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The goal of dynamic hashing is to design a function and a file structure that allow the
address space allocated to the file to be increased and reduced without reorganizing the
whole file. In this paper, we propose a new scheme for dynamic hashing in which the
growth of a file occurs at a rate éf per a full expansion, whessandt are given integers
and ‘S is smaller than two, as compared to a rate of two in linear hashing. (Nosesthat
used to denote the number of pages of a file before any split occurs in a full expansion, and
tis used to denote the number of pages of the file after a full expansion is finished through
a number of split operations.) Therefore, extended spiral hashing can maintain more stable
performance through file expansions and has much better storage utilization than does lin-
ear hashing. Basically, the proposed scheme is based on a modified spiral storage approach,
in which the load distribution is uniform after a full expansion. Therefore, extended spiral
hashing can also provide better performance than can the original spiral storage approach.
Moreover, we have used a modified separator strategy for overflow handling such that
retrieval of any data record in extended spiral hashing is upper-bounded by two disk accesses.
From our performance analysis and simulation, extended spiral hashing can achieve nearly
96% storage utilization as compared to 78% storage utilization using linear hashing and
88% storage utilization using the spiral storage approach.

Keywords:access methods, dynamic storage allocation, file organization, file system
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1. INTRODUCTION

The goal of dynamic hashing is to design a function and a file structure that can adapt
in response to large, unpredictable changes in the number and distribution of keys while
maintaining fast retrieval time [6]. That is, the address space allocated to a file can be
increased and reduced without reorganizing the whole file. Over the past decade, many
dynamic hashing schemes have been proposed. These dynamic hashing schemes can be
divided into two classes: one class needs an index, the other class does not need an index.
Extendible hashing [1, 9, 20, 25, 29] and dynamic hashing [12, 33, 34] belong to the first
class. Linear hashing [7, 8, 13-15, 17-19, 21, 22, 26, 30-32] and spiral storage [5, 10, 11,
24, 27, 28] belong to the second class.
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Among these dynamic hashing schemes, linear hashing dispenses with the use of an
index at the cost of requiring overflow pages. The first linear hashing scheme was pro-
posed by Litwin [19]. In linear hashing, a file is expanded by adding a new page at the end
of the file when a split occurs and relocating a number of records to the new page by using
a new hashing function. The new hashing function doubles the size of the address space
created by the old hashing function. Therefore, affall @xpansiondefined in Section
2), the number of pages is doubled. With two hashing functions active at a time, a file can
be expanded without reorganizing all of the records.

Since in linear hashing, all the records on a split page will be redistributed among that
page and a new added page at the end of the file, storage utilization of that page will sud-
denly drop to only half of the original storage utilization. Moreover, this phenomenon will
cause the performance in terms of access time and storage utilization to oscillate after an
expansion. To maintain stable performance throughout file expansions, many strategies
have been proposed [2-4, 13, 15, 18, 30]. Among these strategies, linear hashing with
partial expansion as first presented by Larson [13, 15] is a generalization of Litwin’s linear
hashing [19]. This method splits a numbebotidypages together at one time, and the
data records in each of those buddy pages are redistributed into the related old pages and
the new added page (called a partial expansion). That is, doubling of the file (i.e., a full
expansion) is carried out by means of a series of partial expansions. In [30], Ramamohanarao
et al. proposed another way to perform partial expansions, in which data records in all of
the buddy pages are redistributed into the old pages and the new added page. Larson [18],
Lorentzos et al. [22] and Ruchte et al. [32] presented other strategies to maintain stable
performance through out file expansions by changing the expansion sequence.

Martin's spiral storage [24, 28] is a different approach to dynamic hashing without
using an index, in which the logical address space of a file can be visualized as shrinking on
the left and growing on the right. That is, when a file is expanded, records in a page on the
left are moved to a new larger space on the right in terms of the logical address space.
Moreover, a logical to physical address mapping strategy is employed to re-use space freed
on the left for physical implementation. Unified dynamic hashing [27], modified unified
hashing [10] and cascading hashing [11] have also proposed based on an idea similar to that
of Martin’s spiral storage.

In this paper, we propose a hew scheme for dynamic hashing in which the growth of

a file occurs at a rate Gtsf per full expansion, whergandt are given integers an§ is

smaller than two, as compared to a rate of two in linear hashing. (Noteishaded to

denote the number of pages of a file before any split occurs in a full expansibis ased

to denote the number of pages of the file after a full expansion is finished through a number
of split operations.) Like linear hashing, the proposed scheme (called extended spiral hashing)
requires no index; however, the proposed scheme may or may not add one more physical
page, instead of always adding one more page in linear hashing, when a split occurs.
Therefore, extended spiral hashing can maintain more stable performance through file ex-
pansions and has better storage utilization than does linear hashing. Moreover, while Mar-
tin uses an exponential spiral, our scheme uses a linear spiral. Based on an exponential
spiral, the expected density of records at the left end of the file is highest and decreases
from the left side to the right side of the file; i.e., the load distribution of the pages is not
uniform all the time [24]. As compared to the exponential spiral approach, our extended
spiral scheme not only reduces the address calculation cost, but also can provides a much



EXTENDED SPIRAL HASHING FOREXPANSIBLE FILES 245

more uniform load distribution due to the linear function. To reduce the number of disk
accesses for overflow records, extended spiral hashing applies separators [16], which makes
use of a small in-core table to direct searching so that the records in the overflow pages can
be retrieved in one disk access. Therefore, the retrieval of any record in extended spiral
hashing is guaranteed to be in at most two disk accesses. From our performance analysis
and simulation, extended spiral hashing can achieve nearly 96% storage utilization as com-
pared to 78% storage utilization using linear hashing and 88% storage utilization using the
spiral storage approach.

The rest of this paper is organized as follows. Section 2 describes the basic idea of
extended spiral hashing. Section 3 gives a formal description of extended spiral hashing.
Section 4 presents the performance analysis for extended spiral hashing. Section 5 dis-
cusses the simulation results of extended spiral hashing, and compares them with those of
linear hashing [19], linear hashing with partial expansions [13], Ramamohanarao et al.’s
dynamic hashing [30] and the spiral storage approach [28]. Finally, Section 6 presents
conclusions.

