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Abstract

This paper presents an algorithm to reduce cache con-
flicts and improve cache localities. The proposed algorithm
analyzes locality reference space for each reference pattern,
partitions the multi-level cache into several parts with dif-
ferent size, and then maps array data onto the scheduled
cache positions such that cache conflicts can be eliminated.
To reduce the memory overhead for mapping arrays onto
partitioned cache, a greedy method for rearranging array
variables in declared statement is also developed. Besides,
we combine the loop tiling and the proposed schemes for
exploiting both temporal and spatial reuse opportunities.
To demonstrate that our approach is effective at reducing
number of cache conflicts and exploiting cache localities,
we use Atom as a tool to develop a simulator for simulation
of the behavior of direct-mapping cache. Experimental re-
sults show that applying our cache partitioning scheme can
largely reduce the cache conflicts and thus save program ex-
ecution time in both one-level cache and multi-level cache
hierarchies.

1 Introduction

The growing speed gap between memory and processor
makes the memory system design become a sophisticated
memory hierarchy. For uniformity of reference, both cache
and main memory are divided into equal-sized units, called
block in main memory and cache line in the cache {1]. The
placement policy determines the mapping function from the
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main memory address to the cache location. There are basi-
cally three placement policies: direct, fully associative, and
set associative. The direct mapping scheme maps blocks of
main memory to cache in a round robin manner. The di-
rect mapping scheme has the advantage that no associative
comparison is needed and, hence, the cost is reduced[1].
However, a disadvantage of direct-mapping cache is that the
cache hit ratio drops sharply if two or more blocks, used al-
ternately, happen to map onto the same cache line in the
cache.

Cache conflicts during the execution of loop nests in
scientific program cause data to be swapped out from the
cache, leading to cache misses and degrading performance.
A lot of efforts focus their attention on the insertion of some
padding arrays [4][5]. However, for the following two cases
of loops programs, adding a small amount, say, a cache
line size, of padding arrays can not avoid the occurrence
of cache conflicts. Firstly, when the coefficients of index
variables of reference pattern are not equal, accessing ele-
ments of two different arrays may cause cache conflict, even
though a cache line size of padding array has been inserted
between these two arrays. Secondly, for those loops pro-
grams that there exist localities in a long iteration distance,
padding arrays scheme can prevent conflicts but can not ex-
ploit the reuse opportunities even though loop tiling tech-
nique is applied.

Manjikian et al.[4] proposed a cache partitioning algo-
rithm to partition cache into equal-sized regions and to al-
locate each region for each array variable. During loop exe-
cution, the accesses to elements with spatial locality or tem-
poral locality will have a good cache performance since el-



ements of the same array have their own region and wili not
be replaced by another array. However, if we treat cache as
a system resource, it is reasonable that cache size should
be scheduled according to the working set of arrays ac-
cessed during loop execution. Another critical problem of
the equal-sized cache partitioning technique is that there is
a large amount of memory fragmentation. To implement the
cache partitioning scheme under direct mapping cache pol-
icy, a large amount of padding arrays should be introduced
to achieve the goal of cache partitioning.

In this paper, we propose a cache partitioning technique
to reduce the number of cache conflict. The proposed par-
titioning scheme partitions cache into several regions, pos-
sibly with different sizes, and maps the array elements of
main memory onto the allocated region without any hard-
ware support. For a multi-level cache memory system, we
propose an algorithm to evaluate the size of padding array
for each user-declared array such that all the user-declared
arrays can be scheduled on the partitioned cache regions in
each cache level. To minimize the memory overhead caused
by applying padding array scheme, we develop a greedy
method to redeclare the arrays in a different order such that
the size of padding array can be reduced. For the case that
the size of arrays in real applications is much larger than
partitioned cache region and data will be reused after a long
iteration distance, we employ a method for combining the
well-known loop tiling technique [5][7] and our cache par-
titioning and mapping scheme.

