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ABSTRACT

Modern microprocessor designs continue to obtain impregser-
formance gains through increasing clock rates and advandbs
parallelism obtained via micro-architecture design. Unfoately,
corresponding improvements in memory design technologge ha
not been realized, resulting in latencies of over 100 cyicl®een
processors and main memory. This ever-increasing gap iedspe
has pushed the current memory-hierarchy approach to its lim

Traditional approaches to memory-hierarchy managemerg ha
not yielded satisfactory results. Hardware solutions iegomore
power and energy than desired and do not scale well. Conguler
lutions tend to miss too many optimization opportunitiesaiese
of limited compile-time knowledge of run-time behavior. i¥Ipa-
per explores a different approach that combines both appesaby
making use of the static knowledge obtained by the compiléne
dynamic decision making of the micro-architecture. We ps#pa
memory-hierarchy design based on working sets that usepit®m
time annotations regarding the working set of memory ojpanat
to guide cache placement decisions.

Our experiments show that a working-set-based memory hier-
archy can significantly reduce the miss rate for memoryrisite
tiled kernels by limiting cross interference. The workisgt-based
memory hierarchy allows the compiler to tile many loops with
concern for cross interference in the cache, making tile simice
easier. In addition, the compiler can more easily taila thoices
to the separate needs of different working sets.

Categories and Subject Descriptors

B.3.2 [Memory Structures]: Design Styles—eache memories, in-
terleaved memories; D.3.4 [Programming Language$. Proces-
sors—eode generation, optimization

General Terms
Algorithms, Languages
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1. INTRODUCTION

Modern microprocessors require efficient operation of tkeam
ory hierarchy to achieve high performance. In this respgetcon-
tinually increasing gap between the speed of the processuils
the speed of the memory pushes the current memory hieraphy a
proach to its limits. In modern architectures, each cachesnd
becoming increasingly difficult to tolerate using tradit& means.
Hardware-only solutions tend to scale poorly, while componly
solutions rely on information that may not be available ahpde
time. To help alleviate these problems, we propose a cordbine
compiler/hardware solution to deal with cache misses chlse
cache interference.

Interference in scientific applications comes in two formress
andself. Cross interference occurs when multiple array locations
that are needed in the cache simultaneously map to the saine ca
location. Self interference occurs when multiple location the
same array map to the same location. Previous work has eftail
the detrimental effects of cache interference on loopgilivhen
using the wrong combination of array size, tile size and edak-
out [15]. As an example, consider the graph in Figure 1. This
graph shows the miss rate for a tiled two-dimensional loaonfr
171.swim on an 8K direct-mapped cache as a function of array
size. The loop tiling factor is the same for each array sizee T
figure shows that the miss rate of tiled loops can be highlyedep
dent upon the interaction between the tile size and the airs.

In this paper, we present a new approach to minimizing cnoss i
terference and examine the effectiveness of the approaciedn
loops.
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Figure 1: Miss Rates of Tiled Loop

To deal with cache interference, current approaches totibog
require knowledge of the size and layout of arrays in mem8ry [
11, 18, 23]. Unfortunately, in pre-compiled library codefor dy-



namically allocated arrays this information may not be ia@é.
Current architectural approaches to deal with cache ietenice
use skewed associativity [2] or prime-based indexing fionst[25,

22, 14]. While these architectural techniques may not bdicpp
ble to the L1 cache, they are orthogonal to our approach and ca
be used to limit self interference. Rather than rely solalytloe
compiler or the cache design to lessen the effects of inmtante,
our approach utilizes the strengths of the compiler andircture
together. We expose compile-time analysis related to theé-wo
ing sets of a program to the cache controller to enable the con
troller to make better decisions regarding layout in theheadWe

try to answer the question, “Can we provide consistent caehne
formance across a variety of array sizes without tuningltdgo-
rithms specifically based on array size?”

In order to make a compiler/micro-architecture approactr su
cessful, we have identified and developed key techniqueshwhi
are necessary to communicate only the relevant informdtmm
the compiler to the micro-architecture in a condensed waggus
sets.  Instead of communicating completely precise information
about a given load or store operation, we constmatking sets
of the load/store instructions at compile time and commateithe
set membership to the hardware using very small integers on a per
memory instruction basis. The hardware can then make dffige-e
tive use of this information under the guidance of precisetime
information and enhance it as deemed necessary.

