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Abstract

This report summarizes a comparison of different leaming techniques which was performed at the 20
European Summer School on Machine Leamning, held in Belgium during summer 1991. A variety of sym-
bolic and non-symbolic leaming techniques - namely AQ17-DCI, AQI7-HCI, AQI7-FCLS, AQ14-NT,
AQ15-GA, Assistant Professional, mFOIL, IDSR, IDL, ID5R-hat, TDIDT, ID3, AQR, CNZ, CLASS-
WEB, ECOBWEB, PRISM, Backpropagation, and Cascade Correlation - are compared on three classifi-
cation problems, the MONK s problems.

The MONK's problems are derived from a domain in which each training example is represenied by six
discrete-valued auributes. Each problem involves learning a binary function defined over this domain,
from a sample of training examples of this function. Experiments were performed with and without noise
in the training examples,

One significant characteristic of this comparison is that it was performed by a collection of researchers,
each of whom was an advocate of the technique they tested (often they were the creators of the various
methods). In this sense, the resulis are less biased than in comparisons performed by a single person advo-
cating & specific learning method, and more accurately reflect the generalization behavior of the leamning
technigues as applied by knowledgeable users,
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Once upon a time, in July 1991, the monks of Corsendonk Priory were faced with a school held in
their priory, namely the 2% Eyropean Summer School on Machine Learning. After listening more
than one week to a wide variety of learning algorithms, they felt rather confused: Which algorithm
would be optimal? And which one to aveid? As a consequence of this dilemma, they created a
simple task on which all learning algorithms ought to be be compared; the three WONK'S probiems.

This report summarizes the results.
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Results — a short overview

l [ #1 [ #2 | #3 |
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2 §.B. Thrun, T. Mitchell, and J. Cheng
1.1 The problem

The MONK’s problems rely on the an artificial robot domain, in which robots are described by six different
attributes [Wnek, Sarma, Wahab and Michalsks, 1991}

zy: headshape & round, squars; actagon
z3: bodyshape € round, square, octagon
3 issmiling £  yes, no

z4: holding & sword, balloon, fiag
zs: jacket.color € red, yellow, green, blue
zg: has_tie & yes, no

The learning task is a binary classification task. Each problem is given by a logical description of a class,
Robots belong either to this class or not, but instead of providing a compiete class deseription to the learning
problem, only a subset of all 432 possible robots with its classification is given. The learning task is then to
generalize over these examples and, if the particular learning technique at hand allows this, to derive a simple
class description.

s Problem M;:
(head_shape = body-shape) or (jacket_color = red)
From 432 possible examples, 124 were randomly selected for the training set. There were no misclassifi-
cations.

¢« Problem Ma:
exactly two of the six attributes have their first value.
(E.g.: body shape = headshape = round implies that robot is not smiling, holding no sword, jacket_color
is not red and has no tie, since then exactly two (body.shape and head shape) atiributes have their first
value) From 432 possible examples, 160 were randomly selected. Again, there was no noise.

+ Problem Mjy:
(jacket.color is green and holding a sword) or (jacket.color is mot blue and body_shape is

not octagen)
From 432 examples, 122 were selected randomly, and among them there were 5% misclassifications, L2,
noise in the training set.

Problem 1 is in standard disjunctive normal form and is supposed to be sasy learnable by all symbolic learning
algorithms as AQ and Decision Trees. Conversely, problem 2 is similar to parity problems. It combines different
attributes in a way which makes it complicated to deseribe in DNF or ONF using the given attributes only.
Problem 3 is again in DNF and serves to evaluate the algorithms under the presence of noise.

1.2 Visualization

All eontibutions in this report have two things in common: firstly, they refer to the same problems— the MONKs
problems -, and secondly, most results are visualized by a two-dimensional diagram. Due to the difficulties in
representing a six-dimensional space on a conventional sheet of paper, the plot is unfolded, as might be found in
[Wnek, Sarma, Wahab and Michalski, 1991]. The resulting diagrams of training and testing sets may be found
below.



The MONK s comparison - Introduction and Survey 3

In all training set diagrams, positive examples are marked by “#" and negative ones by “~". Misclassifications,
as in the presence of noise, are indicated by boxes. Correspondingly, in all test sets positive examples are marked
by “#7 while empty felds indicate negative examples,

In turn, we will plot the results of all learning algorithms in the same way: # indicates that the learning
algorithm classifies the entity as a positive member, and a blank as a non-member. However, an additional
square will indicate misclassifications, i.e: if the classification obtained by the algorithm s wrong.

Acknowledgements

The authors thank Walter Van de Welde for the excelleni organization of 2™ European School on Machine
Learning, at which this comparison was created. We would also like ta thank all participants in this comparison,
including Bruno Roger.
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M,: Training set(124 examples, no noise) and test set
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Mas: Training set (169 examples, no noise} and test set
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Mj: Training set (122 examples, 6 misclassifications due to noise) and fest set

(jacket _color is green and holding a sword)

or (jacket_color is not blue and body.shape is not octagon)
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% J.Bala, E.Bloedorn, K. De Jong, K. Kaufman, R.S. Michalski, P. Pachowicz, H. Vafaie, J. Waek, J. Zhang
2.1 Introduction

This chapter describes briefly results from applying various AQ learning programs to the MONKS' problems.
The MONKS' problems are concerned with learning concept descriptions from examples, All examples come
from the same event space, which spanz 8 multiple-valued atiributes. The sizes of the value sets of the attributes,
«1, %2, ..., xB,are 3, 3,23, 4, and 2, respectively. Consequently, the space consists of the total of 3x3x2xlxdx2
= 432 possible events (examples].

There are three different MONKS’ problems. As deseribed in Chapter 1, the problems differ in the type of the
target concept to be learned, and in the amount of noise in the data. The training and testing sets of examples
were provided by the creators of the problems, Thrun, Mitchell and Cheng. A listing of all the data is in the
Appendix. Here is a brief summary of the data for each problem.

« Problem 1. There were 124 training examples, which represented 30% of the total event space (62 positive
and 62 negative), The testing examples were all possible examples (218 positive and 216 negative}.

« Problem 2. There were 152 training examples, which represented 40% of the total event space (105
positive and 64 negative). The testing sxamples were all possible examples {190 positive and 142 negative).

« Problem 3. There were 122 training examples, which represented 30% of the total event space (62 positive
and 60 negative). The testing examples were all possible examples (204 positive and 228 negative), We
were informed that 5% of the examples were misclassified.

The following AQ programs were used in the experiments:

o AQI7-DCI (a version of AQ program with data-driven constructive induction)

AQI7-HCI (a version of AQ program with hypothesis-driven constructive induction)

s AQ15-GA (a version of AQ program combined with a genetic algorithm}
AQ15-FCLS (a version of AQ program otiented toward learning flexible concepts)

s AQL4-NT (a version of AQ program criented toward noisy data)

Rules generated by different programs were tested using the ATEST program that computes a confusion matrix
{Reinke, 1984). The praogram computes the so-called consonance degree between an unknown example and
the rules for each decision class. The output from this program includes numerical evaluations of the the
accuracy of the rules based on the percentage of the testing examples correctly classified (by choosing the rule
that best fits the example), and the percentage of examples precisely matched by the correct decision rule..
These percentages are output by ATEST as OVERALL % CORRECT- FLEX-MATCH and OVERALL %
CORRECT-100% MATCH, respectively.

Details of these programs, and of the AQ algorithm underlying these programs are given in Section 2.3. I
chould be noted that results are not always presented for each of these programs as applied to each of the
three problems. As indicated above, these programs derive from the same basic method, each adding features
appropriate to specific types of problems. The different programs derived basically the same rule for the first
problem; the ones shown here are the ones whose knowledge representation schema allowed for the most elegant
presentation of the output. We felt that for the sake of brevity and emphasis on the matching of the programs
different features with the types of problems to be solved, we should present only the results of the programs
better suited for the given type of problem. For example, we felt that there was no reason to apply AQI4-NT,
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a program with special features to cope with noisy data, to Problem 2, a problem in which data were without
noise, and the testing events were 100% correctly classified by the rules obtained by other programs. For the
same reason, we did apply the data-driven constructive induction program AQ17-DCI to Problem 3, because
it is a strictly data driven method, and as such is less suitable for leaming from noisy data than other AQ

programs.

2.2 Results for the 1st problem (M;)

2.2.1 Rules obtained by AQ17-DCI

These ars the rules obtained by AQ17-DCI, a version of the AQ program that employs data-driven constructive
induction. The results inciude one rule for Class 0 (that represents positive examples of the concept), and one
rule for Class 1 (that represents the negative examples):

Class O:
Rule 1 [jacket_color > 1] & [head_shape <> body_shape] (totsl:62, unique:62)

Class 1:
Rule 1  [head_shape=body_shape]- (total:41, uniqua:33)
Rule 2 [jacket_color=1] {total:29, unigque:31)

Expressions in [ ] denote individual conditions in a rule. Values 1, 2,3 and 4 of the “jacket_color” attribute
denote red, yellow, green, and blue, respectively. The body-shape and the head-shape attributes had values
l-round, 2-square, and 3-octagon. In the above tules, “total” means the total number of training examples of
the given class covered by the rule, and “unique” means the number of training examples covered by that rule
only, and not by any other rules.

There is only one rule for Class 0, and there two rules for Class 1. The latter means that if any of the rules is
matched by a given instance, then that instance is classified to Class 1. A set of such rules is logically equivalent
to a disjunction of conjunctions. The syntax of the rules is defined formally according to the variable-valued
logic caleulus VL1. Individual rules correspond to “complexes” in VLL.

The results of applying the rules to the testing exampiaa are presented below.

RESULTS
OVERALL % CORRECT FLEX MATCH: 100.00
OVERALL % CORRECT 100% MATCH:  100.00

where:

OVERALL % CORRECT FLEX MATCH means the percentage of the correetly classified examples within the
total set of testing examples, using a flexible matching function (see Reinke, 1984), and OVERALL CORRECT
0 100% MATCH means that the percentage of correctly classified examples that matched the rules exactly.

