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(1) Observation (4) Two bird one stone

LLM contain a lot of outliers Outliers disappear after rotation
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Numerically Identical
A-WI'=A-R-RT - Wl'=(A-R)-(W-R)!

e
Easy to quantize

Outliers will dominate quantization range and reduce the

precision for the majority of normal valued weights and
harm quantization accuracy.

(2) Intuitive understanding

Intuitively, how does rotation help reduce outliers and maximize quantization range utilization?
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(3) Statistically effective

Statistically, rotation significantly reduces the skewness of the activation distribution and lowers
quantization error.
are easier to quantize.

Before rotation Before rotation

Both weights and activations become easier to quantize

(6) Not all rotations are equally effective
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(5) Create an rotation-invariant transformer
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The residual stream can be rotated in the transformer network, resulting in numerically equivalent
floating point networks before and after rotation. The rotated activations exhibit fewer outliers and

(7) Optimize rotation matrix to make it even better

Lo (*): the quantization network task loss. It 1s a function of {R,,

R,}, given the fixed pretrained weights W.
We employ the Cayley SGD method which 1s an efficient
optimization algorithm on the Stiefel manifold.

Only need to run 100 1terations on 800 Wiki examples.
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Experimental results
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Accuracy
(points)

40
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LLaMA-2 7B LLaMA-2 13B LLaMA-2 70B | LLaMA-3.2 1B LLaMA-3.2 3B 'LLaMA-3 8B || Mistral-7B
#Bits | Method 0-shot® Wiki ' 0-shot® Wiki '0-shot® Wiki ||0-shot® Wiki '0-shot® Wiki '0-shot® Wiki || O-shot® Wiki
(W-AKV) AvgD) () JAve® D) Ave () JAvg® @) JAve® ) Ave® () |Ave® ()
16-16-16| FloatingPoint 669 551 683 50 ' 729 33 | 569 134 ' 639 107 ' 69.6 6.1 || 71.0 5.4
RTN 624 79,573 67 , 686 50 | 554 207 | 586 290 , 655 82 | 393 68