2. BASIC IDEA

In this section, we describe the basic idea of extended spiral hashing. For convenience,

we describe the case éf=% . In a dynamic hashing scheme without use of an index, the

data records are stored in chains of pages linked together. Aglagecurs under certain
conditions, for example, whenever the number of records exceeds a positive integer value.
Based on the spiral storage approach, given a data record wittiKatkeyphysical address

can be derived by the following steps:

K - m(K) - X - Logical addresgY) —» Physical addres¢P),

wherem(K) is a hash function which distributes the records uniformly on the interval [0, 1).
The value oiX is derived from the functiok=[¢—m(K)3Fm(K), where the parameteris
fixed by the file sizec increases as the file size increases. The rangésadlways one unit
fromcto (c + 1) (i.e.,.X O[c, ct1)). During file growth or contraction, the variatlés
incrementally readjusted. The functi¥rtan be seen graphically in Fig. 1. Note that as the
value ofc changes, the interval of tievalues stays, but the starting and ending values are
cand € + 1), respectively. A logical addre¥ss computed using a growth function
f:Y =f(x)O. As can be seen in Fig. 2, where f(x) = 2, the growth functio permits
the range oK to grow as the value of parametdncreases. The effect of the function is,
therefore, to increase the logical space dynamically.

In extended spiral hashing, let a split poirfiest point to the next logical page to be
split (i.e.,first is the logical page number of the first page in the current file), and initially,
let split pointeffirst point to page 0. When a file is split, the value éf readjusted to
eliminate thdirst page in the following wayc'=f (first+1). All the records in the offitst
page are logically remapped into a new larger space at the end of the current file. Thus,
both file boundaries move. fill expansioroccurs when a split occurs in a page next to
which is a new added page. lével(denoted asl) is defined as the number of full expan-
sions which have occurred so far ahd [C[] In each levetl, the pages are split in order
from the small number to the large number of pages. After all the pages in the current level
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Fig. 1. The X function.

Fig. 2. The growth functiog=f(x)=2*.

d have been split, i.e., after a full expansion, the value of tbigahcreased by 1. For each
leveld, yq0r yy.1 is used to locate a page, depending on the current vatua/oérey, is the
growth function used in level (Note that iim(K) < (c - d), i.e., the page where data record
with key =K is stored has been split, then, is applied; otherwisey is used.)

In extended spiral hashing, giv%F%as the growth rate per full expansion and the

number of initial page,=2, the growth function can be viewed as shown in Fig. 3, where
each individual line represents different levels. For example, initially (i.e., level 0), there
are two pages. After a full expansion occurs (i.e., after the splits in level 0 are finished),
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there are ZX% =3 pages. Next, after one more full expansion occurs (i.e., after the splits

in level 1 are finished), there a&x (%)2 =% pages. Based on those individual lines in

Fig. 3, we can derive the related growth functipesf(x) as shown in Fig. 4 (described in

dtail in Subsection 3.1) and their related inverse functiorsf* (y). Table 1 shows the
relationship between the growth of the logical address spagbereY = [Y[] and the size

of the current filen (described in detail in Subsection 3.1). (Note that both file boundaries
move a is increased.) Since many computer systems would have difficulty with a file
where both boundaries moved, a logical to physical address mapping is employed to re-use
space freed on the left. In our approach, we always re-use the freed physical page for the
last newly added logical page as shown in Table 2, wh&¢he physical address ands

the size of the current file. For example, in Table 1, whénincreased from 2 to 3,
logically, page O is split into pages 2 and 3. However, as shown in Table 2, physically,
whenn is increased from 2 to 3, the freed physical page 0 is re-used for the new added
logical page 3 (described in detail in Subsection 3.1).
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Fig. 3. The growth functiog = f(X) whens, = 2 andlS =3,

2
y = 2X, O0<x<1. x:%y, O<y<2
—o3y_1 _1,.1
y—2(§x 2), l<x<2 X=3Y+3, 2<y<5,
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Fig. 4. The growth functions and inverse growth functions wdyeh andLszf : (a) the growth

functions; (b) the inverse growth functions.
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Table 1. Existing logical page number¥ whens=2 and % =%.
Y
n [
0|1 |23 [4]5]|6 |7 |8 |9 |tofin|12]13[|14]15]16
210 o |1
3 |4 1 {2 |3
3 (1 2 |3 (4
4 |4 314 (5 1]6
4| % 41516 |7
512 516 |7 (89
5 296 6 |7 {8 |9 |10
6 2% 7 {8 |9 |1w0]|1]|12
6 |24 8 [9 {10]11]|12]13
7 264 9 [10]11]|12{13|14 |15
7 3%, 10[11]12]13|14]15]16

Table 2. Placement of logical pages whep=2 and % :%.
Nlo [1 |2 ]3[4 ]5 |6
210 1
313 (1 (2
313 (4 (2
4 13 |4 |6 |5
4 |7 |14 |6 |5
517 (9|6 |5 |8
5719 |6 |10]8
6 (7 (9 (12]10]8 |11
6 |13(9 [12]10]8 |11
7 113(9 |12)10]|15]|11| 14
7 |13(16| 1210151114

In general, when an insertion causes a split, the data records ifirsagéll be
redistributed to pagdastand (ast+ 1), pagesast, (last+ 1) and kast + 2), or pageddst
+ 1) and fast + 2) according to the value ofK), wherelastis the logical page number of

the last page in the current file and is equa(l@q(ygl(first) +1)[-1) (described in Section

4). Moreover, there are at mo@)(é)d Dpages in levell, wheres; is the initial file size
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andlS is the growth rate of file. In extended spiral hashing, since the growth rate per full

expansion is smaller than 2, this scheme can maintain more stable performance through file
expansions and provide better storage utilization than can linear hashing.

3. THE ALGORITHMS

In this section, giveri: , we will give a formal description of the address computation

algorithm for extended spiral hashing. We will also describe retrieval, insertion, file split,
deletion and file contraction algorithms used in extended spiral hashing. In these algorithms,
the following variables are used globally: (t)the size of a home page in number of
records; (2w the size of an overflow page in number of recordsfi(&) the split pointer

and the initial value = 0; (4): the level, i.e., the number of finished full expansions and the
initial value = 0.

3.1 Address Computation

Let s be the number of pages in the file initiall%, be the growth rate of a file, and
| be the level number. Then, the relationship between growth fugcf@reach level and

variabless,, LS andx can be computed in the following way by observing the relationship
shown in Fig. 3:

Yo = X5

%=s(Ox-E-1);

¥ = (G- (- Y+ -y;

¥ =& - (-G +( - D+ (@ -0
¥ = Ox-<5) -

¥ =(OQx+ Q25D -29)

Let x bel+m(K); theny, can be rewritten as follows:

—ohy —
% = G5+ mK) -~ 129

Since the value ofy may not be an integer, we Mt= [y;[be the logical address.
Moreover, the relationship betwegnandy,; can be derived as follows:

Y= Oy rsa-G).

