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Heron

woun [ C ]
/" hers v/

A graph reduction processor.
Performs template instantiation in one clock

eycle via multiple, wide, multi-ported memoriec.

' Ramsay and Stewart, ‘Heron: Modern Graph Reduvction Hardware’.



[ranslating Functions to templates

1) Source

cum acce xs = case xs of

[] ->acc
(yzys) -> cum (ace + y) ys



[ranslating Functions to templates

1) Source — 2) Lifted case alts
cum ace xs = case xs of sum acc xs = case xs of
[] ->acc Nil -> altNil ace
(yys) -> cum (ace + y) ys Cons y ys -> altCons y ys acc




[ranslating Functions to templates

2) Lifted case alts

cum acc x¢ = case xs of
Nit -> altNit ace
Cons y yo -> altCone y ys acc



[ranslating Functions to templates

3) Using cace tables — 2) Lifted case alts

cum ace xs = xr“ ace cum ace xs = case xs of

aleNit acc = acc Nil -> alt\if ace
altCon y ys acc = cum (ace +y)ys Cons y ys -> altCone y ys ace



[ranslating functions to templates
3) Using cace tables

cum ace xs = xs altCowalthit> ace
altNif ace = ace
a/tC’anyyr ace = cum (acc +y)y:'



[ranclating functions to templates

3) Ucing cace tables — 4) Flatten to ANF

cum ace xs = xeCaleComiehit acc cum ace xs = xe <altCon;alt\il> ace

alt\it ace = ace alt\it ace = acc

altCon y ys ace = cum (ace + y) ys altCon y ys acc = let z = acc + y

in Sum z ys



CON & »

| INT -

| PRI a®

| FUN ¢ a
| A/erh

| VA/QS’&.

|EEGP\

[emplate syntax

Atoms
(Constructor tag)
(Primitive integerc)
(Primitive operation)
(Function pointer)
(Argument pointer)
(Ap,ﬂ//catioh pa/nte;«)
(Primitive regicter pointer)

where n :: Int, a 2 Arity, ¢ == IeShared



CON & n

| ZNT »

| PRI 2 ®

| FUN ¢ a n
| ARG ¢ w

| VAR ¢ n

|/€66h

[emplate syntax

Atoms
(Conrtructok tag}
(/Dk/mffive iutegerc]
(Primitive operation)
(Function pointer)
(Argument pointer)
(Ap,v//'catiah pa/nter)
(Primitive regicter pointer)

u v..—
APPe
| CASE ce
| PRIM ne
e .= 7/43 n

where n :: Int, a 2 Arity, ¢ == IeShared

Applications
(Normal application)
(App with cace table)
(PRS candidate)

Cace table pointer



CON & n

| ZNT »

| PRI 2 ®

| FUN ¢ a n
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| VAR ¢ n
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[emplate syntax

Atoms
(Conrtructok tag}
(/Dk/mffive iutegerc]
(Primitive operation)
(Function pointer)
(Argument pointer)
(Ap,v//catiah pa/nter)
(Primitive regicter pointer)

u v..—
APPe
| CASE ce
| PRIM we
e .= 7/43 n
ti= letuinv

where n :: Int, a i Akity, ¢ IeShared

Applications
(Normal application)
(App with cace table)
(PRS candidate)

Cace table pointer

Template



CON & n

| ZNT »

| PRI 2 ®

| FUN ¢ a n
| ARG ¢ w

| VAR ¢ n

|/€66h

[emplate syntax

Atoms
(Conrtructok tag}
(/Dk/mffive iutegerc]
(Primitive operation)
(Function pointer)
(Argument pointer)
(Ap,v//'catiah pa/nter)
(Primitive regicter pointer)

u v..—
APPe
| CASE c e
| PRIM we
e .= 7/43 n
ti= letuinv

where n :: Int, a 2 Arity, ¢ == IeShared

Applications
(Normal application)
(App with cace table)
(PRS candidate)

Cace table pointer

Template



Jemplate bounds

let  APP | ARG True 0, PRI 2 +, INT 7]
APP [ FUN True 2 0, VAR False o, ARG False 1]

m  APP | CON 2 o, ARG True 0, VAR False 1 |



[emplate bounds

let  APP | ARG True 0, PRI 2 +, INT 1]
APP [ FUNTrue 20, VAR False 0, ARG False 1 |
noAP L covzo ARGTmes,  UARfuset]
A\ . ~~ 4
g,bineéen (6)



