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Context: Large Language Model (LLM) inference, Prefill-Decoding
Disaggregation
* Prefill->GPU; Decoding -> DRAM-based Processing-in-Memory (PIM)

©Challenges on Communication & Solutions:
« Challenge 1. High KV Cache Transpose Latency During "GPU->PIM" KV Cache Transfer
« Solution 1: Transpose on Transfer Method
« Challenge 2: Static PIM Parallelism Fails to Balance Communication & Computation
* Solution 2: Dynamical Parallelism Scaling Method

Results:

« Transpose on Transfer 1.54x; Dynamical Parallelism Scaling 2.09x




Background:

Large Language Models
PIM-based P-D Disaggregation
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l AOI of Prefill / Decoding

Memory Footprint
Exceeds 32GB!
GPU Util still < 3%

) A Prefill B Decoding B GPU Util. —O—Memolrz“l/

S 1E3 . 5% 50
S N " /I/ _
LL_L/1 E2 O“ 74 |128Li( QZKCKK 6k _,(:U o /3ZGB 40 g
=1E1 e . £3% ~ 30 >
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B o 1 Bound > o
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Arithmetic Intensity (OP/Byte) atch Size
L:LLaMA-7B B:BLOOM-1b1 C:ChatGLM-9b
(a) (b)
Prefill & Decoding on V100 GPU Batching does not work for Decoding
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l PIM-based PD Disaggregation

—
| Prefill Instance |
|
' |
[ epu || NnPU|!
' |
I
| cPU |
| I
Lo e __ B
Prefill: High AOI

|

GPU: High Computing Power

DMA

PIM:

— e e— —— ———— —— —— — —— —— ———

Decoding Instance |

PIM PIM

VPR RRFE SARIGEF
DRAM | | DRAM

Bank Bank
KV Cache Pool

P ——

Processing-in-Memory (PIM):
Integrate computational unit
inside DRAM memory

"\

Decoding: Low AOI

|

High Memory Bandwidth

Data CMD

Mem(Ctrl

TRU [ Scheduler ||—c:—y|=|M7t

[DRAMTnif_|_PIMInt. ]

Banks
—[ Buffer |
DRAM |.[BPIM

Two-level PIM:
BPIM: In Bank for MAC

CPIM: In MemCtrl for mid-result

reducing
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Challenges & Solutions

2 Challenges on Communication
Our Solution — BLADE Architecture
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l Communication Challenge 1 - V-Cache Transpose (1)

@During Key-Value Cache (KV Cache) Transfer

—________ aa ———
| Prefill Instance | ' Decoding Instance |
I I
| i | PIM PIM | 1
L CPU | [NPU |\ S |Fomresssmmors-
| : 0 |, | DPRAM DRAM | |
'] CPU | '|_Bank Bank | !
I
R | | KV Cache Pool |
Step 1: In Prefill Instance Step 3: In Decoding Instance
Generate Output & KV Cache Consume KV Cache

and generate output

Step 2: Transfer KV Cache |

to PIM side
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(Prefill phase) Producing Value Cache: ﬁ
 VCache = X X Wy, —
(N x d) (N x d) (d x d) N—
/ AN ——
Token Head
Num Size
@ (Decoding phase) Consuming Value Cache: c
. C = S X  VCacheT
N
(1 x d) (1 x N) (N x d) o
d

Preferred layout | ———
(Require GPU Transpose!) V

A

X

) X ﬁ)’{fﬂ’)ﬁ %
</ SHANGHAI J1AO TONG UNIVER
Wy VCache
d d
= gl =
Nl —
_—

Contiguous along
d dimension

~

C

d
— 1 [

Non-contiguous
memory access:
Low DRAM

bandwidth
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l Communication Challenge 1 — V-Cache Transpose (3) (&)

@|nefficiency of GPU Transpose:

—eo— Transpose -« Total

160
120
E 80
= Over 78% of
§ 40 KV Cache transfer time
qv)
4 0

0 20k 40k 60k 80k 100k 120k140k
Sequence Len
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l Solution to Challenge 1: Transpose-on-Transfer (1)

@Utilize the different access granularity between CPUs and PIM units:

Burst0

Burst1

BurstO

Burst1

HBM DIMNV
v BaO _ "y DGOE»aO v De1EDaO
00[0T |- [0} == 00[04]11[14]+| [O1[O5[11[15]-
20[21 |- [27] - 20(24130(34|--| [21][25]3135]---
Ba1 \ 4 \yDGZE}aO vDeBEPaO
101 [ [17] === 02[o6]12[16]---| [03[07]13[17]--
30[31]---[37] - 22126(32(36]---| [23[27|33(37]--
HBM Burst: DIMM Burst:

Contiguous inside

one Bank

Interleaved between Devices
(Device also called “Chip”)
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l Solution for Challenge 1: Transpose-on-Transfer (2)

FP16 quant, hs=128, hc=32

GPU HBM j—hc—> hs
VCache

\ 4

T
N
!
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l Solution for Challenge 1: Transpose-on-Transfer (2)

FP16 quant, hs=128, hc=32

GPU HBM [ hs
VCache $785.0,0 [ B0,0,1 [ B0,0,2 [ B0,0,3 |-+-[B0,0,127

LBO,’I,O BO,1,1 | BO,1,2 | BO,1,3 |---| BO,1,127
l BO,N,0 [ BO,N,1 | BO,N,2 | BO,N,3 |-+ BO,N,127

A burst

\ 4
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' Solution for Challenge 1: Transpose-on-Transfer (2)

FP16 quant, hs=128, hc=32

GPU HBM [ hs "
VCache 7780,0,0 | B0,0,7 [ B0,0,2 [ B0,0,3 |--+[B0,0,127

LBO,’I,O BO,1,1 | BO,1,2 | BO,1,3 |---| BO,1,127
l BO,N,0 [ BO,N,1 | BO,N,2 | BO,N,3 |-+ BO,N,127

A burst

RU v 0,0,0H]0,0,0L [1,0,0H] 1,0,0L |]--+[15,0,0H[15,0,0L

y lnctl B0,0,0 [16,0,0H16,0,0L|17,0,0H[17,0,0L]---[31,0,0H[31,0,0L
em

r | > 0,0,0H|1,0,0H ""j,O,QH 8.0,0H]-- 24 0.0H--

Reshape [0.0.0L [1,0,0L |---[7,0,0L] [8,0,0L |--- [24.0,0L}---
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FP16 quant, hs=128, hc=32

' Solution for Challenge 1: Transpose-on-Transfer (2)

A burst
GPU HBM ho hs >
VCaCh_eT B0,0,0 | B0,0,7 [ B0,0,2 | B0,0,3 |---[B0,0,127
\_B0,1,0 [ BO,1,7[B0,1,2 [ B0,1,3 |--[B0,1,127_
|[BON.O[BON,7[BO,N.2 [BO.N,3 |---[BO,N,127
RUY  [0.0,0H0,0,0L [1,0,0H]7.0,0L ---‘15,(1,QH15,Q,QL
y mcu B0.0.0 [16,0,0H16,0,0L[17,0,0H17,0,0L]---[31.0,0H31.0.0L
em
r |, [0,00H[7,0,0H ---P,O,QH 800H]-- [4.0.0H
Reshape [0.0.0L [1,0,00-{7Z,00C] [8,00C |-~ [24,0,0C}--
( WBurstO H 1 Burst1--- (BurstB
Burst | | | | B
Len=2 |54/ De0 | | De1 | | De7 | ||| De0 |g51| || DeO |ga3
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' Solution for Challenge 1: Transpose-on-Transfer (2)

FP16 quant, hs=128, hc=32

GPU HBM [ hs "
VCache 7780,0,0 | B0,0,7 [ B0,0,2 [ B0,0,3 |--+[B0,0,127

LBO,’I,O BO,1,1 | BO,1,2 | BO,1,3 |---| BO,1,127
l BO,N,0 [ BO,N,1 | BO,N,2 | BO,N,3 |-+ BO,N,127

A burst

RUY  0.0,0HT0.0,0L [1,0,0H] 7.0.,0C ‘1
In B0.0.0 [16,0,0H16,0,0L[17,0,0H17,0,0L]---[3

MemCtrl ,0,0H[31,0,0L
S | 0,0,0H|1,0,0H |--- 7,0,QH 8,00H]--- 24 0 OH--
> ,
Reshape [0.0.0L [1,0,0L |---[7,0,0L] [8,0,0L |--- [24.0,0L}---
( 1 Burst0 H 1 Burst1:--- (Burst3
LBurftz cou 1 oy
en=2 pao| De0 | [Det | [/De7 | [ De0 g5 |[ De0 |gas

