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Models are getting bigger, and

compression techniques are evolving

1. Models keep getting larger

Driven by better capability and performance

O'.'. f ™ O f ."I.I ¢ 1 i -I. \-._
v L c{}‘o’”o o\&o’ ik
& Coe) @ ' Bigger models
AlexNet m)  Transformer(BERT) =)  GPT-3 =  GPT-4 mp OPT do/Llama3/ > Higher accuracy
2012 2018 2020 2023 2024~ > Higher compute
~60M params ~340M params 175B params ~1.8T params & memory cost

10B ~ 1T+params

2. Compression techniques have advanced
Two major directions

Quantization (Lower precision) Pruning / Sparsity (Remove unimportant data)

Represent weights/activations with fewer bits Remove less important weights or connections

- E
Example FP3.2 - FP'|.6 INT8 INT4/.FP4 Example E: Pruning EDDP E & F hD”
32-bit 16-bit 8-bit 4-bit m[n — 0 (D =— @@
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ﬂlgh Precision X Lng Precision AEEEED BEROE O EE —-E
’:'L-Dl: },,,,, —_—~~“ i More sparse
e ™ e
50 G ] Less data > Less compute & memory
3. However, these techniques come with a trade-off
reduce computation and memory requirements VS inevitably reduce accuracy

Quantization Pruning / Sparsity

Common Outcome

Accuracy degradation

Challenge

Lower precision > less information How to maintain

high accuracy
while reducing

2 Quantization Error — FPa2 Removing weights Accuracy

- Loss of useful
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High accuracy requires fine-grained, multi-cc mpréssmn

- complexity and irregularity is inevitable

Result: Complex Model Structure
(improves the accuracy-compression trade-off, have significant irregularity)

Multiple precisions in model

How to achieve it?

Goal
Fine-grained Compression
= (block / channel / weight level)
' a
.D
o]
Reduce =

Accuracy Loss
with Compression

Multi-compression (mixed precision)

FP16 INT8 INT4 | FP4

Unpredictable Memory Access

A

Not Hardware-
Friendly

/ Unknown amount,
1 Unknown location

Varying sparsity per block

Workload Imbalnce

B a=m
palleEmE ..

Varying # of non-zeros
= load imbalance

nnz: 8 ;

nnz: 32 & ' O

nnz: 64 @ : §
B nnz: 96 [ § )_.O

Hard Accumulation Control

Irregular destinations
of partial sums

©
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P ) FP16
N % O INTS

e .O 8 INT4
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Hard Memory Hierarchy

Control
[orah,

: SE“:"‘ _\, across hierarchy

Reg  \

Irregular data placement

Achieving high accuracy often means introducing complexity that is not very hardware-friendly.
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High accuracy reqwres fine-grained, mul’rl compréssmn

How to achieve it?

Result: Complex Model Structure

Goal (improves the accuracy-compression trade-off, have significant irregularity)
Fine-grained Compression Varying sparsity per block Multiple precisions in model
= (block / channel / weight level)
. BO0E @ @ -o o
= oRen Uos nnz: 8 - @ o FP16
o El » ONEE BEED - fnz: 32 (\) $ INTS
Reduce . oy H5Ed nnz: 64 @5 ® @ o ° INT4
JEILC a0 g e\ o
Accuracy Loss 0N OE0E 0o00 . of /¥ @ )8 @ FPa
‘ ! B nnz: 96 @]
wi-l-h Compression Multi-compression (mixed precision) 1] a0aE caoao " @ o @
FPI6 INT8 INT4  FP4 @ D

A

Unpredictable Memory Access

Workload Imbalnce

Hard Accumulation Control

Hard Memory Hierarchy
Control

/ Unknown amount, oobO EEH @) —— =% ® /@ Irregular data placement
Not ngdwure- 3 Unknown location Varvina # of = / SRAM 1\ ' qacross hierarchy
Friendly arying # of non-zeros Irregular destinations \
- load imbalance of partial sums Reg
Key is to control the complexity/irregularity using well-designed metadata (index)
Complex Model

(Fine-grained, Multi-compression)

el E ) Efficient Execution

EUOE ENOE FP16 (Hardware-Friendly) High Accuracy
a ‘[ I ]b 7 Position Info Quantization Info Address / Mapping Info ﬁ Predictable memory access & EffICIent Inference
w0 { % L f]J :] INTS8 (sparsity pattern) l:ﬁ:?lf/izi::nﬁz) (dataflow control) ' Y
g - i opER
EO0E 00ag INT4 » CI0I] I 1@ » By Balancedcomputation »
OOE DOOE O ERE | o N
10] D[]g 2 0000 FP4 LCIC L_Jﬁjﬂk | 5 z Efficient accumulation
JO0a 0ana Ji] [ [ @@ A
£ . Optimized memory hierarchy

What if we use metadata to help hardware understand and manage complexity? (Instead of treating metadata as an overhead)

v
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=) This idea led us to metadata-guided execution
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Me’rada’ra for Efficient Execu’rlon (MEE)

