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Scientific Discovery



AI Systems have Superhuman 
Scientific Powers

n Flawlessly remember vast numbers of facts

n Flawless logical reasoning

n Near optimal probabilistic reasoning  

n Learn from vast amounts of data

n Extract information from millions of scientific papers.

n Etc.



Science as an AI Task

n Scientific problems are abstract, but involve the real-world.

n Scientific problems are restricted in scope – no need to 
know about “Cabbages and Kings”.

n Nature is honest.

n Nature is a worthy object of our study.

n The generation of scientific knowledge is a public good.



Meta-Dendral

Analysis of mass-spectrometry data.  

Joshua Lederburg, Ed. Feigenbaum, Bruce Buchanan, 
Karl Djerassi, et al. 1960-70s.



Bacon

Rediscovering physics and chemistry.  Langley, Bradshaw, 
Simon (1979).



Robot Scientists



The Concept of a Robot Scientist

Background 
Knowledge

Analysis

Final Theory Experiment 
selection Robot

Results 
Interpretation

Computer system capable of originating its own experiments, 
physically executing them, interpreting the results, and then 

repeating the cycle.

Hypothesis Formation



Motivation: Philosophical

n What is Science?

n The question whether it is possible to automate scientific 
discovery seems to me central to understanding science.

n There is a strong philosophical position which holds that 
we do not fully understand a phenomenon unless we can 
make a machine which reproduces it. 



Richard Feynman’s Blackboard

“What I cannot create, I do not understand”



Motivation: Technological 
n Robot Scientists have the potential to increase the productivity 

of science. They can work cheaper, faster, more accurately, 
and longer than humans. They can also be easily multiplied. 
– Enabling the high-throughput testing of hypotheses.

n Robot Scientists have the potential to improve the quality of 
science. 
– by enabling the description of experiments in greater detail 

and semantic clarity. 



Robot Scientist Timeline
n 1999-2004 Initial Robot Scientist Project

– Limited Hardware: Collaboration with Douglas Kell (Aber Biology), Steve 
Oliver (Manchester), Stephen Muggleton (Imperial)

King et al. (2004) Nature, 427, 247-252

n 2004-2011 Adam – Yeast Functional Genomics
– Sophisticated Laboratory Automation: Collaboration with Steve Oliver 

(Cambridge).
King et al. (2009) Science, 324, 85-89

n 2008-2015 Eve – Drug Design for Tropical Diseases
– Sophisticated Laboratory Automation: Collaboration with Steve Oliver 

(Cambridge)
Williams et al. (2015) Royal Society Interface, DOI 10.1098/rsif.2014.1289 

n 2015-2019 Eve – Systems Biology
Coutant et al. (2019) Proc. Nat. Acad. Sci. U.S.A. 201900548



Adam



The Application Domain

n Functional genomics

n In yeast (S. cerevisiae) ~20% of the 6,000 genes still have 
no known function.

n EUROFAN 2 made all viable single deletant strains.

n Task to determine the “function” of a gene by growth 
experiments.



Formalising the Problem
n Use logic programming to represent background 

knowledge: metabolism modelled as a directed labeled 
hyper-graph.

n Use abduction to infer new hypotheses: 
– Abductive logic programming.
– Techniques from Bioinformatics.

n Use active learning to decide efficient experiments: cost of 
compounds and time.

n Use machine learning to decide meaning of experimental 
results.



The Experimental Cycle
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Logical Cell Model

n We developed a logical formalism for modelling metabolic 
pathways (encoded in logic programs).  This is essentially a 
directed labeled hyper-graph: with metabolites as nodes and 
enzymes as arcs. 

n If a path can be found from cell inputs (metabolites in the 
growth medium) to all the cell outputs (essential compounds) 
then the cell can grow.



ß
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Inferring Hypotheses
n Science is based on the hypothetico-deductive method.

n In the philosophy of science.  It has often been argued that 
only humans can make the “leaps of imagination” necessary 
to form hypotheses.

n In biology most hypothesis generation is abductive, not 
inductive.

n Adam used abductive inference to infer missing arcs/labels 
in its metabolic graph - hypotheses.  With these missing 
nodes Adam could then deductively infer (explain) the 
observed experimental results.



Types of Logical Inference
Deduction

Rule: All swans are white.
Fact: Daffy is a swan.

∴ Daffy is white.
Abduction

Rule: All swans are white.
Fact: Daffy is white.

∴ Daffy is a swan.

Induction
Fact: Daffy is a swan and white.
Fact: Tweety is a swan and white

∴ All swans are white.



Types of Logical Inference
Deduction

Rule: All swans are white.
Fact: Daffy is a swan.

∴ Daffy is white.
Abduction

Rule: All swans are white.
Fact: Daffy is white.

∴ Daffy is a swan. Daffy is a duck.

Induction
Fact: Daffy is a swan and white.
Fact: Tweety is a swan and white

∴ All swans are white.
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Types of Logical Inference
Deduction

Rule: All swans are white.
Fact: Daffy is a swan.

∴ Daffy is white.
Abduction

Rule: All swans are white.
Fact: Daffy is white.

∴ Daffy is a swan.

Induction
Fact: Daffy is a swan and white.
Fact: Tweety is a swan and white

∴ All swans are white.
Bruce is a black swan.
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Inferring Experiments
Given a set of hypotheses we wish to infer an experiment that 

will efficiently discriminate between them

Assume:
n Every experiment has an associated cost.
n Each hypothesis has a probability of being correct.

The task:
n To choose a series of experiments which minimise the 

expected cost of eliminating all but one hypothesis.



Active Learning

n In the 1972 Fedorov (Theory of optimal experiments) showed 
that this problem is in general intractable (NP complete).

n However, it can be shown that the problem is the same as 
finding an optimal decision tree; and it is known that this 
problem can be solved “nearly” optimally in polynomial time.

n We have shown that this strategy can outperform (get answer 
faster and cheaper) than simply choosing the cheapest 
experiment.  Also better than humans on test problem.



Recurrence Formula

[ ]
 

EC T
EC h T
EC H T C p t mean C J p t mean C J

J p h p h

t T t t T t t H t t T t t H t

H
h H

( , )
({ }, )
( , ) min ( )( ) (1 ( )) )

( ) log ( ( ))

' ( ) ' [ ] ' ( ) ' [ ]

∅ =
=

≈ + + −

= −

∈ ∈ − ∈ −

∈∑

0
0

2

EC(H,T) denote the minimum expected cost of experimentation given 
the set of candidate hypotheses H and the set of candidate trials T:

Ct is the monetary price of the trial t

p(t) is the probability that the outcome of the trial t is positive

p(t) can be computed as the sum of the probabilities of the 
hypotheses (h) which are consistent with a positive outcome 
of t



Accuracy v Time

At the end of the 5th iteration: ASE 80.1%, Naïve 74.0%, Random 
72.2%. ASE was significantly more accurate than either Naïve         
(p < 0.05) or Random (p < 0.07) using a paired t-test.


RS Accuracy
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RS cost vs accuracy

		0		0		0

		1		2.9060486956		1

		1.7610817184		3.5572514824		1.591064607

		2.264891576		3.7514066208		1.8920946027

		2.4076033254		3.8681703639		2.1139433523

		2.4966702387		3.9552998142		2.260071388
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results

						Ase														Random														Naive																														day 1

		Gene		ErrorLoop		Technique		Iteration		Cost		Accuracy				Gene		ErrorLoop		Technique		Iteration		Cost		Accuracy				Gene		ErrorLoop		Technique		Iteration		Cost		Accuracy

																																												Ase																				Tests (individual Gene)				Ave Accuracy

		YBR166C		1		ase		1		10		69.3827				YBR166C		1		random		1		247		81.3333				YBR166C		1		naive		1		10		69.3827				Iteration		ave accuracy		ave cost		Log  ave cost																Ase		Random		Naive

		YDR007W		1		ase		1		10		74.321				YDR007W		1		random		1		81		79.4444				YDR007W		1		naive		1		10		74.321				0		57.3581		0		0														Gene

		YDR035W		1		ase		1		10		28.8889				YDR035W		1		random		1		62		53.4503				YDR035W		1		naive		1		10		28.8889				1		67.171875		10		1						T-Tests		Cost						YBR166C		69.3827		72.238225		69.3827

		YDR354W		1		ase		1		10		74.321				YDR354W		1		random		1		247		76.4646				YDR354W		1		naive		1		10		74.321				2		76.135996875		57.6875		1.7610817184														YDR007W		71.676425		75.291725		71.676425

		YER090W		1		ase		1		10		59.7531				YER090W		1		random		1		104		63.1579				YER090W		1		naive		1		10		59.7531				3		79.544753125		184.03125		2.264891576				Iteration		ase|random		ase|naïve		random|naïve				YDR035W		47.30995		45.087725		48.05995

		YGL026C		1		ase		1		10		79.2593				YGL026C		1		random		1		62		81.1111				YGL026C		1		naive		1		10		79.2593				4		80.47376875		255.625		2.4076033254														YDR354W		74.321		76.1181		74.321

		YKL211C		1		ase		1		10		63.7427				YKL211C		1		random		1		241		63.7427				YKL211C		1		naive		1		10		63.7427				5		80.109184375		313.8125		2.4966702387				1		0.0564507535		0		0.0564507535				YER090W		59.7531		60.351675		59.7531

		YNL316C		1		ase		1		10		69.3827				YNL316C		1		random		1		205		69.3827				YNL316C		1		naive		1		10		69.3827														2		0.000380793		0		0.0003592261				YGL026C		79.2593		73.340775		79.2593

		YBR166C		2		ase		1		10		69.3827				YBR166C		2		random		1		189		78.5185				YBR166C		2		naive		1		10		69.3827														3		0.0000254946		0.0000000002		0.0000193599				YKL211C		71.676425		67.112575		71.676425

		YDR007W		2		ase		1		10		63.7427				YDR007W		2		random		1		822		63.7427				YDR007W		2		naive		1		10		63.7427														4		0.0000006686		0.0000000018		0.0000004905				YNL316C		63.9961		69.250575		63.9961

		YDR035W		2		ase		1		10		53.4503				YDR035W		2		random		1		62		53.4503				YDR035W		2		naive		1		10		53.4503				Random										5		0.0000000408		0.000000003		0.0000000303

		YDR354W		2		ase		1		10		74.321				YDR354W		2		random		1		9427		76.4646				YDR354W		2		naive		1		10		74.321				Iteration		ave accuracy		ave cost		Log  ave cost

		YER090W		2		ase		1		10		59.7531				YER090W		2		random		1		9427		67.9798				YER090W		2		naive		1		10		59.7531				0		57.3581		0		0				All		0.0000000000		0.0000000002		0.0000000000

		YGL026C		2		ase		1		10		79.2593				YGL026C		2		random		1		241		80.4444				YGL026C		2		naive		1		10		79.2593				1		67.348921875		805.46875		2.9060486956														day 5		Accuracy																Accuracy/Cost compares ase at day 3, random at day 0 and naive at day 5																		Accuracy day 3																		Accuracy day 4

		YKL211C		2		ase		1		10		74.321				YKL211C		2		random		1		104		63.7427				YKL211C		2		naive		1		10		74.321				2		72.5854125		3607.875		3.5572514824

		YNL316C		2		ase		1		10		69.3827				YNL316C		2		random		1		224		64.5455				YNL316C		2		naive		1		10		69.3827				3		71.5776875		5641.65625		3.7514066208														Tests (individual Gene)

		YBR166C		3		ase		1		10		69.3827				YBR166C		3		random		1		81		64.5556				YBR166C		3		naive		1		10		69.3827				4		73.032365625		7381.9375		3.8681703639						T-Tests		Accuracy								Ase		Random		Naive				Ase/Random		Ase/Naive		Random/Naive						Ase (3)		Random (0)		naive (5)				Ase/Random		Ase/Naive		Random/Naive						Ase (3)		Random (0)		naive (5)				Ase/Random		Ase/Naive		Random/Naive						Ase (3)		Random (0)		naive (5)				Ase/Random		Ase/Naive		Random/Naive

		YDR007W		3		ase		1		10		74.321				YDR007W		3		random		1		29		76.8687				YDR007W		3		naive		1		10		74.321				5		72.1643125		9021.9375		3.9552998142														Gene

		YDR035W		3		ase		1		10		53.4503				YDR035W		3		random		1		62		53.4503				YDR035W		3		naive		1		10		53.4503														Iteration		ase|random		ase|naïve		random|naïve				YBR166C		86.44445		81.10185		65.648125				5.3426		20.796325		15.453725				YBR166C		79.012325		46.1988		65.648125				32.813525		13.3642		-19.449325				YBR166C		79.012325		81.10185		69.3827				-2.089525		9.629625		11.71915				YBR166C		86.44445		81.10185		65.648125				5.3426		20.796325		15.453725

