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Hardware Accelerators

« Many different platforms for hardware acceleration of compute intensive
applications

- These include GPUs, FPGAs, etc.

* GPUs are more widely used due to

» The ease of use and better design productivity
* Better support for the OpenCL programming model

* Faster design cycles
Application in
high-level language
<1 min application
compile time

Application in
high-level language —
10 hour compile time




Hardware Accelerators

« Many different platforms for hardware acceleration of compute intensive
applications

- These include GPUs, FPGAs, etc.

* GPUs are more widely used due to

» The ease of use and better design productivity
* Better support for the OpenCL programming model
* Faster design cycles

* Issues with FPGA based accelerators (past and current)

1. Low level of programming abstraction (RTL) — HLS tools, Eg: Vivado-HLS

2. Runtime management (interfaces and drivers) — Newer tools, Eg: SDSoC, SDAccel, AOCL
3. Long compile times and slow switching between application kernels — Overlays

4. A lack of application portability and performance scalability — Overlays + OpenCL




So what is an Overlay?

* A coarse-grained circuit abstraction which sits on top of the FPGA fabric

« Many similarities to CGRAs
» Because It is coarse-grained, it provides easier application mapping,

faster compilation and faster application kernel configuration
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So what is an Overlay?
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Classification based on Architecturel®

» Time multiplexed QPQ 0O 0
» Spatially configured

* Packet switched, and
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e Circuit switched

Overlay (Time-multiplexed)

Similar to conventional CGRAs Overlay (Spatially-configured)
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Started looking at SC overlays in 2013

DSP Block DySER

Showed that properly exploiting
DSP Block programmabillity and
pipelining improves overlay FU area
by 25% and frequency by 2.5x

Jain, Maskell, Fahmy, HEART 2015
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Started looking at SC overlays in 2013

DSP Block DySER

Showed that properly exploiting
DSP Block programmabillity and
pipelining improves overlay FU area
by 25% and frequency by 2.5x
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design of an overlay can enable
implementation of a large overlay
on Zynqg/V7
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Coarse-grained Overlays

DSP Block DySER

Showed that properly exploiting
DSP Block programmabillity and
pipelining improves overlay FU area
by 25% and frequency by 2.5x

Jain, Maskell, Fahmy, HEART 2015

1000x faster place and route

Place and route within a second
on embedded ARM in Zynq

Get a very fast configuration
time. (us rather than ms)
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Coarse-grained Overlays

So can we use these overlays to provide a More GPU like experience?

* OpenCL on GPU allows:
» Fast compilation and configuration

 Application portability across other accelerators (LLVM IR as abstraction layer)

- Performance scaling by exploiting just-in-time (JIT) compilation

11



Coarse-grained Overlays + OpenCL

« Recent work focused on exposing overlay as an OpenCL device

* Provides a more GPU like experience by exploiting fast compilation and configuration

* Does not exploit kernel replication feature of OpenCL like the one used by GPUs
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Performance Scaling on GPUs

« Can automatically (at runtime) scale performance
if additional hardware resource is avaliable

* Idea:
« Compiling application kernel at runtime from kernel
source (JIT)
« unroll/replicate the kernel based on the availability of

hardware resources

Direct runtime compilation for FPGAs is infeasible

Overlays can allow runtime compilation and

performance scaling!

1. S. Gao andJ. Chritz. "Characterization of OpenCL on a Scalable FPGA Architecture” ReConFig 2014

time
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time

Core 0

RESOURCE, BUILD TIME AND POWER OF OPENCL AES KERNEL

attr. Logic Reg. Memory DSP Time Power
Original 449  12% 30% 0% 70 min ff 29.6 W
SIMD 2 62%  13% 29% 0% @ 162 min f§§ 29.9 W
SIMD 4 9%  14% 31% 0% Q523 min f§ 30.1 W
COMP 2 68%  15% 35% 0% 82 min § 30.6 W
COMP 3 89%  17% 41% 0% 94 min f§ 31.0 W
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Coarse-grained Overlays + OpenCL

