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Cache Analysis is Important

X =a + b
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LOAD r2, a

LOAD rl1, b

ADD 1r3, r2, rl
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Cache Analysis is Important
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Instruction Cache Analysis

Source program

while (x < 10)
X++;
if (x < b5)
X++,;
else

Y™

{

//a

/ /b

//c
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Instruction Cache Analysis

Source program

while (x < 10) {
X++; //a
1if (x < 5H)
xX++; / /b
else
y=—7 //cC

Binary program

0000000
0000010
0000020
0000030
0000040
0000050
0000060
0000070
0000080
0000090
00000a0
00000b0O
00000cO
00000d0O
00000e0
000000
0000100
*

0000130
000013e
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Instruction Cache Analysis

Source program

while (x < 10) {

X++; //a
1if (x < 5H)

xX++; / /b
else

y=—7 //cC

Binary program

0000000
0000010
0000020
0000030
0000040
0000050
0000060
0000070
0000080
0000090
00000a0
00000b0O
00000cO
00000d0O
00000e0
000000
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Instruction Cache Analysis

Source program

while (x < 10) { B Control-flow
X++; a
if (x < 5) raph
X++; / /b g p
else
y==; //c > @
}

Classification:
® Instruction “always hit”

)

Binary program

0000000
0000010
0000020
0000030
0000040
0000050
0000060
0000070
0000080
0000090
00000a0
00000b0O
00000cO
00000d0
00000e0
000000
0000100
*

0000130
000013e

Cache Analysis “always miss’
“unknown”
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Challenges in Data Cache Analysis |

Source program

int A[100];

for (int x = 0; x < 100; x++)
sum += A[x]

for (int v = 99; v >= 0; y--)
sum —-= A[V]
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Challenges in Data Cache Analysis |

Source program

int A[100];

for (int x = 0; x < 100; x++) Control-flow graph
sum += A[X]

for (int v = 99; vy >= 0;
sum —-= A[V]
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Challenges in Data Cache Analysis |

Source program

int A[100];

for (int x = 0; x < 100; x++) Control-flow graph
sum += A[X]

for (int v =199; vy >= 0;
sum —-= A[\v]

Addresses depend
on loop iteration
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Challenges in Data Cache Analysis |

Source program

int A[100];

for (int x = 0; x < 100; x++) Control-flow graph
sum += A[X]

for (int vy =199, v >= 0;
sum —-= A[\v]

Addresses depend
on loop iteration

Cannot express dependence
of addresses on iteration!
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First Contribution:
Symbolic Control-Flow Graphs

Source program

int A[100];

for (int x = 0; x < 100; x++)
sum += A[x]

for (int y =199; v >= 0; vyv--)
sum —-= A[\v]

Addresses depend
on loop iteration
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First Contribution:
Symbolic Control-Flow Graphs

Source program

Tnt 21100 Symbolic CFG
for (int x = 0; x < 100; backedge,
sum += A[X] ‘ \
for (int y =199; y >= 0; —)6nt7‘y7; ® Alil ®
sum —-= A[\v]
asSUME; 100 backedge,

Addresses depend o— o

on loop iteration assume; 1001
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First Contribution:
Symbolic Control-Flow Graphs

Source program

int A[100];

for (int x = 0; x < 100;
sum += A[X]

for (int vy =199, v >= 0;
sum —-= A[\v]

Symbolic CFG
backedge,

Addresses depend
on loop iteration

Captures dependence of
addresses on loop iteration!
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backedge,

ASSUITNE 5,100 l




Symbolic CFG Semantics

Loop variables capture iteration counts, herei andj.

backedge,

backedge

entry ; I |

®@———— > 0—{A99— )| @

ASSUITNE 5,100 l




Symbolic CFG Semantics

Loop variables capture iteration counts, herei andj.

Three ways to manipulate variables:
backedge,

backedge

entry ; I |

®@———— > 0—{A99— )| @

ASSUITNE 5,100 l




Symbolic CFG Semantics

Loop variables capture iteration counts, herei andj.

Three ways to manipulate variables:

backedge,

entry, resetvariableito0

backedge

s

ASSUITNE 5,100 l




Symbolic CFG Semantics

Loop variables capture iteration counts, herei andj.

Three ways to manipulate variables:
backedge,
eNniTry, resetvariableito 0

entry ; o - o

backedgez- Increment variable i

entry ;

<]
oL o (T T)-

ASSUITNE 5,100




Symbolic CFG Semantics

Loop variables capture iteration counts, herei andj.

Three ways to manipulate variables:
backedge,

entry, resetvariableito0

backedgez- Increment variable i

backedge

entry | | assume;  can only take edge if variable i

o— 0499 —jl}l>e@ IS equal to expression e

ASSUITNE 5,100 l




Symbolic CFG Semantics

Loop variables capture iteration counts, herei andj.

