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The Cost of Data Movement Depends on Global State and Does Not Comp

int N =1000; @
for (int 1 =0; 1 <N; I++){ 7

for (int j=0;j< ) -
for (int k= 0:k <j; k++)

o . { percentage of cache misses?
Alillil  -=A[i]k* A L1 cacha 6%

} L2 caché.4%
AL 101 /= ADIDE
} most expensive memory access?
for (int k=0;k< | ; k++) { A[][K]
ALLIL 1T -=ALTIIKI AL T]IK];
} : :
o o amount of compulsory and capacity misses?
AlTIL 1]= sart (AL 1]); .
) # compulsory misses 31,752
# capacity misses 10,630,620

Choleskykernel fromhttps://sourceforge.net/projects/polybench/


file://VBOXSVR/Repos/paper-barvinok-square/presentation/haystack-pldi-190424.pptx
https://openclipart.org/detail/22412/emoticons-question-face
https://openclipart.org/detail/22412/emoticons-question-face
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HayStaclkOutput for CholeskyFactorization

| | parameters:

relative number of cache misses (statement) A cache sizes (32k and 512k)
5 for( int i =0; i <N; i++){ A cachelinesize (64B)
6 for ( int j=0;j< ;) {
7 for( int k=0; k<j; k++) {

8 Al Lol -= ALK ALK
ref type comp[%] L1[%] L2[%] tot[%] reuselln]
Al ][] rd 0.00459 0.00000 0.00000 24.86910 8,10
Al ][K] rd 0.00000 0.00000 0.00000 24.86910 8,10
A[IIIK] rd 0.00000 1.58635 1.38213 24.86910 8,10,13,15
Al ][j] Wr 0.00000 0.00000 0.00000 24.86910 8

absolute number of cache misses (program)

compulsory : 31'752
capacity (L1): 10'630'620
capacity (L2): 9'258'460

total: 668'166'500
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Comparison to Simulation

—— haystack (analytical model)
105 4 — == dinero IV (simulation) - 1 day
: cholesky
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Symbolic Counting Avoids the ExpliEihumeration

1d illustration

- ~ Barvinokalgorithm
enumeration  #points =3
symbolic #points =4i+1 = 3
| J
_ — — - - - - = = = — —>
enumeration  #points =9
symbolic #points =4i+1 =9

Alexander IBarvinok A Polynomial Time Algorithm for Counting IntedPaints inPolyhedraNhen the Dimension FEixed 1994. 5
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The LRU Stack Distance Allows Us to Model Fully Associative Caches

example
Int sum = 0;
for (int i=0; i<4; ++1)

SO0: M[i] =1
for (int j=0; j<4; ++))
S1. sum+=M[3 -]

deliberatelygeneric model

Richard L Mattson, J&Becsei Donald RSlutz and Irving Oraiger Evaluationtechniques for storaghierarchies1970.
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Compute the LRU Stack Distance

example
int sum =0; A /(@ Qp

for (int i=0; i<4; ++1)
S0: M[i]=i; /

for (int |=0; |<4; ++))
S1. sum+=M[3 -]

stack distance
N

applysymbolic countingonce

KristofBeylsand Erik 5 Q| 2 f fGengrRtisg\thche hints for improved program efficieROP5 .



v ouaon ETHZziirich

Count the Cache Misses Given thRUStack Distance

example
Int sum = 0;
for (int i=0; i<4; ++1)

SO0: M[i] =1
for (int j=0; j<4; ++))
S1. sum+=M[3 -]

applysymbolic countingwice

manydifferent pieces and
sometimesnon-affine polynomials

stack distance

misses / H(Q Q P
hits /
/ cache size C=2
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Some Access Patterns Result in Nlonearities
example original
iInt sum = 0;

for (int t=0; t<4; ++t){

for (int i=0; i<4; ++i) '/’/N
S0:  M[i] =i; N

- — — — > -0—0—0—0> |
for (int m=0 m <t; ++m) n(~92 0O 0
for (int n=0; n<t; ++n)
N[m][n] = ¢;

for (int j=0; j<4: ++j) additionaltime loop

S1: sum+=M[3 -j]; t
| N

- — — — > -0—0—0—0 |

~ 7

partial enumeration nfa) <« Q p
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Modelling Cache Lines Introduces Floor Terms

example original

iInt sum = 0;

for (int i=0; i<4; ++1)
S0: M[i]=1i: @

for (int j=0; j<4; ++j) 000> 60060
S1: sum+=M[3 -]]; n(~92 0O 0

equalizationandrasterization '/\
22

11
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Split the Domain to Eliminate Floor Terms