OpencCL Description of Compute Kernel
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Resource-aware Performance Scaling

* Proposed approach can help in performance

scaling on providing more hardware resources

Kernel Throughput in GOPS

» Instead of mapping single copy of kernel on 8x8
array, compiler can replicate the kernel 16 times
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Coarse-grained Overlays + OpenCL

OpencCL Description of Compute Kernel
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OpenCL Kernel Execution Profile

 Application: Apply negate kernel (total inversion, 255 - pixel vaiue) on 400x225
grayscale image

e X-axis shows time in milliseconds

Intel Xeon CPU E5-1650
NVIDIA Quadro 2000
ARMv7 Cortex-A9 CPU

FPGA

Overlay

100 1000 10000 100000 1000000 10000000

m Kernel compile time ™ Write M Execute Read




Summary

* Proposed a resource-aware Just-in-Time OpenCL compiler for FPGA overlays

« Embedded ARM processor on Zynq device can compile kernels within a second

e Future Work:

* Integration within POCL framework on Zyng-v2
 Execution of OpenCL benchmarks
« Comparison with GPU

« Continue the DSP-based overlay research

 Integration of multiple DeCO in the accelerator framework
« Efficient time multiplexed overlays

« Compilation of TensorFlow Graphs onto Overlays

Host-device

Device dependent.
ie., device drivers

interface _
Host layer [ Device layer
|
OpenCL Platform layer
implementation Device
queries
OpenCL Runtime b
implementation P Threading Kernel
i : implementati launching
|
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— — ] ——,
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Thank you



Results

Benchmark Overlay implementations Direct FPGA implementations

name PAR time Fiiaxr Resource PAR time  Fhiax Resource Resource Penalty j PAR
(seconds) (MHz) (DSP — Slices) | (seconds) (MHz) (DSP — Slices) | (DSP — Slices) Improvement | speedup

chebyshev(16) 0.2 300 128 — 12617 240 225 48 — 251 2.6 — 50x 1.3 1200
sefilter(10) 0.29 300 128 — 12617 396 185 100— 797 1.2x — 15x 1.6 1365

mibench(7) 0.27 300 128 — 12617 245 230 21 — 403 6.0 — 31x 1.3 007 x
gspline(3) 0.17 300 128 — 12617 242 165 36 — 307 35x —41x 1.8 1423 %
poly1(9) 0.18 300 128 — 12617 256 175 36 — 425 3.5x — 29x 1.7x 1422 x
poly2(10) 0.23 300 128 — 12617 270 172 40 — 453 32x — 27Tx 1.7 1173

20



Summary

 Similar work: Supporting p-VEX vector processor as an OpenCL device using POCL

pProgram

Clang

pocl

host layer —|

LLVM VEX back end
VEX assembler
VEX linker

pVEX device layer [

)\

user space
——————— cedevf----------————---————-qsysfs f--- - -
kernel space

rvex driver

xdma driver

PCle subsystem
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Summary

 Similar work: Supporting p-VEX vector processor as an OpenCL device using POCL

« Bad performance for the evaluated benchmark

» Edge-detection algorithm applied on 640x480 image using 3x3 mask size

Time (ms)

Processed images rvex basic
1 1520 17.84
2 3040 32.60
3 4560 47.73
4 6083 64.42
5 7604 79.39
6 9125 95.28
7 10646  110.44
8 12166  126.62

pVEX
compile work-group function  instr. gen. link total
1746.4 ms  2129.3 ms 754.8 ms 288 ms  4659.4 ms
basic
compile work-group function  instr. gen. total
2820.6 ms  2357.2 ms 302.4 ms 5480.2 ms

22



Additional Slides for tool-flow



Additional Slides for tool-flow S

-u'

(a) OpenCL Description of the Kernel

__kernel wvoid example_kernel (_ _global int A, __ glokal int =B}
{

int idx = get_global_id(0);

int x = A[idx];

Blidx] = (x# (x+=(lE+x+x—20)+x+5)) ;

