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Õ C2RTL :

C2RTL System-Level Design Framework
ü LLVM-C2RTL : LLVM-C2RTL tool environment

ü : C/C++ Data Flow Coding Style

ü : Comparison with HLS (High-Level Synthesis)

Õ C2RTL : C2RTL Design Examples
ü Deep Neural NetworkSuper-resolution CNN, Resnet-34

ü RISC-V ProcessorMMU/Cache, Linux verification, FPU, DNN extension
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C/C++ SoC
SoC Design Verification based on C/C++ Description
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C2RTL
C2RTL System-Level Design Verification Methodology

C
RTL
(Verilog)

C2RTL

C

RTL (C )

C/C++ RTL FSM
Õ C/C++ Ą 1
Õ C/C++ Ą C/C++
Õ HW pragma/GCC-attribute
Õ System-level integration Ą HW-IP C/C++

Õ RTL C Ą C/C++ RTL
Õ RTLVerilog
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LLVM-C2RTL
LLVM-C2RTL Tool Environment
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C/C++
C/C++ Data Flow Coding Style

Å : Deep Learning
Õ Ą TeraOPS

Õ Ą C/C++

Õ Ą

Å : 
Õ

Õ C++ data forwarding

Õ C/C++

sensor A B C Y LCDXD E

Line buffers

ISP (Image Signal Processing) System
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HLS C2RTL
Comparison with HLS (High-Level Synthesis)

Å High-Level Synthesis : SW RTL
Õ SW CDFG ĄScheduling ĄResource Binding Ą Datapath+FSM

Õ /

Õ HLS

Õ RTL HLS

Õ System level integration : HLS RTL RTL Ą RTL

Å C2RTL : RTL C/C++ (WYSWYG)
Õ SW 1 Ą RTL

Õ SW clang Ąllvm-ir Ą C2RTL-IR ĄRTL

Õ RTL MUX

Õ ₩ Deep Learning

Õ FSM C++

Õ System level integration : C++ Ą C++
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What You See Is
What You Get
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Super-Resolution Convolutional Neural Network (SRCNN)

CONV
(9x9)
1Ą64

CONV
(1x1)

64Ą32

CONV
(5x5)
32Ą1

64
[ch]

32
[ch]

1 CONV :
: 9x9

: 5,184

2 CONV :
: 1x1

: 2,048

3 CONV :
: 5x5
: 800

1
[ch]

1
[ch]

Å8,032 MACs/pixel, 16,064 Ops/pixel
Å2.4 TeraOPS/sec @150MHz (75 FPS @ 2K x 1K pixels) 

Å7-stage pipeline : 8,032 MAC units (9b x 11b integer)
Å6.31 Million Gates ( ) Ą 1 MAC 786 gates

άLƳŀƎŜ ǎǳǇŜǊ-ǊŜǎƻƭǳǘƛƻƴ ǳǎƛƴƎ ŘŜŜǇ ŎƻƴǾƻƭǳǘƛƻƴŀƭ ƴŜǘǿƻǊƪǎέΣ 5ƻƴƎ Ŝǘ ŀƭ όнлмсύ
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Super-Resolution CNNSRCNNC++ Resource Description

template < typenameT, typenameCT, int ISZ, int F1SZ, int L1SZ, int F2SZ, int L2SZ, int F3SZ,         
int OSZ, int SB1, int SB2, int SB3, int CBW, int BBW, int P1BW, int P2BW >  

struct SRCNN_TOP {
SRCNN_REG_AXI4L <CT, ISZ, F1SZ, L1SZ, CBW, BBW>      reg0; /// AXI4 slave
SRCNN_REG_AXI4L <CT, L1SZ, F2SZ, L2SZ, CBW, BBW>   reg1; /// AXI4 slave
SRCNN_REG_AXI4L <CT, L2SZ, F3SZ, OSZ, CBW, BBW>    reg2; /// AXI4 slave

CNN_CONV_CORE   <T, CT, ISZ,    F1SZ, L1SZ, SB1, CBW, BBW, P1BW>  core0;
CNN_CONV_CORE   <T, CT, L1SZ, F2SZ, L2SZ, SB2, CBW, BBW, P2BW>  core1;
CNN_CONV_CORE   <T, CT, L2SZ, F3SZ,  OSZ, SB3, CBW, BBW, P2BW>  core2;

