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Great potential in CIM systems! =

Memory size = 8192
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Great designs!! But need automation to generalize to other
Mao, Ruibin, patterns and optimize around kernels
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i i Cfaed
The need for abstractions and compiler support 7

O Current practice
O Low-level code: Hard to write, no formalization/generalization

2 Manual app-by-app optimization: Data mapping, synchronization, ...

O Towards high-level pythonic programming

— SLT, SLF, SLT, SLF, - SLTy _ SLFy
. . o ] ML, = = e e
i_flav = spectra.bnd_to_flav[i_strato][:,i_bnd] é | cAMcell |4 ¢-| cavicell |4 ¢ cAmcel 2
o
i_eta = j_eta[i_lay,i_flav,...] gl — . I E
C ()
i_eta = np.stack((i_eta,i_eta+1), -1)[:,None,:,:] 8| plChMcell [ppy CAVcel [p pjCAMcel 9 | §
. . . . E Y Py il P T 2 [
a = n_prime_mix[None,i_lay,i_flav,None, : ,None] v . > e
. . . p| CAMcell |4 CAMcell —¢ ¢ CAMcell e ° ML
b = f_major[None,i_lay,i_flav,:,:,:] — su-.{ lr"“
c = spectra.k_major[gptS:gptE,i_p,i_T,i_eta] Search Data - s
result[gptS:gptE,:] = np.sum(a * b * ¢, (2,3,4))
... =CHAIRFOR
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Existence proof: Tensor expressions (Physics, ML)

O CFDlang

~ g -
S‘ s‘ S‘ Akk’ 3J’Azz’uz "j'k’e

Vijk,e =
t'=035'=0k'=

source = ...

var input A matrix

var input u tensorIN

var input output v tensorOUT
var input alpha []

var input beta []

v=alpha * (A#A #A #u

22 22 & 2 2

[[5 8] [3 7] [1 6]]) + beta * v

auto A = Matrix(m, n), B = Matrix(m, n),
C = Matrix(m, n);

auto u = Tensor<3>(n, n, n);

auto v = (A*B*C) (u);

+++ CFDlang(outer)
CFDlang(inner)
O--<> hand-optimized
v=-v DGEMM

&--A  gpecialized
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N. A. Rink, et al. “CFDlang: High-level code generation for high-
order methods in fluid dynamics”. RWDSL’18.

A. Susungi, et al. "Meta-programming for cross-domain tensor
optimizations" GPCE’'18, 79-92.

NL.A. Rink, N. A. and J. Castrillon.
Tensor Intermediate Language”, ARRAY'19, pp. 57-68

“Tell: a type-safe imperative
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Existence proof: Tensor expressions (Physics, ML)

A )//"‘k‘-“ 2 +-+  CFDlang(outer) f‘ Int lati
| CFDICIng R D e 7 v *--x  CFDlang(inner) 20 — ! “‘ iErrelkelr i X
o = - 3 I . See
' TR, = ¢--<> hand-optimized ! ‘\ X R Y ,'JH\\"W
= ] o
P p P > w-v DGEMM ® 15 ':' Q ‘\“ . .._)l;;'\\.. ot llll & ‘\‘
vzg k,e — S J S J 5 J A k k L= specialized % ’,’ "l'.:‘, t::‘ X.\,\'"" ..... .F"‘Il::'l' & \\‘&\ -<> ,’i'fl'f,v,\t'\\\:\
i'=0 /=0 k'=0 = A e N N £ "'\5
J - 68 10 4 *+ i’ S’ N AL % vf b
U ..’-..Q. v —g .."'v._..:é*’.:\x_l.
source = éﬂiz\,ﬂ»\ % _xd: “
var input A  : matrix & S P Beeme
var input u : tensorIN & v
var input output v : tensorOUT & 0 T T T T | |
[] & 2 4 6 8 10 12
& p+1
B “>r high-

var input alpha :
var input beta : []
v =alpha * (A #A #A # u.

Itive

Plenty of other great DSL examples, e.g., Spiral, TACO, Halide, Lift, Firedrake, -
ML frameworks, ... for CPUs, GPUs and TPUs.

