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IMIA P ik

Informatics ~ Computer “Science”? ¥

Where is the Science
in Computer Science?

. we have a responsibility to pursue the
science in computer science. We must develop
better tools and much deeper understanding of
the systems we invent and a far greater ability
to make predictions about the behavior of

these complex, connected, and interacting
systems.”.

“

Vinton Cerf (1943-)

ACM President

(Vinton G. Cerf, Letter from the ACM
President, CACM 55(10), Oct. 2012)
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From Industry 1.0 to Industry 4.0

Mechanical Production Line: Industrial Robot: 1961 Collaborative Robot: 2012
Loom: 1784 1870 (Unimate)
First Second Third For
Industrial Revolution Industrial Revolution Industrial Revolution Industrial Revolution
[\ ical p B Mass p ion: Electronics / IT Cyber / robotized
Water / Steam Electrical power Automization
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Credit: [EIMIO  (2015)
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maEn Turning point W
Mechanical Production Line: Industrial Robot: 1961 Collaborative Robot: 2012
Loom: 1784 1870 (Unimate)
. .
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oo O
AT Crisis 7 e
Mechanical Production Line: Industrial Robot: 1961 Collaborative Robot: 2012
Loom: 1784 1870 (Unimate)
. .

First Second Third Forth
Industrial Revolution Industrial Revolution Industrial Revolution Industrial Revolution

Mechanical production: Mass production: Electronics / IT Cyber / robotized

Water / Steam Electrical power Automization

1800 1800 I 2000

software

crisis

1st NATO Conference on Software Engineering,
Darmstadt, October 1968
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I T Meanwhile (50 years) 346 e

4
Process — g
Product — @

Software [
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AP i EEen “L'enfant terrible” .“.ﬁ:‘.sm

Hardware and other “traditional” industrial products fabricated
according to the laws of physics.

Software is not governed by the laws of physics:
e it does not weight / does not smell
e it does not warm up / cool down

e it is chemically neutral ...

Anthony Oettinger (ACM President, 1967):

"(...) the scientific, rigorous component
of computing, is more like mathematics
than it is like physics”.
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- . » 9,
mmmmess= SOftware = mathematics in motion 46 e

Can one pretend that software production is not affected by its
special nature and move on?

Many people have tried to do so for 50 years...

Still Oettinger (already in 1967):

"It is a matter of complexity. Once you start putting
thousands of these instructions together you create a
monster which is unintelligible to anyone save its
creator and, most of the time, unfortunately even to the
creator.”
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oo 1976 — vintage year e

Famous textbook by Niklaus
Wirth (1934-) that inspired
structured programming
and made history in its time.

Published in 1976.

PAscAL — the language “par
exellence” (mostly in Europe).

No Java yet. Object
orientation stimulated by
MODULA, a PASCAL
derivative.
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1976 — vintage year oo

[N

The “textbook of all
textbooks” .

Emphasis on elegance and ﬂlsnl?llng
abstraction.
III‘IIEIHIIIIIIIIIU

Also published in 1976. s El"
Programming as a scientific ﬁ
activity. dl ksna

“In( ® lomg |1rru 1 have waneed w0 write &

. hisok somewhat slomg the lises ol this ne: on

EW Dl_] kstra (1930—2002), A s hand [I |||¢w"|ln.| pmgumql coiild linve
. & comgpelling and decp logical benuty, om ihe
Turing Award, one of the other hand | wan farced (0 acimit that mow
) roygTas J_nrwmud iny 5wy W Tor mechan-

most em|nent Computer izl cxecution b, evon f of amy beaaty ur sl

totully unfn for human appredation. §9

scientists ever.
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[MIA | P [i EEEREERN S h ort | y a fte rwa rd S

F P i_nciplcs of Compiler Design

Famous “dragon book” by
A.V. Aho (1941-) e J.D.
Ullman (1942-).

Published in 1977.

Inspiration for generations of
compiler writers.

Compiler writing made
systematic.

