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Abstract

In the RasDaMan project a database system for man-
agement of multdimensional arrays is being built. It offers
a declarative query language extending SQL-92 with op-
erations on arrays of arbitrary base types and a C++ pro-
gramming interface. Integrating arrays in the query lan-
guage enables the system to process complex queries on
high-volume multidimensional data in the database server
close to physical data storage. Sorage of arrays is done
in tiles of arbitrary size. Operations on arrays are trans-
formed into operations on tiles during query optimization
and execution. These operations are then executed on tiles
loaded from mass storage.

This paper describesthe underlying formal model for tile
based operations on multidimensional arrays and its effi-
cient implementation in C++ as part of the RasDaMan sys-
tem.

1. Introduction

Multidimensional arrays have been used in scientific
computing for a long time as a data structure for model-
ing and analysing scientific phenomena. General database
technology, however, till focuses mainly either on struc-
tured data for business applications modeled as records of
simple base types like numbers or on unstructured strings
ignoring arrays as a data structure. In conventional DBM Ss
large amounts of data can only be stored as references to
external files loosing concurrency control and recovery or
as unstructured binary large objects (BLOBS). In thisform,
the semantics of a multidimensional array is lost and the
DBMS cannot execute queries on the arrays or optimize ac-
cess. Only the application programs know the interpreta-
tion as arrays, which forces them to unnecessarily access
data because selection of relevant data can only be done by
the application. As the applications usualy are clients of a
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database server, this involves transfer of large amounts of
data over a network.

RasDaMan isa DBMS managing array dataat ahigh se-
mantic level. Because arrays are usually seen asalow level
programmming language construct closely tied to their im-
plementation as main memory pointers? the term “Multi-
dimensional Discrete Data’ (MDD) was introduced to the
database community [13]. This term stresses the arbi-
trary dimensionality and separates this quantised informa-
tion from multidimensional vector data.

RasDaMan supports general MDD functionality inde-
pendent from specific application areas. Application sys-
tems on top of RasDaMan are being implemented for man-
agement of geographical and medical data. Besidesiits tra-
ditional use in scientific computing, management of mul-
tidimensional discrete data is also important for business
applications such as OLAP or data mining.

An MDD isdefined by a spatial domain and a base type.
The spatial domain specifies the size of the MDD in al di-
mensions. MDD is more expressivethan arraysin most pro-
gramming languages in specifying the spatial dimension:
the dimensiona boundaries do not have to start with zero
and any lower or upper bound can be defined as being vari-
able. The base type specifies a type for the contents of
an MDD. Both the usua primitive types, such as CHAR,
FLOAT or ULONG, and user defined structures can serve
as MDD base types.

In the RasDaMan system, the RasDL (Raster Definition
Language) is used to specify types for MDD. RasDL is an
extension of ODMG ODL [7], a standard data definition
language for ODBMSs. For retrieval and analysis of MDD
the RasDaMan system provides the declarative query lan-
guage RasQL (Raster Query Language) extending SQL-92
[6] with constructs for specifying operations on MDD or
parts thereof.

In RasQL high level operations on MDD can be speci-
fied, which are evaluated on the RasDaMan server. These
operations include operations to modify the spatial domain

2“The built-in arrays are a major source of errors — especially when
they are used to build multidimensional arrays’ [26]



of an MDD and operations on cell values. The condense
operation, a second-order construct, iterates over a subset
of cellsinan MDD, combining all values through an com-
mutative and associative operation. Condensers are useful
to retrieve summarized information from an MDD (eg, the
sum of al columns) substantially reducing the amount of
data transfered over a network. These operations are fully
orthogonal to the query language and can aso be used in
retrieval conditions. A declarative query language on MDD
gives the system a large degree of freedom for query opti-
mization.

RasQL and RasDL present alogical view on MDD data
independent from the actual physical representation on stor-
age media. To enable efficient processing of queries, tiled
storageis utilized [12]. Tiles of an MDD in RasDaMan can
be of arbitrary size with the only restriction that all borders
of multidimensional tiles have to be perpendicular to one
coordinate axes. This opens up possibilities for storage op-
timization like putting frequently accessed datainto onetile
to minimize the number of disk accesses.

During query processing, operationson MDD are broken
down to tiles. A set of operations provided on tiles forms
the basis for executing operationin queries. A formal spec-
ification of the interface to operation execution and a clear
definition of preconditionsfor applicability of operationsis
needed for processing MDD queries. An efficient imple-
mentation is important for the overall performance of the
system.

The remainder of the paper will discuss implementing
operation execution in detail. Section 2 gives a survey of
the RasDaMan system, itsinterface to application program-
mers and the demands on operation execution. A theoreti-
cal foundation for operation execution on tiles is devel oped
in Section 3, forming the basis for a discussion of the im-
plementation in Section 4. Related Work is presented in
Section 5 and Section 6 concludes the paper.

