. Progross of KEKADA in the discowvary

synthesis, Lirea synthesis is a good choice for various reasons. Analytic
methods are available for the measurement of urea, The rate of production
of urea is guite high. It is also an unsolved problem regarded by the disci-
pline as important.

Of course, these heoristics, interacting with the differing bodies of bio-
chemical knowledge and skills possessed by different inwestigators might
easily lead to the selection of different problems. In fact, few of Krebs® con-
lemporaries were then studying the urea synthesis problem, and Krebs' spe-
cific choices were undoubtedly strongly influsnced hy his long expasire o
the tissue slice method, and the comparative advantage that his skill with
this methed gave him in its use, Without a detailed knowledge of initial con-
ditions—in particalar, of what the scientist knew and could do—only hind-
sight could tell us what research problem he would choose.

Having selected its research problem, KEKADA now has the goal of
finding the unknown mechanism by which urea is formed in living tissue,
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Prior knowledge in biochemistry proposes the following possible mecha-
nisms, among wihers: (1) Aming acids may be precwisors of the urea, (2)
pyrimidines may be the precursors of the urea.

The system considers the first alternative as more likely. It knows iwo
possible ways in which this might happen,

1, Amino acids might donate their amino groups to form urea, with am-

monia as an intermedigte product in the process.
2. Amino acid and ammonia might react logether to form urca.

A predetermined level of confidence has been assigned to each possibility.
The inference is drawn that if ammonia is an intermediate, then urea will be
rormed maore rapidly directly from ammonia than from an amino acid, The
system decides to carry out an experdment with liver tissue on an amino acid,
another on ammonia and a third on a combination of both. Differsnces in
the outcome: of these three sxperiments should provide some evidence for
choosing between the two hypotheses. Alanine is selected (from a list of
amino acids chosen by decision-maker heuristics) as the first amino acid to
be tested.

Before the experiment is carried out, expectations are formed and associ-
ated with the experiment. These expectations consist of expected values,
expected lower bounds, and expected upper bounds on the rates of produc-
tion of the expected outpul, urea, The resulis of the experiment are proviged
by interaction with the user (INT), who is asked for the output substance,
the rate of production of the cutput, and the guantity of output produced.

The first experiment on tlssue slice with alanine produwces very Hitle urea,
Tess than the lower-bound of the expectation. This resuit is noticed a5 a sur-
prize, and whenever surprise occurs its cause becomes the focus of attention,

Mow the system tries to discover why alanine, an amino acid, doss not
produce much urea in the tissue slice contrary to biochemical beliefs that
aming acids are the sources of the nitrogen for urea, and that there should
be no essential differences, on this point, among amino acids. Certain possi-
bie explanations or hypotheses for this surprising result are now created by
the hypothesiz-generator and modifier heuristics. In the presence of appro-
priate facts of biochemistry, these rules produce corresponding hypotheses
or modily liypotheses, Tleee possible explanations are genergied at this

point:

1. Since alaning on liver tissue slice does not produce urea, and since it is
assumed that alanine in the living organism does produce urea, thers
musi be some essential substance, present in the organism, that is miss-
ing from the tissue slice preparation.

2. Using the heuristic that if there i3 a defect in a proccas made up of sub-
processes the defect may be in one of the subprocesses, the inference is
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drawn that the defect may be in the subprocess that converts alanine
into ammuonia, or the subprocess that converts ammonia into urea.

3. There may be a class of substances, other than alanine, that produce
e,

The various experiments that the system now carries out are driven by
these hypotheses, together with the iwo hypotheses about the urea synthesis
mechanism introduced earlier. At the beginning, the system has no bias
about thess hypotheses—confidence neither in their truth or their falsity, As
the systern carries oul various experiments, the confidencas in the hypotheses
are modified according to the experimental results.

In responge o the possihility that there iz some other substance in whose
presence alanine produces urea, the system tried to identify this substance.
Substances related to the surprising fact are considered likely candidates,
especially substances that earlier experiments appear to have associated with
urea synthesis. Here KEKADA adds such substances as glucose and fructose
and reruns the experiments, without any change in outcome, These results
do not falsify the assumption that there exists a substance in whose presence
alapine would produce wiea, bul they do reduce conlidence in the assump-
tion. Each failed guess about the substance increases the failed-effort value
by one, and when that value reaches a specified level, confidence in the hy-
pothesis is low enowgh to remove it from further consideration.

The second —divide-and-congquer—hypothesis leads KEKADA to study
the formation of urea from ammonia, and {0 repeat experiments to confirm
previous knowledge about the reaction. The system conficms that aerobic
conditions are required and that the pH must lie in a certain range. Experi-
ments are also carried out to verify that only liver tissue is able to carry out
the reaction. The experiments confirm previously established effects but do
noc reveal any reason for the surprising phenomenon.

