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Abstract

This paper reports on conceptual development in the areas of
database mining, and knowledge discovery in databases (KDD). Our
e®orts have also led to a prototype implementation, called MOTC, for
exploring hypothesis space in large and complex data sets. Our KDD
conceptual development rests on two main principles. First, we use
the crosstab representation for working with qualitative data. This is
by now standard in OLAP (on-line analytical processing) applications
and we rea±rm it with additional reasons. Second, and innovatively,
we use Prediction Analysis as a measure of goodness for hypotheses.
Prediction Analysis is an established statistical technique for analysis
of associations among qualitative variables. It generalizes and sub-
sumes a large number of other such measures of association, depend-
ing upon speci¯c assumptions the user is willing to make. As such,
it provides a very useful framework for exploring hypothesis space in
a KDD context. The paper illustrates these points with an extensive
discussion of MOTC.
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1 I ntr oduction

It s t a n d s t o r e a s o n t h a t e xis t in g d a t a b a s e s a r e u n d e r e xp lo it e d . Or g a n iz a -
t io n a l d a t a b a s e s a r e t yp ic a lly c r e a t e d t o r e c o r d a n d fa c ilit a t e b u s in e s s t r a n s -
a c t io n s . Th e s e d a t a b a s e s o ft e n c o n t a in va lu a b le in fo r m a t io n wh ic h fa ils t o
b e r e c o g n iz e d a n d u s e d b y t h e o r g a n iz a t io n s t h a t o wn a n d m a in t a in t h e m .
S u c h , a t le a s t , is a wid e s p r e a d b e lie f. Th is h a s le d t o a b u r g e o n in g in d u s t r y o f
r e s e a r c h p a p e r s , s t a r t -u p ¯ r m s , a n d p r o fe s s io n a l s e m in a r s , fo c u s in g o n wh a t
h a s c o m e t o b e c a lle d K D D ( kn o wle d g e d is c o ve r y in d a t a b a s e s ; s e e [1 0 ] fo r
a r e c e n t c o lle c t io n o f r e p r e s e n t a t ive p a p e r s ) . R e a l m o n e y is b e in g b e t t h a t
va lu a b le kn o wle d g e is t h e r e t o b e d is c o ve r e d a n d t h a t s o ft wa r e in n o va t io n s
will h e lp d is c o ve r a n d e xp lo it t h is kn o wle d g e e c o n o m ic a lly.

W e s h a r e t h e wid e s p r e a d b e lie f in t h e e ± c a c y, o r a t le a s t p o t e n t ia l, o f
K D D , a n d a r e e xp lo r in g a c o n c e p t t h a t | we b e lie ve | a d d r e s s e s a c e n t r a l
p r o b le m in K D D , viz ., h yp o t h e s is g e n e r a t io n . In wh a t fo llo ws we d e s c r ib e
o u r c o n c e p t a n d o u r im p le m e n t a t io n in a p r o t o t yp e s ys t e m c a lle d MOTC.
Fir s t , h o we ve r , s o m e c o m m e n t s t o s e t t h e c o n t e xt .

Th e p r e m is e o f K D D is t h a t s o ft wa r e in n o va t io n s c a n m a t e r ia lly c o n -
t r ib u t e t o m o r e e ®e c t ive e xp lo it a t io n o f d a t a b a s e s . B u t ju s t h o w c a n K D D
s o ft wa r e d o t h is a n d wh a t is it s r e la t io n t o s t a n d a r d s t a t is t ic a l m e t h o d s ? P u t
b lu n t ly, h e r e is a qu e s t io n we h a ve h e a r d p o s e d b y m a n y s t a t is t ic ia n s a n d
s t a t is t ic a lly-t r a in e d p r a c t it io n e r s : W h a t d o e s K D D h a ve t o o ®e r t h a t is n 't
d o n e we ll a lr e a d y b y m u lt ip le r e g r e s s io n t e c h n iqu e s ? P u t b r ie ° y, t h e a n s we r
is \ p le n t y." S t a n d a r d s t a t is t ic a l m e t h o d s , in c lu d in g r e g r e s s io n a n a lys is , a r e
h yp o t h e s is testing m e t h o d s . Fo r e xa m p le , wh a t r e g r e s s io n a n a lys is d o e s is
a c c e p t a fu n c t io n a l fo r m fo r a m o d e l/ h yp o t h e s is a n d t h e n ¯ n d t h e \ b e s t "
in s t a n c e o f a m o d e l/ h yp o t h e s is o f t h a t fo r m . E ve n if we we r e t o g r a n t t h a t
c o m p u t a t io n a l| e .g ., K D D o r A I| a p p r o a c h e s c o u ld n e ve r im p r o ve o n t h is
b a s ic s t a t is t ic a l t a s k, ve r y m u c h r e m a in s t o b e d o n e | a n d t o b e r e s e a r c h e d |
in t h e in t e r e s t s o f e ®e c t ive K D D .

E xa m p le s o f \ n o n -s t a t is t ic a l" is s u e s in K D D in c lu d e t h e fo llo win g .

1 . D a t a c le a n in g

W h a t c a n b e d o n e t o lo c a t e a n d a m e lio r a t e t h e p e r va s ive p r o b le m s o f
in va lid o r in c o m p le t e d a t a ?

2 . \ Fir s t c u t " a n a lys is

W h a t c a n b e d o n e t o a u t o m a t ic a lly p r o vid e a n in it ia l a s s e s s m e n t o f t h e
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p a t t e r n s a n d p o t e n t ia lly u s e fu l o r in t e r e s t in g kn o wle d g e in a d a t a b a s e ?
Th e a im h e r e is , r e a lis t ic a lly, t o a u t o m a t e some o f t h e b a s ic wo r k t h a t
is n o w d o n e b y s kille d h u m a n a n a lys t s .

3 . H yp o t h e s is g e n e r a t io n

W h a t c a n b e d o n e t o s u p p o r t , o r e ve n a u t o m a t e , t h e ¯ n d in g o f p la u s ib le
h yp o t h e s e s in t h e d a t a ? Fo u n d h yp o t h e s e s wo u ld , o f c o u r s e , n e e d t o
b e t e s t e d s u b s e qu e n t ly wit h s t a t is t ic a l t e c h n iqu e s , b u t wh e r e d o yo u
g e t \ t h e c o n t e n d e r s " in t h e ¯ r s t p la c e ?

Ou r a t t e n t io n , a n d t h e r e s e a r c h r e s u lt s r e p o r t e d in t h is p a p e r , h a ve fo -
c u s e d o n t h e h yp o t h e s is g e n e r a t io n p r o b le m fo r K D D . B e c a u s e h yp o t h e s is
s p a c e is g e n e r a lly qu it e la r g e ( m o r e o n t h is b e lo w) , it is n o r m a lly qu it e im p o s -
s ib le t o e n u m e r a t e a n d in ve s t ig a t e a ll t h e p o t e n t ia lly in t e r e s t in g h yp o t h e s e s .
H e u r is t ic s a r e n e c e s s a r y a n d , it wo u ld s e e m , a d e c is io n s u p p o r t p h ilo s o p h y
is c a lle d fo r . W h a t , t h e n , a r e t h e m a in r e qu ir e m e n t s , o r d e s ir e d fe a t u r e s , o f
a d e c is io n s u p p o r t t o o l fo r in ve s t ig a t in g h yp o t h e s is s p a c e ? W e id e n t ify t h e
fo llo win g a s a m o n g t h e p r in c ip a l r e qu ir e m e n t s . S u c h a t o o l s h o u ld :

1 . S u p p o r t u s e r s in h yp o t h e s iz in g r e la t io n s h ip s a n d p a t t e r n s a m o n g t h e
va r ia b le s in t h e d a t a a t h a n d ( we c a ll t h is hypothesis hunting) .

2 . P r o vid e u s e r s wit h s o m e in d ic a t io n o f t h e va lid it y, a c c u r a c y, a n d s p e c i-
¯ c it y o f va r io u s h yp o t h e s e s ( hypothesis evaluation) .

3 . P r o vid e e ®e c t ive vis u a liz a t io n s fo r h yp o t h e s e s , s o t h a t t h e p o we r s o f h u -
m a n vis u a l p r o c e s s in g c a n b e e xp lo it e d fo r e xp lo r in g h yp o t h e s is s p a c e .

4 . S u p p o r t a u t o m a t e d e xp lo r a t io n o f h yp o t h e s is s p a c e , wit h fe e d b a c k a n d
in d ic a t o r s fo r in t e r a c t ive ( h u m a n -d r ive n ) e xp lo r a t io n .

5 . S u p p o r t a ll o f t h e a b o ve fo r d a t a s e t s a n d h yp o t h e s e s o f r e a s o n a b ly h ig h
d im e n s io n a lit y, s a y b e t we e n 4 a n d 2 0 0 d im e n s io n s , a s we ll o n la r g e d a t a
s e t s ( e .g ., wit h m illio n s o f r e c o r d s ) .

W h a t is n e e d e d , c o n c e p t u a lly, t o b u ild s u c h a t o o l?

1 . A g e n e r a l c o n c e p t o r r e p r e s e n t a t io n fo r d a t a , h yp o t h e s e s , a n d h yp o t h -
e s is s p a c e . Th is r e p r e s e n t a t io n n e e d n o t b e u n ive r s a l, b u t s h o u ld b e
b r o a d ly a p p lic a b le . W e c a ll t h is t h e hypothesis representation, a n d we
d is c u s s it in x2 .
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2 . Give n a h yp o t h e s is r e p r e s e n t a t io n , we a ls o n e e d a n in d ic a t o r o f qu a lit y
fo r t h e h yp o t h e s is in qu e s t io n . W e c a ll t h is t h e measure of goodness,
a n d we d is c u s s it in x3 .

3 . Th e h yp o t h e s is r e p r e s e n t a t io n a n d t h e m e a s u r e o f g o o d n e s s s h o u ld
¯ t wit h , c o h e r e wit h , t h e r e qu ir e m e n t s ( a n d im p lic it g o a ls , d e s c r ib e d
a b o ve ) o f a D S S fo r e xp lo r in g h yp o t h e s is s p a c e . W e d is c u s s o u r e ®o r t s
a n d r e s u lt s in t h is r e g a r d in xx4 { 5 .

