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Why HLS?

e Let’s design a FIR filter

e First decisions:

- Define the interface
« types forx,yandh
» h provided through a ROM, a register file?

- Define the architecture:

e Finite state machine
— Number of states

« Datapath
- Type of multipliers and adders (latencies may affect number of states)
- Bit-size of the resources

e Then write RTL code (Verilog or VHDL)
e And also a RTL testbench

h(0) h(P-1)

............. y(k)
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Why HLS?

Traditional RTL Design Flow

! Design closure

Place and
Route

> What if not meeting clock cycle?

Minimal test Exhaustive
functional tests

What if | want to integrate the FIR using another
Bus interface?
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What is High-level Synthesis?

e Compilation of behavioral algorithms into RTL descriptions

Input

Behavioral description:
 Algorithm
« Constraints:
 1/O description
e Timing
« Memory

High-level Synthesis

High Level Synthesis:
Microarchitecture evaluation
FSM extraction

Operations & datapath extraction
Interface synthesis 0

&

Output

mmm) RTLIP
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Why HLS?

Standard debug tasks. Focused in algorithm Always costly, but much less

Vivado HLx Design Flow

y Design closure 14

>
3 Place and
i Route
>
Exhaustive functional tests System-level Debug
Solution optimization through directives.
Same C test for all stages Fast design space exploration
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Why HLS?

Vivado RTL-Based Design Vivado C and IP-Based Design
C Based IP . I.rm m. C
./ \\ Libraries
- _ N System /500
20% time in design .,__..iomqm:o.v\_\ Sib-syetams
m.._l_l AVOA/ ,/_Bv_\ Automated
X O//v \V Closure
£ 2
</ SynP&R T
m%o First Design 10X-15X Faster
& | L . Derivative Design | 40X Faster
& Verification / Typical QR | 0.7 — 1.2X
Closure

Video Design Example

RTL (Spec) RTL (Sim)

Input C Simulation Time  RTL Simulation Time Improvement
10 frames 10s ~2 days ~12000x (Spec/Sim RTL (Sim)
1280x720 (ModelSim)
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Why HLS?

* Need for productivity improvement at design level
- Design Space Exploration
- Reduce Time-to-market
- Trend to use FPGAs as Hw accelerators

e Electronic System Level Design is based in

- Hw/Sw Co-design
« SystemC / SystemVerilog
« Transaction-Level Modelling

- One common C-based description of the system

- lterative refinement

- Integration of models at a very different level of abstraction
- But need an efficient way to get to the silicon

e Rising the level of abstraction enables Sw programmers to have access to
silicon
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HLS Benefits

e Design Space Exploration

- Early estimation of main design variables: latency, performance,
consumption

- Can be targeted to different technologies

e Verification
- Reuse of C-based testbenches
- (Can be complemented with formal verification

* Reuse
- Higher abstraction provides better reuse opportunities
- Cores can be exported to different bus technologies
- Vivado HLS (Vitis HLS) provides a number of HLS libraries
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Design Space Exploration

loop: for (i=3;i>=0;i--) {

if (i==0) |
acc+=x*c[0];
shift_reg[0]=x;
} else {
shift_reg[i]l=shift_reg[i-1];
acct=shift_reg[i]*c[i];

Ssame hardware is used for each loop iteration :
*  Small area

* Long latency

* Low throughput

Different hardware for each loop iteration:
* Higher area

I=| ©+ Shortlatency

* Better throughput

Different iterations executed concurrently:
* Higher area

* Short latency

* Best throughput

Default Design

High-level Synthesis

Unrolled Lo
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How Does it Work? - Scheduling & Binding

e Scheduling and Binding are at the heart of HLS

e Scheduling determines in which clock cycle an operation will occur
- Takes into account the control, dataflow and user directives
- The allocation of resources can be constrained

* Binding determines which library cell is used for each operation
- Takes into account component delays, user directives

(C, C++, SystemC)

RTL
(Verilog, VHDL, SystemC)

Scheduling Binding

High-level Synthesis Smr3562 - ICTP (Jan - Feb. 2021)



How Does it Work? - Scheduling

e QOperations are mapped into clock cycles, depending on timing,
resources, user directives, ...

void foo (

t1=a*b;
t2=c+1t1;
t3=d * t2;
out =13 —e;

}

When a faster technology or slower clock ...

schedez .o . .
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How Does it Work? - Allocation & Binding