Compressed Block (Data only)

ici i 4|—> Position index
Bitmap (Position) 1/0{0/0|1(1|0(0]|1 9 bit 1]0/0j0]1]{1]0|0|1

a . |
(1 6b) Data alone is not enough! : (fixed) ' - I .
) Which data i m 3 bit i Transfer only Perform °<;'|Y
. houl | ? i Quantization Info | " ——» | | required operands require
b c should be loaded ' Regular | (fixed) ! 10?“emorypusing a computations
(8b) (4b) o How should each ,  Size ! bitmap using a bitmap
 value be ' Index 4 bit |
interpreted? : # of Non-zero (Count) 0100 (fixed) m
d o How many ! ! Quantization info (Array size)
¢ operations are ! o ! 5 .
(32b) required? : Quantized Data a'l b c |ld 64 bit bit size

(variable): nn 1—‘

[ Compute block dimensions and ]

memory footprint from array size
and quantization bitwidth

MEE provides information for memory access, computation, and scheduling through —» # of Non-zero values

- a bitmap tells us where the non-zero values are 0 nn 0
- quantization metadata tells us how to interpret the values
- the non-zero count tells us how much work needs to be done [ Schedule data loading and ]
computation using count
metadata

ke
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Metadata for Efficient Execution (MEE):

Metadata for Memory Access, Computing, qndSchedullng

Position index

Compressed Block (Data only)

Metadata for Efficient Execution (MEE)

f obit | 1/0(o|o|1/1|o|0|1
a Data alone is not enough! | Bitmap (Position) 1|0(0/0{1({1]0|0(1 (fixed) i I
(16b) ; ; v v
) Which data ' 3bit Transfer only Perform only
b C * should be loaded? ! Regular Quantization Info 011 (fixed) .~ :equired operands requfmte‘d
! ] O memory using a cqmpu q ons
(8b) (4b) o How should each ,  Size ! bitmap using a bitmap
 value be ' Index 4 bit |
interpreted? : # of Non-zero (Count) 0100 (fixed) |
d o How many ! 1» Quantization info (Array size)
(32b) H opergfions are ! ) 64 bit | bit size
required? i Quantized Data a'lLb| c |§d (variable) nn —‘1
1 Compute block dimensions and
‘ memory footprint from array size
- d tization bitwidth
1. Position Metadata (Where) 2. Value Metadata (What) 3. Control Metadata (How) e i
Bitmap (Mask bit) Quantization Info (bit table + precision) # of Non-zero (Count) —> # ofll;l]oe-lza values
- = —P AT 0
I1 OIO ‘ 0I1 1 IO 0|1 | v ‘L’gﬁg gn:eyrunds b : v Decode with 0(1(0(0 v Know how many Schedule data loading and
T P 00 32bit correct precision operations [ computation using count ]
v Skip useless 01 16bit =4 (non-zero) metadata
memory access A v Control PE + Schedule workload
10 8bit utilization in advance
1" 4bit
Where is the useful data? ~ What does the ” How much work is
g - value represent? vou required?
E . £ Load only usefuldata Decode correctly & m Schedule & balance
(Bandwidth & Energy saving) Utilize proper precision workload efficiently

MEE provides information for memory access, computation, and scheduling
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Metadata for Efficient Execution (MEE):

Predictable Execution through Metadata

Compressed Block (Data only)

Metadata for Efficient Execution (MEE)

Position index

! Lo 1/olo|of1/1]0|0]1
a Data alone is not enough! | Bitmap (Position) 1|0(0/0{1({1]0|0(1 (f?xl:;) i I
(16b) i ; v v
) Which data ' | 3 bit ! Transfer only Perform only
b c *  should be loaded? : Regular Quantization Info 0|11 (fixel d) ——>» | |required operands requfm:d
I i to memory using a computations
(8b) (4b) o How should each | Size ! bitmap using a bitmap
 value be ' Index 4 bit |
interpreted? : # of Non-zero (Count) 0100 (fixed) !
d o how many ! 1» Quantization info (Array size)
(32b) H opergfions are ! ) 64 bit | bit size
required? i Quantized Data a'lLb| c |§d (variable) nn —‘1
1 Compute block dimensions and
‘ ¢ ¢ memory footprint from array size
1. Position Metadata (Where) 2. Value Metadata (What) 3. Control Metadata (How) and quantization bitwidth
Bitmap (Mask bit) Quantization Info (bit table + precision) # of Non-zero (Count) —> # of Non-zero values

0|1/(0]0

|1 OIO‘OI" 1|0 0 1|\/Loadonly
R valid operands

| Bit patten | _Precision NN

00 32bit correct precision

v Know how many
operations

0[1]o]fo0

Schedule data loading and
computation using count

| |

v Skip useless 01 16bit =4 (non-zero) metadata
memory access A v Control PE v Schedule workload
10 8bit utilization in advance a o o
1 abit Result: Predictable/Efficient Execution
"""""""""" .""""ii,"."'""'."""""""""'
What does the H h ki @ ' HH ' @
Where is the useful data? A \ ow much workiis . : ) :
o - value represent? Ui b required? Predictable | Predictable | Predictable
§ . E Load only useful data Decode correctly & Schedule & balance Memory Access | Computation | Decoding

(Bandwidth & Energy saving) Utilize proper precision workload efficiently

(Where to load)

: (How many ops) (How to decode)

[

MEE provides information for memory access, computation, and scheduling

High Accuracy
& High Efficiency

& )
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Fixed-Size Metadata itself for Efficient Proce smg

