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1 Multikey Structures

A wide sdection of file Sructuresis available for managing a collection of records
identified by asingle key. Because of the increasing usage of databases and integrated
information systems, we now need file structures, that alow efficient access to records by
combinations of attribute values. Thisis, what is caled multikey access. Baanced file
sructures for multidimensiona data, i.e. that each record isidentified by severd
atributes, are needed. These file structures have to be efficient, dso in a highly dynamic
environment, i.e. when there isa high rate of insertions and deletions. The adaptability in
adynamic environment, space utilization, and operation speed are important criteriain
assessing amultikey file sructure. There are dso other performance criteria, which have
to be discussed. Theretrieval time, in which al requested records are obtained, depends
on severd factors. In generd, the time to move blocks of data from and to periphera
storage (typicaly disks) dominates the processng time in main memory. Therefore, the
number of required transfers from peripherd storage, that is the number of disk accesses,
is used as the measure of efficiency.

2 TheGridFile

Each of the multikey file Structuresin use today iswel suited for certain environments.
The grid file is an adaptable, symmetric, multikey file Sructure. Adaptable means, that it
adapts to its contents under insertions and deletions. It is a highly dynamic file. The access
time is uniform over the entire file, and asingle record is retrieved in at most two disk
accesses (two-disk-access principle). The grid fileis symmetric, because it treats dl keys
symmetricdly. That means, it isafile Sructure, which avoids distinction between primary
and secondary keys. Every key-field is treated as the primary key.

2.1 Bitmap Representation

The grid file is designed to handle efficiently a collection of records with a modest

number (lessthan 10) of search attributes, whose domains are large and linearly ordered.
A record is characterized by anumber of attributes. Thus, we have alinearly ordered
attribute space, and a k-dimensiona key to retrieve arecord is represented by apoint in
this attribute space. The attribute space can be represented by abitmap. In ak-dimensond
bitmap, the combinations of al possible vaues of k attributes are represented by a bit
position in ak-dimensiond matrix. Now, we have one bit for each possble record in the
space. Thehitisset to 1, if the record is present in thefile, and to O, if it is not. But the
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sze of this bitmap isimpossibly large. Since this bitmap contains alot of zeros, it can be
compressed. Here we need a compression scheme, that is compeatible with the operations
executed on afile. FIND, INSERT and DELETE must be executed efficiently.

2.2 Grid Partition of the Search Space

2.2.1 Grid Blocks
The partitions are obtained by dividing the domain of each attribute into intervas.

Examplefor the two-dimensional case (generdization to k dimengonsis obvious):
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Figure 1: Grid Partition of the Search Space

Asseenin Figure 1, on the record space S= X x Y we obtain agrid partiton P=U x W
by imposing intervals U = (U0, ul, u2, u3), V = (v0, v1, v2, v3) on each axis and dividing
the record space into blocks, which we call grid blocks. With grid partitions each
boundary cuts the entire search space into two. All dimensions are treated symmetrically.
A file gructure alocates storage in units of fixed Sze, called disk blocks, pages or

buckets, depending on the level of description. A storage unit, that contains records, is
caled bucket. A bucket has a cgpacity ¢, which isthe number of recordsit can contain.

2.2.2 Partition M odification

The grid partition is dynamic and can be modified. The grid partition P=U x V is
modified by atering only one of its components at atime. A one-dimensond partition is
modified by splitting one of itsintervas, or by merging two adjacent intervasinto one.
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Figure 2: The interval u2 was split.

In Figure 2 the interva u2 was split. Notice, that the intervals “below” the one being split
or the two being merged retain their index, while the indices of the intervas “above’ the
point of splitting or merging are shifted by +1 or —1.

This grid partition over the search space is an abstract space and ordered. Therefore, you
can retrieve records in it. We need other operations, that relate the grid blocks and the
records to each other. Findly, we can find arecord by given attributes in the grid partition,
and then actudly retrieve it in physica storage.

The assignment of grid blocksto bucketsis the task of the grid directory. Consequently, a
grid file structure consists of data buckets for storing records and of a grid directory for
the correspondence between grid blocks and buckets. The data structure, used to organize
the set of buckets, is characteridtic for the file system. The structure used to organize
records within a bucket is of minor importance for the file sysem as awhole, because it

does not influence the accesstime.

2.3 TheGrid Directory

The grid directory has the function of a bucket management system, which is superposed
onto the grid partitions. Designing this bucket management system, three aspects have to
be considered:

Defining aclass of legd assgnments of grid blocks to buckets.
Choosing a data structure for the directory, that represents the current assignments.
Finding efficient dgorithms to update the directory, when the assignment changes.