In this paper, we show how to limit cross interference migses
using the working-set information collected by the commpitehelp
guide placement in the cache. This set information is aatetti
with a particular load/store operation by the compiler aetde
can be obtained by the micro-architecture directly fromitistruc-
tion fields or by using the instruction pointer. We show thitai
ing working-set information can effectively lower the misde of
common computational kernels by limiting the amount of iifee
ence in the cache between distinct working sets.

We begin this paper in Section 2 with a review of the related
work. Then, in Section 3 we give an overview of how we deter-
mine working-set colors in the compiler. In Section 4 we dibsc
a cache organization that utilizes the color informatiod anSec-
tion 5 we describe an experiment that evaluates our techsiqn
a set of common computational kernels. Finally, in Sectiome6
present our conclusions and propose future work.

2. RELATED WORK

Loop transformations have long been proposed and evaléated
improving the cache performance of loops. These technigques
clude loop permutation [6, 17, 24], fusion [17] and tiling, [8,

15, 19, 24]. McKinley and Temam [16] show that conflict misses
may represent about half of all misses for typical prografesad-
dress this issue, researchers have looked at choosingziie for
loop tiling that minimize both cross and self interferendeam,

et al. [15], select the largest tile size that that does not caue se
interference. Coleman and McKinley [5] maximize the tileesi
while eliminating self interference and minimizing crosgeirfer-
ence. They report good results for direct-mapped caches.

In addition to loop transformations, compilers can alsatlitme
effects of interference by modifying the storage layout ohgs.
Rivera and Tseng [19] extend the Euclidean algorithm fa@- til
size selection and use array padding to help minimize ieterfce.
Ghosh,et al. [9], introduce cache-miss equations for precise anal-
ysis of perfectly nested loops. They use the cache-misstiegsa
to guide tiling and padding to eliminate conflict misses. a/et
al. [23], use cache-miss equations with a more accurate cace co
model and apply genetic algorithms to find the tile and pagldin

factors. Kandemirgt al. [10], use loop transformations and data
transformations such as array transpose to improve Igcalit

Each of the previous approaches uses array bounds infanmmati
and possibly changes the storage layout of arrays in menubry.
fortunately, array bounds information may not be availalohil
run-time. Additionally, modifying the storage layout imiguages
with pointer arithmetic (like C) or in languages that alloway re-
shaping on function calls and equivalences (like Fortraay mot
always be legal. Our approach tries to improve locality antl
cross interference without storage modification or knowgkedf the
array bounds.

Alongside the compiler based techniques outlined abowreth
are a number of hardware techniques which aim to reduce gener
interference in the cache. Most hardware techniques cantend
the idea of using better mapping functions instead of theplem
indexing schemes commonly used in contemporary cachergesig
Yang, et al.[25] propose a prime indexed cache for vector proces-
sors. Using special properties of Mersenne prime numbetsada
ing into account the property of vector accesses, it is ptesto
compute the cache index with a simple adder as part of thesasidr
computation. Kharbutliet al. [14], propose the use of prime num-
bers for cache indexing. Their techniques mainly targeslléwo
caches, as the proposed indexing functions would lengtresarit-
ical path of the processor and would cause fragmentatiophdim,
et al. [22], use polynomial modulo functions to calculate the ide
and discuss how to perform the computation usiog functions.
Their technique is orthogonal to the techniques proposeithim
paper and can be used to reduce self-interference.

Similar to the above approaches that use different indefxing-
tions, various approaches emplskewing functions to minimize
conflict misses for associative caches [2]. Skewed assatyatlso
targets level-2 caches and is orthogonal to our approach.

3. COMPUTING WORKING SETS

In this section, we begin with a review of the backgroundtesla
to loop tiling and cache optimization. Then, we discuss oaifysis
for tiling and exposing working sets.

3.1 Data-Reuse Analysis

The two sources of data reuse aemporal reuse, multiple ac-
cesses to the same memory location, apatial reuse, accesses
to nearby memory locations that share a cache line or a blbck o
memory at some level of the memory hierarchy. Temporal aad sp
tial reuse may result froreelf-reuse from a single array reference
or group-reuse from multiple referenced. In this paper we use the
method developed by Wolf and Lam [24] to determine the reuse
properties of loads. An overview of their method follows.