References

)
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Scientific basis: The Theory of Parsing, Translating & Compiling

(1972) by the same authors.
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IMIA| P i e

Still people complain (1976) o

(...) the term "Database Technology”,
although sometimes used, is immature, for
there is hardly any underlying "science”
that could justify the use of the term
"technology”.

E.W. Dijkstra (1920-2002)

(...) They seem to form an inbred crowd with very little knowledge
of computing science in general (...) Often they seemed to be
mentally trapped by the intricacies of early, rather ad hoc
solutions (...)

(E.W. Dijkstra, EWD577, 1976)
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IMIA| P [i e

Reaction (early 1980s)

| Second Edition THE THEORY OF
‘ Principles ot DATABASE RELATIONAL
SYSTEMS | DATABASES

JEFFREY D. ULLMAN 1 DAVID MAIER

COMPUTER SCIENCE PRESS

References

)
0 wsi

Relational database science — books by Ullman (1982) and Maier

(1983).
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mE >30 years later

P
jtion _ Artificial
N Intelligence
Statistics.

Data

I’» Mining

Management
science

& information
systems

Summary References

)
0 wsi

Have scientific standards kept up with so higher demands in

technology?
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)
A much older concern 6 e

IMIA| P [i e

“Only by taking infinitesimally small
units for observation (the
differential of history, that is, the
individual tendencies of men) and
attaining to the art of integrating
them (that is, finding the sum of
these infinitesimals) can we hope to
arrive at the laws of history.”

Leo Tolstoy, “War and Peace”
- Book Xl, Chap.ll (1869)

L. Tolstoy (1828-1910)

The oldest definition | know of data-mining.
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The age of data W

IMIA| P i e

Note the maths flavour of Tolstoy's
text

How maths-strong is data-mining?

Have we attained the “art of
integration” foreseen by Tolstoy?

Again the glorious 1970s — since
the early days of psychometrics in
the social sciences — linear
algebra (LA) central to data
analysis (e.g. Tucker tensor
decompositions etc).

L.R. Tucker (1910-2004)

All done? Anything else to do?
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Yes, perhaps... W

IMIA| P i e

Data mining seems to be ignoring the role of types and type

parametricity in software — one of the most significant advances
in CS.

Nice theory called parametric
polymorphism (John Reynolds, CMU).

So nice that you can derive properties
of your (typed) operations before
writing them (!)

What can parametricity possibly mean
in the data-analysis setting? P 7 S\ B
J.C. Reynolds
(1935-2013)
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. )
mmmn-==  Example — parametric data cubes e
Back to square one — some raw data:

Model Year Color Sale
Chevy 1990 Red 5
Chevy 1990 Blue 87
Ford 1990 Green 64
Ford 1990 Blue 99
Ford 1991 Red 8
Ford 1991 Blue 7

,.f
Il
oG WN R

Columns — attributes — the observables
Rows — records (n-many) — the infinitesimals

Column-orientation — each column (attribute) A represented by
a function ta : n — A such that a = ta (/) means “a is the value of
attribute A in record nr /".
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)
Records are tuples 4

Can records be rebuilt from such attribute projection functions?

Yes — by tupling them.

Tupling: Given functions f :A— B andg:A— C,
their tupling is the function f v g such that

(frg)a=(faga)

For instance,

(tColor v tl\/lodel) 2= (Blue, Chevy),
(tyear v (tco/o, v tMode/)) 3= (1990, (Green, Ford))

and so on.
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IV s The typed LA approach 0

Represent functions by Boolean matrices.