2. The RasDaMan System

This Section gives a short description of the RasDaMan
client/server system. The system is fully implemented and
both server and client are running under HP-UX and So-
laris. Windows NT can be used as platform for clients.

2.1 The RasDaMan Architecture

Operation Execution is integrated in the RasDaMan ar-
chitecture as shown in Figure 1. The client uses the declar-
ative query language RasQL and the C++ API RasLib to
access MDD on the server. The Query Processor at the
server parses queries and transforms them into operator
based query trees. In query trees MDD collections are used
as data sources for MDD objects. The actual data is stored
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Figure 1. Architecture of the RasDaMan
DBMS.

on mass storage in tiles. During query processing logical
and physical optimizations of the query are done [22]. The
Query Processor module executes operations specified in
the query on tiles using functionality of the Operation Exe-
cution module.

The Catalog Manager is used by the Query Processor
and Operation Execution to retrieve type information on
MDD collections, MDD objects and base types of tiles. The
Sorage Manager is responsible for the physical storage of
and efficient access to the actual MDD collections, MDD
objects and tiles. Both these modules use the Base DBMS
Interface to store their datain persistent storage. The com-
mercial ODBMS O, [1] is used as abase DBMS providing
transactions and recovery. The interface to the base DBMS
was designed to be very small to minimize the effort in-
volved in changing the base DBMS. All upper layers work
with classes implemented independently of Os.

2.2 RasDL and RasQL

In the following a short survey of the use of RasDL and
RasQL will be given using examples. Detailed explanations
of RasQL can befoundin[4, 5, 27]. The user definesMDD
types using RasDL as in the following example:

t ypedef struct {
unsi gned char bandl, band2, band3,
band4, band5, band6,
band7 } LSPx;

typedef d_Marray<[0: 5759, 0: 7019], LSPx>
LSl ny;



Added to OMDG ODL is the possibility to specify the
spatial domain of an MDD in C++ template syntax. LS| ng
is defined as a type for MDD of size 5780 x 7020 to hold
Landsat images. The second parameter to the template is
the base type which in the example is a user defined struc-
ture LSPx consisting of seven unsigned 8-hit integer val-
ues, one for each Landsat sensor. The RasDL preproces-
sor importsthisinformation into a RasDaMan database and
creates a C++ include file to use these types in client appli-
cations.

Once these data definitions are imported into the Ras-
DaMan server, the application program can process MDD
utilizing the RasDaMan C++ API. ThisAPI, called RasLib,
is the ODMG-92 C++ hinding extended with classes for
managing persistent MDD. The class r _Marray<> is a
template class for MDD parameterized with the basetype
(eg, LSPx). Spatial domains are stored as objects of class
r _M nterval providing multidimensional interval arith-
metics. Further classes enable the user to iterate through
collectionsof MDD or to begin, abort, commit transactions.
RasLib seamlesdly integrates persistent MDD into the C++
programming language.

Declarative RasQL queries can be executed using
RasLib and results retrieved as C++ objects. An example
guery onacollectionmyLSI ngSet of Landsat imagesfol-
lows:

SELECT i ng[712: 1467, 112: 968] . band7+10
FROM  nyLSI ngSet as iny
VWHERE al | (

i mg[ 712: 1467, 976: 1762] . band1l > 127)

This query in plain language says. “Return band 7 in
my area of interest with intensity raised by 10 of all those
Landsat images where the intensity of every pixel of band 1
in the area of interest is greater than 127" Only the image
areas selected in the query are sent over the network to the
client machine. Due to tiled storage only tiles in the area
of interest have to be read from mass storage. In the above
guery thisis only about 1.5% of total data and this datais
stored closely together on disk in tiles as opposed to being
dispersed over the whole MDD if BLOBs would be used.

To evaluate this query, operations have to be applied on
MDD. The following operations are executed:

e [ 712: 1467, 112: 968] : sdlect a 2-D part from a
2-D MDD.

e . band7 and . band1: access an element of a struc-
ture for each cell of an MDD. The result has the same
gpatial domain asthe original MDD and the type of the
accessed element as basetype (unsi gned char for
elementsbandl and band7 of aLSPx structure).

e +10: add aconstant to every cell of an MDD.

e >127: apply this comparison to every cell. The result
has the same spatial domain and base type bool .

e al | : condense a boolean MDD to a boolean value.
Theresultis TRUE if all cells of the MDD are TRUE.

During query processing, Operation Execution is used to
compute these operations on tiles.

2.3 Operation Execution

Operation Execution is a central component in the Ras-
DaMan system. RasDaMan has specific requirementson its
implementation. Most conventional database queries result
in random disk access, because datais accessed in index or-
der over non-clustered indexes. Random accessto adisk is
several ordersof magnitude slower than the execution speed
of the CPU. Using sequential access to data on the other
hand, a few disks accessed in parallel can easily saturate
a processor so that it does nothing else than just copying
datain main memory [21]. If aDBMS executes more com-
plex operations than just reading data, system performance
is limited by the time the CPU needs to carry out these op-
erations.

