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* Let’s design a FIR filter

x(k) » T » T » T —1 -------- » T
A A A A A A

e First decisions: AVARD
- Define the interface | XN A AN

« typesforx,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
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ARCHITECTURE behavior OF fir filter IS
SIGNAL coeff int : coefficient array;
SIGNAL data pipeline : data array;

SIGNAL products : product_array;

BEGIN

PROCESS(clk, reset n)
VARIABLE sum : SIGNED((data width + coeff width +
integer(ceil(log2(real(taps)))) - 1) DOWNTO @);
BEGIN

IF(reset n = '0") THEN
data pipeline <= (0THERS => (OTHERS == '0')}});
coeff int <= (OTHERS => (OTHERS => '0'));
result <= (OTHERS => '0');

ELSIF(clk'EVENT AND clk = '1') THEN

coeff int <= coefficients; ,
data pipeline <= SIGNED(data) & data pipeline(0 TO taps-2);

sum := (OTHERS == '0');
FOR i IN © TQfaps-1 LOOP
sum := su ﬁdu-:ts{i} ;
END LOOP;
result <= STD LOGIC VECTOR(sum);

END IF;
END PROCESS;
X
product calc: FOR i IN © TO taps- ) =GHMERATE
products(i) <= data_pipeline[i‘i:sslGNED{coeff_int{i}];
END GENERATE;

END behavior;

One possible implementation

Data types and structure can
Be generalized up to a certain
point

Operations are assumed to be
Solved in one clock cycle

/O interface should later be wrapped
for the appropriate bus

The design choice is already made

High-level Synthesis

Smr4110 - Trieste (Oct.- Nov. 2025)



Traditional RTL Design Flow

K—\ Design closure

High-level Synthesis

RTL
Synthesis

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
P Output

Behavioral description: High Level Synthesis:
 Algorithm

- « Microarchitecture evaluation
onstraints: '
- « FSM extraction ‘ RTL IP
. |/Q fjescrlptlon ‘ « Operations & datapath extraction
« Timing « Interface synthesis 0

« Memory Q
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Standard debug tasks. Always costly, but much less
Focused in algorithm not architecture

Vivado HLx Design Flow

(ﬁ %msu re 14
>
: Place and
\ Rnute>
>
Exhaustive functional tests System-level Debug
Solution optimization through directives.
Same C test for all stages Fast design space exploration
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Vivado RTL-Based Design Vivado C and IP-Based Design

/ HLS &C

: C Based IP / —— This is what it
G /|Libraries | poost productivity
3 F
. System /o0
20% time in design * Integration /
\ _/  Sub-systems
/RTL _
%0 M\ / Automated
X o A Closure
& 2
</ SynpP&R T
¥ ' ; :
& \ First Design 10X-15X Faster
& 4 \
2 Ve / Derivative Design | 40X Faster
"\.\.'
& erimcation Typical QoR 0.7 — 12X
Closure

] ] . ] ] ] 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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* Need for productivity boosting at design level
Fast Design Space Exploration
Reduce Time-to-market

- Trend to use FPGAs as Hw accelerators
e Electronic System Level Design is based in

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

Hw/Sw Co-design
« SystemC / SystemVerilog / C++
» 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 (HLS)

silicon

High-level Synthesis
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HLS Benefits

e Design Space Exploration

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

» Would imply endless recoding in VHDL or Verilog
- (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

- Vitis HLS provides a number of HLS libraries:
« Vision, finances, hpc, ...
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Design Space Exploration

loop:

if

}

for (1i=3;1i>=0;1i——) {
(1==0) A
acc+=x*c[0];
shift_reg[0]=x;
else {
shift_reg[i]=shift_reg[i-1];
acct=shift_reg[i]*c[i];

Same hardware is used for each loop iteration :

Small area
Long latency
Low throughput

Different hardware for each loop iteration:
* Higher area

* Short latency

* Better throughput

Different iterations executed concurrently:

Higher area
Short latency
Best throughput

Default Design

High-level Synthesis

Unrolled Loop Design

Pipelined Design
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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
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How Does it Work? - Scheduling

e QOperations are mapped into clock cycles, depending on timing,

resources, user directives, .
Internal representation to expose parallelism

(directed acyclic graph)

void foo (

ad ™,
-t.1.=a*b; b
2 =c+1t1; C

d

e

t3=d *t2;
out=t3 —e;

