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Abstract To address the current shortcomings of RISC-V-based neural network accelerators in accelerating matrix computations
and nonlinear operations within Transformer-based models.,a neural network acceleration architecture based on RISC-V instruc-
tion set extension.named Taurus,is proposed. This architecture introduces matrix instruction extensions tailored to the characte-
ristics of Transformer models and employs a systolic array to perform matrix multiply-accumulate operations. To accelerate non-
linear computations, vector instruction extensions are added,along with the design of specialized vector units to efficiently com-
pute operations such as LayerNorm and Softmax. To ensure balanced data supply.memory access instruction extensions are opti-
mized to provide sufficient data throughput to the matrix and vector computation units. The instruction set extensions adopt
a scalar register expansion approach,embedding operand data information directly into the registers. This increases the addressing
space and reduces the number of instructions required for large-scale data computations. The Taurus neural network accelerator
architecture is cycle-accurately simulated on the Gem5 platform. Compared with the open-source accelerator Gemmini, Taurus
achieves an 80% improvement in systolic array utilization during general matrix multiplication. For inference tasks on ResNet50
and BERT models, Taurus delivers 1. 3X and 31. 3X speedups respectively over Gemmini. Compared with the baseline RISC-V,
Taurus achieves 1467 X and 4513 X performance improvements respectively.
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I 31 25 24 2019 15141211 7 6 0 l
ayernorm | 0011000 I 52 I sl l 011 | 0 | 1111011 I ayernorm.mean.var
mean.var rsl

funct? rs2 rsl funct3  rd opcode
| 31 25 24 2019 15141211 7 6 0 |
ayernorm | 0011001 I 5 I sl I o1l | 0 | L111011 |layemorm.compute
compute rsl,rs2

funct? rs2 rsl funct3  rd opcode
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clear rsl

funct? rs2 rsl funct3 rd opcode
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Fig. 6 LayerNorm instruction field codes
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3.3.2 HHKEFEL
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Fig. 7 Softmax calculation unit
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FH T 3H 50 Dk 3l B 50 i i 1S 1) e 1) B — AT 0 R W S
GAF BT T AL A s T 205 800 1 T3k 3l B 51 1Y
LRI TR N T ER AR TR E T %
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Fig.8 LayerNorm calculation unit

3.4 FEESCHTRE

ATATHG X Vi A7 48 S AR A v b I B Y A7 2R 1 BAR B
PTG R R A7 6 20 o0 A 45 4 .
3.4.1 i AIgA &t

RISC-V A T 45 2 4R Bt 75 2% 171 198 4 2k Uy 8] 77
fiti 2%, Bl load 55 store 48 4, HoAth 1Y) 48 4 35 TC 1% Ui 0] 47 6k 4%
AT RO i B L TR BRI E MR VIR S . AR SCIR
T mvin M mout Wi 4548 4 5 il 80P 192 5 . mvin 45 4 1 5
W BHE N AE 2 B R 28 09 5 L AF s mout F8 4 B 1
ZAEB AN B #GE TIE. ViR 2 MR RFBE R
B9 B,

31 25 24 2019 15 141211 7 6

mvin I 0000010 I rs2 | rsl | 011 | 0 | 1111011 [mvin rsl,rs2
funct7 1s2 rsl funct3 rd opcode
31 25 24 2019 15 141211 7 6

mvoutl OOOOOIII 12 I sl IOlll 0 IllllOllImvoutrsl,rsZ

funct?7 1s2 rsl funct3 rd opcode

K9 UifEee S F B
Fig.9 Memory access instruction field codes
FEVAERBAS TR AR FBES LT,
1) rsl FFAE4 T AEGE L A7 L
2) rs2[31:0] FBAFMEIN A4S v B A7
3) rs2[47:32] F- B N E /47 4 R 5 B
4) rs2[63:487] F- B N B /A7t HE R A TR
R ARE B AL 25 - A 4 e 32 B 1 S AR e U R AT
AR AT, 3 R BE Tk |, ifE R4 i
A AEAS rs1 P E B BN A7 M bt A AR RS rs2 PARRE Y
HFEATHVEOIN R 16 0, #EAT Ui AE B, B 45 DT A2 25 48 4 1 R
A7 T 58 J 45 RS 14 B0 A % o DT Rk 2 1 47 2 48 4 1 2B
3.4.2 K LAAMEET
S T 2 TS AR Y L AR A B T AL AR R LR AR B
A X PIAAE AL B T 647 B Tk . 3R Bk S BE S 9 d
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Fig. 10 Diagram of on-chip buffer structure
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T S B ol A1 R S O B TR AN — B Il A, b
AR WL 2 A el S SRS o 0 L0 A A T B
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B J IR O 00 Dk 3 B ) 05 1 92
B < YL S B 3 0k B BT s R ZE 0 g 1
it < 7E Systolic 19 4% vz J&] 4914 HE 19 B0HiE b #1145
1. ¥R 4k state 0
2. AT BRI A evaluateO BB AT T 5 .
3. 47 state == 1 EAMED .
3. 1 ARG D 0 2 A R A A SO S DU A e ) S 3R 3y 11
3.2, AR E) 10 R B UK B A 1 5 S 3R i 1
3.3 MK BT SE IR 3 11 B B — 47 BT B HE B_new, JFTE A M 0% 2
HALFLAITH B A
3. AL DA O SE 3R 3 11 352 B — 3BT B0 A_new . IF 11 A 9 26 B 7 )
HALHEATTH A A
3.5. RS TH : state < 0
4. 50 (state == 0, BT B BO) -
4.1, AR S B2 T B BUE )2
4.2, BT BAT P AE M BRI A B B — 4%
4.3 RETEH - state < 1
5. EELE 2 LA HESBT AR,
Bk ) R BT AL LN R 2 TR .
BR 2 JH RS O gk 1) 4 BT BSOS
A EH NATTE M & X, 32655 & (get_max, get_sum, get_ans,
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i : Softmax Fll LayerNorm 805 ) 45 3 1) 1
L WiR AL state S 0, AR AL THEE & ent 0
2. AT HLRR A evaluateO B3 AT N T 5
3. 47 state == 1(WIHRILBBD -
3. 1. ¥ vector_state — COMPUTING
3. 2. K S HOE A T AR SR
-size_n <= tmp _size_n
-X< tmp_X
-get_max<—tmp_get_max, get_sum=<—tmp_ get_sum, get_ ans <
tmp_get_ans,get_var<—tmp_ get_var, get _mean<—tmp_ get _
mean
3.3, WA Ak AR 25
-current_X_line <= 0
oA WAL RmE v A 0
4. vector_state == COMPUTINGG# BB
4.1, 45 ent < size, AT LA F 28R
SHEAT B KA RN HEAT P S O 2R
BB cent +
4.2, 75 W CH AT 81 b BE5E B
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5. EELEI LA, HERMINA &,

5 LBWRER

Taurus #ft £ [ 44 Jin 2 45 76 52840 F0 47 e 48 & e it oy, 2
1€ Gemmini H I & E#E4T T80l . XF Taurus #F47 71
fE I , 78 5256 TR A 9 RISC-V A7 Z K S5 4 . Taurus 42
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PRFF—B0, AR SCW By A OC 5230 B4 2ok B T LRI 17
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Ll 457 2R R S5O0t L 7 %
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Table 1 Comparison of Gemmini extension instructions and the

number of generated instructions with the proposed improved

instructions for matrix operations in different dimensions
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