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About me

Sebastian Dittmeier 
PostDoc

Experimental 
Particle Physics

● Started working with FPGAs > 10 years ago
● PhD in Physics 2018 (Heidelberg)
● Also studied in Heidelberg before
● Focus: Trigger and data acquisition system for 

particle physics experiments

● Trigger developments for DEAP3600
● Pixel sensor readout and testbeam telescope systems 

in the context of Mu3e
● Hardware track trigger and FPGA accelerated track 

reconstruction for ATLAS
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How does this course work?
● Daily sheet of attendance → attend at least 4/5 days to get 1 CP
● Slides in English → Should we talk in German or English?
● Code examples used in the labs @ https://github.com/sdittmeier/hls_course 
● Slides and code linked on the website of this course

● For the labs: we will need ssh connection to curvaton@physi.uni-heidelberg.de 
with X11 forwarding  → for Windows you can use e.g. MobaXterm 

● Account log-in information → distribution on paper
● Time limited access for the duration of this course
● You should work in groups of 2 students
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https://github.com/sdittmeier/hls_course
https://www.physi.uni-heidelberg.de/~dittmeier/hls_course/
mailto:curvaton@physi.uni-heidelberg.de
https://mobaxterm.mobatek.net/


What is an FPGA? And why physicists care about them!
Motivation, Architecture, Electronics, Programming Model, Basics of HLS Monday, 23.03.2026

Thinking in Hardware
Timing Terminology, Paradigms, HLS Data Types, Pointers, Streams

Lab: Matrix Multiplication, Pointers, and Streams
Tuesday, 24.03.2026

Interfaces and Improving Performance
Interfaces, Directives, Improving Throughput and Latency, Bottlenecks

Lab: YUV-Filter, Loops Optimizations
Wednesday, 25.03.2026

Improving Area and Resources
Allocation & Structure Control, Hierarchies, Arbitrary Precision

Lab: DCT, Matrix Multiplication revisited 
Thursday, 26.03.2026

Task Level Parallelism, and how to deal with Timing Violations
Lab: Freely running kernel, Timing violationFriday, 27.03.2026

What can you expect in the coming days?
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Field Programmable Gate Array
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● Digital electronic device with many pins
● Programmable hardware

→ No function without YOUR “program”
→ The algorithm you program IS the processor

● Hardware can be (re-)programmed 
after manufacturing in “the field”

● Historically made from logic gates 
(AND, OR, XOR, …)

● Organized as an array of many identical
programmable blocks

source

https://www.researchgate.net/publication/265125404_A_High-level_Methodology_for_Automatically_Generating_Dynamically_Reconfigurable_Systems_using_IP-XACT_and_the_UML_MARTE_Profile/figures?lo=1


Applications of FPGAs in industry 
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Telecommunications
● 5G/6G base stations
● Signal processing, beamforming, 

error correction

Data centers & cloud computing
● Network acceleration (SmartNICs)
● Compression, encryption, packet filtering

Finance & high-frequency trading
● Ultra-low latency decision making
● Microseconds = money

When ultra-low latency, 
strict determinism, and 
massive parallelism are critical, 
FPGAs are the solution.
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Which device should I pick for my task?
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Aspect CPU
Full name Central Processing Unit

Primary purpose General-purpose computing

Flexibility ⭐⭐⭐⭐ Very high

Performance 
(for specific tasks)

⭐Moderate

Parallelism ⭐Low - moderate
Power efficiency ⭐Moderate
Latency ⭐⭐Moderate
Programming ⭐⭐⭐⭐

Easy (C/C++, Python, etc.)
Reconfigurable 
after manufacture

✅Yes

Development cost ⭐⭐⭐⭐Low
Time to market ⭐⭐⭐⭐Fastest
Typical use cases OS, apps, control logic

Use cases in High 
Energy Physics

High-level trigger, 
offline analysis

Device comparison 
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Aspect CPU GPU
Full name Central Processing Unit Graphics Processing Unit

Primary purpose General-purpose computing Massively parallel computation

Flexibility ⭐⭐⭐⭐ Very high ⭐⭐⭐ High

Performance 
(for specific tasks)

⭐Moderate ⭐⭐High (parallel tasks)

Parallelism ⭐Low - moderate ⭐⭐⭐⭐Very high
Power efficiency ⭐Moderate ⭐⭐Moderate - high
Latency ⭐⭐Moderate ⭐High (batch-oriented)
Programming ⭐⭐⭐⭐

Easy (C/C++, Python, etc.)
⭐⭐⭐Moderate 
(CUDA, OpenCL)

Reconfigurable 
after manufacture

✅Yes ✅Yes

Development cost ⭐⭐⭐⭐Low ⭐⭐⭐Low - medium
Time to market ⭐⭐⭐⭐Fastest ⭐⭐⭐Fast
Typical use cases OS, apps, control logic ML, graphics, simulations

Use cases in High 
Energy Physics

High-level trigger, 
offline analysis

High-level trigger, offline 
analysis, especially ML

Device comparison 
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Aspect CPU GPU FPGA
Full name Central Processing Unit Graphics Processing Unit Field-Programmable Gate Array

Primary purpose General-purpose computing Massively parallel computation Custom hardware logic 
(reconfigurable)

Flexibility ⭐⭐⭐⭐ Very high ⭐⭐⭐ High ⭐⭐ Medium (reprogrammable)

Performance 
(for specific tasks)

⭐Moderate ⭐⭐High (parallel tasks) ⭐⭐⭐Very high

Parallelism ⭐Low - moderate ⭐⭐⭐⭐Very high ⭐⭐⭐High (custom pipelines)
Power efficiency ⭐Moderate ⭐⭐Moderate - high ⭐⭐⭐High
Latency ⭐⭐Moderate ⭐High (batch-oriented) ⭐⭐⭐Very low
Programming ⭐⭐⭐⭐

Easy (C/C++, Python, etc.)
⭐⭐⭐Moderate 
(CUDA, OpenCL)

⭐⭐Moderate - Hard 
(HLS, Verilog/VHDL)

Reconfigurable 
after manufacture

✅Yes ✅Yes ✅Yes

Development cost ⭐⭐⭐⭐Low ⭐⭐⭐Low - medium ⭐⭐Medium
Time to market ⭐⭐⭐⭐Fastest ⭐⭐⭐Fast ⭐⭐Medium
Typical use cases OS, apps, control logic ML, graphics, simulations Networking, DSP, 

low-latency systems
Use cases in High 
Energy Physics

High-level trigger, 
offline analysis

High-level trigger, offline 
analysis, especially ML

Level-1 trigger systems, 
High-level trigger co-processors

Device comparison 



12

Aspect CPU GPU FPGA ASIC
Full name Central Processing Unit Graphics Processing Unit Field-Programmable Gate Array Application-Specific Integrated Circuit

Primary purpose General-purpose computing Massively parallel computation Custom hardware logic 
(reconfigurable)

Fixed, task-specific hardware

Flexibility ⭐⭐⭐⭐ Very high ⭐⭐⭐ High ⭐⭐ Medium (reprogrammable) ⭐ Very low

Performance 
(for specific tasks)

⭐Moderate ⭐⭐High (parallel tasks) ⭐⭐⭐Very high ⭐⭐⭐⭐Highest

Parallelism ⭐Low - moderate ⭐⭐⭐⭐Very high ⭐⭐⭐High (custom pipelines) ⭐⭐⭐⭐Custom (optimized)
Power efficiency ⭐Moderate ⭐⭐Moderate - high ⭐⭐⭐High ⭐⭐⭐⭐Very high
Latency ⭐⭐Moderate ⭐High (batch-oriented) ⭐⭐⭐Very low ⭐⭐⭐⭐Lowest
Programming ⭐⭐⭐⭐