2 Basic Concepts

In most modern computer systems, both cache and main
memory are divided into equal-sized units, called block in
main memory and cache line in the cache. During program
execution, making access to an element will imply that a
section of data is transferred from main memory to cache.
Data brought into cache should be reused as much as pos-
sible before they are replaced. In most loop applications,
exploiting locality of reference is the key to achieving high
levels of performance.

Conflict misses may occur when too many data items
map to the same set of cache locations, causing cache lines
to be flushed from cache before they are reused. For exam-
ple, consider the following loop program.

Example 1:

float A[128][128], B[128][128], C[128][128];

for (I=0; I <128; I[++)

for (J=0; J <128; J++)
Su:ClNJ] = Al + B (L1)

Assume that the row-major main memory uses 8 bytes to
store a floating point number and each cache line has ca-
pacity of 4 floating point elements (32 bytes). Thus, the
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memory space for storing array A is 128*128%8=128 KB.
At the cases that the size of a direct-mapping cache is 16K,
32K, 64K, or 128K bytes, cache conflicts will occur at each
reference during execution of loop L1. This is because that
the cache size is a factor of the size of arrays A, B, and C.
The direct mapped cache will map array elements A[I}[J],
BI[I][J], and C[I][J] onto the same cache line, for specific
values of I and J.

Manjikian et al.[4] proposed a partitioning algorithm
to divide cache into several equal-sized regions and apply
padding technique [4](5] to map array data onto the parti-
tioned regions. Applied to loop L1, their cache partitioning
technique will partition cache into three equal-sized regions
for arrays A, B, and C. Partitioning cache into several
regions and allocating one region to each array can avoid
cache conflicts in execution of Example 1. However, treat-
ing cache as a resource of system, the compiler should parti-
tion cache into regions according to the working set of each
array. Since the working set of reference patterns are pos-
sibly not equal, partitioning cache into several regions with
different size is necessary. The following example illus-
trates this situation.

Example 2:
Sy :float A[504], B{504];
for (I=0; I <100; I++)
for (J=0; J <100; J++)

Sp:A[I +4+J)=B[I+2+J); (L2)

For simplicity, we assume that there is only one level cache
with size of 12 cache lines; each line has capacity of 2 ar-
ray elements. Since the cache size is a factor of size of ar-
ray A, the corresponding elements of arrays A and B are
mapped to the same cache line. Iterations (I, J)=(0, 0)
and (I, J)=(1, 0) will respectively access elements B[0] and
B([1] which are located in the same cache line. The refer-
ence of element B[0] in iteration (I, J)=(0, 0) will cause
the movement of elements B[0] and B[1] from memory to
cache. To exploit the spatial locality, we apply the loop
tiling technique to loop L2. If we tile the innermost loop J
with a block size of 4 iterations, loop L2 is then modified
as the following loop L2'.

S1: float A[504], B[504];
for (J'=0; J' <100; J' = J' +4)

for (I=0; I <100;I + +)

for (J=J'5 J < J' + 4; J++)
Sy: Al +4xJ)=B[I+2xJ}; (L2)

Applied the equal-sized cache partitioning technique
proposed in [4], compiler will insert a padding array P[12]
between arrays A and B and redeclare S; as

float A[500], P{12], B[500]
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Figure 1. The equal-sized cache partitioning and map-
ping of arrays A and B for Loop L2'.

so that arrays A and B can be mapped onto the equal-sized
cache regions. Fig. 1 shows the equal-sized cache partition.
The cache is partitioned into two parts and allocate arrays
A and B to each part. Each partitioned cache consists of 6
cache lines and has capacity of storing 12 array elements. In
Fig. 1, the first and the second columns display the running
iteration. The third and the fourth columns of Fig. 1 respec-
tively show the accessed element and the cache contents for
a specific iteration.

