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Analog eDRAM-RRAM for Hyperdimensional Computing

(b)

(a) Meta-Train Meta- T{“st

write path read path L | a) P Y C )
P P [ Head ) | [[ea::l activation, [ x(kx D, xGen)  x(kM) ( a; a4 : a; ) (by by by |[Cn €2 P €y
H dy) Ay i || by by by || €21 €22 €2
norm/ | we o 5 | sub threshold 1TDC \ -
write operation initialize x> N0,I;) FEY|FE)|—>h — | |
" . i - l £ a = 1
activationn | ,‘ = a;, a; a; Klfl , by by J Gk G ¢ €
:| | _‘all ! ; $‘ -\\ p]“\_ _L_EEJ_] "\u&a = RRAM - RRAM I A % &=
Uupdate ] i J - CIM CIM b - . . .
—— ) , = Matrix chain computation diagram
HRR- E - i S =
e P : : (k. 1) (k, m) (k. L) . \ amie =
initialized é i 5 activationy. [y 4, .y . ¥ 5 . Static Compute . Dynamic - Do %X, * X T# I'a Qe (o)
activation e N ' Ha» "'H.] ] ) E Cn"]pu[.ﬁ: E W [‘ in ) ¢ (
class " |_| !|'-.'-. — . : . . . .
SN— 1 I_ IH[{R - - RRAM eDRAM - - 9 Dl[ Klt"]ﬁ:t]\ﬂt 1 Inear
HRR memory updatec : - : = - 7 . : ' :
: memory E LN read operation Eq CIM CIM a 0 Decompose Attention
E.MA update ;". II % P ' p— é
X J . J **l"iﬂﬂfﬁt?? z - adder lree Post Process = (C)
meMypy = - chec - similarity : - |
,r,scmt"h:.”d_[]_,r] *activation,_, ._._ ~ score global buffer _ -
HD-Vil R = Ng S S S . 1V V " t lime
Hlock U - i L . . SUD=
SEVERT o off -chip DRAM RRAM = ¢ DRAM +— ——— domain
lized | - vy threshold —
[ mitialize HRR memory 'prototy pe CIM CIM VIC ——L% sensing
| [nput | [ ]npul {activation | — —_
HD-VIiT /
'I'AHI I_; I I --------------------- 1 lllllllllllllllllllllllllllllllllllllllll [?I?I' EI}RII"LM ':'“]'}lr
afls [ . T n a . - - - : ______ -x'- . o
CONTROLLED COMPARISON OF HIERARCHICAL HRR SIDE-MEMORY FABLE I I 1) Normal Mode : L) Transposable Mode . TTEE (2): Lincar-Attn+cDRAM
PLACEMENT AND FINAL-LAYER-ONLY HEADS WITH A FROZEN POST-TAP “""‘Hr”"“'1"”'“_[': COMPARISON UNDER .:f};l-: Ijm-ifh.l._ﬂ."m.-lHt. o : C t 'I' ~Ir -Ir I : P -ﬁt'ﬁ' ath o | | @ Linear-Attn+Separate RRAM/eDRAM
BACKBONE AND WITHOUT PROTOTYPE-COUNT CORRECTION. EACH EVALUATION RECIPE, WITH PROTOTYPE-COUNT CORRECTION ENABLED ompute 1 = Proeram r r m : T e > I f
