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The Need to Design Hardware Accelerators

A p p l i c a t i o n - s p e c i fi c h a r d w a r e a c c e l e r a t o r s a r e i n c r e a s i n g l y b e i n g n e e d e d i n

i n d u s t r i e s .

• U s i n g a C P U e v e r y w h e r e n o t

a l w a y s t h e b e s t c h o i c e .

• A p p l i c a t i o n - s p e c i fi c i n t e g r a t e d

c i r c u i t s ( A S I C ) a r e t h e i d e a l

c h o i c e , b u t v e r y e x p e n s i v e t o

c r e a t e .

• F i e l d - p r o g r a m m a b l e g a t e a r r a y s

( F P G A ) a c t a s r e p r o g r a m m a b l e

h a r d w a r e , t h e r e f o r e c a n b e m a d e

a p p l i c a t i o n - s p e c i fi c .
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Where does the flexibility of FPGAs come from?

• F P G A ’s a r e p r o g r a m m a b l e c i r c u i t s w i t h t w o m a i n c o m p o n e n t s .

• L o o k u p t a b l e s ( L U T s ) p r o v i d e fl e x i b l e l o g i c g a t e s . T h e y a r e c o n n e c t e d

b y c o n fi g u r a b l e s w i t c h e s .

• R A M s p r o v i d e a c c e s s i b l e s t o r a g e .
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So How dowe Program an FPGA?

• F P G A s c o n t a i n L U T s a n d

p r o g r a m m a b l e i n t e r c o n n e c t s .

• P r o g r a m m e d u s i n g h a r d w a r e

d e s c r i p t i o n l a n g u a g e s .

• S i m u l a t i o n q u i t e s l o w .

• H i g h - L e v e l S y n t h e s i s i s a n

a l t e r n a t i v e .

• F a s t e r t e s t i n g t h r o u g h e x e c u t i o n .
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Motivation for Formal Verification

H i g h - l e v e l s y n t h e s i s i s o f t e n q u i t e u n r e l i a b l e :

• W e f u z z e d H L S t o o l s ( H e r k l o t z e t a l . [ 2 0 2 1 ] ) a n d f o u n d t h e y f a i l e d o n

s i m p l e r a n d o m t e s t c a s e s .

T o o l R u n - t i m e e r r o r s

V i v a d o H L S 1 . 2 3 %

I n t e l i + + 0 . 4 %

B a m b u 0 . 9 . 7 - d e v 0 . 3 %

L e g U p 4 . 0 0 . 1 %
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Solution

C l i g h t · · · C m i n o r S e l 3 A C L T L a a r c h 6 4

x 8 6

· · ·

· · ·

H T L V e r i l o g

C o m p C e r t

V e r i c e r t
R A M

i n s e r t i o n

U s e C o m p C e r t , a f u l l y v e r i fi e d C c o m p i l e r , a n d a d d a n H L S b a c k e n d .
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Solution

C l i g h t · · · C m i n o r S e l 3 A C L T L a a r c h 6 4

x 8 6

· · ·

· · ·

H T L V e r i l o g

C o m p C e r t

V e r i c e r t
R A M

i n s e r t i o n

S u p p o r t f o r : a l l c o n t r o l fl o w , fi x e d p o i n t , n o n - r e c u r s i v e f u n c t i o n s a n d l o c a l

a r r a y s / s t r u c t s / u n i o n s .
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Outline

E x a m p l e

V e r i fi c a t i o n

R e s u l t s

7



Example: 3AC

int main() {

int x[2] = {3, 6};

int i = 1;

return x[i];

}

• E x a m p l e o f a v e r y s i m p l e

p r o g r a m p e r f o r m i n g l o a d s

a n d s t o r e s .
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Example: 3AC

• T h r e e a d d r e s s c o d e ( 3 A C )

i n s t r u c t i o n s a r e r e p r e s e n t e d

a s a c o n t r o l - fl o w g r a p h ( C F G ) .

