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Abstract

A new multi-dimensional file structure has been
developed in the course of a project to devise ways of
mmproving the support for interactive queries to
databases and knowledge bases Christened the 'BANG’
file - a Balanced And Nested Grid - the new structure
18 of the 'grad file’ type, but 18 fundamentally different
from previous gnd file designs 1n that 1t does not share
their common underlying properties It has a tree-
structured  directory which has the seli-balancing
property of a B-tree and which, in contrast to previous
design<, alwavs expands at the same rate as the data,
whatever the form of the data distnbution Its
partitioning  strategy both  accurately reflects the
clustering of pomts m the data space, and 15 flexible
enough to adapt gracefully to changes 1n the
distribution

1 Research directions

The eventual aim of the research reported here 1s to
devise appropriate support structures for knowledge
bases The immediate practical objective towards that
end has been to find a more powerful and flexible
replacement for the INGRES structures on which the
logic programmung/database system EDUCE [BOCCS5]
currently rehes EDUCE in turn supports the KBMS
Prolog-KB2 WALLS88] Of course, the specification of
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an "wdeal’ knowledge base support structure will change
as knowledge bases develop, but it seems clear that 1t
must for the present include at least all the features of
the ‘’ideal’ structure for a conventional relational
database

But the structures which support current relational
databases are clearly not 1deal Specifically, they are
still almost without exception one-dimensional, so that
access to a file via more than one key involves multiple
mndexes with associated update overheads Such
structures may be adequate to support menu-driven user
mterfaces, for which the form of the allowed queries 1s
entirely controllable and predictable, but they are a
very poor match for an interactive query language
This deficiency rapidly becomes clear to anyone who
uses an interactive query Jlanguage, and over the past
ten years or so there has been a variety of attempts to
improve the situation by the design of new multi-
dimensional file structures and access mechanisms The
guding principle of all these designs has been that the
response to a query should depend only om the
complexity of the query, and not simply on the
particular combination of attributes named in 1t

Research mn ths direction has followed three distinct
lines

1 Tree structures a generalisation to n

dimensions [BENT79 ROBIS1 GARDSS]

2 Multi-dimensional extendible
[FAGIT9 OUKS83 OTOO85]

hashing

3 Gnd files an expheatly geometric approach,
representing n-tuples as pomts 1n a
partitioned, n-dimensional hyperspace

[NIEV81 BURK83 HINRS5 OZKAS85]

A detalled review of recent work 1n these areas
|[FREES8; was encouraging, to the extent that a number
of novel approaches have been demonstrated to be
effective for certain classes of apphcation But all
appeared to have some serious drawback as a general
database support structure Of the various possibilities,
the grid file approach seemed to have more potential
than the others for further innovation and improvement



However, in the course of a subsequent study a new
design emerged which, although of the grid file type, 1s
sufficiently different 1n  its  characteristics and
performance to distinguish itself as a new file structure
It has been christened the BANG file a Balanced And
Nested Grid file Its most umportant feature 1s that, in
contrast to previous grid file designs, its directory
always expands at the same rate as the data, whatever
the data distmbution As a structure for representing
spatial objects, 1t has a partitioning strategy which
accurately reflects the clustering of pomnts in the data
space while mamtaining a high density of data storage

2. Principles of grid files

In order to appreciate the distinction between the
BANG file and previous designs of the grid file type, 1t
18 first necessary to return to basic principles In a
grid file, the tuples of an n-ary relation are represented

as pomts 1 an n-dimensional hyperspace, the
dimensions of which are the domams of the n
attributes The representational problem 1s how to

allocate the tuples 1in this hyperspace to a linear set of
disk blocks In geometric terms the obvious thing to do
18 to divide up the dataspace mto a set of
hyperrectangles, each of which corresponds to a disk
block Note however that there 1s no reason in principle
why these subspaces should be rectangular But common
sense (which we should remind ourselves 15 not always
to be rehed on) suggests that the subspaces should be
bounded by planar surfaces, each of which 1s orthogonal
to the axis of a domain This still does not mean that
the subspaces must be rectangular They could contain
concavities Nor does 1t follow that any of the planes
mn the division must bisect the entire data space (figure
2-1a)
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(b)

