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Motivation & Problem Setting

From FP16 Model to Low-Bit Quantization

¢

- LLM guantization reduces memory footprint and inference cost [1].
FP16 LLM Inference Low-Bit LLM Inference
X W y X W y
3.7 1.2]-1.1|0.2|2.2 4 1|]-1]0|2
-0.1 3.1|0.8|-3.3(-5.1 0 311 (-3]|-5
X = —> X =
1.2 3.5|-2.112.9(-1.8 1 4 -2 3 |-2
2.8 4915.2(0.6(2.0 3 S| 51| 2
« FP16 weights / activations / KV « 3-bit/ 4-bit weights / activations / KV
« FP16 matrix multiplication (MM) « 3-bit / 4-bit matrix multiplication

[1] Guo, Cong, et al. "Olive: Accelerating large language models via hardware-friendly outlier-victim pair quantization." ISCA. 2023.
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Motivation & Problem Setting
Toward Finer Quantization Granularity

¢

Smaller quantization groups preserve more normal values.

Per Tensor Per Channel Per Large Group Per Small Group
_one tensoi/,lou.tlier ‘/oln/e cha;nel P o?e\gioup \. / o?e group \.
<> /v v ~a v ~a
l/ = N / N N N ] ]
O N >l gl |
Outlier impact: Outlier impact: Outlier impact: Outlier impact:
Overall | | withinChannel within Large Group - within Small Group |
=
Normal values Normal values

Finer Quantization Granularity

affected by outliers unaffected by outliers
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¢

Motivation & Problem Setting

Smaller Groups, Greater Distribution Variability
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Finer Quantization Granularity
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Motivation & Problem Setting
Gaps In Existing Quantization Methods

r@

® 4
- Insufficient exploitation of fine-grained . e
group-wise quantizaton . >
—Rg : Rg
« Smaller groups reduce quantization error, but existing numeric 0:
types [2-4] do not fully adapt to group sizes as small as 16. R o Ry
- Trade-off between accuracy and efficiency Large Groups
« MSE-based search [2,4] improves accuracy but adds high
hardware cost; simpler mapping [3] is efficient but less accurate.  -&= o1 %
[2] Guo, Cong, et al. “Ant: Exploiting adaptive numerical data type for low-bit deep neural network _;Rg - 0 ; /] ] ng
guantization.“ MICRO. IEEE, 2022
[3] Hu, Weiming, et al. "M-ANT: Efficient low-bit group quantization for LLMs via mathematically .. D .
adaptive numerical type.“ HPCA. IEEE, 2025. —Rg 0 Ry

[4] Chen, Yuzong, et al. "Bitmod: Bit-serial mixture-of-datatype llm acceleration.“ HPCA. IEEE, 2025.
Small Groups
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Algorithm & Architecture

Our Approach

¢

Algorithm side

* Adaptive nonuniform asymmetric (Adana)
numeric type

* Efficient online activation / KV quantization

movable Y2—step grid

..... Oi . . I . I L [ [ | I | I { | [
| Rg I I I I ] I | 1

. R base integer grid

Architecture side

* Low-bit group-wise MM
microarchitecture and dataflow

* Hardware-efficient QUANT engine

B7EC —->L MM Engine W
kQUANT Enginej \ACC

Fit Data Distributions Efficient Quantization

™~ (Bufler )<~

Efficient Computation
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Algorithm & Architecture
Numeric Type Design

¢

diverse peak positions base integer grid
peak ! R I
! -2 -1 0 1 2 3
R ol A,
I peak
R o A,
peak!
- i / movable ¥2—step grid
—Rg : Rg
0 0.5 0.5

asymmetric data ranges
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Algorithm & Architecture
Numeric Type Design

¢
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Algorithm & Architecture
Numeric Type Design

¢

diverse peak positions base integer grid combine to form Adana grids
| Z =2
peak — -0.5 0.5
: -2 -1 0 1 2 3 —— A
—Rg 0! Ro s 4 2 -1 o 1" 2 3
! peak -4 -3 -2 -1 o 1
|
_Rg 'OE Rg 7 =1 -1 0) 1 2 3 4
peak!
- : / movable ¥2—step grid
—Rg | Rg
y -0.5 0.5 1.5 2.5

asymmetric data ranges
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Algorithm & Architecture
Numeric Type Design
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Algorithm & Architecture
Numeric Type Design