/
Adjacent Elements on different Devices Dan—cut (“ B




' Solution for Challenge 1: Transpose-on-Transfer (2)

FP16 quant, hs=128, hc=32
GPU HBM [« hs >

Next Burst «—hc—>
VCaCh_eT B00O [B00.1[B002[B003]-[B00127
\. B0, 1,0 [ BO,1,7[B0,1,2 [ B0,1,3 |--[B0,1,127_

BONO|BON 1 BONZ[BON3]-[BON 127

RUY  [(01.0H[0.1.0C [1,7,0H] T.7,0L | ---[15,1,0H[15,7.0L
B01.0 [16.1,0H16.1,0L[17.1,0H17.1,0L] ---[31.1.0F31.1.0L

| > 0.1.0H]1,1,0H ..PA,QH 810H|--- [24.1.0H
Reshape 0,10L|{1,10L |---|7,10L || 8,1,0L |--- 24,1_;,(”_

( WBurstO H 1 Burst1--- (BurstB
[ | [ | [ | | | | |

Burst
Len=2

a0l De0 | [ Det | [ De7 | ||| De0 |gaql || De0 |gas
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l Solution for Challenge 1: Transpose-on-Transfer (2)

FP16 quant, hs=128, hc=32

GPU HBM [ —— hs "

VCache T
|
RU
v

Burst

Len=2 Ba0 De0 De1 De7 DeO Ba1 De0 Ba3
Transposed!
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l Communication Challenge 2 - Data Movement

@ Attention Layer Task Division on GPU

QKV Gen Attention

Pro|

head0 V T
C

Q Kc l
1xhd  (N+1)xhd

s —————
T(N*+1) Softmax

S (N+1)xhd

C | ==

Concat

| S Il
2048, d=4096,hc=32,hd=d/hc=12

@PIM Units Parallelism:

1xhd

N

\ 4

Divide Task based on Heads

16~32 Heads

* A 8 Channel*4 Rank DDR5 Memory System:
e 32 (Ranks) * 16 (Banks) -> 2048 (PIM Units)

Under-utilized!

Leads to heavier mid-result
movement overhead

MemCitrl

Sum| Softmax __Reduce

gungngngs s

Further tile the heads
and fully utilize PIM

parallelism

|lCompute 0 Mid-Results lIn/Output|
1

= 0.8

©

ﬁ 0.6

]

£ 04

) 0.2
0

me

1 24 48 1 24 48 1 24 48

= 128 2k 128k
up: #Rank down: Sequenc Len
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l Solution to Challenge 2: Dynamical Parallelism Scaling (&)

@Estimate the PIM Computing & Communication Overhead
@Linear Layer:

Input Vector n, P, Tiles
_ ' ' PIM Computation Time:
] . 3 mn
] Broad‘ - comp - PmPn * BDWPIM
m cast Weight Communication Time:
P, Tiles L | | id-
J (InIZ'lg- le:‘:wgel) T
Broadcast (T- |_'(Inter-Channel)
Vool
— 1 ] mP, + nbk, + n.Py
1 Mid-results. —] Teomm = DW
11 I | 1 ne - 51 DRAM
+ =

| | Bandwidth

(n.: channel nu%\J—I_SJT UJF




l Solution to Challenge 2: Dynamical Parallelism Scaling (&)

@ Attention Layer:

Head O
N, Py Tiles
Query .
Key Cache
1 Tlle { Broad | | Y ] Sum for
cas’r | | | Softmax
| [ | [ | [ !
Softmax Mem
— y ‘} | T Ctrl
4 11 Mid_
Value Cache — Results |[+—
N N N LUy Sum
Head 1
Head 2

PIM Computation Time:
2dN

T —
“OmP - Py - BDWpy Mid-Result

Softmax Mid-Result

Sum (Intra-Channel)

f f
T B dPy + 2Py + d Py + n.d
comm — ne- 51D Wpram

Bandwidth
(n.: channel num)

Broadcast
]
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l Solution to Challenge 2: Dynamical Parallelism Scaling t

2dN T N (#tokens in KV Cache)
Pn-BDWpim Grows during decoding!