		YDR354W		3		ase		1		10		74.321				YDR354W		3		random		1		62		77.2222				YDR354W		3		naive		1		10		74.321																								YDR007W		97.083325		69.537025		84.830225				27.5463		12.2531		-15.2932				YDR007W		97.083325		63.7427		84.830225				33.340625		12.2531		-21.087525				YDR007W		97.083325		69.537025		84.830225				27.5463		12.2531		-15.2932				YDR007W		97.083325		69.537025		84.830225				27.5463		12.2531		-15.2932

		YER090W		3		ase		1		10		59.7531				YER090W		3		random		1		104		47.1111				YER090W		3		naive		1		10		59.7531				Naive										1		0.9531601103		0.9728776572		0.9778616371				YDR035W		52.916675		49.4722		55				3.444475		-2.083325		-5.5278				YDR035W		52.916675		53.4503		55				-0.533625		-2.083325		-1.5497				YDR035W		52.916675		37.834775		53.837725				15.0819		-0.92105		-16.00295				YDR035W		52.916675		49.4722		54.612575				3.444475		-1.6959		-5.140375

		YGL026C		3		ase		1		10		79.2593				YGL026C		3		random		1		685		56.9591				YGL026C		3		naive		1		10		79.2593				Iteration		ave accuracy		ave cost		Log  ave cost				2		0.4165898297		0.0394205983		0.3112710686				YDR354W		97.083325		67.314825		86.6358				29.7685		10.447525		-19.320975				YDR354W		100		63.7424		86.6358				36.2576		13.3642		-22.8934				YDR354W		100		74.25925		81.32715				25.74075		18.67285		-7.0679				YDR354W		100		74.25925		86.6358				25.74075		13.3642		-12.37655

		YKL211C		3		ase		1		10		74.321				YKL211C		3		random		1		62		77.2222				YKL211C		3		naive		1		10		74.321				0		57.3581		0		0				3		0.0901513852		0.1419697086		0.5990318345				YER090W		70.98765		75.574075		77.9321				-4.586425		-6.94445		-2.358025				YER090W		70.98765		63.1579		77.9321				7.82975		-6.94445		-14.7742				YER090W		70.98765		75.574075		77.9321				-4.586425		-6.94445		-2.358025				YER090W		70.98765		75.574075		77.9321				-4.586425		-6.94445		-2.358025

		YNL316C		3		ase		1		10		69.3827				YNL316C		3		random		1		384		78.5185				YNL316C		3		naive		1		10		69.3827				1		67.265625		10		1				4		0.1240712526		0.1144624327		0.8481660016				YGL026C		82.963		79.425075		81.11115				3.537925		1.85185		-1.686075				YGL026C		82.963		56.9591		81.11115				26.0039		1.85185		-24.15205				YGL026C		82.963		79.425075		79.2593				3.537925		3.7037		0.165775				YGL026C		82.963		79.425075		81.11115				3.537925		1.85185		-1.686075

		YBR166C		4		ase		1		10		69.3827				YBR166C		4		random		1		224		64.5455				YBR166C		4		naive		1		10		69.3827				2		68.550709375		39		1.591064607				5		0.1036633651		0.1340345355		0.696108696				YKL211C		84.243825		85.638875		81.32715				-1.39505		2.916675		4.311725				YKL211C		84.243825		63.7427		81.32715				20.501125		2.916675		-17.58445				YKL211C		84.243825		85.638875		81.32715				-1.39505		2.916675		4.311725				YKL211C		84.243825		85.638875		81.32715				-1.39505		2.916675		4.311725

		YDR007W		4		ase		1		10		74.321				YDR007W		4		random		1		104		81.1111				YDR007W		4		naive		1		10		74.321				3		73.828478125		78		1.8920946027														YNL316C		69.151225		69.250575		58.9969				-0.09935		10.154325		10.253675				YNL316C		69.151225		47.8363		58.9969				21.314925		10.154325		-11.1606				YNL316C		69.151225		69.250575		62.731475				-0.09935		6.41975		6.5191				YNL316C		69.151225		69.250575		58.9969				-0.09935		10.154325		10.253675

		YDR035W		4		ase		1		10		53.4503				YDR035W		4		random		1		199		20				YDR035W		4		naive		1		10		56.4503				4		73.886753125		130		2.1139433523				All		0.0071220342		0.0024505008		0.9336110841

		YDR354W		4		ase		1		10		74.321				YDR354W		4		random		1		643		74.321				YDR354W		4		naive		1		10		74.321				5		73.93518125		182		2.260071388														ALL		640.873475		577.3145		591.48145				63.558975		49.392025		-14.16695				All		636.358025		458.8302		591.48145				177.527825		44.876575		-132.65125				All		636.358025		572.6215		590.627825				63.736525		45.7302		-18.006325				All		643.79015		584.258925		591.094025				59.531225		52.696125		-6.8351

		YER090W		4		ase		1		10		59.7531				YER090W		4		random		1		241		63.1579				YER090W		4		naive		1		10		59.7531

		YGL026C		4		ase		1		10		79.2593				YGL026C		4		random		1		247		74.8485				YGL026C		4		naive		1		10		79.2593

		YKL211C		4		ase		1		10		74.321				YKL211C		4		random		1		218		63.7427				YKL211C		4		naive		1		10		74.321																								MEAN										7.944871875		6.174003125		-1.77086875				MEAN										22.190978125		5.609571875		-16.58140625				MEAN										7.967065625		5.716275		-2.250790625				MEAN										7.441403125		6.587015625		-0.8543875

		YNL316C		4		ase		1		10		47.8363				YNL316C		4		random		1		685		64.5556				YNL316C		4		naive		1		10		47.8363																								ST DEV										13.1795856663		8.8997764144		11.8538744459				ST DEV										12.9605824652		7.7755666442		7.419043069				ST DEV										12.9886205234		7.952073953		10.024391646				ST DEV										12.2725305098		9.1046719271		10.5464561275

		YBR166C		1		ase		2		62		69.3827				YBR166C		1		random		2		488		81.3333				YBR166C		1		naive		2		39		69.3827																								TTEST										1.7050225768		1.9621524288		-0.4225431297				TTEST										4.842804297		2.0405284882		-6.3214755283				TTEST										1.7349236185		2.0331887452		-0.6350706837				TTEST										1.7150062433		2.0463003845		-0.2291360008

		YDR007W		1		ase		2		62		95.5556				YDR007W		1		random		2		133		93.1481				YDR007W		1		naive		2		39		74.321

		YDR035W		1		ase		2		62		43.3333				YDR035W		1		random		2		257		53.4503				YDR035W		1		naive		2		39		28.8889

		YDR354W		1		ase		2		62		95.5556				YDR354W		1		random		2		446		76.4646				YDR354W		1		naive		2		39		74.321																								sqrt(8)		2.8284271247						confidence fig for 7 degrees freedom		1.895

		YER090W		1		ase		2		62		80				YER090W		1		random		2		309		72				YER090W		1		naive		2		39		59.7531

		YGL026C		1		ase		2		62		86.6667				YGL026C		1		random		2		9626		81.1111				YGL026C		1		naive		2		39		79.2593																Accuracies for all genes at day 0

		YKL211C		1		ase		2		39		88.3333				YKL211C		1		random		2		9626		95.5556				YKL211C		1		naive		2		39		88.3333

		YNL316C		1		ase		2		62		69.3827				YNL316C		1		random		2		404		69.3827				YNL316C		1		naive		2		39		69.3827																Gene		Day (0)		Cost		Accuracy

		YBR166C		2		ase		2		62		69.3827				YBR166C		2		random		2		388		78.5185				YBR166C		2		naive		2		39		69.3827																YBR166C		0		0		46.1988

		YDR007W		2		ase		2		39		88.3333				YDR007W		2		random		2		10249		63.7427				YDR007W		2		naive		2		39		88.3333																YDR007W		0		0		63.7427

		YDR035W		2		ase		2		39		53.4503				YDR035W		2		random		2		143		53.4503				YDR035W		2		naive		2		39		53.4503																YDR035W		0		0		53.4503

		YDR354W		2		ase		2		62		95.5556				YDR354W		2		random		2		18831		76.4646				YDR354W		2		naive		2		39		74.321																YDR354W		0		0		63.7427

		YER090W		2		ase		2		62		80				YER090W		2		random		2		9531		85.3704				YER090W		2		naive		2		39		59.7531																YER090W		0		0		63.1579

		YGL026C		2		ase		2		62		86.6667				YGL026C		2		random		2		293		80.4444				YGL026C		2		naive		2		39		79.2593																YGL026C		0		0		56.9591

		YKL211C		2		ase		2		62		95.5556				YKL211C		2		random		2		9531		82.0833				YKL211C		2		naive		2		39		74.321																YKL211C		0		0		63.7427

		YNL316C		2		ase		2		62		69.3827				YNL316C		2		random		2		276		64.5455				YNL316C		2		naive		2		39		69.3827																YNL316C		0		0		47.8363

		YBR166C		3		ase		2		62		69.3827				YBR166C		3		random		2		276		64.5556				YBR166C		3		naive		2		39		69.3827

		YDR007W		3		ase		2		62		95.5556				YDR007W		3		random		2		276		76.8687				YDR007W		3		naive		2		39		74.321

		YDR035W		3		ase		2		39		55				YDR035W		3		random		2		143		17.3333				YDR035W		3		naive		2		39		53.4503																Changes in accuracy between Day n and Day n-1																Changes in accuracy between Day n and Day n-1																Changes in accuracy between Day n and Day n-1

		YDR354W		3		ase		2		62		95.5556				YDR354W		3		random		2		724		77.2222				YDR354W		3		naive		2		39		74.321																Run 1		Ase														Run 1		Random														Run 1		Naive

		YER090W		3		ase		2		62		59.7531				YER090W		3		random		2		9489		47.1111				YER090W		3		naive		2		39		59.7531

		YGL026C		3		ase		2		62		79.2593				YGL026C		3		random		2		880		81.2963				YGL026C		3		naive		2		39		79.2593																Gene		(1 - 0)		(2 - 1)		(3 - 2)		(4 - 3)		(5 - 4)						Gene		(1 - 0)		(2 - 1)		(3 - 2)		(4 - 3)		(5 - 4)						Gene		(1 - 0)		(2 - 1)		(3 - 2)		(4 - 3)		(5 - 4)

		YKL211C		3		ase		2		62		74.321				YKL211C		3		random		2		309		77.2222				YKL211C		3		naive		2		39		74.321																YBR166C		23.1839		0		0		-5.8271		0						YBR166C		35.1345		0		0		0		0						YBR166C		23.1839		0		0		0		0

		YNL316C		3		ase		2		62		69.3827				YNL316C		3		random		2		9788		78.5185				YNL316C		3		naive		2		39		69.3827																YDR007W		10.5783		21.2346		4.4444		0		0						YDR007W		15.7017		13.7037		0		0		0						YDR007W		10.5783		0		14.0123		0		0

		YBR166C		4		ase		2		62		69.3827				YBR166C		4		random		2		305		100				YBR166C		4		naive		2		39		69.3827																YDR035W		-24.5614		14.4444		3.3334		0		0						YDR035W		0		0		0		46.5497		0						YDR035W		-24.5614		0		26.1111		0		0

		YDR007W		4		ase		2		62		95.5556				YDR007W		4		random		2		299		81.1111				YDR007W		4		naive		2		39		74.321																YDR354W		10.5783		21.2346		4.4444		0		0						YDR354W		12.7219		0		-29.7979		0		0						YDR354W		10.5783		0		0		21.2346		0

		YDR035W		4		ase		2		39		55				YDR035W		4		random		2		9603		20				YDR035W		4		naive		2		39		53.4503																YER090W		-3.4048		20.2469		4.4444		0		0						YER090W		0		8.8421		12.4444		0		0						YER090W		-3.4048		0		36.358		0		0

		YDR354W		4		ase		2		62		95.5556				YDR354W		4		random		2		861		74.321				YDR354W		4		naive		2		39		74.321																YGL026C		22.3002		7.4074		0		0		0						YGL026C		24.152		0		0		0		0						YGL026C		22.3002		0		0		7.4074		0

		YER090W		4		ase		2		62		59.7531				YER090W		4		random		2		9668		85.3704				YER090W		4		naive		2		39		59.7531																YKL211C		0		24.5906		0		0		0						YKL211C		0		31.8129		0		0		0						YKL211C		0		24.5906		0		0		0

		YGL026C		4		ase		2		62		79.2593				YGL026C		4		random		2		328		74.8485				YGL026C		4		naive		2		39		79.2593																YNL316C		21.5464		0		12.8395		0		0						YNL316C		21.5464		0		0		0		0						YNL316C		21.5464		0		0		0		0

		YKL211C		4		ase		2		62		74.321				YKL211C		4		random		2		1046		95.3333				YKL211C		4		naive		2		39		74.321

		YNL316C		4		ase		2		39		42.7778				YNL316C		4		random		2		926		64.5556				YNL316C		4		naive		2		39		42.7778

