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1-D Convolution — Output Stationary

Weights Inputs Outputs

S W Q = W-ceil(5/2)1

Traversal order (fastest to slowest): S, Q

int i[W]; # Input activations
int f[S]; # Filter weights
int o[Q]; # Output activations

RO rag e [0 0k
o PSS S0, SHE:
o[q] += i[g+s]*f[s]
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Output Stationary

Tensor: F[S]
Rank: S

o 1 2

5

2

8

Tensor: I[W]

Rank: W

Tensor: 0[Q]
Rank: Q

0 1 2 3 4 5
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An ISL Set

L14-4

Space Name

@ <= x <= {X-1} and
BOR=y s TS TS

printSet(setl)

setl = isl.Set(f'{{ SetXY[x, y] :

7

Output:

Coordinates

Coordinate
specification/
constraints

set1 ={SetXY[x,y] :0<=x<=4and0<=y<=2}

March 20, 2024

set1

{ SetXY]0, 0]}
{ SetXY[1, 0]}
{ SetXY[2, 0]}
{ SetXYI[3, 0]}
{ SetXY[4, 0]}
{ SetXY[0, 1]}
{ SetXY[1, 1]}
{ SetXY[2, 1]}
{ SetXY[3, 1]}
{ SetXY[4, 1]}
{ SetXY][0, 2]}
{ SetXY[1, 2]}
{ SetXY[2, 2]}
{ SetXY[3, 2]}
{ SetXY[4, 2]}

7
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An ISL Set

setl = isl.Set(f'{{ SetXY[x, y]
@ <= x <= {X-1} and
@ <=y <= {Y-1} }}’)

plotSet(setl)

March 20, 2024

set1 = { SetXY[x,y]:0<=x<=4and 0 <=y <=2} J

{ SetXY[x, y] }

2.00 A

1.75

1.50 -

1.25 A

> 1.00 -

0.75 1

0.50

0.25

0.00

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
x
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A different ISL Set

setl = isl.Set(f'{{ SetXY[x, y] : set2
@ <= x <= {X-1} and
Q=Y Bl { SetWX[0, 0] }
p { SetWX[1, 0]}
{ SetWX[2, 0]}
‘ { SetWX[3, 0] }
Input: { SetWX[4, 0]}
set2 = isl.Set(f'{{ SetWX[x, y] : { SetWX[0, 1] }
® <= x <= {X-1} and Egetwi{; Hi
g i L ' e ,
PasF e NG ) [ SetWX][3, 1]}
p { SetWX[4, 1]}
{ SetWX|0, 2] }
Output: { SetWX]1, 2]}
= ' = = = = { SetWX[Z’ 2] }
SetXY ={SetWX[x,y] :0<=x<=4and0<=y<=2} £ SetWX[3. 2]}
{ SetWX[4, 2]}
Set has a different “spacename” 7
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A different ISL Set

set! = { SetXY[x, y] : 0 <=x <=4 and 0 <=y <=2} |

set2 = { SetWX[x, y] : 0 <=x <=4 and 0 <=y <=2} |

{ SetXY[x, y] }

2.00 7% 2.001 @
1.75 - 175 4
1.50 - 1=0 4
1.25 - 199

> 1.00 1 & & & ¢ ¢ - 1004 @
0.75 - 0,75
0501 0.50 -
0.237 0.25 -
0.00 4 @ o 0001 o

0.0 0.5 1.0 15 2.0 2.5 3.0 3.5 4.0

{ SetWX[x, y] }

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
x

Not the samel!
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Different Coordinate Order |

setl = isl.Set(f'{{ SetXY[x, y] : set3

@ <= x <= {X-1} and
RNV SR { SetXy[e, @] }
. { setxy[o, 1] }
{ setxy[o, 2] }
‘ { setxy[o, 3] }
Input: { SEtXY[@, 4] }
| { SetXy[1, @] }
set3 = isl.Set(f'{{ SetXY[y, x] : { SetXY[1, 1] }
@ <= x <= {X-1} and { SetXvy[1, 2] }
0 <=y <= {Y-1} }}') { SetXy[1, 3] }
{ SetXy[1, 4] }
“ { SetXxy[2, 0] }
Output: { setxy[2, 1] }
{ setxy[2, 2] }
Set3 = { SetXY[y, x] : @ <=y <=2 and @ <= x <= 4 } { SetXxvy[2, 3] }
{ SetXy[2, 4] }
7
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ISL coordinate order matters

set1 ={SetXY[x,y] :0<=x<=4and0<=y<=2} J set3={SetXY[y,x]:O<=y<=2and0<=x<=4}f

{ SetXY[x, y] } { SetXY[y, x] }
2.00 = L F L L 4.0 1%
1.75 - 3.5
1.50 - 3.0 1 @
1.25 - 2.5
> 1.00 & 0 ¢ ¢ ¢ | x 201+
0.75 - 1.5 -
0.50 - 104 @
0.25 - 0.5 -
0.00 1= L F L L 0.0+
T T T T T T T T T T T T T T T T T T
0.0 05 1.0 15 20 25 30 35 4.0 0.00 025 050 075 1.00 125 150 175 2.00
X y

Not the samel!
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Different Constraints

Input: set1 set4
setl = isl.Set(f'{{ SetXY[x, y] :
@ <= x <= {X-1} and { SetXY[0, 0] } { SetXY[0, 0] }
Oy<=" Ve <= Y50} =F 2 { SetXY[1, 0]} { SetXY[1, 0] }
{ SetXY[2, 0]} { SetXY[2, 0] }
’ { SetXY[3, 0] } { SetXY[3, 0] }
Output: { SetXY[4, 0] } { SetXY[4, 0] }
set1 = { SetXY[x,y] : 0 <=x<=4and 0 <=y <=2} { SetXY]0, 1]} { SetXY[O0, 1] }
{ SetXY[1, 1]} { SetXY[1, 1]}
{ SetXY[2, 1]} { SetXY[2, 1]}
Input: { SetXY][3, 1]} { SetXY][3, 1]}
2 - . { SetXY[4, 1]} { SetXY[4, 1]}
e ;si;sitif{% Z’EEXY[X’ vl { SetXY[0, 2]} { SetXY[0, 2]}
e A L { SetXY[1, 2] } { SetXY[1, 2] }
{ SetXY[2, 2] } { SetXY[2, 2] }
{ SetXY[3, 2] } { SetXY[3, 2] }
Output: { SetXY[4, 2]} 3 { SetXY[4, 2]} 4

setd = {SetXY[x,y] :0<=x<=4and0<=y<=2}

set1 and set4 are the same
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More Complex Constraints

setl = isl.Set(f'{{ SetXY[x, y] :
@ <= x <= {X-1} and
0.<="y <="{Y-1} }}’

setb

{ SetXY[0, 0] }
7 { SetXY[1, 0]}
{ SetXY[1, 1]}

Input: { SetXY[2, 0]}
{ SetXY[2, 1]}

isl.Set(f'{{ SetXY[x, y] : { SetXY[2, 2] }
@ <= x <= {X-1} and { SetXY[3, 0] }
Dby Sl { SetXY[3, 1]}
{ SetXY[3, 2] }
4 { SetXY[3, 3]}
| { SetXY[4, 0]}
Output: { SetXY[4, 1]}
set5 = { SetXY[x, y] : 0 <=x <=4 and 0 <=y <= x } R )

{ SetXY[4, 3]}

{ SetXY[4, 4]}

seth

7
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More Complex Constraints

setl = { SetXY[x,y]: 0 <=x<=4and 0 <=y <=2} _

setd = { SetXY[x,y] :0<=x<=4and 0 <=y <=Xx }}

{ SetXY[x, y] }

2.00 1+

1.75 ~

1.50 ~

1.25 +

= 1.00 1

0.75

0.50 1

0.25

0.00 1+

0.0
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0.5

1.0

15

2.0

2.5

3.0

3.5

4.0

{ SetXY[x, y] }

4.0 1

3.5 1

3.0

2.5

= 2.0+

1.5

1.0 1

0.5 1

0.0+

0.0 0.5 1.0 15 2.0 2.5 3.0 3.5 4.0
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Defining an lteration Space