For example, at the execution of (I, J)=(0, 0), statement
S will access array element B[0]. The cache memory man-
agement system will transfer elements B[0] and B[1] from
main memory to the 7th cache line of cache. However, at
the execution of (I, J)=(0, 3), the reference of array ele-
ment A[12] will cause elements A{12] and A[13] are moved
from main memory to the 7th cache line. The array ele-
ment B[1], which is expected to be reused in iteration (I,
J) = (1, 0), will be replaced by A[13]. The main reason
is that the space of accessed elements of array A is larger
than one of array B during execution of the innermost loop.
As we can see, the space of accessed elements of array A
is A[0 : 12] (A[0 : 12] is accessed in execution of I = 0,
0 < J < 3) whereas the space of accessed elements of array
B is B[0 : 6]. Note that in the third and the fifth columns
of Fig. 1, elements with a **’ symbol indicate that the ref-
erence of this element can be obtained in cache before they
are replaced. That is, the reuse opportunity of spatial lo-
cality is exploited. During the execution of innermost loop,
only 6 reuse opportunities are exploited by applying equal-
sized cache partitioning technique.

In our approach, we firstly identify the array variables
that are mapped to the same cache line. According to the
size of space accessed by these array variables, we partition
cache into several regions with different size. Each parti-
tioned region is assigned to an array variable to avoid the
situation that the preloading elements are replaced before
they are accessed. According to the partitioned cache space
for each array variable, we will determine the tiling size and
apply the loop tiling technique to exploit the reuse oppor-
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Figure 2. The nonequal-sized cache partitioning and
mapping of arrays A and B for loop L2.

tunities. For example, consider the loop L2 of Example 2.
Since the cache size is a factor of size of arrays A and B, the
corresponding elements of arrays A and B will be mapped
to the same cache line. We partition the cache into two re-
gions for arrays A and B. The space accessed by array A
for the innermost loop J is A[4 x J],0 < J < 99, which is
equal to the working set A[0 : 396]. By the similar compu-
tation, the space accessed by array B for the innermost loop
J is B[0 : 198]. The ratio of the reference space of arrays
A and B is 2:1. Thus, we partition the cache into two re-
gions according to the ratio of reference space of arrays A
and B. That is, allocate (2/3 * 12)=8 cache lines to array
A and allocate (1/3 * 12)=4 cache lines to array B. To map
arrays A and B onto allocated cache regions under direct
mapping policy, insertion of padding array and redeclara-
tion of statement S; are needed. Two possible declarations
are considered as follows:

S1 : float A[504], P{16], B{504] or
Sy : float B(504], P[8], A[504].

To reduce the size of memory fragmentation caused by ap-
plying padding array technique, the second declaration is
selected. The partitioned cache and the mapping of arrays
A and B are shown in Fig. 2.

To exploit the reuse opportunities of execution of outer
loop, we further apply the well known tiling technique to
cooperate with our cache partitioning technique to exploit
the reuse opportunities of cache data in a partitioned re-
gion. Since the size of region allocated to array B is four
cache lines which contain eight floating elements, we set the
tiling size to 4 to guarantee that all the cache data will not
be replaced by elements of array A during execution of the
innermost loop. This makes it possible that the reuse op-
portunities existed in the execution of successive outer loop
iterations are exploited. By applying our cache partitioning
technique to Example 2, we have the following program.

S;: float B[504], P[8], A[504];
for (J'=0; J' <100; J' = J' + 4)



for (I=0; I <100; I + +)
for(J=J"; J < J + 4; J++)
So:A[l +4*J}=B[I+2xJ]; (L2")

Compared to the equal-sized cache partition, two ad-
vantages can be found in the nonequal-sized partitioning
scheme. First, we save two cache lines of memory frag-
mentation. That is, the size of padding arrays has been re-
duced from P[12] to P[8]. Second, all the preloading ele-
ments can be accessed before they are replaced. This situa-
tion can be found in Fig. 2. For example, in the execution
of (I,J)=(0, 0), the reference of B[0] will cause elements
B(0] and B[1] moves from main memory to the first cache
line. The preloading element B[1] will be accessed in itera-
tion (I, J)=(1, 0). This is because that we allocate a larger
cache region to array A such that the accessed elements of
array A will not replace the preloading element of array B
during execution of iterations of innermost loop. As shown
in Fig. 2, there are 8 preloading elements (with a **’ sym-
bol) accessed before they are replaced. Compared to the
equal-sized partitioning technique, two more elements are
exploited their spatial locality.

