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Abstract

Data Warehouses are data-intensive systems that are
used for analytical tasks. As these tasks do not
depend on the latest updates by transactions, data
warehouses can be set up in a way that input of data
from operational databases and output to dialogue in-
terfaces for on-line analytical processes (OLAP) can
be separated. In the paper we describe how abstract
state machines (ASMs) can be used to design dis-
tributed data warehouses. We formalise the ground
idea of data warehouses by a ground model ASM and
discuss refinement steps, which can be applied in a
step-by-step design methodology. Distribution will
appear as such a refinement step.

1 Introduction

Data Warehouses are data-intensive systems that are
used for analytical tasks in businesses such analysing
sales/profits statistics, cost/benefit relation statis-
tics, customer preferences statistics, etc. The term
used for these tasks is “on-line analytical process-
ing” (OLAP) in order to distinguish them from op-
erational data-intensive systems, for which the term
“on-line transaction processing” (OLTP) has become
common. OLAP tasks are usually included in Man-
agement Information and Decision Support Systems.

The idea of a data warehouse (see (Inmon 1996)
and (Kimball 1996)) is to extract data from opera-
tional databases and to store them separately. The
justification for this approach is that OLAP largely
deals with condensed data, thus does not depend
on the latest updates by transactions. Furthermore,
OLAP requires only read-access to the data, so the
separation of the data for OLAP from OLTP allows
time-consuming transaction management to be dis-
pensed with.

Thus, a first problem in data warehouse design
is to integrate views from various source databases.
This point of view of data warehouse design as a view
integration problem has been strongly promoted in
(Widom 1995) and (Kedad and Métais 1999). On
the other hand it has been observed that the struc-
ture of the data needed for OLAP, i.e. the struc-
ture of data warehouse schemata, is somehow simpler
than the structure of operational databases. This has
led to the notion of multi-dimensional databases, in
which “facts” needed for OLAP such as number of
sales, prices, etc. are separated from “dimensions”
such as time, location, product, etc., i.e. parameters
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that characterise the facts. Formally, we still obtain
relations, in which the dimensions form a key, but
the multi-dimensional (relational) database schemata
usually have the form of star or snowflake schemata
(Inmon 1996).

The work in (Gyssens and Lakshmanan 1996)
presents a formal model for multi-dimensional
databases. Various examples of star schemata for
data warehouses can be found in (Kimball 1996).
The work in (Agrawal et al. 1997) and (Thomson
1997) concentrates the conceptual modelling of multi-
dimensional databases. In (Thalheim 2003) it has
been observed that star and snowflake schemata dom-
inate major components of database schemata. On
this basis a design approach based on the integra-
tion of local schemata of this simple form is proposed
and substantiated by some logical theory. A problem
arising from the separation of data warehouses from
operational databases is that the extraction functions
have to be maintained. This problem is addressed in
(Engstrom et al. 2000).

The main idea of data warehouses implies a sepa-
ration of input from operational databases and output
to views that contain the data for particular OLAP
tasks. In the data warehouse literature these views
are often called “data marts” (see e.g. (Inmon 1996)).
The work in (Lewerenz et al. 1999) presented a differ-
ent view on data warehouse design emphasising not
just the input, but also the output, i.e. the data
marts and OLAP. In doing this, each data mart to-
gether with the OLAP functions working on it defines
a so-called “dialogue object”, a notion introduced in
(Schewe and Schewe 1996, Schewe and Schewe 2000)
as a means for the integration of database systems and
dialogue-based user interfaces. Following this idea it
is astonishing that a lot of work is put into the de-
sign of data warehouses, whereas the major emphasis
should be on the OLAP functions that are based on
views over the warehouse. This motivates to take a
closer look into the systems dynamics, not just the
static data structures. The work in (Schewe 1995)
contains a sophisticated formal approach to specify,
analyse and verify database applications including ap-
plication programs. Such kind of work is even more
needed for data warehouses and OLAP.

Furthermore, as dialogue objects over a data ware-
house lead to views over a view, it may be questioned,
whether it makes sense to take a holistic approach to
data warehouse design or whether it might be better
to replace the data warehouse by a collection of ma-
terialised views on the operational databases. This
view is also underlying the work in (Theodoratos and
Sellis 1998) and (Theodoratos 1999).

The goal of this article is to present a more ab-
stract framework for data warehouse design, in which
a possible decision to realise a data warehouse by ma-
terialised views appears as a refinement. In the same
way we would like to extend the view and consider



distributed data warehouses. Then the decision on
the distribution should also appear as refinements. In
order to do so we go back to the very basic idea un-
derlying data warehouses, i.e. the separation of input
from operational databases and output to dialogue
interfaces for OLAP. Then we use Abstract State Ma-
chines (ASMs) to model this idea. ASMs (see (Borger
and Stark 2003)) provide a strictly mathematically
founded method for high-level system design, valida-
tion and verification. We will show that it is already
possible to use ASMs just to model the basic idea
of data warehouses in a precise, simple, abstract and
complete way. All further design steps then turn out
to be refinements.

