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• See the below textbook for details
• https://boledu-next-chakra.vercel.app/textbooks/hls-textbook

• Course: 
• NTUEE EEE5060 Application Acceleration with High-Level-Synthesis

• NTUEE EEE5029 Multimedia System-on-chip Design

2

https://boledu-next-chakra.vercel.app/textbooks/hls-textbook


Hua-Yang Weng
Media IC and System Lab 

Graduate Institute of Electronics Engineering

National Taiwan University

Outline

• Why HLS?

• HLS IP Flow

• Pragma Introduction

• Design Flow

• Labs
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Why HLS?

• Software Defined Hardware (SDH)

• Computational Efficiency

• Design and Verification Productivity

• Improve Quality of Results (QoR)

• Fast system prototyping

• Fast architecture exploration

• C++ ←→  python  v.s.  verilog ←→  HLS
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Computational Power
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Application Specific
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Why HLS?

• Software Defined Hardware (SDH)

• Computational Efficiency

• Design and Verification Productivity

• Improve Quality of Results (QoR)

• Fast system prototyping: ESL

• Fast architecture exploration

• C++ ←→  python  v.s.  verilog ←→  HLS
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HLS IP Flow
0.   Coding in C++

1. C-Simulation   (SW-Emulation)

• Check the C source code evaluation with the golden (Similar to SystemC)

2. C-Synthesis

• Perform C -> RTL synthesis

3. Co-Simulation  (Hardware-Emulation)

• Using standard RTL verification tools

4. Generate bitstream (FPGA)

• RTL to Gate-level synthesis + P&R for IC flow

See UG871 for details:
https://docs.xilinx.com/v/u/en-US/ug871-vivado-high-

level-synthesis-tutorial
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0. Coding in C++ 

• Coding in C++ rather than tedious RTL level

• Benefits:  

• No sequential logic bugs

• Unified coding language

• Design: C++

• Verification: C++

• Application: C++

• Disadvantages:

• Stiff learning curve

• RTL is still the mainstream in Digital IC Design Flow
• FAE, customer, ….
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1. C-Simulation  (SW-Emulation)

• Verify your C/C++ code with the golden 

• Since the hardware is designed in C++, the testbench 
is also C++.

• It is just like Freshman C/C++ course.
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Non-Synthesizable Code for 
Testbench

51

• The great power of HLS is the C-simulation and RTL 
co-simulation testbench are the same.

• Similar to systemC ESL validation

• Use __SYNTHESIS__ for testbench code
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2. C-Synthesis

• Analysis the C/C++ code and transform to RTL code

• Tools: 
• FPGA:  Vivado-HLS (deprecated) → Vitis-HLS

• IC:  Stratus-HLS, … etc.

• Tools guaranteed the logic.

• Pragmas are needed to control its behavior
• UNROLL factor=2

• PIPELINE II=1

• …
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3. Co-Simulation  (Hardware-Emulation)

• Using standard RTL verification tools

• Waveform viewers

• System-level considerations

• E.g. FIFOs,  deadlocks, … etc.
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4.Generate bitstream (FPGA)

• Tools: Vivado

• Automation in FPGA tools without clicks

• Configure the synthesis and placement via FPGA .tcl

• This step takes around 1~2 hr

• Post layout verification →  Run on FPGA
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Outline

• Why HLS?

• HLS IP Flow

• Pragma Introduction

• Design Flow

• Labs
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#Pragma Introduction

• Special purpose directive for turning on or off some 
compiler-specific features.

• Example:  OpenMP

• Multi-thread programming

• Example: HLS

• Unroll, pipeline, …..
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#Pragma Introduction
• Interface Synthesis pragma HLS interface

• Task-level Pipeline pragma HLS dataflow, pragma HLS stream

• Pipeline pragma HLS pipeline

• Loop Unrolling pragma HLS unroll, pragma HLS dependence

• Array Optimization pragma HLS array_partition, pragma HLS array_reshape

• Resource Optimization pragma HLS allocation, pragma HLS function_instantiate

• Others

• https://docs.xilinx.com/r/en-US/ug1399-vitis-hls/HLS-Pragmas
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https://docs.xilinx.com/r/u1ha7A~FnJAUGn1TvNNmSQ/VzNoUJlGB0oH~0KUptwZIw
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Design Flow
1. Platform select 

• Data center flow

• Embedded system flow

2. Develop software algorithm

3. Software profile

4. Set Acceleration Goal

5. Applicability of the Hardware

6. Hardware Architecture Plan

7. HLS coding
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Host Machine

Consumer

CPU

DDR4

OpenCL

API

FPGA Board

U50

DSPs
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X

R

T

1. Platform select 
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Data Center Flow Embedded System Flow

Host Application (c/c++/python, …etc)

g++ compiler/python interpreterExecutable File

Kernel Design (RTL / HLS)

Xilinx v++ Block design

Xilinx v++ compiler 

Processing System

(PS)

Programable Logic

(PL)

