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above deficiencies inhere in the fundamental properties of the record-based
table structure, in particular, the requirement that the positioning of
each field be made co-linear with a11 other fields in the same 5 record.
This arbitrary positioning of fields in record-based table structures
excludes a11 other arrangements. It thus obscures natural and exploitable
latent data relationships that are revealed by more ordered, condensed and
efficient data arrangements. Moreover, the inability of record-based 10
tables to effectively group or sort data leads to negative characteristics
of state of the art DBMS's such as unorderedness) redundancy,
cumbersomeness, algorithmic inefficiencies and performance instabilities.
Database research provides palliatives for these 15 problems, but fails to
uncover and address their underlying . cause (i.e.) the reliance on
record-based table structures). For example, the inability to represent a
natural, multidimensional grouping within the confines of a record-based
table structure has led to the creation of index-based data 20 structures.
These supplementary structures are inherently and often massively
redundant, but they establish groupings and orderings that cannot be
directly represented using a conventional table. Index-based structures
typically grow to be overly lengthy, convoluted and are cumbersome to
maintain, 25 optimize and especially update. Examples of common indexes are
b-trees, t-trees, star-indexes, and various bit maps. Other supplementary
structures developed in the prior art have different drawbacks. For
example, hash tables can provide rapid querying of individual data items)
but 30 their lack of sort ordering render them unsuitable for range queries
or for any other operation that requires returning data in a specific
order. The ability to maintain an ordered, non-redundant, mufti-dimensional
data set, using flexible sorting and/or 35 grouping criteria, is extremely
useful to database management. Sorted data makes rapid searching and
updating possible via, for example, binary search algorithms and    ~1 3
D.EC 2002 WO 00/03335 PCTNS99/15431 insertion sorts. Grouped data enables
condensation thatreduces space requirements and further increases the
speedof, for example, searching and updating.A system of data storage in
which most or all5columns of a data table can be stored in grouped
and/orsorted order is thus extremely desirable. Previous studieshave
investigated "fully inverted databases," which indexeach column through
traditional methods, preserving a11 theinadequacies of records and indexes.
Additionally, the10bloated storage requirements necessary to
accommodate-complete indexing tend to make fully inverted
databasesimpractical, especially, but not only, in main
memorydatabases.Z5SUMMARY OF THE INVENTIONIt is therefore an object of the
present inventionto provide a fully or partially ordered (e. g., grouped
and/orsorted) database without the deficiencies characteristic ofthe prior
art, as mentioned above.20Briefly, instead of structuring a database as
atable in which each row is a record and each column containsthe fields in
the record, as in earlier databases, thepresent invention permutes or
otherwise modifies the columnsto provide an advantage in, for example,
space usage and/or25speed of access, such that the rows no longer
necessarily',~correspond to individual records. For example, one
suchmodification is to condense the column by eliminatingredundant values
(which reduces memory usage); another issort-ordering the column, ensuring
that value groups will3oalways appear in some particular order (which can
greatlyreduce the time required to search a column for a particularvalue);
still another is to both condense and sort a column.other permutations and
modifications with other advantagesare also possible. The table of
permuted/modified values is35referred to herein as the "value
table."Logically, though not necessarily physically,separate data
structures provide the information needed to - 3  



.9 3 DEC 2002  WO 00/03335 - PCfNS99115431 reconstruct the "records" in the
database. In particular,they provide "instance" and "connectivity"
information, whereinstance information identifies the instances of each
valuein the field that is in a record and connectivity
information5associates each instance with a specific instance of a valuein
at least one other field.In one embodiment of the invention, both
theinstance and connectivity information is provided in a table,referred to
herein as the "instance table." Each column inl0the instance table
corresponds to an attribute of the recordsin the database and is associated
with a column in the valuetable that contains the values for that attribute
(andpossibly other attributes). Each cell (row/column location)in the
instance table has a position (in one embodiment of15the invention, its row
number) and an instance value (thecontents of the cell). An associated cell
in the associatedcolumn of the value table is derived from each
instancecell's position. Also, an associated instance cell inanother column
of the instance table that belongs to the same20record is derived from each
instance cell's instance value.Thus, in this embodiment, an instance cell's
positionidentifies the value which the cell is an instance of and
aninstance cell's contents provides the connectivityinformation associating
the instance with another instance25cell in another field. A record can
then be reconstructedstarting at a cell in the instance table by deriving,
fromthe cell's position, the associated value cell in the valuetable and,
from the cell's instance value, the position ofthe associated instance
cell, and repeating this process at30the associated instance cell and so
forth, with a last cellin the chain providing, in one embodiment, the
correspondingposition of the starting cell.If a column of the value table
is sorted but notcondensed, the value table column and the associated
column35in the instance table has, in one embodiment of theinvention, the
same number of rows. An instance cell'sassociated value cell is, in this
one embodiment, the value _ q _   ,1 3 DEC 2002 WO 00l03335 PCTNS99/15431
cell in the associated value table column having the same row number as the
instance cell. An instance cell's associated instance cell (i.e., cell in
another column of the instance table belonging to the same record) is the
cell in a 5 specified column having the row number given by the instance
cell's instance value. In one embodiment, the specified column is the next
column in the instance table with the last column referring back to the
first column. For example) if column 1 of the value table is uncondensed
and, after to permutation, column 1, row 2 and column 2, row 5 of the value
table belong to the same record and an instance of column 2, row 5 is at
column 2, row 5 of the instance table, the instance table at column 1, row
2 would contain the number 5 (indicating that row 5 of the next column
belongs to the same Z5 recordj. If a value table column is condensed, there
is in general no longer a one-to-one correspondence between that column and
an instance table column that is associated with it. In this case, a table,
referred to herein as a 20 "displacement table," is provided that, in one
embodiment of the invention, has a column for each instance table column
associated with a condensed value table column and specifies the range of
instance table row numbers associated with each row of the value table
column. The value cell associated 25 with an instance cell is then
determined by the corresponding displacement table column based on the
instance cell's position (row number). In one embodiment, a displacement
table column has the sane number of rows as an associated value table
column with each cell in the displacement table 3o providing the first row
number in the range of instance table row numbers associated with the
corresponding value cell. Alternatively, each cell in the displacement
table could, for example, provide the last raw number in the range of
instance table row numbers, the total number of rows in the range, or 35
some other value from which it is possible to derive the range of instance
table row numbers associated with each value cell (i.e., the instances of
each value). - 5    ,~ 3 D.EC 2002 ' wo ooro~s Pcrmsr~n sa3~ 



One drawback of the displacement table, as justdescribed, is that searching
the displacement table for thevalue cell corresponding to an instance cell
slows recordreconstruction. This drawback is addressed in still
another5embodiment of the invention in which the instance value of
aninstance cell whose associated instance cell is in a columnhaving a
displacement column is set to the position of thevalue cell associated with
the associated instance cell (asopposed to the position of the associated
instance cell10itself, as in the embodiment described above). The value
ofthe associated instance cell is then directly obtainablewithout a search
of the displacement table. In thisembodiment, a table, referred to herein
as an "occurrencetable," provides information for determining the
associated15instance cell.In one embodiment of the occurrence table,
eachcolumn in the instance table that has cells with instancevalues as just
described has an associated column in theoccurrence table that has the same
number of rows. A cell in20the occurrence table is associated with a cell
in theinstance table based, in this embodiment, on its position
andspecifies an offset. The offset is added to the first rownumber in the
range of instance table row numbers associatedwith the value cell to arrive
at the associated instance25cell. The first row number is derived from the
displacementtable based on the instance value of the instance cell.
Theconnectivity information for an instance cell is thusprovided in this
embodiment by the instance cell's contents,the occurrence table and the
displacement table.30The data structures described herein may be) butneed
not be, entirely in RAN or distributed across a networkcomprised of a
multiplicity of data processors. They mayalso be implemented in a variety
of ways and the inventionherein is in no way limited to the examples given
of35particular implementations. For example one embodiment mayinvolve only
partly storing the data set using the computer-implemented database and
methods described herein, with the - 6    ,. ,1 3 DEC 2002 WO 00/3335
PGTIUS99/15431 remainder stored using traditional table-based methods.
Information may be stored in various formats and the invention is not
limited to any particular format. The contents of particular columns may be
represented by 5 functions or by functions in combination with other stored
information or by stored information in any form, including bitmaps. More
generally, while the value, instance, displacement and occurrence tables
have been described as 10 "tables" having rows, columns and cells, the
invention is not limited to such structures. Any computerized data
structure for storing the information in these tables may be used. For
example, the value table described above is a specif is example of a "value
store" (i.e., it stores the data values 15 representing the user-view
values of information in the database); the instance table is a specific
example of an "instance store" and a "connectivity store" (i.e., it both
identifies instances of data items in the value store and represents
relationships among instances of data items in the 20 value store); and the
displacement table is a specific example of a "cardinality store" (i.e., it
represents the frequency of occurrence of equal instances of data values).
The columns of a table are specific examples of a "list" or, more
generally, a "set." A "set,' for the purposes of the 25 present invention,
comprises one or more "elements," each having a value or values and a
"position," where the position specifies the location of the element within
the set. In the discussion above, a "cell" in a column of a table is an
example of an "element" and its position in the set is its 30 raoa number .
Furthermore, although the embodiments described herein refer to and
~sanipulate traditional "records", the invention is not limited to records
and is generally applicable to represent relationships between data values.
35 A11 such variations are alternate embodiments of this invention. Typical
database operations supported by the   J 3 DEC 2002 WO 60/03335
PC'!'NS99/15431 



database system of the present invention include, but are not limited to:
1) reconstructing physical records, 2) finding records matching query
criteria, 5 3) joining tables in standard ways, 4) deleting and/or adding
records) 5) modifying existing records, and 6j combinations of these and
other standard database operations to perform useful tasks. 10The present
invention provides a new and efficientway of structuring databases enabling
eff iciest query andupdate processing, reduced database storage
requirements, andsimplified database organization and maintenance.
Ratherthan achieve orderedness through increasing redundancy
(i.e.,15superimposing an ordered data representation on top of theoriginal
unordered representation of the same data), thepresent invention eliminates
redundancy on a fundamentallevel. This reduces storage requirements, in
turn enablingmore data to be concurrently stored in RAM
(enhancing20application performance and reducing hardware costs) andspeeds
up transmission of databases across communicationnetworks, making
high-speed main-memory databases practicalfor a wide spectrum of business
and scientific applications.Fast query processing is possible without the
overhead found25in a fully inverted database (such as excessive memory`
~usage). Furthermore, with the data structures of the present_invention,
data is much more easily manipulated than intraditional databases, often
requiring only that certainentries in the instance table be changed, with
no copying of30data. Database operations in general are thus more
efficientusing the present invention. In addition, certain operationssuch
as histographic analysis, data compression, and multipleorderings, which
are computationally intensive in record-oriented structures, are obtainable
i~ediately from the35structures described herein. The invention also
providesimproved processing in parallel computing environments.The database
system of the present invention can be _ g _   ,1 3 DEC 2002 WO 00/03335
PCTNS99/15431 used as a back-end for an efficient database compatible with
almost any database front-end employing industry standard middleware (e.
g., Microsoft's Open Database Connectivity (ODBC) or Microsoft's Active-X
Data Objects (ADO)) and will 5 provide almost drop-in compatibility with
the large corpus of existing database software. Alternatively, a native
standalone engine can be directly implemented, via, for example, C++
functions) templates and/or class libraries. Implemented either as a
back-end to middleware or as a stand-alone 10 engine,_this invention
provides a database that looks familiar to the user, but which is managed
internally in a novel and efficient manner. 15 20 25 30 35 _ g _   ~1 3 DEC
2002 WO 00I03335 



PCT/US99/15431 BRIEF DESCRIPTION OF THE DRA~TINGS FIG. 1 is a block diagram
of one embodiment of the present invention. FIG. 2 illustrates a simple
ring topology. FIG. 3 illustrates a topology having subrings with a bridge
field. FIG. 4 illustrates a "star" topology. FIG. 5 is a flowchart
illustrating a routine that iD finds the value table cell associated with
an instance table cell. FIG. 6 illustrates a routine that determines
thei_row of the next column where the current column is V/o split.FIG. 7 is
a flowchart illustrating the mapping of a15records topology data into a
linear array.FIG. 8 is a flowchart illustrating the process ofwriting a
linearized record topology into an instance table.FIG. 9 is a flowchart
illustrating the interchangeof the cells of two records in the instance
table.20FIG. 10 is a flowchart illustrating swapping a livefor a deleted
cell.FIG. i~ is a flowchart illustrating finding theundeleted cell (if any)
immediately adjoining the deletedcells) (if any) for a given value's
instance cells in the25instance table.FIG. 12 is a flowchart illustrating
moving a free(deleted instance) cell in the instance table from itsoriginal
associated value to the immediately preceding value.FIG. I3 is a flowchart
illustrating ruoving a free30(deleted instance] cell in the instance table
from itsoriginal associated value to the immediately following value.FIG.
i4 is a flowchart illustrating determining thetotal nuaber of instances
(including deleted instances) for agiven value.35FIG. 15 is a flowchart
illustrating the deletion ofa previously live instance cell in the instance
table. - 10    ,1 3 DEC 2002 Hrp Ap/~pg335 PCTNS99/1543i FIG. 16 is a
flowchart illustrating the insertion of a new value into a value table
column, when the pointers into that column are not V/O split. FIG. 17 is a
flowchart illustrating the insertion 5 of a new value into a value table
column, when the pointers into that column are V/O split. FIG. 18 is a
flowchart illustrating the assignment of a free (deleted) instance table
cell to a given value in the value table. l0 FIG. 1s is a block diagram
illustrating the steps in a delete record operation. FIG. 20 is a block
diagram illustrating the steps in an add record operation. FIG. 21 is a
block diagram illustrating the steps 15 in a modify record operation. -
FIG. 22 is a block diagram illustrating the steps in a query operation.
FIG. 23 is a block diagram illustrating the steps in a join operation. 20
25 ,, _ 30 35 - 11  



,1 3 DEC 2002 WO 00I03335 PC?NS99/15431 DETAI>;ED DEBCRIPTIOD1 FIG. 1
illustrates the basic hardware setup of anembodiment of the present
invention. Program store 4 is astorage device) such as a hard disk,
containing the software5that performs the functions of the database system
of thepresent invention. This software includes, for example, theroutines
for generating the data structures of the underlyingdatabase and for
reformatting legacy databases, such as thosein record-oriented files, into
those data structures. In10addition, the software includes the routines for
manipulatingand accessing the database, such as query, delete, add,modify
and join routines. Data files are stored in storagedevice 2 and contain the
data associated with one or moredatabases. Data files may be formatted as
binary images of15the data structures herein or as record-oriented
files.Program store 4 and storage device 2 may be different partsof a
single storage device. The software in program store 4is executed by
processor 5, having random access memory (RAM)7. The selection of the tasks
to be performed by the20database system is determined by a user at user
station 6.In the following discussion, the term "pointer" isused in a
general sense to include both the C/C++ languagemeaning (a variable
containing a memory address) and, moregenerally, any data type which is
used to uniquely describe a25location in storage, whether that storage be
RAM, disk, etc.A pointer implemented as an integer offset from the
beginningof a given data structure will perform the same function as aC/C++
pointer while advantageously requiring less storage.The terms memory and
storage, used herein, mean any30electronic, optical or other means of
storing data.The term multi-dimensional is used herein in amathematical or
quasi-mathematical sense to refer to a viewof the data in which an n-column
record-based table is considered to occupy an n-dimensional vector space.
It is 35 not used in its narrower sense, sometimes used in data warehousing
and on-Line Analytical Processing (flLAP), where n~ulti-dimensionality
refers to multiple layers of data - I2    ~1 3 DEC 2D02 WO 00/03335
PCTNS99/15431 analysis. Basic Database StructureRecord-based tables, in
which each row represents a5record and each column is a field in the
record, are commonlyused in state of the art databases. A database in
accordancewith the present invention differs from this known structure.In
one embodiment, the database is divided into two basicdata structures; an
uncondensed value table and an instancetotable. The value table contains
the same data instances asprior art databases, but each column may be
permuted orotherwise changed and thus a row no longer
necessarilycorresponds to a particular record. In accordance with
thisembodiment, the instance table provides the means for15reconstructing
the records from the value table.Specifically) in one embodiment, the
instance table has thesame number of rows and columns as the uncondensed
valuetable and each cell (i.e., row/column location) in theinstance table
contains the row number for the next field in20the same record ("next"
being defined below). Thus, thevalue of the next field of the record
containingValue Table(r, c), Where r and c are the row and column of
aparticular location in the value table, isValue Table(Instance Table(r,
c), next(c)), where25Instance Table(r, c) is the row number of the next
field.The function next(c) obtains the next column from the currentone. In
one embodiment of the present invention using a ringtopology, next(c) -
((c+1) mod n), where n is the number ofcolumns and the columns are numbered
from 0 to n-1 (zero-30based indexing). In an alternate embodiment
(columnsnumbered 1 to n), next(c) - c mod n + 1. A wide variety
oftopologies are possible, each having a corresponding next(c)function. For
example, below is a database in the standard 35 one-record-per-row format,
with 1-based row numbering: - 13    ,1 3 DEC 2002 WO 00/03335 PRIOR ART
DATABASE: PCTIUS99115431 Record #ENGLISH (col. 0)SPANISH (col. 1)GERMAN 