To compute the final home page number (i.e., the physical addressyl &iiter
expansions, the functidiome_addresis defined as follows:
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functionhome_addregK) : integer;
var

[, Y: integer;

c, X real;
begin

c=y; (first);

I =g-mK)g;

x =1 +m(K);

Y=y

home_address = physi¢¥);
end;

In this function, we have to decide whetlgor y,., is to be used (i.el=d orl =d

+1). Therefore, we must derive the current valuefobt by means of the reverse growth
function y;l based on the current valuediaft andd. Then, we lexbe € - m(K)7+ m(K)

and the logical addre&sbe [y, (x)[J. (Note that ifm(K) < (c - d), i.e., the page where the
data record with key K is stored has been split, thend + 1; otherwisel = d.) Finally,

we call the following functiophysica(Y) to re-use space freed on the left side as explained
before:

function physical (YY) : integer;
var

low, high:real;

11,12,anc_low,anc_high: integer;
begin

if Y<s,—1then

physical =Y
else
begin

1= dog, @+ L (§-D)5

12=og, (+ Y-

low =y (Y);
high =y} (Y +1);
anc_low = [y, (low-1)3
anc_high = [y, (high-1);
if anc_low <anc__high then
physical = physical (anc__low)
else physical =Y —anc_ low;
end;
end;
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The functiorphysica(Y), given the value of, has to derive the current levelSince
the growth rate of the file |§ the following formula shows hoWis bounded aftet ¢ 1)
full expansions:

Ba+i+ + MY <BGa+i++dNH
Y< B;O(l+ls+...+(ls)')D;
Y<so(1+LS+...+(LS)');

Y< 50(1—(15)“1)/(1—15).

Therefore, given a valug | can be computed as follows:
(" >1+ (-
| >logs (1+ (t -1)-1

H-= Eogls(hl(i—l))—la, f logy 1+ & (L ~1) # integer
D
=log, (L+ ¢ (t—1)) i log, (1+ ¢ (t -1)) = integer.

Therefore, | = Eogé a+g Y L- 1))5.

This functionphysica(Y), given a logical pag¥, determines the related physical
address [28]. This requires determination of how the given logical address was instantiated.
There are three possible cases: (1) it was one of the original allocations; (2) it was a re-use
of a freed page on the left; (3) it was a newly allocated pag¥é=< lfig—1), its physical
address i¥. If the page was put into a newly allocated space, its physical address is the
number of pages which existed just before its creation. If the page was put into a recycled
space, one determines its recycled ancestor and then recurs to find the first allocation for
the ancestor page. This process involves finding the fractional page addresses, called the
ancestor range, which when deallocated can map keys to the logical page under consideration.
Fig. 5 shows this process graphically. Consider pagjee range of keys mapping to page
Y extends from the lower boundarylatv up tohigh. The range of keys which will be
remapped into pag¥ lies at boundaries one below frofow - 1) to high- 1). This is
because the active key space range is always one unit long foofm+ 1). One can map
from x back to the page ancestor addresses by means of the following computation:

lowest_ancestor =y, (low-1), and
highest_ancestor =y, (high-1).

The actual lower page ianc_ low = [lbwest_ancestof and the higher page is
anc_high=[highest_ancestof] The ancestor range mapping to a page is always
smaller than one unit page. This is true since a deallocated logical page is always mapped
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Fig. 5. Physical address mapping.

to a new larger space. When a page is totally deallocated, that space can be immediately re-
used. We need to determine whether the low ancestor address and high ancestor address
are within the same page. Since pages always expand to a largefmpaste ancestor-
highest_ancestor 1. Thus ifanc_high > anc_lowthen pag&’ was instantiated from the
recycled pagenc_low Otherwise, pag¥ was instantiated from newly allocated space.

If pageY was instantiated with a newly allocated page, one needs to know the number
of active locations when it was instantiated. This is giverybyfic_low sinceY was then
the last page arehc_lowwas the initial page at that time. If the page was instantiated from
a recycled page, the problem reduces to finding out how this recycled page was instantiated.
The address is always reduced and the recursion is completed.

3.2 Overflow Handling and Retrieval

In [18], Larson appliedeparatord16] for home pages to linear hashing to guarantee
that any data record can be retrieved in one disk access, where overflow records are distrib-
uted among the home pages. This metkeparatorsis based on hashing and makes use
of a small in-core table, for each home page if needed, to direct the search. To understand
what aseparatoris, let us define arobe sequencfirst [18]. Assume that all of the data
records are stored in an external file consisting pages, and that each of thesgages
has a capacity df records. For each data record vikiely= K, its probe sequen¢@(K)=(p,
(K),paAK),... pn(K)),(n = 1), defines the order in which the pages will be checked when a
record is inserted or retrieved. That is, ey@nbe sequencis a permutation of the set {1,
2,...n}. For each data record wikkey= K, itssignature sequencgK) = (si(K), s, (K), ...,

s, (K)), is ag-bit integer. (Note thaj=> 1 andq should be large enough such that the values
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of the signatures of all the data records can be in {62§}16,18]). When a data record
with key= K probes pagg (K), thesignatures (K) is used, ki < n. Implementation of
(K) ands(K) is discussed in detailed in [16]. Consider a home pagevhichr, r > b,
records hash. In this case, at leasth) records must be moved out to their next pages in
theirprobe sequencerespectively. At modirecords are stored on their currsighatures
and records with lowignaturesare stored on the page whereas records withdiggta-
turesare moved out. Aignaturevalue which uniquely separates the two groups is called
aseparatorand is stored in aeparatortable The value stored is the lowesgnature
occurring among those record which must be moved out. (Note $bptaatortable has
two entries: one is separatorvalue, and the other one is a pointer to a page. Also, the
initial values of separators are strictly greater than all the signature values. For example,
usingq bits as described above, the initial values of separators are sefljor{®aning
that their corresponding pages are initially empty [16, 18].)

Since in [18], overflow records are distributed among the home pages, the costs of
file-split, insertion and maintainingeparatorswill be high. To avoid this disadvantage
and to efficiently search a data record stored in overflow pages, extended spiral hashing
also applieseparatorshut only to overflow pages. To ap@gparatorsto handle over-
flow pages in extended spiral hashing, we need the following modification. Assume that
for each home pageits overflow records are stored in an external file consisting of
pages, and that each of thespages has a capacitywfecords. For each overflow record
of home pagé with key=K, let itsprobe sequendeep,(K) = (pi1(K),piz(K), ... pm(K)) = (1,
2,...,m), m=1. (Note that to increase storage utilization, we will probe overflow page
only when overflow pages 1, 2, .j.; () are full.) For each overflow record of home page
i with key= K, let itssignature sequencke s(K) = (s51(K), s2(K), ...Sm(K)). When
an overflow record of home pageith key= K probes pagp;(K), thesignatures;(K) is
used, I j <m Moreover, when the external file for the overflow records of a home page
is full, First, we have to add a page at the end of the external file. next, photie
sequenceandsignaturesequencesf the data records on this home page and its overflow
pages have to be extended and re-computed to include this newly added page. That is, the
number of overflow pages for a home pagewill be changed, depending on the number
of overflow data records of a home page [18]. By usiegaratorsand the above
modification, any data record can be found in at most two disk accesses.