2 H ypothesis Repr esentation

Th e r e a r e t h r e e m a in e le m e n t s t o o u r h yp o t h e s is r e p r e s e n t a t io n c o n c e p t :

1 . Fo c u s o n qu a lit a t ive d a t a .

2 . U s e t h e c r o s s t a b ( a ka : d a t a c u b e , m u lt id im e n s io n a l d a t a , c r o s s c la s -
s ī c a t io n s o f m u lt iva r ia t e d a t a ) fo r m fo r d a t a ( r a t h e r t h a n , s a y, t h e
r e la t io n a l fo r m a s in r e la t io n a l d a t a b a s e s ) .

3 . R e p r e s e n t h yp o t h e s e s b y id e n t ifyin g e r r o r va lu e s in t h e c e lls o f t h e
m u lt id im e n s io n a l ( c r o s s t a b ) d a t a fo r m .

Th e s e a s p e c t s o f t h e c o n c e p t , a n d wh y we h a ve t h e m , a r e p e r h a p s b e s t
u n d e r s t o o d t h r o u g h a s p e c ī c e xa m p le .1 S u p p o s e we h a ve d a t a o n t wo va r i-
a b le s : X1, p a r t y a ± lia t io n , a n d X2, s u p p o r t fo r a n in c r e a s e d g o ve r n m e n t r ^o le
in s o c ia l s e r vic e s . X1 c a n t a ke o n t h e fo llo win g va lu e s : D em, Ind, a n d R ep
( D e m o c r a t , In d e p e n d e n t , a n d R e p u b lic a n ) . X2 c a n h a ve a n y o f t h e fo llo w-
in g va lu e s : left, left-center, center, right-center, right. S u p p o s e we h a ve 3 1
o b s e r va t io n s o f t h e t wo va r ia b le s t a ke n t o g e t h e r , a s fo llo ws in Ta b le 1 .2

F ocus on qualitative data. Th e va r ia b le s X1 a n d X2 in Ta b le 1 a r e qu a lit a t ive
( a ka : c a t e g o r ic a l) b e c a u s e t h e y t a ke o n d is c r e t e va lu e s ( t h r e e s u c h va lu e s in
t h e c a s e o f X1 a n d ¯ ve fo r X2 ) . X1 is a r g u a b ly a nominal va r ia b le b e c a u s e

1The example that follows is from [14]. We invite the reader to examine that discussion
as a way of following up on this paper.

2We use the two-variable case for illustration only. As noted above, an impor-
tant requirement for a hypothesis exploration DSS is that it handle reasonably high-
dimensionality hypotheses. Except where noted|e.g., limitations of screen space in
MOTC-like implementations|our points and methods generalize to arbitrarily many di-
mensions, at least in principle.
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Support P arty A± liation
D em Ind R ep

L eft 1 2 3 1 1 6
L eft-center 1 2 2 5

Center 0 3 4 7
R ight-center 0 1 1 2

R ight 0 0 1 1
1 3 9 9 3 1

Ta b le 1 : P a r t y A ± lia t io n a n d S u p p o r t fo r S o c ia l S e r vic e s b y To p -L e ve l B u -
r e a u c r a t s in S o c ia l S e r vic e A g e n c ie s ( [1 4 , p . 1 1 ])

t h e r e is n o c o m p e llin g n a t u r a l o r d e r in g fo r it s t h r e e va lu e s .3 D em fo r e x-
a m p le is n e it h e r m o r e n o r le s s t h a n Ind. S im ila r ly, in a b u s in e s s d a t a b a s e
Sales-R egion a n d D ivision a r e n o m in a l b e c a u s e , e .g ., M id-Altantic is n e it h e r
m o r e n o r le s s t h a n New E ngland a n d M arketing is n e it h e r m o r e n o r le s s t h a n
M anufacturing. X2 o n t h e o t h e r h a n d is a n ordinal va r ia b le b e c a u s e t h e r e is
a n a t u r a l o r d e r in g fo r t h e va lu e s it t a ke s o n : left, left-center, center a n d s o
o n . S im ila r ly, in a b u s in e s s d a t a b a s e , Quarter ( ¯rst, second, third, fourth) is
n a t u r a lly o r d e r e d a n d t h e r e fo r e o r d in a l. If a va r ia b le , e .g ., Sales, is qu a n t it a -
t ive , t h e n ( fo r o u r fr a m e wo r k) it will h a ve t o b e qu a n t iz e d , o r binned. Th u s ,
fo r e xa m p le , Sales ( V2 ) m ig h t b e b in n e d a s fo llo ws in t o ¯ ve c a t e g o r ie s o r b in s
( a ka : forms [2 0 ]) :4

V 1
2 [0 - 2 0 ,0 0 0 )

V 2
2 [2 0 ,0 0 0 - 4 0 ,0 0 0 )

V 3
2 [4 0 ,0 0 0 - 6 0 ,0 0 0 )

3Nothing much turns on this. One could argue that, at least for certain purposes, this
is an ordinal variable. No matter. Our point is that this approach can handle nominal
variables, if there are any.

4How a basically quantitative variable should be binned|including how many forms
it should have|is typically determined by the investigator, although some principles for
automatic binning are available [39]. It is well known that infelicitous binning can lead to
anomalies and distortions. In general for a quantitative variable it is better to have more
bins than fewer, in order to reduce or even eliminate loss of information. Having more
bins does have increased computational cost. Neglecting computational costs, Prediction
Analysis transparently accommodates arbitrarily large numbers of bins (and cells); in
particular it is una®ected by the presence of crosstab cells without data instances.
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V 4
2 [6 0 ,0 0 0 - 8 0 ,0 0 0 )

V 5
2 [8 0 ,0 0 0 +]

B y wa y o f ju s t ī c a t io n fo r t h is a s s u m e d fo c u s , we n o t e t h e fo llo win g : ( 1 )
Ma n y va r ia b le s , p e r h a p s t h e m a jo r it y, o c c u r r in g in b u s in e s s d a t a b a s e s a r e
n a t u r a lly qu a lit a t ive ; ( 2 ) A g e n e r a l fr a m e wo r k, in c lu d in g b o t h qu a lit a t ive
a n d qu a n t it a t ive va r ia b le s , is h ig h ly d e s ir a b le ; ( 3 ) W it h fe lic it o u s b in n in g
qu a n t it a t ive va r ia b le s c a n t yp ic a lly b e r e p r e s e n t e d qu a lit a t ive ly t o a d e g r e e
o f a c c u r a c y s u ± c ie n t fo r e xp lo r a t o r y p u r p o s e s ; a n d ( 4 ) Tr a n s fo r m a t io n o f
in h e r e n t ly qu a lit a t ive va r ia b le s t o a qu a n t it a t ive s c a le is in h e r e n t ly a r b it r a r y
a n d is kn o wn t o in d u c e r e s u lt s s e n s it ive t o t h e t r a n s fo r m a t io n im p o s e d .

Use the crosstab form for data. Th is a s p e c t o f o u r fo c u s r e qu ir e s le s s e xp la -
n a t io n a n d ju s t ī c a t io n , s in c e it is a ls o s t a n d a r d p r a c t ic e in OL A P ( o n -lin e
a n a lyt ic a l p r o c e s s in g ) a p p lic a t io n s ( c f., [1 6 , p . 1 7 9 ] o n \ t h e c̀ u b e ' fo u n d a t io n
fo r m u lt id im e n s io n D B MS d a t a m a r t s " ; [8 , p . 4 5 ] o n \ h yp e r c u b e d a t a r e p r e -
s e n t a t io n s " ; [2 7 ] a n d [7 ] o n \ c u b e s " ) . Ou r r e a s o n s fo r u s in g t h e c r o s s t a b fo r m
fo r d a t a r e p r e s e n t a t io n a r e s im p le a n d e s s e n t ia lly id e n t ic a l t o wh y it is n o w
u s e d s o wid e ly in OL A P a p p lic a t io n s ( a n d h a s lo n g b e e n e s s e n t ia l in s t a t is -
t ic s ) : t h e c r o s s t a b fo r m e a s ily a c c o m m o d a t e s qu a lit a t ive va r ia b le s a n d ( m o s t
im p o r t a n t ly) it h a s b e e n d e m o n s t r a t e d t o b e a n a t u r a l r e p r e s e n t a t io n fo r t h e
s o r t s o f r e p o r t s a n d h yp o t h e s e s u s e r s | m a n a g e r s a n d s c ie n t is t s | t yp ic a lly
a r e in t e r e s t e d in .5 ( S e e a ls o t h e lit e r a t u r e o n in fo r m a t io n vis u a liz a t io n . Fo r
a r e vie w s e e [2 1 ].)

R epresent hypotheses by identifying error values in the cells of the multi-
dimensional data form. R e c a llin g o u r e xa m p le d a t a , in Ta b le 1 , s u p p o s e
t h a t a n in ve s t ig a t o r h a s a h yp o t h e s is r e g a r d in g h o w e a c h b u r e a u c r a t 's p a r t y
a ± lia t io n p r e d ic t s t h e b u r e a u c r a t 's s u p p o r t fo r in c r e a s e d s o c ia l s e r vic e s . Fo l-
lo win g t h e n o t a t io n o f [1 4 , 1 5 ], we u s e t h e s t a t e m e n t x ; y t o m e a n , r o u g h ly,
\ if x t h e n p r e d ic t y " o r \ x t e n d s t o b e a s u ± c ie n t c o n d it io n fo r y." 6 S u p p o s e

5We do not want to suggest that the data format evident in Table 1 is the only kind
of crosstab representation for qualitative data. It isn't and the methods we discuss here,
including MOTC itself, are not limited to this particular format, but further elaborating
upon the point would be a diversion here. See the discussion in [14] of the condensed
ordinal form for one example of an alternative crosstab representation.