CSR (Compressed Sparse Row) MEE (Bitmap + Quant + NN2Z)

Example Matrix CSR Metadata (Variable Size) VS Example Matrix NZB Metadata (Fixed Size)
' i i || obit
a Row Pointer | a1l 3 4 | (M+1) elements a Bitmap (Position) I 1 [ 0 ’ 0 I 0 I /1 ] ] 0 li' 111 (o
L | ] I ] (variable size)
b ) . ) & Metadata Size b C Quantization Info (Value) (O0]1]1 (ﬁs)f’;:’)
(NNZ2) elements
Column Index 0 I 1 2 l 2 l (variable size) (Length varies with sparsity) — — .
d : i i d # of Non-zero (NNZ) . 0 [ 1 I 0 [ 0 (f?;z-;:j)
Values a l b ' ¢ | d | .. (NNZ)elements , . : .
( ' J (variable size) Quantized Data (Values) a L bl c [Bd (vﬁﬁ:ﬁe)
NNz N
T e . Variable Size Metadata information * Regular Slze.Meiadafa
RowPointer| 1 | 3 | 4 | l o | varioblesivay | * # of Nonzero is Unknown (Total number of non- . gNhZ 5nl?wnFm' Add\iance
| | ] i * Scheduling Unfriendly zero elements) cheduling Friendly
Data quantity and location are
tri1l - 1 =
Lo‘mger;[cilf n':r‘:-’EZrL[g::ements Then, traverse the corresponding non- # of Non-zero (NN2) 0 [ 1] 0 0 = explicitly available.
in the first row zero entries.
Metadata fields are independently
' - - i iti " accessible without decoding or
Column Index 0 |1 |2 l 2 l (?\llrt:fi)aﬂlee"s‘?zrg)s Bitmap (Position) ’ 1 IO [ 0 1 O[ 11 IO ] 0| 1 => 1 V.\" u ing
i ) - } reconstruction.

MEE itself is regular. Unlike CSR, the metadata size does not change with sparsity.

bitmap, quantization information, and NNZ count all have fixed sizes.
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leed Size Me’rada’ra for Efficient Processmg

CSR (Compressed Sparse Row) MEE (Bitmap + Quant + NN2Z)

Example Matrix CSR Metadata (Variable Size) VS Example Matrix NZB Metadata (Fixed Size)
: : . - || obit
a R [ 1 3 4 | (M+1) elements a Bitmap (Position) I 1 [ 0 ’ 0 I 0 ] g1 i ] 0 lil 11 (ixedd
L | ‘ ] (variable size)
b _ - ) & Metadata Size b C Quantization Info (Value) (O0]1]1] (ﬁs:::’)
(NNZ2) elements
Column Index | 0 | 1 | 2 l 2 l | (variable size) (Length varies with sparsity) d o —T ] .
d # of Non-zero (NN2) 0 l 1] 0|0 (f?,zﬁ)
Values a ‘ b i ¢ | d | .. (NNZ)elements . : : ‘
[ ' J (variable size) Quantized Data (Values) a l DMl ' c : d (vﬁﬁ:ﬁe)
NNz .
T I | Dy — Variable Size Metadata information * Regular Slze_Metadam
Row poinfe-|l 1 I 3 (4 | l (variable sizey  *  # of Nonzero is Unknown (Total number of non- . gNhZ 5“;?W0Fln. Add‘iance
] : * Scheduling Unfriendly zero elements) cheduling Friendly
——— Data quantity and location are
tri1l - 1 =
Lo‘mger;[cilf n':r‘:-’EZrL[g::ements Then, fraverse the corresponding non- # of Non-zero (NNZ) 0 l 1 l 00| —» explicitly available.
in the first row zero entries. = = . .
Metadata fields are independently
Colummindex . 5 | i o Lol ... (NNZ) elements Scheduling Bitmap (Position) ’ 1 Io l 0 ‘ o[ 111 ]o |£| 1 “ —p accessible without decoding or
10| | B el R information - reconstruction.
L J Limited load/compute \ g
Memory Access Rlec B Memory Access

Aﬁﬁrﬁ‘s’;’ésTFIT ELI Ijll I‘DI | [ LT niaore [ TTH T T T THTTTHTTEIT

- Contiguous and regular memory accesses (High Spatial Locality)

> Fragmented cmd |rregular memory accesses (Low Spaﬂal Locality) Memory
M
. Access pattern

CSR leads to unpredictable execution with inefficiency MEE enables predictable execution with high efficiency
Y. Difficultto i 1211 Difficult to estimate .-—- ici i V. seaee Accurate c—h Efficient Scheduling
predict senee : Inefficient scheduling Accurate Data el e
. eresy computational . e ssch Computational and Resource
I.--.l data loading volume HH workload H and resource allocation I__..__l Load Prediction 215% \Worklond Prediction H Allocation

= Low Utilization, High Energy, Accuracy Degradation - High Utilization, Low Energy. High Accuracy

O MEE leverages fixed-size metadata and provide explicit NNZ information to determine Where, What, and How Many before execution.