Operations are assigned to functional units available in the library

2 ALUs (+/-), 2 Multipliers

Cycle1

Cycle2

Cycle3 /\w@\ \\
Cycle4 CNQ.“

Mult1 ALU1T  ALU2 Mult2
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How Does it Work? - Control Extraction

Code
Control Behavior
void fir (
data_t *y,
coef_t c[4],
data_t x
)y | TR o e owm oem oo oemoem o oemowm o o oo o o= o= ow = Eunction Start - Finite State Machine
~ o - (FSM) states
static data_t shift_reg[4]; I.ll
acc_t acc; No 3
int i; ~
acc=0;
loop: for (i=3;i>=0;i--) { == =m==m==== = For-Loop Start . _ _
if (i==0) { =L
acc+=x*c[0];
shift_reg[0]=x;
} else {
shift_reg[i]=shift_reg[i-1];

acct=shift_reg[i]*cl[i];
} w||||||||||||||||||||||| For-Loop End
*y=acc; L mem | =

} o m mmm === = = FunctionEnd =~~~
The loops in the C This behavior is extracted
From any C code exam- code correlated to into a hardware state ma-
ple .. states of behavior chine
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How does it work? - Datapath Extraction

Code Operations Control & Datapath Behavior
void fir ( Control Dataflow
data_t *y,
coef_t c[4],
data_t x RDx
static data_t shift_reg[4]l: _ K
acc_t acc; > >=
int i; > RDx RDc
acc=0; > _ s =
loop: for (i=3;i>=0;i——) { - == = -AI
if (i==0) {
acct+=x*c[0]; > + + *
shift_reg[0]=x;
} else { > * w7 *
shift_reg[i]=shift_reg[i-1];
> [+ gy .
acct=shift_reg[i]*c[i]; * e
}
w <<W<
*y=acc; > <<_N<
}
From any C code exam- Operations are A unified control dataflow be-
ple .. extracted... havior is created.

Scheduling + Binding
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Vivado HLS

* High-level Synthesis Suite from Xilinx

Constraints/ Direc-
tives vmw,L

PROGRAMMING
LANGUAGE

BRIAN W KERNIGHAN
DENNIS M.RI1

Vivado HLS

RTL Export
IP-XACT Sys Gen PCore
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Source Code: Language Support

e Vivado HLS supports C, C++, SystemC and OpenCL API C kernel
- Provided it is statically defined at compile time
- Default extensions: .c for C / .cpp for C++ & SystemC
e Modeling with bit-accuracy
- Supports arbitrary precision types for all input languages
- Allowing the exact bit-widths to be modeled and synthesized
* Floating point support
- Support for the use of float and double in the code
e Support for OpenCV functions

- Enable migration of OpenCV designs into Xilinx FPGA
- Libraries target real-time full HD video processing
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Source Code:

Key Attributes

* Only one top-level function is allowed

void fir

coef_t cl4],
data_t x

static data_t shift_reg[4];
acc_t acc;

acc+=shift_reg[i] cl[i];

shift_reg[i] Hmwﬁmﬁa@ [1i-17;

High-level Synthesis

Functions: Represent the design hierarchy

Top Level 10 : Top-level arguments determine
Interface ports

Types: Type influences area and performance

Loops: Their scheduling has major impact on
area and performance

Arrays: Mapped into memory. May become main

performance bottlenecks

Operators: Can be shared or replicated to meet
performance
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Functions & RTL Hierarchy

* Each function is translated into an RTL block.
* Can be shared or inlined (dissolved)

Source Code

void A() A body A..}

void B() A body B..} .

void C() A RTL hierarchy
B();

}

void D()
B();

my_code.c

void foo_top () {
AC(..);
C(..);
D (...)
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Operator Types

e They define the size of the hardware used

e Standard C Types e Arbitrary Precission Types
- Integers: - C
. * ap(u)int => (1-1024)
’ - C++:
¢ ° ap_(u)int => (1-1024)
- Characters: - ap_fixed
’ - C++/ SystemC:
- Floating Point ° sc_(u)int => (1-1024)
. * sc_fixed
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Loops

* Rolled by default
- Each iteration implemented in the same state ATU
- Each iteration implemented with the same resources /

void foo_top (..) {

Add: for (i=3;i>=0;i--) { E
b = a[i] + b;

* Loops can be unrolled if their indexes are statically determinable at
elaboration time

- Not when the number of iterations is variable
- Result in more elements to schedule but greater operator mobility
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Data Dependencies: Good

