QX RABAavYlLoGic

From Math to Hardware

Jan Kuper
QBayLogic, Enschede, The Netherlands

ASCI Spring School 2017
Soesterberg
May 29, 2017

ASCI Spring School 2017 CXaSH 1/35



Introduction @L—\J Locie

— CPUs hardly any development
— FPGAs on the rise
— CAaSH: Haskell = VHDL /Verilog
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Introduction @L—d Locie

— CPUs hardly any development
— FPGAs on the rise
— CAaSH: Haskell = VHDL /Verilog

— Signs of development: by now there are users of CAaSH who
use it for production ... but they all want to keep their names
confidential.

They are big, world wide companies (search engines,
networking, high frequency trading, car automation, ...)
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Introduction @L—d Locie

— Ripple Carry adder
— Processor
— PID controller

— Transformations

— Examples: Cochlea Membrane, Adaptive Cruise Control, Slam
algorithm, N-Queens, Processors, PID controllers, Tunnelling
Ball Device

— Elementary architectures: adders, multipliers
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Languages and architectures [ wsavlosic

Imp. Lang. Func. Lang.
CPU FPGA
ALU Logic gates
Assembly Circuits
Program counter Registers
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@L‘\J Losic

Ripple Carry Adder
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Logic Gates [ wsavlosic
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Logic Gates
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Half Adder
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Half Adder @m Losic
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Locie

(Al

Full adder
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Full adder @L—\J Losic
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Ripple Carry Adder [ osavlosic

Xo0Yo xX1y1 X2 Y2 X3y3

-

fac(x,y) = (c,s)

rca xs ys =
where
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Locie

itn a—O—(O—EO—OH—— = fx=z z=1f"x z=itnf xn
itnscan a ~(OEO~OO+E) fx=z z5=f" x zs = jtnscan f x n
noon om o on onm
X x X x3 X
Yoo 4 -
map (? (? (? (? (? fx=z zs=f xs zs =map f xs
n n nm oz oz
XY XYL XeY2 XaYs Xava
td
zipWith X *xy=>2z |25=Xs*%Yys zs = zipWith (%) xs ys
0 a n oz
X X1 X X3 X
foldl b4 axx=ad |w=a®xs w = foldl (x) a xs
=~
X0 X1 X2 X3 X4
, Voo 2% x= 4 — ’
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Ripple Carry Adder [ osavlosic

Xo0Yo xX1y1 X2 Y2 X3y3

-

fac(x,y) = (c,s)

rcaxsys =
where
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Ripple Carry Adder

Xo)@ x1)q X2 Y2 X3y3

H

ﬁﬂw .

S3

fac(x,y) = (c,s)

rcaxsys = Cg:Ss
where
Xys = ZzIp XS ys
(co,ss) = mapAccumR fa 0 xys
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Ripple Carry Adder [ osavlosic

SR
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HPC Example: Heat Diffusion [ @sarLosic
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HPC Example: Heat Diffusion [Aeearlosic

Problem:

Calculate temperature T(t, x) for all time t > 0 and for
each position x € [a, b].

. ——— ——— —

Simplifications:

— One dimensional

Temperatures of endpoints constant

No external influences

Endpoints constant temperature
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Heatflow: Mathematics = Discretization
Specification:

Definitions:

% —a-V2T(t,x) =0

AT (t,x)
ot

@ mBaylLosic

(0t, V: diff. operators
w.r.t. time, space)
. T(t+At,x)—T(t,
= limaso X X,)f (£:)
. T(t,x—Ax)—2T(t,x)+ T(t,x+A
V2T (t,x) = limaxso (tx—Ax) (A(X)f) (toctAx)
Take At, Ax small, = te = k-At, x; = a+i-Ax:
T(terr ) =T(tx) o T(toXi—1) =27 (tioxi) + T (te,Xi41)
At = (Bx)?
Write 77, 7/ for T(tk, x;), T(tkt1,x;), define ¢ = ﬁ:
ASCI Spring School 2017
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Aggregation

next ts

I;}\r;IQBAYLEIEiID

[£s110] ++

map ¢ (triples ts)

++ [tslin] |
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Aggregation @QBAYLDEID

next ts = [ts!l0] ++ map ¢ (triples ts) ++ [ts!!n]J

o = = E E 9Dae
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Processor derivation [ osavlosic

ty t tr

ft (tL,tR) =t + ¢ * (tL -2+t + tR)
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Processor derivation [ osavlosic

