Appeared in Proceedings of the 14th International Conference on Data Engineering (ICDE), Orlando, Feb. 1998

Cyclic Allocation of Two-Dimensional Data
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Abstract

Various proposals have been made for declustering
two-dimensionally tiled data on multiple I/O devices.
Recently it has been shown that strictly optimal solu-
tions only exist under very restrictive conditions on
the tiling of the two-dimensional space or for very few
I/0 devices. In this paper we explore allocation meth-
ods where no strictly optimal solution exists. We pro-
pose a general class of allocation methods, referred to
as cyclic allocation methods, and show that many ex-
isting methods are instances of this class. As a re-
sult, various seemingly ad hoc and unrelated methods
are presented in a single framework. Furthermore, the
framework is used to develop new allocation methods
that give better performance than any previous method
and that approach the best feasible performance.

1 Introduction

Efficient retrieval of information defined in a two-
dimensional space is gaining in importance. An in-
creasingly popular and user-friendly approach for re-
trieving geographically referenced information is to re-
quest the user to define a rectangular bounding box on
a map indicating the area of interest. In the Alexan-
dria Digital Library project [CDN*97], we are explor-
ing various methods for supporting such geographi-
cally referenced data. For example, if a user is in-
terested in more information about the Sierra Nevada
mountains, the user can draw a rectangle around the
area on a map of the United States. As a result, more
detailed maps can be retrieved, or in general, any in-
formation related to the Sierra Nevada mountains, for
example, amount of rainfall, elevation information, or
even papers studying the mountain range.

In general, the amount of information associated
with different parts of a two-dimensional map, or im-
age, may be quite large. Hence, the map is often di-
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vided into tiles, where each tile corresponds to the in-
formation associated with the area defined by the map.
Since user queries will, in general, refer to multiple
tiles, the response time to the query is proportional to
the time it takes to retrieve all information associated
with the tiles overlapping the query region. A com-
mon approach for improving query response time is to
decluster the information of the tiles on different I/0
devices, e.g., disks. Hence, for a given query, if all tiles
are allocated to different devices, the response time is
minimized since data can be retrieved from multiple
devices in parallel. On the other hand, if they are allo-
cated to the same device, response time is maximized,
since the tiles must be retrieved sequentially instead
of concurrently.

Various proposals have been made for the allocation
of data on multiple I/O devices [DS82, KP88, FB93].
Some of these studies were conducted in the context of
relational databases, where data is defined over several
attributes. We address the important but restricted
case of two attributes (the z and y coordinates of two-
dimensional data). Recently in [AE97], it was shown
that strictly optimal solutions (defined shortly) for
rectangular queries exist only under very restrictive
conditions on the tiling or for very few I/O devices
(namely 1,2,3 and 5). In this paper we explore alloca-
tion methods where no strictly optimal solution exists.
We propose a general class of allocation methods, re-
ferred to as cyclic allocation methods, and show that
many existing methods are instances of this class. This
allows us to present various seemingly ad hoc and un-
related methods in a unified framework. It also allows
us to develop new allocation methods that give better
performance than any previous method. We perform
extensive analysis of various allocation schemes to un-
derstand their relative performance.

The rest of the paper is organized as follows. Sec-
tion 2 presents the existing approaches and their per-
formance. In Section 3 we develop new allocation
schemes and show their superior performance. The



3

(b) DM method

b

1
v 7
-
IE%

() FX method

g 1 1 1 [H

Device

(d) HCAM method

Figure 1: Allocation generated by existing methods

robustness of these new schemes is evaluated in Sec-
tion 4 and Section 5 concludes the paper.

2 Declustering for Parallel Retrieval

In this section we present the more prominent ex-
isting allocation approaches and evaluate their perfor-
mance. First we describe the existing approaches and
then show their performance relative to each other and
with respect to a Random allocation scheme.