* Example of good mobility

- The read on data port X can occur anywhere from the start to iteration 4

- Vivado HLS has a lot of freedom with this operation

void fir (
acc=0;
loop: for (i=3;i>=0;i--) {
if (i==0) { 1 | | | 1 | | | | | | | | | | | 1 | | | |
acc+=x*cl[0]; == * >= == * >= == * >= == * >= WRy
shift_reg[0]=x; ——

Uv else An” = |_| + - - + - o + - RDx +
shift_reg[i]=shift_reg[i-1]; RDc RDc RDc RDc
acc+=shift_reg][i]*c[i]; =

}

} Iteration 1 Iteration 2 Iteration 3 Iteration 4
*y=acc; >
v >

The read X operation has
good mobility
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Data Dependencies: Bad

* The final multiplication must occur before the read and final addition

e Loops are rolled by default
- Each iteration cannot start till the previous iteration completes

- The final multiplication (in iteration 4) must wait for earlier iterations to
complete

* The structure of the code is forcing a particular schedule
- There is little mobility for most operations

void fir (
acc=0;
loop: for (i=3;i>=0;i--) { | I e T e T e N e N e T e T e T e O e O |
if (i==0) { — * = —— * = —= * = —— * =
acc+=x*c[0]; . 1 = >= = >= = >= Ry
shift_reg[0]=x; = o + = = + = o + = RDx +
}else { '
shift_reg[il=shift_regfi-1]; — Roe Roe Roe
acc+=shift_reg]i]*c[i]; ‘
} Iteration Iteration 2 Iteration 3 Iteration 4
}
,»<Hm00_ > < > <
} Mult is very constrained
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* By default implemeted as RAM

- Dual port if performance can be improved otherwise Single Port RAM
- optionally as a FIFO or registers bank

* Can be targeted to any memory resource in the library

* Can be merged with other arrays and reconfigured

* Arrays can be partitioned into individual elements

- Implemented as smaller RAMs or registers

void
foo_top(int x, ..)
{

int A[N];
Ll: for (i = O;
i < N;
i++)
Ali+x] = A[i] + 1i;

A[N]

- Slie: 4

High-level Synthesis
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Top-Level 10 Ports

#include "adders.h"
int adders(int inl, int in2,
int *sum) ({

int temp; ap_done
*sum = inl + in2 + *sum; ap_start ap_idle
temp = inl + in2; - —
ap_return
return temp; in
in1_ap_vld in1_ap_ack
in2 .
in2_empty_n in2_read
sum_datain sum_dataout

sum_req_write

sum_req_full_n
sum_rsp_read

sum_rsp_empty_n

sum_req_din
ap_clk sum_address
ap_rst sum_size
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An example: Matrix Multiplication

Solution 1: naive implementation (no optimization)

typedef int mat_a_t; Clock cycle: 8.50 ns
typedef int mat_b_t;
Typedef int result_t; Loop Latency lteration  Trip Initiation

latency count interval

void matrixmul (
mat_a_t a[MAT_A_ROWS] [MAT_A_COLS], Row 132 4 3 0
mat_b_t b[MAT_B ROWS] [MAT_B_COLS], Col 42 14 3 0
result_t res[MAT_A ROWS] [MAT_B_COLS])

{ Product 12 4 3 0
// Iterate over the rows of the A matrix
Row: for(int i = 0; i < MAT_A ROWS; i++) {

Resources BRAM DSP FF

// Iterate over the columns of the B matrix
Col: for(int j = 0; j < MAT_B_COLS; j++) { Total 0 3 158 271

// Inner product of a row of A and col of B
res[1i] [J] = 0;

Product: for(int k = 0; k < MAT_B_ROWS; k++) {
res[i][j] += alil[k] * bl[k]l[]j]; d

res
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Design Analysis

» Perspective for design analysis
- Allows interactive analysis

+ |Vivado HLS - dct_prj (C:\Vivado_HLS Tutorial\Design_An:
File Edit Project Solution Window Help

B iy & 6| ®
#5 Debug '+ Synthesis &< Analysis |

+ |Vivado HLS - det_prj (CAVivado_HLS Tutoria\Design_Analysis\lab1\dct_prj) =S HoR ==

File Edit Project Solution Window Help
BMve R e|®

%5 Debug |+ | Synthesis $,>=m_ma

* Module Hierarchy = O & Schedule Viewer - det %

BRAM DSP FF LUT Latency Interval Pipeline type
6 1 182334 395 3960 none CIXEMIE Modnls, didec
4 1 128 248 3668 3669  none operation\Control Sj[ c0 [ c1 J[c2 ][ c3 [ ca [ c5
1 1 55 104 209 210 none [+]RD Loop Row 2
- - dct 2d(function)
Hierarchical Summary e Toos T

and Navigation

Performance View

Scheduled operations.