Figure 2-1 Partitioning the data space
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Nevertheless, let us begin with the conceptually simpler
assumption that the data space 1s to be divided imto
hyperrectangles by partitioning each dimension as shown
m figure 2-1b  The 1mmediate questions which arise
are how many partitions should be set up, and where
should they be placed? If each hyperrectangle
corresponds to one disk block, then clearly partitions
must be so arranged that no hyperrectangle contamns
more tuples than can be contamned mn one disk block
And if the search for a tuple 1s not to favour one key
attribute over another, then the number of disk blocks
to be searched should be the same, whichever dimension
the key lies in  This imphes that the number of
partitions 1n each dimension should be the same, if
possible When the addition of a tuple would cause a
disk block to overflow, then exther the hyperrectangle
corresponding to it must be divided, by adding an
additional partition, or the previously defined partition
boundaries must be moved, or both

21 The scale-based grid file
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Figure 2-2-  Structure of the SG gnd file

The first and best known grid file structure was

proposed by Nievergelt et al [NIEV8S1], and
implemented by Hinrichs [HINR85] It 15 generally
known as 'The Gnd File’, but since we need to

distingmish 1t from subsequent grid file desgns, 1t will
be referred to here as the scale-based grid file or 'SG’
file In the SG file a set of linear scales 1s used, one
for each dimension, to define the positions of the grid
regions or grid partittons of the data space (figure 2-2)

There 1s a directory entry for each grid region The
directory 1s stored on a contiguous sequence of disk
blocks, but 1s logically orgamised as a hnear array of



pointers to corresponding disk buckets! i the data file
The mapping between the set of scale values defiming
the co-ordinates of a grnd region and the corresponding
directory element 18 the famihar one from an n-
dumensional to a one dimensional array, subsequently
mapped on to the disk blocks

Each disk bucket in the data file contains the records
lying within one grid region of the data space, or
several adjacent regions In the latter case there will
therefore be several directory elements pointing to the

same bucket? (figure 2-2) This situation arses because,
when a bucket contamng only one grd region
overflows, the region as well as the bucket must be
sphit into two This means that a new partition must
be introduced, which splhts all the regions lymng across
its plane However, only the overflowing bucket 1s
physically divided mto two, with a directory pointer to
each For all the others, the newly created region pomnts
to the same bucket as the region from which it was
spht

This 18 the fundamental weakness of the SG design
As the data distnibution becomes less uniform, the ratio
of directory entries (grid regions) to data buckets
mcreases and the directory expansion approaches an
exponential rate Worse, most of these directory entries
point to completely empty block regions (represented by
nul pointers), and the problem 1s magmfied by the
number of dimensions of the file The introduction of a
multi-level directory greatly improves the situation for
non-uniform data distributions, provided that they do
not mvolve highly correlated or functionally related data

[HINR85, FREE86] In such cases however the
expansion rate 1s still exponential

2 2 Interpolation-based grid files
Interpolation-based grid files avoid this particular

problem by using a representation of the data space m
which block regions are represented exphcitly, so that
there 158 always only one directory entry per data bucket
To achieve this, the data space s divided mto a
hierarchy of sets of notional grid regions, each of which
18 identified by a umque number par (r,{j where r 1s
the region number, and [ 1s the granulanty or level
number The domamn of each dimension 1s divided into
equal intervals by binary partitioning, and each level of
the hierarchy of grid regions 1s generated from the

IThe word ’bucket’ 1s used here rather than ’block’
to emphasise that the contents of a disk bucket 1s
unordered

2The union of all the regions represented in a disk
bucket 1s termed a ’block region’
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previous higher level® by a further level of binary
partitioming 1n one selected dimension It 1s essential
that the dimensions are partitioned in a fixed (most
simply cyche) sequence For example, m two
dimensions, the partition hierarchy could be as shown
n figure 2-3