AXI_ST::SlaveFSM in_sif;        /// AXI_ST input (slave interface)
AXI_ST::MasterFSMout_mif;    /// AXI_ST output (master interface)

void Run(AXI4L::CH *axi_rif0, AXI4L::CH *axi_rif1, AXI4L::CH *axi_rif2, 
AXI_ST::CH *axi_in, AXI_ST::CH *axi_out); /// SRCNN top function

};

CNN

CONV
I/F

CONV

AXI-Stream
I/F

SRCNN
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SRCNN C++ Data Flow Behavior Description

template < . . . >  void SRCNN_TOP< . . . > :: Run (
AXI4L::CH *axi_rif0, AXI4L::CH *axi_rif1, AXI4L::CH *axi_rif2, 
AXI_ST::CH *axi_in, AXI_ST::CH *axi_out) {

int reset = reg0.reset&& reg1.reset&& reg2.reset;
int initialized = reg0.initialized&& reg1.initialized&& reg2.initialized;
T v0[ISZ], v1[L1SZ], v2[L2SZ], v3[OSZ];

BIT vld0 = in_sif.read( axi_in, initialized, &v0 );

BIT vld1 = core0.Run( v0, v1, reg0, reset && !initialized, vld0, 0 );
reg0.fsm(axi_rif0);

BIT vld2 = core1.Run( v1, v2, reg1, reset && !initialized, vld1, 0 );
reg1.fsm(axi_rif1);

BIT vld3 = core2.Run( v2, v3, reg2, reset && !initialized, vld2, 0 );
reg2.fsm(axi_rif2);

out_mif.write(axi_out, vld3, v3[0] );
}

};
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template < typenameT, typenameCT, int ISZ, int FSZ, int OSZ, int SBITS, 
int CBW, int BBW, int PBW >   struct CNN_CONV_CORE

{
VectorLineBuffer<T, ISZ, FSZ, MAX_WIDTH, PBW>  lbuf;
VectorShiftRegWindow<T, ISZ, FSZ, FSZ, PBW>        srw;
int Kernel(T *sr, T *weight);
BIT Run ( T din[], T dout[], SRCNN_REG_AXI4L<CT, ISZ, FSZ, OSZ, CBW, BBW> &reg, 

int init , int invalid ) {
... 
lbuf.UpdateData101(din, lb1, reg.width, reg.height, lbvld);
srw.UpdateData101(lb1, lbvld, inValid, sr1, srvld, px, reg.width);
outValid = srvld[FSZ*FSZ / 2];
for (int i = 0; i < OSZ; i++) {   /// for
if (outValid) {

T sum = 0;
for (int j = 0; j < ISZ; j++) {    /// for

sum += Kernel(&sr1[j*FSZ*FSZ], &reg.weight[(i* ISZ+ j)*FSZ*FSZ]);
}
sum = DESCALE(sum, SBITS) + reg.bias[i];
dout[i] = ReLU(sum);  /// ReLU

}
else { dout[i] = 0; }

}
}

};

CONV-Layer C++ Data Flow Behavior Description

int Kernel(T *sr, T *weight){
T sum = 0;
for (int i = 0; i < FSZ*FSZ; i++) {

sum += sr[i] * weight[i];
}
return sum;

