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Fast Mixed Kernel Integration Flow with Vitis

¥ XILINX

. VITIS Host Application

VITIS

UNIFIED

SOFTWARE PLATFORM
Platform

Encryption Vs image
P CODEC Processing
C/C++/VHDL/ a.xclbin
Verilog
Python Device

FPGA Overlay

++
CIC++ g a.out RTL Kernel HLS C Kemel

User application compilation and execution iv XI LI NX
a .




Mixed Kernel Design Example in Vitis Tutorials

Mixed HDL/HLS Kernel
Integration Example

4 rtc_gen
v Verilog Kernel

O alpha_mix
v' HLS C Kernel with
Vitis Vision Library

O strm_dump
v HLS C Kernel

Global Memory Alveo
(DDR / HBM)
i |
Alveo U50/U200/U250/U280 Platform

Background 94
1234567890: ‘ ‘Font Library ‘ ‘Image s j romput Image

10:24:35

10:24:35
RTL Kernel HLS C Kernel with

RTC image generation _> vitis Vision Library [

Scaling and alpha mixing

HLS C Kernel
Output data dumping

rtc_gen ) alpha_mix strm_dump
> —

AXl4 Lite AXI4 Stream

& XILINX.



Find the Example Design Resources

I €) vitis-Tutorials/Hardware A X + (] X
€ C O & github.com/Xilinx/Vit itorials/tree/master/Hardware Accelerators/Design Tutorials/03-rtl stream kernel integratiol Q % m #» 0 :

Mixed Kernels Design Tutorial with AXI Stream and Vitis

» Get Vitis™ Tutorials Repository oy ioe ikttt
- https://github.com/Xilinx/Vitis-Tutorials '
» Position of This Example Design KN
. . ALVEO.
- Vitis-Tutorials
- Hardware_Accelerators BREATHE NEW
— LIFE INTO YOUR
- Design_Tutorials DATA CENTER

- 03-rtl_stream_kernel_integration

git clone https://github.com/Xilinx/Vitis-Tutorials.git
cd Vitis-Tutorials/Hardware_Accelerators/Design Tutorials/@3-rtl_stream_kernel integration

@ Linux git command lines to get the example design

& XILINX.



https://github.com/Xilinx/Vitis-Tutorials

Vitis RTL Kernel

RTL Kernel
= One AXI control slave port
= Control registers

= Memory buffer pointers
= Kernel start/stop control Platform
= Zero, one or more AXI master ports

= Read/write data bufferin on- I I

board gIF’bal AN _ AXI Control Slave AXI| Master AXI| Master
= Read/write data bufferin host
memory (with Slave Bridge
- AXI| Stream Master

support in the latest platforms) S S Sk
= Zero, one or more AXI stream ports Core Function
» Exchange data between kernels

= Exchange data between kernel
and host (with QDMA supportin RTL Kernel
the latest platforms)

AXI Stream Slave AXI Stream Master

= Core Function

& XILINX.



RTL Kernel Wizard

RTL Kernel Wizard

RTL Kernel Wizard (1.0)

0 Documentation IP Location (' Switch to Defaults

Welcome to the RTL Kernel Wizard

Usage Information

# This wizard will configure the most common options when developing a kernel using RTL code. The goal of the
wizard is to help define the top level wrapper of the kernel along with the control register interface, Page
information:

© The first page describes usage information.

© The "General Settings" page defines the kernel name, vendor, library, type and clocking information,

© The "Scalars” page defines the scalar arguments to the kernel.

@ The “Global Memory" page defines the global memory interfaces and associated kermel arguments.

0 The “Streaming interfaces” page defines the AXI4-Stream interfaces for kernel to kernel communication.
0 The final page generates a summary of the kernel definition.