0,0 9,1 1,1
2.2 32 2,316,3|3,3 7.3
0,2 1.2 9,3 (4,3 |1,3 |5,3

Figure 2-3 Numbering scheme for

grid regions

Thus region (0,0) represents the whole data space,

contamng regions (0,1) and (1,1), and through
subsequent levels the regions contained withm them
With this representation the data space can be

partitioned expheitly at varying levels of granulanty
appropriate to the distribution of data pomnts, and each
region 1s a block region 1e 1t corresponds to a single

data bucket! As an example, figure 2-4 shows a space
which has been paptitioned to accomodate a non-
uniform data distribution 1n six disk buckets

15 4
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1.2

Block regions partitioning a
non-uniform data distribution

Figure 2-4

The directory contains the set of region identifiers
(number pairs) for the regions mnto which the data

3Note that ’higher’ or ’higher level’ 18 taken to mean
’closer to the root’ when referrng to a hierarchy of
region levels, but that the ’highest level’ - the root -
has the ’lowest level number’ (zero) To try to averd
confusion 1n the following discussion, ’level numbers’ are
always referred to explcitly as such, not just as ’levels’

YIn this context, a ’'grid region’ 1s simply a block
region at the lowest partition level



space has been partitioned, together with ponters to
the corresponding data buckets The representation
outlined above was adopted by Ozkarahan and Ouksel
[OZKA85] in therr DYOP gnd file (Dynamic and Order
Preserving Partitioning), developed from the SG gnd
file and the work of Burkhard [BURKS3] on
interpolation-based hashing schemes Unfortunately
there appear to be no published performance figures for
the DYOP file The main advantage claimed for it over
the SG gnd file 18 that its directory 1s relatively well-
behaved with non-uniform data distributions

However, when the data 1n a region overflows, there 1s

no choice in the subsequent partitioning sequence, which
may create empty regions For example, the partitions
would be as shown in figure 2-4 even if all the data
were confined to region (23,5) Al the other regions
would be empty, but would be represented by nul
entries 1 the directory This problem 1s actually
exacerbated by the directory structure proposed for the
DYOP file - a tree structure in which each of the
upper levels represents a partitioning of partitions -
because a non-uniform data distribution will generate a
non-uniform distnibution of partitions and so on up
the tree

Note also that the strategy for recombmnmg DYOP
regions 1s completely pre-determined Fundamentally,
both the SG and DYOP files use the same strategy

recombination 1s restricted to Buddies® But the DYOP
scheme for numbering the regions dictates that a region
can only recombme with the Buddy from which 1t was
ongmally spht - whereas a region m an n-dimensional
SG file can 1 principle recombine with any of its n
Buddies The adaptive ability of the DYOP file must
therefore be much less than that of the SG file This
will tend to reduce the average region/data bucket
population of the DYOP file, and increase the size of
its directory relative to a given set of data

These considerations suggest that the apparent
advantage of the DYOP file over the SG file m
representing block regions rather than grid regions will
not generally be as great as first appears, and that m a
dynamic  environment of  non-umform data, its
advantage could be lost altogether

5When 2 region 1s sphit by binary partitioning, the
two resulting regions are the Buddies of each other
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38 The BANG file

3.1 Axioms

The BANG file 1s an mterpolation-based gnd file, in
that 1t partitions the data space into block regions by
successive binary division, and uses the same numbering
scheme for the block regions as the DYOP file But its
representation of the data space 1s fundamentally
different from that of the SG and DYOP files, which
may appear quite different from each other, but are
founded on the same set of axioms The BANG file
differs in one crucial axiom In the SG and DYOP
files

1 The unson of all the sub-spaces nto which
the data space has been partitioned must
span the data space

1e there must be no unrecorded regions It
follows that empty regions must be recorded
mm the directory This 1s clear in the SG
directory structure, but not so obvious in the
DYOP directory,

2 No two sub-spaces into which the data space
has been partitroned may wntersect

In the SG file this means that a grid region
can only be associated with one block region
(although a block region may enclose many
grid regions) In the DYOP case 1t means
that the directory’ can never contamn more
than one block region enclosing any pomnt in
the data space