		YBR166C		1		ase		3		166		69.3827				YBR166C		1		random		3		687		81.3333				YBR166C		1		naive		3		78		69.3827																Run 2		Ase														Run 2		Random														Run 2		Naive

		YDR007W		1		ase		3		251		100				YDR007W		1		random		3		374		93.1481				YDR007W		1		naive		3		78		88.3333

		YDR035W		1		ase		3		251		46.6667				YDR035W		1		random		3		481		53.4503				YDR035W		1		naive		3		78		55																Gene		(1 - 0)		(2 - 1)		(3 - 2)		(4 - 3)		(5 - 4)						Gene		(1 - 0)		(2 - 1)		(3 - 2)		(4 - 3)		(5 - 4)						Gene		(1 - 0)		(2 - 1)		(3 - 2)		(4 - 3)		(5 - 4)

		YDR354W		1		ase		3		251		100				YDR354W		1		random		3		670		46.6667				YDR354W		1		naive		3		78		74.321																YBR166C		23.1839		0		12.8395		24		0						YBR166C		32.3197		0		0		0		0						YBR166C		23.1839		0		0		0		0

		YER090W		1		ase		3		251		84.4444				YER090W		1		random		3		498		84.4444				YER090W		1		naive		3		78		96.1111																YDR007W		0		24.5906		0		12.3333		0						YDR007W		0		0		23.4795		0		0						YDR007W		0		24.5906		0		0		0

		YGL026C		1		ase		3		251		86.6667				YGL026C		1		random		3		9831		81.1111				YGL026C		1		naive		3		78		79.2593																YDR035W		0		0		1.5497		-21		0						YDR035W		0		0		-6.2281		0		0						YDR035W		0		0		0		0		1.5497

		YKL211C		1		ase		3		78		88.3333				YKL211C		1		random		3		10311		95.5556				YKL211C		1		naive		3		78		88.3333																YDR354W		10.5783		21.2346		4.4444		24		-11.6667						YDR354W		12.7219		0		-2.0202		0		-27.7777						YDR354W		10.5783		0		14.0123		0		0

		YNL316C		1		ase		3		166		82.2222				YNL316C		1		random		3		9831		69.3827				YNL316C		1		naive		3		78		69.3827																YER090W		-3.4048		20.2469		0		4		0						YER090W		4.8219		17.3906		0		0		0						YER090W		-3.4048		0		36.358		0		0

		YBR166C		2		ase		3		166		82.2222				YBR166C		2		random		3		1050		78.5185				YBR166C		2		naive		3		78		69.3827																YGL026C		22.3002		7.4074		0		10.6667		0						YGL026C		23.4853		0		0		0		0						YGL026C		22.3002		0		0		0		0

		YDR007W		2		ase		3		78		88.3333				YDR007W		2		random		3		10353		87.2222				YDR007W		2		naive		3		78		88.3333																YKL211C		10.5783		21.2346		4.4444		24		0						YKL211C		0		18.3406		-7.6389		0		0						YKL211C		10.5783		0		14.0123		0		0

		YDR035W		2		ase		3		78		55				YDR035W		2		random		3		828		47.2222				YDR035W		2		naive		3		78		53.4503																YNL316C		21.5464		0		12.8395		6.2222		0						YNL316C		16.7092		0		0		0		0						YNL316C		21.5464		0		0		-14.9383		0

		YDR354W		2		ase		3		251		100				YDR354W		2		random		3		19474		74.4444				YDR354W		2		naive		3		78		88.3333

		YER090W		2		ase		3		251		80				YER090W		2		random		3		9593		85.3704				YER090W		2		naive		3		78		96.1111

		YGL026C		2		ase		3		251		86.6667				YGL026C		2		random		3		9678		80.4444				YGL026C		2		naive		3		78		79.2593																Run 3		Ase														Run 3		Random														Run 3		Naive

		YKL211C		2		ase		3		251		100				YKL211C		2		random		3		18916		74.4444				YKL211C		2		naive		3		78		88.3333

		YNL316C		2		ase		3		166		82.2222				YNL316C		2		random		3		328		64.5455				YNL316C		2		naive		3		78		69.3827																Gene		(1 - 0)		(2 - 1)		(3 - 2)		(4 - 3)		(5 - 4)						Gene		(1 - 0)		(2 - 1)		(3 - 2)		(4 - 3)		(5 - 4)						Gene		(1 - 0)		(2 - 1)		(3 - 2)		(4 - 3)		(5 - 4)

		YBR166C		3		ase		3		166		82.2222				YBR166C		3		random		3		523		64.5556				YBR166C		3		naive		3		78		69.3827																YBR166C		23.1839		0		12.8395		0		0						YBR166C		18.3568		0		0		0		0						YBR166C		23.1839		0		0		0		0

		YDR007W		3		ase		3		251		100				YDR007W		3		random		3		328		51.1111				YDR007W		3		naive		3		78		88.3333																YDR007W		10.5783		21.2346		4.4444		0		0						YDR007W		13.126		0		-25.7576		0		0						YDR007W		10.5783		0		14.0123		0		0

		YDR035W		3		ase		3		78		55				YDR035W		3		random		3		9570		17.3333				YDR035W		3		naive		3		78		53.4503																YDR035W		0		1.5497		0		0		0						YDR035W		0		-36.117		0		0		0						YDR035W		0		0		0		1.5497		0

		YDR354W		3		ase		3		251		100				YDR354W		3		random		3		786		75.9259				YDR354W		3		naive		3		78		74.321																YDR354W		10.5783		21.2346		4.4444		0		0						YDR354W		13.4795		0		-1.2963		0		0						YDR354W		10.5783		0		0		0		0

		YER090W		3		ase		3		166		59.7531				YER090W		3		random		3		10132		47.1111				YER090W		3		naive		3		78		59.7531																YER090W		-3.4048		0		0		0		0						YER090W		-16.0468		0		0		0		0						YER090W		-3.4048		0		0		0		0

		YGL026C		3		ase		3		166		79.2593				YGL026C		3		random		3		942		81.2963				YGL026C		3		naive		3		78		79.2593																YGL026C		22.3002		0		0		0		0						YGL026C		0		24.3372		0		0		0						YGL026C		22.3002		0		0		0		0

		YKL211C		3		ase		3		166		74.321				YKL211C		3		random		3		319		77.2222				YKL211C		3		naive		3		78		74.321																YKL211C		10.5783		0		0		0		0						YKL211C		13.4795		0		0		0		0						YKL211C		10.5783		0		0		0		0

		YNL316C		3		ase		3		166		69.3827				YNL316C		3		random		3		19215		78.5185				YNL316C		3		naive		3		78		69.3827																YNL316C		21.5464		0		0		0		0						YNL316C		30.6822		0		0		0		0						YNL316C		21.5464		0		0		0		0

		YBR166C		4		ase		3		166		82.2222				YBR166C		4		random		3		344		100				YBR166C		4		naive		3		78		69.3827

		YDR007W		4		ase		3		251		100				YDR007W		4		random		3		984		46.6667				YDR007W		4		naive		3		78		74.321

		YDR035W		4		ase		3		78		55				YDR035W		4		random		3		10288		33.3333				YDR035W		4		naive		3		78		53.4503																Run 4		Ase														Run 4		Random														Run 4		Naive

		YDR354W		4		ase		3		251		100				YDR354W		4		random		3		1079		100				YDR354W		4		naive		3		78		88.3333

		YER090W		4		ase		3		166		59.7531				YER090W		4		random		3		10353		85.3704				YER090W		4		naive		3		78		59.7531																Gene		(1 - 0)		(2 - 1)		(3 - 2)		(4 - 3)		(5 - 4)						Gene		(1 - 0)		(2 - 1)		(3 - 2)		(4 - 3)		(5 - 4)						Gene		(1 - 0)		(2 - 1)		(3 - 2)		(4 - 3)		(5 - 4)

		YGL026C		4		ase		3		166		79.2593				YGL026C		4		random		3		546		74.8485				YGL026C		4		naive		3		78		79.2593																YBR166C		23.1839		0		12.8395		17.7778		0						YBR166C		18.3467		35.4545		0		0		0						YBR166C		23.1839		0		0		-14.9383		0

		YKL211C		4		ase		3		166		74.321				YKL211C		4		random		3		10610		95.3333				YKL211C		4		naive		3		78		74.321																YDR007W		10.5783		21.2346		4.4444		0		0						YDR007W		17.3684		0		-34.4444		0		0						YDR007W		10.5783		0		0		0		0

		YNL316C		4		ase		3		78		42.7778				YNL316C		4		random		3		1611		64.5556				YNL316C		4		naive		3		78		42.7778																YDR035W		0		1.5497		0		0		0						YDR035W		-33.4503		0		13.3333		0		0						YDR035W		3		-3		0		1.5497		0

		YBR166C		1		ase		4		270		63.5556				YBR166C		1		random		4		10251		81.3333				YBR166C		1		naive		4		130		69.3827																YDR354W		10.5783		21.2346		4.4444		0		0						YDR354W		10.5783		0		25.679		0		0						YDR354W		10.5783		0		14.0123		0		0

		YDR007W		1		ase		4		280		100				YDR007W		1		random		4		1059		93.1481				YDR007W		1		naive		4		130		88.3333																YER090W		-3.4048		0		0		0		0						YER090W		0		22.2125		0		0		0						YER090W		-3.4048		0		0		0		0

		YDR035W		1		ase		4		280		46.6667				YDR035W		1		random		4		728		100				YDR035W		1		naive		4		130		55																YGL026C		22.3002		0		0		0		0						YGL026C		17.8894		0		0		0		0						YGL026C		22.3002		0		0		0		0

		YDR354W		1		ase		4		280		100				YDR354W		1		random		4		670		46.6667				YDR354W		1		naive		4		130		95.5556																YKL211C		10.5783		0		0		0		0						YKL211C		0		31.5906		0		0		0						YKL211C		10.5783		0		0		0		0

		YER090W		1		ase		4		280		84.4444				YER090W		1		random		4		1160		84.4444				YER090W		1		naive		4		130		96.1111																YNL316C		0		-5.0585		0		0		0						YNL316C		16.7193		0		0		0		0						YNL316C		0		-5.0585		0		0		0

		YGL026C		1		ase		4		450		86.6667				YGL026C		1		random		4		9860		81.1111				YGL026C		1		naive		4		130		86.6667

		YKL211C		1		ase		4		130		88.3333				YKL211C		1		random		4		10363		95.5556				YKL211C		1		naive		4		130		88.3333

		YNL316C		1		ase		4		218		82.2222				YNL316C		1		random		4		10474		69.3827				YNL316C		1		naive		4		130		69.3827

		YBR166C		2		ase		4		218		100				YBR166C		2		random		4		1735		78.5185				YBR166C		2		naive		4		130		69.3827

		YDR007W		2		ase		4		130		88.3333				YDR007W		2		random		4		11038		87.2222				YDR007W		2		naive		4		130		88.3333																Average change for all 4 runs																Average change for all 4 runs																Average change for all 4 runs

		YDR035W		2		ase		4		130		55				YDR035W		2		random		4		10255		47.2222				YDR035W		2		naive		4		130		53.4503																Average		Ase														Average		Random														Average		Naive

		YDR354W		2		ase		4		280		100				YDR354W		2		random		4		19715		74.4444				YDR354W		2		naive		4		130		88.3333

		YER090W		2		ase		4		450		80				YER090W		2		random		4		9622		85.3704				YER090W		2		naive		4		130		96.1111																Gene		(1 - 0)		(2 - 1)		(3 - 2)		(4 - 3)		(5 - 4)						Gene		(1 - 0)		(2 - 1)		(3 - 2)		(4 - 3)		(5 - 4)						Gene		(1 - 0)		(2 - 1)		(3 - 2)		(4 - 3)		(5 - 4)

		YGL026C		2		ase		4		450		86.6667				YGL026C		2		random		4		10062		80.4444				YGL026C		2		naive		4		130		79.2593																YBR166C		23.1839		0		9.629625		8.987675		0						YBR166C		26.039425		8.863625		0		0		0						YBR166C		23.1839		0		0		-3.734575		0

		YKL211C		2		ase		4		280		100				YKL211C		2		random		4		19601		74.4444				YKL211C		2		naive		4		130		88.3333																YDR007W		7.933725		22.0736		3.3333		3.083325		0						YDR007W		11.549025		3.425925		-9.180625		0		0						YDR007W		7.933725		6.14765		7.00615		0		0

		YNL316C		2		ase		4		218		82.2222				YNL316C		2		random		4		990		64.5455				YNL316C		2		naive		4		130		54.4444																YDR035W		-6.14035		4.38595		1.220775		-5.25		0						YDR035W		-8.362575		-9.02925		1.7763		11.637425		0						YDR035W		-5.39035		-0.75		6.527775		0.77485		0.387425