Tauto v = (AxBxC) (u);
S © Prof. J. Castrillon. DATE Conference: W06. 2025
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Own example for complex designs on HBM FPGA ,

O Transformations for a 17x speedup (same precision)
O Variants with up to 24x better energy efficiency EVEREST
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C. Pilato, et al. "EVEREST: A design environment for extreme-scale big data analytics on heterogeneous platforms”, DATE 2021
S. Soldavini, K. F. A. Friebel, et al. “Automatic Creation of High-Bandwidth Memory Architectures from Domain-Specific Languages:
The Case of Computational Fluid Dynamics”. In: ACM TRETS, 2023. a—
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Colorful landscape »

The Landscape of Compute-near-memory and
Compute-in-memory: A Research and Commercial Overview

°
D LOTS I n qnd near memory SystemS! ASIF ALI KHAN, TU Dresden, Germany
<+ JOAO PAULO C. DE LIMA, TU Dresden and ScaDS.Al, Germany
T , HBM DRAM Die ' HAMID FARZANEH, TU Dresden, Germany
§ TgﬁM‘V/ BANK  BANK BANK g JERONIMO CASTRILLON, TU Dresden and ScaDS.AI, Germany
g " ('\“ PIM PIM PIM h tod > g n .. orld h d hum 0 D . .

UNIT UNIT  UNIT

Channel 0
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Ecos B A Khan, et al "The Land f Comput d Compute-i
e L . Khan, et al "The Landscape of Compute-near-memory and Compute-in-
memory: A Research and Commercial Overview." arXiv:2401.1442 (2024)
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a) Chip (inter-bank op.

ﬁ Operation Type
:§, §§ cinm. {add, sub,mul,div,min,max} (%lhs, %rhs) T XT — T
=, cinm. {and,or,xor,not}(%lhs, %rhs) TXT—>T
cinm.gemv(%lhs, %rhs) SmXn S — g™
. cinm.gemm(%lhs, %rhs) smxk x gkxn _, gmxn
Q Commondllfles cinm. transpose(%in, %perms) S"xN* — §’
cinm. {histogram,majority}(%in) s — sk
2 Hierarchical HW cinm.topk(%in, %k) S x N — Sk x Nk
cinm.simSearch #E, #k (%inl, %in2) E x Nk x §" x S" x N — Sk
D Common high_level operqﬁons cinm.mergePartial #op #dir (%lhs, %rhs) EXDXTXT—>T
cinm.popCount (%in) T—-N
A. Khan et al, "CINM (Cinnamon): A Compilation Infrastructure for cinm.reduce #op (%in) ExS"—S
Heterogeneous Compute In-Memory and Compute Near-Memory cinm.scan #op (%in) ExS"™ — S"

Paradigms", ASPLOS’25
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CINM: Generalized MLIR infrastructure

From linear algebra abstractions (common to ML frameworks and beyond)
Intermediate languages for in and near memory computing
Pattern recognition, target-specific models and optimizations

d
d
d
O Targets: memristive crossbars, CAMs, logic in memory, UPMEM, ...

~N

O PyTorch  Description torch
» Target device selection

1F TensorFlow linalg

J

LOW@I’/ﬂg p/pe//l’)e Target device/simulator

crossbar scf & arith

Host backend

Linker

Abstraction over
tosa CINM devices

Generic optimizations &

Abstraction over cnm/cim conversion to LLVM IR

n : programming models B )
Device-agnostic Device-specific abstractions

abstractions S
and optimizations

Supported architecture »
specification

Device/simulator
APls

A. Khan et al, "CINM (Cinnamon): A Compilation Infrastructure for Heterogeneous Compute In-Memory and EA DISRUPTIVE MEMORY TECHNOLOGIES
377 DFG PRIORITY PROGRAM 2377
Compute Near-Memory Paradigms”, ASPLOS’25
8 | u CHAIRFOR
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Lowering for different CAM-based accelerators

O PyTorch

Description

}}.%argl: bank, %arg2: mat

» Tal // %arg3: array, %arg4: sub-array
1F TensorFlow scf.parallel (%argl) = ... {
_ ét.:i':.parallel (%argd) = ... {
aiét = torch.frobenius_norm(...) ééﬁ.search best eucl (...)
s, v = torch.topk(...) %t3:2 = cam.read best (...)

!

%t4 = cam.merge_partial_subarray

o :
T MC

%v:2 = cim.execute(...) ({
%tl = cim.norm (...)
%t2, %t3 = cim.topk (...)
cim.yield (...)

})

H. Farzaneh et al. “C4CAM: A Compiler for
CAM-based In-memory Accelerators”,
ASPLOS’24
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%t1= cim.matmul (...) Selective
Atz = cim.sign (...) search
scf.parallel (%argl) = ... {

éé%.parallel (%arg4) = ... {

éé%.for (%args5) = ... {//selective search

ééﬁ.search best eucl (...)
%t3:2 = cam.read best (...)
%t4 = cam.merge_partial_subarray (...)

