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Irregular applications are difficult to
accelerate

* [rregular applications’ unpredictable

data reuse & control flow are hard to Soee |::> >@:®_

accelerate on today’s architectures compile map
* CPUs: poor latency tolerance, high
instruction execution overheads 75 7S S
» Dedicated accelerators: not flexible I/O*SW*M /\Sw*mh /—---\;Sw*mw/o
* Reconfigurable spatial architectures RV ”% -7 4
offer circuit-level control of distributed =~ VrtS=2emS =i
computation, but... ! . ! S T
« still cannot extract enough parallelism l /%\ l w7 - %\ 1
 only benefit reqular memory/compute R A TR
patterns ,



Fifer enables accelerating irregular

applications -
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* Insight: accelerate irregular applications

by exploiting pipeline parallelism LI
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* Create dynamic temporal pipelines:
time-multiplexing stages of a pipeline on
reconfigurable fabric
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Irregular applications are
difficult to accelerate

* Characterized by unpredictable reuse:

* Caches, scratchpads capture some locality

* But,irregular applications generally have
poor locality, large data structures

def bfs(src):

for v in current fringe:

start, end = [GFFSEESIVINOFFSEESIVET]
for ngh in neighbors[start:end]:
dist = distancesngh]

if dist is not set:
set distance; add to next fringe

Current fringe ‘ ‘ ‘ ‘
(CSR format)

Edge list
offsets (I)

Neighbors (J)

vistances | Iof | | [ | || | -

Nextfringe‘ ‘ ‘ ‘ ‘ ‘
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General-purpose cores handle
irregular applications poorly

* Modern cores have expensive latency
tolerance mechanisms:
000 Core

» Qut-of-order execution
* Multithreading - . -

* General-purpose cores are temporal %.. e " BPE| §§.
architectures: they change operations Pf A Rl ingl
(instructions) over time H it

« Unit of work is small; Lot

I

to L1 cache |

high fetch/decode overheads




Spatial architectures improve
computational intensity...

* Map operations spatially to

array of functional units (FUs) /0 /0 7o
* Switches set to pass operands I/o+5wifch‘/F\‘3wnch\‘f ?‘/swifd. /0
between FUs N N\,
|/Of>Switchd— }Swi’rch‘/' &Swifch /O
* Input/output ports feed T Func punc) [ Fune
values to/from fabric W S\SY/ g N4 I
* FUs operate at machine word o9 bRy ey

Width: Coarse'grain I/IO-PSwitch \Swi’rch/\"./Swifc'n »1/0
reconfigurable array (CGRA)




Anatomy of a

CGRA-based system Processing element (PE)
I -PE
I niJI[’IeprUt — :Switch/\Switch/ \S itch T,
* Many processing elements (PEs) e i S S
with fabric and private cache R A7/ [ S
ey 1 W =Switch/,'\_/5witch/v'\ /\s\mtch N
 Data flow within a CGRA: PE - PE 4 o
ey e .
rigid pipelines =
.. o| "PEY*| [PE /*| PE* | ]
i Inter'PE Communlcatlon: O || L1 cache L1 Cache L1€ache L1 Cach Inter-PE
gl v [ ¢ 4 ¢ output
decoupled S| PE lo| PE o PE »-PE channels
° Control Core for System L1Cache| LlC;che > LlC;che LlC;che
interactions, setup/teardown PE [ PE = PE o PE

Last-level Cache
High-bandwidth Memory

Baseline system




... but not flexible enough for
irregularity

* Only transform inner loop

* Some approaches highly
specialized to application

—~PT0
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* Irregular applications have
unpredictable latencies and
variable computational DySER [HPCA ‘11]
intensity as they execute

* Current spatial architectures = [#
would either stall or suffer |
poor utilization (many PEs
Id le) Graphicionado [MICRO ‘16] 9

Figure 5. Compiling for DySER




Time-multiplexing on CGRAs:
Triggered Instructions [ISCA’13]

* Triggered Instructions PEs can =l B R -
choose among many instructions - s (o P T o Wag" =
° ° ° ° . [ Reg0 | Reg1 | Reg2 [ Reg3
* Limited number of instructions (16) | "= Lﬁ I ;—
L i TOprnd Selec iOp nd Selec

* Complex scheduling to keep PEs

active " N,

o i ) . rcicats Updsts & |}l;8pd‘
F|fer S appr.OaCh. ) . \ OutputChanneIs{lTag” Data | [Tag| Data | [Tag| Data | [Tag] Data |]/
coarse-grain reconfiguration on s
coarse-grain sets of operations ol L

Figure 6: A triggered-instruction based PE.