6Or for the cognoscenti of nonmonotonic or defeasible reasoning, \if x then presumably
y." But this is a subtlety we defer to another paper.
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o u r in ve s t ig a t o r 's h yp o t h e s is , o r p r e d ic t io n ( c a ll it P1 ) , is t h a t D e m o c r a t s
t e n d t o b e le ft o r le ft -c e n t e r , In d e p e n d e n t s t e n d t o b e a t t h e c e n t e r , a n d
R e p u b lic a n s t e n d t o b e c e n t e r , r ig h t -c e n t e r , o r r ig h t . E qu iva le n t ly, b u t m o r e
c o m p a c t ly, we c a n s a y:

P1: D em ; ( left o r left-center) a n d Ind ; center a n d R ep ;

( center o r right-center o r right )

E qu iva le n t ly, a n d in t a b u la r fo r m , we c a n la b e l c e lls in t h e c r o s s t a b r e p r e -
s e n t a t io n a s e it h e r p r e d ic t e d b y P1, in wh ic h c a s e t h e y r e c e ive a n e r r o r va lu e
o f 0 , o r a s n o t p r e d ic a t e d b y P1, in wh ic h c a s e t h e y r e c e ive a n e r r o r va lu e o f
1 . Ta b le 2 p r e s e n t s P1 in t h is fo r m .

Support P arty A± liation
D em Ind R ep

L eft 0 1 1
L eft-center 0 1 1

Center 1 0 0
R ight-center 1 1 0

R ight 1 1 0

Ta b le 2 : E r r o r -c e ll r e p r e s e n t a t io n fo r t h e h yp o t h e s is , o r p r e d ic t io n , P1.

Give n t h a t t h e d a t a a r e t o b e p r e s e n t e d in c r o s s t a b fo r m , t h e e r r o r -c e ll
r e p r e s e n t a t io n fo r h yp o t h e s e s is n a t u r a l a n d , we t h in k, qu it e e le g a n t . N o t e
a s we ll t wo t h in g s . Fir s t , we c a n n o w g ive a n o p e r a t io n a l c h a r a c t e r iz a t io n
o f h yp o t h e s is s p a c e . If t h e n u m b e r o f c e lls in a c r o s s t a b r e p r e s e n t a t io n is C
a n d t h e n u m b e r o f p o s s ib le e r r o r va lu e s ( 2 in Ta b le 2 : 0 fo r n o e r r o r a n d
1 fo r e r r o r ) is n, t h e n t h e n u m b e r o f p o s s ib le h yp o t h e s e s is ( nC ¡ n) . ( W e
s u b t r a c t n t o e lim in a t e t h e c a s e s in wh ic h a ll c e lls h a ve t h e s a m e e r r o r va lu e .
P r e s u m a b ly, t h e s e c a n n o t b e in t e r e s t in g p r e d ic t io n s .) Th u s e ve n fo r o u r lit t le
e xa m p le , P1 is ju s t o n e o f 2 15¡ 2 = 3 2 ; 7 6 6 p o s s ib le h yp o t h e s e s fo r p r e d ic t in g
a n d e xp la in in g t h e s e d a t a . S e c o n d , a s we h a ve im p lie d in o u r ¯ r s t c o m m e n t
ju s t g ive n , it is p o s s ib le t o u s e m o r e t h a n 2 ( 0 o r 1 ) e r r o r -c e ll va lu e s . P e r h a p s
o b s e r va t io n s fa llin g in c e r t a in c e lls a r e in t e r m e d ia t e a n d s h o u ld h a ve a n e r r o r
va lu e o f, s a y, 0 :5 . Th e r e is n o t h in g in t h e s e r e p r e s e n t a t io n s o r in P r e d ic t io n
A n a lys is ( s e e x3 ) t h a t p r e ve n t s t h is s o r t o f g e n e r a liz a t io n .
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3 P r ediction Analysis

P u t b r ie ° y, P r e d ic t io n A n a lys is [1 4 , 1 5 ] is a we ll-e s t a b lis h e d t e c h n iqu e t h a t
u s e s t h e c r o s s t a b a n d e r r o r -c e ll r e p r e s e n t a t io n s o f d a t a a n d p r e d ic t io n s , a n d
a ls o p r o vid e s a m e a s u r e o f g o o d n e s s fo r a p r e d ic t io n ( o n t h e g ive n d a t a ) .
W e c a n d e s c r ib e o n ly t h e b a s ic e le m e n t s o f P r e d ic t io n A n a lys is h e r e ; m u c h
m o r e t h o r o u g h t r e a t m e n t is a va ila b le in t h e o p e n lit e r a t u r e . W h a t we ¯ n d
e s p e c ia lly in t r ig u in g a b o u t P r e d ic t io n A n a lys is | b e s id e s it s in t u it ive n e s s a n d
it s ¯ t wit h o u r p r e fe r r e d d a t a r e p r e s e n t a t io n s | a r e t wo t h in g s . Fir s t , it h a s
b e e n s h o wn t o s u b s u m e m o s t , if n o t a ll, s t a n d a r d m e a s u r e s o f a s s o c ia t io n
fo r qu a lit a t ive d a t a , s u c h a s Co h e n 's K a p p a , K e n d a ll's ¿ , a n d Go o d m a n a n d
K r u s ka l's g a m m a ( s e e [1 4 , 1 5 ] fo r d e t a ils ) . S e c o n d , P r e d ic t io n A n a lys is wa s
o r ig in a lly m o t iva t e d t o e va lu a t e p r e d ic t io n s ex ante, fo r e xa m p le o n t h e b a s is
o f p r io r t h e o r y. B u t it a ls o c a n b e u s e d ex post t o s e le c t p r o p o s it io n s fr o m t h e
d a t a , in wh ic h c a s e it is , a s o n e wo u ld e xp e c t , a s ym p o t ic a lly Â2. U s e d ex post,
P r e d ic t io n A n a lys is is g o o d fo r ¯ n d in g \ t h e c o n t e n d e r s ," h yp o t h e s e s t h a t
m e r it c a r e fu l s c ie n t ī c in ve s t ig a t io n u s in g s t a n d a r d s t a t is t ic a l t e c h n iqu e s .

Th e p r in c ip a l m e a s u r e o f h yp o t h e s is va lu e in P r e d ic t io n A n a lys is is r
( p r o n o u n c e d \ d e ll" ) , wh ic h is d e ¯ n e d a s fo llo ws :

r = 1 ¡ o b s e r ve d e r r o r

e xp e c t e d e r r o r
( 1 )

L e t nij b e t h e n u m b e r o f o b s e r va t io n s in c e ll r o w i c o lu m n j, a n d !ij b e t h e
e r r o r va lu e fo r t h e c e ll in r o w i c o lu m n j. ( A g a in , a lt h o u g h we a r e h o ld in g
t h e d is c u s s io n in t e r m s o f a t wo -d im e n s io n a l e xa m p le , a ll o f t h is g e n e r a liz e s
in a s t r a ig h t fo r wa r d wa y.) Th e n , we m a y d e ¯ n e t h e o b s e r ve d e r r o r fo r a
p a r t ic u la r p r e d ic t io n ( e r r o r -c e ll t a b le ) a s

o b s e r ve d e r r o r =
RX

i=1

CX

j=1

!ij ¢ nij ( 2 )

wh e r e t h e n u m b e r o f fo r m s in t h e r o w va r ia b le is R a n d t h e n u m b e r o f fo r m s
in t h e c o lu m n va r ia b le is C.

Fin a lly, t h e e xp e c t e d e r r o r fo r m u la is

e xp e c t e d e r r o r =
RX

i=1

CX

j=1

!ij ¢ ni² ¢ n²j=n ( 3 )
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wh e r e

ni² = Th e n u m b e r o f o b s e r va t io n s in c a t e g o r y

i o f t h e ¯ r s t ( r o w) va r ia b le

n²j = Th e n u m b e r o f o b s e r va t io n s in c a t e g o r y

j o f t h e s e c o n d ( c o lu m n ) va r ia b le

n = Th e t o t a l n u m b e r o f o b s e r va t io n s

Th a t is , ni² a n d n²j a r e t h e r o w a n d c o lu m n m a r g in a ls , wh ic h a r e p r e s e n t e d
in Ta b le 1 . N o t e a s we ll:

1 . If t h e o b s e r ve d e r r o r e qu a ls 0 , t h e n r is 1 . Th is is t h e h ig h e s t p o s s ib le
va lu e fo r r.

2 . If t h e o b s e r ve d e r r o r e qu a ls t h e e xp e c t e d e r r o r , t h e n r is 0 . Th is
in d ic a t e s , r o u g h ly, a p r e d ic t io n n o b e t t e r t h a n c h a n c e , r a t h e r like a
c o r r e la t io n o f 0 . ( B u t r e m e m b e r : s t a n d a r d c o r r e la t io n c o e ± c ie n t s a p p ly
t o r e a l n u m b e r s , qu a n t it a t ive va r ia b le s , n o t qu a lit a t ive va r ia b le s .)

3 . r m a y b e n e g a t ive , a r b it r a r ily s o . A n e g a t ive va lu e is like a n e g a t ive
c o r r e la t io n , b u t m a y g o lo we r t h a n ¡ 1 .

4 . In g e n e r a l a h ig h e r r in d ic a t e s a b e t t e r p r e d ic t io n , b u t t h is n e g le c t s
c o n s id e r a t io n s o f p a r s im o n y. A ft e r a ll, if a ll t h e e r r o r c e lls a r e s e t
t o 0 t h e n r will e qu a l 1 .7 P r e d ic t io n A n a lys is u s e s wh a t it c a lls t h e
precision, wh ic h is t h e e xp e c t e d e r r o r r a t e fo r a p r e d ic t io n , P. P r e c is io n
in t h is s e n s e is c a lle d U a n d is d e ¯ n e d a s

U =
RX

i=1

CX

j=1

!ij ¢ ni² ¢ n²j=( n ¢ n) ( 4 )

N o t e t h a t if !ij = 0 fo r a ll i; j ( i.e ., n o t h in g is a n e r r o r ) , t h e n U = 0
a n d if !ij = 1 fo r a ll i; j ( i.e ., e ve r yt h in g is a n e r r o r ) , t h e n U = 1 .

