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SW26010: 260 cores

PEZY-SC2: 2048 cores

North 10

1024 64-bit RISC cores
64MB on-chip SRAM
South 10 1024 programmable 10s
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[1] C. E. Leiserson. Fat-trees: Unlversal Networks for Hardware EfflClent Supercomputing. IEEE Transactions on Computers. 1985.
[2] J. Kim et al. Technology-Driven, Highly-Scalable Dragonfly Topology. ISCA’08.
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Slim Fly [3] based on
the Hoffman-Singleton Graph [4]:

> ~50% fewer routers than Fat tree

> ~30% fewer cables than Fat tree diameter = 2 &

[1] C. E. Leiserson. Fat-trees: Universal Networks for Hardware-Efficient Supercomputing. IEEE Transactions on Computers. 1985.
[2] J. Kim et al. Technology-Driven, Highly-Scalable Dragonfly Topology. ISCA’08.

[3] M. Besta and T. Hoefler. Slim Fly: A Cost Effective Low-Diameter Network Topology. SC14. \g
[4] A. ). Hoffman and R. R. Singleton. Moore graphs with diameter 2 and 3, IBM Journal of Research and Development. 1960. =
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[1] C. E. Leiserson. Fat-trees: Universal Networks for Hardware-Efficient Supercomputing. IEEE Transactions on Computers. 1985.
[2] J. Kim et al. Technology-Driven, Highly-Scalable Dragonfly Topology. ISCA’08.
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[4] A. ). Hoffman and R. R. Singleton. Moore graphs with diameter 2 and 3, IBM Journal of Research and Development. 1960.
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y Lower diameter

and thus average path length:
fewer needed links / routers.
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INSPIRATION: DIAMETER-2 SLIM FLY x Key method

~‘6’f Key idea:

Lower diameter
and thus average path length:
fewer needed links / routers.
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INSPIRATION: DIAMETER-2 SLIM FLY x Key method

' Optimize towards the Moore Bound [1]:
~"’f Key idea: the upper bound on the number of vertices
< Lower diameter in a graph with given diameter D and radix k.

and thus average path length:
fewer needed links / routers.

[1] M. Miller, J. Sirdn. Moore graphs and beyond: A survey of the degree/diameter problem, Electronic Journal of Combinatorics, 2005.
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' Optimize towards the Moore Bound [1]:
~"’f Key idea: the upper bound on the number of vertices
< Lower diameter in a graph with given diameter D and radix k.

and thus average path length:

fewer needed links / routers. MooreBound(D, k) =1

[1] M. Miller, J. Sirdn. Moore graphs and beyond: A survey of the degree/diameter problem, Electronic Journal of Combinatorics, 2005.
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~"’f Key idea: the upper bound on the number of vertices
< Lower diameter in a graph with given diameter D and radix k.

and thus average path length:

fewer needed links / routers. MooreBound(D, k) =1

i

[1] M. Miller, J. Sirdn. Moore graphs and beyond: A survey of the degree/diameter problem, Electronic Journal of Combinatorics, 2005.
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' Optimize towards the Moore Bound [1]:
~"’f Key idea: the upper bound on the number of vertices
< Lower diameter in a graph with given diameter D and radix k.

and thus average path length:

fewer needed links / routers. MooreBound(D,k) =1 +k

i

[1] M. Miller, J. Sirdn. Moore graphs and beyond: A survey of the degree/diameter problem, Electronic Journal of Combinatorics, 2005.
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fewer needed links / routers. MooreBound(D,k) =1 +k

[1] M. Miller, J. Siran. Moore graphs and beyond: A survey of the degree/diameter problem, Electronic Journal of Combinatorics, 2005.
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' Optimize towards the Moore Bound [1]:
~"’f Key idea: the upper bound on the number of vertices
< Lower diameter in a graph with given diameter D and radix k.

and thus average path length:

fewer needed links / routers. MooreBound(D,k)=1 +k +k(k—1)

[1] M. Miller, J. Siran. Moore graphs and beyond: A survey of the degree/diameter problem, Electronic Journal of Combinatorics, 2005.
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INSPIRATION: DIAMETER-2 SLIM FLY x Key method

' Optimize towards the Moore Bound [1]:
~"’f Key idea: the upper bound on the number of vertices
< Lower diameter in a graph with given diameter D and radix k.

and thus average path length:

fewer needed links / routers. MooreBound(D,k)=1 +k +k(k—1)

+k(k—1)% + -

D—-1
—1+k z(k — 1
=0

[1] M. Miller, J. Sirdn. Moore graphs and beyond: A survey of the degree/diameter problem, Electronic Journal of Combinatorics, 2005.



v oren ETHZzUrich
INSPIRATION: DIAMETER-2 SLIM FLY x Key method

' Optimize towards the Moore Bound [1]:
~"’f Key idea: the upper bound on the number of vertices
< Lower diameter in a graph with given diameter D and radix k.

and thus average path length:

fewer needed links / routers. MooreBound(D,k)=1 +k +k(k—1)

k(k —1)?
Thus, Slim Fly ensures
the lowest radix (port count)

for a given node count

and for a fixed diameter...
Sounds ideal for an on-chip setting?

[1] M. Miller, J. Sirdn. Moore graphs and beyond: A survey of the degree/diameter problem, Electronic Journal of Combinatorics, 2005.
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= Example design for diameter = 2

A subgraph with

identical groups of routers
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= Example design for diameter = 2

A subgraph with A subgraph with
identical groups of routers identical groups of routers
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SLIM FLY ON CHIP — FIRST ATTEMPT
STRUCTURE INTUITION

WWWWM ViR s

Groups form a fully-connected bipartite graph
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SLIM FLY ON CHIP — FIRST ATTEMPT
SO HOW DOES IT FARE?

Area due to: Power from:

9e-04 - ;I?;Jteé?s [ wires = Bl routers [ Jwires
N = 0.02-
| 2
5 2
% 6e-04 - 333
(@)
3 S 0.01 -

(@]
g 3e-04 E
I I ’ I I
0e+00 - 0.00 -

[1] J. Kim, W. J. Dally, D. Abts. Flattened butterfly: a cost-efficient topology for high-radix networks. ISCA’07
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SLIM FLY ON CHIP — FIRST ATTEMPT
SO HOW DOES IT FARE?

Area due to: Power from:
| routers [ wires B routers[ Jwires
9e-04 - a—routers =
= —. 0.02 -
< 2
5 2
% 6e-04 A E
£ 8 0.01 -
(&)
g 3e-04 | T
I I ’ I I
0e+001 0.00+
N, O Y .
e(,\\ﬂ\\,bo’&\'&\)%\é’ “Q \(\\Q Q}S\\* (\’bQ &OKCT@@X\\Q(\(‘S\\Q
COIETNEIN < SN
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[1] J. Kim, W. J. Dally, D. Abts. Flattened butterfly: a cost-efficient topology for high-radix networks. ISCA’07
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SLIM FLY ON CHIP — FIRST ATTEMPT

SO HOW DOES IT FARE? Bad!
No clear advantages
Area due to: Power from:
;"?&'&?é?smw”es _ Bl routers [ wires from d tOpO|OgY
= o0 = =.0.02- that is close-to-optimal
< [} . . 5 o
E 3 in the radix-size-diameter
— c
% 6e-04 ?.;3 tradeoff
= 8 0.01 -
g 3e-04 '%
0e+00 A 0.00 ~
Wl ORI
(9\\*.\@(\ O ((\65 “Q \(\\Q (S\\* (\’60 KO ((\e\(°\\Q (‘J(\\Q
AR SRS o K& A0 o C
B> %"% o \*0 BN
< \\’b( c_)\\ (’b VR (9\\ 0(’6

[1] J. Kim, W. J. Dally, D. Abts. Flattened butterfly: a cost-efficient topology for high-radix networks. ISCA’07
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SLIM FLY ON CHIP — FIRST ATTEMPT
SO HOW DOES IT FARE?

Bad!