}

When a faster technology or slower clock ...

oscheddez .o L
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How Does it Work? - Allocation & Binding

{

Operations are assigned to available functional units in the library

2 ALUs (+/-), 2 Multipliers

i X W
Cycle2 \5\3 ; / / é@ @
Cycle3 @Q / //

Cycle4 \/\/a'O’]

Mult1 ALU1 ALUZ Mult2
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How Does it Work? - Control Extraction

Code

void fir (

data_t *y,

coef_t cl4],

data_t x

R R e e e

static data_t shift_reg[4];
acc_t accy

int 1i;

acc=0;

loop: for (i=3;1i>=0;1i--) { ========
if (i==0) A

acc+=x*c[0];
shift_reg[0]=x;
} else {
shift_reg[i]l=shift_reg[i-1];
acct+t=shift_reg[i]*c[i];

FIR C code example ..

High-level Synthesis

Function Start - -

For-Loop Start - _ _

For-Loop End

Function End

Control Behavior

- -
e
-
- =

Finite State Machine
(FSM) states

The loops in the C
code correlated to
states of behavior

This behavior is extracted

into a hardware state
machine
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How does it work? - Datapath Extraction

Code

void fir (
data_t *y,
coef_t c[4],
data_t x
) A

static data_t shift_regl
acc_t acc; =
int 1i;

4

acc=0;
loop: for (i=3;i>=0;i--) {
if (i==0) {
acct+=x*c[0];
shift_reg[0]=x;
} else {
shift_reg[i]=shift_reg[i-1];

acct=shift_reg[i]*c[i];
}
}

Operations

VvV V.V VY v
I
I

*y=acc;

v

WRYy

Control & Datapath Behavior

Control Dataflow
—
%

RDx RDc
= - ‘&-

+ *

+ *

WRy

FIR C code example ..

High-level Synthesis

Operations are
extracted...

A unified control dataflow
behavior is created.

Scheduling + Binding
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HLS Paradigms

e HLS development is based on 3 common paradigms

-

: : : e Arquitectural optimization

e Improved performance
e Low resource overhead

Dataflow

Paralelism & decoupling

Simultaneous data processing

Abstracts complexity
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HLS Paradigms

» This paradigms map are present during the HLS
coding process

- Producer - Consumer:
» Associated to the dataflow pragmas
« Automatic buffer synthesis

- Streaming:
« Associated to the his stream data types
 Internal fifos derived from internal stream data types

- Pipelining at different granularities
* Loop-level
o function/task-level
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HLS Coding - Vitis HLS

* HLS coding styles depend very much on the concrete tool

* High-level Synthesis Suite from Xilinx

- Previously Vivado HLS
. NeXt V|t|S HLS C, C++,

Constraints/
Directives

- Currently replaced by AMD Vitis N J
Vivado HLS

~J

SystemC

* Single development framework

RTL xport

IP-XACT Sys Gen PCore
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HLS Coding: 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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HLS Coding: Key Attributes

* Only one top-level function is allowed

void f£ir |(

iR Functions: Represent the design hierarchy
coef_t cl[4],
data_t x

T Top Level 10 : Top-level arguments determine
Interface ports

static data_t shift_regl[4];
acc_t acc;

Types: Type influences area and performance
igg;o { Loops: Their scheduling has major impact on

area and performance

‘acc+=x*c[0];

shift_reg[0]=x;

Arrays: Mapped into memory. May become main
it reoli]—shift el performance bottlenecks
acct+=shift_regl[i] cl[il;
\ ; Operators: Can be shared or replicated to meet
—mEe performance

High-level Synthesis
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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() { ..body A..}
void B() { ..body B..}
void C() { RTL hierarchy
B();
h
void D() {
B();

void foo_top () {

A(..);
C(..);
D(..)

