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Software-First FPGA Accelerator Design

« Make it easier for programmers to exploit spatial fabrics

* Manycore accelerator overlays
e Run C++ or OpenCL kernels on 100s of soft processors
« Add custom functions/accelerators/memories to suit
« More 5 second recompiles, fewer 5 hour place and routes

e Software + overlays = familiar programming experiences, easier
ports, rapid iteration, design agility
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GRVI Phalanx Accelerator Framework

Y

* GRVI/2GRVI: RISC-V processing elements

4

* A processor cluster array overla

/

* Phalanx: fabric of clusters of PEs, memories, accelerators, bridges, 10s

* Hoplite: 2D torus network on chip
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GRVI Processing Element

* Simpler PEs = more PEs = greater memory parallelism

 GRVI: austere RISC-V RV32l + mul*/Ir/sc

iy l>_1_| ' CLUSTER- 1
1
IF b IMEM 1 [EREE 1 - SHARED _ |
. | q |
DC b IR | pbcrc | b REG_FILE
_
EX ‘ )
e EOE
' 1 ¥
N < . AW/
BRE = ADDR
Y4 by
MUL/SHlFT/ DIN
\ USER FN*
A 4
RESULT

2019/1/17

CLERR _C1g4 CLE F_X B4
o = ]

g of o
== ==
I &
-3 -| o

] |y
L}

CLER 13 CLEmF_ 3
DBD bap
== =

ID L4
]
]

CLEr_K1 2 CLEmE X2
1] L
v | =
= ==

IDB
B

CLERN_CTE | | CLEmR P
nbl_ D’Db
== ==

IDD
1)

CLE| X1HD CLEm R X0
] °B

==

BRAR I

CLE F_XE4 | CLEGY XIR4 FiEKil] CLEg x4
ul' |3 & <) ¥ -]
== L2023 £==3
= EIEER | p
m o [ &
RN :
CLEL R % b3 CLE‘ A CLEiLm
o '] @ L]
* [ . "
f——] L=
-2 l D D 1
| o 0o a0 o
CLEn R b2 | CLEgY 3R 2 c CLEgH x4
529 i io H Le :
L4 | e = & =
| e | I | |
I I
| = 1
CLELUR X CLE| wg HIF IEI CLEPH_x4
Ll L]
e L L 2]
f—] |
| & ",
| 13
CLEW R ko | oL \.q }(330 0o CLER_ x4
o o 0 v
o [
[ O
0 el

3

~320 LUTS @ 4OO MHz

2GRVI Phalanx: Kilocore RV64l + HBM Accelerator Framework

~



2R 111111111’

mml T T mE ; Illlfj..lTw.

.n"".‘..."n....f""uufrr..n.....

EEEEEREECLLCECEPECCEEBECEEREEE

fi.lll..-ir-rliI-llillllTllliI

TEEE wE if*ﬁ

3l

ﬁill||  EEE . | EEEE. . _ EES=sEE
_# Flllﬁlllﬁllllfllllfllll el
GiEEmEm - mEE [mmmmf mEm
Lm.

3133114333333 03333343E40

(S)¥O1vHI1IDIV o

a A a A

64

N

v v v v

VIVA 431SN10 8X 8¢T = INJIND

A A A A

~

A
I~
\ 4 y \ 4

4:4
XBAR | 32

PEs, Shared Memory, Accelerators

GRVI Cluster

~3500 LUTs
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Cluster Composition: Message Passing On a NoC

 Hoplite: FPGA-optimal 2D torus NoC router

« Single flits, unidirectional rings, deflection routing, multicast; configurable
 300b-wide router uses only ~330 LUTs
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ing

PEs, Memory, Router, Message Passi

GRVI Cluster

PGAS: { mx:1; my:1; x4, y:6; addr:20 }
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Ox5 Clusters x 8 PEs = 400 PEs

(KUO40, 12/2015)
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30x7 Clusters x 8 PE = 1680 PEs, 26 MB SRAM
(VU9R 12/20716)

- 400,000 MIPS @ 250 MHz @ 40 W e 5
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GRVI Phalanx V1 Shortcomings

« 32b pointers: awkward for big data on AWS F1, OpenCL
e 32D accesses: wastes half of 64b UltraRAMs bandwidth?