Easy (C/C++, Python, etc.)
⭐⭐⭐Moderate 
(CUDA, OpenCL)

⭐⭐Moderate - Hard 
(HLS, Verilog/VHDL)

⭐Very hard (hardware design)

Reconfigurable 
after manufacture

✅Yes ✅Yes ✅Yes ❌ No

Development cost ⭐⭐⭐⭐Low ⭐⭐⭐Low - medium ⭐⭐Medium ⭐Very high
Time to market ⭐⭐⭐⭐Fastest ⭐⭐⭐Fast ⭐⭐Medium ⭐Slow
Typical use cases OS, apps, control logic ML, graphics, simulations Networking, DSP, 

low-latency systems
Data-center accelerators, automotive, 
chips in phones, routers

Use cases in High 
Energy Physics

High-level trigger, 
offline analysis

High-level trigger, offline 
analysis, especially ML

Level-1 trigger systems, 
High-level trigger co-processors

Detector sensors, front-end readout

Device comparison 
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Aspect CPU GPU FPGA ASIC
Full name Central Processing Unit Graphics Processing Unit Field-Programmable Gate Array Application-Specific Integrated Circuit

Primary purpose General-purpose computing Massively parallel computation Custom hardware logic 
(reconfigurable)

Fixed, task-specific hardware

Flexibility ⭐⭐⭐⭐ Very high ⭐⭐⭐ High ⭐⭐ Medium (reprogrammable) ⭐ Very low

Performance 
(for specific tasks)

⭐Moderate ⭐⭐High (parallel tasks) ⭐⭐⭐Very high ⭐⭐⭐⭐Highest

Parallelism ⭐Low - moderate ⭐⭐⭐⭐Very high ⭐⭐⭐High (custom pipelines) ⭐⭐⭐⭐Custom (optimized)
Power efficiency ⭐Moderate ⭐⭐Moderate - high ⭐⭐⭐High ⭐⭐⭐⭐Very high
Latency ⭐⭐Moderate ⭐High (batch-oriented) ⭐⭐⭐Very low ⭐⭐⭐⭐Lowest
Programming ⭐⭐⭐⭐

Easy (C/C++, Python, etc.)
⭐⭐⭐Moderate 
(CUDA, OpenCL)

⭐⭐Moderate - Hard 
(HLS, Verilog/VHDL)

⭐Very hard (hardware design)

Reconfigurable 
after manufacture

✅Yes ✅Yes ✅Yes ❌ No

Development cost ⭐⭐⭐⭐Low ⭐⭐⭐Low - medium ⭐⭐Medium ⭐Very high
Time to market ⭐⭐⭐⭐Fastest ⭐⭐⭐Fast ⭐⭐Medium ⭐Slow
Typical use cases OS, apps, control logic ML, graphics, simulations Networking, DSP, 

low-latency systems
Data-center accelerators, automotive, 
chips in phones, routers

Use cases in High 
Energy Physics

High-level trigger, 
offline analysis

High-level trigger, offline 
analysis, especially ML

Level-1 trigger systems, 
High-level trigger co-processors

Detector sensors, front-end readout

Device comparison 



Applications of FPGAs in particle physics
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/EventDisplayRun3Collisions 

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/EventDisplayRun3Collisions


https://twiki.cern.ch/twiki/bin/view/AtlasPublic/EventDisplayRun3Collisions 

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/EventDisplayRun3Collisions


https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResultsRun3 

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/EventDisplayRun3Collisions 

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResultsRun3
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/EventDisplayRun3Collisions


Photo by Azamat Esenaliev from Pexels 

TDAQ

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/EventDisplayRun3Collisions 

From collision 
@ 100 Terabytes 

per second

to storage
@ few Gigabytes 

per second

https://www.pexels.com/photo/black-internal-hdd-on-black-surface-117729/
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/EventDisplayRun3Collisions


Applications of FPGAs in particle physics
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Real-time trigger systems
● Decide within microseconds 

which collision events to keep
● Handle data rates of TB/s

Fast data acquisition
● Readout from detectors 
● Deterministic latency 

→ crucial for synchronization

FPGAs enable real-time physics 
where CPUs/GPUs are too slow 
or unpredictable.



Conceptual FPGA Architecture

20

source

https://www.researchgate.net/publication/265125404_A_High-level_Methodology_for_Automatically_Generating_Dynamically_Reconfigurable_Systems_using_IP-XACT_and_the_UML_MARTE_Profile/figures?lo=1


Conceptual FPGA Architecture
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source

1. Everything instantiated runs in parallel – always!
2. Compute is spatially distributed on the FPGA
3. Data flows through deterministic, clocked pipelines 

https://www.researchgate.net/publication/265125404_A_High-level_Methodology_for_Automatically_Generating_Dynamically_Reconfigurable_Systems_using_IP-XACT_and_the_UML_MARTE_Profile/figures?lo=1


Configurable Logic Block
● Main resource for general purpose 

combinatorial and sequential circuits
● Logic, arithmetic & memory features
● Made of logic elements:

look-up tables & registers

22

I1 I0 O0
0 0 1
0 1 0
1 0 0
1 1 1

ADDR D
0 1
1 0
2 0
3 1

from truth table to LUT



Interconnect
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● Programmable network of signal 
pathways between inputs and outputs 
of functional elements

● Switch matrix to access 
general-routing resources

● External connectivity: 
programmable I/O cells

● Volatile configuration memory 



Block RAM example: AMD UltraScale

● Registers store state of a single bit
● Need for larger data storage → BRAM

○ Stores 36 Kbits of data with configurable port width
○ Two write and two read ports
○ Independent clocks
○ Cascadable → build larger blocks
○ Optional address sequencing → FIFO (this will become important for dataflow!)

● Need for even larger data storage → UltraRAM
○ Single-clocked, two port, synchronous memory blocks of 288 Kbits
○ Fixed port width
○ Cascade for larger blocks

24



Digital Signal Processor (DSP) blocks example: AMD UltraScale

● Hardware optimized arithmetic, especially multiply-accumulate (MAC)
○ 27 × 18 two’s complement multiplier
○ Cascadable 48b accumulators
○ SIMD add/sub/accu (2 x 24b, 4 x 12b)

● Small multipliers/ adders/ counters:
use CLB carry logic

● 3 pipeline registers for full-speed 
multiply / MAC

25

source

https://docs.amd.com/v/u/en-US/ug579-ultrascale-dsp


External memories example: AMD UltraScale 
● DDR and High-Bandwidth Memory (HBM)

○ Accelerator cards offer additional external memory
○ Alveo U250: 4 x 16 GB DDR4 @ 2400 MT/s
○ Alveo V80: 2 x 16 GB HBM2e @ max 820 GB/s

● We will use this to transfer data between 
host and accelerator card

26

source

https://docs.amd.com/r/en-US/ds963-u280/FPGA-Resource-Information


Super Logic Regions (SLR) example: AMD UltraScale 
● 3D IC devices using stacked silicon interconnect
● Special routing lines between SLR: 

super long lines (SLLs)
● Implications on SLR utilization, SLR crossing, timing

27

source

https://www.avnet.com/opasdata/d120001/medias/docus/190/XLX-A-U200-P64G-PQ-G-Datasheet.pdf


Why do we care about timing?
Let’s look at some basic electronics
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Passive Components
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Frequency Response
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Semiconductors
● „Doping“ (N,P) of normally 

non-conducting materials 
=> semi-conductor

● Non-linear response. 
Turn-on/off voltages (thresholds)
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MOSFET
Transistor

● 2 diodes, 3 terminals
● Acts as a switch
● Low power control 

input (Gate) steers high 
power main channel 
(Drain - Source)

● Asymmetric connection:
Better to GND than to 
VCC

32



CMOS
Two complementary 
(N,P) MOSFETs build 
a push-pull driver 
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Input Properties of CMOS logic: MOSFET gate
● Ideal

○ Infinite high resistance
○ No parasitics
○ →  zero input current, zero delay, zero power

● Real (roughly)
○ Very high non-infinite input resistance (static power)
○ Parasitic input capacity

→ Signal delay (gate R-C low-pass)
■ Frequency limits
■ Parallel inputs increase „C“

○ Charge/discharge → (dynamic power)
○ Leakage current

34



Signals
● Electronic circuits consists of nodes 

(e.g. gates) connected by metal wires – 
either off chip or on chip

● All nodes connected to the same 
electrical connection form one „signal“

● A signal must have at least one source 
(driver) and one sink (receiver)

35

source sink

signal

4 loads: delay!