Input:

ispaceXY
X=5
Y=3
{ IterationSpace]0, O
ispaceXY = isl.Set(f{{ lterationSpace[x,y] : { IterationSpace[1, 0
0 <= x < {X} and { lterationSpacel[2, 0
0<=y<{Y}}}) i { lterationSpace[3, 0

{ lterationSpacel[4, 0
| { lterationSpace|0, 1
Output: { IterationSpace][1, 1

1}
1}
1}
1}
|
1}
1}
{ lterationSpace[2, 1] }
1}
1}
1}
1}
1}
1}
1}

ispaceXY = { IlterationSpace[x, y] :0<=x<=4and 0 <=y <=2}

{ lterationSpace|3, 1
{ IterationSpacel[4, 1
{ lterationSpace]0, 2
{ lterationSpace[1, 2
{ lterationSpace[2, 2
{ lterationSpace|[3, 2
{ lterationSpace[4, 2

7
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Iteration Space

Oq = lg+s X 5

Tensor: Ispace[S, Q]

Rank: 5 0

What is the iteration space? Cross productof Q x S
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Defining an lteration Space

X
b (

5
3
ispaceXY = isl.Set(f'{{ IterationSpace[x,y] :
0 <=x < {X} and

O Ses 10081 7
Input: ‘
Q=5
S=3

ispace = isl.Set(f{{ lterationSpace[q,s] :
0 <=q<{Q}and
0<=s<{S}}})

#

Output:

Ispace

L14-15

ispace ={IterationSpace[q,s]:0<=g<=4and0<=s<=2}

{ IterationSpace|0, 0] }
{ IterationSpace[1, 0] }
{ IterationSpace|2, 0] }
{ IterationSpace|3, 0] }
{ IterationSpacel[4, 0] }
{ IterationSpace|0, 1] }
{ IterationSpace[1, 1] }
{ IterationSpace[2, 1] }
{ IterationSpacel[3, 1] }
{ IterationSpace[4, 1] }
{ IterationSpace]0, 2] }
{ lterationSpacel[1, 2] }
{ lterationSpace|[2, 2] }
{ IterationSpace|3, 2] }
{ lterationSpacel[4, 2] }

7
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Coordinate Naming

{ lterationSpace[x, y] : 0<=x <=4 and0<=y <=2} | | {lterationSpace[q, s]:0<=q<=4and0<=s<=2},

{ IterationSpacel[x, y] } { IterationSpacelq, s] }
2.001 @ ¢ ¢ ¢ 0 2.00 1
1.75 - 1.75 -
1.50 - 1.50 -
1.25 - 1.25 -
= 1.00 % L F L L v 1.00 1
0.75 - 0.75 -
0.50 - 0.50 -
0.25 - 0.25 -
0.00 1 @ ¢ ¢ ¢ 0 0.00 -
T T T T T T T T T T T T T T T T T T
0.0 05 1.0 15 20 25 30 35 4.0 0.0 05 1.0 15 20 25 30 35 4.0
X q

Spaces are the same!
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Maps — Relations Between Two Sets

unbounded_map = isl.Map(f'{{
SetXY[x,y] ->

SetXY_range[x1,y1] :
x1=x+1 and
y1=y+10}})

bounded_map

Relation

bounded _map = unbounded_map.
intersect_domain(set1)

March 20, 2024

{ [SetXY[x =0,y = 0] -> SetXY_range[x1 =1, y1 =10]] }
{ [SetXY[x =0,y = 1] -> SetXY _range[x1 =1, y1 =11]] }
{ [SetXY[x =0,y = 2] -> SetXY_range[x1 =1,y1 =12]] }
{ [SetXY[x =1,y =0]-> SetXY_range[x1 =2, y1 =10]] }

{ [SetXY[x =1,y = 1] -> SetXY_range[x1
{ [SetXY[x =1,y = 2] -> SetXY_range[x1
{ [SetXY[x = 2,y = 0] -> SetXY_range[x1
{[SetXY[x = 2,y = 1] -> SetXY_range[x
{[SetXY[x = 2,y = 2] -> SetXY_range[x
{ [SetXY[x = 3, y = 0] -> SetXY_range[x
{ [SetXY[x = 3,y = 1] -> SetXY_range[x
{ [SetXY[x = 3,y = 2] -> SetXY_range[x
{ [SetXY[x =4,y = 0] -> SetXY_range[x
{ [SetXY[x =4,y = 1] -> SetXY_range[x
{ [SetXY[x =4,y = 2] -> SetXY_range[x

[ G U G G (. G G

2,y1
2,y1
3, y1
3, y1
3, y1
4, y1
4, y1
4, y1
9, y1
5, y1
5, y1

i ek
12]] }
10]] }
111}
12]] }
10]] }
1111}
12]] }
10]] }
1111}

12]]}7
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Maps

unbounded_map = isl.Map(f{{ { SetXY[x, y] }
SetXY[x,y] -> 12 - x — 3 ; :
SetXY_range[x1,y1] : ( . f o ( ° ( ! ( L
x1=x+1 and o (;; [} (} (N (N
y1=y+10}}) ' ' u [
7 5
== B
bounded_map = unbounded_map.

intersect_domain(set1)

L'Lk
=
(s
(e
Q.
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Iteration Space — Projections to Data

Oq = lg+s X 5

Tensor: Ispace[S, Q]

Tensor: F[5]

Rank: S

0 1 2

Rank: § 0

Given a point (s,q) in the iteration space,
what weight does it map to? S
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Weight Projection
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Og = lgys X [ wmp

iIs2weight = isl.Map("{ lterationSpace[q,s] -> Weighi[s] }")

{ [IterationSpace[q = 0, s = 0]
{ [IterationSpace[q =0, s = 1]
{ [IterationSpace[q =0, s = 2]
{ [IterationSpace[g = 1, s = 0]
{ [IterationSpace[g =1, s = 1]
{ [IterationSpace[q =1, s = 2]
{ [IterationSpace[q = 2, s = 0]
{ [IterationSpace[q = 2, s = 1]
{ [IterationSpace[q = 2, s = 2]
{ [IterationSpace[q = 3, s = 0]
{ [IterationSpace[q = 3, s = 1]
{ [IterationSpace[q = 3, s = 2]
{ [IterationSpace[q = 4, s = 0]
{ [IterationSpace[q = 4, s = 1]
{ [IterationSpace[q = 4, s = 2]

-> Weight[0]] }
-> Weight[1]] }
-> Weight[2]] }
-> Weight[0]] }
-> Weight[1]] }
-> Weight[2]] }
-> \Weight[0]] }
-> Weight[1]] }
-> Weight[2]] }
-> Weight[0]] }
-> Weight[1]] }
-> Weight[2]] }
-> Weight[0]] }
-> Weight[1]] }
-> Weight[2]] }

March 20, 2024

Sze and Emer
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Weight Projection

Oq — Iq+S X S ‘ is2weight = isl.Map("{ IterationSpace|q,s] -> Weight[s] }")
{ IterationSpace[q, s] } { Weight[i0] }
1.75 1 — 0047
1.50 - \
1.25 - —
¢ 1.00 - //:/’—7 §

0.75 A

—
g%

./
[ ——
/
0.50 1 //
0.25 A /Z
—0.04 4
0.00

T T T T T T T T T T T T T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 35 4.0 0.00 0.25 0.50 0.75 1.00 1.25 150 175 2.00
g i0

Note: Many-to-one relationship
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Output Projection

Oq = Iq+S X s ‘ iIs2output = isl.Map("{ IterationSpacel[q,s] -> Output[q] }")