As a file grows, the total size of tiseparator tablesf all the home pages (which
have overflow pages) may be too large for loading into main memory at one time. Moreover,
to reduce the number of disk accesses needed to keggheator tabldor a certain home
page which has overflow pages, we stosegaratortablein each home page. geparator
tableis loaded into main memory whenever its related home page is read into main memory,
and it is written back to the disk whenever its home page is written back to the disk. In the
case where there is no change of the data records in the home page but a data insertion/
deletion has caused data record movements between overflow pages, the related home page
still should be written back to the disk before it is removed from main memory. That is, one
more disk access is heeded in this case since the contentsgpdnatortable have been
changed. Therefore, we can still guarantee that the cost of data retrieval will be at most two
disk accesses. As shown in Fig. 6, the functétrieval(key) is used to locate the actual
physical address (either in a home page or in one of its related overflow pages), where
separatof, 1< j < m, represents theeparatorfor thejth overflow page of home page
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functionretrieval(key) pointer;
vari,j: integer;
begin
i = home_addreq&ey);
if data record is found in pagehen returnghysical_addregs));
[*function physical_addresseturns the actual physical address of home page
else
begin
for each entiyin the separator tabledo
begin

if s, (key) < separatoy 1 .value then
begin
if data record is found in page pointeddgparatoft . pointer

then returngeparatoft . pointer)
else return (nil);
end;
end;
return (nil);  /*nil denotes that the record is not found */
end;
end;

Fig. 6. Functiorretrieval.

In this function, home pagds searched first, which is one disk access. If the data
record cannot be found in home pagis overflow pages are tried usiggparators If the
data record exists in these overflow pages, one more disk access is needed; otherwise, 0/1
more disk access is needed. Therefore, at most two disk accesses are needed.

3.3 Insertion and File Split

When a data record is inserted, its home page is searched first. If the size of its home
page has exceeded page &izthen one of its related overflow pages is searched according
to itsprobe sequencedn the case where a data record insertion causes re-location of other
records in overflow pages, relategparatorsvhich are stored in the home page may also
have to be updated. Moreover, when the external file for the overflow records of a home
page is full, we add a page at the end of the external file, and plidbesequenceand
signaturesequencesf the data records in this home page and its overflow pages have to be
extended and re-computed to include this newly added page. In this case, one more disk
access is needed to write the home page back to the disk sirssp#natortableis in-
cluded in the home page.

Whenever the growth of a file exceeds a split control condition, a split occurs. In this
case, data records in pafist (including its overflow pages) have to be redistributed to
pagedastand (ast+ 1), pagesast, (last+ 1) and last + 2), or pageddst+ 1) and last +
2), depending on the value m{K), wherelastis the logical page number of the last page in
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the current file. Thenfirst is increased by one, and new ledtés computed. The results

of the above actions are equal to updafirsg (andd) first and then re-inserting those data
records which are in the page where thefiodd points to by using the new hashing func-
tionyg.;. Procedurdile_splitis shown in Fig. 7. (Note that to reduce the number of disk
accesses, we use a buffer mechanism to reduce the overhead of re-insertion. That is, we
first perform re-insertion in a buffer. Then, we write one page back to disk from the buffer

at a time instead of re-inserting one data record back to disk at a time in the process of re-
insertion.)

3.4 Deletion and File Contraction

When a data record is deleted, we immediately try to move another data record in to
fill the hole left by the deleted data record. There are two cases. First, if the deleted data
record is stored in a home page which has overflow pages, then we only move one of the
data records stored in the last overflow page (i.e., overflowmpabeack to the home page
and fill the hole; in addition, theeparatorsmust be updated. Second, if the deleted data
record is stored in overflow pagél < i < m), we should move one of the data records from
overflow pagei(+ 1) back to fill the hole created by the deletion in overflow pade the
same way, the hole created by the above movement in overflowi patjewill be filled by
moving one of the data records in to overflow page?). This process will not be termi-
nated until one of the data records in overflow page moved back to overflow page (

- 1). In this process, the relatselparatoranust also be updated.

Whenever the number of deleted data records exceeds a predetermined contracted
control condition as in file split, a contraction occurs. In this case, we should collect the
data records which have been redistributed in the last file split operation and move them
back to pagefifst - 1). Since when a split occurs in pafies( - 1), the data records in page
(first -1) (including its overflow pages) have to be redistributed to pags () andast,
or (ast- 2), (ast- 1) andlast, depending on the value oi{K), wherelast is the logical
page number of the last page in the current file, when contraction occurs, we should collect
these data records which were stored in pfige {1) before the last file split but now are
stored in the pages mentioned above, and move these data records backfispadp (

The results of the above actions are equal to updiititgandd) first and then re-inserting

all the data records stored in those above pages. (Note that the data recordslastpages
(last- 1) and fast- 2) may not be moved out from padjesf - 1), and that we do not record

any information about the original page for each data record in a page; therefore, we have
to compute the home address for each data record in these pages to determine its original
page from which the data record was moved out.) Procéithureontractionis shown in

Fig. 8.

4. PERFORMANCE ANALYSIS

In all dynamic hashing schemes which do not use an index, a split occurs under
certain conditions. There are two kinds of strategies [6,19]: uncontrolled and controlled
splitting. Uncontrolled splitting means that a split occurs whenever a collision occurs. In
controlled splitting, a split occurs when the number of inserted data records exceeds a load
control (L), or when storage utilization exceeds a load faddpr@ <A < 1. (Note that a
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procedurdile_split();
vari, j : integer;
B : buffer;
begin
read pagirst and its overflow pages into buffBr
set pagfirst and its overflow pages to empty;
first =first + 1;

_ first t .\ _40.
d=dog, @+ (§-D)-15
for each record wittey= K in bufferB do

begin
i = home_addregK);
if home pages not full then
write this record to home page
else
begin
find an entryin separator tabliesuch that
s; (K) < separatof 1. valug
if not found then /* the overflow pages are full */
begin
append an overflow page to the external file of home;page
recompute the probe sequences and signature sequences;
end;
find an entry in separator tablesuch thag; (K) < separatoyf 1. valuedo
begin
if the page pointed bseparatoy 1. pointeris full then
move out the record whose keyseparatoy 1. valueto BufferB;
write the data record witkey= K to the overflow page pointed
by separatoy 1. pointer;
updatedseparatoy 1. valueif necessary;
end;
end;
end;
end;

Fig. 7. Proceduréle_split.




