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MCM-GPU is a trend!

* Big data workloads require tremendously large compute and memory capability

* Chipyield decreases as the die getting large
* Multi-Chip Module (MCM) GPUs are on the market!

* Virtual Memory (VM) is essential to efficiently manage the resources

* Smart page migration and allocation rely on VM
e Butis the VM translation efficient for MCM-GPU?

Intel Ponte Vecchio NVIDIA Blackwell

UCMERCED




Baseline architecture

* A GPU package connected to Host CPU via PCle

* A GPU package contains multiple GPU Chiplets

e Each Chiplet is a fully functional GPU
e L1/L2 caches, L1/L2 TLBs
* Dedicated DRAM
* High-bandwidth Interconnection (768 GBps)
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Virtual Memory Translation Performm

e Speedup with more Page Table Walkers (PTWs)

1 8 PTWs [ Baseline Bl 32 PTWs

speedup
COHENNWWA
ovouwouvouo

Speedups with 8, 16, 32, and infinite PTWs .
Almost linear speedup

while saturating at 2x

UCMERCED N,



Conventional wisdom provides limited he|p\

* Traditional VM optimizations:
——Big/superpage?-
——HBprefetching?™
——HB-sharing?——

El Hypothetical Shared L2TLB

speedup

cocococoHRFHEH
c>u:#-cwan¢>uLhcm

Speedup

corr ' pagerank
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|dea: Levebagd: threwdthe cenE dbieat /attoad fiberharistaamsheg iGR WoChiplets to
fundamentally ietab-&BhIse table accesses
Barre Chord = Barre + Full Barre
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Conventional Virtual Memory

Physical Memory Map

OxDFFF

- 0x0000

(=] w o wo w o

] =S =y o=

- < Y] oA

: : ¥ 22 &
Virtual Map of = =
o GPUO | GPU1 | GP
a GPU application mem mem
region region
Ox1
1 _ kernel__ GPU_kernel() { . A
2 .. . s
3 // your favourite cuda/hip kernel ° ‘.
4 0xC )
5 } s
[ S
6 void main () { . . DX8
7 GPU_UVM_Malloc(Datal, 12*PAGE_SIZE) OxA1 °
8 GPU_UVM_Malloc( , 4*PAGE_SIZE) ®
9 GPU_UVM_Malloc(Data3, 3*PAGE_SIZE) 0
:> 10 kernellaunch(GPU_kernel, Datal, ,\\ o
11 Data3); [
12 return; ) L ]
13} .
[ ] »
GPU program B IxBE

OxOFFF
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Barre — Page Mapping in Coalescing Group

S =] =] ] -
w o WO w o [TH
N B
Virtual Map of GPUO GPU1 GPU2 GPU3
a GPU application r?gei?n r?gei?n r?gei?n \ rrgg%?n
Ox1 i A \:‘::j\;\ \\\\'OXOOOO
Idea: Map pages of the same data on Data 1 Coale}cing Group
. 12 pages
the same local physical address . [ ox]ms
across chiplets 0x0088
OxAY Data 2
oxAd— (4 pages) 0x0100
0x0114
s 3 pages) 0x0115
OxOFFF
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Barre — Translate in Coalescing Group Unit!

Timeline from PCle (IOMMU)

'pTW/! PW Queue Length !
Baseline ! >l .
0xA3 OxA4 | 0xA2 O oxA1 time
|
|
Barre Saved Cycles |
< o
oxA4 RO
. : >
|

Once a VPN is translated,
VPNs in the same Coalescing Group can be calculated!

* Without Barre => 19 Page Table Walks

* With Barre => 7 Page Table Walks

* Example when PW-queue has 4 entries
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Barre — Page Table Entry Revision
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PTE

GPU2

mem

region

GPU3
mem
region

|e207 Nd9-42d

This is the page 1

in the group.

|OXOFFF ~—

VPN Map of
a GPU application \
GPUO GPU1
mem mem
Ox1 region region
Datal '
12 pages
0xC
OxAl [ Data 2
OXA4 (4 pages) T
0xB4| pata 3 )7 l
0xB6| (3 4 GPUs are in
the coalescing group
,_’4 | | I
63




Barre — Translate Address via Calculation!

