Introduction

The gap between processor and memory speeds grows with each new generation of
microprocessors, making memory hierarchy response a critical factor limiting
performance.

Traditional methods for understanding how an application uses the memory hierarchy:
« cache simulation and profile based methods - need full simulation for each
combination of input parameters and cache configuration that must be analyzed
« compile time analysis techniques - applicable only to certain array references,
cannot characterize reuse that spans different loop nests
« dynamic code monitoring and optimization - limited applicability

This poster presents a method for characterizing the data access pattern of an
application in a machine independent fashion. We collect memory reuse distance
histograms for each memory reference in a program during repeated executions with
small data inputs. Then, we model the structure and scaling of each reference's reuse
distance histogram as a function of problem size. This approach enables us to predict
the number of cache misses at the instruction level for architectures and problem sizes
that we did not measure.
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Dynamic Analysis

Collect memory reuse distance histograms for each memory reference in a program
during repeated executions with small data inputs.

Memory reuse distance is a measure of the number of distinct memory blocks accessed
by a program between two accesses to the same memory block.
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Characterizing memory access behavior in terms of reuse distance has two important

advantages:

* memory reuse distance is independent of cache configuration or architecture details
* reuse distance is a scalable measure of data reuse, which is the main determinant in

cache performance

Static Analysis & Binary Instrumentation

Use static analysis and binary rewriting tools to instrument application executables for

collecting memory reuse distance (MRD) for each reference.

* build control flow graph
« compute loop nesting structure

« compute symbolic formulas for each reference’s access pattern

L1 size

L2 size Reuse distance data translates directly into

Number of]
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Reuse Distance

cache miss predictions for fully-associative
caches:
e cache hit, if reuse distance is less than
the cache size
« cache miss otherwise

/* multiply two squared matrices */
void matrix multiply(int N, double *A,
double *B, double *C)

int i, j, k;

Example for static analysis of
memory access pattern. Compute
symbolic formulas for:

 base formula (BF) = first

accessed location

for ( i=0 ; i<N ; i+=1 )
for ( j=0 ; J<N ; j+=1 ) {
C[i*N+j] = 0;
for ( k=0 ; k<N ; k+=2 )

- stride between iterations (S1,
S2, ...) for each loop level from
CLi*N+3] += A[i*N+k]*B[K*N+]] the innermost to the outermost

+ A[i*N+k+1]*B[ (k+1)*N+3]; loop (S1 corresponds to the

} innermost loop).
} SPARC assembly

for innermost loop

L1: add %15, 0x2, %15
Ali,k]  1dd [$13], 3f4 ——® BF=%i1+16 S1=16 S2=0 S3=8x*%i0
add %13, 0x10, %13 /mmBm
cmp %15, %05
add 514, 0x10, %14 pattern
Blk,j  1dd [203], $f2 ——® BF=16%%i0+%i2 S1=16*%i0 S2=8 Ww\ue\
Ali,k+1] 1dd [$14 - 0x10], %£f8 ¥ BF=%i1+24 S1=16 S2=0 S3=8*%i0 S
Blk+1] 1dd  [%07], %£6 ———%= BF=24+%i0+%i2 S1=16+%i0 S2=8 S$3=0 w ame
fmuld $£4, 3£2, 3£10 pattern
fmuld $£f8, %f6, %fl12
faddd f10, $f12, %fl4
faddd $f0, %fl4, $f0
CIi,j] std $£0, [$12] — » BF=%i3 S1=0 S2=8 S3=8*%i0
add %203, %11, %03
bl,pt %icc,Ll References with identical strides across all levels of
add %07, %11, %07 a loop nest, have similar access pattern.

Data Modeling

Next we model the structure and scaling of memory reuse distance histograms as a

function of problem size.

e aggregate histograms corresponding to sets with similar access pattern from
adjacent leaf loops which are the result of compiler optimizations (e.g. loop unrolling,

etc.)

Translate each histogram into
3D Cartesian coordinates:
e X axis: problem size
* y axis: bins’ normalized
execution frequency
* Z axis: reuse distance

Model bins with constant

Evaluate the MRD models for
the desired problem size.

For a fully-associative cache,
the number of cache misses
Is predicted by counting the
number of accesses with
reuse distance larger than the
size of the cache.

Assuming an uniform distribution of the accessed memory blocks, we can combine the
MRD predictions with a probabilistic model [1,2] to approximate the number of cache
misses for a set-associative cache with s sets and associativity k. Probability that a
memory access with reuse distance d misses in a set-associative cache is:

\AIH . .
P, (d.s.k)=1- Y (1) (=) C(d.i)
i=0

where d = memory reuse distance
S = number of sets in cache
k = associativity level

and the number of misses for a single histogram (a set of aggregated references) is:
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Dg_e = average MRD for bin,
Fpin, = €xecution frequency for bin;

Num,(Hist,s.k)= Y (P, (D, sk F,, )

bin; € Hist

Validation

Construct MRD models for ASCI Sweep3D and several NAS benchmarks.
Predict cache and TLB misses on two architectures, |1A-64 and MIPS R12000.
Compare predictions versus measurements with hardware performance counters.

