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Based on

Cross Correlation
http://cache.freescale.com/files/dsp/doc/app_note/AN2266.pdf
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Correlation Code

L _max = 0; 0
for 1=L-1;1>=0; i--) {
Acc = 0; A
for(=1;]<L;]j++)
Acc = L_mac(Acc, X[], h[-1]);
y[i] = Acc; i
Acc = L_abs(Acc);
if (Acc > L_max) {
L _max = Acc;

\AAAAAAAAA RS

} L—1

L _max
L _mac

ylil=2_ x[jInlj—i] abs
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h[j] and h[O]

hlj]

h[j—3] hlJ]

h[ j—i] shifted version of h[j]

h[n—a] h[n]

h(t—a) h(t)

e >
f f ~— h[j—i] =h[0] whenj=1i
hlj-ij=0 7 =t
(j<i
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Correlation y[/] — for a given |

x[Jj] ylil=2. x[jlh[j—i]

AAAAAAAALND

pairwise o
multiplications  XLjlhlj—i]

YYYYYYYYY

i S—_— ‘] yli]

summation of the pairwise

™ "I multiplication results
A A overjindex
Jj=i j=L-1
Correlation 6 Young Won Lim
5/28/16



Summing pairwise multiplications

AAAAAAAALAD

YYYYYYYYY

- > >
>
f f x|[L—1] < h[L—1—1i]
j=i j=L-1
h[L—2]
h[L—1]
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Cross Correlation Function y[/]

Sy o % o1 l

- A e XAl "'

o= [T e %) -’l

= [Ty 0 2 )]0
j=012 L—1
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Loop Unroll to OL with ILO, IL1, IL2, IL3

Lx = O;
for i=L-1;i>=0;i-) { Acc =0; |
Acc = comp_y(i); = for (j=1;] <L;j++) o
Acc = L_abs(Acc); _ Acc =L_mac(Acc, X[]], h[-]);
if (Acc > Lx ) { yli] = Acc;
Lx = Acc;
}
}
LxO = Lx1 = Lx2 = Lx3=0; Lxi=0;
for (| = L-4; | >= 0; i':4) { Acck = com i+k):
ILom LxO = find_max_y(i, 0); Acck = L abpsz?&(cc);) ’
IL1m Lx1=find max y(, 1); = if (Acck > Lxk ) {
ILo = Lx2 =find_max_y(i, 2); sl = Age
IL3m Lx3 =find_max_y(i, 3); ) ’
}
Lx = calc_max(Lx0,Lx1,Lx2 Lx3);
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New Inner Loops : ILO, IL1, IL2, IL3

for I=L-4;1>=0; 1-=4) {

i=0 =4 i=8 =12 i=16 i=20 i=24 i=28

- > >4 > > > > >4 -

+1
L. mp  yIU y[5l yIel o oyl y[17] y[21]  y[25]  y[29]
+2
L2 mmp yl2 - yle]  yl10] yl14]  yl18]  y[22] y[26]  y[30]
+3
L3 ) y3]  yl7]yluil ylis] ylis]  y[23]  y[27]  y[31]
}
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Partitioning y[/], i=o, ..., L-1

>
i=28 i=24 i=20 i=16 i=12 i=8 i=4 i=0
- > > > > > > > >
L-1
yli]=> x[j]n[j—i] 282930812425262720212223
J=i
Accumulating
v(28] yl24] y[20] y[16] y[12] y[8]  y[4]  y[O] Variables
k=0 sample ‘ LxO
y[29]  y[25]
k=1 sample ‘Lxl
y[30]  y[26]
k=2 sample - Lx?
y[31]  y[27]

k=3 sample - Lx3
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Partitioning each y/[/]

i=28 =24 i=20 1i=16 1i=12 i=8 =4 i=0

- >4 >4 >4 >4 > > > -

y[i]=Y x[j]h[j—i] 282930812425262720212223

Accumulating
Variables
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k=0 sample
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Rearranging partitions

i=28 =24 i=20 1i=16 1i=12 i=8 =4 i=0

- >4 >4 >4 >4 > > > -

yli]=) x[j]h[j—i] 282930312425262720212223

Accumulating
Variables

D%f%f%ﬁmf%ﬁmﬁ%%% = Lo

k=1 sample %ﬁﬁ%%ﬁ%%‘b(l

y[30]  y[26]
—7 sample I s e I e e I e e M o M o s B o
k=2 sampl =i - | X0
31 27
=

k=3 sample %%%%%%%%‘Lm
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Detalled View