‘RY REPORTS Hr/AVGACC (R FOR ALL CONFIGURATIONS. EACH ENTRY REPORTS H.p/AVGACC (%). ! — - T = j"l:-l't*"l“:'lm Wa : : @): Lincar-Attn+Fused RRAM/cDRAM
ENTRY REPORTS Hp /AVGACC (%). 1 | phase l"ll] x phﬂf.,e lEEL
| : © RRAM
¥ I : 1_':::[ = 15 1 ¥ I.'. : }'ll']. m " - -
HRR Sude : Dalasel Backbone SLP. Shared AALIN-Sep. : :’5_1-.,; I: [[} ranspe sed Com pHie . CIM Energ}! Cﬂﬂsmnptl on Optlleﬂt‘l on
Dralaset Backbone (Crl) Linear Head HRR Head | . |* 1] 11] . -1 5
— Dei T-T 5997 /67.15 5904 /6587  5630/63.11 1: W. :
DerT-T 51.61 /6655  55.31/61.05 5599/ 64.15 DeiT-5 65.74 /7311 65.00/7245 609576775 ¢ L) ¥ A 1 | : % (0.78
_ DerT-3 .34 /7836 61.52/67.15  6LZ7/ 6998 CIFAR-100  DeiT-B 68.28 /7573  68.06/7543  5073/5920 1 ~oi0te — : : X ttt . 3 65 ¥ 0.99
CIFAR-100  DeiT-B m_in /7491  60.15/6488  6480/71.9 Swin-T SAR0 /6147  S6.19/6948 5654 /6692 | ':nhaf}:'e 5 — Tmp ¥ Iy <IN 55 ™ - 4 - : % (.80
Swin-1 49.26 / 68.79  57.10/ 6547  58.25 /6753 ConvNeXi-B 6717/ 7472 6688 /7442 6690/ 7408 | [ , I /_\
ConvNeXt-B 6234 /7445  5499/62.10  57.79 / 67.58 i W ['T1 1 - Reverse W ¢DRAM — 7 84 2 83
S— — DeiT-T $6.50 / 6377 5766 /6447 5721/ 64.17 : 1 : Compute D CIM 2 3 ' '
E“_:_; :::1: : :;;: jf;;r ; . ;; :m i ;ﬁ;:-{ DeiT-S SS25 /6515 S6.19 /6543 SSTO/ 65,15 s e s s s s o o s o s s o S R, 4. A S — 27
Cl 1= . " - = = Fla = o 1 _j' I = o | 5] _:l 1—. '
CLUB-200 DeiT-B S405/ 66.66 3886 /4600 5324 [/ 61.74 CUB-200 e =1 SSZT (6803  JRIZIGV.TZ 2947 6RAl 1 Q
Swin T IS8 6242 SO16 S ST60 4891 /S5 48 Swin-T 51.34 / 63.78 5049 /6263 5269/ 62.44 (d) — 2 |
ConvNeXt-B 4926/ 63.01 3391 /4274 3264 / 40.67 ConfleXlB 12 /@% A/em  LA/ak il’"lpllt o 2
DeiT-T 58.00 / 62.06 0.00 / 6.46 0.22 / 9.00 Derl=T 56.94 / 61.25 35.13 /1 59.11 A7.79 1 38.53 _u ||: —u IE &
ce o Derl-5 62.52 / 6545 60.40 / 63.22 61.78 [ 63.95 y  EEEEm=E=
DeiT-$ 61.65/64.58  0.06/ 1048 421 / 13.40 - ke -
Omniglot DeiT-B 6733 /6985  000/12.29 0.06 / 10.32 Omniglot Derl-B 63.99 /68.79  66.50/69.07 6621/ 68.57 Ll Y T 'D‘thpllt 1
Swin-T 62.44 / 65.38 (.28 / 10,00 297 7 12.30) Swin-T 61.67 / 65,13 0059 [ 63.66 Ad 167 5273 e
ConvMNeX1-B 65.35 / 68.68 .00 7 11.50 1.18 /7 11.89 ConvMNeXi1-B 65.78 / 69.24 63.01 7 66.73 40.70 1 43.27 — pl = 0
norima '