2.1 Allocating Two-Dimensional Data

Consider a two-dimensional data set that has been
divided into tiles along each dimension. These tiles
are to be allocated to several I/O devices so as to
minimize the maximum number of tiles accessed from
a single I/O device when a group of tiles contained in
a rectangular region of the data set is retrieved.

Given a two-dimensional array of N7 x N» tiles, and
M 1/0 devices, the allocation function maps each tile
(i,7), 0 < i < N1,0 < j < N3 to one of the I/O de-
vices 0,..., M—1. To process a rectilinear rectangular
query, all tiles that intersect with the query need to be
accessed. The cost of executing the query is propor-
tional to the maximum number of tiles accessed from
a single I/O device. The minimum possible cost when
retrieving A tiles distributed over M devices is [4].
An allocation policy is said to be strictly optimal if no

rectangular area A has more than [ ] tiles allocated
to the same device. In [AE9T7], the necessary and suffi-
cient conditions for the existence of strictly optimal al-
location schemes are derived. In particular it is shown
that strictly optimal allocations exist for the following
cases only: i) any number of I/O devices if the num-
ber of tiles in one of the dimensions is 1 or 2, or ii)
any number of tiles in each dimension if the number of
devices is 1,2,3 or 5, or iii) for some special boundary
cases (the number of devices is almost as large as the
total number of tiles, i.e. M > N1N2—2, or M=8, and
N1=N2=4, or M:N1N2—4 and min{Nl,NQ} = 3)
Strictly optimal allocations for each of these cases are
also defined in [AE97]. Of these cases, only the sec-
ond case is of general interest. To demonstrate suffi-
ciency of these conditions, a strictly optimal allocation
method is given, which allocates tile (7, ;) to device
(1% i+ j) mod M. We will refer to this as the HalfM
method. Figure 1(a) shows the allocation generated
by the HalfM method for Ny=Ny=8 and M = 5.
Since it has been established that except for these re-
stricted cases, no strictly optimal allocation exists, in
this paper we look for methods that give good per-
formance for the cases for which no strictly optimal
solution exists. Several allocation methods have been
proposed in the literature.

The Disk Modulo (DM) [DS82] approach proposed
by Du and Sobolewski and later extended for range
queries and dynamic files in [LSR92] allocates tile (i, 5)
to device (i+7) mod M. The FX method proposed by
Kim and Pramanik [KP88], requires that Ny, N and
M are all powers of 2. The tile (¢, j) is then allocated
to the device given by the lowest log, M bits of the
bit-wise exclusive-OR of the binary representations of
¢ and j. The method can easily be extended to be ap-
plicable to values of N1, Ny and M that are not powers
of 2. Thus the tile (4, 7) is allocated to device k given
by: k = (ip ® jp) mod M where ip and jp are the
binary representations of ¢ and j respectively and &
is the bit-wise exclusive-OR, operation. The HCAM
method [FB93] is based upon the Hilbert space fill-
ing curves. Hilbert curves can be used to convert a
discrete two-dimensional array into a linear sequence
such that spatial proximity in the original array is pre-
served. Given an N; X Ny array of tiles, the HCAM
method first converts the array into a linear sequence,
and then allocates the tiles to devices in a round-robin
fashion following the linear sequence. Since spatial
proximity is captured by the linear sequence, it is ex-
pected that this method will give good declustering
of the tiles. Figures 1(b) through (d) show the allo-
cations generated by the DM, FX and HCAM meth-



ods respectively. The linear path corresponding to the
Hilbert curve is also shown in Figure 1(d).

2.2 Performance Comparison

We now present a comparison of the performance
of these methods. The comparison is based upon the
exhaustive evaluation of all possible queries. Given an
N; x Ny array of tiles and M I/0 devices, each of the
tiles is allocated to an I/O device using the various
methods. In all evaluations, N; was taken to be equal
to Ny although this restriction is not critical to the
evaluation or the performance of the various methods,
as shown in Section 4. The effectiveness of the alloca-
tion in providing parallel I/O for rectangular queries is
then evaluated. Consider a given allocation method.
The cost of a query of area A is taken to be the max-
imum number of tiles retrieved from the same I/O
device divided by the strictly optimal cost, [%] The
average cost of queries of area A is obtained by aver-
aging the costs of all possible queries of area A. We
then average the cost for each area for all areas from 2
through N;N,. This gives a measure of performance
for the given allocation method. Clearly, this perfor-
mance measure is at least 1, and the smaller the value,
the better the allocation method for providing parallel
I/0O. For strictly optimal allocation, the performance
measure equals 1.