5 . In ¯ n d in g g o o d h yp o t h e s e s , we s e e k t o m a xim iz e r. W e m ig h t t h in k
o f m a xim iz in g r a n d U jo in t ly, a s in ® ¢r+ ( 1 ¡® ) ¢U o r in r¢U ;8 o r

7Of course if expected error is 0, the ratio is unde¯ned.
8r¢U = U ¡K or the absolute reduction in error of the prediction. One might instead,

e.g., prefer to use the relative reduction in error.
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we m ig h t t h in k o f U a s a c o n s t r a in t o n t h is m a xim iz a t io n p r o b le m .W e
m ig h t a ls o t h in k o f im p o s in g o t h e r c o n s t r a in t s , s u c h a s \ n a t u r a ln e s s "
c o n d it io n s . Fo r e xa m p le , in t h e e r r o r c e ll r e p r e s e n t a t io n , o n e m ig h t
r e qu ir e t h a t t h e r e s h o u ld n o t b e g a p s in c o lu m n s b e t we e n e r r o r a n d
n o n -e r r o r c e lls . B u t t h is is a t o p ic b e yo n d t h e s c o p e o f t h e p r e s e n t
p a p e r . Fo r p r e s e n t p u r p o s e s , we r e ly o n t h e u s e r 's ju d g m e n t t o im p o s e
r e a s o n a b le n e s s c r it e r ia o n h yp o t h e s e s e xp lo r e d .

4 M OT C: A DSS for E xplor ing H ypothesis

Space

MOTC is a p r o t o t yp e im p le m e n t a t io n o f a D S S fo r e xp lo r in g h yp o t h e s is
s p a c e . It a s s u m e s t h e t wo m a in fr a m e wo r ks we h a ve ju s t d is c u s s e d ( c r o s s t a b -
u la t io n o f qu a lit a t ive d a t a fo r h yp o t h e s is r e p r e s e n t a t io n , a n d P r e d ic t io n
A n a lys is fo r a m e a s u r e o f g o o d n e s s fo r h yp o t h e s e s ) a n d it m e e t s , o r a t le a s t
a d d r e s s e s , t h e m a in r e qu ir e m e n t s we id e n t ī e d a b o ve fo r s u c h a D S S . MOTC
is im p le m e n t e d in V is u a l B a s ic 5 a n d Mic r o s o ft A c c e s s , a n d r u n s in a W in -
d o ws N T e n vir o n m e n t .

Th e c e n t r a l, d o m in a t in g m e t a p h o r in MOTC is t h e r e p r e s e n t a t io n o f va r i-
a b le s ( d im e n s io n s ) a s b in n e d b a r s . A s in g le b a r c o r r e s p o n d s t o a s in g le va r i-
a b le . B a r s a r e a r r a ye d h o r iz o n t a lly, a n d a r e d ivid e d b y ve r t ic a l lin e s in d i-
c a t in g b in s . E a c h b in c o r r e s p o n d s t o a c a t e g o r y fo r t h e va r ia b le in qu e s t io n .
Th u s , in o u r p r e vio u s e xa m p le t h e b a r fo r P arty A± liation wo u ld h a ve t h r e e
b in s , wh ile t h e b a r fo r Support wo u ld h a ve ¯ ve b in s . A u s e r m a y r ig h t -c lic k
o n a b a r a n d MOTC will p r e s e n t in fo r m a t io n a b o u t t h e u n d e r lyin g b in n in g
a r r a n g e m e n t . S e e t h e ¯ g u r e s in x5 fo r illu s t r a t io n . Th e wid t h o f a b in a s d is -
p la ye d r e p r e s e n t s t h e p e r c e n t a g e o f r e c o r d s in t h e r e le va n t d a t a s e t t h a t h a ve
va lu e s fa llin g in t o t h e b in in qu e s t io n . W id e r b in s in d ic a t e p r o p o r t io n a t e ly
la r g e r n u m b e r s o f r e c o r d s . MOTC a s p r e s e n t ly im p le m e n t e d a llo ws u p t o
e ig h t va r ia b le s t o b e r e p r e s e n t e d a s b a r s o n t h e d is p la y. A b a r m a y h a ve a n y
n u m b e r o f b in s . Th is is in fa c t a n in t e r e s t in g a n d n o n t r ivia l d e g r e e o f m u lt i-
d im e n s io n a lit y ( a n d s e e o u r d is c u s s io n in x6 o f t h e fo c u s +c o n t e xt t e c h n iqu e
u s e d b y R a o a n d Ca r d in t h e ir Ta b le L e n s p r o g r a m [3 2 ]) .

MOTC a s c u r r e n t ly im p le m e n t e d h a s t wo m o d e s o f o p e r a t io n : h yp o t h e -
s is h u n t in g ( a ka : b r u s h ) m o d e , a n d h yp o t h e s is e va lu a t io n ( a ka : p r e d ic t io n )
m o d e . In h yp o t h e s is h u n t in g m o d e , u s e r s u s e b r u s h in g wit h t h e m o u s e t o d is -
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p la y r e la t io n s h ip s a m o n g va r ia b le s . U s e r s c h o o s e p a r t ic u la r b in s a n d b r u s h
t h e m wit h a c h o s e n c o lo r b y c lic kin g o n t h e m . MOTC r e s p o n d s b y a p p ly-
in g t h e s a m e c o lo r t o b in s a s s o c ia t e d wit h o t h e r va r ia b le s . Fo r e xa m p le , if
t h e u s e r b r u s h e s b in 3 o f va r ia b le 1 wit h p u r p le , MOTC m ig h t r e s p o n d b y
c o ve r in g 2 5 % o f b in 2 o f va r ia b le 4 in p u r p le , in d ic a t in g t h e r e b y t h a t 2 5 %
o f t h e r e c o r d s a s s o c ia t e d wit h b in 2 o f va r ia b le 4 a ls o a r e a s s o c ia t e d wit h
b in 3 o f va r ia b le 1 . ( S e e t h e va r io u s ¯ g u r e s , b e lo w, fo r illu s t r a t io n s .) A u s e r
m a y b r u s h m o r e t h a n o n e b in wit h a s in g le c o lo r , e it h e r wit h in o r wit h o u t a
s in g le va r ia b le . Th e e ®e c t is a lo g ic a l \ o r " fo r b in s wit h in a s in g le va r ia b le
( b a r ) a n d a n \ a n d " fo r b in s in d i®e r e n t va r ia b le s . Fu r t h e r , s u p p o s e p u r p le
is u s e d t o b r u s h b in s 1 a n d 2 o f va r ia b le X, b in s 4 a n d 5 o f va r ia b le Y , a n d
b in s 7 a n d 8 o f va r ia b le Z. S u p p o s e fu r t h e r t h a t we a r e in p r e d ic t io n m o d e
( s e e b e lo w) a n d t h a t we wa n t X a n d Y t o p r e d ic t Z. Th e n , t h e e qu iva le n t
r e p r e s e n t a t io n in P r e d ic t io n A n a lys is t e r m in o lo g y is :

( ( X1 _ X2 ) ^ ( Y4 _ Y5 ) ) ; ( Z7 _ Z8 )

MOTC p r e s e n t ly s u p p o r t s u p t o ¯ ve c o lo r s fo r b r u s h in g . E a c h c o lo r u s e d
c o r r e s p o n d s t o a s e p a r a t e ; r u le in t e r m s o f P r e d ic t io n A n a lys is . W o r kin g
in b r u s h m o d e , t h e u s e r e xp lo r e s h yp o t h e s is s p a c e , wit h MOTC p r o vid in g
fe e d b a c k b y c o lo r in g b in s in t h e u n b r u s h e d b a r s ( p r e d ic t e d va r ia b le s ) . Th e
u s e r t h u s g e t s a r o u g h id e a o f wh e r e t h e \ b ig h it s " in t h e p r e d ic t io n s lie .

In h yp o t h e s is e va lu a t io n , o r p r e d ic t io n , m o d e t h e u s e r b r u s h e s | c lic ks
a n d c o lo r s | b in s in t h e p r e d ic t o r and p r e d ic t e d va r ia b le b a r s . In e s s e n c e ,
t h e u s e r is in t e r a c t ive ly p o p u la t in g a h ig h e r -d im e n s io n a l ve r s io n ( u p t o 8
d im e n s io n s in t h e c u r r e n t im p le m e n t a t io n ) o f a n e r r o r -c e ll t a b le , a s in Ta b le
2 . D o in g s o s p e c ī e s a h yp o t h e s is a n d MOTC r e s p o n d s b y c a lc u la t in g a n d
d is p la yin g r a n d U fo r t h e h yp o t h e s is .

W o r kin g it e r a t ive ly, t h e u s e r m a y e xp lo r e h yp o t h e s is s p a c e b y s wit c h in g
b a c k a n d fo r t h b e t we e n h yp o t h e s is h u n t in g m o d e a n d h yp o t h e s is e va lu a t io n
m o d e . Th is c o n t in u e s u n t il t h e u s e r r e a c h e s r e ° e c t ive e qu ilib r iu m .

5 A Sketch of M OT C at Wor k

Ou r p u r p o s e in t h is s e c t io n is t o g ive t h e r e a d e r a s e n s e o f wh a t it is like
t o wo r k wit h MOTC t o e xp lo r e a c o lle c t io n o f d a t a . W e s h a ll wo r k wit h a
h yp o t h e t ic a l, r a t h e r a b s t r a c t e xa m p le a n d s h a ll u s e d r a win g s , r a t h e r t h a n
o r ig in a l s c r e e n d u m p s , in o u r illu s t r a t io n s . W e d o t h is fo r s e ve r a l r e a s o n s .
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Mo s t im p o r t a n t ly, o u r a im is t o c o m m u n ic a t e t h e e s s e n t ia l c o n c e p t s a s s o -
c ia t e d wit h MOTC. W e wa n t t o d is c u s s t h e fo r e s t , r a t h e r t h a n t h e t r e e s .
S c r e e n d u m p s fr o m , a n d d e s c r ip t io n s o f, MOTC a r e a va ila b le in c o n s id e r a b le
d e t a il e ls e wh e r e , in c lu d in g t h e o p e n lit e r a t u r e [1 , 2 ], a s we ll a s W e b s it e s
( h t t p : / / g r a c e . w h a r t o n . u p e n n . e d u / ~ s o k / m o t c a n d
h t t p : / / w w w . p r a c t i c a l r e a s o n i n g . c o m / m o t c ) . H e r e , o u r a im is t o c o m m u -
n ic a t e in a s b r ie f a m a n n e r a s p o s s ib le t h e c o r e id e a s o f h o w MOTC wo r ks
fr o m a u s e r 's p e r s p e c t ive .