Timing Diagrams
Essential tool to display/analyze digitial circuit functionality
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Combinatorial Logic Example: Adder
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● Half-adder: addition of 2 bits
● Output sum (1 bit) and carry 

(1 bit)
● Counts up to 2



Full-Adder
● A full adder for 2 bits requires an 

additional carry input
● This is realized by cascading two 

half-adders, the second one for the 
carry input

● Counts up to 3

38



Multiple-Bit Adders
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● Multiple bit adders are realized by individually adding the 
bits of the input words and cascading the carry outputs

● Every carry stage adds a delay



Critical Path
● The multi-stage „ripple-carry“ adder implements the logic with multiple levels 
● The result of one level can be computed only once the result of the previous stages 

is available
● In such implementations there is always one CRITICAL PATH, which determines 

the maximum delay of the entire logic function
● In case of the adder, the critical path is the chain of carry signals
● After a change in the input, the carry output becomes valid last
● Every additional bit of the input width adds additional 2 gate delays
● The actual number of logic levels for a given function depends on device 

architecture
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Storage Elements – RS-Latch
● Feedback creates storage elements
● RS-latches: very sensitive to spikes (short signal pulses due to noise or cross-talk)
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Storage Elements – D-Latch
● Additional logic 

to qualify input
● Input changes 

ignored while 
C low 
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Storage Elements – D-FlipFlop
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● More precise timing: edge-sensitivity with D-FlipFlop (DFF)
● Cascaded D-latches with inverted control → foundation for SEQUENTIAL logic



D-FlipFlop Timing Characteristics
•The data signal needs to be stable before and after the clock rising edge

•The DFF may be in a 
meta-stable state if the 
data is unstable during 
the clock transition

•DFF output changes 
some time after the clock 
transition. 
That’s propagation delay.
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Sequential Logic
● Combinatorial logic delays make global timing analysis difficult/impossible

○ How do we know a computation is completed?
● Embedding combinatorial elements between sequential elements 

(FFs / registers) driven by a common (or well known) clock signal (synchronous) 
allows for precise timing

○ However, the clock period defines the speed of all operations
○ Cannot profit from faster combinatorial subcircuits

● Sequential logic is the standard approach
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Pipelining
● Complex logic between two 

register stages => slow clock
● „Break“ logic into 2 (or more) stages
● Pipelined“ stages => faster clock
● Tradeoff: latency (2 cycles/1 cycle) vs frequency
● Not always possible

46

200 MHz

300 MHz



Takeaways for FPGA programming about timing
● You target some specific latency or throughput, 

which requires to run your hardware at a certain frequency
● What does it mean if my design does not meet timing?

○ It may only be possible to run at slower clock speed then specified and fail your requirements
○ If you try to run at your specified clock speed it may just fail!
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Takeaways for FPGA programming about timing
● Timing closure = understanding the physics of signal propagation
● Signals with many sinks = high fan-out

○ Large capacitive load
○ Slower signal transition

● Long combinational paths
○ Accumulated propagation delay
○ Critical path determines maximum clock frequency

● Routing delay
○ FPGAs are physically large → placement matters
○ Signals hop through switch matrix → adds resistance and capacitance
○ Routing delay can dominate logic delay

48

Logic replication

Pipelining

Partitioning, localization,
reduced parallelism



Programming Models
HDL versus HLS
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Development flows: RTL design flow using HDL
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source

https://www.xilinx.com/products/design-tools/vivado/implementation.html#synthesis


Development flows: HLS design flow 

51source

https://docs.amd.com/r/en-US/ug1399-vitis-hls/Introduction-to-Vitis-HLS-Components


Development flows: Vitis Acceleration flow
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source

https://docs.amd.com/r/en-US/ug1393-vitis-application-acceleration/Vitis-Application-Development-Flow


Comparison

● Cycle-accurate hardware description
● Explicit control over timing and parallelism
● Manual RTL design 

(FSMs, pipelines, datapaths)
● Fine-grained resource control 

(LUTs, FFs, BRAM, DSPs)
● Deterministic performance and latency
● Longer development time
● Steeper learning curve 

(hardware-centric thinking)
● Easier to hit aggressive timing constraints
● Well-suited for custom interfaces 

and low-level IP

● Compile C/C++ → hardware
● Algorithm-level abstraction
● Automatic scheduling, pipelining, 

and resource allocation
● Faster development and prototyping
● Software-friendly workflow
● Easier design-space exploration 

(pragma tuning)
● Less explicit control over exact cycle behavior
● May require iteration to match hand-written 

RTL performance
● Ideal for compute-heavy kernels 

(DSP, ML, video, etc.) 53

Hardware Description Language (HDL) High Level Synthesis (HLS)



What HLS does NOT do for you
HLS removes HDL syntax, but it does not remove hardware thinking!

● It does NOT automatically parallelize your algorithm
● It does NOT automatically pipeline everything
● It does NOT automatically fix memory bottlenecks
● It does NOT infer your performance intent
● It does NOT behave like a CPU
● It does NOT support full C++
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Differences between software C++ and HLS C++
Software C++ describes execution ⇎ HLS C++ describes hardware structure

● No dynamic memory allocation in HLS!
int *a = new int[n];

Hardware must be fully defined at synthesis time
● No recursion! Hardware must be finite, static, and fully allocated at compile time

Instead: iterative loops, FSMs, pipelines

55

int factorial(int n) {
    if(n == 0) return 1;
    return n * 
factorial(n-1);
}



Differences between software C++ and HLS C++
Software C++ describes execution ⇎ HLS C++ describes hardware structure

● Loops mean hardware: either reusing or replicating hardware → pragmas!