[emplate bounds

Aplen (4)

et APP | ARG True 0, PRI 2 +, INT 7]
APP | FUNTrue 2 0, VAR False 0, ARG False 1 |

i APP [ CONZ2o,  ARGTreo, VAR fFakel]
. ~ =

g,bineéen (6)

- Instantiate on heap




[emplate bounds

Aplen (4)

let  APP | ARG True 0, PRI 2 +, INT 7]
APP | FUNTrue 20, VAR False 0, ARG False 1 |

AP O RO ARG T I R
. ~~ 4

g’,bineéen [6}

~ Instantiate on heap

} MaxApe (2)




Primitive §’ Tock

template ptr

AU AU =
Update Stack Reduction Stack
PRS Reg
(stack size, ptr) P—06
/% P—5
P — 4
Y P — 3
=3

I\

—y
Control (sgic

[T

Case Alt Stack
AddrB DataB
AddvA DatoA Data Addr
[ Heap ] [ Templates ]



Primitive Stack

AU AU —
Update Stack Reduction Stack
PRS Reg
(StackisiZempts)
N\
Template ptr
Control Logi
ontrol oqic
Case Alt Stack 7
AddrB DataB
AddrA DataA Data Addr

[ Heap

|

[ Templates 1




Primitive Stack

AU AW —
Update Stack Reduction Stack
PRS Reg
(Stack size, ptr) P—6
2 | — I
4 73 i ]
’\ P — 2 Hl 1.
1 f—4
J A\
template ptr
Control o4
Cp\ge A/f g’tkcé ontro 07!0
AddrB Data8
ddvA ¢ Data Addr
Heap 1 ( %mn/afer}



Primitive Stack
AU AU

int —

Update Stack Reduction Stack Atoms

PRS Reg v - Zgﬁ//g an
an

. |
(Stack size, ptr) _ 7= S | VAR ¢ n
| INT -

I\

template ptr

ContrVl (o
Case Alt Stack ontrol Logic

AddvA DataA Data Addr

Heap 1 ( Templates 1



Primitive Stack

ALY ALY =
Update Stack PReduction Stack
PRS Reg
Tstack size, ptr) ‘ ] g
1 ] T

P—3

\ 1 )
P—1

template ptr

Cace Alt Stack Contrtl Ligic

AddrB DataB
Addr

Addr DataA

[ Heap ] [ Templates ]




Primitive Stack

ALY ALY = Y
Update Stack Reduction Stack Atoms
PRS Reg =FUN¢an

CON a n

(stack size, ptr) /* E ﬁ:g VAE S hn

\ \ ] = INT »
P—1

PRI a ¢

template ptr

F—4 |

Cace Alt Stack Contrtl Ligic

AddrB DataB
Addr

Addr DataA

[ Heap ] [ Templates ]




Primitive Stack

template ptr

AU ALV =
Update Stack Reduction Stack
PRS Reg
(ElEC N Z ) %
] P — 5
o 52 4
b P —3
73
P 1

/7

Contrbl Logi
Cace Alt Stack onthpr et
AddrB DataB
Addrs DataA Data Addr
[ Heap ] [ Templates ]

Atoms

= FUNc¢an
| CON a n
| VAR ¢ w
| INT »



Primitive §’ Tock

ALV ALV =
Update Stack Peduction Stack
PRS Reg
Tstack size, ptr) 7— 6
- PN 75
P4
X P — 3
F—2
7—T
J A\
Template ptr
Contrbl (
ontr oqic
Cace Alt Stack 7
AddrB DataB
AddrA DataA Data Addr

[ Heap ] [ Templates ]




Primitive Stack

ALV ALV = e
Update Stack Peduction Stack
PRS Reg ‘ Poctfix prime for
' long cpines
(stack size, ptr) D — 9
2 | = |
A SP—3 e
=g (Fxy)+(2)
J 7\ = fxygz+
template ptr
\_‘l_‘_/
! (ogi
Coce Alf Cenck Contrbl Logic
AddrB DataB
AddrA DataA Data Addr

[ Heap ] [ Templates ]



ALY

ALY

Primitive Stack

Update Stack

(stack size, ptr)

template ptr

PRS Reg

int

Reduction Stack

P—6
P 5
P4
73
7—2
7— 1

[

Contrél (o4
ontrbl Logic
Cace Alt Stack 7
AddrB DataB
Addry DataA Data Addr
[ Heap ] [ Templates ]

...But what about
heap u,bc(atec?