In the RasDaMan system this situation is very common:
Tiled storage and query optimization are designed to get
a high percentage of sequential accesses to data on mass
storage. As operationsin RasDaMan are executed on large
amounts of data, CPU overhead becomes a very important
factor for system performance. An efficient implementation
of operation execution is therefore crucia for any DBMS
working with MDD at a high semantic level. OLAP sys-
tems|[8] utilizing ahigh amount of table scansface the same
problem.

RasDaMan enables the user to define his own structured
base types dynamically at runtime of the database server.
Execution of operations therefore has to deal with the ad-
ditional difficulty of dynamically handling new types not
known at compilation time. The selection of applicable op-
erations can only be done at runtime of the system. For
efficient operation execution, this overhead has to be min-
imzed.

3. Formal Moded

As all MDD operations are transfered to operations on
tiles which themselves can be regarded as MDD, the theo-
retical foundation for MDD treatment as defined in [2, 3]
can also be used as the formal basis for query transforma-
tion and tile-based query execution. A summary of thework
presented there is given in the following Subsection to de-
fine the semantics of operations on MDD. The later Sub-
sections develop aformal model as basis for implementing
operation execution on tiles.



3.1 MDD Algebra

The coordinate set of an MDD is called its spatia do-
main. A spatial domain sd consists of a set of integer
vectors z = (z1,...,z4) € Z¢ bounded by two vectors
= (11,...,ld) and h = (hl,...,hd):

We use the following notatation for specifying sd
through ! and h:

Sd:llihl,...,ld:hd

An MDD m is defined as a functionm : sd — T
mapping a vector x € sd to the corresponding cell value
m(xz) € T. T is called the base type of the MDD. Two of
the basic operation types defined on MDD are spatial opera-
tions modifying the spatial domain of an MDD and induced
operations working on cell values of MDD.

Trimming is an operation reducing the spatial domain of
an MDD in adimension s by setting new boundaries!’ and
h' withil, <1’ < h' < hg. The section operation reduces
the dimensionality of a spatial domain by one by fixing a
dimension s to avalue t withl; < ¢t < h,. The section
operationresultsin anew MDD m/' with spatial domain sd’
which is defined as follows:

Sdl :l1 Zhl,...,ls,1 Zhs,1,18+1 Zherl,...,ldChd

m' (1, ...,24-1)) =m((T1,...,Ts_1,t,Ts, .-, Tqg_1))

Induced operations are functions applied on the cell val-
uesinT'. Therearethreekindsof induced operations. unary
operations, binary operations and condense operations. Ap-
plying an unary induced operation f : T' — T onan MDD
m resultsin anew MDD m/' with the same spatial domain.
Itis defined as follows:

m/(z) = f(m(z))

Binary operationsg : 7' x T' — T can be defined simi-
larly on two MDD m; and m». Condense operations are a
higher level construct applying a commutative and associa-
tiveoperationc : T'xT — T onall cell valuesaccumulating
the result. If c iswritten in infix notation ¢; o ¢4, the result
r of condensing c over MDD m with sd = {z1,...,z,} IS
defined as follows:

r =m(z1) om(zz) o...om(zy)

An example for a condense operation is the operation
al | in Section 2.2. Here the boolean operation AND is
applied on al cell values of an MDD with base type BOOL,
resulting in TRUE if all cell values of the MDD are TRUE,
FALSE otherwise.

3.2 Operations on Tiles

In the previous Subsection a formalism defining the
mathematical semantics of operations was presented. The
formal model for executing operations on tiles concentrates
on specifying a formalism as a basis for implementing an
easy-to-use interface used by query processing. For data
types like integers a simple formalism is enough: r =
m1 OPpinary mo. But operations on tiles have to take into
account two fundamental properties every tile of an MDD
has: spatial domain and base type. Thereis no useful def-
inition for applying an unary operation on an operand tile
storing the result in atile with a different dimensionality.
The base types of tiles in an operation are relevant for de-
ciding if this operation is applicable. In the following, a
formalism including these two elements will be developed
and applicability of operationswill be defined.

3.2.1 Spatial Domain

As defined in Section 3.1 the spatial domain of an MDD
can be specified as a set of integer pairs specifying lower
and higher bound of the indexes in the respective dimen-
sion. While in the data type definition of an MDD, one or
both of the boundaries can be |eft open, for every existing
MDD both upper and higher bounds are fixed and can only
be modified by inserting new tilesinto or deleting tiles from
the MDD. Every tile has a fixed spatial domain which can-
not be modified during the lifetime of thetile. The spatia
domain of atileis unique in an MDD, no other tile of the
same MDD can overlap this spatial domain.

