i. X"_lNX Obtaining the Tutorial Designs

Obtaining the Tutorial Designs

The designs used in the tutorial exercises are available from the Xilinx website. As shown in
Figure 1, they are available as a zipped archive on the Tutorial Documentation page.

IMPORTANT: All the tutorial examples for Vivado High-Level Synthesis are available for download

i} from www.xilinx.com. Please refer to http.//www.xilinx.com/cqi-
bin/docs/rdoc?v=2013.1;t=vivado +tutorials

| £ http://wwwxilinx.com/support/documentatior O ~ B & X || &) vivado Design Suit...

M=

=) &3

2/18/2012 Vivado Design Suite T nming and Debugging

utorial-program-debug.zip

ligh-Level Synthesis ]

e Vivado High-Level Synthesis

Provides Xilinx designers with

Design File(s)

. ug937 zip

as this document helpful? Yes | N

n

Figure 1: High-Level Synthesis Tutorial Design Files

Preparing the Tutorial Design Files

Extract the zip file contents into any write-accessible location.

This tutorial assumes the tutorial data directory Vivado_HLS_Tutorial is unzipped and placed in

the location C:\Vivado_HLS Tutorial.

IMPORTANT: If the tutorial data directory is unzipped to a different location, or on Linux systems,

ﬁ adjust the pathnames in this tutorial to the location you have chosen to place the
Vivado_HLS_Tutorial directory.
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[¢ fir test.c  |=]fir_esynth.rpt 53 = O|[Bz OQutl %2 ~ & Dire] =8O
o i General Information
Interface ] Performance Estimates
- Summary = Timing (ns)

Dir  Bits Protocol Source Object C Type B Latency (clock cycles
ap_clk in 1 ap_ctrl_hs fir  return value i Etilization Estimates
ap_rst in 1 ap_ctrl_hs fir return value E ;Lj;:[r;?ary
ap_start in 1 ap_ctrl_hs fir  return value  Interface
ap_done out 1 ap_ctrl_hs fir  return value = Summary
ap_idle out 1 ap_ctrl_hs fir  return value
ap_ready out 1 ap_ctrl_hs fir  return value
¥ out 32 ap_vid v pointer
y_ap_vid out 1 ap_vid v pointer
c_address0  out 4 ap_memary C array
c_cel out 1 ap_memory C array E
c_gl in 32 ap_memory C array
X in 32 ap_none X scalar

4 I 3 ] I 3

Figure 14: Interface Report

The Interface section shows the ports and IO protocols created by interface synthesis:

e The design has a clock and reset port (ap_clk and ap_reset). These are associated with
the Source Object fir: the design itself.

e There are additional ports associated with the design as Source Object. Synthesis has
automatically added some block level control ports : ap_start, ap_done, ap_idle and
ap_ready. These ports are discussed in detail in the tutorial Interface Synthesis (page 65).

e The function outputy is now a 32-bit data port with an associated output valid signal to
indicate when the output data is valid.

e Function input argument c (an array) has been implemented as a BRAM interface with a
4-bit output address port, an output CE port and a 32-bit input data port.

e Finally, input argument x is simply implemented as a data port with no IO protocol
(ap_none).

Later in this tutorial, Lab#3 explains how to optimize the IO protocol for port x.

Step 4: RTL Verification

High-Level Synthesis can re-use the C test bench to verify the RTL using simulation.

1. Click on the Run C/RTL Cosimulation toolbar button or use the menu Solution > Run
C/RTL Cosimulation.

2. Press OKin the Co-simulation dialog box to execute the RTL simulation.

The default option for RTL Co-simulation is to perform the simulation using the SystemC RTL.
This allows the simulation to be performed using the built-in C compiler. To perform the

verification using Verilog and/or VHDL, select the HDL and choose the simulator from the drop-
down menu.
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l€] hamming_window.c v hamming_window.h &3 =0

68 // scaled integer, which may be interpreted as a signed fixed po *
69 // with WIN COEFF_FRACBITS bits after the binary point.

78

71/ /typedef intle t in_data_t;

72 f/typedef int32 t out_data_t;

73 #include "ap cint.h"

74 typedef intl6 in_data_ t;

75 typedef int32 out_data_t;

76

77void hamming_window(out data t outdatal[], in_data_t indata[]);

78 B

79 #endif // HAMMING WINDOW H not defined B

80 7
< I P

Figure 46 Type Definitions for C Validation Lab#2

In this lab, the design is the same as Lab#1 however the types have been updated from the

standard C data types (int16_t and int32_t) to the arbitrary precision types provided by Vivado
High-Level Synthesis and defined in header file ap_cint.h.

More details for using arbitrary precision types are discussed in the tutorial Arbitrary Precision
Types (page 99). An example of using arbitrary precision types would be to change this file to
use 12-bit input data types: standard C types only support data widths on 8-bit boundaries.

This exercise will demonstrate how such types can be debugged.

Step 2: Run the C Debugger

1.

2.
3.

Use the Run C Simulation toolbar button or the menu Project > Run C simulation to
open the C Simulation Dialog box.

Select the Debug option.

Press OK to run the simulation.

The warning and error message shown in Figure 47 is presented.

The arbitrary precision types used for ANSI C design cannot be debugged in the debug
environment. There are no issues with the C++ or SystemC arbitrary precision types, only those
used with ANSI C designs.

2 CAUTION! When using arbitrary precision types with C, the debug environment cannot be used.
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{- ]Message Dialog ' mathh
# M_PI
Vivado HLS C Simulation could not complete... # WINDOW_LEN =
¥ Please check the error and warning messages: # WIN_COEFF_FF
- There are 2 errors # WIN_COEFF_S(
o ap_cinth
J @ in_data_t:intl] |
T out_data_t:in
4 hammmino weine
L L [ |2 4 I 2
El Console = @Errors} & Warning.ﬂ BegE=°0

Vivado HLS Console

Compiling C:/Vivado_HLS_Tutorial/C_Validation/lab2/hamming_window_test.c in debug mode «
@E [SIM-34] 'apcc' is required to include the header file. Do not select 'Debug’' in GUI a
@E [SIM-1] CSim file generation failed: compilation error(s).
@I [LIC-101] Checked in feature [VIVADO HLS] T

il

4 1 | 3

Figure 47 C Simulation Dialog Box

4. Expand the Test Bench folder in the Explorer pane.

5. Double-click on the file hamming_window_test.c.

6. Scroll to line 78 and remove the comments in front of the printf statement (as shown in
Figure 48).

S T2 4 hamming window.c |{c) Shammming. window_test C, ™ s 2|
= hamming window_pr _ e &
& Includes aha f ;_ L[-.-_ :; '.r;- :-.'3:_': by DUT against expected walu

p=Ffopen( result.dat™,"w");
B SR ) printf(“Testing DUT results™);
 Ramaning windous for (i = ©; i < WINDOW_LEN; i++) {
s Test Bench 17 fprintf(fp, "%d %d ", bw result[i],sw result[i]);
& hanerng_vandaw_testo 748 printf("DUT results: Sample=%d, DUT=%d, Expected:¥d\n",
= solutont 79 if (hw_result{i] != sw_result[i]) {
& constraints B0 err_cntes; :
o e &1 check_dots = 8; =
. arﬁ_l:c? : 52 printf{“\nli! ERRDR at i = ¥ad - expected: Xied\tpot
T g3 i, sw result[i], hw result[i]);
. 84 } else { indicate progress on console -
- R T . .
Figure 48 Enable Printing of the Results
7. Save the file.
8. Use the Run C Simulation toolbar button or the menu Project > Run C simulation to
open the C Simulation Dialog box.
9. Press OK to run the simulation.

The results are shown in the console window (Figure 49).

High-Level Synthesis www.xilinx.com 59
UG871 (v 2013.1) April 3, 2013


http://www.xilinx.com/

i* X"—l Nx Lab #2:C Validationwith C++ ArbitraryPrecision Types

El Console &2 . 9] Errors| & Warnings ® % G LS =
<terminated > hamming_window_prj.Debug [C/C++ Application] CA\Vivado_HLS_Tutorial\C_Validation\lab2\hamming_win
.DUT results: Sample=252, DUT=21807184, Expected=21807184 -

.DUT results: Sample=253, DUT=27011801, Expected=27011801
.DUT results: Sample=254, DUT=32266975, Expected=32266975
.DUT results: Sample=255, DUT=3755981@, Expected=37559010

¥%% Tect Passed ***

4 |1

Figure 49 C Validation Lab#2 Results

When using arbitrary precision types in an ANSI C design, the debug environment cannot be
used and printf or fprintf statements must be used to debug the design.

10. Exit the Vivado HLS GUI and return to the command prompt.

Lab #2: C Validation with C++ Arbitrary Precision Types

This exercise uses a design with arbitrary precision C++ types. The design will be reviewed and
the debugged in the GUL

Step 1: Create and Open the Project

1. From the Vivado HLS command prompt used in Lab#2, change to the lab3 directory.
2. Create a new Vivado HLS project by typing vivado_hls —f run_hls.tcl
3. Open the Vivado HLS GUI project by typing vivado_hls —p hamming_window_prj
4. Open the Source folder in the explorer pane and double-click on hamming_window.cpp
to open the code as shown in Figure 50.
[ Explorer i3 & = B[ [¢ hamming_window.cpp =g
4 25 hamming_window_prj 45 #include "hamming window.h" // Provides default WINDOW LEN if 1=
» b Includes 46 ) )
4 E Source 47 // Translation module function prototypes:

- - 48 static void hamming_rom_init(in_data_t rom_array[]);
l¢l hamming_window.cpp 19

» = Test Bench 50 // Function definitions:

4 = solutiont 51void hamming_window(out data t outdata[WINDOW_LEN], in_data t :
4 # constraints 524 0
< directives.tcl 53 static in_data_t window_coeff[WINDOW_LEN]; I

& scripticl :i- unsigned i;

+ & csim 56 // In order to ensure that 'window_coeff' is inferred and pi
57 // initialized as a ROM, it is recommended that the arrya i1 _

co Fd bhm Aemcnmn 2en m meabh Livenmd T mn aandlh T a1 fownd bt mmeiimma L

4 1 3

Figure 50 C++ Code for C Validation Lab#3

5. Hold the Control key down and click on the hamming_window.h on line 45 to open this
header file.
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Interface Synthesis

Overview

Interface synthesis is the process of adding RTL ports to the C design. The term interface
synthesis is used because this process is not simply about adding the physical port to the RTL

design but includes adding an associated 10 protocol, allowing the data transfer through the
port to be automatically and optimally synchronized with the internal logic.

This tutorial consists of four lab exercises that cover the primary features and capabilities of
interface synthesis.

Labl

Review the function return and block-level protocols.

Lab2

Understand the default IO protocol for ports and learn how to select an IO protocol.

Lab3

Review how array ports are implemented and can be partitioned.

Lab4

Create an optimized implementation of the design and add AXI4 interfaces.

Tutorial Design Description

The tutorial design file can be download from the Xilinx website. Refer to the information in
Obtaining the Tutorial Designs.

This tutorial uses the design files in the tutorial directory
Vivado_HLS_Tutorial\Interface_Synthesis.

The sample designs used in the first two exercises in this tutorial is a simple design to allow the
focus to remain on the interfaces. The final two lab exercises use a multi-channel accumulator.

This tutorial explains how IO ports and protocols are implemented using High-Level Synthesis.
In Lab#4 the design goals are to create an optimal implementation of the design.
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Lab #1: Block-Level 10 protocols

This exercise will explain what block-level 10 protocols are and how they can be controlled.

IMPORTANT: The figures and commands in this tutorial assume the tutorial data directory
Vivado HLS Tutorial is unzipped and placed in the location C:\Vivado_HLS_Tutorial

ﬁ If the tutorial data directory is unzipped to a different location, or on Linux systems, adjust the few
pathnames referenced, to the location you have chosen to place the Vivado_HLS_Tutorial
directory.

Step 1: Create and Open the Project

1. Open the Vivado HLS Command Prompt.

a. On Windows use Start > All Programs > Xilinx Design Tools > Vivado 2013.1
> Vivado HLS > Vivado HLS 2013.1 Command Prompt (Figure 55).

b. On Linux, open a new shell.

Vivado 2013.1
B Vivado 2013.1 Tel Shell
4 Vivado 2013.1
Accessories
System Generator
Vivado HLS
Bl vivado HLS 20131 Command Promp
Vivado HLS 2013.1 -

Figure 55 Vivado HLS Command Prompt

2. Using the command prompt window (Figure 56), change directory to the Interface
Synthesis tutorial, labl.

3. Execute the Tdl script to setup the Vivado HLS project, using the command vivado_hls —f
run_hls.tcl as shown in Figure 56.
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[ Vivado HLS 2013.1 Command Prompt = o

ivado HLS Command Prompt
vailable commands:
vivado_hls,apcc,gcc, g+t make

Microsoft Windows [Uersion 6.1.T7600]
Copyright (c) 2009 Microsoft Corporation. All rights reserved.

C:\Xilinx\Uivado_HL3\2013.1>cd C:\Uivado_HLS_Tutorial\Interface_Synthesis\labil

C:\Wivado_HLS_Tutorial\Interface_Synthesis\labl>vivado_hls -f run_hls.tcl

Figure 56 Setup the Tutorial Project

4. When Vivado HLS completes, open the project in the Vivado HLS GUI using the
command vivado_hls —p adders_prj as shown in Figure 57.

Vivado HLS Command Prompt Ji X
BI [HLS-19] Current directory: C:/Uivado HLS Tutorial/Interface_Sunthesis/lab! /=g
dders_pr)/solution] fesim/build
BI [APCC-3] Tep directory is apcc_db
@I [RPCC-1] APCC is done
@I [LIC-181] Checked in feature [UIUADO_HLS]

Generating ceim, exe

10w 20w 305000

20=30=48:= 254800

30=40=50=-50880

4EAxSOxEE

S8=6BxTE

@I [SIM-1] CSim done with B errors.
BI [LIC-181] Checked in feature [UVIUADO_HLS]

L:\Uivado HLE_Thtarlalhlntarface Synthesis’\labl >vivado hls -p adders prij ¥

Figure 57 Initial Project for Interface Synthesis Lab#1
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Step 2: Create and Review the Default Block-Level 10 Protocol

1. Open the source code for review by double-clicking on adder.c in the Source folder
(Figure 58).

This example uses a simple design to focus on the IO implementation (and not the logic in
the design). The important points to take from this code are:

e Directives in the form of pragmas have been added to the source code to prevent
any IO protocol being synthesized for any of the data ports (inA, inB and inC). IO port
protocols will be reviewed in the next lab exercise.

e This function returns a value and this is the only output from the function. As will be
seen in later exercises, not all functions return a value. The port created for the
function return will be discussed in this lab exercise.

[t5 Explorer &2 v = O|[[¢ adders.c &3 =8

8int adders(int inl, int in2, int in3) {

=% adders_prj
I Includes -

[E2

Source

le| adders.c
= Test Bench
= solution1

[Ii]

3 #pragma HLS INTERFACE ap_none port=in2
A#pragma HLS INTERFACE ap none port=inl
# constraints

4 directives.tcl|| 56
W@ script.tcl ; int sum;
= ¢csim . . .
&= build 9 sum = inl + in2 + in3;
&= bui
4]
= report 1 return sum;

< 11 »

Figure 58 C Code for Interface Synthesis Lab#1

2. Execute the Run C Synthesis command using the dedicated toolbar button or the
Solution menu.

When synthesis completes, the synthesis report will open automatically.

3. To review the RTL interfaces scroll to the Interface summary at the end of the synthesis
report or use the Outline tab and select Interface summary.

The Interface summary and Outline tab are shown in Figure 59.
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l¢| adders.c | adders_esynth.rpt i3

-l Summary
Dir  Bits
ap_start in 1
ap_done out 1

ap_idle out 1
ap_ready  out 1

ap_return  out 32

inl in 32
in2 in 32
in3 in 32

Protocol
ap_ctrl_hs
ap_ctrl_hs
ap_ctrl_hs
ap_ctrl_hs
ap_ctrl_hs

ap_none
ap_none

ap_none

Source Object
adders
adders
adders
adders
adders

inl
in2
in3

Figure 59 Interface Summary

There are three types of ports to review here:

C Type
return value
return value
return value
return value
return value

scalar
scalar

scalar

Lab #1:Block-Level 10 protocols
= 0|8z Outl 2~ Dire|] = O

e

m

| General Information
:=| Performance Estimates

B Timing (ns)
B Latency (clock cycles

:=| Utilization Estimates

= Summary
B Detail

:=| Interface

= Summary

T I

e The design takes more than one clock cycle to complete, so a clock and reset have been
added to the design: ap_clk and ap_rst. Both are single-bit inputs.

e A block-level IO protocol has been added to control the RTL design: ports ap_start,
ap_done, ap_idle and ap_ready. These ports will be discussed shortly.

e The design has four data ports.
0 Input ports Inl, In2 and In3 are 32-bit inputs and have the IO protocol ap_none

(as specified by the directives in Figure 59).

0 The design also has a 32-bit output port for the function return, ap_return.

The block-level IO protocol allows the RTL design to be controlled independently of the IO
ports. This IO protocol is associated with the function itself, not any of the data ports. The
default block-level 10 protocol is named ap_ctrl_hs and Figure 59 shows this protocol as being

associated with the clock.

Table 1 summarizes the behavior of the signals for block-level IO protocol ap_ctrl_hs.

Note: The explanation here uses the term “transaction”. In the context of high-level synthesis, a
transaction is equivalent to one execution of the C function (or the equivalent operation in the

synthesized RTL design).

Exercise

Description

ap_start This signal controls the block execution and must be asserted to logic 1 for the
design to begin operation.

It should be held at logic 1 until the associated output handshake ap_readyis
asserted. When ap_ready goes high, the decision can be made on whether to
keep ap_start asserted and perform another transaction or set ap_start to logic 0
and allow the design to halt at the end of the current transaction.

If ap_startis asserted low before ap_readyis high, the design may not have read
all input ports and may stall operation on the next input read.

High-Level Synthesis
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Exercise Description

ap_ready This output signal indicates when the design is ready for new inputs.

The ap_readysignal is set to logic 1 when the design is ready to accept new
inputs, indicating that all input reads for this transaction have been completed.

If the design has no pipelined operations, new reads will not be performed until
the next transactionstarts.

This signal should be used to make a decision on when to apply new values to the
inputs ports and whether a new transaction should be started using the ap_start
input signal.

If the ap_start signalis not asserted high, this signal will golow when the design
completes all operations in the current transaction.

ap_done This signal indicates when the design has completed all operations in the current
transaction.

Alogic 1 on this output indicates the design has completed all operations in this
transaction. Since this is the end of the transaction, a logic 1 on this signal also
indicates the data on theap_return port is valid.

Not all functions have a function return argument and hence not all RTL designs
have an ap_return port.

ap_idle This signal indicates if the design is operating or idle (no operation).

The idle state s indicated by logic 1 on this output port. This signal is asserted low
once the design starts operating.

This signal is asserted high when the design completes operation and no further
operations will be performed.

Table 1 Block Level 10 protocol ap_ctrl_hs

The behavior of these signals can be seen by viewing the trace file produced by RTL

cosimulation. This is discussed in the tutorial RTL Verification (page 167), but Figure 60 shows
the waveforms for the current synthesis results.
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& adders.wcfg* x Ow X

B in3[31:0
1 ap_done

e & ap_ready
=4} ™ ap_return[31:0]
o s ap_idle

al

Figure 60 RTL Waveforms for Block Protocol Signals

The waveforms in Figure 60 show the behavior of the block-level IO signals.

e The design does not start operation until ap_start is set to logic 1.

e The design indicates it is no longer idle.

e Five transactions are shown. The first 3 input values (10, 20 and 30) are applied to input
ports Inl, In2 and In3 respectively.

e Output signal ap_ready goes high to indicate the design is ready for new inputs on the
next clock.

e Output signal ap_done indicates when the design is finished and that the value on
output port ap_start is valid (the first output value 60, is the sum of all three inputs).

e Since ap_start is held high, the next transaction starts on the next clock cycle.

Note: In RTL Cosimulation, all design and port input control signals are always enabled. For
example, in Figure 60 signal ap_start is always high.

In the 2" transaction, notice on port ap_return, the first output has the value 70. The result on
this port cannot be considered valid until the ap_done signal is asserted high.

Step 3: Modify the Block-Level 10 protocol

The default block-level IO protocol is the ap_ctrl_hs protocol (the Control Handshake protocol).
In this step we will create a new solution and modify this protocol.

1. Select New Solution from the toolbar or Project menu to create a new solution.
2. Leave all settings in the new solution dialog box at their default setting and press OK
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3. Select the C source code tab in the Information pane (or re-open the C source code if it

was closed).

4. Activate the Directives tab and select the top-level function, as shown in Figure 61.
AR, 5 aclers coynthupt | o) adders_cosk.npt - & Outfine| i Directive :

e rrTrr———— P A ———— T T T T T e o

: Einclude “adders.h 2 il
s iat miﬂt fad. Sat n2, AWt 583) - qil‘g]-.'TEF_!A{E Ap_foHe portsind

- . -

#pragsa HLS INTERFACE ap_none ports=ind & HLS INTERFACE ap_noet poft=ind
| #pragma HLS INTERFALE ap mnone ports=ind 4 a3
J#prapma HLS INTERFACE ap mone port=inl # HLS INTERFACE ap_none por=ind

int sum;
fum = inl + A2 + ind:

return um;

Figure 61 Top-level Function Selected

Since the block-level IO protocols are associated with the function, they must be accessed by
selecting the top-level function.

5. In the Directives tab, right-click with the mouse on the top-level function adders and
select Insert Directives.

The Directives Editor dialog box will open. Figure 62 shows this dialog box with the drop-down
menu for the interface mode activated.

Wivado HLS Directive Editor
Type
Detedtive: | INTERFACE 5
Destinatson

Source File

@ [hrective File

Options
mode (optional): ap.cirlnane -l
register.
ap_cirl_hs
depth (optonal): ap_cui_chain
Help Cancel . OK

Figure 62 Directive Dialog box for ap_ctrl_none
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The drop-down menu shows there are three options for the block-level interface protocol:

e ap_ctrl_none: No block-level IO control protocol.

e ap_ctrl_hs: The block-level IO control handshake protocol we have reviewed.

e ap_ctrl_chain: The block-level 10 protocol for control chaining. This IO protocol is
primarily used for chaining pipelined blocks together.

The block-level 10 protocol ap_ctrl_chain is not covered in this tutorial. This protocol is similar to
ap_ctrl_hs protocol but with an additional input signal, ap_continue, which must be high when
ap_done is asserted for the next transaction to continue. This allows downstream blocks to apply
back-pressure on the system and halt further processing when they are unable to accept new
data.

7. In the Destination section of the Directives Editor dialog box, select Source File.
By default directives are placed in the directives.tcl file. In this example the directive will be
placed in the source file where the existing IO directives are located.

8. Select ap_none from the drop-down mode menu.
9. Press OK.

The source file now has a new directive, highlighted in both the source code and directives tab
in Figure 63.

The new directive shows the associated function argument/port is called return. All interface
directives are attached to a function argument. For block-level IO protocols the return argument
is used: this is true even if the function has no return argument in the source code.

- "aiders | adders_csynif.rpd | adders_cosimurpt == (Duitiine | 7 Dinective
= sddery
#include tders.h & HLS INTERFALE ap_ciri_none port=seturn
int sdders(int inl, imt in2, imt ini) . 1 ACE
2 in
& HLS IN & C X,
Spragsa HLS INTERFACE ap_none port=ind &
Sprapsa HLS INTERFACE ap_none ports=ind # HLS IN
#prapgsa HLS INTERFACE ap_nome port=inl
int sum;

Fibarn S

Figure 63 Block-Level Interface Directive ap_ctrl_none

10. Press the Run C Synthesis toolbar button or use the menu Solution > Run C Synthesis to
synthesize the design.

Adding the directive to the source file modified the source file. Figure 63 shows the source file
name as *adders.c indicating the file has been modified but not saved.
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11. Press Yes to accept the changes to the source file.

When the report opens, the Interface summary will be as shown in Figure 64.
=l adders_csynth.rpt i3 =0
Interface

- Summary
Dir Bits Protocol Source Object C Type

inl in 32 ap_none inl scalar
in2 in 32 ap_none inZ scalar
in3 in 32 ap_none in3 scalar =
ap_return  out 32  ap_ctrl_none adders  return value 0

Figure 64 Interface summary for ap_ctrl_none

When the interface protocol ap_ctrl_none is used, no block-level I0 protocols are added to the
design. The only ports are those for the clock, reset and the data ports.

It should be noted that without the ap_done signal, the consumer block which accepts this data
from the ap_return port is now responsible for knowing when the data on the ap_return port is
valid: there is now no indication from the design as to when this data is valid.

In addition, the RTL cosimulation feature requires a block-level IO protocol in order to
automatically sequence the test bench and RTL design for cosimulation. Any attempt to use RTL
cosimulation will result in the following error message and RTL cosimulation with halt:

@E [SIM-44] The design was synthesized without function protocol ('ap_ctrl none').
Test bench cannot be automatically generated. Please either re-synthesize the design
by adding back the function protocol or use a manual test bench to verify the RTL.

@E [SIM-4] *** C/RTL co-simulation finished: FAIL ***

12. Exit the Vivado HLS GUI and return to the command prompt.

Lab #2: Port 10 protocols

This exercise will explain how port IO protocols can be specified.