		YBR166C		3		ase		4		218		82.2222				YBR166C		3		random		4		9950		64.5556				YBR166C		3		naive		4		130		69.3827																YDR354W		10.5783		21.2346		4.4444		6		-2.916675						YDR354W		12.3754		0		-1.85885		0		-6.944425						YDR354W		10.5783		0		7.00615		5.30865		0

		YDR007W		3		ase		4		280		100				YDR007W		3		random		4		328		51.1111				YDR007W		3		naive		4		130		88.3333																YER090W		-3.4048		10.12345		1.1111		1		0						YER090W		-2.806225		12.1113		3.1111		0		0						YER090W		-3.4048		0		18.179		0		0

		YDR035W		3		ase		4		130		55				YDR035W		3		random		4		9769		17.3333				YDR035W		3		naive		4		130		55																YGL026C		22.3002		3.7037		0		2.666675		0						YGL026C		16.381675		6.0843		0		0		0						YGL026C		22.3002		0		0		1.85185		0

		YDR354W		3		ase		4		280		100				YDR354W		3		random		4		838		75.9259				YDR354W		3		naive		4		130		74.321																YKL211C		7.933725		11.4563		1.1111		6		0						YKL211C		3.369875		20.436025		-1.909725		0		0						YKL211C		7.933725		6.14765		3.503075		0		0

		YER090W		3		ase		4		270		59.7531				YER090W		3		random		4		10373		47.1111				YER090W		3		naive		4		130		59.7531																YNL316C		16.1598		-1.264625		6.41975		1.55555		0						YNL316C		21.414275		0		0		0		0						YNL316C		16.1598		-1.264625		0		-3.734575		0

		YGL026C		3		ase		4		270		79.2593				YGL026C		3		random		4		1627		81.2963				YGL026C		3		naive		4		130		79.2593

		YKL211C		3		ase		4		270		74.321				YKL211C		3		random		4		371		77.2222				YKL211C		3		naive		4		130		74.321																Average for all genes																Average for all genes																Average for all genes

		YNL316C		3		ase		4		270		69.3827				YNL316C		3		random		4		19456		78.5185				YNL316C		3		naive		4		130		69.3827																All		9.8180625		8.964121875		3.40875625		3.005403125		-0.364584375						All		9.995109375		5.236490625		-1.007725		1.454678125		-0.868053125						All		9.9118125		1.285084375		5.27776875		0.058275		0.048428125

		YBR166C		4		ase		4		218		100				YBR166C		4		random		4		344		100				YBR166C		4		naive		4		130		54.4444

		YDR007W		4		ase		4		280		100				YDR007W		4		random		4		984		46.6667				YDR007W		4		naive		4		130		74.321																Comparison of change in accuracy between techniques (AccChangeTech1 - AccChangeTech2)																Comparison of change in accuracy between techniques (AccChangeTech1 - AccChangeTech2)																Comparison of change in accuracy between techniques (AccChangeTech1 - AccChangeTech2)

		YDR035W		4		ase		4		130		55				YDR035W		4		random		4		10288		33.3333				YDR035W		4		naive		4		130		55																		Ase-Random														Ase -Naive																Random -Naive

		YDR354W		4		ase		4		280		100				YDR354W		4		random		4		1463		100				YDR354W		4		naive		4		130		88.3333

		YER090W		4		ase		4		270		59.7531				YER090W		4		random		4		19917		85.3704				YER090W		4		naive		4		130		59.7531																Gene		(1 - 0)		(2 - 1)		(3 - 2)		(4 - 3)		(5 - 4)						Gene		(1 - 0)		(2 - 1)		(3 - 2)		(4 - 3)		(5 - 4)						Gene		(1 - 0)		(2 - 1)		(3 - 2)		(4 - 3)		(5 - 4)

		YGL026C		4		ase		4		270		79.2593				YGL026C		4		random		4		1179		74.8485				YGL026C		4		naive		4		130		79.2593																YBR166C		-2.855525		-8.863625		9.629625		8.987675		0						YBR166C		0		0		9.629625		12.72225		0						YBR166C		2.855525		8.863625		0		3.734575		0

		YKL211C		4		ase		4		270		74.321				YKL211C		4		random		4		10714		95.3333				YKL211C		4		naive		4		130		74.321																YDR007W		-3.6153		18.647675		12.513925		3.083325		0						YDR007W		0		15.92595		-3.67285		3.083325		0						YDR007W		3.6153		-2.721725		-16.186775		0		0

		YNL316C		4		ase		4		130		42.7778				YNL316C		4		random		4		11038		64.5556				YNL316C		4		naive		4		130		42.7778																YDR035W		2.222225		13.4152		-0.555525		-16.887425		0						YDR035W		-0.75		5.13595		-5.307		-6.02485		-0.387425						YDR035W		-2.972225		-8.27925		-4.751475		10.862575		-0.387425

		YBR166C		1		ase		5		459		63.5556				YBR166C		1		random		5		10303		81.3333				YBR166C		1		naive		5		182		69.3827																YDR354W		-1.7971		21.2346		6.30325		6		4.02775						YDR354W		0		21.2346		-2.56175		0.69135		-2.916675						YDR354W		1.7971		0		-8.865		-5.30865		-6.944425

		YDR007W		1		ase		5		319		100				YDR007W		1		random		5		10623		93.1481				YDR007W		1		naive		5		182		88.3333																YER090W		-0.598575		-1.98785		-2		1		0						YER090W		0		10.12345		-17.0679		1		0						YER090W		0.598575		12.1113		-15.0679		0		0

		YDR035W		1		ase		5		319		46.6667				YDR035W		1		random		5		728		100				YDR035W		1		naive		5		182		55																YGL026C		5.918525		-2.3806		0		2.666675		0						YGL026C		0		3.7037		0		0.814825		0						YGL026C		-5.918525		6.0843		0		-1.85185		0

		YDR354W		1		ase		5		319		100				YDR354W		1		random		5		670		46.6667				YDR354W		1		naive		5		182		95.5556																YKL211C		4.56385		-8.979725		3.020825		6		0						YKL211C		0		5.30865		-2.391975		6		0						YKL211C		-4.56385		14.288375		-5.4128		0		0

		YER090W		1		ase		5		319		84.4444				YER090W		1		random		5		10545		84.4444				YER090W		1		naive		5		182		96.1111																YNL316C		-5.254475		-1.264625		6.41975		1.55555		0						YNL316C		0		0		6.41975		5.290125		0						YNL316C		5.254475		1.264625		0		3.734575		0

		YGL026C		1		ase		5		479		86.6667				YGL026C		1		random		5		10049		81.1111				YGL026C		1		naive		5		182		86.6667

		YKL211C		1		ase		5		182		88.3333				YKL211C		1		random		5		10425		95.5556				YKL211C		1		naive		5		182		88.3333																Sum		-1.416375		29.82105		35.33185		12.4058		4.02775						Sum		-0.75		61.4323		-14.9521		23.577025		-3.3041						Sum		0.666375		31.61125		-50.28395		11.171225		-7.33185

		YNL316C		1		ase		5		270		82.2222				YNL316C		1		random		5		11136		69.3827				YNL316C		1		naive		5		182		69.3827

		YBR166C		2		ase		5		218		100				YBR166C		2		random		5		2378		78.5185				YBR166C		2		naive		5		182		69.3827																Mean		-0.177046875		3.72763125		4.41648125		1.550725		0.50346875						Mean		-0.09375		7.6790375		-1.8690125		2.947128125		-0.4130125						Mean		0.083296875		3.95140625		-6.28549375		1.396403125		-0.91648125

		YDR007W		2		ase		5		182		88.3333				YDR007W		2		random		5		11723		87.2222				YDR007W		2		naive		5		182		88.3333

		YDR035W		2		ase		5		182		55				YDR035W		2		random		5		10359		47.2222				YDR035W		2		naive		5		182		55																StDev		4.0172301983		12.1764827364		5.1777502812		7.9170992636		1.424024669						StDev		0.2651650429		7.5928967366		8.0289529641		5.4024355523		1.0206760074						StDev		4.0893252076		7.7373671747		6.5841474703		4.8092354046		2.4394271476

		YDR354W		2		ase		5		319		88.3333				YDR354W		2		random		5		19796		46.6667				YDR354W		2		naive		5		182		88.3333

		YER090W		2		ase		5		479		80				YER090W		2		random		5		9869		85.3704				YER090W		2		naive		5		182		96.1111										sqrt(8)		2.8284271247				Ttest		-0.1246540922		0.8658767533		2.4125720023		0.5540050095		1						Ttest		-1		2.8605153883		-0.6584128311		1.5429591058		-1.1445118229						Ttest		0.0576132072		1.4444531798		-2.7001310489		0.8212582965		-1.0626267029

		YGL026C		2		ase		5		479		86.6667				YGL026C		2		random		5		10114		80.4444				YGL026C		2		naive		5		182		79.2593

		YKL211C		2		ase		5		319		100				YKL211C		2		random		5		29005		74.4444				YKL211C		2		naive		5		182		88.3333

		YNL316C		2		ase		5		270		82.2222				YNL316C		2		random		5		1675		64.5455				YNL316C		2		naive		5		182		54.4444																confidence fig for 7 degrees freedom		1.895														confidence fig for 7 degrees freedom		1.895														confidence fig for 7 degrees freedom		1.895

		YBR166C		3		ase		5		270		82.2222				YBR166C		3		random		5		10054		64.5556				YBR166C		3		naive		5		182		69.3827

		YDR007W		3		ase		5		319		100				YDR007W		3		random		5		328		51.1111				YDR007W		3		naive		5		182		88.3333

		YDR035W		3		ase		5		182		55				YDR035W		3		random		5		9831		17.3333				YDR035W		3		naive		5		182		55

		YDR354W		3		ase		5		319		100				YDR354W		3		random		5		1037		75.9259				YDR354W		3		naive		5		182		74.321

		YER090W		3		ase		5		374		59.7531				YER090W		3		random		5		10425		47.1111				YER090W		3		naive		5		182		59.7531

		YGL026C		3		ase		5		374		79.2593				YGL026C		3		random		5		11012		81.2963				YGL026C		3		naive		5		182		79.2593

		YKL211C		3		ase		5		374		74.321				YKL211C		3		random		5		560		77.2222				YKL211C		3		naive		5		182		74.321

		YNL316C		3		ase		5		374		69.3827				YNL316C		3		random		5		19485		78.5185				YNL316C		3		naive		5		182		69.3827

		YBR166C		4		ase		5		218		100				YBR166C		4		random		5		344		100				YBR166C		4		naive		5		182		54.4444

		YDR007W		4		ase		5		319		100				YDR007W		4		random		5		984		46.6667				YDR007W		4		naive		5		182		74.321

		YDR035W		4		ase		5		182		55				YDR035W		4		random		5		10288		33.3333				YDR035W		4		naive		5		182		55

		YDR354W		4		ase		5		319		100				YDR354W		4		random		5		1710		100				YDR354W		4		naive		5		182		88.3333

		YER090W		4		ase		5		374		59.7531				YER090W		4		random		5		20579		85.3704				YER090W		4		naive		5		182		59.7531

		YGL026C		4		ase		5		374		79.2593				YGL026C		4		random		5		10606		74.8485				YGL026C		4		naive		5		182		79.2593

		YKL211C		4		ase		5		374		74.321				YKL211C		4		random		5		10776		95.3333				YKL211C		4		naive		5		182		74.321

		YNL316C		4		ase		5		182		42.7778				YNL316C		4		random		5		11285		64.5556				YNL316C		4		naive		5		182		42.7778
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Given a spend of ≤£102.26, ASE 79.5%, Naïve 73.9%, Random 57.4%.  
ASE was significantly more accurate than either Naïve (p < 0.05) or 
Random (p < 0.001).
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79.544753125

71.5776875

73.828478125

80.47376875

73.032365625

73.886753125

80.109184375

72.1643125

73.93518125



RS cost vs accuracy

		0		0		0

		1		2.9060486956		1

		1.7610817184		3.5572514824		1.591064607

		2.264891576		3.7514066208		1.8920946027

		2.4076033254		3.8681703639		2.1139433523

		2.4966702387		3.9552998142		2.260071388



ase

random

naive

Log 10 Cost (£)

Classification Accuracy (%)

57.3581

57.3581

57.3581

67.171875

67.348921875

67.265625

76.135996875

72.5854125

68.550709375

79.544753125

71.5776875

73.828478125

80.47376875

73.032365625

73.886753125

80.109184375

72.1643125

73.93518125



results

						Ase														Random														Naive																														day 1

		Gene		ErrorLoop		Technique		Iteration		Cost		Accuracy				Gene		ErrorLoop		Technique		Iteration		Cost		Accuracy				Gene		ErrorLoop		Technique		Iteration		Cost		Accuracy

																																												Ase																				Tests (individual Gene)				Ave Accuracy

		YBR166C		1		ase		1		10		69.3827				YBR166C		1		random		1		247		81.3333				YBR166C		1		naive		1		10		69.3827				Iteration		ave accuracy		ave cost		Log  ave cost																Ase		Random		Naive