* In-order parch: stall on loads = ~5 cycles
* DDR4 bandwidth << GPU GDDRx/HBMZ2 bandwidth




UltraScale+ HBM2 FPGAs!

« VU3/P w/ two 4 GB HBMZ stacks
« 32 AXI-HBM bridge/controllers

e 37 x 256b x 450 MHz = 460 GB/s




V2 Redesign for HBM FPGAS

* Latency tolerant 2GRVI RV64l PEs

* 64b cluster datapaths

« 32B/cycle deep pipeline NoC-AXI RDMA bridges
* Double NoC column rings
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2GRVI — A Simple, Latency Tolerant RV64| PE

* Reqister file scoreboard: only stall issue on use of a busy register
 Concurrent execution and out of order retirement
« Example: unrolled block copy — no issue stalls even with 7 cycle memory

for (int i=0;i<N; i+= 8) { time # ex:pc insn rd res .
_ ) 3818 @ 010c bne a4,t4,00c4  ---- —------m--oo-ooo- 0[720]=00000000000000e4 if pc=00c4
to[i] = from[i]; 3820 @ ~0110 (annul) cmme oo 8[728]=0000020000B00B5
to[i+1] = from[i+1]; 3822 @ 00c4 1d t3,0(ad) = c--- mmmmmmmmmm e 0[730]=00000200RB000BBEe6
. . ~ 3824 @ 00c8 1d t1,8(ad) = ---- mmemmmmmeem—e-oo- 0[738]=000000000R00BRe7 t3?
to[i+2] = from[i+2]; 3826 @ @0cc 1d a7,16(ad)  ---- mmmmmmmmmmmmm - t1? t3?
to[i+3] = from[i+3]; 3828 @ 00d0@ 1d a6,24(ad) ---- —---------------- t1? a7? t3?
: _ . . 3830 @ 00d4 1d a@,32(ad) @ ---- mmmmmmmmmmmme - t1? a6? a7? t3?
to[i+4] = from[i+d]; 3832 @ 00d8 1d al,40(ad4) ---- —mmmmmmmmmeee o t1? a@? a6? a7? t3?
to[i+5] = from[i+5]; 3834 © 00dc 1d a2,48(ad) —--- —--m--mmmmmmooooo O[f40] t1? a@? al? a6? a7? t3?
to[i+6] = from[i+6]; 3836 @ 00e@ ld a3,56(a4) 0:t3-@00000000000000e8 O[f48] t1? a@? al? a2? a6? a7? t3? t3!
_ ] 3838 @ 00e4 sd t3,0(a5) 0:11-@00000000000000e9 O[f50] t1? a8? al? a2? a3? a6? a7? ti!
t0[1+7] = 'From[1+7]3 time # ex:pc insn rd res
} 3840 @ 0@e8 sd t1,8(as5) 0:a7-(00000PR00RRERea B[f58] aB> al? a2? a3? a6? a7? a7!
3842 @ 0@@ec sd a7,16(a5) 0:a6=(@000000R00RRRReb B[f60] aB?> al? a2? a3? a6? a6!
3844 @ 00f0 sd a6,24(a5) 0:a0=(000P00VP0ERRec B[f68] aB? al? a2? a3? ae!
3846 @ 00f4 sd ae,32(a5) 0:al-@00000000000000ed O[f70] al? a2? a3? al!
3848 @ 00f8 sd al,40(a5) 0:a2-@000000R00RR00Rece B[f78] a2? a3? a2!
° 400 6—|_UTS (Saﬂs < <)| 3850 @ 00fc sd a2,48(a5) 0:23=(@00000PP0PR0RE0eT O[740]-00000POPEORERRe8 a3? a3!
3852 @ 0100 sd a3,56(a5) ---- —------m-------o- 0[748]=00000000000000e9
3854 @ 0104 addi a4,a4,64 0:a4=+00000ORO0RRO1F80 B[750]=000VOBOVRLOBRea
3856 @ 0108 addi a5,a5,64 0:a5=+00000PA00RAA1782 B[758]=0000PRR0RR0BABeb
3858 @ @10C bne a4,t4,08c4  ---- —---m--m-moo-oo - 0[760]=0000OOROLRRRRBRec if_pc=00c4
time # ex:pc insn rd res