The advantage of using ASMs is that we obtain a
somehow mathematical model of the data warehouse
and OLAP from the very beginning. The ground
model ASM allows systems requirements such as the
use of dialogue objects for modelling the OLAP func-
tions to be easily formalised as system invariants.
Then we can verify that the specification is consistent
with these invariants. On the other hand, the general
ASM philosophy does not force us to apply any formal
verification at such early stages. We could simply fol-
low a philosophy of first designing and analysing and
verifying later. This is called the absence of a formal
methods straight-jacket in (Borger and Stérk 2003).
Furthermore, we will also show that we can reason
about architectural principles on the level of an ASM
ground model.

We have chosen ASMs because of these features,
and because they have been successfully applied to
various applications including the specification and
verification of Java and the Java virtual machine
(Borger et al. 2001), the specification of operational
semantics of transactions (Prinz and Thalheim 2003),
and the specification, validation and verification of
database recovery (Gurevich et al. 1997).

In this article we will first present the general idea
of the ASM method in Section 2. Then we will de-
velop a “ground model” ASM, which provides a very
high-level abstract design of a data warehouse. In
fact, it just reflects the basic idea of input-output sep-
aration. This idea leads not just to a single ASM, but
to three inter-linked ASMs, one for the data ware-
house as such, one for the operational database(s),
and one for the dialogue objects and OLAP. We
present this ground model in Section 3, and discuss
advantages of the ASM approach on this level.

Following this we discuss refinements in Section
4. These refinements may comprise standard refine-
ment steps for database and dialogue design as dis-
cussed in (Schewe and Thalheim 1994) and (Schewe
and Schewe 1996), the approach to the design of star
and snowflake schemata from (Thalheim 2003) and
the formal refinement primitives for database and di-
alogue design from (Schewe 1995). In addition, we
will discuss refinements that will lead to distributed
data warehouses.

2 Systems Development with Abstract State
Machines

Abstract State Machines (ASMs, (Borger and Stark
2003)) have been developed as means for high-level
system design and analysis. The general idea —
which also underlies previous work of the second au-
thor in (Schewe 1995) and (Schewe and Thalheim
1994) — is to provide a through-going uniform for-
malism with clear mathematical semantics without
dropping into the pitfall of the “formal methods
straight-jacket”. That is, at all stages of system devel-
opment we use the same formalism, the ASMs, which
is flexible enough to capture requirements at a rather

vague level and at the same time permits almost ex-
ecutable systems specifications. Thus, the ASM for-
malism is precise, concise, abstract and complete, yet
simple and easy to handle, as only basic mathematics
is used.

The systems development method itself just pre-
sumes to start with the definition of a ground model
ASM (or several linked ASMs), which mainly captures
requirements in a way similar to scenarios in (Schewe
2001) or use-cases in (Jacobson et al. 1992, Rumbaugh
et al. 1999). All further system development is done
by refining the ASMs using quite a general notion
of refinement, which is the same as the one used in
(Schewe and Thalheim 1994).

So basically the systems development process with
ASMs is a refinement-validation-cycle. That is a
given ASM is refined and the result is validated
against the requirements. Validation may range from
critical inspections to the usage of test cases and eval-
uation of executable ASMs as prototypes. This ba-
sic development process may be enriched by rigor-
ous manual or mechanised formal verification tech-
niques. However, the general philosophy is to design
first and to postpone rigorous verification to a stage,
when requirements have be almost consolidated. In
the remainder of this article we will emphasise only
the specification of ground model ASMs and suitable
refinements (for details see (Borger and Stérk 2003)).

2.1 Simple ASMs

As explained so far, we expect to define for each stage
of systems development a collection My,..., M, of
ASMs. Each ASM M; consists of a header and a
body. The header of an ASM consists of its name, an
import- and export-interface, and a signature. Thus,
a basic ASM can be written in the form

ASM M

IMPORT Ml(’r‘u, . 77'1711)7 .. -7Mk(7"k17 . ,rknk)
EXPORT q1,---,q¢

SIGNATURE ...

Here 7;; are the names of functions and rules im-
ported from the ASM M; defined elsewhere. These
functions and rules will be defined in the body of
M; — not in the body of M — and only used in
M. This is only possible for those functions and rules
that have explicitly been exported. So only the func-
tions and rules ¢i,...,q; can be imported and used
by ASMs other than M. As in standard modular pro-
gramming languages this mechanism of import- and
export-interface permits ASMs to be developed rather
independently from each other leaving the definition
of particular functions and rules to “elsewhere”.