The number of testing events satisfying individual rules in the correct class description is given in the table
below:



10 J. Bala, E. Bloedorn, K. De Jong, K. Kaufman, R.5. Michalski, P. Pachowice, H. Vafaie, J. Wnek, J. Zhang

RULES

i1 R2
cLass O 215
CLASS 1 144 o8

2.2.2 Rules obtained by AQ17-HCI

These are the rules obtained by AQLT-HCI, a version of the AQ program that employs hypothesis-driven
constructive induction. The results include one rule for Class 0 that represents positive examples of the concept,
and one rule for Class 1 that represents the negative examples:

Class O:
Rule 1  [Negl7=falsel (tatal:82, unique:6I)

Class 1:
Rule 1 [Posif=falsa] (total:62, unique:62)

where Negl7 and Posl6 are attributes constructed from the original ones, or intermediate ones, as defined below
(these rules, as one can check, are logically equivalent to the AQ1T-DCI generated rules)

g01 <:: [head_shape=i] k [body_shape=2,3] & [jacket_coler>1]
205 <:: [head_shape=2] & [body_shape=1,3] & [jacket_color>1]
<08 <:: [head_shapew3] & [body_shape=1,2] & [jacket_color>i]
¢10 <:: [head_shape=i] & [body_shape=i]

c12 <:: [jacket_color=1]

213 ¢:: [head_shapew2] & [body_shape=2]

215 <:: [head_shape=3] & [body_shape=3]

Pos <:: [ci0=false] & [cl2=false)] k [ci3=false] % {c15=falsal

Heg <:: [cOi=false] B [cOS=falaa] & [cOB=false]

TEST RESULTS - SUMMARY
OVERALL % CORRECT FLEX MATCH: 100,00
OVERALL % CORRECT 100% MATCH:  100.00

Number of testing events satisfying individual rules in the correct class description:

RULES

L §
CLASS © 215
cLass 1 2186

Other programs either were not used on this problem, or generated similar results.
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2.3 Results for the 2nd problem (M)

2.3.1 Rules obtained by AQ17-DCI

The rules below were obtained by AQI7-DCI, which is capable of generating all kinds of new attributes from
the original attributes, For the problem at hand, the program found that a new attribute that expresses the
number of variables in the learning examples that have some specific value is highly relevant to this problem.
Such an attribute is assigned by the program the name #VarEQ(x), which means “the number of variables with
value of rank & (in their domain)” in an example. The lowest value in the domain has rank 1, the next lowest
has rank 2, etc. In this case, the relevant attribute was #VarEQ(1). Based on this attribute, the program
constructed appropriate decision rules. There were two one-condition rules for Class 0, representing the positive
examples of the concept, and one rule for Class 1 that represents the negative examples. The rule for Class 1
is logically equivalent to the negation of the union (disjunction) of the rules for Class 0.

Claas 0:
Rulae 1 [#varEQ(1)>=3]
Rule 2 [#VarEQ{1i)<w=i]

Class 1:
Rule 1 [#VarEQ(1)=2]

The rules say that the number of variables that take the lowest value from their domain is 1 or greater than 2
(i.e, not equal to 2.

The results of applying the rules to the testing examples were;

RESULTS
OVERALL % CORRECT FLEX MATCH: 100.0
OVERALL % CORRECT 100% MATCH: 1000

2.3.2 Rules obtained by AQ17-HCI

There are 4 top level rules for Class 0 (positive examples), and 6 top level rules for Class 1(negative examples):

Clasas 0:
Aule 1 [PosT3=true] (total:30, unique:49)
Rule 2 [cid=false] & [c26=false] k [c53=false] & [c67=falae] &
[c72=false] & [MegT4=false] (total:38, uniqua:6)
Rula 3 [holding=2,3] & [cBefalse] & [c20=false] & [Negid=false] {total:32, unique:S)
Bule 4 [head_shape=2] & [has_tie=2] & [c44=falae] &
[c50=falee] k [HegTé=falze] (total:6, unigue:2)

Class 1:
Rule 1 [(HegTd=true] {total:43, unique:30}
Bule 2 [jacket_color=2,3,4] k& [has_tie=1] & [c60=true] & [PoaV3=false] (total:i7, unique;d}
Aule 3 [head_shape=2,3] & [body_shape=2] k [cZ8=falsa] & [Fos73sfalse] (total:id, unigue:7T}
Rule 4 [body_shape=3] k [c4B=true] k [cé6=true] (total:4, unique:2}
Rule 5 [jacket_coler=3] k& [cd3=true] ¥ [c52=false] & [c53=falsa]

[c55=falas] k [cE9=true] & [PosTi=false] (total:4, unigue:2)
Rule 6 [body_shape=3] & [cOwfalse] & [ci0=true] & [c23=truel & [c3Z=true] (total:3. unique:1)
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Attributes “ci, i=2..72" “Pos73," and “Neg74” were constructed during the learning process, The following
were relevant to the discovered rules:

c2
<4
ch
ch
T
cd
cld
cid
18
clé
cl?
cia
c20
c2i
c22
o322
o268
c28
caz
o ke
237
38
39

e ma aw oaw

[

hhhf‘\hhﬁhhﬁhn.ﬂ\.ﬂhnﬂn.&n!\h

A

PosT3

NegT4

[jacket_colore=l, 4]

[body_shape=2,3] & [is_smiling=2]
[head_shape=2,3] & [ia_==iling=2]
[head_shape=?,3] k [body_shapa=2,3]
[holding=1,2] & [jacket_color=1,3,4]
[head_shape=1,3] & [jacket_colorw=2,3, 4]
[holding=1,%] & [jacket_color=2,3,4]

i [jacket_color=2,3,4] & [has_tie=Z]

: [ts_smiling=1] & [jacket_color=2,3,4]

: [holding=2,3] & [has_tie=2]

: [holding=2,3] & [jacket_color=2,3,4]

vy [is_smilingm?] k& [jacket_.color=2,3,4]

: [jacket_color=2,3,4] & [has_tie=1]

:1 [body_shape=2,3] & [holding=2,3]

: [is_ smiling=2] & [holding=1,2]

: [holding=1,3] & [jacket_color=2,3,4]

: [head_shape=2,3] & [jacket _color=2,3,4]
: [body_shape=1,3] & [jacket_color=2,3,4]
: [head_shapes?,3] & [jacket_color=1,2,3]

[head_shape=2,3] & [has_tie=2]

¢+ [is_smiling=2] & [holding=2,3]
: [e2i=false] & [c3T=falsa]
t1 [ch=true] & [ciT=trua]

2

A AN AR A A AN A A A A A A AR AA A A A A

cdl
42
c43
c44
cdf
caT
c48
49
c50
c52
cB3
c55
<58
ch9
<60
ciBl
=1
B8
<67
cB8
B3
cTa
ef2 €43

o ow

"

¢ [e5=trua] & [ci7=trual

: [ei5=false] k& [c28=false]

:: [holding=2,3] & [c39=falsal

: [body_shape=2,3] & [ec309=false]

:: [holding=2,3] & [jacket_color=2,3,4]

[cis=falsa]l & [cio=falsa]

: [eT=falsa] & [c3%=false]

: [jacket_color=1,2,4] & [cT=falsa]
: [cl7=falase] & [c3d=true]

ti [bedy_shape=2,3] & [c22=falze]

i1 [jacket_color=2,3,4] & [cis=false]
: [jacket_coler=2,3,49] & [e21=true]
:: [holding=1,2] & [cid=falaa]

1t [holding=1,3] & [cl4=false]

: [jacket_color=2,4]

: [cag@=falaa] & [c49=falze]

:: [body_shape=2,3] & [jacket_color=2,3,4]
: [c20=false] & [c39=falsal

[jacket_color=1,2,3] k [c4d=trua]
[c38=falea] & [cd9=true]
[c40=falee] & [cSS8=false]

: [ci6=falsa] & [c55=falsa]

[jacket_color=2,3,4] & [c18=false]
[jacket_colar=i,2,3] & [c3T=trusl

¢i: [ed=false] & [c16=falsal & [c33=false] & [ciS=falase] & [cdG=false] or
[c15=false] & [c¢3=falae] & [ciT=false] & [c6B=falme] or
[body_shape=1,2] & [c21i=false] & [c4i=trua] & [cad=false] & [cB5=true] & [c67=false] or

{c33=trual] & [cE0=trua]

<:: [cd=false] & [c4Z=true] k [c56=false] k& [c65=true] & [cE8=true] ar

[e2wfalae] k [c4=false] & [cl6=false] & [c17=true] & [c26=trus] or
[is_smiling=2] & [holding=2,3] & [(cl4=false] & [c4i=true] &
[cd3mtrue] & [cS9=falsa] & [c69=false] & [cTO=false] or

[has_tie=2] & [cS=true] & [cd4m=false] k [cBi=false]

OVERALL

TEST RESULTS - SUMMARY
RRECT FLEX MATCH:
OVERALL % CORRECT 100% MATCH:

493.06
86.57

The akiove summary of the resulta shows that the rules generated by AQIT-HCI approximate quite well the
concept in Problem 2 although they use only logical operators. This result is quite interesting because concepts
such as the one in Problem 2 are among the most difficult to learn using solely logic-based inductive learners
{classical rule learning or decision tree learning programs). This result demonstrates the power of hypothesis-
driven constructive induction.

Mumber of testing events satisfying individual complexes in the correct class description:

CLASS
CLASS

RULES

0
1

R1i R2 R3 R4 R5 RES6
232 B4 54 12
™ 44 32 10 s 4
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2.3.3 Rules obtained by AQ17-FCLS

These are the rules obtained by AQ17-FCLS, a version of the A{} program that learns flexible concepls by
generating rules that permit partial matching. The threshold parameter indicates the minimum percentage of
the individual conditions in the rule that must be satisfied for the rule to apply. The tesults include two rules
for Class 0 that represent positive examples of the concept, and 18 rules for Class 1 that represent the negative
examples. The discovered rules fully encompass Class 0, but they failed to get a complete grasp of the concept
of Class 1:

Clasa 0:
Rule 1 - [head_shape = 1] & [body_shape = 1] & [i=_=xiling = 1] &
[helding = 11 & [jacket_color = 1] & [has_tie = 1]
with THRESHOLD = 50 %
(Total positive examples coverad: 84)

This rule says that three or more variables must be equal to 1 (recall that for “is-smiling” and “has-tie”
attributes, the value 1 means “yes” and value 2 means “no” ; for attibrute “holding” the value | means
“sword,” ¥ means “balloon,” and 3 means “flag”).

Rule 2 [head_shaps = 2 , 3] & [body_shaps = 2 , 3] & [is_smiling = 2] &
[holding = 2 , 3] k [jacket_color =2 , 3 , 4] & [has_tiae = 2]
with THRESHOLD = 83 % (5/8)
(Total poaitive examples covered: 41)

This rule says that five or six out of six variables must be greater than 1, or equivalently, that at most one
variable can be equal to 1. Thus the disjunction of these two rules above means that the number of variables
which have value | cannot be equal to 2.

These rules classified 100% all the examples of Class 0.

Class 1.