%t1= cim.matmul (...)
%t2 = cim.sign (...)

ééf.parallel (%argl) = ... {
éé%.parallel (%argd) = ... {

cam.search best eucl (...)

%t3:2 = cam.read best (...)

%t4 = cam.merge_partial_subarray
}o...
}o...

TCAM

(e
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C4CAM: Programming and Design

O Pattern matching in high-level TorchScript code

Match Line driver

O Automatic flow matches manual designs

SLF, SLT, SLF, - STy SLFy

ML,
>—| CAM cell

 [omen |4 e |14 c

1
ML, = 4 -
>—| CAM cell l:i :' CAM cell I—«b D—l CAM cell |—<
3 . ey cl,

P
i, ° . :
><| CAM cell l: »_—I CAM cell |—< H} CAM cell Iﬂ :

. “ N

Search Data

C4CAM-3b | 1 C4CAM-2b I 1 C4CAM-1b+LSH I 1 Cosine-GPU 11 Euclidean-GPU
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Dataset Dataset

H. Farzaneh, et al. “C4CAM: A Compiler for CAM-based In-memory
Accelerators”, ASPLOS, 2024

consumption (nJ)
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KNN results (128x128 CAM): 14x faster and
~104 less energy compared to GPU
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C4CAM: Programming and Design (2)

CENTER FOR

ADVANCING
ELECTRONICS
DRESDEN

=

SLF, SLT, SLF, - STy SLFy

ML =
1
>—| CAM cell l>—| CAM cell |—< >—| CAM cell l—_<

O Retargetable compiler for CAM exploration: Sizes

Match Line driver

= 42 .
ML,
>—| CAM cell Ei :' CAM cell I—ﬂ D—l CAM cell |—<

8
Sense Amplifiers

and features

O Compiler flags for optimization target

P
MLy = - :
>—|CAMceII l: :I CAM cell |—< Hi CAM cell I—C :

N

Search Data |

cam-base ' | cam-density " ' cam-power Il I cam-density+power

/'3\.101 N ! /glol ....................................... §
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‘g 1050w 8 10 I i 9
&3 S 2 I
I _ -tk o 100 A B
16 32 64 128 256 16 32 64 128 256 16 32 64 128 256
subarray size (N X N) subarray size (N x N enharrav cize (N x N)
H. Farzaneh, et al. “C4CAM: A Compiler for CAM-based In- Differen-l- ﬂqgs expose Trade-OffS W/O
memory Accelerators”, ASPLOS, 2024 .
manual re-coding.
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.« e 1. Cfaed
Optimization results: Crossbars beyond matmult 7
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Logic-in-memory in NVMs

O Massively parallel multi-operand bit-wise operations in-memory
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O Complex mapping of operands, operations and temporaries to columns

1073 :

— e optenaive
>
=2 6 @ 100%
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'(36 097527 ® 25%
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0 o 12%
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w ReRAM

0
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Latency (us)

H. Farzaneh, et al. “"SHERLOCK:
Scheduling Efficient and Reliable Bulk
Bitwise Operations in NVMs", DAC 2024

13
B 4

reram-1024 reram-512

N B stt-mram-512

stt-mram-1024

E 10—1 j I .................................................. i
Mo
'§ @ 10—2 . . B [
. 5]
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s N
e 3 ]
Z 10 aes

bitweaving " sobel

Optimized mapping: Less
latency (3x), better
reliability (~1.4x)

© Prof. J. Castrillon. DATE Conference: W06. 2025
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Summary: Scratching the surface

O  Abstraction and compilation infrastructure

O Capture "HW semantics” for execution

Linear

Concat

. it
d Single flows: Crossbars, FeFET CAMs, Logic Sceled Dot Product
0 Leverage domain-specific abstractions g 5

Linear

[ Linear [ Linear

0 Avutomated practices from manual designs ¥ 7 ,
‘Attention Is All You Need’ by
Vaswani et al.
v K Q
O Upcoming and challenges
O End-to-end mapping on heterogeneous CIM vNC B CIM |
O Models (time, energy, endurance, resilience) I ﬂ
O Trul layer down to devi r Memris- RIMs
ruly cross layer down to device parameters e E e
O Runtime reconfigurability of mem arrays
| .CHAIRFOR
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