Given (finite) types A and B, any function
f-A—B

can be represented by a matrix [f] with A-many columns and
B-many rows such that, for any b € B and a € A, matrix cell

l<b=fFfa
b [f] a_{ 0 otherwise

NB: Following the infix notation usually adopted for relations (which are
Boolean matrices) — for instance y < x — we write y M x to denote
the contents of the cell in matrix M addressed by row y and column x.
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)
maE The typed LA approach W
One projection function (matrix) per dimension attribute:
thodel | 1 2 3 4 5 6
Chewy [1 1 0 0O 0 O
Ford |0 0 1 1 1 1 # Model Year Color Sale
1 Chevy 1990 Red 5
frew |1 2 3 4 5 6 > Chevy 1990 Blue 87
1990 |1 1 1 1 0 O
109110 0 0 0 1 1 3  Ford 1990 Green 64
4 Ford 1990 Blue 99
col1 23 a5 0§ Rl
Bue [0 1T 0 1 0 1 or ue
Green |0 0 1 0 0 O
Red |1 0 0 0 1 O

NB: we tend to abbreviate [f] by f where the context is clear.
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IV s The typed LA approach 0
Note how the inverse of a function is also represented by a Boolean
matrix, e.g.

thoder | Chevy  Ford
11 0
2|1 0 tmoder |1 2 3 4 5 6
310 1 versus Cheww |1 1 0 0 0 O
410 1 Ford |O 0 1 1 1 1
510 1
6|0 1

— no longer a function, but still a relation, a Boolean matrix :-)
Clearly,

J tl?/lode/ a = a tModel J

Given a matrix M, M° is known as the transposition of M.
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IV s The typed LA approach 0

We type matrices in the same way as functions: M : A — B means
a matrix M with A-many columns and B-many rows.

Matrices are arrows: A—> B denotes a matrix from A (source)
to B (target), where A, B are (finite) types.

Writing B <M _ A means the same as A"~ B .

Composition — aka matrix multiplication:




Typed LA

I T The typed LA approach W

Function composition implemented by matrix multiplication,

If-gl =10f1- sl

Identity — the identity matrix id corresponds to the identity
function and is such that

M-id=M=id-M (1)

Function tupling corresponds to the so-called Khatri-Rao
product M v N defined index-wise by

(b,c) (M"N)a = (bMa)x(cN a) (2)

Khatri-Rao is a “column-wise” version of the well-known
Kronecker product M @ N:

(y,x) (M@ N)(b,a) = (yMb)x(xNa) (3)



Typed LA

[MIA|P | [ Typlng data

The raw data given above is
represented in typed LA by the
expression

vV = (tYear v (tColor v tModel)) : (tSale)o
of type
v:1 — (Year x (Color x Model))

depicted aside.

v is a multi-dimensional column vector — a tensor. Datatype

1 = {ALL} is the so-called singleton type.

Year x (Color x Model) ALL
Blue Chevy 87
Ford 99
Chevy 0
1990
99 Green — 64
Chevy 5
Red
¢ Ford 0
e Chevy 0
Ford 7
Chevy 0
1991
99 Green o o
Red Chevy 0
Ford 8
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. . )
AT T Dimensions and measures 6 e

Sale is a special kind of data — a
measure. Measures are encoded
as row vectors, e.g.

Model

t |1 2 3 4 5 6
1[5 87 64 99 8 7

tModel

recall Year < H#t e Color

Sale

# Model Year Color Sale J/t

1 Chevy 1990 Red 5 1

2 Chevy 1990 Blue 87 .

3 Ford 1990 Green 64 Summary:

4 Ford 1990 Blue 99 dimensions are

5  Ford 1991 Red 8 matrices, measures

6 Ford 1991 Blue 7 are vectors.

Measures provide for integration in Tolstoy's sense — aka consolidation
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=, Totalisers 4 e

There is a unique function in type A — 1, usually named
A—~1. This corresponds to a row vector wholly filled with 1s.

Example: 2—1o1 = [1 1]

Given M : B — A, the expression | - M (where A o1 ) is the
row vector (of type B — 1) that contains all column totals of M,

B 1}‘[28 8 17155} —[100 50 170 190]

Given type A, define its totalizer matrix A A+ by
TA - A—>A+1
id
o

Thus 74 - M yields a copy of M on top of the corresponding totals.
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0
M[A| P [ [EETen Cubes 6 e

Data cubes can be obtained from products of totalizers.

