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« Post-training quantization (PTQ) has been widely used to accelerate Deep Neural Networks (DNNs) [1-6].

Fundamental Limitation of PTQ

* However, PTQ faces fundamental limits, as the quantization resolution decreases exponentially with precision.
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« Key idea: encoding bit-width < quantization precision.

* Values with smaller magnitudes require less encoding bit-width.

« Adaptive-precision quantization (APQ) adjusts bit-width for localized data without sacrificing resolution [8-10].
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APQ is Better Suited for Activations than for Weights
« PTQ for activations is less robust [4-6].
« Activations exhibit more exploitable redundancy in

their binary representations.
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N Motivations and Challenges

Challenges in Applying APQ to Activations
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HAP - A Quantization Algorithm and Accelerator Design to Harness Adaptive-Precision

Contributions

a) Dynamic Asymmetric Re-Quantization b) Vulnerable Channel Protection

» General APQ for activations « Channel-level dual-precision (4/8-bit)

* Flexible for workload balancing weight quantization

» Lossless compression for 8-bit activations » Accuracy — performance trade-off

c) Accelerator Design d) Experiments

* Fine-grained bit-serial arithmetic * Diversified evaluations across CNN, ViT,
» OQuter-product reordering engine to and LLM models and benchmarks

match precision at run time « Superior accuracy and performance
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* Problem: data mapping is shifted by the

zero-point Z in asymmetric quantization

g = clip({ﬂ Z)0,2% — 1)

« Solution: subtract each data group with its

minimum to restore precision adaptability

Group Range:
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Dynamic Asymmetric Re-quantization (DAR) :

additionally introduces a per-group dynamic

zero-point Z = qgyp

~ X = ~
0”1=q—Z=clip(h}+Z—Z;O,ZB—1)

Intra-Channel Grouping. Data within an input
channel witness value locality [1, 2, 13] which

results in lower average bit-width.

Avg. bit-width: 4.39 bits (GS=16)

Avg. Precision (bits)
(=] [ hv] w + w [=1]

nter-

Channel
Grouping

Input Channel

Value
Locality

v

> g

Dynamic Asymmetric Re-Quantization

Intra-
Channel
Grouping

InterCH_GS8 mmm InterCH_GS32 WM IntraCH_GS16 ™\ DZP Overhead

InterCH_GS16 IntraCH_GS8 mEE IntraCH_GS32 mmn Metadata Overhead
HI Hi l Illi I . - ILwi
N N B N
I T
I l“.l I ...H I §;i B IQ&{E‘ m ”\W\"
| D N Y
H H H i leléiixléii
ResNetl8 VGG19 ViT-B DeiT-S OPT-1.3B OPT-2.7B

10




GEMM Decomposition Based on DAR

Input-Channels

DAR reformulates the general matrix-multiplication .. 2
Precision

(GEMM) in DNNSs into three terms. Metadata 3 1 2 1 2 3
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Dataflow for DAR

Outer-Product Reordering

Bit-serial output-stationary dataflow

Permute outer-product to match precision
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» Partition each bit significance to expand

the DZP vector as a bit matrix

« Aggregate partial results with logarithmic

complexity
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f: Vulnerable Channel Protection

* Vulnerable channel protection (VCP):

target 4-bit PTQ while upgrading vulnerable
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output-channels (VCs) to 8-bit PTQ Layer [ - - , Evaluation and Ranking
X
* Cluster VCs and apply orthogonal
permutation to ensure correct Layer [ + 1 l N permutation I + 1 "
v
computations. ~ Permutation | N R =
- " )
NN
iy : : : ) 4 =
- Empirically identify VCs with a Pareto- . 5
=
based multi-metric evaluation . Z

KL-Divergence

13



SPONSORED BY:

CEDA 319,

THE CHIPS
TO SYSTEMS
CONFERENCE

Section 3 — Accelerator Design

 Overviey /. - p
£ / / /
j /

\
\‘:.‘
N\




16 x 32 processing engines (PEs).

Multiplications are serialized as 4-bit additions.
PE concurrency: 16 multiplications.

Cache-like reorder engine to balance

computational workloads.

Pipeline: Precision Buffer -> Reorder Engine ->

Activation/Weight Buffer -> Array -> Output Buffer

Weight Buffer ]_]

/

e
X
I~
<

T
v‘ leL

™ ™ s ™

PE ::[PE PE
J J k J

vy vy vy
™ s ™

PE :=LPE PLC
) J \ J

auigu3 Japioay
Jayng uonealdy

PE

1
:[pE
J

~

J

|

,

Output Buffer

)

Precision
Buffer |
\[Qx

t~
o

/ S Register Page \
o N
AN - B
%
\\_‘ ~ XL /
( o Is_Signed \

15



Goal: matching the precisions of

the L activation groups through

reordering the outer-products in

GEMM
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Key Idea: assuming an activation or

a weight group are stored under the

same address in buffers, the outer-

products are reordered via address

permutations with cache-like register

pages.
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An example of reordering with L = 2 and
R = 4. Both 1-bit and 2-bit are matched

across different register pages.
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Reorder Engine

Problem: exact matching becomes infeasible Intuition: match rate can be effectively improved

with more register pages but limited page sizes. with relaxation on the match conditions
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Relaxation: given a window
size ws, precision b’ is
considered matched on b if it
satisfies 0 < b — b’ < ws
Multiple levels of relaxation:
implementing multiple window
sizes, 1, -+, WS4y Prioritizing
lower window sizes.