Step 1: Create and Open the Project

1. From the Vivado HLS command prompt used in Lab#1, change to the lab2 directory as
shown in Figure 65.
2. Create a new Vivado HLS project by typing vivado_hls —f run_hls.tcl
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Vivado HLS Command Prompt = | = e

Windows NT_intel version
[el shell started on Fri Ji
na-WT7’
L:/Uivado_HLS_Tutorial/Intertace_Synthesis/labl

vado_HLS _Tutorialy
o_HLS _Tutorialil

\Wivado_HLS _Tutorial\Interface_Suynthesis>cd lab2

Wivado HLS Tutorial\Interface_Suynthesis\lab2»uvivado_hls =f run_hls. tcl

Figure 65 Setup for Interface Synthesis Lab#2

3. Open the Vivado HLS GUI project by typing vivado_hls —p adders_io_prj
4. Open the source code as shown in Figure 66.

Ephores ©, adders_io.c
T D -
Inchudes #include ~adders_10.f
Source 2 s _ e = . . : v r
void adders_io(int inl, int in2, int "in_owtl)

A0S _bD
Test Bench
solution1 *in outl = inl + in2 + "in_outl;
& raint

] ¥

Figure 66 C Code for Interface Synthesis Lab#2

The source code for this exercise is similar to the simple code used in Lab#1 —again, for similar
reasons, allowing us to focus on the interface behavior and not the core logic.

This time, the code does not have a function return, but instead passes the output of the
function through the pointer argument *in_out1. This pointer is also used to accept input data

(in place of in3 in the previous example). This will provide the opportunity to explore the
interface options for inout and output ports.

The types of 10 protocol which can be added to C function arguments by interface synthesis,
depends on the argument type. These options are fully explained in the Vivado High-Level
Synthesis User Guide (UG902).
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The pointer argument in this example is both an input and output to the function. In the RTL
design, this will be implemented as separate input and output ports.

For the code shown in Figure 66, the possible options for each function argument are described

in Table 2.

Function Argument

10 protocol Options

Inl and In2

These are pass-by-value argumentsand may be implemented with the
following 10 Protocols:

ap_none: No |0 protocol. This is the default for inputs.

ap_stable: No |0 protocol.

ap_ack: Implemented with an associated output acknowledge port.
ap_vld: Implemented with an associated input valid port.

ap_hs: Implemented with both input valid and output acknowledge
ports.

in_outl

This is a pass-by-reference output and may be implemented with the
following 10 protocols:

ap_none: No |0 protocol. This is the default for inputs.

ap_stable: No IO protocol.

ap_ack: Implemented with an associated input acknowledge port.
ap_vld: Implemented with an associated output valid port. This is
the default for outputs.

ap_ovld: Implemented with an associated output valid port (no
valid port for the input part of any inout ports).

ap_hs: Implemented with both input valid port and output
acknowledge ports.

ap_fifo: A FIFO interface with associated output write and input
FIFO full ports.

ap_bus: A Vivado HLS bus interface protocol.

Table 2 Port Level 10 Protocol Options for Lab#2

Note: The port directives applied in Lab#1 where not in fact necessary since ap_none is the
default 10 protocol for these C arguments. They were provided to ensure we did not address
any IO port protocol behavior in that exercise, default behavior or not.

We will implement a selection of 10 protocols for this exercise.

Step 2: Specify the 10 Protocol for Ports

1. Ensure the C source code can be viewed in the Information pane.
2. Activate the Directives tab and select input argument inl as shown in Figure 67.
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& XILINX.

.= OGETS 0L i &= Outtine | X Directive
#include “adders jo.h" 3 ind
? ma
9 ]
void adders 1o('ELINL int in2, imt "in cutl) { i
83 + in_out]

"in_outl = inl = in? + "in_owtl;

Figure 67 Adding Port 10 Protocols

w

Right-click with the mouse and select Insert Directives.
4. When the Directives Editor opens leave the directives drop-down menu as INTERFACE.
a. Leave the destination at the default value. This time, the directives will be stored
in the directives.tcl file.
b. Select ap_vld from the mode drop-down menu
c. Press OK.
5. Select argument in2 and add an interface directive to specify the IO protocol ap_ack.
Select argument in_outl and add an interface directive to specify the IO protocol ap_hs.

7. In the Explorer pane, expand the Constraints folder and Double-click on the directives.tcl
file to open it, as shown in Figure 68.

o

Explorer = = 01 & adders_jou o directives.tel =
{:aﬂ'ﬂeﬁ_ﬂ_ﬂf S ERidS SRS S s S e Rs g iSassdssragsERmidsan =EsfsdassgaSaSs =28
= s 3 o £i1la 1 ganerated automst 1 . ¥ 5
= Includes b ; : L l 3
— Saurc.:_l- L LCdSK LA |.. CGLL ._ . - h
# Copyright (C) 2012 Xilinx Imc. All rights reserved
& Test Bench I 0 - B B
& solution? set_directive_interface -mode ap_vld “adders_io™ inl
# constrainis set_directive_interface -mode ap_ack "adders_io™ in2
o+ directives.tcl set_directive_intertace -mode ap hs “adders io” in_owtl
4 scnptid
csim

Figure 68 Directives for Lab#2

8. Synthesize the design.
9. Review the Interface summary when the report file opens (Figure 69).
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[¢ adders_io.c |4 directives.tel |2 adders io_csynth.rpt &3 = B

-

Dir Bits Protocol  Source Object C Type

ap_clk in 1 ap_ctrl_hs adders_io  return value
ap_rst in 1 ap_ctrl_hs adders_io  return value
ap_start in 1 ap_ctrl_hs adders_io  return value
ap_done out 1 ap_ctrl_hs adders_io  return value
ap_idle out 1 ap_ctrl_hs adders_io  return value
ap_ready out 1 ap_ctrl_hs adders_io  return value
inl in 32 ap_vid inl scalar
inl_ap_vid in 1 ap_vid inl scalar
in2 in 32 ap_ack inZ scalar
in2_ap_ack out 1 ap_ack in2 scalar
in_outl | in 32 ap_hs in_outl painter
in_outl_i_ap_vid in 1 ap_hs in_outl pointer
in_outl_i_ap_ack out 1 ap_hs in_outl painter =
in_outl_o out 32 ap_hs in_outl pointer
in_outl_o_ap_vid out 1 ap_hs in_outl painter
in_outl_o_ap_ack in 1 ap_hs in_outl pointer

Figure 69 Interface summary for Lab#2

e The design has a clock and reset.
e The default block-level IO protocol signals are present.
e Portinlis implemented with a data port and an associated input valid signal.
0 The data on port in1 will only be read when port in1_ap_vld is active high.
e Portin2 is implemented with a data port and an associated output acknowledge signal.
o Portin2_ap_ack will be active high when data port in2 is read.
e The input part of argument inoutl is identified as inout_i. This has associated input valid
port inoutl_i_ap_vld and output acknowledge port inoutl_i_ap_ack.
e The output part of argument inoutl is identified as inout_o. This has associated output
valid port inoutl_o_ap_vld and input acknowledge port inoutl_o_ap_ack.

13. Exit the Vivado HLS GUI and return to the command prompt.

Lab #3: Implementing Arrays as RTL Interfaces

This exercise will show how array arguments on functions can be implemented as a number of
different types of RTL port.
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Step 1: Create and Open the Project

1. From the Vivado HLS command prompt window used in the previous lab, change to the
lab3 directory.

2. Create a new Vivado HLS project by typing vivado_hls —f run_hls.tcl

3. Open the Vivado HLS GUI project by typing vivado_hls —p arrays_io_prj

4. Open the source code as shown in Figure 70.

This design has an input array and an output array. The comments in the C source explain
how the data in the input array is ordered as channels and how the channels are

accumulated. To understand the design, you can also review the test bench and the input
and output data in file result.golden.dat.

Expécee Ty MO
T £ #include

vold srray_lo (dout_t d a[N), din_t d_i[M
int L, res;

static ifc T &fcC l.“r‘\'l"l'.l'l'.

For_Loop: for {L=@;icH;ies
ree I-HJ II"‘I""‘i I I.'_
Al | rem | acerem] + @_i[1];

(1} = acc|rem];

Figure 70 C Code for Interface Synthesis Lab#3

Step 2: Synthesize Array Function Arguments to RAM ports

In this step we will review how array ports are synthesized to RAM ports.

1. Synthesize the design and review the Interface summary when the report opens (Figure
71).

The interface summary shows how array arguments in the C source are by default synthesized
into RTL RAM ports.

e The design has a clock, reset and the default block-level IO protocol ap_ctrl_hs (noted on
the clock in the report).
e The d_o argument has been synthesized to a RAM port (IO protocol ap_memory).
0 A data port (d_o_d0).
0 An address port (d_o_address0).
o Control ports for chip-enable (d_o_ce0) and a write-enable port (do_we0).
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e The d_i argument has been synthesized to a similar RAM interface, but has an input data
port (d_i_q0) and no write-enable port since this interface only reads data.

In both cases, the data port is the width of the data values in the C source (32-bit integers in this
case) and the width of the address port has been automatically sized match to the number of
addresses which must be accessed (5-bit for 32 addresses).

= array_io_csynth.rpt &3 =5

- Summary
Dir Bits Protocol Source Object C Type
ap_clk in 1 ap_ctrl_hs array_io  return value
ap_rst in 1 ap_ctrl_hs array_io  return value
ap_start in 1 ap_ctrl_hs array_io  return value
ap_done out 1 ap_ctrl_hs array_io  return value
ap_idle out 1 ap_ctrl_hs array_io  return value
ap_ready out 1 ap_ctrl_hs array_io  return value
d o _address0  out 5 ap_memary do array
d_o_cel out 1 ap_memaory do array
d o wel out 1 ap_memaory do array
d_o_d0 out 16 ap_memory do array
d_i_address0 out 5 ap_memary di array 3
d_i_cel out 1 ap_memaory d_i array
d_i_q0 in 16  ap_memory di array
4 il b

Figure 71 Interface Summary for Initial Lab#3 design

Synthesizing array arguments to RAM ports is the default. There are a number of other options
to control how these ports are implemented and the remaining steps in Lab#3 will demonstrate
these options:

e Using a single-port or dual-port RAM interface.
e Using FIFO interfaces.
e Partitioning into discrete port.

Step 3: Using Dual-port RAM and FIFO interfaces

High-Level Synthesis allows a RAM interface to be specified as a single-port or dual-port. If no
such selection is made, Vivado HLS will automatically analyze the design and select the number
of ports to maximize the data rate.

In step 2, a single-port RAM interface is used because the for-loop in the source code (Figure
70) is by default left rolled: each iteration of the loop is executed in turn:

e Read the input port.
e Read the accumulated result from the internal RAM.
e Sum the accumulated and new data and write into the internal RAM.
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e Write the result to the output port.
e Repeat for the next iteration of the loop.

This ensures only a single input read and output write is ever required. Even if multiple input and
outputs are made available, the internal logic cannot take advantage of any additional ports.

Note: If a dual-port RAM is specified and Vivado HLS can determine only a single port is required,
it will use a single-port and over-ride the dual-port specification.

With this design, the first requirement in demonstrating how an array argument can be
implemented using multiple RTL ports is to unroll the for-loop and allow all internal operations
to happen in parallel, as much as data dependencies allow.

1. Select New Solution from the toolbar or Project menu to create a new solution.
2. Press OK and accept the defaults.
3. Ensure the C source code is visible in the Information pane.
4. Inthe Directives tab, select the for-loop For_Loop and right-click with the mouse to open
the Directives Editor dialog box.
a. Inthe Directives Editor dialog box activate the Directives drop-down menu at the
top and select UNROLL.
b. With the Directives Editor as shown in Figure 72, click OK.

Vivado HLS Directive Editor
Type

Directive; UNROLL -

Destination
Source File
@ Directive File

Options
skip exit checic

factor {optional);

region

Help Cancel . OK

Figure 72 Directives Editor to Unroll For_Loop
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Next specify that a dual-port RAM be used for input reads. The Resource directive indicates the
type RAM connected to an interface.

5. Inthe Directives tab, select port d_i and right-click with the mouse to open the Directives
Editor dialog box.
a. In the Directives Editor activate the Directives drop-down menu at the top and
select RESOURCE.
. Click on the core options box and select RAM_2P_RAM.
c.  With the Directives Editor as shown in Figure 73, click OK.

Vivado HLS Directive Editor

Type
Directive: | RESOURCE -

Destination
Source File
@ Directive File

Options
vanable {required). d_

core (optional): | RAM_2P_BRAM

port map (optional);

mietadata (optional):

Help Cancel OK

Figure 73 Directives Editor for Specifying a Dual-port RAM

For the output port, we will implement it using a FIFO interface.

6. In the Directives tab, select port d_o and right-click with the mouse to open the
Directives Editor dialog box.
a. In the Directives Editor leave the directive as Interface.

b. From the Mode drop-down menu, select ap_fifo.
c. Press OK.

The directives tab should show the following directives have been applied to the design
(Figure 74).
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5= Qutline |4 Directive i3 =
4 @ array io

4 do

B HLS INTERFACE ap_fifo port=d_o

4 0.1

%o HLS RESOURCE variable=d_i core=RAM_2P_BRAM

il ace

a &' For_Loop
% HLS UNROLI

Figure 74 Directives Summary for Lab#2 Solution2

7. Synthesize the design.

When the report opens in the Information pane, the Interface summary will be as shown in
Figure 75.

e The design has the standard clock, reset and block-level IO ports.

e Array argument d_o has been implemented as a FIFO interface with a 16-bit data port
(d_o_din) and associated output write (d_o_write) and input FIFO full (d_o_full_n) ports.

e Argument d_i has been implemented as a dual-port RAM interface.
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‘larray io_csynth.rpt ;-
Interface Summary

= Interfaces

Obiject Type Scope 10 Protocol IO Config Dir  Bits
ap_clk array_io  return value = ap_ctri_hs - n 1
ap_rst - - - . . in
ap_start - - - - - in 1
ap_done . out 1
ap_idle = = = = = out 1
ap_ready - - - - - out 1
d_o_din do pointer - ap_fifo - out 16
d_o_full_n in
d_o_write - - - - - out 1
d_i_address) d_i aray - ap_memory - out 5
d_i_ced - - - E - out 1
d_i_ql in 16
d_i_address] - = - - - ot 5
d_i_cel - - - - - out 1
d_i_gl - - - - - in 16

Export the report{ htmi) using the Export Wizard =

Figure 75 Directives Editor Specifying BRAM Interface

By using a dual-port RAM interface, this design can accept input data at twice the rate of the

previous design. However, by using a single-port FIFO interface on the output the output data
rate is the same as before.

The next step is to show how array arguments can be partitioned into multiple ports.

Step 4: Partitioned RAM and FIFO Array interfaces

In this step, we will show how array interface can be partition into any arbitrary number of ports.

1. Select New Solution from the toolbar or the Project menu and create a new solution.
2. Press OK and accept the defaults.
a. This includes copying existing directives from solution2.
3. Ensure the C source code is visible in the Information pane.
4. In the directives tab, select d_o and right-click with the mouse to open the Directives
Editor dialog box.
a. Inthe Directives Editor dialog box activate the Directives drop-down menu at the
top and select ARRAY_PARTITION.
b. Activate the type drop-down menu and select block to partition the array into
blocks.
c. In the Factor dialog box, enter the value 4.
d. With the Directives Editor as shown in Figure 76, click OK.
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-

Vivado HLS Directive Editor
Type
Directive: | ARRAY_PARTITION -

| Destination
Source File
@ Directive File

Options

variable (required): d.o

type (optional): black - .
factor (optional): 4

dimension (optionalk 1

Help Cancel | OK

Figure 76 Directives Editor for Partitioning Array d_o

Now, we will partition the input array into two blocks (not four).

5. In the Directives tab, select d_i and repeat the previous step but this time partition the
port with a factor of 2.

The directives tab should show the following directives have been applied to the design ( 77).
- Cutine L Dueclive ~

+ O aray io

4 d_o

b HLS ARRAY PARTITION wariablesd_o block facior=4 dim=1

% HLS INTERFACE ap fifo pont=d o

4 g

% HLS ARRAY _PARTITION variablie=d_i blodk factor=2 dim=1

% HLS RESOURCE vanable=d_i core=RAM_2P_ BRAM

"1 acc

2 = For_Loop
% HLS UNROLL

Figure 77 Directives Summary for Lab#2 Solution3

6. Synthesize the design.
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When the report opens in the Information pane, the Interface summary will be as shown in

Figure 78.

 Jarray_lo_csynth.rpt .

The design has the standard clock, reset and block-level IO ports.
Array argument d_o has been implemented as a four separate FIFO interfaces.

Lab #3:ImplementingArrays as RTLInterfaces

Argument d_i has been implemented as a two separate RAM interfaces, each of which
uses a dual-port interface. (If you see 4 separate RAM interfaces, confirm a partition
factor for d_i is 2 and not 4).

- Interfaces

ap_clk

ap_rst

ap_stan
ap_done
ap_idle
ap_ready
d_o 0. din
d_o 0 full_n
d_o_0_write
d_o_l_din
d_o_1_full_n
d_o_l1_write
d_o_2 din
d_o_2 full_n
d_o_2_write
d_o_3_din
d_o_3 full_n
d_o_3_write
d_i_0_address0
d_i_0_ce0
d_i_0_gb
d_i_1_addressD
d_i_1_cel
d.i_la0
d_i_2_address0
d_i_2 cel

d_i_2 ql
d_i_3_address0
d_i_3_cel

d_i_3 qb

Object
array_lo

dol0

do_l

do.l

do 3

=

Type
return value

pointer

pointer

el 1

pointer

array

aray

Array

array

Scope 10 Protocol
aﬂ_ﬂrl_ns

- ap_fifo

= ap_fifo

ap_fifo

ap_fifo

ap_memaory

- ap_memaory

Ap_Memorny

Ap_Memory

10 Config

Bits

o
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If input port d_i was partitioned into four, only a single-port RAM interface would be required
for each port. Since the output port can only output four values at once, there would be no
benefit in reading 8 inputs at once.

The final step in this tutorial on arrays is to completely partition the arrays.

Step 5: Fully Partitioned Array interfaces

In this step, we will show how array interface can be partition into individual ports.

1. Select New Solution from the toolbar or the Project menu and create a new solution.

2. Press OK and accept the defaults.
a. This includes copying existing directives from solution3.

3. Ensure the C source code is visible in the Information pane.

4. In the Directives tab, select the existing partition directive for d_o as shown in Figure 79
a. Right-click with the mouse and select Modify Directive

2= Outline | Directive & ]

4 @ array_io

4 do
% HLS ARRAY PARTITION variable=d_o block factor=4 dim=1
Y ¥ Remove Directive n=d o

& Modify Directive
G HLS ARRAY_PARTITION variable=d_i block factor=2 dim=1
% HLS RESOURCE variable=d_i core=RAM_2P_ BRAM
il ace
4 For_Loop
% HLS UNROLL

Figure 79 Modifying the Directive for d_o

5. In the Directives Editor dialog box.
a. Activate the Type drop-down menu and modify the partitioning style to
Complete.
b. In the Factor dialog box, the value 4 can be removed or not: the factor will be
ignored for this type of partitioning.
c.  With the Directives Editor as shown in Figure 80, click OK.
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Vivado HLS Directive Editor
Type
Directive: | ARRAY_PARTITION -

Destination

@ Directive File

Options
variable {requiredt: d_o

‘L‘g,'pl‘_" ':ﬂpttﬂlf'lﬂ“. Eﬂmp|e‘[e -
factor (optional): |

dimension {optionall 1

| Help Cancel || ok |

Figure 80 Directives Editor for Partitioning Array d_o

6. In the Directives tab, select d_i and repeat the previous step to completely partition the
d_i array.

7. Optionally, the directive on d_i specifying the resource can be deleted: if the array is
partitioned into individual elements the Resource directive, which specifies a RAM
resource, will be ignored.

The Directives tab should show the following directives have been applied to the design
(Figure 81).
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g~ Dutline | U5 Directive

« | @ amay_io
a ﬂ_.;:.
% HLS ARRAY_PARTITION variable=d_o complete dim=1
Gt HLS INTERFACE ap_fifo port=d_o

4 d
90 HLS ARRAY_PARTITION variable=d_i complete dim=1
%% HLS RESOURCE variable=d_i core=RAM_2P_BRAM
Il acc

- For_Loop

9% HLS UNROLL

Figure 81 Directives Summary for Lab#2 Solution3

8. Synthesize the design.

When the report opens in the Information pane, review the interface summary.

e The design has the standard clock, reset and block-level IO ports.

e Array argument d_o has been implemented as a 32 separate FIFO interfaces.

e Argument d_i has been implemented as a 32 separate scalar port. Since the default
interface for input scalars in no IO protocol, they have the IO protocol ap_none.

Although this tutorial has focused exclusively on the IO interfaces, at this point it is worth
examining the differences in performance across all four solutions.

9. Select Compare Reports from the toolbar or the Project menu to open a comparison of

the solutions.
10.In the Solution Selection dialog box, add each of the four solutions to the Selected

Solutions pane ( 82).
11. Press OK.
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7, Tsolution Selection Dialog

Solution Selection

Lab #3:ImplementingArrays as RTL Interfaces

Please select the solutions you want to compare

Available solutions:

Selected solutions:

solutionl
solutiond
<« Remove solution3
solutiond
OK | Cancel

Figure 82 Compare All Solutions for Lab#3

When the solutions comparison report opens (Figure 83) it show that solution4, using a unique

port for each array element, is much faster than any of the earlier solutions: the data can be

accessed as soon as it is required by the internal logic (there is no performance bottleneck due

to port accesses).
£F array_io.compare

Performance Estimates

=l Timing (ns)
Clock solutionl  solution2  solution3  solutiond
default Target 40 40 40 40
Estimated 239 345 345 345
-1 Latency (clock cycles)
solutionl solution2  solution3  solutiond
Latency min 129 33 11 2
max 129 33 11 2
Interval min 130 34 12 3
max 130 34 12 3

Figure 83 Performance Comparisons for All Lab#3 Solutions

11

Scrolling down further comparison report will show (Figure 84) that solutions with more IO ports

(solutions 2, 3 and 4) allowing more parallel processing also use considerable more resources.
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£F array_io.compare =8

Utilization Estimates -

solutionl  solution?  solution3  solutiond

BRAM_18K 1 0 0 0
DSP48E 0 0 0 0
FF 120 1238 1220 1154 =
LUT 53 1254 1176 1026

Figure 84 Resource Comparisons for All Lab#3 Solutions

In the next exercise, this same design will be implemented with an optimum balance of between
the ports and resources. In addition to this more optimum implementation, the next exercise will
show how AXI interfaces can be added to the design.

12. Exit the Vivado HLS GUI and return to the command prompt.

Lab #4: Implementing AXI Interfaces

This exercise will explain how AXI bus interfaces can be specified for the 10 ports.

Step 1: Create and Open the Project

1. From the Vivado HLS command prompt window used in the previous lab, change to the
lab4 directory.

2. Create a new Vivado HLS project by typing vivado_hls —f run_hls.tcl

3. Open the Vivado HLS GUI project by typing vivado_hls —p axi_interface_prj

4. Open the source code as shown in Figure 85.

This design uses similar source C code as Lab#3: the design has been simply been renamed to
axi_interfaces. The explanation of this source code was already provided in Lab#3 but is
provided again here:

This design has an input array and an output array. The comments in the C source explain how
the data in the input array is ordered as channels and how the channels are accumulated. To

understand the design, you can also review the test bench and the input and output data in file
result.golden.dat.
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¢ an_mterfacesc

#include “axi_interfaces.h

woid axi_interfaces (dout t d o[N], din & d_i[N]) {
int i, rem;
static dacc t acc|[(HANMELS];

For Loop: for (1=0;1<N;i++) {
rem=15HANNELS ;
acc[rem] accrem] + d_1[1];
d o[i] = acc[rem];

Figure 85 Source code for Lab#4

Step 2: Create an Optimized Design

In the most optimum performance implementation of this design, the data for each channel
would be processed in parallel, with dedicated hardware for each channel.

The key to understanding how best to perform this optimization is to recognize that the
channels in the input and output arrays lend themselves to cyclic partitioning. Cyclic partitioning
is fully explained in the Vivado HLS User Guide (UG902) but basically means each array element
in turn is sorted into a different partition (up to the partitioning factor).

Once the data has been partitioning into channels, FIFO interfaces can then be used to stream
the samples for each channel through the design in parallel.

Finally, if the IO ports have been configured to supply and consume individual streams of
channel data, partial unrolling of the for-loop can ensure dedicated hardware is used to process
each channel.

First, partition the arrays.

1. Ensure the C source code is visible in the Information pane.
2. In the Directives tab, select d_o and right-click with the mouse to open the Directives
Editor dialog box.
a. Activate the Directives drop-down menu at the top and select ARRAY_PARTITION.
b. Use the Type drop-down menu to specify cyclic partitioning.
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c. Inthe Factor dialog box, enter the value 8, to create 8 separate partitions (this will
result in 8 ports).
d. With the Directives Editor as shown in Figure 86, press OK.

¥Yrvada HLS Dewrective Editor

Type
Directive: ARRAY_PARTITION -

Destination

@' Directive File

Options

varable (required): a_o

:}'FE Lophonal ;. C}'EIH: -
factor (optional): 8

dimension (optional): 1

Help Cancel Ok

Figure 86 Directives Editor for Cyclic Partitioning

3. In the Directives tab, select d_o again and right-click with the mouse to open the
Directives Editor dialog box.
a. Activate the Directives drop-down menu at the top and select INTERFACE.
b. Use the Mode drop-down menu to specify an ap_fifo interface.
c. Click OK.
4. In the Directives tab, select d_i and repeat steps 2 and 3 above.
d. Apply cyclic partitioning with a factor of 8.
e. Apply an ap_fifo interface.

