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The New Scaling Law: Larger model, Fewer Bits!
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Scaling Law[1]:
Larger model, better performance

[1]:arxiv.org/pdf/2001.08361
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Bit-Level Scaling Law[2]:
Larger model, fewer bits per weight
2-bit 8B is better than 8-bit 2B!

[2]:arxiv.org/pdf/2502.02631




The “GPU Scaling Law”: Lower Bits, Higher TFLOPs

Fewer bits as one of the major drivers! £pA ALU
(Process, Tensor Cores, etc. also contribute) R
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Low-Bit Models: Widely Adopted in Industry & Academia

=" Microsoft Azure

Phi-3 family e
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Phi-3-vision
i. i Phi-3-mini

Microsoft Phi-3-mini: 4-bit

Pareto Improvement
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BitNet b1.58 (This Work) :
{-1,0, 1}

Transformer LLMs
16-bit Float (FP16/BF16)
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Cost

Microsoft BitNet: 1(.58)-bit

= @& Machine Learning Research
Featured Highlight

Introducing Apple's On-Device
and Server Foundation Models

Apple Intelligence Foundation
Model: 2-bit + 4-bit

¥ Hugging Face = HuggingFace ¥

Models Models

Models 679

Active filters: 4-bit Active filters: 2-bit 1-bit

Hugging Face:
>38K 4/2/1-bit Models

[1]:arxiv.org/pdf/2502.02631
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Method

Llama3[18] Wppis 6.2 810  57.7 81.0 795 739 746
ParetoQ[45] Winrs 6.8 786 556 804 778 718 728
ParetoQ[45] Winr2 8.0 785 545 792 738 700 712
ParetoQ[45] Wint1 95 755 519 47.1 767 694 64.1

Meta ParetoQ[1]:
2-bit offers promising potential

Google Gemma3:
Provides 4-bit model



Low-bit LLMs = Weight-Only Quantized LLMs
What's So Hard About Quantizing Activations?

Category Activations Weights

Recoverable? Represents information of input features. Can be compensated by deeper networks or
Once lost, cannot be recovered. retraining/fine-tuning.

Outliers More prevalent and extreme (e.g., large Fewer and more manageable.

values, channel-wise outliers).

Range Dynamic and input-dependent. Hard to set  Static and predictable; can be analyzed offline.
optimal quantization range in advance.

Bit-width Typically 8/16 bits. Quantizing to 4 bits or 1-bit (train from scratch),
lower often causes large accuracy drops. 2-bit (with distillation/mixed training),
4-bit (post-training quantization) are feasible.

] Qwen2.5 BitNet b1.58
"9 | 1,5B-bf16 1.5B-GPTQ-int4 1.5B-AWQ-int4 2B

seop 0708 0708 ‘ 04 BitNet-2B4T and Qwen2.5 weight & act. format
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Shifting to New Compute Paradigm: GEMM -> mpGEMM

LLMs with mixed-precision GEMM

[

s i i ....... . Weight-Only
' Quantized LLMs
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t : Output Projection: mpGEMM ’
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__\_i\l QKV Projection: mpGEMM l

(mpgemm, E.g., Winr2 X Appqs)
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“LUT Renaissance” For mpGEMM

Lookup Table = any n-input Boolean function

INT1 Weights (4xN) LUT in math handbook, Wiki
0 0
FP16 Activations (1x4) FP16 Outputs (1xN)
0 1
A|lB|C|D]|$ o - 3| wumy | wme) | .. | Lumi]
LPrecompute 1 1
Lookup Table (LUT)
Index 0000 0001 1110 1111
Result 0 D A+B+C | A+B+C+D

Table Lookup replaces MAC/ADD



Proceeding of LUT-based dot product:

1 Table Precompute 2Tabg|f I\L/IOUO)|(<up 3 Partial Sum Add
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saluy 9|

c
: X Suffer from heavy
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Three Challenges in LUT-based methods:

Huge
Table Size
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Table Runtime Generation
+ Symmetrization
+ Bind weight-bit to time
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Overhead
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DFG Transformation
+ Kernel Fusion
+ Symmetrization

Diverse Precision
Combination
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Bit-Serial
+ Compiler Support
+ Table Quantization