Wizard Generated Example Verilog Code

Pagel of 6

Cancel

x Open v | & e worki oo e rferncaine._gen == | =i
253 // -
254 /7 real time clock accumulator
255 // -
256 always @ (posedge clk or negedge reset n) begin : cs_timer control
257 if (!reset_n) begin
258 cs_timer <= 'he;
259 end else if (cs_timer == (cs_count[21:8] - 1'bl)) begin
260 cs_timer <= 'he;
261 end else begin
262 cs_timer <= cs_timer + 1'bl;
263 end
264 end // cs_timer control
265
266 always @ (posedge clk or negedge reset n) begin : time set control
267 if (!reset _n) begin
268 time set en reg <= 1'b@;
269 end else begin
270 time set en reg <= time set_en[0];
271 end
272 end // time set control
273
274 always @ (posedge clk or negedge reset_n) begin : time_accumulator_control_seq
275 if (!reset_n) begin
276 cs_acc <= 'he;
277 sec_acc <= 'h@;
278 min_acc <= 'he;
279 hour_acc <= 'he;
280 end else if (!time set _en reg && time set en[0]) begin
281 cs_acc <= time_set centisecs;
282 sec_acc <= time_set_seconds;
283 min_acc <= time set minutes;
284 hour_acc <= time_set hours;
285 end else begin
286 cs_acc <= next_cs_acc;
287 sec_acc <= next_sec_acc;
288 min_acc <= next _min acc; . .
289 hour_acc <= next hour acc;
- R e Customer Core Function Verilog Code
291 end // time accumulator control_seq
Verilog ~ Tab Width: 8 ~ Ln1 Coll - INS.

Vivado Kernel Packing Tool

Use RTL Kernel Wizard to
start RTL kernel design easily!

Vitis RTL

Kernel

RTL Kernel Wizard will generate
example AXI control slave,

example AXI master, integration
wrapper, example testbench, ...

& XILINX.



Example RTL Kernel Design with AXI Stream

rtc_gen
RTL Kernel rtc_gen

= One AXI control slave port

= 6 kernel argu ments * rtc_gen_axi_read_master ﬁ Font Buffer # ﬁ
AXI| read master contro AXI Stream

= Control interface: ap_ctrl_hs data stream —> Output

= One AXI master port T rtc_gen_core

AXI read master

= Data width: 32-bit control

State Machine

<€
= One AXI stream master port T time counter
c . ) kernel arguments ogic
= Data width: 64-bit * rtc_gen_control_s_axi

* Generated AXI master and AXI control slave modules are used.
@ * rtc_gen_core module is hand coded Verilog modules.
» Generated top level wrapper is modified to instantiate rtc_gen_core module.

& XILINX.




Terminal

File Edit ch  Terminal Help
[gyuan@ws9800x vivado project]l$ vivado &

[1]1 38275
[gyuan@ws98080x vivado projectls [

Create Vivado Project



HLS C Kernel

Platform
= One AXI control slave port

HLS C Kernel
= 1int type function parameters I I I
= Zero, one or more AXI master ports
parameters
- AXI Stream Master

= Zero, one or more AXI stream ports ANISHEEIISIELS

" hls::stream& type function Core Function
parameters

AXI Stream Slave AXI Stream Master

= Core Function
HLS C Kernel

& XILINX.



Vitis HLS and Accelerated Libraries

open - |[= _ dlphamixepp save x
ilinx -workirtl_stream _kernel_reference/hw ="
103 ¥
lo4 }
105
106
107 // function to stream out the cv::Mat data
108 // input hls::stream data width is 24+8, output AXI stream data width is 64
109 void cvmat_stream_out(xf::cv::Mat<XF_8UC3, MAX HEIGHT, MAX_WIDTH, XF_NPPC8> &input_img,
110 hls::stream<ap_axiu<64, 0, 0, 0>> &stream_out)
111 {
112 for (int 1 = ©; 1 < input_img.rows * (input_img.cols >> XF_BITSHIFT(XF _NPP8)); i++)
i3
114 ap_uint<24 * XF _NPPC8> data;
115 ap_axiu<é4, 0, 0, 0> v;
116 data = input_img.read(i);
117 v.data = data.range(63,0);
118 stream out.write(v);
119 v.data = data.range(127,64);
120 stream_out.write(v);
121 v.data = data.range(191,128);
122 stream_out.write(v);
123 ¥
124 }
125
126 // Top level kernel function
127 void alpha mix(hls::stream<ap_axius64, ©, 6, 0>> &time img input, // time image input
128 ap_uint<512> *bgr_img input, // background image input
129 hls::stream<ap_axiu<64, 0, 0, 0>> &mix_img output, // mixed image output
130 int time_img rows_in, // input time image height
131 int time_img_cols_in, // input time image width
132 int time img rows rsz, // resized time image height
133 int time_img_cols_rsz, // resized time image width
134 int time img pos_row, // resized time image position - Y
135 int time_img_pos_col, // resized time image position - X
136 ap_uint<32> time char color, // [31:0] = [XRGB]
137 ap_uint<32> time_bgr_color, // [31:0] = [xRGB]
138 int time bgr opacity, // time image background opacity [7:0] is used
139 int bgr_img rows, // background image height
148 int bgr_img_cols // background image width
i Qust HL'S'€ cod
u S O m er o e C++ - TabWidth: 8 In1 Col 1 - INS