A u s e r 's in t e r a c t io n wit h MOTC b e g in s wit h t h e d a t a , wh ic h m u s t b e
s t o r e d in a Mic r o s o ft A c c e s s d a t a b a s e a n d m u s t r e s id e in a s in g le t a b le o r
qu e r y.9 On c e s u c h a t a b le o r qu e r y e xis t s , t h e u s e r m a y la u n c h MOTC, o p e n
t h e a p p r o p r ia t e A c c e s s d a t a b a s e , a n d s e le c t fo r in ve s t ig a t io n t h e p a r t ic u la r
t a b le o r qu e r y o f in t e r e s t .

On c e t h e u s e r id e n t ī e s t h e d a t a s o u r c e ( t a b le o r qu e r y) , MOTC p r e s e n t s
t h e u s e r wit h a lis t o f a t t r ib u t e n a m e s ( fr o m t h e d a t a b a s e ) fo r t h e d a t a s o u r c e .
Th e u s e r s e le c t s wh ic h a t t r ib u t e s t o e xp lo r e a n d m a y c h o o s e u p t o e ig h t .10

Fo r e a c h a t t r ib u t e o r d im e n s io n , t h e u s e r m u s t a ls o m a ke d e c is io n s a b o u t
b in n in g t h e d a t a . MOTC will g u e s s wh e t h e r t h e d a t a fo r a g ive n a t t r ib u t e
a r e c o n t in u o u s ( e .g ., s a le s in d o lla r s ) o r d is c r e t e ( e .g ., s a le s r e g io n s ) . Th e
u s e r m u s t e it h e r o ve r r id e o r c o n ¯ r m t h is qu e s s . MOTC will t h e n g u e s s h o w
b e s t t o c a t e g o r iz e , o r b in , t h e d a t a . A g a in , t h e u s e r m a y o ve r r id e t h e g u e s s
a n d in d ic a t e h o w MOTC s h o u ld b in t h e d a t a b y d im e n s io n . ( On b in n in g ,
s e e o u r d is c u s s io n a b o ve , in x4 .)

9How essential is Microsoft Access? In principle, MOTC could be converted easily to
work with any ODBC-compliant database, but MOTC makes essential use of Microsoft-
speci¯c features, particularly crosstab queries, which are not part of standard SQL. In the
future, we intend to completely reimplement MOTC in order to make it database-neutral.
That will require a substantial amount of work.

10The limitation to eight attributes is arbitrary. We chose it to be large enough to make
the point that MOTC could handle a nontrivial number of dimensions (8 is interesting),
and small enough to ¯t conveniently on most screens. We intend to relax this in future
editions. Doing this right|to allow, say, 200 attributes|will require more sophisticated
screen management techniques. See our discussion in x6.
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* * * P la c e t h e ¯ g u r e a b o u t h e r e . * * *

Fig u r e 1 : B in n e d , Fo u r -D im e n s io n a l D a t a S e t R e a d y fo r E xp lo r a t io n in
MOTC

On c e t h e s e d e c is io n s a r e t a ke n , MOTC p r e s e n t s t h e u s e r wit h a d is p la y
s h o win g e a c h a t t r ib u t e a s a h o r iz o n t a l b a r , wit h ve r t ic a l lin e s in d ic a t in g b in s .
S e e Fig u r e 1 . In t h is Fig u r e , wh ic h is a d r a wn s c h e m a t ic o f t h e r e a l p r o g r a m ,
we s e e t h a t t h e r e a r e fo u r a t t r ib u t e s u n d e r jo in t c o n s id e r a t io n . Th e s e a r e
la b e lle d A , B , C, a n d D . A t t r ib u t e s A a n d D a r e e a c h b in n e d in t o t h r e e
c a t e g o r ie s ( 1 , 2 , a n d 3 , c a ll t h e m lo w, m e d iu m , a n d h ig h ) , wh ile a t t r ib u t e s
B a n d C e a c h h a ve fo u r b in s . ( Th e n u m b e r o f b in s in MOTC is o p e n -e n d e d ,
b u t it s e ld o m is u s e fu l t o h a ve m o r e t h a n 8 o r 1 0 .)

A t t h is p o in t , MOTC is b y d e fa u lt in b r u s h ( o r h yp o t h e s is ¯ n d in g ) m o d e .
Th e u s e r wo u ld s e le c t a c o lo r ( MOTC s u p p o r t s u p t o ¯ ve c o lo r s ) a n d b e g in
t o e xp lo r e b y \ b r u s h in g " a b in o n a n a t t r ib u t e . H e r e , we will u s e s h a d in g
a n d p a t t e r n s in s t e a d o f c o lo r s . Fig u r e 2 s h o ws a n o t io n a l d is p la y in wh ic h
t h e u s e r h a s s e le c t e d t h e h o r iz o n t a l lin e p a t t e r n a n d b r u s h e d t h e le ft -m o s t
( 1 , o r \ lo w" ) b in o n a t t r ib u t e A .

* * * P la c e t h e ¯ g u r e a b o u t h e r e . * * *

Fig u r e 2 : MOTC in H yp o t h e s is Ge n e r a t io n ( B r u s h in g ) Mo d e

MOTC h a s r e s p o n d e d b y s h a d in g b in s in t h e o t h e r t h r e e a t t r ib u t e s .11

Th e s e MOTC s h a d in g s s h o u ld b e in t e r p r e t e d a s h is t o g r a m s . R e m e m b e r t h a t
e ve r y o b s e r va t io n ¯ t s in t o s o m e ( e xa c t ly o n e ) b in o n e a c h d im e n s io n . R e -
c a llin g o u r p a r t y a ± lia t io n e xa m p le , if yo u a r e le ft -c e n t e r , t h e n t h e r e is s o m e
p a r t y a ± lia t io n yo u h a ve . MOTC is fo r d is c o ve r in g in t e r e s t in g p a t t e r n s in
t h e d is t r ib u t io n o f o b s e r va t io n s a c r o s s b in s . W h a t MOTC is t e llin g u s h e r e is
t h a t if a n o b s e r va t io n is fr o m b in 1 ( le ft -m o s t b in ) o f a t t r ib u t e A , t h e n it will
t e n d t o b e in b in s 3 o r 4 o f a t t r b u t e B , b in s 1 o r 2 o f a t t r ib u t e C, a n d b in 2
o f a t t r ib u t e D . Th is wo u ld a p p e a r t o b e a s ig n ī c a n t , o r a t le a s t in t e r e s t in g ,
p a t t e r n . H o w g o o d is t h is a s a h yp o t h e s is ? H o w we ll d o e s it p r e d ic t ?

A t t h is p o in t , t h e u s e r is in p o s it io n t o s t a t e a h yp o t h e s is a n d h a ve MOTC
c a lc u la t e it s d e ll a n d p r e c is io n va lu e s , fr o m P r e d ic t io n A n a lys is . Th e u s e r

11There is nothing signi¯cant about brushing the A (topmost) attribute. The ordering of
the attributes on the screen is arbitrary. The user can brush a bin in any of the attributes
and MOTC will respond appropriately.
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t h e n s wit c h e s t o p r e d ic t io n m o d e , c h o o s e s a c o lo r ( p a t t e r n ) a n d c lic ks o n t h e
b in s c o r r e s p o n d in g t o t h e h yp o t h e s is . S e e Fig u r e 3 .

* * * P la c e t h e ¯ g u r e a b o u t h e r e . * * *

Fig u r e 3 : MOTC in P r e d ic t io n Mo d e

In t h e Fig u r e , t h e u s e r h a s c lic ke d o n b in 1 o f a t t r ib u t e A , b in s 3 a n d 4
o f a t t r ib u t e B , b in s 1 a n d 2 o f a t t r ib u t e C, a n d b in 2 o f a t t r ib u t e D . N o t ic e
t h a t t h e s h a d in g c o m p le t e ly ¯ lls e a c h s e le c t e d b in . W h a t t h is d is p la y is
in d ic a t in g t o MOTC is t h e e r r o r -c e ll r e p r e s e n t a t io n fo r t h e h yp o t h e s is . Fr o m
t h is d is p la y, MOTC c o n s t r u c t s t h e a n a lo g o f Ta b le 2 , c a lc u la t e s r a n d U
( d e ll a n d p r e c is io n ) , a n d d is p la ys t h e n fo r t h e u s e r . Th e u s e r is t h e n fr e e t o
c o n t in u e e xp lo r in g o t h e r h yp o t h e s e s .

In t h e c a s e a t h a n d , it is like ly t h a t r wo u ld b e r e a s o n a b ly h ig h ( wh ic h is
g o o d ) , b u t t h a t U ( p r e c is io n ) wo u ld b e fa ir ly lo w ( wh ic h is b a d ) . Typ ic a lly,
t h e u s e r will wa n t t o e xp lo r e m o r e c o m p le t e h yp o t h e s e s ( wh a t if t h e o b s e r -
va t io n is in b in 2 o f A ?) . Th e e n d r e s u lt o f t h is kin d o f e xp lo r a t io n m ig h t
p r o d u c e a c o m p le t e h yp o t h e s is a s in Fig u r e 4 .12 W it h s u c h a h yp o t h e s is

* * * P la c e t h e ¯ g u r e a b o u t h e r e . * * *

Fig u r e 4 : MOTC wit h a Co m p le t e P r e d ic t io n o n t h e D a t a

e xp r e s s e d , MOTC wo u ld t h e n c a lc u la t e r a n d U ( d e ll a n d p r e c is io n ) , a n d
d is p la y t h e m fo r t h e u s e r .

A n d t h e u s e r , a s we h a ve s a id , c a n c o n t in u e e xp lo r in g in t h is m a n n e r u n t il
r e a c h in g r e ° e c t ive e qu ilib r iu m .