Next, partially unroll and pipeline the for-loop.

5. Inthe Directives tab, select for-loop For_Loop and right-click with the mouse to open the
Directives Editor dialog box.
f. Activate the Directives drop-down menu at the top and select UNROLL.
g. Select a factor of 8 to partially unroll the for-loop. This is equivalent to re-writing
the C code to execute 8 copies of the loop-body in each iteration of the loop
(where the new loop will only execute for 4 iterations in total, not 32).
h. Click OK.
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6. In the Directives tab, select for-loop For_Loop again and right-click with the mouse to
open the Directives Editor dialog box.
i. Activate the Directives drop-down menu at the top and select PIPELINE.
j. Leave the Interval blank and let it default to 1.
k. Select enable loop rewinding.
. Click OK.

The pipeline rewind option can be used when the top-level of the design is a loop. This informs

Vivado HLS that when implemented in RTL, this loop is expected to run forever (with no end of
function and function re-start cycles).

After performing the above steps, the Directives tab should be as shown in Figure 87. Be sure to
check all options are correctly applied. If not, double-click on the directive to re-open the
Directives Editor.

= Cuthne 4 Durective

« @ axinterfaces

2 d_o
% HLS ARRAY_PARTITION variable=d_o cyclic factor=8 dim=1
% HLS INTERFACE ap fifo port=d o
4 di
5 HLS INTERFALCE ap_fifo port=d_i
% HLS ARRAY PARTITION variable=d_i cyclic factor=8 dim=1
Il acc
For_Loop
% HLS UNROLL factor=38

% HLS PIPELINE rewind

Figure 87 Directives tab for Lab#4 Solution1

7. Synthesize the design.

When the report opens in the information pane, confirm both d_i and d_o are implemented as 8
separate FIFO ports.

In the performance section of the design, confirm for-loop For_Loop processes 1 sample every
clock cycle (Interval 1) with a latency of 2 and that the design has less area than solutions 2, 3 or
4 in Lab#3 (Figure 84).

Cyclic partitioning of the array interfaces and partial unrolling has indeed allowed us to
implement this C code as 8 separate channels in the hardware.

Step 3: Implementing AXI4 Interfaces

AX14 interfaces are added as a two-step process:

e The interface is specified to have an IO protocol using the Interface directive.
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e A Resource directive is then added to the RTL port to specify that an AXI4 interface will
connect to the port. (Similar to how RAM interfaces are specified). The AXI4 interfaces

are added to the design during the IP creation stage.

In this exercise, the FIFO interfaces will be specified to be AXI4 Stream interfaces and the block-

level IO protocol ports will be grouped into a single AXI4 Lite interface allowing these block-
level control signals be to controlled and accessed from a CPU.

1. Select New Solution from the toolbar or the Project menu to create and new solution.
2. Press OK and accept the defaults.
a. This includes copying existing directives from solution3.
Ensure the C source code is visible in the Information pane.
4. In the Directives tab, select d_o and right-click with the mouse to open the Directives
Editor dialog box.
a. Activate the Directives drop-down menu at the top and select RESOUCE.
b. Click on the Core options box and select AXI4Stream. This indicates an
AXI4Stream interface is connected to this interface.
c. Click OK.
5. Repeat step4 with d_i.
6. In the Directives tab, select the top-level function axi_interfaces and right-click with the
mouse to open the Directives Editor dialog box.
a. Activate the Directives drop-down menu at the top and select RESOUCE.
b. Since the axi_interfaces function was selected, the variable field is automatically
completed with the function return.
c. Click on the Core options box and select AXI4LiteS. This specifies the ports
associated with the function return (the block-level IO ports) are connected to an
AXI4Lite interface.
d. Click OK.

w

The Directives tab should be as shown in Figure 88.

pt Dutline | S ENiechive
a @ axl nlertaces
RCE variable=retury core = AMXHLI1e%
#
HLS RESOURCE vaniablesd o core s AXHEStrean
S HLS ARRAY PARTITION vanablesd o cwclic facior=8 dime]
LS INTERFACE ap Nhio poited ¢
o
W HLS RESS RLCE varlablead | core = AX45%ream
W HLS INTERFACE ap hifo ported |
90 HLS AREAY _FAKTITION vanablesd yeliC factor=8 ain
TR
2 L
B ||.-_ -.l' I Il_'l'l H
b HLS PIPELINE rewind

Figure 88 Directives for Specifying AXI4 Interfaces
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Arbitrary Precision

Arbitrary Precision Types

Overview

The data types provided by C/C+ + are fixed to 8-bit boundaries:

e char (8-bit)

e short (16-bit)

int (32-bit)

long long (64-bit)

float (32-bit)

double (64-bit)

Exact width integer types such as int16_t (16-bit) and int32_t (32-bit)

When creating hardware, it is often the case that more accurate bit-widths are required. An
example is a case where the input to a filter is 12-bit and the accumulation of the results only
requires a maximum range of 27-bits. Using standard C data types for hardware design result in
unnecessary hardware costs: operations can use more LUTs and registers than needed for the
required accuracy and delays may even exceed the clock cycle, requiring more cycles to
compute the result.

Vivado High-Level Synthesis provides a number of bit-accurate or arbitrary precision data-types
allowing variables to be modeled using any (arbitrary) width.

This tutorial consists of a two lab exercises.
Labl
Synthesize a design using floating-point types and review the results.

Lab2

Synthesize the same function used in Lab#1 using arbitrary precision fixed-types highlighting
the benefits in accuracy and results.

Tutorial Design Description

The tutorial design file can be downloaded from the Xilinx website. Refer to the information in
Obtaining the Tutorial Designs.

High-Level Synthesis www.xilinx.com 99
UG871 (v 2013.1) April 3, 2013



i. X"—le Lab #1:Review a Design usingStandard C/C++types
This tutorial uses the design files in the tutorial directory
Vivado_HLS_Tutorial\Arbitary_Precision

The sample designs used in the two exercises in this tutorial windowing function. In the first lab
exercise, the design uses standard C+ + floating-point types. The second lab exercise shows how

this same design can be converted to the Vivado HLS ap_fixed types, retaining the required
accuracy but creating a more optimal hardware implementation.

Lab #1: Review a Design using Standard C/C++ types

This exercise will synthesize a design using standard C types. This will be used as a reference for
the design using arbitrary precision types which is used in Lab#2.

)

IMPORTANT: The figures and commands in this tutorial assume the tutorial data directory
Vivado HLS Tutorial is unzipped and placed in the location C:\Vivado_HLS_Tutorial

If the tutorial data directory is unzipped to a different location, or on Linux systems, adjust the few
pathnames referenced, to the location you have chosen to place the Vivado_HLS_Tutorial
directory.

Step 1: Create and Open the Project

1. Open the Vivado HLS Command Prompt.

a. On Windows use Start > All Programs > Xilinx Design Tools > Vivado 2013.1
> Vivado HLS > Vivado HLS 2013.1 Command Prompt (Figure 92).

b. On Linux, open a new shell.

Vivado 2013.1

B Vivado 2013.1 Tl Shell

4% Vivado 2013.1
AcCessories

Svstem Generator

VYivado HLS
Bl Vivado HLS 2013.1 Command Promp

Vivado HLS 2013.1 =

Figure 92 Vivado HLS Command Prompt

2. Using the command prompt window (Figure 93), change directory to the Arbitrary
Precision tutorial, labl.
3. Execute the Tdcl script to setup the Vivado HLS project, using the command vivado_hls —f
run_hls.tcl as shown in Figure 93.
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& Vivado HLS 2013.1 Command Prompt

E=NEen =%

ivado HLS Command Prompt
vailable commands:

Microsoft Windows [Uersion 6.1.7600]
Copyright (c) 2009 Microsoft Corporation.

All rights reserved.
C:\Xilinx\Uivado_HLS\2013.1>cd C:\Uivado_HLS_Tutorial\Arbitrary_Precision\lab1l

C:\Vivado_HLS_Tutorial\Arbitrary_Precision\labl>vivado_hls -f run_hls.tcl

Figure 93 Setup the Tutorial Project

4. When Vivado HLS completes, open the project in the Vivado HLS GUI using the
command vivado_hls —p window_fn_prj as shown in Figure 94.

[ Vivado HLS 2013.1 Command Prompt o 3]

22 hu_result 4y 24587 4y . 24587
38.24289 38.24289

sW_result

24
25
26
27
28
29
30

H-H-H-H: H: H- H- - - -

31

23 huw_result

hw_result
hw_result
hw_result
hw_result
hw_result
hw_result
hWw_result
hw_result

Test Passed

32.00000
25,7571
19.75413
14.22175
9.37258
5.39297
2.43585
0.61487

sW_result
sW_result
sW_result
sW_result
sW_result
sW_result
sW_result
sW_result
sW_result

32.00000
25.7571
19.75413
14.22175
9.37258
5.39297
2.43585
0.61487

RI [SIM-1] CSim done with @ errors.
@I [LIC-101] Checked in feature [UIUADO_HLS]

C:\Uivado_HLS_Tutorial\Arbitrary_Precision\labl>vivado_hls -p window_fnh_prj -

Figure 94 Initial Project for Arbitrary Precision Lab#1
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Design Analysis

Overview

The general design methodology for creating an RTL implementation from C, C++ or SystemC is
to

e Synthesize the design.

e Review the results of the initial implementation.

e Then apply optimization directives to improve performance.

e This process can be repeated until the required performance is achieved.
¢ Once performance has been achieved, revisit the design to improve area.

A key part of this process is the analysis of the results. This tutorial explains how the reports and
the GUI Analysis perspective can be used to analyze the design and determine which
optimizations to apply.

This tutorial consists of a single lab exercise in which one design is taken from the initial
implementation through six steps to produce the final optimized design. As will be
demonstrated throughout the tutorial, an advantage of performing this in a single project is the
ability to easily compare the different solutions.

This tutorial consists of a single lab exercises that steps a design through multiple optimizations
to highlight operation of the Vivado HLS interactive analysis feature.

Labl

Synthesis and analyze a DCT design. Use the insights from the design analysis to apply
optimizations and judge the effectiveness of the optimization.

Tutorial Design Description

The tutorial design file can be downloaded from the Xilinx website. Refer to the information in
Obtaining the Tutorial Designs.

This tutorial uses the design files in the tutorial directory
Vivado_HLS_Tutorial\Design_Analysis

The sample designs used in the lab exercise is a 2-D DCT function. To highlight the design
analysis feature, the goal is to have this design operate with an interval of 100 or less: the design
should be able to process a new set of input data at least every 100 clock cycles.
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|E Console i3 . €] Errors| & Warnings| BRgE=_ 0O
Vlvado HLS Console
€= T T TTTy SmDrIhg T TTr=rTITo=IT YOITTIFETIT ST ITmTIIIIIIy

[XFDRM 602] Inlining functlon wr‘lte _data' into dct (dc‘t cpp:94) automatlcally
[XFORM-541] Flattening a loop nest 'RD Loop Row' (dct.cpp:59) in function
[XFORM-541] Flattening a loop nest 'WR Loop Row' (dct.cpp:71) in function '

[XFORM-541] Flattening a loop nest 'Xpose Row Quter lLoop® (dct.cpp:37) in function ‘dct 2d°.
[XFORM-541] Flattening a loop nest 'Xpose Col Outer Loop' (dct.cpp:48) in function 'dct 2d'.
[HLS-111] Elapsed time: 12.191 seconds; current memory usage: 30.6 MB.

@I [HLS-1@] Starting hardware synthesis ...
@T THIS_1A1 Sunthocizino "drt'

[« I | P

Figure 123 DCT Solution2 Loop Flattening

9. In the Module Hierarchy, click on function dct_2d to navigate into the view for this
function.

In the Performance Profile we can see the latency of all the loops has been substantially reduced
(Row_DCT_Loop and Col_DCT_loop have been approximately halved from the earlier report in
Figure 117). However, the majority of the latency is still due to these two loops, each of which
calls the dct_1b block.

10.In the Module Hierarchy, click on function dct_1d to navigate into the view for this
function.

The Performance Profile (Figure 124) shows the loop latencies have been reduced, but there is
still a loop hierarchy here (there is still loop DCT_Outer_Loop in Figure 124, so no loop flattening
was able to occur).

£F Performance Profile 22 . |- Resource Profile| =8

Pipelined Latency Initiation Interval Iteration Latency Trip count

4 ® dct 1d - 105 106 - -
4 @ DCT_Outer_Loop no 104 - 13 8
e DCT_Inner_Loop vyes 10 1 3 8

Figure 124 DCT Solution2 Performance of dct_1d Loops

Viewing these loops in Performance view shows why this loop was not optimized further.

11.In the Performance view, click on loops DCT_Outer_Loop and DCT_Inner_Loop to view
the loop hierarchy (Figure 125).

12. Select the write operation in state C5.

13. Right-click with the mouse and select Goto Source.

Figure 125 shows that this loop was not flattened because there are additional operations (one

of the operations is highlighted in the figure) outside of DCT_Inner_Loop, at the level of
DCT_Outer_Loop, which prevented loop flattening.
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= Performance - dct_1d 2 = O || [¢ C Source 3 =0

Current Module : det > det 2d > det 1d File: C\Vivado_HLS_Tutorial\Design_Analysis\labl\dct.cp

1 -
[operation\Control S}[ €0 |[ e1 |[ c2 |[ c3 |[ ¢4 |[ ¢5 | 2 #include "dct.h"
i 21 read(wire_ri} |
1 2 read(wire re} grmd dct_1d(dct_data_t src[DCT_SIZE], det_di =

[-1DCT_Outex_Loo} 6 unsigned intk, n:

|

|

|

| exitcond (icmp) 7 inttmp;

| k 1(+) \ 8 const dct_data_t dct_coeff_table[DCT_SIZE
| [+1DCT Inner 4 9#include "dct_coeff_table t«t"

| tmp 1(+) | ig} ¥

| p_addr3(+) . | 12 DCT_Outer_Loop:

| node 60 (write] I —1 13 for (k= 0; k < DCT_SIZE; k++) {

14 DCT_Inner_Loop

15 for(n =0, tmp = 0; n < DCT_SIZE; n++) {
16 int coeff = (int)dct_coeff_table[k][n];

17 tmp += src[n] * coeff;

}
19 dstlk] = DESCALE(tmp, CONST_BITS);
20 }

|| 23 void dct_2d(dct_data_t in_block[DCT_SIZE][D
‘ y 1l 24 dct_data_t out_block[DCT_SIZEJ[DCT_SIZ ~

4 1 2

Performance | Resource Sharing

Figure 125 DCT Solution2 dct_1d Performance View

This is a case where pipelining the inner-most loop does not give us the biggest benefit. In this
case, the outer loop should be pipelined. This will cause the inner loop to be completely
unrolled and an increase in area, but we are still far from our throughput goal of 100 and not yet
ready to pipeline the entire function (and see an even greater area increase as the outer loop is
also completely unrolled).

14. Press the Synthesis perspective button to return to the main synthesis view.

Step 6: Apply Loop Optimization and Review for Bottlenecks

1. Select the New Solution toolbar button or use the menu Project > New Solution to
create a new solution.
2. Press OK and accept the defaults to create solution3.
Ensure the C source code is visible in the Information pane.
4. In the Directives tab
a. In function dct_1d, select the pipeline directive on loop DCT_Inner_Loop
Right-Click with the mouse and select Remove Directive.
Still in function dct_1d, select loop DCT_Outer_Loop.
Right-click with the mouse and select Insert Directive
In the Directives Editor dialog box activate the Directives drop-down menu at the
top and select PIPELINE.
f. Press OK and select the default maximum pipeline rate (II=1)

w

®on o

The Directive pane should show the following (highlighted) optimization directives applied.
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7. Press the Analysis perspective button to begin interactive design analysis.

8. In the Module Hierarchy, ensure module dct is selected.

9. In the Performance view, expand the first loop in the design as shown in Figure 128,
RD_Loop_Row_RD_Loop_Col (these loops were flattened and the name is now a
concatenation of both loops).

This loop is implemented in 2 states. The red arrow in Figure 128 shows the path from the start
of the loop to the end of the loop: the arrow is almost vertical (everything happens in two clock
cycles) and this loop is well implemented in terms of latency.

Figure 128 Analysis of DCT RD_Loop_Row

10.In the Performance view, expand the WR_Loop_Row and perform similar analysis. It is
similarly well optimized for latency.
11. Double-click on function dct_2d and navigate into the dct_2d function.

The same analysis process can be used down through the hierarchy. All of the function blocks
and loops will have a similar optimal (few cycle) implementation, until the dct_1d block is
examined.

12.In the Performance view, double-click on function dct_1d and navigate into the dct_1d

function.
13. Expand the DCT_Outer_Loop to see the view shown in Figure 129.

Figure 129 shows a very different view from the earlier loop schedules (which had only a few
cycles of latency). The schedule shows a long drift from input to output (as shown by the red
arrow).

High-Level Synthesis www.xilinx.com 129
UG871 (v 2013.1) April 3, 2013



&‘ XIL'NX Lab #1: Design Optimization

= Performance - dct_1d ©: =0

Current Module : det > det 2d > det 1d

jcperation\Control s| cO H cl || c2 ” c3 |[ c4 || c5 || c6 ” c7 H cB || c9 |

UCC CUSIL Can

src load 1(zxe
[ tmp 6 1(%) |
[ dct_coeff_tabj
src load 2(re
tmp 6 2(%*)
dct coeff tab
src_load 3 (re}
| tmp 6 3(*) |
| dct_coeff_tab)
src load 4 (re
tmp 6 4(*)
dct coeff tab
[ src_load 5 (re}
| tmp 6 5(%) |
dct_coeff tab]
src load 6(re
tmp & 6(*)
dct coeff tab -
| src_load 7 (re}
| tmp 6 _7(%) |
tmp3 (+)
tmpd (+)
tmp2 (+)
tmpé (+)
| tmp8 (¥) |
| tmp7 (+) |
tmp5 (+)
tmp 1(+)
p addr7(+)
[ node 116 (writd
|
Performance | Resource Sharing

alll K]

Figure 129 Analysis of dct_1d RD_Loop_Row

There are typically two things which cause this type of schedule, data dependencies in the

source code and limitations due to IO or BRAM. Let's examine the resources sharing in this
block.

14.1n the Performance view, click on the Resource Sharing tab at the bottom of the window.
15. Expand the Memory Ports to see the view in Figure 130.
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= Resource Sharing - dect_1d 2 =8

Current Module : det > det 2d > det 14

Resonrce\Control 5of| G0 ][ oL ][ 62 ][ & J[ e J[ e [ o6 [ o ][ o8 |[ |

|_ =

S read read read read

I 5rc I read read read read
| dct_coeff tab]
| dct _coeff tab]
| dct_coeff tab]
| dct_coeff tab]
| dct_coeff tab] read
| dct_coeff_tab]
| ]
| ]
| |
| |
| |
| |

read

read

read

read

read

dct coeff tab read
dct coeff tab
dst

[+]1I/0 Ports

[+]Expressions

read

write

[+]Instances=s

.| 3
Performance | Resource Sharing

Figure 130 Resource Sharing of Memory Ports in dct_1d

The Resource Sharing view shows how the resources in the design are used in different control
states.

The rows list the resources in the design. In Figure 130, the memory resources are expanded.

The columns show the control states in which the resource is used. If a resource is active in
multiple states, the resource is being re-used in different clock cycles.

Figure 130 shows the memory accesses on BRAM src are being used to the maximum in every
clock cycle. (At most a BRAM can be dual-port and both ports are being used). This is a good

indication the design may be bandwidth limited by the memory resource. To determine if this
really is the case, we can examine further.

16. Select one of the read operations for the src BRAM.
17. Right-click with the mouse and select Goto Source to see the view shown in Figure 131.
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=' Resource Sharing - det_1d 2 = B8 C Source &2 =g

Current Module : det > det 2d > det 1d File: C\Vivado_HLS_Tutorial\Design_Analysis\labl\dct.cpp

1 A

Resource\Control stj[ €0 [ el [ €2 [ c3 ][ ¢4 ][ 5 ][ e ][ 7 ][ °8 ][ ©® ]| 2#include "dcth"
A
road read read read 4void dct_1d(dct_data_t src[DCT_SIZE], dct_data_t dsi|=
" unsigned int, n
7 inttmp:

dct_coeff tab read 8 const dct_data_t det coeff_table[DCT_SIZE][DCT ¢

dct coeff tab =oa g#include "dci_coeff_table txt"

dct:coeff:tab read _ 10k

dct_coeff _tab el E DCT_Outer_Loop

dct_coeff tab read 13 for (k= 0; k < DCT_SIZE; k++) {
m read 14 DCT_Inner_Loop
read 15 for(n = 0, tmp = 0; n < DCT_SIZE; n++) {
. 16 int coeff = (int)dct_coeff_table[k][n];

17 tmp += src[n] * coeff;

6
19 dst[k] = DESCALE(tmp, CONST_BITS);
2 }

<« + ||| 23 void det 2d(dct data tin block[DCT SIZE]DCT SIZ ™
Performance | Resource Sharing < T P

Figure 131 Memory resource src and Source Code

Figure 131 shows this read on the src variable is from the read operation inside loop
DCT_Inner_Loop. This loop was automatically unrolled when DCT_Outer_Loop was pipelined and
all operations in this loop can occur in parallel (if data dependencies allow).

The 8 reads are being forced to occur over multiple cycles because the array srcis implemented
as a BRAM in the RTL and a BRAM can only allow 2 reads (maximum) in any one clock cycle. In
Figure 131, the read operations take 2 clocks cycle: a cycle to generate the address for the

The BRAM accesses can be optimized by partitioning the BRAM using optimization directives.
The BRAM which function dct_1d accesses is defined as an input argument to the function and
therefore resides outside this block.

e The input array to the first instance of dct_1d is buf_2d_in in function dct.
e The input array to the second instance of dct_1d is col_inbuf in function dct_2d.

In both cases, the arrays are 2-dimentional of size DCT_SIZE by DCT_SIZE (8x8). By default this
results in a single BRAM with 64 elements. Since the arrays are configured in the code in the

form of Row by Column, we can partition the 2™ dimension and create 8 separate BRAMS: one
for each row, allowing the row data to be accessed in parallel.

18. Press the Synthesis perspective button to return to the main synthesis view.

Step 7: Partition BRAMs and Analyze Concurrency

1. Select the New Solution toolbar button or use the menu Project > New Solution to
create a new solution.
2. Press OK and accept the defaults to create solution4.

3. Ensure the C source code is visible in the Information pane.
4. In the Directives tab
a. In function dct, select array buf_2d_in
b. Right-click with the mouse and select Insert Directive
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c. Inthe Directives Editor dialog box activate the Directives drop-down menu at the
top and select ARRAY_PARTITION.
d. Leave the type as Complete.
e. Change the dimension setting to 2: this will partition the array along the 2"
dimension.
f. Press OK
5. Repeat this process for array col_inbuf in function dct_2d.

The Directive pane should show the following optimization directives (the two new directives are

highlighted).

o= QOutline |4 Directive &3

@ dct_1d
#[1 dct_coeff_table
%" DCT_Outer_Loop
% HLS PIPELINE
% DCT_Inner_Loop
@ dct_2d
«[1 row_outbuf
#[1 col_outbuf
«1 col_inbuf
% HLS ARRAY_PARTITION variable=col_inbuf complete dim=2
%" Row_DCT_Loop
%' Xpose Row_Outer_Loop
# Xpose_Row_Inner_Loop
% HLS PIPELINE
%" Col_DCT_Loop
%' Xpose_Col_Outer Loop
%" Xpose_Col_Inner_Loop
% HLS PIPELINE
@ read_data
%' RD_Loop_Row
%" RD_Loop_Col
% HLS PIPELINE
@ write_data
%' WR_Loop_Row
%" WR_Loop_Col
% HLS PIPELINE
@ dct
#[1 buf 2d_In
% HLS ARRAY_PARTITION variable=buf_2d_in complete dim=2
#[1 buf 2d_out
@ input
2 output

High-Level Synthesis
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6. Use the Run C Synthesize toolbar button or menu Solution > Run C Synthesis to
synthesizes the design to RTL.

7. When synthesis completes, use the Compare Reports toolbar button or the menu Project
> Compare Reports to compare solutions 3 and 4.

Figure 133 shows the results of comparing solution3 and solution4. Improving access to the
data in the src BRAM in the dct_1d block has improved the overall performance because the
dct_1d block is executed often.

£F dct.compare 2 =0

Performance Estimates

=l Timing (ns)
Clock solutiond  solutiond
default Target 8.0 8.0
Estimated 6.7 6.7 3

-l Latency (clock cycles)

solution3  solutiond

Latency min 906 540
max 906 540
Interval min 907 541
max 907 541

-

Figure 133 DCT Solution3 and Solution4 Comparison

We can review the impact of the partitioning directive on the device resource.

