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High Bandwidth Memory (HBM) becoming
increasingly popular in FPGA boards:

Xilinx Establishes FPGA Adaptive Compute Clusters at
Leading Universities
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Intel shipping FPGA with HBM

Intel is shipping Stratix 10 MX FPGAs with integrated High Bandwidth
M emory DRAM [H BMZ} Xilinx Alveo U50 Accelerator

HPCE

Xilinx Adds High-Bandwidth Memory Capabilities to

its Virtex UltraScale+ Portfolio
June 26, 2020




* Stratix 10 MX / Alveo U280 HBM boards provides 32
pseudo channels (PCs), each with ~13GB/s BW
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+ Reconfigurability and energy-efficiency of FPGAs
+ Programming support from high-level synthesis (HLS) tools

Now I am the master
of memory-bound
applications!

.Really?

<FPGA + HBM + HLS>

https://the-stuingtion-and-hiatt-grey-cinematic-universe.fandom.com/wiki/Luke_Skywalker



* Implementation result of memory-bound applications

on Alveo U280
PEs compute data in each
Appli-  PC | KCIk EaBw EaBw/pc | PC independently PEO 1-EC0
cation 4 | (MHz) (GB/s)  (GB/s) | ->Higheff BW PE2 e
MV Mult 16 | 300 211 [ 132 | I > PE3 _PC3
. ! PE4 . PC4
Stencil 16 293 206  _12.9 | o N PES T pcS
Bucket sort 16 | 277 65 (41 @ PE6 |_PC6
Mergesort 16 | 196 94 | 059 | PE7 L PC7
PEs need to read/write

"o o | from multiple PCs

O. ()
- -> Low eff BW @

PE31|‘ '|PC31
4

More evaluation result in Y. Choi, et al., "When HLS Meets FPGA HBM: Benchmarking and Bandwidth Optimization." arXiv preprint arXiv:2010.06075 (2020).




 Reason for the low effective BW:

— 1. Shared links among the built-in switches become a

bottleneck

Full crossbar —

<Alveo U280
Architecture>
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e Reason for low effective BW:
— 2. Difficult to infer burst access to multiple PCs in
current HLS programming environment
11 void key write( hls::stream< ... > & in_fifo,
12 ap_uint<512>* pe@ pcO, ped pcl, ... ped pcl5){
13 while(...){
14 #praFma_HLS_pingiae\II=1
15 édata, bucket id} = in_fifo.read();
16 switch( buckdt_id ){
17 case O : pe@\ pcO[addro++] = data; break;
18 case 1 : pe@ gcl[addrl++] = data; break;
19 ce
20 case 15 : pe@ pAl5[addrl5++] = data; break;
21 } }

Data comes in random order
-> Data may be sent to different PC in next iteration
-> AXI burst length of one



How to solve this problem?

— We propose HBM Connect: a high-performance customized
interconnect (between PEs and the HBM) for HBM FPGA
board

« HLS-based optimization techniques to increase the throughput of AXI
bus masters and switching elements

* High-performance customized crossbar
* Finds the design point with best BW-resource tradeoff
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Case Studies

Case 1: Bucket sort

PCO

/| Bucket

sort PEO

PC1

R Bucket
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sort PE1
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write

sort PE2
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Assumes PC-independent

sorting in the next stage



* Case 2: Merge sort

(hybrid of bucketing
+ merge sort)

Un- In-PC Fully
sorted sorted.~— ~sorted
Intra-PC Inter-PC 01,2
PCO N PCO | 47 1o
32,0, 16, ... sort PEO 0, msort PEO '
Intra-PC Inter-PC E 1024
PC1 - y“ PCL | 047
1,33,17 ... sort PE1 1, + ‘Q& msort PE1 .
Intra-PC "AYN Inter-PC ’
PC2 - i A‘_'L_ —| pco | 204
sort PE2 msort PE2 . - 4191
34,18, 2 ... 2,18, 34 !
All-to-all 1-to-1 B
read N write -
34 intra-pC 15,31, 47 .. Inter-PC
PC15 - , Jpc15| e
sort PE15 L msort PE15 | o 16383
Assumes PC-independent s Merge sort
sorting in the previous stage .
from PCO msort PE15
from PC1 merge merge
: merge —>to PC15
from PC14 —» N merge
from PC15 merse
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Design Space of HBM Connect

