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IOutIine

* Background
* Trends, status, imitations, and challenges of chiplet-based networks

* Chiplet Network Simulator
e Packet-centric architecture
* Atomic-based packet-parallel simulation
* Hyper-threading inconsistency
* Other features

e Evaluation Results
* Discussion
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I Background: Trends
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I Background: Post-Moore Era

Source: TSMC
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I Advanced Packaging/Interface Technologies
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IChipIet-based NoC-Scale-Out Networks

Tsinghua University
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IChipIet-based NoC-Scale-Out Networks

e Tenstorrent training processor * Scalable chiplet-based networks
* Folded 2D-torus on chip e 2D-mesh on chip
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I What is the difference?

Network of Chiplets

[Off—Chip Network] : [Off-Chip Network]

|

|

| [

t. . i | :

>< | 10 10 |

Switch : Router Router :

| 3 | - :
m - 1 [£NoC NoCV| |
| [

(a) l (b) |

* Traditionally, on-chip network and off-chip network are decoupled by switches, NICs,
or I/O routers, so, they can be designed and evaluated separately

* As for network-of-chiplet, on-chip network and off-chip network are tightly coupled,
the entire network must be designed and evaluated jointly rather than separately
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IChipIet-based Large-Scale Networks
* Tesla DOJO system
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* Core-to-core topology
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I Challenges for Evaluation

g Tsinghua University

* On-chip network * Chiplet-based large-scale network
* Core-to-core * Core-to-core
e Tens of nodes (cores) Millions of nodes (cores)
* Cycle based simulation Shared-memory
Billions of cycles of simulation time
Large design space
* To evaluate performance
* To explore microarchitectures
* To find potential deadlocks
* To model fine-grained behaviors

* Off-chip network
* NIC-to-NIC or switch-to-switch
e Thousands of nodes (chips)
* Discrete event based simulation
* Distributed parallel simulation

2024/7/11 10




I Why Existing Simulators Are not Sufficient

* Cycle-accurate Simulators: BookSim, ¢ Discrete event simulators: OMNeT++,

Garnet (Gem5), Noxim NS-3, SST
* Single-thread * Coase-grained, not cycle-accurate
* Too much running time is consumed by e Support parallel simulation, but require
unimportant circuit stage, e.g. the manual partitioning and MPI
round-robin allocation solution communication protocol
* Programming overhead
BookSim Profiling Results * Not suitable for chiplet-based networks
Cycle Estimation (%) 2D-Mesh | Dragonfly
Call: _VCAllocEvaluate () 48.08 17.65 . |
Call: SparseAllocator::Clear() 28.86 17.93 CyC e-accurate
Call: _SWAllocEvaluate () 5.71 13.43 * Very efficient
Call: _SWAllocUpdate () 4.59 11.26 * Not requiring extra programming

2024/7/11
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I Chiplet Network Simulator (CNSim) Architecture

onds”  Tsinghua University
* Network-centric: the key status * Packet-centric: the key status values
values (e.g., packet occupation) are are stored in Packet instance
stored in Network instance * Packet x: Node 0, Bufferi, O
 Node O: * Packet y: Node O, Bufferi, 1
* Bufferi: [pkt x, pkt y] * Packet z: Node 1, Buffer k, O
* Bufferj:[] Packet { If (arrived) Traffic
T // network status | % delete  Siafstics | Manager
* Node 1: :ﬁ:iz:z:giiﬁffer; Pkt | Pkt Pltt Pkt Pkt P pkt_gen ()
 Bufferk:[pktz] |7 olllz131 Inl_

// statistics

{ routing(p) |} p.candidate channels
o trans cycles; 3 o

iallocate (p) p.allocated resources

) Network of Chiplets
update (Packet p) { Hl Nyi—"" A

i , Router
routing (p) ; ) ! ﬁiigy‘ Buffer
vc_allocate(p) ; dih | i . x

switch allocate(p) ;| S

; 0] [ % 1. '
transmit (p) ; N il ig:é? “—p{ Buffer
} R = gt - Switch

12
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I Packet Queue

pkt vector
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I Packet Queue

pkt vector
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Pkt

Pkt

Pkt

Pkt

Pkt

pkt gen ()

Append new packets to

the end of the vector

Traffic
Manager
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IWorker %W Tsinghua Unive:sit}/g'
okt vector | Pkt|Pkt|Pkt|Pkt| [Pk
- 0 1 2 3 n

Worker routing (p) p.candidate channels
allocate (p) p.allocated resources

|

Return routing / allocation result
and stored in Packet
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I First Inject First Serve

Pkt [ Pkt | Pkt | Pkt| [Pkt

pkt vector
= O] 111 2] 3 n
routing (p) p.candidate channels
Worker allocate (p) p.allocated resources

|

Return routing / allocation result
and stored in Packet
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I First Inject First Serve

Pkt | Pkt | Pkt | Pkt| [Pkt

pkt vector
— O|1}]|2] 3 n
routing (p) p.candidate channels
Worker allocate (p) p.allocated resources

|

Return routing / allocation result
and stored in Packet
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I First Inject First Serve