The signature of an ASM is a finite list of function
names fi,..., fm, each of which is associated with a
non-negative integer ar;, the arity of the function f;.
In ASMs each such function is interpreted as a total
function f; : U*" — U U {L} with a not further spec-
ified set U called super-universe and a special symbol
L ¢ U. As usual, f; can be interpreted as a partial
function Y*" -» U with domain

dom(f;) ={Z € U™ | fi(Z) # L}.

The functions defined for an ASM including the
static and derived functions, define the set of states
of the ASM.

In addition, functions can be dynamic or not. Only
dynamic functions can be updated, either by and only
by the ASM, in which case we get a controlled func-
tion, by the environment, in which case we get a mon-
itored function, or by none of both, in which case we
get a derived function. In particular, a dynamic func-
tion of arity 0 is a variable, whereas a static function
of arity 0 is a constant.



2.2 States and Transitions

If f; is a function of arity ar; and we have
f(x1,...,24r;) = v, we call the pair £ = (f, %) with
Z = (x1,...,%qr;) a location and v its value. Thus,
each state of an ASM may be considered as a set of
location/value pairs.

If the function is dynamic, the values of its loca-
tions may be updated. Thus, states can be updated,
which can be done by an wupdate set, i.e. a set A of
pairs (£,v), where £ is a location and v is a value. Of
course, only consistent update sets can be taken into
account, i.e. we must have

(L,v1) € AN(Lv2) €A = v =0s.

Each consistent update set A defines state transi-
tions in the obvious way. If we have f(z1,...,Zqr) =
v in a given state s and ((f, (z1,...,%ar;)),v") €
A, then in the successor state s’ we will get
flz1,. .., Zep,) = 0.

In ASMs consistent update sets can be obtained
from update rules, which can be defined by the fol-
lowing language:

e the skip rule skip indicates no change;

e the update rule f(t1,...,t,) := t with an n-ary
function f and terms ty,...,t,,t indicates that
the value of the location determined by f and
the terms t1,...,t, will be updated to the value
of term t;

e the sequence rule r; seq ... seq r, indicates
that the rules rq,...,r, will be executed sequen-
tially;

e the block rule r; par ... par r, indicates that
the rules ry,...,r, will be executed in parallel;

e the conditional rule

if ¢; then r{ elsif > ... then 7, endif
has the usual meaning that r; is executed, if ¢,
evaluates to true, otherwise ry is executed, if s
evaluates to true, etc.;

e the let rule let =t in r means to assign to
the variable z the value defined by the term ¢
and to use this z in the rule r;

e the forall rule forall z with ¢ do r enddo in-
dicates the parallel execution of r for all values
of z satisfying ¢;

e the choice rule choose z with ¢ do r enddo in-
dicates the execution of r for one value of x sat-

isfying ;

e the call rule r(t1,...,t,) indicates the execu-
tion of rule r with parameters ty,...,t, (call by
name).

The idea is that the rules of an ASM are evaluated
in parallel. If the resulting update set is consistent,
we obtain a state transition. Then a run of an ASM
is a finite or infinite sequence of states

Sg—> 81 >89 — ...

such that each s;41 is the successor state of s; with
respect to the update set A; that is defined by eval-
uating the rules of the ASM in state s;.

We omit the formal details of the definition of up-
date sets from these rules. These can be found in
(Borger and Stirk 2003).

The definition of rules by expressions
r(z1,...,2,) = r' makes up the body of an
ASM. In addition, we assume to be given an initial
state and that one of these rules is declared as the
main rule. This rule must not have parameters.

Data mart
Dialogue object

View constructors

Data warehouses
Star/snowflake
schema

Update/refresh queries

Operational
databases

Figure 1: The general architecture of a data ware-
house and OLAP

2.3 Refinement of ASMs

The notion of refinement relates two ASMs M and
M*. In principle, as the semantics of ASMs is defined
by its runs, we would need a correspondence between
such runs, i.e.

e 3 correspondence between the states s of M and
the states s* of M*, and

e 3 correspondence between the runs of M and M*
involving states s and s*, respectively.

However, in contrast to many formal methods the
notion of refinement in ASMs does not require all
states to be taken into account. We only request to
have a correspondence between “states of interest”.

Formally, let S and S* be the sets of states of
ASMs M and M*, respectively. A correspondence of
states between M and M™* is a one-one binary relation
=C SxS5* such that so = s{ holds for the initial states
50 and s§ of M and M*, respectively. In particular,
we must have

s=siANs=sy=>s] =s}

and
S1 =8 NSy =8" =5 = 89.

Then we say that an ASM M* is a refinement of
the ASM M iff for each run s§ — s} — ... of M*
thereis arun sg — s1 — ... of M and there are index
sequences 0 = 49 <91 < ... and 0= jo < j1 < ...

such that s;, = s}, holds for all z.