High-level Synthesis Smr4110 - Trieste (Oct.- Nov. 2025)



Functions & Dataflow

* Functions implement data-driven tasks

* Task-level pipeline

Source Code

void A(il1l, 12, ol) {..}
void B (i1, 12, ol) {..}
void C (11, ol) {..}

void foo_top () {
# pragma dataflow
A(a, b, c);
B(c, d, £f);

C(E, g);

High-level Synthesis

Task Flow
d
a » A s B f ¢ ¢
b4> ‘C> —p —p
Task Pipeline

A BN c
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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 @
- Each iteration implemented with the same resources \

void foo_top (..) {

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

Rolled loop

void fir (

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

if (i==0) { T e I ey I e T e I e I e M

-

acc+=x*c[0]; == * >= == * >= == * >=
shift_reg[0]=x;

} else {
shift_reg[i]=shift_reg[i-1]; RDc RDc RDc
acc+=shift_reg][i]*cli];

}

} Iteration 1
*y=acc;

Iteration 2 Iteration 3

—— * >=
RDx =+

RDc

Iteration 4

}

The read X operation has
good mobility

High-level Synthesis

Ll
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Data Dependencies: Bad

e 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

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

Rolled loop

void fir (

acc=0;

loop: for (i=3;i>=0;i--) { L - - . L rLr
if (i==0) { — * = == * = == * = == * =
acc+=x*c[0]; _— , G . - - >= = == I3
shift_reg[0]=x; o = + o = + = o + = RDx +

}else { '
shift_reg[il=shift_regfi-1]; i Roe Roe Roe
acc+=shift_reg[i]*c[i];

} Iteration 1 Iteration 2 Iteration 3 Iteration 4

}

*y=acc;

} 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 RAMSs or registers

void
foo_top(int x, ..)
{

int A[N];

Ll1: for (i = O0;
i < N;

i++)

A[i+x] = A[i] + 1i;

High-level Synthesis
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Top-Level 10 Ports

Function activation

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

int temp; ap_done
*sum = inl + in2 + *sum;

temp = inl + in2;

ap_start ap_idle

ap_return
return temp;

Input data can include
strobes, acks, ...

Or be modelled as fifo channels
S m_rsr;_em_pty__n

Data passed by reference
Is modeled as R/W

(not necessarily as memory ap_
As in this case)

sum—address
sum_size
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An example: Matrix Multiplication

Solution 1: naive implementation (no

optimization)

typedef int mat_a_t;
typedef int mat_b_t; .
Typedef int resalt t; 3x3 square matrixes
void matrixmul (

mat_a_t a[MAT_A_ROWS] [MAT_A_COLS],

mat_b_t b[MAT_B_ROWS] [MAT_B_COLS],

result_t res[MAT_A_ROWS] [MAT_B_COLS])

// Iterate over the rows of the A matrix
Row: for(int i = 0; i < MAT_A_ROWS; i++) {
// Iterate over the columns of the B matrix
Col: for(int j = 0; § < MAT B _COLS; j++) {
// Inner product
res[i] []] 0;

of a row of A and col of B

Product: for (int
res[i][J] +=

k = 0; k < MAT_B_ROWS;

_B_ k++)
ali]l [k] * b[k][]];

Clock cycle: 8.50 ns
Loop Latency Iteration  Trip Initiation
latency  count interval
Row 132 44 3 0
Col 42 14 3 0
Product 12 4 3 0
Resources BRAM DSP FF LUT
Total 0 3 158 271
{
d
5 res

High-level Synthesis
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Schedule Viewer

» Perspective for design analysis

Vitis HLS 2021.2 - matmult (fhome/fernando/Documents/Cursos/2022_Triesteflab_sol/matmult) X

File Edit Project Solution Window Help

sviGvipviavidvim j
[(5 Explorer *s Module Hierarchy 32 = 0 =] Synthesis Summary(solutionl) [€] matrixmul.cpp = Schedule Viewer(solutionl) &3 = m
%)) 2l -
L s 2 Row  Row v TRLLE N OO : @
MName
Operation\Control =
¥ @ matrixmul Pu“v *\1 s ] ¢ | & I g | 2 l t | 2
* E Row
¥ & Col

b_load(read)

Ll Flow Navigator £ =0 mul_Ln83(*)

add_In83(+)

-t 32

+ C SIMULATION

= Run C Simulation

Bl Cons ©)Error & Warni ‘= Guida [ Prop & ManP [ GitRe | Modul 32 | [ C Sou

» Reports & V| 5
+ C SYNTHESIS Synthesis  Cosimulation
I Aun'c:Synthests Modules & Loops | Issue Type = Violation Type Distance | Slack | Latency(cycles) | Latency(ns) Iteratis
w Reports & Viewers
® matrixmul 160 1.600E3
Report
& Row - 159 1.590E3
Function Call Graph
) € Col - 51 510.000
le Viewer -
SiProduct - 15 150.000