28 29 30 31 24 25 26 27 20 21 22 23

Accumulating

Variables
y[28] y[24]
k=0 ALU A B ; =) | X0
y[29] D y[25]
k=1 ALU A . ) | X1
S D 26
30
k=2 ALU Y[A] i y126] - | X0
C
B
C
D
Parallel Execution ' ' ' "‘ "‘ ‘.‘ "‘ " t ' ' I
Correlation 14 TG o e
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Detailed Code View

for (I =

Correlation

L-4;1>=0; i-=4){

ZX

1+O

15

[i—i0]

5

[

j=i+0,i+4,i+8,---, L—4

Jj=i+1,i+5, i+9, ---, L—-3

J=i+2,i+6,i+10, ---, L—2
J=1i+3,i+7, i+11 L-1
Jj =i+1,i+5,i+9, ---, L—-3

J=i+2,i+6,i+10, ---, L—2
J=1i+3,i+7,i+11,---, L—1
j=i+4,i+8,i+12,--- , L—4
J=i+2,i+6,i+10, ---, L—2
J=i+3,i+7,1+11,--- , L—1
j=1i+4,i+8,i+12,---, L—4
J=i+5,i+9,i+13,---, L—3
J=i+3,i+7, i+11,--- , L—1
J=i+4,i+8,i+12,--- | L—4
J =1i+5,1+9,i+13,---, L-3
J =1i+6,1+10, i+14, ---, L—2

= 1LO-A
= 1LO-B
= |LO-C
= |LO-D

=) [L1-A
=) |L1-B
=) IL1-C
"= |L1-D

= [L1-A
=) |L1-B
=) IL1-C
= IL1-D
= IL1-A
= IL1-B
=) [L1-C
= |L1-D
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Accessing hlj] array

0; i-=4) {

=L-4;|>=

for (i
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Rearranging for Parallel Execution

for (iI=L-4;1>=0; i-=4){

> j=i+0,i+4,i+8,---,L—4 = ILO-A
| = i+1, i+5, i+9, ---, L—3 = IL1-A

Z J . . . - Parallel Execution among 4 ALUs

D j=i+2,i+6,i+10, -, L—2 = |L1-A

Y j=i#3,i+7, i+11, -, L—1  we IL1-A

Y, j=i+l, i+5i+9,--,L-3 =% ILO-B

2 J=i+2,i+6,i+10, -, L—2 = IL1-B ~ Parallel Execution among 4 ALUs

D> j=i+3,i+7,i+11,--,L—1 "™ |L1-B

D j=i+4,i+8,i+12, -, L—4 = IL1-B

Y. j=i+2,i+6,i+10, -, L—2 = |LO-C

> j=i+3,i+7, i+11,-,L-1 ™ |L1-C oarallel Execut A ALU
> aralle ecution amon S

> j=i+4,i+8,i+12,---,L—4 ™ |L1-C xeet J

Y. j=i+5,i+9,i+13, -+, L—=3 = |L1-C

> j=i+3,i+7, i+11,--,L—1 " |L0-D

Z J =14, 148,112, -, L4 -ILl D ~ Parallel Execution among 4 ALUs

Y, j=i+5,i+9,i+13, -, -3 IL1-D

> j=i+6,i+10, i+14,---,L—2 = |L1-D

}
Correlation 17 Young Won Lim
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Memory Access Pattern of h[j]
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Loop Unroll to ILO, IL1, IL2, IL3

x_curr = X[i]
hO = h[0]; h1 =h2 =h3 =0;
for (j =1; ) <L_SUBFR; j+=4)

{
L _sO=L_mac(L_sO0, x_curr, h0); x_curr. hO ILO-A
L s1 =L mac(L_s1, x_curr, hl); x_curr. hl IL1-A
L s2 =L mac(L_s2, x_curr, h2); x_curr. h2 IL2-A
L _s3=L_mac(L_s3, x_curr, h3); x_curr. h3 IL3-A
h3 = h[j+1-i]; x_curr = X[j+1]; h3 x_curr Update
L sO =L mac(L_sO, x_curr, h3); x_curr. h3 ILO-B
L s1 =L mac(L_s1, x_curr, h0); x_curr. hO IL1-B
L s2 =L mac(L_s2, x_curr, hl); x_curr. hl IL2-B
L s3=L_mac(L_s3, x_curr, h2); x_curr. h2 IL3-B
h2 = h[j+2-i]; x_curr = X[j+2]; h2 x_curr Update
L_sO=L_mac(L_sO0, x_curr, h2); x_curr. h2 ILO-C
L s1=L_mac(L_s1, x_curr, h3); x_curr. h3 IL1-C
L s2 =L _mac(L_s2, x_curr, h0); x_curr, hO IL2-C
L s3 =L mac(L_s3, x_curr, hl); x_curr. hl IL3-C
h1l = h[j+3-i]; x_curr = X[j+3]; hl x_curr Update
L sO=L_mac(L_sO, x_curr, h1); x_curr. hl ILO-D
L s1 =L mac(L_s1, x_curr, h2); x_curr. h2 IL1-D
L s2=L mac(L_s2, x_curr, h3); x_curr. h3 IL2-D
L_s3 =L_mac(L_s3, x_curr, h0); x_curr. hO IL3-D
hO = h[j+4-i]; x_curr = X[j+4]; hO x_curr Update
}
Correlation Young Won Lim
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Rearranged for easy understanding