The BANG file adopts axiom 1 above, but not axiom
2, which 1s replaced by the axiom that

If two sub-spaces into which the dala
space has been partstioned wntersect, then
one of these sub-spaces completely
encloses the other

In other words, nested block regions are

allowed
This simple change 13 the foundation on which the
exceptional performance characteristics of the BANG file
rest It permits an algorithm for balancing the
distribution of data points between the block regions by
redistributing the regions, which 18 the key to achieving
more compact data files with non-unform data
distributions The balancing algorithm guarantees that,
although axiom 1 above still holds, there are never any
empty block regions The partitioning and
recombination algorithms are more flexible than the
DYOP file to respond to changes 1n the data
distribution, but do not incur the potentially heavy
computational overheads of the SG file partitioning
strategy and recombination deadlock checking algorithm




311 The grid mapping function

In mterpolation-based gnd files, a set of hash functions
must be found which map the coordinates of a point m
the data space to the number of the grid region
which 1t hes, at each of the defined Ilevels of
granulation = However, before these hash functions can
be apphed, the set of n key values (ky,kq, kp) 1m
the data record must be transformed to a set of n
coordinates  (dy,do, d,) of the gnd region
enclosing 1ts position 1 the data space This 1s
straightforward, provided that it 18 possible to express
each key value k, as a fraction f, of the domamn D, of

the key variable
f, = &/\D|

If the partial level of dimension 1 15 {, then the
corresponding key coordinate d, ; 15 easily found as
'
d,; = [f'2ltj for 0 <=1 <= n-1
1y
and the coordinate at a higher partition level j, 15
simply

- l- - -~
d:,], = dt,l‘/Z( ) Jor 0 <=, <=1,
Thus if the coordinates are computed for the lowest
current partition level in each dimension, the source
keys are not required again to compute the coordinates
of the higher level regions

The mapping from the coordinates to the region
number could in principle be performed mm a variety of
different ways, but the numbering scheme shown 1n
figure 2-3 makes the mapping particularly simple It 1s
based on the observations that

o level (I+1) 1s generated from level [ by
dividing each grid region mto two 1n some
chosen dimension,

e the total number of grid regions at level I 1s
l
2,

e the grid region r at level ! can be divided
mto two umgquely numbered regions r and

r+2! at level (1+1),

e the two numbers r and r+2l are the two

possible extensions of the binary
representation of r by one bit (the most
sigmificant),

e when the partial level of dimension t 1s
increased from I to (I,+1), the domam of
coordinate 1 1s doubled, by extending the
binary representation of the coordinate by
one bit (the least sigmificant),
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It follows from these considerations that

1 if the (single) grid region at level I=0 1s
assigned number r=0, then every grid region
number at level I, for all l > 0, can be
represented by [ bits,

2 of s,,,(k) 18 a function giving the mmmum

number of bits required for the binary
representation of integer k, then

"’“"(d"lg) =1 Joralll =0

'mm(da,l) =1, foralll >0

(=1, , m)
However, 1t 18 more convenient for
algorithmic purposes to define
Ernanlk) = 8. (k) for k >0
*min(0) = 0
so that

"mm(d.,l') =1 foralll >0

(=1, , n)
and sumilarly
& enlr) =1 forall1 >0
Then since

n

=1, foralll >0
1=1

it follows that

n

& manlr) = L"mm(dl,lt)
=1

This means that a mapping from a set of region

coordinates to a unique corresponding region number

can be obtained simply by concatenating the bnary

string representations of the coordinates mm any pre-

defined order of bits, but omitting coordinates at level
0 mn any dimension

It s a prime objective, however, to select a
representation m which the hierarchy of numbers of
regions enclosing or enclosed by any region numbered r
can be easily generated from r With this in mind, we
note that 1t 1s conceptually and algorithmically simpler
if the region numbers at level ! remam as the “lower
half” region numbers at level I+1 1e when a new
partition 15 mtroduced in dimension &, each region 1s
divided into an ”upper half” region (odd coordinate
d, (1+1) ), and a "lower half” region (even coordnate