Three ways to manipulate variables:

backedge,

| | entry, resetvariableito0
——— 0 —{4lf|—e

backedgez- Increment variable i
backedge

entry . | | assume; o can only take edge.ifvariable ]
® > @ e IS equal to expression e

aSSUME ; 100 Addresses of memory accesses captured as
polynomial expressions of loop variables.




Symbolic CFG Semantics

Loop variables capture iteration counts, herei andj.

Three ways to manipulate variables:

backedge

| | entry, resetvariableito0
Ali]

backedgez- Increment variable i
backedge

assume,; ., can only take edge if variable i
'~ isequal to expression e

Addresses of memory accesses captured as
polynomial expressions of loop variables.
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Symbolic CFG Example

backedge

entry | |
e

asSSUme 100 backedge
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backedge

t ﬁ First loop:
entry;
i e

asSSUme 100 backedge




Symbolic CFG Example

backedge

ﬁ First loop:
entry.

— @ =0, A[0]

asSSUme 100 backedge
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backedge

ﬁ First loop:
entry.

- e i=0,A[0] =1, All]

asSSUme 100 backedge
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backedge

ﬁ First loop:
entry.

' . e i=0,A[0] i=1,A[1] E =99, A[99]

aSSUMe; 100 backedge




Symbolic CFG Example

backedge

ﬁ First loop:
entry.

' . e i=0,A[0] i=1,A[1] E =99, A[99]

aSSUMe; 100 backedge

Second loop:




Symbolic CFG Example

backedge

ﬁ First loop:
entry.

' . e i=0,A[0] i=1,A[1] E =99, A[99]

aSSUMe; 100 backedge

Second loop:
] =0, A[99]




Symbolic CFG Example

backedge

ﬁ First loop:
entry.

' . e i=0,A[0] i=1,A[1] E =99, A[99]

aSSUMe; 100 backedge

Second loop:
] =0, A99] =1, A[98]




Symbolic CFG Example

backedge

ﬁ First loop:
entry.

' . e i=0,A[0] i=1,A[1] E =99, A[99]

aSSUMe; 100 backedge

Second loop:
j=0,A[99] j=1,A[98] E j=99, A[0]
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backedge

entry. I \
i e o

assume: 100 backedge

entry | \
o— >0 —{A[99! ]

assume 1001

Assumptions:

- fully-associative cache

- associativity 2

- least-recently-used

-2 array cells per cache line
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backedge

entry | _ |
—— e ° i=0,A[0] i=1A[1] i=2A[2] =3, A[3]E

ASSUMe 100 backedge
entry I \
o— >0 —{A[99! ]

assume 100l

Assumptions:

- fully-associative cache

- associativity 2

- least-recently-used

-2 array cells per cache line
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entry, I _ \

—— e o i=0,A[0] i=1 A[1] i=2A[2] i=3 A[3] E
assume 100 backedge

assume 100l

Assumptions:

- fully-associative cache

- associativity 2

- least-recently-used

-2 array cells per cache line
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entry, I _ \

—— 0 o i=0,A[0] i=1,A[1] =2, A2 =3,A3] E
assume 100 backedge
entry; I \ A[O]
oF— o —(AD9! I} B

assume 100l

Assumptions:

- fully-associative cache

- associativity 2

- least-recently-used

-2 array cells per cache line




Symbolic CFG eI R MEWS R Il (SN aVZEY,

— A=

—— 0 o i=0,A[0] i=1,A[1] =2, A2 =3,A3] E
assume 100 backedge
entry; I \ A[O]
oF— o —(AD9! I} B

assume 100l

Assumptions:

- fully-associative cache

- associativity 2

- least-recently-used

-2 array cells per cache line
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— A=
entry I

—— e ° i=0,A[0] i=1A[1] i=2A[2] =3, A[3]E
assume 100 backedge
S — "H$YH&
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assume 100 ’
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Assumptions:

- fully-associative cache

- associativity 2

- least-recently-used

- 2 array cells per cache line
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— A=
entry I

———o o i=0,A[0] i=1A[l] i=2A[2] =3 A[3]E
assume 100 backedge A[O]
L ‘ - iy
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Assumptions:

- fully-associative cache

- associativity 2

- least-recently-used

- 2 array cells per cache line
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backedge E
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assume 100l

Assumptions:

- fully-associative cache

- associativity 2

- least-recently-used

-2 array cells per cache line
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Assumptions:

- fully-associative cache

- associativity 2
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entry, BN s
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PN Y= s
assume 100 ’
l _-#"1()/

Assumptions:

- fully-associative cache

- associativity 2

- least-recently-used

- 2 array cells per cache line
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entry, BN s
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Assumptions:

- fully-associative cache

- associativity 2

- least-recently-used

- 2 array cells per cache line
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Assumptions:

- fully-associative cache . |
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assume 1001
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ssumptions: A[O6

- fully-associative cache | _ . |
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- least-recently-used
-2 array cells per cache line
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Assumptions: A[96] 1
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backedge

entry I \

R .

assume 100 backedge

entry | |
o— ', o—{A[99 1@

assume 100l

Assumptions:

- fully-associative cache

- associativity 2

- least-recently-used

- 2 array cells per cache line

Cache Analysis: Intuitively

=
BN s

i=0,A[0] i=1,A[1] i=2,A[2] =3, A[3] E
_ 0
%680 A[0]
0%1+.2",&

Al98 - #" )/
A[96] }

0, A[99] j=1, A[98]E j=98, A[1] =99, A[0]

9
9

J

=S

A
A

A=l
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- E - A[0] A[O -A[Z]
entry l—‘ '
— 0 ® — = 1, A[l] — 2 A[2] 3 A[3 :

assume 100 backed
oy \#\ — - A[O A[2 A[2
o 0 —(ABS 1) I A0 [AlL
assume 100l
| A[98]
Assumptions: A[96]

- fully-associative cache

- associativity 2

- least-recently-used

-2 array cells per cache line

0, A[99] j=1, A[98]E =98, A[1] j=99, A[0]
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backedge

entry I \

R .

assume: 100 backedge

entry | \
o— >0 —{A[99! ]

assume 100l

Assumptions:

- fully-associative cache

- associativity 2

- least-recently-used

-2 array cells per cache line

Cache Analysis: Intuitively

o s [

= =1, A[l]
B

-

A[98]

A INE
j=0,A[99] j=1,A[98] E

=2 A2]

A[z
- A[0]

i =98, Al1]

I

=3, A[3] E

i =99, A[0]
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assume 100 backedge
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Assumptions: i A[96] A[96] |
- fully-associative cache | .. .
- ;ssyociativity 2 | =0, Al99] =1, A98] = J=98, All] =99, Al0)

- leastrecently-used N
- 2 array cells per cache line A[96]
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entry; I \ A[O

— 0 ® = =1, A[l] = 2, A[2] =3,A[3] E
assume 100 backedge
Ay A[o % ﬂ
o 0 (A 1) . R e
. l 0%1+.2",&
o Al98] A[98]  -.#",()/

Assumptions: A[96] AJ96] |
- fully-associative cache | | . |
- associativity 2 J=0,A[99] j=1,A[98] = =98, All] =99 A0]
- leastrecently-used A[98] AJ98]
- 2 array cells per cache line NCH A[96]
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backedge

entry I \

R .

assume: 100 backedge

entry | \
o— >0 —{A[99! ]

assume 100l

Assumptions:

- fully-associative cache

- associativity 2

- least-recently-used

-2 array cells per cache line

Cache Analysis: Intuitively

[ e [ e 1

I I
H

1, A[1]

2, A[2]

2]

A
Al0]

i =98, Al1]

N

[ ]
0]

> | >

i =99, A[0]
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backedge

entry I \

R .

assume: 100 backedge

entry | \
o— >0 —{A[99! ]

assume 100l

Assumptions:

- fully-associative cache

- associativity 2

- least-recently-used

-2 array cells per cache line

Cache Analysis: Intuitively

=
-

i=0,A[0] i=1, A[1]
AlO] AlO]
B e
A[96 A

j=0, A[99] j=1, A[98] E
A[98 A
A[96 A

= 98, A[1]

i =99, A[0]
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backedge

entry I \

R .

assume: 100 backedge

entry | \
o— >0 —{A[99! ]

assume 100l

Assumptions:

- fully-associative cache

- associativity 2

- least-recently-used

-2 array cells per cache line

Cache Analysis: Intuitively

[ e [ e 1

2, A[2]

1, A[1]

O

N

[ ]

>|>|

0

e

i =99, A[0]
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backedge

entry I \

R .

assume: 100 backedge

entry | \
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Assumptions:

- fully-associative cache

- associativity 2

- least-recently-used
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backedge

entry I \

R .

assume: 100 backedge

entry | \
o— >0 —{A[99! ]

assume 100l

Assumptions:

- fully-associative cache

- associativity 2

- least-recently-used

- 2 array cells per cache line

Cache Analysis: Intuitively

=

=0, A[O] A[1]
A[O] A[O]
I e
A[96 A[96]
i=0,A[99] j=1, A[98] E
INCE INCE]
A[96 A[96]