Aron due 1o = f No clear advantages
ower from:
9 04- ;I?;ut?é?smw'res = Bl routers[Jwires fr_om ° topologY
= =3 that is close-to-optimal
@ . . . .
E S in the radix-size-diameter
] :
@ 66-04- : tradeoff
2 3
E o
O
g 3e-04 - 'E
I I ’
0e+00 -
\'\'\ v S 5
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[1] J. Kim, W. J. Dally, D. Abts. Flattened butterfly: a cost-efficient topology for high-radix networks. ISCA’07
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What are the problems with
the simple on-chip Slim Fly?
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PROBLEMS WITH SIMPLE ON-CHIP SLIM FLY, PART 1

Near-best

radix-size-diameter . . .

tradeoff,
but...
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Short wire: small

0) input buffers

Near-best
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tradeoff,
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PROBLEMS WITH SIMPLE ON-CHIP SLIM FLY, PART 1

Short wire: small

0) input buffers

Near-best
radix-size-diameter
tradeoff,

Long wire:
traversing the whole die
requires large input buffers
for full link utilization
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PROBLEMS WITH SIMPLE ON-CHIP SLIM FLY, PART 2
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PROBLEMS WITH SIMPLE ON-CHIP SLIM FLY, PART 2

Network Concen- .« Network Router Input
radix k’ tration p P/ [ -‘ size N count N, param. q
3 2 100% 16 8 2
5 2 66% 36 18 3
5 3 100% 54 18 3
5 1 133% 72 18 3
7 3 75% 150 50 5
7 1 100% 200 50 5
7 5 120% 250 50 5
11 . 66% 392 98 7
11 5 83% 490 98 7
11 6 100% 588 98 7
11 7 116% 686 98 7
11 8 133% 784 98 7
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PROBLEMS WITH SIMPLE ON-CHIP SLIM FLY, PART 2

Various Slim Fly

configurations

Network Concen- .« Network Router Input
radix k’ tration p P/ [ -‘ size N count N, param. q
3 2 100% 16 8 2
5 2 66% 36 18 3
5 3 100% 54 18 3
5 1 133% 72 18 3
7 3 75% 150 50 5
7 1 100% 200 50 5
7 5 120% 250 50 5
11 . 66% 392 98 7
11 5 83% 490 98 7
11 6 100% 588 98 7
11 7 116% 686 98 7
11 8 133% 784 98 7
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PROBLEMS WITH SIMPLE ON-CHIP SLIM FLY, PART 2

Various Slim Fly

configurations

Network Concen- ' 1+« Network Router Input
radix kK’ tration p p/[ -‘ size N count N, param. q

No need to pay attention
to all these numbers ©
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PROBLEMS WITH SIMPLE ON-CHIP SLiM FLY, PART 2

Various Slim Fly Are there

configurations configurations with...

Network Concen- ' 1+« Network Router Input
radix k’ tration p p/[_-‘ size N count N, param. q

No need to pay attention
to all these numbers ©
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PROBLEMS WITH SIMPLE ON-CHIP SLIM FLY, PART 2 ..number of nodes/routers

being a power of two?

Various Slim Fly Are there

configurations configurations with...

Network Concen- ' 1+« Network Router Input
radix k’ tration p p/[_-‘ size N count N, param. q

No need to pay attention
to all these numbers ©
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PROBLEMS WITH SIMPLE ON-CHIP SLIM FLY, PART 2 ..number of nodes/routers
O being a power of two?

Various Slim Fly Are there

configurations configurations with...

...equally many cores

on each die side?

Network Concen-

1+« Network Router Input
radix k' tration p p/[T-‘

size N count N, param. g

No need to pay attention
to all these numbers ©
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PROBLEMS WITH SIMPLE ON-CHIP SLIM FLY, PART 2 ..number of nodes/routers
O being a power of two?

Various Slim Fly Are there

configurations configurations with...

...equally many cores
on each die side?

Network Concen-

1+« Network Router Input
radix k' tration p p/[T-‘

size N count N, param. g JECUEINANEVALINI{IES
on each die side?

No need to pay attention
to all these numbers ©
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PROBLEMS WITH SIMPLE ON-CHIP SLIM FLY, PART 2 ..number of nodes/routers
O being a power of two?

Various Slim Fly Are there

configurations configurations with...

...equally many cores
on each die side?

Network Concen- ' 1+« Network Router Input
radix k' tration p p/[ -‘ size N count N, param. g JECUEINANEVALINI{IES

on each die side?

...equally many router groups

on each die side?

No need to pay attention
to all these numbers ©
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PROBLEMS WITH SIMPLE ON-CHIP SLIM FLY, PART 2 ..number of nodes/routers
O being a power of two?

Various Slim Fly Are there

configurations configurations with...

...equally many cores
on each die side?

Network Concen- ' 1+« Network Router Input
radix k' tration p p/[ -‘ size N count N, param. g JECUEINANEVALINI{IES

16 on each die side?

...equally many router groups

on each die side?

No need to pay attention
to all these numbers ©
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PROBLEMS WITH SIMPLE ON-CHIP SLIM FLY, PART 2 ..number of nodes/routers
: being a power of two?

Various Slim Fly Are there

configurations configurations with...

...equally many cores
on each die side?

Network Concen- ' 1+« Network Router Input
radix k' tration p p/[ -‘ size N count N, param. g JECUEINANEVALINI{IES

16 on each die side?

...equally many router groups
on each die side?

No need to pay attention There are few Slim Flies

that satisfy various on-chip
to all these numbers @ technological constraints
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How to solve these problems?
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SOLUTION: SLiIm NoC

NEW COST AND AREA MODELS,
NEW LAYOUTS Short wire: small

' input buffers
Vv

Near-best
radix-size-diameter
tradeoff,

Long wire:
traversing the whole die
requires large input buffers
for full link utilization
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SOLUTION: SLiIm NoC

NEW COST AND AREA MODELS,
NEW LAYOUTS Short wire: small

' input buffers
Vv

Near-best
radix-size-diameter
tradeoff,
but...

Long wire:
traversing the whole die
requires large input buffers
for full link utilization
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SoLUTION: SLim NoC R:Elad ! The model must be generic
®
NEW COST AND AREA MODELS, to allow for arbitrary layouts.

NEW LAYOUTS Short wire: small

' input buffers
Vv

Near-best
radix-size-diameter
tradeoff,
but...

Long wire:
traversing the whole die
requires large input buffers
for full link utilization
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SoLUTION: SLim NoC R:Elad Ve el re e e
®
NEW COST AND AREA MODELS, to allow for arbitrary layouts.

NEW LAYOUTS Short wire: small

0) input buffers Different mappings
(“sets of arrows”)

Near-best enable different layouts

radix-size-diameter
tradeoff,
but...

Long wire:
traversing the whole die
requires large input buffers
for full link utilization
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SOLUTION: SLiIm NoC

NEW COST AND AREA MODELS,
NEW LAYOUTS

How to select

a mapping?




spcl.inf.ethz.ch oo o
v owien  ETH ZUrich

SOLUTION: SLiIm NoC

NEW COST AND AREA MODELS,
NEW LAYOUTS

e Minimize the average wire length (M) :

_ Sum of distances
~ Number of links

How to select

a mapping?
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SOLUTION: SLiIm NoC

NEW COST AND AREA MODELS,
NEW LAYOUTS

e Minimize the average wire length (M) :

_ Sum of distances
~ Number of links

How to select

a mapping?

Minimize the total buffer area (A):

A _ If i, j are connected,
- z : (¢ij = 1) add the size
All router  of a buffer from i to j

pairs i, j
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SoLuTION: Stim NoC Ri=lgd ILP formulation: many more details for

NEW COST AND AREA MODELS, reproducibility and genericness, check the paper
NEW LAYOUTS ©

How to select
a mapping?
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SoLuTION: Stim NoC Ri=lgd ILP formulation: many more details for
NEW COST AND AREA MODELS, reproducibility and genericness, check the paper

NEW LAYOUTS ®(i, j) = 1if |x; — x| > |y; —y;l|, and 0 otherwise

Y(i, j) =1if |x; — xj| < |y; — yj|, and 0 otherwise.

if k =x; A min{y;, y;} <1 <max{y;, y;)
if | = y; A min{x;, x;} < k < max{x;, x;}
otherwise

How to select

a mapping?

if k = x; A min{y;, y;}
if I =y; A min{x;, x;}
otherwise.
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SOLUTION: SLiIM NoC

NEW COST AND AREA MODELS,

NEW LAYOUTS A subgroup
/ Basic
layout:

| B 5. B

Let us see H H-- B

some layouts

q A router
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SOLUTION: SLiIm NoC

NEW COST AND AREA MODELS,
NEW LAYOUTS A subgroup

// Basic
layout:

Subgroup
layout:

Let us see

some layouts

a A router q Endpoints
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SOLUTION: SLiIm NoC

NEW COST AND AREA MODELS,

NEW LAYOUTS A subgroup
/ Basic Subgroup » A group  Group
layout: layout: \ layout:

I e

Let us see

some layouts

S B o —J

:I A router E Endpoints
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SOLUTION: SLiIm NoC

NEW COST AND AREA MODELS,
NEW LAYOUTS A subgroup

/ Basic
layout:

I e

Subgroup A group  Group
layout: » \ layout:

Let us see

some layouts

- What difference
do they make

for lengths of wires? l

S B o —J

a A router E Endpoints



spcl.inf.ethz.ch oo o
v owien  ETH ZUrich

SOLUTION: SLiIm NoC RiETad T
sn_basic=

NEW COST AND AREA MODELS, sn_rand\
NEW LAYOUTS

-t
o
1

(00
1

\sn_g r=

sn_subgr

Layout:
-e-sn_rand

\ -4-sn_basic

#sn_gr
Sn—SUbgr —+sn_subgr

Let us see

N
1

Average wire length
(o)}

some layouts

N
1

0 500 1000 1500 2000
N [cores]

- What difference
do they make

for lengths of wires?
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SOLUTION: SLiIm NoC

NEW COST AND AREA MODELS,
NEW LAYOUTS

sn_basic=
sn_ra nd\

-t
o
1

(00
1

\sn_g r=

sn_subgr

Layout:
-e-sn_rand

\ -4-sn_basic

=sn_gr
sn_subgr —+sn_subgr

Let us see

Average wire length
-l'f- (o)}

some layouts

N
1

0 500 1000 1500 2000
N [cores]

. What difference
do they make

v

) The “subgroup layout” (sn_subgr) is best for 200 nodes
The “group layout” (sn_gr) is best for 1296 nodes

for lengths of wires? (it reduces wiring complexity)
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Now let’s move to the second problem...
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SoLUTION: SLim NoC L&Elasl @ Are there ...number of nodes/routers
NON-PRIME FINITE FIELDS configurations with... being a power of two?
...equally many cores

Various Slim Fly configurations
on each die side?
Network Concen- K Network Router Input

radix k' tration p p/[ 2 -‘ size N count N, param. g JECUEINANEVALINI{IES
on each die side?

...equally many router groups
on each die side?

There are few Slim Flies

. that satisfy various on-chip
No need to pay attention technological constraints

to all these numbers ©
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SO o Part || @™  Are there

NON-PRIME FINITE FIELDS configurations with...

...number of nodes/routers
being a power of two?

Various Slim Fly configurations ...equally many cores

on each die side?

Network Concen-

.« Network Router Input
radix k’ tration p p/[ -‘

size N count N, param. g JECUEINANEVALINI{IES
on each die side?

3 2 100% 16 8 2

5 2 66% 36 18 3

5 3 100% 54 18 3 ...equally many router groups
5 4 133% 72 18 3 on each die side?

7 3 75% 150 50 5

7 4 100% 200 50 5

7 5 120% 250 50 5 : :

11 4 66 39 0% - There .are fevY Slim Flles.
11 5 839 490 98 7 that satisfy various on-chip
11 6 100% 588 98 7 technological constraints
11 7 116% 686 98 7

11 3 133% 784 98 7
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SO o Part || @™  Are there

NON-PRIME FINITE FIELDS configurations with...

...number of nodes/routers
being a power of two?

Various Slim Fly configurations ...equally many cores

on each die side?

Network Concen- .. Network Router Input

radix K’ tration p p/ [ -‘ size N count N, param.q PEUNANERV AL
6 ) 667, 64 37 4 on each die side?

6 3 100% 96 32 4

6 A 133% 128 39 4 ...equally many router groups
12 4 667 512 128 8 on each die side?

12 5 83% 640 128 8

12 6 100% 768 128 8

12 7 116% 896 128 8

12 8 133% 1024 128 3

13 5 71% 810 162 9

13 6 85% 972 162 9

13 7 100% 1134 162 9

13 8 114% 1296 162 9
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SO o Part || @™  Are there

NON-PRIME FINITE FIELDS configurations with...

...number of nodes/routers
being a power of two?

Various Slim Fly configurations ...equally many cores

on each die side?

Network Concen- .. Network Router Input

radix K’ tration p p/ [ -‘ size N count N, param.q PEUNANERV AL
6 ) 667, 64 37 4 on each die side?

6 3 100% 96 32 4

6 A 133% 128 39 4 ...equally many router groups
12 4 667 512 128 8 on each die side?

12 5 83% 640 128 8

12 6 100% 768 128 8

12 7 116% 896 128 8

12 8 133% 1024 128 3

13 5 71% 810 162 9

13 6 85% 972 162 9

13 7 100% 1134 162 9

13 8 114% 1296 162 9
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SO o Part || @™  Are there

NON-PRIME FINITE FIELDS configurations with...

...number of nodes/routers
. being a power of two?

Various Slim Fly configurations

Network Concen-

/[ "** Network Router Input
radix K’ tration p p

size N count N, param.q SREClENNAERV RIS
> on each die side?

6 2 66% 64 32 4

6 3 100% 96 32 4

6 4 133% 128 39 A ...equally many router groups
12 4 66% 512 128 & (v on each die side?
12 5 83% 640 128 8 N4

12 6 100% 768 128 8

12 7 116% 896 128 8

12 8 133% 1024 128 3

13 5 71% 810 162 9

13 6 85% 972 162 9

13 7 100% 1134 162 9

13 8 114% 1296 162 9
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SO o Part || @™  Are there

NON-PRIME FINITE FIELDS configurations with...

...number of nodes/routers
. being a power of two?

Various Slim Fly configurations

Network Concen-

/[ "** Network Router Input
radix K’ tration p p

size N count N, param.q SREClENNAERV RIS
> on each die side?

6 2 66% 64 32 4
6 3 100% 96 32 4
6 4 133% 128 39 A ...equally many router groups
12 4 66% 512 128 & (v on each die side?
12 5 83% 640 128 8 N4
12 6 100% 768 128 8
12 7 116% 896 128 8
12 8 133% 1024 128 3
| 810 162 9
972 162 9
1134 162 9
1296 162 9
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SOLUTION: SLim NoC How to develop
NON-PRIME FINITE FIELDS such a finite field?
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SOLUTION: SLim NoC How to develop
NON-PRIME FINITE FIELDS such a finite field?
Recap: a finite field ¥,
Assuming q is prime:

?'q = 7./qZ

={0,1,..,q — 1}

(with modular
arithmetic).
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SOLUTION: SLiIm NoC
NON-PRIME FINITE FIELDS

Recap: a finite field ¥,
Assuming q is prime:
Fq = Z./qZ.
={0,1,..,q — 1}

(with modular
arithmetic).

Assuming g is non-prime:

Tq = Z/CIZ = {xo, X1, ...,xq_l}

>

7 How to develop

such a finite field?

...with instruction tables that define operations on the field.

+

@12uvwxyz

12uvwxyz

elem

0
1

2
u
\
W
X
y
z

@12uvwxyz
120vwuyzX
201Twuvzxy
uvwxyzol?2
vwuyzx1280
wWuvzxyz201l
Xyz012uvw
yzx1l120vwu
ZXy201wuyv

N XsS<cN=0| %

0000000

wv2xzul
vyu2wlxX

OO0 | o

0
1
2
u
%
W
X
y
z

0

< =T COCK N XONOGO
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Check the paper for details ©
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How do we optimize the router microarchitecture for Slim NoC
to provide high performance and high efficiency?
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SLIM NOC ROUTER MICROARCHITECTURE ) :
Let’s leave the details for

PERFORM Part Il -
ORMANCE 0PT|M|ZAT|0N5- the paper and just focus on
the core aspects ©

allocator from
input buffers to central butrrer to

i
output ports \ output ports 3 ce
/ /

pipelined
ElastiStore

links Output 0

=y iy

: Output n-1

Input n-1
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SLIM NOC ROUTER MICROARCHITECTURE
PERFORMANCE OPTIMIZATIONS Biclam il

Let’s leave the details for
the paper and just focus on
the core aspects ©
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SLIM NOC ROUTER MICROARCHITECTURE
PERFORMANCE OPTIMIZATIONS Biclam il

Let’s leave the details for
the paper and just focus on
the core aspects ©
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SLIM NOC ROUTER MICROARCHITECTURE
PERFORMANCE OPTIMIZATIONS Ra&1adl

Let’s leave the details for
the paper and just focus on
the core aspects ©

ENHANCEMENT 1:
ELASTIC BUFFER LINKS [1]
+ ELASTISTORE [2]

[1] G. Michelogiannakis et al. Elastic-Buffer Flow Control for On-Chip Networks. HPCA’09.
[2] I. Seitanidis et al. ElastiStore: An Elastic Buffer Architecture for Network-on-Chip Routers. DATE’14.
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SLIM NOC ROUTER MICROARCHITECTURE
PERFORMANCE OPTIMIZATIONS Ra&1adl

Let’s leave the details for
the paper and just focus on
the core aspects ©

ENHANCEMENT 1:
ELASTIC BUFFER LINKS [1]
+ ELASTISTORE [2]

Provide deadlock-
freedom

[1] G. Michelogiannakis et al. Elastic-Buffer Flow Control for On-Chip Networks. HPCA’09.
[2] I. Seitanidis et al. ElastiStore: An Elastic Buffer Architecture for Network-on-Chip Routers. DATE’14.
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SLIM NOC ROUTER MICROARCHITECTURE
PERFORMANCE OPTIMIZATIONS Biclam il

Let’s leave the details for
the paper and just focus on
the core aspects ©

ENHANCEMENT 1: Provide deadlock-
ELASTIC BUFFER LINKS [1] freedom

+ ELASTISTORE [2]

Drive links asynchronously
and use repeaters
for single-cycle wires

ENHANCEMENT 2:
SMART LINKS [3]

[1] G. Michelogiannakis et al. Elastic-Buffer Flow Control for On-Chip Networks. HPCA’09.
[2] I. Seitanidis et al. ElastiStore: An Elastic Buffer Architecture for Network-on-Chip Routers. DATE’14.