Comp Mul (C2) (A1) 0
Comp Sub (A 0) (Reg) 0
Comp Add (Reg) (A 2) 0
Comp Mul (C c) (Reg) 0
Comp Add (A 1) (Reg) o

ft (tL,tR) =t + ¢ * (tL -2+t + tR)
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Processor derivation

Comp Mul (C2) (A1) 0
Comp Sub (A 0) (Reg) 0
Comp Add (Reg) (A 2) 0
Comp Mul (C c) (Reg) 0
Comp Add (A 1) (Reg) o

ft (tL,tR) =t + ¢ * (tL -2+t + tR)
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data Data

data Opc

data Instr

——n

@ QBavLosic

Addr Int
Const Int
Reg

Add
Mul
Sub
Nop

Comp Opc Data Data
Read
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Processor derivation [ osavlosic

Addr Int
Const Int
Reg

data Data

——n

Comp Mul (C2) (A1) 0

Add
Mul
Sub
Nop

data Opc
Comp Sub (A 0) (Reg) 0

Comp Add (Reg) (A 2) f0 data Instr = E:ms Opc Data Data
a

Comp Mul (C c) (Reg) o

progd = [ Comp Mul (Const 2) (Addr 1)
, Comp Sub (Addr @) Reg
Comp Add (A 1) (Reg) f0 , Comp Add Reg (Addr 2)
, Comp Mul (Const c) Reg
, Comp Add (Addr 1) Reg
1

ft (tL,tR) =t + ¢ * (tL -2+t + tR)
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@ QBavLosic

progd = [ Comp Mul (Const 2) (Addr 1)
, Comp Sub (Addr @) Reg

Comp Mul (C2) (A 1) 0 Comp Add Reg (Addr 2)
Comp Mul (Const c) Reg
Comp Add (Addr 1) Reg

Comp Sub (A 0) (Reg) 0
Comp Add (Reg) (A 2) 0
Comp Mul (C c) (Reg) 0
Comp Add (A 1) (Reg) 0

ft (tL,tR) =t + ¢ * (tL -2+t + tR)
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@L‘\J Losic

progd = [ Comp Mul (Const 2) (Addr 1)
, Comp Sub (Addr @) Reg

Comp Mul (C2) (A 1) 0 , Comp Add Reg (Addr 2)
, Comp Mul (Const c) Reg
, Comp Add (Addr 1) Reg

Comp Sub (A 0) (Reg) 0 ]

@ mem reg (Comp opc d@ d1) = reg'
Comp Add (Reg) (A 2) 0 where
x

Y

Comp Mul (C c) (Reg) 0 reg' = alu opc x y

value (mem,reg) d@
value (mem,reg) dl1

Comp Add (A 1) (Reg) 0 instr

ft (tL,tR) =t + ¢ * (tL -2+t + tR)
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Comp Mul (C2) (A1) 0
Comp Sub (A 0) (Reg) 0
Comp Add (Reg) (A 2) 0
Comp Mul (C c) (Reg) 0
Comp Add (A 1) (Reg) 0

ft (tL,tR) =t + ¢ * (tL -2+t + tR)

ASCI Spring School 2017

progd = [ Comp Mul (Const 2) (Addr 1)
, Comp Sub (Addr @) Reg
, Comp Add Reg (Addr 2)
, Comp Mul (Const c) Reg
, Comp Add (Addr 1) Reg

1

@ mem reg (Comp opc d@ d1) = reg'

where
X

Y

value (mem,reg) d@
value (mem,reg) dl1

reg" = alu opc x y

value (mem,reg) d = case d of

Addr i —
Const n —=
Reg —=
alu opc x y = case
Add -
Mul -
Sub -
Nop -
CXaSH

instr

mem! ! i

Locie
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prog = [ Read

, Comp Mul (Const 2) (Addr 1)
, Comp Sub (Addr @) Reg

, Comp Add Reg (Addr 2)
, Comp Mul (Const c) Reg

, Comp Add (Addr 1) Reg

1
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prog = [ Read

, Comp Mul (Const 2) (Addr 1)
, Comp Sub (Addr @) Reg

, Comp Add Reg (Addr 2)
, Comp Mul (Const c) Reg

, Comp Add (Addr 1) Reg

1

f1 (mem,reg) (instr,(tL,tR)) = (mem',reg')
where
(mem',reg') = case instr of

Comp opc d@ d1 —> ( mem, alu opc x y )
where

x = value (mem,reg) d@

y = value (mem,reg) d1

Read —= ( [tL,reg,tR] , @)
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prog = [ Read