@ 3

HBM-HBF System For LLM

@

franspose

BEOL-Gompatible stochastic MT)-GIM For DAC-less Ising Machine

WORKING PRINCIPLE OF p-bit + ISING MACHINE: FROM COMPONENT TO PROBLEM SOLVING

€D p-bit (Probabilistic Bit) UNIT 'ﬂ p-bit FUNCTION & ACTIVATION . = =1L
Concaplual p-bil based in stochastcally switching (sMTJ) : R i uulnut“lnp_ﬂ - . .
Mii'i'n Tr:‘mf,q— g ;LTM'-I‘;:;W _"DUE;-F:.UT i - :fr-zba:l by F*Z'l.=1-|'1 oot IR ] _ o | T s=ziz | | | |
st i . unable peobabilty: 0 o 1 _ Off-Chip / Main Memory +  Transformer Block . . Pink Block: HEM (KV Cache) Load Status
, Tharmal  sMTJ State over Time i L ot T SIGMOID activanion 2 - = at v ISR i (kv EE':IF'?] Load Status
IHFUT—p-m—L N — MMMV W ! 'ap.. m+h—l—h|EJ m”._.ﬁmm"_..' s HBF (Data Base) Transformer Block [] EFZQEEEZEEEIEEE:E;cHUCamE]
I'!'.I":'DEIEE ;m; nan::m : !":':!I:-ulzll'!:l:lrlulz ;wrh':hllng : ....................... F .I.-.TFEH ....... !!!-II.-.. S -II.-!!! E‘* + J ®
€@ ISING MACHINE NETWORK . .';;T]""’ﬁ'p}ab'alEﬁ%’u[ﬁﬁé'&éﬁa’.ﬁiﬁaﬁ[ OPTIMIZATION o | = Speculation Success/Failure
¥ = — : Transformer Block
'.‘J_e'@“‘_,. > 9 E Iy *'?cmmﬂﬁ s I_MJ 0 0 B B+ GLOBAL ulmnuuu - UEJ HBM (Weight, KV Cache) I . ™, 2_ 15,[ [: I::l:s
. _ : E | A ol .-"ll (Ecdulian o o ate hi
:%”<’ e 0 eJ... mlm : 2 W AT / { o B B B B 15305, 15 = 35 —_— = —  Transformer Block .. —
. N I r’/; [Coupling] : % II Il |III| I.}__:-" ;-:J_. g "5‘;- | Ising Maching 'I: L R EH‘:“E'AWﬂrE' F’Elth
) z _ EMERGY FUNCTION [E] | & | ¥y my/ ||  Evolusion refetc: s L - - Prefetch Depth/Parit
fJ «-3 2 dymom - 3o i 1 ,Bmutmw’m- ;h’; Tﬂﬁﬂ..&‘ N | -~ Analog MUX Speculative Sub-blocks A“E.T:.ﬁgdtglrm MEHJ;:;EJ[:FH e ? *
For ml-m'-w MINIMIZATION OF ENERGY | TSP Traveing Salsperscn Prosem)  Tome i N > eDRAM Prefetch HBF KV, | | Pre [RE«El  jeec TenER .
VDD e I Speculative Sub-blocks T=0 T=5ms T=10ms T=0 T=5ms T=10ms T=0 T=5ms T:1'|:|r.;|5
Time Axis (Pipeline Stages)
-2- MTJ MUX output are connected to analog 10 pads for probing
“r 2%64 MTJs {f 2 n 'I
—, : eierences
Fu -D E- - ik u u N 1
mty HH MTI<0> o ?E E'-.:mal w S ]M. Ha etal., "H3: HBEM-HBF Hybnd Architecture for Cost-Efficient LLM Inference,” IEEE CAL, 2026
I# ] tch = ; " . . . a
<o:127> | MUX | A ! o 2 1[2]J. Hong et al., “Bandwidth-Effective DRAM Cache for GPUs with SCM,” HPCA, 2024.
MUX selors 7 ;F I & [[31D. Kim etal., “V-REX: Dynamic KV-Cache Retrieval for Streaming Video LLMs,” HPCA, 2026.
16 working sMTJs_ =77 ] . £ J[4]H. Zhang et al., "G10: Unified GPU Memory-Storage with Smart Tensor Migration,” MICRO, 2023. ACKNOWLEDGMENTS
R - !;. ; ]Z. Yu et al., “Cambricon-LLM: Chiplet-Based On-Device 70B LLM Inference,” MICRO, 2024.
Based DAC g
Flip-Flop . .
162256 This work was supported in part by the U.S. NSF

<(): 15> %

under Award No. 2425498 with industry partners
as specified in the Future of Semiconductors
(FuSe2) program, and also in part by an NSF

CAREER Award (No. 2543547).

PURDUEL

UNIVERSITY

Institute of Chips and Al

k2,