[3] C.-H. O. Chen et al. SMART: A Single-Cycle Reconfigurable NoC for SoC Applications. DATE’13.
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SLIM NOC ROUTER MICROARCHITECTURE
PERFORMANCE OPTIMIZATIONS Biclam il

Let’s leave the details for
the paper and just focus on
the core aspects ©

ENHANCEMENT 1: Provide deadlock-
ELASTIC BUFFER LINKS [1] freedom

+ ELASTISTORE [2]

Drive links asynchronously
and use repeaters
for single-cycle wires

ENHANCEMENT 2:
SMART LINKS [3]

[1] G. Michelogiannakis et al. Elastic-Buffer Flow Control for On-Chip Networks. HPCA’09.
[2] I. Seitanidis et al. ElastiStore: An Elastic Buffer Architecture for Network-on-Chip Routers. DATE’14.

[3] C.-H. O. Chen et al. SMART: A Single-Cycle Reconfigurable NoC for SoC Applications. DATE’13.
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SLIM NOC ROUTER MICROARCHITECTURE
PERFORMANCE OPTIMIZATIONS Biclam il

Let’s leave the details for
the paper and just focus on
the core aspects ©

ENHANCEMENT 1: Provide deadlock-
ELASTIC BUFFER LINKS [1] freedom

+ ELASTISTORE [2]

Drive links asynchronously
and use repeaters
for single-cycle wires

ENHANCEMENT 2:
SMART LINKS [3]

ENHANCEMENT 3:
CENTRAL BUFFERS [4]

[1] G. Michelogiannakis et al. Elastic-Buffer Flow Control for On-Chip Networks. HPCA’09.
[2] I. Seitanidis et al. ElastiStore: An Elastic Buffer Architecture for Network-on-Chip Routers. DATE’14.

[3] C.-H. O. Chen et al. SMART: A Single-Cycle Reconfigurable NoC for SoC Applications. DATE’13.
[4] S. Hassan and S. Yalamanchili. Centralized Buffer Router: A Low Latency, Low Power Router for High Radix NoCs. NOCS’13.



spcl.inf.ethz.ch oo o
v owien  ETH ZUrich

SLIM NOC ROUTER MICROARCHITECTURE
PERFORMANCE OPTIMIZATIONS Biclam il

Let’s leave the details for
the paper and just focus on
the core aspects ©

ENHANCEMENT 1:
ELASTIC BUFFER LINKS [1]
+ ELASTISTORE [2]

Provide deadlock-
freedom

Drive links asynchronously
and use repeaters
for single-cycle wires

ENHANCEMENT 2:
SMART LINKS [3]

ENHANCEMENT 3: Replace multi-flit input
CENTRAL BUFFERS [4] buffers with single-flit
stating input buffers and
add a central buffer

[1] G. Michelogiannakis et al. Elastic-Buffer Flow Control for On-Chip Networks. HPCA’09.
[2] I. Seitanidis et al. ElastiStore: An Elastic Buffer Architecture for Network-on-Chip Routers. DATE’14.

[3] C.-H. O. Chen et al. SMART: A Single-Cycle Reconfigurable NoC for SoC Applications. DATE’13.
[4] S. Hassan and S. Yalamanchili. Centralized Buffer Router: A Low Latency, Low Power Router for High Radix NoCs. NOCS’13.
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v eniwn [ETHZzlirich

—ir
% .

§L|M Fry

=

L B

v

L 4
FAN. |

Slim Fly [3] based on
the Hoffman-Singleton Graph [4]:

> ~50% fewer routers than FT

NTW AN

C. E. Leiserson. Fat-trees: Universal Networks for Hardware-Efficient Supercomputing. IEEE Transactions on Computers. 1985.
J. Kim et al. Technology-Driven, Highly-Scalable Dragonfly Topology. ISCA'08.

M. Besta and T. Hoefler. Slim Fly: A Cost Effective Low-Diameter Network Topology. SC14.

A.J. Hoffman and R. R. Singleton. Moore graphs with diameter 2 and 3, IBM Journal of Research and Development. 1960.

(1]
[2]
3]
[4]
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SO HOW DOES IT FARE?

SLiM FLY oN CHIP — FIRST ATTEMPT

Area due to:
| routers [_]wires
93_04- a-routers
. o
Slim Fly [3] 4 f%
the Hoffman g 6e-041
> ~50% fewe %
> ~30% fewe) £ 30041
[1] C. E. Leiserson. Fat-trees: Universal Net
[2] J. Kim et al. Technology-Driven, Highly-$
[3] M. Besta and T. Hoefler. Slim Fly: A Cost 0e+00 4
[4] A. J. Hoffman and R. R. Singleton. Moor
X
x’\‘\% <“ ~<\\Q &®
’L
<<\ ‘<\\\ g‘\\\
\\’3‘ 0@%
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\b]
1

0.01

Static power/node [W]

Power from:
I routers [ Jwires

! -
Iu

speLinf ethz.ch

wesien ETHZUrich

Bad!

No clear advantages
from a topology
that is close-to-optimal
in the radix-size-diameter
tradeoff

L 4 @spcl_eth

ETH:zurich
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SLiM FLY oN CHIP — FIRST ATTEMPT
SO HOW DOES IT FARE?

spel.i
W @spcl_eth

inf.ethz.ch

El'HzUrich/

' o NEW LAYOUTS

Let us see
some layouts

SoLuTIoN: Sum NoC

NEW COST AND AREA MODELS,

ETH:zurich

spcl.inf.ethz.ch
W @spcl_eth

L 4 @spcl_eth

ETHzirich

sn_basic=
sn_rand\

e
o
1

Nen _gr=

sn_subgr

Layout:
-e-sn_rand
--sn_basic
=sn_gr
-+sn_subgr

-

sn_subgr

Average wire length
(o>

1000 1500 2000

N [cores]

0 500

The “group layout” (sn_gr) is best for 1296 nodes
The “subgroup layout” (sn_subgr) is best for 200 nodes

Area due to: Power from:
| routers [_]wires _ Bl routers [ wires
- 9e-04- a-routers Z 0024 that is close-to-
Slim Fly [3] 4 t 3 in the radix-size- ™
the Hoffman| = ge_04- £ What difference
e}
E
>~50% fewe £ 2 0.011 do they make |
> ~30% fewe) £ 30-04- g for lengths of wires?
[1] C. E. Leiserson. Fat-trees: Universal Net @
[2] J. Kim et al. Technology-Driven, Highly-$
[3] M. Besta and T. Hoefler. Slim Fly: A Cost 0e+00 - 0.004
[4] A. J. Hoffman and R. R. Singleton. Moor " (‘\\\\
X . .
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LET’S SUMMARIZE...

AP
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® Far TREE, DRAGONFLY, SLIM FLY A

. | ooy .

SLiM FLY oN CHIP — FIRST ATTEMPT
SO HOW DOES IT FARE?

v eniwn [ETHZzlirich

e

[1] C. E. Leiserson. F: Tk

[2] J. Kim et al. Techr ‘ EL
[3] M. Bestaand T. H

[4] A. J. Hoffman anc

NON-PRIME FINITE FIELDS

Various Slim Fly configurations

SoLuTioN: Suim NoC LEladll

0 Are there
configurations with...

Area due to: Power from:
| .i—_routers Clwires | Il routers [ wires )
- 9e-04 a-routers Z 0024 that is close-to-
Slim Fly [3] 4 t 3 in the radix-size-
the Hoffman § Be-04 - % tradeofi
> ~50% fewe) % g 0011
> ~30% fewe £ 3004 %

spcl.inf.ethz.ch
W @spcl_eth

ETHzirich

...number of nodes/routers
being a power of two?

...equally many cores

& on each die side?