Dataflow Viewer
w+ C/RTL COSIMULATION
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Schedule Viewer

£ - .l
Vitis HLS 2021.2 - matmult {fhome/fernandofDocuments/Cursos/2022 _Trieste/lab_sol/matmult) x X

File Edit Preject 5Solution Window Help £ CSource = &
S s . : ", =
= T @v.br.av .l B ] ernando/Documents/Cursosf20332_Trieste/lab/
] =1} Synthesis Summary{soluticnl) l€ matrixmul.cpp = Schedule Viewer|solutionl) &2 a8 & Amully ‘|".‘:r."lix.l:"| 0

| e =

e o — o dL & & = i) = B ersion o 11 rix

k [x}

2 Operation\Control Step [ o | 1 | 2 | 3 | 4 | 5 |
@ |~ Row
liread)
zext_lnB3(zext)
trplhitconcatenate)

sulbh_InB3i(-)

cmp_In76(icmp)
add_In7&(+)

[terate over the rows of the &4 matri
Row: for(int i = 8; i < MAT A ROWS; i++
pragma HLS PIPELIMNE off

ar _In7E&{br) | Col: for(int j = @; j = MAT B COLS;
br_In78(b | : Iterate over the columns of the B
S a0 /Do the inner product of a row of
w0 81
jlphi _ ) a2 Product: fer(int k = @; k = MAT B R

zext_InB1{zext) _ } res[i][j] += a[i][k] * b[k]I[jl;

add_ln81(+)

zext_InB1_l{zext)

L,
fu—

res_addrigetelemer
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Guidance

e QOutlines the main problems and proposes solutions

&l Console @] Errors & Warnings | ‘z Guidance 22 |[] Properties @5 ManPages [ Git Repositories %) Modules/Loops = B

= B 17 Guidance-Infos 1 Guidance-Warnings 0 Guidance-Errors

¥ oAll Categories
¥ ©SCHEDULE

(I[HLS 200-885] LI

~

i [HLS 200-1470]
o RUNTIME
o LOOP
i [HLS 200-790]
¥ oTHROUGHPUT
i [HLS 200-789]

solutionl &2

v

4

High-level Synthesis

The Il Violation in module 'matrixmul’ (loop 'Row_Col'): Unable to schedule 'load' operation ('b_load_1", ../lab/src/mati
to limited memory ports (Il =1). Please consider using a memory core with more ports or partitioning the array 'b'.

Pipelining result: Target Il = NA, Finalll =2, Depth = 6, loop 'Row_Col'

**kk* | oop Constraint Status: All loop constraints were NOT satisfied.

*¥*kx Estimated Fmax: 144.68 MHz
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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 1
Row: £ int 1 = 0; i < MAT_A ROWS; i++
oW or (ln 1 1 1 ) { Product 7 4 3 2
// Iterate over the columns of the B matrix
Col: for(int j = 0; j < MAT_B_COLS; j++) {
Resources BRAM DSP FF LUT
// Irllner. pfodl.ict of a row of A and col of B Total 0 3 137 390
res[i] [J] = 0;
Pro : j = : < MAT_B_ROWS; k++) {
#pragma HLS PIPELIN _
TesTITT3T = STITTKT * bkl [3l; <moudhput =1 cycle
} I
) ; RD [ RD [cvp [ wWR ]
cMP [ RD [cvp [wR J
} WR
< >

Latency = 3 cycles

Loop Latency = 4 cycles

High-level Synthesis Smr4110 - Trieste (Oct.- Nov. 2025)