¢

diverse peak positions base integer grid combine to form Adana grids
! Z =2
peak | ] -0.5 0.5
: -2 _1 O 1 2 3 L ] | 1 |
~Rq 0! Ro —— Z =4 2 1o 2t 3
| peak -4 -3 -2 -1 0 1 1.5 2.5
. gl P e e B T 2 -1 0 1 l2" I3
o oi Ro Z=1 37 4 -0.5 0.5
peaki — i
/ : / movable Y—step grid -4 -3 -2 -1 o/ It
—Rg 0: Rg 1.5 2.5
-0.5 0.5 1.5 2.5 — I . I _—
: -1 1 ]2
asymmetric data ranges © 3 4
Zero point adapts to asymmetric data ranges. Movable Y2—step grid fits diverse peak positions.
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weight quantization

weight group wg
Search sub-type T;
argmin; ||we — Aq(wg, T |

select the closest point

MSE-based search

Algorithm & Architecture
Quantization Framework

activation quantization

activation group a¢
Integer rounding| | half-step rounding
update error table e; for all modes
argmin;e;

encode by the selected mode

why it is efficient

No floating-point MSE computation
Shared base grid across sub-types

Only rounding & error counting

Approximate metric:
count mismatches to the union grid
Instead of full floating-point MSE.

lightweight rounding & error counting

8/12



Algorithm & Architecture
Quantization Framework

offline weight quantization activation quantization why it is efficient
weight group wg activation group a¢ No floating-point MSE computation
4 ¢ N
Search sub-type T; integer rounding | | half-step rounding Shared base grid across sub-types
 argmin; ||we — Aq(wg, T)) | update error table e; for all modes Only rounding & error counting
4 ¢ N
L select the closest point J argmin;e; Approximate metric:
count mismatches to the union grid
GPU-friendly / done once encode by the selected mode instead of full floating-point MSE.

MSE-based search lightweight rounding & error counting

8/12



Algorithm & Architecture
Quantization Framework

weight quantization online activation quantization why it is efficient
weight group wy activation group ar No floating-point MSE computation
y ™
Search sub-type T; integer rounding [half-step rounding] Shared base grid across sub-types
v v | |
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v
select the closest point L argmin;e; 1 Approximate metric:
) v count mismatches to the union grid
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Algorithm & Architecture
Accelerator Implementation

¢

Buf Buf
4 Y A 4 Y y Y Y Y y \
[bEc] [oEC] --- [DEC] [oEc] [oEC] --- [DEC] MM Engine
| |
( | |
[ J ! - [ L | - ! ( N
= PE | PE | -+ —f PE —{aTPDQ PE || PE |> +++ —{ PE [—laTP{DQ ACC Quant |e
=2 | 177 — ] =127 | 1677 — 1 ,
DEC PE [ PE |+ -+ —{ PE —{ATP{DQ PE (=] PE |+ -+ —{ PE —ATP{DQ ACC ¢ Quant | Lo .
- . — ' t .+ Vector |
Buf ! ! | 1 ! ! | 1 Buf ADDR &
DEC PE [—f PE [+ -+ —| PE —laTh DQ PE [—f PE |+ -+ —| PE | —{aTP DQ ACC Quant e  ; Nonlinear |
! ! | ! ! ! ! } ! ] QUANT | |
— — — D — > — — — B — > Engine 1——>:
e e e e e e e e e e e L ]| Engine T[N dn
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Algorithm & Architecture
Accelerator Implementation

W Buf Buf
a‘ e ! Y A 4 Y y Y Y Y y )
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[ 64 + 64 Decoders ]
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Algorithm & Architecture
Accelerator Implementation

"N out 2
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[ 64 + 64 Decoders ] [ 4 X 64 X 16 Processing Elements ] —> Low-bit INT Multiplication
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Algorithm & Architecture
Accelerator Implementation

S
-
= [DEC] MM Engine
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\

N

4 X 64 Adder Trees
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Algorithm & Architecture
Accelerator Implementation
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N