Since the current program does nol have the ability fo express the negation of the above two rules for Class
to program generaled many “light-weight” rules to cover all ezamples of Class 1. The overall performance using
the flezible motch was not 100% because in some cases when an ezample matched equally well the rules for boih
classes, an incorrect class was chosen. In the nert version of the program, we will include the missing negation
aperatar,

Rulae 1 [is_smiling = 1] & [holding = 2 , 3] & [jacket_coler = 2] &
[has_tie = 2]
with THRESHOLD = 100 % (total positive examples covered: 8)

Rule 2 [head_shape = 2 , 3] & [body_shape = 2 , 3] & [is_smiling = 1] &
(holding = 2 , 2] & [jacket_color =2, 3 , 4] & [has_tie = 1]
with THREESHOLD = 100 % - (total positive examples covarsd: 3)

Rule 3 [head_shaps = 2 , 3] & [body_shaps = 2 , 2] & [is_smiling = 2] &
(holding = 2 , 3] & [jacket_color = 2] & [has_tie = 2]
with THRESHOLD = 100 ¥ (total positive examples coversd: T}

Bule 4  [head_shape = 3] & [body_shape = 1] & [is_smiling = 1] &
Cholding = i] & [jacket_color = 3] & [has_tie = 2]
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with THRESHOLD = 83 % {total positive examples covered: 5}

fule S [head_shape = 1] & [is_swiling = 1] & [holding = 2 , ] x
[jacket_color = 3 , 4] & [has_ties = 2]
with THRESHOLD = 100 % (total positive sxamples covered: 5)

Rule & [head_shape = 3 , 3] k [body_shape = 1] & [is_smiling = 2] &
[holding = 1 , 2] & [jacket_color = 2]
with THRESHOLD = 100 % {total positive examples covered: 4)

Rule 7 [head_shape = 1] k [body_shape = 2 , 3] & [is_smiling = 2] k
[holding = 2 , 3] k& [jacket color =2 . 3, 4] & [has_tie = 1]
vith THRESHOLD = 100 % (total pomitive examples coversd: 5}

Rule B [head_shape = 2 , 3] & [is_smiling = 2] & [jacket_color = | B
[has_tie = 2]
gith THRESHOLD = 100 % (total positive examples covared: 1)

Rule 9 (haad_shape = 2 , 3] &k [body_shapa =2 , 3] k [is_smiling = 2] &
[holding = 1] & [jacket_color = 2 , 3, 4] & [haz_tie = 1]
with THRESHOLD = 100 % (total positive examples covered: 4)

Rule 10 [head_shapa = 1 , 3] & [body_shapa = 1] & [helding = 1 , 7] &
[jacket_color = 4] & [has_tie = 2]
with THRESHOLD = 100 ¥ (total pesitive sxamples covered: 3)

Fula 11  [head_shape = 2] k [body_shapa = 2] & [is_smiling = 1] &
[holding = 1] & [jacket_coler = 2 , 3 , 4] & (has_tie = 2]
with THRESHOLD = 100 X {(total positive examples coverad: 5)

Aule 12 [head_shape = 1 , 2] & [body_shape = 3] & [holding = 2 , 3] &
[jacket_color = 1] & [has_tis = 2]
with THRESHOLD = 100 % (total poeitive examples coverad: 2)

Rule 13 [head_shape = 1] & [body_shaps = 1] & [is_smiling = 2] &
[holding = 3] & [jacket color = 2] & [has_tie = 2]
with THRESHOLD = 100 % {total positive axamples covered: 1)

Rula 14 [head_shape = 1] & [body_shape = 3] & [is_smiling = 7l &
[helding = 1] & [jacket_coler = 1 , 3] & [has_tia = 2]
with THRESHOLD = 100 % {total positive examples coverad: 1)

Rule 15 [head_shaps = 1] & [body_shape = 2] & [is_smiling = ] &
[holding = 2 , 3] & [jacket_color = 1] & {has_tie = 2]
with THRESHOLD = 100 % (total positive examples coverad: 1)

Rule 16 [head_shape = 2] & [body_shaps = 1] k& [i=_smiling = 1] &
[holding = 3] k [jacket_color = 2 , 3]
with THRESHOLD = 100 % {total poaitive examples covered: 2)

Rule 17  (head_shape = 3] k [body_shape = 2] & [is_smiling = 1] &
[holding = 2] & [ jacket_color = 1 . 2]
with THRESHOLD = 100 ¥ (total positive sxamples covered: 2)

Rula 18 [head_shape = 2 , 3] & [body_shapa = 1] & [ia_smiling = 2] &
[holding = 2 , 3] & [jacket_celor = 2, 3, 4] & [has_tis = 1]
with THRESHOLD = 100 % (total positive sxamples coversd: 3)
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TEST RESULTS - SUMMARY

The percentage of correctly classified testing events:

The percentage of correctly classified testing events in Class 0:
The percentage of correctly classified testing events in Class 1:

The total number of rules in the descriptions:

The total number of conditions in the descriptions:

02.6%

100.0%
85.2%

2 for Class 0
18 for Class 1,
110

2.4 Results for the 3rd problem (Mj)

2.4.1 Rules obtained by AQ17-HCI

Below are the rules obtained by the hypothesis-driven constructive induction method:

Glass O:
Rule
Rula
Rule
Rule

Lo

Clasza 1:
Aula
Aule 2

-

where Posl and Neg2 are attributes constructed from the original ones (Wnek & Michalski, 1991)

[Pori=true] (total:49, unique:49)
[body_shape=2,3] & [holding=2,3] & [jacket_color=3] (total:ll, unique:1i)
[body_shape=1] & [holding=1] & [jacket_color=3] (total:l, unique:1}
[body_shape=2] k& [holding=2] & [jacket_color=2] (ratal:l, unigque:1}
[HegZ=trus] (total:57, unique:57)

[body_shape=3] & [holding=1] & [jacket_celer=3,4] (total:3, unique:3)

Posl <:: [jacket_color=i] or [body_shape=3] & [jacket_color=1,2,4]

Weg2 ¢:: [body_shape=1,2] k [jacket_coler=1,2,3]

TEST RESULTS - SUMMARY

OVERALL % CORRECT FLEX MATCH:
OVERALL % CORRECT 100% MATCH:

100.00

86.11

13

Since this problem involves noisy data, the flexible match should always be-used. The results from L00% match
are shown just for comparison,

Number of testing events satisfying individual complexes in the correct class description:

CLASS o

CLASS i

RULES

Ri1 R2 R3 R4
180 24 O O
216 12
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2.4.2 Rules obtained by AQ14-NT

These are the rules obtained by AQ14-NT, a version of the AQ program that emplovs a noise-filtration technigue.
The results include one rule for Class 0 that represents positive examples of the concept, and one rule for Class
‘1 that represents negative examples.

After only two loops of concept-driven filtration of training dataset (with truncation parameter equal to 10%)
and repeated learning, we received the following set of rules:

Class O:
Ruls 1 [jacket_color=4]
Rule 2 [body_shape=3] & [holding=2..3]
Fule 3 [body_shape=3] & [jacket_color=i..2]
Class 1:
Rule 1 [body_shape=1..2] & [jacket_color=i..i]
Rule 2 [holding=1] & [jacket_color=3]

These riles récognized all test data eorrectly, i.e, on the 100% level.
Since there was supposed to be noise in the data, we are somewhat surprised by such a high degree of recognition.

2.4.3 Rules obtained by AQ17-FCLS

These are the rules obtained by AQ17-FCLS. The results include two rules for Class 0 that represent positive
examples of the coneept, and one rule for Class | that represents the negative examples. The threshold parameter
indicates the minimum percentage of selectors in the rule that must be true for the rule to apply. This set of
rules is intentionally incomplete and inconsistent with the training set since it was generated with 2 10% error
tolerance. This produced better results than other tolerances that were tried:

Class O:

Rule 1 [head_shape > 1] & [body_shape = 3] & [jacket_color = 4]
with THRESHOLD = 67 % {Tetal positive examples coverad: 42)
Rule 2 [head_shape = 1] & [body_shape = 3] & [jacket_color = 4]
with THRESHOLD = &7 % (Total positive examples covered: 26)
Class 1:
Rule 1 [body_shaps = 1 , 2] & [jacket_color = 1, 2, 3]
with THRESHOLD = 100 % {Total pozitive examples coverad: 57)

TEST RESULTS - SUMMARY
The percentage of correctly classified events: 97.2%
The percentage of correctly classified events in Class 0:  100.0%
The percentage of correctly classified events in Class 1:  94.7%
The total number of rules in the descriptions: 2 for Class 0
1 for Class 1
The total number of conditions in the descriptions: 8
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2.4.4 Rules obtained by AQ15-GA

Below are the rules obtained by AQ15-GA, a program that uses a genetic algorithm in conjunction with the AQ
rule-generation algorithm. The first rule is for the positive examples of the concept, Class §, and the second for
the negative examples, Class 1. A genetic algorithm determined that 3 attributes (body shape, holding, and
jacket_color) were the most meaningful. Using these, the rules discovered were as follows:

Class 0:
Rula 1 [jacket_color=4]
Rule 2 [body_shape=3] & [jacket_color=l..2]
Rula 3 [body_shapes=3. 3] ¢ [holding=2..3] & [jacket_color=3i]
Rule 4 [body_shape=i] & [holding=1] & [jacket_color=3]
Rule § [body_shape=2] & [holding=2] & [jacket_color=2]

Class 1:

Rule 1 [body_shape=i..2] & [jacket_colersi..3]
Rule 2 [body_shape=3] & [holding=1] & [jackes_color=3..4]

Results on testing the rules én testing events using program ATEST:

TEST RESULTS - SUMMARY
OVERALL % CORRECT FLEX MATCH: 100.00
OVERALL % CORRECT 100% MATCH:  100.00

2.5 A Brief Description of the Programs and Algorithms

2.5.1 AQ17-DCI (Data-driven constructive induction)

This program is based on the classical AQ algorithm, but it includes an algorithm for constructive induction
that generates a number of new attributes. The quality of any generated attribute is evaluated according to a
special Quality Function (QF) for attributes, and if that function exceeds a certain threshold value, then the
attribute is selected. A brief description of the algorithm for constructive induction (Bloedorn and Michalski,
1991} is given below. The program works in two phases.

Phase 1.

1. Identify all numeric-valued attributes.

2. Repeat steps 3 through 5 for each possible combination of these attributes, starting with the pairs of
attributes, and extending them if their quality was found acceptable according to the attribute Quality
Function (QF).

3. Repeat steps 4 and 5 for each constructive induction operator. The current operators include addition,
subtraction, multiplication, integer division and logical comparisen of attributes (Bloedorn and Michalsk,
1991).

4. Calculate the values of the given attribute pair for the given constructive induction operator.

5. Evaluate the discriminatory power of this newly constructed attribute using the attribue Quality Function
(QF), described by Bloedorn and Michalski (1991). If the QF for an attribute is above an assumed
threshold, then the attribute is stored, else it is discarded.
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6. Repeat steps 4 and 5 for each available function operator that takes as argument an entire event (example),
and calculate various global functions (properties) of it

The program has a default list of global functions, but allows the user to modify the list to fit the problem at
hand. The default list of functions include MAX (the maximum of the values of the numerical attributes in an
event), MIN (the minimum value), AVE (the average value), MF (the most-frequent value), LF (least-frequent),
and #VarEQ{x), which measures the number of variables (attributes) that take the value x in an example of a
given class,

Phase 2.

1. Tdentify in the data all attributes that are binary.

2. Search for pairwise symmetry among the attributes aa;ld then for larger symmetry or approximate sym-
metry groups, based on the ideas described in (Michalski; 196%a; Jensen, 1975.)

3. For each candidate symmetry group, create a new attribute that is the arithmetic sum of the attributes
in the group.

4, Determine the quality function (QF) of the newly created attributes, and select the best attribute,

5. Enhance the dataset with values of this attribute, and induce new decision rules,

The method described above allows the system to express simply symmetric or partially symmetric Boolean
functions and k-of-n functions, as well as more complex functions that depend on the presence of a certain
number of attribute values in the data, Such functions are among the most difficult functions to express in
terms of conveniional logic operators.