«

©) GitHub - Xilinx/Vitis_Libraries X 4 - o 3¢
C ¢ & github.com/Xilinx/Vitis_Libraries  m » o
® Co+ 566 ® Makefile 338 -
Tl 35 ® Python 3
Vitis Accelerated Libraries o cish ® Lus
Other 0.8%

Unified Soff

e Platform includes an extensive set of open-source, performance-optimized libraries that
offer out-of-the-box acceleration with minimal to zero-code changes to your existing applications.

Comprehensive documentation

* Common Vitis accelerated-libraries for Math, Statistics, Linear Algebra, and DSP offer a set of core
functionality for a wide range of diverse applications

* Domain-specific Vitis accelerated libraries offer out-of-the-box acceleration for workloads like Vision and
Image Processing, Quantitative Finance, Database, and Data Analytics, Data Compression and more

* Leverage the rich growing ecosystem of partner-accelerated libraries, framework plug-ins, and accelerated
applications to hit the ground running and accelerate your path to production

Programming ﬁ
Languages
Domain Specific . .
Uibrasies:

Visoawnd  Quantiatve  Data Anyics Oata Duta
. [ Fiance  andDetabese  Compeessin  Secuity

Common Partner
Libradies N Ubraries
M osr Dute
Mamagerent

) ot X
B m & |
wre e e \fitis Accelerated Libraries

Use Vitis HLS to design and s e

compilethe HLS C code into
Synthesizable Verilog code, and
pack to Vitis Kernel

Vitis HLS

Kernel

Vitis Accelerated Libraries provide
arich set of fully verified designs,
which can easily used to reduce
the design cycle.

& XILINX.



Example HLS C Kernel Design with Vitis Vision Library

HLS C kernel: alpha _mix
= Top function

= alpha_mix alpha_mix
hls::stream xf::cvi:Mat
xf::cvi:axiStrm2xfMat :: > xf::cviresize
- AXI COntrO| Slave AX| Stream Slave: xf::cv::Mat
bgr_img_input
= AXI| Master xf::cv::Mat his::stream
c . mixing :‘ > cvmat_stream_out :: >
u bgl‘ |mg Input AXI| Stream Master:
_— - > mix_img_output
" AX' Stream _ ) ) IN&D xf::cvi:Array2xfMat e
= Slave: time_img_input AXI Master:
s — bgr_img_input
= Master: mix_img_out
. - . - - - - o
VltlS VISIOn lerary FunCtlonS Vitis Vision Library Function User Function

= xf:icvi:axiStrm2xfMat
= xf::cvi:Array2xtMat

= xf:cviiresize 1 02435 =%, 10:24:35 19k24d§5

= User Functions
- m|X|ng background image
= cvmat_stream_out

& XILINX.



Example HLS C Kernel Design with Vitis Vision Library

void alpha_mix(hls::stream<ap_axiu<64, @, @, ©>> &time_img_input, // time image input

ap_uint<512> *bgr_img_input,

hls::stream<ap_axiu<64, @, @, ©>> &mix_img output,

int time_img_rows_in,
int time_img cols in,
int time_img_rows_rsz,
int time_img_cols_rsz,
int time_img_pos_row,
int time_img_pos_col,

ap_uint<32> time_char_color,
ap_uint<32> time_bgr_color,

int time_bgr opacity,
int bgr_img_rows,
int bgr_img_cols

//
//
//
/7
1/
1/
/7
//
//
//
1/
/7
//

background image input
mixed image output

input time image height
input time image width
resized time image height
resized time image width

resized time image position - Y
resized time image position - X

[31:8] = [XRGB]
[31:8] = [xRGB]

time image background opacity,

background image height
background image width

[7:0] used

Top level kernel function definition of alpha_mix.

v++ --platform xilinx_u56 gen3x16_ xdma_201920 3
--target hw
--kernel alpha_mix
--include ./include

--advanced.prop kernel.alpha _mix.kernel flags="-std=c++@x -D__ SDSVHLS _ -DHLS NO _XIL FPO_LIB"

--compile
--output alpha_mix.xo
alpha mix.c

P R A e

Vitis compiling command line.