~> Predictable Memory Access, Efficient Computation, and Effective Scheduling
A\
CSR only tells us where the non-zero values are.
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Processing Compressed Matrices : From Decompression — Irregular Access — Regular Metadata Access

1. Conventional (Decompress & Compute) | 2. CSR/COO/CSC (Compressed Sparse Fotmat) 3. MEE (New Metadata Format)

Compute on Compressed Data,
But Irregular Access & Index Overhead

Compressed Matrix Dense Matrix
(Example) Compressed Matrix  Row Pointer nnn' (M+1)

00
Decompress |- (Example)

alblc|ld| —»|0|b]c Column Index nnn. (NN2)
ojojd ajbjc|d VaIues(NNZ)

Decompress to Dense, Then Compute

Data

Representation

M By ot
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Compute on Compressed Data,
With Regular Metadata Access

MEE Metadata (Fixed Size per Block/Row)

Bitmap (Position) [1JoJoJo[1[1JoJo[1] (9bit)
Quantization Info [o]1]1] (3bit) | Fixed
NNZ Count (Control) [0]1]0]0] (@bit) | 5'*¢

Quantized Data (values) [a[b|c][d] (64bit)

10 MPSoC-2026



Three Approoches to Processmg Compressed Ma’rrlces

Processing Compressed Matrices : From Decompression — Irregular Access — Regular Metadata Access

1. Conventional (Decompress & Compute) | 2. CSR/COO/CSC (Compressed Sparse Fotmat) 3. MEE (New Metadata Format)

Decompress to Dense, Then Compute

Compressed Matrix Dense Matrix

(Example)
Data Decompress al0]o
Representation
P a|lb|{c|d|—»|0|b]|c
0|0]|d
1. Load 2. Decompress 3. Compute 4. Accumulate

Compressed  (Expand toDense) ~ (Dense MAC) & Write Back
Data 0dod 0ood )
S 5 B B
Hardware Ny’
Execution Path A A
v

Decompression Overhead
(Extra Memory, Bandwidth, Energy)

ke
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Compute on Compressed Data,
But Irregular Access & Index Overhead

Compressed Matrix  Row Pointer nnn' (M+1)

(Example)
Column Index nnn! (NN2)
alb|c|d
Values H“nu (NNZ)
1. Load Row 2. Read Row 3. Load 4. Load Values
Pointer InfoaCompute  Column Index = Using Index
Row Range (Irregular)
Start = row_ptr[i]
an! Eng = ro(l?/\ivpt?(iz-lﬂ unﬂ! unnu
fmmmmmmmmmm e
5. Compute 6. Accumulate Overheads

(Sparse MAC)

0004
00aa
BEEE]

& Write Back
[

« Irregular index access (Col/Row Pointer)

* Row range calculation
(prefix-sum/subtraction)

* Many small memory transactions

» Complex control & scheduling

Compute on Compressed Data,
With Regular Metadata Access

MEE Metadata (Fixed Size per Block/Row)
Bitmap (Position) [1JoJoJo[1[1JoJo[1] (9bit)

Quantization Info [0]1]1] (3bit) | Fixed
NNZ Count (Control) [0]1]0]0] (@bit) | 5'*¢
Quantized Data (values) [a[b|c][d] (64bit)

1. Load 2. Decode 3. Load Values 4. Compute
Metadata Metadata (Sequential)  (Sparse MAC)
(Regular) (No E trzhCaIc. %%%%

I la[b[c]d] 0oao
5. Accumulate | Benefits :
& Write Back | * Regular, fixed-size metadata access ]
- 1 * No index deference per element |
—] | * No row-range computation ]
- & Sequential data access 1
1
1 1

* Simple control & easy scheduling

11 MPSoC-2026



Three Approaches to Processmg Compressed Mq’rrlces

Processing Compressed Matrices : From Decompression — Irregular Access — Regular Metadata Access

1. Conventional (Decompress & Compute) | 2. CSR/COO/CSC (Compressed Sparse Fotmat) 3. MEE (New Metadata Format)

Decompress to Dense, Then Compute Compute on Compressed Data, Compute on Compressed Data,
But Irregular Access & Index Overhead With Regular Metadata Access
Compressed Matrix Dense Matrix MEE Metadata (Fixed Size per Block/Row)
(Example) Compressed Matrix  Row Pointer nnn' (M+1) ; - )
Data D al0]|o0 (Example) Bitmap (Position) [1]o]oJo[1][1]oJo]1] (9bit)
i ecompress
Representation Tolclq > oo e Column Index nnn. (NN2)  Quantization Info o[ 1]1] (3bit) | Fixed
olold alblc|d NNZ Count (Control) [o]1]0]0] (abit) | 5"
Values H“nu (NNZ)
Quantized Data (values) [a[b|c][d] (64bit)
2. Read Row 3. Load 4. Load Values
1. Load 2. Decompress 3. Compute 4. Accumulate 1. Load Row Hia 1. Load 2. Decod 3. Load Val 4. C
N o Info&C t . Loa . vbecode . LOa alues 5 ompute
Compressed  (ExpandtoDense)  (Dense MAC) & Write Back Pointer nRO& Empu e Collumn Ilndex Using Index Metadata Metadata (Sequential)  (Sparse MAC)
Data 0000 0000 > - c:tw ang:(i] (Irregular) umu (Regular) (No E ira Calc, oDEE
art = row_ptriI
& (00 0000 &= [1[3]e]] St [o[1[2]] I i
— Codo Joo0 - .
Hardware expe? ( ! A = e eSS S N
E tion Path A A 5. Compute = 6. Accumulate ! Overheads I | (5. Accumulate] ! Benefits !
xecution ra i ' (Sparse MAC) & Write Back 1 * Irregular index access (Col/Row Pointer) | & Write Back !« Regular, fixed-size metadata access !
' v %}%}g% s : * Row range calculation : - 1 * No index deference per element :
: = (prefix-sum/subtraction) = !« No row-range computation !
(E D('\ancompresslorLO\_/de:\eE d ) oooo — i * Many small memory transactions i = L. Sequential data access :
xtra Memory, Banawidth, Energy. 1 * Complex control & scheduling | |+ Simple control & easy scheduling 1
________________________ ) e i
* Must restore to dense format « Compute on compressed data (no decompression) » Compute on compressed data without decompression
 Additional decompression cost * But requires index access for every non-zero element » Metadata has fixed size and regular structure
Characteristics (time, energy, memory) * Row pointer calculation needed for each row * No per—element idx access, no row range calculation
« High memory traffic (read compressed + write dense) * Irregular memory access —low locality, hard to predict * Sequential memory access — high locality
+ Simple compute, but inefficient overall + Additional control logic and complex scheduling * Highly predictable, simple control, efficient scheduling