3 An ASM Ground Model for Data Ware-
houses

In order to define an ASM ground model for data
warehouses let us go back to the basic idea of data
warehouses and OLAP, which is basically a separation
of input and output as explained in the introduction.
The idea is illustrated by Figure 1.

In this figure we see a clear three-tier architecture.
On the bottom tier we have operational databases
set up for purposes that are of no particular interest
for the data warehouse. However, we assume that
the data stored in the data warehouse is extracted
from these operational databases. In other words, the
input of data into the data warehouse is defined by
update- or refresh operations, which take data from
these operational databases and insert them into the
data warehouse.

In general, if there is some conflict between these
operational data, i.e. data from different operational



databases has to be integrated before it can be in-
serted into the data warehouse, we need an integrator
component (see (Widom 1995)). However, we may
assume that this integrator is part of the extraction
functions.

The second tier of the architecture in Figure 1 is
made up by the data warehouse itself. In principle, we
just have a database system here with the only differ-
ences that we may assume simpler schemata, i.e. star
or snowflake schemata, and we do not have to consider
complex transactions. The only write-operations are
the refresh operations that connect the data ware-
house to the operational databases. All other opera-
tions only read data from the data warehouse. In fact,
we just build views for the “data marts” or dialogue
objects that are used as the OLAP interface. So, the
view construction operations are the only ones that
link the middle tier to the top tier, which deals with
OLAP.

The top tier itself is constructed out of the dialogue
objects and the OLAP operations working on them.

3.1 The Idea of the ASM Ground Model

In our approach we take the general architecture from
Figure 1 as a direct guideline for the definition of a
ground ASM model, which will give us three linked
ASMs DB-ASM, DW-ASM and OLAP-ASM.

Assuming (for simplicity) that the operational
databases are all relational, the signature in DB-
ASM would just describe these relations. As rela-
tions can be seen as boolean-valued functions, each
relation with n attributes in one of the operational
databases will define an n-ary function in the signa-
ture of DB-ASM. The rules on DB-ASM correspond
to the extraction of data for each of the relations in
the data warehouse schema. If we assume a simple
star schema, there will be only one such relation.
These extraction rules can be combined into a sin-
gle refresh rule. DB-ASM will export these refresh
rules.

Of course, it will be preferable to separate each
operational database into a single ASM, but we leave
this as a refinement step. However, in this case we
may have to define an additional integrator ASM.

Similarly, the signature for DW-ASM will contain
functions that correspond to the relation schemata
used in the data warehouse schema. If this is a star
schema, we may have only one such relation schema.
If it is a snowflake schema, we will have more than one
controlled function. DW-ASM will have to import
the refresh rules from DB-ASM. On the other hand
it will export view rules specifying view construction
operations for use by OLAP-ASM. These rules will be
defined in the same way as the rules for the refresh
operations in DB-ASM.

The signature of OLAP-ASM will be significantly
more complicated, as we have to take into account
that the data structure of dialogue object requires
complex value objects, not just tuples. Furthermore,
there will be significantly more operations for OLAP,
and the flexibility of dialogue objects will require
branching, parallelism and synchronisation. However,
the imported rules are just those specifying the view
creation operations of the data warehouse, i.e. the
operations exported by DW-ASM.

3.2 The Operational Database ASM

According to our general idea the definition of DB-
ASM will look as follows:

ASM DB-ASM
EXPORT extracty, ..
SIGNATURE

., extract,,

o

kind d@rription date price  Sid  address

Part @

cost

ci]j r]ame

Customer [ address

Store

quantity time

Figure 2: Grocery Store: Operative Sales Schema

Ri(ar1) (controlled),

e
Ry (ary) (controlled)
BODY
main =
if selected (op-transaction;)
then run_transaction (op-transaction;)
seq if successful
then commit (op_transaction;)
else abort (op-transaction;)
endif
elsif selected (extract;)
then extract;(z;)
endif

extract;(z;) = ...

Note that the specification of the main rule in-
cludes the execution of operational transactions. For
our purposes we are not really interested in specifying
these executions, as we may assume that at least some
of the operational databases are already realised.

This means that the refinement of DB-ASM should
lead to a specification that is equivalent to an already
realised database machine. On the other hand, having
a realisation of a machine at hand, we may use this
to verify the correctness of the ASM specification.

Let us now look at an example taken from
(Lewerenz et al. 1999, p.358). In this case we
have a single operational database with five relation
schemata as illustrated in the HERM diagram in Fig-
ure 2. If we assume a simple star schema for the data
warehouse as illustrated by the HERM diagram in
Figure 3 we have to specify five simple refresh rules.

This leads to the following specification of DB-
ASM, in which we omit the main rule, which has
already been defined above.