2.3.1 Assignments

Because we want to retrieve arecord in a most two disk accesses (the first accessto the
correct part of the directory, and the second one to the correct data bucket), it can easily be
seen, that al the records in one grid block must be stored in the same bucket. But, if each
grid block had its own bucket, the bucket occupancy would beillogicaly low. Therefore,

it must be possible for severa grid blocks to share one bucket. Thus, we have a many-to-
one correspondence between grid blocks and buckets. We call the set of dl grid blocks
assigned to the same bucket A the region of A. A bucket region has to form arectangular
box in the space of records. The regions of buckets are pair wise digoint. Together they
span the space of records.

The grid directory represents and maintains the dynamic correspondence between grid
blocksin the record space and data buckets. Thus, we need a data structure and
operations, that update the assgnment, if bucket overflow and underflow makesiit
necessary.

The grid directory congists of two parts:

A dynamic k-dimensond array called grid array. Its dements are pointers to the
data buckets and are in one-to-one correspondence with the grid blocks of the
record space.

K one-dimensiond arrays caled linear scales, each scale defines a partition of a

domain.

L ets assume two dimensions and consequently arecord space S= X x Y.
A grid directory G for atwo-dimensiona spaceis characterized by

integers nx > 0, ny > 0 (“extent” of the directory), and
integers 0 <= cx < nx, 0 <= ¢y < ny (current element of the directory, which is
equal to the current grid block).

Thus, the directory consists of
atwo-dimensond aray GO ..., nx-1, 0..., ny-1), thegrid array, and
two one-dimensond arrays X(0 ..., nx), Y(O ..., ny), the linear scales.



2.3.2 Operationson the Grid Directory
The following operations are defined on the grid directory.

Direct access. G(cx, ¢y)

In this case the element, which we search for, is set as the current element.

Example We have arecord space with the attribute “year” and the domain “0 ... 2000”,
and the attribute “initid” with the domain“a.... Z’. In Figure 3 we have following grid
partition: X = (0, 1000, 1500, 1750, 1875, 2000) and Y = (a1, k, p, 2).

FIND [1980, w] is executed like this:

FIND [1980, w] 5
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Figure 3: Direct Access on the Grid Directory

The atribute value 1980 is converted into interva index 5 through a search in scde X, and
the attribute value w is converted into interval index 4 through asearchinscaeY. The
interva indices 5 and 4 provide direct access on the correct element of the grid directory,
where the bucket addressis located.

Next in each direction
Nextxabove: cx = (cx+1) mod nx

Nextxbelow: cx = (cx-1) mod nx
Nextyabove: cy = (cy+1) mod ny
Nextybelow: cy = (cy-1) mod ny



Merge

Theinterva, which should be merged, is given by the eement of the grid directory. Lets

cdl it px or py. Now thisinterva is merged with the one below. Consequently, al
elements of the grid directory, which lie above px or py, have to be renamed, i.e. their
indices are shifted by —1. Findly, the linear scales of the dimension, in which the two
intervals have been merged, have to be adapted.

We can only split or mergein one dimension at atime. Here we assumed two dimensions.

Hence there are dgorithms for merging the dimension X and for merging the dimengion

Y.

Mergex: given px, 1<= px < nx, merge px with nexixbe ow; rename al dements

above px; adjust X-scale;

Mergey: Smilar to mergex for any py, 1<=py <ny

Split

Again theinterva, which should be salit, is given by px or py. A new eement, i.e. anew
interva, is crested. Now dl theindices of the intervals above px or py are shifted by +1.

Findly, the linear scales are adapted again.

Splitx: given px, 0 <= px <= nx, create new element px+1 and rename al cdls

above px; adjust X-scde

Splity: smilar to splitx for any py, 0 <= py <=ny

Example: Building up a fileunder repeated insertions

Since the eements of the grid directory are in one-to-one correspondence with the grid

blocks, instead of showing the grid directory, the buckets pointers are drawn as originating
directly from the grid blocks. The bucket capacity is 3.

Figure 4: File with only three records.

Figure 5: Insertion of two records




In Figure 4 asingle bucket A isassgned to the entire record space. In Figure 5 bucket A
overflows, the record spaceis split and anew bucket B is made available. Those records,
thet liein one haf of the space (= in one grid block), are moved from the old bucket to the

new one.

o

\

Figure 6: Insertion of two more records.