The following functions are defined on spatial domains

sd=1 Zhl,...,ld:hd:
dm(sd) = d
low(sd,i) = I;
high(sd,i) = h;
extent(sd,i) = h;—1;+1

Using these functions applicability of unary operations
on operand t,, with spatial domain sd,,, resulting in ¢,
with spatial domain sd,..s is given if the following condi-
tions hold:

dim(sdyes) =
Vi : extent(sdyes, 1) =

dim(sdop) 1)
extent(sdop, ) 2

These conditions can be easily extended to binary oper-
ations. Note that no conditions have to hold for condense
operations as they only return a value and have only one
operand. Thiswill change in the future as it is planned to



implement condense operations which do not return values
but MDD. An example would be to sum up the columns of
a2-D MDD and return a 1-D MDD containing the sums of
its columns.

It is very common, however, that these conditions do not
hold. Examples are the addition of a 2-D tile and a section
of a 3-D tile or building alarge tile as the negation of four
small tiles covering the same area. In these cases the tiles
have to be adapted in such away that the conditionsare ful-
filled. In the following elements for specifying these adap-
tions are introduced. How they are actually doneis decided
by higher level modulesin the RasDaMan system.

If Condition 2 does not hold, then the spatial domain in
the tiles on which to execute the operation has to be speci-
fied. To apply operations only on parts of tiles, the element
t[sdyew] ISintroduced into the formalism. For this construct
to be legal the following conditions have to hold (sd; being
the full spatial domain of thetile):

dim(sd;) = dim(sdpew) (3)
Vi:low(sds,i) < low(sdpew,i) 4
Vi : high(sd, i) > high(sdpew,?) (5)

That is, the domain sd,,.,, Must be contained in sd;.
Now the way of writing down operationsis extended to the
following:

tres[Sdres]
tres[Sdres]
r =

OPunary top[Sdop]
topl [Sdopl] Opbinary top2 [SdOpZ]
Opcondense top[SdOp]

To fulfill Condition 1 there must be away to modify the
dimensionality of atile. Note that a spatial domain of [5:5,
1:10] till is 2-D, only the thickness of thefirst dimensionis
reduced to 1. To reduce the dimensionality of atile, a spe-

cial operation is added which builds a new tile of reduced
dimensionality by fixing the index of one dimension p:

tnew = top () [Sdop]

For this operation the following conditions have to hold:

dim(sd,,) > 1

1<p < dim(sdop)
low(sd,,,p) = high(sd,p,p)
dim(sdpew) = dim(sd,,) —1

These two extensionsto the formalism are the spatial op-
erations on MDD defined in Section 3.1: trimming and sec-
tion. An example for applying operations on tiles using the

formalism is the execution of the following query on two
collections coll1 and coll2 containing one MDD each:

SELECT a[ 50: 150, 0: 100] + b[ 0: 100, 50: 150]
FROM coll1l as a, coll2 as b

MDD a MDD b

0 50 150 0 50 100 150

JEel .
N

150

\aZ\
100 \N}\
150
© 50 100

50

100
Figure 2. Example for operation on two MDD.

The result shall be onetile t,., with aspatial domain of
[0:100,0:100] which is then sent as an MDD to the client.
The tiling of MDD aand b is shown in Figure 2. The hi-
nary operation + on MDD a and b is broken down into 4
operationsontilesay, as, by and bs:

tres[0:50,0:50] = ay[50 :100,0 : 50] +
b1[0 : 50,50 : 100]
tres[0:50,50: 100] = ay[50 : 100,50 : 100] +
b1]0 : 50,100 : 150]
tres[50:100,0: 50 = a([100 : 150,0 : 50] +

by
a2
by

50 : 100, 50 : 100]
100 : 150,50 : 100] +
50 : 100,100 : 150]

tres[50 : 100,50 : 100]

These operations can be executed in any order giving the
optimizer the flexibility to choose the best way to access
thetiles on disk. The subdivision of one operation on MDD
into four operations on tiles offers possibilities for paral-
Ielization of operation execution.

3.22 BaseType

In addition to a spatial domain, each tile has a base type.
The basetypeis necessary to decide if operations are appli-



cableontiles, eg, it is not possible to apply an AND opera-
tion on afloat. The RasDaMan DBM S supports the follow-
ing primitive base types as defined in the ODMG standard:

o floating point numbers: DOUBLE, FLOAT
e signed integers: LONG, SHORT, OCTET
¢ unsignedintegers: ULONG, USHORT, CHAR, BOOL

As opposed to C/C++ the bit length of this data types
is fixed: LONG and ULONG are 32 bit, SHORT and
USHORT are 16 hit and OCTET and CHAR are 8 hit.
BOOL isalogical TRUE/FALSE value. In addition to these
primitive base types, user defined structured base types are
allowed. They can be defined as combinations of primitive
base types or other structured base types. In the formal-
ism, numbers are used to access the elements. The type of
astructure S; can be defined as alist of types (P being the
set of all primitivetypesand S the set of all structured types
defined by the user):

