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“Unifying Static and Dynamic Intermediate 
Languages for Accelerator Generators”
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“
Accelerator Generators”

-  Compiler for hardware accelerator design
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“  Static and Dynamic Intermediate 
Languages ”

- ILs have two paradigms (static and dynamic) 
with expressiveness/efficiency trade-offs  
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“Unifying 
”

- We apply semantic refinement to fluidly unify 
these two styles, allowing us to build compilers 
that can do things that neither style can do 
alone. 
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Let’s build a compiler!



Toy Language: (simple) math expressions on 
integers
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((a+b)×c)÷d
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((a+b)×c)÷d

× ÷+
a

b
c d
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× ÷+
a

b
c d

Structure (✓)
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× ÷+
a

b
c d

Timing (X)Structure (✓)
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× ÷+
a

b
c d

Timing 
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× ÷+
a

b
c d

Dynamic (Latency-Insensitive) Interfaces
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× ÷+
a

b
c d

Dynamic (Latency-Insensitive) Interfaces

valid valid valid
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× ÷+
a

b
c d

Dynamic (Latency-Insensitive) Interfaces

ready
valid

ready
valid validready
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b
c d

Dynamic (Latency-Insensitive) Interfaces

ready
valid

ready
valid validready

18

Simple, Modular



+
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+

Always Takes 
1 Cycle!
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× ÷+
a

b
c d

ready
valid

ready
valid validready

21



× ÷+
a

b
c d

Static (Latency-Sensitive) Interfaces

ready
validwait 1 

cycle
valid
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× ÷+
a

b
c d

Static (Latency-Sensitive) Interfaces

ready
validwait 1 

cycle
valid
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Eliminate ready/valid wiring, ↑ efficiency



×

Always Takes 
3 Cycles!
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× ÷+
a

b
c d

Static (Latency-Sensitive) Interfaces

wait 1 
cycle

wait 3 
cycles

valid
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x

÷

Input-
Dependent 

Timing

1 to 32 Cycles
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× ÷+
a

b
c d

wait 1 
cycle

wait 3 
cycles

wait 
32 

cycles
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× ÷+
a

b
c d

wait 1 
cycle

wait 3 
cycles

wait 
32 

cycles

Too Conservative, 
Wastes Cycles
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× ÷+
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b
c d

wait 1 
cycle

wait 3 
cycles

valid
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Recap: So Many Choices!
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Recap: So Many Choices!
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Dynamic Only



Recap: So Many Choices!
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Dynamic Only

Static Only



Recap: So Many Choices!
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Dynamic Only

Static Only

Mixed Static Dynamic 
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Key Idea #1: Two paradigms 
(static and dynamic) for 
hardware compiler IRs with 
severe trade-offs 



Recap: So Many Choices!
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Recap: So Many Choices!

... just for ((a+b)×c)÷d !
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→

What about “real” languages?
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→

What about “real” languages?
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Compiler IR

What about “real” languages?



Static and dynamic compiler IRs 
live in separate worlds
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Static and dynamic compiler IRs 
live in separate worlds

Dynamic 
Computation

41

Static
Computation



Static and dynamic compiler IRs 
live in separate worlds

Dynamic 
Computation

val/rdy
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Static
Computationrdy/val



Static and dynamic compiler IRs 
live in separate worlds

... 
static_computation()
... 

val/rdy
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Static
Computationrdy/val



Dynamic 
Computation

val/rdy
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Static
Computationrdy/val

Compiler developers must maintain 2 IRs



Dynamic 
Computation

val/rdy

45

Static
Computationrdy/val

Optimizations must analyze and 
transform 2 IRs



Dynamic 
Computation

val/rdy
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Static
Computationrdy/val

Global optimizations are limited by the 
static-dynamic boundary



Summary: Existing Compilers

47

Stratified 
Static-Dynamic



Summary: Existing Compilers
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Static
Only

Dynamic
Only

Stratified 
Static-Dynamic
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Key Idea #2: Existing compilers 
IRs stratify static and dynamic 
sections into separate 
languages/representations



