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Power and Performance Trends
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® With clock frequencies
saturating CPUs
started using many
cores to leverage
parallelism and deal

with fabrication yields




Number of cores

512

256 |

—k
- W O N
nN b~

N ~ 00 O

—h

Manycore System Roadmap
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The rise of manycore machines

Only way to meet future system feature set, design cost, power, and performance requirements is

by programming a processor array
® Multiple parallel general-purpose processors (GPPs)
* Multiple application-specific processors (ASPs)

Intel Network Processor IBM Cell
1 GPP Core 1 GPP (2 threads)
16 ASPs (128 threads) 8 ASPs

|EZTTIC oY -
i Picochip DSP

Toods 1 GPP core

) D {

iizcﬁxﬁc&zj i~ 248 ASPs

[P Processor @ sitch Matrix - Interface
CISCO CRS 1 |
Sun Nlagara t | 192 Tensilica GPPs
8 GPP cores (32 threads) PP
S EETE S
) Intel 4004 (1971) SSESEaSEisansans
“4-bit processor, SRR L )
. 7317 transistors, rares ne The Processor is the
|~ 100 KIPS SEUEdCE d et s STt new Transistor” [Rowen]

—
o
3
(@)
)
o
>
-U
=
O
v
11
a
-

“"11 mm2 chip |




Interconnect bottlenecks

Manycore system
cores

CPU CPU

Interconnect °
Network

Cache ||Cache| ========ms=u=s |Cgche

Interconnect /

Network

DRAM
DIMM

DRAM
DIMM

DRAM
DIMM

Bottlenecks due
to energy and
bandwidth
density limitations

Need to jointly
optimize on-chip
and off-chip
interconnect network




Scaling to many cores e et /
e g M TILE64
[Bell08]

Processor + Router

®* Networks-on-chip

®* Many meshes

® Slow, latency varies greatly

. [F] Processor:

. Router | ® Easy to implement
'@ Memory | HSRFIFISSF 7 P
.. Controller ; Response ® Large crossbars

® Fast, predictable latency

® Hard to build and scale

® Rings




Rainbow-Falls 2-stage Crossbar
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Recent trends
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[Cerebras Systems] WSE-2
2.6T Transistors

850,000 Al optimized cores
15kW

40GB on-chip SRAM

Mem BW 20PB /s (on-chip)
On-chip Fabric BW 220Pb /s

[Intel] Ponte Vecchio GPU
>100B Transistors
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120GB on-package HBM
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Rack-scale systems
Dojo Training Tile

V1 Dojo Training Matrix

Tile (25 chips) vs PCle Card (1 or 2 Chips)
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Expansion of memory-semantic fabrics /

DGX A100 256 SuperPOD DGX H100 256 SuperPOD ((

IB HDR spine switches < NVLInk
Switch

_IBHOR leaf switches . B
wenn | wese ween sews | wese weue
.. 32 nodes (256 GPUs) ... | 8 MR | AR | 32 nodes (256 GPUS) ...

. "2 h'a - a TN - L y - . 4 . N ) ryyveew
SARARREN Anbanannr Shaashes SARAREER AR ARARanEn

Fully NVLink-connected
Massive bisection bandwidth

A100 SuperPod H100 SuperPod Speedup

Dense Bisection Reduce Dense Bisection Reduce

PFLOP/s |[GB/s] |[GB/s] PFLOP/s [GB/s] [GB/s] Bisection Reduce
1 DGX / 8 GPUs 25 2400 150 16 3600 450 = 15x 3«
32 DGXs / 256 GPUs 80 6,400 100 512 57,600 450 9x 4.5x
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Lecture Roadmap

®* Networking Basics
® Building Blocks

® Evaluation
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Lecture Roadmap

®* Networking Basics
® Topologies
® Routing

®* Flow-Control
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Lecture Roadmap

®* Networking Basics

® Topologies
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Topologies

? ? ? ® Shared-bus

é é é é * Advantages: cheap & easy to implement, broadcast, serialized

messdages

* Disadvantages: low bandwidth, tri-state logic

® Crossbar — all-to-all connection

* Advantages: high bandwidth due to all-to-all routing, no
contention, serialized messages, predictable latency

* Disadvantages: O(n?) scaling, scales poorly past 4x4 networks

* 1D torus/ring (unidirectional/bidirectional)
* Advantages: simple to implement, well-behaved

* Disadvantages: low bisection bandwidth, high-hop-count

® 2D mesh

* Advantages: scalable with good bandwidth/low-latency

* Disadvantages: complex routing for deadlock-freedom

These are network-on-chips (NoCs),
with proper routers and channels

EECS251B LOT INTRODUCTION Nikoli¢, Stojanovic, Shao Spring 2022
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3D Topologies