		YDR007W		1		ase		1		10		74.321				YDR007W		1		random		1		81		79.4444				YDR007W		1		naive		1		10		74.321				0		57.3581		0		0														Gene

		YDR035W		1		ase		1		10		28.8889				YDR035W		1		random		1		62		53.4503				YDR035W		1		naive		1		10		28.8889				1		67.171875		10		1						T-Tests		Cost						YBR166C		69.3827		72.238225		69.3827

		YDR354W		1		ase		1		10		74.321				YDR354W		1		random		1		247		76.4646				YDR354W		1		naive		1		10		74.321				2		76.135996875		57.6875		1.7610817184														YDR007W		71.676425		75.291725		71.676425

		YER090W		1		ase		1		10		59.7531				YER090W		1		random		1		104		63.1579				YER090W		1		naive		1		10		59.7531				3		79.544753125		184.03125		2.264891576				Iteration		ase|random		ase|naïve		random|naïve				YDR035W		47.30995		45.087725		48.05995

		YGL026C		1		ase		1		10		79.2593				YGL026C		1		random		1		62		81.1111				YGL026C		1		naive		1		10		79.2593				4		80.47376875		255.625		2.4076033254														YDR354W		74.321		76.1181		74.321

		YKL211C		1		ase		1		10		63.7427				YKL211C		1		random		1		241		63.7427				YKL211C		1		naive		1		10		63.7427				5		80.109184375		313.8125		2.4966702387				1		0.0564507535		0		0.0564507535				YER090W		59.7531		60.351675		59.7531

		YNL316C		1		ase		1		10		69.3827				YNL316C		1		random		1		205		69.3827				YNL316C		1		naive		1		10		69.3827														2		0.000380793		0		0.0003592261				YGL026C		79.2593		73.340775		79.2593

		YBR166C		2		ase		1		10		69.3827				YBR166C		2		random		1		189		78.5185				YBR166C		2		naive		1		10		69.3827														3		0.0000254946		0.0000000002		0.0000193599				YKL211C		71.676425		67.112575		71.676425

		YDR007W		2		ase		1		10		63.7427				YDR007W		2		random		1		822		63.7427				YDR007W		2		naive		1		10		63.7427														4		0.0000006686		0.0000000018		0.0000004905				YNL316C		63.9961		69.250575		63.9961

		YDR035W		2		ase		1		10		53.4503				YDR035W		2		random		1		62		53.4503				YDR035W		2		naive		1		10		53.4503				Random										5		0.0000000408		0.000000003		0.0000000303

		YDR354W		2		ase		1		10		74.321				YDR354W		2		random		1		9427		76.4646				YDR354W		2		naive		1		10		74.321				Iteration		ave accuracy		ave cost		Log  ave cost

		YER090W		2		ase		1		10		59.7531				YER090W		2		random		1		9427		67.9798				YER090W		2		naive		1		10		59.7531				0		57.3581		0		0				All		0.0000000000		0.0000000002		0.0000000000

		YGL026C		2		ase		1		10		79.2593				YGL026C		2		random		1		241		80.4444				YGL026C		2		naive		1		10		79.2593				1		67.348921875		805.46875		2.9060486956														day 5		Accuracy																Accuracy/Cost compares ase at day 3, random at day 0 and naive at day 5																		Accuracy day 3																		Accuracy day 4

		YKL211C		2		ase		1		10		74.321				YKL211C		2		random		1		104		63.7427				YKL211C		2		naive		1		10		74.321				2		72.5854125		3607.875		3.5572514824

		YNL316C		2		ase		1		10		69.3827				YNL316C		2		random		1		224		64.5455				YNL316C		2		naive		1		10		69.3827				3		71.5776875		5641.65625		3.7514066208														Tests (individual Gene)

		YBR166C		3		ase		1		10		69.3827				YBR166C		3		random		1		81		64.5556				YBR166C		3		naive		1		10		69.3827				4		73.032365625		7381.9375		3.8681703639						T-Tests		Accuracy								Ase		Random		Naive				Ase/Random		Ase/Naive		Random/Naive						Ase (3)		Random (0)		naive (5)				Ase/Random		Ase/Naive		Random/Naive						Ase (3)		Random (0)		naive (5)				Ase/Random		Ase/Naive		Random/Naive						Ase (3)		Random (0)		naive (5)				Ase/Random		Ase/Naive		Random/Naive

		YDR007W		3		ase		1		10		74.321				YDR007W		3		random		1		29		76.8687				YDR007W		3		naive		1		10		74.321				5		72.1643125		9021.9375		3.9552998142														Gene

		YDR035W		3		ase		1		10		53.4503				YDR035W		3		random		1		62		53.4503				YDR035W		3		naive		1		10		53.4503														Iteration		ase|random		ase|naïve		random|naïve				YBR166C		86.44445		81.10185		65.648125				5.3426		20.796325		15.453725				YBR166C		79.012325		46.1988		65.648125				32.813525		13.3642		-19.449325				YBR166C		79.012325		81.10185		69.3827				-2.089525		9.629625		11.71915				YBR166C		86.44445		81.10185		65.648125				5.3426		20.796325		15.453725

		YDR354W		3		ase		1		10		74.321				YDR354W		3		random		1		62		77.2222				YDR354W		3		naive		1		10		74.321																								YDR007W		97.083325		69.537025		84.830225				27.5463		12.2531		-15.2932				YDR007W		97.083325		63.7427		84.830225				33.340625		12.2531		-21.087525				YDR007W		97.083325		69.537025		84.830225				27.5463		12.2531		-15.2932				YDR007W		97.083325		69.537025		84.830225				27.5463		12.2531		-15.2932

		YER090W		3		ase		1		10		59.7531				YER090W		3		random		1		104		47.1111				YER090W		3		naive		1		10		59.7531				Naive										1		0.9531601103		0.9728776572		0.9778616371				YDR035W		52.916675		49.4722		55				3.444475		-2.083325		-5.5278				YDR035W		52.916675		53.4503		55				-0.533625		-2.083325		-1.5497				YDR035W		52.916675		37.834775		53.837725				15.0819		-0.92105		-16.00295				YDR035W		52.916675		49.4722		54.612575				3.444475		-1.6959		-5.140375

		YGL026C		3		ase		1		10		79.2593				YGL026C		3		random		1		685		56.9591				YGL026C		3		naive		1		10		79.2593				Iteration		ave accuracy		ave cost		Log  ave cost				2		0.4165898297		0.0394205983		0.3112710686				YDR354W		97.083325		67.314825		86.6358				29.7685		10.447525		-19.320975				YDR354W		100		63.7424		86.6358				36.2576		13.3642		-22.8934				YDR354W		100		74.25925		81.32715				25.74075		18.67285		-7.0679				YDR354W		100		74.25925		86.6358				25.74075		13.3642		-12.37655

		YKL211C		3		ase		1		10		74.321				YKL211C		3		random		1		62		77.2222				YKL211C		3		naive		1		10		74.321				0		57.3581		0		0				3		0.0901513852		0.1419697086		0.5990318345				YER090W		70.98765		75.574075		77.9321				-4.586425		-6.94445		-2.358025				YER090W		70.98765		63.1579		77.9321				7.82975		-6.94445		-14.7742				YER090W		70.98765		75.574075		77.9321				-4.586425		-6.94445		-2.358025				YER090W		70.98765		75.574075		77.9321				-4.586425		-6.94445		-2.358025

		YNL316C		3		ase		1		10		69.3827				YNL316C		3		random		1		384		78.5185				YNL316C		3		naive		1		10		69.3827				1		67.265625		10		1				4		0.1240712526		0.1144624327		0.8481660016				YGL026C		82.963		79.425075		81.11115				3.537925		1.85185		-1.686075				YGL026C		82.963		56.9591		81.11115				26.0039		1.85185		-24.15205				YGL026C		82.963		79.425075		79.2593				3.537925		3.7037		0.165775				YGL026C		82.963		79.425075		81.11115				3.537925		1.85185		-1.686075

		YBR166C		4		ase		1		10		69.3827				YBR166C		4		random		1		224		64.5455				YBR166C		4		naive		1		10		69.3827				2		68.550709375		39		1.591064607				5		0.1036633651		0.1340345355		0.696108696				YKL211C		84.243825		85.638875		81.32715				-1.39505		2.916675		4.311725				YKL211C		84.243825		63.7427		81.32715				20.501125		2.916675		-17.58445				YKL211C		84.243825		85.638875		81.32715				-1.39505		2.916675		4.311725				YKL211C		84.243825		85.638875		81.32715				-1.39505		2.916675		4.311725

		YDR007W		4		ase		1		10		74.321				YDR007W		4		random		1		104		81.1111				YDR007W		4		naive		1		10		74.321				3		73.828478125		78		1.8920946027														YNL316C		69.151225		69.250575		58.9969				-0.09935		10.154325		10.253675				YNL316C		69.151225		47.8363		58.9969				21.314925		10.154325		-11.1606				YNL316C		69.151225		69.250575		62.731475				-0.09935		6.41975		6.5191				YNL316C		69.151225		69.250575		58.9969				-0.09935		10.154325		10.253675

		YDR035W		4		ase		1		10		53.4503				YDR035W		4		random		1		199		20				YDR035W		4		naive		1		10		56.4503				4		73.886753125		130		2.1139433523				All		0.0071220342		0.0024505008		0.9336110841

		YDR354W		4		ase		1		10		74.321				YDR354W		4		random		1		643		74.321				YDR354W		4		naive		1		10		74.321				5		73.93518125		182		2.260071388														ALL		640.873475		577.3145		591.48145				63.558975		49.392025		-14.16695				All		636.358025		458.8302		591.48145				177.527825		44.876575		-132.65125				All		636.358025		572.6215		590.627825				63.736525		45.7302		-18.006325				All		643.79015		584.258925		591.094025				59.531225		52.696125		-6.8351

		YER090W		4		ase		1		10		59.7531				YER090W		4		random		1		241		63.1579				YER090W		4		naive		1		10		59.7531

		YGL026C		4		ase		1		10		79.2593				YGL026C		4		random		1		247		74.8485				YGL026C		4		naive		1		10		79.2593

		YKL211C		4		ase		1		10		74.321				YKL211C		4		random		1		218		63.7427				YKL211C		4		naive		1		10		74.321																								MEAN										7.944871875		6.174003125		-1.77086875				MEAN										22.190978125		5.609571875		-16.58140625				MEAN										7.967065625		5.716275		-2.250790625				MEAN										7.441403125		6.587015625		-0.8543875

		YNL316C		4		ase		1		10		47.8363				YNL316C		4		random		1		685		64.5556				YNL316C		4		naive		1		10		47.8363																								ST DEV										13.1795856663		8.8997764144		11.8538744459				ST DEV										12.9605824652		7.7755666442		7.419043069				ST DEV										12.9886205234		7.952073953		10.024391646				ST DEV										12.2725305098		9.1046719271		10.5464561275

		YBR166C		1		ase		2		62		69.3827				YBR166C		1		random		2		488		81.3333				YBR166C		1		naive		2		39		69.3827																								TTEST										1.7050225768		1.9621524288		-0.4225431297				TTEST										4.842804297		2.0405284882		-6.3214755283				TTEST										1.7349236185		2.0331887452		-0.6350706837				TTEST										1.7150062433		2.0463003845		-0.2291360008

		YDR007W		1		ase		2		62		95.5556				YDR007W		1		random		2		133		93.1481				YDR007W		1		naive		2		39		74.321

		YDR035W		1		ase		2		62		43.3333				YDR035W		1		random		2		257		53.4503				YDR035W		1		naive		2		39		28.8889

		YDR354W		1		ase		2		62		95.5556				YDR354W		1		random		2		446		76.4646				YDR354W		1		naive		2		39		74.321																								sqrt(8)		2.8284271247						confidence fig for 7 degrees freedom		1.895

		YER090W		1		ase		2		62		80				YER090W		1		random		2		309		72				YER090W		1		naive		2		39		59.7531

		YGL026C		1		ase		2		62		86.6667				YGL026C		1		random		2		9626		81.1111				YGL026C		1		naive		2		39		79.2593																Accuracies for all genes at day 0

		YKL211C		1		ase		2		39		88.3333				YKL211C		1		random		2		9626		95.5556				YKL211C		1		naive		2		39		88.3333

		YNL316C		1		ase		2		62		69.3827				YNL316C		1		random		2		404		69.3827				YNL316C		1		naive		2		39		69.3827																Gene		Day (0)		Cost		Accuracy

		YBR166C		2		ase		2		62		69.3827				YBR166C		2		random		2		388		78.5185				YBR166C		2		naive		2		39		69.3827																YBR166C		0		0		46.1988

		YDR007W		2		ase		2		39		88.3333				YDR007W		2		random		2		10249		63.7427				YDR007W		2		naive		2		39		88.3333																YDR007W		0		0		63.7427