Our work: unifying static and 
dynamic compiler IRs
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Our work: unifying static and 
dynamic compiler IRs 
through semantic refinement
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Semantic Refinement
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Semantic Refinement

53

“P refines Q iff P allows a subset 
of the behaviors that Q allows.”
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≈≈

Static

Dynamic

static refines dynamic
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dynamic 55
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≈≈

Static

Dynamic

static refines dynamic
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≈≈

Static

Dynamic

static refines dynamic separate behaviors

Dynamic

Static
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Dynamic 
Language

Static 
Language

Unified 
Static-

Dynamic
Language



Our work builds on a purely dynamic language
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Dynamic 

61

wires {
  group do_add {
    add.left = a;
    add.right = b;
    do_add[done] = add.done;
  }
  group do_mult {
    mult.left = add.out;
    mult.right = c; 
    do_mult[done] = mult.done;
  }
  group do_div {
    div.go = 1;
    div.left = mult.out;
    div.right = d;
    do_div[done] = div.done;
  }
}
control {
    seq {
      seq { do_add; do_mult; }
      do_div;
    }
  }
}



Dynamic 
+ 
Static

wires {
  static<1> group do_add {
    add.left = a;
    add.right = b;
    do_add[done] = add.done;
  }
  static<3> group do_mult {
    mult.left = add.out;
    mult.right = c; 
    do_mult[done] = mult.done;
  }
  group do_div {
    div.go = 1;
    div.left = mult.out;
    div.right = d;
    do_div[done] = div.done;
  }
}
control {
    seq {
      static seq { do_add; do_mult; }
      do_div;
    }
  }
} 62

wires {
  group do_add {
    add.left = a;
    add.right = b;
    do_add[done] = add.done;
  }
  group do_mult {
    mult.left = add.out;
    mult.right = c; 
    do_mult[done] = mult.done;
  }
  group do_div {
    div.go = 1;
    div.left = mult.out;
    div.right = d;
    do_div[done] = div.done;
  }
}
control {
    seq {
      seq { do_add; do_mult; }
      do_div;
    }
  }
}
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Dynamic 
+ 
Static
=
Unification
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Key Idea #3: Our work uses the 
idea of semantic refinement to 
unify static and dynamic sub-
languages
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Concrete benefits of unification?



Background: Calyx
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((a+b)×c)/d



((a+b)×c)/d

add

div

b

a

mult1

c

out

d
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((a+b)×c)/d

add

div

b

a

mult1

c

out

d
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group do_add {

}  

add

div

b

a

mult1

c

out

d



71

group do_add {
  add.left = a;
  add.right = b;

}  

add

div

b

a

mult1

c

out

d
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group do_add {
  add.left = a;
  add.right = b;
  do_add[done] = add.done;
}

add

div

b

a

mult1

c

out

d
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group do_add {
  add.left = a;
  add.right = b;
  do_add[done] = add.done;
}

add

div

b

a

mult1

c

out

d

Dynamic Interface



add

div

b

a

mult1

c
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out

group do_add {
  add.left = a;
  add.right = b;
  do_add[done] = add.done;
}

dgroup do_mult {…}

group do_div {…}



add

div

b

a

mult1

c
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out

d

control {
  seq {
 

  
  
  } 
} 



add

div

b

a

mult1

c

76

out

d

control {
  seq {
 

  
  
  } 
} 

Also  par, while, if



Piezo is a set of lightweight extensions to 
Calyx which introduce static interfaces
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group do_add {
    add.left = a;
    add.right = b;
    do_add[done] = add.done;
}
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group do_add {
    add.left = a;
    add.right = b;
    do_add[done] = add.done;
}

static<1> group do_add {
    add.left = a;
    add.right = b;
}
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group do_add {
    add.left = a;
    add.right = b;
    do_add[done] = add.done;
}