GRVI vs. 2GRVI

Year 2015 Q4 2019 Q2

ISA RV32l + mul/lr/sc RV6O4!| + Ir/sc

Area 320 6-LUTs 400 6-LUTs (sans shared <<)
Frnax / congested 400 / 300 MHz 500+ / TBD MHz
Pipeline stages 2/3 2/ 3/ 4 (superpipelined)
Out-of-order retire yes

Cluster, load interval 5 cycles 1/ cycle

Cluster, load-to-use 5 cycles 36 cycles o
Cluster, 5 RAM BW 4.8 GB/s (300 MHz) 12.8 GB/s (400 MHz) D
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15x15-3 Array of Clusters + HBM + PCle
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Phalanx SoC

¥ PE & Cluster RAM « NoC « AXI & HBM

« 32 B write request message,

32xn B burst-read request — nx32 B read responses

* PE sends R/W request message to its NoC-AXI bridge,
bridge issues request to its AXI-HBM channel(s),

bridge sends read response messages to dest. address

« 32 B write + 32 B read response per cycle per bridge

 Measured ~130 GB/s write + ~130 GB/s read at 300 MHz

Cluster { 8 GRVI / 6 2GRVI, 4-8 KB IRAM, 128 KB CRAM, Hoplite router }

NoC-AXI RDMA bridge { 2 256b AXI R/W req queues, 2 resp queues }

C

A

H| Two AXl-switch-MC-HBMZ bridges, each 256b R/W at up to 450 MHz

] Unidirectional Hoplite NoC X-ring rows and Y-ring columns
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NoC-AXI-HBM Transactions in Flight