● Control flow becomes hardware control logic
Branching in hardware → compute both values
+ Multiplexer to select result

56

for(int i=0;i<4;i++)
    y[i] = a[i] + b[i];

if(a > b)
    x = a;
else
    x = b;



Differences between software C++ and HLS C++
Software C++ describes execution ⇎ HLS C++ describes hardware structure

● Variables are registers or wires
○ Local variables → register
○ Arrays → BRAM
○ Static variable → persistent register

● Time is explicit in HLS
○ Each operation takes clock cycles
○ Latency is fixed 
○ Scheduling is static

● No operating system
○ No dynamic runtime or system environment

57

int tmp;
int array[1024];
static int counter = 0;
counter++;



FPGA Processing model

58

Instead of sequentially executing tasks, as on CPU (or GPU with massive data parallelism) 

An FPGA shines most if we can achieve 
● task parallelism and pipelining within a run
● pipelining of runs
● and pipelining within a task

source

https://www.xilinx.com/developer/articles/task-level-parallelism-and-pipelining-in-hls.html


59source of following slides: AMD High-Level-Synthesis Design Flow on ZYNQ

https://xilinx.github.io/xup_high_level_synthesis_design_flow/index.html
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Hands-on session!
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We will look at a simple function to start

Instructions for this tutorial on github
Start at /day1/vadd

Tutorial – Getting started with HLS
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extern "C" {

  void vadd(

    const unsigned int *in1, // Read-Only Vector 1

    const unsigned int *in2, // Read-Only Vector 2

    unsigned int *out,       // Output Result

    int size                 // Size in integer

  )

  {

#pragma HLS INTERFACE m_axi port=in1 bundle=aximm1

#pragma HLS INTERFACE m_axi port=in2 bundle=aximm2

#pragma HLS INTERFACE m_axi port=out bundle=aximm1

    for(int i = 0; i < size; ++i)

    {

      out[i] = in1[i] + in2[i];

    }

  }

}

https://github.com/sdittmeier/hls_course


What is an FPGA? And why physicists care about them!
Motivation, Architecture, Electronics, Programming Model, Basics of HLS Monday, 23.03.2026

Thinking in Hardware
Timing Terminology, Paradigms, HLS Data Types, Pointers, Streams

Lab: Matrix Multiplication, Pointers, and Streams
Tuesday, 24.03.2026

Interfaces and Improving Performance
Interfaces, Directives, Improving Throughput and Latency, Bottlenecks

Lab: YUV-Filter, Loops Optimizations
Wednesday, 25.03.2026

What can you expect in the coming days?
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Improving Area and Resources
Allocation & Structure Control, Hierarchies, Arbitrary Precision

Lab: DCT, Matrix Multiplication revisited 
Thursday, 26.03.2026

Task Level Parallelism, and how to deal with Timing Violations
Lab: Freely running kernel, Timing violationFriday, 27.03.2026
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Arbitrary Precision Floating-Point Library ap_float<W,E>
● W = total bitwidth of variable (Max 80 bits)
● E = bitwidth of the exponent  (from 4 to 16 bits)
● 1 bit sign + W-E-1 bits for fraction bits (from 4 to 64 bits)
● e.g. C++ float: ap_float<32,8>
● Supports common C++ floating-point arithmetic operators
● No automatic conversion from ap_float<> to float!
● Accumulation of ap_float<> possible with helper class ap_float_acc<>, 

using ap_fixed<> underlying datatype

129



Bit-Width Propagation
If the arguments to a function are sized 
accurately, Vitis HLS can propagate this 
information through the design. There is 
no need to create arbitrary precision types 
for every variable.

→ recommendation: correctly size the 
arguments of all functions! no need to size 
local variables

130

#include "ap_int.h"

 

ap_int<24> foo(int x, int y) {

 int tmp;

 

 tmp = (x * y);

 return tmp

}

typedef ap_int<12> din_t;

typedef ap_int<24> dout_t;

 

dout_t func_sized(din_t x, din_t y) 

{

 int tmp;

 

 tmp = (x * y);

 return tmp

}

32b mul with truncation to 24 bits

24b mul



Composite data types
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Structs
● Structs in the code are disaggregated by default. 

They are decomposed into separate objects for each
of their member elements.

● Use AGGREGATE pragma to collect all elements 
in a single wide vector
→ will be padded to align on a 4-byte boundary
→ first element is aligned on the Most Significant Bit (MSB), 
     final element on the Least Significant Bit (LSB)

● Structs in the interface are aggregated by default 
○ Exception: struct contains stream (only allowed in Vivado IP flow, not in Vitis kernel flow)
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Disaggregated struct



Aligned structs
● Data types with custom width are allocated with sizes which are a power of 2
● bool type will also be padded to 8 bits!
● Padding depends on order

and size of elements
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// 96 bit

struct data_t {

  short varA;

  int varB;

  short varC;

};

// 64 bit

struct data_t {

  short varA;

  short varC;

  int varB;

};



Packed structs
● Packs elements so that the size of the struct is based on the actual size of each 

element
● Can also be achieved using

compact=bit option of the
AGGREGATE pragma
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C++ classes and templates
● Fully supported, but top-level for 

synthesis must be a function!
● Instantiate the class in a top-level 

function instead.
● Global variables are not recommended 

to be used in classes
● Templates can be used to create unique 

instances
● Static variables in a template function 

are duplicated for each different value 
of template arguments
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#include "cpp_FIR.h"

// Top-level function with class instantiated

data_t cpp_FIR(data_t x)

 {

 static CFir<coef_t, data_t, acc_t> fir1;

 cout << fir1;

 return fir1(x);

 }



Enumerated types
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#include <stdio.h>

enum mad_layer {

 MAD_LAYER_I   = 1,

 MAD_LAYER_II  = 2,

 MAD_LAYER_III = 3

};

enum mad_mode {

 MAD_MODE_SINGLE_CHANNEL = 0,

 MAD_MODE_DUAL_CHANNEL = 1,

 MAD_MODE_JOINT_STEREO = 2,

 MAD_MODE_STEREO = 3

};

enum mad_emphasis {

 MAD_EMPHASIS_NONE = 0,

 MAD_EMPHASIS_50_15_US = 1,

 MAD_EMPHASIS_CCITT_J_17 = 3

};

typedef   signed int mad_fixed_t;

typedef struct mad_header {

 enum mad_layer layer;

       enum mad_mode mode;

 int mode_extension;

 enum mad_emphasis emphasis;

 unsigned long long bitrate;

 unsigned int samplerate;

 unsigned short crc_check;

 unsigned short crc_target;

 int flags;

 int private_bits;

} header_t;

typedef struct mad_frame {

 header_t header;

 int options;

 mad_fixed_t sbsample[2][36][32];

} frame_t;

# define MAD_NSBSAMPLES(header)  \

 ((header)->layer == MAD_LAYER_I ? 12 :  \

 (((header)->layer == MAD_LAYER_III &&  \

 ((header)->flags & 17)) ? 18 : 36))

void types_composite(frame_t *frame);

● enum used as argument in top-level: 32b 
● Internal used: optimized for required bits



Type qualifiers
Volatile

● Impacts how many reads or 
writes are performed when 
pointers are accessed multiple 
times on function interfaces

● Accesses preserved (top-level)
○ No burst
○ No port widening
○ No dead-code elimination

● Arbitrary precision types do 
not support volatile for 
arithmetics
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Static

● Hold values between function 
calls (register / flip-flop)

● Value must be maintained 
across invocations of function

● NOT true that ONLY static 
variables become registers

● Initialization per default to 0 
(or explicitly set)

Const

● Value of variable is never 
updated

● Must be initialized
● Vitis removes unnecessary 

hardware for consts
● Arrays → ROM
● ROMs are also automatically 

inferred if never written to 
array



Dead code example
The C/C++ undefined behaviors can lead 
to a different behavior in simulation and 
synthesis.

In the example you should not expect that 
A[i] gets the value of val from the 
previous loop iteration if neither i==0, nor 
(cond) are true. You should even not 
expect that the increment (val++) will 
happen. 
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for (int i=0; i<N; i++) {

  int val; // uninitialized value

  if (i==0) val=0;

  else if (cond) val=1;

  // val may have indeterminate value here

  A[i] = val; // undefined behavior

  val++; // dead code

}

Solution: either initialize val at each 
iteration, or move the declaration of 
val above the loop



Global variables
● Fully synthesizable, can be freely 

used in the code 
→ not inferred as arguments to the 
top-level function!