3 Preliminaries and The Algorithms

In this section, cache partitioning and array mapping al-
gorithm for one level and multi-level cache hierarchies is
proposed.

Array variables are said in a dependent set if their first
elements are mapped to the same cache line and their refer-
ence patterns access to the same cache line during the exe-
cution of the innermost loop or tiling loop. Variables not be-
longing to any dependent set are said in an independent set.
Without loss of generality and for simplicity, we assume all
arrays A; are one dimensional. For those real applications
that multi-dimensional arrays are accessed, our algorithm
only considers to exploit localities of array references in the
rightmost dimension. Thus, the reference pattern A;[f] in
loops program can be expressed by

Ailfl=A

where a;; is the coefficient of loop index variable I; of array
A;. '

To illustrate our cache partitioning algorithm in detail,
consider the following loops program.

lain Dy + aindy + ... + ainly],

Example 3:
float A[128000}, B[128000];
float C'[1408001, D[1280001, E{128000];
for (I=0; I < 25600; I++)
for (J=0; J < 25600; J++)
S1: Al + J] = B[J};

for (I=0; I < 128000; I++) {

(L3)
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Figure 3. Cache mapping of arrays A, B, C, D, and
of loop L3.

C[I+ D[I};
Cli+E[;}

Sa: D ]] (L4)

S3: E[I

Assume that the cache size is 64K words. There are two
reference patterns A{I + J] and B[J] in loop L3. Since the
size of array variables A, B, D, and E are the multiples of
cache size, as shown in Fig. 3, array elements A[0], B[0],
and C[0] are mapped to the same cache line and array ele-
ments D[0] and E[0] are mapped to the same cache line. In
Example 3, we have two dependent sets { A, B} and {D, E}
respectively belonging to loops L3 and L4. Similarly, the
independent set of Example 3 is {C'}.

For the sake of clarity, we further define a few terms
which are used throughout the study.

C* : the ith level cache.

C?% . the size of the ith level cache.

A; : the array variables in the dependent set.

B; : the array variables in the independent set.

S4, : the size of array A; measured by number of words.

CZL» : the size of region allocated to array A; in the
jth level cache.

P4, : the needed size of padding array to allocate a
region for array A;.

R4, : the reference space of array A;.

| R 4] the size of reference space R4, .
: the number of cache levels in a cache system.
: the number of arrays in the independent set.
: the depth of loop nests.
: the number of arrays in a dependent set.
: the index variable of the ith depth loop counting
from outermost loop, 1 < < n.
; : coefficient of index I; in reference pattern 4;.
: the number of inner loops that temporal and
spatial reuses should be exploited during
the execution of index variables
In—r+1a In—r+Za s aIn-
: the number of dependent sets.
: the ith dependent set.

S 3 oz



Pg; : the size of padding arrays needed for aligning
arrays in set G;.

We will use these terms to illustrate our methods for one
level cache and multi-level caches in latter subsections.

3.1 One Level Cache Hierarchy

In this subsection, we will describe how we partition one
level cache into k regions and map the & arrays onto these
regions, where k is the number of dependent arrays for a
specific loop body.

Assume that r is the number of inner loops that are de-
termined to exploit the spatial and temporal localities dur-
ing the execution. We define the locality reference space of
array A; by the set of elements that are accessed during ex-
ecution of r inner loops. The locality reference space is de-
termined by the loop index variables Iy,—r4 1, ..., In—1,In.
The locality reference space R 4, of array A; can be derived
by

Ry,

i

{Al(x)lz = ai(n—r+1)In—r+1 + ...+ ainly,

I <Iij<uj,n—-r+1<j<n}

We denote the size of locality reference space of array A;
by |R4,|. The partitioned region for array A; is

k
|Ra.l/ D IRa.l,

z=1

where k denotes the number of arrays in the dependent set.
In the case that all a;; are positive integers forn —r +1 <
J < n, the block sizes u, — I, + 1 of index variables I, are
equal foralln — r + 1 < p < n. Cache partition region for
array A; can be simplified by

k n
aiz/ Z Z Qig .