Processing 1 Custom ‘I AXI Burst | Built-in HBMC/
Elements | Crossbar |: Buffers 1 Crossbar ~ PHY/HBM
! ! ' AXI'S
PEO |\ | ' AABUF N ———" {PCO
PE1 AN\ /L ABUF f+—] unit |[—| PC1
PE2 {swcr SWCH / ABUF J/ switch :.. Eg%

|

PE3 'W o R
PE4 \VI X ABUF 1 PCA4
'. M "~ B

PES ABUF ;-:-:—:
PE6 Swgﬂ Im- ABUF —| >~ ] PC6
PE7 m ABUF " ~{PC7
PES '\"\ ABUF |
PES Swcr]); TABUF]
|
: Iy : :
| : :
PEIST 1 ,': ABUF —1{PC15
7’ ‘S V4
CXBAR-= {4,3,2,1,0} ABUF= {256, ..., 2, 1, 0}

Reduces traffic in built-in xbar Increases AXI burst length 12



Problem Formulation

* Assumptions

— Memory-bound application
— HLS kernel in dataflow style (with streaming FIFOs)
— Data is read /written in sequential address to HBM

* Problem:

— Given the data size between all PEs and PCs, find a design space
(CXBAR, ABUF) that maximizes BW?/LUT

AT?
Maximize effective bandwidth while using small resource as possible

BW term is more important than resource term (memory bound
application)

Metric BW?/LUT may be replaced with BW?/FF or BW?/BRAM

13



Introduction
Case Studies
Design Space and Problem Formulation

Built-in Crossbar and Custom Crossbar

o ———— o————— \\
.| \ [ oo
Processing Custom AXI Burst Built-in HBMC/
AXI BurSt Buffer Elements | Crossbar : Buffers | Crossbar PHY/HBM:
PEO A ABUF M A 'pco
PE1 ABUF o = PC1 :
. PE2 ABUF itch [—{ PC2
Experimental Result TEmN\ e CITEE vy B Rl 7 g
ABUF _— PC4
PE4 SWCH SWCH v pcs ] |
PES SWCH SWCH QSUE o pce] |
PE6 swer f swer \\HAEET ~c
EE; VA\] SWCH [N swcH \ AEUF I
PE9 /'\ SWCH SWCH \ ABUF I
I N sweH F{swcH) ; |
: : | :
PCTs] |
\\ -_— e = = \ L 7/



Built-in crossbar and HBM

* Single PC benchmarking result

Maximum BW:

Read & Write Read only Write only

Ideal |

12.9

13.0

13.1

14.4 |

Latency:

Read lat  Write lat |

Total | 289 ns

151 ns |

tgLEN;; = BLEN;j/BWmnax + LAT —  BWj; = BLENj;[tBLEN,,

15

1/16 1/4

Sequential data access size (KB)

1

——RD measured
—RD predicted

4

16

64

15

—WR measured
—WR predicted

1/16 1/4 1 4 16 64

Sequential data access size (KB)

* Our HLS HBM benchmarking work is open-sourced at https://github.com/UCLA-VAST/hbmbench
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Limitation of Built-in Crossbar

* Many-to-many unicasting BW
— Test configuration: 2x2~16x16 AXI masters x PCs RD/WR

Ex) 2x2 WR: | AXIO PCO
AXI1 PC1
AXI2 PC2
AXI3 PC3
— Test result:
15 o oen 15 22 WR
= =i RD __:
& 10 - —8x8 RD % 10
‘:; =—12x12 RD :
0 0
1/16 /8 1/4 1/2 1 2 4 8 1/16 1/8 1/4 1/2 1 2 4 8
Burst data size(KB) Burst data size(KB)

e Severe effective BW reduction in 16x16

16



Customized crossbar

* Topology of crossbar
— Difficult to route fully-connected crossbar
— Decided to use multistage crossbar composed of 2x2 switches