S = {S1,...,5.}
S;i = [Tu,...,T]
T, € PU{S;:j#i}

To make this fully correct, the following rule has to be
added: No element of a structure S; (directly or indirectly)
contains S;. For two structured types R = [Ry, ..., Rp]
and S =[Sy,...,S,] tobeequivalent (R = S) the follow-
ing conditions have to hold:

m = n (6)
Vi:Ri = SZ (7)

Two primitive types are equivalent if they are the same
type: FLOAT = FLOAT, DOUBLE = DOUBLE, but
FLOAT # DOUBLE. The introduction of structured base
types makes it necessary to extend the formalism. It must
be possible to execute an operation only on one element of
structure, eg, to increment the red channel of an RGB im-
age by 10. For this purpose, the common dot syntax from
programming languages is used. The numbers.e; are used
to reference the elements in the formalism. The .e; part
is optional and only applicable to tiles with structured base
types. If itisomitted, the operation is executed on thewhole
structure. The new syntax for operations|ooks like this:

Opunary top-eop[SdOP]
top1-€op[Sdop1] OPsinary
top2-Eop|Sdop2]
OPcondense top-€op[Sdop]

top-op(P)[5dop]

tres-eres[Sdres] =

tres-eres[Sdres] =

re; =

tnew-Cnew =

To discuss the applicability of operations on type com-
binations, first, the operations currently implemented in the
system are explained. The set of operations supported will
be extended in the future. They are classified in the basic
groups of operations as defined in 3.1. Two unary opera-
tions are supported: NOT does a bitwise or logical negation
and IDENTITY copies avalue. Binary operations are fur-
ther subdivided:

e arithmetic operations:. MINUS, PLUS, DIV and
MULT.

e bit operations. AND, OR, XOR.

e comparison operations. EQUAL, LESS,
LESSEQUAL, NOTEQUAL, GREATER, GREATER-
EQUAL.

Two condense operations are supported: ALL returns
TRUE if al cell values are TRUE (see 3.1) and SOME re-
turns TRUE if at least one cell valueis TRUE.

The applicability of these two condense operations is
easy to define: The base types of the operand tile and the
result value have to be BOOL. The unary operation NOT
is applicable to signed and unsigned integers doing bit-
wise negation. If both operand and result are of base type
BOOL, NOT doesalogical NOT. IDENTITY is applicable
to all operand types. The RasDaMan implementation fol-
lows C/C++ in the way it defines legal operations. Even
if the result type is of less precision than the operands,
the operations are applicable. The result then is not the
mathematical result expected, but has to take overflows and
signed/unsigned conversions into account. It is not legal to
have float operands and integer results. Table 1 shows the
applicability of operation IDENTITY.

Result Operand
unsigned unsigned
signed unsigned
unsigned  signed
signed signed
float float
float unsigned
float signed

Table 1. Applicability of IDENTITY

Applicability of binary operations is different for the
three groups of operations. Arithmetic operations follow
the samerules as IDENTITY, the result must be float if one
of the operandsiis float. Bit operations are only applicable
to booleans, signed or unsigned integers. Comparison oper-
ations are applicableto all types, the result always hasto be
BOOL.



Operations can also be applied to user defined structures,
binary operations additionally to one structured and one
primitve operand. The operation is then applied to al el-
ements of the structure. For an operation to be applicableto
STRUCT types two conditions have to hold:

1. Theresult type and the type of the structured operands
must be equivalent.

2. Theoperation must be applicableto all elementsof the
structures.

While the rules for applicability of operations may seem
trivial to a person experienced with C/C++ it is neverthe-
less essential to formally write them down before starting
implementation. Applicability of operations depending on
gpatial domain and type of the operands hasto be defined in
order to specify the functionality of the Operation Execu-
tion module in the RasDaMan system to be used by Query
Execution.

When using the Operation Executionmodule, it isacom-
mon case that the base type of the result tileis not given, eg,
if atile is created as a temporary result during query pro-
cessing. To choose a meaningful base type which avoids
loosing precision as much as possible, rules for determin-
ing a result type from the operand type have to be set. For
unary and condense operations this problem is trivial, the
result should have the same base type as the operand.

For binary operations the problem is more difficult.
Comparison operations always have result type BOOL. For
arithmetic and bit operations, if one of the operands is a
structure, the result must be an equivalent structure, so the
type of this operand can be used as a result type. If the
operands have the same primitive type, it is used as the re-
sult type.