In Figure 6 bucket A overflows again. Its grid block is split according to some splitting
policy. Thoserecords of A, that lie in the lower-left are moved to anew bucket C. Since
bucket B did not overflow, it isleft done. Therefore, its region now conssts of two grid
blocks.

Figure 7: Insertion of three more records

In Figure 7 bucket C overflows, the shown refinement of grid partition takes place and
bucket C is split into buckets C and D.



2.4. Environment-Dependant Aspects
The grid fileis a generd- purpose data structure, agenerd design is desirable. Following
decisions have to be made in order to optimise performance in a specific environment:
Choice of splitting policy
Choice of merging policy
Implementation of the grid directory

2.4.1 Splitting Policy

The different Solitting policies result in different refinements of the grid partition.

As seen in the example above, if a partition refinement occurs, the dimengion (the axis,
aong which the grid block should be split) and the location (the point a which the linear
scdeis partitioned) have to be chosen. The smplest splitting policies choose the
dimension according to afixed schedule. Other splitting policies may favour some
atributes by splitting the corresponding dimensions more often than others.

The location of a split on alinear scale need not necessarily be chosen at the midpoint of
theintervd. Little is changed, if the split point is chosen from a set of vaues, that are

convenient for a given gpplication; for example, months or weeks on atime axis.

2.4.2 Merging Policy

There are two kinds of merging: bucket merging and merging of cross sectionsin the grid
directory. In most applications, it is needless to reduce the directory Size as soon as
possible, because it will soon grow back to its earlier Size. For bucket merging there are
different policies.

A mergng palicy is controlled by following decisons

1. Which pairs of neighbouring buckets are candidates for merging their contentsinto a
sngle bucket?
There are two different sysems for determining pairs. Letsfirg look again at the
example above. It can be seen, that the history of repested splitting can be represented
in the form of abinary tree, which imposes atwin system on the set of buckets (and
hence on the s&t of regions): each bucket and its region have a unique twin, from
which it is split off. In thisexample, C and D aretwins, the pair (C, D) isA’stwin,
and the pair (A, (C, D)) isB’stwin. Merging can proceeded from the leaves up in the
twin system tree. The twin system is dso cdled the buddy system. A bucket can
merge with exactly one adjacent twin (or buddy) in each of the k dimensions.
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The second system is the neighbour system. Here, abucket can merge with either of
its two adjacent neighboursin each of the k dimensions, providing that the resulting
bucket region is convex.
If according to the chosen merging policy there are more than one bucket, which are
able to merge with a particular bucket, it has to be specified, which one has priority.

2. At what bucket occupancy merging is actudly triggered?
To determine the bucket occupancy a which merging is triggered, a merging threshold
of p percent is set. The contents of two buckets are actualy merged, if the occupancy
of the resulting bucket is a most p percent. Merging thresholds around 70 percent are
reasonable, those above 80 percent lead to poor performance.

2.4.3 Implementation of the Grid Directory

The data structure to implement a grid directory has to be chosen, for example linked lists
or k-dimensond arays.

Linked ligts are suitable for data structures, where there are lots of insertions and
deetions. But snce with linked lists you need to “follow” pointersto find an dement, fast
access is not guaranteed if these pointerslie on different pages. Thisisvery likely to
happen because a grid directory of several dimengons extends over severd pages.
Therefore, it might be better to represent the grid directory by ak-dimensond array.

2.5 Simulation experiments
To andyse the behaviour and performance of the grid file, some smulations have been
done. The performance of afile is determined by two criteria processing time and
memory utilization. In view of the fact, that the grid file holds the two- disk-access
principle, we only have to find out, how the available space is used. In the Smulation
runs, we will look closer a following objectives:
Edtimation of average bucket occupancy
The average bucket occupancy does not need to be close to 100 percent, but it
must be prevented from becoming arbitrarily smdll.
Estimation of directory Sze
The asymptotic growth rate of the directory size is not known, but for redidtic file
sizesthe grid directory only needs asmdl part of the space, which is needed for
data storage.
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Evduation of solitting and merging policies

The following types of files are tested and their performances are compared:
The growing file; it results from repeated insertions.

The steady-sate file; here in along run, the number of insartionsis equd to the
number of deletions.

The shrinking file; it results from repeated deletions.