		YDR035W		2		ase		2		39		53.4503				YDR035W		2		random		2		143		53.4503				YDR035W		2		naive		2		39		53.4503																YDR035W		0		0		53.4503

		YDR354W		2		ase		2		62		95.5556				YDR354W		2		random		2		18831		76.4646				YDR354W		2		naive		2		39		74.321																YDR354W		0		0		63.7427

		YER090W		2		ase		2		62		80				YER090W		2		random		2		9531		85.3704				YER090W		2		naive		2		39		59.7531																YER090W		0		0		63.1579

		YGL026C		2		ase		2		62		86.6667				YGL026C		2		random		2		293		80.4444				YGL026C		2		naive		2		39		79.2593																YGL026C		0		0		56.9591

		YKL211C		2		ase		2		62		95.5556				YKL211C		2		random		2		9531		82.0833				YKL211C		2		naive		2		39		74.321																YKL211C		0		0		63.7427

		YNL316C		2		ase		2		62		69.3827				YNL316C		2		random		2		276		64.5455				YNL316C		2		naive		2		39		69.3827																YNL316C		0		0		47.8363

		YBR166C		3		ase		2		62		69.3827				YBR166C		3		random		2		276		64.5556				YBR166C		3		naive		2		39		69.3827

		YDR007W		3		ase		2		62		95.5556				YDR007W		3		random		2		276		76.8687				YDR007W		3		naive		2		39		74.321

		YDR035W		3		ase		2		39		55				YDR035W		3		random		2		143		17.3333				YDR035W		3		naive		2		39		53.4503																Changes in accuracy between Day n and Day n-1																Changes in accuracy between Day n and Day n-1																Changes in accuracy between Day n and Day n-1

		YDR354W		3		ase		2		62		95.5556				YDR354W		3		random		2		724		77.2222				YDR354W		3		naive		2		39		74.321																Run 1		Ase														Run 1		Random														Run 1		Naive

		YER090W		3		ase		2		62		59.7531				YER090W		3		random		2		9489		47.1111				YER090W		3		naive		2		39		59.7531

		YGL026C		3		ase		2		62		79.2593				YGL026C		3		random		2		880		81.2963				YGL026C		3		naive		2		39		79.2593																Gene		(1 - 0)		(2 - 1)		(3 - 2)		(4 - 3)		(5 - 4)						Gene		(1 - 0)		(2 - 1)		(3 - 2)		(4 - 3)		(5 - 4)						Gene		(1 - 0)		(2 - 1)		(3 - 2)		(4 - 3)		(5 - 4)

		YKL211C		3		ase		2		62		74.321				YKL211C		3		random		2		309		77.2222				YKL211C		3		naive		2		39		74.321																YBR166C		23.1839		0		0		-5.8271		0						YBR166C		35.1345		0		0		0		0						YBR166C		23.1839		0		0		0		0

		YNL316C		3		ase		2		62		69.3827				YNL316C		3		random		2		9788		78.5185				YNL316C		3		naive		2		39		69.3827																YDR007W		10.5783		21.2346		4.4444		0		0						YDR007W		15.7017		13.7037		0		0		0						YDR007W		10.5783		0		14.0123		0		0

		YBR166C		4		ase		2		62		69.3827				YBR166C		4		random		2		305		100				YBR166C		4		naive		2		39		69.3827																YDR035W		-24.5614		14.4444		3.3334		0		0						YDR035W		0		0		0		46.5497		0						YDR035W		-24.5614		0		26.1111		0		0

		YDR007W		4		ase		2		62		95.5556				YDR007W		4		random		2		299		81.1111				YDR007W		4		naive		2		39		74.321																YDR354W		10.5783		21.2346		4.4444		0		0						YDR354W		12.7219		0		-29.7979		0		0						YDR354W		10.5783		0		0		21.2346		0

		YDR035W		4		ase		2		39		55				YDR035W		4		random		2		9603		20				YDR035W		4		naive		2		39		53.4503																YER090W		-3.4048		20.2469		4.4444		0		0						YER090W		0		8.8421		12.4444		0		0						YER090W		-3.4048		0		36.358		0		0

		YDR354W		4		ase		2		62		95.5556				YDR354W		4		random		2		861		74.321				YDR354W		4		naive		2		39		74.321																YGL026C		22.3002		7.4074		0		0		0						YGL026C		24.152		0		0		0		0						YGL026C		22.3002		0		0		7.4074		0

		YER090W		4		ase		2		62		59.7531				YER090W		4		random		2		9668		85.3704				YER090W		4		naive		2		39		59.7531																YKL211C		0		24.5906		0		0		0						YKL211C		0		31.8129		0		0		0						YKL211C		0		24.5906		0		0		0

		YGL026C		4		ase		2		62		79.2593				YGL026C		4		random		2		328		74.8485				YGL026C		4		naive		2		39		79.2593																YNL316C		21.5464		0		12.8395		0		0						YNL316C		21.5464		0		0		0		0						YNL316C		21.5464		0		0		0		0

		YKL211C		4		ase		2		62		74.321				YKL211C		4		random		2		1046		95.3333				YKL211C		4		naive		2		39		74.321

		YNL316C		4		ase		2		39		42.7778				YNL316C		4		random		2		926		64.5556				YNL316C		4		naive		2		39		42.7778

		YBR166C		1		ase		3		166		69.3827				YBR166C		1		random		3		687		81.3333				YBR166C		1		naive		3		78		69.3827																Run 2		Ase														Run 2		Random														Run 2		Naive

		YDR007W		1		ase		3		251		100				YDR007W		1		random		3		374		93.1481				YDR007W		1		naive		3		78		88.3333

		YDR035W		1		ase		3		251		46.6667				YDR035W		1		random		3		481		53.4503				YDR035W		1		naive		3		78		55																Gene		(1 - 0)		(2 - 1)		(3 - 2)		(4 - 3)		(5 - 4)						Gene		(1 - 0)		(2 - 1)		(3 - 2)		(4 - 3)		(5 - 4)						Gene		(1 - 0)		(2 - 1)		(3 - 2)		(4 - 3)		(5 - 4)

		YDR354W		1		ase		3		251		100				YDR354W		1		random		3		670		46.6667				YDR354W		1		naive		3		78		74.321																YBR166C		23.1839		0		12.8395		24		0						YBR166C		32.3197		0		0		0		0						YBR166C		23.1839		0		0		0		0

		YER090W		1		ase		3		251		84.4444				YER090W		1		random		3		498		84.4444				YER090W		1		naive		3		78		96.1111																YDR007W		0		24.5906		0		12.3333		0						YDR007W		0		0		23.4795		0		0						YDR007W		0		24.5906		0		0		0

		YGL026C		1		ase		3		251		86.6667				YGL026C		1		random		3		9831		81.1111				YGL026C		1		naive		3		78		79.2593																YDR035W		0		0		1.5497		-21		0						YDR035W		0		0		-6.2281		0		0						YDR035W		0		0		0		0		1.5497

		YKL211C		1		ase		3		78		88.3333				YKL211C		1		random		3		10311		95.5556				YKL211C		1		naive		3		78		88.3333																YDR354W		10.5783		21.2346		4.4444		24		-11.6667						YDR354W		12.7219		0		-2.0202		0		-27.7777						YDR354W		10.5783		0		14.0123		0		0

		YNL316C		1		ase		3		166		82.2222				YNL316C		1		random		3		9831		69.3827				YNL316C		1		naive		3		78		69.3827																YER090W		-3.4048		20.2469		0		4		0						YER090W		4.8219		17.3906		0		0		0						YER090W		-3.4048		0		36.358		0		0

		YBR166C		2		ase		3		166		82.2222				YBR166C		2		random		3		1050		78.5185				YBR166C		2		naive		3		78		69.3827																YGL026C		22.3002		7.4074		0		10.6667		0						YGL026C		23.4853		0		0		0		0						YGL026C		22.3002		0		0		0		0

		YDR007W		2		ase		3		78		88.3333				YDR007W		2		random		3		10353		87.2222				YDR007W		2		naive		3		78		88.3333																YKL211C		10.5783		21.2346		4.4444		24		0						YKL211C		0		18.3406		-7.6389		0		0						YKL211C		10.5783		0		14.0123		0		0

		YDR035W		2		ase		3		78		55				YDR035W		2		random		3		828		47.2222				YDR035W		2		naive		3		78		53.4503																YNL316C		21.5464		0		12.8395		6.2222		0						YNL316C		16.7092		0		0		0		0						YNL316C		21.5464		0		0		-14.9383		0

		YDR354W		2		ase		3		251		100				YDR354W		2		random		3		19474		74.4444				YDR354W		2		naive		3		78		88.3333

		YER090W		2		ase		3		251		80				YER090W		2		random		3		9593		85.3704				YER090W		2		naive		3		78		96.1111

		YGL026C		2		ase		3		251		86.6667				YGL026C		2		random		3		9678		80.4444				YGL026C		2		naive		3		78		79.2593																Run 3		Ase														Run 3		Random														Run 3		Naive

		YKL211C		2		ase		3		251		100				YKL211C		2		random		3		18916		74.4444				YKL211C		2		naive		3		78		88.3333

		YNL316C		2		ase		3		166		82.2222				YNL316C		2		random		3		328		64.5455				YNL316C		2		naive		3		78		69.3827																Gene		(1 - 0)		(2 - 1)		(3 - 2)		(4 - 3)		(5 - 4)						Gene		(1 - 0)		(2 - 1)		(3 - 2)		(4 - 3)		(5 - 4)						Gene		(1 - 0)		(2 - 1)		(3 - 2)		(4 - 3)		(5 - 4)

		YBR166C		3		ase		3		166		82.2222				YBR166C		3		random		3		523		64.5556				YBR166C		3		naive		3		78		69.3827																YBR166C		23.1839		0		12.8395		0		0						YBR166C		18.3568		0		0		0		0						YBR166C		23.1839		0		0		0		0

		YDR007W		3		ase		3		251		100				YDR007W		3		random		3		328		51.1111				YDR007W		3		naive		3		78		88.3333																YDR007W		10.5783		21.2346		4.4444		0		0						YDR007W		13.126		0		-25.7576		0		0						YDR007W		10.5783		0		14.0123		0		0

		YDR035W		3		ase		3		78		55				YDR035W		3		random		3		9570		17.3333				YDR035W		3		naive		3		78		53.4503																YDR035W		0		1.5497		0		0		0						YDR035W		0		-36.117		0		0		0						YDR035W		0		0		0		1.5497		0

		YDR354W		3		ase		3		251		100				YDR354W		3		random		3		786		75.9259				YDR354W		3		naive		3		78		74.321																YDR354W		10.5783		21.2346		4.4444		0		0						YDR354W		13.4795		0		-1.2963		0		0						YDR354W		10.5783		0		0		0		0

		YER090W		3		ase		3		166		59.7531				YER090W		3		random		3		10132		47.1111				YER090W		3		naive		3		78		59.7531																YER090W		-3.4048		0		0		0		0						YER090W		-16.0468		0		0		0		0						YER090W		-3.4048		0		0		0		0

		YGL026C		3		ase		3		166		79.2593				YGL026C		3		random		3		942		81.2963				YGL026C		3		naive		3		78		79.2593																YGL026C		22.3002		0		0		0		0						YGL026C		0		24.3372		0		0		0						YGL026C		22.3002		0		0		0		0

		YKL211C		3		ase		3		166		74.321				YKL211C		3		random		3		319		77.2222				YKL211C		3		naive		3		78		74.321																YKL211C		10.5783		0		0		0		0						YKL211C		13.4795		0		0		0		0						YKL211C		10.5783		0		0		0		0

		YNL316C		3		ase		3		166		69.3827				YNL316C		3		random		3		19215		78.5185				YNL316C		3		naive		3		78		69.3827																YNL316C		21.5464		0		0		0		0						YNL316C		30.6822		0		0		0		0						YNL316C		21.5464		0		0		0		0

		YBR166C		4		ase		3		166		82.2222				YBR166C		4		random		3		344		100				YBR166C		4		naive		3		78		69.3827

		YDR007W		4		ase		3		251		100				YDR007W		4		random		3		984		46.6667				YDR007W		4		naive		3		78		74.321

		YDR035W		4		ase		3		78		55				YDR035W		4		random		3		10288		33.3333				YDR035W		4		naive		3		78		53.4503																Run 4		Ase														Run 4		Random														Run 4		Naive

		YDR354W		4		ase		3		251		100				YDR354W		4		random		3		1079		100				YDR354W		4		naive		3		78		88.3333

		YER090W		4		ase		3		166		59.7531				YER090W		4		random		3		10353		85.3704				YER090W		4		naive		3		78		59.7531																Gene		(1 - 0)		(2 - 1)		(3 - 2)		(4 - 3)		(5 - 4)						Gene		(1 - 0)		(2 - 1)		(3 - 2)		(4 - 3)		(5 - 4)						Gene		(1 - 0)		(2 - 1)		(3 - 2)		(4 - 3)		(5 - 4)