In Figure 2 the performance of the four methods,
HalfM, DM, FX and HCAM, is shown. For the pur-
pose of comparison, the performance of a Random ap-
proach, where each tile is allocated to a randomly cho-
sen I/O device, is also shown. The value of N; and
N, was fixed at 32, while M was varied from 2 to 32.
The z-axis of the graph shows the value of M, the
number of I/O devices available, and the y-axis gives
the ratios.

From Figure 2, the following observations can be
made. The DM approach gives good performance con-
sistently. It is the best approach for almost half the
values of M. The FX approach does not perform as
well as the DM approach for all values of M, except
for the cases when M is a power of 2. When the value
of M is a power of 2,i.e. M =2,4,8,16 and 32, FX is
the best approach. It should be pointed out that these
are the values for which the FX approach was origi-
nally designed. We have made a natural extension to
the approach for other values of M, however, as seen
from the results, the approach is not as effective for
other values. The HCAM approach performs worse
than DM for most values of M and FX for powers of
2. The DM and HCAM methods have better perfor-
mance than the Random policy for all values of M.
The HalfM and FX methods perform better than the
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Figure 2: Performance of existing schemes

Random method for most values of M. As expected,
HalfM has the strictly optimal behavior for small val-
ues of M= 2,3 and 5, for which it was designed. On
the other hand, for larger values of M, HalfM has very
interesting behavior. For odd values of M it gives the
best performance among all the approaches, but for
even values of M it has worse performance than both
DM and HCAM, and in some cases worse than FX.
Note that HalfM was developed primarily to establish
the sufficiency of the optimal allocation scheme.

Overall, we observe that there is no single existing
approach that gives the best performance for all or
even most values of M. It should be noted that as
expected from the results obtained in [AE97], none of
the policies produces strictly optimal results, except
for the special cases. DM is strictly optimal for M= 2
and 3, FX for M= 2 and HalfM for M= 2,3 and 5.

Experiments were also conducted with N;=N,=64
and M varying from 2 through 64. We found that
there were no significant differences in the relative
performance seen for N1 =N,=32 and N1 =N,=64.
This insensitivity to the number of tiles in each di-
mension was observed in all our experiments. For this
reason, in the paper we present only the results for
N1=N>=32 since these graphs are less dense. Results
of other experiments not reported here are available
in [PAAE97]. Also for clarity, in the remainder of the
paper, the Random method is not shown because of its
poor performance. The performance of FX for values
of M that are not powers of 2 is observed to be quite
poor. Since the scheme was originally designed only
for values of M that are powers of 2, in the remainder
of the paper, the performance of FX is shown only for
these values.



3 General Declustering Paradigm

We first develop a general class of allocation meth-
ods called cyclic allocation methods. A criterion for
identifying those methods that will give better perfor-
mance is established. We then investigate in detail,
three different ways of finding such methods.

3.1 Cyclic Declustering Methods

We now introduce a set of allocation methods based
upon the idea of cycles. Consider the set of M devices
as being mapped onto a circle with M tick marks. The
allocation of tiles to devices can be viewed as hops on
this circle as one moves from one tile to another. The
goal of the declustering of tiles to devices is to avoid
allocating tiles that are close to each other to the same
device. Consider the sequence of hops as we move
along a row of the data set, corresponding to certain
rectangular queries. Clearly it is desirable that the
tick marks visited should not be repeated as much as
possible. Similarly, when moving down a column, it
is desirable that tick marks are not repeated as much
as possible. Extending the argument, starting from a
given tile, the hops along its row and along its column
should be as distinct as possible. Graphically, one can
view this as two sequences of hops along the cycle of
devices which minimize the number of times any given
tick mark is visited as shown in Figure 3.