ASM DB-ASM
EXPORT extract_purchase, extract_customer
extract_shop, extract_product
SIGNATURE
Store(2) (controlled),
Part(3) (controlled),
Customer(3) (controlled),
Buysg4; Econtrolledg,
Offer(5) (controlled
BODY
main = ...
extract_purchase(z) =
foralli, p, s, t, p, ¢
with 3¢.Buys(i,p,q,t) # L
Adn, a.Customer(i,n,a) # L
Ak, d.Part(p, k,d) # L
Ada’.Store(s,a’) # L
A3d.(Offer(p, s,p', c,d) # L A date(t) = d)
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Figure 3: Grocery Store: Star Schema

do et Q = sum(g | Buys(i,p,q,1) # L),

S=Qxp,
P=QR=x+@ —¢
in w(i7p787t7QJS7P) =
enddo

extract_customer = ...

Note that the rule extract_purchase realises a
view. Using SQL the defining query could have been
defined equivalently as

select C.cid, P.pid, S.sid, B.time,
Sum(0O.quantity) as quantity,
SumEO.quantityg * (.price as money _sales,
Sum(O.quantity) * )(O.price - O.cost) as profit

from Customer C, Part P, Store S,
Buys B, Offer O

where B.time.(day,month,year) = O.date
group by C.cid, P.pid, S.sid, B.time

3.3 The Data Warehouse ASM

According to our general idea the definition of DW-
ASM will look as follows:

ASM DW-ASM
IMPORT DB-ASM(extracty, ..., extract,)
EXPORT create_viewy, ..., create_view,,
SIGNATURE

Ri(ar1) (controlled),

ey
Ry(arg) (controlled)
BODY
main =
if selected (refresh;)
then extract;(R;)
elsif selected (view;)
then create_view;(z;)
endif
create_view;(z;) = ...

Note that DW-ASM does not look significantly dif-
ferent from DB-ASM. The reason for this is that both
ASMs specify simple relational databases and view
creation operations on them.

If extract;(x;) is the operation for extracting the
data for the i-th relation schema in the data ware-
house schema writing to variable z;, then the opera-
tion has to be called with the i-th relation schema as
the actual parameter. This guarantees that the de-
sired data is extracted from the operational databases
and inserted into the right location in the data ware-
house.

For instance, extract_purchase extracts all pur-
chases of a certain product by a customer at a cer-
tain time together with the total quantity, price and
profit. Executing the rule refresh_purchase(Purchase)

year

Time

month

___ quarter

money_sales

quantity

~ address

name

Region
& state

Figure 4: Schema underlying a data mart

has the effect that these data will be stored in the re-
lation Purchase of the data warehouse.

Of course, we would like to have efficient refresh-
operations. In particular, we would reduce the data
warehouse updates to incremental changes. The spec-
ification of corresponding rule will be left as a refine-
ment task.

Let us now continue our grocery store example, in
which case the controlled functions R; correspond to
the relation schemata arising from the star schema in
Figure 3. We omit the main rule, which has already
been specified.

ASM DW-ASM
IMPORT DB-ASM(extract_purchase, extract_shop
extract_customer, extract_product)
EXPORT create_view_sales, ...
SIGNATURE
Shop(6) (controlled),
Product(3) (controlled),
Customer(3) (controlled),
Time(...) (controlled),
Purchase(7) (controlled)
BODY
main = ...

create_view_sales(z) = ...

The rule create_view_sales creates a view with the
underlying schema from Figure 4. Using SQL we can
write the defining query as follows:

select S.sid, S.region, S.state,
T.month, T.quarter, T.year,
Sum(P.quantity) as quantity,
Sum (P.money _sale) as money_sale

from Shop S, Time T, Purchase P
group by S.sid, T.month

Using the rule specification language of ASMs we
obtain the following definition for create_view_sales:

create_view sales(z) =

forall s,r,st,m,q,y

with 3n,t, ph.Shop(s,n, t,r, st,ph) # L

A3....Time(...,m,q,y,. )#J_

do let @ = sum(q' | e, p,t s',p.
Purchase(c, s, p,t q,s',p') # L
Amonth(t) =
Aquarter(t) =



Ayear(t) = y),

S = sum(s '|E|cp,tq p.
Purchase(c, s p,t q,s'\p)#L
Amonth(t) =
Aquarter(t) = q
Ayear(t) = y)

in x(87 7‘7 St7 m7 q7 y7 Q7 S) =

3.4 The OLAP ASM

The top-level ASM dealing with OLAP is a bit more
complicated, as it realises the idea of using dialogue
objects for this purposes. The general idea from
(Schewe and Schewe 2000) is that each user has a
collection of open dialogue objects, i.e. data marts
for our purposes here. At any time we may get new
users, and each user may create new dialogue objects
without closing the existing ones. Thus, we maintain
a controlled function user with user(u) # L iff u is the
id of a user in the system. Analogously, we use a con-
trolled function datamart with datamart(dm) # L iff
dm is the id of a data mart in the system. In addi-
tion, we need another controlled function owner with
owner(dm) = u indicating that user v owns the data
mart dm. Then part of the functionality of OLAP-
ASM deals with adding and removing users and data
marts. In particular, if a user leaves the system, all
data marts owned by him must be removed as well.