24



Compilation

(b) Intermediate Representation (IR) of the Kernel (c) Optimized IR of the Kernel

£0: %0:

(1 = alloca 132+, align 4 %1 = call i32 bitcast (i32 (...)* @get_global_ id to 132 (i32)=«) (132 0)
£2 = alloca 132+, align 4 %2 = getelementptr inbounds 132+ %2, 132 %1
$idx = alloca 132, align 4 %3 = load 132« %2

% = alloeca 132, align 4 %4 = mul nsw 132 16, %3

store 132+ %A, i3Z++ %1, align 4 %5 = mul nsw 132 %4, %3

store 132« %B, 132+« %2, align 4 %6 = sub nsw 132 %5, 20

83 = call i32 bitcast (132 (...} Bget_glcobal_id teo 132 (i32)«) (132 0) %7 = mul nsw i32 %3, %6

store 132 %3, 132+ %idx, align 4 %8 = mul nsw 132 %7, %3

24 = load 132+ %idx, align 4 %9 = add nsw 132 %8, 5

25 = load i32++ %1, align 4 %10 = mul nsw 132 %3, %9

%6 = getelementptr inbounds 132+ %5, 132 %4 %11 = getelementptr inbounds 132+ %B, 132 %1
27 = load 132+ %6 store 132 %10, 132+ %11

store 132 %7, 132+ %x, align 4 ret wvoid

%8 = leoad i3Z+ %x, align 4

59 = load 132+ %2, align 4 @

%210 = load i3Z2+ %x, align 4 g )

(11 = mul nsw 132 16, %10 ('
%12 = load i3Z2+ %x, align 4

£13 = mul nsw 132 %11, %12

$14 = sub nsw 132 %13, 20

£15 = mul nsw 132 %9, %14

216 = load i32+« %x, align 4

£$17 = mul nsw 132 %15, %16

£18 = add n=sw 132 %17, &5

$1%9 = mul nsw 132 %8, %18

220 = load i32+« %idx, align 4

%21 = load i3Z+«+« %2, align 4

£22 = getelementptr inbounds 132+« %21, i32 %20
store 132 %19, i3Z. %22
ret wvoid

25



Compilation

(a) DFG Description of the Kernel

digraph example_kernel |
N8 [ntype="operation", label="add Imm 5 NE"];

(b) FU-aware DFG Description of the Kernel

N9
N1

[ntype="outvar",
[ntype="invar",

label="00_N9"];
label="I0_N1"];

digraph example_kernel |
N7 [ntype="outvar", label="00_N7"];

Nl [ntype="invar", label="I0_N1"];

N2 [ntype="operation", label="mul_ N2"]; . - F N
N3 [ntype="operation", label="mul N3"]; N2 [ntyp9="6?erat}ﬂn", label="mf1_ff"];
N4 [ntype="operation", label="mul_ Imm 16 _N4"]; Ei {nEYPE= G?Efat}ﬂﬂ ' iaiei= mui_fi ]i’ o
N5 [ntype="operation”, label="mul N5"]; ntype="operation", label="mul_ Tmm 16_N4"];
N6 [ntype="operation", label="mul_ N&"]; NS [ntype="operation", label="mul_sub TImm_ 20_N5"];
N7 [ntype="operation", label="sub Imm 20_NT"]; N& [ntype="operation", label="mul_add Tmm 5_N&"];
N8 -> N2; N1 —-> N5;
N1 -> N5; N1 -> N6;
Nl -= NE; 2 N1l —-»> NZ;
Nl —-> NZ; - N1l —-»> MN3;
N1l -> N3; - - — Nl —> N4;
N1 —-> N4; N2 -= N7; d_
N2 -> N9Y; N3 -> N6;
N3 —> N6; N4 -> N5;
N4 —> N5; N5 -> N3;
N5 —> N7; N6 -> N2; N
Ne —» NE; N o
N7 —-= I"]E's; : C_:_nlul__add_[mm_j__ N_Eu__}
1 /
)
Tul—N_l-"
a
CX

26



Compilation

CloNT)