A loop nest of deptm corresponds to a finite convex polyhedron
Z", called an iteration space, bounded by the loop bounds. Each
iteration in the loop corresponds to a node in the polyhedana
is identified by its index vectaX = (x1,X,...,Xn), Wherey; is the
loop index of thei™ loop in the nest, counting from the outermost
to the innermost. The iterations that can exploit reuse atiea
the localized iteration spack, The localized iteration space can
be characterized as a localized vector space if the loopdmare
abstracted away.

In Wolf and Lam’s model, data reuse can only exist between
uniformly generated references as defined below [6].

DEFINITION 1. Let n be the depth of a loop nest, and d be
the dimensions of an array A. Two references A(f (X)) and A(g(X)),

lwithout loss of generality, we assume Fortran’s columnemnaj
storage.



where f and g are indexing functions Z" — Z9, are uniformly gen-
eratedif

f(X) = HX+¢; and g(X) = HX+ &

where H isa linear transformation and € and Cy are constant vec-
tors.

References in a loop nest are partitioned into differers, s=tch of
which operates on the same array and has the $éniEhese sets
are calleduniformly generated sets (UGSS).

A reference is said to haveelf-temporal reuse if3r € L such
thatHF = 0. The solutions to this equation give the self-temporal
reuse vector spadesr. A reference haself-spatial reuse ifar € L
such thatHgF = 0, whereHs is H with the first row set td. The
solutions to this equation give the self-spatial reuseorespace
Rss. Two distinct references in a UGB(HX+¢;) andA(HX+ &)
havegroup-temporal reuse if3r € L such thatHr = ¢; — Cp. And
finally, two references hawgroup-spatial reuse ifar € L such that
Hs? = (_')’175 — 62’3.

References can be partitioned irgooup-temporal sets (GTS)
andgroup-spatial sets (GSS) based upon solving the above equa-
tions. Since group-temporal reuse is a special case of ggpapal
reuse, a GSS can contain many GTSs.

3.2 Loop Tiling

When the working-set size of the data accessed within a lwop i
larger than the size of the cache, compilers have tradilipnaed
loop transformations to reduce the cache capacity reqeinésnof
the loop. Transformations such as loop permutation [17, [Bép
fusion [7, 13, 12, 20] and loop tiling [5, 11, 15, 21, 24] canused
to move references to the same memory location closer tegeth
to improve cache performance. While all of these transfdiona
are important, loop tiling is especially important sincésitised to
build working sets small enough to fit in cache. As an example o
how a compiler uses loop tiling to reduce the working set sader
the following vector-matrix multiply example.

In this loop, the working set in the innermost loop considtthe
entire arrayy, a single element of the arrayand an entire column
of the arraym If this working set is too large for the cache to
handle, the loop can be tiled as follows.

doj =1 n, is
doi =1 n,js
dojj =i, mn(i+is-1,n)
doii =j, mn(j+s-1,n)
y(ii) =y(ii) +x(jj) * nii,jj)
enddo
enddo
enddo
enddo

is

is

Figure 2: Tiled Arrays

Compilers typically choose tiling factors based upon thee si
of the array bounds so that interference in the cache doesmot
cur [15, 5, 23]. Unfortunately, array sizes may not be knowtilu
run-time, or in the case of library code, may not be availatbid
change depending upon the context used. To deal with interfe
ence between array references, array padding is often i8e@3].
Padding modifies the storage layout of arrays by adding dummy
locations to the rows or columns of an array or by adding dummy
locations between different arrays. Padding is effectiug, may
not be legal in cases where pointer arithmetic or array gsla
and equivalences are used.

3.3 Working-set Analysis

To address the problem with dependence on array bounds and
storage maodification for loop tiling, we utilize a compileatdware
approach that identifies the working sets in a loop in betwegoh
cross interference may occur. The compiler identifies theking
sets in a loop and passes this information on to the cacheotient
via a working-set color. The micro-architecture then méh this
information to limit cross interference. In this sectiorg @iscuss
how the compiler identifies the working sets, chooses tleestides
for a loop and generates the final code exposing the worlétg-s
color information to the cache controller.