Pkt [ Pkt | Pkt | Pkt| [Pkt

pkt vector
- O] 11213 n
routing (p) p.candidate channels
Worker allocate (p) p.allocated resources

|

Return routing / allocation result
and stored in Packet
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I Resource Releasing

okt vector |PKt|Pkt|Pkt|Pke| [Pkt

If (arrived)
delete '
Checker I__» Traffic
Statistics Manager

If(shifted)
release_link
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I Resource Releasing

bkt vector |PKt|Pkt|PktfPkel Pkt

If (arrived)
delete '
Checker I__» Traffic
Statistics Manager

If(shifted)
release_link
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pkt vector

pkt vector

pkt vector
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I Network Parallelism / First Come First Serve
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Router O

Router 1

Router k
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I Packet-Parallel Simulation

%o Tsinghua University

Threads 0 1 2 3
Malin Worker | Worker | Worker
Program 0 1 2

Packet | pkt | Pkt | Pkt Pkt | Pkt | Pkt

Queue Ol 1 | 2 || i |i+1]i+2
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I Packet Parallelism Simulation

Threads 0 1 2 3
Malin Worker | Worker | Worker
Program 0 1 2

Task Dispatch

Packet
Queue
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I Packet Parallelism Simulation

Threads 0 1 2 3
Malin Worker | Worker | Worker
Program 0 1 2

Task Dispatch

Packet
Queue
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I Packet Parallelism Simulation

Threads 0 1 2 3
Malin Worker | Worker | Worker
Program 0 1 2

Task Dispatch

Packet
Queue
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I Packet Parallelism Simulation

Threads 0 1 2 3
Malin Worker | Worker | Worker
Program 0 1 2

Finjshed

Task Dispatch

et
Packet | pkt | Pkt | Pkt Pkt | Pkt | Pkt
Queue Ol 1 | 2 || i |i+1]i+2
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I Packet Parallelism Simulation

%o Tsinghua University

Threads 0 1 2 3
Malin Worker | Worker | Worker
Program Dispatch 1 2
. h
Task Dispatch another
Packet | pkt | Pkt | Pkt Pkt | Pkt | Pkt

Queue Ol 1 | 2 || i |i+1]i+2
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I Packet Parallelism Simulation

%o Tsinghua University

Threads 0 1 2 3
Malin Worker | Worker | Worker
Program 0 Dispatch

Task Dispatch HTOREr :

Packet | pkt | Pkt | Pkt Pkt | Pkt | Pkt
Queue Ol 1 | 2 || i |i+1]i+2

2024/7/11 28




A\
S5 “."o

5 S ©
g . 0 y
g ~ g U
doin L Ney” 4
854 e g |
0 % & H
WY s X

7911

DrryssS

A1 N Tsinghua University

I Packet Parallelism Simulation (Multi Issue)

Threads 0 1 2 3
Malin Worker | Worker | Worker
Program 0 1 2

Task Dispatch

Packet | pkt | Pkt | Pkt | Pkt | Pkt | Pkt
Queue Ol 1|2 ]3] 4] 5
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I Packet Parallelism Simulation (Multi Issue)

Threads 0 1 2 3
Malin Worker | Worker | Worker
Program 0 1 2

Task Dispatch

Packet | pkt | Pkt | Pkt | Pkt | Pkt | Pkt
Queue Ol 1|2 ]3] 4] 5
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IAtomic-based Programming

bool Buffer::allocate in link(Packet& p) {
// current state of the physical 1link int vcb = p.next_vc_.vcb;
std::atomic bool in_link used ;
std::atomic bool sw_link used ;

bool link used state = in_link used .load();

if (link used state)

// current free buffer of each VC return false;

std::atomic_int* vc_buffer_; else if (in_link used_.compare_exchange
(link_used state, true)) {

// allocation succeeded

// record the packet order (and the head
packet) in each VC

std: :queue<Packet*>* vc_queue_;
std::atomic<Packet*>* vc_head_packet; push_pkt(&p, vcb);

¥

return true;
} else // allocation failed
return false;

if (node_->id_ != p.destination_ ) {

2024/7/11 31
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I Multi-Thread Inconsistency

Pkt 2 win the allocation before Pkt O

™~

Main Worker | Worker | Worker

Program 0 1 2
Task DispM
Packet | pkt | Pkt | Pkt Pkt | Pkt | Pkt
Queue O 1] 2 i | i+l | i+2
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I Is Multi-Thread Inconsistency Fatal?