1.9x speedup
due toequalization

12
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Error ofHayStackCompared to Simulation@inero V)

§ . N .
HayStack = 20 - <«— due to associativity @ — 0.6%
(fully associative) © 10 -

g O

§ N . N
DinerolV = 20 A <«— due to associativity Y
(fully associative) © 107

g O
DinerolV — 20 —
(8-way associative) 10 -

g O

14
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Performance oHayStackCompared toPolyCacheaand Dinero
DinerolV PolyCache

- simulator - analytical cache model
- setup to simulate full associativity - models set associativity
- problem size dependent performance - 0nhe core per cache set

370x speedup 21X speedup

> ] 1 core vs 1024 cores (PolyCache)
N 103 > N 102 e
S S ] ~N
T 102 k5 1
& & 10" 5
v 10t ) ]
100 100 -
EED SO0 2 GERTETZOmOR2E58RETEZES EECSOCE6GSBRETETZBIR22CRERITZES
§ETRSBR5 o5 8EcEias SECSERARED §E°RoER555508p5ecEas FE3ERaRED
QPSS VOTTEDUSIZUWOO 5 wown = - OQP=0T3ST508ODUVIG50O0 TTwn = -
_CtrU'O'O u—; oOwn HcoLVU = 30) ;trU'o _ou—_,_,g own x5 VU |c|) E
G532 > 9¢Tes €a g 53 25 SeE®® g S
SRV 3 © @ 00 2 © = ]
9 o o ko) o o
Jan Elder and Mark Blill, DinerolV TraceDriven WenleiBaq SriramKrishnamoorthyLouisNoelPouchet and PSadayappan
UniprocessoCacheSimulator 2003. Analyticalmodelingof cachebehaviorfor affine programs.2017.
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Conclusion
generic model ofully associative caches  accurate resultcompared to measurements

TMASPCL e o = ETH:irich
The LRU Stack Distance Allows Us to Model Fully Associative Caches Error of HayStack Compared to Simulation (Dinero 1V)
example memory accesses LRU stack —
9 —
int sum = ©; =0 M(0) HayStack = ig «— due to associativity 59 = 0.6%
for(int i=0; i<4; ++i) (fully associative) g 0
se: M[i] = i; i=1 M(1) 5
for(int j=0; j<4; ++j) i=2 M(2)
S1:  sum += M[3-j]; oy ___
i=3 M(3) Dinero IV ”:. 201 «— due to associativity 39 = 0.6%
. (fully associative) e 101
=0 M(3) 5 0
=1 M(2)
distance 2 - hit =
" S 20 -
Dinero IV - 89 =0.4%
(8-way associative) O 10 1
g O

Richard L Mattson, Jan Gecsei, Donald R Slutz, and Irving L Traiger, Evaluation techniques for storage hierarchies. 1970.

fast enough to provideteractive feedback excellent performance compared &iternatives

S v euis ETHzUrich PSP v euin ETHZzlrich
Comparison to Simulation Performance of HayStack Compared to PolyCache and Dinero
—— haystack (analytical model) Dinero IV PolyCache
10%4 === dineroV(simulation) - simulator - analytical cache model
i ;’;‘#‘ﬁky - - setup to simulate full associativity - models set associativity
- 10% 5 - problem size dependent performance - one core per cache set
) .,
o .
E 10°4 P 24 370x speedup 21x speedup
= »
.f_’_, 102 4 $% //’ 2039x § - 1 core vs 1024 cores (PolyCache)
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106 107 108 10° 1010 Jan Elder and Mark D. Hill, Dinero IV Trace-Driven Wenlei Bao, Sriram Krishnamoorthy, Louis-Noel Pouchet, and P Sadayappan,

#memory accesses Uniprocessor Cache Simulator, 2003. Analytical modeling of cache behavior for affine programs. 2017. l 7