Exception is triggered if there is

still no matched case

(a) Reorder Engine Overview
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Experimental Setup

DNNs and Datasets: CNNs (ResNet18, VGG19) and Vision Transformers (ViT-B, Deit-S) on
ImageNet-1K, Language Models (OPT-1.3B and OPT-2.7B) on WikiText-2

Quantization: SQuant [3], NoisyQuant [4], SmoothQuant [5], and OmniQuant [14]
Accelerators: Stripes [7], ShapeShifter [8], and BitWave [9]

End-End Simulation: cycle-accurate simulator + CACTI [15] energy simulator + ISO-compute
comparison (512 8-bit multipliers)

Synthesis: 65nm TSMC PDK + 500 MHz

20



f:‘ Accuracy

* Top-1 Accuracy for CNNs and ViTs; Table 1: Top-1 Accuracy (%) & Perplexity (for LLMs)
perplexity for LLMs. Empirically set Prec. (W/A) | 32/32 | 8/8 | 4/8 8/4 575 [[4.6/4~  5.6/4~)
VCP precision as 4.6 and 5.6 bits CNNs FP SRYant HAP+5Quant

ResNet18 T 69.76 | 69.65 |68.49 63.41 68.09 68.84 69.21
VGG19 T 7423 | 74.16 |73.61 69.22 72.95 73.91 74.09

« The PTQ for activations are less ViTs FP NoisyQuant HAP
robust than the PTQ for weights ViT-B | 8454 | 8431 |81.62| | 72.42| 79.04 || 8298  83.47
Deit-S T 79.83 | 79.24 |76.50| | 4832 | 61.05 || 78.26  78.84
LLMs FP SmoptHQuant HAP
* The lossless adaptive-precision OPT-13B | | 14.62 | 1677 [29.15] |675.80| 34.07 || 2377  19.13
quantization preserves most accuracy OPT-27B | | 1247 | 1390 |34.17| [380.78| 3505 || 22.66  16.13
LLMs FP DmniQugnt-LW({ HAP+LWC
OPT-13B | | 1462 | 1536 |17.15| |321.43| 9270 || 1601  15.81
- VCP enhances pure 4-bit weight OPT-27B | | 1247 | 1344 [14.42| [1573.49] 5090 |\ 1429  13.96,

quantization. Worst Improved Accuracy

21



f: Match Rate & Synthesis Results

» Naive PE utilization is 66.8%
« Larger R and ws,,,, improves PE utilization

« Parameter selection: ws,,;,, = 3; R = 8

Match Rate
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Figure 7: Match rate and PE utilization based on ViT-B.
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» Relaxation is more area- and energy efficient than

naively increasing register size

» The total area and energy overhead of Reorder

Engine are 4.83% and 6.05%

Table 2: Core Area & Power Breakdown

Module Area (mm?) Power (mW)
PE Array 1.0034 93.72% 254.7820 92.15%
RE Datapath Base 0.0080 0.75% 0.3180 0.12%
[ RE Precision Blending | 0.0009 0.08% 0.1710 0.06%
Register Pages 0.0428 4.00% 16.2397 5.87%
Others 0.0156 1.45% 4.9880 1.80%
Total 1.0707  100.00% | 276.4987  100.00%
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End-End Speedup & Energy Breakdown

» Performance gain from DAR and RE: 1.63x (HAP_W8.0) « Energy reduction: 32% (HAP_W8.0), 48% (HAP_WS5.6),

0,
* Further improvement with VCP: 2.25x (HAP_W5.6) and and 55% (HAP_W4.6)

2.65x (HAP_\W4.6)
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Figure 8: Normalized speedup. Figure 9: Normalized energy breakdown.
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HAP - A Quantization Algorithm and Accelerator Design to Harness Adaptive-Precision

Contributions

a) Dynamic Asymmetric Re-Quantization b) Vulnerable Channel Protection

» General APQ for activations « Channel-level dual-precision (4/8-bit)

* Flexible for workload balancing weight quantization

» Lossless compression for 8-bit activations » Accuracy — performance trade-off

c) Accelerator Design d) Experiments

* Fine-grained bit-serial arithmetic * Diversified evaluations across CNN, ViT,
» OQuter-product reordering engine to and LLM models and benchmarks

match precision at run time « Superior accuracy and performance
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  q = c l i p (  ⌊   x ∆ ⌉ + Z ; 0 ,  2 B − 1 )


  Z


  [  q  g l b ,  q  g u b ] → [ 0 ,  q  g u b −  q  g l b ]


   ⌈   l o g 2 (  q  g u b + 1 ) ⌉ →  ⌈   l o g 2 (  q  g u b −  q  g l b + 1 ) ⌉


   q ~ = q −  Z ~ = c l i p (  ⌊   x ∆ ⌉ + Z −  Z ~ ; 0 ,  2   B ~ − 1 )


   Z ~ =  q  g l b
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  =  ∆ a  ∆ w (  P A +  P D +  P S )
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