ALY ALY

Primitive Stack

Update Stack

(stack size, ptr)

PRS Reg

int

Reduction Stack

0N

SP—6

P4
P—3
7—2
7— 1

[

Template ptr
—"_'_/
Contrél Logic
Cace Alt Stack 7
AddrB DataB
Addr, DataA Data Addr

[ Heap

] [ Templates ]

Avoid most updatec via
run-time charing ana/yr/c/

Atoms



C/aaca

noun [ C ]
[kloh-ah-kub/

A concurrent hardware

garbage coflector for Heron

'Ramsay and Stewart, “Cloaca: A Concurrent Hardware Garbage Collector for Non-ctrict Functional (anguages”



¥ T
Reference counting Mark-and-cweep
Concurrent
Lazy reclamation Capyfng
tracing

-~

Deferred reference counting Generational
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Lazy reclamation Copying

Deferred reference counting Generational



Stack
(graph rootc)

Heap




Stack

(graph rootc) feap
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% Yuaca, ‘Real-time qarbage collection on general-purpoce machines”.



Stack
[gra,b/« rootc)

Heap

w

L —

rs

/ “On thece [von Nevmann s‘ty/e] machin

e
real-time garbage collection inevitably caa:{jr}

come_overhead on the overall execution”
.

% VYuaca, ‘Real-time qarbage collection on general-purpoce machines”.



Challenges for concurrent coftware

implementation ?

Expect 21% median clowdown for nofib!




1) Allocation depends on GC state

Stop-the-world GC ve Concurrent GC
Function allsc (app): Function alloc (app):
heap[hp] <— app if allocBarrier(gcPhace, hp)
hp++ then
| tag hp ac Marked
else

| tag hp ac Unmarked
heap[bp] <— app
| hp++




2) Mon-moving GC needs complex allocation

Stop-the-world GC ve Concurrent GC
Function alloc (app): Function alloc (app):
heap[hp] <— app a<— pop from freelist
hp++ if allocBarrier(gcPhace, a)
then
| tag a ac Marked
elce
| tag a ac Unmarked
heap[a] <— app




3) Prevent graph updates from destroying edgec

Stop-the-world GC ve Concurrent GC
Function update (nf, 2): Function update (nf, 2):
| heap[a] «— wf if updateBarrier(gcPhase) then
x <— heap[a]

forall y in xc child pointers do
| remember y for marking

B Aeap[/z\] — nf



Additional hoardwore-enabled optimications




Heron'e existing dynamic update avoidance eystem...

data Atom Fanf?‘iau unwind (a, chared):

/ Var Shared Int if chared and not NF then
[ Arg Shared Int | push a onto update ctack




Heron'e existing dynamic update avoidance eystem...

data Atom

[ Var Shared Int
[ Arg Shared Int

Function unwind (a, chared):

if chared and not NF then
| puch a onto update ctack

if not chared then
| dealloc a

. (€ fust one-bit reference counting with a hat on.



Reduction Core Memory Management

FIFO

‘1\_/ Mutation

Bubble

Reg |-

Requect
e
. Next frees

Heap




Reduction Core

Requect

Heap

L . Next frees

FIFO\™

Mutation
Bubble -
—

E}

Memory Management

RAM
(read-first mode)

‘ data GC Node

= Freelist Addr
| Worklist Addr
| Marked

| Unmarked




Reduction Core

Memory Management

write a x = do

Moutation
Bubble

Next frees
]

Requect
o

Heap

A
—
—

8

y < readMem a

writeMem a x

MM P“rﬁ y
(read-first mode)

