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Abstraction layers in computer systems

Application

Programming Language

Assembly Language

Machine Code

Software

DY
o

Increasing order of Complexity
Increasing order of Abstraction
>

Hardware

Devices (Transistors)

r — - -
] im. t , LN
- de Bretagne Occidentale L ENATES AL byt v see

BRETAGNE ©/ D e e
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Instruction Set Architectures

Paper : ‘

specification RISC

imm|11:0 rsl 010 rd 0000011 LW
imm|11:0 rsl 100 rd 0000011 LBU
imm|11:0 rsl 101 rd 0000011 LHU
imm|11:5 rs2 rsl 000 imm|4:0 0100011 SB
imm|11:5 rs2 rsl 001 imm|4:0 0100011 SH
imm|11:5 rs2 rsl 010 imm|4:0 0100011 SW
imm|11: rsl 000 rd 0010011 ADDI
imm[11:0 rsl 010 rd 0010011 SLTI
imm|11:0 rsl 011 rd 0010011 SLTIU
imm[11:0 rsl 100 rd 0010011 XORI
imm[11:0 rsl 110 rd 0010011 ORI
imm|11:0 rsl 111 rd 0010011 ANDI
0000000 shamt rsl 001 rd 0010011 SLLI
0000000 shamt rsl 101 rd 0010011 SRLI
0100000 shamt rsl 101 rd 0010011 SRAI
0000000 52 rsl 000 rd 0110011 ADD l
0100000y Ts2 rsl 000 rd O0TTO001T SUB
0000000 '\ 82 sl 001 rd 0110011 SLL

\

Example

instrucmtion Instruction name Meaning

add x1,x2,x3 Add Regs[x1]«Regs[x2]+Regs[x3]
addi x1,x2,3 Add immediate Regs[x1]«Regs[x2]+3

unsigned

42 ‘f:?ENSTA ubhs: W30
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Executable
specification

while (1) {

IR = mem[PC], nxtPC = PC + 4;

a = rsl(IR), b = rs2(IR), d =

switch (op (IR))
case ADD: X[d]
break;

case MUL: X[d] = X[a]l*X[Db];
break;

case MULI: X[d] = X[a]xext32 (imm (IR));
break;

case [DW: X[d] = Mem[X[b]+imm(IR)];
break;

case STW: Mem[X[b]+imm(IR)] = X[al;
break;

case BEQ:
nxtPC += X[a]l==X[b] ? imm(IR) : O;
break;

//

}

PC = nxtPC;

rd (IR) ;

-~

ALU (op (IR) ,X[a],X[b]);

Instruction Set Simulator (ISS)

STICC



Micro-architectures

= narchitecture = how the machine executes instructions

BH Bl -
& Rvimfp32/64
Micro-coded processor rvima2 H ]
rvi32 — =
Multiple issue pipeline
Single issue pipeline ST e

rvim32 Rvimfp32/64
rvi32

Low energy

Out-of-Order &
pipelined processor

2 —_]
H ]

High performance

Need for highly customized micro-architecture (there is no one size fits all)
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What is pipelining ?

= Overlapping the execution of consecutive instruction
* Aninstruction execution is decomposed into stages

“
\ 4
O
A 4

100: add r6,r5,r2 F | DC | EX W
104: add r3,rl,ré6 F | DC
108: 1w r5, (rl) F

10B: bne r2,r2,100

100: add r6,r5,r2
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What is pipelining ?

= Overlapping the execution of consecutive instruction

* Aninstruction execution is decomposed into stages

1 2 3 4 S} 6 7 8 9 10 M1 12 13

100: add r6,r5,r2 F | DC | EX W
104: add r3,rl,ré6 F | DC EX WB
108: 1w r5, (rl) F DC | EX WB

10B: bne r2,r2,100 F | DC | EX WB

“
A 4
O
A 4

Hazard management is what make processor pipelining difficult
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Implementing the processor as a circuit

= Logic gates + registers implementing the chosen march
* Described using Hardware Description Languages

AAAAA
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* Must be optimized for energy, area and clock speed
* and must still be faithful to the reference marchitecture !
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Existing CPU Design Flows

Instruction set

Example
instrucmtion Instruction name Meaning
add x1,x2,x3 Add Regs[x1]«Regs[x2]+Regs[x3]
addi x1,x2,3 Add immediate Regs[x1]«Regs[x2]+3
unsigned
Tui x1,42 Load upper Regs[x1]«— 03244 24H#012
immediate
s11 x1,x2,5 Shift left logical Regs[x1]«Regs[x2]<<5
sty xlyx2x3 Set less than if (Regs[x2]<Regs[x3])
Regs[x1]«1 else Regs[x1]«0
while (1) {
opcode,ra,rb,rc,imm = mem[pc];
pctt;

switch (opcode) {
case LOAD: reg[rc] = mem[reg[ra] + imm]; break;
case ADD: reglrc] = reglra] + reg[rb]; break;
case JUMP: pc = reg[ra]; break;
case BNZ: pc = rb 7 reglra] : pc; break;

Micro-architecture

Circuit

DSL specification

// Instruction-set grammar
opn my_core (arith inst | ctrl_inst);

opn arith _inst (a:alu_inst,
d: div_inst, l:load store_inst);

(op:opcod, x:clu, y:clu,

x];
vl
(op) 1
d = add(A, B) @alu;

[ofclelet LW N(elplilCleVfsliRe[pd: C = and (A, B) @alu;
: C=or(A B) @alu;

}
stage EX2:
RA[z] = C Qalu;
syntax: op " RA" y ", RB" x ", RA” z; '
image: "O"::op::iX::y::z;