		YGL026C		4		ase		3		166		79.2593				YGL026C		4		random		3		546		74.8485				YGL026C		4		naive		3		78		79.2593																YBR166C		23.1839		0		12.8395		17.7778		0						YBR166C		18.3467		35.4545		0		0		0						YBR166C		23.1839		0		0		-14.9383		0

		YKL211C		4		ase		3		166		74.321				YKL211C		4		random		3		10610		95.3333				YKL211C		4		naive		3		78		74.321																YDR007W		10.5783		21.2346		4.4444		0		0						YDR007W		17.3684		0		-34.4444		0		0						YDR007W		10.5783		0		0		0		0

		YNL316C		4		ase		3		78		42.7778				YNL316C		4		random		3		1611		64.5556				YNL316C		4		naive		3		78		42.7778																YDR035W		0		1.5497		0		0		0						YDR035W		-33.4503		0		13.3333		0		0						YDR035W		3		-3		0		1.5497		0

		YBR166C		1		ase		4		270		63.5556				YBR166C		1		random		4		10251		81.3333				YBR166C		1		naive		4		130		69.3827																YDR354W		10.5783		21.2346		4.4444		0		0						YDR354W		10.5783		0		25.679		0		0						YDR354W		10.5783		0		14.0123		0		0

		YDR007W		1		ase		4		280		100				YDR007W		1		random		4		1059		93.1481				YDR007W		1		naive		4		130		88.3333																YER090W		-3.4048		0		0		0		0						YER090W		0		22.2125		0		0		0						YER090W		-3.4048		0		0		0		0

		YDR035W		1		ase		4		280		46.6667				YDR035W		1		random		4		728		100				YDR035W		1		naive		4		130		55																YGL026C		22.3002		0		0		0		0						YGL026C		17.8894		0		0		0		0						YGL026C		22.3002		0		0		0		0

		YDR354W		1		ase		4		280		100				YDR354W		1		random		4		670		46.6667				YDR354W		1		naive		4		130		95.5556																YKL211C		10.5783		0		0		0		0						YKL211C		0		31.5906		0		0		0						YKL211C		10.5783		0		0		0		0

		YER090W		1		ase		4		280		84.4444				YER090W		1		random		4		1160		84.4444				YER090W		1		naive		4		130		96.1111																YNL316C		0		-5.0585		0		0		0						YNL316C		16.7193		0		0		0		0						YNL316C		0		-5.0585		0		0		0

		YGL026C		1		ase		4		450		86.6667				YGL026C		1		random		4		9860		81.1111				YGL026C		1		naive		4		130		86.6667

		YKL211C		1		ase		4		130		88.3333				YKL211C		1		random		4		10363		95.5556				YKL211C		1		naive		4		130		88.3333

		YNL316C		1		ase		4		218		82.2222				YNL316C		1		random		4		10474		69.3827				YNL316C		1		naive		4		130		69.3827

		YBR166C		2		ase		4		218		100				YBR166C		2		random		4		1735		78.5185				YBR166C		2		naive		4		130		69.3827

		YDR007W		2		ase		4		130		88.3333				YDR007W		2		random		4		11038		87.2222				YDR007W		2		naive		4		130		88.3333																Average change for all 4 runs																Average change for all 4 runs																Average change for all 4 runs

		YDR035W		2		ase		4		130		55				YDR035W		2		random		4		10255		47.2222				YDR035W		2		naive		4		130		53.4503																Average		Ase														Average		Random														Average		Naive

		YDR354W		2		ase		4		280		100				YDR354W		2		random		4		19715		74.4444				YDR354W		2		naive		4		130		88.3333

		YER090W		2		ase		4		450		80				YER090W		2		random		4		9622		85.3704				YER090W		2		naive		4		130		96.1111																Gene		(1 - 0)		(2 - 1)		(3 - 2)		(4 - 3)		(5 - 4)						Gene		(1 - 0)		(2 - 1)		(3 - 2)		(4 - 3)		(5 - 4)						Gene		(1 - 0)		(2 - 1)		(3 - 2)		(4 - 3)		(5 - 4)

		YGL026C		2		ase		4		450		86.6667				YGL026C		2		random		4		10062		80.4444				YGL026C		2		naive		4		130		79.2593																YBR166C		23.1839		0		9.629625		8.987675		0						YBR166C		26.039425		8.863625		0		0		0						YBR166C		23.1839		0		0		-3.734575		0

		YKL211C		2		ase		4		280		100				YKL211C		2		random		4		19601		74.4444				YKL211C		2		naive		4		130		88.3333																YDR007W		7.933725		22.0736		3.3333		3.083325		0						YDR007W		11.549025		3.425925		-9.180625		0		0						YDR007W		7.933725		6.14765		7.00615		0		0

		YNL316C		2		ase		4		218		82.2222				YNL316C		2		random		4		990		64.5455				YNL316C		2		naive		4		130		54.4444																YDR035W		-6.14035		4.38595		1.220775		-5.25		0						YDR035W		-8.362575		-9.02925		1.7763		11.637425		0						YDR035W		-5.39035		-0.75		6.527775		0.77485		0.387425

		YBR166C		3		ase		4		218		82.2222				YBR166C		3		random		4		9950		64.5556				YBR166C		3		naive		4		130		69.3827																YDR354W		10.5783		21.2346		4.4444		6		-2.916675						YDR354W		12.3754		0		-1.85885		0		-6.944425						YDR354W		10.5783		0		7.00615		5.30865		0

		YDR007W		3		ase		4		280		100				YDR007W		3		random		4		328		51.1111				YDR007W		3		naive		4		130		88.3333																YER090W		-3.4048		10.12345		1.1111		1		0						YER090W		-2.806225		12.1113		3.1111		0		0						YER090W		-3.4048		0		18.179		0		0

		YDR035W		3		ase		4		130		55				YDR035W		3		random		4		9769		17.3333				YDR035W		3		naive		4		130		55																YGL026C		22.3002		3.7037		0		2.666675		0						YGL026C		16.381675		6.0843		0		0		0						YGL026C		22.3002		0		0		1.85185		0

		YDR354W		3		ase		4		280		100				YDR354W		3		random		4		838		75.9259				YDR354W		3		naive		4		130		74.321																YKL211C		7.933725		11.4563		1.1111		6		0						YKL211C		3.369875		20.436025		-1.909725		0		0						YKL211C		7.933725		6.14765		3.503075		0		0

		YER090W		3		ase		4		270		59.7531				YER090W		3		random		4		10373		47.1111				YER090W		3		naive		4		130		59.7531																YNL316C		16.1598		-1.264625		6.41975		1.55555		0						YNL316C		21.414275		0		0		0		0						YNL316C		16.1598		-1.264625		0		-3.734575		0

		YGL026C		3		ase		4		270		79.2593				YGL026C		3		random		4		1627		81.2963				YGL026C		3		naive		4		130		79.2593

		YKL211C		3		ase		4		270		74.321				YKL211C		3		random		4		371		77.2222				YKL211C		3		naive		4		130		74.321																Average for all genes																Average for all genes																Average for all genes

		YNL316C		3		ase		4		270		69.3827				YNL316C		3		random		4		19456		78.5185				YNL316C		3		naive		4		130		69.3827																All		9.8180625		8.964121875		3.40875625		3.005403125		-0.364584375						All		9.995109375		5.236490625		-1.007725		1.454678125		-0.868053125						All		9.9118125		1.285084375		5.27776875		0.058275		0.048428125

		YBR166C		4		ase		4		218		100				YBR166C		4		random		4		344		100				YBR166C		4		naive		4		130		54.4444

		YDR007W		4		ase		4		280		100				YDR007W		4		random		4		984		46.6667				YDR007W		4		naive		4		130		74.321																Comparison of change in accuracy between techniques (AccChangeTech1 - AccChangeTech2)																Comparison of change in accuracy between techniques (AccChangeTech1 - AccChangeTech2)																Comparison of change in accuracy between techniques (AccChangeTech1 - AccChangeTech2)

		YDR035W		4		ase		4		130		55				YDR035W		4		random		4		10288		33.3333				YDR035W		4		naive		4		130		55																		Ase-Random														Ase -Naive																Random -Naive

		YDR354W		4		ase		4		280		100				YDR354W		4		random		4		1463		100				YDR354W		4		naive		4		130		88.3333

		YER090W		4		ase		4		270		59.7531				YER090W		4		random		4		19917		85.3704				YER090W		4		naive		4		130		59.7531																Gene		(1 - 0)		(2 - 1)		(3 - 2)		(4 - 3)		(5 - 4)						Gene		(1 - 0)		(2 - 1)		(3 - 2)		(4 - 3)		(5 - 4)						Gene		(1 - 0)		(2 - 1)		(3 - 2)		(4 - 3)		(5 - 4)

		YGL026C		4		ase		4		270		79.2593				YGL026C		4		random		4		1179		74.8485				YGL026C		4		naive		4		130		79.2593																YBR166C		-2.855525		-8.863625		9.629625		8.987675		0						YBR166C		0		0		9.629625		12.72225		0						YBR166C		2.855525		8.863625		0		3.734575		0

		YKL211C		4		ase		4		270		74.321				YKL211C		4		random		4		10714		95.3333				YKL211C		4		naive		4		130		74.321																YDR007W		-3.6153		18.647675		12.513925		3.083325		0						YDR007W		0		15.92595		-3.67285		3.083325		0						YDR007W		3.6153		-2.721725		-16.186775		0		0

		YNL316C		4		ase		4		130		42.7778				YNL316C		4		random		4		11038		64.5556				YNL316C		4		naive		4		130		42.7778																YDR035W		2.222225		13.4152		-0.555525		-16.887425		0						YDR035W		-0.75		5.13595		-5.307		-6.02485		-0.387425						YDR035W		-2.972225		-8.27925		-4.751475		10.862575		-0.387425

		YBR166C		1		ase		5		459		63.5556				YBR166C		1		random		5		10303		81.3333				YBR166C		1		naive		5		182		69.3827																YDR354W		-1.7971		21.2346		6.30325		6		4.02775						YDR354W		0		21.2346		-2.56175		0.69135		-2.916675						YDR354W		1.7971		0		-8.865		-5.30865		-6.944425

		YDR007W		1		ase		5		319		100				YDR007W		1		random		5		10623		93.1481				YDR007W		1		naive		5		182		88.3333																YER090W		-0.598575		-1.98785		-2		1		0						YER090W		0		10.12345		-17.0679		1		0						YER090W		0.598575		12.1113		-15.0679		0		0

		YDR035W		1		ase		5		319		46.6667				YDR035W		1		random		5		728		100				YDR035W		1		naive		5		182		55																YGL026C		5.918525		-2.3806		0		2.666675		0						YGL026C		0		3.7037		0		0.814825		0						YGL026C		-5.918525		6.0843		0		-1.85185		0

		YDR354W		1		ase		5		319		100				YDR354W		1		random		5		670		46.6667				YDR354W		1		naive		5		182		95.5556																YKL211C		4.56385		-8.979725		3.020825		6		0						YKL211C		0		5.30865		-2.391975		6		0						YKL211C		-4.56385		14.288375		-5.4128		0		0

		YER090W		1		ase		5		319		84.4444				YER090W		1		random		5		10545		84.4444				YER090W		1		naive		5		182		96.1111																YNL316C		-5.254475		-1.264625		6.41975		1.55555		0						YNL316C		0		0		6.41975		5.290125		0						YNL316C		5.254475		1.264625		0		3.734575		0

		YGL026C		1		ase		5		479		86.6667				YGL026C		1		random		5		10049		81.1111				YGL026C		1		naive		5		182		86.6667

		YKL211C		1		ase		5		182		88.3333				YKL211C		1		random		5		10425		95.5556				YKL211C		1		naive		5		182		88.3333																Sum		-1.416375		29.82105		35.33185		12.4058		4.02775						Sum		-0.75		61.4323		-14.9521		23.577025		-3.3041						Sum		0.666375		31.61125		-50.28395		11.171225		-7.33185

		YNL316C		1		ase		5		270		82.2222				YNL316C		1		random		5		11136		69.3827				YNL316C		1		naive		5		182		69.3827

		YBR166C		2		ase		5		218		100				YBR166C		2		random		5		2378		78.5185				YBR166C		2		naive		5		182		69.3827																Mean		-0.177046875		3.72763125		4.41648125		1.550725		0.50346875						Mean		-0.09375		7.6790375		-1.8690125		2.947128125		-0.4130125						Mean		0.083296875		3.95140625		-6.28549375		1.396403125		-0.91648125

		YDR007W		2		ase		5		182		88.3333				YDR007W		2		random		5		11723		87.2222				YDR007W		2		naive		5		182		88.3333