static<1> group do_add {
    add.left = a;
    add.right = b;
}

do_add takes 1 
cycle



par {…}

seq {…} 

while cond {…} 

if {…}
81



par {…}

seq {…} 

while cond {…} 

if {…}
82

static par {…}

static seq {…} 

static repeat n {…} 

static if {…}



par {…}

seq {…} 

while cond {…} 

if {…}
83

static par {…}

static seq {…} 

static repeat n {…} 

static if {…}

adding static keyword refines dynamic control  



par {…}

seq {…} 

while cond {…} 

if {…}
84

static par {…}

static seq {…} 

static repeat n {…} 

static if {…}



par {…}

seq {…} 

while cond {…} 

if {…}
85

static par {…}

static seq {…} 

static repeat n {…} 

static if {…}



par {…}

seq {…} 

while cond {…} 

if {…}
86

static par {…}

static seq {…} 

static repeat n {…} 

static if {…}

no <n> annotation 



par {…}

seq {…} 

while cond {…} 

if {…}
87

static par {…}

static seq {…} 

static repeat n {…} 

static if {…}

no <n> annotation 
→ latency inferred by compiler



par {…}

seq {…} 

while cond {…} 

if {…}
88

static par {…}

static seq {…} 

static repeat n {…} 

static if {…}

no <n> annotation 
→ latency inferred by compiler
→ all “child” control is static
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Dynamic “ocean” with static “islands”



control {
  seq {
 A;

 
  D;

  }  
} 

90

Dynamic “ocean” with static “islands”
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Dynamic “ocean” with static “islands”
control {
  seq {
 A;

  static par {
    B;
    C;
  }
  D;

  }  
} 



control {
  seq {
 A;

  static par {
    B;
    C;
  }
  D;

  }  
} 

92

y

z
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y

z

control {
  seq {
 

  static par {
    
  
  }
  

  } 
} 



y

z

control {
  seq {
 

  static par {
    
  
  }
  

  } 
} 
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registers 
y and z



y

z
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control {
  seq {
 

  static par {
    
  
  }
  

  } 
} 

z’s live range

y

z
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y’s live 
range



control {
  seq {
 

  static par {
    
  
  }
  

  } 
} 

z’s live range
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y

y’s live 
range



control {
  seq {
 

  static par {
    
  
  }
  

  } 
} 

z’s live range
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y’s live 
range

Sharing reduces 
resource usage



control {
  seq {
 

  static par {
    
  
  }
  

  } 
} 

z’s live range
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y’s live 
range

Analysis trivially 
spans static and 
dynamic code 



control {
  seq {
 

  static par {
    
  
  }
  

  } 
} 

z’s live range

100

y

y’s live 
range

Register shared 
between static 
and dynamic 
regions



Reminder: Unclear how to accomplish this in a 
stratified IR

Dynamic 
Computation

val/rdy

101

Static
Computationrdy/val
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Key Idea #4: Unification lets 
you write compiler 
optimizations that were 
difficult or impossible before 



Evaluation

103



Your Next 
Language
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Your Next 
Language

105

Piezo



Your Next 
Language
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Piezo



Your Next 
Language

107

Piezo
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Piezo



Performance (Cycle Count)
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Area (LUT)
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Recap
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Key Idea #2: Existing compilers IRs stratify static and dynamic 
sections into separate languages/representations

Key Idea #1: Two paradigms (static and dynamic) for hardware 
compiler IRs with severe trade-offs 

Key Idea #3: Our work uses the idea of semantic refinement to 
unify static and dynamic sub-languages

Key Idea #4: Unification lets you write compiler optimizations 
that were difficult or impossible before 



Another Optimization
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seq {A; B; C; D;}



113

seq {A; B; C; D;}

group A {
  reg.in = 10;
  reg.write_en = 1;
  A[done] = reg.done;
}
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seq {A; B; C; D;}

group A {
  reg.in = 10;
  reg.write_en = 1;
  A[done] = reg.done;
}

Always takes 1 
cycle
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seq {A1; B; C; D;}

static<1> group A {
  reg.in = 10;
  reg.write_en = 1;
}
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seq {A1; B; C; D;}

static<1> group A{
  reg.in = 10;
  reg.write_en = 1;
}

Promotion
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seq {A1; B; C; D;}
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seq {A1; B10; C1; D10;}
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seq22 {A1; B10; C1; D10;}
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seq22 {A1; B10; C1; D10;}