=1 g=n—r+1

n

2

s=n-—r+1

Consider loop L3. The locality reference space of array
A is A[0 : 330] which can be derived by

Al + J],0<T1<165,0<J < 165.

Similarly, the locality reference space of array B is B[0 :
165). Therefore, the ratio of locality reference space of ar-
rays A and B is 2:1. Assume the size of one level cache is
Cl. We will divide cache into 3 partitions and assign two
partitions as a region for array A and assign one partition
as another region for array B. Applied loop tiling and our
cache partitioning techniques, the loop L3 is transformmed
as shown in the following loop L5.
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Figure 4. Partitioning of the second level cache can not
map the right element onto right position of the first level
region.

int B[128000],Pg[C? /3], A[128000];
for (I' = 0; I' < 25600, I' = I' + 166)
for (J' = 0;J" < 25600,J' = J' + 166)
for(I=I1<166+1I;1+ +)
for(J=J;J <166+ J,J + +)
A[I + J] = B[J]; (L5)
3.2 Multi-Level Cache Hierarchy

In this subsection, memory architecture organized as
multi-level caches is considered. Consider the case that the
memory hierarchy consists of two-level caches. Partitioning
of the second level cache into several regions and allocating
them to array variables will not guarantee that data mapped
from region of the second level cache to the first level cache
will be placed in the region that we scheduled for the first
level cache. To illustrate, consider loop L5 again. Let the
cache memory hierarchy consist of two level cache, as the
cache hierarchy design in most modern computer. Assume
that the first level cache is with size C1=100 words and the
second level cache is with size C?2=500 words. The ratio of
locality reference space of arrays A and B is 2:1. Our cache
partitioning method will partition the first level cache into
two regions. The first region is with size C'} =67 words and
is allocated to array A and the second region is with the size
C},=33 words and is allocated to array B.

If the cache system is organized as a two-level cache, we
will also partition the second level cache into two regions.
The first region is with size C%=334 for array A and the
second region is with size C%=166. The partitioning of two
regions of both the first and the second level caches is as
shown in Fig. 4. According to the ratio of reference space
of arrays A and B, we determine to partition cache into two
regions, one-third of cache is allocated for array B and the
remainder is allocated to array A. However, using this ratio
to partition the second level cache will have a problem that
the first cache line of the region allocated for array A in the
second level cache is not direct mapped to the first cache
line of the cache region allocated for array A in the first
level cache. As shown in Fig. 4, the first element of array
A is scheduled in the 166th cache word of the second level



cache. This element will be direct mapped to the 66th cache
word in the first level cache. However, as our scheduling,
the first element of array A in the first level cache should
be mapped to the 34th cache word. To make the partition
of the second level cache satisfy the scheduling we made
in the first level cache, we should reduce the size of region
for array B in the second level cache. Thus, cache size
allocated for array B in the second level cache should be

|C%/CY| x CY + C} = |166/100} x 100 + 33 = 133.

This implies that the padding array for the two level cache
is P[133], not P[166].

Let there be k dependent array variables 4; ... A ina
loop and their locality reference spaces are Ra, ... Ra,,
respectively. We will partition the first level cache into k
regions where the ith-region is with size

k
= [(JRa:l/ D_|Ra:]) x C3 ),

=1

and is allocated for array A;. Similarly, for the second level
cache, we will allocate cache size C%, to array A; where

k
= l(IRal/ Y 1RaD) x CE1.

i=1

However, to guarantee that the first element in region of C'%
maps to the starting location of C ‘4;» We should adjust the
value of C%, by C% = (C3,/Ci] x C! + C},. The size
of paddmg array needed to allocate C? 4, to array A; is thus
Py, = — (S, mod C1).