...equally many routers

Network Concen- 1+« Network Router Input
radix kK’ tration p p/[ 2 -‘ size N count N, param. q
6 2 66% 64 32 4

6 3 100% 96 32 4

6 4 133% 128 32 4

12 4 66% 512 128 8 O
12 5 83% 640 128 8

12 6 100% 768 128 8

12 7 116% 896 128 8

12 8 133% 1024 128 8

o i1 7 810 162 9

< How to develop A 972 162 9

I such a finite field? %4 1134 162 g

1 . 4% 1296 162 9

on each die side?

...equally many router groups
on each die side?

SoLuTIoN: Sum NoC

NEW COST AND AREA MODELS,
NEW LAYOUTS

e

Let us see

Average wire length

some layouts

" What difference
do they make
for lengths of wires?

spcl.inf.ethz.ch
W @spcl_eth

ETHzirich

sn_basic=
sn_rand\

-

sn_subgr

Nen gr=

sn_subgr

Layout:
-e-sn_rand
--sn_basic
=sn_gr
-+sn_subgr

500 1000 1500
N [cores]

The “group layout” (sn_gr) is best for 1296 nodes

The “subgroup layout” (sn_subgr) is best for 200 nodes

2000
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SSU e SoLuTion: Stim NoC RETadl .
Linf.ethz.ch (o 10- = d
ST | . =%t EfNzirich NEW COST AND AREA MODELS, < SP_rand'sg
S : = , = = 2p e NEW LAYOUTS &
* FAT TREE, DRAGONFLY, SLiM FLy | . = < 8
e ¥ oy g \C.n_gr=
2 6 sn_subgr
& Layout
yout:
SLM FLY ON CHIP — FIRST ATTEMPT - Let us see £ 4 \ 50 gand
. ada! _basic
SO HOW DOES IT FARE? - some layouts z sn_subgr =sngr
A due to: No clear adval 5] — -+sn_subgr
reiilmul:eerso‘[]wires Power from: from a topo 0 500 1000 1500 2000
9604 1 .a—muters — I routers [ Jwires . N [cores]
T =.0.02 that is close-to-
Slim Fly [3] 4 t § in the radix-size- ™ <z
2, < .
B goeoe - 8 tradeof! V\(/jha;chdﬁferegce The “group layout” (sn_gr) is best for 1296 nodes
~ o A
>~50% fewe £ g e ¢ fy n:a £ A The “subgroup layout” (sn_subgr) is best for 200 nodes
> ~30(y fewe [3) ~ | g - Arv lAanea e At anivrAac - - w— —
) < 304 , MG : v encen ETHZzUrich
[1] C. E. Leiserson. F: oA S o speLinf.eth|
{g metal T - SPCL idssl SLIM NOC ROUTER MICROARCHITECTURE
. Besta an =
]

Let’s leave the details for
the paper and just focus on
the core aspects ©

1 . Hofiman o QEENOTNTONHOTIVEN (o1l Part || ™ Are there BTG  PERFORMANCE OPTIMIZATIONS MECIN8lIl
NON-PRIME FINITE FIELDS configurations with... Jigy being a pow:
Various Slim Fly configurations

ENHANCEMENT 1: Replace input buffers
C=BUEIN ELasTic BUFFER LINKS [1] and repeaters with
(V1|  + ELASTISTORE [2] master-slave latches

Network Concen- /[k_rw «« Network Router Input
2

radix k’ tration p p size N count N, param.q [ERCUEIVEY Eviancement2: BGGLULSERUEICLIEIY
6 2 66% 64 32 4 (L] SMART Links [3] . L RO
or single-cycle wires
6 3 100% 96 32 4
6 4 133% 128 32 4 -.equally many rc _—
12 4 66% 512 128 8 (V oJal -leq s1{ ENHANCEMENT 3: Replace multi-flit input
12 5 83% 640 128 8 CENTRAL BUFFERS [4] buffers with single-flit
12 6 100% 768 128 8 stating input buffers and
g 273 };g? ??)624 gg g add a central buffer
- 1% 810 162 9 [1] G. Michelogiannakis et al. Elastic-Buffer Flow Control for On-Chip Networks. HPCA’09.
¢« How to develop 5% 972 162 9 [2] 1. Seitanidis et al. ElastiStore: An Elastic Buffer Architecture for Network-on-Chip Routers. DATE’14.
=0 . [3] C.-H. O. Chen et al. SMART: A Single-Cycle Reconfigurable NoC for SoC Applications. DATE’13.
} SUCh a fl nite ﬂEId ? 2;’ };gg }gg g [4] S. Hassan and S. Yalamanchili. Centralized Buffer Router: A Low Latency, Low Power Router for High Radix NoCs. NOCS’13.
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= BUFFER SIZE
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" THROUGHPUT/POWER

=  ENERGY-DELAY PRODUCT
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EVALUATION METHODOLOGY: SENSITIVITY ANALYSES
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EVALUATION METHODOLOGY: SENSITIVITY ANALYSES

METRICS: TOPOLOGY:
= |LATENCY
="  THROUGHPUT =  CONCENTRATED MESH (CM)

=  BUFFER AREA

= BUFFER SIZE
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CONSUMPTION

" THROUGHPUT/POWER
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METRICS: TOPOLOGY: = 2D Torus (T2D)
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METRICS: TOPOLOGY: = 2D Torus (T2D) =  FLATTENED BUTTERFLY [1] (FBF)
= LATENCY

" THROUGHPUT =  CONCENTRATED MESH (CM)

=  BUFFER AREA

= BUFFER SIZE

=  STATIC/DYNAMIC POWER
CONSUMPTION

" THROUGHPUT/POWER

=  ENERGY-DELAY PRODUCT

TRAFFIC / WORKLOAD:

= UNIFORM RANDOM

= BIT SHUFFLE

= BIT REVERSAL

= ADVERSARIAL PATTERNS
= PARSEC/SPLASH TRACES

[1] J. Kim, W. J. Dally, D. Abts. Flattened butterfly: a cost-efficient topology for high-radix networks. ISCA’07



v ewien  ETHzUrich
EVALUATION METHODOLOGY: SENSITIVITY ANALYSES

METRICS: TOPOLOGY: = 2D Torus (T2D) =  FLATTENED BUTTERFLY [1] (FBF)
= LATENCY

" THROUGHPUT =  CONCENTRATED MESH (CM)

=  BUFFER AREA

= BUFFER SIZE

=  STATIC/DYNAMIC POWER
CONSUMPTION

" THROUGHPUT/POWER

=  ENERGY-DELAY PRODUCT

=  FLATTENED
BUTTERFLY [1],
A ,,PARTITIONED”
VARIANT (PFBF)

TRAFFIC / WORKLOAD:

= UNIFORM RANDOM

= BIT SHUFFLE

= BIT REVERSAL

= ADVERSARIAL PATTERNS
= PARSEC/SPLASH TRACES

[1] J. Kim, W. J. Dally, D. Abts. Flattened butterfly: a cost-efficient topology for high-radix networks. ISCA’07



v ewien  ETHzUrich
EVALUATION METHODOLOGY: SENSITIVITY ANALYSES

METRICS: TOPOLOGY: = 2D Torus (T2D) =  FLATTENED BUTTERFLY [1] (FBF)
= LATENCY

" THROUGHPUT =  CONCENTRATED MESH (CM)

=  BUFFER AREA

= BUFFER SIZE

=  STATIC/DYNAMIC POWER
CONSUMPTION

" THROUGHPUT/POWER

=  ENERGY-DELAY PRODUCT

= FLATTENED
BUTTERFLY [1],
A ,,PARTITIONED”

TRAFFIC / WORKLOAD:

=  UNIFORM RANDOM VARIANT (PFBF)
= BIT SHUFFLE

= BIT REVERSAL = (BRIEFLY)

= ADVERSARIAL PATTERNS HIERARCHICAL

= PARSEC/SPLASH TRACES NoCs

[1] J. Kim, W. J. Dally, D. Abts. Flattened butterfly: a cost-efficient topology for high-radix networks. ISCA’07



spcl.inf.ethz.ch oo o
v owien  ETH ZUrich

EVALUATION METHODOLOGY: SENSITIVITY ANALYSES



v ewien  ETHzUrich
EVALUATION METHODOLOGY: SENSITIVITY ANALYSES

LAYOUT:

= QROUP

= SUBGROUP
=  RANDOM

= NAIVE




v ewien  ETHzUrich
EVALUATION METHODOLOGY: SENSITIVITY ANALYSES

LAYOUT:

= QROUP

= SUBGROUP
=  RANDOM

= NAIVE

CONCENTRATION:




spcl.inf.ethz.ch oo o
v owien  ETH ZUrich

EVALUATION METHODOLOGY: SENSITIVITY ANALYSES
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EVALUATION METHODOLOGY: SENSITIVITY ANALYSES