Irregular applications can be decoupled
and mapped to spatial architectures

def bfs(src): Process current
fringe
for v in current fringe: Enumerate
start, end = offsets[v], offsets[v+1] neighbors
for ngh in neighbors[start:end]:
dist = distances[ngh] Visit neighbors
if dist is not set:
set distance; add to next fringe Update data,
next fringe

11



Insight: Create dynamic temporal pipelines on
reconfigurable spatial architectures

Process current
fringe

Enumerate
neighbors

|
E
=3

Update data,
next fringe




Insight: Create dynamic temporal pipelines on
reconfigurable spatial architectures

Process current Enumerate . Update data,
£ i >hb Visit neighbors i
ringe neighbors next fringe




Insight: Create dynamic temporal pipelines on
reconfigurable spatial architectures

-
Process Enumerate
current fringe neighbors
.

| Fetch Update data,
distances next fringe




Insight: Create dynamic temporal pipelines on
reconfigurable spatial architectures

Processing

Inter-PE
Element - Channels
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Insight: Create dynamic temporal pipelines on
reconfigurable spatial architectures




Insight: Create dynamic temporal pipelines on
reconfigurable spatial architectures
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Insight: Create dynamic temporal pipelines on
reconfigurable spatial architectures

Dynamic temporal
nipeline




Insight: Create dynamic temporal pipelines on
reconfigurable spatial architectures

Dynamic temporal
nipeline

Fifer
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Fifer is flexible yet performant

» Coarse-grain
reconfigurable array
(CGRA) increases
compute density over
general-purpose cores

* Buffering between PEs
and within PEs provides
latency tolerance

* Time-multiplexed
fabric keeps throughput
and utilization high

Intra-PE I RS
InpUt
hann - - - 5
Reconfigurable else;f | Queue memory, f'_DFiMS"{*C;COhe
spatial architecture \ v Scheduler
2l sesa e ........................................................... L”] ........
< PE v ¥ >\
L1 Cache — » Switch Switch, o Switch > | —
t < Func 7'y "
v W v v
—> :Switch/"\/Switch/"\”.)sWitch > | —>
Inter-PE Inter-PE
input L1 Cache output
channels channels

Processing element (PE)




Mapping applications to Fifer

Serial code: —
* o * k — Dataflow graph (DFG) bin k
. . C/C++ graph Bitstream .
for e in range(start, end) : /;Z?c;tiatgg Compiler LLI\F:M analysis & i%"@. generation CFca:rt])frIl;:
ngh = neighbors[e] Source extraction Bitstream

. Mapping.
Pseudo-assembly: PPINS
, > neighbors

mov  %r_neighbors, ...;

deq %r_e, $g_start;

deq %r_end, $q_end; > e »LE afidress of
].OOp: X % l{_b nelgthrS[e]

lea  %r_addr, (%r_neighbors,%r_e,2); start—s

1d %r_ngh, (%r_addr); LD » | —ngh

eng  $g_ngh, %r_ngh; >end e

addi %r_e, %r_e, 1;
blt %r_e, %r_end, loop

done: end —» w Cache




Fifer needs reconfigurations to be...

Rare Fast

* Amortize reconfiguration cost * Quickly tolerate variations in the
over hundreds of cycles amount of work between stages

* Round-robin scheduling * Prior techniques (e.g., scan
switches too often chains) reconfigure in

~ microseconds; we need cycles

* Fifer’s double-buffered
configuration cells make
reconfiguration fast at low

* Fifer’'s scheduler in each PE
keeps a stage scheduled until
queues become full or empty

* Prioritize stages with most hardware cost
work in input queues.




Fast reconfiguration with

double-buffering

Functional Unit

:  Config. data
: from L1 cache

Config. load &
select signals

Connections
“ from switches
[ | [ | Il

“ Configl; .rg;c]i;)lr;
T I T 7Y //l/

Current

v

[ \
y y

> Config. Slot A > Config. Slot B
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----------------------------------------------

Double-buffered
Configuration Cell

Config. Cell

To switches l
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Fast reconfiguration with
double-buffering

: from L1 cache

Functional Unit

Config. load &
select signals

v

v
> Config. Slot B

Double-buffered
Configuration Cell

To switches l

Connections Configuration /
from switches signals /l/ -
T 1331 / > Config. Slot A
............................................... Current H
Config. \
4 ------------------------------------------------------------
G
O
b
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Fast reconfiguration with
double-buffering

Functional Unit

Connections
“ from switches “
[ | [ | Il

Configuration
signals

: from L1 cache

Config. load &
select signals

v

YYYY  VYvvy

6/ > Config. Slot A
¥

Config. Cell

Current

v
> Config. Slot B

------------------------------------------------------------

Double-buffered
Configuration Cell

Config Sl

Slot A steady—s.tate
execution

Config.