Irregular metadata access and index Regular metadata access enables

I Key E:rfgcgzgzss'z]exgrh?;ﬂf?::‘jor 26108 I Key computation cause low predictability I Key predictable, efficient and high—
L) ry Yy Sl and inefficiency Sl performance execution
- A 1f 2) Still compressed, but irregular access 3) Compressed + Regular Metadata
1 ; . . .
¢ Summary } Decompression cost is high } & index computation hurt performance } — Predictable, Efficient and Scalable

ke
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What surprised us?

As we continued working on compression-related research, including sparse representations and quantization, we started noticing a common pattern.

M By ot

SEJONG UNIVERSITY

Where we looked

Sparse Indexing
e.g.. positions, masks, bitmaps

4

Quantization
e.g., bit-width, scales, zero-points

£

Scheduling

e.g., order, priority, mapping

£

Memory management
e.g., layout, placement, reuse info

$

e.g., tilling, fusion, dataflow hints

£

Runtime information
e.g.. shapes, stats, dynamic info

They are

all metadata

Metadata helps
describe data,
guide execution,
and manage system
complexity.

What they describe

Witch elements exist and where
The non-zeros are located

How values are represented
and reconstructed

How work is ordered, partitioned,
and assigned

Where data is stored and
how it should be moved/reused

How computation should be organized
and optimized

What is observed or known
During execution

Across the entire stack-from model to hardware to runtime

We are already surrounded by metadata.

13
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What is Metadata?

Metadata is information ABOUT data that that helps efficient and correct execution.

Metadata Type

Sparse
Indexing
Metadata
Quantization
Metadata
Control
Metadata
'tiq Scheduling
Hie} Metadata
(- Memory
Metadata

4 2 \\

P P
:" - - |
\ ]
\.\ ? //

Vi

-
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What it Describes

Where non-zero values exist

How values should be
interpreted

How work should be
assigned and executed.

When, where, and in what order
work should be executed

Where determine where data
resides and how it should move

Example

CSR/COO/CSsC

(Index Format)
(e.g.. CSR)

Quantization

(Scale, Zero-point,

Bit-width)

NNZ Count
(Non-Zero Count)

Task Mapping

(Priority, Mapping.

Dependency)

Placement /
Location

(Reuse, Layout)

lllustration (Example)

HIEEOL S CSR Representation

L[] ] [ [ Values Col Indices Row Pir
s1010]0f — [1]2[3[a[s[e] [o[s[1]o[2]a] [o]2[2]e]
4]0]5(0|6 (non-zero values) (column indices)  (row pointers)

Quantization parameters for a block/channel

Scale = 0.03125 Zero-point =128 Bit-width = 4-bit
Number of non-zero elements

128 64 256

Mapping of tasks to processing elements (PEs)

Task 1 Task 2 Task 3 Task 4
= PE3 - PE7 = PE1 => PE5
Data placement across memory hierarchy

DRAM —> SRAM - Buffer - Register

Metadata is used in many area as essential information for describing

WHERE dataresides, WHAT it represents,
and HOW computation proceeds.

14 MPSoC-2026



Metadata for Efficient Execution in Al Sys’rems_.__w, |

From Overhead to First-Class Design Object

_/-0
(] (]
Position Metadata Value Metadata Control Metadata :o\-o
(Where) (What) (How)
+ Describes what the data means + Describes how execution = Metadata-ce ntrlc
Describes where data is or how it should be interpreted. should proceed. Compu.ﬁn g
CSR (e{0]0) MEE Scale || Zero-point || Qutlier || .. Dependency | | Schedule' Placement|| ... Treaﬁng metadata as a

first-class design object.