LAYOUT: ROUTER CYCLE TIME:
= QROUP =  (0.4NS

= SUBGROUP = 0.5NS »’
= RANDOM = (0.6NS

= NAIVE
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CONCENTRATION:
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EVALUATION METHODOLOGY: SENSITIVITY ANALYSES

LAYOUT: ROUTER CYCLE TIME:
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EVALUATION METHODOLOGY: SENSITIVITY ANALYSES
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BUFFER TYPE:
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EVALUATION METHODOLOGY: SENSITIVITY ANALYSES
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EVALUATION METHODOLOGY: SENSITIVITY ANALYSES

LAYOUT: ROUTER CYCLE TIME:

=  GROUP = (0.4NS

" SUBGROUP " 0.5ns ) 9 INJECTION RATE:

= RANDOM =  (.6NS = (0.01-0.95

= NAIVE
TECHNOLOGY NODE: WIRE TYPE:
= 22\M . INTERMEDIATE-*
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CONCENTRATION:
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EVALUATION METHODOLOGY: SENSITIVITY ANALYSES ROUTING
= MINIMUM STATIC
LAYOUT: ROUTER CYCLE TIME: = NON-MINIMUM ADAPTIVE
= GROUP = 0.4NS
" SUBGROUP " 0.5ns ) 9 INJECTION RATE:
= RANDOM = (0.6NSs = 0.01-0.95
= NAIVE
TECHNOLOGY NODE: WIRE TYPE:
" 22NM . INTERMEDIATE-*
" 45Nm =  GLOBAL
CONCENTRATION: |
= 3
NETWORK SIZE .
(NODE COUNT): = 4 BUFFER TYPE:
. - = CENTRAL T IMICROARCHITECTURE
" 200 . = EDGE ENHANCEMENT:
= 1024 9
—T = SMART ON/OFF
" 1296 = CENTRAL BUFFERS ON/OFF
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. cm3: concentrated mesh, t2d3: torus, SMART LINKS: ON
RESULTS: PERFORMANCE pfbf3, pfbfa, fbf3: variants of Flattened Butterfly, = CENTRAL BUFFERs: ON

in-house simulator [1] sn_subgr: Slim NoC (the subgroup layout) NODE COUNT: 192/200

Adverse 1 (ADV1) Reverse (REV) Random (RND)

0 Network: - cm3 - t2d3 = pfbf3 — pfbf4 < sn_subgr & fof3

0.008 0.06 040008 006 0.40.008 006 0.4
Load [flits/node/cycle]

[1] S. Hassan and S. Yalamanchili. Centralized Buffer Router: A Low Latency, Low Power Router for High Radix NoCs. NOCS’13.
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. cm3: concentrated mesh, t2d3: torus, SMART LINKS: ON
BESULTS'_ PERFORMANCE pfbf3, pfbf4, fbf3: variants of Flattened Butterfly, =~ CENTRAL BUFFERs: ON
in-house simulator [1] sn_subgr: Slim NoC (the subgroup layout) NODE COUNT: 192/200

Adverse 1 (ADV1) Reverse (REV) Random (RND)
g >0~ Network: -ecm3 -4 t2d3 = pfbf3 + pfbf4 < sn_subgr & fbf3
% 40
>.30- PPy
G 20- ———
©
—

X

0.008 0.06 040008 006 0.40.008 006 0.4
Load [flits/node/cycle]

Slim NoC provides the lowest latenc

[1] S. Hassan and S. Yalamanchili. Centralized Buffer Router: A Low Latency, Low Power Router for High Radix NoCs. NOCS’13.
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SMART LINKS: ON CENTRAL BUFFERS: ON
RESULTS: AREA AND POWER CONSUMPTION NODE COUNT: 192/200, TECHNOLOGY NODE: 45NM

DSENT power simulator [1]

~ 0'004_i{rogtr%rsters % I/wires | % 0.025 -
1 u o crossbars | © 0.020-
3 0.002 RNQ wires| 2 ters g
o 2 0.01{H H 2 0.010-
Bo| L] Lhie | 1T
< 0.000 1= g 0.00 1 == 8 0.000 -
xs\\*c, X A ‘\g\\*c@s\\‘” &s\\*cgc;o
’&\ Q)\) ((<\$0 C ((\Q’ Q)O \\((\ ’LO ((\ ,b(\\'c’ (((\ Q o ((\6
\ \
«i\ DN «i\,&&& 2 *’2:1@ &

i-routers: routers (intermediate layer), a-routers: routers (active layer),

RRg-wires: router-router wires (global layer), RNg-wires: router-node wires (global layer).
[1] C. Sun et al. DSENT - A Tool Connecting Emerging Photonics with Electronics for Opto-Electronic Networks-on-Chip Modeling. NOCS’12.
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SMART LINKS: ON CENTRAL BUFFERS: ON
RESULTS: AREA AND POWER CONSUMPTION NODE COUNT: 192/200, TECHNOLOGY NODE: 45NM

DSENT power simulator [1]

Slim NoC is more efficient than high-radix designs

~ 0'004_i_rogtr%rsters E W|res l % 0.025 -
u -
E 0.003 A \/ RO wires -CE>. 0.02- crossroaJ:_:; § 0.020
g 0002-I RNg wires 2 ters j§ 0.015 -
2 2 0.014F 0.010-
g gs S 0.005-
* 0,000+ g 0.00+= 5 0.000- I 1
K (‘\\* QO@ Q";O . X {\\* (\) (;0 O ‘\ (‘\\* (’o<° SO
D) 0 A0 0\, .((\ 0 (\x 0
«‘i ‘b C,\\((\ ’L(J 06 3 ,bg;@‘% N q,go(\c «2:1,;6 <2> ((\ ’L(J

i-routers: routers (intermediate layer), a-routers: routers (active layer),

RRg-wires: router-router wires (global layer), RNg-wires: router-node wires (global layer).
[1] C. Sun et al. DSENT - A Tool Connecting Emerging Photonics with Electronics for Opto-Electronic Networks-on-Chip Modeling. NOCS’12.



spcl.inf.ethz.ch oo o
v owien  ETH ZUrich

REsULTS: THROUGHPUT / POWER (PARSEC/SPLASH) CENST';/'A‘L\F;BFL'F'::i gm

in-house simulator [1] NODE COUNT: 192/200

[1] S. Hassan and S. Yalamanchili. Centralized Buffer Router: A Low Latency, Low Power Router for High Radix NoCs. NOCS’13.
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RESULTS: THROUGHPUT / POWER (PARSEC/SPLASH) SMART LiNKs: ON
. . CENTRAL BUFFERS: ON
in-house simulator [1] NODE COUNT: 192/200

SF is 55%, 29%, and 19% better than FBF, PFBF, and CM (geometric mean used)|

o
O
1

AR R R O B B R e e
O {1 | | |

Network: Il fof3 2 pfbf3[_Jcm3[__]sn_subgr

| BT BT | - BEETT | - BT BT BT BT BT [ ]

o
W
1

Norm. energy-delay
o
(0))

O
o
1

e® o A Al (& K o (O g O © O (O
‘06(\ W O \36 66‘ 2 ,\\\)\6 ! oe‘a“ (@é\ > “e@‘((\ N Q © 2 N

Slim NoC provides a power-performance sweetspot
[1] S. Hassan and S. Yalamanchili. Centralized Buffer Router: A Low Latency, Low Power Router for High Radix NoCs. NOCS’13.
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RESULTS: SCALABILITY

Slim NoC is similarly advantageous
when we move

from 200 nodes to 1296 nodes
(check the paper for details ©)
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cm3: concentrated mesh, t2d3: torus, SMART LINKs: ON
pfbf3, pfbfa, fbf3: variants of Flattened Butterfly,  CenTrAL BUFFERS: ON
sn_subgr: Slim NoC (the subgroup layout) NODE cOUNT: 192/200

RESULTS: PERFORMANCE
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[1] 5. Hassan and S. Yalamanchili. Centralized Buffer Router: A Low Latency, Low Power Router for High Radix NoCs. NOCS'13.
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ANALYSIS: DIAMETER-2 SLIM FLY
COST OF NETWORK CONSTRUCTION

10

by Topology
Y _ -@- Long Hop
8 75 -A- Hypercube
g -®- Torus 5D
E 50-
” ~25-30% cost reduction
@)
S 257 vs. second-best topology
(q0)
S (Dragonfly)