MM Array Partition

- . [ . T :
Solution 3: fully partitiona & b T e ——
hﬂ-ﬁ-ﬂ
array1[N] . Divided into_blocks:
(PG N — - i i gu“fé’ [geaatn?\gng:rds")
id N ] 1 ( Individual elements:
vol mactrixmu : : Break a RAM into
complele> : i . g
mat_a_t a [MAT_A_ROWS] [MAT_A_COLS] ’ Multiple memories allows : E ﬁjgl;zfrrt‘;é?u factor
greater parallel access - :

mat_b_t b[MAT_B_ROWS] [MAT_B_COLS],

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

latency count interval

#fpragma HLS ARRAY_PARTITION variable=b complete dim=1

#pragma HLS ARRAY_PARTITION variable=a complete dim=2 R | ] 1
erate over € rows O e Matrlx Ol 60 8 9 9
Row: for(int i = 0; i < MAT_A_ROWS; i++) H{ Product 6 3 3 o

// Iterate over the columns of the B matrix

Col: f£ int § = 0; 7 MAT_ B_COLS; Jj++

oL o e s ] 1< I+ A Resources BRAM DSP  FF

// Inner product of a row of A and col of B Total 0 1 64 243
res[1i] [J] = 0;

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

res

Smr4110 - Trieste (Oct.- Nov. 2025)
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MM Custom bit size

Solution 4: 10 bit inputs

typedef fap_int<10>\mat_a_t;
Typedef |ap_int<10>|mat_b_t;
typedef \ap_int<10>)result_t;

void matrixmul (
mat_a_t a[MAT_A_ROWS] [MAT_A_ COLS],
mat_b_t Db[MAT_B_ROWS] [MAT_B_COLS],
result_t res[MAT_A ROWS] [MAT_B_COLS])

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

// 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;
#pragma HLS PIPELINE II=2
res[i] [J] += ali][k] * blk]l[]];

k++)

{

High-level Synthesis
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Loop Latency Ilteration

latency

Row_col 99 11
Product 7

Resources BRAM DSP
Total 0

4

3

Trip
count

S
3

FF
137

Clock cycle: 8.50 ns

Initiation
interval

LUT
322

res




MM Floating-Point

Solution 5: floating point

Clock cycle: 7.96 ns

typedef (floatmat_a_t;
Typedef |float |[mat_b_t;
typedef (float)result_t; Loop Latency Iteration 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 5

// Iterate over the rows of the A matrix
Row: for(int i = 0; i < MAT_A_ROWS; i++) { Resources BRAM DSP FF LUT
// Iterate over the columns of the B matrix Total 0 S 489 1002
Col: for(int j = 0; Jj < MAT_B_COLS; j++) {

// Inner product of a row of A and col of B
res[i][3] = 0;

Product: for(int k = 0; k < MAT _B_ROWS; k++) {
#pragma HLS PIPELINE II=2 a
res[i] [J] += alil[k] * b[k]l[J];

res
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Function activation
interface

Can be disabled
ap_control_none

Synthesized memory
ports

Also dual-ported

High-level Synthesis

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_d0

bits

MM Interface Synthesis

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 dir  bits  Protocol RTL ports dir bits 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

Pre-synthesis: C Validation

C, G4+,

Constraints/

: Test Bench s Directives
- Validate the algorithm is correct Dparl
e Post-synthesis: RTL Verification
_y _ Validate C
- Verify the RTL is correct
] ) C Simulation C Synthesis
» C validation
- A HUGE reason to use HLS
« Fast, free verification RTL Vivado HLS VHDL
: : : : Adapter Verilog
- Validate the algorithm is correct before synthesis
» Follow the test bench tips given over : - Verify RTL
. . RTL Simulatiorn— Packed IP
e RTL Verification
- Vivado HLS can co-simulate the RTL with the Vi\,%do Svst';m =
original test bench Dsiﬁlge" Generator Plsﬁi;m
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Test benches

e The test bench should be in a
separate file

e Or excluded from synthesis 1) s
#include <stdio.h>
- The Macro _ SYNTHESIS vold test (imt a[10D) {
can be used to isolate code e e
which will not be synthesized Y for -0iist0iin
— Z(E(;] ; accj;;,

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

dli] = i;
Y 1}
Test Bench test (d);
_— for (i=0;i<10;i++) {
Nothing in this ifndef will be read by Vivado HLS B

}

return 0;

}
#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 () A

// Compare results

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

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

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

}
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RTL Export

RTL output in Verilog, VHDL and SystemC

Constraints/
SystemC Directives

Scripts created for RTL synthesis tools

RTL Export to IP-XACT, SysGen, and Pcore
formats
N i .
- IP-XACT and SysGen => Vivado HLS for 7 Series
4 5 RTL Export arF
. PCore => Only Vivado HLS Standalone for all
families
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IP integration

