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Abstract obviously limited to the study of the architectures where

these devices exist, and it still gives little informatiamtbe

Caches play a very important role in the performance of cache behavior.
modern computer systems due to the gap between the mem- On the other hand, there are analytical models that ex-
ory and the processor speed. Among the methods for studytract their input parameters from address traces [2], [10],
ing their behavior, the most widely used by now has beenwhich requires execution or simulation of the program each
trace-driven simulation. Nevertheless, analytical model  time any of its parameters changes, just as the two previous
gives more information and requires smaller computation approaches. There are very few analytical models based di-
times that allow it to be used in the compilation step to drive rectly on the code [8], [13], and most of them are oriented
automatic optimizations on the code. The traditional draw- to direct mapped caches. Besides very little efforts have
back of analytical modeling has been its limited precision been made in order to systematize their construction, which
and the lack of techniques to apply it systematically withou is essential to get a real advantage in time in comparison
user intervention. In this work we present a methodology to the use of simulations or built-in counters. The develop-
to build analytical models for codes with regular access ment of this kind of techniques would allow the integration
patterns. These models can be applied to caches with arof the analytical modeling in program optimization envi-
arbitrary size, line size and associativity. Their valibet ronments that would be able to improve automatically the
through simulations using typical scientific code fragnsent memory hierarchy performance. A work in this direction
has proved a good degree of accuracy. is [9], based on the construction Gache Miss Equations
(CMEs), which are a system of linear Diophantine equa-
tions where each solution corresponds to a potential cache
miss. The type of modeling developed by the authors is suit-
able for regular access patterns in isolated perfectlyexdest
loops on set associative caches and presents a good degree

Nowadays the performance gap between processors andt accyracy. Nevertheless, it seems to have heavy comput-
main memory makes an efficient usage of the memory hi-jnq requirements and it does not take into account the prob-
erarchy necessary for good program performance. TecCh-pijity of hit in the reuse of data structures referenced in
nigues for analyzing cache performance are required in Orprevious loops.
der to propose improvements to the cache configuration In this work we present a new strategy to develop proba-

or the code structure. The traditional approach, SImUIa'bilistic analytical models of the cache behavior. This ap-

tion [14], gives little information on the place Wher_e mISse proach makes feasible the automatic generation of equa-
happen or the reasons of a certain cache behavior, beS|detT,

. S . . ons that estimate the number of misses a given code gen-
requiring compgtatlpn times which are typically far greate erates. Our method can be applied to set-associative caches
than the exeput|ont|me of the program to §tqdy. An alterna- with an LRU replacement policy. It applies to perfectly
tive method is the use of the hardware built-in counters that

. hitect ol t141 1151, Al nested loops, allowing several references per data struc-
some microprocessor architectures implement 4], [15]. .ture and loops controlled by other loops. Non perfectly

though this approach requires less computer resourcss, 't'nested loops can also be analyzed, although their model-

*This work was supported by the Ministry of Education and scie  INg requires the fulfillment of certain conditions in order t
(CICYT) of Spain under project TIC96-1125-C03 provide good estimations. The model is able to take into ac-

1 Introduction




count the probability of hit in the reuses of data which have 2.1 Common access patterns

been accessed in loops belonging to different nests using a

conservative approach. The automatically developed mod- As we shall see in Section 3, we devote our analysis to
els have been validated using simulations of typical coderegular loops in which the subscript expressions of array
loops found in scientific and engineering applications, and references are affine combinations of the enclosing loop in-
have proved to be very accurate in most of the cases. Any-dices. These are by far the most common loops and ref-
way, they can be applied to any kind of codes where sucherences in scientific codes, for example about 72% of the
kind of loops appear. loops in SPECTp verify these conditions [8]. This affine in-

The basic ideas of our modeling approach will be in- dexing scheme gives place to two main regular access pat-
troduced in the next section. Then the most common con-terns: the sequential and the one associated with a number
structions in dense codes will be analyzed, and later moreOf regions of consecutive elements which have a constant
complex variants will be considered. First, the modeling distance between the start of two such regions.
of perfectly nested loops with one reference per data struc- The s_equen'ual access toconsecutive words generates
ture is explained in Section 3. The model is extended to & cross interference area veci(n):
consider several references per data structure in thenfollo
i i i i i SS(K—UJ)(TL):l_(l_ I_ZJ)
ing section. Imperfectly nested loops will be considered in (n) =1 - [I]

Section 5. The validation of our strategy is performed in S -l -p VY .
Section 6. The final section is devoted to conclusions and Ss(n)=0 0<i<K-|l]-1LK-[l]<i<K
future work. 1)

wherel = max{K, (n+ Ls—1)/(LsNk)} is the maximum

. of K and the average number of lines placed in each set. In
2 Modeling concepts this expressionLs stands for the line size anlix for the
number of cache sets. The terdg — 1 added ton stands

o ] ] for the average extra words brought to the cache in the first
In a K-way associative cache, a miss when accessing a;q |ast accessed lines.