Waveform - hw_ila_1

~ Wlslot_0 : gp_M0O_AXI : Interface Active
> W slot_0 : gp_MOO_AXI  Write Transactions 14 Write (ID:00 Addr:0x00010104 H o I ]
> W slot_0 : gp_MOO_AXI : Write Transactions 13 Write (ID:00 Addr:0x0001010a _— e | i ] Write 10100 Ade e WTiTe 110700 Addr:0x0001G0 _- T T E— Write (10100 Add
> W slot_0 : gp_MOO_AXI : Write Transactions 12 Write (1D:00 Addr:0x00010108 " Write |10:00 fadr:0:0 ) — S Writc (ID:00 Addr:OO0OIODDED) } NTite (1000 faar CRooOIODCOG) — Write (10:00 Addr 0
> % slot_0 : gp_MOO_AXI : Write Transactions 11 Write (ID:00 Addri0x0001 01 020 FEEE I rite (10100 ¢ ] = write (1D;00 ROOOIOBREOT
> W slot_0 : gp_MOO_AXI : Write Transactions 10 write (ID:00 Addr:0x000100fa0 el __*. [ T R — SWrTite 110100 fddricrooolomTES) b te ©owd AOdP DROCGLOGIZE rite (10100 Adar:CxB00100ce0] __ﬂoo
> Wi slot_0 : gp_MOO_AXI: Write Transactions & Write (ID:00 Addr:0x000100¢80) < 10: : aa0] = TID: :ozeooroorony o I Wntc (10:00 ___ ( y ootooceor o BEMMMEE iritc (I0:00 Addr:0x000100040] Write
> i slot_0 : gp_MOO_AXI: Write Transactions & Write (ID:00 Addr:0x000100fe0 Write (10:00 Adar:OROGGLO0RED) B T T T — 3—_ WTITE [IDI00 T RoooiL e ______ ATITE (10700 AadriOROOGLO0RA0] _-#\m £
> % slot_0 ; gp_MOO_AXI : Write Transactions 7 _ Arate -_= =  0x <o) ___ Addr: = ) 'T0: : | L = ATIte (10100 Addr:Cx emmgi—m.-
> % slot_0 : gp_MOO_AXI : Write Transactions 6 write (1D:00 Addr;0x000101 060 TEREE | Write (1D:00 1 ] Write |1D:00 Addr: ] i y : x =) (1D E T — | Write 11D:00 &
> i slot_0 : gp_MOO_AXI: Write Transactions 5 Write (ID:00 Addri0x000100¢60} Arite [1D:00 50) = Writc (ID:00 Addr: 0Y000I00TZO) T Write | mo ] — B I T T A— T Write [10/00 Aadr:0xo0
> % slot_0: gp_MOO_AXI : Write Transactions 4 ‘Write (1D:00 Addr:0x000100c40) ‘—_T ___ x| - _'r'\‘r‘llE (ID:00 _ mw
> i slot_0 : gp_MOO_AXI: Write Transactions 3 Write (1D:00 Addr:0x0001 0000 TRl BN R Write [ B G — T Write (ID:0D Aadr; Ozo0 T Write 11D:00 Addrioxo0OIOGTEON Write (ID:00 Addr:0x0O0100300)
> i slot_0 : gp_MOO_AXI: Write Transactions 2 Write (ID:00 Addr;0x000100fc0 Wit (1000 o B Write (1000 sadrioxoooioenaor o B mrite (10:00 o) T et b T e e =) e o T R R T T R T T
> % slot_0: gp_MOO_AXI : Write Transactions 1 ‘Write (1D:00 Addr:0x000100ccO| _——— T hnte (Iby 00100e40) _— write [ID:0G0 ___ﬁ_ FllE\IE‘T:__ ‘ﬂ\'rmr‘ 000101030, Write [ID. ..
> M slot_0 1 gp_MOO_AXI : Write Transactions 0 Write (12100 Addr:0x0001.00cao| ETETENE—| Tite (1D:00 oorooseo) . W Aritc (D00 A -_ — | "TID:00 fddr:Oxo0OLO0CEO) = write (10:00 maarowooororizor o Birite (1000 AdarO<00O100
> Wi slot_0 : gp_MOO_AXI : AR Channel No Read Addr Cmds _ e e N e, Fest radr G e e —
> W slot_0: gp_MOO_&XI: R Channel No Read Data Beats e o R
« W slot_0 1 gp_MOO_AXI ; AW Channel Addr cmd CEe CEE SN O T CEE O T T BTN CEE SN B T CEE T [ T I T e 5 X ] icacTEN  rraews rrmes |
18 slot_0 : gp_MOO_AXI ; AWVALID 1 ‘ ‘ | LI L - — LI \_‘ 1| L] L] | I L |
4 slot_0: gp_MOO_AXI : AWREADY ) ‘ ‘ m ‘ | ‘ | l—,_l—l ‘ ‘ | ‘
> W slot_0: gp_MOO_AXI | AWID o @
> Wi slol_0 : gp_MOO_AXI : AWADDR 000100cc0 DI TS CEXS (I 03,03 €3, (0, CIXYS CIYYS (KT CITY) €3, €5 08 O LIXYS CIVSY XYY CIXEY 8 9 0909 CIYTY CITYY (IYES CIXIY €9 €9 £V, 0F CITEY CINEY YYD VTS €300 £ O CIYEY VXS CIVED XY 60 00 £ £3,CITTD, CIXTS, CIvn