12The following remarks will perhaps be useful for interpreting Figure 4, and speci¯cally
the hypothesis it represents. First, recall Figure 3, which is a simpler ¯gure of MOTC in
prediction mode. There, the hypothesis represented is, roughly, \If A is low, and B is high
(bins 3 and 4), and C is low (bins 1 and 2), then D is middling (bin 2)." (We say \roughly"
because the shading is really serving to determine the error{cell representation.) Call this
hypothesis ®. It is indicated by the horizontal shading, which is retained in Figure 4. In
addition, Figure 4 contains two other hypotheses. ¯ (indicated by vertical shading): \If
A is high, and B is low and C is high, then D is low." ° (indicated by cross{hatched
shading): \If A is middling, and B is in bin 2 and C is in bin 3, then D is high." In total,
Figure 4 represents the conjunction of these three hypothesis: ® and ¯ and °. This is a
complete hypothesis in that every bin is associated with some hypothesis (or prediction).
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6 Compar ison with Alter natives

MOTC, a s we h a ve s e e n , a s s u m e s t wo m a in fr a m e wo r ks ( t h e c r o s s t a b u la -
t io n fo r m fo r r e p r e s e n t in g h yp o t h e s e s , a n d P r e d ic t io n A n a lys is fo r m e a s u r -
in g g o o d n e s s o f h yp o t h e s e s ) , a n d p r o vid e s a n in t e r a c t ive e n vir o n m e n t o f s o m e
p r o m is e fo r d is c o ve r in g in t e r e s t in g h yp o t h e s e s . H e r e we wa n t t o c o n s id e r t h e
qu e s t io n , H o w d o e s MOTC, o r t h e id e a s it e m b o d ie s , c o m p a r e wit h wh a t
h a s a p p e a r e d in t h e r e le va n t lit e r a t u r e ? Two p o in t s ¯ r s t : ( 1 ) MOTC is
n e a r ly u n iqu e , o r a t le a s t u n u s u a l, a m o n g d a t a b a s e m in in g t o o ls in u s in g
t h e c r o s s t a b u la t io n fo r m ,13 a n d ( 2 ) MOTC is u n iqu e in b e in g a n e n d -u s e r
in t e r a c t ive t o o l fo r s u p p o r t in g P r e d ic t io n A n a lys is . Fo r t h e s e r e a s o n s , we
a r e le s s c o n c e r n e d in t h is s e c t io n wit h e s t a b lis h in g o r ig in a lit y a n d a r e m o r e
fo c u s e d o n p la c in g MOTC wit h in t h e n e xu s o f d a t a vis u a liz a t io n t e c h n iqu e s .
Th is s e r ve s t h e p u r p o s e s o f b e t t e r u n d e r s t a n d in g wh a t MOTC is a b o u t a n d
o f p o in t in g t o wa r d s fu t u r e r e s e a r c h .

6.1 Design goals of the M OT C inter face

S t e p p in g b a c k a n d lo o kin g a t t h e la r g e r p ic t u r e , t h e p u r p o s e o f MOTC is t o
h e lp t h e u s e r d is c o ve r in t e r e s t in g p a t t e r n s in d a t a a n d t o p r o vid e a n e va lu a -
t io n o f t h e p r e d ic t ive va lu e o f t h o s e p a t t e r n s . To t h is e n d , we id e n t ī e d t h r e e
m a in d e s id e r a t a fo r MOTC's in t e r fa c e d e s ig n .

1 . P r e s e n t a d is p la y t h a t c a n r e p r e s e n t a ve r y la r g e n u m b e r o f r e c o r d s .

Th e s im p le fa c t is t h a t m o d e r n d a t a b a s e s a r e h u g e a n d we n e e d t o o ls
fo r d e a lin g wit h t h e m . Of c o u r s e , fo r p u r p o s e s o f p a t t e r n d is c o ve r y it is
a lwa ys p o s s ib le | e ve n d e s ir a b le | t o s a m p le fr o m t h e u n d e r lyin g d a t a .
E ve n s o , h a vin g t h e o p t io n o f e xa m in g la r g e r d a t a s e t s is a lwa ys a g o o d
t h in g , s in c e p a t t e r n s e vid e n t in la r g e d a t a s e t s m a y n o t b e a p p a r e n t in
s m a lle r s a m p le s e t s .

2 . E ®e c t ive ly d is p la y a la r g e n u m b e r o f va r ia b le s .

It is a ls o a s im p le , o r b r u t e , fa c t t h a t m o d e r n d a t a b a s e s p r e s e n t la r g e
n u m b e r s o f d im e n s io n s , o r ¯ e ld s , a m o n g wh ic h u s e r s h a ve a n in t e r e s t in
d is c o ve r in g p a t t e r n s . To lim it a u s e r 's vie w o f t h e d a t a t o o n ly a s u b s e t
o f t h e d a t a 's va r ia b le s is a s e ve r e r e s t r ic t io n o n t h e u s e r 's a b ilit y t o

13Thanks to Balaji Padmanabhan for this point. See also [28].
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d is c o ve r p a t t e r n s . U n fo r t u n a t e ly, t o o m a n y va r ia b le s ( d im e n s io n s ) in a
d is p la y c a n qu ic kly o ve r wh e lm a u s e r 's c o g n it ive r e s o u r c e s . Th e r e fo r e , a
s e c o n d g o a l o f MOTC's in t e r fa c e is t o m a xim iz e t h e n u m b e r o f d is p la ye d
d im e n s io n s wit h o u t o ve r wh e lm in g t h e u s e r .

3 . P r o vid e fo r vis u a liz a t io n t h a t h e lp s u s e r s d is c o ve r a s s o c ia t io n s a m o n g
va r ia b le s .

P a s s ive ly d is p la yin g in fo r m a t io n o n ly g o e s s o fa r in h e lp in g u s e r s d is -
c o ve r p a t t e r n s in t h e d a t a . To b e a t r u ly e ®e c t ive in t e r fa c e t h e d is p la y
m u s t a c t ive ly h ig h lig h t a s s o c ia t io n s a m o n g va r ia b le s in t h e d a t a b y
p r o vid in g u s e r s wit h fe e d b a c k a b o u t t h e qu a lit y o f t h e a p p a r e n t a s s o -
c ia t io n s .

Th e s e a r e g e n e r a l g o a ls , g o a ls t h a t h a ve a t t r a c t e d s t u d y o u t s id e t h e c o n t e xt
o f MOTC. W e n o w b r ie ° y r e vie w a n d d is c u s s t h is lit e r a t u r e .

6.2 P r esent a display that can r epr esent a ver y lar ge
number of r ecor ds

It is g e n e r a lly a c c e p t e d t h a t p e o p le m o r e e a s ily p r o c e s s vis u a l in fo r m a t io n
t h a n t e xt u a l o r n u m e r ic a l in fo r m a t io n . \ S c a n n in g a t h o u s a n d t in y b a r s wit h
yo u r e ye s r e qu ir e s h a r d ly a n y c o n s c io u s e ®o r t , u n like r e a d in g a t h o u s a n d
n u m b e r s , wh ic h t a ke s a g r e a t d e a l o f m e n t a l e n e r g y a n d t im e " [3 1 ]. In fo r -
m a t io n vis u a liz a t io n t e c h n iqu e s c a n t a ke a d va n t a g e o f t h is fa c t b y d is p la yin g
e n o r m o u s a m o u n t s o f in fo r m a t io n o n t h e s c r e e n . Fo r e xa m p le , t h e S e e S o ft
s ys t e m e ®e c t ive ly d is p la ys o ve r 1 5 ,0 0 0 lin e s o f c o d e o n t h e s c r e e n [9 ] b y
r e p r e s e n t in g c o d e wit h p ixe l-t h in lin e s t h a t r e ° e c t t h e c o d e 's vis u a l o u t lin e .
In X ig h t 's \ wid e wid g e t s " [3 1 ] a r e vis u a l c o m p o n e n t s t h a t c a n b e in c o r p o r a t e d
in t o a GU I in fo r m a t io n s ys t e m t o d is p la y s e ve r a l o r d e r s o f m a g n it u d e m o r e
d a t a t h a n t r a d it io n a l d is p la y t o o ls ( e .g ., s p r e a d s h e e t s o r h ie r a r c h ic a l t r e e s ) .
W id e wid g e t s a r e fo c u s +c o n t e xt in t e r fa c e s [1 2 , 3 5 ] wh ic h d yn a m ic a lly d is t o r t
s p a t ia l la yo u t s s o t h a t u s e r s c a n z o o m in o n s e ve r a l r e c o r d s o r va r ia b le s wh ile
t h e r e s t o f t h e r e c o r d s s h r in k t o ¯ t wit h in t h e r e m a in in g s p a c e . In t h is wa y,
u s e r s c a n fo c u s o n s e ve r a l it e m s wit h o u t lo s in g t h e c o n t e xt p r o vid e d b y t h e
r e m a in in g it e m s . On e wid e wid g e t , t h e Ta b le L e n s , h a s b e e n d e m o n s t r a t e d
wit h a t a b le o f b a s e b a ll s t a t is t ic s c o n t a in in g 3 2 3 r o ws b y 2 3 c o lu m n s = 7 4 2 9
c e lls [3 0 ]. Ot h e r s in c lu d e t h e P e r s p e c t ive W a ll [2 6 ] a n d t h e H yp e r b o lic Tr e e
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V ie we r [2 5 ].14

W r ig h t [4 0 ] d e m o n s t r a t e s s e ve r a l a p p lic a t io n s t h a t m a ke u s e o f 3 D e f-
fe c t s . On e a p p lic a t io n , a ¯ n a n c ia l p o r t fo lio m a n a g e r d is p la ys m o r e t h a n
3 ,0 0 0 b o n d s o n a s in g le s c r e e n . Th is s ys t e m u s e s c o lo r t o in d ic a t e lo n g a n d
s h o r t p o s it io n s , h e ig h t fo r t h e b o n d 's va lu e , a n d t h e x a n d y a xe s t o r e p r e s e n t
s u b p o r t fo lio s a n d t im e t o m a t u r it y.

U n fo r t u n a t e ly, t h e s e t e c h n iqu e s will fa ll s h o r t fo r ve r y la r g e d a t a b a s e s ,
b e c a u s e , u lt im a t e ly, we a r e lim it e d t o t h e n u m b e r o f p ixe ls o n t h e s c r e e n .
E ve n wit h t e c h n iqu e s like V is D B 's p ixe l-o r ie n t e d a p p r o a c h [2 2 , 2 3 ], wh ic h
d is p la ys a d a t a r e c o r d p e r p ixe l, we a r e s t ill lim it e d t o t h e n u m b e r o f p ixe ls
o n t h e s c r e e n . W it h t o d a y's t e c h n o lo g y, t h is m e a n s a p p r o xim a t e ly 1 0 2 4
£ 1 0 2 4 ¼ 1 MB r e c o r d s wh ic h will n o t d o fo r m u lt i-m illio n , g ig a b yt e , a n d
c e r t a in ly n o t t e r r a b yt e -s iz e d d a t a b a s e s .