A[O A[2
A[2] i:
Al2] [
AlO] 4
) #$%& ()
+) (", &
Al _ 4" ()/ [0]
| Ala] | A[2]
] =98, All] |= 99 AlO]
AlO]
Al2]
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backedge

entry I \

R .

assume: 100 backedge

entry | \
o— >0 —{A[99! ]

assume 100l

Assumptions:

- fully-associative cache

- associativity 2

- least-recently-used

- 2 array cells per cache line

Cache Analysis: Intuitively

=

=0, A[O] A[1]
A[O] A[O]
I e
A[96 A[96]
i=0,A[99] j=1, A[98] E
INCE INCE]
A[96 A[96]

A[O A[2
A[2] i =
A [
AlO] e
A #$%& ()
+) (" &
| Al -#'.0/ L
Al ~~[2]
=98, A[1] =99, A[0]
AlO] AlO]
A[2] A[2]
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backedge

entry I \

R .

assume: 100 backedge

entry | \
o— >0 —{A[99! ]

assume 100l

Assumptions:

- fully-associative cache

- associativity 2

- least-recently-used

-2 array cells per cache line

Cache Analysis: Intuitively

[ e [ e 1

1, A[1]

2, A[2]
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Firstloop: i= 0, Al  i=1 Al i=2 A] i=3 A] E =100
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Symbolic Cache States
— & P
First loop: i =0, Al =1, A | = 2 1= 3, A = =00

A[l] A[l 1 A |
A[l 2
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First loop: i =0, Al =1, Al = 1= 3, A E 1= 100
"#$%& ()
— 1 e
- #" )/

79



S I C Saarland Informatics
Campus

Symbolic Cache States
—
e
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A[l Ali-1] A[l Ali-2] A[ 1]
A[ 3]
First loop: 1= 0, Al =1, A||] i: =3, Af 1= 100

A[l] A[l 1 A[l] A[l 1
A[I 2 A[| 3
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Symbolic Cache States
E m Ali-2]
-
First loop: i =0, Al 1=1 = A«ﬂ 1= 3, A E 1= 100
=]
Ali-2]

Second loop:
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E m Ali-2]
-
First loop: i =0, Al =1 = A«ﬂ 1= 3, Af = | =100
A[|] A
Ali-2]
Second loop:j =0, A[99] j=1, A[99] = j =98, A[99] j=99, A[99]
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==

First loop: i =0, Aﬂ

Second loop:j =0, A[99] j=1, A[99] = j =98, A[99] j=99, A[99]

85



S I C Saarland Informatics
Campus

Symbolic Cache States
E m Ali-2]
-
First loop: i=0, A]  i=1, Al =2, Al 3A¢|] i =100
Ali-1] Al]
- - Ali-2]
A[98]

Second loop:j =0, A[99] j=1, A[99] = j =98, A[99] j=99, A[99]
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Symbolic Cache States
E “ Ali-2]
-
First loop: i =0, Aﬂ =1, A||] = A«ﬂ 1= 3, A E 1= 100
] #$%& () alkd
0%1+.2" &
A[98] -.#",()/
A[96] |
Second loop:j =0, A[99] j=1, A[99] = j =98, A[99] j=99, A[99]
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E “ Ali-2]
-
First loop: i =0, Al =1, Af =4 A«ﬂ 1= 3, Af E 1= 100
E m
4598 () alkd
0%1+.2".&
A[98] -.#",()/
A[96] |
Second loop:j =0, A[99] j=1, A[99] = j =98, A[99] j=99, A[99]

A[96]
38



rmatics

Saarland Info

Campus

SIC

Ty
L
P’
©
i
N
<,
i o
S
©
O
—
©
0
=
>
N

98, A[9Y| =99, Al

J

Second loop:] =0, A[99] | =1, AJ99]

89



rmatics

Saarland Info

Campus

SIC

Ty
L
P’
©
i
N
<,
i o
S
©
O
—
©
0
=
>
N

First loop

—

0
o)

L

<

1

o0
O

e

<

—

O
o)

L

<

1

O
o)

e

<

98, A[9Y| =99, Al

J

Second loop:] =0, A[99] | =1, AJ99]

90



S I C Saarland Informatics
Campus

Symbolic Cache States
E
B e
Firstloop: i=0, A  i=1, Al =2, Al i=3,A] E i =100
s 45068 Ali-3]
0%1+.2" &
pica I 0
' A[96] ' A[96]
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peel, peel, peeb peek unroll g unroll 4 \

O —mO0— 00— 00— 00— 0

. {0} {1} {2} {3} {4,6,8,...} {57,9,...}

\_'_I

k(40" [/ &HO

Peeling and unrolling parameters
+ influence analysis accuracy + cost

+ chosen heuristically based on cache geometry + loop structure
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Scalability

Data size
XS to XL

Analysis time
(semnds)
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