certain line can be obtained in two situations. The first time As for the second pattern, the estimation of its area vec-

a given line is referenced, the access results in an intrinsi {4 is performed through a mixed method that involves the
miss. The remaining accesses will result in misses if and .5|culation of the starting and ending points of each re-
only if K or more lines mapped to the cache set associatedgion on the cache. From these data, an average of the
with the line have been referenced since the previous accessy mper of lines mapped to each cache set is calculated.
We call these misses interference misses. In this way, thérne corresponding cross interference area vector is ob-
probability of getting an interference miss is the likelitb  tained from these averages and is represented by expression
of having placed at least” lines in the set of the studied Si(Ng, Tr, Lr), whereNg is the number of regiond is

line since its last access. This probability is computed and he size of each region aritk is the constant stride between
represented in our model through area vectors. Given a datg,q consecutive regions (see [6] for more details).

structureV, we callSy = Sy,, Sv,, ... , Sv, the area vec-

tor associated with the accessed/tduring a given period

of the program execution. The element in théh position

of the vector stands for the ratio of sets that have received
K —ilines of this structure. Onlgy, has a different mean-
ing, as it is the ratio of sets that have receivédr more
lines. In [7] and [6] we show different expressions that can

2.2 Adding area vectors

In general, several data structures may be referenced be-
tween two consecutive accesses to a line of the structure
we are studying. This implies the need for a mechanism to
; ) . add the area vectors associated with the references to each
be used to calculate the vectors associated with typical aC+f these structures to get the global interference area vec-

cess patterns. tor. Given two area vectorsy = (Su,, Su,, - -- , Su, ) and
Two kinds of interference area vectors are considered, S, = (Svy, vy, - - »Svy ), the union area vectdfy U Sy

depending on the source of the interference. When the in-that comprises the accesses corresponding to both area vec-
terference is generated by the accesses to the data structusors is defined as

whose cache behavior is being modeled, we call them self ,
interferences. On the other hand, cross interferences are (SuU Sv)o = ZJK:O (Suj K Svi)

those generated by the accesses to the other structures. The (g, 5,), = Zf:i S0, Niesiyy O0<is K
calculation of the area vector associated with a given acces

pattern is different for cross and self interferences aaith This method is based on the addition as independent proba-
they have many similarities. bilities of the area ratios, which means that it does not take

(2)



into account the relative positions of the program datacstru
tures in memory. In order to improve the model precision,
this fact is taken into account by modifying the original in-
terference area vector of a given structure using the over-
lapping coefficient of this structure with the one whose be-

DO I z=1, Nz, Lz

DO 11=1, Nq, L1

havior is being modeled. Given two structufeandB with DO Io=1, No. Lo
sizesTx andTg the overlapping coefficient between them, Afar(ltal), ... fada(l AdA))
Over(A, B), is defined as follows: s
B(fpi(lB1). ---. fBdB(!BdB))
NxCom(A, B) .
AB) =
Over( ’ ) min{NK,TA/LS} min{NK,TB/LS} (3) END DO
where ConfA,B) is the number of cache sets that may .C.(%Cl(l c), - fede(!l cd)

contain lines belonging to both structures. The value of o
Com(A, B) depends both on the sizes and the relative po- END DO
sitions of these structures. When adding an area vefgor o
to the global area vector that stands for the interferences| END DO
with structureA, the following scaling is performed:

S, =OverA B)Sg;, 0<j<K 4 Figure 1. General perfectly nested DO loops
’ _ K-1 o ( ) .
St =1=31_0 S, in a dense code.

When both the interfering reference and the reference

whose behavior is being modeled have a sequential access,

a completely different method may be applied. It consists PMA(fA1(1A1), ..., T adA(l ada)) accesses a

in using a simple algorithm that gives the average numberMeMOrY position that is calculated as:

of interference lines. The algorithm takes into account the i el

relative position of the data structures, so it does notirequ ,

the calculation of the overlapping coefficient. Both this al Pos + rzz:l Iaz(l Az) gl;[1 da; )

gorithm and the calculation of Cdm, B) are not included

here due to space limitations (see [6]). where Pog is the base address of matAixda is its number
In the following sections a strategy to apply systemati- of dimensions and4J is the size of dimensiop

cally these concepts to codes with regular access patternsi  The functions of the indices consist of a constant multi-

presented. plying one of the variables of the loops enclosing the ref-
erence, plus another constant. This means they are of the
3 Perfectly nested loops form:

, _ , _ Jac(laz) = Aazlaz + Kaz, ©=0,1,... ,da  (6)

We shall consider accesses to matrices of arbitrary di-
mensions where each dimension is indexed by an affinewhich is by far the most common indexing scheme. Any-
function of the enclosing loop variables. We shall not allow way, we obviate thé\ s, constants in the following, as their
the use of any variable in more than one dimension in orderhandling would be analogous to that of the stépof the
to get regular accesses of one of the two kinds we have mentoops (their consideration would just require taking inte a
tioned in the previous section. As for the loops, they will count that the distance between two consecutive points ac-
have a predetermined number of iterations that will be the cessed in dimensianis Aa;Sa, instead ofSa;).
same for each execution of the loop. Besides, we consider
initially that there is only one reference per data strugtur 3.1 Miss equations
Certain kinds of loops depending on other loops, such as
the ones that appear when blocking is applied, can also be Let F;(R, p) be the number of misses on refereritat
modeled using our technique with very few changes. nesting level: considering a miss probability in the first

In order to explain the modeling automation, we begin access to a line of the referenced matrix. To calculate the
considering a generic set of perfectly nested FORTRAN number of misses on a matexgenerated by this reference,
DO loops, as those in Figure 1, that have been enumerthe loops are examined from the inner one containing the
ated from 0, beginning from the inner one. We know that reference to the outer one, applying the following rules in
a reference to an element of a matéixvhich presents the each level:



1. If the loop variable is one of the used in the indices Nep =19 Lo,=1

of the reference, but not the corresponding to the first

dimension, the function that provides the number of e REAL A(24,19)
misses during the complete execution of the loop of DO K=1, 100
leveli as a function of probability is: R EERERERRRERRRE 0011, 19, 1
N, DO J=1, 24, 6
(2 _

Fl(Rvp) = L_7 ifl(Rvp) (7) erl_:G A(J i)=| +J

This approach is based on the hypothesis that the first DONE
O

dimension of any matrix is greater or equal to the cache P
line size. This could not hold for caches with large DONE
line sizes and matrices with small dimensions, but the
conjunction of both factors gives place to very small
miss rates in which the error introduced is small and
little advantage can be obtained from the application
of the automated model.

Figure 2. Areas accessed with stride 3 for the

columns in a bidimensional matrix A during

one iteration of the K loop.

2. If the loop variable is not any of those used in the in-
dices of the reference, this is a reuse loop for the refer-
ence we are studying. In this case the number of misses

in this level is estimated as: In the first level containing the referenég_; (R, p), the

number of misses caused by this reference in the closer

Fi(R,p) =F;_1(R,p) + lower level, is considered to he Once calculated the for-
N; ) (8) mula for the outer loop, the number of misses is calculated
L, 1) Fio1(R, So(A4,1)) asF,(R,1) (see Figure 1), which assumes that there are no

. _ _ portions of the matrix in the cache when the code execution
whereS(Mat ri x4, n) is the interference area vector  pegins.

that stands for the lines that may cause interferences
with any of the lines of matriMat ri x aftern itera- 32
tions of the loop in level. Function (8) expresses the
fact that the first iteration of the loop does not influence
the number of misses on matey being this value de-
termined by the probability, which is calculated ex-
ternally. Nevertheless, in the following iterations the
same regions of the matrix are accessed, which means
that the interference area vector in the first accesses to
each line in this region is composed by the whole set
of elements accessed during one iteration of the reuse
loop.

Interference area vectors calculation

The calculation of the interference area vectors
S(Matri x,i,n) is performed in an automated way by an-
alyzing the references in such a way that:

e The variable used in the indexing of one dimengign
is such that < 4, then we assign to this dimension a
set of N, /L, points with a constant distance éf,
points between each two of them.

e On the other hand, i > ¢, only one point in this

3. If the loop variable is the one used in the indexing g e .
dimension is assigned.

of the first dimension and.; > Ls we proceed as in
case 1, as each reference will take place on a different

. . Finally, if h = 1, oints with a distancd.; are as-
line. Otherwise, we have: ¢ Y Lnp !

signed to the dimension.

i

Fi(R,p) = . i-1(R,p) + There is one exception to this rule. It takes place when
9 the variable associated with the considered dimenkipn
N;, N; ) .
7. T L. Fi_1(R, So(Ai,1)) belongs to a loop that is a reuse loop for the reference
g s whose number of misses is to be estimated, and there are

The miss probability in the first access to each refer- no non reuse loops for that reference between levéist
enced line is given by the probabilipy externally cal- included) andh. In that case only one point of this dimen-
culated. The remaining accesses take place on linession is considered.