7 EN

| |
ul_Imm_16_N§
T =
ul_sub_lmm_20_N35 >

fu fu fu fu fu
fu fu fu fu fu
< mul_add_Imm_5_N6&
fu fu fu fu fu
C\ add_Imm_5_N8
fu fu fu fu fu

Y T -
. | |

(a) DFG extracted (by FU-aware DFG (¢) FU-aware DFG placed and
from Kernel where FU consists of routed on 5x5 overlay
one DSP block
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Compilation

fu Hu fu fu fu fu fu fu fu fu

Ju Ju I fu Ju fu fu fu fu fu

fu T fu fi fu fu fu fu fu fu

fu A Ju fu i T}

Mu Ju Iy fu
E] i 5 3 T
|.fu".i:*.-|-'.ru*n Cmul N2> fu - e fu
e e T .
o |

Ju
(a) DFG extracted (b) FU-aware DFG (¢) FU-aware DFG placed and (d) FU-aware DFG (e) FU-aware DFG placed and

from Kernel where FU consists of routed on 5x5 overlay where FU consists of routed on 5x35 overlay
one DSP block two DSP blocks
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Resource-aware Performance Scaling

n
=

—e—2-DSP FU overlay
| —=— 1-DSP FU overlay

] o ==
= = =
I I

Kernel Throughput in GOPS
=
I

Overlay Size
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Kernels

chebyshev out = (z* (z * (16 x 22 — 20) % = + 5))

sgfilter out = (x* (z*x(T*x —T6xy+T7T)+y*x(92%y —39)4+7) —y*(y=* (984 %y + 46) 4+ 46) — 75)
mibench out = (x* (x +2*y+6*%x24+43)+y*x(y+6%x2+43)+2%x(9%x2+1))

gspline out =(z*xut +4xa*xud xv+6xbxuxv2 +4xw*v>*u-+qx*vd)

polyl out = (z? x(x+y—1)—y?x (z —y+1))

poly2 out:{mg*(2*mg—B*y}—}—{y—l)g*yg)

ZERAN e

30



Runtime Management of Accelerators using OpenCL

Write processing

Write to

\..

\

device memory Rea

data from device

H
\

Allocate space

Device memory

v

DEVICES |

Code:

CPU Cores

OpenCL
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OpenCL as a programming model

OpenCL

Host Program + Kernels =ea0

int gid
display result( .. ); y[gid]
}

Offline

ba

- -4- I

1 float *a,

__global float *b,
__global float *y)

a[gidj + s[g

1d(e);
id];

Compiler
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OpenCL as a programming model

x86 /
External
Processor

Pipeline

Pipeline
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OpenCL as a programming model

fp = fopen{“file.aocx","rb");

fseek(fp,d,SEEK_END);

lengths[@8] = ftell(fp);

binaries[@] = (unsigned char®*)malloc{sizeof{unsigned char)*lengths[@]);
rewind{fp);
fread({binaries[@],lengths[@],1,Fp);
fclose(fp);

CL File
~ OpenCL “Program”
~ Bitstream

34



Overlays
e EUELNE
configured

Time-

multiplexed

-

Nearest-neighbor
style — SCGRA,
CARBON

~

4 )

Nearest-neighbor

Customized — TILT,
Remorph

style — QUKU, FPCA,
Mesh-of-FU

N J

4 )
Island-style —

Intermediate Fabrics,

Reconfiguration
contexts, DySER

N J/
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Concept of Time-multiplexing

#define SQR(x) ((x)+(x))
for(int 1=0;i1<B64;i++)

rFTimE—muln'p]P.}v:zatfl"' i
: | Functional Unit J !