• E a c h i n s t r u c t i o n l i n k s t o t h e

n e x t o n e .

main() {

x5 = 3

int32[stack(0)] = x5

x4 = 6

int32[stack(4)] = x4

x1 = 1

x3 = stack(0) (int)

x2 = int32[x3 + x1 * 4 + 0]

return x2

}
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HTL Overview

T h e r e p r e s e n t a t i o n o f t h e fi n i t e s t a t e - m a c h i n e w i t h d a t a p a t h i s a b s t r a c t a n d

c a l l e d H T L .

Definition datapath := Z+ 7→ Verilog.stmnt

Definition controllogic := Z+ 7→ Verilog.stmnt
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Translation (3AC→ HTL)

T r a n s l a t i o n f r o m c o n t r o l - fl o w g r a p h i n t o a fi n i t e s t a t e - m a c h i n e w i t h

d a t a p a t h .

• C o n t r o l - fl o w i s t r a n s l a t e d i n t o a fi n i t e s t a t e - m a c h i n e .

• E a c h 3 A C i n s t r u c t i o n s t r a n s l a t e d i n t o e q u i v a l e n t V e r i l o g s t a t e m e n t s .

• C a l l s t a c k i m p l e m e n t e d a s V e r i l o g a r r a y .

• P o i n t e r s f o r l o a d s a n d s t o r e s t r a n s l a t e d t o a r r a y a d d r e s s e s .

• B y t e a d d r e s s e d t o w o r d a d d r e s s e d .

1 0
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Memory Inference Pass

• A n H T L → H T L t r a n s l a t i o n r e m o v e s l o a d s a n d s t o r e s .

• R e p l a c e d b y a c c e s s e s t o a p r o p e r R A M .

stack[reg_5 / 4]

b e c o m e s

u_en <= ( ~ u_en);

wr_en <= 0;

addr <= reg_5 / 4;

1 1
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Translation (HTL→ Verilog)

module main(reset, clk, finish, return_val);
input [0:0] reset, clk;
output reg [0:0] finish = 0;
output reg [31:0] return_val = 0;
reg [31:0] reg_3 = 0, addr = 0, d_in = 0,

reg_5 = 0, wr_en = 0,
state = 0, reg_2 = 0,
reg_4 = 0, d_out = 0, reg_1 = 0;

reg [0:0] en = 0, u_en = 0;
reg [31:0] stack [1:0];
// RAM interface
always @(negedge clk)

if ({u_en != en}) begin
if (wr_en) stack[addr] <= d_in;
else d_out <= stack[addr];
en <= u_en;

end

• F i n a l l y , t r a n s l a t e t h e F S M D

i n t o V e r i l o g .

• T h i s i n c l u d e s a R A M i n t e r f a c e .

• D a t a p a t h i s t r a n s l a t e d i n t o a

c a s e s t a t e m e n t .

• R A M l o a d s a n d s t o r e s

a u t o m a t i c a l l y t u r n o ff R A M .

• C o n t r o l l o g i c i s t r a n s l a t e d i n t o

a n o t h e r c a s e s t a t e m e n t w i t h

a r e s e t .

1 2
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Translation (HTL→ Verilog)

// Data-path
always @(posedge clk)

case (state)
32'd11: reg_2 <= d_out;
32'd8: reg_5 <= 32'd3;
32'd7: begin
u_en <= ( ~ u_en); wr_en <= 32'd1;
d_in <= reg_5; addr <= 32'd0;

end
32'd6: reg_4 <= 32'd6;
32'd5: begin
u_en <= ( ~ u_en); wr_en <= 32'd1;
d_in <= reg_4; addr <= 32'd1;

end
32'd4: reg_1 <= 32'd1;
32'd3: reg_3 <= 32'd0;
32'd2: begin
u_en <= ( ~ u_en); wr_en <= 32'd0;
addr <= {{{reg_3 + 32'd0} + {reg_1 * 32'd4}} / 32'd4};

end
32'd1: begin finish = 32'd1; return_val = reg_2; end
default: ;

endcase

• F i n a l l y , t r a n s l a t e t h e F S M D

i n t o V e r i l o g .

• T h i s i n c l u d e s a R A M i n t e r f a c e .

• D a t a p a t h i s t r a n s l a t e d i n t o a

c a s e s t a t e m e n t .

• R A M l o a d s a n d s t o r e s

a u t o m a t i c a l l y t u r n o ff R A M .

