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Performance vs. VAX11-780
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H #: Norman P. Jouppi, Cliff Young, Nishant Patil, David Patterson,

“A Domain-Specific Architecture for Deep Neural Networks”
https://cacm.acm.org/magazines/2018/9/230571-a-domain-specific-architecture-for-deep-neural-networks/fulltext
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In our current research, we are especially interested in the

move towards specialized and heterogeneous accelerators, driven
by the power constraints imposed by the

end of conventional transistor scaling. We wanted a

highly flexible and extensible base ISA around which to build our
research effort.

H 82 RISC-V Spec Volume I: Unprivileged ISA 20191213, Section 28.1
https://github.com/riscv/riscv-isa-manual/releases/download/Ratified-IMAFDQC/riscv-spec-20191213.pdf

31 26 25 15 14 12 11 T6 0
| funct6 ‘ custom ‘ funct3 | custom | opcode | Recommended Purpose
6 11 3 5 7

100011 custom 0 custom SYSTEM Unprivileged or User-Level
110011 custom 0 customn SYSTEM Unprivileged or User-Level
100111 custom, 0 custom SYSTEM Supervisor-Level
110111 custom 0 custom SYSTEM Supervisor-Level
101011 custom 0 custormn SYSTEM Hypervisor-Level
111011 custom, 0 custom SYSTEM Hypervisor-Level
101111 custom 0 custom SYSTEM Machine-Level
111111 custom 0 custom SYSTEM Machine-Level

Figure 3.30: SYSTEM instruction encodings designated for custom use.

H #: RISC-V Spec Vol IlI: Privileged Architecture 20211203, Section 3.3.4

https://github.com/riscv/riscv-isa-manual/releases/download/Priv-v1.12/riscv-privileged-20211203.pdf
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https://cacm.acm.org/magazines/2018/9/230571-a-domain-specific-architecture-for-deep-neural-networks/fulltext
https://cacm.acm.org/magazines/2018/9/230571-a-domain-specific-architecture-for-deep-neural-networks/fulltext
https://github.com/riscv/riscv-isa-manual/releases/download/Priv-v1.12/riscv-privileged-20211203.pdf
https://github.com/riscv/riscv-isa-manual/releases/download/Ratified-IMAFDQC/riscv-spec-20191213.pdf
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CodAL language
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CodAL - processor description at the high level

CodAL Description
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Instruction Cycl
e FT—XTFTHOFNéETAHOOQAT—XTH A:curgte (IA) Accurate ()C/:CAe)
9—_ 'Vo)ﬁjj_éjj/{_o
° p%‘i~ EI* l§4+ U ﬁ"?‘"ﬁ iﬁ (/* Multiply and accumulate: semantics )
ERY [TLAYF) LSBT dst 4= srci * srcz
sh3d, ’
+ CodALMER&#RTLIZZEH# L= Y clenent ipac {
—_ = use as dst, srcl, src2;
-lj-’f O)L%FE_OD%L\V = 1 l/_g t assembly { “mac” dst “,” srcl “,” src2 };
7°|:| 7 7 ,r 3 E{ﬁif'C/C‘F‘F: >/\°,r binary { OP_MAC dst srcl src2 0:bit[9] };
- . = . semantics {
SDEBICERTAHASENTEFT, rfldst] += rf[srcl] * rf[src2];
¥
\}; J




CodALIZ &k 51— Ffa/ME

SystemVerilogh
h/

module rf_gpr #(parameter xlen = 64, parameter size = 32,
parameter resetval = 32°b@, localparam aw = $clog2(size))