Loops : shown in Yellow are

£° performance Profile §

Pipelined Latency Initiation Interval Iteration Late.. Trip count Q*ﬁﬂ:ﬂmu_ﬁ and OO—_vamU—O
° dct - 3959 3960 - o

© RD_Loop_Row no 144 - 18 8 I
® RD.Loop_Col no 26, 1[5 2 L Modules: shown in Green

© WR_Loop_Row no 144 - 18 8 Y o
a W 100p_Col no 6 - 2 8 open the view on sub-blocks

Performance Profile
Latency and Interval
summary for this block T [ 5

PerformancefResource Sharin
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Performance Analysis

|&' Performance - det_1d 52 Hierarchical Navigation = O ([SCSourcess =0
it MRAEGTE b A . AAEOR & A A mHA_w C:\Vivado_HLS_Tutorial\Design_Analysis\labl\dct.cp
[Operation\Control Sff €0 || €1 |[ c2 || c3 |[ c4 || c5 | 2 #include "dct.h"
- 3

1 21 read(wire r¢ =

4 void dct_1d(dct_data_t src[DCT_SIZE], dct_di =

_
[ 1 2 read(wire reg 5¢
“ HnucowMOanMWﬂooﬂ 6 unsigned intk, n;
exitcond (icmp - 7 inttmp;
_ k 1(+) _ Loop Hierarchy 8 const dct data_t dct_coeff table[DCT_SIZE
_ [+]DCT_Inner_. 9#include "dct_coeff_table.txt"
_ tmp 1(+) _ ww 3
“ EReITGE) | 12 DCT_Outer_Loop:

node 60 (write) —113 for (k =0:. k < DCT SIZE; k++) {

Select operations and right-
click to cross reference with
the C source and HDL

Operations, loops and
functions

n < DCT_SIZE; n++) {
t_coeff_table[k][n];

oeff;

Scheduled States

dstk] = DESCALE(tmp, CONST_BITS):

20 }

21}

22

23 void dct_2d(dct_data_t in_block[DCT_SIZE][D
24 dct_data_t out_block[DCT_SIZE]J[DCT_SIZ ~

< i »

12 |

<
Performance | Resource Sharing
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Resources Analisys

= Resource Sharing - dct_1d ° momo:—.ﬂw <_OE =0
Scheduled operations =
Current Module : dct > det 2d > det 1d associated with resource: AUEEDIEI SN
-
Resource\Control Stj[ c0 ][ c1 c2 J[[e3 [ ca ][ e ][ e [ <7 anything on the same row
s shares the same resource
SEC read read read read lm_Nm_, QO»IQN»NI~ dst =
src E read read read MA unsigned int k, n;
dct coeff tab read 7 inttmp;
dct_coeff tab] read 8 const dct_data_t dct_coeff_table[DCT_SIZE][DCT_¢
dct_coeff tab) read 9#include "dct_coeff_table.txt"
dct_coeff_tab] read ] WM I3
dct coeff tab read 12DCT_Outer_Loop:
dct_coeff tab read 13 for (k = 0; k < DCT_SIZE; k++) {
dct_coeff tab] read 14 DCT_Inner_Loop:
dct coeff tab read 15 for(n = 0, tmp = 0; n < DCT_SIZE; n++) {
7 16 int coeff = (int)dct_coeff_table[k][n];
dot WERES 17 tmp += src[n] * coeff;
[+]1I/O Ports Il 1o
[+1Expressions ,mu Performance Profilefll . Resource Profile 3 = {m]
[+]Instances | = LUT BitsPO BitsP1 BitsP2 Banks/Depth
| <[ da 36 8 617 584
I %5} [/O Ports(2) 32
_ | %2 Instances(3) 18 8 606 582
_um_aozsﬂ Resource m:m::“ 4 =5 Memories(9) 18 o o 144 18
, 4 buf 2d_in0U 2 0 o0 16 2
4+ buf2d_in.1U 2 0 0 16 2
4 buf2d_in2U 2 0 0 16 2
4 buf2d_in3U 2 0 0 16 73
4 buf2d_in4U 2 0 0 16 2
4 buf2d_inSU 2 0 0 16 2
4 buf2d_in6U 2 0 0 16 2
- . 4 buf 2d_in7.U 2 o [o |16 2
Resource Profile ¢ buf2d owtU 2 o 0 16 2
Resource summary for this L Expressions(l) 0 0 10 12 i1 2 0
Wit Registers(11) 11 11
block FIFO(0) 0 o [0 |o 0
@ Multiplexers(0) 0 0o o o 0
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MM Pipelined version