Legend
—— L2 measured
...... « |2 predicted MRD
L2 predicted probabilistic
—— L3 measured

Itaniuma2:
« 256 KB, 8-way set-associative L2 cache
« 1.5 MB, 6-way set-associative L3 cache

MIPS R12000:

« 32 KB, 2-way set-associative

16 KB memory page

Sweep3D

[20] [57]

250.0 r r r 450.0

200.0 f \/\l\/

150.0 f

100.0 |

50.0 f

Miss count / Cell / Time step
Miss count / Cell / Time step

0.0

.. . . 0.0
0 50 100 150 200
Mesh size [cubic mesh]

400.0 f
350.0
300.0 f
250.0
200.0 F
150.0 |
100.0 f
50.0

L1 cache

8 MB, 2-way set-associative L2 cache
* 64 double entries fully-associative TLB

NAS BT 2.3

[20]  [50]

0 50 100 150 200

Mesh size [cubic mesh]

Miss count / Cell / Time step

Legend

—— L1 measured
...... « L1 predicted MRD

L1 predicted probabilistic
—— L2 measured (x5)
...... = | 2 predicted MRD (x5)

L2 predicted probabilistic (x5)
—=— TLB measured (x5)
...... = TLB predicted MRD (x5)

NAS SP 3.0

[20]  [50]

100.0
90.0 f
80.0 F
70.0 f
60.0 F
50.0 f
40.0 f
30.0 |
20.0 f
100 f

0 50 100 150 200
Mesh size [cubic mesh]

Routine z_solve
[20] [50] -

30.0 14.0

Routine y_solve

[20]  [530]

25.0 f

20.0 f

15.0 f

10.0 f

Miss count / Cell / Time step
Miss count / Cell / Time step

50 F

0.0 Y

0.0

120 f

10.0 f

8.0 F

6.0 f

40 F

20 F

0 50 100 150 00 0

50 100 150 200

Miss count / Cell / Time step

Routine compute_rhs

[20]  [530]

0 50 100 150 200
Mesh size [cubic mesh] Mesh size [cubic mesh] Mesh size [cubic mesh]
Loop level 3 at lines [95-109] Loop level 3 at lines [117-122] NAS LU-HP 2D 3.0
[20] [50] [20] [50] [20] [50]
6.0 r r 6.0 r v 180.0 r v
o el o o 1600 |
.m mo L ..-..-.l.l‘l.l.l.l,I‘ll.l.:.l.....-...:-.:.n..l.l CmeE o .m mo L .m
o o o 140.0 b
= 40 . 1 = 40} £ 1200 | I
= oo ® A = = A
w 30l . »\L»/.\ ] 3 a0} 3 100.0 /
o A ° S g0} \
c 7 c c
3 20} \r K 3 20} 3 600} ¢
[&] o [&] o -
2 \/k\( L 2 @ 400}
= 0 et ! s 10r = 0l
0.0 2 i e . 0.0 0.0 pax® . -
0 50 100 150 200 0 0 50 100 150 200
Mesh size [cubic mesh] Mesh size [cubic mesh] Mesh size [cubic mesh]
Conclusions

>

50%

¢

Memory reuse distance
n W
o o

30%

o

Normalized
frequency

-0

2 13 40 > TG

mm : m m Q m w.ﬂm : Om Normalized frequency

9.5

Problem size

distance first.

Recursively split rest of data:
« normalized frequency
ratio the same across all
problem sizes at each split
« select ratio s.t. the two
subsets cover equal sized
ranges of reuse distance

 insert memory instrumentation at each load/store
— call to dynamic library routine handles instrumentation events
— references with similar access pattern are assigned the same key

First
split

Memory reuse distance

N

- o

Normalized frequency Problem size

Memory reuse distance
O N - T

—o

Normalized frequency

Memory reuse distance

- o

Normalized frequency

x10 Qmﬂm x10

Collected

Constant
,55

Memory reuse distance
& o ® B B

N

o

08 50
0.6 45
40
0.4 35
02 30

Problem size Problem size

Second

Final
model

Memory reuse distance
»~ o @ 8

N

- o

Normalized frequency

Problem size

Problem size

« 128 entries fully-associative L2 TLB

« 16 KB memory page
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We present a method for:

« characterizing memory access behavior for scientific applications
e cache miss predictions at instruction level
« approximating conflict misses based on a probabilistic model [2]

Findings:

« accuracy improved when aggregating data for references with similar access pattern
* over-aggregation to large scopes reduces the accuracy

Limitations:
« hardware features may affect number
prefetching on Opteron)

of observed cache misses (e.g. hardware

 inaccuracies in the debug information on different platforms affect cross-architecture

comparisons at the loop level
Future work:

 further increase prediction accuracy by finding and eliminating sources of errors
« predict the observed latency for cache misses by extending static analysis to
determine the number of parallel memory operations in each loop
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