(col. 3)TYPE (col. 4)PARITY (col.
5)1OneUnoEinsUnitOdd2TwoDosZweiPrimeEven53ThreeTresDreiPrimeOdd4PourCuatroV
erPower2Even5FiveCincoFuenfPrimeOdd6 ~Six /Ses ~Sechs ~Compose /Even- The
corresponding value and instance tables IO arranged in accordance with a
specific embodiment of the present invention are: VALUE TABLE: 15 20 25 ,_
Row #ENGLISH (col. 0)SPANISH (col. 1)GERMAN (col. 2)TYPE (col. 3)PARITY
(col.
4)1FiveCincoDreiComposEven2FourCuatroEinsPower2Even3OneDosFuenfPrimeEven4Si
xSesSechsPrime]Odd5ThreeTresVierPrimeOdd6TwoUnoZweiUnitOdd II~iSTANCE TABLE
Row #ENGLISH (col. 0)SPANISH (col. 1)GERMAN (col. 2)TYPE (col. 3)PARITY
(col. 4)11343622562236651444415355Z265632341 The value table shown above is
created by sorting each column) in this case, in alphabetical order. For
explanatory purposes only, a superscript has been placed next to each value
to indicate its record number in the original database. 35 After sorting
the columns, a row of the value table will not generally correspond to a
single record in the - I4  



~1 3 DEC 2002 WO 00/b3335 PCT/US99/15431 original database. The instance
table however provides theinformation necessary to reconstruct those
records to thetraditional external record view. Specifically, each
cell(i.e., row/column location) in the instance table is5associated, in the
above embodiment, with a single record.The cell with the same row/column
location in the value tablecontains the value of the record for the field
associatedwith the column. The instance table cell itself contains therow
number of the next field of the record.10For example, suppose the record
containing row 1 ofthe "English" column (column 0) of the instance table is
tobe reconstructed. The associated cell in the value table(i.e., row 1,
column 0) contains the value "Five". Takingthe other fields (or columns) in
order, first the row of the15"Spanish" column (column 1) belonging to the
same record asrow T of the "English" column (column 0) is determined.
Theinformation is provided by the instance table at row Z/column0, which in
this case contains the number 1, meaning row "1"of the Spanish column is in
the same record as row "1" of the20English column. Next, to detenaine the
row of the "German"column (column 2) from the same recoYd as row "1" of
theSpanish column (column 1)) row 1/column 1 in the instancetable is read,
which contains the number 3, meaning row "3"of the "German" column is from
the same record. Tracing this25record through, row 3 of the "German" column
(column 2) int~~the instance table provides the row of the "Type"
column(colu~an 3) in the sane record and it contains the number 5
--a~eaning row "5" of the "Type" column is from the same recordas row 3 of
the "German" column. Row 5 of the "Type" colu~an30(column 3) indicates that
the corresponding row in the"Parity" colu~an (column d) is row 6. Finally)
row 6 of the"Parity" column (column d) in the instance table, which isthe
last column in the table, indicates that thecorresponding row from the
"English" column, the first column35in the table (column O), is row 1,
which is where the processstarted.' This is due to the ring topology used
in thisexample. - ~5    ,7 3 DEC 2002 WO 0103335 PCTNS99/I543I Thus, in
accordance with the embodiment illustrated above, each row/column location
in the instance table contains the row number in the next column which
belongs to the same record, with the last column containing the row 5
number of the same record in the first column. The links between the
row/column locations belonging to the same record would, in this
embodiment, form a ring through the instance table, as illustrated in Fig.
2. As this ring is traversed, directly corresponding row/column locations
in the value l0 table allow recovery of each field's value. Topologies
other than a ring nay be used in alternate embodiments of the present
invention. Generation of Value and Instance Tables from Record-Oriented
Data15Value and instance tables can be generated inaccordance with the
present invention using the data in a ,prior art record-oriented database
format.First, the value table is created by permuting orotherwise changing
the data in each column of the original20database. Examples of changes in a
value table column aresort ordering the data and grouping like values
together.Different columns may be permuted or changed differently. Asort
order should be chosen based on~its usefulness fordisplay or retrieval
purposes in actual applications. The25requirement for a potential sort
order is that it have acomputable predicate which orders the values. Some
colu~unsmay remain unsorted. In the example above, a11 columns weresorted
in alphabetic order.In one embodiment, during this first step, a3otemporary
intermediate table is created that facilitatesgeneration of the instance
table in the second step below.The intermediate table, in this embodiment,
has rows thatcorrespond to records) as in the original prior art
database,and colu~ans that indicate the permuted position of
the~5corresponding field in the value table. The intermediatetable for the
above exa~aple (in which the permutations are - 16    ~1 3 DEC 2002 ' WO
00/03335 sort orderings) is as follows: INTERMEDIATE TABLE: PCT/US99/15431
5Record ,~ENGLISH (col. 0)SPANISH 



(col. 1)GERMAN (col. 2)TYPE (col. 3)PARITY (col.
4)13626426363135514542252251135664j4413 10  Thus, for example, the
intermediate table indicates that the "English" field for the original
record 5 is in row 1 of the value table, the "Spanish" field for record 5
is in row 1 of `. the value table, the "German" field far record 5 is in
row 3 15 of the value table, the "Type" field for record 5 is in row 5 of
the value table and the "parity" field for record 5 is in row 6 of the
value table. In accordance with this embodiment, the instance table is then
determined as follows: 20 Instance_Table(Intermediate Table(r, c), c)
Intermediate Table(r, next(c)), for each row r and column c in the
intermediate table and where next(c) is defined above. In other words, each
cell in the intermediate table specifies a row of the corresponding 25
column in the instance table; that row in the instance table receives the
value in the next column of the intermediate table. For example, referring
to record number 5 in the example above) the "English" field (column 0) in
the 3o intermediate table contains the number 1 and the next field,
"Spanish," (column 1j also contains the number 1. Based on this
information, the value 1 (i.e., the row number of the "Spanish" field of
record 5 in the sorted value tablej is placed in row 1 of the instance
table (i.e., the location of 35 ~e "~9lish" field of record 5 in the sorted
value tablej. Row 1 of the "Spanish" field in the instance table is set to
the value in the "German" field (column 2j of record number 5 - 17    ,1 3
pEC 2002 WO 00/03335 PCT/US99/15431 in the intermediate table (i.e., the
value 3), which corresponds to the row number of the "German" field in the
sorted value table. This process is repeated for each field, again with the
last field wrapping around to the first field. 5 A person skilled in the
art will recognize that there are equivalent algorithms, some possibly
avoiding the use of an intermediate table, for generating the instance
table) and the present invention is not limited to the algorithm shown
here. 10 ' Condensed Value Table In certain situations, the data in the
value table may be more efficiently represented in terms of space (e. g., `
~ memory or disk usage) if certain columns are "condensed" by 



15 eliminating redundant values. For example) in the value table above, the
"Parity" ffield has only two different values ("Even" and "Odd") and the
"Type" field has only four different values ("Compos", "Power2", "Prime"
and "Unit"). (The number of unique values for a given field is called its
20 "cardinality.") Accordingly, in a preferred embodiment of the present
invention, redundancy can be eliminated by constructing a condensed value
table, which for the example above is as follows: 25 CONDENSED VALUE TABLE:
Row ,~ENGLISH (col. 0)SPANISH (col. 1)GERMAN (col. 2)TYPE (col. 3)PARITY
(col. 4)1FiveCincoDreiComposiEven2FourCuatroE
nsPower2Odd3oneDosFuenfPrime304SixSesSechsUnit5ThreeTresVier6TwoUnoZwei To
realize this space savings, the storage for the valve table must be
allocated in the appropriate manner; for 35 example, allocating each column
as a separate vector or list, as opposed to allocating the table as a
two-dimensional array. In addition) the changes applied to the columns - 18
1 3 ULC 2002 WO 00/03335 PCT/US99/15431 _ should group equal values
together. In order to retain the original information of the uncondensed
value table, an additional structure, referred to herein as a
"displacement" table, is provided in a preferred 5 embodiment. In one
embodiment of the present invention, the displacement table provides either
the first or the last row number at which each unique value in a column
occurs in the original uncondensed value table (referred to herein as
"first row number" and "last row number" format, 10 respectively). For
example, the displacement table for the condensed value table above is as
follows (in "first row number" format DISPLACEMENT TABLE: 15Row ~ENGLISH
SPANISH GERMANTYPEPARITY1(no condensation, so no112displacement table
columns24for ENGLISH, SPANISH, or34G~)65 206 The-"Parity" column of the
displacement table thus indicates that the value in the first row of the
condensed 



value table (i.e., "Even") was in row 1 of the uncondensed value table
(that is, the value "Even" first appeared in row 25 1) and the value in the
second row of the condensed value table (i.e.) "Odd"j first appeared in row
4 of the uncondensed value table. Alternatively, the record counts for each
value may be stored in the displacement table With the first row for each
value being arithmetically derived, or 3o S~ arith~aetic combination of the
count and displacewent may be used. A column having field width W bytes and
cardinality C fi.e.) C unique values) is represented by a "condensed"
column of unique values, together with a displacement table 35 of integer
values (row numbers) of size P bytes in W*C + P*C bytes of RAIN, whereas
storage of the uncondensed column - 19    _ ,1 3 DEC 2002 WO 001A3335
PCT/US99/15431 requires W*N bytes (where N is the number of records). Thus,
where W*C + p*C < W*N, or C < N/(1 + p/W), 5 this type of compression is
beneficial. The condensed columns in this embodiment generally destroys the
one-to-one correspondence between the cells (i.e.) row/column locations) of
the instance table and the cells of the value table. Thus, during record 10
reconstruction, the value for a cell cannot be retrieved when traversing
the instance table simply by looking at the value in the value table at the
same row/column location. For :"~ example, there is no longer a cell in the
value table at the a same row/column location as column 3 ("Type"), row 5
of the 15 instance table in the example above. Instead) in accordance with
a preferred embodiment, the value of the field associated with Instance
Table(r) c), where c is a condensed column, is given by Value Table(disp
row num, c), where disp row num is the row 20 number of the cell in the
displacement table for the c"' column for which Displacement Table(disp row
num, c) <= r < Displacement Table(disp row num+1, c), 25 where the
upper-bound test is not performed if disp row num+1 does not exist (i.e.,
if disp row_num is the -last Displacement Table row for column c) (for
"first row number" Displacement Table fonsat)) or 



Disglacement Table(disp row num-1, c) < r <_ 30 Displacement Table(disp row
num, c) where the lower-bound test is not performed if disp row num-1 does
not exist. (for "last row number" Displacement Table format). Again
referring to the example above) to find the value 35 in the value table
associated with row 5 of column 3, the row isr column 3 of the displacement
table that has the largest value not greater than 5 is located. That is row
3 in the 20    ,1 3 DEC 2002 ' WO 00103335 PCT/US99/15431 displacement
table above (row 4 having the value 6, which is greater than 5). Thus, row
3 of column 3 has the value inthe value table associated with row 5 of
column 3 in theinstance table.5Space-Saving TechniquesApplicable to Certain
Tunes of DataIn accordance with a specific embodiment, fieldswith data
having certain properties can be incorporated intothe database system of
the present invention without using10some of the structures described above
(i.e., value,displacement and/or instance tables). This is the case
wherethe information that would be contained in these structuresis already
present in the system in an implicit form; i.e.,the information is
deducible from characteristics of the dataZ5or other information that is
present. For example, if anuncondensed value table column contains the
numbers from 1 toN, there is no need to store this information in the
valuetable at a11, because the information is implicitly in theInstance
table (row 1 of the instance table corresponds to20value 1, and so forth).
Each column (field) descriptor'sinformation states which structures are
implicit for thatfield and where and how to obtain the implicit data. In
theexample just given, the column descriptor for the instancetable column
would state that the value corresponding to each25row is the row number.
This data can then be used in the".'~algorithms described herein, or other
implementations of thealgorithms.When the special circumstances exist
where"ipplicit" structures can be used, space savings can be30achieved.
Examples of such circumstances include, but arex~ot limited to) the
following:1) A field having unique values requires nodisplacement list
since each value in the field's value list35appears only once in the
instance list.2) A field having contiguous, unique, integervalues that have
the same range as the rows of the value - 21    ,1 3 DEC 2002 WO 00103335
PCTNS99/15431 table requires no value list and no displacement list. These
values will sort so that their value would be equal to theirposition in a
value list, which would also be their positionin the instance list. Thus,
their value is equal to their5position (row) in the instance list, so no
separate valuelist is needed. Since these values are unique, nodisplacement
List is needed either.3j A field having values that are the output valuesof
a function of contiguous integer input values requires notovalue list if
the function produces ordered outputs givenordered inputs (as would be the
case, for example, for amonotonic function). Values are computed by
applying thefunction to the position (row) of a cell in the instancelist.
Since row positions are ordered contiguous integers,15the output of the
function will also be ordered. Thus novalue list is needed since the values
can be computed fromthe instance List. Since the functions' output values
arealways unique for unique inputs, no displacement list isnecessary
either.204) A field having values that are approximated bythe output values
of a function of contiguous integer inputvalues can be implemented with a
reduced-spaced value list ifthe function produces ordered outputs given
ordered inputs(as would be the case, for example, for a
monotonic25function). The value list in this case need only contain
theoffset of the output of the function, instead of the fullvalue, and is
arranged such that the offsets plus the outputsof the function produce
ordered values.5) A sequence of contiguous instance list elements3oall
associated with the same data value and all havingassociated (e. g., next)
instance list elements associatedwith the same data value can be
represented by a single entryidentifying, for example, the associated data
value, theposition of the associated instance element's associated
data35value and the number of instance elements in the sequence,with the
displacement list adjusted appropriately.Additionally, known compression
and space-reduction - 22    ~1 3 DEC 2002 WO 00/03335 PCTNS99/15431
techniques may be applied to the value and instance tables (and other
structures). For example, values may be represented using dictionary-type
methods, including methods that match bit patterns that are less than the
entire length 5 of a value. An effect of this compression and the
compression techniques above is to produce more random bit patterns, which
in turn improves hashing performance. In addition) the value table,
instance table and other structures may be compressed, for example, using
methods that l0 take advantage of repeated bit patterns, such as run-length
encoding, and word compaction (i.e., packing values into physical data
storage units when there is a mismatch between the value size and the
physical storage unit). The instance table can be further compressed, for
example, by reordering 15 the relative positions of the columns and the
instances within columns, where allowable, to optimize performance of the
above compression techniques. 