® Before single-chip multi-
cores, 3D topologies were
used for rack-scale
compuvuters
* SGI Origin 2000
®* Hyper-cube topology to

maximize bandwidth

® 3D topologies don’t match

2D silicon architectures

®* New opportunities with 3D

stacking

EECS251B LO1 INTRODUCTION

Midplane ) /

Through-Silicon Vias (TSVs), puBumps

Package substrate

Eilgad
Graphics card

Multi-layer Printed Circuit Board (PCB), up to 8 layers

PCI Express
Electrical current
Display connectors

Nikoli¢, Stojanovic, Shao Spring 2022

“ \ R1 sz ‘f

15




Network topology spectrum o/

= [ U /
| N~ MY
N~y vy
v Y9
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N~ MY
N~ v
E{ﬁ}g N~y Y
. Oooo---Opon
Increasing diameter
Easy to design < Hard to design
Hard to program > Easy to program

Increasing radix
Radix — Number of inputs and outputs of each switching node
Diameter — largest minimal hop count over all node pairs

In power constrained systems — Need to look at networks in a cross-cut approach
Connect physical implementation (channels, routers, power) with network topology, routing and flow-control
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ldeal network throughput (capacity)
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Eﬂﬁﬁ ® Bisection bandwidth = 2/Np
1

® Data crossing the bisection = ENb

core

®* Maximum traffic that can be sustained

by all cores

® Mesh throughput

®* 50% of data crosses the bisection

assuming uniform random traffic

Bisection

®* Maximum throughput

N = number of cores ®ideal — ]Vbcore =4/ Nb

b = router-to-router link bandwidth
beore = rate at which each core generates traffic

To maximize bandwidth, a topology should saturate the bisection bandwidth



Tori O/

[Dally04] /

® Low-radix, large diameter networks

®* N-ary, K-cube (mesh)

®* N nodes per 4-ary 2-cube
dimension A W W A W 4-ary 2-mesh

p
® K dimensions \O O—> O O
O

o)

)

“OHOTOTOY O—0—-0

/

—QTQTQTQT 000
./ SN

®* Cubes have 2x larger bisection bandwidth
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TILE64

ﬁ

1L

N~

DDR2 Controller 0

e

N~

PCle 0 | =
MAC PHY| _._
[ 00 0
uART, |= B B

JTAG,
TWI,
SPI

I

MAC L1
PHY H-
[0 00 00

I1 1

T [0
Flex = = = = = — = GbE 1
Vo |I:ﬁ.||inniF-:E§*i*§! —
o e = = = s = )

._
g g i

DDR2 Controller 1

=
=

XAUI 0 <1£ )
MAC PHY

GbE 0 /1'

Y
S )

& PHY

: e o A -

DDR2 Controller 3

DDR2 Controller 2

s

[Bell08]

1

® 64 cores at 750 MHz
®* Memory BW 25 GB/s
®* 240 GB/

AA AL

s bis. Bw

L2 Cache

Register File

L11 |[ L1D
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2D DMA
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TILE64 Networks

[Wentzlaff07]

~—MDN MDN—# .
~—TDN TON —= STN - Static network
~+—UDN UDN—» . .
< IDN IDN —» TDN — Tile Dynamic network
-=—STN STN — .
UDN — User Dynamic network
MDN — Memory Dynamic network
IDN — 1/O Dynamic network
-+ MDN T MDN—»
= UDN e UDN—=
UDN .
< IDN e IDN —> 32 bit channels on all networks
-a— STN <4a— STN —=
H H
Zzzzz Z2zZzZ Z2Zz2z2 Wormhole, dimension-order routed
SFEFDO=Ww SEDO=W SFOD=®
YYVYY YYVVY YYYYY

5-port routers with credit-based
flow-control

STN — Scalar operand network
TDN and MDN implement the memory sub-system

UDN/IDN - Directly accessible by processor ALU (message-based, variable length)

20



Improving Tori - Express cubes

® Increase bisection bandwidth, reduce latency

®* Add expressways - long “express” channels

One dimension of 16-ary express cube with 4-hop express channels

O-O-O-COHO-O-EO-O-O-O-AO-EB-O-0-E-®

One dimension of 16-ary express cube with 4-hop express channels

IOOGOIOQOQIOOOGIOQGGI

Add extra channels to diversify and/or increase bisection

[oooolovoolosonloonal
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Buterflies

®* N-ary, K-fly
®* N nodes per switch

®* K stages

®* Example

® 2-ary 4 fly
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Path diversity problem O/

® Butterflies have no path diversity () 10 20 1O
O \ / >< ~®

®* Bad performance for some traffic patterns (O v 2 1 ®
O ~®

® e.g. shuffle permutation OoN (9
@/ [ | 12 22 32 \@

@\ 13 /\ 23 >< 33 /®

®* Wide spread in BW . _ _
® Inherently blockin () | O
Y 7 os |/ {\ [ s \/ 25 >< 35

® Fixed in Clos topologies Og [\ ~®)
% 06 \'L 16 26 36 /\%

07 ..‘ 17 /\ 27 >< 37

(& ()

[Dally04]
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Clos networks [Clos53] /

8-ary 2-fly Butterfly

AT 27 SRR
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®* Redundant paths — more uniform throughput
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Logical to Physical Mapping