The major functionality, however, deals with run-
ning operations on existing data marts or creating
new data marts. In the latter case we have to use the
view creation rules that have to be imported from
DW-ASM. In this case we choose a new identifier for
this data mart / dialogue object, and initialise a func-
tion representing its data content. Therefore, the sig-
natures representing the output of the views will have
to take the identifier of the data mart as a parame-
ter, and they will have to consider a hidden part, from
which all possible presentations can be derived, and
a visible part that will be displayed.

If the user selects some of the data of the dialogue
object and an operation other than quit, i.e. the user
does not want to leave the system, or close, i.e. the
user does not want to finish work on the current data
mart, or open, i.e. no new data mart is to be created,
then we request to receive additional input from the
user, before the selected operation will be executed.

In order to control input from users, and data
and operations selected by a user on a data mart we
use three more monitored functions in, data_sel and
op_sel.

Figure 5 illustrates this processing of the main
rule of OLAP-ASM. Using the language from Section
2 we obtain the following specification:

ASM OLAP-ASM

IMPORT

DW-ASM(create_view, ..., create_view,,)
SIGNATURE

Vilar), ..., Vm(ary), (controlled)

user(1), (controlled)
owner(1), (controlled)
datamart(1), (controlled)
in(1), (monitored)
data_sel(2), (monitored)
op-sel(2) (monitored)
BODY
main =
forall usr, dm
with datamart(dm) # L
do if user(usr) =1
then if in(usr) = new
then user(usr) :=1
endif

elsif datasel(usr,dm) =d
Aop.sel(usr, dm) = op
then if op = quit
then user(usr) := L
seq forall dm/’
with datamart(dm') # L
Nowner(dm') = usr
do datamart(dm/') := L
enddo
elsif op = close
then datamart(dm) := L
elsif true
then request_input(op, d_in)
seq op(usr,dm,d,d_in)
endif
endif
enddo

Of course, OLAP-ASM has to provide additional
rules for all operations on data marts including their
initialisation. Such an initialisation does not depend
on the actual datamart dm nor does it request in-
put data. Basically, it has to create a view on the
data warehouse using one of the rules imported from
DW-ASM. However, in order to support the OLAP
operations on the data mart the view has to be dupli-
cated resulting in a hidden and a visible part. Only
the hidden part contains the full information. In ad-
dition, we have to create a new identifier for the data
mart and associate ad owner to it.

Thus, a typical initialisation operation in OLAP-
ASM will have the following form:

open,(usr,dm,d,d_in) =
choose dm/
with datamart(dm') = L
do create_view;(z;)
seq let ...,v; = fj(.’l]i),véj = Vijy-- -
in Vi(dm',vit, -+, Vik;, Vg5 - - -5 Vg, ) =1
seq datamart(dm') := 1
seq owner(dm') := usr
enddo

Now look again at our grocery store example. In
this example we import the view creation rule cre-
ate_view_sales, which can be used to initialise a data
mart dealing with sales statistics. Obviously, there
may be more than one user working on a sales statis-
tics at the same time. Figure 6 shows different ways
of presentation the data involved in such a data mart.

In fact, we consider just two dimensions: location
and time. A location may be either a shop indicated
by its identifier sid and (optionally) its region and
state, or a region indicated by the region name and
(optionally) its state, or a state. Analogously, for
time we may have a month, a quarter or a year. The
facts are quantity, i.e. the total number of sales, and
money_sales, i.e. the sum of sales values. Therefore,
we choose to represent the data mart by a 9-ary re-
lation. That is, in the signature of OLAP-ASM we
must have

Vsates(9) (controlled).

Thus, we obtain the following rule in OLAP-ASM
for the initialisation of a data mart for the sales
statistics:

OP€Ngyes (usr, dm, d, d_in) =
choose dm/
with datamart(dm') = L
do create_view_sales(x)
seq forall s,r,st,m,q,y,Q,S
with z(s,r, st m,q,y,Q,S5) # L
do let £ = (s T, st) ¢ = (s,r,st),



forall usr, forall dm in DATAMART

usr in USER
data_sel =d
op_sel =op

remove usr from
USER

usr not in
USER
in=new

add usr to
USER

request = input
(d-in)

run (op[d](d-in))

[

remove dm from
DATAMART

A

forall dm’ in DATAMART

yes

Remove dm’ from
DATAMART

Y

Figure 5: The main rule in OLAP-ASM

t = (m,q,z,/), t'=(m,q,y),
in Vigles (dm', £,1,Q, S, £/,,Q', §") := 1
enddo

Other typical OLAP operations include roll-up
and drill-down. These operations rearrange the pre-
sented data by moving up and down the dimension
hierarchies. For instance, in the sales statistics data
mart of our grocery store example we have two di-
mensions location and time. Figure 6 illustrates the
effects of roll-up and drill-down for the location di-
mension: shop < region < state.