The first step of our algorithm determines which loops can be
tiled. We set the localized iteration space to be those |thgiscan
be legally tiled, and then compute the group-spatial setsinvihe
localized iteration space per the algorithm of Wolf and Lafter
computing the group-spatial sets, we choose to tile a loop if

1. Some other loop in the localized iteration space careéfs s
temporal reuse, or

2. An outer loop carries group-spatial reuse.

Herei s andj s are chosen so that the entire data set accessed in the

inner two loops is kept in the cache and so that conflicts aré-mi
mized [5, 11, 21, 24]. The shaded regions in Figure 2 grafifsica
depict the regions of, x andmaccessed in the inner two loops.

The second step of our algorithm computes the working sets of
the loop and colors each working set with a unique color. With
each group-spatial set, we compute the working sets asafsllo



Two references are in the same working set if their address co
putations differ by a simple constant offset and can be atext
the same address register. For Fortran (C), this encompéssse

references that access the same column (row) of an arrayh Eac

working set is assigned a unique color, although working Hedt
have no self-temporal or group-spatial reuse may be assithee
same color since tiling will not capture reuse in the cache.aA
example of our technique, consider the following loop.

=a(i,j) + a(i,j+1)

Our analysis finds three working setis(i, j) receiving color 1,
a(i,j) receiving color 2, and(i , j +1) receiving color 3.

For each group-spatial sgf we set the tile size for each tiled
loop based upon the number of elements of the array that will fi
in a partition. If the array has a one-dimensional tile, wethat
limit based upon the number of cache lines in the partitidng |
has self-spatial reuse with respect to the tiled loop, thentile
size accounts for the ability to use the entire cache ling dbes
not have self-spatial reuse, then we set the tile size to tingber
of lines in a partition. For two-dimensional tiles, we cortgthe
largest square tile size that will fit in the partition.

In the example loop, tiling alone does not capture the rettherw
a group-spatial set when a set contains multiple working @d.,
betweera(i,j) anda(i,]j+1)). When a single group-spatial set
contains multiple working sets, we apply loop unrolling e foop
across which the group-spatial reuse occurs, if that lodpasol-
umn index (row index for C) for the array, and rotate the wogki
set colors in a modulo fashion to capture the spatial reusd [8s
technique is similar to tiling for vector-register allowmat [1].

Once the working sets have been computed, we compute the tile  Assuming that thg -loop has an even number of iterations in

sizes for those loops chosen for tiling based upon the camtte f

the previous example, we would generate the following cdtir a

prints of the working sets. We use the algorithm in Figure 3 to unrolling thej -loop by a factor of 2:

compute the tile sizes. This algorithm allows tiling of uptteo
dimensions for each group-spatial set as tiling more thandiv
mensions is not likely beneficial. Tile choices are compurdc
per group-spatial set basis since every working set wittgnoaip-
spatial set has the same cache footprint size.

for each tiled dimension
tileFactor[i] = MAXINT
Pg = cache size
number of working set
Pl = sache fnegizd! lines per partition
for each group-spatial sgt{
P= = P xelements per line fog // Array elements per partition
if g has self-temporal or group-spatial reyse
if g has self-temporal reuse adAd® dimensions
without self-temporal reusg
T =a square tile factor fog based orPg
for each dimension | gis not self-temporal wrt
tileFactor[i] = min(tileFactor][i],T)

é/ bytes per partition

else{
for each tiled dimension
if g does not have self-temporal reuse wrt
if g has self-spatial reuse wirt
tileFactor([i] = min(tileFactor[i]Pg)
else
tileFactor[i] = min(tileFactor[i]P.)

Figure 3: Tile-size Selection

doii =1, n, is
doj =1 n1, 2

do i i mn(ii+is-1,n)
b(i,])

I ==

=a(i,j) + a(i,j+1)
enddo
doi =ii, mn(ii+is-1,n)
b(i,j+1) = a(i,j+1) + a(i,j+2)
enddo
enddo

enddo

The load ofa(i,j+1) in the second loop receives working-set
color3andtheload af(i , j +2) receives working-set color 2. This
additional color assignment captures the spatial reusedasest the
two references ta(i, j +1) and the spatial reuse between the ref-
erence ta(i, ] +2) on iterationj and the reference (i, j) on
iterationj +2.