L ; ™
: | Time-multiplexed |

(FIFO channel)

-

L2

for(int j=1;j<63; j++)
for(int k=1;k<63;k++)
b[i]l [j]1[k] =
SQR(alil [l [k]-alil [j][k-1])+
SQR(alil [jl[k]-ali] [j] (k+1])+
SQR(ali][j][k]-ali] [j-1][k])+
SQR(alil [j] [(k]1-alil [j+1]1[k1);

(a) C Source Code

: | Functional Unit J |

[Tiﬂlf:—ﬂllllﬁp]t}{ﬁd]

FIFO ch
(b) Data Flow Graph . EEO came)

v

Functional Unit

v

Fl
L]
El
L]
H

L4
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Time-multiplexed Overlays: VectorBlox MXP

#define SQR(x) ((x)*(x))
for(int i=0;i<B64;i++)
for(int j=1;j<63;j++)
for{int k=1;k<63;k++)
b[il [j][k] =
SQR(alil [j] [k]1-alil [j][k-11)+
SQR(ali] [j] [k]-ali] [j][k+1])+
SQRCali] [j] [k]l-ali] [j-1]1[k1)+
SQR(ali]l [j] [(k]l-ali] [j+1]1[k]1);

(a) C Source Code

(b) Data Flow Graph

Hard silicon blocks Soft programmable logic
ARMv7 NEON MXP Soft Vector
32b CPU SIMD Processor
RF + Vector Vector
Caches RF Scratchpad
1.75kB 2kB 256kB
A 667MHz A 110MHz
AXI-HP
880MB/s Zynq SoC
\d Y
Offchip DRAM
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Time-multiplexed Overlays: SCGRA

#define SQR(x) ((x)*(x))
for(int i=0;i<B64;i++)

for(int j=1;j<63;j++) l

for{int k=1;k<63;k++)

b[i] [j][k] = ~> ——y
SQR(a[1] [j] [K1-a[i] [j] [k-11)+ wé
SQR(ali] [j] [k]-ali] [j] [k+1]0+ —_—
SQR(a[i] [j][k]-a[il [j-1][kI)+ _
SQR(alil [j]1 [k1-alil [j+11[k1); (ooxnz

(a) C Source Code (b) Data Flow Graph

FPGA Accelerator

I e P
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DaddrBuf |
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('::H LiecCtrl | ™ . SCGRA .
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Main (:::'J (::: OBuf FE [ L] PE |® e FE
Memory Low Freq _.I_L l T High Freq J r
— P[] pe [ooe | pE
_ .
-.n-—_—:_________:___ _____________________ _: _ = e
Start ——| AddrCtd Instruction Mem —
Eture——ﬂ 1
[
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Spatially-Configured Overlays Q0Q A

ADD A SUB B SL.IB
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Success Sto ry Catapult Bing search query ranking

Query: “FPGA Configuration”
Document

i Features: | NumberOfOccurrences_0 = 7| NumberOfOccurrences_1=4 , NumborOﬂ'uples 0.1= 1
Catapult: An Elastic Reconfigurable Fabric for Datacenters FE: Feature e, —

Extraction -.-) e r— 4

WikirEDiA ;l-;neld-pr._“ ogranmauble gate array
Deep o | == ek programmable gate array
Learning ___ Physics -

A e mnmgmnwmmw«byhmu
e mﬂumﬂe&nv—me%

e (Pﬂ ), similar fo. Hstusedklan
were

‘“““E‘n equrm t (ASIC) { arun
0 specify . 25 they were for ASICs, But this s increasingly rare)
be used to W any logical function that an ASIC could perform. The ability to update the

after shipping. partial re-zonfiguration of a portion of the design'™ and the low non-recuring engineering
. costs relative 1o an ASIC design (NOhWINSIENaING the generally

applications =

higher unit cost), offer advantages for many

......