L sO =L_mac(L_sO0, x_curr, h0);
L sO =L _mac(L_sO0, x_curr, h3);
L sO =L _mac(L_sO, x_curr, h2);
L sO=L_mac(L_sO, x_curr, hl);

L s1=L mac(L_s1, x_curr, hl);
L s1 =L mac(L_s1, x_curr, h0);
L s1 =L mac(L_s1, x_curr, h3);
L s1 =L mac(L_s1, x_curr, h2);

L s2 =L _mac(L_s2, x_curr, h2);
L s2=L mac(L_s2, x_curr, hl);
L s2 =L _mac(L_s2, x_curr, h0);

L s3 =L _mac(L_s3, x_curr, h3);
L s3 =L _mac(L_s3, x_curr, h2);
L s3 =L _mac(L_s3, x_curr, hl);
L s3 =L _mac(L_s3, x_curr, h0);

Correlation

h3 = h[j+1-i]; x_curr = X[j+1];
h2 = h[j+2-i]; x_curr = X[j+2];
h1 = h[j+3-i]; x_curr = X[j+3];
hO = h[j+4-i]; x_curr = X[j+4];

h3 = h[j+1-i]; x_curr = X[j+1];
h2 = h[j+2-i]; x_curr = X[j+2];
hl = h[j+3-i]; x_curr = X[j"§];

hO = h[j+4-i]; x_curr =§Q\ ,
7

':Qi(;bx_curr = X[j+1];

+2-i]; x_curr = X[j+2];
2h[j+3-1]; x_curr = X[j+3];

h3 =

L _s2 =L_mac(L_s2, x_curr,w hO = h[j+4-i]; x_curr = X[j+4];

h3 = h[j+1-i]; x_curr = X[j+1],
h2 = h[j+2-i]; x_curr = X[j+2];
h1 = h[j+3-i]; x_curr = X[j+3];
hO = h[j+4-i]; x_curr = X[j+4];

20

ILO-A
ILO-B
ILO-C
ILO-D

IL1-A
IL1-B
IL1-C
IL1-D

IL2-A
IL2-B
IL2-C
IL2-C

IL3-A
IL3-B
IL3-C
IL3-D

L_sO += X[j+0] * h[j+0-i];
L _sO += X[j+1] * h[j+1-i];
L _sO += X[j+2] * h[j+2-i];
L_sO += X[j+3] * h[j+3-i];

L sl += X[j+0] * h[j+3-i];
L sl += X[j+1] * h[j+0-i];
L s1 += X[j+2] * h[j+1-i];
L sl += X[j+3] * h[j+2-i];

L _s2 += X[j+0] * h[j+2-i];
L_s2 += X[j+1] * h[j+3-i];
L_s2 += X[j+2] * h[j+O0-i];
L s2 += X[j+3] * h[j+1-i];

L_s3 += X[j+0] * h[j+1-i];
L_s3 += X[j+1] * h[j+2-1];
L_s3 += X[j+2] * h[j+3-i];
L_s3 += X[j+3] * h[j+0-i];

Young Won Lim
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Updating hO, hl, h2, h3

{
L sO =L _mac(L_sO, x_curr, h0); h1l = h[j+1-i]; x_curr = X[j+1]; L_sO += X][j+0] * h[j+0-i];
L sO =L _mac(L_sO, x_curr, h1); h2 = h[j+2-i]; x_curr = X[j+2]; L_sO += X[j+1] * h[j+1-i];
L sO =L _mac(L_sO, x_curr, h2); = h[j+3-i]; x_curr = X[j+3]; L_sO += X][j+2] * h[j+2-i];
L _sO =L_mac(L_sO0, x_curr, h3); hO = h[j+4-i]; x_curr = X[j+4]; L_sO += X[j+3] * h[j+3-i];
}
{
L s1=L mac(L_s1, x_curr, h3); h1l = h[j+1-i]; x_curr = X[j+1]; L sl += X[j+0] * h[j+3-i];
L s1 =L mac(L_s1, x_curr, h0); h2 = h[j+2-i]; x_curr = X[j+2]; L_s1 += X[j+1] * h[j+0-i];
L s1 =L mac(L_s1, x_curr, hl); = h[j+3-1]; x_curr = X[j+3]; L sl += X[j+2] * h[j+1-i];
L s1 =L mac(L_s1, x_curr, h2); hO = h[j+4-i]; x_curr = X[j+4]; L_s1 += X][j+3] * h[j+2-i];