The unroll factor of aloop is chosen by computing the distainc
the column dimension (row for C) between the first and lashelat
of a group-spatial set containing more than one working $ae
unroll factor is the maximum such distance over all grouptisp
sets plus one. In the example, the maximum distance is oviaggi
an unroll factor of two.

One key difference in our approach to tiling and coping with i
terference as compared to previous approaches is that veseho
ignore the array bounds when choosing a tile size. Sincerthg a
size is not always available until run-time, our approacalsiaith
interference by designing a cache that uses the workingadet
of a reference to limit the effects of cross interference.dggling
with interference at run-time, we utilize a more generalutioh
that applies whether or not the compiler has complete inébion.

For each working set, we allocate a portion of the cache based4- A COLOR CACHE

upon the number of distinct working-set colors in the looghisT
is denoted a$3 in the algorithm in Figure 3. Note that as dis-
cussed in Section 4 if the cache is physically partitionedcfu-

ors, P could be set based upon the physical partition size. For

those working-sets not having self-temporal or groupigpeguse
(within or across working sets), we assign them to the samé pa
tion. Currently, we give each working-set color an equatiporof
the cache. Future work will address prioritizing workingssand
partitioning the cache space in a heterogeneous fashion.

Key issues in the design of a working-set based memory hierar
chy include the means of communication of set informatiamfr
the compiler to the micro-architecture and how the workaeg-in-
formation is utilized by the micro-architecture to achiahe de-
sired goals. As previously stated, we choose to communibate
working-set information by encoding it as a simple integepart
of the load or store operation accessing the memory hieydFeilg-
ure 4). The working-set number is used to locate a data itetimein
cache together with the memory address. Similar to the tery ar



in a conventional cache, the accessed entry must be compitted
the working-set color of the accessing memory operationerdh
fore each cache row is extended to include the working-det o
the cache row.

Memory operation (Load/Store)

Opcode
etc

Working
Set Color

Address

Figure 4: Colored Load / Store Instruction.

Tag Array WS Id Array Data Array
Address [ [

0

Working set | | |
number

a) Single bank organization

Address

Tag Array WS |d Array Data Array

Working set
number - - ‘ ‘ ‘

b) Dual bank organization

Figure 5: Cache organizations

4.1 Mapping Working Sets and Parallelism

There are many ways that the working-set color can be useful
to the micro-architecture for optimizing the behavior oé titmem-
ory hierarchy. For a given amount of chip real-estate, trahiar
tecture may choose to implement a single cache bank for egduc
miss rates, or in order to achieve a higher clock rate andcased
amount of memory parallelism, it may choose to use multipte i
dependently operating cache banks (Figure 5 (a) and (b)gpiRe
these variations, the key problem from the micro-architecper-
spective is how to map a given memory address and a working-se
color to an independent bank (i.e., g() in Figure 5) and tochea
row within that bank (i.e., f() in Figure 5). In this paper, wieoose
to use the simple functioworking-set color mod number of banks
to choose the bank. This function places the working setsdift
ferent banks in a round-robin fashion. For cache row salactive
simply follow the traditional indexing function to compuitee row
index and add the working-set color to the computed index dfs
xor in place of addition yields similar results.

Our aim in choosing the above mapping functions is to use sim-
ple functions that will not hamper the access time of the each
but will minimize the cross-interference among sets. Alttio we
could allocate each working set to a distinct partition with bank
by concatenating the working-set color to the cache rowxndar
experiments indicate that it is better to have the freedobatance
the amount of cross-interference to that of self-interiee As we
have shown in the previous sections, by allocating eachinwgidet
to different colors the compiler removes most cross-imetenfice
from the program. On the other hand, by carefully selecting o

mapping function, the hardware can balance the amount s&cro
interference among sets to that of self interference bytig each
working set to use a larger portion of the cache bank.