referenced in the previous iteration of the loop of level  After this analysis, the area of matmxaffected by ref-

i, S0 the interference area vector is the correspondingerencer during an iteration of loopwould consist 0fVg;1

to one iteration of this loop. regions of one word in the first dimension, with a constant



N e REAL A(24,19)
DO K=1, 100
N e N DOI=1, 19, 3
DO J=1, 24, 6
N,= R
L, =6< W A )=
DONE
DONE
N s
DONE

Figure 3. Area accessed with stride 1 for the
columns in a bidimensional matrix A during
one iteration of the Kloop.

stride between each two regionsiat;; words. In the sec-
ond dimensionNg;> elements would have been accessed,

4 Multiple references to one data structure

When there are several references to a given vector or
matrix, they usually differ only in one constant added in
one of the dimensions of the references. We first consider
this case, thisis, referencesofthetyjge . ., i +Ki 1,
o)L AL, T K 2, .) keeping the expres-
sions for the remaining dimensions equal. An approach for
modeling the case that there are differences in several di-
mensions will be introduced later.

4.1 Miss equations for multiple references

In this case thé references are sorted in descending or-
der of the value of the constahf;; (/;; > K > -+ >
K;%). The first one is modeled in the way explained in Sec-
tion 3. For each of the following references, all the loops
are modeled in the same way but the one associated with
| ;. In this case a procedure that depends on the value of
0 = Kj(j—1) — Kjj is applied. This procedure is explained

with a constant stride between each two consecutive ones ofn the subsections below.

Lr;2 groups of d; words (size of the first dimension), and
so on. This area could be represented as:

Rri = ((Vri1, Lri1), (Nri2; Lri2), - - -, (NRida s LRida )
(10)

Figures 2 and 3 depict this idea for a bidimensional ma-
trix. This area will typically have the shape of a sequen-

The references differ in the indexing of the first dimen-
sion Lete = mcdLs, L;), then the access performed in
this loop can be considered@s= (N;¢)/(L;Ls) groups of
L;/e lines in which each reference accessgge different
positions. These positions can be classified in the follgwin
way:

tial access or an access to groups of consecutive elements

separated by a constant stride, which is what happens in e Ngzme = max{0, Ls—

Figure 3 (the stride in Figure 2 is not constant). Both ac-

cesses have already been modeled for the calculation of

their corresponding cross or self interference area vector

as explained in Section 2. As an example, the area shown

in Figure 3 would be modeled by interference area vector
Sy(Nr = 76,Tr = 1, Lr = 6). In this expression we find
that:

e The valueNg, the number of regions, is obtained as
the product of theéVg;; for j =1,2,... ,da.

e The sizelRy of each region is one word, as we are con-
sidering only one reference.

e The stride between regiots; is given by the value of
Lg;; for the smallerj such thatiVg;; # 1 multiplied
by the size of the dimensions lower o

If Lr = 1the completely analytical modeling associated
with the sequential access fdz words would be applied,
which is given byS;(/Nr) (see Section 2.1). On the other

hand, in the case that the area does not correspond to a regu-
lar region as the ones we have studied, the area vector would

be calculated through a simulation of the access.

} positions that are ac-
cessed in the same iteration both by the present refer-
ence and the one analyzed in the previous step. In this
expressiony stands for the address of the first access
moduluse. For these accesses the miss probability de-
pends on the accesses between both references in the
same iteration.

Ls—d—gte—1
€

In the notation used so far only complete iterations of
the loops had been considered for the area vectors cal-
culation. Here two reference?®; and R, located in

a loop at leveli are considered, and the area vector

S(R1, Ry) associated with the accesses between them
is to be estimated.

Neelf = max{O, Lst,i7p7max{£\fsamr1,0}e+efl} pOSi'
tions in which the analyzed reference accesses a line
that has been brought to the cache in the previous iter-
ation, but which has not been accessed in the present it-
eration by the preceding reference, this is, the one cor-
responding to the immediately greater value of the con-
stant. The area vector corresponding to the accesses to
these positions is estimated as the one associated with
one iteration of loop.



e In the remainingLs/e — Nsame — Nselt pOsitions the
line has been accessed by the preceding reference

§/ max{L;, Ls} iterations ago of the loop.  ul uE uS u8 um mam RERL B (24,19)

DO K=1, 100

On the other hand, there af¢ max{L;, Ls} positions

that are never accessed by the preceding reference. As a H 0 9-1, 24, 6
result, the number of misses on them can be estimated as N, =4 Ce
. . L =6 - A(J,I)=I+J
Fi1(R;,p). _ U o= = o2 nE uE mEm A1, 1)-Tee1
Putting it all together, the number of misses generated by A(J, 1+1)=0-1
referenceR; in loops is: ol af of af af aEE o
o [T DONE
Fi(Rjyp) :Nsameg(ijly Rj) + NserSo(A, 7, 1) + DO.NE. .
L .
<—S - Nsame_ Nself> SO <Aa z, 7) + . . .y . .
€ max{L;, Ls} Figure 4. Portions of a bidimensional matrix
1) A with multiple references that have been ac-

(Rjap)

max{L;, LS}FF1 cessed during one iteration of the  Kloop.