8. Press the Analysis perspective button to begin interactive design analysis.

9. In the Module Hierarchy, ensure module dct is selected.

10. Select the Resource Profile in the lower-left by selecting the Resource Profile tab.
11. Expand the Memories and Expressions see the view in Figure 134.
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# Module Hierarchy =0
BRAM DSP FF LUT Latency Interval Pipeline type
® dct 27 3 606 607 540 541 none
@ dct_2d 18 8 546 450 405 406 none
® read _data 0 0 27 60 66 67 none
£F Performance Profile || . Resource Profile &3 =g
‘ BRAM DSP FF LUT BitsP0 BitsP1 BitsP2 Banks/Depth
4i® dct: 27 8 606 607
» 82 [fO Ports(2) 32
» f= Instances(2) 13 8 573 510
a B Memories(9) 9 0 0 144 9
4+ buf 2d_inOU 1 0 0 16 1
¢ buf 2d_in.1U 1 o 0 16 1
4+ buf 2d_in2 U 1 0 0 16 1
¢ buf 2d_in3.U 1 o 0 16 1
+ buf 2d_in4 U 1 0 0 16 1
¢ buf 2d_in5U 1 o 0 16 1
4+ buf 2d_in6 U 1 0 0 16 1
¢ buf 2d_in.7U 1 o 0 16 1
4+ buf 2d out U 1 0 0 16 1
4 Y, Expressions(9) 0 0 0 45 40 33 8
;@ + 0 0 o 27 27 15 0
> ® icmp 0 0 0 10 11 13 0
> ® Select 0 0 0 8 2 5 8
il Registers(11) 33 33
FIFO(0) 0 0 0 0 0
> Multiplexers(14) 0 0 52 52 0

Figure 134 DCT Resource Profile

The Resource Profile shows the resources being using at the current level of hierarchy (the block
selected in the Module Hierarchy pane). Figure 134 shows:

e This block has 2 IO ports.

e Most of the area is due to instances (sub-blocks) within this block.

e There are 9 memories of which 8 are the partitioned buf_2d_in BRAM.

e Most of the logic (expressions) at this level of hierarchy is due to adders, with some due
to comparators and selectors.

The important point from the previous optimization is that we can see we now have addition
memories due to the array partitioning optimization.

We still have a target of being able to accept a new set of samples every 100 clock cycles. Figure
133 however shows we can only accept new data every 541 clocks. This is much better than the
original un-optimized design (approx. 3700 clock cycles) but still not enough.
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Up to this point we have focused on improving the latency and interval of each of the individual
loops and functions in the design. It is now time to improve the overall design interval by
enabling the individual loops and functions to execute in parallel.

The optimization for performing this is the dataflow optimization.

12. Press the Synthesis perspective button to return to the main synthesis view.

Step 8: Partition BRAMs and Apply Dataflow optimization

1.

w

5.

Select the New Solution toolbar button or use the menu Project > New Solution to
create a new solution.
Press OK and accept the defaults to create solution5.
Ensure the C source code is visible in the Information pane.
In the Directives tab
a. Select the top-level function dct
b. Right-click with the mouse and select Insert Directive
c. Inthe Directives Editor dialog box activate the Directives drop-down menu at the
top and select DATAFLOW.

d. Press OK
Repeat this process for array col_inbuf in function dct_2d.

The Directive pane should show the following optimization directives (the new directive is
highlighted).
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=8

4 @ dct_1d
#[1 dct_coeff_table
4 %' DCT_Outer_Loop
% HLS PIPELINE
% DCT_Inner_Loop
dct_2d
«[1 row_outbuf
#[1 col_outbuf
«1 col_inbuf

%" Row_DCT_Loop
4 " Xpose Row Outer Loop
al Xpose_Row_Inner_Loop
% HLS PIPELINE
%" Col_DCT_Loop
%' Xpose_Col_Outer Loop

[

4 ' ¥pose_Col_Inner_Loop
% HLS PIPELINE
read_data
%" RD_Loop_Row
4 %" RD_Loop_Col
% HLS PIPELINE
write_data
4 %' WR_Loop_Row
4 %" WR_Loop_Col
% HLS PIPELINE

[

dct
% HLS DATAFLOW
=1 buf_2d_in

#[1 buf_2d_out
# Input
@ output

% HLS ARRAY_PARTITION partition variable=col_inbuf complete dim=2

% HLS ARRAY_PARTITION partition variable=buf_2d_in complete dim=2

Figure 135 Dataflow Optimization for the DCT design

6. Use the Run C Synthesize toolbar button or menu Solution > Run C Synthesis to

synthesizes the design to RTL.

7. When synthesis completes, use the Compare Reports toolbar button or the menu Project
> Compare Reports to compare solutions 4 and 5.

Figure 136 shows the results of comparing solution4 and solution5 and we can see the
interval has improve: the design takes 539 clocks cycles to produce the outputs but can now

accept new inputs every 405 clocks.
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£F dct.compare &2

Performance Estimates
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=0

-

=l Timing (ns)
Clock solutionS  solutiond
default Target 8.0 8.0
Estimated 6.7 6.7 L
-l Latency (clock cycles) [
solution>  solution4d
Latency min 539 540
max 539 540
Interval min 405 541
max 405 541

-

Figure 136 DCT Solution4 and Solution5 Comparison

This is still greater than the 100 cycles we require so let's analyze the current performance.

8. Press the Analysis perspective button to begin interactive design analysis.
9. In the Module Hierarchy, you can see dct_2d accounts for most of the interval. Ensure
module dct_2d is selected to see the view in Figure 137.

=] Module Hierarchy
BRAM DSP FF LUT Latency

4 o dct 36 8 617 572 539
® read_data O 1] 28 60 66
4| e dct 2d 18 8 547 444 405
e dct 1d 8 8 473 126 15
e write_data 0 1] 31 66 66
£F Performance Profile &2 | Resource Profile

e dct_2d
@ Row_DCT_Loop

@ Xpose_Row_Outer_Loop_Xpose_Row_Inner_Loop yes
no
yes

@ Col_DCT_Loop
@ Xpose_Col_QOuter_Loop_Xpose_Col_Inner_Loop

Interval
405
66
405
15
66

Pipeline type
dataflow
none

none

none

none

Pipelined Latency Initiation Interval

no

405 405
136 -
64 1
136 -
64 1

=8

Iteration Latency Trip count

17
2
17
2

gER®

Figure 137 DCT Analysis View after Dataflow Optimization

Here, we can see two things:

e First, the interval of the dct block is less than the sum of the individual latencies (for
read_data, dct_2d and write_data). This means the blocks are operating in parallel.
e Secondly, the interval of dct is the same as the interval for sub-block dct_2d. The dct_2d

block is therefore the limiting factor.

High-Level Synthesis
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Since the dct_2d block is selected in the Module Hierarchy, the Performance Profile shows the
details for this block. Figure 137shows the interval is the same as the latency, so none of these
blocks are operating in parallel.

One of the limitations of dataflow optimization is that it only works on top-level loops and
functions. One way to have the blocks in dct_2b operate in parallel would be to pipeline the
entire function. This however would unroll all the loops and can sometimes lead to a large area
increase. An alternative is to raise these loops up to the top-level of hierarchy, where dataflow
optimization can be applied, by removing the dct_2d hierarchy: inline the dct_2d function.

Before performing this optimization, review the area increase caused by using dataflow
optimization.

10.In the Module Hierarchy, ensure module dct is selected.

11. Activate the Resource Profile view.
12. Expand the memories to see the view in Figure 138.

E£F Performance Profile [| . Resource Profile &3 =0

BRAM DSP FF LUT BitsP0 BitsP1 Bits P2 Banks/Depth

“® 36 8 617 584
» 82 I/O Ports(2) 32
- T2 Instances(3) 18 8 606 5382
4 @ Memories(9) 13 0 0 144 13
¢ buf 2d_in.0.U 2 o 0 16 2
4 buf 2d_in.1.U 2 0 0 16 2
¢ buf 2d_in.2 U 2 o 0 16 2
4 buf 2d_in.3.U 2 0 0 16 2
¢ buf 2d_in4 U 2 o 0 16 2
4 buf 2d_in. 5. U 2 0 0 16 2
¢ buf 2d_in6 U 2 o 0 16 2
4 buf 2d_in7 U 2 0 0 16 2
4 buf_2d_out U 2 o 0 16 2
- 3, Expressions(1) ] ] 0o 2 1 1 ]
> aint Registers(11) 11 11
m FIFO(0) 0 0 0 0 0
@ Multiplexers(0) 0 0 0 0 0

Figure 138 DCT Resource Profile

As compared with Figure 134, we can see there are now twice as many memories at this level of
hierarchy (18 vs. 9). Each of the memories has been transformed into a Ping-Pong buffer to
support dataflow. In this case, no “new” memories were added, the existing memories were
converted into dataflow Ping-Pong memory channels: this doubled the number of BRAM.

13. Press the Synthesis perspective button to return to the main synthesis view.
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Step 9: Optimize the Hierarchy for Dataflow

1.

w

Select the New Solution toolbar button or use the menu Project > New Solution to
create a new solution.
Press OK and accept the defaults to create solution6.
Ensure the C source code is visible in the Information pane.
In the Directives tab
a. Select function dct_2d
b. Right-click with the mouse and select Insert Directive
c. Inthe Directives Editor dialog box activate the Directives drop-down menu at the
top and select INLINE.

d. Press OK
The Directive pane should show the following optimization directives (the new directive is
highlighted).
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8% Qutline | 4 Directive &3 =5

1 @ dct_1d
#[1 dct_coeff_table
%' DCT_Outer_Loop
% HLS PIPELINE
4" DCT Inner_Loop
@ dct_2d
% HLS INLINE
*[1 row_outbuf

#[1 col_outbuf

«1 col_inbuf

% HLS ARRAY_PARTITION partition variable=col_inbuf complete dim=2
%" Row_DCT_Loop

%' Xpose Row_Outer_Loop

+ ' Xpose_Row_Inner_Loop
% HLS PIPELINE
%" Col_DCT_Loop
%' Xpose_Col_Outer Loop

+ ' Xpose_Col_Inner_Loop
% HLS PIPELINE
' @ read_data
%' RD_Loop_Row
%" RD_Loop_Col
% HLS PIPELINE
@ write_data
%" WR_Loop_Row
+ %" WR_Loop_Col
% HLS PIPELINE

@ dct
% HLS DATAFLOW
*[1 buf_2d_in
% HLS ARRAY_PARTITION partition variable=buf_2d_in complete dim=2
#[1 buf_2d_out
# Input
@ output

Figure 139 Dataflow Optimization for the DCT design

5. Use the Run C Synthesize toolbar button or menu Solution > Run C Synthesis to
synthesizes the design to RTL.

6. When synthesis completes, use the Compare Reports toolbar button or the menu Project
> Compare Reports to compare solutions 5 and 6.

Figure 140 shows the results of comparing solution5 and solution6 and we can see the
interval has improve substantially.
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£F dct.compare &

Performance Estimates

= Timing (ns)
Clock solution>  solutioné
default Target 8.0 8.0
Estimated 6.7 6.7

-1 Latency (clock cycles)

solution>  solutionf

Latency min 539 411
max 539 411
Interval min 405 71
max 405 71

Figure 140 DCT Solution5 and Solution6 Comparison

The interval is now below the 100 clock target: this design can accept a new set of input data

every 71 clock cycles.

11

—_

Conclusion

The details also be seen in the synthesis report which opens automatically after synthesis
completes and in the Analysis perspective as shown in Figure 141

¥ Module Hierarchy

BRAM DSP FF
4| @ dct 54 16 1106
® read _data 0 0 28
@ Loop_Row_DCT_Loop_proc 8 8 483
@ Loop_Xpose_Row_Outer_Loop_proc 0 0 28
@ Loop_Col_DCT_Loop_proc 8 8 483
@ Loop_Xpose_Col_Outer_Loop_proc 0O 0 31
® write_data 0 0 31

Figure 141 DCT Solution6 Module Hierarchy

LUT
606
62
171
62
171
68
68

This completes this tutorial on using arbitrary precision types.

Latency
411

66

71

66

71

66

66

Interval

71
67
72
67
72
67
67

=4d

Pipeline type
dataflow
none

none

none

none

none

none

Conclusion

In this tutorial, you learned:
e How to analyze a design using the analysis perspective.
e To cross-link operations in the views with the C code.

e Apply and judge optimizations.

e And a methodology for taking the initial design results and creating an implementation

which satisfies the design goals.
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Design Optimization

Overview

A crucial part of creating high quality RTL designs using High-Level Synthesis is being able to
apply optimizations to the C code. High-Level Synthesis will always try to minimize the latency
of loops and functions —within the loops and functions it will try to execute as many operations
as possible in parallel to achieve this. At the level of functions, High-Level Synthesis will always
try to execute functions in parallel.

In addition to these automatic optimizations, directives are used are:

e To execute multiple tasks in parallel, for example, multiple executions of the same
function or multiple iterations of the same loop. This is pipelining.

e To restructure the physical implementation of arrays (BRAMs), functions, loops and ports
to improve the availability of data and help data flow through the design faster.

e To provide information on data dependencies, or lack of them, allowing more
optimizations to be performed.

The final optimization technique is to modify the C source code to remove unintended
dependencies in the code that may limit the performance of the hardware.

This tutorial consists of two lab exercise. . The analysis in these lab exercises is performed using
the Analysis perspective and it is recommended to have completed the Design Analysis tutorial
(page 111) before starting this tutorial.

Labl

Contrast the uses of loop and function pipelining to create a design that can process one
sample per clock. This lab includes examples analyzing the two most common reasons designs
fail to meet performance: loop dependencies and data flow limitations or bottlenecks

Lab2

This lab shows how modifications to the code from Lab#1 can help overcome some
performance limitations inherent, but unintended, in the code.
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Tutorial Design Description

The tutorial design file can be downloaded from the Xilinx website. Refer to the information in
Obtaining the Tutorial Designs.

This tutorial uses the design files in the tutorial directory
Vivado_HLS_Tutorial\Design_Optimization

The sample design used in the lab exercise is a matrix multiplier function. The design goal is to

process a new sample every clock period and implement the interfaces as streaming data
interfaces.

Lab #1: Optimizing a Matrix Multiplier

This exercise will use a matric multiplier design to show how a design heavily based on loops
can be fully optimized. The target is to be able to read one sample per clock cycle using a FIFO
interface while minimizing the area.

The analysis will include a comparison of a methodology which optimizes at the loop level and
one which optimizes at the function level.

IMPORTANT: The figures and commands in this tutorial assume the tutorial data directory
Vivado HLS Tutorial is unzipped and placed in the location C:\Vivado_HLS_Tutorial

i? If the tutorial data directory is unzipped to a different location, or on Linux systems, adjust the few
pathnames referenced, to the location you have chosen to place the Vivado_HLS_Tutorial
directory.

Step 1: Create and Open the Project

1. Open the Vivado HLS Command Prompt.

a. On Windows use Start > All Programs > Xilinx Design Tools > Vivado 2013.1
> Vivado HLS > Vivado HLS 2013.1 Command Prompt (Figure 142).

b. On Linux, open a new shell.

Vivado 2013.1

Bl Vivado 2013.1 Tl Shell

g Vivado 20131
Accessaries

m

System Generator

Vivado HLS

Bl Vvivado HLS 2013.1 Command Promp
"] vivado HLS 2013.1 -

Figure 142 Vivado HLS Command Prompt
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2. Using the command prompt window (Figure 143), change directory to the RTL
Verification tutorial, labl.
3. Execute the Tdcl script to setup the Vivado HLS project, using the command vivado_hls —f
run_hls.tcl as shown in Figure 143.

[ Vivado HLS 2013.1 Command Prompt R
F

Uivado HLS Command Prompt A
Available commands:
vivado_hls, apcc,gce, g++, make

Microsoft Windows [Uersion 6.1.T7600]
Copyright (c) 2009 Microsoft Corporation. All rights reserved.

C:\Xilinx\Uivado_HLS\2013.1>cd C:\Uivado_HLS_Tutorial\Design_Optimization\lab1

C:\Vivado_HLS_Tutorial\Design_Optimization\labl>vivado_hls -f run_hls.tcl

Figure 143 Setup the Design Optimization Tutorial Project

4. When Vivado HLS completes, open the project in the Vivado HLS GUI using the
command vivado_hls —p matrixmul_prj as shown in Figure 144.

[ Vivado HLS 2013.1 Command Prompt = Eoh <

@I [HLS-10] Adding design file 'matrixmul.cpp' to the project.
RI [HLS-18] Adding test bench file ‘matrixmul_test.cpp’ to the project.
@I [HLS-18] Opening and resetting solution 'C:/Vivado_HLS_Tutorial/Design_Optimi
zation/labl/matrixmul _prj/solutioni”.
@I [HLS-10] Cleaning up the solution database.
RI [HLS-18] Setting target device to 'xcTk160tfbgi484-1"
BI [SYN-281] Setting up clock with a period of 13.3333ns.
Compiling C:/Uivado_HLS_Tutorial/Design_Optimization/labl/matrixmul_test.cpp
in debug mode

Compiling C:/VUivado_HLS_Tutorial/Design_Optimization/labl/matrixmul.cpp in de
bug mode
Generating csim.exe
Test passes.
BRI [SIM-1] CSim done with @ errors.
@I [LIC-181] Checked in feature [UIUADO_HLS]

C:\Uivado_HLS_Tutorial\Design_Optimization\labl>vivado_hls -p matrixmul_prj b

Figure 144 Open Design Optimization Project for Lab#1
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5. Expand the Sources folder in the Explorer pane and double-click on matrixmul.cpp to
view the source code (Figure 145).

Scrolling down the file shows the source code has two input arrays, a and b and output array
res. Holding the mouse over the macros (as shown in Figure 145) shows each is 3 by 3 for a total
of 9 elements.

[t5 Explorer 2 = O [ [c] matrixmul.cpp &3 =g
&5 matrixmul_prj 46 #include "matrixmul.h" -
s Includes 47
S source 48 void matrixmul(
= 49 mat_a_t a[MAT_A_ROWS][MAT A COLS],

Lgl matrixmul.cpp

50 mat_b_t b[MAT_B_ROWSI[acro Bxpansi
P —_P_ pansion
f= Test Bench 51 result_t res[MAT_A_ROW, 1
= solution1 52 {
. _ L, Press 'F2' for focus|
% constraints 53 // Iterate over the rows oTTme—rEmaTrix
< directives.tcl 54 Row: for(int i = @; i < MAT_A ROWS; i++) { 1
& scripticl 55 // Iterate over the columns of the B matrix 3
- 56 Col: for(int j = @; j < MAT_B_COLS; j++) {
= csim - ea
o 57 res[1][j] = ©;
& build 58 // Do the inner nroduct of a row of A and col of R T
= report < 1 3

Figure 145 Source Code for the Matrix Multiplier

Step 2: Synthesize and Analyze the Design

1. Use the Run C Synthesize toolbar button or menu Solution > Run C Synthesis to
synthesize the design to RTL.

When synthesis completes, the synthesis report opens (Figure 146) and the Performance
estimates show:

e The interval is 80 clock cycles. Since there are 9 elements in each input array, the design
it taking approximately 9 cycles per input read.
e The interval is one cycle longer than the latency, so there is no parallelism in the
hardware at this point.
e The latency/interval is due to nested loops.
0 Theinner loop has a latency of and total 6 clock cycles for all iterations.
0 The loop above that takes 8 for each iteration and 24 cycles overall.

0 And the top-level loop has a latency 26 clock cycle per iteration for a total of 78
clock cycles for all iterations of the loop.
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2l matrixmul_csynth.rpt i =5

F

Performance Estimates
-1 Summary of timing analysis
&3 Target clock period (ns); 13.33

{71 Clock uncertainty (ns): 1.67
&y Estimated clock period (ns): 9.57

m

-1 Estimated latency (clock cycles)

-l Instance Latency

Instance  Module Latency Interval Pipeline Type
Min  Max Min Max
- matrixmul 79 79 80 80 none

-l Loop Latency

Loop Name Latency  [teration Latency Initiation Interval  Trip Count Pipelined

Min  Max Achieved Target
- Row 78 78 26 - - 3 no
+ Col 24 24 8 - - 3 no
++ Product 6 6 2 - - 3 no
] il 2

Figure 146 Synthesis Report for the Matrix Multiplier

There are two possibilities to improve the initiation interval. Pipeline the loops or pipeline the
entire function. We'll first start with pipelining the loops and then compare those results to
pipelining the entire function.

When pipelining loops, the important metric in terms of initiation interval to monitor is the
initiation interval of the loops. As will be seen in this exercise, even when the design reaches the
stage where the loop can process a sample every clock cycle, the initiation interval of the
function will still be reported as the time it takes for the loops contained within the function to
finish processing all data for the function,

Step 3: Pipeline the Product Loop

1. Select the New Solution toolbar button or use the menu Project > New Solution to
create a new solution.

2. Press OK and accept the defaults to create solution2.

3. Ensure the C source code is visible in the Information pane.

When pipelining nested loops, the greatest benefit is achieved by pipelining the inner most loop
which processes a sample of data. High-Level Synthesis will automatically apply loop flattening:
collapsing the nested loops, removing the loop transitions, allowing the outer loops to simple
feed the inner loop with data.

4. In the Directives tab
a. Select loop Product.
b. Right-click with the mouse and select Insert Directive
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c. Inthe Directives Editor dialog box activate the Directives drop-down menu at the
top and select PIPELINE.
d. Press OK. With the default options, an initiation interval (II) of 1 (one new loop
iteration per clock) will be the default.

The Directive pane should show the following optimization directives (the new directive is
highlighted).

5% Qutline [ Directive &3 =g

4 @ matrixmul

2 a

@b

@ res

2% Row
4% Col
4 %" Product
% HLS PIPELINE

Figure 147 Initial Pipeline Directive

5. Use the Run C Synthesize toolbar button or menu Solution > Run C Synthesis to
synthesizes the design to RTL.

During synthesis, the information reported in the Console pane shows loop flattening was
performed on loop Row and that the default initiation internal target of 1 could not be
achieved on loop Product due to a dependency.

@1 [XFORM-541] Flattening a loop nest "Row®™ (matrixmul .cpp:54) in function
“matrixmul " .

@1 [SCHED-61] Pipelining loop “Product-.

@W [SCHED-68] Unablle to enforce a carried dependency constraint (Il = 1,
distance = 1) between “store” operation (matrixmul .cpp:60) of variable
"tmp_3" on array “"res" and "load" operation ("res load”, matrixmul .cpp:60)
on array "res".

@1 [SCHED-61] Pipelining result: Target Il: 1, Final 11: 2, Depth: 3.

The synthesis report (Figure 148) shows that although the Product loop is pipelined with an
interval of 2, the interval of top-level loop is not pipelined.

High-Level Synthesis www.xilinx.com 148
UG871 (v 2013.1) April 3, 2013


http://www.xilinx.com/

& XILINX.

=1 matrixmul_csynth.rpt &3

EPerfnrmance Estimates

= Timing (ns)
=1 Summary
Clock  Target Estimated Uncertainty
default 13.33 9.57 1.67
- Latency (clock cycles)
= Summary
Latency Interval
min  max min max Pipeline Type
82 82 83 83 none
= Detail
= Instance
-l Loop
Latency
Loop Name min  max [Iteration Latency
- Row_Col 81 81 g
+ Product 6 6 3

4 11}

Lab #1: Optimizing a Matrix Multiplier
=8

F

m

Initiation Interval

Achieved Target Trip Count Pipelined
- - 9 no
2 1 3 yes

Figure 148 Matrixmul Initial Pipeline Report

The reason the top-level loop is not pipelined is because loop flattening only occurred on loop

Row. There was no loop flattening of loop Colinto the Product loop. To understand why loop
flattening was unable to flatten all nested loops, the Analysis perspective can be used.

6. Open the Analysis perspective.

In the Performance View, expand loops Row_Col and Product.

7
8. Select the write operation in state C1.
9

Right-click with the mouse and select Goto Source to see the view in Figure 149.

The write operation in state C1 is due to the code which sets res to zero before the Product
loop. Since res is a function argument, this means it is a write to a port in the RTL: this operation
must happen before the operations in loop Product are executed. Since it is not an internal
operation, but has an impact on the IO behavior this operation cannot be moved or optimized.
This prevents the Product loop being flattened in to the Row_Col.
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2l matrixmul_csynth.rpt | & Performance - matrixmul i3 = 0|/ [g C Source =2 =8
Current Module : matrismul File: C:\\."l\.fado_HLS_Tu‘[rT'Jr.|aI\De5|gn_Optlmlzatlon\labl\ma.trlxmu
361to death, personal injury, or severe property or enviror -
[operation\cControl 5[ c0 |[ e1 |[ c2 [ e3 |[ e | 37 (individually and collectively, "Critical Applications"). C
[-1Row Col | | 38 sole risk and liability of any use of Xilinx products in C
exitcond] (icnj 39 subject only to applicable laws and regulations governi
= 40 hability
indvar_flatte] M
exitcondl (icmj 42 THIS COPYRIGHT NOTICE AND DISCLAIMER MUST
j mid2 (select} 43 ALL TIMES.
i s(+) | 44
= 45
d2 lect
i_mid2 (select) 46 #include "matrixmul.h”
p_addr4 (-) | 47
p_addr5 (+) | 48 void matrixmul(
node_ 30 (write) - 49 mat_a_t a[MAT_A_ROWS][MAT_A_COLS],
[-1Product | 50 mat_b_t b[MAT_B_ROWS][MAT_B_COLS],
51 result_t res[MAT_A_ROWS][MAT_B_COLS])
Il 521

53 // lterate over the rows of the A matrix
54 Row: for(inti=0; i< MAT_A ROWS; i++){

(14
k 1(+) |
(ry

res load(r

|
|
|
|
|
|
|
|
|
|
|
| exitcond (i
|
|
|
|
|
|
|
|
|
|
|

p_addrl (4] ] 55 // lterate over the columns of the B matrix
a_load(real 56 Col: for(intj = 0; j <« MAT_B_COLS; j++) {
D _adar2 ()] 57 resfilil =0;

= 58 /f Do the inner product of a row of A and col of E

i 59 roduct: for(intk =0; k < _B_| , K]
p_addr3 (+) ] Product: for(int k = 0; k < MAT_B_ROWS; k++) _
b _load(rea} 60 res[illj] += a[il[k] * bIKI[1; I
tmp_2 (%) | 61 1
tmp_3(+) | 62 }
node_61 (wrj 2131 }

J_1(%) | 65}
66
—1| 67 -
| | »
4 i S

Performance | Resource Sharing

Figure 149 Matrixmul Initial Performance View

More importantly, it is worth addressing why only an II of 2 was possible for the Product loop.