Recall the Kronecker (tensor) product M @ N of two matrices

A-M_B and C-YoD, whichisoftype Ax CM2Y By p.
The matrix

Ax B8 _(A+1)x (B+1)
provides for totalization on the two dimensions A and B.

Indeed, type (A+ 1) x (B + 1) is isomorphic to
A x B+ A+ B + 1, whose four parcels represent the four
elements of the "dimension powerset of { A, B}".
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== Cube = muti-dimensional totalisation
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(Year+1) x ((Color+1) x (Model+1)) [IEATE

Chevy 87

. Blue l;r;f ‘9896
Recalling o = 2
Saleyo o C:‘:ty s

vV = (tYear v (tColor v tModel)) . (t ) el i?;’ .

Chevy 92

build e
Chevy o

Blue Ford B

ALL o

c= (TYear X (TCoIor ® 7—Mode/)) v Green g .

- o e
This is the multidimensional vector i . :
(tensor) representing the data cube for o s
ALL 15

e dimensions Year, Color, Model e o o
ALL 193

e measure Sale e [ &

X i ALL ALL 64
depicted aside. = = E
e =

ALL Ford 178

ALL 2;0
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LT T Generalizing data cubes W

In our approach a cube is not necessarily one such column vector.

The key to generic data cubes is (generic) vectorization, a kind of

“matrix currying”: given A x B ~M_ ¢ with Ax B-many
columns and C-many rows, reshape M into its vectorized version

M .
BEAZ A x C with B-many columns and A x C-many rows.

Matrices M and vecy M are isomorphic — they contain the same
information in different formats, cf.

cM(a,b) = (ac)(vecaM)b (6)

for every a, b, c.
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Jr= Generalizing data cubes 4

Vectorization thus has an inverse operation — unvectorization:

vecp
—

Ax B — C & B—+AxC
\_/

unvec,
That is, M can be retrieved back from vecy M by unvectorizing it:
N=vecaM <& unvecyN=M (7)
Vectorization has a rich algebra, e.g. a fusion-law
(vecM)-N = vec(M-(id® N)) (8)
and an absorption-law:

vec(M-N) = (id® M)-vecN 9)
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M = (De)vectorization e
Devectorizing our starting tensor, across dimension Year:
Year x (Color x Model) <—— 1 Color x Model <—— Year
ALL
Chevy 87
Blue ———
ue Ford 99
Chevy 0 1990 1991
1990 Green ————
Ford 64 Blue Chevy 87 0
Red Chevy 5 “ Ford 99 7
unvecye,, ¢ Ford 0 G Chevy 0 0
reen ————
e _Chevy 0 e Ford 64 0
ue ——— _
Ford 7 Red Chevy 5 0
ed ——2
1001 Gree Chevy 0 Ford 0 8
reen Ford 0
Chevy 0
Red ———~2
) —Ford 8

There is room for further unvectorizing the outcome, this time
across Color — next slide:
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mREn (De)vectorization e
Further unvectorization:
Color x Model <—— Year Model <—— Color x Year
1990 1991
Chevy 87 0
Blue ———
Y T Ford 99 7
unveccolor Gree Chevy 0 0 =
reen ———
Ford 64 0
Chevy 5 0
Red ——2
* —Ford 8
Blue Green Red
1990 1991 1990 1991 1990 1991
Chevy 87 0 0 0 5 0
Ford 99 7 64 0 0 8

and so on.
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o T - Generic cubes W

It turns out that cubes can be calculated for any such
two-dimensional versions of our original data tensor, for instance,

cube N: Model + 1 <—— (Color + 1) x (Year + 1)

cube N = TModel * N - (TColor ® 7—Year)o

where N stands for the second matrix of the previous slide, yielding

Blue Green Red ALL
1990 1991 ArLL 1990 1991 Arn 1990 1991 ArLL 1990 1991 ALL
Chevy 87 0 87 O 0 0 5 0 5 92 0 92
Ford 99 7 106 64 0 64 O 8 8 163 15 178
ALL 186 7 193 64 0 64 5 8 13 255 15 270

See how the 36 entries of the original cube have been rearranged in
a 3*12 rectangular layout, as dictated by the dimension
cardinalities.
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IMIA P i EEre The CUbe (LA) Operator

Definition (Cube)
Let M be a matrix of type

ny_, B <N, A

We define matrix cube M, the cube of M, as follows

m

cube M = (®TBj) M- (® A)°
j=1

i=1
where @) is finite Kronecker product.