{ [IterationSpace[q = 0, s = 0] -> Output[0]] }
{ [IterationSpace[q = 0, s = 1] -> Output[0]] }
{ [IterationSpace[q = 0, s = 2] -> Output[0]] }
{ [IterationSpace[q = 1, s = 0] -> Output[1]] }
{ [IterationSpace[q = 1, s = 1] -> Output[1]] }
{ [IterationSpace[q = 1, s = 2] -> Output[1]] }
{ [IterationSpace[q = 2, s = 0] -> Output[2]] }
{ [IterationSpace[q = 2, s = 1] -> Output[2]] }
{ [IterationSpace[q = 2, s = 2] -> Output[2]] }
{ [IterationSpace[q = 3, s = 0] -> Output[3]] }
{ [IterationSpace[q = 3, s = 1] -> Output[3]] }
{ [IterationSpace[q = 3, s = 2] -> Output[3]] }
{ [IterationSpace[q = 4, s = 0] -> Output[4]] }
{ [IterationSpace[q = 4, s = 1] -> Output[4]] }
{ [IterationSpace[q = 4, s = 2] -> Output[4]] } 7
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Input Projection
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Og = lgys X [ wmp

March 20, 2024

iIs2input = isl.Map("{ IterationSpace[q,s] -> Input[w] : w=qg+s }")

{ [IterationSpace[qg = 0, s = 0] -
{ [IterationSpace[qg =0, s = 1] -
{ [IterationSpace[q =0, s = 2] -
{ [IterationSpace[qg =1, s =0] -
{ [lterationSpace[qg=1,s =1] -
{ [IterationSpace[qg =1, s = 2] -
{ [IterationSpace[q = 2, s = 0] -
{ [IterationSpace[qg =2, s = 1] -
{ [IterationSpace[q = 2, s = 2] -
{ [IterationSpace[q = 3, s = 0] -
{ [IterationSpace[q =3, s = 1] -
{ [IterationSpace[q = 3, s = 2] -
{ [IterationSpace[qg =4, s = 0] -
{ [IterationSpace[qg =4, s = 1] -
{ [IterationSpace[qg =4, s = 2] -

> [Input[w = 0]] }
> [nput[w = 1]] }
> [Input[w = 2]] }
> Input[w = 1]] }
> Input[w = 2]] }
> [Input[w = 3]] }
> [Input[w = 2]] }
> |nput[w = 3]] }
> [Input[w = 4]] }
> [Input[w = 3]] }
> Input[w =4]] }
> [Input[w = 5]] }
> Input[w = 4]] }
> |nput[w = 5]] }
> |Input[w = 6]] }

Sze and Emer



Compute Projection
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Og = lgys X [ wmp

March 20, 2024

is2compute = isl.Map("{ lterationSpace[q,s] -> MACC]q,s] }")

{ [IterationSpace[q = 0,
{ [IterationSpace[q = 0,
{ [IterationSpace[q = 0,
{ [IterationSpace[q = 1,
{ [IterationSpace[q = 1,
{ [IterationSpace[q = 1,
{ [IterationSpace[q = 2,
{ [IterationSpace[q = 2,
{ [IterationSpace[q = 2,
{ [IterationSpace[q = 3,
{ [IterationSpace[q = 3,
{ [IterationSpace[q = 3,
{ [IterationSpace[q = 4,
{ [IterationSpace[q = 4,
{ [IterationSpace[q = 4,

s = 0] -> MACCJO0,
s = 1] -> MACCIO,
s = 2] -> MACCIO,
s = 0] -> MACC[1,
s = 1] -> MACC[1,
s = 2] -> MACCI1,
s = 0] -> MACCJ2,
s = 1] -> MACC|2,
s = 2] -> MACC|2,
s = 0] -> MACCI[3,
s = 1] -> MACCJ3,
s = 2] -> MACCJ3,
s = 0] -> MACC[4,
s = 1] -> MACC[4,
s = 2] -> MACCI4,

01 }
111}
2] }
01}
111}
2] }
01 }
111}
2] }
01 }
111}
2] }
01}
111}
2] }
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Iteration Space Traversal

Tensor: Ispace[S, Q]

Rank: § 0

Tensor: F[S]

Rank: §
0 1 2
4 1 4

Tensor: I[W]

Tensor: o[Q]

March 20, 2024 UHm Sze and Emer



Iteration Space to Timestamp

L14-26

df is2ts _unbounded = isl.Map(f{{ lterationSpace[q,s] -> Timestamp[t1,t0] : t1=g and t0=s }}’) J

df is2ts = df is2ts_unbounded.intersect _domain(ispace)

March 20, 2024

{ [IterationSpace[q = 0, s = 0] -> Timestamp[t1 = 0, t0 = 0]] }
{ [IterationSpace[q = 0, s = 1] -> Timestamp[t1 =0, t0 = 1]] }
{ [IterationSpace[q = 0, s = 2] -> Timestamp][t1 =0, t0 = 2]] }
{ [IterationSpace[q = 1, s = 0] -> Timestamp][t1 =1, {0 = 0]] }
{ [IterationSpace[q = 1, s = 1] -> Timestamp][t1 =1, 0 = 1]] }
{ [IterationSpace[q = 1, s = 2] -> Timestamp[t1 =1, t0 = 2]] }
{ [IterationSpace[q = 2, s = 0] -> Timestamp[t1 = 2, 10 = 0]] }
{ [IterationSpace[q = 2, s = 1] -> Timestamp[t1 = 2, 10 = 1]] }
{ [IterationSpace[q = 2, s = 2] -> Timestamp][t1 = 2, {10 = 2]] }
{ [IterationSpace[q = 3, s = 0] -> Timestamp][t1 = 3, t0 = 0]] }
{ [IterationSpace[q = 3, s = 1] -> Timestamp][t1 = 3, t0 = 1]] }
{ [IterationSpace[q = 3, s = 2] -> Timestamp][t1 = 3, t0 = 2]] }
{ [IterationSpace[q = 4, s = 0] -> Timestamp[t1 = 4, 10 = 0]] }
{ [IterationSpace[q = 4, s = 1] -> Timestamp[t1 =4, 10 = 1]] }
{ [IterationSpace[q = 4, s = 2] -> Timestamp][t1 =4, 10 = 2]] }

Sze and Emer
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Iteration Space to Timestamp

df is2ts unbounded = isl.Map(f{{ IterationSpace[q,s] -> Timestamp][t1,t0] : t1=q and t0=s }}’)
df is2ts = df is2ts _unbounded.intersect_domain(ispace)

{ IterationSpace[q, s] } { Timestamp[tl, t0] }
2.00 - \ 2.00 - /,
T~
1.50 - -
1.25 A 1.25 A
v 1.00 - \ 2 1.00 /,
0.75 1 W&Z/y
T~
|
0.50 - 0.50 —
0.25 A 0.25 A
G-GD | I\ T I\ T I\ T I\ T T G-GD ) T T )I T T T T T T
0.0 0. . 2.0 3.0 5 4.0 0.0 . 1.0 L 20 25 3.0 4.0
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Timestamp to Iteration Space

L14-28

March 20, 2024

df ts2is = df is2ts.reverse()

{ [Timestamp[t1 = 0, t0 = 0] -> IterationSpace[q = 0, s = 0]] }
{ [Timestamp[t1 = 0, t0 = 1] -> IterationSpace[q =0, s = 1]] }
{ [Timestamp[t1 = 0, t0 = 2] -> IterationSpace[q =0, s = 2]] }
{ [Timestamp[t1 = 1, t0 = 0] -> IterationSpace[q = 1, s = 0]] }
{ [Timestamp[t1 = 1, t0 = 1] -> IterationSpace[q =1, s = 1]] }
{ [Timestamp[t1 = 1, t0 = 2] -> IterationSpace[q =1, s = 2]] }
{ [Timestamp[t1 = 2, t0 = 0] -> IterationSpace[q = 2, s = 0]] }
{ [Timestampl[t1 = 2, t0 = 1] -> IterationSpace[q = 2, s = 1]] }
{ [Timestamp[t1 = 2, t0 = 2] -> IlterationSpace[q = 2, s = 2]] }
{ [Timestampl[t1 = 3, t0 = 0] -> IterationSpace[q = 3, s = 0]] }
{ [Timestamp[t1 = 3, t0 = 1] -> IterationSpace[q = 3, s = 1]] }
{ [Timestamp[t1 = 3, t0 = 2] -> IterationSpace[q = 3, s = 2]] }
{ [Timestamp[t1 = 4, t0 = 0] -> IterationSpace[q = 4, s = 0]] }
{ [Timestamp[t1 = 4, t0 = 1] -> IterationSpace[q = 4, s = 1]] }
{ [Timestamp[t1 = 4, t0 = 2] -> IterationSpace[q = 4, s = 2]] }

Sze and Emer
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Timestamp to Iteration Space

df _ts2is = df is2ts.reverse() J

{ Timestamp[tl, t0] }

{ IterationSpace[q, s] }

2.00

1.75 +

1.50 ~

1.25 ~

2 1.00

0.75

2.00 1%

>

1.