EXTENDED SPIRAL HASHING FOREXPANSIBLE FILES

257

procedurdile_contractiorf);
vari, j : integer;
B: buffer;
begin
last = [y, (v (first) + 11,
read pagelést- 2), pagelést- 1) andast
and their overflow pages into buffBr
set pagelést - 2), pagelést- 1) andast
and their overflow pages to empty;

first =first - 1;
_ first ¢ .\ _ .0
d=dog, @+ (§-D) -1
for each record witkey= K in bufferB do
begin

i =home_addregK);
if home pagé is not full then
write this record to home page
else
begin
find an entryj in separator tablesuch thas; (K) < separatoy; 1 .valug
if not found then /* the overflow pages are full */
begin
append an overflow page to the external file of home page
recompute the probe sequences and signature sequences;
end;
find an entryj in separator tabliesuch thas; (K) < separatoj 1 .valuedo
begin
if the page pointed bgeparatof 1. pointeris full then
move out the record whose keysiparatoy 1. valueto BufferB;
write the data record witkey= K to the overflow page pointed
by separatof 1. pointer;
updatedseparatoy 1. valueif necessary;
end;
end;
end;
end;

Fig. 8. Proceduréle_contraction.
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load control denotes the upper bound of the number of newly inserted records before the
next split can occur, and a load factor is a storage utilization threshold.) In general, the
controlled strategy can provide better storage utilization than can the uncontrolled strategy,
as verified in [19]. Moreover, when the load factor is used as the split control strategy, the
system will suffer from more unstable performance during a full expansion as stated in [13,
30]. Therefore, we prefer to use the load control as the split control strategy as in [30,31].
In this section, we will present the results of performance analysis of extended spiral
hashing using the load control strategy. In this performance analysis model, we assume
that the keys for data records are uniformly distributed and independent of each other, and
that the page size is measured in terms of the number of record slots. The hash function
distributes the records uniformly in the interval [0, 1). The size of a home page is denoted
by b, and the size of an overflow page is denotedbyVe also assume that the number of
overflow pages for each home page is a minimum. In other words, if a home pagg has

> 0, overflow records , then there will k%%goverflow pages for this home page. When

the search cost is computed, all the records are assumed to have the same probability of
retrieval.

Let S, be the number of pages of a file initially adde the number of data records
inserted into the file. GiveN, we are able to derive information about the current state of
the file, such as the number of used home pdigets the average retrieval cost and storage
utilization; that is, we are able to analyze these properties of a file as a fundtio bé
various properties that we are interested in are discussed below.

The number of splits performed is given by

ns(N) =0, 0<N<s)L,
IN-sLO

ns(N)= g 2om N> (sb)

(Note that to reduce the number of splits, we assume that the split control is not
started until the firs§ pages are filled witls,L records in the performance analysis.) In
extended spiral hashing, the valudirdt is equal to the number of splits, ifrst = ngN).

Since in extended spiral hashing, the growth rate of a fiISe. ikie number of levels can be
computed using the following formula as derived in Section 3.1, givefirst = ngN):
first

d= gogé(1+?(18—l))§.

Since the range of for the current file is always betweermnd € +1), andyy(c)=
first = ngN), based on the current valuefioét, we can derive the valuesragdianandlast
in the following way: (Note that the value wfedianis the last logical page number in level
d, and that the value ¢dstis the last logical page number of the current file.)

c=yg'(first);

d=d+1

median = [y, ([ +1011
last = [y, (c+[T-1.

Consequently, the number of pages of the current filass {first + 1).
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Given the value dfirst, the probabilityPr(first,i) of the load distributions for logical
pages, wherefirst <i < last, is different in extended spiral hashing as shown in Table 3. To

compute the probability, two classes are considered. For the first class, all of the pages of

the current file are in the same ledgl.e., it satisfies the conditiomgdian = last. For the
second class, some of the pages are in th\aid some of the pages are in ledet (1), i.
e.,mediar¥ last

Table 3. The probability of load distribution.

level logical page number (v )
O™ eTe T2 13 |4 |5 6 7 |8 |5 [10]11]12]13] 14] 15]16
R

1 Kkl %

2 KKK
1|3 BIAIK %

4 K%\ %|%

5 A%\ %\ %%
, LS %\% | % | %) 72

7 %\ % P50V P

8 % || Yor| 0|5\ 57

° K| Yo a| Von| 5| V| o
3 |1e V| VoalVor| Vor| Yor| Vor|

The probabilityPr(first, i) of the first class can be divided into the following two
subclasses:

Pr(first,i) = 1“, firt <i <last;
So(g)
Pr(first,i):l—w, i = last.
So(g)

In class one, all of the pages are not split yet in the currentdeard the last page
may not be full becausg;'([¢+1[) may not be an integer. Therefore, the probahitity
(first,i) of each of the pages betwd@nt and (ast- 1) is the same as the probability after
full expansions. For padast, Pr(first,last) is equal to the remaining value.

The probabilityPr(first,i) of the second class can be divided into the following four
subclasses:
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Pr(first,i)=+, first <i < median;
"
S

Pr(first,i) = y;'(median+1) - y;*(median), i = median;

Pr(first,i):%, median+1<i <last;
B

Pr(first,i) =c+1-y; (last), i =last.

The pages betwedinst and (nedianl) are not split yet in the current ledetherefore,
the probabilityPr(first,i) of each of these pages is still the same as the probabilitydafter
full expansions. Although pageedianis the last page in level it may contain some
records which need to be added during the ()'th full expansion. (Note that this is
becauseYy ([€+10) may or may not be an integer.) Therefore, the probability of page
medianis the length frorrM}l(mediarj to Y;"(median+1). (Note that since the interval of
X values stays betweerandc + 1, the length in the x-axis represents the probability.) The
pages betweemmedian+ 1) and last- 1) are newly added during the process of the 1)

'th full expansion; therefore, the probability of each of these pages is the same as the prob-
ability after @ + 1) full expansions. For patpest, Pr(first, las) is equal to the length from
y;-(last) to (c + 1), i.e., the remaining value.

After computing the probabilitPr(first, i) for each pageof the current file, we can
start to analyze the other performance measuresW(cggtbe a function used to denote the
number of overflow pages of a home page \gittata records inserted and let it be defined
as follows:

W(q) =0, 0<qgs<h,
W) =j,  (b+(-1w+1)<qgs<(b+jw).

Let Bin(g; N, P) denote the binomial distribution, i.e., BjiN,P)= (C;' *P¥ (1-P)N-9.
The probability of logical pagde(first < i < lasf) containingg data records is Big( N, Pr(first,
i)). The expected number of overflow pages for logical pagebtained as

OR(N) =3 q-o(W(a)Bin(q; N, Pr(first,i))).

Then, the average number of overflow pages for the file after insdrtata records
is given by

_ 3 i%sOR(N)

OP(N) = Tast- first +1

and storage utilization can be obtained as follows:
UTI(N) =

N
(Tast - first + 1)(b+ WOP(N))
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Using separatorsto overflow records, the expected cost of an unsuccessful search
for home page (first < i < lasf) in terms of the number of disk accesses is

us=1, OP =0,
us=2, OP > 0.