4X 64 Adder Trees [ 4 X 64 De-quantizers ]
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Algorithm & Architecture
Accelerator Implementation
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Algorithm & Architecture
Accelerator Implementation
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Decoded values enter INT-style multipliers; scaling is deferred until the completion of dot-product sum.
This dataflow keeps most computation in low precision and avoids unnecessary high-precision operations.
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Algorithm & Architecture
Accelerator Implementation
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Decoded values enter INT-style multipliers; scaling is deferred until the completion of dot-product sum.
This dataflow keeps most computation in low precision and avoids unnecessary high-precision operations.
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Algorithm & Architecture
Accelerator Implementation
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Algorithm & Architecture
Accelerator Implementation
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Algorithm & Architecture
Accelerator Implementation
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Algorithm & Architecture
Accelerator Implementation
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Algorithm & Architecture
Accelerator Implementation
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Algorithm & Architecture
Accelerator Implementation
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Algorithm & Architecture
Accelerator Implementation

* X X Buf X X 57— Nl X X Buf X X [—s7
X "
{;" O—X—x—x—x —X—X—X—X w
—i Z ; [bEc] [pEC] .. |DEC| [bEc] [DEC] --- |DEC| MM Engine
RO "'[ ‘\\ ( *
‘t‘ l A Y 51’ l \‘\J * A A\ SL l l
T— I f f ~ I f I |
w *| DEC|—W/ PE W PE W+ ** -\W PE A—T|-DQ “<W PE W PE FwW* " -WPE ACC
1 2 16" ey 1 2" 16 .
0 S S SR i i S s . ,
> P L P - . P - P - s e e — | ¢ - ” > : f :
W @—V\! E V\./ E Frw VY E V\l/ Erw W PE st ) Quant ! 1 Vector
Buf o ! ! | | Buf #DDR = &
w —{oEcl—wPE b PE Fyye - W PE Fw PE Fwe -+ -w PE — X Quant | 1 Nontinear:
l T | l l | I s P
. l . l l . L y QUANT | Lo
WM™ @ —W: W;: “w-" W: W: W -W: Engine T |
—J | I S R L [ SRS B

Decoded values enter INT-style multipliers; scaling is deferred until the completion of dot-product sum.
This dataflow keeps most computation in low precision and avoids unnecessary high-precision operations.

9/12



Algorithm & Architecture
Accelerator Implementation
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Algorithm & Architecture
Accelerator Implementation

¢
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Results & Conclusion

Comparison of LLM Quantization Accelerators

Prior works This work ANT M-ANT BitMod [ Adana
Venue | MICRO22 HPCA25 HPCA25 DAC26 I I PP
Method |  ANT M-ANT  BitMod  Adana %% 048 122 4
Avg. 4-bitPPLl | 935 9.45 9.28 9.00 H
Avg.3-bitPPLJ | 6039 10376  19.79 15.17 i i
QUArea (um? | 143281  7,8289 14,9313 51659 | 0 OPeclupLomdadmLas
QU Power (mW) 8.22 3.90 8.42 2.80 Avg. Energy Reduction: 32.81% / 45.85% / 17.91%

 Avg. PPL is averaged over 15 LLMs: Llama-3.1/3.2-1B/3B/8B, Phi-1.5/2/3-1.3B/2.7B/4B, Yi-1.5-6B/9B/34B, Gemma-
2/3-1B/2B/4B, and Qwen-3-4B/8B/14B.

* Avg. Speedup and energy results are evaluated on the full accelerator and averaged over four representative models:
Llama-3.1-8B, Phi-2-2.7B, Gemma-3-4B, and Qwen-3-14B.
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Results & Conclusion

Conclusion

¢

Adana Numeric Type

* A novel numeric type that effectively captures nonuniformity and asymmetry in small groups.

Quantization Framework
» An efficient online algorithm that uses rounding-based error counting, avoiding full MSE search.

Dedicated Microarchitecture
« A scalable architecture with MM and QUANT engines, tailored for group-wise quantization.

- Superior Performance

« Adana delivers 1.42x - 2.10x speedups, and 17.9% - 45.9% power savings with consistently
higher accuracy compared to SOTA works.
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