(11)

The references differ in the indexing of any other dimen-

. . L access, as in Section 4.1. In the same way, the first refer-
sion In this case there are two possibilities:

ence is processed as if it were the only one. The remaining

e If § mod L; = 0, the reference accesses the same line "éferences are processed applying the formulae explained
as the preceding reference exadilyl,; iterations ago. i the previous sections and only the last one of the dimen-

This means the formula of the number of misses is:  Sions that change with respect to the preceding reference
is considered. This strategy simplifies the treatment of the

Fy(R;,p) :Ni — 6E_1(Rj, So(A,i,8/L:)) + problem allowing good estimations when the variations in-
L; troduced by the differences in the smaller dimensions are
iF, (R;,p) much smaller than those produced by the greater dimension
L, P with differences, which is the most usual.

(12)

« Otherwise these two references never access the samg'€a VECtors calculation The existence of multiple ref-
line, so the formula is: erences to a given data structure makes more complex the
representation of the area they can access, as the pattern is
much less regular, as Figure 4 shows. Fortunately, patterns
as the one in the figure are not the most common, and a
simple extension to the notation introduced in Section 3.2
The error rate can be reduced whepn dhe first dimen- allows to represent areas generated by accesses belonging
sion of the matrix, is smaller than the line sizg, and so to multiple references. It consists in adding a new param-
is dda; (the stride between positions accessed by the refer-eter: the numbefy; of consecutive words accessed in the

ences). The miss equation for the Idopontrolling the first  first dimension of the region associated with the pattern gen

N;
Fi(Rj,p) = sz'—l(ijp) (13)

3

dimension is modified as follows: erated by referencR in nesting level. We do not consider
N here the possibility of accessing consecutive points iemth
Fy(Rj,p) :L—JFk_l (Rj,p) + dimensions that are separated by other sets of non accessed
s points, which would give place to a parameter of this kind
(& _ &) 5dA1F (R, So(A,j,1)) for each dimension. The reason is that this access would not
L, Ls) Ls "1770 g correspond to any of the ones modeled in this work. Any-

(14) way, this possibility could be considered in more general
implementations.
4.2 References that differ in several dimensions On the other hand, when calculating the area vectors, the
automatic analyzer must take into account the possible over
If there are several dimensions with differences in the lapping of the regions accessed by several references to a
constants added in the functions that index them, the ref-given data structure. For this reason, once these regions
erences are sorted in descending order of the position theyhave been calculated the analyzer compares them trying to



merge them. Lines that are accessed by different references
should not be taken into account several times as source of | po | =1, S:
. " . j+1- J +1 ) +1
interferences. If the conditions we have imposed on the ref- DO | o=1, 0. Sio
erences hold, which are the most common, the analyzer is J J J
able to merge them in a regular region, this is, one that can
be modeled by the algorithms we have developed. In order A( f A01(1A01). - T aodall A0dn))
to perform this merging, one more parameter is used to de- END DO
scribe the region affected by a given referefitehe posi- o
_tion QR of the first word it contain_s. _Th(_a merging algorithm DO 'j 1=1, Nj 1, Sj 1
is not shown here due to space limitations. o
Alfar1(la11). - farda(l A1dA))
5 Imperfectly nested loops and data reuse o
END DO
Real applications do not consist of an unique set of per- ce
fectly nested loops, but of many sets of loops which may DO Ijn=1, Nip, Sjn
have in each level several other loops. On the other hand, Ce
matrices are accessed in different loops, there being a prob A(fan1(1an1). - -+, fandA(!l AndA))
ability of hit in the reuse of previously accessed lines. S
Our model obtains the miss equation for each reference END DO
in a given level of a nest and calculates the miss probability | END DO
in the access to a line of the considered matrix in that loop.

It considers that there can be references to a given matrix in =~ ) .

only one of the loops in a set of perfectly nested loops. In  Figure 5. Code with references to a given ma-
general, when this does not hold for a given code, there is X in @ set of imperfectly nested loops.

only a real access in the greater of the levels that reference

it, taking place the references in the lower levels through

accesses to a register. In this way, our hypothesis is trueyoes not contain only one loop of levelbutn, the calcula-

from the point of view of the cache accesses. tion of F; ,, requires different considerations depending on
The existence of imperfectly nested loops in the level the loop each reference belongs to.