To p r e s e n t a n u n lim it e d n u m b e r o f r e c o r d s o n t h e s c r e e n a t o n c e we n e e d
t o p r e s e n t s u m m a r ie s o f t h e d a t a . If s u m m a r ie s a r e p r o vid e d fo r e a c h va r ia b le ,
t h e n t h e o n ly lim it a t io n is t h e n u m b e r o f va r ia b le s t h a t c a n b e d is p la ye d
r e g a r d le s s o f t h e n u m b e r o f r e c o r d s in t h e d a t a b a s e . Th e In fo Cr ys t a l [3 6 ]
u s e s a n in n o va t ive e xt e n s io n o f V e n n d ia g r a m s t o vis u a liz e d a t a s u m m a r ie s .
Min e S e t 's E vid e n c e V is u a liz e r [3 ] u s e s r o ws o f p ie c h a r t s t o s u m m a r iz e t h e
d a t a . On e r o w fo r e a c h va r ia b le , o n e p ie c h a r t fo r e a c h a t t r ib u t e . Th e p ie
c h a r t r e p r e s e n t s t h e n u m b e r o f r e c o r d s m a t c h in g t h e qu e r y va r ia b le 's c h o s e n
va lu e wit h t h e p ie c h a r t 's va lu e .

Th e a p p r o a c h o f p r e s e n t in g s u m m a r ie s o f all t h e d a t a is s t r o n g ly e n d o r s e d
b y B e n S h n e id e r m a n wh o p r e a c h e s t h e fo llo win g m a n t r a ( a s h e c a lls it ) fo r
d e s ig n in g vis u a l in fo r m a t io n s e e kin g s ys t e m s :

Ove r vie w ¯ r s t , z o o m a n d ¯ lt e r , t h e n d e t a ils -o n -d e m a n d . [3 4 , p . 2 ]

To o ve r vie w ve r y la r g e n u m b e r s o f r e c o r d s , we m u s t s a m p le o r s u m m a r iz e .
MOTC r e p r e s e n t s a s u m m a r iz a t io n s t r a t e g y ( t h e c r o s s t a b u la t io n fo r m ) , b u t
t h e r e is n o t h in g t o p r e ve n t a p p lyin g MOTC t o s a m p le d d a t a .

6.3 E ®ectively display a lar ge number of var iables

Th e p r o b le m o f d is p la yin g m u lt id im e n s io n a l d a t a in a n e ®e c t ive m a n n e r ,
o n e c o m p r e h e n s ib le t o u s e r s , h a s b e e n s t u d ie d fo r s o m e t im e ( s e e [2 0 , 2 1 ]

14Images of these systems can be found on InXight's home page at
http://www.inxight.com/vizcontrols
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fo r u s e fu l r e vie ws ) . P e r h a p s t h e m o s t n a t u r a l a n d wid e s p r e a d a p p r o a c h fo r
a d d in g d im e n s io n s t o a d is p la y is t o a d d vis u a l c u e s t o a n e xis t in g d is p la y. Fo r
e xa m p le , t h e t h r e e d im e n s io n s o f a 3 D g r a p h c a n b e a u g m e n t e d b y e n c o d in g
p o in t s o n t h e g r a p h wit h c o lo r , t e xt u r in g , s h a p e s ( g lyp h s ) , s h a d in g , a n d o t h e r
s u c h t e c h n iqu e s . B e c ke r [3 ] d e m o n s t r a t e s t h e u s e o f s u c h t e c h n iqu e s wit h
t h e Min e S e t s ys t e m , a n d va r io u s fo r m s o f t h e s e t e c h n iqu e s a r e s u p p o r t e d
b y c o n t e m p o r a r y d a t a vis u a liz a t io n s o ft wa r e t o o ls ( e .g ., A d va n c e d V is u a l
S ys t e m s ) .

Th is fa m ily o f t e c h n iqu e s h a s t wo im p o r t a n t lim it a t io n s . Fir s t , t h e r e a r e
o n ly s o m a n y vis u a l c u e s t h a t c a n b e e m p lo ye d . P e r h a p s 5 { 1 0 va r ia b le s c a n
b e r e p r e s e n t e d o n a 2 D d is p la y u s in g t h e 3 g e o g r a p h ic d im e n s io n s , c o lo r ( d i-
vid e d in t o h u e , s a t u r a t io n a n d b r ig h t n e s s ) , s h a p e , s iz e , t e xt u r e , a n d s h a d in g .
S e c o n d , a n d m o r e lim it in g , is t h a t h u m a n s c a n n o t e ®e c t ive ly p r o c e s s t h a t
m a n y vis u a l c u e s o f t h is s o r t a t o n c e . Mo r e t h a n a fe w vis u a l c u e s qu ic kly
o ve r wh e lm u s e r s . P r o je c t in g m u lt ip le d im e n s io n s o n t o a t wo -d im e n s io n a l
p la n e a ls o b e c o m e s qu ic kly ille g ib le . Jo n e s [2 1 , Ch a p t e r 1 4 ], fo r e xa m p le ,
r e p o r t s t h a t 8 d im e n s io n s is t o o m u c h fo r t h is t e c h n iqu e a n d e ve n 6 a n d 7
d im e n s io n s a r e d i± c u lt t o c o m p r e h e n d .

A s a n e xa m p le , Fe in e r a n d B e s h e r s ' W o r ld s W it h in W o r ld s t e c h n iqu e [1 1 ],
wh ic h p lo t s n d im e n s io n s b y s u c c e s s ive ly e m b e d d in g 3 -d im e n s io n a l c o o r d i-
n a t e s ys t e m s in s id e o n e a n o t h e r , c a n t h e o r e t ic a lly d is p la y a n y n u m b e r o f
d im e n s io n s o n t h e s c r e e n . H o we ve r , Jo n e s [2 1 , Ch a p t e r 1 4 ] p o in t s o u t t h a t
m o r e t h a n t h r e e le ve ls ( 9 d im e n s io n s ) is in c o m p r e h e n s ib le a n d e ve n 2 le ve ls
( 6 d im e n s io n s ) c a n b e d i± c u lt t o a s s im ila t e .

In MOTC, we p r e s e n t t h e s a m e vis u a l c u e fo r e a c h va r ia b le ( a h o r iz o n t a l
b a r o n t h e s c r e e n , wit h c o lo r in g ) , a n d u s e s e c o n d a r y vis u a l c u e s ( p o s it io n ,
c o lo r ) t o d is t in g u is h t h e c a t e g o r ie s a s s o c ia t e d wit h a va r ia b le ( t h e b in s ) .
A p o p u la r s e t o f t e c h n iqu e s u s in g t h is a p p r o a c h a r e g r a p h ic a l m a t r ic e s in
wh ic h r o ws a n d c o lu m n s r e p r e s e n t va r ia b le s , a n d e a c h c e ll in t h e m a t r ix is a
c o m p a r is o n o f t h e p a ir o f va r ia b le s r e p r e s e n t e d b y t h e c e ll's r o w a n d c o lu m n .
P e r h a p s t h e m o s t c o m m o n r e p r e s e n t a t io n o f t h e t wo va r ia b le s a s s o c ia t e d wit h
a m a t r ix c e ll is a s c a t t e r p lo t [2 1 , 5 , 4 ]. H o we ve r , o t h e r r e p r e s e n t a t io n s a r e
p o s s ib le , s u c h a s h is t o g r a m p r o ¯ le s [3 8 ], b o xp lo t s a n d s u n p lo t s [2 0 , Ch a p t e r
5 ].

U n fo r t u n a t e ly, g r a p h ic a l m a t r ic e s o n ly a llo w d ir e c t c o m p a r is o n s b e t we e n
t wo va r ia b le s . A s im p le r t e c h n iqu e is t o d is p la y a r o w o f va r ia b le s . W h e n
c o m b in e d wit h b r u s h in g ( s e e a b o ve ) , va r ia b le r o ws a llo w a n y n u m b e r o f va r i-
a b le s t o b e d ir e c t ly c o m p a r e d . Min e S e t 's E vid e n c e V is u a liz e r [3 ], wit h it s
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r o ws o f p ie c h a r t s , d o e s ju s t t h is . Th e In ° u e n c e E xp lo r e r [3 8 ] p r e s e n t s r o ws
o f h is t o g r a m s , e a c h h is t o g r a m s u m m a r iz in g t h e va lu e s o f a s in g le va r ia b le .
Th u s , MOTC's d is p la y a p p r o a c h fo r va r ia b le s s h o u ld , in fu t u r e r e s e a r c h , b e
a s s e s s e d a s a m e m b e r o f t h is c a t e g o r y o f r e p r e s e n t a t io n . V e r y like ly it will
b e p o s s ib le t o im p r o ve t h e d is p la y, b u t t h a t is s o m e t h in g t o b e d e t e r m in e d
b y e xt e n d e d e m p ir ic a l t e s t in g , s o m e t h in g t h a t h a s ye t t o b e d o n e fo r n e a r ly
a ll t h e in t e r e s t in g t e c h n iqu e s .

E ve n u s in g g r a p h ic a l m a t r ic e s o f va r ia b le r o ws , t h e n u m b e r o f va r ia b le s
t h a t c a n b e d is p la ye d is lim it e d t o t h e n u m b e r o f r o ws o r c o lu m n s t h a t c a n ¯ t
o n t h e s c r e e n . A n a t u r a l e xt e n s io n o f t h is t e c h n iqu e t o u s e t h e fo c u s +c o n t e xt
a b ilit y o f Ta b le L e n s [3 0 ] t o a u g m e n t t h e n u m b e r o f r o ws a n d c o lu m n s d is -
p la ye d , t h e r e b y a u g m e n t in g t h e n u m b e r o f va r ia b le s . In d e e d , t h e in t e r fa c e
fo r MOTC is a n e le m e n t a r y e xa m p le o f t h is id e a : t h e u n d e r lyin g d a t a s e t c a n
h a ve a ve r y la r g e n u m b e r o f d im e n s io n s , a m o n g wh ic h t h e u s e r p ic ks u p t o
e ig h t fo r a p a r t ic u la r a n a lys is ; d i®e r e n t d im e n s io n s c a n b e p ic ke d in d i®e r e n t
a n a lys e s . In fu t u r e e d it io n s o f MOTC ( o r MOTC-like s ys t e m s ) , we wo u ld
t h in k t h a t t h is p r o c e s s c o u ld b e m a d e s m o o t h e r a n d e a s ie r a n d t h a t d o in g
s o wo u ld b e n e ¯ t t h e u s e r .