PEC Buffer
&5 88 &8 3 40 bits 40 bits 14 bits 24 bits
Crod | ShoL | GRUZ | GRUS
»region | region | region ‘:ifﬁg‘“ Start VPN | End VPN | Interleaving
| Sy . granularity
' L b b ' 0x01 0x0C 3
GPU memory map
Let’s translate OxA

with Barre
@ : Yes,, PFN .
»| Calculator |
Start VPN (0x01) < OxA < End VPN (0x0C) ( ‘ T
- In the same data OxA Just translated
 OxA4 ~ _to OXBOT5
— 510
Page table walk queue — -

11110000m

UCMERCED N,



Barre — Translate Address via Calculation!

PEC Buffer
g2 85 &2 83 @ 40 bits  40bits 14 bits 24 bits
Grem | Srem | St | e
»region | region | region ‘:ifﬁg‘“ Start VPN | End VPN | Interleaving
| ey . granularity
' L L L ' 0x01 0x0C 3
GPU memory map
Let’s translate OxA

with Barre
Q : Yes,, PFN <
»| Calculator |
(OxA - 0x4) is integer multiple ’ \ T
of interlv. Gran (3) . OxA Just translated
- In the same coalescing group . OxA4 | ~ ~to 0xB075
— 51-0
Page table walk queue — -

11110000m
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Barre — Translate Address via Calculation!

0xA000
OXAFFF
OXCFFF
0xD000
OXDFFF

GPU memory map

OxA - 0x4 =2
interlv. Gran (3)
- 0xA is 2 GPUs away from 0x4

0x4isinGPU1 w_
2> O0xAisinGPU3 ™.
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Just translated

PEC Buffer
40 bits 40 bits 14 bits 24 bits
Start VPN [ End VPN | Interleaving
granularity
0x01 0x0C 3
Let’s translate OxA
with Barre
@ YesI PFN j
»| Calculator |
2 R T
OxA
| OxA4 ~ to OxBO75




Barre — Translate Address via Calculation!

PEC Buffer
g2 85 &2 83 @ 40 bits  40bits 14 bits 24 bits
GPUO | GPUL | CPUZ | GPU3
region region f;\\'eg‘“ ‘:i:fé‘“ Start VPN | End VPN | Interleaving
m m m' {‘!md""""“ granularity
' L L Y ' 0x01 0x0C 3
GPU memory map
Let’s translate OxA
with Barre
@ : Yes,, PFN )
0x4’s PFN OxB075 »| Calculator
GPU1’s base address - 0xB00O T
GPU3’s base address + 0xD000 OxA Just translated
Done! 0OxDO075 m ‘\t\O\OXBO75
N =
51-0
Page table walk queue — -

11110000m
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Barre — Simple with Room for Optimization

e GPU addresses are still translated on Host via slow PCle

— Intra-GPU translation
\

* The coalescing group size is limited to the qumber of sharer GPUs
—> Contiguity-aware coalescing group expansion > Full-Barre

or F-Barr
e!|es of coalesced

* The address oblivious PTW scheduling drojps tl"‘e opportuni
PFN calculation.

