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Abstract DRAM Access Optimization Using Subarray-Level Parallelism
We propose a bit-separable transformer accelerator that exploits output activation Thte prop;_sed methI;)d T(to';_elf‘ utp_per Ianddlolwer b';?t'" d'lfferf‘“t suba;r:lyts to Cllaalanlc: access
: : . : .. rates and improve bank utilization, loads lower bits only when needed to reduce latency an
sparsity to skip lower-bit computations and optimizes DRAM access through prov . " . v . yan
. . . . . - . d power, and achieves higher bandwidth and efficiency through simple subarray ID and positi
subarray-level bit separation. The key idea is to predict activation results using only . .
. . . . . . . on control without changing the column address.
upper-bit operations, eliminating redundant processing without additional matrix
] : : p . Processor DRAM
operations. Subarray-level separation balances access rates, improves bank utilization, T~ Command | ACT-READ | READ-READ | READ-PRE | PRE period
and reduces latency and power. Experiments demonstrate a 22.32% latency reduction, C . Delay i tns Sl 140
o - . e . . . . brocessing | | Sparsit Subarray Bit-Separated Subarrays “Micron DDR& SDRAM Datasheet
64.3% increase in bank utilization, 19.4% bandwidth improvement, and 13.2% power St M oo, Row Dec ||| without Bit-separated subarray-Level-paraiefism |
. . . SR . N\ w ACT READ | READ PRE ACT READ PRE
reduction, achieving energy efficiency of 14.3-27.3 TOPS/W with small accuracy loss. , |/ Subarray #1 QEERCEE) ! e Jreee ]
T Storing Wy w; | ACT [ READ | PRE | READ with
.= . . . . PRE] > £ = auto-precharge
)\ _ ns
Exploiting Output Activation Sparsity in Transformer Models G| L Local Sense-Amp With Bit-Separated Subarray-Lewy saralelsm
e On-Chip thd r 4 SR ) Wy [ ACT | READ | READ | PRE ) (ACT [ READ | PRE )« hisicin,
We exploit output activation sparsity in transformer models to skip redundant lower-bit Buffer | [E2o" 5] Lt Storing W, w, _ Overlapped | (o [0 | 7R ) READ with auto-precharge
. : . . . _ : . ; \ 4 egion .
computations, reducing DRAM access and computation while maintaining high accuracy Which 2| ¢ AT (Local sense-Amp MACH T partial Result Buffer(SRAM)
. . : IC i=. ENJ : \ ) iu 1zé Reduce MACL
without extra storage or matrix operations. ¢ Position?| | == = T T T K e
el |
Data Mover HEE ]1 I—I ]-I ]-I I—I I e
A Powerful Approach |:> [ Exploiting Output Activation Sparsity ] <:I One of the Method to g } ZlzE Global 1q 10 G AL E‘ [ Result
to Improve NPU Performance . . - o
' — Efficiently Utilize Memory Memory Controller Bitlines Buffer
Through Model Sparsity f \7 If, POS == Bank to Global Row-Buffer ]
- 4 N V/ N }___, \ Then, subarr id =+ 1 Subarray \ iy \—’@‘L)/
Norm Traditional Low-Rank Approximation (LRA) Proposed Bit-Separable Architecture Gives Orthogonality — >
) . ; : : Between Two Subarrays| [ Global Channel (Data, Addr) Output Butter
Activation <} outPut X P X Yin XpYom X3Yay | .