● Example uses three global variables 
(idx, Ain, Aout)
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#include "top.h"

void top(const int idx, const int Ain[N], int Aout[Nhalf]) {

  int Aint[N];

  // Move elements in the input array

  ILOOP: for (int i = 0; i < N; i++) {

    int iadj = (i + idx) % N;

    Aint[i] = Ain[i] + Ain[iadj];

  } // end ILOOP

  // sum the 1st and 2nd halves

  OLOOP: for (int i = 0; i < Nhalf; i++) {

    Aout[i] = (Aint[i] + Aint[Nhalf + i]);

  } // end OLOOP

} // end top()



Vector data types hls::vector<T,N>
● T: The type of elements that the vector holds, can be a user-defined type which 

must provide common arithmetic operations.
● N: The number of elements that the vector holds, must be a positive integer.
● The best performance is achieved when both the bit-width of T and N are integer 

powers of 2
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Vector data types 
● Can be used to define SIMD 

operations
● Mapped to hardware during synthesis 

that will executed in parallel

141

typedef  hls::vector<int, 8> t_int8Vec;

t_int8Vec intVectorA, intVectorB;

.

.

.

void processVecStream(hls::stream<t_int8Vec> 

&inVecStream1,hls::stream<t_int8Vec> &inVecStream2, 

hls::stream<int8Vec> &outVecStream)

{

    for(int i=0;i<32;i++)

    {

        #pragma HLS pipeline II=1

        t_int8Vec aVec = inVecStream1.read();

        t_int8Vec bBec = inVecStream2.read();

        //performs a vector operation on 8 integers 

in parallel

        t_int8Vec cVec = aVec * bVec;

        outVecStream.write(cVec);

    }

}
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Hands-on session!
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Lab – Matrix Multiplication, Pointers, and Streams
Code for this lab again on github
Start at /day2, you will find 

● /matmul: Matrix multiplication → repeat steps of the tutorial part4 and part5
Can you find ways to optimize this kernel?

● /pointers: Working with pointers in HLS → steps of part 4 only
/basic_arithmetic: example for illustration → any issues?
/malloc: does this work? if not, what is the error? how can you fix it?

● /streams: Implement a moving average calculation with a FIFO → steps of part 4 
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https://github.com/sdittmeier/hls_course


What is an FPGA? And why physicists care about them!
Motivation, Architecture, Electronics, Programming Model, Basics of HLS Monday, 23.03.2026

Thinking in Hardware
Timing Terminology, Paradigms, HLS Data Types, Pointers, Streams

Lab: Matrix Multiplication, Pointers, and Streams
Tuesday, 24.03.2026

Interfaces and Improving Performance
Interfaces, Directives, Improving Throughput and Latency, Bottlenecks

Lab: YUV-Filter, Loops Optimizations
Wednesday, 25.03.2026

What can you expect in the coming days?
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Improving Area and Resources
Allocation & Structure Control, Hierarchies, Arbitrary Precision

Lab: DCT, Matrix Multiplication revisited 
Thursday, 26.03.2026

Task Level Parallelism, and how to deal with Timing Violations
Lab: Freely running kernel, Timing violationFriday, 27.03.2026



162



163



164



165



166



167



168



169



170



171



172



173



174



175



176



177



178

We just add them directly in the editor :) 
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Hands-on session!
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Lab – Improving performance with pragmas
Code for this lab again on github
Start at /day 3, you will find 

● /yuv_filter: Image processing 
pipeline and dataflow pragmas
→ detailed instructions in README.md

● /loop_optimizations: Generic loop optimization strategies
see the effect of various pragmas on loops
→ detailed instructions in README.md
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Lab – Improving Area and Resources with pragmas
Code for this lab again on github
Start at /day 4, you will find 

● /dct: Discrete Cosine Transformation 
Improve performance, area and resources with pragmas
→ detailed instructions in README.md

● /matmul_revisited: Matrix multiplication → some more free coding exercise!
Improve performance with architectural changes and pragmas
→ detailed instructions in README.md
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Producer-Consumer Paradigm
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Stream data Paradigm
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Pipelining Paradigm
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Task-level Parallelism (TLP)
Data-driven task-level parallelism

● No interaction with external memory
● Functions executed in parallel
● Always running
● No data dependencies

Control-driven task-level parallelism

● Some interaction with external memory
● Data dependencies between parallel tasks
● Dataflow optimization in Vitis HLS



Data-driven TLP
● Statically instantiate and connect tasks and 

channels explicitly
● Tasks are not controlled by function 

call/return semantics
● Typically only stream type input and output
● Always running, waiting for data on their 

input stream
● Modeling tasks 

hls::task
● Modeling channels

hls::stream
hls::stream_of_blocks
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#include "test.h"

 

void splitter(hls::stream<int> &in, hls::stream<int> &odds_buf, hls::stream<int> 

&evens_buf) {

    int data = in.read();

    if (data % 2 == 0)

        evens_buf.write(data);

    else

        odds_buf.write(data);

}

 

void odds(hls::stream<int> &in, hls::stream<int> &out) {

    out.write(in.read() + 1);

}

 

void evens(hls::stream<int> &in, hls::stream<int> &out) {

    out.write(in.read() + 2);

}

 

void odds_and_evens(hls::stream<int> &in, hls::stream<int> &out1, hls::stream<int> 

&out2) {

    hls_thread_local hls::stream<int> s1; // channel connecting t1 and t2      

    hls_thread_local hls::stream<int> s2; // channel connecting t1 and t3

 

    // t1 infinitely runs function splitter, with input in and outputs s1 and s2

    hls_thread_local hls::task t1(splitter, in, s1, s2);

    // t2 infinitely runs function odds, with input s1 and output out1

    hls_thread_local hls::task t2(odds, s1, out1);

    // t3 infinitely runs function evens, with input s2 and output out2

    hls_thread_local hls::task t3(evens, s2, out2);

}



Data-driven TLP
● hls_thread_local keeps the object and 

underlying thread alive across multiple calls 
of instantiating function
→ only required for C sim to match RTL sim

● Task objects implicitly manage a thread that 
runs infinitely

● Supplied function (evens/odds) is task body, 
has an implicit infinite loop wrapped around 
it

● Supplied functions can contain pipelined 
loops, that need to be flushable (FLP)

● IMPORTANT: 
hls::task  is not a function call!
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#include "test.h"

 

void splitter(hls::stream<int> &in, hls::stream<int> &odds_buf, hls::stream<int> 

&evens_buf) {

    int data = in.read();

    if (data % 2 == 0)

        evens_buf.write(data);

    else

        odds_buf.write(data);

}

 

void odds(hls::stream<int> &in, hls::stream<int> &out) {

    out.write(in.read() + 1);

}

 

void evens(hls::stream<int> &in, hls::stream<int> &out) {

    out.write(in.read() + 2);

}

 

void odds_and_evens(hls::stream<int> &in, hls::stream<int> &out1, hls::stream<int> 

&out2) {

    hls_thread_local hls::stream<int> s1; // channel connecting t1 and t2      

    hls_thread_local hls::stream<int> s2; // channel connecting t1 and t3

 

    // t1 infinitely runs function splitter, with input in and outputs s1 and s2

    hls_thread_local hls::task t1(splitter, in, s1, s2);

    // t2 infinitely runs function odds, with input s1 and output out1

    hls_thread_local hls::task t2(odds, s1, out1);

    // t3 infinitely runs function evens, with input s2 and output out2

    hls_thread_local hls::task t3(evens, s2, out2);

}



Data-driven TLP
● hls::stream<type,depth> behaves 

like a FIFO with specified depth 
● Access to different streams are not ordered
● Streams can be defined globally or locally

In summary, hls::task  model is

● recommended if your design requires a 
completely data-driven, pure streaming type 
of behavior, with no sort of control. 