Then, the average number of disk accesses for an unsuccessful search is given by
US(N) = 3 24 (US(N)Pr(first,i)).

For an successful search, we first consider the expected number of disk accesses
needed to retrieve all the data records in home pégst < i < lasf) plus its overflow
pages, which can be obtained by

RA(N) =3 oo (aBin(q; N, Pr(first,i)))
+3 s ((@+ (g = b))Bin(g; N, Pr(first,i))).

Then, the average number of disk accesses for a successful search can be calculated
by

_ Y S RAN)
SS(N) = N

For the average insertion cost, we first consider the split cost at the insertion of the
gth (g < N) data record, which is given by

SqQg) =1 +0P(g) + 2(1 +OP(q + 1)).

(Note that since we apply a buffer mechanism, @P{q)) disk accesses are needed
to read the split page and its overflow pages into the buffer, and Q&g+ 1)) disk
accesses are needed to write the split results.) Since a split occurs ontyisbhedl, ...,
ngN)L (ngN)L < N), the total split cost foN inserted data records can be obtained by

TSC(N) = 3 (¥WSC(iL).

Then, we can consider the average cost of inserting a data record when tlgere are
data records which have been inserted. (Note that given the number of datageeerds
can obtain the corresponding split poirgetand the number of full expansishas ex-
plained before.) Since a data insertion may cause the other data records to be re-inserted,
the average number of disk accesses needed to inserttiigth data record in pagés as
follows:

_ 2b(1+OR(q)) +2w(OR(g) +OR(q) -1+...+1)
A= b +WOR(0)

_ 2b(1+0OR(q)) + WOR(q)(1+OR(q))
N b+wOR ()
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Then, the average number of disk accesses needed to insert a data record in any page
i among theses(+ 1) pages is given by

AC(a) =3 2, P(sp',i,8)AC (0).

Finally, we can obtain the average insertion cost in the insertion procéssldtat
records (including the split cost), which is given by

sy = TSEN)+ 5 AC(E

Table 4 -(a) shows the results derived using the above formulas, svheg = 3,
$%=2,N=10°, b = 10, 20, 40 and 8@y = 0.5* andL=0.8*b, L = b andL = 1.2*b in
extended spiral hashing. From this table, we observe that storage utilization can reach
nearly 97%, where the cost of successful and unsuccessful search is given in terms of the
number of disk accesses.

Table 4. Performance:(a) analysis results;(b) simulation results.

Parameters Alanysis Results Parameters Simulation Results
b w L INS ss us uti b w L INS ss us uti
10 5 08 45 1332 1.970 0.920 10 5 08 4.6 1.364 20 0919
10 5 10 54 1.438 2.0 0.968 10 5 10 53 1.489 20 0.970
10 5 12 6.3 1.539 2.0 0.969 10 5 12 6.0 1.574 20 0.970
20 10 16 33 1370 1.949 0.954 20 10 16 3.9 1.351 1.995 0.956
20 10 20 44 1478 1.989 0.900 20 10 20 4.6 1.479 20 0.896
20 10 24 54 1.579 1.990 0.902 20 10 24 53 1.559 2.0 0.885
40 20 32 3.4 1.380 1.988 0.792 40 20 32 35 1339 20 0.793
40 20 40 4.2 1.482 20 0.868 40 20 40 4.0 1.459 2.0 0.869
40 20 48 4.3 1.520 20 0.842 40 20 48 4.5 1.543 1.978 0.943
80 40 64 29 1.292 1.980 0.844 80 40 64 3.0 1.294 1.983 0.847
80 40 80 34 1.420 1.987 0.898 80 40 80 35 1.414 1.966 0.892
80 40 96 3.8 1.528 2.0 0.898 80 40 96 38 1.519 20 0.892
@ (b)

b : the size of a home page INS : insertion cost

w : the size of an overflow page ss : successful search cost

L : load control us : unsuccessful search cost

uti : storage utilization

5. SIMULATION RESULTS

In this section, we will present the simulation results of extended spiral hashing,
linear hashing [19], linear hashing with partial expansions [13], Ramamohanarao’s dy-
namic hashing [31] and the spiral storage approach [28], under two different split control
strategies. (Note that linear hashing with partial expansions and Ramamohanaro’s dynamic
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hashing were proposed to improve the retrieval performance of linear hashing since they
can provide more stable performance than can linear hashing during a full expansion. The
growth rate for each partial expansion is not a constant in Larson’s linear hashing with

partial expansions while it is a consta%l'g—1 in Ramamohanaro’s dynamic hashing when

g is the number of pages per group. For example, in Larson’s linear hashing with partial
expansions, in the case of one full expansion consisting of two partial expansions, the
growth rate is% during the first partial expansion ar%i during the second. However,

Ramamohanarao’s dynamic hashing will result in many round-up pages.)

In this simulation study [30], we assumed tNahput data records were uniformly
distributed. The environment control variables were the size of a homehagel the
size of an overflow pagevi and a load controL{, which controled when a split would
occur. In this simulation, storage utilization and the average number of disk accesses for
successful and unsuccessful searches were the main performance measures considered.
Moreover, overflow pages were handleddeparatorsin all of these approaches. Where
the average successful/unsuccessful search cost was concerned, we corsidesasdn?
requests, wherl searched data records were present in the file and theM#gearched
data records were absent. Where the average insertion cost was concerned, we considered
the average result of 10 random different insertion sequences. In the simulation study of

the spiral storage approach, we let the paranfatethe growth functiory = 8> belS since

the curvey = (l) * would approximate to the line constructed by our proposed growth

function as shown in Fig. 3.

Table 4 -(b) shows the simulation results of extended spiral hashing, whetg =
3,5,=2,N= 10%, w=0.5" andL = 0.8*b, L =b andL = 1.2*, respectively. Comparing
them with the analysis results shown in Table 4 -(a), the simulation results shown in Table
4 -(b) are very similar.

Simulation results of extended spiral hashing v@tﬁ% , the spiral storage approach

[28] with =% , linear hashing [19], linear hashing with two partial expansions per full

expansion [13] and Ramamohanarao’s dynamic hashing [31fwith under split control

of the load control are shown in Tables 5-(a), (b), (c), (d) and (e), respectively, Were

10%, w= 0. andL = 0.8, L =b andL = 1.2b. From these tables, we observe that as the
size of home pages and of an overflow pages increased, storage utilization could decrease
in all five methods. The reason is that the larger the size of a page was, the larger the
average unused space in a home page or an overflow page could be, which resulted in a
decrease of storage utilization. Extended spiral hashing had the highest storage utilization
among these five methods. Compared to the spiral storage approach [28], extended spiral
hashing not only reduced the cost for address calculation, but also had much uniform load
distribution due to the linear growth function, which resulted in higher storage utilization
and a lower average insertion cost.