, Comp Mul (Const 2) (Addr 1)
, Comp Sub (Addr @) Reg

, Comp Add Reg (Addr 2)
, Comp Mul (Const c) Reg

, Comp Add (Addr 1) Reg

1

f1 (mem,reg) (instr,(tL,tR)) = (mem',reg')
where
(mem',reg') = case instr of

Comp opc d® d1 —> ( mem, alu opc x y )
where
x = value (mem,reg) d@
y = value (mem,reg) d1

Read > ( [tL,reg,tR] , 8 )

f_proc prog (mem,reg,pc) (tL,tR) = ( (mem',reg',pc') , outp )

where
pc' | pec < length prog -1 =pc+ 1
| otherwise =0
instr = prog!!pc

(mem',reg') = f1 (mem,reg) (instr,(tL,tR))

outp = reg
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Pendulum @L—\J Losic
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Pendulum @QBAYLDEIC

w

~Tc ~

setpoints:
45°,135° l
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Pendulum

w

@QBAYLEIEIC
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PendUIUm @QBAYLDEH::

w

trq_J t = trq_G + u + trq_R
where
trq_G = mxgxl/2 * cos (theta t)
u pid t
trg_R = res * omega t

omega t = 1/j = integral trq_J (@,t-dt) dt

theta t = integral omega (@,t) dt

integral f (a,b) dx | b<=a
| otherwise

[ fx=*dx | x< [a atdx .. b-8.5%dx] ]

u]
)
1l
n
it

A
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PendUIUm @QBAYLDEH::

w

trq_J t = trq_G + u + trq_R
where
trq_G = mxgxl/2 * cos (theta t)
u = pid t
trg_R = res * omega t

omega t = 1/j = integral trq_J (@,t-dt) dt

theta t = integral omega (@,t) dt

err t = spt - theta t

pid t kp * err t
+ ki =* integral err (@,t) dt

+ kd = (err t - err (t-dt)) / dt

o =iy = = £ DA
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Pendulum @L—\J Losic

trg_J t = trg_ G + u + trg_R

where
trg_G = mxgxl/2 * cos (theta t)
u = pid t
trg_R = res * omega t

omega t = 1/j * integral trg_J (@,t-dt) dt

theta t = integral omega (0,t) dt

err t = sp t - theta t

pid t = kp * err t
+ ki * integral err (8,t) dt
+ kd * (err t — err (t-dt)) / dt
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Locie

(Al

Pendulum
trqJ t = trg G + u + trgR drivPend (sOmega,sTheta) u = ( (sOmega',sTheta') , th )
~ where N where
trg_G = mkgxl/2 % cos (theta t) trg =16 + u - tR
u = pid t where
trqg_R = res * omega t t6 = mkg*l/2 * cos th
tR = res * om
omega t = 1/j * integral trg_J (@,t-dt) dt
(sOmega',om) = omega sOmega trq
theta t = integral omega (0,t) dt (sTheta',th) = theta sTheta om
omega int trg = ( int' , int )
where
err t = sp t - theta t int' = int + 1/j * trg=dt
pid t = kp * err t theta int om = ( int' , int' )
+ ki * integral err (8,t) dt where
+ kd * (err t — err (t-dt)) / dt int' = int + om=dt

pid (int,prevE) (sp,mval)

where
err =
int' =
deriv =
» Ly e .m u i
b u .

ASCI Spring School 2017 CMaSH

= ({int',err), u)
sp — mval

int + errxdt
(err-prevE) / dt

kp * err
+ ki * int'
+ kd * deriv
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Pendulum @DBAYLDEIC

system (cyber,phys) (sCyber,sPhys) sp = { (sCyber',sPhys') , mval )
where
(sPhys' , mval) = phys sPhys u
(sCyber', u ) = cyber sCyber (sp,mVal)

sim (system (pid,drivPend)} (sCyber_@,sPhys_8) setpoints

where
sCyber_@ = (0,8)
sPhys_ @ = (0,08)
setpoints = ...
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Towards C\aSH (Ao

» Number types:
type Int16 = Signed 16
type Nat32 = Unsigned 32
type Fix4_16 = SFixed 4 16

» Lists/Vectors:
type Prog = Vec 6 Instr
type Mem = Vec 32 Intl16

> Top level:
topEntity = f_proc prog <~ > (mem0,0,0)

» To HDL:
:vhdl
:verilog
omega :: Float —= Float
omega :: Float > Float —> (Float,Float)

> omega :: SFixed 18 18 —> SFixed 18 18 — (SFixed 18 18, SFixed 18 18)

ASCI Spring School 2017 CMaSH

Losic
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Transformation rules [ osavlosic
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Transformation rules

@QBAYLEIGIC

OO
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Transformation rules [ osavlosic