Solution 2: pipelining

Clock cycle: 8.50 ns

void matrixmul (
mat_a_t a[MAT_A_ ROWS] [MAT_A_COLS],
mat_b_t b[MAT_B_ROWS] [MAT_B_COLS],

Loop Latency lteration Trip Initiation
result t res[MAT A ROWS] [MAT B COLS])

latency count interval

// Iterate over the rows of the A matrix Row_col 99 11 9 0
Row: for(int i = 0; i < MAT_A_ROWS; i++) {

4

Product 7 4 3 2

// Iterate over the columns of the B matrix
Col: for(int j = 0; j < MAT_B_COLS; Jj++) A

Resources BRAM DSP FF

// Inner product of a row of A and col of B

res[i][j] = 0; Total 0 3 137 322
; k++) A
< ._._‘_qo:thS =1 cycle
| |

} w. (R0 ) [Ro__ Jcowe [wr ]
CMp ( RD [cvp [ wR ]

W < >

Lat =3 I

. atency = 3 cycles S

Loop Latency =4 cycles
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MM Custom bit size

Solution 3: 10 bit inputs

Clock cycle: 8.50 ns
typedef (ap_int<18>\mat_a_t;

Typedef |ap_int<18>|mat_b_t;

typedef \ap_int<18>)result_t; Loop Latency lteration Trip  Initiation
latency count interval
void matrixmul (
mat_a t a[MAT_A ROWS] [MAT_A_COLS], Row_col 99 11 9 0
mat_b_t b[MAT_B_ROWS] [MAT_B_COLS],
result_t res[MAT_A_ROWS] [MAT_B_COLS]) Product 7 4 3 2

// Iterate over the rows of the A matrix
Row: for(int i = 0; i < MAT_A_ROWS; i++) { Resources BRAM  DSP FF

Total 0 3 137 322

// Iterate over the columns of the B matrix
Col: for(int j = 0; j < MAT_B_COLS; j++) {

// Inner product of a row of A and col of B
res[1i] [J] = 0;

Product: for(int k = 0; k < MAT_B_ROWS; k++) {
#pragma HLS PIPELINE II=2 mw
res[i]1[J] += alil[k] * bl[k][]];

res
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MM Array Partition

Solution 4: partially partitiona & b

array1[N]

r}tEL Divided into blocks:

N-1/factor elements

Divided into blocks:
1 word at a time

(o v e e TS S

void matrixmul (

(like “dealing cards”)

Individual elements:

B = Break a RAM into
[0 | registers (no “factor”

mat_a_t a[MAT_A_ROWS] [MAT_A_COLS],

oo_sv_oﬁw
Multiple memories allows (— N2 supported)

greater parallel access - I

mat_b_t b[MAT_B ROWS] [MAT_B_COLS],
result t res[MAT A ROWS] [MAT B COLS])

#pragma HLS ARRAY_PARTITION variable=b complete dim=1

#pragma HLS ARRAY_PARTITION variable=a complete dim=2
Matrlx

Row: for(int i = 0; i1 < MAT_A ROWS; i++) {

// Iterate over the columns of the B matrix
Col: for(int j = 0; j < MAT_B_COLS; j++) A

// Inner product of a row of A and col of B

res[i][J] = 0;

Product: for(int k = 0; k < MAT_B_ROWS; k++) {
#pragma HLS PIPELINE II=2
res[i] [J] += ali]l[k] * blk][J];

High-level Synthesis

Loop Latency lteration Trip Initiation
latency count interval

Row_col 81 9 9 0
Product 6 3 3 2

Resources BRAM DSP
Total 0 1 64 243

res
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MM Floating-Point

Solution 5: floating point

Clock cycle: 7.96 ns
typedef (float\mat_a_t;

Typedef |float [mat_b_t;

typedef \float)result_t; Loop Latency lteration Trip Initiation
latency count interval
void matrixmul (
mat_a_t a[MAT_A ROWS] [MAT_A_COLS], Row_col 216 24 9 0
mat_b_t b[MAT B _ROWS] [MAT_B_COLS],
result_t res[MAT A _ROWS] [MAT B_COLS]) Product 20 11 3 o