In the next subsection, we propose the multi-level cache
partitioning and array elements mapping algorithm.

3.3 The algorithm

In this subsection, we combine techniques proposed in
the previous subsections and propose our partitioning algo-
rithm.

Algorithm:Multi-Level Cache Partitioning and Array Elements

Mapping Algorithm.
Input:The number of cache level N, size C} of the ith level

cache, for 1 < < NN, and a loop nests program L.
Output: A restructured program with redeclaration of array variables
Step 1:Let temporal variables Pji,' =0,for1<i<k.
/* processing k arrays */

Step 2:for (2 = 1;4 < k;i + +) {

/* processing N levels of cache */

for (G =1;5 < N;jj + +) {

(2.1) Compute the size of region allocated to A4;

in the jth level cache by:
C. = Cl x |Ral/ T8, IRaL;
/* multi-level caches consideration */
22)if(j > 1)
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=|Cd,
} end of for_y */
(2. 3)Compute the size of padding array P4, by:
4, =Ch ~(Sa, mod CI),1<i<k~1;
1f (PA < 0)
= Py, + C‘g ;

Lo B Yo b o

Step 3:/* reducing the size of padding array by moving */
/* array with maximal padding size to the last position */
LetCY = Max(C),),1<i<k
Move Anmqz to the last position. That is, modify the
declaration statement A, ... Ay
by A1,..., Ak, Amaz.
Step 4: Repeatedly perform steps 2 and 3 until all dependent group
G have been processed, 1 <7 < d.
Step 5: /* Reducing the size of padding array by moving */
/* the independent arrays to the most profit position. */
/* Process the d dependent groups */
LaM =27 B P=Ui;""
while M <> @ {
Let Byt and Pg,, , be the pair of best values that satisfy:
Pg,... - UBsest mod CN)< Pg, -(|Bjl mod CN),
VB;j € M,VPg, €P.
M =M — Bpess. P=P — Pg,,,,»
Partition By, into several subarrays and insert
these subarrays into Pg,, , such that the subarrays can be
instead of PAJ, Jfor Aj € Fg,,,,-
Step 6: /* Cooperate with the loop tiling technique */
According to the size of region of first level cache allocated to A,
determine the tiling size and apply loop tiling technique to L.

7Am111:7‘--)

Pa,;

Step 1 of the algorithm initializes the temporal variables
for calculating the size of padding array P4, . Step 2.1 com-
putes C?  which is the size of each region allocated to array
A;in the ]th level of cache. To guarantee that the partition-
ing of the lower level cache can match the partitioning of
the higher level cache, we need additional computation in
Step 2.2. Step 2.3 computes the size Py, of padding array
for preserving region for A; and aligning the first element of
array A;+; to the starting location of the next cache region.

Inserting the padding array will cause main memory
overhead. Steps 3 and 5 are designed with the purpose of
reducing the size of padding array. In step 3, we first find
the array A, that needs maximal size of padding array
for allocating region for A,,,,. The larger the size of re-
gion allocated to A4z, the larger the size of padding array
is needed. The array A,,q. will be interchanged with the
last array variable in the declaration statement. This step
guarantees that the size of padding array for A,,,, can be
saved. In step 5, we further reduce the size of padding array
by adjusting the position of arrays belonging to indepen-
dent set. We use greedy method to select an independent
array Bpes: that is with the most profit of reducing size of
padding array for dependent set G;. The independent ar-
ray Bjpes: is then partitioned and acted as several padding
arrays to save memory overhead. To fix the size of region
allocated to each dependent array, we should not change the
position of arrays in a dependent set. To achieve, we now



treat a set of dependent array variables in Pg,; as a super
array and change the position of the independent array vari-
ables among several super arrays.