Router group 8-ary 3-stage Clos
e T
I_ |
Tile
O Three 8 x 8 Routers O Two 8 x 8 Routers (I-Viil,a-h)
(I-VII, a-h, A-H) O Eight 8 x 8 Routers

(middle stage A-H)
®* Same topology — different physical mapping




Topology comparison

[Joshi10] r/

DJJQE S i i v U R R
5{%}Ezﬁ]d I~~~ v
al O~~~ v
poeapar
O U v v«
= U v v«
N~ MY
g
. Oooo---Opon
Channels Routers Latency
Topology  N¢ be Ngc Npc-be Np  radix H Tk Tc Ire Ty To
Mesh 24 256 16 409 64 5x5 2-15 2 I 0 2 7-46
CMesh 48 512 8 4006 16 88 17 2 2 0 1 325
Clos 128 128 64 8.192 24  8x8 302 210 0-1 4 1432
Crossbar *64 *128 *64  8.192 | 64x64 1 10 na O 4 14

Table 1: Comparison of network parameters — Networks sized to support 128 bits/cycle per tile under uniform random traffic.
N. = number of channels, be = bits/channel, Ngc = number of bisection channels, Ng = number of routers, H = number of routers
along data paths, Ty = router latency, T = channel latency, T7¢ = latency from tile to first router, T5 = serialization latency,

Ty = zero load latency. *Crossbar “channels™ are the shared crossbar buses. o6




Lecture Roadmap

®* Networking Basics

® Routing
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Routing Algorithms

® Deterministic routing algorithms

® Always same path between x and y
® Poor load balancing (ignore inherent path diversity)
®* Quite common in practice

® Easy to implement and make deadlock-free.

® Oblivious algorithms

® Choose a route w/o network’s present state

* E.g. random middle-node in Clos

* Adaptive algorithms

® Use network’s state information in routing

® Length of queues, historical channel load, etc

28
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Oblivious Routing

® Valiant’s algorithm (Randomized Routing) [Dally04]

Folded Clos (Fat Tree) 8-ary 3-fly Clos be
0 000X
® 55
&) - AN A
001X
NS MARSHA
> KX NS

SN Y= SO W2

S, ST
s — LA
VA VAV, VAN

S ORK XK
IS X ALK

i

57
L3

XX N LRRAXX

SO o Do
SR IIOEE
Sooee

ANANARANANA

| WA AT AN AN SWIAYAC T AN AYAN>
LT IANET NS ST KA NN
X BRSNS L BRI
L | ’I)l 7 KL \§\§ ’I;/ S e \§\§
D] AL RSO A LA RIS
101X
110X
: 111X

Randomly select middle switch

Randomly select .
i Randomly select middle node
nearest common ancestor switch . .
Dimension-order to/from node



Lecture Roadmap

®* Networking Basics

®* Flow-Control
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Message definitions O/

/ Header = —
f— T~

RI - Routing Info Packet 1kb (typ)

™ N\ /
SN — Sequence # / Tail flit
Head flit
Body flit

Message

et [roee] v Basic unit of bw and storage 64b (typ)
llocation (flow-control)
Head, body,>-/ T’ a
tail, or H&T Phit
Sent across channel in a clock cycle
® Basic trade-off 8b (typ)

® Minimize overheads (large size)

® Efficient use of resources (small size)

[Dally&Towles: Principles and Practices of Interconnection Networks - Dally04] 32




Flow Control

® Bufferless flow-control (Circuit Switching)

® Buffered flow-control (Packet Switching)

® Packet-based (store&forward, cut-through)

® Flit-based (wormhole, virtual channels)

* Buffer Management

® Credit-based, on-off, flit-reservation

33




Circuit switching O/

[Dally04] /
Blocked request
= o [R held at switch A—D|D|DID DIDIDID T
1 Al A D[D[D|D D|D[D|D] T
c
c 2 A4 A D[D[D|D D[D[D[D T
& 3 F A D[D[D[D] D[D[D]D] T
O 4 RHA D|D|D]|D] D|D[D|D] T]
01 234567 8 0101112123 14151617 18102021222324252627282930312323334
Cycle
R - Request A - Acknowledgment T — Tail flit
Acquires channel state at each hop D — Data packets Deallocate channels
e.g. Two, four-flit packets
® Pros
® Simple to implement (simple routers, small buffers)
® Cons

® High latency (R+A) and low throughput

34




Example - Pipelined Circuit Switching

Bidirectional Links

Cores

Routers

.-”"-T-T |

[ Ei .

j sy
[ SSen aw

-......+_+
._......+_+

Router 0 Router 1 Router n
Src |Dest
NUVUWL ElL S TLETS | pectorewecnea
packetclock £ P Request
L% w -
H w = * o e=ni Circuit-switched
: [.] Ly~ N Circuit-switched
T /-115 -0 & o= Data Transmission
) (pi%
—
Figure 2. Circuit-switched pipeline and clocking.