Alternative Instance Table with Condensed Value Table 20 The displacewent
table discussed above slows record reconstruction because values from
condensed columns can be obtained only after searching the displacement
table. An alternative configuration used in another embodiment of the 25
present invention is to modify the instance table so that entries in a
column pointing into a condensed column point instead directly into the
value table. An additional table is then provided, referred to herein as
the "occurrence" table, that contains infortation by which the row number
of 30 the next column in the instance table can be calculated. The
"occurrence" table contains the occurrence number of the particular value
pointed to by the corresponding cell in the instance table. Specifically)
in an embodiment in which the displacement table is in "first row nupber"
format, row 35 nw~rs in the instance table are 1-based, and the occurrence
table is also 1-based, the instance table row number of the next field
equals - 23    ,1 3 DEC 2002 w wo ooro3~s pcrms9sn s43 Occurrence Table(r,
c) + Displacement Table(Instance Table(r, c), next(c)) - 1 Variants on this
embodiment include, but are not limited to, zero-based row numbering in the
various 5 structures, and/or zero-based occurrence numbering in the
occurrence table) and/or "last row number" format for the displacement
table entries. Such variants affect the formula above for determining the
instance table row number of the next field. For example, for zero-based
row numbering in the 10 occurrence and instance tables, zero-based
occurrence numbering and "last row number" format in the displacement
table, the instance table row number of the next field is: ("~ for Instance
Table(r, c) - 0, V I5 Occurrence Table(r, c) and for Instance Table(r, c) >
0: occurrence Table(r, c) + Displacement Table(Instance Table(r, c)-1,
next(c))+1 20 (because Displacement Table(Instance Table(r, c)-1, next(c))
is the last row number for the previous value). In a11 such embodiments,
the instance and occurrence tables could be ~aerged into one table having
two-part elements. In the above example, the TYPE column points into 25 the
PARITY column of the instance table and the PARITY column in the value
table is condensed. In accordance with this alternative embodiment, the
instance and occurrence tables are as follows: 30 35 - 24   



~1 D DF~ 2DD2 w WO 00J03335 PCTNS99/15431 Alternative Instance Table: Row
,~ENGLISHSPANISHGERMANTYPEPARITY113416225612366519444123551225632321
Occurrence Table: Row ,~ENGLISHSPANISH GERMANTYPEPARITY1013223142.t"~53~1
Z5 Thus, the TYPE column of the instance table now points directly at the
associated row in the value table of the PARITY column. For example, the
TYPE column at row 5 of the instance table above contains 2, meaning that
row 2 of the 20 PARITY column in the value table contains the PARITY value
for the same record associated with row 5 of the TYPE column. In this case,
row 2 of the PARITY column contains the value "Odd." The associated row of
the PARITY column in the instance table is the value in row 5 of the TYPE
column of 25 ~e occurrence table plus the value in row 2 of the PARITY
column of the displacement table minus 1; which is 3 + 4 - 1 or 6. The
value, instance, displacement and occurrence tables have been described
above as separately stored tables. 30 However, in alternative embodiments,
this need not be the case. For example, the value and displacement tables
elements can be stored adjacently, and the instance and occurrence table
elements can likewise be stored adjacently, in those columns with condensed
value tables. This may 35 r~uce storage cache misses while retrieving data
rows from the database, and also reduce operand fetch time by allowing the
adjacent elements to share the same base storage address. - 25    ,1 3 DEC
Z002 WO 00I03335 PCTIUS99/15431 Skewering. or Nested Ordering For a given
value and displacement table, there are many possible instance and
occurrence tables generating the same record set. This is because, for a
value having 5multiple occurrences, the occurrences of the value may
beassigned to the physical records having that value inarbitrary order. In
general, the product of the factorialsof the various values' multiplicities
gives the number ofinstance/occurrence tables which generate the same
physical10record set. (There are thus
414,720(3!*1!*3!*1!*2!*i!*2!*1!*5!*2!*1!*3!*2!*1!)
differentinstance/occurrence tables which generate the records of theSPJ"oa
database given below. )In a ring topology, there exists a
unique15instance/occurrence representation that simultaneously stores-N
multikey "lexical" orderings (where N is the number ofattributes in the
database) with no more overhead than thatrequired to store the individual
sorted columns (acharacteristic referred to herein as "skewering").
Each20column C defines one such ordering such that that column istaken as
the most significant attribute in the key, with-next(C) as the next most
significant attribute, etc., tocolumn prev(C) as the least significant
attribute in the key(where prev(c) is the previous column in the ring
structure).25The ordering is referred to as "lexical" herein because it ist
,the same type of ordering used to sort words alphabetically,_i.e., the
words are sorted on the first letter, then words with the same first letter
are sorted on the second letter and so forth. 30 Skewering is illustrated
below starting with a prior art table labelled SPJ",~ (excerpted from C. J.
Date, Introdaetios~ to Database Systems, Sixth Edition) inside front cover
(1995)): 



35 - 26    ,1 3 DEC 2002 ;.. WO A0/03335 SPJ"~ 5 PCTNS99115431 Rec
~S~P~J,~QTY0000S2P3J2200000IS2P3J56000O02S2P5J2l000003S3P4J25000Q04S5P2J220
00005S5P5J55O00006S5P6J2200 The condensed value and displacement tables, in
accordance 10 with the embodiments described above, for SPJ", are: Value
Table: Row
#S~P~J,~QTY0O00S2P2J2I0015p001S3P3J52000002S5P45000003P56000004P600050006
20 Displacement Table: Row
,fS,fP~J#QTY0O00000000013151Q002434O003462500046O0050006 Three alternative
instance/occurrence tables are shown below, each reproducing the physical
record set of 30 SPJ",~,. The instance and occurrence tables are shown as a
single combined table with entries of the form instance/occurrence. Each
value in the value table corresponds to a contiguous block of cells in the
instance/occurrence table, 35 which is defined by the displacement table
entries for that value. These blocks have been indicated by alternating -
27    ,1 3 DEC 2002. S wo ov~o333s rcrnJS9~n sa3 ~ highlights in the
instance/occurrence tables printed below. Instance/Occurrence (version 1): 



Row ,~ ~ S#~ P#I J~~ QTY5 000o t .~%e1. ~ 0/?c~/0~ n/f1~ ~ jQ __ . oooi
.._. , .._ f~~ ~.... .1;0 ... .._..__ f~~ ~ . ., oooz 4 ~ j i ..._ . _ c /
ii j.i' . . ..__. f / c~ ,0003 ` j/y ' . ~.~f4.._...: ._- .j%~ .~/10004
f)/c1c~/c~... . ?j~._ ~j0 _ 0005 ~ f~ - .__ .. . . 1 /() __ ._._. . . ~/ 1.
._ ...O006 ~`~~%,~ .I '%~) _._~~/~..'J ' .,Instance/Occurrence(version 2):
Row S# 'P#J#QTY~ j  ' 0000 - _ - - _ ' -oooi ~ ~ / i ~c~/c~~/n_ ~ ~c~/c~ i~
.i/n .. ' 0 



00 2l~i~ ' ~f/~~ _. . .  ~, j a 15_ _ _ OUO.i _ _. ~.l/ _- -_ -_ '0~~ _ _ .
__  - ~ /.L~ ~_ __ ~~/~ --__ _i0 004 ;oju __ ._..ol~ ~ .i~~ ~ijo_ ,IIOf)~~.
. . .'l1i ~i _. __ i`f~---__Z~I_ ._-__ ..O0064j0 - r y.Oj4'' .2/10/1
Instance/Occurrence (version 3): 20 Row # S# P# J# QTY 0000 '._._j ~ jo _.
j n ji i o/o _ . _ ~ ~ j? . . . _ .. oooi ~ tfi . u/i c i/o . ojo oov2 "~~o
i/~ . _. -.~_i/i ~ -~Zjo 0003 -~ /  ___ o j 4 _ ___ .._.~ 1 / z --__ 00O4
0_/ D ~ . ' 0 / 0 _ _ Z_J 0_ 1 / d-~ : ' Z5 0005 3/s .__ ';~ ..~/~_ _
.__~.2/1 ____ -~~Zr. - . 0006 4%O ~ - rDj3 . 3/0 0/1 ..... __ _ .~ _ .._
...__._~s In version 3 the entries within each value block are in sorted
order based on their instance and occurrence. The N (here, 4) multikey
orderings naturally defined by SPJ"~ 30 



are: (S#.P#.J#. QTY). ~P~`. J# . QZ'Y. S# ~ . (J#.Q'fY,S#,P,f) . and tQZ'Y
. S# . P~` , J# ) . ~5 t~there the fields are ordered from left to right in
descending order of significance. - 28    1 3 DEC 2002, WO 00103335
PCT/US99I15431 In a prior art record-type table structureddatabase, in
order to reconstruct the records in any of theseorders) there is a
space-time tradeoff. If the records areto be reproduced quickly, and in
linear time, four separate5indices are required, specifying the four
different sortorders. To avoid this redundant use of space, a
time-consuming search is required each time the lexical order usedis
changed.The skewered instance/occurrence table eliminatesl0this tradeoff.
Any of the natural lexical orders can beproduced in linear time. For
example, to reproduce the order(P,~,J~,QTY,S,~), the cells in column P,~
are processed top to.bottom, reconstructing the record corresponding to
each such,.~ -cell. These records will be in the desired lexical order.15To
illustrate, the records corresponding to cells 0000through o006 of column
P,~ are as follows:cell 0000 of column P,~ -> S5 P2 J2 200cell 0001 of
column P,~ -> S2 P3 J2 200cell 0002 of column P,~ -> S2 P3 J5 600cell 0003
of column P,~ -> S3 P4 J2 500cell O004 of column P,# -> S2 P5 J2 100ZOcell
0005 of column P# -> S5 P5 J5 500cell 0006 of column P,~ -> S5 P6 J2
200Similarly) records may be reproduced in any of the N lexicalorders by
proceeding linearly down through the cells of themost significant column of
that chosen lexical order.25If the columns of the value table are sorted
andcondensed, as described earlier, a skeweredf,instance/occurrence table
is formed by creating a multi-keylexical ordering starting at any column.
The other N-Iisulti-key lexical orderings automatically result.30
Preserving Standard Database Formats Within the Database System of the
present Invention The present invention allows the option of maintaining
portions of a database in conventional fona 35 without incurring
significant additional overhead. This may be desired, for example, for a
column that cannot be compressed and will not be queried. An illustrative -
29    ~1 3 DEC 2002 WO 60l03335 embodiment is shown below. pCT/US99/15431
For purposes of this illustration, a French column, which will not be
translated into the data structures of the present invention, is added to
the original prior art 5 database as shown below: PRIOR ART DATABASE:
Record
#ENGLISHSPANISHGERMANTYPEPARITYFRENCH1OneUnoEinsUnitOddUn102TwoDos2weiPrime
Even-Deux3ThreeTresDreiPrimeOddTrois4FourCuatroVierPower2EvenQuatre5FiveC
ncoFuenfPrimeOddCinq6Six~ s ~SechsComposiEvenSix Instead of creating
separate columns in the 15 displacement, instance and occurrence tables for
the FRENCH colutan, the FRENCH column is "attached" to one of the other
columns) whose displacement, instance) and occurrence tables were shown
earlier. First, a column is selected to which to "attach" 



20 the FRENCH column; any column in the database may be selected for this
purpose. In this example, the PARITY column has Deen selected. when
reconstructing the records in the database, the appropriate value fox the
"FRENCH" attribute is retrieved while determining the "PARITY" value for
that 25 record. In order to attach the FRENCH column to the PARITY column,
prior to "value-table condensation", the FRENCH cells in the value table
are sorted in the same order as the PARITY cells. As this operation is
perforsed during the 30 construction of the data structures in accordance
with the present invention, a negligible amount of additional effort is
rec;ttired. The sorted FRENCH column is then appended to the condensed
value table, as shown below: 35 - 30    1 3 DEC 2002, WO 00J03335 Value
Table: PCTIUS99/15431 Row
#ENGLISHSPANISHGERMANTYPEPARITYFRENCH1PiveCincoDreiComposeEvenDeux2PourCuat
roEinsPower2OddQuatre3OneDosFuenfPrimeSix54SixSesSechsUnitUn5ThreeTresVierT
ro s6TwoUnoZweiCinq The displacement, instance, and occurrence tables are,
in one embodiment, as follows: 10 Displacement Table: 15 RowENGLISH
SPANISHGERMANTYPEPARITY111224334656 Instance Table: 20 Row
#ENGLISHSPANISHGERMANTYPEPARITY113316225412366324944123551215632321 25
Occurrence Table: Row ,~ENGLISH SPANISHGERMANTYPEPARITY113Z1232241330511s31
Now, for example, the record corresponding to the dusty ENGLISH = "Three"
is reconstructed. This record) in 35 ~e Prior art database, is given by: -
31    



I J L", ZOO2, WO 0W03335 PCT/US99115431 Record # I ENGLISH i SPANISH I
GERMAN I TYPE 1 PARITY I FRENCH U Tres To reconstruct this record from the
data structures above, 5 first the value "Three" in the ENGLISH column of
the value table is found, and then the remaining attributes in the record
are reconstructed by tracing through the instance table. At the instance
cell for the Parity column) the "FRENCH" value corresponding to the record
is the value in 10 ~e corresponding cell of the FRENCH column in the value
table. In the example, the entry in row 5 of the Parity column of the
instance table is associated with the record 3` being reconstructed. Thus,
the "French" value is found in row 5 of the "French" column of the value
table, whose value irJ. 1S nTrOIS". Alternatively, an unsorted column may
be included in the data structures of the present invention by using the
identity permutation as the permutation for that column (i.e.) the value
table for that column will not be reordered 2o in any way). Column Merge
Com~aression In accordance with a further embodiment of the invention,
separate value table columns can be merged into a 25 single column)
referred to herein as a "union column," with separate displacement list
columns for each of the original columns. This has the potential advantages
of having a smaller value table, pre-joined data expediting join operations
and improved update speed. A value not present in 30 a Particular original
column is indicated in the displacement table column by a null range for
that value. For example (assuming a "first row number" format displacement
table), if the original column did not have the value at row 'r' of the
merged column, the displacement table for that column would 35 eve the sane
value at row 'r' and row 'r+1' (that is Displacement
Table(r+i,c)-Displacement Table(r,c)=0). If 'r' is the last row in the
column, its value is set to a number - 32    1 ~ OFC 2002, ' WO OOI~03335
PCT/US99I15d31 greater than the number of rows in the instance table for
that column. Alternatively, if the displacement table is in last row
number" format, the null range indicating no 5 instances of value number r
is given by Displacement Table(r,c) - Displacement Table(r-i,c) (if r-1 is
a valid row number), or, for r equals the lowest valid row number,
Displacement Table(r,c) = 0 (for 1-based row numbering) or -1 (for
zero-based row numbering). 10 For example) the following prior art database
is considered: Prior Art Database: i 15 20 



Record
,1~FIRSTMIDDLELAST1JohnFrederickJones2StevenAllenSmith3FrederickHenryBlubwa
t4AlbertAllenHrown5AlexanderGrahamHell6AlexanderTheGreat?HarveyNelsonTiffan
ysNelsonHarveyTiffany9JacksonAlbertPoole10HenryEdwardBillings11Joseph
~Hlubwat The corresponding value and displacement tables for the FIRST and
MIDDLE columns are, in one embodiment: 25 value Displacement Table: Table:
30 Row 1~FIRST
~~MIDDLE1Albert2AlexanderAlbert3FrederickAllenHarveyEdward5Henry-Frederick6
3acksonGrahas?JohnHarvey8JosephHenry9NelsonNelson10StevenThe
FIRSTMIDDLE1122- ~-556-6??889910IO1111 35 Applying the column-merge
space-saving technique results in a single value table column for FIRST and
MIDDLE, - 33    ~1 3 DEC 2002 WO 00I03335 PGTNS99/15431 - with the
displacement table columns for FIRST and MIDDLE adjusted to point into that
column, as shown below: 5 10 r r 15 Displacement Table:
FIRSTMIDDLE1112234345465758697108109101010111112lI In this embodiment, the
absence of a blank FIRST name is indicated by the first two rows of the
displacement 20 table having the same value (i.e., the difference is zero).
The absence of FIRST name values "Allen" and "Edward" and MIDDLE name
values "Alexander", "Jackson, "John", "Joseph", and "Steven" are similarly
indicated. In addition, a FIRST name spelled "The" has no occurrences, as
is indicated by a 25 displacement table value of 12) which is greater than
the - number of records. Conversely, a displacement table value in ` the
last row that is less than or equal to the total number of records
indicates that value has an occurrence (such as "The" in the last row of
MIDDLE name in this exataple). 30 In this example, if 20 bytes of storage
is required for each FIRST and MIDDLE field entry, uncondensed columns
would use 440 bytes for 11 records. After column merge compression, the
union column of the value table uses a total of 20*15 bytes and, with
2-byte values in the displaceaent 35 table) the displacement table columns
use 2*2*15 bytes, f or a total of 36D bytes, a space savings of 80 bytes.
The space - 34  