» Exported cores can be directly integrated in Vivado

rst_ps7_0_100M
[ ps7 0 axi_periph
slowest_sync_clk mb_reset .
ext_reset_in bus_struct_reset[0:0] Pt + SO0_AXI
aux_reset_in peripheral_reset[0:0] ACLK matrixmul_0
mb_debug_sys rst  interconnect_aresetn[0:0] ARESETN =N
dcm_locked peripheral_aresetn[0:0] S00_ACLK lil MOO_AXI i |4 s axi_myBus | viado his
) 500 _ARESETN .K. ap_clk inte rupt
Processor System Reset MO0_ACLK ap_rst_n ‘
MOO_ARESETN
Matrixmul (Pre-Production)

processing system7 0 AXl Interconnect

DOR +|| [ DDR
FIXED_IO +|| [ FIXED_IO
UseIND_0 +]||
- M_AXI_GPO 4 fi .
M_AXI GPD_ACLK ZYNQ TTCO WAVEQ OUT = Settings x
) TTCO WAVEL OUT =
TTCO_WAVEZ OUT = IP > Repository
FCLK CLKO Project Settings -~ Add directories to the list of repositories. You may then add '
- additional IP to a selected repository. If an IP is disabled then a
FCLK_RESETON B General tooltip will alert you to the reason.
Simulation
ZYNQ7 Processing System Elaboration o
Synthesis IP Repositories
Implementation +
Bitstream
l )
Repository MNo content
Packager
Tool Settings
Project - Refresh All
(L T
®
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Software Drivers

* And both drivers for baremetal and User Space linux are generated

Explorer 32 #:] Module Hierarchy i

TETTTS
| vivado.log
P @ constraints
F & doc
* = drivers
w = matrixmul_v1_0
b = data
* = src
@ Makefile
] xrmatrixmul_bw.h
£ xmatrixmul_linux.c
Le] xrmatrixmul_sinit.c

£ xrmatrixmul.c

xmatrixmul.h

P (= example
} ;7hdl

P (= misc

M Flow Navigator £3

» C SIMULATION

= Run € Simulation

¢l matrixmul.cpp

= | Synthesis Summary(solutionl) b xmatrixmul.h 3

70 #define XIL COMPOMENT IS READY 1

74 #ifndef linux

#endif

Function Ergrgr?Ppc kXXX FEFEFEFEFEETEXXFXXEFEEXEFED *

75 int XMatrixmul Initialize(XMatrixmul *InstancePtr, ulb Deviceld);
76 XMatrixmul Config* XMatrixmul LookupConfig({ulé Deviceld);

int XMatrixmul CfgInitialize(XMatrixmul *InstancePtr, XMatrixmul Config *ConfigPtr);

B #else

9 int XMatrixmul_Initialize(XMatrixmul *InstancePtr, const char* InstanceName);
B int XMatrixmul_Release(XMatrixmul *InstancePtr);
#endif

XMatrixmul_Get_a_BaseAddress(XMatrixmul *InstancePtr);
XMatrixmul_Get_a_HighAddress(XMatrixmul *InstancePtr);
XMatrixmul_Get_ a_TotalBytes{XMatrixmul *InstancePtr);

XMatrixmul_Get_a BitWidth{XMatrixmul *InstancePtr);

88 w32 XMatrixmul_Get_a_Depth(XMatrixmul *InstancePtr);
80 u32 XMatrixmul_Write_a_Words{XMatrixmul *InstancePtr, int offset, word type *data, int length);
90 w32 XMatrixmul_Read_a Words{XMatrixmul *InstancePtr, int offset, word type *data, int length);

u3? XMatrixmul_Write_a_Bytes{XMatrixmul *InstancePtr, int offset, char *data, int length);

92 w32 XMatrixmul_Read a Bytes{XMatrixmul *InstancePtr, int offset, char *data, int length);

93 w32 XMatrixmul_Get_b_BaseAddress({XMatrixmul *InstancePtr);

P

94 w32 XMatrixmul_Get_b_HighAddress(XMatrixmul *InstancePtr);

95 w32 XMatrixmul_Get_b_TotalBytes({xXMatrixmul *InstancePtr);