Moreover, whemN = 108, b = 20,w = 10, and. = 16, extended spiral hashing could
achieve 96% storage utilization, as compared to 78% storage utilization in linear hashing
and 88% storage utilization in the spiral storage approach under the same conditions. As
mentioned before, linear hashing with partial expansions and Ramamohanaro’s dynamic
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Table 5. Simulation results under split control of the load contro(L): (a) ex-
tended spiral hashing hashing(b) the spiral storage(c) linear hashing;
(d) linear hashing with two partial expansions;(e) Ramamohanarao's
dynamic hashing.

Parameters Extended Spiral Hashing Parameters Spiral Storage Approach
b w L INS s us uti b w L INS ss us uti
10 5 08 46 1364 2.0 0919 10 5 08 47 1374 2.0 0.894
10 5 10 53 1.489 2.0 0.970 10 5 10 54 1499 2.0 0.898
10 5 12 6.0 1.574 2.0 0.970 10 5 12 6.2 1.585 20 0.917
20 10 16 3.9 1.351 1.995 0.956 20 10 16 42 1.372 1.995 0.884
20 10 20 4.6 1.479 20 0.896 20 10 20 5.0 1.499 2.0 0.892
20 10 24 53 1.559 20 0.885 20 10 24 5.8 1.579 1.993 0.904
40 20 32 35 1.339 20 0.793 40 20 32 3.9 1.379 2.0 0.862
40 20 40 4.0 1.459 2.0 0.869 40 20 40 4.7 1.499 2.0 0.869
40 20 48 4.5 1.543 1.978 0.943 40 20 48 5.6 1.579 1973 0.892
80 40 64 3.0 1.294 1.983 0.847 80 40 64 38 1.372 1.964 0.847
80 40 80 3.5 1.414 1.966 0.892 8 40 80 4.6 1.486 1.978 0.862
80 40 96 3.8 1.519 20 0.892 80 40 96 54 1.599 2.0 0.862

(@ ®)

Parameters Linear Hashing Parameters Linear Hashing with two Par. Exp.
b w L INS ss us uti b w L INS ss us uti
0 5 08 27 1015 1.047 0790 05 08 30 1074 1879 0.800
10 5 10 3.1 1.144 1.445 0.858 10 5 10 32 1.149 1.888 0.863
10 5 12 35 1.246 1.705 0.858 10 5 12 3.7 1.244 1.999 0.864
20 10 16 25 1.016 1.046 0.781 20 10 16 2.6 1.017 1.050 0.790
20 10 20 29 1.153 1.438 0.784 20 10 20 3.0 1.155 1.459 0.809
20 10 24 33 1.247 1.704 0.784 20 10 24 33 1.344 1.800 0.828
40 20 32 24 1.022 1.062 0.781 40 20 32 24 1.039 1.003 0.787
40 20 40 2.7 1.154 1.438 0.781 40 20 40 2.6 1.499 2.0 0.808
40 20 48 3.1 1.256 1.717 0.781 40 20 48 3.1 1.299 2.0 0.812
80 40 64 23 1.022 1.062 0.781 80 40 64 2.2 1.099 1.070 0.783
80 40 80 2.7 1.157 1.436 0.781 80 40 80 2.6 1.178 1.680 0.803
80 40 96 3.0 1.269 1.749 0.781 80 40 96 3.0 1.199 2.0 0.809

©) (G

Parameters Ramamohanarao's dynamic hashing
b w L INS ss us uti
10 5 08 30 1058 1.999 0.715
10 5 10 33 1.117 1.999 0.790
10 5 12 3.6 1.205 1.999 0.836
20 10 16 2.6 1.012 1.000 0.743
20 10 20 28 1.099 1001 0803 b« the size of a home page

w : the size of an overflow page
20 10 24 32 1182 1001 03819 L - load contro}
40 20 32 23 1.030 1.000 0.709 INS : insertion cost
40 20 40 26 1.052 1.999 0.787 ss : successful search cost
us : unsuccessful search cost

0 20 48 30 1178 1999 03813 Wi ; storage tilization
80 40 &4 22 1.013 1.000 0.714
80 40 80 25 1.078 1.000 0.781
80 40 96 30 1142 1.999 0.819

(e)
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hashing were proposed in order to improve the retrieval performance of linear hashing.
Compared to these two methods used to improved the performance of linear hashing, our
extended spiral hashing has achieved the same goal of partial expansions, i.e., to maintain
stable performance throughout file expansions; in addition, our method uses a fixed growth
rate and requires no round-up pages.

Fig. 9 shows the change of storage utilization as a function of the number of inserted
data records, where= 2,t = 3,b = 10,w = 5,and L= 8. From Fig. 9, we observe that
storage utilization in the spiral storage approach was a little bit more stable than was that in
extended spiral hashing. The reason is that the exponential growth function in the spiral
storage approach kept the distribution of records across pages fixed during a full expansion,
which provide constant performance as stated in [27,28] while the load distribution in ex-
tended spiral hashing as shown in Table 3 was not fixed during a full expansion. Moreover,
storage utilization in extended spiral hashing was much more stable than was that in linear
hashing. The reason is that when a split occurred, linear hashing always redistributed the
data records of a certain pagato pagd and a newly added empty page. The property of
stable storage utilization in extended spiral hashing distributed the overhead of insert/split
operations uniformly as data records were inserted while unstable storage utilization in
linear hashing could suddenly cause a large overhead of insert/split operations.

1.00+
0.9
0.9
0.8
Storage
Utilization -8

0.7
0.7
0.6

O-GGI v 1 v 1 v T v T v T T
100 110 120 130 140 150 160

—a—  Extended Spiral Hashing
=——g3—  Spiral Storage
—3¢— Linear Hashing

The number of inserted data
Fig. 9. The relationship between storage utilization and the number of inserted data records.

To compare the average insertion/retrieval cost in linear hashing and extended spiral
hashing when both approaches achieved the same storage utilization, we tried to run linear
hashing under different choiceslofTable 6 shows that storage utilization in linear hashing
could Increase ds was increased at the cost of increasing the average retrieval cost and

average insertion cost, where= 10,w = 5, t§=% andN =10%. From this table, we

observe that when both approaches had the same storage utilizatiod if linear hashing),
extended spiral hashing could have a lower average retrieval cost and a lower average
insertion cost compared to linear hashing.

The reason is that &sincreased significantly in linear hashing, the number of file
splits decreased . Therefore, given a fiXehd the same storage utilization, the number of
home pages in linear hashing was smaller than that in extended spiral hashing. At the same
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time, the number of overflow pages in linear hashing was greater than that in extended
spiral hashing. Consequently, the average retrieval cost and the average insertion cost in
extended spiral hashing were better than those in linear hashing. Moreover, when both
approaches had a similar average insertion €ost20 in linear hashing), extended spiral
hashing had a lower average successful search cost and higher storage utilization than did
linear hashing. When both approaches had a similar average retrieval=d$ ip linear
hashing), extended spiral hashing had higher storage utilization and a higher average inser-
tion cost than did linear hashing.