SlotB

To switches l




Fast reconfiguration with
dOu ble'bUfferlng . Config. data Config. load &

: from L1 cache select signals

Functional Unit

} . 4
Connections
“ from switches

[ | [ | Il

onfiguration «—
“ ) gsigfwals /l/ / H 2 : Double-buffered
vYVv Vv YvVY 6/ > CEonfig. Slot A > Config. Slo’g B Configuration Cell

............................................... current H H
Config. \ /‘_
4 ------------------------------------------------------------
= i«Scheduler decides to switch
O e eeeee s eeeereeeae st et ae et et s e ee e e e et s s et e e e ee e e eeae e e ee e s eeae e e eeanseeananens
(o)
= ! Green
c Config.
S Slot A steady—s.tate
execution
Config.
Slot B

...............................................................................................................................................

To switches l




Fast reconfiguration with

double-buffering

Functional Unit

Connections
from switches
[ | [ | Il

Configuration
signals

:  Config. data
: from L1 cache

Config. load &
select signals
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v
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Current

/4—

Double-buffered
Configuration Cell

i«Scheduler decides to switch

Config Green
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execution
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SlotB

To switches l
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Fast reconfiguration with
double-buffering

Functional Unit

Connections
“ from SWItCheS

Configuration
signals !

:  Config. data
: from L1 cache

Config. load &
select signals

i

Y

\ A 4

Config. Cell

v
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\«

Double-buffered

.

v
> Config. Slot A

v
> Config. Slot B

Configuration Cell

To switches l

Current v H
Config. \ /‘_
4 ------------------------------------------------------------
i<-Scheduler decides to switch
! Green
Config.
Slot A steady—s.tate
execution
Config.
Slot B
Load & buffer ——]

new config.




Fast reconfiguration with
double-buffering

Functional Unit

Connections
“ from SWItCheS

Configuration
signals !

:  Config. data
: from L1 cache

Config. load &
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Configuration Cell
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Current v H
Config. \ /‘_
4 ------------------------------------------------------------
i<-Scheduler decides to switch
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Config.
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Fast reconfiguration with

double-buffering

Functional Unit

Connections

from SWItCheS

Configuration
signals !

Config. data

Config. load &

from L1 cache

select signals
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Double-buffered
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> Config. Slot A

v
> Config. Slot B

Configuration Cell
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Current H v
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4 ------------------------------------------------------------
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Fast reconfiguration with

double-buffering

Functional Unit

Config. data

from L1 cache

Config. load &
select signals

. H
“ Connections “ Configuration : / \«
from 5W|tches signals /l/ H 7 Double-buffered
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Config. \ /‘_
4 ------------------------------------------------------------
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Fast reconfiguration with

double-buffering

Functional Unit

:  Config. data
: from L1 cache

Config. load &
select signals

v

\«

Connections Configuration
“ from SWItCheS “ signals
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Config. Cell
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//l/ > (;onfig. Slot A

v
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Current v

v
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----------------------------------------------

Double-buffered
Configuration Cell
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execution

To switches l
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Fast reconfiguration with
double-buffering

i Config. data Config. load &
. . : from L1 cache select signals
Functional Unit :
Connections Configuration / \«
from SWItCheS signals /l/ H H Double-buffered
vV # # # £ vV v/ > Config. Slot A > Config. Slot B Configuration Cell
............................................... current H H
Config \ /‘_
4 ------------------------------------------------------------
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Fast reconfiguration with
double-buffering

Functional Unit

4
Connections
“ from SWItCheS
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Fast reconfiguration with
double-buffering

Functional Unit

:  Config. data
: from L1 cache

Config. load &
select signals

Connections Configuration
“ from SWItCheS “ signals
T i1

Config. Cell

.