’ t

foralll 20



d”(l +l).) Referring back to the observations itemsed

earher 1m this section, we see that this 1s easily
achieved, by concatenating the least sigmficant bit of
the newly-formed coordinate in dimension : at level
141 to the most significant bit of the corresponding
region number at level ! This generates one of two
region numbers at level I+1 one 1s the same as that

of the enclosing region at level I the other 1s 2l
greater It follows that the region numbers of the
hierarchy enclosing region r can be generated with equal
ease by consecutively removing the most significant bit
from r Figure 2-4 illustrates these relationships

It remamns only to define the order in which the
dimensions of the data space are partitioned, before a
general mapping function can be constructed Assuming
that there 15 no preferred attribute, then a cyche
partitioning through the dimensions 1s appropriate It
may well be that in some dimensions the number of
partitions will reach a limt dictated by the domain
type, but this does not matter, provided that the next
possible partition 1n the cyclic order 1s always selected,
and the number of partitions I, in each dimension 1 1s

recorded
Let bt] be the Jth bit of coordinate d

’
least significant bit as bit zero 1e

, , taking the

1,-1

,= ) 2, (for 1, > 0)
=0

d, =0 (for 1, = 0)

Then the mapping function M(d,!) from a coordinate
vector d = <d1,d2, dp> m a data space

n
partitioned ! = Eg:llz times, to the corresponding

region number, 1s given by

n 1
- z
r=Md) = Y, ) 2%,
=1 3=0
where
n
=Y min{ly, p}
k=1
such that p = ) for k < 1
p=3-1 fork>1

The offset z 1s most easily understood n pictorial
terms Figure 3-1 shows the equivalent mapping from a
two-dimensional ’ragged’ array of coordinate bit strings,
to a one-dimensional array of bits

dimension
€

116411
110
111(0

Rl Ll (o

P [ = (O |
i il S

co-ordinate bit string length
= partial partition level (1)

n
region number r at level 1 = & 1,

i } } ] Iy } I
[2]1]1]e 1|0 olo 1|1|1 ol 0|0|0]1|0|1|1 1!1'1'0]0'0]1'1] [

Figure 8-1. Mapping from coordinate

vector to block region number

The corresponding mapping algorthm 1s particularly
simple

r =0,
offset = 1,
for k = 0 to (I - 1) do begin
1 = kmod n + 1,
J - kdwn,
if il ~ - ) then begin
r = r * offset + by},
offset = offset * 2
end
end,

8 2 Representation of the data space
logical regions

R1 R>

1,
pZ. i

Figure 3-2 Nested partitions

Figure 3-2 shows a BANG file representation of a data

space partitioned mto two block regions R1 and R2 R1
encloses the entire data space, and R2 is enclosed or
nested within Rl  Such a configuration could not
appear 1 an SG or DYOP representation, by axiom 2
of section 3 So what exactly does 1t mean m the
BANG file?



For any space S partitioned into two block regions Rl

and R2 such that R1 encloses R2, then R1 and R2
define two sub-spaces S1 and S2 S2 s the space
enclosed by the boundaries of R2, Si 1s the space
enclosed by R1, minus 82 Therefore R2 alone defines
S2, but both R1 and R2 are necessary to define S1 In
general, every subspace of the BANG file 15 defined by
a set of block regions One member of the set
represents a rectangular space which encloses all the
other members of the set These enclosed block regions
represent subtractions from the enclosing block region

The sub-spaces mmto which the data space of the
BANG file 1s partitioned are therefore defined by block
regions, but are not necessarily block regions themselves
In other words, the sub-spaces do not have to be
hyperreciangles They can contain concavities, and have
mternal as well as external boundaries - contrary to the
assumptions on which the designs of the SG and DYOP
grid files are based It 1s even possible for a sub-space
to be disjomnt 1e to be composed of subspaces which
do not intersect and which have no common boundary