The following rule in OLAP-ASM specifies the
roll-up from shop to region:

roll-upgy,,, (dm) =
forallr
with 351, t1, Ql, 51762, ta, QQ, Ss.
Vaales(dm, 01,1, Q1, 51,02, t2,Q2,52) # L
Ads, st.ly = (s,r, st)
do let lpew = (7, st)
Qnew = Sum(Ql |
31,11, Q1,51, L2, t2,Q2, S2, 5, st.
‘/;ales(dm7£17t17Q17517£27t27Q2752) 7£ 1
ANy = (s, T, 8t)),
Snew = sum(Sy |
301,11, Q1,51, L2, t2,Q2, 52, 5, st.
‘/;ales(dmy€17t17Q17S17£27t27Q27S2) 7é 1
/\el = (S,T, St))
in Viates(dm, ¢1,t1,Q1, S,

gnew;tZ; Qnew; Snew) =1
enddo

3.5 Reasoning about the ASM Ground

Model

The ASM ground model developed so far is still rather
vague in the sense that lots of details are missing.
These will be added later via refinements. Further-
more, an advantage of ASMs discussed in (Borger and
Stark 2003) is that designers are not forced to verify
their specification at immature stages. This leaves
the designer the freedom to design first and to anal-
yse and verify later.

However, the ASM ground level for data ware-
houses and OLAP that we have developed so far al-
ready allows us to start some first quality checks with
respect to the satisfaction of requirements. As we
adopted the dialogue object approach to data ware-
houses and OLAP, we will have the following general
requirements:

1. At each time a user is either logged in, i.e. known
to the system, or not. With respect to the func-
tions we used in the main rule in OLAP-ASM, we
can formalise this requirement by the invariant

Vusr.user(usr) = L Vuser(usr) =1.

2. If a user is not logged in, the only available op-
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Figure 6: The effect of roll-up and drill-down opera-
tions on sales statistics

eration is ‘new’, which is formalised by

Vusr.user(usr) = L Ain(usr) # L

= in(usr) = new .

Without going into details of formal verification
techniques — we are confident that the techniques
used in (Schewe 1995) can be adapted to ASMs —
it is easy to see that the main rule in OLAP-ASM is
consistent with these two invariants.

Furthermore, we obtain requirements on data-
marts that are realised by dialogue objects:

3. Each datamart always belongs to a user who
must be logged in to the system, which is for-
mally expressed by the invariant

Vdm.datamart(dm) # 1 =

Jusr.user(usr) = 1 A owner(dm) = usr

For this invariant it is again easy to see the con-
sistency of the main rule in OLAP-ASM.

4. Furthermore, we have requirements regarding
the effect of operations such as ‘quit’ and ‘close’.
The former one logs off a user, the latter one
deletes an open datamart. Moreover, if a user
quits, all his datamarts will be deleted. We
dispense formalising these requirements using
transition constraints. Again, the main rule
in OLAP-ASM is consistent with these require-
ments, t0o.

5. Finally, operations on a datamart depend on the
data selected on the visual presentation of the di-
alogue object content, the selected operation and
further input that has to be requested from the
user. This is what the main rule in OLAP-ASM
expresses. However, the major part concerning
the execution of the selected operation is left for
refinement.

Besides considering the consistency of the main
rule in OLAP-ASM we have requirements regarding
the data content of the datamarts, the data warehouse
as such and the underlying operational databases.
The chosen rules for building datamarts render their
realisation as views over the data warehouse explicit.
In fact, we have a one-to-one correspondence between
view creation rules in DW-ASM and open-operations
in OLAP-ASM. Similarly, there is a one-to-one corre-
spondence between the extraction rules in DW-ASM
and the extraction rules in DB-ASM.

However, if during refinement the database ma-
chine will be replaced by several heterogeneous ma-
chines the extraction rule in DW-ASM will become
more complicated. In particular, it will be necessary
to call more than one extraction rule in the different
modules of DB-ASM.

4 Refinements

The general development method with ASMs is cen-
tered around the idea of stepwise refinement. Thus,
the specification of the data warehouse ground model
in the previous section is only the starting point
for this process. Our goal is to provide a com-
plete set of standard refinement rules for data ware-
house and OLAP design similar to the refinement
rules in (Schewe 1995) and the rules in (Schewe and
Thalheim 1994).