● useful in modeling feedback (cyclic 
dependency between tasks)

● useful in modeling dynamic multi-rate 
designs (producer writes or consumer reads 
at a rate that is data dependent)
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#include "test.h"

 

void splitter(hls::stream<int> &in, hls::stream<int> &odds_buf, hls::stream<int> 

&evens_buf) {

    int data = in.read();

    if (data % 2 == 0)

        evens_buf.write(data);

    else

        odds_buf.write(data);

}

 

void odds(hls::stream<int> &in, hls::stream<int> &out) {

    out.write(in.read() + 1);

}

 

void evens(hls::stream<int> &in, hls::stream<int> &out) {

    out.write(in.read() + 2);

}

 

void odds_and_evens(hls::stream<int> &in, hls::stream<int> &out1, hls::stream<int> 

&out2) {

    hls_thread_local hls::stream<int> s1; // channel connecting t1 and t2      

    hls_thread_local hls::stream<int> s2; // channel connecting t1 and t3

 

    // t1 infinitely runs function splitter, with input in and outputs s1 and s2

    hls_thread_local hls::task t1(splitter, in, s1, s2);

    // t2 infinitely runs function odds, with input s1 and output out1

    hls_thread_local hls::task t2(odds, s1, out1);

    // t3 infinitely runs function evens, with input s2 and output out2

    hls_thread_local hls::task t3(evens, s2, out2);

}



Control-driven TLP
● Model parallelism while relying on the 

sequential semantics of C++, rather than 
continuously running threads

● Functions executed in concurrent, pipelined 
fashions (within loops), and/or arguments 
that are C++ scalar or array variables 
(on-chip / off-chip memory)

● Control-driven TLP provides:
○ A subsequent function can start before the 

previous finishes
○ A function can be restarted before it finishes
○ Two or more sequential functions can be 

started simultaneously 
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#include "diamond.h"

 

void diamond(data_t vecIn[N], data_t vecOut[N])

{

  data_t c1[N], c2[N], c3[N], c4[N];

#pragma HLS dataflow

  funcA(vecIn, c1, c2);

  funcB(c1, c3);

  funcC(c2, c4);

  funcD(c3, c4, vecOut);

}



Control-driven TLP
● While using the dataflow  model, HLS 

automatically inserts synchronization and 
communication between the tasks

● Creates task-level pipeline architecture of 
concurrent processes

● Channels can be FIFO (hls::stream)  or 
PIPO or hls::stream_of_blocks

● Dataflow  model not limited to a chain of 
processes, can be used on any directed 
acyclic graph, or cyclic structure with 
streams

● Can produce overlapping within iteration 
with FIFOs, and across iterations when 
connected with PIPOs and FIFOs
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#include "diamond.h"

 

void diamond(data_t vecIn[N], data_t vecOut[N])

{

  data_t c1[N], c2[N], c3[N], c4[N];

#pragma HLS dataflow

  funcA(vecIn, c1, c2);

  funcB(c1, c3);

  funcC(c2, c4);

  funcD(c3, c4, vecOut);

}



Control-driven TLP
● Canonical coding style

dataflow network matches function calls in 
source code → more predictable

● Non-canonical coding style
HLS needs to analyze loops, etc. 
less direct for the user

● The dataflow pragma can be applied in two 
different contexts: Inside a

○ Function (aka function dataflow region).
○ Special kind of for loop (aka loop dataflow 

region) such that, with the loop being the 
only statement in function (and other 
requirements)
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#include "diamond.h"

 

void diamond(data_t vecIn[N], data_t vecOut[N])

{

  data_t c1[N], c2[N], c3[N], c4[N];

#pragma HLS dataflow

  funcA(vecIn, c1, c2);

  funcB(c1, c3);

  funcC(c2, c4);

  funcD(c3, c4, vecOut);

}

void noncanonical(int Input0, int Input1[], int 

&Output0, int Output1[]) {

  #pragma HLS dataflow

  int C0, C1[N], C2;

  C0 = Input0  * 3;            

  for (int i = 0; i < N; i++) {

    C1[i] = Input1[0] + 2;

  }

  func2(C0, C1, C2);            

  func3(C2, Output0, Output1);  

}



Nested dataflow pitfall I
● The performance of nested dataflow regions 

can be greatly impacted if any non-dataflow 
regions are present other than at the deepest 
level of the function/region hierarchy (for 
example, the leaf node of the dataflow 
graph). 

● This is because sequential FSMs do not allow 
overlapped execution of the (possibly 
dataflow) regions that they contain.
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void proc1(...) {

  #pragma HLS dataflow

  ...

}

void proc2(...) {

  ... // missing dataflow pragma

  proc1();

  ...

}

void top(...) {

  #pragma HLS dataflow

  ...

  proc2(...);

  ...

}



Nested dataflow pitfall II
● The performance of nested dataflow regions 

can be greatly impacted if any non-dataflow 
regions are present other than at the deepest 
level of the function/region hierarchy (for 
example, the leaf node of the dataflow 
graph). 

● This is because sequential FSMs do not allow 
overlapped execution of the (possibly 
dataflow) regions that they contain.
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void proc1(...) {

  #pragma HLS dataflow

  ...

}

void proc2(...) {

  a = x + y; // this code is NOT implemented as a 

dataflow process but as a sequential FSM

  for (int i = 0; i < N; i++) {

    #pragma HLS dataflow

    proc1(a, ...);

    ...

  }

}

void top(...) {

  #pragma HLS dataflow

  ...

  proc2(...);

  ...

}



Advanced dataflow regions
● Unrolling and partitioning for parameterized 

task-level parallelism
● A dataflow pragma is required to ensure that 

the correctness of the region is checked 
before unrolling, and after unrolling the code 
must satisfy the canonical dataflow 
conditions.

● Partitioned arrays, where each partition is 
passed as an independent variable (array or 
scalar) to one process.
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void dut(int in[M], int out[M]) {

  #pragma HLS dataflow

  hls_thread_local hls::stream<int> chan[N+1]; // 

arrays of hls::streams are fully partitioned 

automatically

  read_in(in, chan[0]);

  hls_thread_local hls::task t[N]; // array of worker 

processes

  for (int i=0; i<N; i++) {

    #pragma HLS unroll

    #pragma HLS dataflow

    t[i](worker, chan[i], chan[i+1]);

  }

  write_out(chan[N], out);

}



Advanced dataflow regions
● Unrolling and partitioning for parameterized 

task-level parallelism
● A dataflow pragma is required to ensure that 

the correctness of the region is checked 
before unrolling, and after unrolling the code 
must satisfy the canonical dataflow 
conditions.

● Partitioned arrays, where each partition is 
passed as an independent variable (array or 
scalar) to one process.