> W slot_0: gp_MOO_AXI : AWBURST INCR THER
> Wislot_0: gp_MOO_AXI : AWLEN 0 ! ’ ’ ! : : : ! : : ! : I - : - - : - - - : - -
> Wislot_0: gp_MOD_AXI : AWSIZE 32 bytes ! i i ! ! ! ! ! ! ! ! ! 32 bytes : ! : : ! : : : ! . .
> W slot_0: gp_MOO_AX| : AWCACHE 2 ! ! ! ! : : : ! : : ! : . . ! . . ! . . . ! . .
> Wislot_0: gp_MOO_AXI : AWPROT Data Secure Unprivileged ! ’ ’ ! ’ : : ! : : ! Dets Secure Unprivileged : : - - : - - - : - -
> Wislot_0: gp_MOO_AXI ; AWLOCK 0 ! i i ! ! ! ! ! ! ! ! ! I : ! : : ! : : : ! . .
> W slot_0: gp_MOD_AXI | AWQOS 0 ! ! ! . . ! . .
> W slot_0: gp_MOO_AXI : AW_CNT od Ty ed Y oe ed
~ W slot_0: gp_MOO_AXI: W Channel Last Data Last Data Last Data D Last Data
18 slot_0 : gp_MOO_AXI : WVALID 1
14 slot_0: gp_MOO_AXI | WREADY 1 1
18 slot_0 : gp_MOO_AXI ; WLAST 1
> W slot_0: gp_MOO_AX|: WDATA 0000000000000000000000004 ¥B802. .. 8. .. ;BO0000. . . . v IR c‘ DS OCED (O DDDDC
> W slot_0: gp_MOO_AXI | WSTRE i iiiaiiad
> W slot_0: gp_MOO_AXI: B Channel ‘Write Response
Wi slot_1: gp_MO1_AX : Interface Active
> Wi slot_1 1 gp_MO1_AXI : Read Transactions 7 Read (ID:00 Addr:0x01010000 00
> Woslot_1 : gp_MO1_AXI: Read Transactions & Read (ID:00 Addr:0x01 010000 00 0x010 00
> W slot_1: gp_MO1_AXI: Read Transactions 5 Read (ID:00 Addr:0x01 0100001 a0
> Wi slot_1 1 gp_MO1_AXI : Read Transactions 4 Read (ID:00 Addr:0x01010000 B<010
> Woslot_1 : gp_MO1_AXI: Read Transactions 3 Read (ID:00 Addr:0x01 010000 00 0010100000 0o
> W slot_1: gp_MO1l_AXI: Read Transactions 2 Read (ID:00 Addr:0x01 010000 00 0x010100000 oo 0z 010100300
> Wi slot_1 1 gp_MO1_AXI: Read Transactions 1 Read (ID:00 Addr:0x01010000 o0 5x 010100000
> Woslot_1 : gp_MO1_AXI: Read Transactions O Read (ID:00 Addr:0x01 010000 0o 0x01 01000600
~ W slot_1: gp_MO1_AXI: AR Channel _ o - ] m m m
d slot_1: gp_MO1_AXI: ARVALID 0 Il - Il I Il |l
Té slot_L : gp_MO1_AXI ; ARREADY 1 |
> W slot_1 : gp_MO1_AXI : 2RID 00 00
> Wislot_1: gp_MO1_AXI: ARADDR 010100000 ! ’ ’ ! : : : ! : : ! : 010100000 : ! : : ! : : : ! . .
> Wisiot_L : gp_MOL_AXI : ARBURST INCR ! i i ! ! ! ! ! ! ! ! ! HoR : ! : : ! : : : ! . .
> W slot_L : gp_MOL_AXI | ARLEN f ! ' ' ! : : : ! : : ! : . ! ! ! ! ! ! ! ! ! . .
> Wislot_1: gp_MO1_AXI: ARSIZE 32 bytes ! ’ ’ ! : : : ! : : ! : 37 bytes : ! : : ! : : : ! . .
> Wisiot_L : gp_MOL_AXI : ARCACHE 2 ! i i ! ! ! ! ! ! ! ! ! > : ! : : ! : : : ! . .
> W slot_L : gp_MOL_AXI | ARPROT Data Secure Unprivileged ! ' ' ! ' : : ! : : ! Dats Secure Unprivileaed : ! ! ! ! ! ! ! ! ! .
> Wislot_1 : gp_MOL_AXI : ARLOCK 0 ! ’ ’ ! : : : ! : : ! : L : ! : : ! : : : ! . .
> W slot_L: gp_MOL_AXI : ARQOS 0
> W slot_1 : gp_MOL_AXI : 8R_CNT 08
~ % slot_1 : gp_MOL_AXI: R Channel Data Beat
Té slot_L : gp_MO1_AXI ; RVALID 1
14 slot_L : gp_MOL_AXI: RREADY 1 | L 1 L] L] L | L | L LI L | LI L L L] LI [ — LI L | L |
d slot_1: gp_MO1_AXI: RLAST 0 1 il M M | |l |l
> W slot_1: gp_MO1_AX|: RID 00 )
> W slot_1: gp_MO1_AXI: RDATA 000000000000000000000000§ 000GG . 0.. * : 0. OO‘OOOOOOOOOOOOODBO‘ i OOOOOIOODDOOOOOO‘ * 0. 50, ,1\0000000000000‘ OOOOOOOD‘OOOOOOO. .. DdOOOOOOODOOOOO OC OOIOOOOODOOOOO‘ * 000000000060000000 B m@ OOIOOODDOOO‘ 000000000060000