1.25 ~

>

v 1.00 &

&
0.50 0.50
0.25 0.25
0.00 +—& 0.00 -
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L14-30

Composing Maps

{ BLUE[x, y] }

x1=x+1 and y1=y+1 }")

2.00

blueZred = isl.Map("{ BLUE[x,y] -> REDI[x1,y1] : J

1.75 +

red2green = isl.Map("{ RED[x,y] -> GREEN[x1,y1] : 1.50 1
x1=x-1 and y1=y+1 }")

1.25 ~
= 1.00 -
|
0.75 A
- g
blue2green = blue2red.apply_range(red2green) J 0.50 -
\\ / 0.25 -
0.00
Output: o~ 1~ 2 3 .~~~ s~ &

blue2green = { BLUE[x, y = 0] -> GREEN[x1 =x,y1 =2]:0<=x<=5}
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Timestamp to Weight

Timestamp -> Weight lterationSpace -> Weight

L14-31

! A \ ,_l_|

df ts2weight current = df ts2is.apply_range(is2weight) J

Timestamp -> lterationSpace

{ [Timestamp[t1 =
{ [Timestamp[t1 =
{ [Timestamp[t1 =

{ [Timestamp[t1 =1,
{ [Timestamp[t1 =1,
{ [Timestamp[t1 =1,

{ [Timestamp[t1 =
{ [Timestamp[t1 =

{ [Timestamp|t
{ [Timestamp|t
{ [Timestamp|t
{ [Timestamp|t
{ [Timestamp|t
{ [Timestamp|t
{ [Timestamp|t

1
1

1
1
1
1
1

0, t0 = 0] -> Weight[0]] }
0, t0 = 1] -> Weight[1]] }
0, t0 = 2] -> Weight[2]] }

t0 = 0] -> Weight[0]] }
t0 = 1] -> Weight[1]] }
t0 = 2] -> Weight[2]] }

2, t0 = 0] -> Weight[0]] }

ARPRWWWNN

2, t0 = 1] -> Weight[1]] }
, 10 = 2] -> Weight[2]] }
, t0 = 0] -> Weight[0]] }
, t0 = 1] -> Weight[1]] }
, t0 = 2] -> Weight[2]] }
, t0 = 0] -> Weight[Q]] }
, t0 = 1] -> Weight[1]] }

, t0 = 2] -> Weight[2]] }7
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L14-32

Timestamp to Input

Timestamp -> Input lterationSpace -> Input
—t— —— { [Timestamp[t1 = 0, t0 = 0] -> Input[w = 0]] }
df ts2input = df_t32is.apply_range(isZinput)J { [Timestamp[t1 = 0, t0 = 1] -> Input[w = 1]] }
{ [Timestamp[t1 = 0, t0 = 2] -> Input[w = 2]] }
Timestamp -> lterationSpace { [Timestampl[t1 =1, 10 = 0] -> Input[w = 1]] }

{ [Timestamp[t1 =1, t0 = 1] -> Input[w = 2]] }
{ [Timestamp[t1 =1, t0 = 2] -> Input[w = 3]] }
{ [Timestamp][t1 = 2, t0 = 0] -> Input[w = 2]] }
{ [Timestampl[t1 = 2, t0 = 1] -> Input[w = 3]] }
{ [Timestampt1 , 10 = 2] -> Input[w = 4]] }
{ [Timestampt1 , 10 = 0] -> Input[w = 3]] }
{ [Timestamp]t1 , 10 = 1] -> Input[w = 4]] }
{ [Timestamp]t1 , 10 = 2] -> Input[w = 5]] }
{ [Timestamp]t1 , 10 = 0] -> Input[w = 4]] }

1

1

{ [Timestamplt , 10 = 1] -> Input[w = 5]] }
{ [Timestamplt , 10 = 2] -> Input[w = G]W

LI 1 | Y | Y | B | I |
PP POOOOODNDN
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Timestamp to Output

Timestamp -> Output

lterationSpace -> Output

L14-33

A \ ,_l_\

df ts2output =ldf_tsZis.'apply_range(i320utput) J

March 20, 2024

Y
Timestamp -> lterationSpace

{ [Timestampl[t1 =
{ [Timestampl[t1 =
{ [Timestampl[t1 =

{ [Timestamp[t1 =1,
{ [Timestamp[t1 = 1,
{ [Timestamp[t1 = 1,

{ [Timestamp][t1 =
{ [Timestamp][t1 =

{ [Timestamp]t
{ [Timestamplt
{ [Timestamp]t
{ [Timestamp]t
{ [Timestamplt
{ [Timestamp]t
{ [Timestamp]t

1
1

1
1
1
1
1

0, t0 = 0] -> Output[0]] }
0, t0 = 1] -> Output[0]] }
0, t0 = 2] -> Output[0]] }

{0 = 0] -> Output[1]] }
{0 = 1] -> Output[1]] }
{0 = 2] -> Output[1] }

2, t0 = 0] -> Output[2]] }

PP POOOOODNDN

2,10 = 1] -> Output[2]] }
, 10 = 2] -> Output[2]] }
, 10 = 0] -> Output[3]] }
, 10 = 1] -> Output[3]] }
, 10 = 2] -> Output[3]] }
, 10 = 0] -> Output[4]] }
, 10 = 1] -> Output[4]] }
, 10 = 2] -> Output[4]] }

4
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Probing the Schedule

L14-34

March 20, 2024

print('last timestamp =', df is2ts.range().lexmax())

last timestamp = { Timestamp[t1 =4, 10 = 2] }

print(isl.Set('{ Timestamp[1,2] }').apply(df ts2weight current))

{ Weight[2] }

print(df ts2weight current.intersect_domain(isl.Set('{ Timestamp[1,2] }')))

{ Timestamp[t1 = 1, t0 = 2] -> Weight[2] }

Sze and Emer



L14-35

Calculating Data Movement

* Create a map from a timestamp to the previous timestamp

Determine weight access in each timestep

Determine weight access in previous timestep

* Find changes

 Repeat for inputs and outputs
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L14-36

Previous Timestamp

TO _MAX = S # Ideally should get this from lexmax
timestamp_previous = isl.Map(f"{{ Timestamp[t1',t0'] -> Timestamp[t1,t0] :
t1'=t1 and t0'=t0+1 or t1'=t1+1 and t0'=0 and t0={T0_MAX}-1 }}")

{ Timestamp[tl, t0] }

2.00 1%
1.75 1
1.50 +
1.25 1
v v v v \4
2 100 1+ HH
0.75 1
0.50 +
0.25 1
v v v \{ \ 4
0.00 % HH

T T T T T T T T T
0.0 0.5 1.0 15 2.0 2.5 3.0 3.5 4.0
fl
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Previous Timestamp Map

L14-37

March 20, 2024

TO _MAX = S # Ideally should get this from lexmax
timestamp_previous = isl.Map(f"{{ Timestamp[t1',t0'] -> Timestamp[t1,t0] :
t1'=t1 and t0'=t0+1 or t1'=t1+1 and t0'=0 and t0={T0_MAX}-1 }}")