SmoothQuant 589 751 636 61 1 706 41 | 471 1e2 1 556  3e2 1 610 107 - -
LLM-QAT 648 114! 675 145! - - 532 210 | 608 411 ! 672 77 - -
AWQ (w4) - 62, - 50, - - - - - - - - - -
4-8-16 |OmniQuant (w4) — 571 - 50 + - 3.5 — - = - = — — —
QulP# (w4) - 56, - 50 0 - 3.4 - - - - - - - -
GPTQ 649 202, 652 59 | 71.7 43 | 550 173 | 587 252 , 645 72 | 517 86
SpinQuant,, had|| 657 5.8 ' 682 51 ' 721 3.7 | 560 153 ' 614 11.6 ' 68.6 6.7 || 688 57
SpinQuant g 657 57, 681 50 , 727 35 | 565 144 | 632 115 A 684 65 | 699 5.5
RTN 625 791 576 67 ' 684 50 | 557 207 ' 584 288 ' 653 82 || 589 6.7
SmoothQuant 588 75 634 61 , 705 41 || 471  1e2 |, 555 3e2 , 609 107 | - -
488 |LLM-QAT 646 1141 675 1421 - - 531 210 1 605 393 1 669 7.6 - -
GPTQ 648 202! 653 59 ! 71.6 43 | 548 173 ! 587 241 ! 646 72 | 517 86
SpinQuant,, neq| 658 58 , 681 51 |, 722 37 || 557 153 |, 61.8 117 , 686 6.7 | 694 5.7
SpinQuant g 658 571 682 51 1 727 35 | 558 143 1 632 112 1 688 65 | 702 5.5
RTN 356  2e3, 353  7e3 |, 351 2e5 || 412 1e2 | 421 Te2 | 439 2e2 || 414  4e2
SmoothQuant 418 3e2 1 449 3451 577 571 | 379 2e3 1 43.6  4e2 1 403 92 | - -
4416 | LLM-QAT 478 129! 343  4e3 | - - 420 621 ! 469 376 | 449 429| - -
GPTQ 36.8 9e3 , 352 5e3 | 355 26 | 41.6 1e2 | 434  3e2 |, 40.6 22 || 404 3e2
SpinQuant,e pad| 570 9.2 1 618 72 1 61.0 7.3 | 448 484 1 529 224 1 519 186 527 134
SpinQuant pag 641 59 672 52 ! 710 38 || 535 153 | 61.0 111 | 658 7.1 || 684 5.7
RTN 371 2e3 1 355 7e3 1 350 25 || 406 2e2 1 412 82 ! 43.1 3e2 || 414 4e2
SmoothQuant 39.0 7e2 | 405 566 , 559 105 || 365 23 | 400  6e2 | 387 2¢3 — —
444 |LLM-QAT 449 149, 350 4e3 | - - 415 762 | 459 420 | 432 525 - -
GPTQ 36.8 9e3 ! 352 5e3 ! 356 le6 | 41.6  1e2 ' 41.1  4e2 ' 405 22 || 41.3 2e2
SpinQuant,, ped| 560 92, 60.7 7.1 |, 620 74 || 453 477 | 529 224 |, 526 186| 524 137
SpinQuant g 640 59, 669 53 712 38 || 534 159 | 60.5 114 | 655 73 | 68.6 5.8
(9) Comparison to random rotation
LLaMA-3.2 3B LLaMA-3 8B Mistral-7B
4-4-16 4-4-4 4-4-16 4-4-4 4-4-16 4-4-4
Random Hadamard R 23 49.8 49.6 49.5 50.0 51.4 51.5
SpinQuant,, had R{LQ} 52.9@3.1) 52.9@3'3) 51.9@2'4) 52.6@2_5) 52°7(T1-3) 52.4@0 9)
Random Hadamard Ryq 2 3 4} 59.0 58.4 64.2 63.9 52.7 524
SpinQuanthad R{1,27374} 61'0(T21) 60.5(1\22) 65.8(1\16) 65'5(T16) 68'4(T15-7) 68'6(T16.2)