2.5.2 AQI17-FCLS (Flexible concept learning)

This method (Zhang and Michalski, 1991) combines both symbolic and numeric tepresentations in generating
a concept description. The program is oriented toward learning flexible concepts, i.e, imprecise and context-
dependent. To characterize such concepts the program creates two-tiered descriptions, which consist of a Basic
Concept Representation (BCR) and an Inferential Concept Interpretation (ICI) to handle exceptions. [n the
program, the BCR. is in the form of rules, and the ICT is in the form of a weighted evaluation function which
sums up the contributions of individual conditions in a rule, and compares it with a THRESHOLD. The iearning
program learns both the rules and an appropriate value for the THRESHOLD.

Each rule of a concept description is learned in two steps, the first step is similar to the STAR algorithm in
AQ that generates a general rule, and the second step optimizes the rule by specializing it and adjusting the
accuracy threshold.

2.5.3 AQI17-HCI (Hypothesis-driven constructive induction)

AQL7-HCI (Hypothesis-Driven Constructive Induction) is a module employed in the AQIT atiribute-based
multistrategy constructive learning systern, This module implements a new iterative constructive induction
capability in which new attributes are generated based on the analysis of the hypotheses produced in the
previous iteration (Wnek and Michalski, 1991). Input to the HCI module consists of the example set and a
set of rules (in this case generated by the AQL5 program), The rules are then evaluated according to a rule
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quality criterion, and the rules that score the best for each decision class are combined into new attributes.
These atiributes are incorporated into the set of training examples, and the learning process is repeated. The
process continues until & termination criterion is satisfied. The method is a special implementation of the idea
of the “survival of the fittest,” and therefore can be viewed as a combination of symbaolic learning with a form

of genetic algorithm-based learning.

A brief description of the HCI algorithin follows:

1. Induce rules for each decision class using a standard AQ algorithm (as implemented in AQ-15) from &
subset of the available training examples,

2. Identify variables from the original set that are not present in the rules, and classify them.
3. For each decision class, generate a new atiribute that represents the disgjunction of the highest quality.

4. Modify the training examples by adding the newly constructed attributes and removing the ones found
to be irrelevant.

5. Induce rules from this modified training set.

6. Test these rules against the remainder of the training set. If the performance is not satisfactory, return
to step 1. Otherwise, extend the initial complete set of training examples with the attributes from the
obtained rules. Induce the final set of rules from this set of examples.

In these examples, the induction in steps 1, 5 and 6 was performed using the learning algorithm implemented
in the AQ15 program.

2.5.4 AQI14-NT (noise-tolerant learning from engineering data)

The program implementa an algorithm specially designed for learning from noisy engineering data (Pachowicz
and Bala, 1991a and 1991b). The acquisition of concept descriptions (in the form of a set of decision rules) is
performed in the following two phases:

» Phase 1:

Concept-driven closed-loop filtration of training data, where a single loop of gradual noise re-
moval from the training dataset is composed of the following three stages:

1. Induece the decision rules from a given dataset using the AQ14 (NEWGEM) inductive learn-
ing program.

2, Truneation of concept descriptions by removing “least significant™ rules, that is rules that
cover only a small portion of the training data (this step is performed using the so-called
TRUNC procedure).

3. Create a new training dataset that includes only training examples that are covered by the
truncated concept descriptions.

+ Phase 2:

Acquire concept descriptions from improved training dataset using the AQ14 learning program.
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A justification for Phase 1 is that the noise in the data is unlikely to constitute any strong patterns in the data,
and therefore will require separate rules to account for it. Thus, the example covered by the “light rules” are
likely to represent noise, and therefore are removed from the dataset. Experiments with AQ14-NT applied to a
variety of engineering and computer vision problems have shown that it systematically produces classification
riles that both perform better and are also much simpler.

2.5.5 AQ15-GA (AQ15 with attribute selection by a genetic algorithm)

In this approach we use genetic algorithms in conjunction with AQ15. Genetic algorithms are used to explore
the space of all subsets of a given attribute set. Each of the selected attribute subsets is evaluated (its fitness
measured) by invoking AQ15 and measuring the recognition rate of the rules produced.

The evaluation procedure as shown is divided into three main steps. After an attribute subset is selected, the
initial training data, consisting of the entire set of attribute vectors and class assignments corresponding to
examples from each of the given classes, is reduced. This is done by removing the values for attribuies thac
were eliminated from the original attribute vector. The second step is to apply & classification process (AQI3)
to the new reduced training data. The decision rules that AQL5 generates for each of the given classes (o the
training data are-then used for classification. The last step is to use the rules produced by the AQ algorithm in
order to evaluate the classification and hence, recognition with respect to the test data.

In order to use genetic algorithms as the search procedure, it is necessary to define a fitness function which
properly assesses the decision rules generated by the AQ algorithm. The fitness function takes as an input a
set of attribute or attribute definitions, a set of decision rules created by the AQ algorithm, and a collection
of testing examples defining the attribute values for each example. The fitness function then visws the ALQ)-
generated rules as a form of class description that, when applied to a vector of attribute or attribute values,
will evaluate to a number. It is evaluated for every attribute subset by applying the following steps: Forevery
testing example a match score is evaluated for all the classification rules generated by the AQ algorithim, in
order to find the rule(s) with the highest or best match. At the end of this process, if there is more than soe
rule having the highest match score, one rule will be selecied based on the chosen conflict resolution process.
This rule then represents the classification for the given testing example. If this is the appropriate classification,
then the testing example has been recognized correctly. After all the testing examples have been classified, the
overall fitness function will be evaluated by adding the weighted sum of the match score of all of the correct
recognitions and subtracting the weighted sum of the match score of all of the incorrect recognitions.

2.5.6 The AQ Algorithm that underlies the programs

All the above programs use AQ as the basic induction algorithm. Here is a brief description of the AQ algorithm:

1. Select a seed example from the set of training examples for a given decision claas,

2. Using the extend against operater {Michalski 1983), generate a set of alternative most general rules {a
star) that cover the seed example, but do not cover any negative examples of the class,

3. Select the “best” rule from the star according to a malti-criteria rule quality function (called LEF - the
lexicographical evaluation function), and remove the examples covered by this rule from from the set of
positive examples yet to be covered.

4. If this set is not empty, select a new seed from it and go to step 2. Otherwise, if another decision class
still requires rules to be learned, return to step I, and perform it for the other decision class.
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3.1 Introduction

Assistant Professional (Cestnik, Kononenko and Bratko, 1987} is a system for inductive learning of decision
tree, It is based on ID3 (Quinlan, 1979) and upgraded with several new features. Among the most impartant
improvemnents are binarization of the atiribules, abilily to prune the consirzcled tree at vartous levels and
ulilization of improved probabilily estimates.

The main purpose of binarization, which groups the atiribute values into two subsets, is to normalize the
informativity of all the attributes with respect to the number of values. As a result we usually gzet smaller and
more accurate decision trees, In addition, binarization also prevents over-splitting of the learning set. Thus,
the atiribute selection becomes more reliable even in lower levels of the tree where the number of examples
is relatively small. However, the binary construction is computationally less efficient and sometimes generates
irees that are not well structured.

The basic induction algorithm tends to construct exact decision tree, although in most of real-world problems
the classification can not be exact due to noise in data, As a result, a constructed tree may not only captuce
the proper relations in data but also fit rather random (noisy) patterns. Decision tree pruning mechanisms
{Mingers, 1989) were designed to prevent such over-fitting phenomenon. The algorithm that is implemented in
Assistant Professional is described in (Cestnik and Bratko, 1991).

Most of the inductive learning algorithms use probability estimates in crucial sub-tasks when constructing a
decision tree, such as in selecting the most "informative” attribute and in pruning the tree. Usually, relative
frequency is taken as an estimate. It has been shown that relative frequency is rather poor estimater, especially
when the number of examples is small. A more general bayesian estimate that proved to be mare robust with
respect of the number of examples was presented in {Cestnik, 1990). It is called m-estimate and has the following

form: W mes

N+m
where n is the number of positive examples, N is the total number of examples, p; is prior probability and m
is & parameter of the estimation. The formula is studied and explained in detail in (Cestnik and Bratho, 1601).

All the mentioned improvements enable Assistant Professional to construct reliable and compact decision trees.

The system was successfully used in many real-world applications in various problem areas, such as medicine,
economy, industrial quality control, properties prediction, etc.

3.2 Experimental results

Assistant Professional was tested on the three Monk’s domains. The tests were conducted on IBM PS5 11,
model 0. The domains were named as follows: FIRST, SECOND and THIRD. Here are the results of the
measurements of classification accuracy.

| classification accuracy on testing sample

FIRST . 100.00 % (432 of 432)
SECOND 81.25 % (351 of 432)
THIRD 100.00 % (432 of 432)

On the first and the third domain Assistant Professional was able to find a perfect domain model. However,
in the second domain the constructed tree is very large and its performance is relatively poor. [n an extensive
study of the domain (testing sample) we were able to determine (with a help of our "neural nets”) the correct
model which is the following:
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A robot is O0.K.
if exactly two attributes {out of 6] are equal to 1.

This concept is extremely complicated for a system that learns decision trees in an attribute-value logie for-
malism. Note that on average you have to test almost all attributes to determine the answer. Therefore, the

constructed tree tends to be very bushy.

Here are the constructed decision trees in the three domains. In square brackets there is the number of examples
in the corresponding node.

3.3 Discussion

In this section we will briefly discuss the achieved results from the perspective of the three improvements of
Assistant Professional that are mentioned in the introduction.

Obviously, the binarization contributes the most in the THIRD domain. The constructed tree has a clear
structure and is perfectly understandable. In the FIRST domain, however, binarization has a rather negative
effect on the tree structure, since the concept Bodyshape = Head_shape would require three branches (there are
three possible values for each attribute). In the SECOND domain binarization is expected ta be helpful since
it only matters if an attribute has the first value or not. Nevertheless, due to the very complicated concept, it
did not reaily show it's power.

The prumng mechanism contributes mostly in the THIRD domain, since there are some examples corruptad hy
“noise”, The main task is to detect and eliminate this corruption. The FIRST and the SEC{)ND domain did
not contain any noise; therefore, the corresponding trees were not pruned at all. '

The improved probability estimate, which is used also in the tree pruning mechanism, proved to have crucial
effect also in the tree construction phase. Just by changing the value of parameter m (Cestnik and Bratko,
1591) different attributes can be selected at various nodes in the tree. As a result, one mayor deficiency of the
original algorithm, namely the inability to backtrack, was in a way alleviated,
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3.5 Resulting Decision Trees

Constructed decision trees in the three domains:

Decision Tree From Domain: FIRST
Pruned with m= 0.00

Number of Nodes : 15
Number of Leaves: §
Nurmber of Nuils : 0

AB:Jackat_color I:l"ldl
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|
I
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Decision Tree From Domain: SECOND
Pruned with m= 1.00

Mumber of Nodes - 113
Mumber of Leaves: 57
Number of Nulls : 1
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4.1 Description

The learning system considered in this summary is named mFOIL and belongs to the class of inductive learn-
ing systems that construct logie programs (sets of Prolog clauses) from training examples and background
knowledge. This kind of systems that learn relations has been recently named Inductive Logic Programming.