Applying steps 3 and 5, we can achieve two goals that
the size of padding arrays can be largely reduced and the
cache conflicts can be avoided. As soon as the partitioned
cache region allocated for array A; in the first level cache is
known, we can easily evaluate the size of a tile and applying
the loop blocking technique to enhance our cache partition-
ing algorithm. Localities existed in the execution of 7 inner
loops thus can be exploited.

4 Performance Study

To measure the performance improvement, we use Atom
as a tool for developing simulator. The simulator is de-
signed for simulating the environment of multilevel direct-
mapping cache. Comparisons of cache miss rates are made
for the following different cache partitioning schemes.

(1) No padding array is applied. That is, the original cache
direct mapping is applied, referred as Org in tables.

(2) Apply the equal-sized partitioning which is proposed
in (4], referred as E'P in tables.

(3) Apply the proposed cache partitioning and array
element mapping technique, referred as C P in tables.

(4) Combine the proposed cache partitioning algorithm
and loop tiling technique, referred as Comb in tables.

Some factors such as cache size, the number of cache
level, the number of iterations of innermost loop, and the
array size are considered to be fixed or changed to observe
the cache behavior. Applications such as matrix multipli-
cation, subroutines of BLAS2 (Basic Linear Algebra Sub-
programs), and several numerical computation programs
such as Fourier Least-Squares Approximation(FLSA), Ja-
cobi Method for Solution of Linear Equations (Jacobi),
Barycentric Form of Lagrange Interpolation (BFLI), Accu-
mulating a Sum (ASum), Solving Linear Equation by Gaus-
sian Elimination (SLEGE), Computing the Uniform Norm
of Matrix A and A Inverse (Uniform norm), Gauss-Seidel
Tterations (CSNCI), and Computing The Value of A Fil-
tered Discrete Fourier Transform (FDFT) are selected as the
source of loop programs. The improvements in cache con-
flicts for these applications have a similar behavior. To illus-
trate and analyze the cache behavior, we use Matrix Multi-
plication as a representation to describe the comparisons of
different approaches (1), (3), and (4). The arrays declared
for Matrix Multiplication are set to be a multiple of the size
of the lowest-level cache.

Table 1 shows the cache miss rates of Org, C'P, and
Comb by varying the number of the iterations of the in-
nermost loop. The analysis is based on the environment of
two-level cache. We fix the size of array to 2 Mbytes. The
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Table 1. Comparisons of Org, C P, and Comb. We fix
the size of the array and the size of two level cache, and
vary the number of iterations of the innermost loop.

[ l

Miss rates(%) ”

Iterations 65536 | 32768 | 16384 | 8192 | 4096
Org C* | 31.28 | 31.27 | 31.27 | 31.29 | 25.14
C* [ 25.06 | 25.07 [ 25.08 | 25.10 | 25.14
CcP CT | 3128 | 3127 | 3127 [ 31227 | 12.71
C? | 1268 | 0319 | 0326 | 0.34 | 0.364
Comb CT | 1519 | 1519 [ 15.19 [ 7.686 | 0.521
C* 10316 | 0319 [T 0326 | 0.340 | 0.364

Table 2. Comparisons of Org, C'P, and Comb. We fix
the size of the array and the number of iterations of the
innermost loop, and change the size of two level cache.

[ ] Miss rates(%) 1

Cl 64 KB 32 KB 16 KB 8 KB
C? i MB S12KB | 256 KB | 128 KB

Org Cr 12514 | 3133 | 3133 31.47
C? 25.14 25.14 25.14 25.14

CP C! 12.71 23.46 23.95 24.54
C? 1 0364 4.69 8.23 15.96

Comb CT 0.521 7.635 15.32 15.45
C? 0.364 0.364 0.364 0.368

sizes of the first level cache and the second level cache are
set by 64 Kbytes and 1 Mbytes, respectively. We have a
large amount of improvement in miss rate by applying CP
and Comb techniques. When the number of iterations of
the innermost loop becomes larger, C' P improves little but
Comb have a significant improvement in cache miss rate
of the first level cache. This is because that a large set of
iterations accesses a large amount of elements which will
replace the neighboring region and cause cache conflicts.
However, combining loop tiling technique and the proposed
cache partitioning technique can avoid this situation. On the
second level cache, since each region has a larger size, CP
and C'omb both have a significant improvement.