& XILINX.



Example Simple HLS C Kernel Design

extern "C"

// kernel function.

void strm_dump (hls::stream<ap_axiu<INPUT_PTR_WIDTH, ©, 0, ©>>& data_input
ap_uint<OUTPUT_PTR_WIDTH> *data_output
int byte_ size

for (int 1 = 0©; i < (byte_size / 8 i++

// clang-format off

#pragma HLS PIPELINE IT = 1

// clang-format on
ap_axiu<INPUT_PTR_WIDTH, @, @, @> temp = data_input.read
data_output[i] = temp.data

Simple HLS kernel: strm_dump
= Simple module to convert AXI stream slave port to
AXI Lite Master port

& XILINX.



Use Vitis to Build Hardware Overlay (XCLBIN)

rtc_ gen_1
rtc_gen.xo strm_dump.xo —work_mode

—cs_count
—time_format
—time_set _val

_Et read_addr
PCIE -=-—dataout_axis_m
HBMIO] i
' rtc_gen
Vitis Link Tool ! E strm_dump_1

Platform

- —data_input
) data output
rtc_gen_test.xclbin ~byte_size
strm_dump/
v+ -1 \ _ »
—platform xilinx u50 gen3x16_xdma_201920 3 \ xclbin_rtc_gen_test.ini
-config xclbin_rtc_gen test.ini \ [connectivity]
-0 rtc_gen_test.xclbin \ stream_connect=rtc_gen_1.dataout_axis_m:strm_dump_1.data_input

rtc_gen.xo strm_dump.xo

& XILINX.



Use Vitis to Build Hardware Overlay (XCLBIN)

alpha_mix_1 |
e e B

— L time_img_input
E xssEPCIE 1H[— bgr_img_input
5 TTT L ==—mix_img_output
rtc_gen.xo alpha_mix.xo strm_dump.xo HBM(0] time_img_rows in

time_img_cols_in
time_img_rows_rsz
time_img_cols_rsz

time_img_pos_row
time_img_pos_col
time_char_color
time_bgr_color
time_bgr_opacity
bar_img_rows

bgr_img_cols
VItIS Llnk TOOl rtc_gen_1

work_mode
cs_count
time_format
time_set val
time_set_en

» read_addr
dataout_axis_m

Platform

rtc_alpha.xclbin

rtc_gen
strm_dump_1
data_input
data_output
—byte_size
v+ -1 \ - o
C o xclbin_rtc_alpha.ini
-platform xilinx_u50_gen3x16_xdma_201920 3 \ > P strm_dump
-config xclbin_rtc_alpha.ini \ [connectivity]
—0 rtc_alpha.xclbin \ stream_connect=rtc_gen_1.dataout_axis_m:alpha_mix_1.time_img_input

. stream connect=alpha mix 1.mix img output:strm dump 1.data input
rtc_gen.xo strm_dump.xo alpha_mix.so B PRa_Mix_ —~1Me_Outp ~CHmP— ~1nP

& XILINX.



Write Host-side Programs

. Program FPGA

Kernel Execution
Control

Host Program

. ldentify Kernel
Input Data‘ Output Data
. Allocate host buffer

. Set Kernel arguments

Device Buffer0 Device Buffer 1 CIMHOEITE Device Buff
evice b urrer evice pburrer GIObaI Memory evice buirrern

Platform

. Migrate input data from
host buffer to device buffer

. Trigger Kernel Execution

. Waiting for Kernel Finish  |nput Data

Output Data

. Migrate outpu data from RTL / HLS
device buffer to host buffer Kernel

& XILINX.



Example Host Program with Different Level of API

Host program: Host Program SW
rc_gen_test.cpp rtc_gen_test.cpp
rtc_alpha_tb.cpp rtc_alpha_tb.cpp

Use low level API for XCLBIN file XRT API OpenCL AP

loading and direct control register
access

Use high level OpenCL API for
kernel arguments setting and
execution control

Platform

Support both hardware target and rtc_gen.xo strm_dump.xo
hardware emulation target

HW

these two functions to access the AXI slave register directly, which might be valuable for specific control schemes

@ In the example host program, the usage of low-level API xclRegWrite / xcIRegReadis illustrated. User can use
of some traditional RTL design.