The basic structure of mFPOIL is similar to that of FOIL (Quinlan 1990), but the search heuristics and stopping
criteria employed are quite different. They are adapted to learning from imperfect (noisy) data. Instead of the
entropy (information gain) heuristic, estimates of the expected error of clauses are used as search heuristics.
Namely, clauses with the least expected error {estimated from the training set) are considered best. Bavesian
probability estimates, such as the Laplace estimate and the m-estimate {Cestnik 1990) are used for estimating
the expected errar of clauses. In addition, mPQIL uses beam search instead of the hill climbing used in FOIL,

FOIL uses a function-free concept description language, in which conditions of the form Atéribute = value are
not directly expressible, but require the addition of special predicates in the background knowledge. Such
conditions are, however, necessary for solving the monk's problems. mFOIL can use conditions of the above
form without adding special predicates in the background knowledge.

mFOIL is described in my MSc thesis (DZeroski 1991}, which is available on request. It is implemented in
Quintus Prolog 2.5.1 (eca. 600 lines of zode) and was run on a Sun SPARC Station 1.

I ran mFOIL using different search heuristics: Laplace or m-estimate of expected error of clauses, Different
values of m were used in the m-estimate, Higher values of m direct the search towards more refiable clauses,
i.e., clauses that cover more examples. This did not influence the results on the first training set, but had some
sffect on the results on the second and the third set. Below are given the rules ohtained together with the
corresponding search heuristics. The bad resuits on the second set are due to the small number of examples for
each of the disjuncts and the bias in mFOIL which favors shorter rules.
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4.2 Setl

Heuristies used in mFPOIL:
Laplace,

m=0, 0.01,0.5, 1, 2, 3, 4, &, 16, 32, 64

Induction time: cca 1 min
Accuracy: 100 %

robot(A,.B;S,0,E,F} :-

A=8.
robot(A,B,C,D,E,F} i=
E=rad.

4.3 Set 2

Heuristic used in mFOIL: m=3
[nduction time: cca 10 min
Accuracy: 59.21 %

rebot(A,B,C,D,E,F) :=
E=yallow,
not C=no,
not Dm=gword,
F=na,
robot(A,B,C,D.E,F) =
D=flag,
B=octagon,
C=ayasa,
not E=green.
robet(A,8,C,D,E,F) :=
C=no,
E=red,
net D=sword,
not B=round,
not A=round.
robot{A,B,C,D.E,F) :=
E=yellow,
B=round,
not Ceyas,
not D=flag.
robot(A,B,C,D,E, F) =
B=square,
C=yaa,
E=yellow.
robot(A,B,C,D,E.F) 1=
Emgraen,
B=round,
not Feyes,
not Asaguare.

mFOIL on the MONK's Problems

robot (A,B,0,D,E,F} :=

E=green,

not C=no,

F=nao,

A=round,

not D=sword.
robiot{A,B.C.D,E.F) =

B=sgquara,

E=blue,

Cwyas,

net A=round.
robot(A,.B,C,D,E,F} =

not C=yas,

A=round,

E=yallow,

not D=avord.
robot(A,8.€,0,E,F) ==

E=greean,

D=agord,

Fene,

L=yea,

not A=round.
robot(A,B,C,D,E,F} 1=

E=graean,

not Fwmo,

B=aguare,

not C=yes,

not A®sgquare,
robot{A,B,C,D.E,F) =

not C=yas,

E=rad,

Fenio,

not A=round.
robot{A,B,C,.D,E,F} 1~

Esgraen,

A=aquare,

not C=mo,

not D=sword,

net F=no.
robot(A,B,C,D,E,E} ;=

E=blue,

B=square,

not Famao,

not Cwyas,

not D=aword.
robot{A,B,,D,E,.F} =

E=blue,

Feno,

nat C=na,

not A=sguare.
rebot (A,B,C,D,E,F) 1=

F=nao,

E=rad,

not C=yes,

not B=round.
robot(A,B,C,D.E,F) :=

P=aword,

Cwno,

Bwoctagon,
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A=square,
Fayes.

robot (A,B,C.D.E,F} 2=

B=round,
F=ng,
E=bhlua,

not D=flag,
not A=aguara.

robot (A,B,C,D,E.F) =

A=octagon,
D=flag,

not F=no,

not E=sred,

not B=octagon.

5. Dieroski

4.4 Set 3

Heuristic used in mFOIL; m=64
Induction time: cca 1 min
Aceuracy: 100%

robet{k,.B,C,D,.E,F) :=
not Bwoctagon,
not Esblue.

robot(A,8,C,D,E,F} -
Emgreen,
D=gword,
B=octagon.
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5.1 IDL: A Brief Introduction

5.1.1 Introduction

IDL is an algorithm for the incremental induction of decision trees. Incremental learning methods are useful
when examples become available on a regular basis but good hypotheses are needed anytime, possibly for a
performance task. Incrementality is, however, not the primary metivation for this research. More importantly,
IDL is specifically designed to find small decision trees. There are various reasons to prefer smaller trees. One
reason is efficiency: the fewer decision nodes in a tree, the more effieient an instance can be classified with ic. This
is, however, a weak argument since cost and frequency of test execution should be taken inte account; so that
the most cost-effective tree is not necessarily also the smallest one [Nunez 38; Tan and Schlimmer 89]. Another
reason to prefer small trees is comprehensibility: small trees tend to be easier to understand, Compreliensibility,
however, also depends on the form of the tree. For example Arbab and Michy (85) argue that linear trees are
easier to understand, Perhaps the strongest argument for small trees is the relation between tree complexity and
classification accuracy [Breiman, Frisdman, Olshen and Stone 84; Quinlan 86; Mingers 80a.b; Utgeff 30]. Peari
[78] showed that the complexity of a hypothesis for explaining data is related to the likelihood that it actually
explains it. A learning algorithm with a bias towards simplicity is likely to find more accurate hypotheses as
well. This heuristic of Occam's Razor has been employed and justified by many authors both empirically [Clatk
and Niblett 89: Fisher and Sehlimmer 88; Iba, Wogulis and Langley 88] and theoretically [Blumer, Ehrenfeucht,
Haussler and Warmuth 87],

Complex trees are sometimes unavoidable. For example, an accurate tree for @ concept exhibiting the paricy
problem]l has an exponential number of nodes [Seshu 89] and trees for boolean disjunctive normal form concepts
contain duplicated subtrees when only using ground attributes as tests [Pagallo and Haussler 8], Also, different
heuristies in otherwise similar algorithms may lead to significant variations in tree size [Mingers 89a). The
induced trees may nonetheléss be more complex than strictly necessary. For example, Ainding the smallest trees
for the six-multiplexer concept [Barto 85; Wilson 87] is well known to be far beyond all classical decision Lree
induection algorithms [Quinlan 88, So, even when a small tree exists, state of the art decision tree algorithms
may fail to find, or even come close to it. IDL on the other hand finds ‘small trees which are often optimal in
size, For example, it has no problem inducing a best tree for the f-multiplexer while requiring fewer examples
and less computation than the other algorithms. The problem of induding optimal decision trees is, however,
MP-hard [Hyafil and Rivest 76; Hancock 89]. A practical algorithm is necessarily based on strong heuristic
guidance and is guaranteed to fail on at least some induction tasks.

To appreciate the novelty of the approach taken in IDL, it is useful to take a lock af the relationship with its
predecessors, non-incremental top-down induction of decision trees like ID3 [Quinlan 83,86} and the incremental
algorithms ID4 [Schlimmer and Fisher 86}, [D5 [Utgoff 88a] and ID5R [Utgoff 90]. Top-down induction performs
a general-to-specific hill-climbing search, guided by statistical heuristics and without backiracking., The incre-
mental versions, for which a statistics-based best split is always tentative, ars designed to recover with minimal
loss of training effort from deviations from the search path which ID3 would follow given the same examples
E. More sophisticated representations and search operators allow these algorithms to simulate a backtracking
top-down search in a hill climbing search [Langley, Gennari and Tba 87; Fisher &7]. However, these algorithms
do not contribute any new ideas to improve the complexity or accuracy of learned decision trees, [DL uses
the same search operators to construct a small and accurate tree which is not necessarily [Dd-equivalent but
topologically minimal. In a topologically minimal tree only 2 minimal number of tests is required to classify
objects. IDL is guided by statistics in a top-down search for an accurate tree. At the same time it looks for
smaller trees in a bottom-up fashion. Here it is guided, not by statistics, but by tree topological considerations.
In effect, IDL simulates a bi-directional search.
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5.1.2 Related Work

ID4 [Schlimmer & Fisher 1986], ID5 [Utgoff 83a] and ID3R [Utgoff 89] are three recently developed algorithms
for incremental induction of decision trees. The relation with IDL was briefly explained in the introduction. In
[Van de Velde 89] it was conjectured that IDL finds a topologically minimal tree if it exists. Elomaa and Kivinen
{90] showed, however, how IDL may fail to find the optimal tree for the S-multiplexer. The multi-multiplexer
concept also disproves this conjecture. Their algorithm IDL' nevertheless successfully postprocesses trees and
removes irrelevant attributes. Related experiments are reported on in [Van de Velde 98]. These experiments
use a version of IDL which is more eager to apply the statistical selection criterion. This has the advantage
that any consistent tree can be taken as an initial hypothesis, no matter how it was generated.

Others have explicitly addressed the problem of suboptimality in tree-size. Pruning techniques [Quintan &7;
Fisher and Schlimmer 88; Mingers 89b] avoid overfitting and reduce complexity, often while increasing accuracy,
In a multiplexer-like concept the problem occurs at the top: a TDIDT-like algorithm will choose a wrong top-
level atiribute and there is no way to prune this away, Quinlan [88] proposes to transform 2 tree into a set
of rules which are subsequently simplified. Every possible classification path is interpreted as a rule. Each
of the conditions in the rule is.removed in turn and classification accuracy of the rule set is tested. IF this is
improved, then the condition is permanently removed. This process has been shown to be capable of strong
optimization at the expense of introducing a different representation. More sophisticated rule simplification
techniques have been studied by many authers [Michalski 87; Clark and Niblett 88; Zhang and Michalski 89).
They use statistical measures to balance the importance and typicality of patterns. The techniques of pruning,
tree transformation, and rule tweaking can be viewed along a continuum of increasing liberty to manipulate the
representation of patterns, IDL is somewhere in the middle: it manipulates several rules at once and is capable
of both introducing and deleting tests in a rule. Also note that IDL is incremental, is not motivated by noise;
works with one representation, and uses tree structure information in addition to statistics,

Other researchers reduce tree complexity by allowing different tests than the primitive ones, for example boolean
combinations [Breiman, Friedman, Olhsen, Stone 84; Clark and Niblett 89; Pagallo and Haussler 89; Seshu 88] or
linear threshold units [Utgoff 88b; Utgoff and Brodley 90]. Of these, FRINGE [Pagallo and Haussler 89] is closest
in spirit to IDL. It was developed to overcome the problem of replicated subtrees when learning Disjunctive
Normal Form concepts. Such concepts usually have no decision tree representation without replications when
the primitive attributes are used. FRINGE examines the fringe (2 bottom levels) of a complete tree to find
replicated partial paths. The conjunction of two attributes or their negation is added as first class attribute
and a mew tree is built. This process iterates until no more changes occur. In comparison, note that [DL is
incremental, does not change representation bias and tackles the replication problem for concepts which do have
a rapresentation without replication. Utgoff and Brodley's method [90] is also incremental.