DSL = Domain Specific Languages

Shes
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Verilog, Chisel

1 module control(clk,
07 opcote, saliop,
1 module control(clkfl 3 bus_addr

module control(ctk,

opcode, isaluogl 4 do_fetch @ ~
2 opcode, isaluop,

3 bus_addr, bus_fi 5 state);
. 3 bus_addr, bus_read, bus_write, bus_
e
1 nodule contrf ® . K do_fetch, do_regload, do_aluop, do_
opcode — state);
1 nodule control(cHY ¢

opcode, isalu
3 bus_addr, bus f§

do_fetch, do_rll o
state);

+ Control module, #/

“include "parameters.vh"

input wire clk;

+ Control moy

“include "parameters.vh"

input wire clk;

3 STICC



Existing CPU Design Flows

Instruction set Micro-architecture Circuit

Example _
instrucmtion Instruction name Meaning Ejji
add x1,x2,x3 Add Regs[x1]«Regs[x2]+Regs[x3] V T B ! = Q:’D‘ 1
addi x1,x2,3 Add immediate Regs[x1]«Regs[x2]+3 . & \‘
unsigned Yo [F e ‘
Tui x1,42 Load upper Regs[x1]«— 03244 24H#012 F == [T el e
immediate - } ‘Drrj i i
sl x1,%x2,5 Shift left logical Regs[x1]«+Regs[x2]<<5 : t = I g ==
s1t x1,x2,x3 Set less than i { — )

Takeaway A=

In practice, micro architectural DSLs are RTL in disguise

Verilog, Chisel

DSL specification DSL specificatic..

while (1) { //! Instruction-set grammar

opn my_core (arith g
opcode,ra,rb,rc,imm = mem[pc]; opn azith inst (a: |
pctt; -

ad, bus_write, bus_
switch (opcode) { do_fetch, do_regload, do_aluop, do_

case LOAD: reglrc] = mem[reg[ra] + imm]; break; b u / o e
case ADD: reglrc] = reglra] + reg[rb]; break;
case JUMP: pc = reglral; break;

case BNZ: pc = rb 7 reglra] : pc; break;

DSL = Domain Specific Languages

IMT706@EENATA ybs: WiSO EM

Ecole Mines-Télécom Université de Bretagne Occidentale

- 3 STICC

£ DINGENIEURS D




Punchline : let’s try to compile CPUs

= @Generate CPU circuits straight out from the ISA simulator!

\ 4
A
while (1) {

IR = mem[PC], nxtPC = PC + 4;

a = rsl(IR), b = rs2(IR), d = rd(IR);

switch (op(IR)) {

case ADD: X[d] = ALU(op(IR),X[al,X[b]);
break;

case MUL: X[d] = X[a]*X[b];

break;

case MULI: X[d] = X[a]*ext32(imm(IR)); v
break;

case LDW: X[d] = Mem[X[b]+imm(IR)]; > >
break;

case STW: Mem[X[b]+imm(IR)] = X[al; '

break;
case BEQ:
nxtPC += X[al==X[b] ? imm(IR) : 0;

break;
// ...
}

PC = nxtPC; Integer Writeback

-

Multiply

Instruction Set

~l—0
. Fetch Decode Issue Floating-Point / NEON
Simulator (ISS) ST TP

Dual Issue

~Hl—0

Load/Store

i

- |

e Do e kot ] BRETAGNE
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Punchline : let’s try to compile CPUs

= Generate CPU circuits straight out from the ISA simulator!

while (1) {

IR = mem[PC], nxtPC = PC + 4;

a = rsl(IR), b = rs2(IR), d = rd(IR);

switch (op (IR)) {

case ADD: X[d] = ALU(op(IR),X[al,X[bl);
break;

case MUL: X[d] = X[a]*X[b];
break;

case MULI: X[d] = X[a]*ext32(imm(IR));
break;

case LDW: X[d] = Mem[X[b]+imm (IR)];
break;

case STW: Mem[X[b]+imm(IR)] = X[al;
break;

case BEQ:
nxtPC += X[al==X[b] ? imm(IR) : 0;

break;
/).

}
PC = nxtPC;

Instruction Set
Simulator (ISS)

Université de Bretagne Occidentale
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Punchline : let’s try to compile CPUs

= Generate CPU circuits straight out from the ISA simulator!

while (1) {
IR = mem[PC], nxtPC = PC + 4;
a = rsl(IR), b = rs2(IR), d = rd(IR);
switch (op(IR)) {
case ADD: X[d] = ALU(op(IR),X[al,X[bl);
break;
case MUL: X[d] = X[a]*X[b];

Instruction Set
Simulator (ISS)

+
[El]
b
L]
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Wait, can’t | already do that ?

= Yes, High Level Synthesis tools generate circuits from C/C++

Efficient design synthesis for
regular access patterns and
computations

X[1]
int X[N], Y[N];
int tmp, res = 0;

#pragma HLS mult=1, adder=1 Y] 1
for(int i = 0; i < N; ++1i) { HLS V_»
res

Synthesizing circuits from an
algorithmic specification

\ 4

tmp = X[i] * Y[i];
res += tmp;

}

res —b V

i —»

4V ad = ENSTA Yniersi | | %
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Automatic pipelining in HLS

= QOverlaps operations from distinct iterations

_____ _l_h X[il= F(2[i]);
for (i=4;i<..;i++) { F F |F.|Fs | Fs|Fs|Fs

wn
&
oQ
]
X[i]= E(Z[i]); e S SN
Y[i]= S(Z[il); 8 S Si |82 | S| S| S5 | Se
} ® Si | S| Ss|Ss|Ss
loop kernel = Si [S:|Ss| S,
oQ
3;1_ ______________ Y[il= 8(z[il);
v Execution trace