& XILINX.



Use Emulation to Verify Mixed Kernel Designs

! pack link e = . —
Codes I o
XCLBIN file
C compile for hw_emu
HLS C HLS Kernel for
hw_emu
Codes target = hw_emu »

target = hw_emu _
XRT Env Variable

set to hw_emu mode

emconfig.json file
generated from Platform

Run the program
executables

|

g I I III I D IS I S S S - - -

Normally compiled host
program

~

& XILINX.



Use Emulation to Verify Mixed Kernel Designs

Hardware Emulation — provides insight to the interaction details of the kernels, platform and software

~

~ P rtc_gen_test_hw_emu.xclbin
= Summary
* System Diagram
= Platform Diagram
= Run Guidance
= Profile Summary

= Application Timeline

= Waveform

Waveform - [/scratch/xilinx/rtl_kernel/0803 u200 _emu_rtl stream_kernel_reference/sw/build/rtc_gen_test hw_emu.xclbin.run_summary] - Vitis Analyzer 2020.1

P ric_gen_test_hw_emu.xclbin (Hardware Emulation) x

Summary * System Diagram X Platform Diagram X Run Guidance X Profile Summary X cation Timeline (Simulation Time) X =0
Q a a xm « K1 +f
~
Name Value 0.000000 us 500, 00QO00 us 1,000.000000 us 1,500, 000000 us 2, 000, 000000 u:
L . L . L L L . L L L L L L L L L
~ HLS Process Summary
~ Device "xilink_u200_xdma_201830_2-0"
~ Binary Container ..._gen_test_hw_emu"
« Kernel "strm_dump” 1:1:1
~ Compute Unit: strm_dump_1
» CU Stalls (%) 0.00%
~ Data Transfers
> m_axi_gmem ‘ Write H Write || Write || Write || Write || write ” Write H Write Write H write ” Write H Write
> data_input 000,000 e
~ Kernel "rtc_gen” 1:1:1
~ Compute Unit: rtc_gen_1
~ Data Transfers
> fontread_axi_m
~ dataout_axis_m 000,000
ACLK 4]
ARESETM 1
» TDATA[E3:0] ofofofofofofofof
» JTKEEP[7:0] ff
TLAST 0
TREADY 1
TWALID 0
JlinkStall 0
~
< > < >

& XILINX.



Use Vitis Analyzer to Profile the System Designs

Profiling — provides inclusive statistics information for software and kernel execution

’J Profile Summary - [/scratch/xilinx/rtl_kernel/0730_u200_profile_rtl stream_kernel_reference/sw/build/rtc_alpha_hw.xclbin.run_summary] - Vitis Analyzer 2020.1 s (ml s