Value Table with Union Column:   1 3 DEC 2002 WO 00/03335 PCT/US99/1543t i,
savings would be correspondingly greater where the value table values for
the separate columns have more overlap. Union columns can also be
advantageously used in implementing joins) as described below. 5 Another
space saving technique used in alternate embodi~aents of the present
invention is to combine fields of low cardinality into a single field
having values representing the various combinations of the original fields.
For example, in the example above, the TYPE and PARITY fields 10 can be
merged into a single field, TYPAR, having values representing combinations
of TYPE and PARITY values. Modified Input Table: 15 20 25 Record
,~ENGLISHSPANISHGERMANTYPAR1oneUnoEinsOdd
Unit2TwoDosZweiEvenPrime3ThreeTresDreiOdd Prime4FourCuatroV
erEvenPower25FiveCincoFuenfOdd Prime6SixSesSec sEvenComposite Value Table
Row
,~ENGLISHSPANISHGERMANTYPAR~.FiveCincoDreiEvenComposite2FourCuatroEinsEvenP
ower23OneDosFuenfEvenPr me4SixSesSechsOdd Prime5ThreeTresVierOdd
Unit6TwoUnoZwei Instance Table: 30 35 Row
,~ENGLISHSPAtIISHGERMANTYPARI3.3~1~12256236656444155512163233 Displace ment
Table: TYPAR 1 2 3 6 The process of setting up these data structures is -
35   



~1_ 3 OEC T002 wo ooB3~s Pc~rms~nsa3~ exactly as before, except that the
TYPE and PARITY data is taken as a unit, rather than being two separate
columns. While the compression of the TYPAR column is less than the
compression achieved for the original TYPE and PARITY columns 5 (due to the
greater number of distinct values), an overall savings of space results due
to the reduced numbers of columns in the displacement and instance tables.
This space savings is realizable if the combined cardinality is
sufficiently low. Searching for values matching the first 1o part of the
combined field (Even/Odd) is generally unchanged, but searching for the
second part (Composite/Power2/Prime/Unit) is more complicated. To search
for, for example, "Prime" it is necessary to search for both "EvenPrime"
and "OddPrime". In general, C such searches will 15 be necessary, where C
is the cardinality of the first column of the combination. Counts are also
more complicated for either column involved. More than two columns may be
combined, with similar costs. 20 Hashing Hashing comprises a known
high-speed data storage and retrieval mechanism that can significantly
outperform logarithmic-time binary searching. Although capable of
delivering low-coefficient constant=time performance when 25 implemented
with an efficient hash function on an appropriate size hash table, the
search for high-performance hash parameters can be complex, difficult and
data dependent (e.g., depending on both the number and distribution of
values). Still more importantly, hashing has ~aajor drawbacks 30 --
especially as implemented by state of the art DHMS's. Hash functions
typically fail to return ordered results rendering them unsuitable for
range queries, user recsuests for ordered output, such as SQL "sort-by" and
"group-by" queries) and other queries whose efficient implementation is 35
dependent on sortedness, such as joins. Hy supporting an efficient,
ordered, reduced-space representation of mufti-dimensional data, the
present - 36    1 ~ ~~i. 2002, WO 0W03335 PCTNS99I15431 invention obviates
the deficiencies of hashing associatedwith the unorderedness of prior art
DHMS's. Moreover, anyknown hashing technique can be used in conjunction
with, andas part of, the present invention.5One example of hashing applied
to a sorted valuetable is a 64 KH hash table in which each entry in the
hashtable contains the position of the first element in the valuetable
whose first two bytes match the entry's position. Forexample, using 0-based
numbering, the first entry in the hash10table contains a pointer to the
first entry in the valuetable whose first two bytes contain all 0's. The
second entrycontains a pointer to the first entry in the value tablewhose
leading two bytes contains 00000000 00000001, and soon. Every set of
consecutive hash table entries thus15uniquely specifies the entire range of
values containing theassociated leading two-byte bit-pattern for a11 64k
possibleleading two-bytes. This narrowed range of values can then
besearched) via for example a binary search, to find any soughtvalue. Two
consecutive hash table entries with the same20value indicates that no value
elements contain the leadingtwo bytes of the first entry.Additional
modifications can be imposed on top ofhash tables imple~uented as described
above. For example,space can be saved by stripping off the specified two
bytes25of the values in the value table, because those bytes can beobtained
from the hash table. However, additional time isthen needed to reconstruct
the leading stripped off two bytes(if not known from the lookup), before
that value can be returned to the user. This may be done for exalaple by
binary 30 searching the hash table for the appropriate row in the value
table. This may take up to 16 additional steps for a 6~k hash table in the
worst case, but average performance can be significantly reduced by for
example an interpolation search where this is supported by the regular
distribution of a 35 particular data set. Hashing may also be performed on
instance elements to directly return or narrow the search for an associated
- 37    



(1 3 GEC 2D02 ` WO 00I03335 PC'fNS99J'15431 value element, serving as an
alternative to the occurrence table. Any hash function that returns the
value element associated with a given instance element or some near-by
value element can be used for this purpose. If a near-by 5 value element is
returned, the specific associated value element is then found by searching
a limited portion of the displacement table. one such technique is a 64KB
hash table with pointers into the value table mapped onto each possible
leading two bytes of an instance table. The range of 10 displacement table
entries to search are given by a hash table entry and its adjacent entry.
In situations where significant searching is still ,, required but
utilizable localized distribution patterns also exists this 64KB entry hash
table may be modified to accept 15 two part entries. In such an
implementation the first hash table entry still points to the first value
associated with the first instance element that contains the two leading
bytes specified by that position in the hash table. The second hash table
entry then provides the address of a 20 function that utilizes this local
distribution to further narrow the search for the value element associated
with that specified instance element. The choice of 64KH hash tables
corresponding to two byte ffields is not meant to be inclusive. Other byte
size 25 choices, other radixes, and byte placements other than the leading
bytes can also be utilized. Moreover, any other known hashing method may
also be used. A General Case Topoloc~~i for the Instance Table 30 As
described above, in a specific embodiment, individual records are linked
through the instance table in some topology, one of the simplest of which
is a circularly linked list, or "ring" topology. So far the examples have
used this simple ring topology -- the pointers ~i.e., 35 entries) in the
instance table link all the fields in a record in a single loop with each
field having a single "previous" and a single "next" field) as shown in
Fig. 2. - 38    t 3 ~~~ 2002 WO 00I03335 PCTIUS99/15431 Other topologies
may be used in other embodiments of the invention. A topology, as the term
is used in connection with the present invention, is defined in terms of a
graph in 5 which attributes (or other forms of associated data) are nodes
in the graph and links exist between nodes. Such is clearly the case for
the simple ring topology.Another example of a topology is shown in Fig.
3.In this topology, the fields are separated into two subsets10having
exactly one field in common and each subset having asimple ring topology.
The field common to both rings acts asa "bridge" between them. Complete
record reconstruction thenrequires traversal around both rings, with the
bridge fieldjoining the record's subrings into a single entity.
This15topology is particularly useful if the majority of queriesonly
pertain to the fields in one of the subrings) since thatsubring can then be
traversed and retrieved withouttraversing and retrieving the full record.As
shown in Fig. 9, still another topology is a24star, or spur, configuration,
wherein each field represents adoubly-linked spoke radiating from a central
hub.Alternatively) the individual spurs (branches) of the starmay be either
a linear or ring topology. In general, any ofthe above topologies could be
combined (or other topologies25used) to optimize record storage and
retrieval for specificdatabases.Any defined topology may be either singly
or doublylinked and a topology need not be closed as in the examplesabove.
Also, a topology may be changed between singly and30doubly linked at the
user's option or automatically by thedatabase system based on access
patterns. A doubly-linkedtopology is useful when ad3acency of data is
i~rportant; thatis, when the order of the fields in the record is arranged
such that fields frequently accessed in combination are 35 located
topologically close to each other. Singly-linked topologies are more
desirable when full records (or substantial portions of thes) are
retrieved, or if a 



- 39    1 3 DEC 2002 WO 00/03335 Pf'1'/US99115431 predominant
field-retrieval starting point and order are given, since the instance list
in a singly-linked topology occupies half the storage of the doubly-linked
case. Bridge Field Exam,_ple Fig. 3 specifically illustrates a topology
wherein each record is comprised of two separate subrings
(ENGLISH->SPANISH->GERMAN and ENGLISH->TYPE->PARITY) with ENGLISH as the
bridge field. An instance table that 10 implements such a topology is shown
below: Row ~`ENGLISHSPANISHGERMANTYPEPARITYI1/53536'
122/2532236/661141544/1445355/4126563/32641 20 The ENGLISH column has two
outgoing pointers, one for each of the subrings. To traverse, for example,
the record starting in row 1 of the ENGLISH column, one of the outgoing
pointers is ffirst followed, for example, the one pointing to row 1 of the
SPANISH column. Row 1 of the 25 SPANISH column points to row 3 of the
GERMAN column, which in turn points~back to row 1 of the ENGLISH column.
The other outgoing pointer is then followed, leading to row 5 of the TYPE
colu~rn. Row 5 of the TYPE column in turn points to row 6 of the PARITY
coluan, which again points back to row 1 of 30 the ENGLISH colwan. Database
Implementation Described below are implementations of routines for
inputting data to, maintaining, and extracting data from the 35 data
structures described above. A person skilled in the art will recognize that
there are many different algorithms for performing these operations, and
the present invention is not - 40    ,1 3 flEC 2002 WO 00l03335
PCTNS99/15431 limited to the algorithms shown herein.Primitive functions
(i.e., functions that arecalled by other functions) are provided, in one
embodiment,to extract the data associated with a given record and buffer5it
in linear form, and to write such a buffered linear formof the data back
into the data structures of the invention.Data structures in accordance
with the presentinvention are referred to below as follows:I) VALS2: a
value table with the columns in sort orderZOand possibly condensed;2) DISP:
displacement table (column I of which has samenumber of rows as the
corresponding column I of VALS2);f~3) DELS: deletes table, described below,
(column I ofwhich has same number of rows as the correspondingI5column I of
VALS2);4) INST: instance table;6) ocCUR: occurrence table.In the discussion
below, an embodiment having aring topology is used, unless otherwise noted.
In the ring20topology in this embodiment, the functions prev(C) andnext(C),
which return the previous and next column,respectively, axe as follows:
prev(C) _ (C + fcount - 1) modfcount, and next(C) _ (C + 1) mod fcount,
where fcount is thenumber of columns and C is a column number ranging from
o to25fcount - I. An alternate embodiment has column numbersranging from 1
to fcount, with prev(C) _ (C-1)?(C-1):fcount(using C language notation),
and next(C) - C mod fcount + 1.More general topologies may be implemented
by defining morecomplicated prev() and next() functions, and/or by
analysis30of the topology into simple rings and repeated application ofthe
functions below on those simple rings.The number of rows in the uncondensed
value table,and the instance table) is represented as reccount.Condensed
VALS2 columns will have fewer rows, as will the35corresponding DISP and
DELS structures. Rows are numberedfrom 0 to reccount-1 (zero-based);
alternate embodiments mayhave rows numbered from 1 to reccount (one-based).
- 41    ,~ 3 DEC 20Q2 



' WO 00/03335 PCTItlS99/15431 "V/o splitting'' refers to the alternative
instancetable with condensed value table discussed above -- the Ithcolumn
is called "V/O split'' if the pointers in column I ofthe instance table
have both a value and an occurrence5component. Parallel treatments for
non-V/O and V/O splitcolumns are presented where appropriate. The
descriptors foreach column in the instance table indicate whether the
columnhas V/O splitting. The descriptors also contain othercolumn/attribute
specific information, such as the path ofZOnode traversal (i.e., "record
topology"), whether the columnhas o-based or 1-based numbering, etc.Column
descriptors for each column of the valuetable contain configuration
information, such as its datatype) size of field, type of
permutation/change (e. g. grouped15by value, sorted), type of compression
(if any), lockinginformation, type of hashing (if any), and etc.Other
tables also have column descriptorscontaining relevant configuration
information.To facilitate the notation of function variables20and return
values, the following will be used (written in apseudo-C/C++
notation):typedef long Row;typedef int Column;class ChainVO t Row
chainV[fcount]; Row chain0[fcount];25Col valid;}If a ChainVO object has
been filled in with datafor a valid record, chainV[C] contains the row
number of therecord's VALS2 entry in column next(C).If column C of the
instance table is V/O split)30chaino[C] contains the occurrence number of
the valueVJrLS2[ehainV[C]) next(Cj].If column C of the instance table is
not V/O split,chaino[C] contains the row number of the record's cell
incolumn next(C) of the instance table(s). 35 - 42    ,1 3 DEC 2002 WO
00103335 PCTlUS99/15431 Record ReconstructionGiven a row number R in column
C of the instancetable, there exists a unique row number V in
VALSZ,containing the actual value associated with the [R,C] cell of5the
instance table. The routine shown in FIG. 5, Rowget valrec(Row R, Column
C), determines V from R and C. StepGV1 determines whether column C has a
DISP table column bychecking the column descriptors for column C, and if
not,step GV2 sets V to R. Otherwise, if a DISP table column is10present,
step GV3 determines its format (again by checkingthe column descriptor). If
the DISP table column is in firstrow number format, then V is set, in step
GV4, to. the valuefor which DISP[V,C] <= R < DISP[V+1,C] is true, where
theupper-bound test is not performed if V+1 does not exist15(i.e., if V is
the last DISP table row far column c).Otherwise) V is set, in step GVS, to
the value for whichDISP[V-1] < R <= DISP[V,C], where the lower-bound test
is notperformed if V-1 does not exist (i.e., if V is the first DISPtable
row for column c).20If column C of the instance table is V/O split,
rownumber Next R in column next(C) of the instance table isdetermined from
the V/O entries in a manner dependent on theDISP and OCCUR implementation
as shown in the flowchart ofthe R from VO(C, I, O) routine in Fig. 6. R
from VO() is25passed the current column, C, the row number, I, of
theassociated value in the next column, next(C), of VALS2 (andDISP) and the
occurrence number, O, of that value. Step 242sets variables I' to I and X
to zero. Step 243 tests (e. g.,via colu~an descriptors) Whether column
next(C) of the DISP30table is in "first row" format or "last row" format.
If itis "last row" format, step Z44 is performed, which sets I' toI-1 and X
to 1. In either case) step Z45 is then performed,which sets variable O' to
O. Step 246 is then perforx~ed,which tests whether column C of the OCCUR
table is 1-based.35If it is, step Z47 is performed, which sets O' to O-1.
Ineither case, step 248 is then performed, which sets Next R,the row in the
next column, ~to DISP[I',next(C)]+O'+x]. - 43    ,~ 3 DEC 2002 WO 00I103335
PCTNS99I15431 FIG. 7 illustrates a function for linearizing arecord's
topology data, referred to herein as get chain(RowR0, Column CO). Starting
at row R0, column CO in theinstance table, this routine walks through the
pointer cycle,5storing the pointers in a ChainVO object. If the
pointercycle closes, ChainVO.valid is set to "true"; otherwise it isset to
"false'.In step G1, instance table cell [R0, CO] is set asthe starting
point for record reconstruction. In step G2,10the "current cell" [R, C] is
initialized to the starting cell[R0, CO]. In step G3, the column
descriptors for the currentcolumn in the instance table are checked to see
if it has V/Osplitting.If the column does not have V/O splitting, step
G415fetches the row number in the next column directly by settingR to
I1~ST[R, C]. Step G5 sets the variable O for loadinginto the chain0[]
array. Step G6 uses get valrec(R, next(C))to find the corresponding
next-column row number, V) inVALS2, DISP, and DELS (if they exist).20If
column C has V/O splitting, V (the row number inthe next column) next(C),
of VALS2, DISP, DELS) and O (theoccurrence number for that value) are set,
at step G7, toINST[R, C] and OCCUR[R, C], respectively. Step G8 then usesR
from VO(C, V, O) as described above to find the row number)25R, in column
next(C} of the instance table.Processing then reconverges at step G9,
wherechainV[C] and chaino[C] are set to V and O, respectively.Step G10 then
replaces C with next(C), and step G11 checks tosee if processing has
returned to the column at which it3ostarted (i.e.) CO}. If not, processing
loops back to stepG3, and repeats as above. If processing has reached
theoriginal starting colu~, step G12 compares the current valueof R to the
starting value RO. If equal, the pointer chainforms a closed loop,
indicating that a valid record has been35reconstructed and stored in the
ChainVO object, and step G14sets a flag to indicate this. If R is not equal
to R0, stepG13 sets a flag to indicate the attempt to reconstruct a - 44
.1 3 DEC 2002 WO 00/03335 PCTNS99115431 record did not result in a closed
loop, which in this embodiment of the invention (which uses a ring
topology) indicates that a valid record does not pass through cell [R0,
CO]. In other embodiments of the invention, using different 5 topologies,
the pointer chain between associated instance elements need not form a
closed loop. The final step' of record reconstruction is the conversion of
the value table row numbers stored in the chainV array to values. The
column C value of the record is 10 given by VALS2[chainV(prev(C)], C]
(possibly with a hash value prefixed, as described above). "' Generalized
Record Reconstruction The description above for using get chain() to 15
reconstruct a record is based on a simple loop topology in which the next
column in the topology depends only on the current column. The situation
may be generalized. The next column may depend on meta-data, other than or
in addition to the current column. For example, the next column might be a
20 function of both the current coluaan and the previous column, i.e.,
C=next(C, prev(C)). In addition, the next column in the topology may depend
on data itself, such as the value, V, of the current cell in the value
table, or depend on a11 of the above, i.e., C=next(C, prev(C), V). 