@PIM Computation Time: Tomp =

dPpy +2PyN +dPy+n.d
NgeBDWpraMm

®Communication Time:  T,pmm =

Larger N needs larger Py to balance
computation & communication

Dynamical Parallelism Scaling:

, Compute N that __N > N? N Write new KV to current banks
needs larger Py
Y [Extend parallelism by writing
new KV to new banks (Scaling)
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Experiments
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' Experimental Setup

@ Benchmarks: ChatGLM-9B (GHA, G=2), LLaMA-7B, BLOOM-1B1

@®GPU Baselines:
e GPU_OFF: Decoding with GPU, KV-Cache offloaded to CPU memory

 GPU_NO: Decoding with GPU, KV-Cache always in GPU memory
* (Faster, but support shorter KV-Cache)

@ PIM Baselines:

* PIM_ATT[ASPLOS24]: Linear layer compute on GPU

e PIM_GT: V-cache transposed by GPU (Without Tech1 Transpose-on-Transfer)

« PIM_FULL: Always exploit full PIM parallelism (Without Tech2 Dynamical Parallelism Scaling)

®Simulation: System Configuration
. DRAM model: Ramulator? GPU  Nvidia V100, 112TFLOPS
» Circuits: Synopsys DC + TSMC 90nm DRAM  DDR4, 12 Channel*4 Ranks

PIM 32GOPS, 64 per Rank




l Results (1) — Overall Performance FiEZARY

BGPU_OFF ®8GPU_NO = PIM_ATT @PIM_FULL =PIM_GT © BLADE|

1EO
1E-1

inputlen 128 128 128 2k 2k 2k 128k 128k 128k 128 128 128 2k 2k 2k 128k 128k 128k128 128 128 2k 2k 2k 128k 128k 128k
outputlen 128 2k 128k 128 2k 128k 128 2k 128k 128 2k 128k 128 2k 128k 128 2k 128k128 2k 128k 128 2k 128k 128 2k 128k
LLaMA-7B BLOOM-1B1 ChatGLM-9B

3 KV Cache lengths: 128, 2k, 128k

BLADE:
4.93 X to PIM_ATT (Linear Layers are on GPU)
105.7 x to GPU _OFF

2.09 X to PIM_FULL (w.o. Tech 2 Dynamical Parallelism Scaling)
1.54 X to P/M_GT (w.o0. Tech 1 Transpose on Transfer)
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l Results (2)

mideal = with mw.o. scale #PIM
g | =3k %,
o - Ideal P:agzllellsm \H :3k§
= 303 % |22
§20 / o
= -1k ®
5 | o o g m Wﬂﬁmh "

8 32128 512 2k 8k 32k 128k
Output Sequence Length
(a)

Dynamical Parallelism Scaling:

Baseline: Always use the initial parallelism

3.03 x for 128k KV Cache

) - }: Vi )

%
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0 BLADE AVX —GPU

1.4 |
£1.2

1.0 5.62 X
0.8

0.6

No.4 l 2.63 x
£0.2

o 0

= 0 50k 100k 150k 200k 250k 300k
Input Sequence Length

(b)

Transpose-on-Transfer:

2.63 x to GPU-based Transpose
5.62 x to CPU-based Transpose (AVX Instructions)
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Context: Large Language Model (LLM) inference, Prefill-Decoding
Disaggregation
* Prefill->GPU; Decoding -> DRAM-based Processing-in-Memory (PIM)

©Challenges on Communication & Solutions:
« Challenge 1. High KV Cache Transpose Latency During "GPU->PIM" KV Cache Transfer
« Solution 1: Transpose on Transfer Method
« Challenge 2: Static PIM Parallelism Fails to Balance Communication & Computation
* Solution 2: Dynamical Parallelism Scaling Method

Results:

« Transpose on Transfer 1.54x; Dynamical Parallelism Scaling 2.09x
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