● Also with partial partitioning and a partial 
unrolling
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void dut(int a[10], int b[10]) {

  #pragma HLS array_partition cyclic factor=2 

variable=a

  #pragma HLS array_partition cyclic factor=2 

variable=b

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

    #pragma HLS dataflow

    #pragma HLS unroll factor=2

    compute(a[i], b[i]); // read a[i], write b[i]

  }

}



Loop-carried Dependencies
● hls::stream  to transfer data backwards
● Ensure that read data from feedback streams 

not until data has been produced by later 
processes, eg by skipping first execution

○ Static variable
○ Loop counter of surrounding dataflow loop
○ hls_thread_local variable in 

hls::task context
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void read_and_add(int a[N], hls::stream<int> &b, hls::stream<int> 

&f, int i) {

#pragma HLS pipeline II=1 style=flp // flushing pipeline is needed 

to avoid deadlocks

  int t=0;

  if (i>0) t = f.read(); // reading previous sum, except first time

  b.write(a[i]+t); // adding and passing

}

void write_and_feedback(hls::stream<int> &a, int b[N], 

hls::stream<int> &f, int i) {

#pragma HLS pipeline II=1 style=flp

  int aa=a.read();

  if (i<N-1) f.write(aa); // passing back current sum

  b[i] = aa; // writing it out

}

void dut(int a[N], int b[N]) {

  for (int i=0; i<N; i++) {

#pragma HLS DATAFLOW  

    static hls::stream<int> f; // feedback stream, here could also 

be declared without static, above the loop

    hls::stream<int> c; // forward stream

     

    read_and_add(a, c, f, i);

    write_and_feedback(c, b, f, i);

  }

}



Dataflow Memory Channels
● PIPO or FIFO, depends on user’s choice

○ Scalars: FIFO automatically
○ Array: sequential access → may choose 

FIFO/PIPO → PIPO default
○ Array: random access → PIPO

● FIFO: less memory, risk of deadlock
● PIPO: more memory, never deadlock
● Vitis HLS IDE can help with determining 

optimal FIFO sizes from RTL co-simulation
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void top ( ... ) {

#pragma HLS dataflow

  int A[1024];

#pragma HLS stream type=pipo variable=A depth=3

 

  producer(A, B, …);  // producer writes A and B

  middle(B, C, ...);  // middle reads B and writes C

  consumer(A, C, …);  // consumer reads A and C



Stream-of-Blocks
● Streaming of blocks of data, each block is 

array or multi-dim array
● The producer or consumer process that 

wants to access the stream first needs to 
acquire access to it 
→ write_lock, read_lock

● Released when lock goes out of scope
● Producer can also read the block it has write 

access to
● Requires less storage compared to PIPO:

2×N instead of 2×M×N
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#include "hls_streamofblocks.h"

typedef int buf[N];

void producer (hls::stream_of_blocks<buf> &s, ...) {

  for (int i = 0; i < M; i++) {

    // Allocation of hls::write_lock acquires the block for the producer

    hls::write_lock<buf> b(s);

    for (int j = 0; j < N; j++)

      b[f(j)] = ...;

    // Deallocation of hls::write_lock releases the block for the consumer

  }

}

 

void consumer(hls::stream_of_blocks<buf> &s, ...) {

  for (int i = 0; i < M; i++) {

    // Allocation of hls::read_lock acquires the block for the consumer

    hls::read_lock<buf> b(s);

    for (int j = 0; j < N; j++)

       ... = b[g(j)] ...;

    // Deallocation of hls::write_lock releases the block to be reused by 

the producer

  }

}

 

void top(...) {

#pragma HLS dataflow

  hls::stream_of_blocks<buf> s;

 

  producer(b, ...);

  consumer(b, ...);

}



Mixing Data-Driven and Control-Driven Models

277

Control-Driven TLP Data-Driven TLP

Designs with multiple processes running the same 
number of executions

Task-level parallelism is observable in C simulation 
and RTL simulation.

HLS Design requires control signals to start/stop 
the process

HLS Design uses a completely data-driven 
approach that does not require control signals to 
start/stop the process

Design requires interaction with an external 
software application

Designs with data-dependent multi-rate behavior:
● Producer writes data or consumer reads 

data at a rate that is data dependent
● Easier to model for designs that require 

feedback between processes

Design requires non-local memory access Design uses pure streaming data transfers

Requires RTL simulation to model the effect of the 
parallelism



Example Mixed Model
● Dataflow region read_in / write_out
● Task-channel region with dynamic 

instantiation of 4 tasks with special channels 
(split / merge → see hls::split, 
hls::merge)

● Tasks are statically instantiated, not “called” 
in the loop

● If a control-based process (i.e. regular 
dataflow) produces a stream for an hls::task, 
then it must be called before the declaration 
of the tasks in the code

● If a control-based process consumes a stream 
from an hls::task, then it must be called after 
the declaration of the tasks in the code
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void dut(int in[N], int out[N], int n) {

#pragma HLS dataflow

  hls_thread_local hls::split::round_robin<int, NP> 

split1;

  hls_thread_local hls::merge::round_robin<int, NP> 

merge1;

 

  read_in(in, n, split1.in);

 

  // Task-Channels

  hls_thread_local hls::task t[NP];

  for (int i=0; i<NP; i++) {

#pragma HLS unroll

    t[i](worker, split1.out[i], merge1.in[i]);

  }

 

  write_out(merge1.out, out, n);

}



Example Mixed Model
● Being declared as a task, worker runs 

infinitely
● Data-driven task-level parallelism is closer to 

conventional RTL development, for instance 
as used in hardware trigger systems in high 
energy physics, where continuous streams of 
data from the experiment have to be 
processed

● We can separate out this function to create a 
separate freely running kernel
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void dut(int in[N], int out[N], int n) {

#pragma HLS dataflow

  hls_thread_local hls::split::round_robin<int, NP> 

split1;

  hls_thread_local hls::merge::round_robin<int, NP> 

merge1;

 

  read_in(in, n, split1.in);

 

  // Task-Channels

  hls_thread_local hls::task t[NP];

  for (int i=0; i<NP; i++) {

#pragma HLS unroll

    t[i](worker, split1.out[i], merge1.in[i]);

  }

 

  write_out(merge1.out, out, n);

}



Freely running kernel model
● Purely data-driven task-level 

parallelism 
● For instance used in hardware trigger 

systems in high energy physics, where 
continuous streams of data from the 
experiment have to be processed

● No block-level I/O protocol, kernel 
starts automatically and never stops!

● With dataflow or tasks
→ difference in simulation behavior!
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extern "C" {

void krnl_free_running_dataflow(

    hls::stream<ap_axiu<WORD_LENGTH,0,0,0>>& in,

    hls::stream<ap_axiu<WORD_LENGTH,0,0,0>>& out)

{

    #pragma HLS interface ap_ctrl_none port=return

    hls::stream<ap_uint<WORD_LENGTH>> s1;

    #pragma HLS stream variable=s1 depth=16

    hls::stream<ap_uint<WORD_LENGTH>> s2;

    #pragma HLS stream variable=s2 depth=16

    #pragma HLS dataflow

    read_df(in, s1);

    compute_df(s1, s2);

    write_df(s2, out);

}

}



Freely running kernel model
● Purely data-driven task-level 

parallelism 
● For instance used in hardware trigger 

systems in high energy physics, where 
continuous streams of data from the 
experiment have to be processed

● No block-level I/O protocol, kernel 
starts automatically and never stops!

● With dataflow or tasks
→ difference in simulation behavior!
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extern "C" {

void krnl_free_running_tasks(

    hls::stream<ap_axiu<WORD_LENGTH,0,0,0>>& in,

    hls::stream<ap_axiu<WORD_LENGTH,0,0,0>>& out)

{

    #pragma HLS interface ap_ctrl_none port=return

    hls_thread_local hls::stream<ap_uint<WORD_LENGTH>> s1;

    #pragma HLS stream variable=s1 depth=16

    hls_thread_local hls::stream<ap_uint<WORD_LENGTH>> s2;

    #pragma HLS stream variable=s2 depth=16

    hls_thread_local hls::task t1(read, in, s1);

    hls_thread_local hls::task t2(compute, s1, s2);

    hls_thread_local hls::task t3(write, s2, out);

}

}



Finite State Machines
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FSMs: control logic for hardware
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Transitions can be conditional
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FSMs in HLS
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        // statemachine logic

        if(state == StateInputFSM ::WAIT_FOR_HEADER) {

            if(in_flag == EVT_HDR_FLAG && in_valid){

                s_header.write(in_data);

                state = StateInputFSM ::MODULE_HEADER;