// Iterate over the rows of the A matrix
Row: for(int i = 0; i < MAT_A_ROWS; i++) { Resources BRAM DSP FF

Total 0 5 489 1002

// Iterate over the columns of the B matrix
Col: for(int j = 0; j < MAT B_COLS; j++) {

// Inner product of a row of A and col of B
res[1][J] = 0;

Product: for(int k = 0; k < MAT_B_ROWS; k++) H{
#pragma HLS PIPELINE II=2 mw
res[i] [J] += ali]l [k] * b[k][J];

res
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MM Interface Synthesis

Function activation
interface

Can be disabled
ap_control_none

Synthesized memory
ports

Also dual-ported
In the array partitioned

Version, 3 mem ports.
One per partial product

High-level Synthesis

\

N

\

RTL ports
ap_clk

ap_rst
ap_start
ap_done
ap_idle
ap_ready
in_a_address0
in_a_cel

in_a g0
in_b_address0
in_b ce0

in_b g0
in_c_address0
in_c_ce0
in_c_we0
in_c_do0

bits

Protocol
ap_ctrl_hs

ap_ctrl_hs
ap_ctrl_hs
ap_ctrl_hs
ap_ctrl_hs
ap_ctrl_hs
ap_memory
ap_memory
ap_memory
ap_memory
ap_memory
ap_memory
ap_memory
ap_memory
ap_memory

ap_memory
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C Type

return value

return value
return value
return value
return value
return value
array
array
array
array
array
array
array
array
array

array




Interface synthesis

e |/O ports can be mapped to different bus interfaces

e Let’'s map the MM to an AXI Lite bus
- #pragma HSL INTERFACE s_axilite port=a bundle=myBus
- The bundle is used to group more than one port into the same bus

RTL ports i bits Protocol RTL ports [ Protocol
ap_clk in 1 ap_ctrl_hs s _axi_myBus_ WSTRB in 4 S_axi
ap_rst_n in 1 ap_ctrl_hs s_axi_myBus_ARVALID in 1 S_axi
ap_start in 1 ap_ctrl_hs s_axi_myBus_ARREADY out 1 S_axi
ap_done out 1 ap_ctrl_hs s _axi_myBus_ARADDR in 8 S_axi
ap_idle out 1 ap_ctrl_hs s_axi_myBus_RVALID out 1 S_axi
ap_ready out 1 ap_ctrl_hs s_axi_myBus RREADY in 1 S_axi
s_axi_myBus_AWVALID in 1 S axi s_axi_myBus_RDATA out 32 S axi
s_axi_myBus_AWREADY out 1 S_axi s_axi_myBus_RRESP out 2 S_axi
s_axi_myBus_AWADDR in 1 s axi s_axi_myBus_BVALID out 1 s axi
s_axi_myBus_WVALID in 1 S_axi s_axi_myBus_BREADY in 1 S_axi
s_axi_myBus_WREADY out 1 s_axi s_axi_myBus_BRESP out 2 S_axi
s_axi_myBus_WDATA in 32 S_axi
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Validation Flow

Two steps for design verification
- Before synthesis
- After synthesis

C, C++,

Pre-synthesis: C Validation
Test Bench SystemC,
- Validate the algorithm is correct Lk

Post-synthesis: RTL Verification

Constraints/

Directives

. . Validate C
- Verify the RTL is correct
) ] C Simulation C Synthesis
» C validation
- A HUGE reason users want to use HLS
« Fast, free verification RTL Vivado HLS VHDL
. . ) : Adapt Verilo
- Validate the algorithm is correct before synthesis ki S
» Follow the test bench tips given over Verify RTL
. . RTL Simulation I Packed IP
e RTL Verification
- Vivado HLS can co-simulate the RTL with the e : M e
. ystem
original test bench PerE? | Generator | g’
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Test benches

e The test bench should be in a
separate file

e Or excluded from synthesis 1) st
#include <stdio.h>
- The Macro _ SYNTHESIS void test (int d[10]) {
can be used to isolate code ey
which will not be synthesized s [opieioni |
d[i] = acc;

}

}
. . #ifndef SYNTHESIS
Design to be synthesized int main () { —
int d[(10], 1i;
for (i=0;1i<10;1i++) {

dfli] = 1;

Y )