< Packet x Packet xPacket x Packet XPacket x Packet )

MRy (R) (WR) (WR) (WR)

circuitclock _/_\ , \

< Circuit Acknowledge x
Data - Data

=z 35 TZenm. 1.0V, 50°C 3.5
z 30 3.0
225 . o
N
'5-20 2.0
_‘E‘ 15 = L 15
-
%10 L L 1.0
S 5 - o5
E

. - 0.0

Throughput (Tb/s)

N w -~ o (=2} ~
1

9

2 3 4 7
packetclock cycles / circuitclock cycles

_—

o
o
= N

£ N
-
2>

Through

45nm, 1.0V, 50°C

1 2 4 6 14
Maximum number of hops

~35

-
(=]

Total Network Power (W)

[Anderson08]

3.5

45nm, 1.0V, 50°C

— s>

(8]

™~

8 4

~N

Throughput (Th/s)

©O O a2 aNNW
o

W

2 1

Number of Queue Slots

2.9Tbis 45nm, 1.0V, 50°C
8 - -
"\®2.3Tb/s
6
1.16This
4
2 0.6Tbis
0

Data Insertiyljlolnterval (ps)

10000

64 core 2D mesh, 125 mW /router

Network efficiency 3 pl/bit
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Packet-buffered Flow Control

Buffer and channel allocated to the whole packet

[Dally04]

® Store-and-forward

0
1
2
3

Channel

HIBIBI|B|T

Start next hop after whole packet received

012 3 45 6 7 8 01011121314 15161718 19

® Cut-through

Hie|e|B|T]| +— 5-flit packet
HIB|B[B[T] ~ A
TOzH(’r'*‘;)

Cycle

Start next hop after head flit received

BIB|B|T & 5-flit packet

L
o= Ht, + —
0 2 34 567 8 910 b

— 0O [HIB|IBIBI|T
2 4 HIB[B|B[T
% 2 ———H
6 3

Contention CYCle

for channel 2

Both ineffective in use of buffer storage

Contention latency increased in channels
36
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Flit-buffered Flow Control

Buffer and channel allocated to flits

®* Wormhole

| —idle, W — waiting, A - allocated

VC state Output
Flit buffers —{ | [IT_]
[TIBIBIH}>+H{ [ > » [TIB[B}>»H [HH> » [T[B}>+B[HH> >
x O x O T j[ [
- > > > t > I: > >
(a) (b) (c - 2 cycles)
channel blocked
]
ﬁ»-mcl+->< ~BH — Fﬁ?»->< ~EE —~{{TH~ ><
|
O O
- B 7.— | - — -

(e)

(f)
tail flit frees-up channel

More efficient buffer usage than cut-through

But, may block a channel mid-packet

(9)

[Dally04]
> ->X = »[H]|
(d)
T|B[B|H)
>
HIB—+—B|T
Out H|B|B|T

abccdefg

37
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Flit-buffered Flow Control

®* Wormhole vs. Virtual-Channel

[Dally92]
Virtual
channel \
B ] ]
(a) idle idle
A > >
Wormbhole chan p 1 chan q o
Node 1 Node Zl Node 3
Blocked
(0] C1C]
(b) B]
Virtual ——» e -
channel B chan p ——" | chanq |4 |
Node 1 Node 2 Node 3

\J
Blocked

[Dally04]
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Virtual-channels — Bandwidth Allocation

[Dally04]
Int

In2
Qut
A downstream

B downstream

In1
In2
Out
A downstream

B downstream

s

Inputs compete for bandwidth /
Au[Ag] Az |As|Ag]As Ag Ar Fllt-by-Fllt
i1 2 2 3 3 3 3 3 3 3 2 2 1 1 \
B,|B,[B.|B,|B, B B, B, & # flits in VC buffer (cap 3)
i1 2 2 3 3 3 3 3 3 3 3 2 2 1 1
AqlBy|A,[B, AR, |AL]B, A, | B, AL B, [Ag| B A [By
A A A, A A A Ag A _ _ _
S = == . Fair Arbitration
B,—8,—{B.—{B;—{B,—{Bs—{ B, B
AlA A AL A A A | A,
11 1 1 1 1 1 1
B,|8,|B, ——+—+—+—+—B,|B,|B[B.|B,
1 2 3 3 3.3 3.3 383 .3 3 3 8 3 2 1 Wi K I
AH A1 2 3 AJ AS 8 T BH Bi B2 BS 84 E Bé BT Inner-ta e-a
Arbitration
AlA AL A A A A A,
Reduced latency
B,[8,|B,|B,[B,[B.|B.|B,| NO throughput penalty
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Virtual-channel Router O/

Virtual
channel "\ [Dally04]
\ ~ Output VC

VC status / :
\ /S Flit buffer

\ \ / r"
=0 5
1

|- 2 {a) One 16-flit buffer
F \;
2

,— Input VC 1-VC

|
E
=N
i

i

[>]
]

| .
J 4-\/Cs

2-VVCs

]