( input wire clk, input wire rst, input wire we_we,
input wire [aw-1:0] w@ _wa, input wire [xlen-1:0] wo _d,
input wire r@_re, input wire [aw-1:0] ro_ra,
output wire [xlen-1:0] ©_qg, input wire ril_re,

input wire [aw-1:0] rl_ra, output wire [xlen-1:0] rl q );

reg [xlen-1:0] mem[size-1:0];
integer 1i;

always @(posedge clk or negedge rst)
if (~rst) begin
for (1 =0; 1 < size; i =1+ 1)
mem[i] <= resetval;
end else if (w@_we) begin
mem[wd _wa] <= wo_d;
end

assign roe_gq
assign rl_gq

re_re ? mem[re_ra] : (xlen)'(0);
rl re ? mem[rl_ra] : (xlen)'(0);

endmodule

- codal

arch register_file bit[32] rf_gpr
{
dataport re, ri {flag = R;};
dataport wo {flag = W;};
size = 32;
reset = true;
default = 0;
s
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4x4 Systolic array of MACs

if (ex_fu == FU SYS MATH)

element i_sysarray math

{
use sysarray math as opc; 3
ume reg any Be dst, sros T“ltCh (ex_op)
assembly { opc "," dst "," src }; :
binary ];. D:br:t[12] src ope dst OPC X }; case OP_SYS ARR FLUSH:
semantics for (i=0; i<SYS LENGTH; i++)
int i; {
uint32 val, 1t; anlil = 0-
co:'asipvz::mp:j:‘: 1sed() ; S0[1] = 0 ’
codasip compiler builting); Ss1[i] = 0;
val = rf_gpr_read(src); S2 [i] = 0;
#pragma simulator } s3[1] = 0;
{
s[nuto.h tope) break;
case OPC SYS ARR FLUSH: .
S e |A model R i CA model
{ for (i=0; i<SYS LENGTH-1; i++)
S0[i1 = 0; -
51[1] = 0; {
S ATi] = A[i+1];
) }
break;
case OPC_SYS ARR SETA: A[SYS LENGTH-1] = rsl data;
I[Ear (i=0; i<SYS_LENGTH-1; i++) break;
AlL) = A[i+1]; case OP_SYS ARR SETB:
ﬁ[SYSfLENGTH*l] = val; for (i=0; i<SYS LENGTH-1; i++)
break;
case OPC SYS ARR SETE: { ) )
for (i=0; i<SYS_LENGTH-1; i++) B[i] = B[i+1]1;
[ [i] = B[i+1]; }
} B[SYS LENGTH-1] = rsl data;
[§YS_LENGTH-1] val; — —
break; break;
case OPC SYS ARR CALC:
for (i=0; i<SYS_LENGTH; it++) case OP_SYS ARR CALC:
{ for (i=0; i<SYS LENGTH; i++)
0[1] = (uint32) ((int32) (SO[i]) + (int32) (A[i]) * (int32) (B[01)); -
i1[1) = (uint32) ((int32) (S1[i]) + (int32) (A[i]) * (int32) (BI1])); {
32[1] = (uint32) ((int32) (52[1]) + (int32) (A[i]) * (int32) (B[2])): an . _ - - a - - . .
] [L - [:int32)((int32)(ﬁ1[;]l + tin:32)(A[;]J * (int32) (B[3])); SO[1] = (uint32) ((int32) (SO[i]) + (int32) (A[i]) * (int32) (B[O]));
} sl[i] = int32 int32) (S1[i + (int32) (A[i * (int32) (B[1 ;
> SLIL] = (uint32) ((int32) (SL[4]) + (int32) (A[i]) * (int32) (B[1]))
default: break; SZ2[1] = (uint32) ((int32) (S2[i]) + (int32) (A[i]) * (int32) (B[2])):
; ) S3[i] = (uint32) ((int32) (S3[1i]) + (int32) (A[i]) * (int32) (B[3])):
#pragma compiler }
{
result - (ope==OPC_SYS ARR FLUSH || opc==OPC_SYS ARR SETA || opc==OPC_SYS ARR SETB || opc==OPC_SYS ARR CALC) ? val : (uint32)0; break;
’ rf gpr write(dst, result);: default: break;
) }
}
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4x4 Systolic array of MACs
€D

case OPC_SYS_ARR_CALC:
for (i=0; i<SYS_LENGTH; i++) {

SO[i] = (int32)(SO[i]) + (iNt32)(A[i]) * (int32)(E[0]);
S1[i] = (int32)(S1[i]) + (iNt32)(A[i]) * (int32)(B[1]):
S2[i] = (int32)(S2[i]) + (iNt32)(A[i]) * (int32)(B[2]):
S3[i] = (int32)(S3[i]) + (int32)(A[i]) * (int32)(B[3)):