* Several topologies exist - Omega, Clos, Benes, butterfly, etc

— Chose butterfly network

* Reason: Sends data across many hops of AXI masters in its early stage
-> good LUT-BW tradeoff with just few custom xbar stages

ABUFO

PEO
Butterfly Custom Crossbar ABUF1

PE1

=

EE% SW2_ORfSW3 O Al5Wa_0 ﬁgﬂg
SE4 SW2 1 SW3 1 SwWa 1 ABUF4
SEE SW2 2 SW3 2 ZSW4_2 < ABUFS
SEC SW2 3 SW3 3 SW4 3 ABUFe
BES SW2_ 4k—SW3 4df—rsW4 4 ABUES
PER SW2 5 SW3 5 SW4 5 ABUFR
SEs SW2 6 SW3 6 stzL_G ABUFS
SW2_7 SW3_7K—=3{sw4 7

1st 2nd 3rd 4th
stage stage stage stage ABUF15

PE15



L <l T/ T~
2x2 switch in HLS S —

Can process 2 Can process 1
inputs input

— Problem with typical 2x2 switch

* Can send both input data to output if the data's output ports are
different

* Average throughput for random input: 1.5 elements per cycle

— Proposed solution: mux-demux switch

* Idea: Decompose a 2x2 switch into simple operations to be
performed in parallel

PC addr 2x2 mux-demux switch !

0 :
X |
: outputd

| Note:
| « Buffer implemented as FIFO

x |
_-_, g output1
1 :

______________________________________________________

e Can produce 2 outputs per cycle,

if consecutive length of data for output < buffer size
18



* Mux-demux switch (...continued)

— Resource (post PnR) & throughput comparison
* Tested with random input in a standalone Vivado HLS test

* Comparable resource between typical SW vs mux-demux SW
— Complex control in Typ SW

* Better throughput than Typ SW

Typ SW I Mux-Demux 5W _

Buffer size - 4 8 I’ 16 :
LUT 3184 | 3732 3738 13748,
FF 4135 | 2118 2124 :zlziu!'
Thr (Exp.) 1.49 174  1.86 11.93
Thr (Est.) 1.5 | 1.74 1.88 11.94 I

—

HBM Connect default
configuration



Introduction
Case Studies
Design Space and Problem Formulation

Built-in Crossbar and Custom Crossbar

( \

Processing Custom | AXIBurst I Built-in HBMC/
AXI BurSt Buffer Elements Crossbar I Buffers I Crossbar PHY/HBM
PEO | AABUF 4 M—2 _PCO
PE1l ABUF unit |——{ PC1
|
. PE2 ABUF switch |—— PC2
Experimental Result T mN\ I o BISE 7y Bl B 75
PEA N\ N CH 7 SWCEH AR aBUF R PC4
SWCH N4 SWCH OF *L-lg__,_v-—‘” PeE
EES SWCH ¥l SWCH ﬁg H LRSS 5
6 SWCH B SWCH ABBF < I N s
EE; N\ SWCH FAN swcH \ AEUF 17
,’\ swer [ swer] \] : ,
PEI I'. YswerYswchj : LABUFT
H I I
| [ABUF}] PC15
\ J

20



* Conventional HLS coding style: Direct access from
PE to AXI master

PEO ] AXI MO — _—{ PCO

unit PC1
switch y PC2

~_PC3

— Problem: In bucket sort, two consecutive keys may have
different destination PCs (random order)

» time

Dest PC (bucket): 3 2 (15|14 |11 | 1 1 7 9 | 10

 Existing HLS tools do NOT automatically infer burst access to
different PCs

* AXI burst length of one



e Intuitive solution:
— FIFO-based burst buffer**

Instantiate burst buffer for each destination PC

[Read PC | > Write .1 PCO
ﬂrﬁ, Splitter func Jb| pc1

FIFO i1
PCO > AXI M burst buffer |ax1 MP»{PC15

(in BRAM)

Problem 1: Underutilized BRAM
— Only requires ~32 length burst & BRAM min depth is 512
Problem 2: Complex routing

— Scatters data to multiple FIFOs and again gathers data to a single

AXI master
e Result: PnR failed [ Buf CX Bur| FPGAResource | KClk EfiBW
Sch  bar Len | LUT/FF/DSP/BRAM | (MHz) (GB/s)
Direct access 126K / 238K / 0/ 248 178 56

"FIFO 2 16 | 195K/335K/0/ 728 | [ PnR failed,
| Burst . 32 | 193K /335K /0/728 | | PnR failcd|
Buf . 64 | 195K /335K /0 /728 leIR failed)

22
** Called “BICA” in Y. Choi, et al., "When HLS Meets FPGA HBM: Benchmarking and Bandwidth Optimization." arXiv preprint arXiv:2010.06075 (2020).