In the case of two different primitive typesthe “ stronger”
typeisused asaresult typeto minimizetheloss of precision
in converting the result to this type. The rulesfor determin-
ing the result type are as follows:

1. If one of the operand types is DOUBLE, the result is
DOUBLE.

2. If one of the operand types is FLOAT, the result is
FLOAT.

3. If one of the operand typesis signed, the result is also
signed. The bit length of the result is the maximum of
the bit length of the operands.

4. If both operands are unsigned, then the result has the
unsigned type with the longer bit length.

Rule 3 saysthat, eg, addition of aUSHORT and aLONG
shouldresultinaULONG. Notethat overflowsare still pos-
sible when executing operations.

4. Implementation

In the previous Section, aformal model for applying op-
erations on tiles of an MDD utilizing the base type and the
spatial domain has been developed, and preconditions for
executing an operation on a set of operands have been de-
fined. The semantics of the operations has not been defined,
but in theimplementation the operations are mapped to C++
operations thereby defining the semantics. Thisis possible
asthe ODMG-92 type system used by RasDaMan is closely
related to the C++ type system. The actua execution of op-
erations on binary data is done by the C++ compiler. The
mapping of RasDaMan operations to C++ operationsis ex-
plained in Section 4.2. The problem of applying operations
in spatial domainsisdiscussed in 4.3. In the following Sub-
section, the implementation of operation execution system
is discussed. A genera overview on the OO design of the
whole RasDaMan system was givenin [12].

4.1 Object Oriented Design

The RasDaMan DBM Sisacomplex software system be-
ing devel oped by ateam over more than two years. To man-
age development of this system, state of the art software en-
gineering techniques were applied. Important goals in the
design of the system were the following:

o Portahility between different OS platforms.

e Maintainability and extensibility of the code, as the
system will be refined and improved over time.

e Modularization into units with a concise, easy to use
interface.

o Efficiency when dealing with huge amounts of data.

The system was designed in an object oriented way and
implemented in C++, making it possible to map the object
oriented conceptsused in design directly to theimplementa-
tion. To leverage the use of C++, not only the basic C++ fea-
tures were used, but also higher level concepts like design
patterns [14] or idioms [9] were applied. Data structures
from the Standard Template Library were used [20] and the
developers were familiar with common C++ programming
techniques[18, 19].

For designing the Operation Execution module, the for-
mal model defined in Section 3 was used as a basis. The
main data structure in operation execution are tiles, so it
was obvious that there should be a class Tile. The spatial
domain and the base type are stored within the Tile objects.
Tofollow theformalism closely, Tile should offer amember
function for executing operations. This member functionis
called on the result tile. One alternative would be to pro-
vide a member function for every possible operation like



execPLUS or execNOT. This was not done for following
reasons:

e The addition of a new operation to the system would
involve modification of the Tile class.

e Thereisagreat amount of code reuse between the dif-
ferent exec methods, eg, the multidimensional iteration
described in 4.3. This code would have been factored
out in ageneral method anyway.

e The code for implementing operations is closely con-
nected to the data types supported and has to be modi-
fied if new datatypes are added to the system.

After taking this into consideration it was decided to of-
fer a set of generic execution functions getting the opera-
tion to execute as a parameter. The minimum set that is
needed are functions for unary, binary and condense opera-
tions. Other parameters needed are the operand tiles and the
spatial domains in which the operation has to be executed.
The member function for executing an unary operation is
the following:

virtual void execUnaryQOp(
Ops:: OpType op,
const r_Mnterval & ar eaRes,
const Tile* opTile,
const r_Mnterval & areaQp );

r Mnterval isaclassfor spatial domains offering
the functions defined in the formal model. This signature
can be extended for binary and condense operations. Bi-
nary operations need a second operand, condense opera-
tions need a cell value to accumulate the result. A call to
execute an unary operation lookslike this:

t _res.execUnaryQp( OP_NOT, sd res,
t_op, sd_op );

This is basically a direct mapping of the formalism de-
fined in the previous Section to C++. These function calls
are the main interface for other modules to Operation Ex-
ecution, al other things explained in the following are in-
ternal to this module. Inside the execution functions the
operation parameter is mapped to a function object execut-
ing the operation on cell values depending on the base types
of result tile and operands as explained in Section 4.2. This
function object thenisappliedto all cell valuesin the spatial
domains as explained in Section 4.3.

Object oriented design was also used in modeling the
type system in the Catalog Manager, which is used exten-
sively in Operation Execution. Therelevant part of the class
hierarchy for types is shown in Figure 3. Base types of
tiles are subclasses of class BaseType containing informa-
tion such as the size or the name of the type. Thereis one

classfor every primitive type of which one global persistent
instance exists. One persistent instance of class Structured-
Type is created for each user defined type storing informa:
tion like name and type of the elements in the structure.
Tiles use references to these objects for storing information
about their base type.