{ [Timestamp[t1 = 0, tO = 1] -> Timestamp[t1' = 0, t0' = 0]] }
{ [Timestamp[t1 = 0, t0 = 2] -> Timestamp[t1' = 0, t0' = 1]] }
{ [Timestamp[t1 = 1, t0 = 0] -> Timestamp[t1' = 0, t0' = 2]] }
{ [Timestamp[t1 =1, t0 = 1] -> Timestamp[t1' = 1, t0' = 0]] }
{ [Timestampl[t1 = 1, t0 = 2] -> Timestamp[t1' = 1, t0' = 1]] }
{ [Timestamp[t1 = 2, t0 = 0] -> Timestamp[t1' = 1, t0' = 2]] }
{ [Timestamp[t1 = 2, t0 = 1] -> Timestamp[t1' = 2, t0' = 0]] }
{ [Timestamp[t1 = 2, t0 = 2] -> Timestamp[t1' = 2, t0' = 1]] }
{ [Timestamp[t1 = 3, t0 = 0] -> Timestamp[t1' = 2, t0' = 2]] }
{ [Timestamp[t1 = 3, t0 = 1] -> Timestamp[t1' = 3, t0' = 0]] }
{ [Timestamp[t1 = 3, t0 = 2] -> Timestamp[t1' = 3, t0' = 1]] }
{ [Timestamp[t1 = 4, t0 = 0] -> Timestamp[t1' = 3, t0' = 2]] }
{ [Timestamp[t1 = 4, t0 = 1] -> Timestamp[t1' = 4, t0' = 0]] }
{ [Timestamp[t1 = 4, t0 = 2] -> Timestamp[t1' = 4, t0' = 1]] } 7

Sze and Emer



Weight Use in Previous Timestamp

March 20, 2024

df ts2weight previous = timestamp_previous.apply range(df ts2weight current)

{ [Timestamplt1 =
{ [Timestamplt1 =

{ [Timestamp[t1 =1,
{ [Timestamp[t1 =1,
{ [Timestamp[t1 =1,

{ [Timestamp|t1 =
{ [Timestamplt1 =
{ [Timestamp]t1 =
{ [Timestamplt1 =

{ [Timestamp]t
{ [Timestamp]t
{ [Timestamp]t
{ [Timestamp]t
{ [Timestamp]t

1
1
1

—

0, 10 = 1]
0, 10 = 2]

t0 = 0]
{0 = 1]
{0 = 2]

2,10 = 0]
2,10 = 1]
2,t0=2]

PPArPrPrOOO®

3,10 = 0]
10 = 1]
10 = 2]
.10 = 0]
10 = 1]
10 = 2]

-> \Weight[0]] }
-> Weight[1]] }
-> Weight[2]] }
-> \Weight[0]] }
-> Weight[1]] }
-> Weight[2]] }
-> Weight[0]] }
-> Weight[1]] }
-> Weight[2]] }
-> Weight[0]] }
-> Weight[1]] }
-> Weight[2]] }
-> \Weight[0]] }

-> Weight[1]] }7

Previous

{ [Timestampl[t1 =
{ [Timestampl[t1 =
{ [Timestampl[t1 =

{ [Timestamp[t1 =1,
{ [Timestamp[t1 =1,
{ [Timestamp[t1 =1,

{ [Timestamplt1 =
{ [Timestamplt1 =
{ [Timestamp[t1 = 2,

{ [Timestamplt
{ [Timestamp]t
{ [Timestamp]t
{ [Timestamp]t
{ [Timestamp]t
{ [Timestamplt

1

1
1
1
1
1

AP, OOOOW®I

0, t0 = 0]
0, 10 = 1]
0, 10 = 2]

t0 = 0]
{0 = 1]
t0 = 2]

2, t0 = 0]

2,10 = 1]
{0 = 2]
10 = 0]
10 = 1]
10 = 2]
10 =0]
10 = 1]
10 = 2]

-> \Weight[0]] }
-> Weight[1]] }
-> Weight[2]] }
-> \Weight[0]] }
-> Weight[1]] }
-> Weight[2]] }
-> \Weight[0]] }
-> Weight[1]] }
-> Weight[2]] }
-> Weight[0]] }
-> Weight[1]] }
-> Weight[2]] }
-> \Weight[0]] }
-> Weight[1]] }

> Weight[2]] } 7

Current

L14-38
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Timesteps Using a New Weight

L14-39

March 20, 2024

df ts2weight delta = df ts2weight_current.subtract(df weight previous)

{ [Timestamp[t1 = 0, t0 = O]
{ [Timestamp[t1 =0, t0 = 1]
{ [Timestamp[t1 =0, {0 = 2]

{ [Timestamp[t1 =1,
{ [Timestamp[t1 =1,
{ [Timestamp[t1 =1,
{ [Timestamp]t1 =
{ [Timestamp]t1 =
{ [Timestamplt1 =
{ [Timestamp]t1
{ [Timestamp]t1
{ [Timestamp]t1

{ [Timestamp]t
{ [Timestamp]t
{ [Timestamp]t

PPAPAPOOWODN

t0 = 0]
{0 = 1]
{0 = 2]

2,10 = 0]
2,t0=1]

2,10 = 2]
.10 = 0]
10 =1]
10 = 2]
.10 = 0]
10 = 1]
10 = 2]

-> \Weight[0]] }
-> Weight[1]] }
-> Weight[2]] }
-> \Weight[0]] }
-> Weight[1]] }
-> Weight[2]] }
-> Weight[0]] }
-> Weight[1]] }
-> Weight[2]] }
-> Weight[0]] }
-> Weight[1]] }
-> Weight[2]] }
-> Weight[0]] }
-> Weight[1]] }

-> Weight[2]] } 7
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Input Use in Previous Timestamp

March 20, 2024

df ts2input_previous = timestamp_previous.apply_range(df ts2input_current)

L14-40

{ [Timestamplt1 =
{ [Timestamp|t1 =
{ [Timestamplt1 =
{ [Timestampl[t1 =
{ [Timestamp[t1 =
{ [Timestamp[t1 =
{ [Timestamp[t1 =
{ [Timestemp][t1 =
{ [Timestamp][t1 =
{ [Timestamp]t1 =
{ [Timestamp][t1 =
{ [Timestamp]t1 =
{ [Timestamp]t1 =
{ [Timestamp|t1 =
{ [Timestamplt1 =

0, t0 = 1] -> Inputfw = 0]] }
0, t0 = 2] -> Inputfw = 1]] }

1
1
1

, 10 = 0] -> Input[w = 2]] }
, 10 = 1] -> Input[w = 1]] }
, 10 = 2] -> Input[w = 2]] }

2, t0 = 0] -> Input[w = 3]] }
2,10 = 1] -> Input[w = 2]] }
2, t0 = 2] -> Input[w = 3]] }

3
S
4,
4,
4

3, t0 = 0]
t0 = 1]
t0 = 2]
t0 = 0]
t0 = 1]
t0 = 2]
5,10 =0]

-> |nputfw = 4]] }
-> |Input[w = 3]] }
-> |nputfw = 4]] }
-> |nput[w = 5]] }
-> [nput[w = 4]] }
-> |nput[w = 5]] }
-> |Input[w = 6

Previous

{ [Timestampl[t1 =
{ [Timestampl[t1 =
{ [Timestampl[t1 =

{ [Timestamp[t1 =1,
{ [Timestamp[t1 =1,
{ [Timestamp[t1 = 1,

{ [Timestamp[t1 =
{ [Timestamp][t1 =
{ [Timestamp][t1 = 2

{ [Timestamp]t
{ [Timestamp]t
{ [Timestamp]t
{ [Timestamp]t
{ [Timestamp]t
{ [Timestamp]t