• C o n t r o l l o g i c i s t r a n s l a t e d i n t o

a n o t h e r c a s e s t a t e m e n t w i t h

a r e s e t .
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Translation (HTL→ Verilog)

// Data-path
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Translation (HTL→ Verilog)

// Control logic
always @(posedge clk)

if ({reset == 32'd1}) state <= 32'd8;
else case (state)

32'd11: state <= 32'd1; 32'd4: state <= 32'd3;
32'd8: state <= 32'd7; 32'd3: state <= 32'd2;
32'd7: state <= 32'd6; 32'd2: state <= 32'd11;
32'd6: state <= 32'd5; 32'd1: ;
32'd5: state <= 32'd4; default: ;

endcase
endmodule
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V e r i fi c a t i o n
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Verilog Semantics (Adapted from Lööw et al. (2019))

• T o p - l e v e l s e m a n t i c s a r e s m a l l - s t e p o p e r a t i o n a l s e m a n t i c s .

• A t e a c h c l o c k t i c k , t h e w h o l e m o d u l e i s e x e c u t e d u s i n g b i g - s t e p

s e m a n t i c s .
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Main Challenges in Proof

T r a n s l a t i o n o f m e m o r y m o d e l

A b s t r a c t / i n fi n i t e m e m o r y m o d e l t r a n s l a t e d i n t o c o n c r e t e / fi n i t e R A M .

I n t e g r a t i o n o f V e r i l o g S e m a n t i c s

• V e r i l o g s e m a n t i c s d i ff e r s f r o m C o m p C e r t ’ s m a i n a s s u m p t i o n s o f

i n t e r m e d i a t e l a n g u a g e s e m a n t i c s .

• A b s t r a c t v a l u e s l i k e t h e p r o g r a m c o u n t e r n o w c o r r e s p o n d t o v a l u e s i n

r e g i s t e r s .
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The bad news: with division approximately 27× slower
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The better news: without division about 2× slower
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Fuzzing Vericert with Csmith

F u z z e d V e r i c e r t w i t h C s m i t h t o c h e c k c o r r e c t n e s s t h e o r e m .

T o o l R u n - t i m e e r r o r s

V i v a d o H L S 1 . 2 3 %

I n t e l i + + 0 . 4 %

B a m b u 0 . 9 . 7 - d e v 0 . 3 %

L e g U p 4 . 0 0 . 1 %
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Fuzzing Vericert with Csmith

F u z z e d V e r i c e r t w i t h C s m i t h t o c h e c k c o r r e c t n e s s t h e o r e m .

T o o l R u n - t i m e e r r o r s

V i v a d o H L S 1 . 2 3 %

I n t e l i + + 0 . 4 %

B a m b u 0 . 9 . 7 - d e v 0 . 3 %

L e g U p 4 . 0 0 . 1 %

V e r i c e r t 0 . 0 3 % 0 %
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Conclusion

W r i t t e n a f o r m a l l y v e r i fi e d h i g h - l e v e l s y n t h e s i s t o o l i n C o q b a s e d o n

C o m p C e r t .

• H L S t o o l p r o v e n c o r r e c t i n C o q b y p r o v i n g t r a n s l a t i o n o f C F G i n t o F S M D .

• S m a l l o p t i m i s a t i o n s i m p l e m e n t e d s u c h a s R A M I n f e r e n c e .

• P e r f o r m a n c e w i t h o u t d i v i s i o n s c o m p a r a b l e t o L e g U p w i t h o u t

o p t i m i s a t i o n s .

F u t u r e W o r k

M a k e V e r i c e r t n o t o n l y c o r r e c t , b u t c o m p e t i t i v e .

• I m p l e m e n t s c h e d u l i n g a n d r e s o u r c e s h a r i n g .

• A d d e x t e r n a l m o d u l e s u p p o r t .

• A d d g l o b a l v a r i a b l e s u p p o r t .
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Thank you

D o c u m e n t a t i o n

https://vericert.ymhg.org

G i t H u b

https://github.com/ymherklotz/vericert

O O P S L A ’ 2 1 P r e p r i n t

https://ymhg.org/papers/fvhls_oopsla21.pdf
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