=]
]
O]

|
|
Ed
— 1
=N
[]

=
L]

3
|_ -
L J (b) Two 8-flit buffers
4

Each channel only as deep as round-trip credit latency

i

(c) Four 4-flit buffers

More buffering, more virtual channels
40




Credit-based buffer management O/

Node 1 Node 2
Input ve - Credts Node 1 Node 2 fereh F - Flit buffer depth
— ?I I7 — F > = L, — Flit length
(a) > %Il_lj (f) T Lf b — channel bandwidth
reqi
t.., — credit round-trip delay
o | PIN I [T 1  E Node 1 Node 2
(1] ? [T] ol 1
) ) £ <, 1
— — a e
o IE| s |[mO , |O [0
j | gANE! _ credit | |LLJ t,
Y 2
— — S
, | DO W[ .| 0@ (0] b ——
@ [BH v (1] ‘W K
o | 00 _ ty :
Credit LB §
te ay =
oS Z
[Dally04] /
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Lecture Roadmap

® Building Blocks

® Channels

® Routers
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Router to router link width (bits)

90nm technology

® Simple routers and channels roughly balanced

® Narrower networks scale better

43



Channels: Electrical technology O/

Input Rep & Rep r r Rep g Rep Output
bits :

¢ cls C C C—¢ i
I = I Clk I = ¥ 1 = = Ck bItS

Repeater inserted pipelined wires

500 i

® Design constraints
® 22 nm technology
®* 500 nm pitch
®* 5 GHz clock

® Design parameters
®* Wire width

® Repeater size 0 3 5 7 g
* Repeater spacing Number of pipeline segments
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Channels: Equalized interconnects o/

Input
bits T _, Output
ck [ W hy _
> R R R R R R > bits
ke E MWW W W W "W |
—{w>> I¢ 1¢ I1¢ I¢ IC IC ClkBar . ]
g R R R R R R hy | |
kT AW AW AW W W W i ClkBar Clk—‘
I_SNQ ° 1 i e e I B ClkBar T
Feed-forward Decision-feedback
equalizer equalizer
Voltage A 01000  Channel [Mensik07,Kim08,Kim09]
swing Muatlon Rx
-= >

UTX/ Distance

® FFE shapes transmitted pulse

® DFE cancels first trailing ISI tap

®* Lower energy cost due to output voltage swing attenuation
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Repeated interconnects vs Equalized interconnects

800 .
-O-DDE - Rep

. 4-Total - Rep |
%= 6001 0-DDE - Eqz - \
= -+Total - Eqz | 5
S 400 COMParable latency o~ Fixed energy
)
< = :
LL] 200 : ------------- d energy

0 |

0 5 10 15

Length (mm)

Data-dependent energy (DDE) is 4-10x lower for equalized interconnects, while

fixed energy (FE) is comparable
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Routers

per packet

Router J
— >

GIRIOIPIC]

\
CI

Input unit

GIRIOIPICH

=

VC
allocator
Switch :
allocator per ﬂ It
1 1

l

Output unit

GITICH

Input VC state
Field Name
G Global state
R Route
O Output VC
P Pointers
g C Credit count

|

Input unit

Switch

Output unit

Output VC state
- Field Name

G Global state

I Input VC

C Credit count
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Router pipeline

® Pipelined routing of a packet

Cygre 1 2 3 4 5 6 7
Headfit |RC|VA|SA|sT

Body flit 1 SA|ST

Body flit 2 SA|sT
Tail fit SA|ST

RC — route computation

VA — virtual channel allocation
SA — switch allocation

ST — switch traversal

Pipeline stalls (virtual-channel allocation stall — output VC)

Cycle
Head flit (packet A)

Tail flit (packet B — holds VC)

Body flit (packet A)

1 2 3 4 5 6 7 8
RC —}—j vAa|sA|sT
SA | ST

F——{sa|sT

VC stall need not slow transmission over the input channel as long as there is sufficient buffer space

(in this case, six flits) to hold the arriving head and body flits until they are able to begin switch traversal.
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Speculation and Lookahead

Speculative allocation

Cycle 1 2 3 4
Cycle 1 2 3 4 5 —
VA Head flit RC [[SA]
Head flit RC SA ST ST
SA
Body flit 1 SA|ST Bodly flit 1
ST
Body flit 2 SA|ST Body fit 2 SA
ST
Lookahead routing
(pass routing for next hop in head flit)
Cycle 1 2 3 4 5 &6 Cyle 1 2 2
. VA VA
Head flit = SA | ST
LR Head fit 2=
Body flit 1 SA|ST e
Body flit 2 SA | ST SA
Bodly flit 1
Tail fiit SA|sT ST
SA
Body flit 2
ST




Crossbar switches

No Speedup — 68% capacity
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\
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Output
buffer

2x Output Speedup — 87% capacity

1

Y

Output
buffer

2X Input Speedup — 90% capacity

—
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Input buffer
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Input buffer
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Input buffer
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2X Input & Output Speedup — 137% capacity