1

1
1
1
1
1

PP PO OWI

0, t0 = 0] -> Input[w = 0] }
0, t0 = 1] -> Input[w = 1]] }
0, t0 = 2] -> Input[w = 2]] }

t0 = 0] -> Inputfw = 1]] }
t0 = 1] -> Inputfw = 2]] }
t0 = 2] -> Input[w = 3]] }

2, t0 = 0] -> Input[w = 2]] }

2,10 = 1] -> Input[w = 3]] }
t0 = 2] -> Input[w =4]] }
, 10 = 0] -> Input[w = 3]] }
, 10 = 1] -> Input[w = 4]] }
, 10 = 2] -> Input[w = 5]] }
, 10 = 0] -> Input[w = 4]] }
, 10 = 1] -> Input[w = 5]] }
, 10 = 2]

Current

-> |nput[w = 6]]7
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L14-41

Timesteps Using a New Input

df ts2input_delta = df ts2input_current.subtract(df ts2input_previous)

{ [Timestamp[t1 = 0, t0 = 0] -> Input[w = 0]] }
{ [Timestamp[t1 = 0, t0 = 1] -> Input[w = 1]] }
{ [Timestamp[t1 = 0, t0 = 2] -> Input[w = 2]] }
{ [Timestamp[t1 =1, t0 = 0] -> Input[w = 1]] }
{ [Timestamp[t1 =1, t0 = 1] -> Input[w = 2]] }
{ [Timestamp[t1 =1, t0 = 2] -> Input[w = 3]] }
{ [Timestamp[t1 = 2, t0 = 0] -> Inputfw = 2]] }
{ [Timestamp]t1 = 2, t0 = 1] -> Input[w = 3]] }
{ [Timestampl[t1 = 2, t0 = 2] -> Input[w = 4]] }
{ [Timestampl[t1 = 3, t0 = 0] -> Input[w = 3]] }
{ [Timestamp[t1 = 3, t0 = 1] -> Input[w = 4]] }
{ [Timestamp]t1 , 10 = 2] -> Input[w = 5]] }
{ [Timestamp]t1 , 10 = 0] -> Input[w = 4]] }
{ [Timestamp]t1 , 10 = 1] -> Input[w = 5]] }
{ [Timestamp]t1 , 10 = 2] -> Input[w = 6]]7

PP POOOLDN
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L14-42

Output Use in Previous Timestamp

March 20, 2024

df ts2output previous = timestamp_previous.apply_range(df ts2output current) J

{ [Timestamp[t1 =
{ [Timestamp[t1 =

{ [Timestamp[t1 =1,
{ [Timestamp[t1 =1,

0,10 = 1]
0,10 = 2]

t0 = 0]
t0 = 1]

-> QOutput[0]] }
-> QOutput[0]] }
-> QOutput[0]] }
-> Qutput[1]] }

{ [Timestamp[t1 = 1, 10 = 2] -> Output[1]] }
{ [Timestamp[t1 = 2, t0 = 0] -> Output[1]] }
{ [Timestamp[t1 = 2, 10 = 1] -> Output[2]] }
{ [Timestamp[t1 = 2 t0 = 2] -> Output[2]] }
{ [Timestamp[t1 = 3, t0 = 0] -> Output[2]] }
{ [Timestamp[t1 = 3, t0 = 1] -> Output[3]] }
{ [Timestamp[t1 = 3, t0 = 2] -> Output[3]] }
{ [Timestamp[t1 = 4, t0 = 0] -> Output[3]] }
{ [Timestamp[t1 = 4, t0 = 1] -> Output[4]] }
{ [Timestamp[t1 = 4, t0 = 2] -> Output[4]] }7

Previous

{ [Timestamp][t1 =
{ [Timestamp][t1 =
{ [Timestamp][t1 =

{ [Timestamp[t1 =1,
{ [Timestamp[t1 =1,
{ [Timestamp[t1 =1,

{ [Timestamplt1 =

0, t0 = 0]
0, 10 = 1]
0, 10 = 2]

t0 = 0]
{0 = 1]
t0 = 2]

2, t0 = 0]

-> Qutput[0]] }
-> Qutput[0]] }
-> Qutput[0]] }
-> Qutput[1]] }
-> Qutput[1]] }
-> Qutput[1]] }
-> Qutput[2]] }

{ [Timestamp[t1 = 2, t0 = 1] -> Output[2]] }
{ [Timestampl[t1 = 2 t0 = 2] -> Output[2]] }
{ [Timestamp[t1 = 3, t0 = 0] -> Output[3]] }
{ [Timestamp[t1 = 3, t0 = 1] -> Output[3]] }
{ [Timestamp[t1 = 3, t0 = 2] -> Output[3]] }
{ [Timestamp[t1 = 4, t0 = 0] -> Output[4]] }
{ [Timestampl[t1 = 4, t0 = 1] -> Output[4]] }
{ [Timestamp[t1 = 4, t0 = 2] -> Output[4]] } 7
Current
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L14-43

Timesteps Using a New Output

df ts2output delta = df ts2output_current.subtract(df ts2output_previous)

{ [Timestampl[t1 = 0, t0 = 0] -> Output[0]] }
{ [Timestamp[t1 = 1, t0 = 0] -> Output[1]] }
{ [Timestamp[t1 = 2, t0 = 0] -> Output[2]] }
{ [Timestamp[t1 = 3, t0 = 0] -> Output[3]] }
{ [Timestamp[t1 = 4, t0 = 0] -> Output[4]] }
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L14-44

L1 Buffering Recipe

* Group sets of timestamp points into tiles

* Create map of tiles to corresponding set of timestamp points

Create map of timesteps of previous tiles

Calculate deltas
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Tiling Timestamps

L14-45

March 20, 2024

timestamp2L1timestamp =

isl.Map('{ Timestamp[t1,t0] -> L1Timestamp[t1] }')

{ [Timestamp[t1 =
{ [Timestamp[t1 =
{ [Timestamp[t1 =

{ [Timestamp[t1 = 1,
{ [Timestamp[t1 = 1,
{ [Timestamp[t1 = 1,

{ [Timestamp[t1 =
{ [Timestamp[t1 =

{ [Timestamplt
{ [Timestamp][t
{ [Timestamp][t
{ [Timestamplt
{ [Timestamp][t
{ [Timestamp][t
{ [Timestamp][t

1
1
1
1

1
1
1

0, t0 = 0] -> L1Timestamp][O]] }
0, t0 = 1] -> L1Timestamp][O]] }
0, t0 = 2] -> L1Timestampl0]] }

t0 = 0] -> L1Timestamp[1]] }
t0 = 1] -> L1Timestamp[1]] }
t0 = 2] -> L1Timestampl[1]] }

2, t0 = 0] -> L1Timestamp|[2]] }

AR DNOOWWWNN

2, t0 = 1] -> L1Timestamp[2]] }
,10 = 2] -> L1 Timestamp|2]] }
, 10 = 0] -> L1Timestamp([3]] }
, 10 = 1] -> L1Timestampl[3]] }
, 10 = 2] -> L1Timestamp[3]] }
, t0 = 0] -> L1Timestamp[4]] }
, 0 = 1] -> L1Timestamp[4]] }

, 0 = 2] -> L1Timestamp[4]] } 7

L1Timestamp =0

L1 Timestamp = 1

L1Timestamp = 2

L1Timestamp = 3

L1Timestamp =4
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L14-46

Tiling Timestamps

timestamp2L1timestamp = isl.Map('{ Timestamp[t1,t0] -> L1Timestamp][t1] }')

Timestamy([tl, t0] } ~ { L1Timestampli0] }
2.00 \ / \ /
1.7 -l
1.0 -
0.02 4
1.ps
e 1po-{—@ @ @ @ # 0.00 - )
—0.02 -
—0.04 -
20 25 00 05 10 15 20 25 30 35 40
t1 i0

March 20, 2024 UHm Sze and Emer



Tiling Timestamps

L14-47

March 20, 2024

L1timestamp2timestamp = timestamp2L1timestamp.reverse()

{ [L1Timestamp[0] -> Timestamp[t1 =
{ [L1Timestamp[0] -> Timestamp[t1 =
{ [L1Timestamp[0] -> Timestamp[t1 =
{ [L1Timestamp[1] -> Timestamp[t1 =
{ [L1Timestamp[1] -> Timestamp[t1 =
{ [L1Timestamp[1] -> Timestamp[t1 =
{ [L1Timestamp[2] -> Timestamp[t1 =
{ [L1Timestamp[2] -> Timestamp[t1 =
{ [L1Timestamp[2] -> Timestamp[t1 =