Wilson [87] used multiplexer concepts to test his classifier system, called Boole. Quinlan [83] noted the ex-
tremely slow convergence rate and obtains much better results when using C4, a TDIDT like algorithm, and
postprocessing to rules (see above). Bonelli, Parodi, Sen and Wilson [90] describe NewBoole, a new version of
Boole which converges significantly faster to accurate results. It still requires around 800 examples to find an
(almost) accurate hypothesis, and around 5000 examples to find the minimal set of rules. The same authors also
used neural nets of different sizes to learn the same concept. They report convergence after 1600 cycles for a
reasonable net (6:20-20-10-10:1). On the 11-multiplexer NewBocle requires arcund 4000 examples to converge,
a neural nef around 8000

Selective training goes back to the windowing technique in ID3 [Quinlan 83]. Wirth and Catlett [B8] discuss
related techniques and note that the benefit of windowing is limited. Utgoff [89] shows that a windew size of
one (i.e., ID5R-hat) results in improved training. The idea is not really applicable in IDL, because it still does
much work after the tree has become fully accurate.
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5.1.3 Conclusion

[DL represents a new approach to the incremenial induction of decision trees. It uses a similar representation
as 1D4 [Schlimmer and Fisher 86] and the same set of search operators, (splitting, pruning and transposition) as
IDG(R) [Utgoff 88a,90]. It was argued that a decision tree represents a target concept by virtue of reprezenting
a specialization of it. The task of induction is to find a tree such that this specialization is as close as possible
to the target concept. Search for a good decision tree can be understood as search in concept space, mediated
by decision tree manipulations. The role of the three operations was reconsidered, as well as the heuristics to
guide their application. A statistical selection measure, based on a metric on concept space [Lopez de Mantaras
30] is used to guide the expansion of a tree. Tree topological considerations, based on 2 notion of topological
relevance, guide the transposition of nodes to generate oportunities for pruning. IDL uses these heuristics to
simulate a bi-directional search for a tree which is topologically minimal. Such a tree minimizes the number of
tests needed for classification, and is therefors small. Experiments show that IDL finds small trees, and often
cptimal ones.,

A number of things need to be investigated further. A major open issue is to characterize the concepts for
which IDL finda a topologically minimal tree. It is not understood, for example, what makes the 2-multiplexer
so different from the 6-multiplexer concept to justify the occasional failure of IDL on the former. Also, the
large standard deviations on the mushroom domain are not well understood. It is disappointing that 1DL could
not find drastically better trees on natural domains, like it did for the multiplexers. Are there no natural data
sets for multiplexer-like concepts? Since [DL occasionally fails to find an optimal tree an average case analysis,
as putlined by Pazanni and Sarrett [90] would be more useful than a worst-case one. Integration of IDL with
constructive induction techniques seems a promising line of research. Situations in which IDL keeps on switching
the levels of aitributes could be used as an indication that a new attribute may be useful. The behavior of IDL
in the presence of noise has not been studied. The integration of technigques developed for top-down algorithms
[Mingers 89b] should be investigated.
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5.2 Experimental Results

I have done some of the experiments for the comparison of the algorithms. The runs on the first data-set are
complete, except for the timing information. The runs for the second example are in progress and [ will send
them later today. 1 will not do the third example since [ surender to noise. Nevertheless T think vou will agres
that in the class of decision tree algorithms, the performance of IDL is quite impressive.

Here is what [ did. [ ran several algorithms on the training-set and tested them on the test-set. If the algorrithm
is non-incremental [ used a run on the complete training set. If the algorithm is incremental [ ran it with 500
examples randomly selected from the training set. Testing is always on the full test set. All results are averaged
over 10 runs.

[ used the follewing algorithms:

TDIDT: plain old ID3 with information gain as gelection measure,

ne pruning.

IDSR: the incremental varsion of ID3 produced by Utgeff. Information
gain is the selection measure. No pruning.

IDL: IDL as described in an unpublished paper, very similar to the
algeritha described in IML-30

IDER~hat: IDSR with example filter. Trains only if the exampla is
misclasgified by the current hypothais. Ne pruning.

I send the results in several files. In seperate mails [ will provide the following information:

TRDT: the trees
size and accuracy of the tree
the concept describad by it

IDER, IDL, IDSR-hat:

data on size and accuracy as it svelves with training
a typical tree and its aize and accuracy

the concept described by that typical tree

The evolving data for the incremental algorithms allow to produce the learning curves for each of the algerithms.
I produced graphs with Exel and will send them by mail if [ do not succeed making a postscript version of it.

About the results:

« IDL is clearly the best. It produces the smallest trees with by far the best accuracy of all. It is alse worth
noticing that the standard deviations for [DL are very small, and that the concepts deseribed by the trees
that IDL produces are the same. This means that search in concept space is finished, but IDL can not decide
on the best representation. So it limit-eycles between J different trees, all small and equally aceurate (the
only difference is in the order of testing the three relevant attributer). This illustrates how ihe use of not
only statistical information bt also tree-topological one makes the algorithm unsensitive to sampling dilferences
{small disjuncts or sparse sampling are no big problem either). Here are the data for all 10 trees 1o show this:

MONES-1 IDL used IDL nodes IDL leaves IDL accuracy
500 500 42 2% 97.322222
500 500 38 268 97.22222



500 500
500 500
500 500
500 500
S0Q 500
S00 OO
500 500
500 500

42 29
40 27
40 2T
40
36
42
40
42

28

29
a7
29
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aT.22222
ar, 22222
97.22322
97.22222
97, 22222
9T . 22922
97.22222
97.23222

On the other hand ID5R produces larger and less accurate trees with enormous standard deviations as shown
by data for the 10 trees that ID5R produces:

HONES-1

500
500
500
500
500
500
500
500
500
500

500
500
500
500
500
500
500
500
500
500

IDSR used IDSR nodes IDSR leavea IDSR accuracy

75
- 64
50
61
70
40
73
78
T4
59

48
40
3z
40
43
b {
45
50
46
ar

‘81.94444

41.71288
90,87223
87.73148
T7.31481
97 .22222
T7.546295
B4.02778
80.32407
B6.34250

As expected ID5R-hat does somewhat better than IDSR. Here are the data for the 10 trees to give an idea of

the deviations.

MONES-1 IDS5R=hat used IDSR-hat nodes IDSR=hat leaves IDSR-hat accuracy

500
500
500
500
500
S04
500
500
00
500

51
62
52
43
53
52
50
48
58
53

56 36
68 43

40
40
40
51
3s
40
49
40

85.416664
T9.861115

2T 97.2222%
27 97 .22222
27 97.22222
33 92.381115
26 D4.44444
2T 97.22222
32 90.277TR
2T 97.22222

[ sent a number of files with the resuits of TDIDT, IDL, IDSR and ID5R-hat on the second monk's concept.
The results are averaged only over 5 runs this time.

The effect [ seem to got is that IDL does not get beyond its initial phase of building up a iatlge tree, In other
words, it does not get anyway near to collapsing it. The fact that it grows larger than for_IDﬁR is not anam alous,
but normally this is followed by a rapid collaps to a smaller form (see MONKS-1 this effect). This concept
seems to be too difficult for trees to handle anyway...

Here are the 5 individual results for IDL:

MONES-2 IDL used IDL nodes IDL leaves IDL accuracy
500 500 176 111 T4.30556
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500 500 170 104 65.046295
500 500 180 114 73.84259
500 500 197 112 68.05656
500 500 184 111 61.34259

Here are the 5 individual results for ID5R:

MONKS-2 IDSR used IDSH nodes IDSR leaves IDSR accuracy
500 500 145 93 64.12037

500 500 153 91 64.583336

500 500 173 104 65.74074

00 500 171 102 65.27778

OO 500 165 95 61.BOSSSET

Here are the 5 individual results for IDSR-hat:

MONES-2 IDSR-HAT uaed IDSR-HAT nodes IDSR-HAT leavea IDSR-HAT accuracy
500 113 130 77 63.425926

500 115 131 82 65.74074

500 118 133 80 64.81481

500 120 133 B4 62,5

500 115 138 B3 52.73148

IDL finds larger trees, slightly more accurate. ID5R and IDSR-HAT find trees that are comparable in accuracy
to the TDIDT tree (68.666664% with 159 nodes and 95 leaves) but the IDSR-HAT tree is smaller.
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5.2.1 IDSR on test set 1

DESCRIPTION OF THE TREE:

Typical tree found by idir
; trained on first menka's training set

training sat)
i 54 nodes
40 leaves
81,71298 accuracy om tast sat

; 500 sxamples (random from full

JACEET _GOLOR = 1 : <1>,..
JACKET_COLOR = 2
HAS _TIE = 1 :

BODY_SHAPE = 1 ; <1».,,

BODY_SHAPE = 2
HEAD_SHAPE = 1 : <0>..,
HEAD_SHAPE = 2 : <1>...
HEAD_SHAPE = 3 : <0»...

BODY_SHAPE = 3
HEAD_SHAPE = 1 <03, .,
HEAD_SHAPE = 2 : €00, . .
HEAD_SHAPE = 3 : «€1>. ..

HAZ_TIE = 2 :

BODY_SHAPE » 1 :
HEAD_SHAPE = 1 : <1>...
HEAD_SHAPE = 2 : <0>, ..
HEAD_SHAPE = 3 : <0>,..

BODY_SHAPE = 2 |
IS_SHILING = 1 - <i>...
I3 SMILING = 2 : <0>,..

BODY_SHAPE = 3
HEAD_SHAPE m 1 - <0>..:
HEAD_SHAPE = 3 : <1>,..

JACKET _COLODR = 3 :
EOLDING = 1 :

HEAD_SHAPE = 1
BODY_SHAPE = 1 : <1>, ..
BODY_SHAPE = 1 : <02

HEAD_SHAPE = 2 :
BODY_SHAPE = 1 : <0>, ..
BODY_SHAPE = 2 : <€1>,..
BODY_SHAPE = 3 : <0, ..

HEAD_SHAPE = 3
BODY_SHAPE = 2 : <02
BODY_SHAFE = 3 : <i>, ..

HOLDING = 2 :
RAS_TIE = | : <O0F...
HAS_TIE = 2 :
HEAD_SHAPE = 1 i <03, ..
HEAD_SHAPE = 7 : <i>...
HEAD_SHAFE = 3 :
IS_SMILING = 1 ; <1»...
IS_SHILING = 2. : <0>, ..
HOLDING = 3

I3_SMILING = | :

HAS_TIE w 1 ; <D>...
HAS_TIE = 2 : «<i>,,.

IS_SHILING = T :
HEAD_SHAPE = 1 : <0>..,
HEAD_SHAPE = 2 : «0>...
HEAD.SHAPE = 3 ; <1>. ..