            }

        } else if (state == StateInputFSM ::MODULE_HEADER) {            

 if(in_valid){

                if(in_flag == EVT_FTR_FLAG) {

                    …

                    state = StateInputFSM ::READ_FOOTER_1;

                } else {                       

    …

                    state = StateInputFSM ::MODULE_DATA;

    }

…

                  

void input_fsm(streams in and out) {

   

    enum StateInputFSM  : uint8_t {

    WAIT_FOR_HEADER  = 1,    

    MODULE_HEADER  = 2,

    MODULE_DATA = 4,

    READ_FOOTER = 8

    };

    static StateInputFSM state = 

StateInputFSM ::WAIT_FOR_HEADER;

    // variables …

    infinite_input_FSM_loop :  // Infinite loop  

    while (true) {

        #pragma HLS Pipeline II=1 style=flp/

        // non-blocking read from the input stream …



Missing pipeline targets
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Pipeline Dependencies
● Read-after-write (true dependency), 

instruction depends on the result of a 
previous operation

● Write-after-read (anti-dependency), 
instruction cannot update before a previous 
instruction reads 

● Write-after-write, keeping specific order of 
writing, otherwise other instructions get 
corrupted
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RAW:

I1: t = a * b;

I2: c = t + 1;

WAR:

I1: b = t + a;

I2: t = 3;

WAW:

I1: t = a * b;

I2: c = t + 1;

I3: t = 1;



Memory Dependencies
● No issue within same iteration of 

the loop, but I1 writes to a location 
that is read by I2 of the next 
iteration of the loop
→ RAW dependence 
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int top(int a) {

 int r=1,rnext,m,i,out;

 static int mem[256];

L1: for(i=0;i<=254;i++) {

#pragma HLS PIPELINE II=1

I1:     m = r * a; mem[i+1] = m;    // line 7

I2:     rnext = mem[i]; r = rnext; // line 8

 }

 return r;

}

WARNING: [SCHED 204-68] Unable to enforce a carried 

dependency constraint

(II = 1, distance = 1) between 'store' operation 

(top.cpp:7) of variable 'm', top.cpp:7

on array 'mem' and 'load' operation ('rnext', 

top.cpp:8) on array 'mem'.

INFO: [SCHED 204-61] Pipelining result: Target II: 

1, Final II: 2, Depth: 3.



Removing false dependencies
● False dependencies are 

dependencies that arise when the 
compiler is too conservative

● Two main types
○ Inter: between different iterations of 

same loop
○ Intra: within the same iteration of a 

loop
● Be careful! Specifying a FALSE 

dependency, when in fact the 
dependency is not FALSE, can 
result in incorrect hardware.
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void histogram(int in[INPUT SIZE], int hist[VALUE 

SIZE]) {

  int acc = 0;

  int i, val;

  int old = in[0];

  #pragma HLS DEPENDENCE variable=hist type=intra 

direction=RAW dependent=false

  for(i = 0; i < INPUT SIZE; i++)

  {

    #pragma HLS PIPELINE II=1

    val = in[i];

    if(old == val)

    {

        acc = acc + 1;

    }

    else

    {

        hist[old] = acc;

        acc = hist[val] + 1;

    }

     

    old = val;

  }

   

  hist[old] = acc;



Timing violations
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A common cause of timing violations
● Pipeline types

○ Standard pipelines stall when no input data
is available

○ Flushable pipelines continue to produce 
output, shut down pipeline stages successively

● Requires blocking signals to stall the pipeline → can become drivers of 
high-fanout nets, especially on pipelines that are deep in the number of physical 
stages and work on significant data sizes! → prime cause of timing closure issues 
that cannot be fixed in synthesis and place and route!

● Resolve with free-running pipeline (only within dataflow region)
○ No blocking signals, reduces fanouts, fully flushable
○ Additional resources for FIFO buffers for blocking output ports and mux delay at those ports

● Tool automatically selects right pipeline, but may be overwritten by the user
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Target Clock Period Is Too Aggressive
● If the requested clock is faster than the hardware implementation can achieve, the 

scheduler cannot fit operations within one cycle.
● Example:

○ Target clock: 3 ns
○ A floating-point multiply may require >5 ns
○ Result → timing violation during scheduling.

● Fixes
○ Relax the clock constraint
○ Allow multi-cycle operations
○ Pipeline the design
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Long Combinational Paths in One Cycle
● If many operations are chained in a single clock cycle, the delay becomes too 

large.
● If not pipelined, HLS may schedule all operations in one cycle, creating a long 

critical path.

y = a * b + c * d + e * f + g;

● Fixes
○ Use PIPELINE
○ Break expressions into stages
○ Insert intermediate variables
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Large Arithmetic Operators
● Some operators have high latency:
● Common heavy operators:

○ Floating-point division
○ Floating-point sqrt
○ 64-bit multiplication
○ modulus (%) and division (/)

● Division is often implemented with multi-cycle hardware, which can cause 
violations if forced into one cycle.

● Fixes
○ Use fixed-point instead of floating-point
○ Allow multi-cycle operators
○ Use approximations or lookup tables
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Unrolled Loops Creating Huge Logic
● Loop unrolling replicates hardware. Excessive unrolling creates large 

combinational structures.

#pragma HLS UNROLL factor=64
for (i=0;i<64;i++)
    sum += a[i] * b[i];

● This creates 64 multipliers and a large adder tree, which may exceed the clock 
timing.

● Fixes
○ Reduce unroll factor
○ Pipeline the loop instead
○ Use partial unrolling

295



Large Reduction Trees
● Operations like summation across many elements generate adder trees.

for(i=0;i<128;i++)
    sum += a[i];

● If fully unrolled → very deep adder tree → long critical path.
● Fixes

○ Pipeline the reduction
○ Use tree balancing
○ Accumulate across cycles
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Complex Control Logic
● Large nested conditions or state machines can create slow logic.

if(a) {
   if(b) {
      if(c) …

● Deep control structures → long condition evaluation paths.
● Fixes

○ Simplify conditions
○ Precompute flags
○ Pipeline the control
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Bit-Width Explosion
● Large arbitrary precision types increase combinational delay.

ap_int<512> a, b;
c = a + b;

● 512-bit adders are very slow.
● Fixes

○ Reduce bit width
○ Use narrower types where possible
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Hands-on session!
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Lab – Free running kernel, initiation interval, timing issues
Code for this lab again on github
Start at /day 5, you will find 

● /fix_initiation_intervals: solve issues preventing reaching maximum throughput
→ detailed instructions in README.md

● /free_running_kernel: investigate differences in two implementations
→ detailed instructions in README.md

● If you did not manage to finish any previous lab, you may use the remaining time 
to revisit these
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https://github.com/sdittmeier/hls_course
http://readme.md


That’s a wrap!
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Wrap-up
● I hope you learned something over the course of this week
● High Level Synthesis has significantly reduced the entry barrier for getting started 

with FPGA programming
● We have done a deep dive into HLS and optimization techniques, but of course 

we could not cover everything
● There are cool applications of HLS → Machine learning on FPGAs with hls4ml 
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Wrap-up
● If you want to get even more control over the hardware you create on FPGAs

→ I recommend getting started with VHDL or Verilog
● If you are interested in following up on FPGAs → You are welcome to join the 

“Reconfigurable Embedded Systems” lecture this summer term
● If you are interested in applying your new FPGA programming skills in the field 

of high energy physics, or in Machine Learning on FPGAs with hls4ml, and you 
are looking for a thesis project 
→ get in touch! (dittmeier@physi.uni-heidelberg.de)
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mailto:dittmeier@physi.uni-heidelberg.de


Your feedback is very welcome! 
https://forms.gle/LHHXLjZguE9aG83n8 
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https://forms.gle/LHHXLjZguE9aG83n8