{ [L1Timestamp[4] -> Timestamp][t
{ [L1Timestamp[4] -> Timestamp][t
{ [L1Timestamp[4] -> Timestamp][t

2 SRS
i

0,t0 = 0]] }
0,t0 = 1]] }
0,10 =2]]}

1,
1,
1,

t0 =0]] }
t0 =1]] }
t0 =2]] }

2, t0 = 0]}

PP PhPOOOODNDN

2,t0=1]]}
,10 =211}
, t0=0]] }
, t0=1]] }
, t0 =2]] }
, t0=0]] }
, t0=1]] }

, 10 =2]] } 7

L1Timestamp =0

L1Timestamp = 1

L1Timestamp = 2

L1Timestamp = 3

L1Timestamp = 4
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L14-48

Tiling Timestamps

L1timestamp2timestamp = timestamp2L1timestamp.reverse()

{ L1Timestampli0] } /\{ Tmesta;nﬂ[tl t0] }/-\ /~\

\

—0.02 - \
\\\‘/// \\\
dS fE 13 25 23
tl
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L14-49

Calculating Tile Data Movement

L1timestamp previous = isl.Map(f"{{ L1 Timestamp|[t'] -> L1Timestamp[t] : t'=t+1 }}")

{ L1Timestampl[iO] }
0.04
{ [L1Timestamp[1] -> L1Timestampl[O]] }
0.02
{ [L1Timestamp[2] -> L1Timestamp[1]] } 000- J/Y-m
—0.02 4
{ [L1Timestamp[3] -> L1Timestampl[2]] }
—0.04 -
{ [L1Timestamp[4] -> L1Timestamp|[3]] }
7 CI.IG CI.IS l.IU l.|5 2 .IO 2 .|5 3.|0 3.I5 4.Iﬂ
0
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L1 Weight Accesses

L14-50

March 20, 2024

df L1ts2weight current = L1timestamp2timestamp.apply_range(df ts2weight current)

{ [L1Timestamp[0] -> Weight[0]] }
{ [L1Timestamp[0] -> Weight[1]] }
{ [L1Timestamp[0] -> Weight[2]] }
{ [L1Timestamp[1] -> Weight[0]] }
{ [L1Timestamp[1] -> Weight[1]] }
{ [L1Timestamp[1] -> Weight[2]] }
{ [L1Timestamp[2] -> Weight[0]] }
{ [L1Timestamp[2] -> Weight[1]] }
{ [L1Timestampl2] -> \Weighi[2]] }
{ [L1Timestamp[3] -> Weight[0]] }
{ [L1Timestamp[3] -> Weight[1]] }
{ [L1Timestampl3] -> Weiaht[21] }
{ [L1Timestamp[4] -> Weight[0]] }
{ [L1Timestamp[4] -> Weight[1]] }

{ [L1Timestamp[4] -> Weight[2]] 7
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L1 Weight Accesses

L14-51

March 20, 2024

df L1ts2weight current = L1timestamp2timestamp.apply range(df ts2weight current)
df L1ts2weight previous = L1timestamp_previous.apply range(df L1ts2weight current)

{ [L1Timestamp[1] -> Weight[0]] }
{ [L1Timestamp[1] -> Weight[1]] }
{ [L1Timestamp[1] -> Weight[2]] }
{ [L1Timestamp[2] -> Weight[0]] }
{ [L1Timestamp[2] -> Weight[1]] }
{ [L1Timestamp[2] -> \Weight[2]] }
{ [L1Timestamp[3] -> Weight[0]] }
{ [L1Timestamp[3] -> Weight[1]] }
{ [L1Timestamp[3] -> Weight[2]] }
{ [L1Timestamp[4] -> Weight[0]] }
{ [L1Timestamp[4] -> Weight[1]] }

{ [L1Timestamp[4] -> Weight[2]] V

Previous

{ [L1Timestamp[0] -> Weight[0]] }
{ [L1Timestamp[0] -> Weight[1]] }
{ [L1Timestamp[0] -> Weight[2]] }
{ [L1Timestamp[1] -> Weight[0]] }
{ [L1Timestamp[1] -> Weight[1]] }
{ [L1Timestamp[1] -> Weight[2]] }
{ [L1Timestamp[2] -> Weight[0]] }
{ [L1Timestamp[2] -> Weight[1]] }
{ [L1Timestamp[2] -> \Weight[2]] }
{ [L1Timestamp[3] -> Weight[0]] }
{ [L1Timestamp[3] -> Weight[1]] }
{ [L1Timestamp[3] -> Weight[2]] }
{ [L1Timestamp[4] -> Weight[0]] }
{ [L1Timestamp[4] -> Weight[1]] }

{ [L1Timestamp[4] -> Weight[2]] V

Current

Sze and Emer



L1 Weight Deltas

L14-52

March 20, 2024

df L1ts2weight delta = df L1ts2weight current.subtract(df L1ts2weight previous)

{ [L1Timestamp[0] -> Weight[0]] }
{ [L1Timestamp[0] -> Weight[1]] }
{ [L1Timestamp[0] -> Weight[2]] }

Sze and Emer



L1 Input Accesses

L14-53

March 20, 2024

df L1ts2input_current = L1timestamp2timestamp.apply_range(df ts2input_current)
df L1ts2input_previous = L1timestamp_previous.apply_range(df L1ts2input_current)

{ [L1Timestamp[1] -> Input[0]] }
{ [L1Timestamp[1] -> Input[1]] }
{ [L1Timestamp[1] -> Input[2]] }
{ [L1Timestamp[2] -> Input[1]] }
{ [L1Timestamp[2] -> Input[2]] }
{ [L1Timestamp[2] -> Input[3]] }
{ [L1Timestamp[3] -> Input[2]] }
{ [L1Timestamp[3] -> Input[3]] }
{ [L1Timestamp[3] -> Input[41] }
{ [L1Timestamp[4] -> Input[3]] }
{ [L1Timestamp[4] -> Input[4]] }

{ [L1Timestamp[4] -> Input[5]] } 7

Previous

{ [L1Timestamp[0] -> Input[0]] }
{ [L1Timestamp[0] -> Input[1]] }
{ [L1Timestamp[0] -> Input[2]] }
{ [L1Timestamp[1] -> Input[1]] }
{ [L1Timestamp[1] -> Input[2]] }
{ [L1Timestamp[1] -> Input[3]] }
{ [L1Timestamp[2] -> Input[2]] }
{ [L1Timestamp[2] -> Input[3]] }
{ [L1Timestamp[2] -> Input[4]] }
{ [L1Timestamp[3] -> Input[3]] }
{ [L1Timestamp[3] -> Input[4]] }
{ [L1Timestamp[3] -> Input[5]] }
{ [L1Timestamp[4] -> Input[4]] }
{ [L1Timestamp[4] -> Input[5]] }

{ [L1Timestamp[4] -> Input[6]] } 7

Current

Sze and Emer



L1 Input Deltas

L14-54

March 20, 2024

df L1ts2input_delta = df L1ts2input_current.subtract(df L1ts2input_previous)

{ [L1Timestamp[0] -> Input[0]] }
{ [L1Timestamp[0] -> Input[1]] }
{ [L1Timestamp[0] -> Input[2]] }

It's a sliding

{ [L1Timestamp[2] -> Input[4]] } window!