* 3 problems at hand:
— AXI burst access problem
— BRAM under-utilization problem
— FIFO scatter/gather problem

* Proposed solution: HLS Virtual Buffer (HVB)

— Idea: Share the BRAM as a burst buffer for many
different destination PCs
 Single physical FIFO is shared among multiple virtual channels

— Architecture: +” Siriua bffer moddie>” . (burst write data)
wptrQ o [ 1 PCOfN_ rptr0 i /
) 1
: | AXI

rptr1

: f‘]E_ t [ Mastel ]
rpt? ! |
re

|
t_info_fif
(data WI;CII raI)IdOIII R [:L ou 1130 ifo inat ¢ )

______________

[PE &cus)

I

|

|

|

|

i i |
tom xbar J in_fifo !
|

|

|

|

‘

=
=4
-
o .
O
-q




e HLS Virtual Buffer (....continued)

<HLS code>

1
02
83
04
@5
06
7
B8
09
18
11
12
13
14
15
16
17
18
19
28
21
22
23
24
25
26
27
28
29
38

ap_uint<512> pbuf[8*ABUF]; //single physical buffer
while(...){
#pragma HLS pipeline II=1
#pragma HLS dependency variable=pbuf inter false

if( write in progress =1 ){ __ _ _ _ _ _ _ _ _ _ — — —
’hrite_data = pbuf[64*write_ch + rptr[write_ch]];

//read data from physical buffer
out_data fifo.write(write data); S/mrite to out_data_fifo
rptr[write_ch]++; //increases the read pointer
write_num--; //keep track of data written
if( write_num @ )

write_in_progress =

-— s - = .

@; J/stop write when data is all sent

elsgi _____________

I'4 “wr ite ch++;
| write_num = wptr[write_ch] - rptr{write_ch]; I
J/number of write determined by the existing elements|
out_info_fifo.write((write_ch, write_num)); //pass ctrl infol
write_in_progress = 1, [

V-

et oS Em mm mm o

{ read_success = in_fifo.read_nb(read_data);
| if( read_success ){
targetPC = read_data(...); //find targetPC from the read_data
pbuf[64*targetPC + wptr[targetPC]] = read_data;

//write to physical buffer
//increases the write pointer

- s e s -

I wptr[targetPC]++;

<Architecture>

+~ <Virtual_buffer module>

e
-

/

| fec !

: prtrO 1 P rptro |

1

. EPC:I \'::
—_— : —

in_fifo ! wptrt | F pirt :out_data
' fifo

I wptr? it b I—

I 1 PC rptr7 |

! | B I

1

\

Read data from buffer,
burst write to each PC

Burst length &
destination PC info

Reads input data (random PC),
write to physical buffer

24



e HLS Virtual Buffer (....continued)

Smaller LUT/FF usage by
sharing physical FIFO

— Comparison

Buf Bur CX FPGA Resource KClk EffBW
Sch  Len bar | LUT/FF/DSP/BRAM | (MHz) (GB/s)
Direct access 2 | 126K .-“_A-i_i's‘.I-E [0/ 248 178 | 56 |
| FIFO 16 2 ’uiﬁlif 335Ky 0/ 728 |  (PnR falled ™

Burst 32 2 w 3K / 335KV 0y 728 l IPnR fail::d:

| Buf 64 2 | 95K/ 335KY 0V 728 |  PnR failed
HLS 16 2 IIHK.-“JHI{HU," 368 | {283 [ 1161
 Virt 32 2 lﬂlf{u-iﬂ{lfw 'iﬁﬁ' | 286 | : 1851
Buf 64 2 \IHK 233KV oV -i-f:ﬁ 1300 ! | 180!
Ak /23 S0, ,