ﬁ Metadata describes how data is accessed, interpreted, and executed.
This perspective motivates us to think about Metadata-Centric Computing.
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What makes metadata effective?

s & IF, il i
g Metadata is stored Compressed & + Metadata PR , . [ ] Data
) together with the data Quantized Data (Index) 5N EN I 1IN S [] Metadata (Index)
Good metadata enables efficient, predictable, and hardware—friendly execution.
Metadata should be much smaller Accessed before actual data, so, - -
a than the data itself. it should be predictable and regular Metadata decoding should be simple
. If the metadata requires excessive
Metadata overhead can outweigh its Irregular metadata structures make _ :
benefits ? prefetching difficult and introduce processing, the decoding overhead may
) additional overhead. become larger than the computation itself.
Good Bad
Metadata Data (Low-complexity decode)  (High-complexity decode)
@_ (Index) Access D - {:}
— B > oo > ::J > & 45 >
Data A Metadata » Time - s ; o Compute
(Index)
Decode Compute Decode Compute
S (SaneaT v Must be accessed before data - 3 Y I
v" Size and number should be predictable TouTime T e
IMetadata| ¢ |Datal v' Regularity enables efficient prefetching,
e scheduling and data access Decode overhead {{ Compute  Decode overhead > Compute
xample
Quantization (INT4) . (T T TS TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT !
Data (weights) | 1 100% Good (Predictable) Bad (Irregular) : ® Rule of Thumb :
| . B . . | 1
Metadata (scale, zp) D ~1-3% ) Fixed-size . _Varylng—SIZG ) : 1
Fixed—count per unit Varying—count per unit : . Simple A e alheeae !
Pruning (sparse) D] m D] DE] ol DDEF i . i
Data (non-zero values) | | 100% Unit0  Unit1  Unit2 Unit0  Unitl  Unit2 : ° LOW memory access for deCOdIng :
Metadata (indices/pattern) l:] ~5-20% + Easy to schedule * Hard to schedule : * Limited branching and irregularity |
* Easy to prefetch * Unpredictable access i p

MEE (with bitmap structure) is compact, fixed—-size, predictable, and simple to decode

= These principles extend beyond MEE, may serve as useful guidelines for designing metadata structures in many Al systems.
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Metadata—path : Tells the system where data is, what it means, and how computation should proceed

DRAM / SRAM Metadata—path ( Metadata Processing & Control ) ROLES
Memory

4 N\ @ . \
MEE Weight M MPE (Metadata Processing Engine) i Memory Interface Dequantizer : Hardware-Managed
(Regular Metadata + Data) _Metadata Load '« Gather required (Using Quant Info) 1.~ DRAM / SRAM (Explicit Metadata)
Metadata Fetcher Addresses 1 Data only —>  Outputs

Bitmap (Position) + Load Metadata (vitmap, quantization, NNZ) (Where) i+ Coalesced access : :‘eﬂzlypi(i::le and | (partial/Final) * Know NNZ in advance

o Quantized — :
Quantization Info (Value)  \weight Data Metadata Decoder i * Convert to compute 0 * Generate addresses
NNZ Count (Control) * Decode bitmap i precision : ()
_ * Parse quantization info T ! B * Schedule workload
Quantized -I.D.ata (values) » Read NNZ count Info (What) | PE Ay i () « Control computation
Scheduler : (Compute Units) : * Optimize memory access

Inputs * Generate load addresses (where) ) Accumulator oooo !
. L * Determine #of operations (how many) ! 0000 I
(Activation) Inout - Assign work to Pes (how) Workload Info ! nane! .

Dpt (NNZ/How many) | 0000 : > Low Overhead

ata g . . 1
% EEE— Balancing Manager M R R et 7 e e ’ High Predictability
0) * Monitor PE utilization
* Redistribute work if needed v
L +— Performance Monitor & Feedback
O key idea is to separate metadata processing from data processing.

Instead of treating metadata as a passive byproduct, explicitly process metadata and use it to guide execution.

Metadata Processing Engine (MPE) reads metadata first, extracts useful information, and helps orchestrate execution

M FZcjeta 17  MPSoC-2026

LJONG UNIVERSITY




One Possible Metadata-Centric Accelerator Archl’rec’rure

Metadata-Guided Execution Flow

Metadata—path : a guide map for execution

DRAM / SRAM Metadata—path ( Metadata Processing & Control ) ROLES
NZB Weight MPE (Metadata Processing Engine) i Memory Interface D_equantlzer : Y Hardware-Managed
(Regular Metadata + Data) M Load !« Gather required (Using Quant Info) ! Results DRAM / SRAM (Explicit Metadata)
Metadata Fetcher Addresses 1 Data only —  Outputs
Bitmap (Position) * Load Metadata (bitmap, quantization, NN2) (Where) i+ Coalesced access . ;\e;:zlypi(i::le and ! (partial/Final) « Know NNZ in advance
o Quantized - :
Quantization Info (Value)  weight Data Metadata Decoder i * Convert to compute ! 0 . Generate addresses
. i | precision j
NNZ Count (Control) Decode bitmap . () .
e T * Parse quantization info st | i B Schedule workload
ti t . ! ]
Quantized Data (values Read NNZ count Info (What) | PE Array : () « Control computation
Scheduler : (Compute Units) : * Optimize memory access
Inputs * Generate load addresses (where) ) Accumulator 0000 ]
(Activation) * Determine #of operations (how many) Workload Info - 00 !
cuvation Input * Assign work to Pes (how) (Ng;/H?)a’ ma’l ? i %%%% i
0 Data U ! > Low Overhead
0 — Balancing Manager B e e R ’ High Predictability
0 * Monitor PE utilization
* Redistribute work if needed Rt
L +— Performance Monitor & Feedback

Key Difference How Metadata Enables Predictable Execution MEE Metadata—-path Realizes

Data—Driven, CPU-Controlled
Metadata is implicit or absent
— CPU computes & controls everything

Predictable Memory
Access Patterns (Where)

Performs CPU-like control-path
functions within the accelerator
hardware

Predictable Computation
(What / How many)

Conventional
(CSR/COO, etc.)