Roughly speaking such refinements can be classi-
fied into three classes:

e The first class of refinement rules deals with ex-
tensions of a specification, i.e. further functions
and rules are added in order to achieve com-
pleteness in the sense that all requirements will
be captured. In the context of data warehouses
and OLAP this mainly means to add functions
to OLAP-ASM, which represent additional data
marts, and to add rules to OLAP-ASM, which
represent additional OLAP functionality. These
refinements are almost straightforward.

e The second class of refinement rules deals with
detailisation. That is, we will add details to the
rules as such. This may involve defining new
rules that are called in the existing rules. It may
also lead to a less declarative structure of the
specification.

e The third and probably most difficult class of re-
finements deals with restructuring. This includes
the restructuring of controlled functions, the ex-
tension of modularity by “outsourcing” parts of
an ASM into a new ASM, the distribution of the
data warehouse, and the sequentialisation of rule



definitions. In the context of data warehouses
and OLAP we may replace DW-ASM by sev-
eral ASMs in order to achieve distribution. Sim-
ilarly, we may provide a particular OLAP ASM
for each user or separate ASMs for the different
data marts.

For instance, in our grocery store example assume
that analytical OLAP functions on the level of shops
are only executed locally, whereas analysis of regions
is done in regional head-quarters. In this case the star
schema in Figure 3 would be replaced by a new star
schema without Shop — and reduced arity for Pur-
chase — reflecting a horizontal fragmentation (Ozsu
and Valduriez 1999) along the different values of sid.

The corresponding rules in corresponding OLAP
ASMs would consequently be restricted to those with
a fixed location dimension. For instance, the rule
extract_purchase in DB-ASM would change to:

extract_purchase(s, z) =
foralli, p, t, p, c
with 3¢.Buys(s,p,q,t) # L
Adn, a.Customer(i,n,a) # L
Ak, d.Part(p, k,d) # L
AAd.(Offer(p, s,p',¢,d) # L Adate(t) = d)
do et Q = sumlq | Buys(i, p,q,1) # 1),

S=Qx*p,
P=Qx(p —c
in m(i7p7t7Q7S7P) = ]‘
enddo

Consequently, the rule create_view_sales would
change to:

create_view_sales(z) =
forall m,q,y
with 3....Time(...,m,q,y,...) # L
do let @ = sum(q' | I¢,p,t, s, p'.

Purchase(c, p, t,q',s',p') # L
Amonth(t) = m

Aquarter(t) = q

Ayear(t) = y),

S = sum(s' | e, p,t, ¢, p'.
Purchasegc,p, t,q',s',p') #L1
Amonth(t) = m
Aquarter(t) = q
Ayear(t) = y)

in z(m,q,y,@,S) =1

Furthermore, we would obtain another fragment,
in which Shop in Figure 3 would have to be replaced
by Region with attributes region and state. Conse-
quently, all view creation and OLAP rules in the cor-
responding DW-ASM and OLAP-ASM would be sim-
plified by ignoring the Shop dimension. We omit the
details here.

5 Conclusion

In this paper we presented first bits of our work on
the use of Abstract State Machines (ASMs) for Dis-
tributed Data Warehouse Design. We showed that
the general idea of data warehouses is in fact a sepa-
ration of input from operational databases from out-
put to dialogue-based on-line analytical processing
(OLAP). This separation allows the basic model of
a data warehouse to be specified by three interleaved
high-level ASMs. Further development of the data
warehouse and the OLAP interfaces can be based on
step-wise refinement of such a “ground model” ASM.

The approach covers requirements at a very high
level of abstraction, but nevertheless provides the rig-
orous mathematical semantics of ASMs from the very

beginning of systems development. We demonstrated
that already on the level of an ASM ground model it
is possible to reason about requirements satisfaction,
though the general ASM philosophy — first design,
then analyse and verify — does not require formal
verification at this stage. We argued that it is possi-
ble to verify some quality criteria already at the very
beginning of system development.

Furthermore, there is no switch in terminology.
This will ease the validation of requirements, and en-
able even formal verification when this becomes suit-
able. In this paper we could only sketch the idea of
ASM refinement in data warehouse and OLAP de-
sign. For a full development method we will have to
add a sophisticated collection of standard refinement
rules (as in (Schewe 1995) for database application
systems). Furthermore, we will explore the full range
of OLAP functions that may be present in such sys-
tems.

Another problem left open for future work is
adding ad-hoc creation of data marts to the speci-
fication. This would mean to include some form of
linguistic reflection allowing textual input to be anal-
ysed and transferred into macros that realise further
OLAP functionality. It may well be the case that this
ambitious extension will require also extensions to the
ASM method itself.
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