25 Primitives for Record Modification Primitive functions are now described
for one implementation of record deletion, record insertion, and record
modification. The implementation is referred to 30 herein as the "swap"
method. In this method a value in the value table may have deleted as well
as nondeleted ("live") instances. A data structure, referred to herein as
DELS, stores a count for each value of the number of deleted instances it
has. Thus, DELS has the same number of columns 35 as VALS2 and DISP, and,
for any given column, the same number of rows in that column as VALS2 and
DISP. The deleted instances are regarded as free space in the instance
table, - 45    ,1 ~ DFC 20D2 - WO 00/03335 PCTNS99115431 and the instance
table is maintained such that for any givenvalue in any given column, all
live instances are groupedcontiguously together and a11 deleted instances
are groupedcontiguously, such that the live instances precede the5deleted
instances or vice versa. This permits free space tobe easily located for
assignment to new records or new fieldvalues for existing records, as shown
in the functions below.Free spaces can also be placed at desired locations
in theinstance table at setup time by including appropriate
deletedi0records in an input data table; thus providing oneimplementation
for~performing insertions prior to deletions.The put chain(Column C0)
ChainVO rec, int count)function) shown in FIG. 8, performs the inverse
ofget chain(). Put chain(), starting in column C0, writes part15or all of
the contents of a ChainVO object "rec" into theinstance and occurrence
tables, for "count" number ofcolu~arrs. The row number written to in column
C is obtainedfrom the prev(C) entries in rec. Put chain() does not
modifythe value or displacement tables.20Step Pi sets the current column
number C to thestarting column C0. Step P2 checks the column descriptorsfor
the instance table at column prev(C) to determine whetherthe previous
column is V/O split. If prev(C) i.s V/O split,step P3 sets V (the row
number in the value and displacement25tables) to chainV[prev(C)] and O (the
row number in theoccurrence table) to chain0[prev(C)]. Step P4 sets R
(therc~w number in the instance table) to R from VO(prev(C),V,O).If the
prev(C) column of the instance table is notV/O split, step P5 sets R to
chain0[prev(C)]. Having now30obtained the row number in column C of the
instance table atwhich to write) step P6 determines if column C is V/O
split.If it is not, step P7 sets INST[R, C] to chain0[C]. If columnC is V/O
split, step P8 sets INST[R,C] to chainV[C] andOCC~JR[R,C] to chain0[C].
Processing then moves on to the35next column in step P9 and the count of
columns to process isdecremented in step Plo. If step P11 determines that
noadditional columns are to be written, processing is done, - 46    1 3 DEC
2002 WO 00/03335 PCTIUS99/15431 otherwise processing loops back to step P2
and repeats.FIG. 9 is a flowchart of the function intswap(Column C, Row RI,
Row RZ), which modifies the instancetable, and other tables, such that the
record passing through5[R1,C] is made to pass through [R2,C], and the
record passingthrough [RZ,C] is made to pass through [RI,Cj.Step Si fetches
the record data for the recordpassing through INST[R1,C] into ChainVO
ob3ect ChainVO 1 andfetches the record data for the record passing
though10INST[RZ,C] into ChainVO 2. Both records must be closedLoops,
otherwise, an exception is raised by get chain(). Ifboth loops are valid,
in step S2, the values in-~ChainVO l.chainV[prev(C)] and ChainVO
2.chainV[prev(C)] areinterchanged and the values in
ChainVO`i.chain0[prev(C)] and15ChainVO Z.chain0[prev(C)) interchanged. The
exchanged valuesare in the prev(C) column) because that column determines
therow number of column C in the instance table. Themodifications are then
written back into the instance tablein step S3 via the calls to put
chain(prev(C), ChainVO_l, 2)20and put chain(prev(C), ChainVO 2, 2). Put
chain() is calledwith count Z, since one pass through the put chain()
loopupdates the pointers to the swapped cells, and the secondpass updates
the contents of the swapped cells. A successcode is returned in step S4)
and processing is complete.25FIG. l0 is a flowchart of the functiondel
swap(Column C, Row R, Row Rd), which modifies theinstance and other tables
such that the record through [R, Cjis rerouted to pass through free cell
[Rd, C]. This routineis used, for example, in maintaining segregation of
deleted3ofrom live instances of a given value.In step D1, data for the
record to be rerouted (atrow R, column C) is placed in the ChainVO object
ChainVO rvia a call to get chain(). If get chain() determines thatthe
record is not a closed loop (i.e, it is an invalid35record), an exception
is raised. Step D2 finds the row) Vd,of the value table associated with the
free cell Rd, using Vd- get valrec(Rd, C). - 47    1 3 DFC 2002 ' WO
00I03335 PCTNS99115431 Step D3 checks the column descriptors for
columnprev(C) of the instance table to determine if it is V/osplit. If it
is not V/O split, step D4 is performed, whichsets ChainVO r.chainV[prev(C)]
to Vd and5ChainVO r.chaino[prev(C)] to Rd. If column prev(C) is V/Osplit,
steps D5 and D6 are performed. Step D5 sets theoccurrence number, Od) in a
manner closely related toR from VO() described above; specifically, Od = Rd
-DISP[Vd', C] - X (where Vd' - Vd and X = 0 if DISP is "first10row number"
format) or Vd' = Vd-1 and X = 1 if DISP is "lastrow nuynber" format; if
OCCUR is 1-based rather than zero-based, decrement X by 1 in the
preceding). Step D6 puts:`values into the ChainVO object, settingChainVO
r.chainV[prev(C)] to Vd and ChainVO r.chain0[prev(C)]I5to Od. In either
case, step D7 is then performed, whichwrites the modified record topology
back into the instancetable, via a call to put chain(prev(C),ChainVO r,2),
andprocessing is complete.FIG. I1 is a flowchart of the function20top
undel(Column C, Row R). Cell [R, C] of the instance tablehas associated
value VAZ.S2[V, C], where V = get valrec(R,C).If this value has live
instances, top undel() returns thehighest row number (in the instance table
column C) for suchlive instances; otherwise the routine returns a f
lag25indicating there are no live instances and a number that isone less
than the row number of the first instance of V.In step Tl, the value table
row V associated withinstance table row R of column C is found; i.e., V
=get valrec(R) C). Step T2 sets UP to the highest row number30in the
instance table of all instances of value V. If DISPis in "last row number"
format, UP = DISP[V,C]; if DISP isfirst row number" format, UP =
DISP[V+1,C] - 1, ifDISP[V+1,C] exists) or) if DISP[V+I,C] does not exist,
UP =reccount + X -I (where X = 0 for 0-based row numbering, and X35= 1 for
I-based row numbering). If there is no DISP at a11for column C) a search
through the uncondensed value tablecolumn Will provide the row numbers of
the first and last - 48    7 3 DEC 2D02 WO f1103335 PCTNS991i 5431 



instances of value number V. Step T3 sets DLS to the count of deleted
instances for value number V. If there is a DELS structure, DLS =
DELS[V,C]; otherwise, DLS is obtained by counting the instances flagged as
deleted. Step T4 sets TU 5 to the row number immediately previous to the
first deleted instance of value number V (again, in the "swap methods
embodiment a11 live instances of value number V precede, or in an alternate
embodiment follow, all deleted instances of that same value). Step T5 sets
HOT, the row number of value 10 number V's first instance. For "first row
number" format DISP, HOT = DISP[V,C]; for "last row number" fonaat DISP,
BOT = 1 + DISP[V-1,C] (if DISP[V-1,C] exists), or BOT = X (for X-based row
numbering, X=0 or X=1). If there is no DISP for column C) then HOT is
obtained by a search in the 15 uncondensed value table. Step T6 tests to
see if TU >= BOT. - If not, then row number TU does not belong to value
number V, but instead is one less than the row number of the first instance
of V. Step T7 follows, returning TU and a flag indicating that a11
instances are deleted. If TU >= HOT) 20 step T6 is followed by step T8,
which returns the desired row number. FIG. i2 is a flowchart of the
function I movelspace uplist(Column C, Row V), which swaps pointers in the
instance table, so as to move a free cell from DELS[V+1, 25 C] to DELS[v,
C] while maintaining the segregation of live from deleted instances. Step
U1 checks whether there exists a value in row number V+1 in column C of
VALS2. If there is no such value in row number V+I (i.e., index V+1 is out
of bounds), an 3p error is reported at step U2 and function is done.
Otherwise, step U3 tests whether value row V+1 of column C of VALS2 has any
deleted instances (one of which will be moved by this routine). If it has
none, step U4 reports an error (no spaces to move), and processing
terminates. If deleted 35 instances are found, step U5 tests whether value
row V+I has any live instances by calculating J = top undel(C, K) (where X,
the row number of the ffirst instance of value number V+1) - 49    7 3 DEC
~~D2 WO A0/03335 PCT'NS99/15431 is given by K = DISP[V+1,C] if column C of
DTSP is "first row number" format, or K = DISP[V,C]+1 if column C of DISP
is "last row number'' format, or is found e.g. by linear search in the
values table if there is no column C of DISP). If so, 5 step U6 calls del
swap(C, K, J+1) to swap the first live instance (at row K) with the first
deleted instance (at row J+i), thereby putting the free cell next to the
instance table rows associated with the value V. Step U7 then deducts this
free cell from the count of deleted cells for value 10 number V+1 (by
decrementing DELS[V+1,C] if DELS has a column C), step U8 adds the cell to
the count of deleted cells for value number V (by incrementing DELS[V,C],
if DELS has a column C), and step U9 adjusts the Displacement table (if it
has a column C)) to reflect the transfer of the free cell 15 into value
number Vs set of deleted instances. If column C of DISP is in "first row
number" format, DISP[V+1,C] is incremented to move the "floor'' of the
instance block for value number V+1 up one cell; if column C of DISP is
"last row number" format, DISP[V,C] is incremented to move the 20 "ceiling"
of the instance block for value number V up one cell. FIG. 13 is a
flowchart of I move space downlist(Column C, Row V)) which swaps pointers
in the instance table, so as to move a free cell from DELS[V, 25 C] to
DELS[V+1, C]. Segregation of live from deleted ~. ~ instances is
maintained. An error is indicated by the return - value. 



Step W1 determines whether row v+1 of column C of VALS2 is out of bounds.
-If it is, step W2 reports an error 30 (i.e., that there is no V+1 value to
move a free cell to) and returns. Otherwise, step W3 tests whether value V
has any deleted instances (one of which will be ~aoved by this routine). If
not) step W4 reports an error (no spaces to move), and processing
terminates. If deleted instances are 35 found) step W5 calculates J = top
undel(C, K) (where K) the row number of the first instance of value number
V+1, is given by K= DISP[V+1,C] if column C of DISP is in "first row - 50
1 3 DEC 2002 WO 0A0.3335 PCTIUS99/1543I number" format, or K= DISP[V,C]+1
if column C of DISP is in "last row number" format, or is found e.g. by a
linear search in the values table if there is no column C of DISP) to
determine whether value number V+1 has any live instances. 5 If it does,
step W6 calls del swap(C, J) K-1) to swap the top live instance (at J) of
value V+1 with the last deleted instance of value V (at K-1), thereby
moving the free cell to the instance table rows associated with value table
row number V+1. Step W7 then adds this free cell to the count 10 for value
number V+1. Step W8 deducts the cell from the count for value nu~aber V.
Step W9 shifts the boundary between V and V+1 to incorporate the
transferred free cell into value number V+1's set of deleted instances. If
column C of DISP is in "first row number" format, DISP[V+1,C) is 15
decremented to move the "floor" of the instance block for value number V+1
down one cell; if column C of DISP is "last row number" format, DISP[V,C]
is decre~aented to move the "ceiling" of the instance block for value
number V down one cell. 20 FIG. 14 is a flowchart of Row inst count(Column
C, Row V), which gets the total instance count (live + deleted) for the
value at VALS2[V, C], where V is a row number in the VALS2 array and C is
the column number. Step C1 determines if column C of DISP exists. If 25 it
does not, entries of the required value in the uncondensed values column
are counted directly in step C2, and processing is complete. If column C mf
DISP does exist, step C3 determines if the DISP colu~an is in "first row
number" format. If it is not, processing continues with step C4. If 30 the
DISP column is in "first row number" format, processing continues with step
Cs. step C4 determines how to set the variable HOT: if V is the lowest
allowed index for DISP, then step f5 sets BOT = -1 for 0-based row
numbering, or sets HOT = 0 for 1-based row nuynbering. If on the other hand
V-1 35 is a valid index far DISP, step C6 sets BOT = DISP[V-1,C]. Step C7
then finds~the total instance count as DISP[V,C] BOT) and processing is
complete. If step C3 determines that - 5I    1 3 DEC 20D2 ' WO 00I03335
PCTNS99/15431 DISP[c] is in "first row number" format) processing goes to
step C8, which determines how to set the variable TOP: if V is the highest
allowed index for DISP, then step C9 sets TOP - reccount + x for X-based
row numbering (X = 0 or X = 1). 5 If on the other hand V+1 is a valid index
far DISP) step C10 sets TOP = DISP[V+1,C]. Step Cii then finds the total
instance count as TOP - DISP[V,C], and processing is complete. FIG. 15 is a
flowchart of a function that deletes10the instance table cell [R,C]; that
is, cell [R,C] in theinstance table is placed in the free pool, and
theappropriate DELS count is incremented. If the newly deletedcell is
surrounded by live cells for the same value, it ismoved to the live/deleted
boundary via del swap(). The15record's topology data is in a ChainVO object
called VO.This routine is used in record deletion and in updating afield in
an existing record; see "Update existing record"step E6 and "Delete record
through cell" step DR7, below.In step DC1, the VALS2/DELS/DISP row number
in2ocolumn C is obtained from the ChainVO structure representingthe record
being processed, and the corresponding DELS countis incremented. Step DC2
determines whether the pointers tothe cell in question are V/O split. If
prev(C) is not V/Osplit, step DC3 gets the row number R directly
from25VO.chain0. If prev(C) is V/O split, step DC4 reconstructs Rfrom
Vo.chaino viaR = R from VO(prev(Cj,V,VO.chain0[prev(C)]). In either
case,the top undeleted cell for the same value is located, via acall to top
undel(C,R), and set to T in step DC5 (which is30guaranteed to exist, since
the cell to be deleted is such anundeleted cell). Step DC6 then tests
whether the cell beingdeleted is the topmost undeleted cell for the value
inquestion. If not, a swap is performed in step DC7 via a callto aeI
swap(C,T,R) in order to saintain segregation of live35from deleted
instances. Processing is then complete.FIG. I6 is a flowchart of insert
v(Row V, Column C,void ~newvalptr), which inserts into column C of VALS2,
at - 52   