The message SCHED-68 tells us:

@W [SCHED-68] Unablle to enforce a carried dependency constraint (Il = 1,
distance = 1) between “store” operation (matrixmul .cpp:60) of variable
"tmp_3" on array “res" and "load" operation ("res load”, matrixmul .cpp:60)
on array "res".

e The issue is a carried dependency. This is dependency between an operation in one
iteration of a loop and an operation in a different iteration of the same loop. For
example, an operation when k=1 and when k=2 (where k is the loop index).

e The first operation is a store (memory read operation) on array res on line 60.

e The second operation is a load (memory write operation) on array res on line 60.

From Figure 149 you can see line 60 is a read from array res (due to the += operator) and a
write to array res. An array is mapped into a BRAM by default and the details in the Performance
View can show why this conflict occurred.

The Performance View shows in which states the operations are schedule. Figure 150 shows a
number of copies of the schedule for the Product loop to highlight how this issue can be
understood. Start with the basic view shown in the top-right. The operations on the res array, a
two-cycle read and write, are highlighted in red.
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In the successful schedule, the next iteration of the Product loop is shown below. In this
schedule, the initiation interval (II)=2 and the loop operations re-start every two cycles. There is
no conflict with between any of BRAM accesses (none of the red highlights overlap across
iterations).

The unsuccessful schedule shows why the loop cannot be pipelined with an II=1.1In this case, the
next iteration would need to start after 1 clock cycle. The write to the BRAM in the first iteration
is still occurring when the second iteration tries to apply an address for a read operation: these
addresses are different and both cannot be applied to the BRAM at the same time.

Successful Unsuccessful
Schedule Schedule

|c2||ca|[c4| |c2||c3||c:4|

[-1Product ‘
exitcond (i{
k15|

p_addrl(+) ]

a_load(reat
p_addr2(-)]

p_addr3(+) J

biload(rea¢

tmp 2 (1) |

tmp 3 (1)

|
node 61 (wr; D
\

3. 1(+)

First Loop
lteration (k=0)

[-1Product ‘
exitcond(i{
|

1
6
1) [1=2 [1=1 :

p_addrl (1) ]

a_load(reat

p_addr2(-)]

p_addr3(+) J

b_load(rea¢

tmp_2(*) |

tmp_3 (¥)

|
S - -
|

1_1(+)

Second Loop
lteration (k=1)

Figure 150 Carried Dependency Analysis

The Product loop cannot be pipelined with an initiation interval of 1. The next lab exercise shows

how writing the code can remove this limitation (any technique which does not write back to the
same BRAM). This lab exercise will seek to optimize the code as it is.

The next step in trying to pipeline the design is to pipeline the loop above, the Col loop. This will
automatically unroll the Product loop creating more operators and hence more hardware
resources but it will ensure there is no dependency between different iterations of the Product
loop.

10. Return to the Synthesis perspective.
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Step 4: Pipeline the Col Loop

1. Select the New Solution toolbar button or use the menu Project > New Solution to
create a new solution.
2. Since solution2 already has a directive added, use the drop-down menu to select
solutionl as the source for existing directives and constraints (solutionl has none)
Press Finish and accept the default solution name solution3.
Open the C source code matrixmul.cpp to make it visible in the Information pane.
5. In the Directives tab
a. Select loop Col.
b. Right-click with the mouse and select Insert Directive
¢. Inthe Directives Editor dialog box activate the Directives drop-down menu at the
top and select PIPELINE.
d. Press OK. With the default options, an initiation interval (II) of 1 (one new loop
iteration per clock) will be the default.

W

The Directive pane should show the following optimization directives (the new directive is
highlighted).

o= Qutline | Directive &3 =8

2 matrixmul
P a
@b
? res
4 % Row
4% Col
% HLS PIPELINE
% Product

Figure 151 Col Pipeline Directive

6. Use the Run C Synthesize toolbar button or menu Solution > Run C Synthesis to
synthesizes the design to RTL.

During synthesis, the information reported in the Console pane shows loop Product was
unrolled, loop flattening was performed on loop Row and that the default initiation internal
target of 1 could not be achieved on loop Row_Col due resource limitations on the memory
for array a.

@1 [XFORM-502] Unrolling all sub-loops inside loop "Col*

(matrixmul .cpp:56) in function "matrixmul® for pipelining.

@1 [XFORM-501] Unrolling loop “Product® (matrixmul .cpp:59) in function
"matrixmul® completely.

@1 [XFORM-541] Flattening a loop nest "Row™ (matrixmul.cpp:54) in function
"matrixmul =.

@i-[SCHED—Gl] Pipelining loop "Row_Col*.
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@W [SCHED-69] Unable to schedule "“load® operation ("a_load_1°-,
matrixmul.cpp:60) on array "a" due to limited memory ports.

@1 [SCHED-61] Pipelining result: Target 11: 1, Final 1l: 2, Depth: 4.

Reviewing the synthesis report shows, as noted above, that the interval for loop Row_Colis only
two: the target is to process one sample every cycle. Once again, the Analysis perspective can be
used to highlight why the initiation target was not achieved.

7. Open the Analysis perspective.
8. In the Performance View, expand the Row_Col loop

The operations on array a (mentioned in the SCHED-69 message above) are highlighted in
Figure 152. There are 3 read operations on array a. Two operations start in state C1 and a third
read operation starts in state C2.

Arrays are implemented as BRAMs and arrays which are arguments to the function are
implemented as BRAM ports. In both cases a BRAM can only have a maximum of two ports (for
dual-port BRAM). By accessing array a through a single BRAM interface, there are not enough
ports to be able to read all three values in one clock cycle.
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Figure 152 Matrixmul Pipeline Col Performance View

Another way to view this resource limitation is to use to the Resource pane.

9. Click on the Resource Sharing tab.

10. Expand the memories to see the view shown in Figure 153.

In Figure 153 the 2 cycles read operations in state C1 overlap with those starting in state C2 and
so only a single cycle is visible: however, it is clear that this resource is used in multiple states.

In looking at this view, it is clear that even when the issue with port a is resolved, the same issue
will occur with port b: it also has to perform 3 reads.
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High-Level Synthesis can only report one schedule error or warning at a time, since as soon as
the first issue occurs the actions to create an achievable schedule invalidates any other infeasible
schedules.

= Resource Sharing - matrixmul 2 =0
Current Module : matrixmul

| [+]Expressions

| [+]1Instances
[  [+]1I/0 Ports

|Resource\Control St1| co || cl || c2 || c3 || ca |
|
|
|

_ [-1Memory Ports

|| a | read

| b | read read

| a | read read

| b | read

| res | write

4| | »
Performance | Resource Sharing

Figure 153 Matrixmul Pipeline Col Resource Sharing View

High-Level Synthesis allows arrays to be partitioned, mapped together and re-shaped. These
techniques allow the access to array to be modified without changing the source code.

11. Return to the Synthesis perspective.

Step 5: Reshape the Arrays

1. Select the New Solution toolbar button or use the menu Project > New Solution to
create a new solution.
2. Press Finish and accept the default solution name solution4.

Since the loop index for the Product loop is k, both arrays a should be partitioned along their
respective k dimension: the design needs to access more than two values of k in each clock
cycle.

For array a this is dimension 2 since it's access patterns is a[i][k] and for array b dimension 1
since it's access pattern is b[k][j].

Partitioning these arrays will create k arrays - in this case, k number ports. Alternatively, we can
use re-shape instead of partition allowing one wide array (port) to be created instead of k ports.

After this transformation, the data in the BRAM outside this block must be reshaped in an
identical manner: if this process is not done by HLS, the data must be arranged as:

e For array a: i elements, each of width data_word_size times k.
e For array b: j elements, each of width data_word_size times k.
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3. Open the C source code matrixmul.cpp to make it visible in the Information pane.
4. In the Directives tab
a. Select variable a.
b. Right-click with the mouse and select Insert Directive
¢. Inthe Directives Editor dialog box activate the Directives drop-down menu at the
top and select ARRAY_RESHAPE.
d. Set the dimension to 2.
e. Press OK.
5. Repeat this process for variable b.

The Directive pane should show the following optimization directives (the new directive is
highlighted).

o= QOutline |4 Directive &3 =8

@ matrixmul
@ a
9% HLS ARRAY_RESHAPE reshape variable=a complete dim=2
@b
9% HLS ARRAY_RESHAPE reshape variable=b complete dim=1
@ res
% Row
& Col
% HLS PIPELINE
% Product

Figure 154 Array Reshape Directive

6. Use the Run C Synthesize toolbar button or menu Solution > Run C Synthesis to
synthesizes the design to RTL.

The synthesis report shows the top-level loop Row_Colis now processing data at 1 sample per
clock period (Figure 155).
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[l matrixmul.cpp =0 matrixmul_csynth.rpt i3 =5

-

Performance Estimates
= Timing (ns)
= Summary

Clock  Target Estimated Uncertainty
default 13.33 9.57 1.67

m

-1 Latency (clock cycles)

= Summary

Latency Interval

min  max min max Pipeline Type

13 13 14 14 none
= Detail
# Instance
& Loop
Latency Initiation Interval

Loop Name min max Iteration Latency  Achieved Target Trip Count Pipelined
- Row_Col 11 11 4 1 1 g yes

Figure 155 Optimized Loop Processing report

The top-level module takes 13 clock cycles to complete.

The Row_Col loop outputs a sample after 4 cycles (iteration latency).
It then reads 1 sample every cycle (Initiation Interval).

After 9 iterations/samples (Trip count) it completes all samples.

e 4+ 9 =13 clock cycles

The function can then complete and return to start to process the next set of data.

Now, let us change the interfaces from BRAM interfaces to FIFO interfaces to allow for streaming
data.

Step 6: Apply FIFO Interfaces

1. Select the New Solution toolbar button or use the menu Project > New Solution to
create a new solution.
2. Press Finish and accept the default solution name solution5.
Open the C source code matrixmul.cpp to make it visible in the Information pane.
4. In the Directives tab
a. Select variable a.
b. Right-click with the mouse and select Insert Directive
c. Inthe Directives Editor dialog box activate the Directives drop-down menu at the
top and select INTERFACE.

w
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d. Use the mode drop-down menu to select ap_fifo
e. Press OK.

5. Repeat this process for variable b.
a. Repeat this process for variable res.

The Directive pane should show the following optimization directives (the new directives are
highlighted).

8% Qutline | 4 Directive &3 =5

4 @ matrixmul
2 3
% HLS ARRAY_RESHAPE reshape variable=a complete dim=2
% HLS INTERFACE ap_fifo port=a
@ b
% HLS INTERFACE ap_fifo port=b
% HLS ARRAY_RESHAPE reshape variable=b complete dim=1
@ res
% HLS INTERFACE ap_fifo port=res
4 %' Row
Z Col

Figure 156 Matrixmul FIFO Directives

6. Use the Run C Synthesize toolbar button or menu Solution > Run C Synthesis to
synthesizes the design to RTL.

Figure 157 shows the Console after trying to synthesize the design.

El Console &2 . €] Errors| & Warnings w0 = T O
Vivado HLS Console
@I [HLS-1@] Opening project 'C:/Vivado HLS Tutorial/Design_Optimization/labl/matrixmul_prj'. -

@I [HLS-10] Adding design file ‘matrixmul.cpp’ to the project.

@I [HLS-1@] Adding test bench file 'matrixmul_test.cpp’ to the project.

@I [HLS-1@] Opening solution 'C:/Vivado HLS_Tutorial/Design_Optimization/labl/matrixmul pr3j/solution5’
@I [SYN-201] Setting up clock with a period of 13.3333ns.

@I [HLS-1@] Setting target device to 'xc7k16@tfbg484-1'

@I [HLS-1@] Importing test bench file 'matrixmul test.cpp’ ...

@I [HLS-1@] Analyzing design file "matrixmul.cpp’ ...

@I [HLS-1@] Validating synthesis directives ...

@I [HLS-1@] Checking synthesizability ...

@E [SYNCHK-91] Port 'res' (matrixmul.cpp:51) of function 'matrixmul’ cannot be set to a FIFO as it has
@I [SYNCHK-10] 1 error(s), @ warning(s).

m

< 1 »

Figure 157 FIFO Synthesis Warning

From the code shown in Figure 158, array res performs writes in the following sequence
(MAT_B_COLS = MAT_B_ROWS = 3):

e Write to [0][0] on line57.
e Then a write to [0][0] on line 60.
e Then a write to [0][0] on line 60.
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Then a write to [0][0] on line 60.

Write to [0][1] on line 57 (after index J increments).

Then a write to [0][1] on line 60.

o Etc.

Four consecutive writes to address [0][0] is not a streaming access pattern: this is random access.

Ll matrixmul.cpp =8
{ -
// 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 = @; j < MAT_B_COLS; j++) {
res[1][j] = ©;
// Do the inner product of a row of A and col of B
Product: for(int k = @; k < MAT_B_ROWS; k++) {
res[1][J] += a[i]l[k] * b[k][i];

[S—
m

4 I P

Figure 158 Matrixmul Code

Examining the code in Figure 158 shows there are similar issues reading arrays aand b. It is
impossible to use a FIFO interface for data access with the code as written. To use a FIFO
interface, the optimization directives available in Vivado High-Level Synthesis are inadequate as
the code currently enforces a certain order of reads and writes. Further optimization requires a
re-write of the code and this is performed in Lab #2.

Before modifying the code, it is worth pipelining the function instead of the loops to contrast
the difference in the two approaches.

Step 7: Pipeline the Function

1. Select the New Solution toolbar button or use the menu Project > New Solution to

create a new solution.
2.

IMPORTANT: In this step, copy the directives from solution4 as this does not have FIFO interfaces
ﬁg specified.

3. Select solution4 from both the drop down menus in the Options section. The Solution
Wizard should look like Figure 159.
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+ | Solution Wizard o || = 5]

Solution Configuration

Create Vivado HLS solution for selected technology

Solution Name: solutiong

Clock
Period: 75MHz Uncertainty:

Part Selection

Part: Xc7k160tfbgd84-1 D

Options
Copy existing directives from solution: solutiond -

Copy existing custom constraints from solution:  solutiond -

Finish l l Cancel

Figure 159 New Solution Based on Solution4 Directives

4. Press Finish and accept the default solution name solution6.
5. Open the C source code matrixmul.cpp to make it visible in the Information pane.
6. In the Directives tab

a. Select the pipeline directive on loop Col

b. Right-click with the mouse and select Remove Directive
c. Select the top-level function matrixmul
d. Right-click with the mouse and select Insert Directive

In the Directives Editor dialog box activate the Directives drop-down menu at the

top and select PIPELINE.
f.  Press OK.

®

The Directives tab should appear as Figure 160.
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o= Outline [ Directive &

=48

4 @ matrixmul
% HLS PIPELINE
2 a

db

9 res
4% Row

¥ Col

% HLS ARRAY_RESHAPE reshape variable=a complete dim=2

% HLS ARRAY_RESHAPE reshape variable=b complete dim=1

Figure 160 Directives for Solution6

6. Use the Run C Synthesize toolbar button or menu Solution > Run C Synthesis to

synthesizes the design to RTL.

7. Use the Compare Reports toolbar button or menu Project > Compare Reports

a. Add solution4

b. Add solution6
c. Press OK

The comparison of solutions 4 and 6 is shown in Figure 161.
E£F matrixmul.compare

Performance Estimates

=l Timing (ns)
Clock solutioné  solutiond
default Target 13.33 13.33
Estimated 9.57 9.57

-1 Latency (clock cycles)

solutiond  solutiond

Latency min 7 13
max 7 13
Interval min 5 14
max 5 14

Utilization Estimates

solutiond  solutiond

BRAM_18K 0 0
DSP48E 27 3
FF 517 83
LUT 37 40

Figure 161 Loop versus Function Pipelining
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The design now completes in fewer clocks and can start a new transaction every 5 clock cycles.
However, the area and resources have increased substantially, due to the fact that all the loops
in the design were unrolled.

@I [XFORM-502] Unrolling all loops for pipelining in function 'matrixmul’
(matrixmul.cpp:51).

@I [XFORM-501] Unrolling loop 'Row' (matrixmul.cpp:54) in function 'matrixmul'’
completely.

@I [XFORM-501] Unrolling loop 'Col' (matrixmul.cpp:56) in function 'matrixmul’
completely.

@I [XFORM-501] Unrolling loop 'Product' (matrixmul.cpp:59) in function
'matrixmul’ completely.

Pipelining loops allows the loops to remain rolled, thus providing a good means of controlling
the area. When pipelining a function, all loops contained in the function will be unrolled: it's a
requirement for pipelining. The pipelined function design can process a new set of 9 samples
every 5 clock cycles: this exceeds the requirements of 1 sample per second because the default
behavior of High-Level Synthesis is to produce a design with the highest performance.

The pipelined function will be the best performance, however if it exceeds the required
performance, it may then take multiple addition directives to slow the design down. Pipelining
loops give you an easy way to control resources, with the option of partially unrolling the design
to meet performance.

Lab #2: C Code Optimized for 10 Accesses

In Lab#1, you were unable to use streaming interfaces. The nature of the C code, which specified
multiple accesses to the same addresses, prevented streaming interfaces being applied.

e Ina streaming interface, the values must be accessed in sequential order.

e Inthe code, the accesses were also port accesses which High-Level Synthesis is unable to
move around and optimize. The C code specified to write the value zero to port res at
the start of every product loop. This may be part of the intended behavior. HLS cannot
simply decide to change the specification of the algorithm.

The code intuitively captured the behavior of a matrix multiplication, but it prevented a required
behavior in the hardware: streaming accesses.

This lab exercise uses an updated version of the C code used in Lab#1. The following explains
how the C code was update.

Figure 162 shows the IO access pattern for the code in Lab#1. Out of necessity the address
values are shown is a small font.
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Asvariables i, j and k iterate from 0 to 3, the lower part of Figure 162 shows the addresses
generated to read a, b and write to res. In addition, at the start of each Product loop, res is set to
the value zero.

Rowi | I I .
Col | i;[il — - .

Product k MMMMMMMMW

Figure 162 Lab#1 Matrix Multiplier Address Accesses

To have a hardware design with sequential streaming accesses, the ports accesses can only be
those shown highlighted in red. For the read ports, the data must be cached internally after
these reads to ensure the design does not have to re-read the port. For the write port res, the
data must be save in a temporary variable and only written at the locations shown in red.

The C code in this lab reflects this behavior.

Step 1: Create and Open the Project

1. From the Vivado HLS command prompt used in Lab#1, change to the lab2 directory as
shown in Figure 163.

2. Create a new Vivado HLS project by typing vivado_hls —f run_hls.tcl

[ Vivado HLS 2013.1 Command Prompt =N ol =™

@I [HLS$-10] Running 'C:/Xilinx/Uivado_HL$/2813.1/Win_x86/bin/vivado_hls_bin.exe’

for user ‘duncanm’ on host ‘xsjduncanm-w7' (Windows NT_intel version
6.1) on Sun Mar 10 12:44:08 -0700 2013

in directory 'C:/Uivado_HLS_Tutorial/Design_Optimization/labl’
@I [HLS-10] Bringing up Vivado HLS GUI ...

C:\Wivado_HLS_Tutorial\Design_Optimization\labl>ecd ..

C:\Wivado_HLS_Tutorial\Design_Optimization>cd lab2

C:\Uivado_HLS_Tutorial\Design_Optimization\lab2>vivado_hls -f run_hls. tcl

Figure 163 Setup for Interface Synthesis Lab#2

3. Open the Vivado HLS GUI project by typing vivado_hls —p matrixmul_prj

4. Open the Source folder in the explorer pane and double-click on matrixmul.cpp to open
the code as shown in Figure 164.
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[¢] matrixmul.cpp &3 =08
EE -

3 #pragma HLS ARRAY_RESHAPE variable=b complete dim=1

4 #pragma HLS ARRAY RESHAPE variable=a complete dim=2

5 #pragma HLS INTERFACE ap fifo port=a

o #pragma HLS INTERFACE ap_fifo port=b

7 #pragma HLS INTERFACE ap_fifo port=res

8 mat_a t a row[MAT_ A ROWS];

9 mat b t b _copy[MAT B _ROWS][MAT B COLS];

@ int tmp = 9;

2 J/ Iterate over the rowa of the A matrix

3 PRow: for(int i = 8; i < MAT_A ROWS; i++) {

4 // Iterate over the columns of the B matrix

5 Col: for(int j = 8; j < MAT B _COLS; j++) {

o #pragma HLS PIPELINE

7 // Do the inner product of a row of A and col of B

8 tmp=0;

9 J// Cache each row (so it's only read once per function)
e if (j == @)

Cache Row: for(int k = 8; k < MAT_A ROWS; k++)
a row[k] = a[i][k];

m

// Cache all cols (so they are only read once per function)
if (1 == @)
Cache Col: for(int k = 8; k < MAT_B_ROWS; k++)
b_copy[k][i] = b[k][3];

Product: for(int k = 8; k < MAT B ROWS; k++) {
tmp += a_row[k] * b_copy[k][j]; 7
1 r

@ WO Lo~ oA B L

Y

Figure 164 C Code with updated 10 accesses

Review the code and confirm the following aspects:

The directives from Lab#1, including the FIFO interfaces, are specified in the code as
pragmas.

For-loops have been added to cache the rol and column reads.

A temporary variable is used for the accumulation and port res is only written to when
the final results is computed for each value.

Since the for-loops to cache the row and column would require multiple cycles to
perform the reads, the pipeline directive has been applied to the Col for-loop, ensuring
these cache for-loops will be automatically unrolled.

Synthesize the design and verify the RTL using co-simulation.

5. Use the Run C Synthesize toolbar button or menu Solution > Run C Synthesis to
synthesize the design to RTL.
6. When synthesis completes, use the Run C/RTL Cosimulation toolbar button or menu
Solution > Run C/RTL Cosimulation to launch the Cosimulation Dialog box.
7. Press OK to start RTL verification.
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The design has been now been fully synthesized to read one sample every clock cycle using
streaming FIFO interfaces.

This completes this tutorial on using arbitrary precision types.

Conclusion

In this tutorial, you:

e Learned how to analyze pipelined loops and understand exactly which limitations prevent
optimizations targets from being achieved.

e The advantages and disadvantages of function versus loop pipelining.

e How unintended dependencies in the code can prevent hardware design goals from being
realized and how they can be overcome.
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RTL Verification

Overview

Verification of the RTL created by High-Level Synthesis can be automatically performed. In
addition, RTL verification can be used to generate trace files, showing the activity of the

waveforms in the RTL design. These waveforms can be used for analyzing and understanding
the RTL output. This tutorial covers all aspects of the RTL verification process.

RTL verification is performed using both the RTL output by High-Level Synthesis (Verilog, VHDL
or SystemC) and the C test bench. For this reason, RTL verification is often referred to as
“cosimulation” or “C/RTL cosimulation” since both C and RTL are used in the verification.

This tutorial consists of three lab exercises.

Labl

Learn the steps for performing RTL verification and understand the importance of the C test
bench in verifying the RTL.

Lab2

Create RTL trace files and analyze them using the Vivado Design Suite.

Lab3

Create RTL trace files and analyze them using a third-party RTL simulator. This lab requires a

license for Mentor Graphics ModelSim simulator. (An alternative third-party simulator can be
used with minor modifications to the steps).

Tutorial Design Description

The tutorial design file can be downloaded from the Xilinx website. Refer to the information in
Obtaining the Tutorial Designs.

This tutorial uses the design files in the tutorial directory
Vivado_HLS_Tutorial\RTL_Verification.

The sample design used in the lab exercise is a DUC (digital up converter) function. The purpose
of this lab is to demonstrate and explain the features of RTL verification. There are no design
goals for these lab exercises.
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Lab #1: RTL Verification and the C test bench

This exercise will explain the basic operations for RTL verification and highlight the importance
of the C test bench.

IMPORTANT: The figures and commands in this tutorial assume the tutorial data directory
Vivado HLS_Tutorial is unzipped and placed in the location C:\Vivado_HLS_Tutorial

i} If the tutorial data directory is unzipped to a different location, or on Linux systems, adjust the few
pathnames referenced, to the location you have chosen to place the Vivado_HLS_Tutorial
directory.

Step 1: Create and Open the Project

1. Open the Vivado HLS Command Prompt.

a. On Windows use Start > All Programs > Xilinx Design Tools > Vivado 2013.1
> Vivado HLS > Vivado HLS 2013.1 Command Prompt (Figure 165).

b. On Linux, open a new shell.