2.5.1 Thegrowingfile
Andysing the behaviour of agrowing fileis atest for the splitting policy of afile sysem.
First we look at the average bucket occupancy.
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Figure 8: Average Bucket Occupancy of a Growing File

Under an insertion of records the bucket occupancy always develops as seen in Figure 8.
As so0n as the number of inserted records reaches a small multiple of the bucket capacity
¢, the average bucket occupancy shows a steady- date behaviour with smdl fluctuations
around 70 percent. Because of the fact, that a bucket may be shared by many grid blocks,
nothing can be said about the directory growth in comparison to the amount of data stored.
For instance, correlated attributes, i.e. attributes that depend on each other such as age and
date of birth, are unlikely to sgnificantly affect the average bucket occupancy, but they
arevery likely to increase directory size sgnificantly. Another aspect to consider is, that

the grid file is not immune to the word-case Situation. Thisis, if dl records cometo lie
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within atiny area. In that case the number of grid blocks grows faster than the number of
inserted records. The point, at which alinear growth rate begins, depends strongly on
bucket capacity ¢ and turns out to be sufficiently large.

2.5.2 The steady-statefile

The number of records remains gpproximately constant, because in along run there are as
many insertions as deletions. A steady- date file tests the interaction between the splitting
and the merging palicies. In Figure 9 different vaues of the merging threshold (the

percent occupancy, which the resulting bucket should not exceed, when two buckets are
merged) are tested.
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Figure 9: Average Bucket Occupancy with Different Merging Thresholds

2.5.3 Theshrinkingfile

With testing a shrinking file, the effectiveness of the two merging poalicies, which are
based on the buddy and the neighbour system, are compared. Looking at the average
bucket occupancy of a shrinking file operated under the buddy system with different
merging thresholds, the following can be seen in Figure 10:
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Figure 10: File Operated under the Buddy System

The buddy system does not guarantee a high average bucket occupancy over along period
of ddetions. Since we might know, that the file is shrinking, we could set the merging
threshold to 100 percent. But thisonly helpsin the early part.

In comparison, as seen in Figure 11, the neighbour system does not go through any
degradation in average bucket occupancy.
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Figure 11: File Operated under the Neighbour System
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3 Extension

Simulation results show, that the grid file uses space economicaly over awide range of
operation conditions. Taking everything into account, it can be seen, that the number of
buckets grows in proportion to the number of records. For independent attributes, the
number of directory entries per bucket aso gppearsto grow linearly. But attribute
correlations affect the Sze of the directory. In the grid file, the growth of the directory is
highly affected by data distribution and correlation among different attributes.

3.1 Non-local Splitting Strategy

The grid file gpplies the non-loca splitting strategy; i.e. it Splitsthe entire cross section
(hyperplane), that includes the region corresponding to the overflowed data bucket. As
you can seein Figures 12 and 13. By doing this unnecessary directory entries may be
Ccreated.

X
Figure 12: Initia Status of the Grid directory
A* B* c* D*
A B C D
X

Figure 13: Non-local Splitting Strategy of the Grid File

The problem occurs, when datais distributed nonuniformly, because the number of
directory entries no longer growsin alinear fashion.
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3.2 Local Splitting Strategy

To solve this problem of nontlinear growth of the directory of the grid file, alocd
splitting Strategy can be gpplied, asit is done in the multilevd grid file. This can be seen

in Figure 14
Y
A*
A

X

Figure 14: Local Splitting Strategy of the Multilevel Grid File

3.3 TheMultilevel Grid File

Inthe multileve grid file the directory entries are in one-to-one correspondence not only
with the regions on the attribute space, but also with the data buckets. Therefore, each data
bucket contains only those records, that bel ong to the region represented by one directory
entry. A directory entry consists of aregion vector and a pointer to a data page or alower-
leve directory page. For atwo-levd directory, for example, the levd directory D2 is built
on top of the leved directory D1. A region represented by a directory entry is subdivided
into digoint regions, which are represented by the next lower-level directory. The number
of directory entriesin the lowest level directory isidentica to the number of data buckets.
With the locd splitting strategy and by keeping only those directory entries, that represent
non-empty regions, the multilevel grid file adapts to nonuniform and correlated data
digtribution. Extensive experiments with various data distributions have shown that the

gze of the multileve grid directory increases linearly in the number of records.

4 Conclusion
For afilefilling up in its early stage, and for afile in Seady-sate or going through brief
shrinking phases, the space utilization of agrid fileisgood. The grid fileis desgned to
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handle efficently a collection of records with a modest number of search attributes.
Within this usage environment, it combines quite afew of the better properties of
multikey file Sructures

A high data storage utilization of 70 percent.

Smooth adaptation to the stored contents, particular under file growth.

A directory, which is quite compact.

The two-disk-access principle and hence fast access to individua records.

Efficient processing of range queries.
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