Eff BW higher than
direct access with AXI
burst access

— HVB Abstraction (S2S transformation)

Smaller BRAM usage than FIFO burst
buffer with sharing buffer space

vir che

}

= 0;
for(i=0; i<BURST_LEN; i++){
#pragma HLS pipeline II=1

data = pfifo.vfifo read(vir_ch@);
ped pco[i]

= data;

/

-

Virtual buffer tag

25



Introduction
Case Studies
Design Space and Problem Formulation
Built-in Crossbar and Custom Crossbar

AXI Burst Buffer

Experimental Result

26



Experimental Result

* (Case study 1: Bucket sort
— Varying number of custom crossbar stages

Cus AXI A FPGA Resource KClk EffBW BW</Resource Metrics
Xbar Xbar BUF | LUT/FF/DSP/BRAM | (MHz) (GB/s) | BW?/LU BW?/FF BWZ?/BR
(baseling) 0 4 0 | 102K/ 243K/0/ 248 | 277 65 1.0 1.0 1.0
0 4 64 ngﬁﬂ 2438/ 0 (480, 166  { TOE) 23 2.7 1.4
1 3 64 ldlﬁfdjll‘dfﬂzjﬁﬁl 281 1160 : 5.1 6.4 4.1
2 2 64 .1-.:4[{; 233K1/ 0 | jﬁﬁ 300 : 180 ;| (5.8 7~ "8 5.2
3 1 64 '155K£345K'fu}jﬁﬁ. 209 195 ! '\5}} Best *,J_u,' 6.1
Fa= "o "0 \115_912-7:?:*-55%;[151537'_;—E}?___[EUE‘,' 53 78 I 9.8
P S . ittt it St et et -~
Best

CXBAR=4

-> 1-1 connection between AXI

master and PC

More custom crossbar stages
-> |ess contention on lateral connections
-> higher effective BW

~ Approaches the maximum BW -> more LUT/FF usage (but less than BW

achievable (206GB/s = 16PCs * improvement)

12.9 GB/s) -> fewer output PCs per AXI master -> less
BRAM usage

27



— BW?/resource metrics
ABUF _’_{EWE.-"LUT?

CXBAR

Adding few stages adds only few LUTs
while greatly improving BW

= b = =

— e - -

0y 16 32 128
101091 26 NA
1.0V 28lmes5™ E-l‘l 3.5

I .
(.6 : 2.4 :IE-.E 28 47

0.8 1 231138
2.3

5.3 |

Low effective BW when

burst length is too short

Long burst length is

(BW2/BRAM) excessive since both
o | 1,5-] 32 64 {E’.H‘I reading&writing
0| 1.0 : 0.7 : 20 14 : NA :
1|11, 22,52 41,22
210712155 52142
3011123139 6.1'55)
1|f987) - -

AXI master only communicates with 1 PC
-> Low BRAM usage

* Case study 2: Merge sort

(BW?/LUT) _ _ _ _

0 32 64 (128 256)
0|10 64 52 INA NA'
1] 1.8 82 120 1100 114:
2|17 8 149 119 168
3015 86 141 :154 211
4|12 8 137 (181 191!

Max achieved at 128-256
(compared to 32-64 in write),
since longer burst needed for read

(BW?/BRAM) = =~

0 321 64 128 256
010 57" 34 |NA NA
1] 16 62: 66 1 36 25
2|16 66, 81 142 35
3116 70 8 ! 60 48
4|15 7018 73 46

Note: Overall values higher
in merge sort, since baseline
read BW is 6X slower than
baseline write BW

Peak reached at shorter
ABUF, since larger ABUF
requires more BRAM
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On-going Work

* In the process of extending to other benchmarks and making
it user-friendly

« HBM Connect will be released as an automatic HLS C++
component generator based on template functions
— Coming soon in https://github.com /UCLA-VAST/

\

\
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Summary

 How to fully exploit FPGA HBM boards with HLS?
— When multiple PEs access multiple HBM PCs?

e HLS Connect

Thank you!

(Please reach me at: ykchoi@cs.ucla.edu)

Supported by: . ) J P
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