W:ere E[?]e reftlarelncilelr? Ic;c,:[?]te?ln?r:fherlzwerI(ravel\s/orllyrmt:_t:] For the referenceg inside loopsjk wherek > 0, the
ences the caiculation ot the nterierence area vecto followmg constant is chosen as value for the number of

Tnisses they generate during a complete iteration of the loop

shape of the regions accessed in the corresponding matri- 8f level j:

ces. Then, an attempt is made to merge regions associate

with the same matrix, in a way similar to the one mentioned Fi(R.p) = Fir(R. (S(ANF(A. i(k — 1

in the preceding section for different references to theesam i(B.p) bR ( (It(’Nr((/-\q((k 1)))))’) U (s
,J -

matrix. .
S(i(k —1),7k))o)

where I{u) = N,,/L,, is the number of iterations of loap

When considering upper levels, the studied matrix could and Ni(A, u) is the loop of the outer level inside loap(or
be referenced in several of the loops they contain. This sit-l00pu) that is not a reuse loop for the accesses to matrix
uation is depicted in general through the code in Figure 5. The number of misses is given by the expression associ-

In this case, taking into account that the analysis is per- ated with the corresponding loop estimating the miss prob-
formed beginning with the inner loop containing the refer- ability in the access to a line of the data structure when the
ences, the approach described so far is applied to calculatéoop starts.
the number of misses on matixin the loopsjk with k& = The simplest estimation is the addition of the interfer-
0,1,...,n. As explained in Section 3.1, the miss equation ence generated during the execution of the preceding loop,
for referenceR in nesting level, F;(R, p), depends on the given by expressiors' (A, Nr(A, j(k — 1)), It(Nr(A, j(k —
parameters for that loop\; and L;), the expression of the  1)))), and the one for the loops there may be between
number of misses in the lower levél,_; (R, p), and thein-  j(k — 1) andjk loops in which this data structure is not
terference area vector for the data structure associated wi referenced. The notatiafi(j(k — 1), jk) is introduced to
one iteration of loop, S(A, i, 1). In this case, as levgl+ 1 stand for the cross interference area vector generatectby th

5.1 Modeling references in loops in sequence



1 DO J2=1, N, BJ DO 1=1, N1

2 DO K2=1, N, BK DO J=1, N1

3 DO J=J2, J2+BJ-1 A(J, 1)=A(J, | +1)

4 DO K=K2, K2+BK-1 +B(J, 1) +B(J+1, 1)

5 WB(J-J2+1, K- K2+1) =B( K, J) +C(1,J)+C(1 +1, )

6 ENDDO ENDDO

7 ENDDO ENDDO

8 DO 1=1, N

9 DO K=K2, K2+BK-1 _ _
10 RA=A( 1, K) Figure 7. Stencil code.
11 DO J=J2, J2+BJ-1
12 DC1, 9)=D(1, J) + of misses on WB; at loop DG is given by the con-
13 WB(J-J2+1, K- K2+1) * RA stant Fpo, (WB13, So(VB, DO3, BJ)). On the other hand,
14 ENDDO Fpo, (WBs, p) is calculated following the standard rules.
15 ENDDO Nevertheless, modeling differs for the outer loops (thdse o
16 ENDDO lines 1 and 2), as the area vector corresponding to the inter-
17 ENDDO ferences generated 0B on a complete execution of loop
18 ENDDO DO is estimated as' (B, DOg, BK).
Figure 6. Dense matrix-dense matrix product 6 Validation of automatic modeling
with blocking and a copy with transposition
of the block. An automatic analyzer based in this model has been

implemented which receives the description of the code
through function calls. It accepts vectors and bidimeralion
Jpatrices accessed in perfectly nested loops, and provides
functionsto allow the modeling of imperfectly nested loops
This approach is good if loopk contains at least one This is done through the combinaf[ion of the miss equations
and the area vectors corresponding to the perfectly nested

reuse loop for the references to matior the structures h ; hich b lculated with
referenced and the order in which these references are perJ—OOpS they may contain, which can be calculated without

formed (mainly those od) is similar in loopsj(k — 1) and the user intervention. i ,
jk. Otherwise precision can be seriously affected, requir- This analyzer has been applied to several codes in order

ing an analysis similar to the one presented in [7] for the to perform its validation. Here we include three of them:

accesses there may be between the end of the execution
loop j(k — 1) and the beginning of loopk.

sparse matrix transposition. In this work the hit probapili e a dense matrix-dense matrix product code with block-
in the reuse is calculated for each line of one vector, StUdy- |ng and imperfecﬂy nested |Oops_ The code performs a
ing the accesses that take place between its lastaccessinth  copy and transposition of the block to multiply in order
preceding loop and its first access in the analyzed loop. to generate more sequential accesses (Figure 6).