Current
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----------------------------------------------
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Configuration Cell
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Fast reconfiguration with
double-buffering

Functional Unit

from L1 cache

Config. data

Config. load &
select signals

v

Connections Configuration / \«
from SWItCheS signals /l/ H H Double-buffered
v v Config. Slot A Config. Slot B . .
i o > Config > _Config, Slot Configuration Cell
............................................... current H H
Config. \ /‘_
4 ------------------------------------------------------------
= .<-Scheduler decides to SW|tch->.
O | | e
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(0] D
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Slot B 0o steady-state 0a
2 execution =
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Exploiting pipeline and data parallelism
together

Process current Enumerate Visit neichbors Update data,
fringe neighbors & next fringe




Exploiting pipeline and data parallelism
together

____________________________________________________________________________________________




Exploiting pipeline and data parallelism
together

o {roc cur} {num} {Fetch Upd. data} » Replicate pipelines using many PEs

o fringe neighs dists next fringe .. . )
__________________________________________________________________________________ ~* Careful partitioning avoids

E D (G (T Undida) synchronization through shared

0— fringe neighs.| | dists. next fringe memory
|-'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_ ‘ _'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'.'i ® Increase PE utilization & pa ra llelism

N |Proc. cu num. Fetch Upd. data, : : :

2 [ fringe } ne,ghS} {d,sts nextfrmg} by performing multiple units of
:_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_' I _'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_i WO rk In One Sta ge (SI M D-Style)

o [Proc. cur.| |Enum. | Fetch Upd. data, * e.g., enumerate multiple

E fringe neighs. | dists. next fringe neigh bors per CyCle

____________________________________________________________________________________________




See paper for more

* Accelerating memory accesses with decoupled reference machines
 Evaluating other decoupling strategies
* Handling control flow

* Energy, area estimates for Fifer’s major components
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Evaluation

Predonﬂnantﬂom10fdati

Control Core

* Baseline system: 16-PE system with | pe s pe o/ PE ol PE
static stage mappings (no intra-PE =% &% =9 =3

e

queues) PE [* PE <+ PE * PE

* Other comparison systems: serial I S g
and 4_Core OOO Cores LllzaEhe ~ LliaEhe ~ LlFC)aEhe N LlIZaEhe

. . (] (J (J (]

* A Fifer PE is 1.34 mm? at 45 nm; = i
core count set forroughly iso-area |ucie| |ucee| e |uc

comparison Last-level Cache

* Benchmarks evaluated:

High-bandwidth Memory

* Graph analytics (BFS, Connected SCUNT
Components, PageRank-Delta, Radii) Static p'Pelme
« Sparse linear algebra (SpMM) (baseline)

« Databases (Silo)

IO 4 O [z
PE | PE ' PE [« PE
L1 Cache L1 Cache L1 Cache L1 Cache
() ¢ ¢ ¢
O O [ g
E * PE * PE *
L1 Cache L1 Cache L1 Cache L1 Cache
¢ ¢ ¢ [ )
IO 4 O [z
PE | PE | PE [« PE
L1 Cache L1 Cache L1 Cache L1 Cache
() ¢ () [ )
O O [ g
PE  PE <« PE [« PE

L1 Cache L1 Cache L1 Cache L1 Cache

Control Core

Last-level Cache
High-bandwidth Memory

Fifer

] """ ""B
(our system)
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Other application pipelines

. Process Enumerate Visit Update data,
Graph analytlcs [currentfringeH neighbors H neighbors H next fringe ]

[ Stream

rows of A

SpMM .I\/‘lerge—t ]—H]:l-b[ Accumulate ]
(linear algebra) [ Stream EerSee

cols of B

valuesl :I:[l»f ) H‘ [
E Lookup
keys

Traverse
internal node

Silo (database)

stage

Query
stage . )

Process
leaf node —
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Fifer outperforms the baseline

* Fifer achieves consistent speedups over the baseline

S Multicore OO0 Static pipeline B Fifer

BFS CC PRD Radii SpMM Silo
24



Fifer effectively hides latency

* Fifer reduces waiting on queues, even when reconfiguring

I. Serial D: Data-parallel S: Static pipeline F: Fifer

§ 20) 2D  ®) G dAOO) (1) (©6) (6) 4 (19)(18)

% 1.00 = - 1de

"8 0.75 - B  Reconfiguration
N 0.50 - i . B  Queue full/empty
= 025 — IPEE [hlm N r - N [T [N B Stalls

é 0. B e Issued

2 BFS CC PRD RaduSpMM Silo




Fifer achieves infrequent and fast
reconfiguration

 Stages remain resident for hundreds of cycles
* SpMM has very short residence time, necessitating double-buffering

Application BFS CcC PRD Radii SpMM Silo Mean

Average

residencetime 140 279 927 564 30 1490 448

(cycles)

Average

reconfiguration 12,5  13.9 20.4 27.7 12.6 60.1 19.7

period (cycles)




Fifer helps accelerate irregular applications
on reconfigurable architectures

* Transform irregular applications into dynamic temporal pipelines
and efficiently execute them on reconfigurable spatial architectures

* Fast reconfiguration is enabled by Fifer’s scheduler and double-
buffered configuration cells

* Fifer makes executing irregular applications on reconfigurable
spatial architectures practical
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