Vivado 2013.1

Bl Vivado 2013.1 Tcl Shell

g Vivado 2013.1
Accessories

m

System Generator

Vivado HLS

Bl Vivado HLS 2013.1 Command Promp
7] vivado HLS 2013.1 ~

Figure 165 Vivado HLS Command Prompt

2. Using the command prompt window (Figure 166), change directory to the RTL

Verification tutorial, labl.
3. Execute the Tcl script to setup the Vivado HLS project, using the command vivado_hls —f

run_hls.tcl as shown in Figure 166.
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= Vivado HLS 2013.1 Command Prompt = || =] &%

ivado HLS Command Prompt
vailable commands:
ivado_hls,apcc,gcc, g++ make

Copyright (c) 2009 Microsoft Corporation. All rights reserved.

C:\Xilinx\Uivado_HLS%2013.1>cd C:\Uivado_HLS_Tutorial\RTL_Uerification\labl

C:\Uivado_HLS_Tutorial\RTL_Uerification\labl>vivado_hls -f run_hls.tcl

Figure 166 Setup the RTL Verification Tutorial Project

4. When Vivado HLS completes, open the project in the Vivado HLS GUI using the
command vivado_hls —p dct_prj as shown in Figure 167.

A Vivado HLS 2013.1 Command Prompt = Eoh <

in directory 'C:/Uivado_HLS_Tutorial/RTL_Uerification/labl/duc_prj/sk

olutionl/csim/build’

BRI [APCC-3] Tmp directory is apcc_db

BI [APCC-1] APCC is donhe.

BI [LIC-101] Checked in feature [UIUADO_HLS]
Generating csim.exe

xxx DUC hardware test PASSED ' wxx

BRI [SIM-1] CSim done with @ errors.
RI [LIC-101] Checked in feature [UIUADO_HLS]

C:\Uivado_HLS_Tutorial\RTL_Uerification\labl>vivado_hls - _prij -

Figure 167 Open RTL Verification Project for Lab#1

Step 2: Perform RTL Verification

8. Use the Run C Synthesize toolbar button or menu Solution > Run C Synthesis to
synthesize the design to RTL.

9. When synthesis completes, use the Run C/RTL Cosimulation toolbar button (Figure 168)
or menu Solution > Run C/RTL Cosimulation to launch the Cosimulation Dialog box.
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File Edit Project Solution Window Help
)i x| LB Eebhid ao e '-ti:

Figure 168 Run C/RTL Cosimulation Toolbar button

The Cosimulation Dialog box is shown in Figure 169.

+ | Co-simulation Dialog [

C/RTL Co-simulation

Verilog/VHDL Simulator Selection

ISim A

RTL Selection
v | System(C Verilog VHDL

Options
Setup Only

Dump Trace

Optimizing Compile

Input Arguments

Do not show this dialog box again.

OK ] | Cancel

Figure 169 Cosimulation Dialog Box

The drop-down menu allows the RTL simulator to be selected for HDL simulation. For this
exercise the SystemC RTL will be used for cosimulation and no HDL simulator is required: it can
be left in the default state or changed, it will make no difference in this first lab.

The RTL Selection has SystemC selected by default. In this exercise the SystemC RTL will be used
for simulation. Since this can be compiled with the built-in C compiler, no HDL simulator will be
used for the simulation.

10. Press OK to start RTL verification.
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When RTL Verification completes, the simulation report opens automatically (Figure 170). The
report indicates if the simulation passed or failed. In addition, the report indicated the measured
latency and interval.

2l duc_cosim.rpt i3 =5

Cosimulation Report

Result
RTL Status Latency Interval
min avg max min avg max
VHDL MNA MNA NA NA NA NA NA
Verilog NA NA NA NA NA NA NA

SystemC Pass 26 27 34 27 28 35

Figure 170 Cosimulation Report

RTL simulation completes in three steps. To better understand how the RTL verification process
is performed, scroll up in the console window to confirm the following messages were issued.
First, the C test bench is executed to generate input stimuli for the RTL design.

@1 [SIM-14] Instrumenting C test bench ...

< C simulation executes to generate input stimuli >

At the end of this phase, the simulation will show any messages generated by the C test bench.
The output from the C function is not used in the C test bench at this stage, but any messages
output by the test bench may be seen in the console.

@1 [SIM-302] Generating test vectors ...

*** DUC hardware test PASSED 1 ***
An RTL test bench with newly generated input stimuli is created and the RTL simulation is then
performed.

@1 [SIM-333] Generating C post check test bench ...
@1 [SIM-12] Generating RTL test bench ...

@i-[SIM—ll] Starting SystemC simulation ...

Finally, the output from the RTL is re-applied to the C test bench to check the results. Once
again, any message output by the C test bench can be seen in the console. In this second
execution of the C test bench, the RTL results are being used by the C test bench and ideally
checked. Finally, RTL verification issues message SIM-1000 if the RTL verification passed.

SystemC: simulation stopped by user.
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@1 [SIM-316] Starting C post checking ...

*** DUC hardware test PASSED 1 ***

@1 [SIM-1000] *** C/RTL co-simulation Ffinished: PASS ***

To fully understand why the C test bench should ideally check the results and how message
SIM-1000, let’'s modify the C test bench.

Step 3: Modify the C test bench

1. Expand the Test Bench folder in the Explorer pane (171).
2. Double-click on dut_test.c to open the C test bench in the Information pane.
3. Scroll to the end of the file to see the view shown in 171.

[t5 Explorer 2 wR = O [¢] due test.e &3 =0
_ ; f* Check tThe result */
=d . . . N
.uc_prj int retl = system("diff --brief duc_i.dat golden/duc_i.d:
k! Includes

=

61
62 int ret2 = system("diff --brief duc_g.dat golden/duc_qg.d:
= Source 63
= Test Bench 64  if (retl | ret2) {
[¢ duc_test.c 65 printf("\n *** DUC hardware test FAILED ! *** \n\n"):
& golden 66 } else {
¢= solution1 67 printf("\n *** DUC hardware test PASSED ! *** \n\n"},
# constraints 22 b
Ec_sim 70 return ((retl | ret2) ? 1 : 8);
& sim 71//return 1; E‘
£ syn 72} P
T,-' -

(SN S

-~

I 3

Figure 171 RTL Test bench

4. Edit the return statement to match Figure 172 and ensure the test bench always returns
the value 1.

l¢| *duc_test.c &2 =0
g /* Check the result */ .l

1 int retl system("diff --brief duc_i.dat golden/duc_i.d:
int ret2 system("diff --brief duc_g.dat golden/duc_g.d:

£

3

4 if (retl | ret2) {

5 printf("\n *** DUC hardware test FAILED ! *%* \n\n"};
6 7} else {

7 printf("\n *** DUC hardware test PASSED ! **%* \n\n"}.
8 1}

9

0

//return ((retl | ret2) ? 1 : 8);
return 1;

1 m

< | 11 P

Figure 172 Modified RTL Test bench
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5

6.

Save the file.

Use the Run C Synthesize toolbar button or menu Solution > Run C Synthesis to
synthesize the design to RTL.

Use the Run C/RTL Cosimulation toolbar button or menu Solution > Run C/RTL
Cosimulation to launch the Cosimulation Dialog box.

Leave the Cosimulation options at their default value and press OK to execute the RTL
cosimulation.

When RTL cosimulation completes, the cosimulation report opens and says the verification has
failed (Figure 173).

>

=l due_cosim.rpt i =0l 1 = O

An outline is

Cosimulation Report not available

Result
RTL Status Latency Interval
min  avg max min avg max
VHDL NA NA NA NA NA NA NA
Verilog NA NA NA NA NA NA NA

SystemC Fail NA NA NA NA NA NA

E Conscle 2 €] Errors| & Warnings wed =0
Vivado HLS Console

=L == e |

Generating cosim.tv.exe
@I [SIM-382] Generating test vectors ...

*¥*¥% DUC hardware test PASSED | **=*

@E [SIM-3@3] C TB simulation failed, nonzero return value '1°.
@E [SIM-320] Generating test vectors failed.

@E [SIM-4] *** C/RTL co-simulation finished: FAIL *#%*

@I [SIM-335] Co-sim total time used: 34 seconds.

@I [LIC-1@1] Checked in feature [VIVADD HLS]

1|

Figure 173 Cosimulation Report Failure

In Figure 173 you can see from the message printed to the console (DUC hardware test
PASSED), that the results are correct however the verification report says the RTL verification

failed.

If required, you can confirm the results are correct by comparing the output files created by the
RTL simulation with the golden results. The RTL simulation is executed in the simulation
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directory wrapc directory, shown inside the solution directory in Figure 174, where the output
files are shown highlighted.

{5 Explorer &3 v = B
» Y Includes -
> = Source

: U= Test Bench
4 = solution1
4 % constraints
W directives.tcl
W scriptitcl
= csim
4 [= sim
> = autowrap
» = report
=
4 [= wrapc
le] AESL_pka.h
L] apatb_duc.cpp
l¢ apatb_duch
= apcclog
[ cosim.tv.exe
cosim.tv.mk
L] dds.c_pre.c.tb.c
duc_ldat
duc_g.dat
L] duc_test.c_pre.ctb.c
duc.autotvin.dat
duc.autotvout.dat
le] duc.c_pre.c.tb.c
L] imfl.c_pre.c.tb.c

m

Ll imf2.c_pre.c.tb.c

—

Figure 174 Cosimulation Output Files

RTL Cosimulation only reports a successful verification when the test bench returns a value of 0

(zero). Modifying the test bench to return a non-zero value ensured RTL verification (and C
simulation if it was performed) would always report a failure.

To have the RTL results automatically verified, the C test bench should always check the output
from the C function to be synthesized and return a O (zero) if they are correct OR return any
other value if they are not correct.

When RTL Verification is performed, the same testing will be performed in the test bench and
the output from the RTL block will be automatically checked. This is why it is important for the C
test bench to check the results and return a zero value only if they are correct (or return a non-
zero value if they are incorrect).

9. Exit the Vivado HLS GUI and return to the command prompt.
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Lab #2:Viewing TraceFilesinVivado

This exercise will explain how RTL trace files can be generated and viewed using the Vivado
Design Suite.

Step 1: Create an RTL Trace File using Xsim

1. From the Vivado HLS command prompt used in Lab#1, change to the lab2 directory as
shown in Figure 175.
2. Create a new Vivado HLS project by typing vivado_hls —f run_hls.tcl

[ Vivado HLS 2013.1 Command Prompt =0 e <
@I [HLS$-18] Running 'C:/Xilinx/VUivado_HLS$/2013.1/Win_x86/bin/vivado_hls_bin.exe’
for user ‘duncanm’ on host ‘xsjduncanm-w7' (Windows NT_intel version
6.1) on lWed Mar 06 12:12:36 -0800 2013
in directory 'C:/Uivado_HLS_Tuterial/RTL_Verification/labl’
@I [HLS-18] Bringing up Uivado HLS GUI ...
C:\Uivado_HLS_ Tutorial\RTL_Uerification\labil>cd ..

C:\Vivado_HLS_Tutorial\RTL_Uerification>cd lab2

C:\Wivado_HLS_Tutorial\RTL_Uerification\lab2>vivado_hls -f run_hls.tcl

Figure 175 Setup for RTL Verification Lab#2

3. Open the Vivado HLS GUI project by typing vivado_hls —p duc_prj

4. Use the Run C Synthesize toolbar button or menu Solution > Run C Synthesis to
synthesize the design to RTL.

5. Use the Run C/RTL Cosimulation toolbar button or menu Solution > Run C/RTL
Cosimulation to launch the Cosimulation Dialog box.

This exercise could use SystemC as in Lab#1, however the trace file produced by a SystemC
simulation is a VCD file. In this case, we wish to produce a trace file we can open using the
Vivado Simulator (Xsim).

6. In the Co-simulation Dialog window:

a. Select Xsim from the Verilog/VHDL Simulator Selector (Figure 176).
Unselect SystemC.
Select Verilog.
Select the Dump Trace option, to have the options shown in Figure 176.
Press OK to execute RTL cosimulation.

®an o

High-Level Synthesis www.xilinx.com 175
UG871 (v 2013.1) April 3, 2013


http://www.xilinx.com/

& XILINX.

; éCo—simuIation Dialog

C/RTL Co-simulation

Verilog/VHDL Simulator Selection

|XSim -|

RTL Selection

[ SystemC [¥] Verilog
Options

[ Setup Only

Dump Trace

["] Optimizing Compile

Input Arguments

Lab #2:Viewing TraceFilesinVivado

EX5

[C]vHDL

[] Do not show this dialog box again.

[ OK

] l Cancel

Figure 176 Cosimulation Dialog Box For Lab #2

When RTL verification completes the cosimulation report automatically opens showing the
Verilog simulation has passed (and the measured latency and interval). In addition, because the
Dump Trace option was used with the Xsim simulator option and Verilog was selected, two
traces file are now present in the Verilog simulation directory and shown highlighted in Figure

177.
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5 Explorer &2 v = O//gl duc_cosim.rpt = = O|(3= Outlin 2 . 4 Direct| = O
a = j - - - An outline is not available.
& ducpj Cosimulation Report
[ Includes
= Source Result
e Test B_ench RTL Status Latency Interval
a Y= solutiont
# constraints min  avg max min avg max
= oim VHDL NA NA NA NA NA NA NA
4 = sim
= autowrap Verilog Pass 26 27 4 27 28 35
= report
p = SystemC NA NA NA NA NA NA NA
= tv
4 = verilog

A4 check_sim.tcl
duc_c_1_rom.dat
wit duc_c 1v
duc_c_rom.dat
wi duc_cv
wil duc_mul 175 185 32 4v
it duc_mul_18s_17ns_35_3wv

st duc_mul_18s_185_36_3.v Bl Console & @] Errors| & Warnings wRi'=—0O
it duc_mul_19s_16s_32_3v Vivado HLS Console
duc_shift_reg_p_1_ram.dat 4 ron a1 -
wit duc_shift_reg_p_lv $finish called at time : 258102255 ps : File "duc.autotb.v" Line 374
duc_shift_reg_p_ram.dat ## quit
wit duc_shift_reg_p.v INFO: [Common 17-206] Exiting xsim at Wed Mar 06 13:53:19 2013...

i duc.autotb.y @I [SIM-316] Starting C post checking ...

2 duc.performance.result.transaction.xml #%% DUC hardware test PASSED | **x

duc.prj
ducresultlatrb @I [SIM-1808] *** C/RTL co-simulation finished: PASS ***
o ductcl @I [SIM-335] Co-sim total time used: 73 seconds.
il ducy @I [LIC-101] Checked in feature [VIVADO_HLS]
duc.wcfg _—
duc.wdb :

imf2_c_2 rom.dat o T D

Figure 177 Verilog Xsim Cosimulation Results

The next step is to view the trace files inside the Vivado Design Suite.

7. Exit the Vivado HLS GUI and return to the command prompt.

Step 2: View the RTL Trace File in Vivado

1. Launch the Vivado Design Suite (not Vivado HLS):

a. On Windows use Start > All Programs > Xilinx Design Tools > Vivado 2013.1
> Vivado 2013.1

b. On Linux, type vivado in the shell.

2. In the Vivado Tcl Console enter the following commands, as shown in Figure 178. This
example assumes the top-level tutorial directory is C:\Vivado_HLS_Tutorial :
a. cd /Vivado_HLS_Tutorial/RTL_Verification/lab2/duc_prj/solutionl/sim/verilog
b. current_fileset
c. open_wave_database ducwdb
d. open_wave_config duc.wcfg
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Tl Console

d /Vivado HL3 Tutorial/RIL Verification/lab2/duc prj/sclutionl/sim/verilog

Jcurrent_fileset

Lab #2:Viewing TraceFilesinVivado

— O @ =

b

IRIS)

&

sopurces_1
pen_wave_database duc.wdb

en_wave_config C:/Users/duncanm/Applata/Reaming/Kilinx/Vivado/duc.wcig
“simulation_1

X iy

Jopen_wave_config duc.wecig
" duc.wefyg
4

& Tcl Console Messages | (4 Log

Figure 178 Opening the Trace File in Vivado

The waveforms can then be viewed in the waveform viewer. Figure 179 shows the zoomed

waveforms where the output data ports and their associated IO protocol signals (output valid
signals) are shown highlighted.

Simulation Result - duc.wdb

&, Objects

20406

e

0| | |

5 Properties

.2, Scope

U ready_delay_last_n

s done_delay,

Figure 179 Analyzing the RTL Trace File

3. Exit and close the Vivado GUL
4. Type exit to close the Vivado Tcl command prompt.
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Lab #3: Viewing Trace Files in ModelSim

This exercise will explain how RTL trace files can be generated and viewed using the Mentor

Graphics ModelSim RTL simulator. Other third-party simulators are supported and similar
process can be used if another RTL simulator is selected.

CAUTION! This lab exercise requires that the executable for ModelSim is defined in the system
& search path and the required license to perform HDL simulation is available on the system.

Step 1: Create an RTL Trace File using ModelSim

From the Vivado HLS command prompt used in Lab#2, change to the lab3 directory.
Create a new Vivado HLS project by typing vivado_hls —f run_hls.tcl

Open the Vivado HLS GUI project by typing vivado_hls —p duc_prj

Use the Run C Synthesize toolbar button or menu Solution > Run C Synthesis to
synthesize the design to RTL.

5. Use the Run C/RTL Cosimulation toolbar button or menu Solution > Run C/RTL
Cosimulation to launch the Cosimulation Dialog box.

HwnNE

This exercise uses the Mentor Graphics ModelSim RTL simulator. The path to the simulator
executable must be set in your system search path.

6. In the Co-simulation Dialog window:

a. Select ModelSim from the Verilog/VHDL Simulator Selector.
Unselect SystemC.
Select VHDL.

Select the Dump Trace option, to have the options shown in Figure 180.
Press OK to execute RTL cosimulation.

®an o
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+ | Co-simulation Dialog [

C/RTL Co-simulation

Verilog/VHDL Simulator Selection

| ModelSim -

RTL Selection

[ systemC [ Verilog [¥] vHDL
Options

[ Setup Only

Dump Trace

[] Optimizing Compile

Input Arguments

[] Do not show this dialog box again.

[ oK ] l Cancel

Figure 180 Cosimulation Dialog Box For Lab #3

When RTL verification completes the cosimulation report automatically opens showing the
VHDL simulation has passed (and the measured latency and interval). In addition, because the
Dump Trace option was used with the ModelSim simulator option and VHDL was selected, a
trace file is now present in the VHDL simulation directory and shown highlighted in Figure 181.
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Figure 181 VHDL ModelSim Trace File

The next step is to view the trace files inside ModelSim.

7. Exit the Vivado HLS GUI and return to the command prompt.

Step 2: View the RTL Trace File in ModelSim

uhwh e
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Launch the Mentor Graphics ModelSim RTL Simulator.
Use the menu File > Open.
Select Log Files as the file type (Figure 182).

Navigate to the VHDL simulation directory and select duc.wilf.
Press OK.

www.xilinx.com

181


http://www.xilinx.com/

i. X"—le Lab #3:Viewing Trace FilesinModelSim
M Open File =5
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I Open ‘VH Cancel ‘

Figure 182 ModelSim Open File WLF

6. Add the signals to the trace window and adjust to see a view similar to Figure 183.
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Figure 183 Viewing the Trace File in ModelSim
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7. Exit and close the ModelSim RTL simulator.

This completes this tutorial on using RTL Verification.

Conclusion

In this tutorial, you learned:

e To perform RTL verification on a design synthesized from C and the importance of the test
bench in this process.

e To create and open waveform trace files using the Vivado Design Suite.

e To create and open waveform trace files using a third-party HDL simulator (ModelSim) and
view the trace file created by RTL verification.
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Using HLS IP in IP Integrator

Overview

The RTL from High-Level Synthesis can be packaged and used inside IP Integrator. This tutorial
demonstrates how take HLSIP and use it in IP Integrator as part of a larger design.

This tutorial consists of a single lab exercises.

Labl

Complete the steps to generate two HLS blocks for the IP catalog and use them in a design with
Xilinx IP, an FFT. The final design is validated and verified using an RTL test bench.

Tutorial Design Description

The tutorial design file can be downloaded from the Xilinx website. Refer to the information in
Obtaining the Tutorial Designs.

This tutorial uses the design files in the tutorial directory Vivado_HLS_Tutorial\
Using_IP_with_IPL

The design blocks in this tutorial process the data for a complex FFT

e The Xilinx FFTIP block only operates on complex data. Although an FFT of real data can
be performed on a complex data set with all imaginary components set to zero, it may
be done more efficiently by pre-processing the data.

e The front-end HLS block in this lab applies a Hamming windowing function to the 1024
(N) real data samples and sends even/odd pairs to N/2-point XFFT as though they are
complex data.

e The back-end HLS block takes bit-reverse ordered data, puts it in natural order and
applies an O(N) transformation to FFT output to extract the spectral data for the N-point
real data set. Note, the first output pair packs the 0" and 512" (purely real) spectral data
point into the real and imaginary parts respectively.

e The designs are fully-pipelined streaming designs for high throughput; intended for
continuous processing of data, but with throttling capability (will stall if input stalls)

e AXI4 Streaming interfaces are used to connect all blocks in IP Integrator (IPI).
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Lab #1: Integrate HLS IP with a Xilinx IP Block

This lab exercise shows how generated two HLS IP blocks, combined them with a Xilinx IP FFT in
IP Integrator and verify the design in the Vivado Design Suite.

IMPORTANT: The figures and commands in this tutorial assume the tutorial data directory
Vivado HLS Tutorial is unzipped and placed in the location C:\Vivado_HLS_Tutorial

ﬁ If the tutorial data directory is unzipped to a different location, or on Linux systems, adjust the few
pathnames referenced, to the location you have chosen to place the Vivado_HLS_Tutorial

directory.

Step 1: Create Vivado HLS IP Blocks

Create two HLS blocks for the Vivado IP Catalog using the provide Tcl script. The script will run
HLS C-synthesis, RTL co-simulation and package the IP for the two HLS designs (hls_real2xfft

and hls_xfft2real).
1. Open the Vivado HLS Command Prompt.

a. On Windows use Start > All Programs > Xilinx Design Tools > Vivado 2013.1
> Vivado HLS > Vivado HLS 2013.1 Command Prompt (Figure 184).

b. On Linux, open a new shell.

Vivado 2013.1

Bl Vivado 2013.1 Tcl Shell

g Vivado 2013.1
Accessories

m

System Generator

Vivado HLS

Bl Vivado HLS 2013.1 Command Promp
7] vivado HLS 2013.1 ~

Figure 184 Vivado HLS Command Prompt

2. Using the command prompt window, change the directory to Vivado_HLS_Tutorial\

Using_IP_with_IPI\lab1\hls_designs (Figure 185).
3. Type vivado_hls —f run_hls.tcl to create the HLSIP (Figure 185).
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[ Vivado HLS 2013.1 Command Prompt = E ]

ivado HLS Command Prompt
vailable commands:

Microsoft Windows [Uersion 6.1.7600]
Copyright (c) 2009 Microsoft Corporation. All rights reserved.

C:\Xilinx\Uivado_HLS42013.1>cd C:\Wivado_HLS_Tutorial\Using_IP_with_IPI\labl\hls
_designs

C:\Vivado_HLS_Tutorial\Using_IP_with_IPI\labl\hls_designs>vivado_hls -f run_hls.
tel

Figure 185 Create the HLS Design for IPI

When the script completes there will be two Vivado HLS project directories, fe_vhls_prj &
be_vhls_prj, which contain the HLS IP, including the Vivado IP Catalog archives for use in Vivado
designs.

e The "frontend” IP archive is located at fe_vhls_prj/IPXACTExport/impl/ip/
e The “frontend” IP archive is located at be_vhls_prj/IPXACTExport/impl/ip/

The remainder of this tutorial exercise shows how the Vivado HLS IP blocks can be integrated
into a design in IP Integrator and verified.

Step 2: Create a Vivado Design Suite Project

1. Launch the Vivado Design Suite (not Vivado HLS):

a. On Windows use Start > All Programs > Xilinx Design Tools > Vivado 2013.1
> Vivado 2013.1

b. On Linux, type vivado in the shell.

2. From the Welcome screen, click on Create New Project ( 186)
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g Wivada 2013,1

File  Tools  Window Help

4

-1
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VIVADO”™

Getting Started

Create New Project

Mew Project WWizard will guide wou through the process
of selecting design sources and a target device For
a new project,

Open Project

Cpen aone of the most recently used projects or
any previously created project,

Figure 186 Create a Vivado Project

3. Click Next on the first page of the Create a New Vivado Project wizard.
4. Click on the ellipsis button to the right of the Project location text entry box and browse
to the tutorial directory (Figure 187).

#.. Choose Project Location @
Recent: | = C:/Vivado_HLS_Tutorial/Using_IP_with_IPI/labl vy PO AN EXDI S
Directary:
=) | Vivado_HLS_Tutorial ~
| Arbitrary_Precision
[ | C_Validation
Design_Analysis
[ | Design_Optimization
G | Interface_Synthesis
[ | Introduction 1
B | RTL_Verification =
[ | System_Generator
= | Using_IP_with_IPT
=
hls_designs -
[+- | verilog_tb )
Figure 187 Path to the Vivado Design Suite Project
High-Level Synthesis www.xilinx.com 188

UG871 (v 2013.1) April 3, 2013


http://www.xilinx.com/

i‘ X"—l NX Lab #1:Integrate HLS IP with a Xilinx IP Block

5. Click Next to move to the Project Type page of the wizard.
a. Select RTL Project
b. Do not specify sources at this time (if not the default)

c. Click Next.
6. On the Default Part page click on Boards under Specify and select the ZYNQ-7 ZC702

Evaluation Board as shown in Figure 188.