Figure 3: Visualization of paths on device cycle

Based upon the idea of paths on a cycle, a good
allocation method should try to visit each tick mark
before repeating any of the tick marks and also, the
two paths should not visit the same tick marks as far
as possible. One way of achieving this is for the paths
to consist of equi-distance hops. If the number of de-
vices, M and the size of the hop are relatively prime,
i.e. their greatest common divisor (GCD) is 1, then
each path will visit every tick mark before repeating
any tick mark. Also, in order to minimize the overlap
between the two paths for the row and the column,
the hop values for these two should also be relatively

prime with respect to each other. Therefore, given a
value of M, we need to find two other numbers which
are relatively prime with respect to each other and to
M. The problem of finding these two numbers can be
simplified by picking one of them to be 1. This leads
to a set or class of allocation methods for any given
value of M, depending upon the value of the other hop
chosen. We call this a class of cyclic allocation meth-
ods. This class is a subset of the class of allocations
defined by the GDM method introduced in [DS82] and
studied in [CC92]. As in the cyclic methods, the GDM
approach, also requires the two hop values, a and b,
to be relatively prime with respect to M. However,
it does not require that a and b be relatively prime
with respect to each other. Moreover, effective means
of determining values of a and b that give good per-
formance are not described.

Given a value of M, each cyclic allocation method
is distinguished by the value of the hop, H that it
uses. Each cyclic method allocates tiles to devices in
the following manner. Tile (i, j) is allocated to device
(Hi + j) mod M. Another way of looking at the al-
location is that along any row tiles are allocated to
devices sequentially, i.e., in steps of 1, and along a
column tiles are allocated to devices in steps of H.

Thus for each value of M, we get a class of M al-
location methods with hop values, H = 0,---, M —1.
Interestingly, some of the methods that have been pro-
posed earlier are included in this class of methods. In
particular, the DM method is a cyclic method with
H =1, and HalfM is a cyclic method with H = |4 ].
3.2 HalfM Cycles for Declustering

As mentioned earlier, a cyclic method that chooses
a value of the hop, H (H #1), that is relatively prime
with respect to M will perform well. Consequently,
the HalfM scheme gives very good performance for
odd values of M and very poor performance for even
values of M (Figure 2). We therefore choose H to
be a relatively prime value close to % The scheme
resulting from this choice is called Relatively Prime
Half M or RPHM for short. It chooses H to be

Mi2 ftM=2+4k ke N
H=S Z+1 ifM=4k ke N
[&]  otherwise

The performance of RPHM is shown in Figure 4. It
outperforms DM, FX and HCAM for all values of M.
3.3 Fibonacci Cycles for Declustering

In the previous subsection we were able to modify
the HalfM method to obtain a more efficient cyclic
allocation method, RPHM. In this subsection we con-
sider another method for identifying a good cyclic



method that uses a hop value that is relatively prime
with respect to M. The method is motivated by
an allocation based upon certain properties of Fi-
bonacci numbers proposed by Chor, Leiserson, Rivest
and Shearer [CLRS86], for the allocation of two-
dimensional screen pixels to memory chips. We will
call this method FIB. The FIB method is applicable
only to very few values of M, in particular, only for
values of M that are odd order Fibonacci numbers, i.e.
M = F5,41 where r > 2 and F}, is the zth Fibonacci
number. The sequence of Fibonacci numbers is de-
fined as Fo =0,Fi =1land F; =F;, 1+ F; o i> 2.
Thus the FIB method is applicable only if the num-
ber of I/O devices is 5,13,34,89, etc. The FIB method
allocates all tiles (i',j') which satisfy

A F, —Frq
(5)= () el ) (5)
for integral values of a and b, to the same device as
the tile (¢,7), for M = Fy,y;. Along the first row, the
tiles are allocated to devices in a round robin fashion,
similar to the cyclic methods. Therefore, tile (0, j) is

allocated to device j mod M.