Q = 4 _
« B rte_alpha_hw.xclbin (System Runl P rtc_alpha_hw.xclbin (System Run) x
= Summary
. Summary x System Diagram X Flatform Diagram x Run Guidance x Profile Summary Application Timeline X
= System Diagram
* Flatform Diagram a = = 4 Kernels & Compute Units
= Run Guidance Settings g Kernel Execution
= Profile Summary summary Kernel Enqueues %?Lzl(ms) _Nrme () 'I%i\rf'ﬁe o) m?nxe )
* Application Timeline  [emes & Compuite Uik alpha_mix 74 110,099 1.468 l.488 1.927
Kernel Execution
Top Kernel Execution rtc_gen 75 64.760 0.579 0.863 1.858
Compute Unit Utilization strm_dump 74 106.948 1.401 1.445 1.803
~ Kernel Data Transfers
Kernel Transfer Top Kernel Execution
Top Kernel Transfer Kernel Kernel Instance Context  Command Device Start Duration
Streams Address D Queue ID Time (ms) (ms)
 Host Data Transfers rtc_gen 0x557033987570 0 0 xilimx_u200_xdma_201830_2-1  7035.980 1.958
Host Transfer alpha_mix  0x5570338f51c0 0 2 xilimx_u200_xdma_201830_2-1  7036.140 1.927
Top Memory Writes strm_dump  Ox557033855760 0 1 xilink_u200_xdma_201830_2-1  7036.240 1.903
Top Memary Reads alpha_mix  0x5570338fS1c0 0 2 wlink_u200_xdma_201830_2-1  9500.640 1,541
API Calls alpha_mix 0x5570338f51c0 0 2 xilink_ w200 xdma_201830_2-1  6287.630 1.538
~ Shell Data Transfers alpha_mix 0x5570338f51c0 0 2 xilinx_ w200 xdma_201830_2-1  8538.770 1.532
DMA Transfer alpha_mix  0x5570338f51c0 0 2 xilink u200 xdma_201830_2-1  2966.000 1.531
alpha_mix 0x5570338fS1c0 0 2 xilinx w200 xdma_201830_2-1  7143.940 1.529
alpha_mix  0x5570338f51c0 0 2 xilinx_u200_xdma_201830_2-1  7675.740 1.528
alpha_mix  0x5570338f51c0 0 2 xilinx_u200_xdma_201830_2-1  4679.950 1.525
Compute Unit Utilization
Compute Unit Kernel Device Calls Eataflqw bk pelElE) D & Tz (Ml &
wecution  Executions  Acceleration  Utilization (%) Time (ms)  Time (ms)  Ti
58 alpha_mix_1 alpha_mix Hilin®_u200_xdma_201830_2-1 74 Yes 1 1.000000x% 1,213 102,938 1.338
OF rtc gen 1 rte_gen ¥ilirnx_u200_xdma_201830_2-1 75 No 1 1,000000x  0.588 46.100 0.265
58 strm_dump_1l  strm_dump  xilinx_u200 xdma 201830 2-1 74 Yes 1 1.000000x 1.23 96.449 1.296
< > <
File

& XILINX.



Use Vitis Analyzer to Profile the System Designs

Profiling — provides inclusive statistics information for software and kernel execution

ﬂ Application Timeline - [/scratch/xilinx/rtl_kernel/0730_u200_profile_rtl_stream_kernel_reference/sw/build/rtc_alpha_hw.xclbin.run_summary] - Vitis Analyzer 2020.1 O X

Q = s 4 _

~ P rtc_alpha_hw.xclbin (System Run)

P rtc_alpha_hw.xclbir tem Run) x

= Summary
Summary % em Diagram x Platform Diagram * Run Guidance x Profile Surmmary x Application Timeline X | ]

System Diagram
Platform Diagram Q, @ a == o« ol +

Run Guidance

+ Profile Summary Name Walue 2,155, 000EE0 ms | 2, 200, 000008 ms | 2,205.000000 m:
« Application Timeline Host e B B e e |
Open CL API Calls
General 0 INACTIVE —
General 1 INACTIVE
Queue: 5570337E8840 INACTIVE
Queue: 557033829190 INACTIVE
Queue: 5570338292C0 INACTIVE
Data Transfer
Read
Row O ROOCOO000X" 001b40" —
Write
Row O ROOCOO000X"
Kernel Enqueues
Row 0
Fow 1
Row 2

Device "inx_u200 xdma_201830 21" [ |

Binary Container "rtc_alpha_hw"
Compute Unit "rtc_gen_1"
Row O

w

& XILINX.



«* Applications Places  Real Time Clock - 8 digits Wed 23:27 & o) O

[MESSAGE] Reading font data finished

[MESSAGE] Background Image ../media/alveo.jpg Read in: 1024 x 512

[MESSAGE] Font data loaded to Alveo global memory

[MESSAGE] Font data loaded to FPGA on-chip SRAM

[MESSAGE] Background image loaded to Alveo global memory

[MESSAGE] Program exit normally.

[gyuan@ws9800x build]l$ ./rtc_gen test

[MESSAGE] Program running in hardware mode

} i

i Real Time Clock - 8 digits

Found Platform

Platform Name: Xil

[MESSAGE] found pi
[MESSAGE] target ¢

Jrd INFO: Reading rtc
Loading: 'rtc_gen
[MESSAGE] CU inde>
[MESSAGE] FPGA ini
[MESSAGE] Font lil
[MESSAGE] Reading
[MESSAGE] Font dat
[MESSAGE] Font dat

Home

Real Time Clock - 8 digits




29>

XILINX

Thank youl!