For the references inside loogd, F;(R,p) cannot
be given by a constant, as in being the first loop in- ® a Stencil code (Figure 7).
side loopj + 1, it depends on the probabilities of outer
or preceding loops. In this case it is justo(R,p).
Anyway, when calculating the hit probability in the
reuses inside loog + 1, S(A,j + 1,1) is estimated as In order to simplify the validation, we have always used
S(A,Nr(A, jn), It(Nr(A, jn))) U S(jn, j0). The reasonis  square matrices of orde¥. For the first code about one
that only the interferences generated since the last loop inthousand combinations of the input parameters were tried,
this level in which data structura is referenced need to using values ofV ranging from 25 to 400. The second code
be taken into account. Remarks about the validity of this was validated trying 2400 combinations of the input param-
approach are analogous to the previous case. eters using matrices of sizes 200 and 400. For these two

As an example, let us take the references to ma-codes twenty simulations were performed for each combi-
trix VB in the code in Figure 6. In order to simplify nation of the input parameters changing the value of the data
the explanation, we will refer to the references and the structure base addresses using a random generator. We mea-
loops as WB and DQ, respectively, wheré is the line sure the erroA of the model for each combination as the
number where they appear in this code. The numberaverage of the absolute error in the estimation of the number

e an equation solver kernel extracted from the Ocean
program that uses the Gauss-Seidel method (Figure 8).



E=0
WHI LE (E. EQ 0)

D=0

DO 1=2, N1
DO J=2, N1
T = Al J)

A(l,J)=0.2+(T+A(I, J-1) +A(I -1, J)
+A(L, J+1) +A(1+1, )
D=D+ABS(A(1, J)-T)
ENDDO
ENDDO
IF (D (N«N)<TOL) E=1
ENDVWHI LE

Figure 8. Equation solver kernel using Gauss-
Seidel method.

of misses generated in each of the twenty simulations. This
value is expressed as the percentage of the difference be-
tween the number of misses predicted by the model and the
number of misses measured in the simulations with respect
to the latter.

The average errors have turned out to be 2.68% for the
Stencil code and 5.96% for the dense matrix-dense matrix
optimized product. The typical deviatierof the number of

Table 1. Validation data for the automated
model for some combinations of the input pa-
rameters of the Stencil code.

[ N [G[L|K] o | A |
50| 2| 8| 2| 1.06| 4.55
1001 16| 4| 1| 1.09| 131
1751 32| 4| 1| 651| 1.38
2001 16| 4| 1| 6.02| 0.57
2000 8| 8| 1| 0.73| 11.34
250 4| 8| 2|10.87| 4.23
250 32|16| 2| 1.81| 247
300 1| 4| 1| 2.68| 248
300 16| 4| 4| 0.00| 0.44
3751 32| 4| 4| 0.00| 0.62
400 8| 8| 2| 1.34| 213
400 32| 8| 2| 0.67| 0.16

measured misses in the simulations expressed as a percent- Table 2. Validation data for the automated

age of the average number of measured misses is 2.22%
and 11.25%, respectively. This means our average errors
are similar or noticeably smaller than the typical deviatio

of the real number of misses.

As for the last code, it only uses one matrix, which makes
it independent on its base address. As a result, only one
simulation has been needed for each combination of the in-
put parameters. On the other hand, @ loop modeled
by the algorithm is inside 8HI LE loop whose number of
iterations is unknown in advance, so we have modeled the
behavior of this code in one iteration of this loop using 7500
combination of the input parameters, getting an average er-
ror of 2.8%. Later 2400 simulations were performed using
2, 3,5, 10 and 25 iterations of the loop, achieving an aver-
age error of 3.7%.

This degree of precision has proved to be good enough to
drive an optimization process successfully [5]. Tables 1-3
show the validation data of these algorithms for some com-
binations of the input parameters. Coludigstands for the
cache size in Kwords.

Large errors can be observed in some cases of Table 2.
They are exceptional, as we must recall that the average er-
ror for this code is under 6%. They are due to the sim-
plification made for the estimation of the overlapping coef-
ficient of the blocked matrices as the average of the over-

model for some combinations of the input
parameters of the dense matrix-dense matrix
product with blocking and copy with transpo-
sition of the block.