The requirement of the FIB method that the num-
ber of I/O devices must be an odd order Fibonacci
number is quite restrictive. More importantly, unlike
the FX method, there is no obvious technique to ex-
tend the FIB method to arbitrary values of M. We
begin by first showing that FIB, like DM and HalfM,
is also a cyclic allocation method and then based upon
this observation we propose a technique to extend its
applicability to all values of M by developing a cyclic
method, called Generalized FIB or GFIB.

We will show that FIB is a cyclic allocation method
with a hop H = (—1)"F5, for M = F5.,;. To prove
this, we use the following two well-known Fibonacci
identities, which can be easily proved by induction:

F? +F? =Fory1, 720 (1)
Fpp1Fy — FoFppy = (1) F, 4, n>t>0 (2)
Substituting n = 2r and ¢t = r in (2) yields
F.—(-1)"F5.F,y 1 =0 (mod Fyry1). (3)
Similarly, substituting n = 2r and ¢t = r — 1 yields
Foj1+ (-1)"EF5F. =0 (mod Farq1). 4)
Now we will show that the cyclic allocation method

defined by the hop H = (—1)"Fy,, where M = F5, 41
is equivalent to FIB allocation. Notice that tiles (4, )

and (i', j') are assigned to the same device in the cyclic
allocation if and only if

(=1)"For (i’ —i) + (5" =5) =0 (mod Foria). (5)

On the other hand the same tiles are assigned to the
same device in FIB allocation if and only if the values
of a and b satisfying the two equations

aF, —bF, 4 =i —i (6)

aFpy1 +bF. =5 —j (7)

are integers. By making use of (1), we get

(7;, - i)Fr + (.7, _j)Fr+1

“= Fory1 ®
b= —(i' =) Frp1 + (§' = §)Fr )
F2r+1 ’

It is easy to check that if (5) holds, then (3) and (4)
imply that a and bin (8) and (9) are integers. Hence,
if (i,7) and (¢, j") are assigned to the same device in
the cyclic allocation, then they are also assigned to the
same device in FIB allocation. Conversely, if a and b
are integers, then adding (6) multiplied by (—1)"F5,
to (7), and using (3) and (4), gives (5). Hence, if (4, j)
and (i', j') are assigned to the same device in FIB allo-
cation, then they are also assigned to the same device
in the cyclic allocation. This proves the equivalence
of the two allocation methods. Note that a negative
hop value of H is equivalent to a positive hop value of
M + H because the allocation is done in modulo M.
Hence we see that the FIB method is equivalent to a
cyclic method with hop values chosen to be H = Fj,
if ris even and H = M — F5, = Fy,._¢ if r is odd.
We now generalize the FIB method to any value
of M, based upon the above observation. In order to
be applicable to more general values of M, we need
to move from the integer domain into the real domain
for the Fibonacci sequence and perform a similar func-
tion to that done in the discrete domain, i.e. given
M corresponding to a Fibonacci number, we need to
find the preceding Fibonacci number. The closed-form
equation for the Fibonacci numbers provides a conve-
nient means to do this. In particular, given a value of
M, we find, using the closed-form equation, the corre-
sponding Fibonacci index, i. We then determine the
Fibonacci number corresponding to index 4 — 1. Un-
fortunately, since we are in the continuous domain,
the resulting value may not be relatively prime with
respect to M. We therefore use this value as an ap-
proximation and then search for the closest relatively
prime value. The new method, called GFIB, is a cyclic



method which when given a value of M, begins by
choosing the hop, H to be H = F(F}(M) — 1),
where F(x) represents the closed-form equation for