—> Coalescing-aware PTW scheduling
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F-Barre — Intra-GPU Translation

Multi-GPU Package
GPU 2 GPU 3
GPUO GPU 1
Idea: Share coalescing information ' ' ' '
hiolet d calculate! CU CU CU CU
among cnipiets and caicuiate: N N R N
Which remote chiplet has the t't t't
coalescing group information? L2 TLB
L_RCFs ch PEC |
Does this chiplet have
coalescing group information?
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F-Barre — Intra-GPU Translation

010
1k
Barre 5|6 Coalescing
OxA3 OxA4 relies on
[ . IOMMU.
| time
|
00 | :
BB : |
F-Barre " IOMMU cle ISaved Cycleg |
OxB4 | OxA3 ‘ I' ’: Coalescing
Filter updates % ) L. time : happens
0 ) . within GPU!
In GPU X |
2 |
| >
| | time
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F-Barre — Contiguity-aware coalescing group expan

Idea: Opportunistically expand coalescing group when memory
allocation contiguity is observed.

GPUO GPU1 GPU2 GPU3
mem mem mem mem
region region region region
Ox1 == 0x0000
Data 1
12 pages OX0OT5
X .
OxC } Consecutive pages!
0x0076
Merge into one
large group!
0x0114
OXOFFF
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F-Barre — Contiguity-aware coalescing group expan

UCMERCED

010 |
XX I
BIB |
F-Barre 5|6 |
OxA3 :
Filter updates 3 LY ‘ L

In GPU o

XXX

i AlAlA

4
|
|
)(2 )(() I I
Contiguity-aware BB | Saved |
F-Barre 1 Cycles|
OxB4 | OxA3 Ly :
Filter updates % 3% % & y | |
In GPU ” ofoJoje—>
XX X
" A
1

Limited by # of Chips
One page table walk per 4 PTE

Larger coalescing information
sharing reach!

One page table walk per 8 PTE

A



Evaluation

i CyCIE'level SimU|at0r MGPUSim | Parameter | Value
. Number of GPU chips 4

e GCN3-like GPU Number of SAs 4 per Chip
Number of CUs 16 per SA. 256 in total

° 4_Ch|p|et L1 Vector Cache 16 KB, 4-Way, 16 MSHRs
L1 Inst Cache 32 KB, 4-Way, 16 MSHRs

» 768GBps inter-chip bandwidth LI Scalar Cache 16 KB, 4-Way, 16 MSHRs

L2 Cache 2 MB, 16-way, 64 MSHRs

° CPU_GPU Connection DRAM 1 TBps, 100ns latency [37]

64 entries, fully connected, 16 MSHRs,

e ~150 cycIe Iatency L1 TLB 1 cycle lookup latency, private to CU, LRU.
] L2 TLB 512 entries, 16-Way, GPU chip-shared.
* PCle gen4 x16 bandwidth 10 cycle lookup latency, 16 MSHRs.
16 shared PTWs.
° IOM IVl U IOMMU 500-cycle page table walks [25], [44],
48 PW-queue entries.
° CTA/Page Scheduling LASP [20]
16 PT Walker Inter-chip bandwidth 768 GB/s mesh, 32 cycle latency [3], [48]
° 48-entry page walk queue CPU-GPU Connection PCle Gen4 x16. 150 cycle latency [24], [25]
Cuckoo Filter O-bit fingerprint, 4-way, 256 Rows (1024 entries) per filter
Merged Coalescing group | 2 by default
PEC buffer 5 entries of 118 bits each
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Evaluation — Overall performance

1.53x MORE speedup with
contiguity-aware coalescing

Ml Baseline m Valkyrie Least -I| Barre |f F-Barre-NoMerge B F-Barre-2Merge [ | FBaﬁ\\\

e T 36 a4 edl w24 T T
4.2 : 4

%2'5 """""""" - “' """" 54 100 -/ N

T20 pm=mmmmm—————— - --bR--18-------Ff---F--9F-------mm e e -

- | | | ..