——
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Router design space exploration - Setup

bt [ShamimQ9]
8 bits
(w — 8) data bits 8‘7‘6 5‘4‘3 2‘1
\ V )\ J Sife Ro:ns.:{obin
Destination Address  Fjit Type RRRER
Identifier G i i req \L J/ \L J, \L grant
— ° ° ° E d
w = Flit size (bits) credit s LLLEL i
Inl70Lrr 1 T LT ¢ ¢ sellp-lo]
p = Ports =5 ,
1 : I
L] [ ] [ ] I tp tl AN
6-bit Destination Address ki 5
v s ]||Ee|]|F z
for in[w-1:0] ’:i
64_Core Sysfem T Buffer for 4 Messages | i
| = in[w-1:0]
B 5x5 Crosshar
t ¥ ¢ ¢ 9
out[w-1:0] Vv V Vv V V
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Matrix Crossbar

input 1
input 2 - 'Mg?
kTR
input k

[ indino
Z mdino
y ndino
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Mux Crossbar

in1[w-1:0]

in2[w-1:0]

in3[w-1:0]

in4[w-1:0]

in5[w-1:0]

Multiplexer Cross

' 4
"4

]
£

[

4
L 4
L 4
\l_/'

bar

I

out1[w-1:0]

out2[w-1:0]

out3[w-1:0]

out4[w-1:0]

out5[w-1:0]

credit

||||||||||

sssssssss
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Example System

Core

Router
under —
consideration

b E ks en
SRS EES
b h e h
b b
b bl

Design space

——Router

® 64 tiles.
®* 1GHz frequency
®* 1 Message = 512-bits

® 4 Messages per input port
(2048-bits)

18 Routers

i

® Router Aspect Ratio 1
*p=5,812

* w = 32, 64, 128 (bits)
®* Matrix xbar

®* Mux xbar
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5x5 Router Floorplan (128bit)

16
24

&b ER

1 2 3 4 5 6
9 10 11 12 13 14
17 18 19 20 21 22
25 26 2 28 29 30
33 34 35 36 37 38
41 42 43 a4 45 46
49 50 51 52 53 54
57 58 o 60 61 62
inl VSS Power
outl Ring
in2 VDD Power
16word 128bits Ring
SRAM
out2 = = £ in5
= = ®
2 £
= g = =
(= k. fu}
N [ (=)
in3 z g outs
16word 128bits
SRAM
out3 Router
Chip Area

out4
in4
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8x8 Routers Floorplan (128bit)
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| SRAM |
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out8
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in7
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12x12 Routers Floorplan (128bit)
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Area vs Port Width and Radix

AreaVs Port Width

N o % N o ©
i i

e oy e = e =y = = e = = e =y = = e =y = - —

IIIIIIIIIIIIIIIIIIIIIIII

IIIIIIIIIIIIIIIIIIIIIIIIIIIIII

x5 matrix
x8 matrix

________

-
<
-
-0
A

(zvww) eary

Port Width (bits)

* Mux crossbar always better

* 5-12 port routers scale well (sub p?, b?)
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Power vs Port Width and Radix

Power VS Port Width

1850 +---=---~- mm—m-—-- -

1650 -

1450 -+ -

1250 + -

Power (mW)

650 T 1

450 + -

250 +-

1050 1

850 T 1

—&—>5 matrix DNC

1 =O= 5 matrix UR

A~ 5 mux DNC

A- 5mux UR
—&— 8 matrix DNC
=O= 8 matrix UR

A~ 8mux DNC

A~ 8mux UR
=12 matrix DNC
== 12 matrix UR

A—12 muxDNC
=A~ 12 mux UR

50

Port Width (bits)

* Mux crossbar always better

* 5-12 port routers scale well (sub p?, b?)
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Router Power Breakdown

Power (mW)

1800

1600

1400

1200

=
o
o
o

800

600

400

200

Router Power Breakdown

jew-dzt

128
bits

64

bits

32
bits

Xnw-dgT

64
bits

Xnw-dgT

128
bits

Xbar and Buffer
power roughly even

Improve Xbar with
Ckt/channel design
(equalized, low-swing)

Use less buffers
(circuit switching,
token flow control)
[Anders08, Kumar08]
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Router Area per core vs. # Ports

Area Fraction VS Ports

——32bit matrix

—&—128bit matrix

¢ 32bit mux
—@ 64bit mux

~A 128bit mux

6 +--

5

3

(2%) uonoelq eaay

1+ =

14

12

10

Ports
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Effects of Concentration

* Mesh to Cmesh

* 5p routers to 8p routers

[BalfourO6]