the zth Fibonacci number: F(z) = %, where ¢

is the golden ratio ¢ = 1+2—‘/5, é is its complement,
<Z> = %g Although Fibonacci numbers are defined
only for integral values of x, we allow z to take on
non-integral values. The function y = F~!(z) repre-
sents the (possibly non-integral) value which satisfies
T = ¢y\;g¢y. If the value of M happens to be a Fi-
bonacci number (M = Fy) then the value of hop, H
will be the previous Fibonacci number (H = Fj_1)
and thus H and M will be relatively prime. For other
values of M, however, the value of H may not be rela-
tively prime with respect to M. If the value of H given
above and M are relatively prime, then the hop value
is taken to be H, otherwise, we choose a value of H
that is as close to the value given by the above formula
as possible and is relatively prime with respect to M.
We do this by considering the neighboring values in
the following order: H—1, H+1, H—2, H+2,H—-3....
The performance of GFIB relative to the other meth-
ods is shown in Figure 4. We observe that GFIB per-
forms extremely well. It outperforms all other meth-
ods except RPHM for some values of M (and the EXH
scheme which will be introduced soon).

3.4 The Exhaustive cyclic method

In order to obtain a qualitative measure for the
“goodness” of our methods and how close we are to
the best achievable performance, we also considered a
policy which chooses the best possible value of the hop
from among all possible values (0,..., M—1) by eval-
uating all the cyclic methods for each value of M and
picking one which gives the best performance. The
performance of this, “Exhaustive”, or EXH strategy
is shown in Figure 4.

The EXH method represents the current limit on
the performance of allocation methods. It indicates
how close we can get to the optimal even though no
strictly optimal allocation exists. It is interesting to
note that the GFIB method has performance that is
very close to that of EXH for most values of M. Al-
though evaluating the best hop value is useful, it is
an expensive operation. Due to the extensive compu-
tation required to exhaustively search each hop value,
only a subset of queries was considered in evaluating
the relative performance of the hop values for each
value of M. Only queries with area less than or equal
to N1 were considered, instead of considering all possi-
ble queries. It is interesting that using the hop values
determined by considering only a subset of the queries,
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Figure 4: Performance of the new Cyclic schemes

the EXH method gives the best performance when all
queries are considered, as seen in Figure 4. Thus we
are able to reduce the computation required to deter-
mine the best hop value. The search space can be
further reduced by considering only values of H from
0to [¥].

4 Robustness of the new approaches
In Section 3, the superiority of the new cyclic meth-
ods RPHM, GFIB and EXH was demonstrated by
their performance for all possible queries. The types
of queries that are considered is an important factor
in the performance of the allocation scheme. In this
section we consider the performance of the new ap-
proaches using different types of queries. We also
demonstrate the robustness of the new approaches
with respect to variations in the numbers of tiles in
each dimension, and the number of I/O devices. Re-
sults of further experiments demonstrating the robust-

ness of our approach to varying parameters are avail-
able in [PAAE9T].
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Figure 5: Performance for Tall queries only
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4.1 Effect of Varying the Queries

Let us first consider only those queries for which the
number of columns is less than or equal to the number
of rows. Since for these the vertical side is longer than
the horizontal side, we call them tall queries. For the
Random, FX and DM approaches, the distinction is
unimportant. For the cyclic approaches, the notion is
used only to decide which dimension uses a hop of 1,
and which uses a different value of the hop depending
on the particular cyclic approach. Figure 5 shows the
performance of the various approaches for tall queries.
We note that the relative performance of the strategies
does not change. The three new approaches perform
as well as they did for all queries. In particular, all the
three new methods, RPHM, GFIB and EXH, give bet-
ter performance than the existing methods FX, DM
and HCAM. Similar results were obtained when only
long queries (number of rows is greater than or equal
to number of columns) and only small queries (with
areas less than or equal to Ny) were considered.