Test Bench fost (d) ;

for (i=0;1i<10;1i++) {

Nothing in this ifndef will Um\mwma by <_<mﬂo@_w_w_m@:.;d $d\n", i, d[il);

return O;

}
#endif
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Test benches: ideal test bench

e Self checking

- RTL verification will re-use the C test bench
- If the test bench is self-checking

e RTL verification "passes” if the test bench return value is 0 (zero)

int main () {

// Compare results

int ret = system("diff --brief -w output.dat output.golden.dat");
if (ret != 0) {

printf ("Test failed !!!\n", ret); return 1;
} else {

printf ("Test passed !\n", ret); return O0;

}
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RTL Export

RTL Simulation

SystemC

Constraints/

Directives

RTL Export
IP-XACT SysGen

RTL output in Verilog, VHDL and SystemC

Scripts created for RTL synthesis tools

RTL Export to IP-XACT, SysGen, and Pcore for-
mats

IP-XACT and SysGen => Vivado HLS for 7 Series
and Zynq families
PCore => Only Vivado HLS Standalone for all fami-
lies

High-level Synthesis
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IP integration

rst_ps7_0_100M

ﬁm_os est_sync_clk

mb_reset

ps7_0_axi_periph

&

i+ s00_AXxI

ACLK
H—=N

ARESETN
X

ext_reset in bus_struct_reset[0:0]
aux_reset_in peripheral_reset[0:0]
mb_debug_sys rst interconnect_aresetn[0:0]
dcm_locked peripheral_aresetn[0:0]

Processor System Reset

processing_system7_0

DDR +
FIXED_IO +
USBIND_ 0 +
M_AXI_GPO +
TTCO_WAVEO_OUT
TTCO WAVE1_ OUT
TTCO WAVE2_OUT
FCLK_CLKO
FCLK_RESETO_N

M_AXI_GPO_ACLK N<7_Q’

ZYNQ7 Processing System

High-level Synthesis

S00_ACLK ELEE MO0 AXI

e Exported cores can be directly integrated in Vivado

matrixmul_0

|4 s axi_myBus [ viadoHis

SO0_ARESETN X ™1

MOO_ACLK

MOO_ARESETN

AXl Interconnect

ap_clk

interrupt
ap_rst_n ‘

Matrixmul (Pre-Production)

Tool Settings

Project
* 1IN Mafadén
_\\\V/,
2/

{O DDR
[ FIXED_IO
: 4
- , Settings
- IP > Repository
Project Settings o Add directories to the list of repositories. You may then add
G | additional IP to a selected repository. If an IP is disabled then a ‘
o enera p will alert you to the reason.
Simulation
Elaboration
Synthesis IP Repositories
Implementation +
Bitstream
vip l ]
Repository No content
Packager

v Refresh All

H Cancel Restore...
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Software Drivers

e RTL export will generate basic drivers
- Initialization functions

- Read & Write functions for operators and result

» (= gpiops_v3_3

#&= matrixmul_v1_0

¥ (= SrcC

» [¢ xmatrixmul_g.c

=

xmatrixmul_hw.h

xmatrixmul_Llinux.c
< xmatrixmul_sinit.c
xmatrixmul.c

v v v v W
B B

[n] xmatrixmul.h
_® Makefile

High-level Synthesis

#ifndef __linux__

int XMatrixmul_Initialize(XMatrixmul *InstancePtr, ul6 Deviceld);

XMatrixmul_Config* XMatrixmul_LookupConfig(ul6 Deviceld);

int XMatrixmul_Cfglnitialize(XMatrixmul *InstancePtr, XMatrixmul_Config *ConfigPtr);
Helse

int XMatrixmul_Initialize(XMatrixmul *InstancePtr, const char* InstanceName);

int XMatrixmul_Release(XMatrixmul *InstancePtr);
#endif

u32 XMatrixmul_Get_a_BaseAddress(XMatrixmul *InstancePtr);

u32 XMatrixmul_Get_a_HighAddress(XMatrixmul *InstancePtr);

u32 XMatrixmul_Get_a_TotalBytes(XMatrixmul *InstancePtr);

u32 XMatrixmul_Get_a_BitWidth(XMatrixmul *InstancePtr);

u32 XMatrixmul_Get_a_Depth(XMatrixmul *InstancePtr);

u32 XMatrixmul_Write _a_Words(XMatrixmul *InstancePtr, int offset, int *data, int length);
u32 XMatrixmul_Read_a_Words(XMatrixmul *InstancePtr, int offset, int *data, int length);

u32 XMatrixmul_Write_a_Bytes(XMatrixmul *InstancePtr, int offset, char *data, int length);
u32 XMatrixmul_Read_a_Bytes(XMatrixmul *InstancePtr, int offset, char *data, int length);