1 3 DEC 2002 WO 00I03335 PCT/US99/1543~1 row V, a new value not previously
present (pointed to by newvalptr), and modifies the associated DELS and
DISP tables (if they exist) to accommodate the new value. This function is
used only when column prev(C) of the instance table is not 5 V/O split.
Step IV1 tests whether the value at the insertionpoint (row V) has any live
instances; i.e., whethertop undel(R,C) returns a flag indicating that there
are nolive instances (R here is the INST row number of any instance10of
value number V; if column C of DISP exists, R = DISP[V, C]is such an
instance; if DISP has no column C, R = V is such.an instance. If there are
no live instances of the value at_ ~row V) step IV2 is performed, which
overwrites the old valuewith the new value, and processing is complete. If
there is15a live instance, a search is performed for the closest
valuehaving no live instances. Step IV3 initializes an index J to1. Step
IV9 determines whether both V+J and V-J are out ofbounds. If they are,
meaning that no further searching ispossible and no free value slots have
been found, step IV5 is2operformed which allocates additional space) for
one or moreadditional slots, in column C of VALS2, DISP and DELS. StepIV6
tests whether V+J is in bounds, and whether the value atrow V+J has any
live instances (via top undel(R',C), where R'is the INST row number of any
instance of value number V+J;25if column C of DISP exists, R'= DISP[V+J,C]
is such an.~instance; if DISP has no column C, R' = V+J is such aninstance.
If V+J is in bounds and value V+J has no liveinstances, then the branch
starting with step IV7 isexecuted; otherwise, step IV10 is executed.30The
branch starting with step IV7 is a loop whichshifts the values in rows V to
V+J-1 in VALS2 to the nexthigher row, thus opening an unused row at row V
of VALS2.Step IV7 adds the deleted instances of valve number V+J tovalue
number V+J-1, e.g., if DELS has a column C, then35DELS[V+J-1,C] is set to
DELS[V+J-1,C] + DELS[V+J,C]. StepIV8 shifts the values at row V+J-1 of
VALS2, (and DELS andDISP, if they exist) to row V+J of VALS2, DELS and
DISP, - 53    1 3 DEC 2002 WO 00J03335 PCTItJSl9/15431 respectively (i.e.,
VALS2[V+J,C]=VALS2[V+J-I,C]; DELS[V+J,C]=DELS[V+J-1,C];
DISP[V+J,C]=DISP[V+J-1,C]), andthen decrements J. Step IV9 iterates step
IV8 until J=0.Then, step IV15 inserts the new value at row V of VALS2
and5updates DELS and DISP to indicate that the new value has noinstances;
i.e.) VALS2[V,C]=new value, DELS[V,C]=0, andDISP[V, CJ=DISP[V+1,C].
Processing is then complete.Step IV10 tests whether V-J is in bounds,
andwhether the value at row V-J has live instances. If there10are live
instances, step IV11 is executed, which increments Jand loops back to step
IV4. If V-J is in bounds and valuenumber V-J has no live instances, step
IV12 is executed,f-,which begins a loop which shifts the values in rows
V-J+1 toV in VALS2 to the next lower row, thus opening an unused row15at
row V of VALS2. Step IV12 adds the deleted instances ofvalue number V-J to
value number V-J-1 (e.g. if DELS has acolumn C) then DELS[V-J-1,C] is set
to DELS[V-J-l,C] +DELS[V-J,C]). Step IV13 then shifts values for rows V-J+1
ofVALS2, (and DELS and DISP, if they exist) to rows V-J of20VALS2) DELS and
DISP, respectively (i.e. VALS2[V-J, C]=VA1.S2[V-J+l,C]; DELS[V-J,
C)=DELS[V-J+1,C]; DISP[V-J, CJ=DISP[V-J+l,C]), and decrements J. Step IV14
iterates stepIV13 until J=0, at which point step IV15 inserts the newvalue,
with no instances, as described above, and processing25is complete.FIG. 17
is a flowchart of insert vov(Row V) ColumnC, void *newvalptr), which
inserts a new value (pointed to bynewvalptr) into column C of VALS2, when
column prev(C) of theinstance table is V/O split. The set of column
descriptors30for such a column includes a value h val, the highestcurrently
used row number in VALS2 column C, and h_ptr, thehighest currently used row
number in the instance table.Both VALS2 and the instance table are
preferably allocated~rith extra blank space at their ends to accommodate
new35entries. In one embodiment of the present invention,inserted new
values are written at the end of the VALS2 tabletrather than at their
sort-order position, as in insert v(), _ 54    1 3 DEC 2002. WO 00/03335
PCTNS99/15431 above). A permutation list giving the added VALS2 row numbers
in sort order is updated by insertion of the new indexes at their proper
sort positions. The permutation list is used to access the new part of the
VALS2 column in sort 5 order (e.g., by a binary search algorithm). A search
for a value in the VALS2 column would first search the original, sorted
part of the value list and, if no match was found, a second binary search
would use the permutation list to search among the new values. 10 Other
means can be utilized to avoid otherwise unnecessary searching of the
appended new value list. These include, but axe not limited to) the
following: (1) The original sorted value list together with any instance
table values for V/o splitting may be re-organized in the I5 background or
overnight to keep the appended new value list as short as possible; (2) A
bit flag embedded in the value list or associated displacement list or
standing alone identifies when new values have or have not been appended
between a given old value and a contiguous old value to avoid 20
unnecessary searching of the appended new value list when no new values
fall within that range; (3) A pointer mechanism, possibly associated with
an existing hash function or with a hash function used expressly for this
purpose narrows the range of the appended new value list that needs to be
25 searched. The insert vov routine is used by the "Insert new record" and
"Update existing record" routines. Step VOV1 gets, from the coluan
descriptors for column C) h val, the highest VALS2 slot number already used



30 in column c, and h_ptr, the highest instance table row number already
used. In step VOV2, h val and h_ptr are increaented to point to the first
available empty slots in column C of VALS2 and the instance table,
respectively, if such eapty slots exist. Step VOV25 deterlaines if h val is
in range and, 35 if it is not in range, step VOV26 allocates additional
space, for one or sore additional slots, in column C of VALS2, DISP and
DELS. Step VOV2? then determines if h~tr is in range - 55    1 3 DEC 2002.
WO 90/03335 PCTIUS99/15431 and, if it is not, step VOV28 allocates
additional space, for one or more additional slots, in column C of INST.In
step VOV3, the VALS2 slot is filled in with thenew value (so that h val
once again indicates the highest5used slot number); i.e., VALS2[h val,C] is
set to new value.In step VOV4, the new value's proper sort order position
isfound within the set of new appended values) and the valueh val is
inserted at that position in the permutation list.In step VOVS, the DISP
and DELS structures are updated;10DISP[h val,C} is set to h~ptr, and DELS[h
val,C] is set to 1)since incrementing h_ptr by one has in effect allocated
spacefor one record, which is not yet a "live" record, and is thuspart of
the DELS pool. Finally) in step VOV6, row V) whichis equal to the sort
position of the new value) is changed to15h val for proper inclusion into
the ChainVO object used inthe routine calling insert vov()
(specifically,chainV[prev(C)j must point to the actual location of the
newvalue, i.e. h val).FIG. 18 is a flowchart of insert c(ChainVO
VO,20Column C). This routine checks if there is a deletedinstance of the
column C value specified by VO and, if not,migrates a deleted instance from
the nearest value havingone. The row number of the first deleted instance
of thevalue is then stored in VO.chain0 (either as offset or row25number,
depending on V/O splitting).step IC1 sets V to the vALS2 row number in
column Cfor the value whose first deleted instance is to be writteninto
VO.chaino[prev(C)] (i.e., V=VO.chainV(prev(C)). StepIC2 determines whether
this value has a deleted instance30(i.e., whether DELS[V,C]>0, or by direct
count of tombstoned,flagged, cells in those embodiments in which deleted
cellsare marked by a flag). If this value has no deletedinstances, step IC3
is performed, which does an iterativesearch for the closest value with a
deleted instance (si~ailar35to the search done in "insert v()" above) to
determinewhether there is a deleted instance for any value. If nodeleted
instance is found, step IC4 allocates additional - 56    ~ 3 oEC Zooz WO
ppPC"i'NSl9li 5431 space) for one or more additional slots, in column C of
INST, and adjusts the data structures as needed to indicate that the
additional slots are free (i.e., deleted instances). Step IC5 then does an
iterative application of , 5 I ~oove space uplist() or I move space
downlist() until the value at row V of VALS2 has a deleted instance. Step
IC6, which is also done directly after step IC2 if value table row number v
already has a deleted instance of its own, sets J to a row number in column
C of the instance table that is 1D associated with value table row number
V. If column C of DISP exists, J = DISP[V,CJ is such an instance. If DISP
has no column C, J = V is such an instance. Step IC7 then finds the first
deleted instance, K, which is at one plus the roW number returned by top
undel(C,J) (i.e., K=top undel(C,J)+1). 15 Step IC8 then tests whether the
previous column, prev(C), is V/O split. If it is not, step IC9 sets
VO.chain0[(prev(C)] to R. otherwise) step IC10 sets VO.chain0[(prev(C))] to
K DISP[V',C]-X, where V' = V and X = 0 if DISP is "first row number"
format, or V' = V-1 and X = 1 if DISP is "last row 20 number" format. In
either case, processing is then complete. lRecord Deletion Record deletion
is performed in this embodiment by identifying the pointer table cells of
the record and marking 25 then as deleted in the DELS column when it
exists, or by a tombstoning flag. Such free space is then available for use
when the data in existing records is changed or new records are added. In
unsorted columns that are' "attached" as described above, the delete status
of a cell in the attached . 30 colu~ua is identical to that of the cell to
which it is attached. Deletion of a record is illustrated in FIG. 19. In
step DR1, the record to be deleted (the one containing cell jRO, CO]) is
loaded into ChainVO object VO. If the pointer 



35 chain starting from [R0, CO] does not form a closed loop, an exception
is raised) terminating processing. Step DR2 determines whether the record
has any deleted cells [by, - 57    1 3 .DFC 2DD2 T WO 00I03335
PCT/US99/15431 e.g., repeated testing of whether top undel() returns a row
number less than the cell's row number), because only a live record can be
deleted. If the record contains a deleted cell, step DR3 reports an error
and processing is complete. 5 If no cells in the record are deleted, step
DR4 is performed, which initializes the current column, C, to column CO and
the current column, R, to R0. Step DR5 then deletes the current cell, [R,
C], and sets R to the row number in next(C), via a call to "Delete
pointers) cell (R,C]," described above. IO Step DR6 then sets C to the next
colu~an via a call to next(C). If the current column is not equal to the
starting column (C not equal to CO), step DR7 Ioops back to step DRS;
otherwise) step DR7 terminates processing. For example, if record "Five" is
deleted in the 15 example above, a11 cells in INST (and possibly OCCUR)
belonging to this record will be marked as "deleted" (by tombstones for
columns not having DISP/DELS, and by the DELS column where it exists). For
the above example the DELS table will look as follows (if record "Five" i.s
the only one 20 that has been deleted): DELETES Row ,~ENGLISHSPANISH
GERMANTYPEPARITYI002O125405_ A count of records with, for example, TYPE =
30 prise" is now obtained from column TYPE of DISP as 6 - 3 (difference of
row 4 entry and row 3 entry), indicating that there are three such records;
however, the DELETES structure indicates that one of those records is
deleted, hence the true total is 6 - 3 - 1 = 2. The number of records with
35 p~ITy = "Odd" is obtained similarly. DISP shows the value 4 in row 2 of
the PARITY column. Hence, rows 9 through 6 (last row) of INST are
associated with "Odd", three records in a11. - 58    ,1 3 DEC 2002, WO
00/03335 PCT/US9l115431 Again, there is a "1" in the PARITY column of
DELETES, row 2, so the number of undeleted records with PARITY = "Odd" is 3
1 = 2. 5Record InsertionInsertion of a new record is illustrated in FIG.20.
Step IR1 obtains the values for the new record's ffields(for example, from
a user) and stores them in a temporarybuffer. A ChainVO object VO is also
allocated for record10construction and insertion. Fields belonging to
an"attached" column, as described above, are treatedessentially as suffixes
to the values in the column to whichthey are attached. Step IR2 sets the
current column C to the(first column. Step IR3 then searches the value
table, VALS2,15for the value) V, specified as the new record's column
Cvalue, and returns the sort position, V, of the value andwhether the value
already exists. Note that when prev(C) isV/O split, the search in VALS2 is
done in two parts; ffirst,the original, sorted value list is searched and
then, if no20match is found, the appended listed of added values issearched
through the permutation list (as described above).Step IR4 tests whether
the value already exists. If it does,step IRS is executed; otherwise step
IR5 is executed.Step IR5 determines whether column C is V/O split25(in
which case the column descriptors for prev(C) of theinstance table would
idicate V/0 splitting). If it is V/Osplit, step IR7 is performed, which
inserts the new valueinto VALS2, DISP, and DELS via a call to insert
vov(V,C,*newvalue). If it~is not V/O split, step IR6 is performed)
which3oinserts the new value int VALS2, DISP, and DELS via a call toinsert
v(V,C,*new value).In either case, step IR8 then builds chainV in theVO
object, setting VO.chainV(prev(C)] = V, where V is eitherthe sort position
found in step IR3 (if column prev(C) is not35V/O split) , or h val found in
"insert vov ( ) " ( if colu~snprev(C) of the instance table is V/O
split).Step IR9 determines whether the value at row V of - 59    



,a ~ .arc ~oo~ WO A0103335 PCTNS99/15431 VALS2 has deleted instances (by
checking the DELS tablecolumn if it exists, otherwise by counting
tombstones). If itdoes not, step IR10 is performed, which provides a
deletedinstance for the value via a call to insert c(VO,C)
(updating5VO.chaino[prev(C)] in the process).If there is already a deleted
instance, the branchstarting with step IR11 is performed. In step IR11) the
rownumber, K, in the instance table of the first deletedinstance is found
via a call to top undel(C,J)+1) where J30represents the row number, in
column C of the instance table,of an instance of value number V. In
particular, if column Cof DISP exists, then J = DISP[V,C] is such an
instance. Inthe absence of column C of DISP, J = V is such an instance.Step
IR12 then determines whether column prev(C) of the15instance table is V/O
split. If prev(C) is V/O split, thenstep IR13 sets VO.chain0[prev(C)] to
the appropriateoccurrence number) i.e., K-DISP[V',C]-X) where V' = V and X
=O if DISP is in "first row number" format, or V' = V-1 and X- 1 if DISP is
"last row number" format). If prev(C) is not20V/O split, step IR14 loads
the row number of the deletedinstance, K) into VO.chain0[prev(C)].In either
case) step IR15 then deducts the deletedinstance from the deletes count for
row V of VALS2. StepIR16 then moves on to the next column, setting C to
next(C}.25Step IR17 then determines whether all columns have beeny
,processed (i.e., whether C equals column 0) and, if not)_loops back to
step IR3. Otherwise, step IR18 writes thewhole object VO back into the
instance table (via a call toput chain(o, VO, fcount), where fcount is the
number of30fields in the record), and processing is complete. Record
Updates Updating an existing record is illustrated in FIG. 21. In step E1,
the user chooses a record to be updated and, -35 in step E2, the record is
loaded into a ChainVO object VO and in a temporary buffer. Any cell of the
record may be selected as a starting point for loading VO. In step E3, the
user - 60    1 3 DEC 2002 wo 00/o333s PC'FN899/I 5431 optionally changes
any or a11 field values (unless read-only conditions pertain) in the
temporary buffer. Step E4 initializes the "current column," C, to start at
the first column, column 0. Step E5 determines whether the user 5 changed
the value in field/column C. If the user has not changed the value, no
processing is needed in this column, and step E20 is performed, which
advances C to the next column, by setting C to next(C). If the column C
value has changed, step E6 is 10 performed, which deletes the formerly live
instance of the record's old value, via a call to "Delete pointers) cell
[R,C]", described above. Step E7 then searches the value table (using,
e.g., a binary search) for the value specified as the new record's column C
value, and returns the sort 15 position of the value, whether matched or
not. When prev(C) is V/O split, the search of the value table is done in
two parts; first, the original, sorted value list is searched and then) if
no match is found, the appended listed of added values is searched through
the permutation list (as described 20 abovej. Step E8 tests whether the new
value was already in VALS2. If it was, the branch starting with step E12 is
performed; otherwise the branch starting with step E9 is performed. Step E9
determines whether the column prev(C) is V/O 25 split. If it is V/O split,
step E11 inserts the new value into vALS2, DISP, and DELS via a call to
insert vov(V,C,*new value); otherwise, step E10 inserts the new value via a
call to insert v(V,C,*new value). Step E12 builds the chainV of the new
record, one element at each pass, setting VO.chainV[prev(C)]=V, 30 where V
is either the sort position found in step E7, if column prev(Cj is not V/O
split, or h val found in "insert vov()," if column prev(C) is V/O split.
Step E13 determines whether the value at row V has deleted instances by
looking in the DELs table, or counting tombstones if DELS has no
corresponding 35 column. If the value has no deleted instances, the branch
starting at step E14 is executed. Step E14 provides a deleted instance for
the value, via a call to insert c(VO,C), and - 6I    1 ~ UtC 20O2. 