On e m o r e t e c h n iqu e is wo r t h n o t in g . In s e lb e r g 's p a r a lle l c o o r d in a t e s s ys -
t e m [1 7 , 1 9 , 1 8 , 2 1 ] r e p r e s e n t s va r ia b le s a s ve r t ic a l b a r s , a n d d a t a b a s e r e c o r d s
a s \ p o lylin e s " wh ic h c o n n e c t e a c h o f t h e va r ia b le s ' ve r t ic a l b a r s . W h e r e a
p o lylin e c r o s s e s a va r ia b le 's ve r t ic a l b a r r e p r e s e n t s t h a t p o lylin e 's r e c o r d 's
va lu e fo r t h e va r ia b le . Th is t e c h n iqu e a llo ws fo r a ve r y la r g e n u m b e r o f va r i-
a b le s t o b e d is p la ye d | a s m a n y va r ia b le s a s ve r t ic a l lin e s t h a t will ¯ t o n
t h e s c r e e n . Th e d r a wb a c k o f t h is a p p r o a c h is t h a t e a c h p o lylin e r e p r e s e n t s
o n e r e c o r d , s o t h e t e c h n iqu e is lim it e d t o d is p la yin g o n ly a r e la t ive ly s m a ll
n u m b e r o f r e c o r d s .

6.4 Visualizing associations between var iables

V is u a liz a t io n t e c h n iqu e s a r e kn o wn t o b e ve r y h e lp fu l fo r d is c o ve r in g p a t -
t e r n s in d a t a . Th is is e s p e c ia lly s o fo r r e la t io n s h ip s b e t we e n t wo va r ia b le s .
Th in g s a r e m o r e d i± c u lt wh e n m u lt ip le va r ia b le s a r e in vo lve d . Fo r t h is p r o b -
le m , MOTC's a p p r o a c h is o f a kin d t h a t is a c c e p t e d in t h e lit e r a t u r e : p r e s e n t
m u lt ip le va r ia b le s a n d s u p p o r t a c t ive d is p la y o f lin ka g e s a m o n g t h e m . Fo r e x-
a m p le , s e le c t in g a r e c o r d o r r a n g e o f r e c o r d s in o n e o f t h e In ° u e n c e E xp lo r e r 's
h is t o g r a m s h ig h lig h t s t h e c o r r e s p o n d in g r e c o r d s in t h e o t h e r h is t o g r a m s [3 8 ].
S im ila r ly, t h e L ife lin e s s ys t e m [2 9 ] d is p la ys c o m p a c t m e d ic a l p a t ie n t h is t o r ie s
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in wh ic h u s e r s c a n , s a y, c lic k o n a p a r t ic u la r p a t ie n t vis it a n d im m e d ia t e ly
s e e r e la t e d in fo r m a t io n , s u c h a s o t h e r vis it s b y t h e s a m e p a t ie n t , m e d ic a t io n ,
r e p o r t s , p r e s c r ip t io n s a n d la b t e s t s . V is a g e [2 4 , 3 3 ] p r e s e n t s m u lt ip le vie ws o f
t h e s a m e d a t a . On e win d o w m a y p r e s e n t g e o g r a p h ic d a t a in m a p fo r m , wh ile
a n o t h e r win d o w p r e s e n t s t h e d a t a a s a h is t o g r a m , a n d ye t a n o t h e r p r e s e n t s
t h e d a t a in a t a b le . S e le c t io n o f a s u b s e t o f d a t a in a n y win d o w, h ig h lig h t s
t h e c o r r e s p o n d in g r e p r e s e n t a t io n o f t h e d a t a in t h e o t h e r win d o ws . Gr a p h ic a l
m a t r ic e s c a n b y d yn a m ic a lly lin ke d t h r o u g h b r u s h in g [4 , 5 ] in wh ic h s e le c t in g
a s e t o f r e c o r d s in o n e s c a t t e r p lo t ( o r wh a t e ve r g r a p h ic a l t e c h n iqu e is u s e d
fo r t h e g r a p h ic a l m a t r ix) s im u lt a n e o u s ly h ig h lig h t s t h e s a m e r e c o r d s in t h e
r e s t o f t h e m a t r ix's c e lls .

MOTC's u s e o f b r u s h in g ( s e e a b o ve ) s h o u ld b e s e e n a s a vis u a liz a t io n
a p p r o a c h o f t h e kin d e xp lo r e d in t h is lit e r a t u r e . A s wit h t h e is s u e o f d is p la y
o f m u lt ip le d im e n s io n s , m u c h fu r t h e r r e s e a r c h is n e e d e d in o r d e r t o ¯ n d t h e
o p t im a l d e s ig n ( if t h e r e is o n e ) o f t h is s o r t .

7 Summar y & Discussion

S o , wh a t h a ve we g o t a n d h o w g o o d is it ? R e c a ll t h a t e a r lie r we a r g u e d fo r
a s e r ie s o f g o a ls fo r a n y t o o l t o s u p p o r t t h e h yp o t h e s is g e n e r a t io n a c t ivit y
in K D D a n d d a t a b a s e m in in g . H e r e , wit h a d d it io n a l c o m m e n t s , is t h a t lis t
a g a in .

1 . Support users in hypothesizing relationships and patterns among the
variables in the data at hand. MOTC h a s h yp o t h e s is h u n t in g m o d e ,
in wh ic h u s e r s m a y u s e t h e m o u s e qu ic kly a n d in t e r a c t ive ly t o t r y o u t
a n d t e s t a r b it r a r y h yp o t h e s e s , a n d t h e r e b y e xp lo r e h yp o t h e s is s p a c e .

2 . P rovide users with some indication of the validity, accuracy, and speci-
¯city of various hypotheses. MOTC e m p lo ys P r e d ic t io n A n a lys is fo r
t h is .

3 . P rovide e®ective visualizations for hypotheses, so that the powers of hu-
man visual processing can be exploited for exploring hypothesis space.
MOTC c o n t r ib u t e s a n in n o va t io n in vis u a liz a t io n b y r e p r e s e n t in g m u l-
t id im e n s io n a l h yp o t h e s e s a s b in n e d b a r s t h a t c a n b e b r u s h e d wit h a
m o u s e . A ls o , MOTC in n o va t e s b y t yin g t o g e t h e r h yp o t h e s is h u n t in g
a n d e va lu a t io n , a n d d o e s s o wit h a c o m m o n vis u a l r e p r e s e n t a t io n .
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4 . Support automated exploration of hypothesis space, with feedback and
indicators for interactive (human-driven) exploration. MOTC d o e s n o t
d o t h is a t p r e s e n t , a lt h o u g h we h a ve p la n s t o a d d t h e s e fe a t u r e s . B r ie ° y,
we in t e n d t o b e g in b y u s in g a g e n e t ic a lg o r it h m t o e n c o d e a n d s e a r c h
fo r h yp o t h e s e s ( s e e Ta b le 2 ) . A s in o u r c a n d le -lig h t in g wo r k [6 ], we
e n vis io n s t o r in g t h e m o s t in t e r e s t in g s o lu t io n s fo u n d b y t h e g e n e t ic
a lg o r it h m d u r in g it s s e a r c h a n d u s in g t h e s e s o lu t io n s a s fe e d b a c k t o
t h e u s e r .

5 . Support all of the above for data sets and hypotheses of reasonably high
dimensionality, say between 4 and 200 dimensions, as well as on large
data sets (e.g., with millions of records). MOTC is n o t c o m p u t a t io n a lly
ve r y s e n s it ive t o t h e n u m b e r o f u n d e r lyin g r e c o r d s . W e h a ve wo r ke d
s u c c e s s fu lly wit h m u c h la r g e r d a t a s e t s t h a n t h o s e we r e p o r t h e r e . B u t ,
MOTC is s e n s it ive t o t h e n u m b e r o f c e lls in t h e c r o s s t a b g r id . W it h 1 0
va r ia b le s a n d 1 0 b in s p e r va r ia b le , t h e m u lid im e n s io n a l d a t a g r id h a s
1 0 10 c e lls , a n u m b e r p e r h a p s t o o la r g e fo r p r a c t ic a l p u r p o s e s . On t h e
o t h e r h a n d , 1 2 va r ia b le s wit h o n ly 4 b in s e a c h is o n ly 4 12 ¼ 1 6 m illio n
c e lls , a n d t h is is qu it e m a n a g e a b le o n t o d a y's P Cs . In s h o r t , MOTC-
like s ys t e m s will wo r k o ve r a wid e r a n g e o f u s e fu l a n d c o m p u t a t io n a lly
fe a s ib le p r o b le m s .

A ll o f t h is , we t h in k, lo o ks ve r y g o o d a n d ve r y p r o m is in g . S t ill, t h e u lt im a t e
va lu e o f a n y s ys t e m like MOTC h a s t o b e d e t e r m in e d b y t e s t in g r e a l p e o p le o n
r e a l p r o b le m s . Ou r e xp e r ie n c e t o d a t e , wh ic h is a d m it t e d ly a n e c d o t a l, is ve r y
e n c o u r a g in g . Mo r e o ve r , we n o t e t h a t if yo u va lu e P r e d ic t io n A n a lys is , t h e n
yo u n e e d t o c a lc u la t e r, U a n d s o o n . MOTC m a ke s t h e s e c a lc u la t io n s a n d
d o e s t h e m qu ic kly a n d e a s ily fr o m a u s e r 's p o in t o f vie w. A ll t h is is e xc e lle n t
r e a s o n t o p r o c e e d t o e xp e r im e n t s wit h r e a l p e o p le a n d r e a l p r o b le m s . B u t
t h a t is s u b je c t fo r a n o t h e r p a p e r .
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Figure 1: Binned, Four-Dimensional Data Set Ready for Exploration in MOTC
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Figure 2: MOTC in Hypothesis Generation Mode
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Figure 3: MOTC in Prediction Mode
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Figure 4: MOTC with a Complete Prediction on the Data
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