Predictable Scheduling
(How)

* Bitmap — Know locations
* Only necessary data is loaded
* Coalesced access

* Scheduler assigns work to PEs
* Balanced execution
* High utilization

Metadata—Driven, Hardware—Managed
Metadata is implicit or regular
— Metadata guides & orchestrates execution

* Quant Info — Know precision
* NNZ Count — Know # of ops

2 Enables predictable, metadata—
* Workload known in advance

driven high-efficiency acceleration

(Bitmap+Quant+NNZ)

Hl
m
m 3

Metadata as a guide map for execution to help determine where to load, what to compute, and how many operations should be performed

1. Position (Bitmap) —~ Where 2. Quantization Info — What 3. Count (NNZ) — How many 4. Execution Flow Outcome

[1ToJoJo]1]1]oJo]1] Generate [of1]7] o[1]0[0] 4 [1] MPE reads metadata £24  High PE Utilization
ddresses - Zero- | Provide Determine [2] Generate load addresses & schedule S Low Memory Traffi
LIT T LTI T []weliddate) |bit-width] Scale | " 5 lgecode | ey # of operations [3] Load required data from memory = OWEVCIIOIVIIIEIC
a — .
|:| Valid (load) |:| Invalid (skip) Abit 0.125 =7 inf:)“;rcr';'ggn [4] Decode, compute, accumulate in PEs ; Low Energy
[5] Write back results @, el By
Reduce memory traffic & energy Correctly decode values Sl e ke B . - o .
& select proper precision Predictable, efficient, and high-utilization execution \ J

Metadata helps determine where to load, what to compute, and how many operations should be performed,

— Predictable Execution with High Efficiency and Accuracy




From MEE to MPU : Metadata—Centric Computing for Predictable and Efficient Al Acceleration

1. Current Architecture (MEE + MPE)

. . MPE
MEE (leed SIZG) Metadata Processing
Engine
5 Fetch&Decode
Bitmap (Position) [1]o]o[o[1]1]oJo[1] (9bit) = Metadata
A . > Address
Quantization Info [o[1]1]  (3bit) Generation
NNZ Count (Control) [0]1]o]o] (4bit) I;N:rklt:{ad
stimation

Quantized Data (values) [a[b] c[d] (64bit)

Basic Scheduling

Data
Memory Hierarchy Request TData

DRAM / SRAM | Meta | Weight Data | |.| PE Array
Metadata and data are physically separated 0000
Metadata is accessed first to identify required data 0000
Enables memory—access optimization through 0000

metadata—guided data fetching

Improved Predictability — More Efficient Execution

5) METhern

&% SEJONG UNIVERSITY
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From MEE to MPU : Metadata—Centric Computing for Predictable and Efficient Al Acceleration

. . MPE
MEE (leed SIZG) Metadata Processing
Engine
5 Fetch&Decode
Bitmap (Position) [1]o]o[o[1]1]oJo[1] (9bit) = Metadata
A . > Address
Quantization Info [o[1]1]  (3bit) Generation
NNZ Count (Control) [0]1]o]o] (4bit) I;N:rklt:{ad
stimation

Quantized Data (values) [a[b] c[d] (64bit)

Basic Scheduling

Data
Memory Hierarchy Request Data
DRAM / SRAM | Meta | Weight Data | || PE Array

* Metadata and data are physically separated 00

* Metadata is accessed first to identify required data

* Enables memory-access optimization through
metadata—guided data fetching

Improved Predictability — More Efficient Execution

M By ot

SEJONG UNIVERSITY

Extended MEE
Bitmap (Position) [1][0]o[o[1]1]o[0]1] 9bit

Quantization Info (Value)

[o[1]1] [1]o]1]1] 3—4--1bit

Bit-width  PoT Exponent Shared Exponent Flag

NNZ Count (Control)[0]1]0]0] 4bit

Scheduling Hints 5bit
Quantized Data (values) [a[b[c[d] 64bit

Metadata

Memory Hierarchy (NDP/PIM-aware) C”E;‘;g‘e"

DRAM / SRAM | Meta | Weight Data| |...|

- Metadata Processing Inside DRAM/PIM Optimized
- Selective and Contiguous Data Fetching Data

- Reduced Memory Accesses and Optimized Request
Bandwidth Usage

1. Current Architecture (MEE + MPE) 2. Future Direction : MPU (Metadata Processing Unit)

MPU
Metadata Fetcher

PE Array

c 0000
| 0000

Address Generator (Where) !
Accumulator&
Result Buffer

Metadata Decoder

Workload Estimator (How many)

Scheduler (How)

