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Systolic Architectures

Replace single processor with an array of regular processing elements

Orchestrate data flow for high throughput with less memory aCCeSS
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— Nonlinear array structure, multidirection data flow, each PE
may have (small) local instruction and data memory

Different from SIMD: each PE may do something different
Initial motivation: VLSI enables inexpensive special-purpose chips
Represent algorithms directly by chips connected in regular pattern
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Systolic Array Example:

3x3 Systolic Array Matrix Multiplication

* Processors arranged in a 2-D grid A

» Each processor accumulates one
element of the product B

Alignments in time

02,2
02,1 — bl,2
02,0 — b1,1 —— b0,2
01,0 — b0,1
b0,0 Columns of B

!

! !

< o
Rows of A ‘
a0,2 a0, a00 —*
al,2 al, 1 al0 — >
a2,2 a2, 1 a20 —>
T=0

Example source: http://www.cs.hmc.edu/courses/2001/spring/cs156/
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Systolic Array Example:

3x3 Systolic Array Matrix Multiplication

* Processors arranged in a 2-D grid

» Each processor accumulates one A b2,2
element of the product 2,1 — bl1,2
i . — 02,0 — b1,1 —— b0,2
Alignments In time —— b1.0 b0 1
<
‘ o | |
a0,0*b0,0

02 a0l 25 — o

al,2 al,1 al,0 — > EN BN

a2,2 a2l a20 —> BN BN

T=1

Example source: http://www.cs.hmc.edu/courses/2001/spring/cs156/
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Systolic Array Example:
3x3 Systolic Array Matrix Multiplication

* Processors arranged in a 2-D grid

» Each processor accumulates one h2 2
element of the product ’

2,1 — Dbl1,2
Alignments in time b2,0 — bl,1 —— b0,2
<
‘ oo leoa |
a0,0*b0,0 a0,0*b0,1
30,2 80,1} +a0.1+b10 [20,0) .
‘ woo | |
al,0*b0,0
al,2 all al,0) -, BN
a2,2 a2l a20 —> > >

T=2
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Example source: http://www.cs.hmc.edu/courses/2001/spring/cs156/




Systolic Array Example:
3x3 Systolic Array Matrix Multiplication

* Processors arranged in a 2-D grid

» Each processor accumulates one
element of the product

| in ti b2,2
Alignments in time ,
: < b2,1 —— bl,2
‘ |b20 ibl . 02
a0,0*b0,0 a0,0*b0,1
O’ + * 0, + * 0,0 a0,0*b0,2
B B e R
lbl,O ib(),l l
1,1 a0 1910 avorbo
a1,2 a ) +al,1*b1,0 ) ) )
‘ 4500 I |
3.2,0 a2,0*b0,0
a2,2 a2l 2,0,

T=3
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Example source: http://www.cs.hmc.edu/courses/2001/spring/cs156/
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Systolic Array Example:
3x3 Systolic Array Matrix Multiplication

* Processors arranged in a 2-D grid

» Each processor accumulates one
element of the product

Alignments in time

b2,2
<

} V21 b2
30,0%b0,0 a0,0*b0,1
+ 201010 |20,2| + 20 1%p1 1 |@0,1| 20,0002

| o a0Z i |20

le,O ibl,l lbO,Z

a1,0b0,0

« 1,0%b0,2
2| +a11%1,0 al,l] ai0%01 (g1 Q| abo™o
al, v al2va20 [P vallbLl [

lbl, lbo,l l

a2,0*b0,1

2,0+b0,0
az2,2 aﬁ; +22,1*b1,0 a_2,9 B

o

T=4
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Example source: http://www.cs.hmc.edu/courses/2001/spring/cs156/
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Systolic Array Example:

3x3 Systolic Array Matrix Multiplication

* Processors arranged in a 2-D grid

» Each processor accumulates one
element of the product

Alignments in time
<

!

!

\b2.2

20,0*b0,0 20,0b0,1 R
__pfraoroiol feanrbir [30.8 SRS
+a0,2*b2,0 +a0,2*h2,1 ' )
+a0,2%b2,2
l ibz,l lbl,z
a1,0%b0,0 N
+al1#b1o [@1,2| a10%01g] 1| al0’b02
—p +al.2*a2.0 ——p +al,1*bl,1 [—P +al,1*b1,2
o +al,2*b2,1
le,O lbl,l lbo,z
a2,0*b0,0 a2,0*b0,1 a2,0%b0,2
az2,2 . ra2 1*bl1 a2,0
—p| +a2,1*b1,0 >
+a2,2*b2,0

T=5

Example source: http://www.cs.hmc.edu/courses/2001/spring/cs156/
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Systolic Array Example:

3x3 Systolic Array Matrix Multiplication

* Processors arranged in a 2-D grid

» Each processor accumulates one
element of the product

Alignments in time
<

!

!

20,0*0,0 20,0b0,1 b0
»| +80,1%b10 +a0,1%b11 0*b0,
+a02%2,0 [ P| +a02*b21 [ P| L2002
' I Vb2,
a1,0%b0,0
1 1 * 1 * 2
+aL1*b1,0 a1 001 |g],2|  aL90%2
— >, a0 ] *all®bil [~ +all*bl,
c +al,2*h2,1 +al,2*b2,2
l le,l l b1,2
a2,0%0,0 a2,0*b0,1 a2,0*b0,2
—p| +a2,1*b1,0 _,a2’2 +a2,1*bl,1 a2,1' +a2,1*b1,2
+a2,2*b2,0 +a2,2*b2,1

T=06

!

Example source: http://www.cs.hmc.edu/courses/2001/spring/cs15
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Systolic Array Example:

3x3 Systolic Array Matrix Multiplication

* Processors arranged in a 2-D grid

» Each processor accumulates one
element of the product

Alignments in time
<

a0,0*b0,0 a0,0*b0,1 20.0%h0.2
+a0,1*b1,0 +a0,1*b1,1 DU

> 4 a02%b2.0 > a02%b2 1 P +2a0,1*b1,2
+a0,2*b2,2

al1,0*b0,0 *
+al,1%b1,0 a1,0"00.1 aL07b0.2
—»|, o —P] tall*b1,1 [— +all*bl2

+al,2*a2,0 *
+al,2*b2,1 +al,2*b2,2

Done
| | Vb2.2

a2.0*b0.0 a2,0*b0,1 a2 2 a2,0*b0,2
»| +a2,1%b1,0 y| +a21*bl1 'l *a21%b1,2
+a2.2*b2.0 +a2,2*b2,1 + a2,2*b2,2

!

!

!

Example source: http://www.cs.hmc.edu/courses/2001/spring/cs156/
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