WO 00V03335 PCT/US99/15431 updates VO.chain0(prev(C)] in the process.
Otherwise, the branch starting at step E15 is executed. Step E15 finds the
row number, X) in column C of the first deleted instance of value number V;
i.e., K=top undel(C,J)+1, where J represents the row 5 number, in column C
of the instance table, of an instance of value number V. In particular, if
column C of DISP exists, then J = DISP[V,C] is such an instance; otherwise,
J = V is such an instance. Step E16 tests whether column prev(C) is V/O
split. If it is V/O split, then step E18 is performed, which sets K to 10
the occurrence number; i.e., K=K-DISP[V',C]-X, where V' = V and X = 0 if
DISP is "first row number" format, or V = V-1 and X - 1 if DISP is "last
row number" format. In either case, step ,~ E17 is then performed, which
loads the proper data into VO.chain0; i.e., VO.chain0[prev(C)]=K. Step E19
then removes 15 the deleted instance from the deletes count. Step E20 then
changes C to the next column (C=next(C)). Step E21 tests whether all
columns have been processed; i.e., whether C=0, which was the starting
column. If C has not returned to the starting column, execution loops back
to step E5 and repeats 20 with the new C value. Otherwise, step E22 writes
the whole object VO back into the instance table, via a call to put
chain(O, VO, fcount), and processing is done. Queries 25 Because columns in
the database system of the present invention may be independently sorted,
queries can be performed very quickly. Any of a variety of efficient,
standard search or lookup algorithms can be used. For example, a simple
binary search delivers a worst case tixae 30 performance of C logz n, and
an average performance of C loge (n/2). other search techniques can also be
used, with the best one being dependent on the specific situation and
characteristics of the data. Parallelization can be is~plemented on top of
either 35 a binary midpoint or interpolation search. Such techniques for
parallelization of search algorithms are known in the art. Further
parallelization can be obtained by grouping - 62    1 3 DEC 2002 wo
ooro333s PCTNS99/15431 rows of sorted data elements from each column in
size ncontainers, where n equals either the number of processors oran
integral multiple thereof. The system tracks the upperand lower boundary
points of these containers) removing the5necessity of data being sorted
within them. Where n equalsthe number of processors, entire containers can
then besearched and manipulated with the same efficiency that singlerows
are operated upon in single processor environments,while displacements
within these containers become10inconsequential.As an example, a flowchart
for a query for allrecords having a chosen value for a given field
isillustrated in Figure 22. In step 221, the value table for aparticular
field is searched for the values matching the15chosen value, M. Again,
because the columns are generally insorted order, a binary search can be
used (as well as othersearch techniques). Step 222 tests whether a matching
value 'was found. If a matching value is not found, that isreported in step
223.20- If a matching value is found) for example atValue Table(r) c),
steps 229 and 225 are performed, whichdetermine the row in the value table
with matching values(step 22s) and reconstruct the records associated those
rows(step 225). For a non-condensed column, the record25associated with the
cell with the matching value isreconstructed as discussed above; then
contiguous rows (r+l)S r+2) ..., r-1, r-2, ...) are checked for matching
values, andif additional matching values are found the recordsassociated
with those cells are also reconstructed. The30search of contiguous rows can
stop in any direction when anon-watching value is fopnd.For a condensed
column, the range of instance tablerow numbers that point to the matching
value is obtained fromthe displace~sent table. Again, where the matching
value was35found at Value Table(r, c), the contents ofDisplacement Table(r,
c), if in "first row number" format, isthe beginning of the range and
Displacement Table(r+1, c) - 1 - 63    ,i 3 DFC 20D2 WO 00103335
PCT/US99/15431 is the end of the range (unless r is the last row in
thedisplacement table, in which case the end of the range is thelast row in
the instance table for the column). Step 225then reconstructs, as described
above, the records containing5the cells identified in the instance
table.More complicated queries, such as (FIELD X = M).AND. (FIELD Y = N),
(FIELD X = M) .OR. (FIELD Y = N)) and soon, are also efficiently
implemented using the datastructures described herein. For example, an AND
query canIObe implemented by finding (as above) all records matchingFIELD X
= M) then testing for the second condition (e. g.,Y = N) during record
reconstruction. FIELD_ A significant advantage of the present invention
isthat the AND condition query can be performed with fewer~5steps because,
for condensed columns, the number of rowsmeeting each of the conditions is
already known from thedisplacement table. The first condition to be applied
canthen be chosen to be the one with fewer matches. Incontrast, existing
database engines typically must perform20"analysis" cycles periodically in
order to have only anapproximate idea of the cardinality found in each
column.With the embodiments of the present invention describedabove, the
cardinalities are known ahead of time for eachualue. An OR query can be
implemented, for example, by25finding a11 records matching the first
condition and then;,finding a11 records matching the second condition that
werenot already matched by the first condition. If anarbitrarily complex
expression is known in advance to be afrequent query, a sorted column for
that expression can be30included in the value, displacement and instance
tables just.as though it were an ordinary field, and the same rapid'binary
search method would apply.Data structures, corresponding to those
discussedabove, can be initialized with the results of a query,
thus35facilitating sub-queries. 



- 64    1 ~ DEC 2002. WO /b3335 PCT/US99/15431 SOL Functions Many SQL
functions may be supported by the data structures in accordance with the
present invention with a trivial amount of computational effort. For
example, the 5 COUNT function) which returns the number of records having a
specified value for a given attribute, is available in constant time by
accessing the entries for that value and the adjacent value in the
displacement table. The MA.X and MIN functions, which find the records with
the maximum and 10 minimum values for a given attribute, can be implemented
by accessing the top and bottom cells, respectively, in the given column.
The MEDIAN function, which finds the record ,r - with the middle value for
a given attribute, can be implemented by searching for the location of the
displacement 15 table closest to half the record count, and returning the
associated value. The MODE function, which finds the value with the largest
number of occurrences, can be implemented by a linear search for the
largest difference in adjacent displacement table values, and using the
corresponding value. 20 These functions (called aggregation functions) are
efficient because the displacement table is directly related to the
histogram of value counts within the column. INSERT, DELETE, and UPDATE
operations are supported as shown, for example, in the embodiments of these
operations 25 described above. The present invention also supports other
types of SQL queries. For example, suppose there are two tables, labeled
"PLANT" and "EMPLOYEE", whose various attributes are shown below: 30
PhIrI~T: PLANT NAME PLANT NUMBER MANAGER ID etc. . . . EMPLOYEE: EMPLOYEE
NAME EMPLOYEE ID JOB ADDRESS etc. . . . 35 A guery, for example, to find
the name of each manager of each plant is expressed in SQL as follows: - 65
1 3 DFC 2D02 r WO 00/03335 



PCTIUS99l15431 SELECT EMPLOYEE NAME FROM PLANT, EMPLOYEE WHERE MANAGER ID =
EMPLOYEE ID 5 If the representations for the two tables are uncoupled)
i.e.) they each have separate value, instance, displacement) and occurrence
tables, simple nested loops can be used to test for equality between values
in the MANAGER ID column of the PLANT database and the EMPLOYEE ID column
of 10 the EMPLOYEE database, and, for each match, the corresponding
EMPLOYEE NAME in the EMPLOYEE database can be found. If the instance,
displacement, and occurrence tables of the EMPLOYEE and PLANT databases
point to the same value table with a single MANAGER ID/EMPLOYEE^ID column,
I5 then, for each displacement table that has an entry for a particular
column for both EMPLOYEE and PLANT, the corresponding EMPLOYEE NAME in the
EMPLOYEE table can be f ound . 20 Joins A join operation combines two or
more tables to create a single joined table. For example, two tables may
each have information about EMPLOYEES and a join might be performed to
determine a11 information in both tables about 25 each EMPLOYEE. `) In
order to perform a join) tables are typically linked through a primary or
candidate key in one of the tables. The primary or candidate key is an
attribute or attribute combination that is unique. A redundant 3o
representation of this same attribute or attribute combination, called a
foreign key, is contained in one or more other tables. The foreign keys
need not have the same cardinality as the primary or candidate key and need
not be unique. 35 A join operation is defined as a subset of an extended
Cartesian product of two or more tables. A Cartesian product of two
record-based tables combines each - 66    ~ 3 oEC zooz WO 0/83335
PGT/US99/15431 row of the first table with every row of the second table.
For example, if the first table had M rows and N columns and the second
table had P rows and Q columns, the Cartesian production would have MxP
rows and N+Q columns. An extended 5 Cartesian product is a Cartesian
product that results from inserting null values into one or more of the
original tables. A membership function defines the subset of theextended
Cartesian product of two or more tables that are in10the join answer set
(i.e., the output of the join operation).The membership function contains a
comparison condition and ajoin criterion that jointly determine a
particular join type,which together with column selectors determine the
answer setreturned by the join.15The comparison condition specifies a
logicaloperator. It is, for example, what appears between theattribute
names in the "Where" clause of an SQL SELECTstatement. The most common
comparison condition is equalityand the corresponding join is referred to
as an equi-join.20Other conditions such as greater than or less than are
alsopossible.The join criterion specifies the answer set of ajoin, given a
comparison condition, specific join attributesand column selectors. For
convenience equi-joins on a single25attribute in each table are assumed in
the discussion below.Join criteria include inner join (the join answer
setconsists of those rows that appear in both tables), outerjoin (further
subdivided into left outer join, right outerjoin and full outer join - the
join answer set consists of30all the rows in the left, right or either
table together withthe corresponding rows of the other table where they
exist,null filled otherwise)) union join (the join answer setconsists of
those rows that appear in only one of the twotables, with the rewaining
values in those rows null filled),35and cross join (the join answer set
consists of the full non-extended Cartesian product of the two tables).The
column selectors specify which columns are - 67    1 3 DEC 20D2 WO 00I03333
PCT/US99115431 returned in the answer set of the join. In prior art
database systems) joins tend to be extremely costly in storage space and/or
processing time, requiring either pre-indexed data to maintain sortedness
or a 5 time intensive search involving multiple passes over the entirety of
each attribute that is being joined. In the latter case) the time to do a
two column join is proportional to the square of the number of rows, a
three-column join proportional to the cube, etc., for tables of equal 



10 cardinality and equal to the n-fold product of record counts otherwise.
The present invention largely eliminates theoverhead associated With joins.
A11 attributes can besorted, and union columns can eliminate the need to
maintain15redundant copies of data. Membership functions can beimplemented
efficiently through the displacement table,various alternate displacement
tables) bit maps, and/or n-valued logic functions.20Alternate Displacement
TablesCertain properties of the union column lead tovarious modifications
to the displacement table columns,which are particularly useful in
performing joins. The"full" displacement structure has) for each column,
rows thatZ5are in one-to-one correspondence with the rows of
thecorresponding column of the (condensed) value table. Thecontents of a
cell of the full displacement table, in oneembodiment) is the row number of
the first (or last,depending on the embodiment) instance in the instance
table30of all instances possessing the corresponding value in thevalue
table. If a value in the value table has no instancesat a11) identical
entries in the displacement table in thecorresponding and next
(alternatively, previous) cells willindicate this. Consequently, if there
are many more values35without than with instances (referred to hereafter as
the"sparse" case), there are ~aany more repeated than differentvalues in
the displacement structure) leading to redundancy - 68    1 3 DEC 2002 WO
00103335 PCTNS99/15431 in the displacement table. In the full displacement
table,in one embodiment) the entries are in sorted order, so thatfor row
number J in the instance table, the corresponding rownumber V in the value
table is that for which5DISP(V,I] <= J < DISP[V+1,I] (for a displacement
column inthe "first row number" format), or (for "last row numberformat)
DISP(V-1,I] < J <= DISP[V,I].In a "sparse" case, an alternative format
fordisplacement table columns) (referred to below as the30"condensed"
displacement format) can be used to removeredundancy. In this format,
displacement table entries havetwo parts:.1) DV, the row number in the
value table of a valuehaving instances, and152) DD, the starting
(alternately, ending) row number inthe instance table of the actual
instances of the value.The row number entries DD are in sorted order;
DVwill naturally also be in sort order when the underlyingvalue table is in
sort order.20For row number J in column I of the instance table,the
corresponding row number V in the value table is found asfollows:1) find K)
via, e.g., a binary search) such that DD[K]<= J < DD[K+1] (for "first row
number" format) or (for "last25row number format") DD[K-1] < J <= DD[K];2)
V = DV[KJ.A condensed displacement column, when appropriate)simultaneously
saves storage space and speeds up binarysearching. F~owever, testing for
the presence of instances of3oa given value is a constant-time lookup using
a fulldisplacement column) but a log time binary search using acondensed
displacement column.In the case where values without instances arerare, a
further alternate format of the displacement table35(referred to herein as
"dense" format) permits a11 missingvalues to be found guickly. In this
alternate format,displacement table entries have a bitflag to identify
valves - 69    ~ 3 ~~c aoD~ WO 00/03335 PCT/1JS99/15431 with no instances,
and, for those values with no instances, the contents of the entry is a
pointer to the next value without instances. (The originally defined
displacement list, lacking the linked list of missing values, is referred 5
to below as "full" format). Examples of Alternate Displacement Tables
Sparse and dense displacement columns are illustrated below for prior art,
record-type, tables J"~ and l0 SPJ"od (excerpted from C. J. Date)
Introduction to Database Systems, Sixth Edition, inside front cover
(1995)): J"~ 15 20 25 30 35 Rec
#J#JNAMECITY0000:J1SorterParisO001:J3OCRAthensO002:J4ConsoleAthensO003:J5RA
IDLondon0004. [J6EDSOslo SPJ~ Rec
#S#P#J#QTY0000:S2P3J22000001:S2P3J56000002:S2P5J21000003:S3P4J25000004:S5P2
J22O0O005:S5P5J55O0 IO006:S5 lP6J2200 Value, displacement, instance and
occurrence tables for J",~ and SPJ"~ are as follows J"o,,: VALS: 



Row #J#JNA1SECITYO000J1ConsoleAthensd001J3EDSLondon0002J4OCROslo
IQ00335RAIDParisO004[J6Sorter - 70    1 3 DEC 2002 WO 00V03335 5 DISP:
PCTIUS99I15431 Row ,~J~JNAMECITY0000000000I112O0022230003334b004 ~44
Coiabined Instance/Occurrence Table: 10
Row#J,~JNAMECITY00004/O0/11/00002/02/02/00O02O/00/03/000D33/01/04/000O41/03
/00/0 SPJ"oQ I5 VALS: 20 Row
~S#P,~J,~~Y0000S2P2J2Q000001S3P3J52O00002S5P45000003P56000004P600050006
DISP: 25 30 35 Row ,~S#P,~J,~QTY0000000000013151O00243400034-
6Od04600050006 _ 71 _   1 3 DEC 2002 5 WO 00103335 



Instance/Occurrence Table: PCTNS99J15431 Raw
,fS,fP,~J~QTY00001/O0/2O/00/200011/10/11/00/000023/01/11/12/000032/00/41/22
/200O4O/OO/02/01/000053/11/02/12/I00064/00/33/00/1 To facilitate rapid join
queries on, for example, 10 over the J~ attribute of tables J"a, and SPJ"~,
a union coluyan for J~ is created and sparse and dense displacement table
columns corresponding to the union column are incorporated E = into the
displacement tables for J"~ and SPJ~d. The J~ union column for J"od and
SPJ"o~ is as follows: 15 J,~ Union for J"~d and SPJ,~od: Row
,~J,~0000Jl0001J20002J3O003J4200O04J50005J60O06J7 The appropriate type of
displacement column for each of J"~ and SPJ",~ is determined by comparing
the cardinality of the 25 union column to the cardinalities of the
corresponding columns of the J",~ and SPJ",~ tables. The cardinality of the
J,~ union column above is 7. The cardinality for the J~ colu~an in the J",~
table is 5. Since nearly all values in the union column also appear in the
J"~ table, a dense 30 displacement column is constructed for that
attribute. For the SPJ",~ table, the cardinality of its J~ column, 2, is
compared to the cardinality of the union colu~en, 7. Since the J,~ values
are "sparseM in this case, a sparse displacement colu~en for the SPJ",~
colu~an is constructed. The 35 J~ union column, the displacement column for
J"~ and the displacement column for SPJ"~, are shown below, a11 in one - 72
1 3 DEC 2002 WO AA/03335 table for illustration purposes: Union and
Displacement Columns:  5Row ~J# UnionJ"od D-columnSPJ,~~
D-column00O0J101/0OOOIJ2*64/50002J3100O3J420004J53Q005J641000O6J?*1
PCTIUS99/15431 In the dense displacement column for J~, the asterisks are
bitflags) indicating (1) that J"~ does not have a record with the
corresponding value) and (2) that the value 15 which follows is a pointer
to the next value in the union . column which does not appear in J"od Those
values in the union column which do not appear in J"~ are thus maintained
in a circular linked list. In the sparse displacement column for SPJ,~, the
20 entries are presented in the format DV/DD, where DV is a 



pointer to a value in the union column which has instances in the SPJ",o~
table and the DD pointer is the starting row number in the SPJ",~
instance/occurrence table of the instances of the given value. 25 Modelling
Joins Using Bit Maos The J~ union colus;n for the J"~ and SPJ"~ tables may
also be supplemented by bit maps. The bit slap will indicate whether a
given value in the union column is contained in the 30 J.oa or SPJ",~
tables. A procedure for creating such a structure is illustrated below. The
bit map in this example consists of seven entries, 0000 through 0006, one
for each value of J,~ present in the union colus~n. Each entry is
associated with 2 bits. The first bit is set to 1 if the 35 corresponding
value of J,~ is present in the J",~ table, 0 otherwise. Likewise, the
second entry is set to 1 if the J# value is present in the SPJ",~ table,
and O otherwise. - 73    1 3 DEC 2002 WO 00I03335 PCT/US99/15431 Since the
J,~~ table is represented by a dense displacement column, its bit entries
are initialized to 1' (since almost all the values in the union column are
contained in J"~,) . Likewise, since SPJ"od is represented by a 5 sparse
displacement column, its bit entries are initialized to 0 (since few of the
values in the union column are present in SPJ"~). The initial bit map is
thus as follows: Initial Hit Map: 1 ORow ~Jwoa /
SPJ"oaD0001/00001I/000021/000031/000041/000051/01500061/0 The next step is
to construct the final bit map. For the J,~od column, the values not
present in the J# union column are contained in the ring of non-present
values in its 2o dense displacement column. The ring is traversed and the
corresponding entries in the bit map are set to '0'. To correct the entries
for the SPJ",od column, the DV pointers point to the values in the union
column which have entries in the SPJ"~ tables and the corresponding entries
in 25 the bit map are set to '1'. The final bit map is as follows: f l '`
Final Hit Map: Row ,fJ,~~ /
SPJ",~000Q1/03000010/100021/000031/0O004I/I00051/0~ ooos -o/o 35 N-valued
logic functions can model join operations with functions over bit maps.
This technique is illustrated - ?4 r   1 3 DEC 2002 