So cube M has type I'IJ'-’ZI(BJ- +1)<—nN7,(Ai+1).
O

References

(10)

(11)
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R Properties of data cubing 48 e
Linearity:
cube (M + N) = cube M + cube N (12)

Proof: Immediate by bilinearity of matrix composition:
M-(N+P) = M-N+M-P (13)
(N+P)-M = N-M+P-M (14)

This can be taken advantage of not only in incremental data cube
construction but also in parallelizing data cube generation.



L'enfant terrible Golden age

Data mining Typed LA Data cube Summary References
. - )
M - Properties of data cubing 6 e

Updatability: by Khatri-Rao product linearity,

(M+N)*P=M7P+NvP
Ps(M+N)=PsM+PvN

the cube operator commutes with the usual CRUDE operations, namely
record updating. For instance, suppose record

tMode 1 2 3 5 6
# Model Year Color Sale Md,‘
cf Chevy 1 0o 0 0
5  Ford 1991  Red 8
Ford 0 0 1 1
is updated to
t'Moder | 1 2 3 4 5 6
# Model Year Color Sale Mdl‘
cf Chewy [ 1 1 0 O 1 O
5 Chevy 1991 Red 8
Ford 0 0 1 0 1
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IMIALPLil

Properties of data cubing o

x 2«0 C..
>> kron(taut

One just has to compute the “delta” projection,

ans =

s ) _ [1 2 3 a4 5 6
Model = t Model — tModel = Chew [0 0 0 0 1 0
Ford 0 0 0 0 1 0

then the “delta cube”,

d= (TYear & (TCoIor & 7_Mode/)) v
where

v = (tyvear ¥ (tcolor ¥ OModel)) - (tSa/e)o

and finally add the “delta cube” to the original cube:

c=c+d.

B T o e e e =TT =p==y=y=y

— see the simulation aside (MATLab).
s |
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Commutativity: cube commutes with vectorization:
M vec M .
Let X<——Y xC and Y xX<———C beits
Y -vectorization. Then
vec (cube M) = cube (vec M) (15)
holds. O
Type diagrams:
YxX<—" ¢ S X< M  yxc
TY®TM\L T‘Fg > T(TVQ@TC)O
cube (vecy M) cube M
(Y+1)x(X+1)=—/———=C+1 = X+1l<=—(Y+1)x(C+1)

vecy ;1 (cube M)

Proof in (Oliveira and Macedo, 2017).
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e Properties of data cubing 48 e

The following theorem shows that changing the dimensions of a
data cube does not change its totals.

Theorem (Free theorem)

Let B<M_ A be cubed into B+1%*MA L1 andr:-C— A

and s: D — B be arbitrary functions. Then

cube (s°-M-r) = (s°@id)- (cube M) - (r & id) (16)

holds, where M & N = [I\(;I N
O

} is matrix direct sum.
The proof given in the same paper resorts to the free theorem of

polymorphic operators due to J. Reynolds and popularized by
Wadler (1989) under the heading Theorems for free!.
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L TR Cube universality — slicing M
Slicing is a specialized filter for a particular value in a dimension.

Suppose that from our starting cube
c:1— (Year + 1) x ((Color 4+ 1) x (Model + 1))

one is only interested in the data concerning year 1991.

It suffices to regard data values as (categorial) points: given

p € A, constant function p: 1 — A is said to be a point of A, for
instance

1991:1 — Year +1

0
1991 = |1
0
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Cube universality — slicing 48 e

=
+ — (0]
3 =
3 + [
S 3 7
— AS]
X o 0
— . N~

c + 191°®id x 0

1 w — —

S - 0
S :
v 3 8
- S 0
— ~—
+ X 15
ﬁ — 15
X L]
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L TR Cube universality — rolling-up 48 e

Gray et al. (1997) say that going up the levels [of aggregated data]
is called rolling-up.