The sub-spaces and the sets representing them are
however purely logical constructs (For this reason they
are subsequently referred to as logical regions) Only
block regions are represented exphcitly in the directory,
but each data bucket holds the tuples mapping to a

logical region, not to a block region And the
partitioning  algorithm  attempts to balance the
distribution of tuples between logical regions Each

directory page sumply contains a sequence of block
region 1dentifiers, but because the 1dentifiers are stored
and searched in order of increasing partition level, no
ambiguity arises in the association of tuples with logical
regions and corresponding data buckets

For example, suppose that a tuple 18 to be added to
the file whose current state 1s represented by figure 3-2,
and that the tuple maps to point pl 1n the data space
Let R1 and R2 now be logical regions Then R2 1s
represented in the directory by the entry [3,2], and R1
1s represented by the set { (0,0], [3,2] } Therefore the
directory actually contamns the two entries (3,2}, [0,0]
that order {Note that, since R2 1s at the current lowest
level of partitioning, it also represents a block region
and a grid region) When the grid mapping function 1s
apphied to the key attributes of the tuple, it generates
the grid region 1dentifier {3,2] From this, the 1dentifiers
of the hierarchy of all possible block regions enclosing
|3,2] can easily be generated if required, as described n
section 311 In this case they are [1,1] and [0,0]

The directory 1s now searched for the identifier of the
smallest recorded block region which encloses p1 In this
simple example the smallest recorded region s the grd
region, so the search halts at the first directory entry,
which contains the pointer to the data bucket for
logical region R2 In the case of a tuple mappmng to
point p2, however, 1its gnd region 1dentifier 15 [2,2]
which 15 not recorded in the directory So the search
through the directory continues until the first entry at
a a higher level 1s encountered ([0,0] 1s the only such
entry m this example) The identifier of the block
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region enclosing p2 at this higher level 1s then
computed from the grid region identifier, and the search
15 resumed for the new sdentsfier This procedure 1s
repeated whenever the partition level changes, until
eventually a matching entry must be found even i, as
i this case, 1t 15 [0,0], representing the outermost block
region

This example demonstrates that, although the directory
does not contamn any exphcit information about logical
regions (as opposed to block regions), there 18 no
confusion 1n the placement of tuples mn the correct
logical region, because of the order of searching in the
directory Although pl 15 enclosed by logical region R1
as well as R2, and a match would be found in the
directory at the higher level, the first match at the
lower level prevents this happening

Exactly the same algorithm 1s apphed when searching
the file for a tuple except that, once the corresponding
data bucket has been found, a hnear search must be
made within the bucket because the tuples are not
ordered n the bucket

3.3 Partitioning and recombination

P1 P1

La) (b)

P3 P2

Figure 3-3: Creation of Buddies

The partitioning algorithm 1s mvoked whenever the
addition of a tuple causes a data bucket to overflow
The algorithm essentially partitions the logical region
corresponding to the overflowing bucket into two logical
regions, one enclosing the other The procedure 1s
recursive first the region 1s partitioned as shown m
figure 3-3 (b), then the region contaiming more tuples
than the other is progressively halved until the balance
15 reversed The best balance 1s then chosen If balance
15 achieved at the first level of division, then Buddy
regions are created, (figure 3-3 (c)), as mn the SG or
DYOP files If not, then the external boundary of the
partitioned logical region remamms the same, but a new
logical region 1s created within 1t
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Figure 3-4: A sequence of partitions

Figure 3-4 shows the creation of a sequence of
partitions as tuples are added Note that the partition
configuration shown 18 not unique 1n general there are
many possibihties Which one actually occurs depends
on the order in which the tuples are added Figure 3-5
illustrates a refinement on the algorithm apphed in
figure 3-4 In figure 3-5 the sphtting of an enclosed
region 1s always treated as a continuation of a higher
level split This sometimes allows a redistmbution with
the enclosing region (figure 3-5b), so that no new data
bucket 1s created

P1 P2. | O | K
= ==
(al (b!
Py Ng
L
te)
Figure 3-5 Redistribution of tuples

Recombination of logical regions proceeds on the
principle of recombining smallest regions first, where
possible If the population of a logical region sinks
below some predefined mimimum, an attempt 1s made to
recombme 1t with one of the regions which 1t
(immediately) encloses, starting with the smallest If
this fails - either because recombmnation would cause
overflow, or because there are no such regions - then an
attempt 1s made to recombine the region with 1ts
Buddy If this fails, then a final attempt 1s made to
recombine 1t with 1ts (immediately) enclosing region