'y

-
al“" Mewr Project |El
Default Part _
Choose a default ¥iline part or board For your project, This can be changed later, '3,
Specify Filker
5 Parts Family | Al -
& Boards Package | Al -

Speed grade | All

Reset All Filkers ]

Search:
I/ Pin Avvailable LuT
Eotrd FHl: Zounk I0Bs Elemen
@ ZedBoard Zvng Evaluation and Development Kit & xc7z020clg484-1 454 Z00 53200
B Arkix-7 AC701 Evaluation Platfarm @ xc7az00fbgs76-2  A7A 400 134600
A Kinkex-7 KC705 Evaluation Platfarm @ »c7k325HFgo00-2 900 500 203300
anabdgioal 44 oo Joapn0
@ 2¥NQ-7 20706 Evaluation Board @ wcTZ045fFgE00-2 900 362 218600
& virtex-7 WC707 Evaluation Platform @ wcPvedastifgl 761-2 1,761 700 303600
4 i O

< Back ][ Mext = Finish

Figure 188 Vivado Project Specification

7. Onthe New Project Summary Page, click Finish to complete the new project setup.

The Vivado workspace will populate and look like Figure 189.
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Figure 189 Vivado Project

Step 3: Add HLS IP to an IP Repository

1. Inthe Project Manager area of the Flow Navigator pane, click onIP Catalog.

File Edit Flowe Tools Window Layout  View Help

g b &

4 Project Manager

Vil N W X[ b ¥l #H 2| X G | 2oefaul
Flows Mawigator < Project Manager - project_1
Q== Sources

Q= o B

1 Design Sources
| Conskrainks (1)

@ Project Settings

Q"J'_l}' Add Sources

£|: IP Catalog

o sim_1

4 [P Inteqgrakar
S Create Block Design

I Cpen Block Design

Figure 190 Open the IP Catalog
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2. The IP Catalog will appear in the main pane of the workspace. Click on the IP Settings

icon.

1048 2 | B 5 55 Defauk Lavout | K| @

Project Manager - project_1

Sources — O % T Project Summary X | F IP Catalog X
M A pa 3 =
A== Oﬁ = | | search: |
- =
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[+ Constraints (1) . W5 (BN
=14 Sinulation Sources (1) . (= Aubomobive & Industrial
Ll sim_1 & "|- 7 AxI Infrastructure
5. | B[ BaselP
|
= | [#-[ Basic Elements
\} 7 Communication & Metbworking
| B[ Debug & Yerification
n - 7 Digital Signal Processing
ﬁ [ Embedded Processing
[ [ FPGA Features and Design
E IP Settings
Settings for IP Catalog, IP Generation, and IP Packager
Hierarchy | Libraries | Compile Order B[ Standard Bus Interfaces
o = [ video & Image Processing
4% Sources | 7 Templates
Properties — 0O 2 %
«+E
Details

Figure 191 Open the IP Catalog Settings

3. IntheIP Settings dialog, click on Add Repository...
4. 1Inthe IP Repositories dialog,
a. Browse to the tutorial files set location
b. click on the Create New Folder icon
c. Enter“vivado_ip_repo” in the resulting dialog (Figure 192).
d. Click OK
e. Then press Select to close the IP Repository window.
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Figure 192 Create a New IP Repository

5. Back in theIP Setting dialog:
a. Click Add IP.
b. Inthe Select IP to Add to Repository dialog, browse to the location of the HLSIP
lab1/hls_designs/fe_vhls_prj/IPXACTExport/impl/ip/
c. Select the xilinx_com_hls_hls_real2xfft_1_00_a.zip file (Figure 193)
d. Click OK
ﬁk}_:. SelectIP To Add To Repositary IEI
Loak in: ip v: =g A DX S BE
| bd Recent Directaories
’i—h} . doc 1 e filimef tukorialsyHLS_IPInkegratorflablfhls_designs/fe_wvhls_prijIPxa... -
Recent Items . hdl
| subcore File: Presviev
! | xgui File: zilinz com hls hls reallzfft 1 00 azip -
" #] compaonentxml Directory:
besktop ar NIRRT || Coyilingftutorials LS _[PIntegratorflabl /s _designs/fe_vhis_pri
- Created: Today at 16:00 FIM =
| 3 Accessed: Today at 16:09 PIJ
iy Documents Modified: Today at 16:09 PV
Size: 27.1 KB | 4
L_k Type: Archive project file i
Computer < — b @l
,
(_L\' File: narne: xilinz_com_hls_hls_real2xfft_1_00_a.zip
el Files of type: :IP Packages {.xml, zip) hd
Figure 193 Add the HLS IP to the Repository
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6. Follow the same procedure to add the2nd HLSIP package to the repository:

xilinx_com_hls_hls_xfft2real_1_00_a.zip.

7. The new HLSIP should now show up in the IP Setting dialog (Figure 194).
8. Click OKto exit dialog.

gk:‘_ Project Settings IEI

- P |
m Repository Manager | Generation | Packager

General

@ Add directories to the lisk of repositories, After hitting Apply vou will be able to see the IF

(T within each repository., ¥ou may then add additional IP. IF an IP is disabled then a tool-tip
will alert wau ko the reason,

Simulation IF Repositaries
xeftutarials/HLS _IPInkegrator/labl fvivado_ip_repo (Project)
Synthesis
X
» ;
Implementation
. £
Rl
oo
Bitstream
[ Add Repositary, ] ’ @ Refresh All,.
P
1P in Selected Repository
Hls_realzsfft Cxiline cormihls:bls_realZxfFe1.00.8)
His _xfftZreal {xilinx.com:hls:hls_xfFtZreal:1.00.5) X

[ £# add IP.., ] [ @ Refresh Repositary... ]

[ [a]'4 ] ’ Cancel ] Apply

Figure 194 IP Repository with HLS IP

There should now be a Vivado HLS IP category in the IP Catalog and if expanded the HLSIP
should be displayed. (Figure 195).
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Figure 195 IP Catalog with HLS IP

Step 4: Create a Block Design for RealFFT

1. Click on Create Block Diagram under IP Integrator in the Flow Navigator.
a. Inthe resulting dialog, name the design RealFFT

b. Click OK.
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Figure 196 Create Block Diagram
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The upper-right pane now has a Diagram tab. Add and customize a Xilinx FFT IP block to the

design.

2. Inthe Diagram tab click on the AddIP link in the “get started” message (Figure 197)
a. Inthe Search box type “fourier”.
b. Pressthe enter key.

JE—E Diagram X |
*[| 4 RealFFT

@ This design is emply, To get skarted, Add IP from the catalog,

Search: | O~ Fu:uurier| 1 match}

1

Mame

Select and press EMTER or drag and drop, ESC ko cancel

0P|z | B R

Figure 197 Add the Xilinx FFT IP

The Xilinx IP block FFT is now instantiated in the design as shown in 198.

JE—D Diagram x |
]| # RealFFT
o
o
=
o
’[‘l‘i r xfft 1 ﬁ
¥
i M_AXIS_DATA: B
[ 1
N event_frame_started
i El45_nas_pata event_tlast_unexpected
(] E|4-5_AXIS_CONFIG avent_tlast_missing
wiaclk event_status_channel_halt
event_data_in_channel_halt
event_data_out_channel_halt
L Fast Fourier Transform <
Figure 198 Xilinx FFT IP
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Lab #1:Integrate HLS IP with a XilinxIP Block

3. Double-click on the new Fast Fourier Transform IP Symbol to open the Re-customize IP
dialog
4. On the Configuration tab (Figure 199):
a. Change the Transform Length to 512
b. Select Pipelined, Streaming I/O Architecture Choice

ﬁ Re-custormize IP @
Fast Fourier Transform (9.0) ':‘,/
ﬁﬂ Documentation | ) IP Location

IP Symbol | Implementation Det: 4 » B Component Mame |RealFFT_xfft_1_0
[ shaw disabled parts Configuration | Implementation | Detailed Implementation
MNumber of Channels | 1 A
Transform Length | 512 -
Architecture Configuration
Target Clock Frequency {MHz)  |250 Range: 1...550
Architecture Choice
) Aukomatically Select
M_A¥IS_DATA . HiE @ Pipelined, Streaming IfO
ewent_data_in_channel_halt Radic-4, Burst [/0
- S _AKIS_COMFI&went_data_out_channel_halt B
= - LS _AKIS DATA ewent_frame_started *) Radix-2, Burst IjO
aclk ewent_status_channel_halt
event_tlast_missing ) Radix-Z Lite, Burst IjO
ewent_tlast_unexpected
Target Data Throughput (MSPS) (50 Range: 1...550
[ Run Time Configurable Transform Length
'l ol

Cancel

Figure 199 Xilinx FFT Configuration

5. Select the Implementation tab (Figure 200):
a. Select ARESETN (active low) in the Control Signals group
b. Verify that Non Real Time is selected as Throttle Scheme.
c. Click OK to exit Re-customize IP dialog
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ﬁ Re-custormize IP
Fast Fourier Transform (9.0)

m Docurentation | IP Location

[=]

IP Symbol
[ shaw disabled parts

Implementation Dete 4 ¢ B

M_ARIS_DATA R[S

- ewent_data_in_channel_halt
=] - 1S _AXIS_COMNFIG ik ol | hat
=1 awrs paTs =Endata_out_channel_ha
ewent_frame_started
ewent_status_channel_halt
ewent_tlast_missing
ewent_tlast_unexpected

Component Mame |RealFFT_xfft_1_0

Configuration” Implementation | Detailed Implementation
Data Format Fixed Point )
Scaling Options | Scaled -
Rounding Modes | Truncation -

Precision Cptions

Input Data Width | 16+ (i)

Control Signals
[ ACLKEN ARESETR (active low)

ARESETn must be asserted For a minimum of 2 cycles

OQutput Ordering Options
CQutput Ordering | Bit/Digit Reversed Order

Cylic Prefix Insertion

Optional Output Fields Thrattle Scheme

XE_INDER CYFLO
mES O (@ Mon Real Time

Phase Factor Width | 16~

() Real Time

Figure 200 Xilinx FFT Implementation

Add one instance of each of the HLS generated blocks to the design

6. Right-click in any space in the canvas and select Add IP. (Figure 201).

ZaDiagram X

3| s RealFFT

LY

7 mean

B P U G
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event_status_channel_halt
event_data_in_channel_halt
event_data out_channel_halt

M_AXIS_DATAHR =
event_frame_started
event_tlast_unexpected
event_tlast_missing

Figure 201 Add IP blocks
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& Ctrl+E
x Delete | Fft_
| Ctrl+C
ic] Ctrl+
B Select&ll Ctrl+2,
@ AddIP. Ctrl+I

Create Hierarchy..

Create Comment

Create Port.., Crl+K

Create Interface Paort.. Ctrl+L
Save a3 PDF File..

rier Transtorm
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i. X"—l NX Lab #1:Integrate HLS IP with a XilinxIP Block
7. Type "hls" into the Search text entry box.
a. Highlight both IPs (Use the control key and select both);
b. Press the enter key.

The design block now as three IP blocks are shown in Figure 202.

Z= Diagram % Ow x
"[I‘ % RealFFT
o -
L\_ his_real2xfft_1
K::’l = qus_axis_din m_axis_dout g =
) hls_xfft2real_1
& =l chs_awis_din m_axis_doutdh = Hls_real2xMt
"
X
=

HIls_xrtZreal

*fft_1

M_AXIS_DATAC: =
event_frame_started
event_tlast_unexpected
event_tlast missing
event_status_channel_halt
event_data_in_channel_halt

=|arS_AXIS_DATA
={4rS_AXIS_CONFIG

event_data_out_channel_halt|

Fast Founer Transform

Figure 202 RealFFT IP Blocks

The next step is to connect HLS blocks to the FFT block and ports.

8. Hover cursor over the “m_axis_dout” interface connector of Hls_real2xftt block until
pencil cursor appears.
a. Left-click with the mouse and hold down the mouse button to start a connection.
b. Dragthe connection line to "S_AXIS_DATA" port connector of FFT block and
release (when green check mark appears next to it).
9. Ina similar fashion, connect the FFT's “M_AXIS_DATA" interface to the “s_axis_din”
interface of the Hls_xfft2real” block.
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The two connections are shown in Figure 203.

JE—ﬂDiagram x | O~ x
| &, RealFFT
&
q his_real2xfft_1
g ars_axis_din m_ads
'I:J* dap _ready
resatn ap_do
) his_xfft2real_1 p start cpid
{F =t s anis din m_ais doutds B HE_realZxit
e ap.
ﬁ resetn ap_do
@ p_start ap_idl
His_xfitlreal
xfft_1
M_AXIS DATA 2= =
= s (E event_frame_started
Slhiagt event_tlast
= 4FS_AXIS_CONFIG B _mq:fecfed
= dk event_tlast missing
-
| event_status channel_halt
event_data_in_channel_halt
event_data_out_channel_halt
Fast Fourier Transrorm
d b

Figure 203 Connecting Ports on the IP Blocks

To create 10 ports for the design, make some external connections.

10. Right-click on “s_axis_din"” interface connector on Hls_real2xfft block and select Make
External (Figure 204)

hls_real 2x«fft_1

AF = axis din m_axis_doutaF =

= [@ Block Interface Properties... Chrl+E
T % Delete Delete
7 2 Copy Ctrl+C
B Paste Chrl +4

I Select All Ctrl 44,

@ AddIP.. Ctrl+I
|'}K take External Ctrl+T
Start Connection Mode Ctrl+H

Disconnect Pin

Create Hierarchy..,

| DATA
Create Cornrment | conFiG
Create Port.. Chrl+k
Create Interface Port.., Ctrl+L

B Save as FDF File...

ast ki

Figure 204 Make External Connections
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Give the new interface port a more unique name.

a
b.
@
d

Click on port symbol to highlight it.
In the External Interface Properties pane (Figure 205).

Double-click in the Name text entry box to highlight “s_axis_din”
Type in “real2xfft_din” and hit enter

Lab #1:Integrate HLS IP with a XilinxIP Block

f IMPORTANT: Property changes may not take effect if this re-naming step is not done

Block Design - RealFFT *
Design Hierarchy
-~ =

U\nA-n

T

o Diagram X

]|

i RealFFT

&, RealFFT

-7 External Interfaces

B0y 2

H-I5 Interface Connections

--Q xFft_1 (Fast Fourier Transform:,0)
=-4F hls_realzzfft_1 (Hls_realz«ffr1.00,2)
ol r_axis_dout

ol s_awis_din

w2 aclk

I aresekn

I ap_skark

@ ap_ready

& ap_done

& ap_idle

E-4F hls_xFft2real_1 (His_xfft2real:1,00,3)
Al _axis_dout

Al s_axis_din

-2 aclk

m

QW NS0T R

4n Sources™, E] Design Hierarchy

External Interface Properties
« » &5
I realZxfft_din

Tu

Mame: realzxfft_din

Mode: SLAVE

Connection | <= 5_axis_din_1

General | Properties

hls_xfft2real 1

ap_ready

His_xfftireal

Figure 205 Port Naming

11.In a similar manner to the previous step:

a.
"xfft2real_dout”
b.
C.
12. Tie ap_start ports of HLS blocks high
a. Right-click on canvas, select Add IP.

b. Type “const” into Search text entry box.

c. Select ConstantIP.

High-Level Synthesis
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Make the “m_axis_dout” interface of HIs_xfft2real block external and rename it to

Right-click on aclk connector of Hls_real2xfft block and select Make External.
Right-click on aresetn connector of Hls_real2xfft block and select Make External.
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i: XIL'NX Overview
HLS IP and Zynq

Using HLS IP in a Zyng Processor Design

Overview

A common use of High-Level Synthesis design is to create an accelerator for a CPU —to move
code which executes on the CPU into the FPGA programmable logic to improve performance.
This tutorial shows how design created with High-Level Synthesis can be incorporated into a
Zynq device

This tutorial consists of a single lab exercise.

Labl

A simple HLS design is created and configured to work with the CPU on a Zynq device. The HSL
design used in this lab is simple to allow the focus of the tutorial to be on explaining the
connections to the CPU and how to configure the software drivers created by High-Level
Synthesis to control the device and manage interrupts.

Tutorial Design Description

The tutorial design file can be downloaded from the Xilinx website. Refer to the information in
Obtaining the Tutorial Designs.

This tutorial uses the design files in the tutorial directory Vivado_HLS_Tutorial\
Using_IP_with_Zynq

The sample design is a simple multiple accumulate block. The focus of this tutorial exercise is
the methodology, connections and integration of the software drivers: not the logic in the
design itself.

Lab #1: Implement Vivado HLS IP on a Zynq Device

This lab exercise will integrate both the High-Level Synthesis IP and the software drivers created
by HLS to control the IP in a design implemented on a Zynq device.

IMPORTANT: The figures and commands in this tutorial assume the tutorial data directory
Vivado HLS Tutorial is unzipped and placed in the location C:\Vivado_HLS_Tutorial

If the tutorial data directory is unzipped to a different location, or on Linux systems, adjust the few
pathnames referenced, to the location you have chosen to place the Vivado_HLS_Tutorial
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directory.

Step 1: Create a Vivado HLS IP Block

Create two HLS blocks for the Vivado IP Catalog using the provide Tcl script. The script will run

HLS C-synthesis, RTL co-simulation and package the IP for the two HLS designs (hls_real2xfft
and hls_xfft2real).

1. Open the Vivado HLS Command Prompt.

a. On Windows use Start > All Programs > Xilinx Design Tools > Vivado 2013.1
> Vivado HLS > Vivado HLS 2013.1 Command Prompt (Figure 218).

b. On Linux, open a new shell.

Vivado 2013.1

Bl Vivado 2013.1 Tcl Shell

g Vivado 2013.1
Accessories

System Generator

Vivado HLS

Bl Vivado HLS 2013.1 Command Promp
| vivado HLS 20131 ~

Figure 218 Vivado HLS Command Prompt

2. Using the command prompt window, change the directory to Vivado_HLS_Tutorial\
Using_IP_with_Zyng\lab1\hls_macc (Figure 219).
3. Type vivado_hls —f run_hls.tcl to create the HLSIP (Figure 219).

[ Vivado HLS 2013.1 Command Prompt = Eol <™

ivado HLS Command Prompt
Available commands:
ivado_hls,apcc,gcc,g++, make

Microsoft Windows [Uersion 6.1.7600]
Copyright (c) 2009 Microsoft Corporation. All rights reserved.

C:\Xilinx\Vivado_HLS$\2013.1>cd C:\Vivado_HLS_Tutorial\Using_IP_with_2ynqg\labiyhl
S_macc

C:\Uivado_HLS_Tutorial\Using_IP_with_2yng\labl\hls_macc>vivado_hls -f run_hls. t¢|
1
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Figure 219 Create the HLS Design

When the script completes there will be a Vivado HLS project directories vhls_prj, which contains
the HLS IP, including the Vivado IP Catalog archive for use in Vivado designs.

The remainder of this tutorial exercise shows how the Vivado HLS IP blocks can be integrated
into a Zynq design using IP Integrator.

Step 2: Create a Vivado Zynq Project

1. Launch the Vivado Design Suite (not Vivado HLS):
a. On Windows use Start > All Programs > Xilinx Design Tools > Vivado 2013.1
> Vivado 2013.1

b. On Linux, type vivado in the shell.

2. From the Welcome screen, click on Create New Project (Figure 220)

g Wivado 20131
File: Tools Window Help

VIVADO ™.

Getting Started Docul
) Create New Project e

{j 14 Mew Project WWizard will guide wou through the process ‘ﬁ
am

L # \\ of selecting design sources and a karget device For
& a new projeck.

j Open Project
\ Dpen one of the most recently used projects or
'I,_ any presiously created project,

Figure 220 Vivado Welcome Screen

3. Inthe New Project wizard,
a. Click Next;
b. InProject Location text entry box, browse to location of tutorial file directory and
click Next (Figure 221).
c. Onthe Project Type page, select "Do not specify sources at this time” (if not
default)
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d. Click Next

Lab #1:Implement Vivado HLSIP on a Zynq Device

¢~ New Project
Project Name

Project name:

project_1
Project location: | C:/Vivado_H LS_TutoriaI,FUsing_IP_with_Zynq,FIabl|

Create project subdirectory

Project will be created at: C:/Vivado_HLS_Tutorial/Using_IP_with_Zynq/labl/project_1

5=

Enter a name for your project and specify a directory where the project data files will be stored ‘:L

’ < Back ” MNext = ] Finish

Cancel

Figure 221 Specify the Vivado Project Directory

4. Onthe Default Part page,

a. Click on Boards
b. Select the ZYNQ-7 ZC702 Evaluation Board (Figure 222).

c. Click next

High-Level Synthesis

9‘{‘_: Mew Project:

Default Part
Choose a default xilinx part or board for your project, This can be changed later,

=]

Specify Filter

& Parts Family | &ll -

& Boards Package | Al -

Speed grade | All -
Reset All Filters
Search:
/O Pin Available LuT
Eead Fart Count I0Bs Elemery
@ ZedBoard Zynq Evaluation and Development Kik @ xc72020clg464-1 484 200 53200
& Artix-7 AC701 Evaluation Platform @ xc7a200tFbgs7e-2 676 400 134600
& kintex-7 KCF05 Evaluation Platform i wc7k325HFg900-2 900 500 203800
4-1 454

& zvMQ-7 20706 Evaluation Board i xc72045FFg300-2 00 362 218600
[ Virtex-7 WC707 Evaluation PlatForm i wcTvedB5HFg1761-2 1,761 700 303600
< 1 =

Finish

Cancel

Figure 222 Specify the Vivado Project Details
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d. Click Finish on the New Project Summary Page

The project workspace will open as shown in Figure 223.

®
B2 5 E et sy [T
“ | Pt St (O
Sdar,
) St Settigs
G b St [ p——
Sowrces | 7 Trgistm
B deb
G" cvenDatorsec Desgny | U L= H~ D ot vislations & Terg
r+%
iy D fermation’srek avalabs becinsi £t bewrings e irfirmation s e aakabe sevisse & et besriy
B Sorehass Sstrus
B o Syt
W imcain £ e
pheniicr, Ukt o 2 vl bt b b o P et 1t sl ot i by
B Webseartsren wny
s P et oo
Frogran wd g
B Bestren Soimng D Ve - N
R Corvrsts Bistron P, Pt [ — T r—— s st wE 6 e
[P ——— = o e, - et St b en S~
-  wel_1 AETHRT] oratre b e nplemest oor e sk (e Ieplesartatior 2003 ot tated L
i)
»
“
3 T Corace | ) Westagee | Gliog | b Rapots €L Design Auss

Figure 223 Initial Vivado Zynq Project

Step 3: Add HLS IP to the IP Catalog

1. Inthe Project Manager area of the Flow Navigator pane, click onIP Catalog

File Edit Flow Tools indow  Layout  Yiew  Help
AR oo BEB X P D % H X% L E | Dot

Flows Mavigator € Project Manager - project_1

™y A pa
Q= = Sources

O e 3 b
- A= et R
4 Project Manager
i) Design Sources

ﬁ. Project Settings | Constraints (1)
Cﬁ Add Sources (== Simulation Sources (1)

e sim_L
ﬂ IF Catalog =

4 [P Inkegratar

,:?_l", Create Block Design

i Open Black Design

Figure 224 Open the IP Catalog

The IP Catalog will appear in the main pane of the workspace.

2. Click on theIP Settings icon (Figure 225)
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i ﬁ % E |55 | 52 Default Layout

Project Manager - project_1

Sources

T .
A= e hE

Lab #1:Implement Vivado HLSIP on a Zynq Device

N 4 T Project Summary X | 1F IP Catalog X

- Design Sources

| Constrainks (1)
Simulation Sources (17
S sim_L

4| search: |
e

Mame ARI4

= AXI Infrastructure

' BaselP

= Basic Elements

= Communication & Networking

= Debug & verification

= Digital Signal Processing

+-[= Embedded Processing

[+ FPGA Features and Design

TP Settings

Settings for IP Catalog, IP Generation, and IP Packager

& @ %) H

_IE@

Hierarchy | Libraries | Compile Order

£ Sources | 7 Templates

Properties

« 5|5}

B[ Standard Bus Interfaces
[ video & Image Processing

Details

Figure 225 Open the IP Catalog Settings

3. IntheIP Settings dialog, click on Add Repository...

4. Inthe IP Repositories dialog,

a. Browse to the tutorial directory location and click on the Create New Folder icon.

Enter “vivado_ip_repo”

b.
c. Click OK.
d

in the resulting dialog (Figure 226).

Press Select to close the IP Repository.