3 Sparsity g skip % : ' skip
3| Input — > > B
e I sparsity ReLU Y | T, ;me ReLU Expe”mental Results
f " Low-Rank | . o - - e . o
Norm Original Matrix Matrix : Predict Activation Output Split Weight bits Calculate MAC : Predict Activation Output
4 Using Low-Rank Matrix into halves | Using only Higher bits { Using Only Higher Bits |
MatMu S RERSERNNRRRRRRNNRRRRRRRNRRNERRRRRRRRRRN N o
¥ © Additional Low-Rank Memory Storage No Extra Storage for Sparsity - S —— 10 _ _ _ _BankUtilization(®) _
Activation <-output » : e . . - = £ £ : : :BankUSilizatiomr = Z ¢ £ £ &
. Sparsity @ Additional Low-Rank Matrix Multiplication No Extra Computation for Sparsity = g0 £ £ £ £ : :=BankUtilizatioe - : - £ £ &
MatMul <-"PUt @ High Implementation Complexity Simple Hardware-Friendly Design - , 60 = = = = = _;4;2=AETI§I’OEIEE £ £ E 5 5 §
=1 Sparsity | { J) y = S22 2R SR RN EEEEEEEER
Norm Inducing Activation Sparsity in Attention Layer Sparse Activation Accuracy Drop : 40 ﬁg %E %%E %E %E %E %E %?E %E %E %E %E §§ %E ﬁg %%E ﬁg %E
[y - £ £ j£E (E (E E E E /E E E E E E iE i :E E
MatMul Inducing Sparsity in Activation | Algorithm: Bit-Shift Based ReLU Attention Normalization Activation BLEU Score = 20 % %E %g %g % %g %g %g % %g §§ %g % %g %g §§§ %g %g
¥ Input: Query vector g;, Key vector k;, Input lengthn, Softmax 34.67 - o U UE IS U §E UE §E U UE UE UE S UE UE IS UE UE IS
Activation <} Cutput Scale parametery - v D o > @ o > D o > @ o N N D R A N0
) Sparsity 1.z < qjkj Dot product between query and key Sparsemax 32.65 : \>g§’+ v(>‘°+ (50*\ %@+ %(3""+ 66"‘\ \)(5"+ b§°+ @4\ %(50+ %60+ (304\ @*?7 60“8) \oﬁp \oﬁp @*?) @o*‘f\
MatMul <Jnput - 2.z' < ReLU(2) Apply ReLU —t FLELLLESLS & &L O W o B
X ¥ = Sparsity ) I > 3.sey-\/n_,/2 Compute scaling factor RelU 31.99 = CYe T ee© Q QQ. MR @Q @Q Q\Q}@ %Q’@\?QQ \?QQ
Transformer La Softmax ReLU 4.k < |loga(s)) w/o bit-shift ' - % baselne = proposed
yers 5. shift_value « 2¥*1 Approximate scaling factor : 25 Average Bandwidth (GB/s)
, Convert to Sparse Activation .a en_ion--<—z' shift value ’ RelLU - -
E': Eftfgslfgizirt?on Without Significant Accuracy Drop 2ut;t|.|t:tatte?1tionij>> hift val w/ biet-shift 31.14 s >0 Ba?dW|dth : _
[: Self-Attention A Study on ReLU and Softmax in Transformer,” Arxiv:2302.06461 - 15 - 19.365Mr2pr9ve5d S— %E §§§
& 65 mE wE wE .= .5 B BE o BE gE ,E S -5
i 10 J5 25 BE §= §= §= = = £ 5 £ §E |E =
Proposed Bit-Separable Transformer Accelerator - S5 5 5§ 25 55§88 2 5 | ;¢
a > (§ E E £ E§ E E £ E E E g £ E
s s e @ = BS §S S UE B WS BS BE S WS WS WS S HE WS
The proposed accelerator separates weights into upper and lower bits and predicts s e e e e e oe e 6o
. . . . . . . - SIS SUUC AR S Lo N A e T SO L S W AV C R CA
activation outputs using upper-bit results to skip unnecessary lower-bit computations. The - K 8 P G @ g o T
u = . n n u n n r _— htios St Q Q Q Q L Q Q
output activation sparsity detected in one layer can be directly reused as input activation 8 B BRSRRRRNNNNSRNNNNNNRNNENNEREEENENENES  baseline = propose M
