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A TYPICAL HARDWARE DEVELOPMENT FLOW CS|E:
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How do existing statically and dynamically typed HDLs
accelerate design iterations in this flow?
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STATICALLY TYPED HDLS: STATIC CORRECTNESS GUARANTEES CS|E:

function |[Bit#(TAdd#(n,1))] adder(
Bit#(n) a, Bit#(n) b
)i

= Static type checking of generators

¢ VerllOg Only CheCkS Instances Bit#(n) sum; Bit#(TAdd#(n,1)) carry = 0;
for (Integer i = 0; i<valueOf(n); i=i+1)

1
2
3
4
. . 5
* proves generator invariants across 6  begin
7
8
9
0
1

. Bit#(2) tmp = full_adder(al[i], b[i], carry[il]);
for all possible parameters earryLi#i] = tholids sunCil = tmeLads

end

return |{carry[valueOf(n)], sum}
endfunction

* promotes high-quality generators
for better design reuse :

An Adder Generator in Bluespec with
Static Correctness Guarantee on Matching Bitwidths

Hardware Hardware Simulation Outputs
Generators Instances tp
top: TH(32,2)
: Test Pass?
Adder (width) -
: . [FoP-muxl top . adder| giiation Test Fail?
Elaboration o
TH(width, N) —|) 32 Test Coverage?
—_— —> e .
er_igh — Formal Elapsed Time?
5 orm:
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DYNAMICALLY TYPED HDLS: PRODUCTIVE TESTING AND VERIFICATION CS|E:

class ValeyPropertyGen(BasePass):
def apply (s,
for ifc in m.get_lnterfaces():

if isinstance (1fc, OsStreamlfc):
s.gen_val_stable_until_rdy(ifc)

= Using PyMTL3 as an example
* Polymorphic test harness

» Enables reuse of simulation setup and TB

* Automatic property generation
» Enables automatic, blackbox verification

h B W =

assert property (
val |=> ($stable(val)
s until with rdy)

) ; Automatic Property Generation

class PolyTestHarness: through Reflection

1

2 def __init_ (s, m, test_vectors, ifunc, ofunc):

3 m.apply(DefaultPassGroup())

4 m.sim_reset ()

5 for t in test_vectors: Hard Hard

6 ifunc(m, t) araware ardware 3 .

7 m.sim_eval_combinational () A Polvmorbhic Test Generators Instances Simulation Outputs
8 ofunc(m, t) Yy Y

9 rp.sim_tick() Harness with top: TH(32,2) ]

10 print ("Test Passed!") . Adder (width) top.muxl Test Pass?

1 Customizable Input T (widon, ) | Elaboration top.adder| gimylation ~ Test Fail?

12 th = PolyTestHarness ( . — _3/1 Test Coverage?
13 RegAdder (), [ and Output Functions _’Dmdth — Formal Elapsed Time?
14 ( 3 5 Lied L) -> omal  Haydware Perf?
15 ( 1: 42: 8): 7\ widen —] 33, Verlﬁcauonsignal Toggles?
16 ( 10, 8, 43), D . Exceptions?
17 ( 0, 0, 18), top.mux2

18 ] .

9  lambda m, t: (assign(m.a, t[0]), assign(m.b, t[11)), Bug Fixes and Feature Development |

20 lambda m, t: assert_eg(m.out, t[2]) if t[2] != "?" else None)

|:| Statically Typed [ | Dynamically Typed
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THE BEST OF BOTH WORLDS: GRADUALLY TYPED HDLS CS|E:

Statically Typed Gradually Typed Dynamically Typed
HDLs HDLs HDLs

+ Static correctness + Static correctness guarantees + High testing/verification
guarantees on productivity
generators + High testing/verification

productivity - No static correctness
+ Fast simulation guarantees

+ Disciplined mixed-typed
- Limited component composition - Slow simulation
testing/verification
productivity + Simulation performance

optimizations
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GT-HDLs: STATIC TYPE CHECKS ON HARDWARE GENERATORS CS|i:

= Using PyMTL3 as an example

* Leverage Python type annotation
syntax to annotate bitwidths

* Translate the bitwidth equivalence
invariant into integer constraints

* Use SMT solvers to prove or
disprove the invariant

Co~1 WU W DN

o

10
11
12

13
14

15
16

T_Adder = TypeVar("T_Adder", bound=Bits)
class Adder(Component, Generic[T_Adder]):
def __init__(s, Width: Typel[T_Adder]) -> None:

def construct(s, Width: Type[T_Adder]) -> None:

get_nbits(Width)
a

nd s.b have type Signal[T_Adder]
InPort(Width)

n
#
S.
S InPort(Width)

Inmn w

=
a
.b

# s.out has type Signal[Bits]
s.out = QutPort(mk_bits(n+1))

@Qupdate
def upblk() -> None:

# concat argl: Signal[Bits1]
# concat arg2: Signal [T_Adder]

# concat(s.carry[n] s . sum): Signal[Bits]

LHS: n + 1 (from signal definition) <
RHS: 1 + n (from semantics of concat and signal definition)

not ((n+l) == (1+n)) for an integer variable n

s.out @= concat(s.carry[n], s.sum)
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GT-HDLSs: SAFE MIXED-TYPED COMPONENT COMPOSITION CS|E:

" The Mixed-Typed Composition Challenge

i |IDiv s
e Statically typed components expect well- @ _ D @

typed inputs m DCTZ J ?E
» errors could propagate long past the origin |3/ | ) :f{% : = ;
given ill-typed inputs Em = HE T % | 2
= Elaboration-time guards g P B F

e generators check the given parameters >l W
agalnst annOtatIOHS --------- Boundary [_]Dyn.Typed [ Static. Typed (1)~ (3 Dyn. Checks

A Mixed-Typed Component Composition with Statically

u Si mu |ati0 n'ti me gu d rd S Typed DUT (divider) and Dynamically Typed Test Bench

* signal assignments check the given values
against its type
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GT-HDLS: TYPE-BASED PERFORMANCE OPTIMIZATIONS CS|E:

= Example: signal coalescing * Optimized
* A net data structure is used to * references instead of assignments;
represent signal connections e assignments still used when

* Unoptimized: each writer-reader pair simulation guards are required
needs an assignment every cycle

O rd0 O 1d0 A—®
A net structure of one (1) WrI O rdl WrI O rd] s1gnz;; a(s@sigiment
O rd0 driver and five (5) readers. Five O rd2 -
assignments are needed in @B
WT O rd] every simulated cycle to O rd3 reference
implement the net behavior. B=A
O rd2 rds (O Static. Typed
The unoptimized simulator Before After L ype
O rd3 uses assignment because Signal Coalescing Signal Coalescing O Dyn. Typed
that’s where the simulation-
rd4 time checks happen.
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CONCLUSION CS|E:

Hardware Hardware Simulation Output
Generators Instances imulation Uuiputs

top: TH(32,2)

Add :dth Test Pass?
or (Wdth) top-muxl top.adder| gimulation =~ Test Fail?

Statically Typed Gradually Typed  Dynamically Typed T i —»D 32 MM rest Coverage?

—>Nwidth — Elapsed Time?
N. —>
—_—

> | Fomal Hard Perf?
H D LS H D LS H D LS —>Nwidth =] — _3,& Verification S iagrn awla rTeoggelre s?
N_)D == - Exceptions?
t

top.mux2
[ ] Statically Typed [ | Dynamically Typed

+ Static correctness guarantees

ené) IDiv o |
—1 IDivCtrl -
o o oo . rdy: I 3 rdy @
+ High testing/verification o | [DivDpath - ,es,?_n;gé
productivity 3 - ] &
e N =R e < <<2 + 7
3 - T =
o 0. ng . F i _ <07 =y =
+ Disciplined mixed-typed = W%l?é}»g _ 2
o 5[ W8 A
component composition z B 2| %
ﬁ i é —& >>1 = [I&3 =
e
+ Simulation performance el w
optimizations ]

......... Boundary Dyn. Typed [ Static. Typed (1) ~ @ Dyn. Checks
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