4.2 Issues of Aliasing and Coherence

Since the working-set color is part of the addressing scheme
the correct working-set color must be presented togethir @dch
memory access. Although the compiler may allocate worlseg-
colors naturally for the part of the code that can be analya#y
it is possible that the same data element may be accessetiwith
different working-set colors. As a result, the data in thehsa
would not be coherent. Our solution to this problem is to make
sure that the data stored in the cache is always stored uhder t
same working-set color. In order to guarantee this propevty
probe the cache using the same address and all the availatke w
ing sets upon a cache miss. If the data is found to be undehemnot
working-set color it is moved to the new working-set coloden
which it was sought in the first place. In other words, to handl
such a rare case of aliasing correctly, cache misses ardeabbg
concurrently starting a probe of other cache locations dkagés-
suing a request to the lower level. If the data is found undettzer
working-set color, the request issued to the lower levehisceled.
Obviously, with such a scheme, during a cache miss further ac
cesses to the cache may not be allowed. In order to alle\iate t
effects of probing, an aggressive superscalar processpchunse
to replicate the tag arrays.

Assuming that we would like to finish probing the cache foeoth
possible locations before the data is returned from the ldeve!,
the largest number of sets that the compiler may employ at any
given time is given by the equatiom x t, wherem is the miss
penalty and is the number of tag arrays. For example, an architec-
ture that has two banks and a 12-cycle miss penalty can acoemm
date 24 colors.

It should be clear that in a design that seeks to improve the-me
ory parallelism, multiple memory operations may be steéneal
multiple load/store queues each being served by one cadfie ba
Since the working-set color is available as part of the Islé
instruction, this information becomes available very wanl the
pipeline. As a result, we can steer the load/store instodtito a
different queue, and hence to a different bank. As long a® thae
no cache misses, each cache bank operates independertbn-In
trast, a set-associative cache cannot provide the desiratlgdism
and incorporates a large multiplexer to select the propek ladter
the bank accesses are complete.

5. EXPERIMENT

In this section, we first present our experimental methagiplo
Then, we discuss the performance of our working-set colohea
approach on a set of computational kernels. Finally, we sariza
the results of the experiment and relate it to previous work.

5.1 Methodology

We have implemented the method described in Section 3 in a
source-to-source Fortran compiler and tested its effectgs on
a set of computational kernels that exhibit different chegstics.
The source-to-source transformer annotates the Fortraoesavith
working-set color information. We then run the annotatedrse
through another compiler to generate assembly code witkaphe
propriate color information.

Table 1 gives a short description of each kernel used in our ex
periment and the number of working-set colors required gy th
tiled version of the kernel. The kernedfold andfold exhibit large
amounts of self-temporal and self-spatial reuse and haegu-



Kernel | Description Colors
afold adjoint convolution of two time series 3
calc kernel form 171.swim 8
dmxpy | vector-matrix product 3
dy3d6p | compute y derivatives 6
fold convolution of two time series 3
jacobi | jacobi iteration 4
mm matrix-matrix multiplication 3
sor successive over-relaxation 3

Table 1. Benchmark Kernels

lar iteration spacesJacobi andsor have outer-loop group-spatial
reuse and have multiple columns active at ond#cobi uses two
arrays whilesor uses oneCalc requires the most working-set col-
ors and has outer-loop group-spatial reupg3dép contains both
self-temporal reuse and outer-loop group-spatial reusg3dép
also uses three-dimensional arrayBmxpy and mm exhibit self-
temporal reuse anchm uses only two-dimensional arrays. To-
gether, these kernels cover a spectrum of reuse and tesethed’s
ability to eliminate interference in the presence of higienen-
sional arrays.

We ran the kernels in Table 1 over a range of 200 different ar-
rays sizes on a micro-architecture simulator using a cache as
described in Section 4 and using a standard direct-mappeteca
We recorded the miss rates for each array size for each kemel
each cache organization. We compared the tiled versioreafdte
without working-set colors with the tiled version with wankj-set
colors. For the non-color version, we tiled based upon that-fo
print size of the arrays in the loop, irrespective of the pivaunds.
For the tiled code with working-set colors, we use the alaniin
Figure 3 to select the tile sizes. Figures 6, 7, and 8 detaihtfss
rates for both versions. Since the capacity misses are ralrim
these tiled loops, the changes in miss rates represent émgehn
conflict misses. We used a standard 8K direct-mapped cadistto
the non-color version. For the working-set color versionrase the
tests on an 8K direct-mapped single module cache3KL Color)
using the mapping function described in Section 4 and alsgékan
cache split into two 4K modules 4K Color).