-

g‘”_ IP Repositories

Recent: | [ CifilinetutorialsfHLS _IPIntegratorlabz

Directory: | CixilineibukorialsiHLS_IPIntegratorilabz

& |

~ PO A EEXDIE

F- || Office_2010_Standard
-- Perflogs
-- Program Files
-- Program Files {x86)
-- ProgramData
Python2?
temp
tmp
[ ) Users
-- utils
-- Windows
B wiinx
G- 1) 144
[#- |, DocMav
[#- | HLS_Training
[~ | IPI_Bash_130204
[H- ) Ke705
[ | release_phkas
[ 1) SDK
[}~ ) Training
=+ | tutorials
=+ | HLS_IPInkegrator
- |

Create Mew Folder @

Enterthe name of the new folder:

m

vivado_ip_repo|

=
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5. Back in theIP Setting dialog,

a. Click Add IP.

b. Inthe Select IP to Add to Repository dialog, browse to the location of the HLSIP:
Using_IP_with_Zyng/labl/hls_macc/vhls_prj/solutionl/impl/ip/

c. Select theIP Catalog package Xilinx_com_hls_hls_macc_1_00)a.zip file (Figure 227)

d. Click OK

}:‘d. SelectIP To Add To Repository @
Look in: ip ': ? ﬁ E,‘ a4 ik-* J X G '
bd Recent Directories
L_* doc ) Cefilinzfrukorials/HLS_TPInteqgratorflabzfhls_macefvhls_prijsolution1fi...
<
Recent Items hl
subcore File Preview
Ui File: silinxk_com_hls_hls_macc_1_00 azip
! |#| componentxml Directory:
RTINS = ilinx_corm_hls_his_rmacc 100_azip /¥ilinz/tutorials/HLE_[Plntegrator/ab2/ils_macc/vhls_grj/solutio
Created: Today at 11:55 AN
B Accessed: Today at 11:55 AM
L | Modified: Today at 11:55 AW
My Documents Size: 0.5 KD
Type: Archive project file
L Owmner: XLMNXjhrica
-
Computer
::‘l J
w
Metvork
< I r O
File name: xilinx_com_hls_hls_macc_1_00_a.zip
Flles of type: | 1p packages {.xml, zip) -

Figure 227 Add IP to the Repository

6. The new HLSIP should now show up in the IP Settings dialog

2. Project Settings 3
] g

P |

Repository Manager | Generation | Packager

Add directories to the list of repositaries. After hitting Apply you will be able to see the IP
within each repository. You may then add additional IP, IF an IP is disabled then a tool-tip
will alert you to the reason.

N 8 o B
3 ﬁES)
@
@ )

Simulation IP Repositaties
@ C: filinebutorialsHLS_IPInteqrator/lab2 fvivado_ip_repo (Project)

ﬂj Add Repository. .. ] [ @ Refresh all...

IP in Selected Repository

¢.com:hls:hls_macc:1,00.8)

[ % add 1p... ] [ @ Refresh Repositary. ... ]

[ OK ][ Cancel ][ Apply

Figure 228 HLS IP in the Repository
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7. Click OK to exit dialog

8. There should now be a Vivado HLS IP category in the IP Catalog and if expanded the
HIs_macc IP should be displayed (Figure 229).

T Project Summary % | £F IP Catalog X

“A | Search:
LZ:I |
= Name axl4 Skatus License
(=5
= E- Aukomative & Industrial
ﬁ + 1 A Infrastructure
= | F-[= BaselP
o b
=| [#)-[= Basic Elements
b |E T Carnmunication & Networking
— | -5 Debug & Verification
I + 1 Digital Signal Processing
@ (= Embedded Processing
+ ! FPA Features and Design
[ ]| (= Math Functions
+ 1 Memories & Storage Elements
+ 1 Standard Bus Interfaces
- [ Wideno & Image Processing
=l WIMADOD HLS IP
“4F Hls_macc REICy Pre-production Included

Figure 229 HLS IP in the IP Catalog

Step 4: Creating an IP Integrator Block Design of the System

1. IntheIP Integrator area of the Flow Navigator, click on Create Block Design and enter
"Zynqg_Design” in the dialog

File  Edit Flow Tools Window Layout  “iew Help

Pl =) X | b ¥ | X E S 0efak Layout | K| ®
Flow Mavigator k5 Project Manager - project_1
Q= Sources — 0O @ x X Praject Summary X | IF IP Catalog X
a tZJJ @JJ ¥ O%? : EI | search:
4 Project Manager —
- - i Design Sources = 1
@ Project Settings Constraints (1] -~ Mame
04?7 Add Sources Simulation Sources (1) - #-[ Automotive & Industrial
ﬂ Pcatgos | ) sim_1 » AT Infrastruchure
BEm ' BaselP
» Basic Elements
o IPiEgElmy 1L 1 Communication & MNetworking
7 Create Black Design . | E[= Debug & Yerification
§ Open Block Design i [ Digital Signal Processing
@ +-[= Embedded Processing
4 Simulation 4= FPGA Features and Design
[E]| B[ Math Funictians
@ Simulation Settings +-[= Mematies & Storage Elements
@ Run Simulation Hierarchy | Libraries | Compile Order - [ Standard Bus Interfaces

£ Sources | 7 Templates

4 RTL Analysis 4 Create Block Design = h

. £ 8 Core Folder Properties —
@ Open Elaborated Design [0‘, Flease specify name of block design

kgl v
4 Synthesis = WIVADO HLS IP
@ Synthesis Settings Design narme: Zynq_Design| —
@ Run Synthesis Mame: YIVADO HLS IP

¥ Open Synthesized Design

4 Implementation

@ Implementation Sektings | | |

Figure 230 Create the Zynq Design
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The Block Design view will open in the main pane, with a new Diagram tab containing a blank

Block Design canvas.

2. Click on the Add IP link under the title bar, which will pop up an IP search dialog.
a. Typein “proce” into the Search text entry box.
b. Select the ZYNQ?7 Processing System item and hit enter

TIC

bt = Diagram X

gl | & Zyng_Design

o :D- This design is empty, To get started, Add IP from the catalog.

Search; proce (2 matches)

N

Mame

/NS m| A

Select and press ENTER or drag and drop, ESC to cancel

Figure 231 Add a CPU Processor to the Design

An IP symbol for the ZYNQ7 Processing System will appear on the canvas

3. Double-click on the ZYNQ IP symbol to open its Re-customize IP dialog.
a. Click on Presets icon, select ZC702 Development Board Template (Figure 232).
b. Click OK to exit the Configurations Presets dialog
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ﬂ Re-customize IP

ZY¥YNQ7 Processing System (5.01)

1 [ Documentation ([ TP Location | #5% Presets
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L
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Zyng Block Design
PS-PL Configuration
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Clock Configuration
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SMC Timing Calculation

[=]
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ZC706 Development Board Template TTc
ZedBoard Development Board Template
System Level
Control Regs
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x| mall=
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USB 1
CoreSight
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Bank1 Inter t
MIiO FLASH Memory -
(53:16) Interfaces — Al DAP
SRAM/NOR

Figure 232 Configure the Zynq Processor

4. Click on Interrupts in the Page Navigator pane.

a. Select Fabric Interrupts and expand its tree view.
b. Select IRQ_F2P[15:0] and click OK to close the Re-customize IP dialog

ﬂ Re-customize IP

ZYINQ7 Processing System (5.01)

Iiff Documentation ([ 1P Location #5% Presets

Page Mavigator

4 |Interrupts

Zynig Block Design
P3-PL Configuration
MIC Configuration
MID Table Yiew

Clock Configuration
DDR Configuration
SMC Timing Calculation

Interrupts
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IPI provides Designer Assistance to automate certain tasks, such as making the correct external

connections to DDR memory and Fixed IO for the ZYNQ PS7.

5. Click on the Run Block Automation link under the title bar (Figure 234).
a. Select /processing_system7_1.
b. Click OKto complete in the resulting dialog.

ZaDiagram  x | B Address Editor X 0w x

(][ Zyna_Desian

| (@ Designer Assistance available. Run Block Automation

|£h fprocessing systern?_1

g P 80T AR

Figure 234 Run Automation

6. Add HLSIP to the design by right-clicking in open space of canvas and selecting Add IP
from the context menu.
a. Type "hls” in the Search text entry box and hit Enter to add it to design (Figure

x
= Diagram 3 | B Address Editor [mE
%D| #, Zyng_Design
=Y [% Designer Assistance avaiable. Run Connertion Automation
| -
;’ hls_macc_1
,v: 4R S_AXI_HLS_MACC_PERIPH_BUS
}[:u aclk interrupt
e jaresetn
i.;f Hls._macc
3 processing_system7_1
@ DDR 4 DR

FIXED_104 IXED_IO

M_AXI_GPO_ACLK[0:0] - USBIND_04-

IRQ_F2P[0:0] ZYNQ. M_AXI GPO fEE
FCLK_CLKD[0:0]
FCLK_RESETO_N[0:0]

Ym;l Processing System
. '
Figure 235 processor and HLS IP
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Designer assistance is also available to automate the connection of IP block to each other.

7. Click on the Run Connection Automation link at the top of the canvas.
8. Select /hls_macc_1/S_AXI_HLS_MACC_PERIPH_BUS and click OK in the resulting dialog to
automatically connect the HLSIP to the M_AXI_GPO interface of the PS7.

This will add an AXI Interconnect (instance: processing_system7_1_axi_periph), a Proc Sys Reset
block (instance: proc_sys_reset) and make all necessary AXI related connections to create the
design shown in Figure 236.

ut ~| o ® \ [£9] Ready

%o Diagram X | B Address Editor X%

30 ‘ 3, Zyng_Design b

his_mace_1L

E| 115 AXLHLS_MACC, PERIPH BUS

interrugt|

processing_system?_1

oo | [s00R
FIxeD_10-3-|| [ SFIXED 10
USBIND 00

A0_GPO_ACLX0 0] Y
T‘Qﬂﬂﬂ:ﬂ] ZYNQ B A GO0 T e

FOLK (L0 0: ] e
FOLK,_RESETO_ N[0 (] ]

ZTNGF PrOCEssing Syster

Figure 236 AXI4 Interconnect

The only remaining connection necessary is from the HLS interrupt port to the PS7 IRQ_F2P port.

9. Bring the cursor over the interrupt pin on the hls_macc_1 IP symbol.
a. When the cursor changes to pencil shape left-click and drag to the IRQ_F2P[0:0]
port of the PS7 and release, completing the connection
10. Bring the Address Editor tab forward and confirm that the hls_macc_1 peripheral has
been assigned a master address range; if not click on the Auto Assign Address icon
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ZoDiagram % | [ Address Editor X

S| cell Base Mame Offset Address Range High Address

',:Zj =-4F Jprocessing_svskem?_1

g -1 B Data

4 ] Jhls_macc_1 Reqg Ox43C00000 64k O=4 3COFFFF
| &

Figure 237 Address Editor

The final step in the Block Diagram design entry process is to validate the design.

11. Click on the Validate Design icon in the toolbar.
12. Upon successful validation, save (control-s) the Block Design.

Step 5: Implementing the System

Before proceeding with the system design, implementation sources must be generated and an

HDL wrapper created as the top-level module for synthesis and implementation.

1. Return to the Project Manager view by clicking on Project Manager in the Flow Navigator.

2. Inthe Sources browser in the main workspace pane a Block Diagram object named
Zynq_Design should be at the top of the Design Sources tree view. (Figure 238)
3. Right-click on this object and select Generate Output Products.

4. Intheresulting dialog, click OK to start the process of generating the necessary source files

g‘“ project_1 - [Cif¥ilinxftutorials/HLE IPIntegratorflab2/project_1fproject Lxpr] - Vivado 2013.1
File Edit Flow Tools ‘indow Layout ‘iew Help

Pl dl~ ] = XD P ¥ H XKL E |5 oefaul Layou v | K| ®

Flow Navigator “© Project Manager - project_1
Q= Sources —_ O % T Project Summary x| {
Q 59 o 3 b B ==
4 Project Manager eI o = E g @ Project Settings
- . {57 Design Sources (1) .‘:—;'. .
@; Project Settings =y r—— =i Project name: projec
5% Add sources B-15) Constraints (1) & Source Node Properties.., Ctrl+E Zyng-
=4 Simulation Sources (1 . .
ﬁ 1P Catalog — n *  OpenFile Alt+0 ZTHO:
Ff sim_1 (1)
e Mot Dn
Create HDL Wrapper
4 TP Integrator
Wiew Instantiation T, lats 3
% reate Block Design ieur Instantiation Template
0 1;} Gpen Block Design Generate Output Products.., Ready
Reset Dutput Products.. s0z0clgdse
4 Sirlaty
imulation Export Hardware for SDK.., A
£ smulstion Settings Package Block Design..
.@ Run Simulation Hierarchy | IP Sources | Libraries | Cof
45 Sources | ' Templates
4 RTL Analysis
EB Open Elaborated Design Source Node Properties Alt+] tions
- <> [ A Remove File from Project... Delete
1Y ]
9 Syllits #, Zyniq_Design (Zyna_Design.bd) Alt+Equals  formation is
5 Synthesis settings | Disable File Alt=Minus
[ PR Madule: Zyna Desian

Figure 238 Wrapper Generation
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5. Again, right-click on the Zyng_Design object, select Create HDL Wrapper and click OK to exit

the resulting dialog.

The top-level of the Design Sources tree will now be Zyng_Design_wrapper.v file. The design is
now ready to be synthesized, implemented and have an FPGA programming bitstream
generated.

6. The remainder of the flow can be initiated by clicking on Generate Bitstream now.
7. Inthe dialog that appears after bitstream generation has completed, select Open
Implemented Design and click OK.

Step 6: Developing Software and Running it on the ZYNQ System

The design is now ready to be exported to Xilinx SDK in order to create software to be runon a
ZC702 board (if available). A driver for the HLS block was generated during HLS export of the

Vivado IP Catalog package and must be made available in SDK in order for the PS7 software to
communicate with the block.

1. From the Vivado File menu select Export > Export Hardware for SDK.

Note: Both the IPI Block Design and the Implemented Design must be open in the Vivado
workspace for this step to complete successfully.

2. Inthe Export Hardware for SDK dialog (Figure 239) ensure that Include Bitstream and
Launch SDK options are ticked then click OK to complete

ii":-'_:. Export Hardware for SDE @

,'0‘, Export hardware platform For SDEK,

Cptions
SoupCe: 5, Zyng_Design.bd -
Export ko: | B0 <Local ko Project = -
Workspace: | B0 <Local ko Project = -

| Export Hardware

| Include bitstream (Mote: an implemented design must be loaded)

(0] 4 | | Zancel

Figure 239 Export to SDK Dialog Window

2. SDK will open. If the Welcome page is open, close it.
3. Create a new SDK software repository and add the HLS block drivers to it
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From the XilinxTools menu, select Repositories
In the Repositories Preferences page click on New (upper right)
In the Browse For Folder dialog, navigate to the tutorial file set directory (/labl)
Click on Make New Folder
Enter sdk_sw_repo as the new name (Figure 240).

-
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type filter text
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s AT+ +

Help
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Rermote Systerms
» Run/Debug
Tearn
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()
W
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Tew..,
Remowve
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[ owen
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SDK Installation Repasitaries

Coxiliret SDIN2013 s ik,
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Coilived, SDENI013, st ThirdParty

Rescan Repositories
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4. From OS (command prompt or GUI file browser

a. Copy thedirectory .../hls_macc/vhls_prj/impl/drivers (including all contained
directories and files) to the new “sdk_sw_repo” directory. (Figure 241)

IMPORTANT: The software repository must have a hierarchy of the form .../sdk_sw_repo/drivers/
with any number of sub-directories, such as hls_macc top_v2_00 a/

4 Using_IP_with_Zyng
4 labl
arm_src
4 hls_macc
4 vhis_prj
4 solutionl
.autopilot
4 impl
4 drivers
hls_macc_top_v1_00_a
ip
verilog
vhdl
syn
4 sdk_sw_repo
4 drivers

hls_macc_top_v1_00_a

Figure 241 SDK Drivers Repository

b. Click OKto exit the Preferences dialog

5. From the SDK File menu, select New > Application Project.
a. Inthe New Project dialog enter a project name: Zyng_Design_Test,
b. Click next, select Hello World template
¢. Click Finish

6. Create a Hello World application (also creates BSP)
a. File > New > Application Project

Enter the project name Zynqg_Design_Test

Click next

Select Hello World (if not default).

Click Finish.

® a0 o
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.

€ News Praject ===

Application Project » f

Project narme: Zyng_Design_Test

Use default lacation
Civilimeitutorials\HLS IPIntegratorilab 2yproject_Thproject 1 Erouse..,

default
Hardware Platform ’hw_platform_ﬂ V]
Processar ’ps?_cortexag_ﬂ V]
03 Platform ’standalone V]
Language @ C DC++

Board Support Package @) Create Mew  Fyng_Design_Test_bsp

Use existing

'@," < Back ’ TMext = ] [ Finish ] ’ Cancel

Figure 242 Application Project

7. Power up ZC702 board and test Hello World application
a. Attach power cable, micro-USB from PC to Digilent JTAG-USB connector and
mini-USB to UART (J17) connector. Ensure Silicon Labs USB to UART and Digilent
JTAG drivers are setup on system. Switch the power on.
b. XilinxTools > Launch Hardware Server (or toolbar icon) (Figure 243)

ric SOK
Run  Project Window Help
85~ &~ @ E Generate linker script %‘ @ 5:; @ 0;' -
Il Board Support Package Settings
@ Repositories
systern.xml

Program FPGA

Pragrarn Flash

fng_Design | ?

Mlodify this BSP's Launch Hardware Server
[g *MD Console

rget Informatio| ] Launch Shell

hiz Board Suppar ﬁ Configure ITAG Settings

{ardware Specific] 38 Systemn Generator Co-Debug Settings ject_Typroject_Lsdk\SDKASDK_E:
Target Proc B Create Zyng BootImage

rerating System

Figure 243 Launch Hardware
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c. XilinxTools > Program FPGA (or toolbar icon). The Done LED (DS3) should be lit
afterwards.
8. Setup a Terminal in the tab at bottom of workspace:
a. Click on Connect icon (Figure 244)

Peripheral Drivers

Drivers present in the Board Support Package.

hls_macc_1 hls_macc_top
ps7_afi_l generic

os? afi 1 aeneric S
4 m

Crrapviewy | Source

[£0 Problems | ¥ Tasks | B Console | =l Properties | 4% Terminal 1 53 &t B ';'l

[i3lc)
Mo Connection Selected

.

Figure 244 The Connect Icon

b. Select Connection Type > Serial

Select the COM port to which the USB UART cable is connected (generally *not*
COM1 or COM3); on Windows, if not sure, open the Device Manager and identify
the port with the Silicon Labs driver under Ports (COM & LPT)
Change Baud Rate to 115200 (Figure 245)

e. Click OKto exit Terminal Settings dialog

&) Terminal Settings @

Wiew Settings:
Wiews Title: Terrninal L

Encoding: 130-8858-1 -

Connection Type:

Setial A

Settings:

Port: COM3 -
Baud Rate: 115200 hd
I Data Bits: 2 -

Stap Bits: i -
Parity: Haone i
Flow Control: | None A

Timeout (sech 5

Figure 245 Terminal Settings

f.  Check that terminal is connected by message in tab title bar
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9. Right-click on application project (Zynqg_Design_Test) in Explorer pane (Figure 246)
a. Run As > Launch on Hardware

< < oo <
L Praject Explarer &1 = I systernsxml I systernumss &5
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rtand exit,
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port Package,
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Showe in Rermote Systermns wiew

Carwert To..,
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Debug &5
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i’ 3 Remote ARM Linux Application

Fl'™
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Figure 246 Run the Application Project

10. Switch to Terminal tab and confirm that “"Hello World” was received (Figure 247)

FEeripneral Urivers

Crrivers present in the Board Support Package,

hls_rnacec_1 hls_macec_top
psf_afi_l generic

psf afi 1 qeneric
Fi T 2

Owerviews | Source

[Z0 Problems | ¥ Tasks | & Console | =1 Properties | 4 Terminal 1 53 P = ugl -~ B -

Serial: (COM3G, 115200, 8, 1, Mone, Mone - COMMECTED) - Encoding: (J530-8859-1)
Hello World

Mone - COMMNECTED) - Encoding: (I30-5359-1)

Figure 247 Console Output
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Step 7: Modify software to communicate with HLS block

The completely modified source file is available in the arm_code directory of the tutorial file set.
The modifications will be discussed in detail below

1.
2.

Open the helloworld.c source file
Several BSP (and standard C) header files need to be included:

#include <stdlib.h> // Standard C functions, e.g. exit()

#include <stdbool.h> // Provides a Boolean data type for ANSI/1SO-C
#include "xparameters.h™ // Parameter definitions for processor
peripherals

#include "xscugic.h" // Processor interrupt controller device driver
#include "XHIs _macc.h™ // Device driver for HLS HW block

3. Define variables for HLS block and interrupt controller instance data, which will be used
passed to driver API calls as handles the respective hardware
// HLS macc HW instance
XHIs_macc HlIsMacc;
//1Interrupt Controller Instance
XScuGic ScuGic;
4. Define global variables to interface with the interrupt service routine (ISR)
volatile static int RunHIlsMacc = O;
volatile static iInt ResultAvailHIsMacc = 0;
5. Define a function to wrap all run-once API initialization function calls for the HLS block.
int hls_macc_init(XHls_macc *hls_maccPtr)
{
XHIs_macc Config *cfgPtr;
int status;
cfgPtr = XHls_macc_LookupConfig(XPAR_XHLS MACC_O_DEVICE_ID);
it (IcfgPtr) {
print("'ERROR: Lookup of accelerator configuration failed.\n\r'");
return XST_FAILURE;
status = XHIs _macc Cfginitialize(hls_maccPtr, cfgPtr);
if (status != XST_SUCCESS) {
print(""ERROR: Could not initialize accelerator . \n\r');
return XST_FAILURE;
}
return status;
}
6. Define a helper function to wrap the HLS block API calls required to enable its interrupt
and start the block
void hls_macc start(void *InstancePtr){
XHIs_macc *pAccelerator = (XHIs_macc *)InstancePtr;
XHIs_macc_InterruptEnable(pAccelerator,l);
XHIs_macc_InterruptGlobalEnable(pAccelerator);
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XHIs_macc_Start(pAccelerator);
}

7. Aninterrupt service routine is required in order for the processor to respond to an
interrupt generated by a peripheral.

Each peripheral with an interrupt attached to the PS must have an ISR defined and registered
with the PS’s interrupt handler.

The ISR is responsible for clearing the peripheral’s interrupt and, in this example, setting a flag
that indicates that a result is available for retrieval from the peripheral. In general, ISRs should
be designed to be lightweight and as fast as possible, essentially doing the minimum necessary
to service the interrupt; tasks such as retrieving the data should be left to the main application
code.

void hls _macc _isr(void *InstancePtr){
XHIs _macc *pAccelerator = (XHIs_macc *)InstancePtr;

//Disable the global interrupt

XHIs_macc_InterruptGlobalDisable(pAccelerator);
//Disable the local interrupt

XHIs_macc_InterruptDisable(pAccelerator, OXFFFFFFfF);

// clear the local interrupt
XHIs_macc_InterruptClear(pAccelerator,l);

ResultAvai lHIsMacc = 1;

// restart the core if it should run again

i F(RunHIsMacc){
hls_macc_start(pAccelerator);

}

}
8. Define a routine to setup the PSinterrupt handler and register the HLS peripheral’s ISR

int setup_interrupt()

//This functions sets up the interrupt on the ARM
int result;
XScuGic_Config *pCfg =
XScuGic_LookupConFig(XPAR_SCUGIC_SINGLE DEVICE_ID);
ifT (pCfg == NULL){
print("Interrupt Configuration Lookup Failed\n\r");
return XST_FAILURE;

}
result = XScuGic_Cfglnitialize(&ScuGic,pCfg, pCfg->CpuBaseAddress);
if(result = XST_SUCCESS){

return result;

3
// self-test
result = XScuGic_SelfTest(&ScuGic);
if(result = XST_SUCCESS){
return result;

// Initialize the exception handler
Xil_Exceptionlnit();

// Register the exception handler
//print(""Register the exception handler\n\r'");
Xil_ExceptionRegisterHandler (XIL_EXCEPTION_ID_INT,
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(Xil_ExceptionHandler)XScuGic_InterruptHandler,&ScuGic);

//Enable the exception handler

Xil_ExceptionEnable();

// Connect the Adder ISR to the exception table

//print("'Connect the Adder ISR to the Exception handler table\n\r");

result = XScuGic_Connect(&ScuGic,
XPAR_FABRIC HLS MACC 1 INTERRUPT_INTR,

(Xil_InterruptHandler)hls_macc_isr,&HlIsMacc);

iT(result != XST_SUCCESS){

return result;

}
//print(""Enable the Adder ISR\n\r");
XScuGic_Enable(&ScuGic,XPAR_FABRIC_HLS_MACC_1_INTERRUPT_INTR);

return XST_SUCCESS;

}

9. Define a software model of the HLS hardware functionality with which reference results
can be compared.

void sw_macc(int a, int b, int *accum, bool accum clr)

{

}

static int accum_reg = 0;
it (accum_clr)

accum_reg = O;
accum reg += a * b;
*accum = accum_reg;

10. Modify main() to use the HLS device driver API and the functions defined above to test
the HLS peripheral hardware.

int

mainQ

print("'Program to test communication with HLS MACC peripheral in

PL\N\r');

inta=2, b =21;
int res_hw;

int res_sw;

int i;

int status;

//Setup the matrix mult
status = hls_macc_init(&HlsMacc);
if(status 1= XST_SUCCESS){
print("'HLS peripheral setup failed\n\r');

exit(-1);

bs

//Setup the interrupt

status = setup_interrupt(Q);

if(status 1= XST_SUCCESS){
print("'Interrupt setup failed\n\r");

exit(-1);

//set the input parameters of the HLS block
XHIs_macc_SetA(&HlsMacc, a);
XHIs_macc_SetB(&HIsMacc, b);
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Figure 257 Design with All Connections
11. Ensure the simulation stop time says 300 (Figure 257).
12. Press the Run button on the toolbar to execute simulation.
13. Double-click on the Scope block to view the simulation waveforms.
This concludes the lab on using HLS IP in System Generator for DSP.
Conclusion
In this tutorial, you learned:
e How to create Vivado HLS IP using a Tcl script.
e How toimport an HLS design as IP into System Generator for DSP.
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