* Allocation policy is not we are really
interested in. Different policies have
advantages and disadvantages, but
they do not seriously affect the
overall performance

* All packets are dispatched to
workers (threads) in injection order.
Therefore, early packets are still
more likely to win the contention

1

I

Pinverted allocation < ZP(k — i)e_LEJ M
I

* k: packet distance (index difference)
* c: multi-issue width
* M: worker (thread) number

(a) SW-Radix-16 1312 Nodes ,  (b) SW-Radix-32 18560 Nodes

P(k < 6375) < 0.1
P(k < 33842) < 0.5

P(k <293) <0.1

P(k < 69) < 0.01 600
P(k < 1742) < 0.5

{P(k < 1541) < 0.01

Frquency
(=)
o

200

0
0 2000 4000 6000 8000 10000 12000 0 40000 80000 120000 160000 200000 240000

Kk Kk
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I Other Features

* Heterogeneous Router & Link
* On-chip & off-chip networks are still different
* Heterogeneity is a significant feature that existing simulators lack modeling.

e Cache the results of repetitive routing computations
* By caching routing results, the simulation speed can be significantly improved.
* But only part of the results, thus the memory usage is not significant

* Integration with real workload traces

* Permutation patterns and AllReduce patterns
* Real workload traces (PARSEC)

2024/7/11 34
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e Simulation Speed * Memory Consumption
(a) 2D-Mesh (4x4) (b) Dragonfly (16K nodes) 1200 0890
o BookSim '
€ 2400 1—|—m—Booksim 0 —8— BookSim = 1000 CNSim 950.4
GE) OMNET++ c —— CNSim 8-Threads / _g 800 - 762
= 1800 —¥— CNSim Z 9000 g— 673.3
c / S / 7 6004862
S o c
c /-/ 5 / @) 400 -
o = >
ie) = s 297.5
8 600 _ S 3000 — g 185.6
] e e ——a 0
00 01 02 03 04 05 0.0 01 02 03 04 05 0.1 0.2 0.3 0.4 0.5 0.6
Injection Rate (flits/cycle/node) Injection Rate (flits/cycle/node) Injection Rate (flits/cycle/node)
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I Evaluation Result

* Hyper-threading Speedup  * Hyper-threading Inconsistency

(b) Dragonfly (16K nodes) i (a) Dragonfly (1K nodes) 10 (b) Dragonfly (16K nodes)
4500
— , o —{fl— Single Thread 1.0 N - Single Thread 10.10
L =\ ++ 1-issue 58] |16 tissue | ) 3B 16T, tisse | /? ”””
© 36001 10-issue | 3 34] |—4—16-T, 10-issue "~ Jlos 3 36 |[—A— 16-T, 10-issue * Jloos
£ 100-issue = 16-T, 100-issue e = 16-T, 100-issue ! RN
= L>)‘ 32 - < (>)‘ 34 , =)
c 2700 c Deviation (%) 106 ¢ ¢ Deviation (%) i 0.06 <
F LN T R 2, ST
I , Y "."16,10 .—
§ 1800 \\*‘A ézg_ 16100 042 E’,I?’O' o0 0.04-2
© © 26- s {02°| 28 -4 0.02°
g 900 ) ? ) Pty
L = 24 - - oo et = 26 et e e
@ < ccGeoaciagEEt 10.0 < LD . 10.00
0 T T T T T T 22 1 ] ] 24 ] L] 1
1 2 4 8 16 32 0.0 0.2 0.4 0.6 0.0 0.2 04 0.6
Thread Number Injection Rate (flits/cycle/node) Injection Rate (flits/cycle/node)
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I Use Cases & Application Scenarios

* Evaluation of large-scale of network of chiplet
* Performance: average packet latency, network throughput, etc.
* Routing algorithms, flow-control policies, collective communication algorithms, etc.

All-to-all amongst 163 groups

18 chiplet-groups

162 global links 162 global links

r _____________ \ { _____________ \

9 global links 9 global links | : 9 global links 9 global links |
| mp—— m——
 ((NNEN) (NNE) D (NNEN) (NNER)
:NNN---NNN:---:NNN---NNN:
:\N_N_N) INI[N][N]J :\N_N_N) INI[NJ[N]J
: Group 0 I : Group 162 !
I All-to-all amongst : I All-to-all amongst :

\

\ 18 chiplet-groups

Chiplet-based Switch-less Dragonfly on wafers
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I Run Time for Evaluation Real Networks

* Heterogeneous-Link-based Networks (MICRO 2023)

* The entire PARSEC traces includes over 100B cycles and 3B messages

* One complete evaluation requires to run the traces for more than 10 times
* BookSim2: > 10 days

 CNSim: < 20 hours

* Chiplet-based Switch-less Dragonfly (accepted by SC2024)

e The entire network can have more than 200K chiplets (1M nodes)

* Each latency curve requires running from 0.1 to 1 flit/cycle/node injection rate
* BookSim2:> 1 day

* CNSim: a few hours

2024/7/11 38




‘:. \“un .... .
g. %.% /7,, \z;
-

=" Tsinghua University

ISummary

* Cycle-accurate, packet-centric architecture
* Packet parallel-hyper-threading

 Sacrifice the simulator's ability to simulate the allocation policy in exchange
for performance.

* High simulation speed and scalability, about 11 x ~ 14 x faster than other
cycle-accurate simulators.

* Many functions and features
* Integration of real workload traces
* Heterogeneous link bandwidth and latency

° Adaptive routing ARTIFACT ARTIFACT ARTIFACT
] EVALUATED EVALUATED EVALUATED
* Open-sourced to the community Epoemin | | Epssni | | €poeni

AVAILABLE REPRODUCED
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