WO 00!A3335 PCT/US991I5431 by the example below with reference to prior art
tables S, P, and J (from C. J. Date, Introduction to Database Systems,
Sixth Edition, inside front cover (1995)): ' S S: 10v_1520 ._ 25
S,~SNAMESTATUSCITYS1Smith20LondonS2Jones10Par~.sS3Hlake30ParisS4Clark20Lond
onS5Adams30Athens P:
pfPNAMECOLORWEIGHTCITYP1NutRed12LondonP2BoltGreen17ParisP3ScrewBlue17Rome
iP4ScrewRed14LondonP5CamHlue12ParisP6Cog ~-Red19London J:
J,~JNAMECITYJ1SorterParisJ2DisplayRoaeJ3OCRAthensJ4ConsoleAt
ensJ5RAIDLondonJ6EDSOsloJ7 --Tape - -London i In this example a union join
is performed on the ~CITYa columns of the S, P, and J tables. This entails
finding only those records whose "CITY" value appears in exactly one of 30
,tee S, P) or J tables. The first step is to construct a union column for
the CITY columns of S, P, and J, if one does not already exist. The second
step is to associate with each value of 35 ~e union colu~sn three bits,
corresponding to the S, P, and J tables, respectively. A bit is set to 'Y'
(i.e., '1') if the - 75    1 3 DEC 2002 W O 001A3335 PC?/US99/15431 CITY
value is present in the appropriate table, and to 'N' (i.e., '0')
otherwise. Such a table is depicted below: Union column and bit map:
CITYSPJAthensYNYLondonYYYOsloNNYParisYYYRomeNYY 



10For a particular value of the CITY attribute,records with that value
appear in the union join if and only;`'',if that value of CITY appears in
exactly one of the S, P, andJ tables, i.e., exactly one of the bits in the
bitmap for theunion column equals 'Y'. One illustrative implementation
of15a function that finds such rows is function f(temp) column)described
below. The function's domain consists of the twovariables 'temp` and
`column`. The variable 'temp` can beone of three values; 'Y', 'N', or 'D'.
The variable 'column'20is either 'Y' or 'N'. Lastly, the return value of
function falso consists of the three values 'Y`, 'N`, or 'D'.For each value
of CITY in the union column,function f is applied iteratively to the bit
values in eachof the three aolu~ans: the variable 'column' is set to the
bitZ5value of the current column, and 'temp' is assigned theresult of the
previous application of the function f. Forthe first column, S, 'te~up' is
initialized to 'N' . After thefinal iteration, if the result is Y', the
value appears inthe union join; if the result is 'N' or 'D` the value
does,30nt appear. 35 - 76    WO 0e103335 1 3 DEC 2002 PGT/US99115431 The
function f is defined as follows: TempColumnReturn ValueNNNyNYpND5NYYyYDDYD
Applying this function to the first row in theUnion Table, corresponding to
the value 'Athens', yields theldfollowing result: f(f(f('N' 'Y') 'Y') 'N')
which equals, , , ,'D'. Hence 'Athens', which appears twice in the row,
doesnot appear in the Union Join.`Applying function f to the row for 'Oslo'
yieldsthe following result: f(f(f('N','N'),'N'),'Y'), which equals15,y,.
Hence 'Oslo', which appears exactly once in the row,does appear in the
union join.FIG. 23 is a flowchart that illustrates a joinoperation. In step
231, the user picks tables to join. Instep 232, any tables not already
represented in the data2~structures of the present invention are converted
into suchstructures. Next, in step 233, columns, if any, are pickedwhose
values are part of the logical expression defining thejoin as a subset of
the extended Cartesian product. Step 234tests if any columns were selected.
If no columns were. 25selected, the join corresponds to the full
non-extended~ `Cartesian product, and record reconstruction proceeds
viastep 238 without conditional constraints (i.e., every recordfrogs each
table is combined with every record of every othertable) .30otherwise ste
235 is p perforaed which tests if morethan one column was selected. If so,
those columns arecolabined into a combined column (such as in the
"combinedcolumns" description above}.If the appropriate value table union
column does35not already exist, step 237 creates it, together with
itsassociated displacement table columns. Step 238 then. - 77 -   1 3 DFC
2002 - WO OQn03335 fC'fItJS99115431 modifies the ranges in the routines
that produce the join output, using full, dense and/or sparse displacement
lists, bitmaps, multivalued logic functions or any combination of them, so
as to match the-type of join) using the appropriate 



5 comparison condition and join criterion. For example, the answer set of
an inner join is limited to instance table cells corresponding to
displacement table rows in which the tables involved have non-null record
ranges. This can be determined, for example, from their 10 displacement
table entries. Corresponding instance cell entries derived from each such
displacement table row (and possibly one of the adjacent rows, depending on
the implementation) provide the instance table cell ranges for each table
for a11 matching records. The answer set is 15 restricted to only those
records) producing the appropriate inner join answer set. The answer sets
for other types of joins can be similarly determined from, for example, the
displacement table. Combination with the query methods discussed above ZO
enables implementation of a full range of statements like SQL's "SELECT ...
FROM ... WHERE ...." While the invention has been particularly shown and
described with reference to particular illustrative 25 embodiyaents
thereof, it will be understood by those skilled in the art that various
changes in form and details are within the scope of the invention) which is
defined by the claims. 30 35 - 78    1 3 DEC 2002 PCTNS99/15431 What is
claimed is: 1. A computer-implemented database comprising: a. one or more
sets of data value elements, each data value element having a position in
one of the one 5 or more sets of data value elements and a data value; b.
at least a first and a second set of instance elements, each instance
element having a position in its respective set of instance elements and an
10 instance value, and each set of instance elements corresponding to an
attribute) c. wherein for a first instance element in the ffirst set of
instance elements (i) a first associated data value element in the I5 one
or more sets of data value elements is derived from the first instance
element's position, and (ii) a single second instance element in the second
set of instance elements, whose position in 20 the second set of instance
elements is different from the first instance element's position in the
first set of instance elements, is derived from the first instance
element's instance value) and 25 d. further wherein ,y~ (i) a second
associated data value element in the one or more sets of data value
elements is associated with the second instance element and at least one
other ele~aent in the second 30 set of instance elements) and (ii) the
first instance element can be derived from the second instance element
independent of the first instance element's value. 2. The database of claim
1, wherein the second instance 35 element is a next element. 



3. The database of claims 1, wherein one of the one or more sets of data
value elements is sorted. _ 7g   1 3 DEC 2002 r~ WO 0W93335 PCTNS99115431
4. The database of claim 1, wherein one of the one or more sets of data
value elements is condensed such that the set comprises unique data values.
5. The database of claim 1, wherein one of the one or more 5 sets of data
values is condensed, such that the set comprises unique data values) and
sorted. 6. The database of claim 1, wherein all data value elements having
equal data values have contiguous positions in one of the one or more sets
of data value elements. 10 7. The database of claim 1 wherein one of the
one or more sets of data value elements is an algorithm that generates a
sequence of unique values and, for each data value in the sequence, a
position of the data value in the one set of data value elements is given
by the 15 20 25 position the value would have in the sequence if all data
values were generated by the algorithm. 8. The database of claim 5 wherein
the first associated data value element is in the condensed set of data
value elements and further comprising: a displacement set of displacement
elements associated with the condensed set of data value elements, each
element in the displacement set having a position in the displacement set
and a displacement value, wherein the first associated data value element
is further derived from the 9. 30 10. 35 11. displacement set. The database
of claim 8 wherein each element in the displacement set has a single
associated element in the condensed set of data value eleaents derived from
its position. The database of claim 8 wherein each element in the
displacement set is associated with a range of elements in the first
instance set, each element in the range being associated with the same data
value element. The database of claim 10 wherein the displacement value of
an element in the displacement set specifies a first position in its
associated range of positions. - 80   



1 3 DEC 2002 WO 00/03335 PCTNS99/15431 12. The database of claim 10 wherein
the displacement value of an element in the displacement set specifies a
last position in its associated range of positions. 13. The database of
claim 10 wherein the displacement value 5 of an element in the displacement
set specifies the nu~aber of positions in its associated range of
positions.. 14. The database of claim 1 wherein the second associated data
value element is in a condensed set of data value to elements and further
comprising: a. a displacement set of displacement elements associated with
the condensed set of data value elements, each displacement element having
a position in the displacement set and a displacement 15 value, b. an
occurrence set of occurrence elements associated with the first set of
instance elements, each occurrence element having a position in the
occurrence set and an occurrence value, and 20 c. wherein (i) the second
instance element is further derived from the displacement set and the
occurrence set, and (ii) the second associated data value element is 25
derived from the first instance element's instance value. 15. The database
of clai~a 14 wherein the second instance ele~sent is derived from a
displacement set element whose position is given by the first instance
element's 30 instance value and an occurrence set element whose position is
given by the first instance element's position. i6. The database of claim
14 wherein the second instance element is derived from summing the value of
a 35 displacement set element Whose position is given by the first instance
element's instance value and the value of an occurrence list element whose
position is given by - 81    1 3 DFC 2002 WO 00103335 PGTNS99/15431 the
first instance element's position. 17. The database of claim 1 wherein a
group of associated instance elements comprising the second instance
element and a11 associated instance elements derived from the 5 second
instance element's instance value includes the 



first instance element. 18. The database of claim 17 wherein each
associated instance elements in the group of associated elements that is
derived independently of the first instance 1a element is unique. 19. A
computer-implemented database comprising: a. one or more sets of data value
elements, each data value element having a position in one of the one or
more sets of data value elements and a data 15 value; b. at least a first
and a second set of instance elements, each instance element having a
position in its respective set of instance elements and an instance value)
and each set of instance elements 20 corresponding to an attribute, c.
wherein for a first instance element in the first set of instance elements
(ij a first associated data value element in the one or more sets of data
value elements, 25 derived from the first instance elements _, position, is
associated with the first instance element and at least one other element
in the first set of instance elements, and 30 (iij a single second instance
element fn the second set of instance elements, whose position in the
second set of instance elements is different from the first instance
elements position in the first set of instance 35 elements, is derived from
the first instance element's instance value, and d. further wherein - 82
~ ~ ~.~c ~ooz. - WO ~~3~5 PCTNS991i 543i (i) a second associated data value
element in the one or mare sets of data value elements is associated with
the second instance element and at least one other element in the second 5
set of instance elements, and (ii) the first instance element can be
derived from the second instance element independent of the first instance
element's value. 



20. A computer-implemented database comprising: 10 a. two or more attribute
sets comprising data values and instance elements, each instance element
associated with one data value and having a position and contents; ' b.
connectivity information uniquely associating each 15 instance element with
a specific instance element in at least one other attribute set; c. wherein
connectivity information far a first instance element associated with a
first data value in a first attribute set associates the first 20 instance
element with a second instance element that is a specific one of a
plurality of instance elements associated with a second data value in a
second attribute set and d. wherein the position of the second instance
element 25 is independent of the position of the first instance element.
21. The database of claim 20 wherein the connectivity information for the
first instance element comprises the contents of the first instance
element. 30 22. The database of claia 21 wherein each data value has a
position and wherein the data values in the second attribute set are unique
and sorted. 23. The database of claim 22 wherein the second attribute set
further comprises displacement infor~oation that 35 identifies the instance
elements in the second attribute set that are associated with the second
data value. 24. The database of clai~a 23 wherein the first attribute set -
83    ~ ~ ~~C 2002 " WO 6J03335 PCTNS99f15431 further comprises occurrence
information identifying the occurrence number of the second instance
element among instances of the second data value in the second attribute
set and wherein the connectivity information 5 for the first instance
element further comprises the occurrence information for the first
attribute set and the displacement information for the second attribute
set. l0 25. A system for storing and retrieving tuples comprising: a 



collection of a number of instances corresponding to a value of a first
attribute; a cardinality element r 1 corresponding to the number of
instances; wherein the ~l cardinality element is updated each time the
number of 15 instances changes and wherein at least one instance indicates
at least one other instance corresponding to a value of a second attribute
and the second attribute is different from the first attribute. 20 26. A
system for storing and retrieving tuples comprising: a collection of a
number of instances corresponding to a value of a first attribute; a
cardinality element corresponding to the number of instances; wherein the
value can be derived from the cardinality element and 25 wherein at least
one instance indicates at least one other instance corresponding to a value
of a second attribute and the second attribute is different from the first
attribute. 30 27. A system for storing a plurality of tuples, each tuple
cox~prising at least a first attribute having a first attribute value and a
second attribute having a second attribute value, the system comprising:
for at least two tuples having identical first 35 attribute values and
identical second attribute values, a single instance element that
identifies the first attribute value and the second attribute _ 84 _   ? 3
DEC 2002, WO 5 PCT/1JS99/15431 value, and a cardinality element comprising
information regarding the number of tuples having the identical first and
second attribute values. 5 28. The system of claim 2? wherein the instance
element comprises the cardinality element. 29. A system for storing a
plurality of tuples, each tuple comprising at least a first attribute
having a first to attribute value and a second attribute having a second
attribute value, the system comprising: a. a value store storing the values
of the first and second attributes of the plurality tuples; b. an instance
store identifying instances of the 15 values in the value store associated
with each tuple; c. a connectivity store storing information regarding
relationships among instances; and d. a cardinality store storing
information 20 representing frequencies of occurrence of instances of equal
value, wherein a particular value in the value store associated with a
particular instance in the instance store is derived using the cardinality
store. 25 30. The system of claim 29 wherein the instance store and the
connectivity store are not distinct. 31. A method of retrieving a record
from a compressed 30 database, the database having been compressed by
storing information regarding distinct values of an attribute and
information regarding the number of occurrences of distinct values; the
method comprising the steps of: 



a, retrieving information regarding the number of 35 occurrences of a given
value; b. determining an instance element based on ii~forn~ation regarding
the number of occurrences of - 85    ,~ 3 DEC 2002 WO 80/93335
PCTNS99115431 the given value;c.determining a connectivity element based on
theinstance element;d.determining a record from the connectivity
element.532. Amethod for storing instances of a plurality of
values,comprising the steps of:a.storing information regarding the position
of avalue in an ordering of distinct values;0 b.updating the information
regarding the position ofthe value each time the position of the value
inthe ordering of distinct values changes;c.storing information regarding
the number ofinstances of the value;I5 d.updating the information regarding
the number ofinstances of the value each time the number ofinstances of the
value changes;e.storing information regarding the position of acollection
of one or more instances of the value in20an ordering of instances of the
plurality ofvalues; andf.updating the information regarding the position
ofthe collection each time the position of thecollection changes.25f._ 30
35 - 86  .A.AF.A.A.Al_.Al.A%.AU_.A.A3_.AU L.A.A%.A;
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