5.2 Performance of the Color Cache

Figures 6(a)—(c) show the miss ratesd@id on the standard 8K,
1x8K color and % 4K color caches, respectively. If we examine
the figures we see that thexZK color cache gives the lowest miss
rate and the standard 8K cache gives the highest miss ikl
uses three one-dimensional arrays that all have a selfashand
self-spatial reuse. ThexK cache effectively eliminates the cross
interference between the arrays and exhibits little sédfrfierence.
The 1x8K color cache limits some of the cross interference, but
not nearly as much as thex2K cache.

Figures 6(d)—(f) show that the color cache effectively terthe
amount of cross interference foalc. Calc accesses seven differ-
ent columns in the innermost loop. Using working-set cqloars
effectively eliminate cross interference between the mwls and
smooth the performance considerably over the range of aizag.

In Figures 6(g)—(i), the working-set color cache smoothd an
lowers the miss rate fatmxpy. The 1x8K color cache performs
slightly better than the 24K color cache due to the existence of
self interference. When self interference is present, ihgles 8K
cache module gives a larger area for the working set to be held
reducing the amount of self collisions.

In dy3d6ép, self interference causes most of the cache misses. As
can be seen in Figures 7(a)—(c), the color cache reducesigisesn
and smooths the curve slightly, but a significant number &f se
interference misses still occur. Thex8K color cache smooths the
curve slightly more than thex24K color cache because the single-
module cache is less susceptible to self interference.

The graphs in Figure 7(d)—(i) show thald andjacobi have sim-
ilar results toafold andcalc, respectively.Afold andfold are quite
similar, but the iteration space shapes are different affiereit ac-
cess sequences resullécobi uses fewer arrays tharlc, but more
columns within a single array are used, resulting in 4 waglsets
being discovered by our analysis. Since both of these kemmel
hibit mostly cross interference and little self interfecenthe color
cache limits misses effectively.

Finally, the graphs in Figure 8 show that current color caae
proach is not completely effective. Battm andsor mostly exhibit
self interference. The 24K cache lowers the amplitude of some
of the spikes in Figure 8(a), but because each module in ttteeca
is only 4K, self interference is frequently a problem thaheéns
untouched (or sometimes exacerbated). deor little or no cross
interference exists, thexK color cache introduces a little more
self interference and thexBBK cache performs as well as the 8K
traditional cache.

5.3 Discussion

The results presented in Section 5.2 show that our techipige
forms well when cross interference is the dominant causectie
misses in a loop nest. When self interference is not domjribat
2x4K color cache removes the most misses. However, we do not
yet adequately handle self interference. Our results daewton-
strate that our approach is superior to previous compitgrtgues
that use array bounds information in computing the tile siben
the array bounds information is available. Those techricare
orthogonal to ours and may additionally be applied when Heun
information is available and padding is legal. However, vageh
shown a new approach that shows promise when all information
regarding arrays is not available.

Our work in exploring the potential of the color cache is not
complete. We have yet to consider the role of compile-timadde
working-set identification in cache replacement decisidbnsddi-
tion, we have not explored the use of prefetching for worksets
or alternate cache organizations that use compile-timé&ingiset
analysis to limit self interference.

6. CONCLUSIONS

We have described a combined compiler/architecture approa
based upon working sets to limit the effects of cross interfee in
the cache. We have shown that our technique effectivelyieditas
cross interference on a set of kernels with different relatéems.

In many cases, our technique smooths the wide variabilicathe
performance found when array sizes that cause significaotiats
of cross interference are used.

The main advantage of our technique over previous work tdttha
does not rely on knowledge of the bounds of arrays. This besom
especially important in library code and for dynamicalljoahted
arrays since in these instances array bounds cannot be kabwn
compile time. In addition, the increase in cache complexitypan-
age working sets is manageable.

The next step of our work involves effectively dealing witkfs
interference within the context of working sets. When setéi-
ference is the dominant form of interference, our techrsgalene
will not limit the interference as effectively. We continteelook at
mapping techniques utilizing compile-time knowledge toitithe
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effects of self interference.

In order for future memory systems to perform well, they must
deal with cache interference. We believe that our approach i
positive first step in a comprehensive set of compile-tiometime
technigues to manage cache interference effectively.
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