Aty programmable logic components called ogic blocks”, and a hverarchy of reconfigurable
erconnects that allow the bincks tn he “wired together"—somewhat ke many (changeable) logic gates that can be

dmdn(m»chﬁm Logic blocks can be to pcﬂcﬂn

- In

complex comtinabional
hmmmmm
In addition to digtal uncticns, s

is
- programmable gigw rate and drive 0n each output pin, allowing the engineer 1o set slow rates on ightly
- loaded pins that would otherwise ring unacceptably. and to set stronger, faster rates on heavily loaded pins on high-

Score

Catapult Experience

Better: Use Programmable Accelerators

Bing Ranker
(C++)

Feature Free Form
Extraction j (Ekpressions) [ TR j

CPU FPGA
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FPGASs in Cloud

« 1/3 of the cloud service provider nodes to use FPGAs by 2020
 Microsoft: Doubling the throughput of Bing search engine using FPGAs

* Microsoft Azure Cloud services and Amazon EC2 (FPGA-backed F1 instances)

Catapult: An Elastic Reconﬁgurable Fabric for Datacenters WCS 2.0 Server Blade (Mt. Hood) Catapult V2 (Pikes Peak)

y DRAM DRAM DRAM
Deep ﬂ i

Learning __ Physics

40Gh/s
Switch

PCle (8.0 GB/s)

SLII (2.0 GB/s)
400 ns latency/hop

* Nicole Hemsoth, " The FPGA Accelerated Cloud Push Just Got Stronger," 30 November 2016, THENEXTPLATFORM 41



Main Issue?

* Long compilation times (specifically place and route times)

OpenCL HULEE RTL code RIE cpde
generation for

o generation from P
Application Tl larel Verification T _—

Final RTL code Technology
(Verilog/VHDL) Mapping

* Need for not only software-like abstractions
but also fast development cycles
 Similar to application development for GPUs

* Resource aware Just-in-Time compilation can
enable performance scaling

Final RTL code
(Verilog/VHDL)

Configuration
Bitstream
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OpenCL compiler for Coarse-grained Overlays

[_kernel void kernelA (int *data) { .. }}

<

OpenCL HLS

¢

Synthesized Netlist

D EFD

[ 1

®
O,

(FFD)

<+

Intermediate Fabric
Place & Route

4

Intermediate Fabric (IF) “Context”

e FPGA

Intermediate Fabric Overlay
(University of Florida)

Comp Schedule
==3= Scheduler [---m= Fus
: Cycle |AddSub | Mult
rld.emw 1 IA 1:B
== == - :
| Allocator |} § ::: g:g
DFGGen ——a| Y 4 | za |sB
A I Addr | Bank! | Bank2 g ; g
| | n T 7 ac
' I 0 | inQ f inQ 8 ac
| 1 ini im1 3 1D
LLYM IR 3 | 50| 50 g 1
* FU Mix: 3 A A 11 3D
I AddSub Lat. 2 ; g g 12 | 4D
1 12
! Mult Lat. 3 P s s b
! Xbar: | 7 | ouild | oul 15 1:E
void fnifloat *in, float *out) { Rd Lat. 2 T2 T4 16 ZE
float A = in[0] + 5.0; Wr Lat. 2 8 inD im0 17 3:E
. ] 1 1 18 4E
float B = in[0] * 5.0; Data Mem: w0 | 50 | 50 13
float C =in[1] * 5.0; 4 threads 11 A A 20
floatD = A -B; 2 banks 12 B B 2]
out[l] = C + D- 12 c c 22
} ol ' f rd poﬁ:"a? 14 D D 23
Wr po an 15 outd | outd 1
Software Application Kemnel Configuration Data Memory |
1 |
_____________________________________ r----
Hardware Y
Uiyl
_________ > AR
LLELLU R
- o0
Verlog HDL PRy
. . gL,
Insn Mem

TILT Overlay
(University of Toronto)
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Dual-DISO Functional Unit

DSP48E1

B Register

1, Pre-Adder

24 L
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M 16 ([
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Summary

LUTs/GOPS

175
148
131
—

Fmax GOPS LUTs/GOPS

6.3

® I[F ® I[F(opt) ® DSP-DySER ®m DISO * Dual-DISO ® I[F ® |IF(opt) ® DSP-DySER ® DISO ~ Dual-DISO ® I[F = |F(opt) ® DSP-DySER ®m DISO ~ Dual-DISO

* Landy, Aaron, and Greg Stitt. "A low-overhead interconnect architecture for virtual reconfigurable fabrics." ACM CASES 2012.