Table 6. The relationship between performance ant in linear hasing.

Load Control INS ss us uti

L=08 2.73 1015 1.047 0.790

L=10 3.12 1.144 1445 0.858

L=12 3.54 1246 1725 0.858

L=16 4.56 1.374 2.0 0.860

L=20 5.38 1.499 2.0 0.863

L=40 9.91 1.749 2.0 0.923

L =60 1445 1.834 2.0 0.959

L : load control

L =65 15.73 1.849 2.0 0.966 INS : insertion cost

L=70 1690 1859 20 0.970 ss : successful search cost
Ext. Spiral 535 1.364 2.0 0.970 us : unsuccessful search cost

L=10 uti : storage utilization

Tables 7-(a), (b) and (c) show the simulation results of extended spiral hashing with

Ls 2% , the spiral storage approach \Mﬁh:% and linear hashing under split control of the

load factor A), whereN = 10, b= 10 andw = 5. In all three methods, Adncreased from

0.5 to 0.95, the average insertion cost increased. The reason is Ahiatcesased, the

number of overflow pages increased. Since extended spiral hashing could provide a much
uniform load distribution, extended spiral hashing had a lower average insertion cost and a
better retrieval performance than did the spiral storage approach. Compared to linear hashing,
extended spiral hashing had a higher average insertion cost because the number of file
splits in extended spiral hashing was larger than that in linear hashing.

Moreover, ad\ increased, which implied that the storage utilization threshold increased,
oscillation in performance during a full expansion increased as stated in [13,19]. Since the

growth rate é=%) of extended spiral hashing was smaller than 2 in linear hashing, ex-
tended spiral hashing resulted in smaller oscillation during a full expansion compared to
linear hashing. WheA > 0.85, extended spiral hashing could have higher storage utiliza-
tion than could linear hashing. The reason is that the higivais, the higher was the ratio

of performance oscillation during a full expansion in linear hashing to that in extended
spiral hashing.
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Table. 7. Simulation results under split control of the load factoA): (a) ex-
tended spiral hashing hashing(b) the spiral storage;(c) linear hashing.

Parameters Extended Spiral Hashing Parameters Spiral  Storage

A INS 58 us uti A INS s us uti
0.50 38 1.000 1.000 0.500 0.50 3.8 1.000 1.000 0.500
0.55 37 1.000 1.000 0.549 0.55 37 1.000 1.000 0.549
0.60 3.6 1.000 1.000 0.598 0.60 3.6 1.000 1.000 0.598
0.65 35 1.000 1.000 0.649 0.65 3.5 1.000 1.000 0.649
0.70 35 1.000 1.000 0.699 0.70 3.6 1.000 1.000 0.699
0.75 3.6 1.000 1.000 0.746 0.75 37 1.000 1.000 0.746
0.80 3.6 1.104 1.775 0.800 0.80 4.2 1.000 1.000 0.800
0385 4.2 1.144 1.983 0.849 0.85 4.8 1.259 2.0 0.843
0.90 58  1.500 2.0 0.899 0.90 6.7 1510 2.0 0.896
095 10.8 1.720 2.0 0.947 095 133 1.780 20 0.938

@ (b)
Parameters Linear Hashing

A INS ss us uti
0.50 2.6 1.000 1.000 0.500
0.55 2.5 1.000 1.000 0.549
0.60 2.6 1.000 1.000 0.598
0.65 2.6 1.000 1.000 0.649
0.70 2.7 1.000 1.000 0.699
0.75 28 1.000 1.000 0.746

A :load factor
0.80 31 1.029 1.096 0.800 INS : insertion cost
0.85 33 1.099 1.320 0.847 ss : successful search cost
0.90 39 1333 1919 0858 o ‘;‘:;’:;:S‘f;‘l’ll;enfﬁh cost
0.95 5.0 1.670 2.0 0.888
©

Fig. 10-(a) and (b) show the simulation results of extended spiral hashing with differ-
ent values of the growth ra%, whereN = 10°, b = 10,w = 5, and_ = 10, and where the
value oflS was 1.1, 1.2, ..., 1.9, respectively. From these figures, we observe that as the
value oflS increased, storage utilization decreased and the average insertion cost decreased.

The reason is that the higher the growth rate was, the larger was the number of home pages

appended to the file after a full expansion, resulting in a decrease in storage utilization and
a decrease in the number of overflow records; therefore, the average insertion cost decreased.
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Fig. 10. (a) The relationship between storage utilization and the growth rate; (b) the relationship
between the average insertion cost and the growth rate.

6. CONCLUSIONS

In this paper, we have proposed a new scheme (called extended spiral hashing) for

dynamic hashing in which the growth rate of a fiIeLisper full expansion , which is
smaller than two, as compared to a rate of two in linear hashing. Since the growth rate of a
file is smaller than two, extended spiral hashing can provide better storage utilization than
can linear hashing [19]. Moreover, extended spiral hashing can maintain more stable per-
formance through out file expansions than can linear hashing. From our mathematical
analysis and simulation study, extended spiral hashing can achieve nearly 96% storage
utilization as compared to 78% storage utilization obtained using linear hashing. Com-
pared to schemes based on the spiral storage approach [28], extended spiral hashing not
only can reduce the cost of address calculation, but also has a much uniform load distribu-
tion due to the linear growth function, which results in higher storage utilization. Moreover,

to compute the logical addresses, no history of split sequence need be traced, and only one
variable is needs to be recorded in extended spiral hashingjréteor c) instead of a table

of indexes in [27] or a sequence of split points in [10]. Furthermore, extended spiral hash-
ing has a systematic way of handling file contraction.

In [13], Larson improved the performance of linear hashing by using generalized
linear hashing , where a full expansion was done in a series of partial expansions, which
smoothed the performance oscillation through out file expansions. (Note that in Larson’s
linear hashing with partial expansions [13], the growth rate for each partial expansion is not
a constant.) In [30], Ramamohanarao further improved the performance of Larson’s linear
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hashing with partial expansions [13] by fixing the growth rate of a file to be a constant

g_+1' whereg is the number of pages per group. However, Ramamohanarao’s approach

to partial expansions resulted in many round-up pages. Compared with these two methods
used to improved the performance of linear hashing, our extended spiral hashing has achieved
the same goal of partial expansions, i.e., to maintain stable performance through out file
expansions; at the some time our method uses a fixed growth rate and requires no round-up
pages.

Therefore, our extended spiral hashing also can provide better performance com-
pared to these methods. How to combine our extended spiral hashing with a different
expanding sequence using, for exampl&rity splitting [22,32], to further improve stor-
age utilization is a subject of future research.
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