The possibility next considered is that there may be g particular class of
amino acids that produce urea. On the basis of the third hypothesis that has
been generated, KEKADA now repeals the original experiments with differ-
ent amino acids, The first experiments do not produce much urea from the
amino acids, and the confidences in the various hypotheses are changed ac-
cordingly. The expectation of output of urea from an amino acid is reduced,
a5 15 the expectation of an increase in the production of urea from ammonia
in the presence of amino acid.

The next amino acid tested is ornithine, Krebs had claimed that he chose
ornithine just because it was available, As we indicated in Section 1, Krebs'
claim is disputable and Holmes has speculated that Krebs chose ornithine
because the metabolic fate of ornithine was an unsolved problem. At present
KEKADA chooges ornithine just beeause it is available, but it is possible to
make KEKADA to follow the other scenario by keeping “‘metabolic fate of
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ornithine™ as a sufficiently interesting problem on the agenda. The experi-
ment shows that ornithine prodoces licde ures; smmonia alomse produces
urea at about the expected rate; but ornithine and ammonia together pro-
duce urea at about double that rate, which is much above the expectations.
This resull iz noticed as a surprize.

3.3, Simulating Determination of Scope

The arnithine effect now becomes the focuz of attention. It iz a common
chemical strategy, if a surprising phenomenon is observed, to see if its de-
rivatives and substances similar to it also exhibit the same phenomenon,
The idea is that it is more productive first to determine the scope of the phe-
nomenon and then to think about the specific mechanism of the reaction.

The hypothesis generated at this point is that the ormithine effect may be
common to a clags of substances similar, in one way or another, to orni-
thine. Using the system s general hearistics, three possibilities are generated
for substances that may exhibit the ornithine effect: (1) certain carboxylic
acids, (2) certain amino aclds, and (3) certain alpha-amines.

Using the same heuristics as before, a whole series of sxperiments is car-
ried out with such substances, none of which, except control experiments
with ammonia, produce much urea. These cutcomes produce low confi-
dences in all of the above possibilities and indicate that the ornithine effect
may be specific,

3.4, Simulation of Reaction Path Discovery

After the experiments began 00 indicate that the ornithine effect was specific,
Krebs must have entertained some hypotheses regarding what the ornithine
effect meant, Catalysis is one such possibility. Here, the historical account
by Holmes leaves some questions unanswered. It is not clear how seriously
Krebs considered the possibility of catalysis right from the beginning and at
what stage he started considering it serlously. Given the uncertainty about
how serisusly he considered various alternatives at this gtage, we decided to
allow the vser to make a choice befween various hyvpothesss at this stage.
This allows KEKADA (o make the discovery in various different scenarios.
Presently, we will be deseribing one such scenario,

Al this stage, just alter the phase of determining scope is over, KEKADA
has failed te identify a class of substances all of which would exhibit the
ornithine effect. Withdut such guidance, the number of possible reaction
piths is large and the system 15 able to generate only very incomplete process
descriptions that are viewed only as vague possibilities. These hypotheses
are created al a higher level of abstraction, where all the details need not be
specified, The possibilities include:

1. Ornithine may be donating a carbonyl group to urea.
2. Omnithine may be donating an amino group,
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3. Ornithine may be acting as a catalyst.
4, Ammonia may be donating an amino group.

5§, Ammonia may be acting as a catalyst.

When dealing with an unknown phenomenon, KEKADA converts vari-
ous facts disclosed by the experiments and by other work in the literature
into clues. (By a clue we mean a hypothesis that has a high enough confi-
dence to be considered true.) Hers two clues are known al the outset, First,
since ornithine and ammonia produce much more urea than cither produces
by itself, it is noted that *‘there is mixed action of both inputs."* From this,
it may be inferred that one of the inputs may not be a sole source of the urea
in the absenee af another substance. Seennd, it is noted from chemical strue-
ture that ornithine cannot produce urea by direct reaction. This creates the
clue that an intermediate substance exisis.

Besides generating these hypotheses, the system notes certain facts as re-
lated to the surprising event. One of the related facts is:

1. Arginine produces urea and omithine, This fact, known Ffrom the litera-
ture, i considered relevant because 1wo substances, urea and ornithine, are
common betwesn this reaction and the surprising phenomenon.

Al this stage, the system considers the following alternative actions:

. Studying one of the related facts 1o generafe new hypotheses that would, in
turn, suggest new experiments.

2. Performing experiments as direcied by the hypotheses, Since the hypotheses
under consideration do mot all constitute conerets and complete deserip-
tions of processts, these experiments are aimed al modilying confidences in
the hypotheses and refining them.