PE Mapping Tile Scheduler Priority/QoS Write—back ¢
Quantization Controller (What) DRAM
Scale/Zero-point PoT Exponent Precision Select -
More Efficient

Memory Access Optimizer

Coalescing Reorder Prefetch €2\ High PE Utilization

g Low Memory Traffic
PIM/NDP Manager (Future) * Ly (B
In-Memory Data Movement .
Metadata Proc. Minimization @ High Accuracy

20 MPSoC-2026



From Metadata Processing to Me’rado’ra-Ce‘nTrith

Computing

From MEE - MPU - Metadata—Centric Computing: A new computing paradigm? — an open question

. ) MPE
MEE (leed SIZG) Metadata Processing
Engine
Fetch&Decod Control
. elc ecoae
Bitmap (Position) [1]o]o[o[1]1]oJo[1] (9bit) = Metadata to PEs
— : Address I
Quantization Info [o[1]1] (3bit) Generation
NNZ Count (Control)  [0] 1[0 0] (4bit) Workload
Estimation

Quantized Data (values) [a[b] c[d] (64bit)

Basic Scheduling
Data
Request Data

Memory Hierarchy

DRAM / SRAM | Meta | Weight Data | |.| PE Array
* Metadata and data are physically separated 000
* Metadata is accessed first to identify required data 0000
* Enables memory-access optimization through 0000

metadata—guided data fetching

Improved Predictability — More Efficient Execution

Why CSR is inefficient (vs. MEE)

* Complex Metadata Processing

MEE Advantages

Technique—-Specific Scheduling

1. Current Architecture (MEE + MPE) 2. Future Direction : MPU (Metadata Processing Unit)

Extended MEE MPU PE Array
Bitmap (Position) [1]o[o[o[1][1]o]0[1] 9bit Metadata Fetcher Control 000
— to PEs DDDD
Quantization Info (Value) Metadata Metadata Decoder — 000
[o[1]1] [1]o]1]1] 3—4--1bit
—— Address Generator (Where) !
Bit-width  PoT Exponent Shared Exponent Flag Accumulator&
NNZ Count (Control) [0 [1[0]0] 4bit Workload Estimator (How many) Result Buffer
. . . Scheduler (How)
el e 25 PE Mapping Tile Scheduler Priority/QoS Write-back ¢
Quantized Data (values) _ 64bit
[a]blc[d] Quantization Controller (What) DRAM
. Scale/Zero-point PoT Exponent Precision Select -
Memory Hierarchy (NDP/PIM-aware) Connected More Efficient
: ata Memory Access Optimizer o -
DRAM / SRAM | Meta | Weight Data | || Coalescing Reorder Prefetch 1 High PE Utilization
n . g Low Memory Traffic
- Metad:ata Processu)g Inside DRAM/P_IM Optimized PIM/NDP Manager (Future) —
- Selective and Contiguous Data Fetching Data In-Memory Data Movement " e
- Reduced Memory Accesses and Optimized Request Metadata Proc. Minimization @ High Accuracy

Bandwidth Usage

PoT—aware Quantization Support

Easily extensible by adding new

Row Pointer 1| 3 4 Me1) v" Fixed-size metadata enables Example NZB Value Field
Cotariat kndex ikl sullz s efficient metadata access (Pot Quantization)
Values = e o v _E);plicitlz_ storeshrequl\cla;tz—related Scale = 2-3 Bitwidh (011 G
information such as - -
(PoT Element = -3) PoTExponent |1 0 1 1 -3
Problems v" Provides operation-related . _ &
e , inf P . Multiply by 2~3
. ) . information, including vy - : -
* No Prior Knowledge of Workload Size i quantization parameters = Shift Right by 3 B Fisg
. T )
Poor Memory Access Locality ! v Extensible Metadata with
1
1
1

* Variable-Length Metadata Structure

Hints

M By ot
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metadata fields for emerging techniques

Toward PIM / NDP with MPU

DRAM Bank (PIM) Al Accelerator

NZB Metadata | Weight Data

Send Only MPU
In-Memory Metadata Processing = Useful Data
Bitmap Decode / NNZ Count DDDD oOooo
Address Generation / Access Pattern (p
(RE Aray
[ | ]

- In-/Near-Memory Metadata Processing — Minimizes unnecessary
data movement

- Selective Data Transfer — Reduces bandwidth usage, latency, and
energy consumption

- The MPU acts as a "metadata brain" between memory and the
accelerator
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Metadata-Centric Computing as

Next Opportunity for Al Systems?

Evolution of Computing Paradigms for Al Systems

Compute—Centric

(AN

Data—Centric Metadata—Aware

1010
0101
1101 Q

Focus
Arithmetic Operations

LI

Be
T

Focus
Arithmetic Operations

Focus

Data Movement
& Memory Hierarchy

Key Metric Key Metric Key Metric
FLOPS / Throughput Bandwidth / Capacity Metadata Overhead /
/ Locality Efficiency
N J

As Al systems grow in scale and complexity, metadata increasingly determines
Where data is, what it means, and how computation should proceed.

Is Metadata-Centric Computing
The Next Opportunity for Al Systems?

| plan to continue thinking about this direction and would appreciate your feedback.

From optimizing computation and data movement to unlocking the potential of
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