Power (mW

Matrix Design Area (mm’ Mux Design

4 x 5p32b-mat 1.1664 332.304 4 x 5p32b-mux 268.3056
1 x 8p64b-mat 0.4356 246.3924 1 x 8p64b-mux 203.268
4 x 5p64b-mat 1.2996 484.4544 4 x 5p64h-mux 410.5872
1 x 8p128b-mat 0.8836 568.2672 1 x 8p128b-mux , 391.0116 |
2 x 8p32b-mat 0.5832 264.6312 2 x 8p32b-mux 0.5832 215.8464
1x12p64b-mat 0.6889 546.8928 1 x 12p64b-mux 0.5625 389.5896
2 x 8p64b-mat 0.8712 492.7848 2 X 8p64h-mux 0.7442 406.536
1x12p128b-mat 1.7424 1584.54 1 x 12p128b-mux 1.2769 926.2188
8 x 5p32b-mat 2.3328 664.608 8 x 5p32b-mux 2.3328 536.6112
1x12p128b-mat 1.7424 1584.54 1 x 12p128b-mux 1.2769 926.2188

®* Works well for small flits and number of ports
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Orion 2.0 vs P & R design

[Kahng09] [ShamimQ09]

Ratio (Power of Synthesized designs / Dynamic (no leakage) Power of
Analytical Models)

14 +m———r === - ——
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1.2 +{ ¥ Xbar L _—
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o 08 +r—-—————="="=""""—""-"-"——"———— -——----—-——- - —
T
o
0.6 +~ | _ L _ - _._m_ _ - | _ -
0.4 + — - — - - — - - — —— - — —
0.2 + &= - — - - - - - - —— - - =
0 _
wn wn i 00 (o) 00 = = =
© o) © go) o) o) N N N
o o o o o o o] o) o)
~+ - ~ 3 ~ pm ) ®) o
N a 0 n n n a. a- a-
32 bits | 64 bits |128 bits| 32 bits | 64 bits |128 bits| 32 bits | 64 bits |128 bits
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Lecture Roadmap

® Evaluation
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Latency Components O/

® Zero-load latency

* Average latency w/o contention

. Dmin L
Arrve at x I I TO e Hminfr | + —
t e v b

Leave x 111 / 7 f

i Router Channel

Arrive al y : | | | delays delays Serialization
= b [ delay
Leave y
—>| Hnin — average minimum number of hops
Arrive at z t, — Router delay

Dmin — average minimum distance

70 v — signal velocity

L — packet length in bits
To = 2t + (t )+ L/b b — router-to-router channel bandwidth
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Network performance plots

Zero-load latency
includes effects of
routing and flow-control

Latency (s)

Ty - T -

I Topology

| FIO\L/-conlroI

Havgly+ LIb - e e e e L

Hynle,+ LI T -7 ———————— o e ook J )

Offered Traffic (bits/s)
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Clos with electrical interconnects

8-ary 3-stage Clos

- ® 10-15 mm channels
Tile
®* Equalized

® Pipelined Repeaters

Two 8 x 8 Routers
Eight 8 x 8 Routers




Simulation setup

® Cycle-accurate microarchitectural simulator

® Traffic patterns based on partition application model
* Global traffic = UR, P2D, P8D
® Local traffic = P8C

® 64-tile system, 512-bit messages

® Events captured during simulations to calculate power
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Partition application model O/

® Tiles divided into logical partitions and communication is /

within partition

[Joshi’09]

® Logical partitions mapped to physical tiles

® Co-located tiles =2 Local traffic

® Distributed tiles 2 Global traffic

Uniform random (UR) 2 tiles per partition that 8 tiles per partition that 8 tiles per partition that
are distributed across  are distributed across are co-located (P8C)
the chip (P2D) the chip (P8D)
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Latency vs BW

[JoshiO9b]
2 80 T H=0—=UR
2 60 I N I I A L|=&=P2D|
~ | | | |
C I 1 N A | ==P8D||
@ 40‘ | | | | |=o=P8C
& 20 L

B—8—0—0—B—o—h—o—4 | TT=128bicyc

002468024680246802468
Offered BW (kb/cyc) Offered BW (kb/cyc) Offered BW (kb/cyc) Offered BW (kb/cyc)

mesh cmeshX2 flatFly X2 clos

ldeal Throughput 81 = 8 kb/cyc for UR

* flatFlyX2 vs mesh /cmeshX2
* Saturation BW = comparable (UR, P8D, P2D)
* Latency =2 flatFlyX2 has lower latency

® clos vs mesh/cmeshX2 /flatFlyX2

® Saturation BW =2 uniform for all traffic, comparable to UR of mesh
* Latency =2 uniform for all traffic, comparable to UR of mesh
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Mesh vs CMeshX?2

25

®* Repeater-inserted interconnects

Repeater-inserted |

I

S I
|
I

|
I
.
I
I

~ Repeater-inserted |
I

Offered BW (kb/cyc)

mesh

I I

I I

I I
2 4 6 8 0 2 4 6 8 0 2 4 6
Offered BW (kb/cyc)

cmeshX2

. Equalized

TT = 128 b/cyc|
l |

8

Offered BW (kb/cyc)

cmeshX2

®* cmeshX2 lower power than mesh at comparable throughput

® Equalized interconnects

®* cmeshX2 has further 1.5x reduction in power

®* Channel gains masked by router power
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Power vs BW plots —repeater inserted pipelined vs equalized