The choice(INT) among these aiternatives is made by interaction with the
user. In this scenario the user, for some reason, fesls that the catalyst possi-
bility iz not likely at all. First, the decision{INT} is made to determine the
source of the amino group in urea, Experiments establish that this is the am-
monia. This rules out the possibility that ornithine could be donating an
BEminG group,

Mext, it is decided(INT) to study if the fact that arginine produces urea
and orpithineg is related w the surprising phenoseenon, amd, i7 s, i wlsag
WEY,

First, a number of hypotheses about the relation are generated from the
clues, the surprize, and other knowledge. Two possibilities are considered,
The first is that arginine belongs to a class of substances that has the ability
to produce urea, The second possibility is that arginine is an intermediate.
Confidence in the first possibility was reduced by experiments on various
Buanidino compounds that produced no ures. For reasons that are not clear
to us, Krebs did not consider the second possibility very seriously at this
point, and we did not permit KEKADA to explore it very much, KEKADA
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carries out an experiment to compare the rate of production of urea from
ornithine and from arginine.

Mext, the system decides (INT) to carry out an experiment to find out
whether ornithine is a catalyst. In this experiment, 25 molecules of urea are
formed for every molecule of arnithine used. This proves conclusively that
the ornithine is not consumed in the reaction, bul is & catalyst. Larter it is
concluded that arginine is an intermediate in the catalytic reaction,

3.4 1 Discovery of Clirulline as an Intermediane, On chemical grounds,
KEKADA concludes that the conversion of ornithine to arginine could not
proceed in a single step and decides (o pursuve the goal of finding the infer-
mediate. It then creates possible candidate substances which are struasturally
intermediate between the inputs and outputs of the reaction producing
arginine from ornithine, For sach candidate substance, it evaluates the
plausthility of its serving as the intermediate substance. Citrulline is the
clear choice preferred by reaction-balancing heuristics. Besides, the system
has the knowledge of Ackermann's work in which he showed that citrulline
can be produced by biological action from arginine. Therefore, it concludes
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citrulline is an intermediate substance in the reaction that produces arginine
from ornithine, The resction pathway it knows at this siage 13 shown in

Figure 1.

4. GENERALITY OF THE SIMULATION PROGRAM

In the introduction, we argued that Holmes reconstruction of Krebe' discovery
of ornithine cycle is reliable data on which to build a theory of discovery.
Mow, if we compare the course of work of Krebs with that of KEKADA, we
find that there are only minor differences, which can be explained by focus
of attention shifts* and small differences in the initial knowledge with which
KEEADA and Krebs staried, Apart from these ditferences, KEKADA l'ol-
lows the same strategy of experimentation as Krebs and its motivations for
carrying out various experiments are the same as the motivations of Krebs,
whenever these are indicated by evidence in the diaries and retrospective in-
terviews. As KEKADA accounts for the data on Krebs® research, it consti-
tutes a theory of Krebs” style of experimentation. Next, we must ask how
general this theory is.

{1} KEKADA contains many general heuristics thai are applicable in a large
number of situations. Figure 7 shows that KEKADA has 31 domain-
independent and 33 domain-specific heuristics, The domain-indepen-
dent heuristics are some that scientists in various disciplines continue to
use in making discoveries, OF domain-specific heuristics, DM3 (o DMB
are actually applications to chemistry of more general domain-indepen-
dent heuristics. ‘Of the other domain-specific heuristics, for all except
B*, DM9 and EP3 we have historical evidence (Baldwin, 19%47; Fruton,
1972; Holmes, 1986, personal communication ; Luck, 1932) that they
were in common use in the study of metabolic reactions in biochemistry
in the early 20th century, before 1931 and for some years later. Thus,
they constiluted accepted domain-specific strategies which a newcomer
like Krebs was likely to know after a brief intreduction to the ficld, The
B* heuristics are also quite general in their applicability, for they can be
used to balance not only the reactions in this discovery, but many other
reactions as well.

{2) Az is shown in the log in section 3, most of KEKADA's heuristics are
used a number of times in the particular scenario given. EPS, HG2,
HG7, and HM1 are the only domain-specific heuristics that are fired
only once, but their potential wiility in other research slituations is clear.

(3) Some of KEKADA's heuristics were dlso used in different forms by AM
& mathematical discovery system, in the course of a wide variety of dis-
coverles (Davis & Lenat, 1980).

" & slightly more elaborate hypathesis evalustion system could explaln a few differences in
the order in which KEKADA and Krebs carry oul their experiments,
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{4) Thanks to Holmes (1986, personal communication), we now have data
on a second major discovery of Hans Krebs, thar of glutamine synthesis,
A hand simulation indicates that, the path Krebs followed there is wholly
consistent with the current theory. We will report in more detail on the
KEKADA simulation of the retearch en glutamine synthesis in another
study.