} break;

1.6

1.4

1.2 1

1.0 1

0.8 1

0.6 1

0.4 1

0.2 1

0.0 -

4x4 Systolic Array effect on PPA
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Systolic arrays tests on TF-Lite application

[serving_default_main_input:o 0 J

B Processing time, a.u. M Energy consumption, a.u. M Siarea, a.u.
1x28x28
1.6
Reshape
shape (2)
1.4
1x784

FullyConnected

—
N

o
(0]
|IIII|IIII|l|l||l||||ll|I|IlIIIIlIIIIIIII

weights (32x784)
bias (32

Relu

Reference (100%)

—

FullyConnected

weights (32x32)
bias (32)

Relu
0.6
0 4 FullyConnected
. weights (10x32)
bias (10>
0.2 1x10
Softmax
0 . 1x10
Codasip L31 + 1x4 array + 1x8 array + 1x16 array
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Multicycle custom CRC32 instruction

element 1

use opc cre3
use reg any as rd,

assembly { opc rd 51 rs2};

binary { 8:bit[7] rsZ rsl opc rd OPC

semantics
{
uxlen result, srcl,
uint32 crc32 bit;
Llln‘tﬁ crc32 h_f 1_—If'|.
int crc32 bitcounter;
= rf_gpr_read(rs
rf_gpr _read(rs

1);
2} ;

X}

int8) (srcl & ©x00B0OOFF);

—— - 3 - - T e =T o
ounter=0; crc32 bitcounter<B8; crc32 bitcounter++)

crc32 byte ™ result) & 0x00008081;

}

rf gpr write(rd, result);

CA model

event compute

{

semantics

{
uint <32
bool crc3

switch (r

—+

Ly by =

oM L X

- val=>1) ™ OxEDBE8B320u;

else r val = r val=>1;
r crc32 byte = r crc32 byte==1;

" counter - (uint_<CNT W=)1;

IDLE : CRC32 COMPUTE;

byte ™~ r val) & 0x00800001;

ush i || r counter == 8 ? CRC : CRC32 COMPUTE,;

-
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Multicycle custom CRC32 instruction
PPA result CRC32 implementation

B Runtime, a.u. W Energy consumption, a.u. M Si area, a.u. Fetch sage Insirucion decode siage Execute stage

1 . 2 5 ] I ﬂ Register

Reference

+2.5 %

b Program Align and
PMA IFU IFB ALU —
N 100 % Counter Decode 7
Branch — —> BU X
= predictor 4’—‘; AT Regl.ster
write
—> BRU
- Triggers  ——»
D_ ? 5 — AGU - Address generation unit CSR
ALU - Arithmetic logic unit
BU - B extension unit (bit manipulations) =
— BRU - Branch unit —>| MUL
CSR - CSR unit (access to CSRs, exceplion handling, etc.)
T DIV - Divider
. N
. CRC32 - Multi-cycle CRC accelerator oD
0 5 :;3— Ilnsltruiiun ?110: buf{er Ly —>|
— - Instruction fetch uni
" LU - Load/store unit Recister Forward AGU
7 MUL - Parallel multiplier e
_ OCD - On-chip debugger rea > Y
PMA - Physical memory attributes — _—
c Rc 3 2 Register
N write

0.25 —

PMA Lsu

8.4 %
|

ADDR

Codasip L11 + CRC32 accelerator
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