Datapath

= May result in high clock speed, low CPI

ViV S ENSTA Yniersi | | %
@ e CUERRTA ubs: WiSO ENTRE 1 sTicc
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Pipelining and reuse distance

= OQOverlapping distinct iterations is not always possible

D T A T | X[il= E(X[i-1]);
e g ! F | F 1 Fe i
for(i=4;i<..;i++) { A
X[i]= E(x[i-11); e
Y[il= S(Y¥[i-11); g | S : :
} 2) 1 2
_g’:“ B S, / S,
loop kernel % s,/ S,
w_ K B I
Y[il= S(¥Y[i-1]);

Datapath Execution trace

= Constrained by loop carried dependencies

Y A ENSTA st | |
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Pipelining and reuse distance

= What if the reuse distance is >1 ?

for(i=4;i<l..;i++) { ‘% FFT
X[il= F(X[i-1]); e A
Y[i]= S(¥[i-31); g | S
} N I
©
loop kernel %
w e )
Datapath

X[i]= E(X[i-1]1);

F ~{rFomfoFoio FyeFote Fo

s1--sz--s3-7s4 4S5 | Ss

S1 Sz 83/ s4 /SS

s:/| s,

Y[i]= S(Y[i-3]);

Execution trace

Reuse distance — pipeline depth — clock speed T,

SheN nivesié
D 2o @n uE: UB0 BN
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Synthesizing an ISS using HLS

= Taking advantage of pipelining capabilities of HLS tools

* Based on “software pipelining”, a well known compiler optimization

while (1) {

IR = mem[PC], nxtPC = PC + 4;

a = rsl(IR), b = rs2(IR), d = rd(IR);

switch (op (IR)) {

case ADD: X[d] = ALU(op(IR),X[al,X[bl);
break;

case MUL: X[d] = X[a]*X[b];
break;

case MULI: X[d] = X[a]*ext32 (imm(IR));
break;

case l: X[d] = Mem[X[b]+imm(IR)];
break;

case ! : Mem([X[b]+imm (IR)] = X[a];
break;

case 3
nxtPC += X[a]l==X[b] ? imm(IR) : O;

break;

}
PC = nxtPC;

VN‘V

IMT Atl ( que
Loie

D

S ENSTA . Sl
~J BRETAGNE [ mo

1,

C

lk=10ns

Ui30

Universi
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10 ns

10 ns

F

10 ns

—

2 3 4 5 6 7 8 9

wB

10 11 12 13

DC|EX .WB
F |DC
F
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Synthesizing an ISS using HLS

= Taking advantage of pipelining capabilities of HLS tools
* Based on “software pipelining”, a well known compiler optimization

10 ns 10 ns
while (1) { » >
IR = mem[PC], nxtPC = PC + 4; y
a = rsl(IR), b = rs2(IR), d = rd(IR); F D EX WB
switch (op(IR)) {
case ADD: X[d] = ALU(op(IR),X[a],X[b]l); z
break: 10 ns
case MUL: X[d] = X[a]+*X[b]; Tc,k=10ns .
break;
case MULI: X[d] = X[a]*ext32 (imm(IR)); 1 2 3 5 6 7 8 9 10 11 12 13
break;
case LDW: X[d] = Mem[X[b]+imm(IR)]; |:> F IDC EX.WB
break;
case STW: Mem[X[b]+imm (IR)] = X[al;
break; F (DC|EX WB
case BEQ:
nxtPC += X[a]==X[b] ? imm(IR) : 0; F (DC|EX
break;
}
PC = nxtPC;
}

@ 27 s uts: UBO ENIB 14 @smice



Synthesizing an ISS using HLS

= Taking advantage of pipelining capabilities of HLS tools
e Based on “software pipelining”, a well known compiler optimization

10 ns 10 ns

while (1) { ¥ ¥
IR = mem[PC], nxtPC = PC + 4; A
a = rsl(IR), b = rs2(IR), d = rd(IR); F D EX WB
switch (op (IR)) {
case ADD: X[d] = ALU(op (IR),X[a]l,X[bl); 4
10 ns

break;
case MUL: X[d] X[a]l*«X[b]; T =

break;

case MULI: X[d] = X[a]*ext32 (imm(IR)) ; 1 2 3 5 6 7 8 9 10 11 12 13

break;
case LDW: X[d] = Mem[X[b]+imm (IR)]; F Dc EX.WB
break;
EX WB

case STW: Mem[X[b]+imm(IR)] = X[al;
break; F Dc
case BEQ:
nxtPC += X[a]==X[b] ? imm(IR) : 0; F (DC|EX
break;
/) ...

}
PC = nxtPC;

Existing static HLS scheduling techniques are unfit for CPU design

@ 2 &Hua ube: WSO ENB 14 @smicc
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Speculative Loop Pipelining (SLP)

= Extends classic loop pipelining with speculative execution
* Speculatively overlap the execution of distinct iterations

Xinit
do { (o C, C, C,
if(C(x)) { | oy 4 C, C, Cs
20 - [ ) - _
x = 5(x); E s, || N 2 Fs
JELSW I; e 3 .
// fast ' S3 Ig | S, S, S;
= F ; : :
} x = Fx) i | S, S, S,
} while (.) B S, S, S;
| T < Loop pipelining

= Requires a complete rehaul of HLS scheduling techniques

N B RETAG N E Université de Bretagne Occidentale £COLE NATIO!
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Speculative Loop Pipelining (SLP)

= Extends classic loop pipelining with speculative execution
* Speculatively overlap the execution of distinct iterations

Xinit

o | , T - |e|Calc B

if(C(x)) { 5 o I N C1]C5|Cs

/] slow : SlF ) [sfE [efi :

e 0| ) R (31 1 )4
else : = :