Our LUT Tensor Core

Comprehensive optimization for both software and hardware

Software’s optimization for activation:
€ DFG transformation to avoid duplicated

precompute
¢ Further kerel fusion to reduce /O...._.._. . llUTTensorCore |
Software’s optimizatioR, for WWeigtit: Pre- e3> 11 | LUTTable E ;
\ OFIT Compute /' 3% ARCD | I
@ Reinterpretation to enahle symmetrizaéro A\ES ! -
“>~~.___. Fusion ___.-=2 ! ELYd e : .'
€ One time transform to simplify hardware : %g%% : |
, Low-tit 5 L | OO
Hardware'sihalved R R [ e A S 2
@ Halved storage & S | 10° ﬁ: fgﬁﬁ?m oo} & [ |
9 \ N a [ LUT WinnxArme LUT Tens e ;
Simplified circuit Gompllad to LMMA, i (g eerrroeoes perpa
€ Eliminated negation logic during compilation g
103 «
Support for weight bit-width variance
@ Bit-serial like design for flexibility S INT2 INT4 INT8 INT16

Weight Type
LUT Tensor Core Significantly outperforms conventional LUT o
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pGEM

DFG Transform: Spilt precompute stage into an individual operator

Operator Fusion: Reduce |/O

—.. Conventional metho 3 2 9 X 1 09
n .
. m .
Low-bit £ 10° Direct Precompute
LLM —
DFG % DFG Trans. Precompute
- o 108
@ + DFG Trans. E l 224 g .
‘ S 1.47 X 107 mpGEMM with
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Weight

“mpGEMM
>

Low-bit &

Weight Weight &
. LS E
Reinterpretatio é“&e?

Q-Q’

Compiled to LMMA

Weight Reinterpretation: enables symmetrization

=S(a-2)
=5'(q'-2)

00
I

Original Uint q
00 01 10 11 q€{0,1,2,3}
| | | | s=1,2=0
g value 0 1 2 3
01 10 11 Reinterpreted ¢'
| ) | 9'€{3,-1,1,3}

q'value -3

315'=05,2=-3

» Fromq-> g
> Rescalesand z alin

r transformation

v

r=s'(q-z)=05*(1-(-3))=2 r=s(g-z)=1*(2-0)=2

Abbr. Meaning

r

S

q

Real value
Scale factor
Quantized value

bias
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Low-bit

Weight

Weight Weight
Reinterpretatio
Qg;

" .
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Compiled to LMMA

Symmetrization enables halved table item

»
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Naive Design
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pGEM
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Compiled to LMMA

Negation logic in circuit can be further eliminated

_LUT[~ T — 1
LUT[Ws W, W1 W] :{ [~ (W W Wo)l, if W3

LUT[Wy W, Wy, if W3 =0
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LUT Tensor Core Microarchitecture & Workflow

MNK parallelism of LUT Tensor Core

XN

WL

W

XN

I -
| [FAERCH
A-B+C-]
1 el e
2" Entries | [ATBCY
| [=A+B-C+
| [AFBC-
| [-A+B+C+D |1
e
M — e
.
msaes
[EWRY=Z
| [EEXEYZ
“WREYTZ
Wy
W7
| [WAXEY-Z
L |[CWEGYZ
Tables

i Query Shared

Grouped
Binary Weights

1
Table Shared ,
Parallelism

e ]

Query Shared
Parallelism

1
Table Shared 5
Parallelism :

Compilation Support for LUT Tensor Core:
LUT-based Matrix Multiply-Accumulate (LMMA)
Imma {MH{NHK}{Adgtype H Watype H Accumarype H Oatype }

Compilation Flow

€ DFG Transformation.

€ Operator Fusion.

€ Weight Reinterpretation.

€ LUT-based mpGEMM Scheduling.
* Elongated tiling strategy by Roller & Ladder.

€ Code Generation.
 LMMA inst. registered as intrinsics in TVM.
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Compute Density
(TFLOPs/mm?)

Hardware Evaluation
N Tensor Core Level MNK DSE

B matrix
} Ktile A LUT-based Tensor Core B ADD-based Tensor Core ® MAC-based Tensor Core
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@TSMC 28nm hpc, DC 2018, medium effort, 1GHz

Dotted line means minimum product of power*area
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Operator Level Evaluation

mpGEMM kernel on Accel-Sim across WIN1~INT4- AINTB,FPIG

== Ideal i A100 Real GPU EEH Sim A100-LUT

Wint1Arp16 e

— Tad e
E 2000 . = 2008 &
@) . — S
o 1000 = = 100 =
= % 1 TT | © =

oL i ey N = H 0

Wer16Arp16 LUT Agpis LUT Agpis LUT Agpis LUT Agpis -

CuBLAS  1X 2X ax 8x <

~N

WinT1AINTS £
@ 8 =] » = | @
a. 2000 — 408 o
(@) m— ey W o 0
& 1000 = <
= = “a b

oL [} (]

WinreAnrs LUT Ayrs LUT Ayrs LUT Ajyrs E

cuBLAS 1X 2X 4x

Up to 6.9x acceleration under same area
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Overall Comparison

Table 1: Overall comparison.