JACKET COLOR = & :
HEAD_SHAFE = 1 :

BODY_SHAPE = 1 : <i>, .,
BODY_SHAPE = 7 : <0, ..
BODY_SHAFE = 3 : <03, ..
HEAD_SHAPE = 2 :
BODY_SHAPE = 1 @ <0>, .,
BODY_SHAPE = 2 ; <1>, .,
BODY_SHAPE = 3 : <0»>, .,
HEAD_SHAPE = 3 :
DODY_SHAPE = 3 : <O¥. ..
BODY_SHAPE = 3 ; €1>..,

5.2.2 IDL on test set 1

DESCRIPTION OF THE TREE:

i+ Typical tree found by idl
i trained on first monks's training set

17 500 examples (random from
full training sat)

7136 nodes

iy 28 leavas

i4 8T,22222 accuracy on test sat

BODY_SHAPE = 1 :
HEAD_SHAPE = 1 : <i>,..
HEAD_SHAPE = 2 :

JACKET_COLDR = 1 : €1>,..
JACKET _COLOR = 2 © <O, ..
JACKET.COLOR = 3 : <02,..
JACKET_COLOR = 4 : <0>, ..
HEAD_SHAFE = 3 :
JACEET_COLOR = 1 : <1>, .,
JACKET COLOR = 2 = <0>, .,
JACKET_COLOR = 3 : €03>,,.
BODY_SHAPE = 2 :
HEAD_SHAFE = }
JACKET._COLOR = 1 : <i>...
JACKET_COLOR = 2 : <02, .,
JACKET_COLOR = 3 : <0>, .,
JACKET_COLOR = 4 - <0>...
HEAD_SHAFPE = 2 : <i>,..
HEAD_SHAPE = 3 :
JACKET_COLOR = { : 1>, ..
JACKET _COLOR = 7 : <0>, ..
JACEET_COLOR = 3 : <0>
JRCEET_COLOR = 4 : <0>, .,
BODY _SHAFE = 3 :
HEAD _SHAPE = 1 :
JACKET. COLOR = L : <1>..,
JACKET_COLOR = 3 : «<0>...
JACKET _COLDR = 3 : <0¥, ..
JACEET_COLOR = 4 : <02, .,
HEAD_SHAPE = 2 :
JACEET _COLOR = 1 @ <I>. ..
JACEET _COLOR = 2 § <0Q», .,
JACEET.COLOR = 3 : «0>...
JACEET _COLOR = 4 : «<0>. .,
HEAD_SHAPE = 3 : <i>.
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5.2.3 ID5R-HAT on test set 1

DESCRIPTION OF THE TREE:

i+ Tree foumd by ldEr-hat traimed

i+ on first wonks's training set

i1 58 axamples usad out of 500

i1 {random from full training set}

i3 49 nodes
35 22 leaves
ii S0.2TTTE accuracy on tast sat

JACRET_COLOR = 1 : €1»...
JACKET _COLOR = 2 ;
HOLDING = 1 :
HEAD_SHAPE = 1 :
BODY _SHAPE = 3 : <0»
BODY_SHAPE = 1 :© <13..,

BODY_SHAPE = 2 : <03...

READ_SHAPE = 2
BODY_SHAPE m 1 : <D>. .,
BODY_SHAPE = 2 : €1>. ..

HEAD_SHAPE = 3 : <0>, .,

HOLDING = 2 : <0>, .,
HOLDING = 3

BODY_SHAPE = 1 :

HAS_TIE = 1 : <id>...
HAZ TIE w 2 : <Q>.,,

BODY_SHAPE = % :
HEAD_SHAPE = | : <O>, .,
HEAD_SHAPE = 2 : <1%..,
HEAD_SHAPE = 3 : <0>...

BODY_SHAFE = 3
HEAD_SHAPE = 1 : <0¥. ..
HEAD_SHAPE = 3 : <13, ..

JACEET_COLOR = 3 -
HEAD_SHAPE = 1 :

BODY_SHAPE = 1 : <15...

BODY_SHAPE = 2 : <0>,

BODY_SHAPE = 3 : <>, .,

HEAD_SHAPE = 7 :

BODY_SHAPE = 1 : <0>...

BODY_SHAPE = 2 : <€1>...

BODT_SHAPE = 3 : <0»...

HEAD_SHAPE = 3 :

BODY_SHAPE m 1 ; <Q>...

BODY_SRAPE = 3 : <0%,,,

BODY_SHAPE = 3 : <1>,,,

JACKET_COLDR = & :
HEAD_SHAPE = 1 :

BODY _SHAPE = 1 : <13,..

BODY_SHAPE = 2 : <03, ,,

BODY_SHAPE = 3 ; <0%...

HEAD_SHAPE = 2 :

BODY_SHAPE = 3 : <03

BODY_SHAPE = 1 : <0%...

BODY_SHAPE = 2 : <1>...

HEAD_SHAPE = 2

BODY_SHAPE = T : <0>...

BODY_SHAPE = 3 : <13, .,
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5.2.4 TDIDT on test

DESCRIPTION OF THE TREE:

ii Tres found by tdidt trained

ii 124 sxamples (full training s
i+ B8 nodes
vi B2 laawas
i+ T75.659444 accuracy on tast set

JACRET_COLOR = § : <1>
JACEET COLOR = 2
HOLDING = 1 ¢
HEAD_SHAPE = 1
BODY_SHAPE = 1 : <15
BODY_SHAPE = 2 : <03
BODY_SHAPE = 3 ; <0>
HEAD_SHAPE = 2
IS_SMILIEG = 1 ; <1>
IS_3RILING =2 : <0»
HEKD_SHAPE = 3
HAS_TIE = 1 : <1>
KAS_TIE = 2 : <0»

BODY_SHAPE = 1 : <03
BODY_SHAPE = 2 : <1>
BODY_SHAPE = 3 : <0>
HOLBING = 3 |
15 SMILING = { :
HEAD_SHAPE = 1 :
BODY_SHAPE = 1 : <15
BODY_SHAPE = 2 : <0>
BODY_SHAPE = 3 : <0»
HEAD_SHAPE = 2 : <i>
HEAD_SHAPE = 3 :
BODY_SHAPE = 1 © <05
BODY_SHAFE » 3 : <1>
IS_SMILING = 2 -
BODY_SHAPE = 1 : <>
BODT_SHAPE = 2 : <0>
BODT_SHAPE = 3 :
HAS_TIE = 1 : <0%
HAS_TIE = 2 : <i»
JACKET_COLOR = 3 :
HAS_TIE = 1 :
HOLDING = 1 :
IS_SNILING = 1 :
BODY_SHAPE = 1 :
HEAD_SHAPE = | :
HEAD_SHAPE = 2 ;
BODY_SHAPE = % :
HEAD_SHAPE = 1
HEAD_SHAPE = 2 ;
IS_SMILING = 2 : <03
ROLDING = 2 ;
IS_SMILING = 1 : <03
18_SHILING = 2 :
BEAD_SHAPE = 1 : €13
HEAD_SHAPE = 2 : <03
HOLDING = 3 ; <0
HAS_ TIE = 2 :
IS_SNILING = 1 :
HOLLING = 1 :
HEAD_SHAPE = 1 : <13

set 1

: on first menks's training set

at)

1>
<Q»

A0

1>
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HEAD_SHAPE = 2 : <0>

HOLDING = 2 :

HEAD_SHAPE = 1 . <>
HEAD_SHAPE = 2 | <12
HEAD_SHAPE = 3 ! <1>

HOLDING = 3 :
IS_SHILING = 2 :
HOLDING = § :

<1

BODY_SHAPE = 2 1
HEAD _BHAPE = 2 : <i>
HEAD_SHAPE = 3 : <Q>

HEAD_SHAPE = 3 © <1>

HOLDING = 2 :
HOLDING = 3 :

<Q>

HEAD_SHAPE = 1 : <0»
HEAD_SHAPE = 2 | <0>
HEAD_SHAPE = 3 : <i»

JACKET_COLOR = 4 :
HEAD_SHAPE = 1 -
BODY_SHAPE =
BODY_SHAPE =

BODY _SHAPE =
HEAD_SHAFE = 2
BODY _SHAPE =

W OR

=

HEAD_SHAPE = 3
BODY_SHAPE =
BODY_SHAPE =

L e

[ b
B
I 45

L 203
BODY_SHAPE = 2
BODY_SHAPE = 3

1>
<o

i 20>
coega(il 1111 -2 1)

5.2.5 ID5R on test set 2

DESCRIPTION OF THE TREE:

;3 Typical tree found by idSr
;i trained on second monks's

i training set

Vi

.1 500 examples {random from
HH full training set)

i1 165 nodes
;i 95 leaves

;i 61.B0655T accuracy om cast sat

JACKET_COLOR = 1 ¢
TS_SHILING = 1 :

HEAD_SHAPE = 1
HEAD_SHAPE = 2 :
HOLDING = 1 :
HOLDING = 2 :
ROLDING = 3 :

L1

-1 > RN
...

BODY_SHAPE = 1 1 <0>
BODY_SHAPE = 3 | <1>.,,

HEAD_SHAFE = 3 :
ROLDING = {1 :
HOLDING = 7 :

Cox. ..

BODY_SHAPE = 1
BODY_SHAPE = 1
HOLDING = 3 ; <02
IS SMILING = 7 ;
HOLDING = 1
HAS.TIE = 1 : <g>, ..
HAS_TIE = 2 :
HEAD_SHAPE = 1
HEAD_SHAPE = 1 :
HOLDING = 2 ; £1>,..
HOLDING = 3 ¢
HEAD_SHAPE = 1 :

T 477
HIE 4 ]

0¥

HAS_TIE = 1 : <0, ..

HAS_TIE = 2 :

BODY_SHAPE = 1 :
BODY_SHAPE = 2 :

HEAD_SHAPE = 2 :
HAS_TIE = 1

BODY_SHAPE = 1 :
BODY _SHAPE = 2 :

<13

<03
41>

HAS_TIE = T : <1>...
HEAD_SHAPE = 3 : €1,

JACKET_COLDR = 2 :

BODY _SHAPE = 1 :
HEAD_SHAPE = 1

IS_SMILING = 1 : <0>. .
IS _SMILING = 7 : <i>_ ..

HEAD_SHAPE = 2
ROLDING = 1

IS_SHILING = 1 : <O
IS_SNILING = 2 @ <1i> .,

HOLDING = 2 @ <1>...

HOLDING = 3 :
IS_SMILING = 1 @ <1>...
IS_SMILING = 2 @ <0>, .

HEAD_SHAPE = 3
HOLDING = 1 | <1>, ..
HOLDING = 2 ; <1>, .,
HOLDING = 3 :

IS_SMILING = 1 : <I>

Is_sMILING = 2 :

HAS_TIE = 1 = <i>
HAS_TIE = 2 : <0>

BODY _SHAFPE = 2
IS _SMILING = 1 ; <1i>, ..
IS_SMILING = 2  <0>..,
BODY_SHAFE = 3 :

HEAD_SHAPE = 1 |
HOLDING = 2 : <0». ..
HOLDING = 3 : <1>...

HEAD_SHAFE = 2 :
HOLDING = 1 ; <i>...
HOLDING = 2 : <O, ..
HOLDING = 3 : <i>...

HEAD_ SHAFE = 3 : <0, ..

JACKET_COLOR = 3 :

HEAD_SHAPE = 1 :
BODY_SHARE = 1 : <03, ..
BODY_SHAPE = 2 :

HOLDING = 2 :
HAS_TIE = 1 :

I3 _SNILING = 1 :

IS_SMILIEG = 2
HAS_TIE = 2 @ <13
AOLDING = 3

<0
L &

IS_SMILING = 1 : <0>...