> R | | | 1| | e 0 : |

o L ANLARE RRR AR A AR R A i g RARE L AW ARRARE A A e AR !|

.o LA A R R R W W WA T A A A M A A RN pFT A||I||
gemv corr adi fft pr fwt cov Ssssp jac2d | fdtd2d lu nw atax st2d matr gups bicg spmv gesm G-Mean

Low Mid High

1.36x speedup over the SOTA
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Evaluation — Scalability

w2 GPU w4 GPU 8 GPU m 16 GPU

Speedup
O r NN W b

Low

More Chiplets, Larger Coalescing Groups, Better Speedup!
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Evaluation — More details \

* Breakdown

* Page migration
* GMMU

* Tran
* RCF,
* Sharing Traffic overhead
* PTW sensitivity

* Super pages

Please check our paper for more details!

* Much more....
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QnA

I’'m also looking for an intern position starting from this fall.
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Backups
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Evaluation — ATS packets evaluation

ATS processing time reduce
by 12.6% and 28% by Barre
and F-Barre!

58% and 32% of ATS packets
are coalesced by Barre and F-
Barre!

ATS Proc. Time Reduction
M Barre B F-Barre

100%
80%
60%
40%
20%

0%

mean

Benchmark Category

ATS Coalescing
B Barre W F-Barre

100%
80%

60%[
40%[
20%(

0%

Mid

High
Benchmark Category

Low mean

(b) Coalesced ATS packets

(a) ATS processing time reduction

Telolels
B|E| 8|28

53% (up-to 99%) ATS traffic
are saved by F-Barre

T S S S S -

ATS Traffic Reductio
o
=

- - i [ 2
2| & 213822535822 & s
1K AlSIS| 7| 2|S|E 5L Elz| 8
[¥5 ]
o .ﬂ.i EW-ﬂmmE
Low Mid High

(c) ATS traffic reduction by F-Barre




Evaluation — Breakdown

[1Baseline O Barre [@OBarre+Scheduling M Barre+Sharing M F-Barre

5 =N
A oo . - o8-}
o3 F--------------——---——---g--—--- '
>
D2 F-mmmmmmmmmm-- -0 -118-----
)
a1 W
o [IHITATIEN 11l . |
S - r— o — + > o ©
Si 9 o | F| = E| 8 @ %
Low
PTW scheduling provides Intra-GPU scheduling provides
1.34% speedup over Barre 1.80% speedup over Barre



Evaluation — Traffic overhead

M Oracle Sharing M F-Barre

S|l sl |l sl2| > a > S >
cCl 5| 8|E| 2 3|0 w0 Q22|85 =188 = £ &
51 8| © -l o] 2| 0| =R g S| 8| a|lal|Q
00 215 o N
g—
Low Mid High

The oracle sharing only inject theoretical latency
without bring traffic into the system.

F-Barre achieve 80% of an oracle sharing scheme!




Evaluation — Num of PTW in the system\

08 PTWs W16 PTWs W32 PTWs

_ial
= ol
=
~488
stZdEE
=18
~“2EE
4
|

w

- — +— - +— x — v >
ST | &E|a| % IR Q2| 2] & s 8| & €| E|G
S| © e a| Q| T Sl w clzgl2|al ol
Gy 1
O
Low Mid High

Barre Chord works even better in crowded, busy system!



Evaluation — With super page
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F-Barre — Coalescing-aware PTW scheduling

Observation: Opportunistically expanding

coalescing group when memory allocation | PW Queue IOMMU
contiguity is observed | L PTW ]

0xD001

0xE001 PTW

OxEO012 >
0xE002 PTW
Idea: Opportunistically expanding coalescing

group when memory allocation contiguity is
observed
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F-Barre — Do Everything in MCM-GPU!