Of u32 XMatrixmul_Get_b BitWidth(XMatrixmul *InstancePtr);

u3? XMatrixmul_Get_b_Depth{XMatrixzmul *InstancePtr);

95 w32 XMatrixmul_Write_b_Words(XMatrixmul *InstancePtr, int offset, word type *data, int length);

99 w32 XMatrixmul_Read b _Words{XMatrixmul *InstancePtr, int offset, word type *data, int length);

100 u32 XMatrixmul_Write_b Bytes(XMatrixmul *InstancePtr, int offset, char *data, int length);
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HLS Libraries

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

Programming ﬂ
Languages

Domain-Specific

Libraries visionand  Quantitative  Data Analylics Data Data
. Irnage Finance and Database Compression Security

Common [
Libraries Libraries

Rath Linear Hatistics Data

Algebra hanagement
Edge On-Premise Clod
Deployment Deployment Deployment
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An example: Vision libraries

* Based on the OpenCV
standard

XI LI NX Applications Products Developers Support

o xf:cv:iabsDiff

@ Vitis Vision Library e e

e Big number of OpenCV
operations available for
Synthes I S o Accumulate Weighted

e Full OpenCYV for test

Getting Started with Vitis Vision o Autoexposurecorrection

e Vitis Vision Library Functions
o Absolute Difference
o Accumulate
o Accumulate Squared

Getting Started with HLS o Autowhitebalance

o I nterface Synthes i S for E)Tsw{w Examples Using Vitis Vision Z g?:tzijjlrzzr(r:?;iszature -
common Xilinx bus interfaces

o Bilateral Filter
o Bit Depth Conversion

o o Bitwise AND
Overview
) o Bitwise NOT
xf:cv::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

volid gaussiandiference(ap _uint<PTR_WIDTH=* img_in, float sigma, ap_uint<PTR_WIDTH=* img_out, int rows, int cols) {

[ o et=slave bundle emo

1a HLS INTERFACE m_axi por

1a HLS INTERFACE m_axi por s =slave bundle=gmeml
INTERFACE s ite por
. 3 HLS INTERFAL xilite
GaussianBlur HLS INTERFACE s axilite

s_axilite por

|

|

|

|

|

|

|

;

| xT::cv::Mat<TYPE, HEIGHT, WIDTH, NPC1> imgInput(rows, cols);
I ®T::cv:i:Mat<TYPE, HEIGHT, WIDTH, NPC1> imginl(rows, cols);

: xT::cv::Mat<TYPE, HEIGHT, WIDTH, MNPC1> imgin2(rows, cols);

| xT::cv::Mat<TYPE, HEIGHT, WIDTH, NPC1, 15360> imgin3{rows, cols);
I xT::cv::Mat<TYPE, HEIGHT, WIDTH, NPC1> imgin4(rows, cols);

: xT::cv::Mat<TYPE, HEIGHT, WIDTH, NPC1> imgOutput(rows, cols);
I
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

duplicateMat

1a HLS DATAFLOW

GaussianBlur

// Retrieve xf::cv::Mat objects from img_in data:
XTiicviiArray2xTMat<PTR_WIDTH, TYPE, HEIGHT, WIDTH, NPC1=(img_in, imgInput);

/7 Run xfOpenCV kernel:

¥*F::cv:GaussianBlur<FILTER_WIDTH, XF_BORDER_CONSTANT, TYPE, HEIGHT, WIDTH, NPC1>(imgInmput, imgini, sigma);
xT::cv::duplicateMat<TYPE, HEIGHT, WIDTH, NPC1, 1536@>(imginl, imgin2, imgin3);
xT::cviiGaussianBlur<FILTER_WIDTH, XF_BORDER_CONSTANT, TYPE, HEIGHT, WIDTH, NPC1>(imgin2, imgind, sigma);
xT::cv::subtract<XF_CONVERT_POLICY_SATURATE, TYPE, HEIGHT, WIDTH, NPC1, 1536@=>(imgin3, imgind, imgOutput)

/7 Convert output xf::cv::Mat object to output array:
xT::cviixfTMat2Array<PTR_WIDTH, TYPE, HEIGHT, WIDTH, NPC1>(imgQutput, img_out);

return;

DUTpUT ||TIEQE } #/ End of kernel
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