BS1 BS1024
awcmte | mead Mo g wor ek Toam TqCowwe  TCmwm
& ’ Latency Latency ’ y y
. LLAMA 3B
| 2 2
A0 FPI6TC. | (e [497%] 106.71ms[ 41.15ms | 312 TFLOPs[ 0975mm? 2,96 TFLOPs/mm® 298 TFLOPs/W
. BitNet b1.58 3B
A100T INTS TC | ©h€ 494%  67.06ms 21.70ms 624 TOPs  0312mm? 17.73 TOPs/mm?  19.94 TOPs/W
(WINT2AINTS)
A100T-LUT.ax* | BitNetbl583B o o 4249ms 1141ms 1248 TOPs  0.187mm? 6184 TOPs/mm®  33.32 TOPs/W
(WINT2AINTS)
. BitNet b1.58 3B
A100T-LUT-8X* (‘We L AS 3) l494%]  38.02ms 2496 TOPs 61.95 TOPs/mm2  33.65 TOPs/W
INT24INTS
. BitNet b1.58 3B
H100T FP§ TC l(w? As) ; 3820ms  12.30ms 1525 TFLOPs 0.918mm? 12.59TFLOPs/mm? 12.24TFLOPs/W
FP841FP§
H100T-LUT-4X* B?g“ bfg S;B ; 28.70ms  9.90ms 1525 TFLOPs 0.488mm? 23.69TFLOPs/mm? 16.35TFLOPs/W
INT241FP8
5 BitNet b1.58 3B
H100T-LUT-8X* zWe fame) 23.48ms  5.97ms 3049 TFLOPs 0.909mm? 2540TFLOPs/mm? 17.32TFLOPs/W
INT241FP8

Up to 6.93x acceleration with 38.3% of conventional FP16*Fp16 Tensor Core’s area

Accuracy reported from BitNet https://arxiv.org/abs/2402.17764
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Ablation Study with previous SOTA

e ' LUT Tensor Core :
Activation—Pre- %}”% ' [LuT Table ;
. Norm Compute /' g% 1 ARGD !
Operator 66 CE Sl :
e Fusion .= | i
: E :A+B+C+D E
I 1
Low-bit @b L :
i i i [_Low-bitWeight ] :
Weight Weight q)&&@ i ;‘ =S !
Reinterpretation® ¢® ¥ H E
Q¥ ¥
CompiledtoLMMA ' LI 7 ____!
Configuration Area (mm?) Normalized Compute Intensity Power (mW) Normalized Power Efficiency
UNPU (DSE Enabled) 17,271.71 1 23.39 1X
+ Weight Reinterpretation 13,116.60 1.317% 17.98 1.301%
+ Negation Circuit Elimination 12,780.05 1.351x 17.37 1.347x
+ DFG Trans. + Kernel Fusion
=LUT Tensor Core (Proposed) 11,991.29 1.440% 16.22 1.442%

1.44 x Efficiency than UNPU[JSSC’19], previous LUT-based SOTA accelerator work
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summary

Low-bit LLMs provide new opportunities for scaling law.
e LUT Tensor Core: LUT-based direct support for mpGEMM
* A native support for mpGEMM, compatible to GPU ecosystems
» Software-hardware co-design solving three challenges in LUT-based methods:

* Table storage, Table precompute overhead, Diverse Precision Combination

== = MAC Wep16Arpri6 P

Limitations & Future Directions: —
* Inference only. 10} 24" LT Wams Conventional o

#e— LUT WinrxAep16 LUT Tensor Core
=
T

* mpGEMM is not adopted in training.
 Self-attention is still in high bits

—— — — — —————— —— ————— — —

Area (um~2)

10°
* Currently offloaded to cuda cores.

* MpGEMM Wintx X App1g, turning point is Wiyre.
* Direct non-integer weights supports (1.58 bits)

4 %102

INT1 INT2 INT4 INT8 INT16
Weight Type
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