}

{ . L
L_s2 =L _mac(L_s2, x_curr, h2);  h1 =h[j+1-i]; x_curr = X[j+1]; L_s2 += X[j+0] * h[j+2-i];
L_s2 =L_mac(L_s2, x_curr, h3);  h2 = h[j+2-i]; x_curr = X[j+2]; L_s2 += X[j+1] * h[j+3-i];
L_s2 =L_mac(L_s2, x_curr, h0); = h[j+3-i]; x_curr = X[j+3]; L_s2 += X[j+2] * h[j+0-i];
L_s2 =L_mac(L_s2, x_curr, h1);  hO = h[j+4-i]; x_curr = X[j+4]; L_s2 += X[j+3] * h[j+1-i;

}

{ | -
L_s3 =L_mac(L_s3, x_curr, hl); h1 = h[j+1-i]; x_curr = X[j+1]; L_s3 += X[j+0] * h[j+1-i];
L s3 =L _mac(L_s3, x_curr, h2); h2 = h[j+2-i]; x_curr = X[j+2]; L_s3 += X[j+1] * h[j+2-1];
L s3 =L _mac(L_s3, x_curr, h3); = h[j+3-1]; x_curr = X[j+3]; L_s3 += X[j+2] * h[j+3-1];
L s3=L mac(L_s3, x_curr, h0); hO = h[j+4-i]; x_curr = X[j+4]; L_s3 += X[j+3] * h[j+0-i];

}

Correlation 21 Young Won Lim

5/28/16



Accessing X[j] & h[j-1]

Correlation

D D D .|

J+1-i]
4+ 2-i]
4 3-i]
+4-1]

D R D D |

j-i+1];
j-i+2];
j-i+3];
j-i+4];

22

x_curr = X|]
x_curr = X|j
X_curr = X|j
x_curr = X]]

Young Won Lim
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Accessing X[j] & h[j-i]

i=4 j=4
b
0123
x[j] 01234567
L
h[j—i—0] 01234567 ILO : y[O]
T
h[j—i—1] 0/1(2/3/4|5|6|7 IL1 : y[1]
Y
h[j—i—2] )0 1234567 IL2 : y[2]
i=7 VYYY
h[j—i—3] 0 1234567 IL3 : y[3]
Correlation 2 3 Young Vg(/);8l7llr2



Accessing X[j] & h[j-i]

i=4 j=8
oy

x[j] 01234567 otz
A

h[j—i—0] memmmp0 1234567 ILO : y[4]
e YYVY

hlj—i—1] 01234567 IL1 : y[5]
o

hlj—i—2] o]0 1234567 IL2 : y[6]
1y

h[j—i—3] o0 1234567 IL3 : y[7]

Correlation 2 4 Young Vg(/);8l7llr2



Data Access Patterns: h0, hl, h2, h3

hl h2 h3 hO
ILO ho[ hi| h2| h3| ho = y[0] y[4] ees
|L2 h2 h3 hO hl h2 h3 hO -y[z] y[S] XX
IL3 hi| h2| h3| hO| h1 h2 h3 ho = y[3] y[6] eee
A B C D
j j+1
Correlation Young Won Lim
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Computing y[0], y[1], y[2], y[3]

X[]] 0123456717
0123012 3] | | | | | |

h[j—0] 01234567 - 0

orzsoizs

h[j—1] 01234567
012‘3012‘3 ‘ ‘ ‘ ‘ ‘ ‘

=)
h[j—2] 01234567 - 5
=)

01‘2301‘23 ‘ ‘ ‘ ‘ ‘ ‘

h[j—3] 01234567
01230123

y[0+k] 0123

=0 | =4 I =12

|
oo
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Computing y[4], y[5], y[6], y[7]

j=0 ‘ j=4 ‘ j=8 j=12 ‘ j=16 j=20 j=24 j=28
| | | | | | |
X[j] 01234567
0123‘0123‘
h[j—4] 01234567 ) 4
0123‘0123‘ ‘ ‘ ‘ ‘ ‘
h[j—5] 01234567 ‘ 5
012‘3012‘3 ‘ ‘ ‘ ‘ ‘
h[j—6] 01234567 ‘ 6
01‘2301‘23 ‘ ‘ ‘ ‘ ‘
h[j—7] 01234567 - 7
01230123
yl4+k] 4567
i=0 | i=4 | i=8 i=12
Correlation 2 7 Young Vg(/);8l7llr2
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