In this sense, a roll-up operation over dimensions A, B and C
could be the following form of (increasing) summarization:

Ax (B x C)
Ax B

A

1

How does this work over a data cube? We take the simpler case of
two dimensions A, B as example.
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. . . )
i Cube universality — rolling-up 0

The dimension powerset for A, B is captured by the corresponding
matrix injections onto the cube target type (A+ 1) x (B + 1):

(A+1)x (B+1)

Ax B A

where ' _ NB: the injections /1 and i
0=i®h are such that [i|ix] = id,
a=i"i-! where [M|N] denotes the
B= "_1 : !_v 2 horizonal gluing of two
Ww=1R"IR matrices.
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LU TR Cube universality — rolling-up

One can build compound injections, for instance
pi(A+1)x (B+1)«+ AxB+(A+1)
p = (0] [afw]]

Then, for M: C — A x B:

p° - (cube M) = [[fstlvi\/l]] - Te
.M

extracts from cube M the corresponding roll-up.

The next slides give a concrete example.

References

nnnnn
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[MIA] P [ i EEEaean

Cube universality — rolling-up

Let M be the (generalized) data cube

1990 1991 ALL

Chevy 87 0 87
Blue Ford 99 7 106
ALL 186 7 193
Chevy 0 0 0
Green Ford 64 0 64
ALL 64 0 64
Chevy 5 0 5
Red Ford 0 8 8
ALL 5 8 13
Chevy 92 0 92
ALL Ford 163 15 178
ALL 255 15 270

References

)
0 wsi
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Cube universality — rolling-up

Building the injection matrix p = [0] [a|w]] for types
Color x Model + Color + 1 — (Color + 1) x (Model + 1) we get

the following matrix (already transposed):

ALL

References

)
0 wsi

Blue

Green

Red

Chevy
Ford
Chevy
Ford
Chevy
Ford
Blue
Green
Red
ALL

1

0

0

0

Blue Green Red
Chevy Ford ALL Chevy Ford ALL Chevy Ford ALL Chevy Ford ALL
0 0 0 0 0 0 0
1 0 0 0 0 0 0
0 0 1 0 0 0 0
0 0 0 1 0 0 0
0 0 0 0 0 1 0
0 0 0 0 0 0 1
0 1 0 0 0 0 0
0 0 0 0 1 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0

O O O O O O o o o

O O O O O o o o

O O O O O O o o o

O O OO O O o o o oo

H O O O O O © O O
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momn Cube universality — rolling-up e
Then
1990 1991 ALL
Chevy 87 0 87
Blue —F2i0™ 99 7 106
Chevy 0 0 0
Green —2'7 64 0 64
p°-cube M = Chevy 5 0 5
Red —p 0 0 8 8
Blue 186 7 193
Green 64 0 64
Red 5 8 13
ALL 255 15 270

Note how a roll-up is a particular “subset” of a cube.

Matrix p° performs the (quantitative) selection of such a subset.



Summary

(VAL Ee, Summary o
There is a lot of SCIENCE in CS that CS people simply v
ignore.
¢ €

Abadir and Magnus (2005) stress on the need for a standardized
notation for linear algebra in the field of econometrics and
statistics.

This talk suggests such a notation should be properly typed.

Since (Macedo and Oliveira, 2013) the author has invested in
typing linear algebra in a way that makes it closer to modern
typed languages.

This extends previous efforts on applying LA to OLAP (Macedo
and Oliveira, 2015)
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Opportunities

[N

A lot to be done!

(M A | P [ e
o

Summary References
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ABOUT MAPI ~

MAPI is the right environment for this kind of cross-breeding:

e 3 universities
e many labs

o different cultures, nice cooperation...
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(for those who care mostly about efficiency)
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