// fast : S3 Ig ' S,15;(S; x

JrEEEE - LIS1|Sa|Ss

} while (.) B S,|[S,

’|7 > Loop pipelining

= Requires a complete rehaul of HLS scheduling techniques

Steven Derrien, Thibaut Marty, Simon Rokicki, and Tomofumi Yuki. “Toward Speculative Loop Pipelining for High-Level Synthesis”. In:
IEEE Transactions on Computer-Aided Design of Integrated Circuits and Systems 39.11 (Nov. 2020), pp. 4229-4239.
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SpecHLS : a tool for SLP in Vitis HLS

#pragma hls distance mis_z=5 )
Input code d#grzgma hls distance ctrl=3
a h #pragma hls pipeline II=1
do { ctrl[t] = C(s_x[t-1], z[t-11);
if(C(x, z)) mis_x[t] = S(s_x[t-11);
x = S(X); cs = nextstate(cs, ctrl[t-3]);
s_x[t] = cs.selSlow 7
else mis_x[t-5] :
x = F(x); E(s_x[t-11);
} Whlle(!x); if(cs.rollback) {
\ s_x[t] = s_x[t-5];
z[t] = z[t-5];
}
if(cs.commit)
x = s_x[t-4];
GREE=M =
} while(!(x && cs.commit)); e

iv XILINX
a VITIS. o oms

W XILINX

a VITIS.

C(x,z) | C —> C 1 2 3 4 5 6 7 8 9
¢ ¢ c(x,z)[Cc]|cC — clc|c
c | C clec c|¢c
F(x) | F ~< > F c|c €
S(x) [ 8 7 8 F(x) [F | F > F [F | F
S s \_ - S(x) [ s | s — s [ s | s
S S s[s s |s
(2] S S Program IR = .
S s |s
(4] s |s

FSMstate: ¥ F P P S RBF F P

4 4 42 ENSTA Yniversis . w B 0 -k ' 11 STICC

i
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Program representation in Spec-HLS

= The way the compiler sees the program to optimize
e Qurs is a variant of Gated Static Single Assignment (GSSA)

if (c)
do { y = foo(w); if (we)
x = next(x); else tlx] = £(tlyl);
} while (1); y = bar(z);
Xinit a a c t L
v —> foo y — L g

next x
y t
_‘ z = bar .

"Peng Tu and David Padua, “Gated SSA-based demand-driven symbolic analysis for parallelizing
compilers,” in Proceedings of the 9th international conference on Supercomputing (ICS ‘95), 1995

Takeaway
In GSSA, Y nodes capture speculation opportunities
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Speculative Loop Pipelining (SLP)

= Building the program IR + identify speculation points

10ns 10ns
—>—>

Cz
Input code Xinit
do { 10ns 10ns 10ns
if(C(x, 2)) o>
x = S(x);
else l’l' S]. S2 S3 v
S e o Speculation decision
} while(!x); - — .
) g based on y profiling
om

Steven Derrien, Thibaut Marty, Simon Rokicki, Tomofumi Yuki. Toward Speculative Loop Pipelining for High-
Level Synthesis. IEEE Transactions on Computer-Aided Design of Integrated Circuits and Systems. 2020

Y A ENSTA st | 1
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Speculative Loop Pipelining (SLP)

= Adding delays + FSM to enable speculative pipelining

(8]
[}
2,
Input code Xinit B
do { E
if (C(x, z)) - ‘%,:
X = S(X)' %}
’ S1— S-S :
x = F(x); o ‘
} while(!x); - X ’y‘
- a J e I_)

Virtual pipeline
stage registers

Steven Derrien, Thibaut Marty, Simon Rokicki, Tomofumi Yuki. Toward Speculative Loop Pipelining for High-
Level Synthesis. IEEE Transactions on Computer-Aided Design of Integrated Circuits and Systems. 2020
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Speculative Loop Pipelining (SLP)
* Insert commit + rollback logic to fully handle hazards

Xcommit

e
Input code Xinit EEEES E o E
L9 .
= - - 1
do { S % :

if(C(x, 2)) - a

x = S(x); 0

’ S1—S9-S .

x = F(x); o ‘

} while(!x); - '7‘

) o F |

oeqttof
’Tgij

§5eq1T0

Steven Derrien, Thibaut Marty, Simon Rokicki, Tomofumi Yuki. Toward Speculative Loop Pipelining for High-
Level Synthesis. IEEE Transactions on Computer-Aided Design of Integrated Circuits and Systems. 2020

4V ad = ENSTA Yniersi | | %
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Speculative Loop Pipelining (SLP)
= Regenerate C code and let HLS balance the pipeline stage

Xcommit

HEF ]
Input code Xinit EEEES E o E
L9 .
= - - 1
o . : :

if (C(x, z)) - %

x = S(x); ©w

’ S1—S9-S .

else 5 1 II 3

x = F(x); o ‘

} while(!x); - '7‘

A J

> F ;

oeqttof
’Tgij

§5eq1T0

Steven Derrien, Thibaut Marty, Simon Rokicki, Tomofumi Yuki. Toward Speculative Loop Pipelining for High-
Level Synthesis. IEEE Transactions on Computer-Aided Design of Integrated Circuits and Systems. 2020
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Speculative Loop Pipelining (SLP)

= Regenerate (cycle accurate) C code

Input code

do {
if(C(x, z))
x = S(x);
else
= F(x);
} while(!'x);

-

Xinit

Xcommit

.
4 TUWOD
.