}

CONV
Kernel
Coding

Ą ISZ x OSZ CONV

ISZ: Input Channel #
OSZ: Output Channel #
FSZ: Filter size

CONV
(FSZxFSZ)
ISZĄOSZ

Line Buffer
Shift Register
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Resnet-34 C++ Description
//// LayerGroup(0) : 
CNN_CONV_Stride2x2  < 4,STy,UTy, 1,   3,7,  64,WB1,WB1,FB0,FB1>       L0(0); 
CNN_MAX_POOL_Stride2x2  < 4,STy,UTy, 2,     3,  64,            FB1>             L1(1); 
//// LayerGroup(1) : 
CNN_CONV_BYPASS      < 4,STy,UTy, 4,  64,3,  64,WB1,WB1,FB1,FB1>     L2(2); 
CNN_CONV                      < 4,STy,UTy, 4,  64,3,  64,WB1,WB1,FB1,FB1>     L3(3); 
. . . . .
//// LayerGroup(16) : 
CNN_CONV_BYPASS      < 4,STy,UTy,32, 512,3, 512,WB4,WB4,FB4,FB4> L35(35); 
CNN_CONV                      < 4,STy,UTy,32, 512,3, 512,WB4,WB4,FB4,FB4> L36(36); 
//// LayerGroup(17) : 
CNN_AVE_POOL             < 4,STy,UTy,32, 512,               FB4,FB4>                  L37(37); 
CNN_LINEAR      < 4,STy,UTy,32, 512, 512,1000,1,4,WB5,WB5,FB4,FB5> L38(38);

_C2R_MODULE_
void cnn_c2ri(C2RI::BUS<C2RI_T, RIF_COUNT> *c2ri_bus, CNN_Channels*src) {
/// LayerGroup(0) : 
L0.FW(&c2ri_bus->s_ch[0], &src->ch0, &src->ch1);
L1.FW(&c2ri_bus->s_ch[1], &src->ch1, &src->ch2);

/// LayerGroup(1) : 
L2.FW_RES_OUT(&c2ri_bus->s_ch[2], &src->ch2, &src->ch3, &src->ch2_res);
L3.FW_RES_IN (&c2ri_bus->s_ch[3], &src->ch3, &src->ch2_res, &src->ch4);

. . . 
/// LayerGroup(16) : 
L35.FW_RES_OUT(&c2ri_bus->s_ch[35], &src->ch35, &src->ch36, &src->ch35_res);
L36.FW_RES_IN (&c2ri_bus->s_ch[36], &src->ch36, &src->ch35_res, &src->ch37);

/// LayerGroup(17) : 
L37.FW(&c2ri_bus->s_ch[37], &src->ch37, &src->ch38);
L38.FW(&c2ri_bus->s_ch[38], &src->ch38, &src->ch39);

c2ri_ctrl.ConnectChannel(c2ri_bus);
}

C2RTL C++
C2RTL

Kernel

2242 x 3 1122 x 64
1

7x7 CONV

1122 x 64 562 x 64 3x3 max pool

562 x 64 562 x 64 2 x 3 3x3 CONV

282 x 128 282 x 128 2 x 4 3x3 CONV

142 x 256 142 x 256 2 x 6 3x3 CONV

72 x 512 72 x 512 2 x 3 3x3 CONV

512 1000 1 Linear  (fully-
connnected)

Total 34

34 + RTL
C++ Ą

System level integration
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Resnet CONV (3x3 + 1x1)(Stride 2)
64 Input Channels/128 Output Channels

gate/FPS

100MHz
50M gates, 73K MAC units, 
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Resnet-34 RTL Generation Results
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RISC-V Processor C++ Resource Description

#define _BW(N)  __attribute__((C2R_bit_width(N)))
#define _T(N)  __attribute__((C2R_type(N)))

typedefuint8_t       BIT _BW(1), UINT2 _BW(2);
typedefuint8_t       UINT4 _BW(4), UINT8 _BW(8);
typedefBIT              ST_BIT _T(state);
typedefuint32_t    M_UINT32_T(memory);
typedefuint32_t    ST_UINT32 _T(state);

struct CPU {
ST_UINT32 gpr[GPR_COUNT];
M_UINT32 pmem[PM_SIZE];
M_UINT32 dmem[DM_SIZE];
ST_BIT halted;
ST_UINT32 cycle, ir_prev;
UINT32 ir;
Insn insn;
FESig fe_sig; FEreg fe_reg_T(state);
DCSig dc_sig; DCreg dc_reg_T(state);
EXSig ex_sig; EXreg ex_reg_T(state);
WBSig wb_sig; MDreg md       _T(state);
IO io;

} ;
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Õ C++

Õ

Õ

typedef/ HW
Å Ą _BW(N)
Å_T(state) Ą
Å_T(memory) Ą
Å Ą

GCC-attribute HW
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