Tt Y 4 W a 11 nes s . [ . ~e oL
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HLS Libraries

o Vitis accelerated libraries
- Valid for classic Vivado flow
- Compatible with the new OpenCL-based flow

Programming t
Languages
Domain-Specific ‘ . ‘ ' ’

Libraries Vision and Quantitative Data Analytics Data Data

Image Finance and Database Compression Security .
Common Partnes
Libraries Libraries

Math Linear Statistics Data

Algebra Management
Edge On-Premise Cloud
Deployment Deployment Deployment
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An example: Vision libraries

e Based on the OpenCV
standard

x_ _l_ Zx Applications Products Developers Support

o xfi:cv::absDiff

#A Vitis Vision Library P

e Vitis Vision Library Functions

e Big number of OpenCV
operations available for
m<3.ﬁjmm _ m o Accumulate Weighted

e Full OpenCV for test

Getting Started with Vitis Vision o Autoexposurecorrection

o Absolute Difference
o Accumulate
o Accumulate Squared

Getting Started with HLS © Autowhitebalance

[ _ —Jﬁm ﬁ._"m.om m<3.ﬁ—\dmm m m ._HOW m.wm_@: Examples Using Vitis Vision M MMMM”M_HMMHMM_MM%:E Matcher
common Xilinx bus interfaces

o Bilateral Filter
o Bit Depth Conversion

: o Bitwise AND
Overview
. o Bitwise NOT

xf::cvi:Mat Image Container Class o Bitwise OR

Vitis Vision Library Functions o Bitwise XOR
o Blacklevelcorrection
o Box Filter

Show Source o BoundingBox

o Canny Edge Detection
o Channel Combine

o Channel Extract

o Color Conversion

o Color correction matrix
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An example: Vision libraries

e Difference of Gaussian Filter

Input Image

void gaussiandiference(ap_uint<PTR_WIDTH>* img_in, float sigma, ap_uint<PTR_WIDTH>* img_out, int rows, int cols) {

e e ———————————

A

INTERFACE 1
INTERFACE n
INTERFACE
NTERFAC
LS INTERFAC
INTERFACE s

GaussianBlur

xf::cv::Mat<TYPE, HEIGHT, WIDTH, NPC1> imgInput(rows, cols);
xf::cv::Mat<TYPE, HEIGHT, WIDTH, NPC1> imginil(rows, cols);
xf::cv::Mat<TYPE, HEIGHT, WIDTH, NPC1> imgin2(rows, cols);
xf::cv::Mat<TYPE, HEIGHT, WIDTH, NPC1, 15360> imgin3(rows, cols);
xf::cv::Mat<TYPE, HEIGHT, WIDTH, NPC1> imgin4(rows, cols);
xf::cv::Mat<TYPE, HEIGHT, WIDTH, NPC1> imgOutput(rows, cols);

duplicateMat

1 HLS DATAFLOW

GaussianBlur

Retrieve xf::cv::Mat objects from img_in data:

xf::cv::Array2xfMat<PTR_WIDTH, TYPE, HEIGHT, WIDTH, NPC1>(img_in, imgInput);

Run xfOpenCV kernel:

xf::cv::GaussianBlur<FILTER_WIDTH, XF_BORDER_CONSTANT, TYPE, HEIGHT, WIDTH, NPC1>(imgInput, imginil, sigma);
xf::cv::duplicateMat<TYPE, HEIGHT, WIDTH, NPC1, 15360>(imginl, imgin2, imgin3);
xf::cv::GaussianBlur<FILTER_WIDTH, XF_BORDER_CONSTANT, TYPE, HEIGHT, WIDTH, NPC1>(imgin2, imgin4, sigma);
xf::cv::subtract<XF_CONVERT_POLICY_SATURATE, TYPE, HEIGHT, WIDTH, NPC1, 15360>(imgin3, imgin4, imgOutput);

Y Y

subtract

X

// Convert output :cv::Mat object to output array:
xf::cv::xfMat2Array<PTR_WIDTH, TYPE, HEIGHT, WIDTH, NPC1>(imgOutput, img_out);

B ———————————————————————————————

return;

Output Image } // End of kernel
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