CPU/MCU

AMBA 

Switch

Peripherals

AXI
DMA

User Kernels

AXI DSPs

Memories

Xilinx v++ Block design

P

C

I

e

AXI

AXI

HBM2

SLR1SLR0

User Kernels

UltraScale+ MPSoCAlveo U50
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2. Develop Software Algorithm
• C++ is a better choice for HLS development flow

• Python or other language is okay, but need to translate 
to C++ for HLS hardware synthesis

• Rewrite the code in C/C++

• Cython or other transforms may/may-not help

• Pure C++ code is the simplest case

• If function calls deeper API, then need to ensure the code in API is 
synthesizable

• Other examples:  FINN (Python)
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3. Software profile: Identify the 

function to be accelerated

• You can use timers such as std::chrono

• https://en.cppreference.com/w/cpp/chrono

• The platform and the underlying computational cores 
matters a lot

• High-end CPU,  low-end CPU, MCU, GPU, ……
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Number of 

subsystems

Background 

Rendering

GUI Pose 

Estimation

Pose

Refinement

Model

Rendering
Swap 

Window

Total

Time 

Avg GN 

Iter #

Avg LS 

Iter #

4 2.75 0.53 6.51 10.43 0.31 7.60 28.51 3.16 0.17

https://en.cppreference.com/w/cpp/chrono
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4. Set Acceleration Goal
• Set your goal

• What is the assumption of this goal, under what scenario?

• Example:

Acceleration Goals: Frame latency ≤ 2.5 ms

• Assuming surgeon head motion → 20 deg/sec

• Assuming 4 subsystems → 1 surgical target + 3 surgical instruments

• Assuming pipelined sense-compute-render-display system 

• Assuming bottleneck of the pipeline bounded by compute core

• Current software application latency → 10 ms
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Sensor Sensor Sensor Sensor

Compute

Render

Sensor

Display

Compute Compute Compute

Render Render

Display Display
FPS ~ 1/𝑇𝑐𝑜𝑚𝑝𝑢𝑡𝑒

Period ~ 𝑇𝑐𝑜𝑚𝑝𝑢𝑡𝑒
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4. Set Acceleration Goal

• Is this goal competitive? 

• x4 times faster, not too impressive ( Impressive ->  2 ~ 3 orders )

• Achievable ? 

• Roughly estimate the cycles needed 

• What’s the time complexity of the function?  How much degree of parallelism 
can be achieved to reach this goal?   (Resource enough?)

• Determine if it is PCIe-bound (Data center flow)

• 800x800x3 + 10000 x (1 + 3 x 4)  byte  @ 33us  =  57.84 GB/s

• U50 PCIe bandwidth (Host -> PCIe -> FPGA)  Read(Write): 11GB/s  -> 
PCIe-bounded
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5. Applicability of the Hardware
• How general is your hardware?

• ASIC-like?

• DSP-like?

• Example (ASIC-like)

• Applicable to most Direct Dense Photometric 
Refinement problems (DDPR)

• Not restricted to planar or marker objects  → General 3D rigid objects

• Suits the front-end refinement of Visual Odometry (VO) if depth provided

• Example (DSP-like)

• Custom ISA + common processing units
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6. Hardware Architecture Plan
• What is the possible compute architecture? dataflow?

• E.g. Systolic array,  dedicated dataflow? 

74

※ Separate data movement (IO) 
from Computation (PE)



Hua-Yang Weng
Media IC and System Lab 

Graduate Institute of Electronics Engineering

National Taiwan University

Design Flow
1. Platform select 

• Data center flow

• Embedded system flow

2. Develop software algorithm

3. Software profile

4. Set Acceleration Goal

5. Applicability of the Hardware

6. Hardware Architecture Plan

7. HLS coding
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HLS Code Prerequisites 
• No unsupported data type  (Due to dynamic allocating) 

• Std::vector, new (malloc), *pointers, 

• No unsupported relative high-level-functions

• E.g. Eigen, *OpenCV, Open3D, ….. Most of the libraries.

(※ Prevent RTL-like or hardware unfriendly coding style 
during design)
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Original Host Code (1/3)
1. Not supported data type  (Due to dynamic allocating) 

(Eigen -> C++ template library for linear algebra,  equivalent to numpy in python )

77

Need to rewrite in 
array or pointer!
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Original Host Code (2/3)
2. Not supported relative high-level-functions

(Eigen class array-wise operation)

78

Need to rewrite the detail 
implementations!
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Original Host Code (3/3)
(※ Prevent RTL-like or hardware unfriendly coding style during 
design)

79

Use for loop instead to 
gain the benefit of HLS
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Then the 4 steps…

• C-Simulation

• C-Synthesis

• Co-Simulation

• Generate Bitstream
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Outline

• Why HLS?

• HLS IP Flow

• Pragma Introduction

• Design Flow

• Labs
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Lab Introduction

• Design files from NTUEE EEE5060 Application Acceleration with High-

Level-Synthesis

• Lab1, Lab2:    Embedded system flow

• Vitis-hls, Vivado

• MPSoC FPGAs:  Pynq, Ultrascale+

• Lab3: Data center flow

• Vitis

• Data Center FPGAs:  Alveo
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