sparsity in the next layer, further reducing computation and DRAM access. . Average Request Latency (Cycles) 5000 Average Power (mW)
Traditional Fixed Processing Proposed Bit-Separable Processing 12 : g_ ?888 §§= B Power Consumption
Weight , w, "iTOTOTATOT4T074T  Weight, A[TTII01010] BT YT T a— : B i s I So00 i £ 13:20%Iimproved
Matrix  W2(0.1:1.0 1111 Matrix,” - (@408 1.0 0.0 0 1. | = Sl s s E so0 e =L @ ;
9 — ' T4 | *° fosram Jom o Ll B DB s By g f BfEEEIE T a0 2E Bl %ﬁ
& 100% Y [ g B Lz E, , £ B BB ogggfogogEooE B omEog 2000 10 i f ot nie . fdrE  f=ir s
W, w, Densefccess 5 Power/bit(p)/bit]  DRAM Access o B E B E EEE EE B S S EEE o MUy UENEEE B EEEEEE R B R
I . y "o ErrrIr R <~ T - S R <> SN > S S <> SN S U < SN~ S VRO S C PEIN
(b) Power & Memory utilization 65\5" 65\‘3’0 *,_\Q:, 60-&" @@ 4‘r_\% @a.\% 66\‘3’ +,\Qa 60+\>‘ 6&‘3’ 4\% R R 2 _\_r\b R S Sl S Ao o NS G e S U e
RN O Oy W & RN &L \;0* oF L W (7 0 & W W v\& RN v(o © \96‘* S v(a
DRAM |nt§:jf;1ict?onal o Input DRAM Inteif?ce = QQQ?? QQQQ)QQQ?) QQQ?’ QQQ??QQQ?,% QQQ QQQ ng_v QQQ QQQL QQQ{;QQ@&Q@Z@,L Z@"’%bgg &Q;qu% QQQ@ QQQ”JQQQ@ QQQ?’ QQQ?’QQQQ;Q’ QQQ- QQQ- QQQ' QQQ QQQ QQQ' ‘;qui%\@ %%QW%QQQ&ngQ%
MatM v . RELU&IAVI:1 Layer#1 Output Activation Sparsity # baseline = proposed TS = baseline = proposed R
ul Sparsity : Reduced
T D T MatMul/Conv P Norm 1600 Average Read Latency (Cycles) 900 Total Energy (ul)
/ n LRA /~¥ 5D %, PE) L iz . .
A &/ L0 H/pL’EL = = 1400 Latency e - Energy Consumption
S kil £ PE___ 7 J[ S g W 1200 22.32% Improved = : - 600 = -
Layer#2 Reused as Input Sparsity 1000 =)l L. %E é% §§ = 500 S = 13.40% Improved
(a) Proposed memory efficient bit-separable Al processing system (c) Activation sparsity reuse 288 Y . m %E %E g% §§§ 400 %E “_ gé . i .
- m= B= o= B= 8= U= IS u- 1S BE 8- IS S = &5 300 Rt S = = =
Sparsity | BSM Compatible Performance Area Accuracy WEE E R EE EEEEEEEEE B Y E T R A R — 5
- GE B BE §E S SS 8 $= B= BS BE $E BE BE BE §E B &= BE §E BS §= BE §E BS §= Bz #E EE = 2= 3E E
Approximate Multiplier - Yes High Frequency Moderate | Moderate 0 IEEGEEEEEEE R EEE EE g EaE "p BB EEEEEEE BB Em B R
Weight Sparsity W Yes Reduced Runtime Bad Bad B R S N R I S A Y I JE B N N R IR
LRA 1A, OA Yes Reduced Runtime Bad Moderate R \,\9& NP &@+ S %@@@ D o B T E W W S S
BSM IA. OA - Reduced Runtime/High Frequency Great Great F I TS ?f QTQ S é@Q@@Q@&“@q@‘@\gQQQgQ& FIST TS f) ?QQ ¢ f; QQ; & Q\Q’&\?QQQ\?QQQ
=% Daseline = propose #Z Daseline = propose
Bit-SeparabIe Multiplier (BSM) Model Dataset Params Samples Baseline Acc. (%) BSM Acc. (%)
DistilBERT GLUE SST-2 66.96M 872 91.06 90.83
The BSM optimizes data usage by exploiting output activation sparsity, splitting weight bits GPT-2 Hella>wag 124,550 2,000 3185 39.25
_ 11 sl 4 <kipbine | bi _ h he MAC It of FLAN-T5-small SuperGLUE 76.96M 2,000 64.20 63.90
INto upper and lower halves, and sKipping ower- |_t computathns when the result o ResNet18 CIFAR-10 11.69M 10,000 Sl 32 3., 08