- selSlow --

2 ]
»
2

w
1
L 1
«

|

§5eq1T0

oeqttof
Tlgij

#pragma hls distance mis_z=5
#pragma hls distance ctrl=3
do {

#pragma hls pipeline II=1
ctrl[t] = C(s_x[t-1],
mis_x[t] = S(s_x[t-1]);
cs = nextstate(cs,
s_x[t] = cs.selSlow 7

mis_x[t-5] :
F(s_x[t-11);
if (cs.rollback) {
s_x[t] = s_x[t-5];
z[t] = z[t-5];
}
if (cs.commit)
x = s_x[t-4];
t +=1;
} while(!(x &% cs.commit));

z[t-11);

CERIGESIDE

[3)

Steven Derrien, Thibaut Marty, Simon Rokicki, Tomofumi Yuki. Toward Speculative Loop Pipelining for High-

Level Synthesis. IEEE Transactions on Computer-Aided Design of Integrated Circuits and Systems. 2020
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Speculative Loop Pipelining (SLP)

= Let HLS balance pipeline stages

Input code

do {
if(C(x, z))
x = S(x);
else
= F(x);
} while(!'x);

-

Xinit

-
= -B -
—~
] @
S S ;
5 IEI v
I ‘7‘
> F |

ispec

m

Xcommit

§5eq1T0

oeqttof
Tlgij

#pragma hls distance mis_z=5
#pragma hls distance ctrl=3
do {

#pragma hls pipeline II=1
ctrl[t] = C(s_x[t-1],
mis_x[t] = S(s_x[t-1]);
cs = nextstate(cs,
s_x[t] = cs.selSlow 7

mis_x[t-5] :
F(s_x[t-11);
if (cs.rollback) {
s_x[t] = s_x[t-5];
z[t] = z[t-5];
}
if (cs.commit)
x = s_x[t-4];
t +=1;
} while(!(x &% cs.commit));

z[t-11);

CERIGESIDE

[3)

Steven Derrien, Thibaut Marty, Simon Rokicki, Tomofumi Yuki. Toward Speculative Loop Pipelining for High-

Level Synthesis. IEEE Transactions on Computer-Aided Design of Integrated Circuits and Systems. 2020
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Synthesizing RISC-V cores from ISSs

" |Instruction Set Simulator = behavioral description

while (1) {
IR = mem[PC], nxtPC = PC + 4;
a = rsl(IR), b = rs2(IR), d = rd(IR);
switch (op(IR)) {
case ADD: X[d] = ALU(op (IR),X[a],X[b]);
break; taken
case MUL: X[d] = X[a]l*X[b];
break;
case MULI: X[d] = X[a]*ext32 (imm (IR)); J lxu __J
break; : : target
case [DW: X[d] = Mem[X[b]+imm(IR)]; s D R EX1
break;
case STW: Mem[X[b]+imm(IR)] = X[al;
break;
case BEOQ:
nxtPC += X[a]==X[b] ? imm(IR) : O;
break;
/S ...

}
PC = nxtPC;

@ 2 Gusn v UBO DNk 2 e
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Synthesizing RISC-V cores from ISSs

" |Instruction Set Simulator = behavioral description

while (1) {
IR = mem[PC], nxtPC = PC + 4;
a = rsl(IR), b = rs2(IR), d = rd(IR);
switch (op(IR)) {
case ADD: X[d] = ALU(op (IR),X[a],X[b]);
break; taken
case MUL: X[d] = X[a]l*X[b];
break; 0
case MULI: X[d] = X[a]l*ext32(imm(IR)); x __J
b . target )
reak; : > -
—>
case [DW: X[d] = Mem[X[b]+imm(IR)]; y F > D > EX1
break; J

case STW: Mem[X[b]+imm(IR)] = X[al; 4
break; AT\
4

case BEOQ:
nxtPC += X[a]==X[b] ? imm(IR) : O; —
break;
/S ...

}
PC = nxtPC;

@ 2 Gusn v UBO DNk n o e
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Synthesizing RISC-V cores from ISSs

" |Instruction Set Simulator = behavioral description

while (1) {

ne () el e - pe s o) We can speculate that current
a = rsl(IR), b = rs2(IR), d = rd(IR); H H H
eieon instruction is not a branch
case ADD: X[d] = ALU(op(IR),X[a],X[b]);

break;

taken

case MUL: X[d] = X[al*X[b];

break;

case MULI: X[d] = X[a]*ext32(imm (IR)); lxﬂ

break; target ‘

case [DW: X[d] = Mem[X[b]+imm (IR)]; ~ {]+ F D R EX1

break; |

case STW: Mem[X[b]+imm(IR)] = X[al;

break; PN

case BEQ: '+4

nxtPC += X[a]l==X[b] ? imm(IR) : 0; pe N\

break;

)

PC = nxtPC; We then have a 1 cycle penalty

for every executed branch

This is a 2 stage pipelined CPU

@ 2T Qs ubs: UB0 ENB 4 <@smice



Synthesizing RISC-V cores from ISSs

" |Instruction Set Simulator = behavioral description

while (1) | Can we obtain a 3 stage pipeline by
IR = mem[PC], nxtPC = PC + 4; . .
a = rsl(IR), b = rs2(IR), d = rd(IR); INCreasing the penalty ?
switch (op(IR)) {
case ADD: X[d] = ALU(op(IR),X[a],X[b]);
break;
taken
case MUL: X[d] = X[a]l*X[b];
break;
case MULT: X[d] = X[a]*ext32 (imm (IR)); lxm
break; target
c;se Li”: X[d] = Mem[X[b]+imm(IR)]; ~ {]# F D > EX1
reak; |
case STW: Mem[X[b]+imm(IR)] = X[al;
break; o
case BEQ: 44
nxtPC += X[a]==X[b] ? imm(IR) : O; pc N

break;

}
PC = nxtPC;

: No, because of the dependency on
register file x[]

Y A ENSTA st | |
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Synthesizing RISC-V cores from ISSs