267

which - if there 13 no Buddy - must always exst®
The depleted region will be merged with the
enclosed /Buddy/enclosing region provided this does not
cause the population of the merged region to exceed
some predefined maximum Note that no deadlock
checking 1s required, and the BANG file does not have
to recombine in the reverse order to partition, as does
the DYOP file In particular, a region does not have to
recombine with 1its Buddy It can therefore respond
flexably to changing data distributions

3 4 Directory structure

The complete BANG file directory 15 orgamsed as a
tree structure on the same prmnciple as other grid files
all levels above the lowest represent partitions of
partitions When the first leaf node overflows, it 18 spht
mto two according to exactly the same partitioning
algorithm that 1s applhed to the tuples That 1s, the
block regions are treated as data points themselves, and
are divided up mnto logical regions of the data space
Each leaf node therefore contamns the block regions
which lie wathin a logical region of the directory space
These logical regions can 1n turn be partitioned by
logical regions at the next higher level in the tree, and
so on to the root

The generahisation of the directory search algomthm to
a tree structure 18 easy The same algorithm as was
described i 8 2 for searching the leaf nodes 1s applied
successively from the root down to the leaf Because
the partitioning scheme 1s the same for the directory as
for the data, the same balancing algorithm can be
apphed to all the nodes And since 1t 1s always updated
from the leaf nodes upwards, it has a compact and
balanced structure with very similar characteristics to
the one-dimensional B-tree

3 5 Exact match, partial match and
range queries

The general algorithm for performing searches in the
BANG file 18 a modified depth-first traversal of those
branches of the directory which satisfy the key Within
each directory node the region identifiers are stored and
searched 1n order of decreasing level number If an
exact key does not match a directory entry at a
particular level, then 1t cannot match any other entry
at the same level, or lower Therefore, if a search
succeeds at some level L but fails at some lower level,
then if the search returns to level L 1t skips any
subsequent entries of the same level number

Usually an exact match query will be answered in a
single pass down the tree, but in the case of highly

6except of course when there 1s only one logical

region



non-uniform data distnbutions a longer traversal
possible

18

For partial match queries, the same algorithm 1s
apphed, but using a key which contamns a ’wild card’
value 1 all the bit positions which correspond to
unspecified attribute values In this case the query does
not termmate unti the tree traversal 1s complete

For range queries, the same tree traversal 1s followed,
but the test for a matching directory entry 18 more
complex, since 1t mvolves a combination of two keys,
representing the top and bottom range values For a
match between a specified range and a directory region,
the two must intersect in every dimension of the data
space The coordinates of the region are extracted from
the region number by bit masking (effectively the
reverse process to the original encoding of the region
number), and compared with the range coordnates for
mntersection, one dimension at a time, until the
intersection test faills 1 any dimension, or the match
succeeds

3.6. Performance

On the basis of the figures published by Hinrichs
[HINR85] for the SG file, 1t 1s possible to predict the
performance of the BANG file and compare it with the
SG file i similar circumstances Unfortunately there
seem to be no figures available for correlated and
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functionally related data, where the advantage of the
BANG file would show most clearly But a detaled
analysis [FREE86] of the available figures suggests that
1t would under no circumstances be sigmificantly nferior
to the SG file On the other hand, Hinrich’s case
studies show that the BANG file becomes increasingly
superior 1n terms of the rate of directory expansion and
the efficency of access operations as the data
distribution becomes less umform and/or the number of
dimensions 1ncreases For example, 1t 15 argued
[FREES86] that the effect which a multi-level directory
has on the SG file - of reducing the total directory size
- 15 lost for correlated data It 1s therefore instructive to
see how the SG and BANG directories compare as one-
level structures in the case studies, even though the
data 15 not correlated The analyms shows that the
BANG directory 1s smaller by between one and two
orders of magmtude
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