{ [L1Timestamp[4] -> Input[6]] }

Sze and Emer



L1 Output Accesses

L14-55

df L1ts2output current = L1timestamp2timestamp.apply _range(df ts2weight_current)
df L1ts2output previous = L1timestamp_previous.apply _range(df L1ts2output_current)

March 20, 2024

{ [L1Timestamp[1] -> Output[0]] }

{ [L1Timestamp[2] -> Output[1]] }

{ [L1Timestamp[3] -> Output[2]] }

{ [L1Timestamp[4] -> Output[3]] }

4

Previous

{ [L1Timestamp[0] -> Output[0]] }

{ [L1Timestamp[1] -> Output[1]] }

{ [L1Timestamp[2] -> Output[2]] }

{ [L1Timestamp[3] -> Output[3]] }

{ [L1Timestamp[4] -> Output[4]] }

4

Current

Sze and Emer



L14-56

L1 Weight Deltas

df L1ts2output delta = df L1ts2output current.subtract(df L1ts2output previous)

{ [L1Timestamp[0] -> Output[0]] }

{ [L1Timestamp[1] -> Output[1]] }

{ [L1Timestamp[2] -> Output[2]] }

{ [L1Timestamp[3] -> Output[3]] }

{ [L1Timestamp[4] -> Output[4]] }

March 20, 2024 UHm Sze and Emer



L14-57

Shrink Recipe

« Calculate data needed in next cycle

+ Take difference from data needed in previous cycle

March 20, 2024 UHm Sze and Emer



L14-58

Tiling Timestamps

L1timestamp_next = L1timestamp_previous.reverse()

{ L1Timestampl[iO] }
{ [L1Timestamp[0] -> L1Timestampl[1]] }
0.04
{ [L1Timestamp[1] -> L1Timestampl[2]] }
0.02
{ [L1Timestamp[2] -> L1Timestamp[3]] } 000- N\‘f\‘f\“
—0.02 4
{ [L1Timestamp[3] -> L1Timestampl[4]] }
—0.04 -
7 D.ICI D.IS l.IU l.|5 2 .ICI 2 .|5 3.ICI 3.I5 4.Iﬂ
0
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L1 Weight Accesses (next)

L14-59

March 20, 2024

df L1ts2weight current = L1timestamp2timestamp.apply_range(df ts2weight current)

df L1ts2weight next = L1timestamp_next.apply range(df L1ts2weight current)

{ [L1Timestamp[0] -
{ [L1Timestamp[0] -
{ [L1Timestamp[0] -
{ [L1Timestamp[1] -
{ [L1Timestamp[1] -
{ [L1Timestamp[1] -
{ [L1Timestamp[2] -
{ [L1Timestamp[2] -
{ [L1Timestampl2] -
{ [L1Timestamp[3] -
{ [L1Timestamp[3] -
{ [L1Timestamp[3] -
{ [L1Timestamp[4] -
{ [L1Timestamp[4] -
{ [L1Timestamp[4] -

> Weight[0]] }
> Weight[1]] }
> Weight[2]] }
> Weight[0]] }
> Weight[1]] }
> \Weight[2]] }
> Weight[0]] }
> Weight[1]] }
> Weight[2]] }
> Weight[0]] }
> Weight[1]] }
> Weight[2]] }
> Weight[0]] }

> Weight[1]] }
> Weight[2]] V

Curren

t

{ [L1Timestamp[0]
{ [L1Timestamp[0]
{ [L1Timestamp[0]
{ [L1Timestamp[1]
{ [L1Timestamp[1]
{ [L1Timestamp[1]
{ [L1Timestamp[2]
{ [L1Timestamp[2]
{ [L1Timestamp[2]
{ [L1Timestamp[3]
{ [L1Timestamp[3]
{ [L1Timestamp[3]

-> Weight[0]] }
-> Weight[1]] }
-> Weight[2]] }
-> Weight[O]] }
-> Weight[1]] }
-> Weight[2]] }
-> Weight[0]] }
-> Weight[1]] }
-> \Weight[2]] }
-> Weight[0]] }
-> Weight[1]] }
-> \Weight[2]] }

4

Next

Sze and Emer



L1 Weight Shrinks

L14-60

March 20, 2024

df L1ts2weight shrink = df L1ts2weight current.subtract(df L1ts2weight next)

{ [L1Timestamp[4] -> Weight[0]] }
{ [L1Timestamp[4] -> Weight[1]] }
{ [L1Timestamp[4] -> Weight[2]] 7

Sze and Emer



L1 Input Accesses (Next)

L14-61

March 20, 2024

df L1ts2input_current = L1timestamp2timestamp.apply_range(df ts2input_current)
df L1ts2input_next = L1timestamp_next.apply_range(df L1ts2input current)

{ [L1Timestamp[0] -> Input[0]] }
{ [L1Timestamp[0] -> Input[1]] }
{ [L1Timestamp[0] -> Input[2]] }
{ [L1Timestamp[1] -> Input[1]] }
{ [L1Timestamp[1] -> Input[2]] }
{ [L1Timestamp[1] -> Input[3]] }
{ [L1Timestamp[2] -> Input[2]] }
{ [L1Timestamp[2] -> Input[3]] }
{ [L1Timestampl2] -> Input[4]] }
{ [L1Timestamp[3] -> Input[3]] }
{ [L1Timestamp[3] -> Input[4]] }
{ [LATimestampl3] -> Input[5]] }
{ [L1Timestamp[4] -> Input[4]] }
{ [L1Timestamp[4] -> Input[5]] }

{ [L1Timestamp[4] -> Input[6]] } 7

Current

{ [L1Timestamp[0] -> Input[1]] }
{ [L1Timestamp[0] -> Input[2]] }
{ [L1Timestamp[0] -> Input[3]] }
{ [L1Timestamp[1] -> Input[2]] }
{ [L1Timestamp[1] -> Input[3]] }
{ [L1Timestamp[1] -> Input[4]] }
{ [L1Timestamp[2] -> Input[3]] }
{ [L1Timestamp[2] -> Input[4]] }
{ [L1Timestamp[2] -> Input[5]] }
{ [L1Timestamp[3] -> Input[4]] }
{ [L1Timestamp[3] -> Input[5]] }
{ [L1Timestamp[3] -> Input[6]] }

Next

Sze and Emer



L14-62

L1 Input Shrink

df L1ts2input_shrink = df L1ts2input_current.subtract(df L1ts2input_next)

{ [L1Timestamp[0] -> Input[0]] }
{ [L1Timestamp[1] -> Input[1]] }
{ [L1Timestamp[2] -> Input[2]] }
{ [L1Timestamp[3] -> Input[3]] }
{ [L1Timestamp[4] -> Input[4]] }

{ [L1Timestamp[4] -> Input[5]] }
{ [L1Timestamp[4] -> Input[6]] } 7
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L14-63

L1 Output Accesses (Next)

df L1ts2output current = L1timestamp2timestamp.apply _range(df ts2weight_current)
df L1ts2output next = L1timestamp next.apply_range(df L1ts2output current)

{ [L1Timestamp[0] -> Output[0]] } { [L1Timestamp[0] -> Output[1]] }
{ [L1Timestamp[1] -> Output[1]] } { [L1Timestamp[1] -> Output[2]] }
{ [L1Timestamp[2] -> Output[2]] } { [L1Timestamp[2] -> Output[3]] }
{ [L1Timestamp[3] -> Output[3]] } { [L1Timestamp[3] -> Output[4]] }
{ [L1Timestamp[4] -> Output[4]] }
7 7
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L14-64

L1 Output Shrink

df L1ts2output_shrink = df L1ts2output_current.subtract(df L1ts2output next)

{ [L1Timestamp[0] -> Output[0]] }

{ [L1Timestamp[1] -> Output[1]] }

{ [L1Timestamp[2] -> Output[2]] }

{ [L1Timestamp[3] -> Output[3]] }

{ [L1Timestamp[4] -> Output[4]] }
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OS > WS

L14-65

os_schedule = isl.Map(f{{ IterationSpace[q,s] -> Timestamp[t1,t0] : t1=q and t0=s }})

\ 4

ws_schedule = isl.Map(f{{ lterationSpace[q,s] -> Timestamp][t1,t0] : t1=s and t0=q }})

March 20, 2024

Sze and Emer



L14-66

Next Lecture: Sparsity

Thank you!

March 20, 2024 UHm Sze and Emer
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