" |Instruction Set Simulator = behavioral description

while (1) {
IR = mem[PC], nxtPC = PC + 4; H
a = rsl(IR), b = rs2(IR), d = rd(IR); By Openlng the EX]‘ Stagel We
switch (op(IR)) {
case ADD: X[d] = ALU(op(IR),X[a]l,X[b]l); expose a neW y nOde eee
break; taken
case MUL: X[d] = X[a]l*X[b];
break;
case MULI: X[d] = X[a]*ext32 (imm (IR)) ; x[]
break; 4 —
case [DW: X[d] = Mem[X[b]+imm(IR)]; —
break; F “ D AL N N
case STW: Mem[X[b]l+imm(IR)] = X[al; ¥
break; A\ _[+/Esmﬂ
case oS50 . +4
nxtPC += X[a]==X[b] ? imm(IR) : O; N4 X
break;

}
PC = nxtPC;
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Synthesizing RISC-V cores from ISSs

" |Instruction Set Simulator = behavioral description

while (1) {

IR = mem[PC], nxtPC = PC + 4;

a = rsl(IR), b = rs2(IR), d = rd(IR);

switch (op(IR)) {

case ADD: X[d] = ALU(op(IR),X[a],X[b]);
break; taken
case MUL: X[d] = X[a]l*X[b];
break; 7

X
target

case MULI: X[d] = X[a]*ext32(imm (IR));

break; v \ 4

case [DW: X[d] = Mem[X[b]+imm (IR)]; > ~ _[+ F “ D > ALU -
break; - h
case STW: Mem[X[b]+imm(IR)] = X[al; g Y
break; N LA
case BEOQ: f'+4\ isMul
nxtPC += X[a]==X[b] ? imm(IR) : O; pc X

.......

PC = nxtPC; We can speculate that current
instruction is neither a branch or a
multiplication.

4V ad = ENSTA Yniersi | &)



Synthesizing RISC-V cores from ISSs

" |Instruction Set Simulator = behavioral description

while (1) {
IR = mem[PC], nxtPC = PC + 4;
a = rsl(IR), b = rs2(IR), d = rd(IR);
switch (op(IR)) {
case ADD: X[d] = ALU(op(IR),X[al,X[bl);
break; taken
case MUL: X[d] = X[a]l*X[b];
break;
case MULI: X[d] = X[a]*ext32 (imm (IR)); x[]
break; target A 4
case [DW: X[d] = Mem[X[b]+imm(IR)]; h F D > ALU
break; I’
case STW: Mem[X[b]+imm(IR)] = X[al;
break;
case BEQ: e L
nxtPC += X[a]==X[b] ? imm(IR) : 0; pc X
break;
VA

}

FC - Challenge 1

But now, we have to speculate over multlple Y nodes ..
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Challenge 1 : multiple speculations

Interacting speculations

Speculative values of x
influence the control
decision on y

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28
Fal |Fa2 Fa3 |Fa4 Fab |Fa6 Fa3 |Fa4 Fab fag Fab |Fa6 |Fa7 Fa8 Fa9 Fal0 Fa7 Eag Fa7 Fa8 |Fa9 Fal0
Cal |Ca2 Ca3 | Ca4 |Cab | Ca6 Ca3|Ca4 Cab Cag Cab |Ca6 | Ca7 | Ca8 |Ca9 Cal0 Ca7 Gag Ca7 | Ca8 |Ca9 [Cal0

Z

Sal|Sa2 | Sa3|Sa4 |Sab |Sa6 Sa3|Sa4 Sab §ag Sab | Sa6 | Sa7 | Sa8 | Sa9 |Sal0 Sa7 §ag Sa7 Sa8|Sa9 |Sal0
Fbl |Fb2 Fb3 |Fb4 |Fb5 |Fb6 L>l='b2 Fb3 |Fb4 Fbs fbg Fb5 | Fb6 | Fb7 | Fb8 | Fb9 Fb10 L)Fbs Fb7 fbg Fb7 Fb8 |Fb9 Fb10
Cb1 |Cb2 Cb3 | Cb4 | Cb5 | Cb6 Cb2 | Cb3 | Cb4  Cbs Cbg Cb5 | Cb6 | Cb7 | Cb8 | Cb9 |Cb10 Cb6 | Cb7 Ebg Cb7  Cb8 | Cb9 Cb10

| / | A
| |
Sb1l | Sb2 | Sb3 | Sb4 | Sb5 | Sb6 Sb2 | Sb3 | Sb4 | Sbb §bg Sbb | Sb6 | Sb7 | Sb8 | Sb9 |Sb10 ‘Sbs Sb7 §bg Sb7  Sb8 | Sb9 |Sb10
:i B P i

H O 4d o a a a B B a4 44 a aa a xx A a a aa a B BH oy a4 a aa a aa a
A A B @B BB @B [@ §@ 94 4 8B 18 08 © 4 H 0 @@ 08 08 §8 8 4 H @ [ @§ @
H H B B B M n »u H H ¢ B H < H B @ @B [0 u »u < H B B [ ©§ 6
E b O U0 U U H H K kDU U @m kDU U Y H HEH @m kDU O U O
N N 0 @6 @9 @ g @ N N 6 6 @ 4N 8 0 6 g @ @& 49 N 9 o o g 9
H 4 2 & £ &2 SN S 4 4 @ @ &2 3 4 @& @ @ &2 SN S 4 A @ @ @ @ @&
O = I R - - I S - N = I I VI -V ~V P W
H H S SN XN N 44 0 A H S N N g H N N N N a o g B X N N 2 o>
B d 4 A A S << H K o 4 a8 S B o4 4 4 a @ € 8 =B 4 4 4. a o a