S A
—_——f ==

data GC Node
= Freelist Addr
| Worklist Addr
| Marked

| Unmarked
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Mutator
State

time

Idle Rost ID
Running Running u N

R220 eycles



time

Idle Root ID Mark

Mutator Running
Running Running
Ctat

—_—

R220 cycles



Mutator
State

time

Ldle Root ID Mark Sweep
Running Running
Running Running

unlese heap Full

unlese heap Full

—_—
R220 eycles




Performance




Peak GHC working set (KB) ~ GHC Allocations (MB) (o€

Adjoxo 97 3017 72
Braun 96 0 26
Cichelli 52 41 123
Clausify 77 369 69
Countdown 96 59 62
Knuthbendix 105 54 329
Mate 137 930 293
Mes 46 359 13
Ordlist 96 784 28
Permsort 96 2320 10
Queens 55 1038 25
Queens2 47 1084 20
Sumpuz 98 1293 72
Taut 47 236 37

While 96 264 &7



Peak GHC working set (KB) ~ GHC Allocations (MB) (o€

Adjoxo 97 301 72
Braun 46 0 26
Cichelli 52 41 123
Clausify 77 364 69
Countdown 96 59 62
Knuthbendix 105 54 329
Mate 137 930 293
Mes 46 359 13
Ordlist 96 7849 28
Permsort 96 2320 10
Queens 55 1038 25
Queens2 47 1089 20
Sumpuz 98 1293 72
Taut 47 236 37
While 96 269 597



GHC Allocations (MB)  (oC

Adjoxo 307 22
Braun 0 26
Cichelli 41 123
Clausify 369 69
Countdown 59 62
Knuthbendix 59 329
Mate 430 293
Mes 359 13
Ordlist 789 28
Permsort 2320 10
Queens 17038 25
Queens2 1089 20
Sumpuz 1293 72
Taut 236 37
While 264 &7
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Which Architectures?

Heron GHC + Intel iz 12500/
Platform Xilinx Alveo (/280 Performance Power-caver
Clock 185 MH= 4.7 GH= ~2 GH-
Power est. 0.8W dynamic + Cores 15 W or Cores 2W/ or
3.1 W Static’ Package 16 W Package 6 W

"Heron only occupies 1.13% of any resource type though!



Platform
Clock

Power est.

Fabrication

Which Architectures?

Heron
Xilinx Alveo (/2580

185 MH=

0.5/ a(yuamic +
3.7 W Static’

16 nm (FPGA!)

"Heron only occupies 1.13% of any resource type though!

GHC + Intel i7 12500/

Performance

4.2 GH=

Cores 15 W or
Package 16 W

10 nm

Power-caver
~2 GHZ

Cores 2/ or
Package 6 W

10 am



Wall-clock timee ve GHC -02

67
5 £ 7
EG
< ¥ Heron median = 1.30
2
L S
= X /
32,
(4
00 N o x X &L N W K,‘ ,
R N RS A AN I AR Y A S ORI\
VA RN Yo eSS ey
¢ 8 F oW W NN O SR

W GHC + i7-12500) @ 4.7 GH=I0 GHC + i7-12500) @ ~ 2 GH- 1 Heron @ 185 MH=




Wall-clock timee ve GHC -00

1.06

Heron median

w1} ¥20/9-)pom

\m.&\xixn\,\

a.5

| B GHC + i7-12500) @ 4.7 GH=IC00 GHC + i7-12500) @ ~ 2 GH=I Heron @ 185 MHz
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Should we widen the local memory bottleneck at all coste?
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2Context switching is expensive when thread ctate is leaks out into many memories



Chould we widen the local memory bottleneck at all coste?

Heron'c cingle-thread performance is competitive with general purpoce CPUs!

We may have optimicied cingle-thread
performance to the point of limiting a parallel system’...

Cephalopode and Heron at the two extremes here.

2Context switching is expensive when thread ctate is leaks out into many memories



How/chould we embrace pipelining?
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How/chould we embrace pipelining?

Non-pipelined core feele natural for template instantiation (or any ccheme

without an instruction stream)

Obvisusly this limits clock frequency...but max clock
frequency has been curpriscingly fragile and hard to debug

Maybe the answer is hardware multi-threading?
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Conclusion

A cimple, tiny template instantiation core seems to keep up a modern CPU/
running at x10 cpeed!

Assicted by a fully concurrent GC (modulo = 20 cycles per pass).

Requires several hardware tricks unavailable to coftware implementationg.
(ays a path towards a cingle-chip multi-core architecture.

Great to cee there is some shared

interest in hardware architectures for FP once again!



Questione?
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