. . . Multi-GPU Package
Share coalescing information among

chiplets and calculate! GPU 2 GPU 3
GPU O GPU 1 |
Arcbllpemllﬁe'ISinl]dbsts two Cuckoo filter L | L | L
Reqafe 2391 ENREHECL RGP parallel CU CU

- 3 per Chip 4 4
2 -Focwalektinpdasiop contssinteneer %
3. caRfRsRAtN LT ®®

%’?&‘Fu‘ﬁ‘b‘??d VPNs
- Local coalescing filter (LCF L2 TLB

4 -Usk p@INsShip query LCF - |
PEC
5. Up%?gal%%c Eﬁ% %‘%‘II%B 6?QL?L@“EM
information of local chips X
6. ReBWor} 5 Sa"f‘;[s'f3 ive local search 9
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g &3 &g &2 m
< <3 59 Sa S
3 53 35 55 5
GPUO GPU1 GPU2 GPU3
mem mem mem mem
region region region region
ox1
-5 0x0000
Data 1
12 pages
0xC 0x0075
0x0088
OxAl
Data 2
oxaq4— (4 pages) 0x0100
0x0114
0x0115
OxOFFF
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Barre — coalescing group

__kernel__ GPU_kernel() {

1
2 ..
3 // your favourite cuda/hip kernel
4}

5

6 void main () {

7 GPU_UVM_Malloc(Datal, 12*PAGE_SIZE)
8 GPU_UVM_Malloc( , 4*PAGE_SIZE)

9 GPU_UVM_Malloc(Data3, 3*PAGE_SIZE)
10 kernelLaunch(GPU_kernel, Datal, Data2, \\
11 Data3);

12 return;

13}

GPU program
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Virtual Memory

GPUO
mem
region

GPU1
mem
region

GPU2
mem
region

GPU3

mem
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5 y 3 £ 3 £ 3 i
Our PTE VPN Map of % %é éé éé é
1 1 o (=)= (=] =] (=N (=)
63  62-52 s1-12 1.3 g.o 2 GPUapplication GPUO GPU1 GPU2 GPU3
EX PFN | Unused | Flags o o o eior
_ — ox1 |_region | region | region | region
e T T Data 1 / g a
| | |’\ | | | -\ 12 pages _ |oxo000
Coal. Inter-GPU oxc 1) ¢.\ 0x0075
bitmap coal. order 0xAl[ Data2 T P
(4 pages) .
* Example PTE 0x4 OxA4 ; 3
: . > OxA4 |0x0100
e b11110000: first 4 GPU is in the ! ' &
. . OxB4‘ Data3 (X1 eee ,’ eee (XY g
. b. numerical value 1, meant ==~ ;7[14 o3 el ox6. 0x9 OxC  |0x0114
7 0xB4 O0xB5 0xB6 0x0115 2
Ra h )
7 " OXOFFF ©
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F-Barre — Intra-GPU Translation

. . . Multi-GPU Package
Idea: Share coalescing information 8

among chiplets and calculate! GPU 2 GPU 3
GPU O GPU 1
Upon L1 TLB Miss: L | L I L I L I
1. Search L2 TLB, RCFs, LCF in parallel CU CU CuU CU

2. Forward translation request to peer

3. Calculate Coalescing group and VPNs
Which remote chiplet

4. Use VPNs to query LCF has the translation? ———
RCEs | LCE | PEC

__—P

5. Upon LCF Hit, lookup L2 TLB Does this chiplet |
6. Return Translation have translation?
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Barre — Page Table Entrv Revision

GPUO GPU1 GPU2 GPU3
VPN Map of mem mem mem mem

region region region region
a GPU application -

iﬂ? =] mw

0Ox1

Data l
12 pages

0xC

OxAl ™ DaxR%-64 P]
oxA4 |4 Pages)

8-0
Flags
0xB4 [ Data3 | '
0xB6 | (3 pages)/ﬂ —» 0x3 Ox6 1 L
7 0xB4 CE] oxB@f |
/.A T coat.
* Exapaple PTE Qx4.. y bifthan b Srder
0043 garst ds inlthe coalescing group

—

b 'Tﬂ]ﬂ'ﬁ U'|°U \bcmneans it is the 15t page in the group.
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Barre PTE

63 62-52 51-12 11-9 8-0
EX PFN Unused | Flags
Coal. Inter-
bitmap coal. order
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