Table 2 shows the cache miss rates of Org, CP, and
Comb by varying the size of cache. The analysis is based
on the environment of two-level cache. The size of array
is set by 2 Mbytes and the number of iterations of the in-
nermost loop is set by 4096. We have a great performance
improvement by applying CP and Comb in the condition
that there is a large cache size. However, only Comb tech-
nique has a stable cache miss rate (about 0.36) when cache
size of both two levels becomes smaller. This is because that
the proposed technique can tile the inner loops according to
the size of each region. For the second level cache, since



Table 3. Comparisons of EP, C' P, and Comb for two-
level cache. We fix the size of the array and the number
of iterations of the innermost loop, and change the ratio
of reference spaces.

ratio of Miss rates(%)
reference C? C?
space EP CP [ Comb | EP | CP | Comb

[:1 12.95 12.95 3.64 3.15 3.15 0.43
1:2 21.65 17.46 4.96 5.39 3.95 1.15
1:3 28.71 | 21.24 6.23 6.76 452 1.97
1:4 39.45 | 28.56 10.44 10.21 5.81 247
2:3 36.58 | 25.69 8.95 8.92 4.86 221
34 44.59 | 31.76 12.56 10.25 | 7.15 1.16

each region is with a larger size, accessed data will not re-
place the neighboring region. This makes the improvement
significant.

In comparing the effects on cache miss rate under differ-
ent cache partitioning techniques of (2), (3), and (4) applied,
we vary the ratio of locality reference space of reference
patterns ranging from [:1 to 1:4. The size of arrays is set by
8 MBytes. The cache is considered as a two-level cache in
which the first and the second level caches are with size 256
KBytes and 1 MBytes, respectively. The cache miss rate of
our simulation is shown in Table 3.

In the condition that the ratio of reference spaces is 1:1,
applying our technique will partition cache into equal re-
gions. Thus, EP and C'P have the same cache miss rate.
The Comb has smaller cache miss rate since loop tiling
prevents the referenced glements to replace the neighbor-
ing region. In the cases that the size of reference space is
not equal, CP and Comb have a smaller cache miss rate.
Noted that when the difference of size of reference space is
getting large, cache miss rate raises. This is because that
larger stride of memory access will have a poor cache per-
formance since many elements move to cache without refer-
ence but occupy the cache space. In these cases, the Comb
and C P have smaller cache miss rates than EP.

The proposed technique can be considered as a general-
ized method of partitioning technique proposed in [4]. An-
other advantage is that, cooperated with the tiling technique,
we can easily determine the block size according to the par-
titioned region. Localities existed in inner-nested loops,
thus, can be exploited.

5 Conclusions

In this paper, we propose an algorithm to partition the
multi-level cache into regions and to schedule the regions
for arrays such that both temporal and spatial localities can
be exploited and cache conflicts can be avoided. We treat
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cache as a system resource and schedule it to arrays accord-
ing to the ratio of locality reference spaces. For multi-level
caches, the partition of lower level cache should be careful
so that cache region scheduling of a lower level cache can
be consistent with the cache region scheduling of a higher
level cache. ,

Besides, for reducing the memory overhead caused by
applying padding array technique, we develop a greedy
method to reposition both the dependent and independent
arrays such that size of padding array can be reduced. To
evaluate the performance of the proposed cache partitioning
algorithm, we use Atom as a tool to develop a multi-level
cache environment and simulate the cache behavior under
direct mapping scheme. Perforrance study shows that the
proposed cache partitioning scheme can largely improve
the cache miss rate caused by cache conflict and exploit the
reuse opportunities.
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