IS_SMILING = 2 :

HAS_TIE = 1 1 <1>
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HAS_TIE = 3 : <O»
BODY_SHAPE = 3
HAS_TIE = 1 : €03...
HAS_TIE = 2 :

HOLDING = 1 :
IS_SMILING = 1 ; <0>
IS_SMILING = 2 ; <1>

HOLDING = 2 : <0>...

HEAD_SHAPE = 7 ;
IS_SRMILING = 1 :
BODY_SHAPE = 1 :
HAS_TIE = 1 : <O»
HAS_TIE = 2 : <i>», ..
BODY_SHAPE = 2 :

HOLDING = 1 : <O». ..

HOLDING = 2 : <1>,.,

HOLDING = 3 :

HAS_TIE = 1 : <i>
HAS_TIE = 2 : <O»
BODY_SHAPE = 3 :
HOLDING = 1 : <i>,..
HOLDING = 2 :
HAS_TIE = 1 : <1%
FAS_TIE = 2 3 <O>
I3_SHMILING = 2 ©
HOLDING = 1 :
HAS_TIE = 1 : €%, ..
HAS_TIE = 2 : <05, ..
HOLDING = 2 : <053...
HOLDING = 3 : <0, ..
HEAD_SHAPE = 3 :
ROLDING w 1 ;
HAS_TIE = 1 :

BODY_SHAPE = 1 1 <0»...

BODY_SHAPE = 2 :
IS_SHILING = 1 1 <0>
IS_SMILING = 2 § <1>

BODY_SHAPE = 3 : <O»...

HAS_TIE = 2 :

IS_SHILING = 1 : <1>...

IS_SHILING = 3 :
BODY_SHAPE = 1 : <1>
BODY_SHAPE = 7 : <0>

HOLDING = 2 :
BODY_SHAPE = ) : <i>..,
BODY_SHAPE m 2 : <0>...
BODY_SHAPE = 3 | <0>, .,
HOLDING = 3 :
HAS_TIE = 1 : <1%,..
HAS_TIE= 2 :
BODY_SHAPE = 1 : <i>...
BODY_SHAPE = 2 : <0>..,.
JACEET COLOR = 4 :
BODY_SHAPE m 1 :
HAS TIE = 1 @ <0>. ..
HAS_TIE = 2 :
HEAD_SHAPE = 1 : <i>,..
HEAD_SHAFE = 2 : <0>,..
HEAD_SHAPE = 3 :
IS_SNILING = { : <i>, ..
IS_SHILIRG = 2 : <O>,,,
BODY_SHAFE = 7 :
HOLDING = } :
IS_SMILING = 1 : <i>...
I[S_SAILING = 2 :

HEAD_SHAFE = 1 : <0>, ..

HEAD_SHAPE = % :
HAS_TIEw™ | : <I>

W. Van de Welde

HAS_TIE = 2 : <O>
HOLDI®G = 3 : <i>...
HOLDIEG = 3 :
HAS_TIE = 1 :

[5_SHMILING = 1 :
HEAD_SHAPE = 1 ; <0>
HEAD_SHAPE = 1 : <€1>

IS_SHMILING = 3 ; <13.,.

HAS_TIE = 2 :
IS_SMILING = L ; <i>...
IS_SWILING = 2 : <>,
BODY_SHAFE = 3 :

IS_SMILING = 1
HOLDING = 2 @ =0, .,
ROLDING = 3 | €4>..,

IS_SMILING = 2 ; <>, ..

5.2.6 IDL on test set 2

DESCRIPTION OF THE TREE:

Typical tres found by idl
; trained an second monks'a
: training set

500 axamples (random from
full training set}h

170 nodas

i 10T leaves

i1 66 I03T0E accuracy on tast sat

IS_SWMILING = 1 :
HAS_TIE = 1 :
JACEET_COLOK = L : <0>.,,
JACKET_COLOR = 2 :
BODY_SHAPE = 1 : €0%...
BODY_SHAPE = 2 ; <i>...
BODY_SHAPE = 3 :
HEAD_SHAPE = 1 : <03...

HEAD_SHAPE = 1 : <1>»...
READ_SHAPE = 3 : <0>, ..
JACKET_COLOR = 3 ¢
BODY_SHAPE = 1 : <0>.
BODY _SHAPE = 2 :
HEAD_SHAPE = 1 : 0>,
HEAD_SHAPE = I :
KOLDING = 1 : «<0>
EOLDIRG = 2 : <i>
HOLDING = 3 : <i>
HEAD_SHAPE m 3 :
FOLDING = 1 : <0>
HOLDING = 3 : «<i>
BODY_SHAPE = 3
HEAD_SHAPE = 1 ; <0>,.,
HEAD_SHAPE = 3 : <i>. ..
HEAD_SHAPE = 3 ; <0>,..

JACKET_COLOR = 4 :
BODY_SHAPE = 1 | <O>, ..
BODY_SHAFE = I :

HEAD_SHAPE = 1 : <0>, ..
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HEAD_SHAFE = 2 : <i>...

BODY_SHAFE = 3 :

HEAD _ZHAPE m 1 1 <>, ..
HEAD_SHAPE = 2 : <1>,.,

HAS _TIE = 2 ¢
JACKET._COLOR = 1
BODY_SHAPE = 1 : «0>. ..
BODY_ SHAPE = 2

HEAD_SHAFE = 1 i <0>..,

HEAD_SHAPE = 3 :
HOLDING = L : <02
HOLDING = 3 : <1>

BODY_SHAFE = 3 :

HEAD_SHAPE = 1 | <00 ..

HEAD_ SHAPE = 2
HOLDING = 1 @ <0>
HOLDING = 3 : <1>
JACKET _COLOR = 2 :
BODY_SHAPE = 1 :

HEAD_SHAPE = 1 : <0»..

HEAD_SHAFE = 3 ;
HOLDING = 1 t <02
HOLDIEG = 2 : <1>
KOLDING = 3 : <1>

HEAD_SHAPE = 3 © <1>..

BODY_SHAPE = 2 1 <1>...
BODY_SHAPE = 3 !
HOLDING = f : <€0>...
HOLDIEQ = 2 ; <i>..,
HOLDIEG = 3 ; <1¥, .,
JACEET _COLOR = 3 :
BODY_SHAPE = 1 § <i>...
BODY_SHAPE = 2

HEAD_SHAPE = 1 ; <1>...
HEAD.SHAPE = 2 1 <0>..,

HEAD_SHAPE = 3 :
HOLDING = 1 © <1>
HOLOING = 3 : <0>
BRODY_SHAFE = 3 :
HEAD _SHAPE = @
HOLDING = 1 : <>
HOLDING = 2 ; <1>
HEAD_SHAPE = 2 :
HOLDING = 1 : <13
HOLDING = 2 : <0>
HEAD_SHAPE = 3 :
HOLDING = 1 : €i>
HOLDING = 2 : <0>
JACKET _COLOR = 4 ;
BODY_SHAPE w 1 @ <1>...
BODY _SHAPE = 2 : <1>, ..
BODY _SHAPE = 3 :

HEAD_SHAFE = 1 : <€1>...
HEAD_SHAPE = 2 : <0%...

IS_SRILIEG = 2 :
BODY_SHAFE = 1 :
FAS_TIE = 1 :

JACKET _COLOR = 1 : <0>,..
JACEET_COLOR = 2 ; €1>, ..
JACKET_COLOR = 3 : <0>, .,
JACKET_COLOR = 4 : <0, ..

HAE TIE =2 :
JACEET_COLOR = 1

HEAD_SHAFE = 1 : <0>...
HEAD_SHAPE = 2 : <1>,..
HEAD_SHAFE = 3 : <i>...

JACKET_COLOR = 2 :

HEAD_SHAPE = 1 1 <i>...

HEAD_SHAPE = 2 :
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5.3 Classification diagrams

(a) Result of ID3R on test set 1, Accuracy: 23.1%
(b) Result of IDL on test set 1, Accuracy: 100.0%
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{a) Result of IDSR-HAT on test set 1, Aceuracy: 80.3%

(b) Result of TDIDT-based method on test set 1, Accuracy: 7T5.7%
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(a) Result of ID5R on test set 2, Accuracy: 66.2%
(b) Result of IDL on test set 2, Accuracy: T1.3%
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(a) Result of TDIDT on test set 2, Accuracy: 67.1%
(b) Result of IDSR-HAT on test set 2, Accuracy: 67.8%

| I T T oimn T [
# ||| . MIENEEE o] # 2Bl | Bl =] !I; roa
LRI ® mil - [ | wll w # *® 1!_ e
T gl=lal Igleleic] [=f=[=f«l [«icq] [={ |= [ |
® # E m‘ BF] " # aaL !
EM" " [ =l =]=l=] [ L:] * =] i (=" ok !
IE3 [ =1 w le] = [ B = 7 rou i
w|l = * NEEIEE D= (] =12 (= . [ res i
| - =l B ol w o] = » [l=] elln] = [ * 7 =
] [e[ (=] [=]#] [=] [=»]e= (2] =] > | -
| G w Ej EDE' L] D #* im L] [;] LRI ._._‘:.. mel
BEN B EE [ w[[=] = =00 [ act
# [«] = " ) # |w] [ il am
s * s Jafelaf=T=lO] [Ofejie]= |3 =] " e
#ll » # (=] B EI R =]iE]= O # » [ ' 2
ol =1 1ol =] 0y = | LB
: al =1 Il (Eiol«igl 10 Ol e f#]=|lz]=]= ’
| #|0 = EX=i " ||= | M | a st
1_ sward | T‘ 1 mallagan 1
| wed | yellgw | gisen | blma | red e!lj::h'lﬂnj:‘ru | wiie | awd | yellaw | grees | H--J
|r|=l.\'tl|rJl|:lll¥ll|r|:n|_h.:|ll:'5-|¥lﬂ|'f|ﬂ|h’|l|Y'|=|
[=] =] - o hud iL»] E3 e rou
] | = * IE3 » [ w [elllella] »l[#] =] E 5
| = - o * B " # » - i [ equ
ol=lc Cllell a | wn] = » ([} | = * - ER i
L] # E ,Tl L] ] F ] ._:_ At
* O * Ol = [EI]] -] ] w | » ] # [[#] »]]= ER act
» +Jl« =] 10 [#f=lell=] O v e
wllm] # # OEIEN B =] [ * | ] O E | o
E # * =l =] " ol [el[e[«Tel=l[=l=]=* Em wau
) #* - O # |[=] # [ a EH | aae
=] [ =il [=]=] * =] NRNDEEERE i P
+ 1= (DTl [e[=] L] EiE
[m]l = =l » w] » [=[0]]]7] EN [
[ ] = » # ol =ll=lg # [ullel=]= =] n rou
» =] = | [l alm Ol == = | E3| ER +au
algl 1] o] [=[«] [o 0= = = L2] KR | san
of |# ] Bl I (=] I w | * =EIEGE | 3] | E2] ’ act
C8 ] M 1 3 =T | DinEn :
smiling shape




56 W, Van de Welde

5.4 Learning curves

ID5R on MONKS-1
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