These considerations show that although KEKADA was handcrafted to
fit our knowledge of the procedures Krebs used in his discovery of the urea
eyele, the structure and the heuristics it embodies constitute a model of dis-
covery of wider applicability.

5. CONCLUSIONS

The immediate goal of the research reported here was to model as concretely
a5 possible the heuristics Hans Krebs employed in his discovery of the urea
cycle. This was viewed, in turn, as a first step toward characterizing the
heuristics used by scientists for planning and guiding their experimental
wark.

A number of very fundamental questions can be addressed if we are able
to obtain a clear picture of the heuristies guiding particular discoveries,
sepecially if that picture is sharp enough to permit ue actually to simulate
the discovery process. How specific are the guiding heuristics to the precize
domain of the research problem? Conversely, which of the heuristics are
applicable to other problems in the same discipline or even in other, distant,
scientific disciplines. To what extent are the strategies of experiméentation
idiosyncratic to & particular scientist, arising out of his special knowledge,
skills, and interests? To what extent are they based specifically on the cur-
rent stete of the art in the research problem domain? T'o what extent do they
repressnt general strategies of problem solving search?

Our examination and simulation of the history of Krebs® discovery show
that answera (o these kinds of guestions can be found, For cxample, we
were able to show that nearly half of the heuristics Krebs used were quite
general, being relevant not only beyond the urea synthesis problem, but
beyond chemistry to a wide range of research situations. On the other side,
we found that Krebs® choices of problem and technique were much deter-
mined by the special opportunities provided by his training in Otto Warburg's
laboratory, The tissue culture method, acquired there, was his *“secret
weapon,'' his source of comparative advantage.

The relative generality of KEKADA, and the ease with which it can be
provided with knowledge and heuristics specific to a particular research do-
main allow us to view the control strecture of KEKADA and its domain-
independent heuristics as a model of scientific experimentation that should
apply over & broad domain, We have already found that it can give a good
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account of Hans Krebs' research on glutamine synthesis, and we are cur-
reuily applying it w other research problemns as well,

Computer programs like BACON provided sets of processes that were
shown to be sufficient for inducing numerous scientific laws from data. The
present research carries our understanding of scientific discovery several
steps further, by providing a detailed account of the successive steps in the
discovery process, as well as showing how it reaches its final product.

The elucidation of the step-hy-step progress of Krebs toward the discovery
of the urea cycle shows the discovery being produced by a whole sequence
of tentative decisions and their consequent findings, and not by a single
“*flash of insight,”" that is, an unmotivated leap. It would appear that when-
EVETr we are able 10 build our models of the discovery process on detalled
data, like that provided by Holmes in this instance, scleniific discovery be-
comes a gradual process guided by problem-soiving heuristics similar to
those uzed in other intelligent human endeavors, This conglusion will have
to be tested, of course, with the data for many more instances of discovery
before we can assess the generality of the model of experimental research
provided by KEKADA. We are now undertaking a number of such addi-
tional tests,
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1. GLOSSARY

Alapine: CH,OH(WNHOOOH, is the simplest of the optically setiee
aming acids.

Ammonia: NH,

Arginase: Arginase is the enzyme that catalyses the hydrolysis reaction
in which arginine produces ornithine and urea.

Arginine: See figure 6 for the chemical formula.

Cysteing:  This amino acid has chemical formula CH,(SH)}CH(NH,)
COOH

Cadaverine: H,N{CH,),NH,

Guanidine: The Guanidine group is characterized by (MH--C({NH)--
MH--). Arginine and creatine are examples of guanidino baczes,

Ornithine: See figure & for the chemical formula,

Ferfusion method: In the 19%0s, perfusion was one of the methods
used to study experimentally the metabolic activities occurring in an organ.
In the perfusion method, the organ under study is artificially provided with
an Independent circulation, driven by a mechanical pump, of blood of an
individual of the same species or of certain physiclogical salines. The organ
is thereby maintained under conditions very close to normal physiological
conditions.

Lysine: This is the next higher homologue of omithine. The chemical
formula is HM{CH,) CH{MHCOOH.

Tissue-slice method:  In this method the experiment is carried out with
thin tizsue slices. Provided certain conditions are fulfilled, these slices will
survive for some hours, apparently in & manner that closely approximates
the phvsiological. Slices are easy 1o prepare and manipulate, The size of the
average cell is such that the proportion of damaged cells to undamaged is
very small, and the debris of the damaged cells can be removed by washing,
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