| N[BJ|BK]| G |Ls[|K| o | A ]
200| 100 100| 16| 8| 2| 8.16| 6.23
200| 100| 100| 256 | 16| 2| 4.80| 2.73
200 200 100 32| 8| 1| 881| 6.88
200| 200 100| 128| 8| 2| 3.60| 2.86
200 200 | 100| 128 | 32| 2| 93.42)| 44.25
200 50| 200| 16| 4| 1| 505| 4.62
200 100| 200| 32| 8| 2| 16.24| 12,51
200| 100| 200| 64| 16| 1| 33.54| 331
400 | 100 | 100| 16| 8| 2| 6.18| 4.48
400| 100 | 100| 256 16| 2| 4.01| 4.26
400 | 200| 100| 32| 8| 1| 150| 2.65
400| 200 | 100| 128 8| 2| 15.04| 5.82
400 | 200 | 100 | 128 | 32| 2| 57.06| 44.68
400| 50| 200| 16| 4| 1| 152| 2.02
400| 100 | 200| 32| 8| 2| 7.86| 5.55
400 | 100| 200| 64| 16| 1| 7.40| 7.12




7 Conclusions and future work
Table 3. Validation data for the automated
model for some combinations of the input
parameters of the equation solver using the
Gauss-Seidel method.

A systematic approach that allows the automated gen-
eration of cache analytic models has been presented. The
resulting equations provide the number of misses for each
[N [terations] Cs [ Ls [ K | A | reference and loop in a given coo_le. The r.nod'els have proved
a good degree of accuracy besides taking into account all

100 25| 16| 4| 1| 3.96 : )

the possible sources of misses. Our models are fully param-
175 1| 32| 4| 1] 227 ) . o

eterizable and are applicable i6-way associative caches
200 1| 16| 4| 1] 1.99 . . : . ;
500 5T 16 41 11199 with a LRU replacement policy, besides supporting a wider
550 Tt s 81 3 1.60 range of codes than previous automated models. For exam-

- ple, they take into account that portions of data structures

300 1116 4| 4133 accessed in previous loops may be in the cache when they
300 10| 16| 4| 4]1.33 are accessed by another set of nested loops.
400 1 8| 8| 2124 Although we have only used the total number of misses
400 10 8| 8| 2]1.24 to validate model, we have seen from its construction that it
400 1] 32 8] 211.00 can provide much more information. Formulae for the num-
400 25| 32| 8| 2]1.00 ber of misses for each reference and loop are build. The
400 1]1256]32] 4]1.00 interference area vectors give us an idea of the degree of
400 25]256| 32| 4|1.00 interference generated by each data structure on the refer-

ences of any other one or itself in each nesting level. All

these data give us a much more detailed picture of the cache

behavior and its reasons.

As an added benefit, the computation time required by

the models is much shorter than the required by simulations.

As an example, the times required by the simulation and
lapping coefficients obtained for each block. The right ap- the modeling of the dense matrix-dense matrix optimized
proach would be the calculation of the number of misses for code on an SGI Origin 200 server with R10000 processors
each block in the matrices using its own overlapping coef- at 180MHz are shown in Table 4. We see there is a dif-
ficient, and finally add these values. We have not done thisference from two to five orders of magnitude, even when
because the modeling time would grow noticeably and be-we have used a very simplified simulator locally developed.
cause the errors, although important, are still inferidhw ~ The validity of our simple simulator has been checked using
typical deviation of the number of measured misses. Thedinerolll, belonging to the WARTS toolset [12].
probabilistic nature of our modeling strategy must be taken ~ We are currently working in the integration of our tech-
into account too: small problems do not favor the conver- nique in code analysis environments that support it and al-
gence of this kind of approaches. In fact we see that thelow its effective and fast application to real programs. An
large errors appear in situations with a small number of analyzer based on Polaris [1] that requires no user interven
misses. A 2-way associative cache with 128 Kw is large tion is being built. It has already been validated with sienpl
in relation to the 200x200 or 400x400 matrix product using codes, obtaining results similar to those in this work. The
a block of 200x100 elements. In fact, the average num-feasibility and usefulness of the application of our models
ber of misses measured in the simulations is respectivelyto drive compiler optimizations has already been proved [5]
9264 and 53522. This means that the possible errors introdn the experiments we have developed they have always
duced by the model when driving compiler optimizations helped the compiler to choose optimal or near optimal code
on this code would have a negligible influence on the pro- transformations.
gram execution time. Our explanation is backed up by the At the same time, we plan to extend the automatic mod-
fact that using the same cache and block configuration witheling to indexing schemes other than the affine one (indi-
2000x2000 matrices gives place to an error of only 1.5% rections, multiple index affine, etc.). We have already de-
for the model estimations. In this case the average num-veloped a series of algorithms and formulae to calculate in-
ber of misses measured increased to al6atit< 10°. We terference area vectors associated to several typicguire
have not used large data sets in the validation process, fotar access patterns [7]. One possible approach would be the
which cache optimization is much more important, due to application of pattern matching techniques in a way simi-
the heavy computing requirements of their simulation (seelar to the one used in [11], [3] to identify the structure of
last row of Table 4 for this example). the accesses generated by the references, both in terms of
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