4.2 Function Objects

The member functions of class Tile executing operations
have to apply the correct C++ operation depending on the
types of result and operands. Asthe Catalog Manager man-
ages type information, this selection process should be im-
plemented there. For this purpose a function which returns
afunctionis needed, ie a higher level function as supported
for examplein Lisp [23]. A standard C++ idiom used for
this purpose are function objects [9, 16]. Function objects
are classes with an overloaded oper at or () so objects of
these classes can be used in afunction call syntax.

In C higher level functions could be implemented using
function pointers. One advantage of function objectsis that
they keep a state as they have member variables. In Ras-
DaMan the member variables of a function object contain
pointers to the base types of result and operands. Func-
tion objectsare similar to closures[16] from functional pro-
gramming languages in this respect.

The application of function objects is syntactically very
simple. Inthe execution functions of class Tilethe selection
process for the operation and its application is very easy to
read:

Bi naryQp* nyOp;

nyOp = Ops::getBinaryOp( op, resType,
oplTil e- >get Type(),
op2Ti | e->get Type() );

.(;.rTyOp) (cell Res, cell Opl, cell Op2);

The application of the function object ny Op is donein-
side a multidimensional iteration. Using higher level func-
tions, the selection process for the appropriate function to
be applied has to be done once for each operation on tiles
only, not once for each cell.

The type of the function object (BinaryOp, UnaryOp or
CondenseOp) is the only knowledge the class Tile has to
have about the operations it executes. All the other infor-
mation needed is in the Catalog Manager stored together
with the closely related information on types in the system.
This design minimizes code changesto modulesdirectly af -
fected by, eg, adding a new primitivetypeto the RasDaMan
system.

Using the function object idiom, execution of operations
on structures needs minimal additional code. The function
objects for operations on structures simply apply function
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Figure 3. Class model for types.

objects on primitive typesto all elements of the structure. It
is not necessary to implement function objects specific for
each structure.

Inside the function objects, operations are executed in
C++ statements on the appropriate C++ types. Consider-
ing the primitive types supported in the RasDaMan system,
there are a lot of possible type combinations on which to
execute operations. There are nine primitive types, every
binary operation takes 3 types, every unary or condense op-
eration 2 types. So there are 9% possible type combinations
each for 13 binary operations and 92 combinations for 4
unary and condense operations making atotal of 9801 com-
binations. It is not practical to implement that many func-
tionsin a program. Even if the source code would be gen-
erated, the object code would get an unhandy size and com-
pilation and linking would take extremely long.

To reduce the number of possible combinations opera-
tions are executed on three C++ types only: double, long
and unsigned long. These are the highest precision typesin
the three groups of primitive types. floating point number,
signed and unsigned integers. So no precision is lost when
using these types for executing operations. Efficiency does
not degenerate, because current CPUs are optimized for the
execution of 32bit operations. Every primitive type knows
how to convert a cell of its type to a C++ type according to
Figure 4.

Using this technique every operation needsto have three
implementations for the different C++ base types, eg, Op-
PLUSCDouble, OPPlusCLong, OPPlusCULong. Imple-
menting the 17 RasDaMan operations then needs a maxi-
mum of 51 C++ functions carrying out the work. In each of
these functions, member functions of the types in the type
hierarchy (see Figure 3) are executed to convert acell value
to the appropriate one of those three types.

4.3 Multidimensional Iteration

To execute the function objects on all relevant cells the
execution functionshaveto iterate through aspatial domain.

As RasDaMan supports arbitrary dimensionalities of tiles,
the dimensionality has to be aloop variable also. The basic
algorithm for multidimensional iterationsis very smple:

1. Increment the lowest dimension.

2. If the highest index in the current dimensions is not
exceeded, we are done.

3. Otherwiseincrement the next higher dimension and set
the previous dimension to the lowest index. Check 2

again.

4. If the dimension we want to increment is outside the
dimensionality, we have iterated through everything.

For every iteration a 1-D offset into the tile has to be
calculated from the multidimensional coordinate. This pro-
cess involves iterating through the dimensions again and
calculating differences to the origin of the tile and multi-
plying them. All these operations are done using a the class
r_Mnterval.

The first versions of the RasDaMan system used a
straight forward implementation of these algorithms as de-
scribed above. Performance analysis done on operation ex-
ecution showed that most of the time used was spent in the
multidimensional iteration. Setting the optimization of the
compiler to a higher level gave better results, but still not
satisfying. Further optimization was done by making criti-
cal functionsinline to save the function call overhead. An-
other optimization isto not recalculate the 1-D offset if only
the lowest coordinate has been incremented, but to just in-
crement the offset. Only after these steps an acceptable per-
formance level was reached.