0

Number of endpoints [thousands]




spcl.inf.ethz.ch oo o
v o ETHzUrich

ANALYSIS: DIAMETER-2 SLIM FLY
PERFORMANCE (UNIFORM RANDOM)



spcl.inf.ethz.ch oo o
v owien  ETH ZUrich

ANALYSIS: DIAMETER-2 SLIM FLY
PERFORMANCE (UNIFORM RANDOM)

" Mg
i W

- " M




spcl.inf.ethz.ch oo o
v owien  ETH ZUrich

ANALYSIS: DIAMETER-2 SLIM FLY
PERFORMANCE (UNIFORM RANDOM)

" Mg
e

-

. G &
i




spcl.inf.ethz.ch oo o
v owien  ETH ZUrich

ANALYSIS: DIAMETER-2 SLIM FLY
PERFORMANCE (UNIFORM RANDOM)

i kg

-
i




spcl.inf.ethz.ch oo o
v owien  ETH ZUrich

ANALYSIS: DIAMETER-2 SLIM FLY
PERFORMANCE (UNIFORM RANDOM)




spcl.inf.ethz.ch oo o
v owien  ETH ZUrich

ANALYSIS: DIAMETER-2 SLIM FLY
PERFORMANCE (UNIFORM RANDOM)




spcl.inf.ethz.ch oo o
v owien  ETH ZUrich

ANALYSIS: DIAMETER-2 SLIM FLY
PERFORMANCE (UNIFORM RANDOM)




spcl.inf.ethz.ch oo o
v owien  ETH ZUrich

ANALYSIS: DIAMETER-2 SLIM FLY
PERFORMANCE (UNIFORM RANDOM)




spcl.inf.ethz.ch oo o
v owien  ETH ZUrich

ANALYSIS: DIAMETER-2 SLIM FLY 50
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(e

—
TTId

2(g-1) inter-group
wires between
two groups
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SLIM FLY ON CHIP — FIRST ATTEMPT
STRUCTURE INTUITION

Slim Fly: Dragonfly:
S B " inrgron
intra-group
( wires
“q”: the input parameter ( @
that determines
the network structure.
Formally, the base (

of a finite field @

(Slim Fly uses prime g;
the corresponding field: (g-1) inter-group
{0, 1, ..., g-1}. wires between
two groups
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STRUCTURE INTUITION

Slim Fly: Dragonfly:
S B " inrgron
intra-group
( wires
“q”: the input parameter ( @
that determines
the network structure.
Formally, the base (

of a finite field @

(Slim Fly uses prime g;
the corresponding field: (g-1) inter-group One inter-group
{0, 1,..,qg-1} wires between cable between

two groups two groups
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Slim Fly: Dragonfly:
S B " inrgron
intra-group
[ wires
“q”: the input parameter ( @
that determines
the network structure.
Formally, the base (
of a finite field

(Slim Fly uses prime g;
the corresponding field: (g-1) inter-group

One inter-group
{0, 1,..,qg-1} wires between ~25% fewer cable between
two groups routers two groups
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SLIM FLY ON CHIP — FIRST ATTEMPT
STRUCTURE INTUITION

Slim Fly: Dragonfly:
B e o
intra-group
( wires
“q”: the input parameter ( @ |
that determines ~33% higher
the network structure. endpoint
Formally, the base ( " density
of a finite field

(Slim Fly uses prime g;
the corresponding field: (g-1) inter-group

One inter-group
{0, 1,..,qg-1} wires between ~25% fewer cable between
two groups routers two groups
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SOLUTION: SLiIM NoC

NEW COST AND AREA MODELS
! N =200 N=1024 N=1296

NEW LAYOUTS > For example... For example...
= Layout: EMsn_grEdsn_subgr
2] ...these two bars show
C 0.2- ~.these two bars show / that the probability of
o that the probability of two connected routers
O two connected routers having a distance of 7
> having a distance of 1 or 8 is around 0.06 for
= or2is aro(ijd 0.28 for sn_gr and sn_subgr
= sn_gr and sn_subgr

Let us see 5 01- -4 SUe
some layouts 2

O 0.0- :

Distance ranges

@ Figure 6. (§ 3.3) Distribution of link distances in SNs. A bar associated with

What difference a distance range X illustrates the probability that, for a given layout, two

do they make routers are connected with a link that has the distance falling within X. Bars

of different colors are placed pairwise so that it is easier to compare the
subgroup and group layouts.

for lengths of wires?
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SOLUTION: SLiIM NoC
NEW COST AND AREA MODELS,

N =200 N=1024 N=1296
NEW LAYOUTS > For example... For example...
= Layout: EMsn_grEdsn_subgr
7] ...these two bars show
C 0.2 ~.these two bars show / that the probability of
o that the probability of two connected routers
O two connected routers having a distance of 7
> having a distance of 1 or 8 is around 0.06 for
= or2is aro(ijd 0.28 for sn_gr and sn_subgr
— sn_gr and sn_subgr
Let us see 5 01-
some layouts e
| -
O 0.0- :

Distance ranges

- What difference
do they make

The “group layout” (sn_gr) is best for 1296 nodes

_ The “subgroup layout” (sn_subgr) is best for 200 nodes
for lengths of wires?
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Recap: a finite field ¥,
Assuming g is prime:
Fq = Z./qZ.

=1{0,1,..,q — 1}

(with modular
arithmetic).
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Recap: a finite field ¥,
Assuming q is prime:
Fq = Z./qZ.

={01,..,q— 1}

(with modular
arithmetic).
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@

SOLUTION: SLiIMm NoC
NON-PRIME FINITE FIELDS

How to develop
such a finite field?

Assuming g is non-prime:
Tq — Z/CIZ — {xo, X1, ...,xq_l}
...with instruction tables that define operations on the field.

Recap: a finite field ¥,
Assuming g is prime:
Fq = Z./qZ.

={0,1,..,q — 1}

(with modular
arithmetic).




e s v eseen  ETHzUrich

SOLUTION: SLim NoC e R e ¢ How to develop

NON-PRIME FINITE FIELDS ini iald?
F, = T/qZL = {Xo, X1, e, Xg1)} such a finite field:

Recap: a finite field 74 ...with instruction tables that define operations on the field.

Assuming q is prime:
Fo=1Z/qZ

={0,1,..,q — 1}
(with modular

arithmetic).
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SOLUTION: SLiMm NoC » How to develop

NON-PRIME FINITE FIELDS Assuming q is non-prime:
- develop.
Fo=12Z/qZ = {x0, X1, ...,xq_l} such a finite field:

...with instruction tables that define operations on the field.

Recap: a finite field ¥,
Assuming q is prime:

Fq=1Z/qZ

={0,1,...,q — 1}

(with modular He12uvwxyz
arithmetic). @12uvwxyz
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SOLUTION: SLiIm NoC
NON-PRIME FINITE FIELDS

Recap: a finite field ¥,
Assuming q is prime:
Fq = Z./qZ.
={0,1,..,q — 1}

(with modular
arithmetic).

Assuming g is non-prime:

Tq = Z/CIZ = {xo, X1, ...,xq_l}

>

L 4 @spcl_eth

7 How to develop
such a finite field?

...with instruction tables that define operations on the field.
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SOLUTION: SLiIm NoC
NON-PRIME FINITE FIELDS

Recap: a finite field ¥,
Assuming q is prime:
Fq = Z./qZ.
={0,1,..,q — 1}

(with modular
arithmetic).

Assuming g is non-prime:

Tq = Z/CIZ = {xo, X1, ...,xq_l}

>

7 How to develop

such a finite field?

...with instruction tables that define operations on the field.
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SOLUTION: SLiIm NoC
NON-PRIME FINITE FIELDS

Recap: a finite field ¥,
J— ..
Generate with
an exhaustive search,
or use a construction
\ based on polynomials
arithn

Assuming g is non-prime:
Tq = Z/qZ = {XO, X1, ...,xq_l}
...with instruction tables that define operations on the field.

How to develop

such a finite field?

+@1T2uvwxyz XxX[012uvwxyz elem|—elem
P[0 1 2uvwxyz 0|000000000 0 0
1MM20vwuyzx 1[012uvwxyz 1 2
220 1Twuvzxy 2|021TxXxzyuwyv 2 Q
Uuuvwxyzol2 ul|Qux2wzlvy u X
vivwuyzx120 viovzwxly2u Vv z
wWwuvzxy201 wj@wyzluvx?2 W y
XIXyz0@12uvw X|0xulyv2zw X u
VIyzx120vwu yl@ywv2xzul y W
Zlzxy201Twuyv z|@zvyu2wlX Z Y
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EVALUATION METHODOLOGY
SIMULATION INFRASTRUCTURE PERFORMANCE

= Cycle-accurate simulations (in-house simulator [1], Booksim [2])

[1] S. Hassan and S. Yalamanchili. Centralized Buffer Router: A Low
Latency, Low Power Router for High Radix NoCs. NOCS’13.