222 x8 GRVI PEs = 1776 RV32| PEs
222 x 6 2GRVI PEs = 1332 RV64l PEs

High Bandwidth Memory
High Bandwidth Memory

High Bandwidth Memory
High Bandwidth Memory




Phalanx-HBMZ2 Next Steps

* Tune up to 400+ MHz = ~200 GB/s writes + ~200 GB/s reads

« Computational HBM2 — compute at the bridges
* Scatter/gather, add-to-memory, block zero, copy, hash, reduce, select,
regexp, sort, ...

2019/11/17 2GRVI Phalanx: Kilocore RV64l + HBM Accelerator Framework 18 ﬁm



Phalanx Parallel Programming Models

e Architecture: array of clusters of PEs, no caches, message passing

* Today: bare metal C/C++ + message passing runtime

* Future
* Flat data parallel NDRange OpenCL kernels
* Streaming kernels composed with OpenCL pipes
* ‘Gatling gun’ parallel packet processing




An OpenCL-like Model and Tools

e Familiar to GPU developers(?)

» Host side: Xilinx SDAccel OpenCL runtime

* Setup, copy bufters, queue parallel kernel calls, wait, copy results
* FPGA side: GRVI Phalanx < SDAccel-for-RTL shell

« Map work groups to PE clusters, work items to PEs

« Memory: global = HBM; local = cluster RAM (static); private = thread (auto)
 Scheduler (PEs at cluster 0): distribute kernels, map work groups to idle clusters

* Plan. Not yet implemented




OpenCL “Like”

kernel void vector add(
global int* g a,
global int* g b,
global int* g sum,
const unsigned n)

local align int a[N], b[N], sum[N];

int iloc = get local id(@) * n;

int iglb = (get group _id(®) * get local size(®) + get local id(®)) * n;
int size = n * sizeof(int);

copy(a + iloc, g a + iglb, size); // from HBM
copy(b + iloc, g b + iglb, size);
barrier(CLK_LOCAL_MEM FENCE);

for (int 1 = 0; 1 < n; ++1)
sum[i] = a[i] + b[i];
barrier(CLK_LOCAL_MEM_FENCE);

copy(g_sum + iglb, sum + iloc, size); // to HBM
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Take Aways

* (Prior work)
« Software-first, software-mostly manycore accelerators
* Die filling, FPGA frugal, clustered, tiled, NoC-interconnected overlays

* Democratizing HBM
* Xilinx AXI-HBM bridges are easy to use, simplity interconnects, save 100Ks LUTs
« HBM bandwidth is now accessible to all

* Towards an OpenCL-like SDK, on AWS F1, Azure NP10, Alveo
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