Compare this to a standard C solution iterating through
a 2-D array: The code usually fits in the processor cache,
there are no function calls or loops to do the offset cal-
culation. Current compilers optimize this code very well,
the programmer does not have to tune its code carefully for
good performance. Thisis different if more complex prob-
lems are tackled with the more expressive C++ language.
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In this case it is the responsibility of the developer to use
the features of the C++ language in a way that does not
drastically worsen the performance of the generated code.
The higher expressiveness of C++, which is of great advan-
tage when dealing with complex problems, comes at a cost
of giving more responsibility regarding performance to the
programmer.

5. Related Work

Executing operations on data is almost a definition of
computer science. Considered relevant for the work de-
scribed in this paper is the work done in programming
languages and database systems. Compiled and inter-
preted programming languages are examined, database sys-
tems are subdivided into relational systems (RDBMYS), ob-
ject database management systems (ODBMS) and object-
relational systems (ORDBMS).

Programming languages which can be compiled into ef-
ficient code are usually statically typed, ie the type of ev-
ery variable is known at compile time. The correct code
for executing operations then can be generated at compile
time, the efficiency of this step is not relevant to the runtime
performance of the program. In C++ [11, 25, 26] runtime
polymorphism is supported, but still all types are known at
compile time and polymorphic operations can be resolved
by just adding alevel of indirection (the virtual function ta-
ble). Interpreted languages usually are dynamically typed
like Smalltalk [15] or Lisp [23]. The selection of code to
execute an operation is done at runtime, as the types of
variables are not known before. This process must be done
every time an operation is executed, only recently systems
empl oy just-in-time compilation to reduce this overhead. In
genera, interpreted systems are not adequate for executing
operations on large amounts of data.

RDBMSs[10] support alimited set of datatypes defined
in the SQL-92 standard [6], support for these data typesis
compiled into the kernel. The system does not have to deal
with user defined types and can be tuned very well for effi-
ciency. By far, most commercial ODBMSs [17] are per-
sistent C++ systems. The ODBMS server just stores the

attributes of objects, he cannot execute user defined oper-
ations on them. Execution of operationsis completely done
at the client, which means that all data to be processed has
to be sent to the client.

ORDBMSs [24] extend the relational model with user
defined data types. The interface between the data types
and the declarative query language is small, only functions
and access to elements of the new data types are possible.
Extending the syntax of the query language like done in
RasQL is not possible. User defined functions are usually
interfaced with an ORDBMS by dynamically linking them
to the DBMS server. This has the severe disadvantage that
user code can corrupt the server code asit is running in the
same adress space.

The aim in the RasDaMan project was to build aDBMS
for managing MDD offering an extensible type system. The
implementation effort necessary to offer compilation of op-
erations in queries to efficiently execute them is much too
high in this context. Execution of operations at the client
should be avoided, as huge amounts of data are examined
in typical applications working on MDD. The work done
in ORDBMS is relevant for RasDaMan, but the limita-
tions of the object relational concept are too restrictive for
a DBMS supporting general MDD indepedent of a specific
application area. Therefore RasDaMan chose to use object-
oriented design and C++ constructs to efficiently implement
operation execution with dynamic user defined types.

6. Conclusion

In this paper operation execution on tiles of multidimen-
sional arrays in the RasDaMan system was discussed. This
is a necessary precondition for the implementation of sci-
entific database systems handling multidimensional arrays
at a high semantic level. The RasDaMan system differs
from work done on operation execution in two important
points. First it supports user defined structures which can
be added at runtime to a database system and second it sup-
ports a declarative query language embedding multidimen-
sional arraysinto SQL-92. A theoretical model has been de-
veloped for the execution of operationson tiles. This model



used the work already done on operationson MDD for Ras-
DaMan and was designed with object-oriented implemen-
tation in mind.

Efficiency was a key design target for the implementa-
tion, as the operations have to be applied to large amounts
of data. Another design goal was to offer an easy to use and
small interface to other modules in the RasDaMan system
and at the same time keep the system extensible towards
new operations and primitive types. All of these targets
could be achieved to a high degree by using the C++ pro-
gramming language. The object oriented features allowed
to trandlate the theoretical model almost directly to the im-
plementation. The interface is small, but flexible enough to
support an arbitrary number of operations and data types.
Extension of the system is possible, code changes are local-
ized to a few classes. The function object idiom could be
used to minimize the runtime overhead of executing oper-
ations in a dynamically typed system. The compiler opti-
mization and inline functions helped to make critical func-
tions more efficient.

Using object oriented implementation techniques, it was
possible to evaluate the efficiency of the implementation
very early in the development. First, performance evalua-
tions have been done using tiles in main memory and the
interface for executing operations stand alone. During these
tests, some performance bottlenecks have been discovered.
But the RasDaMan system as a running system offers the
possibility to evaluate the implementation in a complete
system using MDD stored in the database and evaluating
RasQL queries as opposed to executing single operations
only. Performance measurements done on the whole system
will result in possibilities for further optimizing operation
execution and also the interaction between query optimiza-
tion, operation execution and access to the base DBMS.
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