We now consider the special case of queries with
the same number of rows and columns, called square
queries. This is an interesting case because the HCAM
approach [FB93] has been shown to have very good
performance for square queries. Figure 6 gives the per-
formance of the various approaches for square queries.
We observe that the HCAM approach performs better
than DM and FX for almost all values of M. However,
HCAM does not perform better than RPHM, EXH or
GFIB. These observations are in contrast to those seen
in Figure 2 in Section 2, which showed that when we
consider all types of queries, not just square queries,
HCAM is poorer than DM and FX.

It is interesting that the relative performance of all
three new approaches does not change significantly for
the different query types. EXH always gives the best
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Figure 7: Extrapolation to M = 256

performance and GFIB has a performance very close
to that of EXH. The RPHM method performs well for
even values of M and reasonably well for odd values.
Though it does not perform as well as EXH or GFIB,
it is always much better than all the existing methods,
DM, FX and HCAM.

4.2 Effect of Varying Ny, Ny and M

In the preceding sections, it was assumed that
N1=N>=32 and M=32. In this subsection, we present
some of the results with different values for these pa-
rameters. Experiments were repeated for Ny=N,=64
and M =2,...,64. We found that there is no qual-
itative difference in the relative performance of the
various methods. Most importantly, GFIB and EXH
give the best performance and RPHM also performs
quite well in comparison to the existing approaches.
Thus we see that the new cyclic methods are insensi-
tive to variations in the numbers of tiles in each dimen-
sion and also the number of I/O devices in addition
to variations in the query types.

In order to experimentally predict the behavior of
the various allocation methods for large values of M,
we used the least square fitting method with quadratic
polynomials to the various plots. Figure 7 depicts the
extrapolation of the fitted curves to larger values of M.
Based upon the results, it can be stated that RPHM,
GFIB and EXH diverge from the strictly optimal val-
ues at much slower rates than those that have been
proposed elsewhere (DM and FX). We did not con-
sider HCAM in this comparison due to its performance
sensitivity to different query types.

5 Discussion

It has been shown that strictly optimal allocations
for two-dimensional data on different I/O devices ex-
ist only in very limited cases [AE97]. We proposed a



Number of I/0 devices % Improvement over
M DM |HCAM |FX |
5 100 100 100
10 75.749 | 92.953 | 96.86
15 59.459 | 83.680 | 93.380
20 71.531 | 80.589 | 88.135
25 83.076 | 84.887 | 94.669
30 86.468 | 84.811 95.848
16 72.177 | 86.234 | 65.107
32 68.735 | 50.884 | 62.741

Table 1: Percentage reduction in gap.

general class of cyclic declustering methods applicable
in these cases. We have shown that the Disk Modulo
[DS82], HalfM [AE97] and the Fibonacci [CLRS86] al-
location methods are special cases of this class. Also,
showing that the Fibonacci method is a cyclic alloca-
tion method allowed us to generalize it for all num-
bers of I/O devices (in the original method, this was
restricted to odd ordered Fibonacci numbers) result-
ing in the generalized Fibonacci, or GFIB method. We
have also developed two other techniques (RPHM and
EXH) for identifying cyclic methods that produce ef-
ficient allocations. The GFIB, RPHM as well as the
EXH methods are all instances of the cyclic alloca-
tion that give superior performance to the best prior
proposed methods. Consider for example the improve-
ment over the existing policies that is achieved by the
GFIB method. In Table 1, we list the percentage re-
duction in the difference between each of the existing
methods - DM, HCAM and FX - and the strictly opti-
mal (corresponding to a ratio of 1), achieved by GFIB
for Ny=N5=32 and various values of M. Note that
for the last two rows, M is a power of 2, for which FX
was designed. We note that the reductions are sig-
nificant, especially since no strictly optimal allocation
exists for most cases. For those cases where a strictly
optimal allocation does exist, (e.g. M=5), the gap is
completely eliminated. In our experiments, we found
that the GFIB method is within 5% of the strictly op-
timal 90% of the time and the EXH method is within
5% of the strictly optimal 93% of the time. Moreover,
the new methods give the best performance irrespec-
tive of the types of queries, the number of tiles or the
number of I/O devices.
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