the upper bits is less than zero, as the RelLU activation output will be zero. ResNet50 CIFAR-10 25.56M 10,000 84.59 84.52
e ([ Pre Ervoer o ioscoder} < XoumEi—> MobileNetV2 CIFAR-10 3.50M 10,000 79.66 7951
IR S T W N e W s G S 2\ _
xregister L TR o xregister s T T T T T (PRl GoolLeNet CIFAR-10 13.03M 10,000 87.15 87.03
. : [T T T T 1T T lee 5775
G E o [eeseparaie” e -??N H v s SWPU Trainer CNN-DLA DQ-STP VersaDLA T
Mutiplier  [SCIDIOHDIDICHDIE |- . 1 | DI CHOHDIDIBIR -4+ 2 111 1 TCAS'22 JSSC'22 JSSC'23 TCAS'24 TECS'25
................... 2L - dmd | L M1 Sparsity Support WS, IAS, 0AS | WS, IAS, 0AS | WS, IAS,0AS | WS, IAS, OAS WS IAS, OAS(BSM)
""""" | verger 1 C e . s— | ) L Precision FP16 INTS/FP16 FP8/16 FXP16 BF16 INTS
------ 15115 A Y B | El MAC D;:::eic | H::E:tt n Accuracy Drop [%] 0.31 0.4 0.07 1.02 05 0.07
e ey e e —: 1 a— | L | N Technology [nm] 28 Layout 28 Chip 28 Chip 65 Layout 28 Layout 28 Chip
PisPra Pus PraPys Pro Po Py Py By Ps Py Py Py Py Py PisPra Pus PraPis Pro Py Py Py Py Ps Py Py Py Py Py e Total Area [mm’] 6.80 20.96 16.40 21.50 /.30 16.00
(a) Traditional radix-4 Booth multiplier (b) Bit-separable radix-4 Booth multiplier Voltage [V] 0.56-1.0 0.58-1.0 0.6-1.1 1.1 0.8-1.1 1
T 1 1 : ‘;"f""‘-‘:;:”d'”“"“-‘“‘ Power [mW] 16-556 23-363 51-624 587 50-793 56-235
dame er IJ
_______i_!_’_!__!_’_,_:_! Y I Structure for ..fz_fl__:_(ﬂ._’_g__?__!_,__.___!_!__.__ Y FrequenC\[ [MHZ] 675 Ll-Ll-O 75‘340 200 1 066 524
inegular PRiE B Ee@ @ @ OO O @ @ |c Both PPHIPPL (5 5 i@ @ @ @ @ @ @ @ @'<[[c| | TOPS 0.4-16.4 0.5-35.4 0.6-3.7 0.9-38.0 0.1-0.5 0.8-1.5*
ir_s_f_{l_il 000000 0® il L, 1000000000 | <ol |22 TOPS/W 2.7-126.0 2.1-173.28 5.3-16.4 1.5-90.6 0.7-2.1 14.3-27.3*
100000000 i), 10 000000888 —— - fofs GOPS/mm? 57.2-2404.4 | 215-1687.5 | 34.1-2256 | 41.2-1768.4 16.5-56.9 50.0-95.6*
g P35_1_fif!_!_!_!_!_!T’O:._ff’fﬂ‘ ] ! E_EE_‘_.__!_!_!_!_!_:_!_!__ﬁbg___‘i: P | WS: Weight Sparsity, IAS: Input Activation Sparsity OAS: Output Activation Sparsity *: @90% Sparsity Performance
Adde;'}l-;;— I Adder Tree -
(a) Traditional radix-4 Booth sign extension (b) Proposed modular sign extension co n CI u S I O n
Input Output _ Lo I ) iy : : :
T 2= POS-E(AND) 1= B3 The proposed accelerator leverages bit-separable computation and subarray-level DRAM opti
2 | €1 | € |, —pos.E(AND) L3 %5 - - : : : ' P : :
o [0 [ ol o] 11, _soszomon mization to exploit output activation sparsity. By predicting results from upper-bit operations,
o] rjojofo Modular Sign ~~ Ly o1 & T it skips unnecessary lower-bit computations, reducing computation and memory access. Suba
1 0 1 0 0 Extension Unit . . - . . . .
—— 1 rray-level separation improves bank utilization while lowering latency and power. Experiments
() Modular sign extension(MSE) unit implementation show notable speed and efficiency gains with minimal accuracy loss.
-~
) Kn KYUNGPOOK 2
NATIONAL UNIVERSITY Al-SoC Lab




	슬라이드 1