A A B @ B2 M A A ®m g A 4 A4 B =2 m g e = I = |
H H [%5) %5 n o= | H H %) | H H H [%5) (%2} - | H H H 5] %)
[P P T ] | [T P S R | [T T T [ [T T T S T
o o o O m o (ST o o
" ~ ~ ~ e~ ~ " ~
[V % o oY

Jean-Michel Gorius, Simon Rokicki, and Steven Derrien.
Level Synthesis”. In: IEEE Micro 42.5 (Sept. 2022), pp. 99-107. doi: 10.1109/MM.2022.3188136.
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Identifying speculation patterns

We identify four distinct speculation patterns

v i
M ............................
S |
| S
Y Y ? % é
[] [] Ya Ya E .
Ya Vb
v , § ¥
o data domination | 9 control domination | e independent speculations | @ decoupled SCCs

Jean-Michel Gorius, Simon Rokicki, and Steven Derrien. “SpecHLS: Speculative Accelerator Design Using High-
Level Synthesis”. In: IEEE Micro 42.5 (Sept. 2022), pp. 99-107. doi: 10.1109/MM.2022.3188136.
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Iterative Pattern Resolution

Pattern resolution

* lterative algorithm to synthesize the speculation control FSM
« Based on a set of rewriting rules, coupled to profiling

0@  On
: Pe = 0.82 data domination
e @ @ control domination

Jean-Michel Gorius, Simon Rokicki, and Steven Derrien. “SpecHLS: Speculative Accelerator Design Using High-Level Synthesis”. In: IEEE Micro 42.5 (Sept. 2022), pp. 99—
107. doi: 10.1109/MM.2022.3188136.
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Synthesizing RISC-V cores from ISSs

" |Instruction Set Simulator = behavioral description

while (1) {
IR = mem[PC], nxtPC = PC + 4;
a = rsl(IR), b = rs2(IR), d = rd(IR);
switch (op(IR)) {
case ADD: X[d] = ALU(op (IR),X[a],X[b]);
break;
case MUL: X[d] = X[a]l*X[b];
break;
case MULI: X[d] = X[a]l*ext32(imm(IR));
break;
case [DW: X[d] = Mem[X[b]+imm(IR)];
break;
case STW: Mem[X[b]l+imm(IR)] = X[al;
break;
case BEQ:
nxtPC += X[a]==X[b] ? imm(IR) : O;
break;
}
PC = nxtPC;
}
o Université
4 nd 53 ENSTA  bS:
Ty "9 BRETAGNE °

4

x[]

ALU

Y

“PisMul

add x1,x2,x3
mul x6,x8,x9

This is too pessimistic, we can do better !

ancc
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Synthesizing RISC-V cores from ISSs
" |Instruction Set Simulator = behavioral description

while (1) {

IR = mem[PC], nxtPC = PC + 4;

a = rsl(IR), b = rs2(IR), d = rd(IR);

switch (op(IR)) {
case ADD: X[d] = ALU(op(IR),X[al,X[bl);
break; taken
case MUL: X[d] = X[a]l*X[b];
break; 0]

case MULI: X[d] = X[a]l*ext32(imm(IR)); . ¥
break; : >arget
case [DW: X[d] = Mem[X[b]+imm(IR)]; F D > ALU
break; \\ \/L_
Y

Y

case STW: Mem[X[b]+imm(IR)] = X[al;

break; 1 isMul
case BEQ: ‘ > e 9

nxtPC += X[a]==X[b] ? imm(IR) : O;

break;

77 oo

}
EE

’ Challenge 2

How can we speculate on RAW dependencies ? etter |
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Challenge 2 : memory speculation

* |In our program IR Arrays are modeled as values

 We can check at run-time which version of the array value is needed

taken

x[]
target A 4
—
0% <|:|-) F —|:|—> D ALU
—
7
) | isMul

pc X

\ 4

add x1,x2,x3 add x1,x2,x3
mul x6,x8,x9 mul x6,x1,x9

We can now speculate that there is no RAW dependency on x[] ...

Jean-Michel Gorius, Simon Rokicki, and Steven Derrien. “A Unified Memory Dependency Framework for
Speculative High-Level Synthesis”. International Conference on Compiler Construction. CC 2024. New York,
NY, USA: Association for Computing Machinery, Feb. 20, 2024, pp. 13-25.
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Challenge 2 : memory speculation

* |In our program IR Arrays are modeled as values

 We can check at run-time which version of the array value is needed

taken

x[]

target v

—>
0 F D ~y ALU
> = 5
N ﬁ o
+4 J > alias | isMul

pc X
add x1,x2,x3 add x1,x2,x3
mul x6,x8,x9 mul x6,x1,x9

We can now speculate that there is no RAW dependency on x[] ...

Jean-Michel Gorius, Simon Rokicki, and Steven Derrien. “A Unified Memory Dependency Framework for
Speculative High-Level Synthesis”. International Conference on Compiler Construction. CC 2024. New York,
NY, USA: Association for Computing Machinery, Feb. 20, 2024, pp. 13-25.
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Synthesizing RISC-V cores from ISSs

" |Instruction Set Simulator = behavioral description

while (1) {
IR = mem[PC], nxtPC = PC + 4;
a = rsl(IR), b = rs2(IR), d = rd(IR);
switch (op (IR)) {
case ADD: X[d] = ALU(op(IR),X[a],X[b]);
break; taken
case MUL: X[d] = X[a]*X[b];
break; | x[]
case MULI: X[d] = X[a]*ext32 (imm (IR)); |:> target
break; , F D ALU
case [LDW: X[d] = Mem[X[b]+imm(IR)];
break; j Y
case STW: Mem[X[b]+imm(IR)] = X[a]; — A
break; :1\/+4\§ 1stul
case RBEQ: pe N X
nxtPC += X[a]==X[b] ? imm(IR) : 0;
break;
/S ...
}
PC = nxtP(C;
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Synthesizing RISC-V cores from ISSs

= |nstruction Set Simulator = hehavinral degcrintinn

while (1) {
IR = mem[PC], nxtPC = PC + 4;
a = rsl(IR), b = rs2(IR), d =
switch (op (IR))
case ADD: X[d]
break;
case MUL: X[d] = X[a]l*X[b];
break;
case MULI: X[d] = X[a]xext32(imm(IR));
break;
case LDW: X[d] = Mem[X[b]+imm (IR)];
break;
case STW: Mem[X[b]+imm(IR)] = X[a]l;
break;
case BEQ:
nxtPC += X[a]==X[b] ? imm(IR) : 0;
break;

rd (IR) ;

-~

ALU (op (IR) ,X[al,X[b]);

(S ~10° soluti

PC = nxtPC;

]
!