Vo Vi %] V3 Vs Vs Ve v7 Vg Vo Vip Vi1

0—D—O—D =D DD —-D DB total

total = foldl (+) 0 vs

total = 0 vs

foldl f a [] =a
foldl f a (x:xs) = foldl f (f a x) xs
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Transformation rules

@QBAYLEIGIC

OO DO

OO O OO O O O
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Transformation rules

@QBAYLUENC

OO DO

OO O OO O O O
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Transformation rules
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Transformation rules

@QBAYLUENC

OO DO

©;

O

O N e S D P S S A P P

O, O,
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Transformation rules

@QBAYLUENC

OO DO

©;

O

O N e S D P S S A P P

O, O,
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@ mBaylLosic

The CAaSH Mechanism

o = = E E 9Dae
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CAaSH pipeline @L—d Losic
Parsing

GHC frontend Desugaring

v Type-checking

Eore Remove polymorphism
) Inlining
CXaSH: RewriteRules 1-expansion

A 4

[ CoreNF

CMaSH: CoreNF-to-VHDL

Translation into VHDL

\ 4

@E Synthesis

Existing VHDL-tools Place-and-route
v

FPGA, ASIC
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Rewrite system [ wsavlosic

Specification:

alu ADD = (+)
alu MUL = (%)
alu SUB = (-)

data OpCode = ADD | MUL | SUB

Note: alu ADD :: Numa = a—a— a

And: alu ADD xy = x+y
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Rewrite system @L‘\JBAYLDEID

Specification: o alu

alu ADD = (+) ]

alu MUL = (%) Y= out
alu SUB = (=)

data OpCode = ADD | MUL | SUB

Note: alu ADD :: Numa = a—a— a

And: alu ADD xy = x+vy
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Rewrite system @QBAYLDEIE

Specification: o alu

alu ADD = (+) M

alu MUL = (%) y— out
alu SUB = (-)
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Rewrite system @QBAYLDEIC

Specification: o alu
alu ADD = (+) ]
alu MUL = (%) y— out
alu SUB = (-)
GHC = Core:
alu = Mc.case c of
ADD — (+)
MUL — (%)
SUB — (—)
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Rewrite system @L‘\JBAYLDEID

Specification: alu

alu ADD = (+) b
alu MUL = (%) y— out
alu SUB = (-)

GHC = Core:

alu = Mc.case c of
ADD — (+)
MUL — (%)
SUB — (—)

n—expansion:

case c of
ADD — (+)
MUL = (x) | *Y
SUB — (—)

alu = Ac. Ax. \y.
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Rewrite system @QBAYLDEIC

alu
case c of c—
ADD — (+ X
alu = Ac. Ax.Ay. MUL — ((*)) Xy ¥y out
SUB = (—)
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Rewrite system

case c of
ADD — (+)
MUL — (x) | *Y
SUB = (—)

alu = Ac. Ax.Ay.

application propagation:
alu = Acxy. case c of
ADD — (+) x y

MUL — (*) x

X

y
SUB—(-)xy

ASCI Spring School 2017 CMaSH
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alu

out
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Rewrite system

case c of
ADD — (+)
MUL — (x) | *Y
SUB = (—)

alu = Ac. Ax.Ay.

application propagation:

alu = Acxy. case c of
ADD — (+) x y
MUL — (%) x y
SUB — (=) xy

or, equivalently:

alu = Acxy. case c of
ADD — x+y
MUL — xxy
SUB = x—y

ASCI Spring School 2017 CMaSH
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alu

out
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Rewrite system @QBAYLDEIE

alu = Acxy. case c of c— Al
ADD — x+y ;:
MUL — x x y out
SUB —»x—y
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Rewrite system @L‘JBAYLDEIC

alu

alu = Acxy. case c of c—f
ADD — x +y o
MUL — x % y out
SUB = x—y

letification:

alu = Xcxy. let
out = case c of
ADD — x+y
MUL — x x y
SUB —>x—y

out
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Rewrite system @QBAYLDEIC

alu = Acxy. let out = case c of c— 2l
ADD — x+y X
MUL — x x y Y7 out
SUB—x—y
in out
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Rewrite system @L‘\JBAYLDEID

alu

alu = Acxy. let out = case c of c—
ADD — x+y X
MUL — x  y Y7 out
SUB = x—y
in out

subexpression extraction:
alu = Xcxy.letp =x+y

g =xxy

r =x-—y

out = case c of
ADD — p
MUL — q
SUB — r

in out
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@L‘J Losic

Thank you

gbaylogic.com
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