Dependency Graph
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par11 {
 seq11 {A1;D10;}
 seq11 {B10;C1;}
}

Dependency Graph
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par11 {
 seq11 {A1;D10;}
 seq11 {B10;C1;}
}

Compaction
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seq {A; B; C; D;}
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seq {A; B; C; D;}

par11 {
 seq11 {A1;D10;}
 seq11 {B10;C1;}
}
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seq {A; B; C; D;}

par11 {
 seq11 {A1;D10;}
 seq11 {B10;C1;}
}

Refinement
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seq {A; B; C; D;}

par11 {
 seq11 {A1;D10;}
 seq11 {B10;C1;}
}

Refinement
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seq {A; B; C; D;}

par11 {
 seq11 {A1;D10;}
 seq11 {B10;C1;}
}

Refinement



How does this unified approach help us? 

128


	Slide 1: Unifying Static and Dynamic Intermediate Languages for Accelerator Generators
	Slide 2
	Slide 3: -  Compiler for hardware accelerator design
	Slide 4: - ILs have two paradigms (static and dynamic) with expressiveness/efficiency trade-offs  
	Slide 5: - We apply semantic refinement to fluidly unify these two styles, allowing us to build compilers that can do things that neither style can do alone. 
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10: ((a+b)×c)÷d
	Slide 11: ((a+b)×c)÷d
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36: ... just for ((a+b)×c)÷d !
	Slide 37
	Slide 38
	Slide 39: Compiler IR
	Slide 40: Static and dynamic compiler IRs  live in separate worlds
	Slide 41: Static and dynamic compiler IRs  live in separate worlds
	Slide 42: Static and dynamic compiler IRs  live in separate worlds
	Slide 43: Static and dynamic compiler IRs  live in separate worlds
	Slide 44: Compiler developers must maintain 2 IRs
	Slide 45: Optimizations must analyze and transform 2 IRs
	Slide 46: Global optimizations are limited by the static-dynamic boundary
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Slide 51
	Slide 52: Semantic Refinement
	Slide 53: Semantic Refinement
	Slide 54
	Slide 55
	Slide 56
	Slide 57
	Slide 58
	Slide 59
	Slide 60: Our work builds on a purely dynamic language
	Slide 61: Dynamic  
	Slide 62: Dynamic  +  Static
	Slide 63: Dynamic  +  Static = Unification
	Slide 64
	Slide 65
	Slide 66: Background: Calyx
	Slide 67
	Slide 68
	Slide 69
	Slide 70
	Slide 71
	Slide 72
	Slide 73
	Slide 74
	Slide 75
	Slide 76
	Slide 77: Piezo is a set of lightweight extensions to Calyx which introduce static interfaces
	Slide 78
	Slide 79
	Slide 80
	Slide 81
	Slide 82
	Slide 83
	Slide 84
	Slide 85
	Slide 86
	Slide 87
	Slide 88
	Slide 89: Dynamic “ocean” with static “islands”
	Slide 90
	Slide 91
	Slide 92
	Slide 93
	Slide 94
	Slide 95
	Slide 96
	Slide 97
	Slide 98
	Slide 99
	Slide 100
	Slide 101: Reminder: Unclear how to accomplish this in a stratified IR
	Slide 102
	Slide 103: Evaluation
	Slide 104
	Slide 105
	Slide 106
	Slide 107
	Slide 108
	Slide 109: Performance (Cycle Count)
	Slide 110: Area (LUT)
	Slide 111: Recap
	Slide 112: Another Optimization
	Slide 113
	Slide 114
	Slide 115
	Slide 116
	Slide 117
	Slide 118
	Slide 119
	Slide 120
	Slide 121
	Slide 122
	Slide 123
	Slide 124
	Slide 125
	Slide 126
	Slide 127
	Slide 128: How does this unified approach help us? 