16y n

& o]
e &
A j;_":
;s = ’Y e
| —Epe
H i ' o] 5 Y =
SiE= ‘
J\ .:fg Il [ %’ \
= ) =2 T e & ‘
—=it = e
= r
—%
AT~ =
Lol ,
j A | llgq —— _(F‘
[ ——
ons to explore a—s

How do we figure out which y nodes to speculate on ?
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Challenge 3: which gamma to speculate ?

= Solution : a branch and bound algorithm
* Use profiling information for gammas @

Branch-and-bound algorithm find @ ‘//
every valid configurations @
S
Configuration sorted by @ @ @ @
prof:’?act;ﬁi?;3 I(ngga ;pf C:rlsgg tr)]ility) @ @ Valid configurat®
@ 0 Q Minimality pruning

We can efficiently prune the Q Probability pruning

exploration tree

K—) Static pruning /

Leothaud, Dylan, et al. "Efficient Design Space Exploration for Dynamic & Speculative High-
Level Synthesis." Field-Programmable Logic and Applications (FPL). IEEE, 2024.
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Early experimental results

= Evaluation on two simple RISC-V ISAs (RVI32/RVIM32)
 Searching for Pareto Optimal solutions (performance/area trade-off)

 Compared against manual designs (CVE4, Sodor)

RISCVI32 RISCVIM32
9
m Sodor 12 m CVE4
4 Comet 2 Comet
8 Proposed Proposed
) (b}
= £ oy W
570 | = |
CC) 3 O ] o
= £ 2
3 6 2 1 N O ©
Q ) |
> 3 Yo 28
L 6
5
4
1,000 2,000 3,000 4,000 5,000 4500 5,000 5,500 6,000 6,500
AREA AREA
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Early experimental results

= Evaluation on two simple RISC-V ISAs (RVI32/RVIM32)
 Searching for Pareto Optimal solutions (performance/area trade-off)

 Compared against manual designs (CVE4, Sodor)

RISCVI32 RISCVIM32
9
m  Sodor . 19] ™ CVE4 N
4+ Comet e 4 Comet o
8 | | e Proposed e Proposed °
v ol 2 1 ’
e . 0 k= i | O 1
= 7l K o © | — | .
c 3 g L
o) = 8 N
b= ® o '5' | §
o 6| 2 o1 . ) |
] Q |
X i) i Y 2N i
(I 6
5)

|
1,000 2,000 3,000 4,000 5,000

Takeaway

Ability to automatically derive competitive CPU designs

s= e I 3 11
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Future work

"= Pushing toward more complex microarchitcetures
* Dynamic branch prediction, cache, 000

* Formal verification of pipeline hazard logic
* Translation validation for SLP

= Enforcing timing predictability for Real-time systems
e Automatic extraction of WCET pipeline models

* Checking for timing-anomalies

= Hardening against faults for security
* Partial duplication, error detectors/correctors
e Automatic insertion of CFI/DFI mecanisms

= Yriversite ]
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Current & Future work

One flow to rule them all,
one flow to check them,
One flow to cover them all,
and to the silicon bind them

Ml (o) IRISA
<

https://lotr.gitlabpages.inria.fr/website/




Take home message
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Take home message
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Modeling a Dynamic Branch Predictor

k = hash(pc);

pred_pc = pc + 4;

btb_hit = btb_tagl[k] == pc;

W coc

if (btb_hit && btb_state[k] >= WEAK_TAKEN)
pred_pc = btb_target[k];

\ 4

taken

PCinit

switch (instr->opcode) { /# ... */ }

target '
if (pred_pc == next_pc) { & _|_) h

// Good prediction, fast path

incr (btb_state[k]) ; g

c = pred_pc;

} I;159 IE ’ > +4 9 P
// Bad prediction, slow path

if (btb_hit) 1

decr (btb_state[k]); 4

else if (/* The instruction was a branch */) >

= >»BTB
btb_state[k] = WEAK_TAKEN;

btb_tag[k] =
btb_target[k] = /* Branch target */;
}

pPc = next_pc;

\ 4
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Modeling a Data Cache

cache_line = hash(address);
entry = cache[cache_line];
// ...
case LOAD: {
if (is_cache_hit(address, entry)) {
> data x[rd] = data(entry);
} else {
if (is_dirty(entry)) {

is_cache_hit l mem[tag(entry)] = data(entry);

address is_load_or_store

Y

Y

}

res = mem[address];

cache[cache_line] = update_entry(address, res);
x[xd] = res;

}

N 4 break;
@) C
case STORE: {
@ ° — if (!is_cache_hit(address, entry)
rd &% is_dirty(entry)) {

mem[tag(entry)] = data(entry);
}

cache[cache_line] = update_entry(address, x[rs1]);
break;

Y

is_dirty

—> tag

Y }

Y

ral address

address v - l
cache_line l > [] ™

. . . VF’ update_entry —

Ke cache_line v
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