[2] N. Jiang et al. A detailed and flexible cycle-accurate Network-on-Chip
simulator. ISPASS’13.
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POWER CONSUMPTION

= Cycle-accurate simulations (in-house simulator [1], Booksim [2]) * DSENT power simulator [5]
= Routing protocols:
= Minimum static routing

= Valiant routing [3]

= Universal Globally-Adaptive Load-Balancing routing [4]
UGAL-L: each router has access to its local output queues
UGAL-G: each router has access to the sizes of all the queues
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[2] N. Jiang et al. A detailed and flexible cycle-accurate Network-on-Chip
simulator. ISPASS’13.

[3] L. Valiant. A scheme for fast parallel communication. SIAM journal on
computing, 1982.

[4] A. Singh. Load-Balanced Routing in Interconnection Networks. PhD
thesis, Stanford University, 2005.

[5] C. Sun et al. DSENT - A Tool Connecting Emerging Photonics with
Electronics for Opto-Electronic Networks-on-Chip Modeling. NOCS’12.
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POWER CONSUMPTION

= DSENT power simulator [5]

= Considered elements for
leakage: Router-router wires,
Router-node wires, Routers.

= Cycle-accurate simulations (in-house simulator [1], Booksim [2])
= Routing protocols:
= Minimum static routing

" Valiant routing [3] = Considered elements for
= Universal Globally-Adaptive Load-Balancing routing [4] dynamic power: Buffers,
UGAL-L: each router has access to its local output queues Crossbars, Wires.

UGAL-G: each router has access to the sizes of all the queues

[1] S. Hassan and S. Yalamanchili. Centralized Buffer Router: A Low
Latency, Low Power Router for High Radix NoCs. NOCS’13.
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NODE COUNT: 192/200

RESULTS: PERFORMANCE

Adverse 1 (ADV1) Reverse (REV) Random (RND) Shuffle (SHF)

207 bf4 <+ sn_subgr = fbf3

40 -

[cycles]

>‘30'

Nnc

o 20 A
10 4 54% 69% 85% 72% 69% 85% 91% 85% 71% 86% 92% 86% 89% 89% 96% 89%

0.008 0.06  040.008 006 040008 006 0.40008 008 0.4

; Percentages are ratios of SN's latency (load=0.008) to:
Load [flits/node/cycle] J cm3, £2d3, pfbf4,yfbﬁ=3 (respectiv)ely)

Lat
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._.-rr".’
rmhy
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Load [flits/node/cycle] Percentages are ratios of SN's latency %Ioad=0.00,8) to:;
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! Slim NoC ensures the lowest latency
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a Select a prime power q Q Construct a finite field Tq

q = 4w + 5; Assuming q is prime: GExampIe: q = 5
w E N = {_1’0’1}’ Tq = Z/CIZ = {0,1, Y 1}

with modular arithmetic.
A Slim Fly based on 4

Number of routers: 2g?
Network radix: (3q — 6)/2

q q

‘EE EE B BN BN BN BN BN BN B
EEEENE BN ENEN
K HEEEE EEEEN
EEEENE BN ENEN
BN BN BN BB BN




spcl.inf.ethz.ch oo o
v owien  ETH ZUrich

DIAMETER-2 SLIM FLY

a Select a prime power q Q Construct a finite field Tq

ing q is prime: Example: q =5
qg = 4w + 5; Assuming g is prime: G xample: q
= = 1,...,g—1
weN §e{-101} Fq =1/qZ {0.1,...q } 50 routers
with modular arithmetic. network radix: 7
A Slim Fly based on 4
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ing q is prime: Example: q =5
qg = 4w + 5; Assuming g is prime: G xample: q
= = 1,...,g—1
weN §e{-101} Fq =1/qZ {0.1,...q } 50 routers
with modular arithmetic. network radix: 7
A Slim Fly based on 4
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a Select a prime power q Q Construct a finite field Tq

q = Aw + 5; Assuming q is prime: GExample: q=>5
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with modular arithmetic. network radix: 7
A Slim Fly based on 4

Number of routers: 2q2 Fs =1{0,1,2,3,4}
Network radix: (3q — 6)/2
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e Label the routers
G Example: q = 5

Set of routers:

{0,1} Y| F, X F,

) (0,1,.) (0,2,.) (0,3,.) (0,4,.) (1,0,.) (1,1,.) (1,2,.) (1,3,.) (1,4,)

(0,0,0) (1,4,0)
(0,0,1) 1,4,1)
(0,0,2) 1,4,2)
(0,0,3) (1,4,3)
(0,0,4) (1,4,4)
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Fs ={0,1,2,3,4}
e Find primitive element & e Build Generator Sets §=2
€ F, generates F _ 1=¢&"mod5 =
o q X={1.8% .34 24 d€5 = 16 mod 5
All non-zero elements of g ¥ = 3 q—2 MOEE ) = L0 T
can be writtenas &' i €N ={¢,...,§77°}
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Fs ={0,1,2,3,4}
e Find primitive element & e Build Generator Sets §=2
€ F, generates F _ 1=¢&*mod5 =
5 Ed a X = {1,8,..,§97%) o i=gimedS=
All non-zero elements of Fq ¥ — 3 q—2 mo = 16mo
can be writtenas  &'; i €N = {6,610
X ={1,4}
X' =1{2,3}



spcl.inf.ethz.ch oo o
v owien  ETH ZUrich

DIAMETER-2 SLIM FLY



spcl.inf.ethz.ch L
v onion  ETHzUrich

DIAMETER-2 SLIM FLY

G Intra-group connections



spcl.inf.ethz.ch oo o
v owien  ETH ZUrich

DIAMETER-2 SLIM FLY

G Intra-group connections

Two routers in one group are connected iff
their “vertical Manhattan distance” is an
element from:



spcl.inf.ethz.ch oo o
v owien  ETH ZUrich

DIAMETER-2 SLIM FLY

G Intra-group connections

Two routers in one group are connected iff
their “vertical Manhattan distance” is an
element from:

X ={1,&% ..,&973} (for subgraph 0)



spcl.inf.ethz.ch oo o
v owien  ETH ZUrich

DIAMETER-2 SLIM FLY

e Intra-group connections
G Example: q = 5

Two routers in one group are connected iff
their “vertical Manhattan distance” is an
element from:

X ={1,&% ..,&973} (for subgraph 0)
X' ={§&3, ..,E97%} (for subgraph 1)



spcl.inf.ethz.ch oo o
v owien  ETH ZUrich

DIAMETER-2 SLIM FLY

e Intra-group connections

_ Example: q = 5
Two routers in one group are connected iff G

their “vertical Manhattan distance” is an Take Routers (0,0, )
element from:

X ={1,&% ..,&973} (for subgraph 0)
X' ={§&3, ..,E97%} (for subgraph 1)



spcl.inf.ethz.ch oo o
v owien  ETH ZUrich

DIAMETER-2 SLIM FLY

e Intra-group connections

Example: q = 5
Two routers in one group are connected iff G &

their “vertical Manhattan distance” is an Take Routers (0,0, )
element from:

X ={1,&% ..,&973} (for subgraph 0)
X' ={§&3, ..,E97%} (for subgraph 1)

00—l N BN BN Il Bl E NN
col) - I I I Il Bl E NN
©02) — N BN B = Il Bl E NN
003 — i N BN N Il Bl E NN
o4 —i I BN I = N BN N B



spcl.inf.ethz.ch oo o
v owien  ETH ZUrich

DIAMETER-2 SLIM FLY
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Example: q = 5
Two routers in one group are connected iff G &

their “vertical Manhattan distance” is an Take Routers (0,0, )
element from:
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e Intra-group connections
G Example: q = 5

Take Routers  (0,0,.)

Two routers in one group are connected iff
their “vertical Manhattan distance” is an
element from:

X = {1,€2, ..., €973} (for subgraph O) X = {1@
X' ={§&3, ..,E97%} (for subgraph 1)
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Take Router (1,0,0)
(1,0,0) < (0,x,0)

m=0,c=0

o Inter-group connections
Router (0,x,y) < (1,m,c)
Take Router (1,1,0) m=1,c¢=0

iff y=mx+c (1,0,0) < (0, x, x)
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DESIGNING AN EFFICIENT NETWORK TOPOLOGY
ATTACHING ENDPOINTS: DIAMETER 2

o Get load / per router-router channel (average number of routes per channel)

total number of routes

~ total number of channels

network radix =
67% of router radix

a Make the network balanced, i.e.,:
each endpoint can inject at full capacity

local uplink load = number of endpoints = [

concentration = 33% of router radix
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