25

oo _Repeaterinserted | | Repeater-inserted | | Repeater-inserted
s A
R e e B e e
@ | [
= 10 — S —
DC_’ | |

5 BRI  ——
| TT = 128 bleyc|

O I | | I

0 6/ 8 0 2 4 6 8

Offered BW (kb/cyc) Offered BW (kb/cyc) Offered BW (kb/cyc)

mesh ‘Equalized
1.5-2x lower IL iI —--UR

| =&=P2D ]

power with S '_+Egg_
=

equalized channels ITT12+8b/JI
= cyc

at comparable % 5 4 6 80 2 4 & 8

Offered BW (kb/cyc) Offered BW (kb/cyc)
throughput flatFlyX2 clos

s
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Power split

Power (W)

20
18
16
14
12

o

o NN~ OO ®

B Channel data—dependent power
———————————————————————————————— Il Channel fixed power i
[ 1Router power

Rep Eqgz Rep Eqz Rep Eqgz
CMeshX2/UR FlatFlvX2/UR Clos/UR

®* Channel DDE reduces by 4-10x using equalized links

® Channel fixed power and router power need to be tackled
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Saturation throughput improves using VCs

Small change in power at comparable throughput
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Power vs BW —no VC vs 4 VCs, repeater inserted pipelined o/

25

~20

=3
15

-

D

Power (

TT =64 blcyc
| |

8 0 2 4 6 8
Offered BW (kb/cyc) Offered BW (kb/cyc) Offered BW (kb/cyc)

mesh flatFlyX2 clos
25-50% lower power using VCs at comparable throughput
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Power vs BW—no VC case, repeater inserted pipelined vs 4 VCs,

equalized

“>No VCs (Rep) |
(0] S e |

=
A5 ASa

I I
| | |
___+___%____L____
I I
I I

|
|
|
0O 2 4 6

Offered BW (kb/cyc)

mesh 15

——

2-3x lower power = 10

obtained using
equalized
interconnects and VCs
at comparable 0
throughput

Power
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I
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|
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flatFlyX2
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Power split

20

1.5 Kbicyc Offered Bandwidth — no VC, TT = 128 k/cyc

Power (W)
=)

n

HHHM

it

1.5 Kbicyc Offered Bandwidth — 4 VCs per port, TT = 64 bicyc

Il Channel data—dependent power
Il Channel fixed power
[_JRouter data-dependent power

5

[__IRouter fixed power

ol a0

ur p2d p8c psd
Mesh/Rep

ur p2d p8c ped
CMeshX2/Rep

ur p2dp8c psd

Mkt |

all

ur p2d p8c psd
FlatFlyX2/Rep Clos/Rep CMeshX2/Eaz

ur p2dp8cped all
FlatFlyX2/Eqz Clos/Eqz

®* VCs an indirect way to increase impact of channel power

®* Narrower networks, lower power for same throughput, keep utilization high
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Summary O/

DJJQE U Y
OO O U Y99«
al =0 RN N BRI
g{idg v Y9
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N~ MY
g{ﬁ}g I~~~ v
b Oooo---Opon

CMesh Crossbar

o Cross-cut approach for on-chip system interconnects design needed
o Application mapping
o Topology, Routing, Flow-control
o Improving Routers and Channels equally important
o New circuit design (low-swing, equalized)
o System — DVFS, bus-encoding
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To probe further (tools and sites)

® DSENT - A Tool Connecting Emerging Photonics with Electronics
for Opto-Electronic Networks-on-Chip Modeling
® https://dspace.mit.edu/handle /1721.1 /85863

® Orion Router Design Exploration Tool
® https://github.com/eigenpi/vnoc20

® Router RTLs

® Bob Mullins’ Netmaker
(http: //www-dyn.cl.cam.ac.uk /~rdm34 /wiki)

® Network simulators
* Garnet (http://www.princeton.edu/~niketa /garnet.html)

® Booksim (http://nocs.stanford.edu/booksim.html)

79



https://github.com/eigenpi/vnoc20
http://www-dyn.cl.cam.ac.uk/~rdm34/wiki
http://www.princeton.edu/~niketa/garnet.html
http://nocs.stanford.edu/booksim.html

Generating Network-on-Chips

® Constellation — a Chisel network-on-

chip generator

® Generate realistic interconnects for

modern SoCs

® Configurable

routing /topology /micro-architecture
® constellation.readthedocs.io

® |f interested, email me —
izh@berkeley.edu

DRAM Channel DRAM Channel
Medium Core Medium Core Medium Core
ML Accelerator
1/0| Big Core - - -
(&} *® O
o i3
L2 Bank I L2 Bank
—> O+
Debug
—>Q+———
L2 Bank z L2 Bank R
@
\f @ JTAG
)
110 Big Core Small Core | Small Core Small Gore | Small Jore S
DSP
—@
NIC
Small Core | Small Core Small Core | Small Core ISP é
DRAM Channel DRAM Channel
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