		YDR035W		2		ase		5		182		55				YDR035W		2		random		5		10359		47.2222				YDR035W		2		naive		5		182		55																StDev		4.0172301983		12.1764827364		5.1777502812		7.9170992636		1.424024669						StDev		0.2651650429		7.5928967366		8.0289529641		5.4024355523		1.0206760074						StDev		4.0893252076		7.7373671747		6.5841474703		4.8092354046		2.4394271476

		YDR354W		2		ase		5		319		88.3333				YDR354W		2		random		5		19796		46.6667				YDR354W		2		naive		5		182		88.3333

		YER090W		2		ase		5		479		80				YER090W		2		random		5		9869		85.3704				YER090W		2		naive		5		182		96.1111										sqrt(8)		2.8284271247				Ttest		-0.1246540922		0.8658767533		2.4125720023		0.5540050095		1						Ttest		-1		2.8605153883		-0.6584128311		1.5429591058		-1.1445118229						Ttest		0.0576132072		1.4444531798		-2.7001310489		0.8212582965		-1.0626267029

		YGL026C		2		ase		5		479		86.6667				YGL026C		2		random		5		10114		80.4444				YGL026C		2		naive		5		182		79.2593

		YKL211C		2		ase		5		319		100				YKL211C		2		random		5		29005		74.4444				YKL211C		2		naive		5		182		88.3333

		YNL316C		2		ase		5		270		82.2222				YNL316C		2		random		5		1675		64.5455				YNL316C		2		naive		5		182		54.4444																confidence fig for 7 degrees freedom		1.895														confidence fig for 7 degrees freedom		1.895														confidence fig for 7 degrees freedom		1.895

		YBR166C		3		ase		5		270		82.2222				YBR166C		3		random		5		10054		64.5556				YBR166C		3		naive		5		182		69.3827

		YDR007W		3		ase		5		319		100				YDR007W		3		random		5		328		51.1111				YDR007W		3		naive		5		182		88.3333

		YDR035W		3		ase		5		182		55				YDR035W		3		random		5		9831		17.3333				YDR035W		3		naive		5		182		55

		YDR354W		3		ase		5		319		100				YDR354W		3		random		5		1037		75.9259				YDR354W		3		naive		5		182		74.321

		YER090W		3		ase		5		374		59.7531				YER090W		3		random		5		10425		47.1111				YER090W		3		naive		5		182		59.7531

		YGL026C		3		ase		5		374		79.2593				YGL026C		3		random		5		11012		81.2963				YGL026C		3		naive		5		182		79.2593

		YKL211C		3		ase		5		374		74.321				YKL211C		3		random		5		560		77.2222				YKL211C		3		naive		5		182		74.321

		YNL316C		3		ase		5		374		69.3827				YNL316C		3		random		5		19485		78.5185				YNL316C		3		naive		5		182		69.3827

		YBR166C		4		ase		5		218		100				YBR166C		4		random		5		344		100				YBR166C		4		naive		5		182		54.4444

		YDR007W		4		ase		5		319		100				YDR007W		4		random		5		984		46.6667				YDR007W		4		naive		5		182		74.321

		YDR035W		4		ase		5		182		55				YDR035W		4		random		5		10288		33.3333				YDR035W		4		naive		5		182		55

		YDR354W		4		ase		5		319		100				YDR354W		4		random		5		1710		100				YDR354W		4		naive		5		182		88.3333

		YER090W		4		ase		5		374		59.7531				YER090W		4		random		5		20579		85.3704				YER090W		4		naive		5		182		59.7531

		YGL026C		4		ase		5		374		79.2593				YGL026C		4		random		5		10606		74.8485				YGL026C		4		naive		5		182		79.2593

		YKL211C		4		ase		5		374		74.321				YKL211C		4		random		5		10776		95.3333				YKL211C		4		naive		5		182		74.321

		YNL316C		4		ase		5		182		42.7778				YNL316C		4		random		5		11285		64.5556				YNL316C		4		naive		5		182		42.7778
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Diagram of Adam



Novel Science

n Adam generated and confirmed novel functional-genomics 
hypotheses concerning the identify of genes encoding 
enzymes catalysing orphan reactions in the metabolic 
network of the yeast S. cerevisiae. 

n Adam's conclusions have been manually verified using 
bioinformatic and biochemical evidence. 

n Adam was the first machine to autonomously discover novel 
scientific knowledge: hypothesise, and experimentally 
confirm.



Novel Scientific Knowledge



Eve

Drug Design



The Application Domain

Malaria

Shistosomaisis Leishmania Chagas



Why Tropical Diseases?

n Millions of people die of these diseases, and hundreds of 
millions of people suffer infection.

n It is clear how to cure these diseases – kill the parasites.

n They are “neglected”, so avoid competition from the 
Pharmaceutical industry.



Formalising the Problem
n Use standard chemoinformatic methods (Boolean 

fingerprints) to represent background knowledge.

n Uses induction (quantitative structure activity relationship –
QSAR learning) to infer new hypotheses.

n Use a combination of active learning and active learning to 
decide efficient experiments.



Eve’s Automation of Pipeline

Library 
screening

Hit 
confirmation

Learn 
QSAR/Intel

ligent 
screening

Hit
s

Confirmed 
hits

Predicted hits

Lead
Offline validation

 Standard library screening is brute force:
 Eve uses intelligent screening 

 In the standard “pipeline” the 3 processes 
are not integrated.
 In Eve automated and integrated.



Eve’s Hardware
Highlights of Eve's hardware:

 Acoustic liquid handling
 High throughput 384 well 
plates
 Two industrial robot arms
 Automated 60x microscope
 Liquid handlers, 
fluorescence readers, 
barcode scanners, dry store, 
incubator, tube decapper ...



The Economics of Intelligent Screening

Nm - Number of compounds not assayed by Eve

Tm - Cost of the time to screen a compound using the mass screening assay

Cm - Cost of the loss of a compound in the mass screening assay

Nx - Number of hits missed by Eve

Tc - Cost of the time to screen a compound using a cherry-picking (confirmation or intelligent) assay 

Cc - Cost of the loss of a compound in a cherry-picking assay

Uh  - Utility of a hit

Ne - Number of compounds assayed by Eve






Triclosan Repositioned for Malaria

n Simple compound

n Known to be safe – used in toothpaste.

n Targets both DHFR and FAS-II – well established targets.

n Demonstrated activity using multiple wet experimental 
techniques.

n Works against wild-type and drug-resistant Plasmodium 
falciparum, and Plasmodium vivax.



Relational Learning



Relational Learning

n The use in machine learning of representations based of tuples 
of attributes is in essence the use of propositional logic.

n Use of the richer, more expressive, language of 1st-order 
predicate logic is termed Relational Learning.

n Not fashionable now, but in my view, sooner or later relational 
learning will become essential.

n Used to be considered too inefficient to be practical, but Deep 
Neural Networks have moved the bar here!



1st-Order Predicate Logic

n Developed a 100 years ago to describe mathematical 
structure.

n Propositional logic assumes the world contains facts.

n 1st-order Predicate logic assumes the world contains:

– Objects: numbers, molecules, atoms, stars…

– Relations: greater-than, bonds, distances …

– Functions: plus1,charge…  



Machine Learning: Attributes

n Propositional Logics: Statistical, and neural network, 
methods use tuples (vectors) of attributes (descriptors) to 
represent examples.

n An attribute is something true about a whole example.

n Examples can be put into a single row in a table, the 
columns are the attributes.



Attributes and Chemical Structure

n Difficult to represent arbitrary chemical structure using 
propositions, i.e. a single table.  Either the table grows 
exponentially, or a compromise must be made in fidelity.

n What should the attributes be?
– Boolean fingerprints 
– topological indices
– Voxols
– Quantum mechanic descriptors



Relational Learning
n Uses richer representation language

- Enables relations: abstract structure

- Explicit background knowledge (constraints): 
expressed as computer programs. Arbitrary complex 
pieces  of prior knowledge.

- No need for examples to be a single row in a table

King, R.D., et al. (1996) Proc. Nat. Acad. Sci. U.S.A. 93, 438-442. 



Relational Approach: Atoms

n The predicate atom is used, e.g. in compound 127 
(3,4,3’-trinitrobiphenyl).

n atom(127, 127_1, c, 22, 0.191).

n States that in compound 127, atom no. 1 is a carbon of 
type 22 (aromatic carbon in a six membered ring) with a 
partial charge of 0.191.



Relational Approach: Bonds

n The predicate bond is used, e.g. 
bond(127, 127_1, 127_6, 7).

n States that in compound 127, atom no. 1 and atom no. 6 
are connected by a bond of type 7 (aromatic bond).



High Level Background 
Knowledge 1

A definition of a Methyl group is:
methyl(Drug,[Atm0,Atm1,Atm2,Atm3,Atm4]) :

atom(Drug, Atm0, Type,…,…), % Link atom
Type not h,
atom(Drug, Atm1, c. 10, …), % Aryl carbon
atom(Drug, Atm2, h, 3, …), % Hydrogen
atom(Drug, Atm3, h, 3, …), % Hydrogen
atm(Drug, Atm4, h, 3, …), % Hydrogen
bond(Drug, Atm0, Atm1,1), % Single bond
bond(Drug, Atm1, Atm2, 1), % Single bond
bond(Drug, Atm1, Atm3, 1), % Single bond
bond(Drug, Atm1, Atm4, 1), % Single bond
Atm2 @> Atm3,
Atm3@> Atm4. % Atm2,3,4 different



High Level Background 
Knowledge 2

n Extend to 3D: simply add Pythagoras’ theorem.

n Extend to multiple confirmations: simply add and label 
confirmations.

n Extend to quantum mechanics.



Bond critical point (BCP)

Richard F.W. Bader

3D Electron Density



Example StruQT predicates
n cp(Id,Field,[x,y,z],Hessian)  % critical point
n signature(Id,Signature).  % signature of Hessian
n rank(Id,Rank).  % rank of Hessian
n con_path(Id_1,Id_2)   % connectivity of points
n hessian(Id,L_1,L_2,L_3)  % eigenvalues of Hessian
n nuc_attr(Id).  % nuclear attractor
n bcp(Id)  % bond critical point
n rcp(Id).  % ring critical point
n ccp(Id).  % cage critical point

Alsberg, et al. (2001) Analytica Chimica Acta 446, 3-13 



Transformational Learning



The New Idea

n The new idea is to represent examples using predictions 
made by ML models learnt on other tasks: extrinsic 
features. 

n This transformation has the dual advantages of 
significantly improving predictive performance, and 
providing scientific insight. 



Standard Machine Learning



Transformative Machine Learning 



Standard Machine Learning



Transformative Machine Learning 



Intuition 

n Transformational learning combines ideas from multi-task 
learning and transfer learning. 

n Instead of using a predefined similarity measure to pre-
select a set of similar tasks, we project the different tasks 
into one joint numeric representation.

n Then use a meta-learning algorithm to learn from this new 
representation how to make accurate predictions for the 
task at hand. 



Experimental Setup – Machine 
Learning Methods

n To in investigate the utility of Transformative Learning we 
selected four machine learning methods: 
– Random forests (RF).
– Support-vector machines (SVMs).
– k-nearest neighbour (KNN). 
– Neural-networks (NN).  

n These represent the main families of non-linear Machine 
Learning methods.



Experimental Setup – Problems

n We applied the four machine learning methods to three 
typical real-world scientific problems: 
– Drug-design (quantitative structure activity relationship 

learning - QSAR). 2,219 target proteins and associated 
chemical compounds and activities from the ChEMBL 
database 

– Predicting 1,000 human gene expression (across 
different tissue types and drug treatments) – LINCS.

– Meta-machine learning (predicting how well machine 
learning method will work on problems). 



Results



Future Prospects



The Future?
n In Chess/Go there is a continuum of ability from novices up 

to Grandmasters.  

n I argue that this is also true in science, from the simple 
research of Eve, through what most human scientists can 
achieve, up to the ability of a Newton or Einstein.  

n If you accept this, then just as in Chess/Go, it is likely that 
advances in computer hardware and software will drive the 
development of ever smarter Robot Scientists. 

n The Physics Nobel Frank Wilczek is on record as saying 
that in 100 years’ time the best physicist will be a machine.



Vision
n The collaboration between Human and Robot Scientists 

will produce better science than either can alone –
human/computer teams still play better chess that either 
alone.

n Scientific knowledge will be primarily expressed in logic 
with associated probabilities and published using the 
Semantic Web.

n The improved productivity of science leads to societal 
benefits: better food security, better medicines, etc.



Conclusions
n Science is a wonderful application area for AI.

n Automation is becoming increasingly important in scientific 
research e.g. DNA sequencing, drug design.

n The Robot Scientist concept is the logical next step in 
scientific automation.

n The Robot Scientist Adam was the first machine to have 
discovered novel scientific knowledge.

n The Robot Scientist Eve has found new lead compounds for 
neglected tropical diseases.

n Robot Scientists are needed for 21st century science.
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