Almost the same accuracy
69.6

68.6
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@ What’s next? ParetoQ: Scaling Laws in Extremely Low-bit LLM Quantization (Arxiv)
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LLM contain a lot of outliers Outliers disappear after rotation
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SpinQuant: LLM quantization with learned rotations (ICLR 2025)
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e How does rotation eliminate outliers?
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SpinQuant: LLM quantization with learned rotations (ICLR

2025)
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'\l © Rotation iw ; _Rotation { i

1000

Numerically Identical
A-WT =A-R-RT-WT =(A-R)-(W - -R)T

Easy to quantize

SpinQuant: LLM quantization with learned rotations (ICLR 2025)
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Network-level rotation invariance in the transformer
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Which rotation to choose?

¢ Random rotation

e Hadamard Rotation (H),
A special type of rotation matrix, where the entries of the matrix are solely

++/n.

* Orlearnable?
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Random rotation introduce high variance
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Random Hadamard rotation is slightly better
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Learned rotation achieves highest accuracy with smallest variance.
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* Optimize the rotations with respect to the final loss of a quantized
network

arg min Lo (R, Ry | W, X)
ReM
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LLaMA-2 7B LLaMA-2 13B LLaMA-2 70B | LLaMA-3.2 1B LLaMA-3.2 3B ' LLaMA-3 8B || Mistral-7B
#Bits |Method 0-shot® Wiki ' 0-shot® Wiki '0-shot® Wiki ||0-shot® Wiki '0-shot® Wiki '0-shot® Wiki || 0-shot® Wiki
W-AKY) Avg() ) jAve® ) jAve®d @ Avg® @ JAve® @) jAve® @) [Aved ()
16-16-16| FloatingPoint 669 55 ' 683 50 ' 729 33 | 569 134 ' 639 107 ' 696 6.1 || 71.0 5.4
RTN 624 79, 573 67 | 686 50 | 554 207 | 586 290 , 655 82 | 593 68
SmoothQuant 589 751 636 61 1 706 41 | 471 1e2 1 556 3e2 1 610 107 || - -
LLM-QAT 648 114! 675 145 ' - - 532 210 ! 608 411 ! 672 77 - -
AWQ (w4) - 62, - 510, - - - - - - - - - -
4-8-16 | OmniQuant (w4) - 570 - 50 1 - 35 - - - - - - - -
QuIP# (w4) - 56, - 50 , - 34 - - - - - - - -
GPTQ 649 202 652 59 | 717 43 || 550 173 | 587 252 , 645 72 | 517 86
SpinQuant,, paq| 657 58 ' 682 51 ' 721 37 | 560 153 ' 614 116 ' 686 6.7 | 688 5.7
SpinQuantygq 657 57, 681 50 , 727 35 || 565 144 | 632 115 |, 684 65 | 699 55
RIN 625 79 ' 576 67 ' 684 50 || 557 207 ' 584 288 ' 653 82 || 589 6.7
SmoothQuant 588 7.5, 634 6.1 , 705 41 | 471 1e2 |, 555 3e2 |, 609 107 | - -
488 |LLM-QAT 646 1141 675 1421 - - 53.1 210 1 60.5 393 1 669 7.6 - -
GPTQ 648 202! 653 59 ! 716 43 | 548 173 ' 587 241 ' 646 72 | 517 86
SpinQuant,, nq| 658 58 , 681 51 |, 722 3.7 || 557 153 , 618 117 , 686 67 | 694 57
SpinQuantyqq 658 57 1 682 51 1 727 35 || 558 143 1 632 112 1 688 65 | 702 55
RTN 356 2e3, 353 73 |, 35.1 2e5 | 412 1e2 | 421 7e2 |, 439 262 || 414 4e2
SmoothQuant 418 3e2 1 449 3451 577 571 || 379  2e3 1 436  4e2 1 403  9e2 - -
4.4.16 |LLM-QAT 478 129! 343 4e3 | - - 420 621 | 469 376 ' 449 29| - -
GPTQ 368 9e3 , 352 5e3 | 355 26 | 41.6 1e2 | 434  3e2 | 406 22 | 404 3e2
SpinQuant,, pag| 57.0 92 ' 618 72 1 61.0 7.3 || 448 484 1 529 224 1 519 186 | 527 134
SpinQuantjqg 641 59 672 52 | 710 38 || 535 153 | 610 111 | 658 7.1 | 684 57
RTN 37.1 231 355 7e3 ! 350 2e5 || 40.6 22 ' 412 82 ! 43.1 3e2 | 414 4e2
SmoothQuant 39.0 7e2 | 405 566 , 559 105 || 365 23 | 400 6e2 | 387 23| - -
44.q |LLM-QAT 449 149, 350 4e3 | - - 415 762 | 459 420 | 432 525 - -
GPTQ 36.8 9e3 ! 352 5e3 ! 356 le6 | 41.6  1e2 | 41.1  4e2 ' 405 22 | 413 22
SpinQuant,, paq| 560 92 | 60.7 7.1 |, 620 7.4 || 453 477 | 529 224 |, 526 186 | 524 137
SpinQuantsqq 640 59 1 669 53 . 712 38 || 534 159 | 605 114 | 655 73 | 686 58
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Speed Accuracy
(ms/;cgoken) (points) Almost the same accuracy
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_________ o— - 69.6 68.6
150 60
3x faster
100 40
58.88 ms/token
50 20
0 0
llama3 8B SpinQuant llama3 8B llama3 8B SpinQuant llama3 8B
W16A16 WA4AS8 W16A16 WA4A8
End-to-end speed of LLaMA-3 8B on Average accuracy on 8 zero-shot
MacBook M1 CPU. commonsense reasoning tasks

SpinQuant: LLM quantization with learned rotations (ICLR 2025)



