A Language-Neutral Intermediate Representation
for API Reference and User Documentation

(+ a configuration agnostic API documentation extractor)
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Motivation

The problems with existing documentation systems
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MOTIVATION

3 Documentation Sites for only 1 Project

RIOT is written in C, has Markdown user guides and a Rust API Wrapper:

C API

GPIO

Lowlevel GPIO peripheral driver

Detailed Description
Lowdevel GPIO peripheral drivr.

Thisis a basic GPIO (General-purpose inputloutpu) interface to allow platform independen access to a MCU's inputloutput pins. Thi interface is
intentonally designed t be as simple as possibe, to allow for easy implementaton and maximum portabiy.

The inteface provides capabiles o nfialize a pin as output-, input- and interrupt pin. With the API you can basically seuclearfoggle th dighal signalat
the hardware pin when in output mode. Configured as input you can read a dighal value that is being applied t the pin externall. When intalizing an
extema nterrupt pin,you can egiste a callback functon tht is executed i interrupt cotext once the interupt condition apples o the pin. Usually you
can react 10 rising or fallng signal flanks (or both)

In addiion the API provides to set standard input/ouput circuit modes such as .. internal push-pul configurations.

Allmodern micro contrlles organize their GPIOS in some form of ports, often named PA’ 'PB, PC:.., or PO, P, 'P2....or similar. Each of these ports is
then assigned a number of pis, often 8, 16, or 32. A hardware pin can thus be described by ts portpi tuple. To access a pin, the

P10 pIN(port, pin) macro should be used. For example: If your platform has a pin PB22, it wil be port=L and pin=22. The GPI0_PI macro should
be overridden by a MCU, to allow for effcient encoding of the portpin tuple. For example, on many platforms ts possible to 0R the pin number with the
corresponding ports base register address. This allows for eficient decoding of in number and base address without the need of any address lookup.
In case the diver does not define i, the below macro definion is used to simply map the portpin tuple o the pin value. I that case, predefined GPIO
definiions in RIOT/boards/ * /include/periph_conf..h wil define the selected GPIO pin.

Warning

“The scalar GPIO pin type 9pio._t s deprecated and will be replaced by a structured GPIO pin type in a future GPIO AP, Therefore, don' use the

Problem: No shared information structure

No global search across pages

No reference links across pages

J‘\’IUT

@| Introduction

[ using rioT

©/ Developing RIOT

Getting Started

Installing WSL (Windows-only)

Setup Development Environment

Flashing a RIOT Application
Building an Example

Finding and Using Modules

Basics
Creating a Project
Timers and Callbacks
Shell Commands

Threads

[ GPio&ReatBoarss ]

Sensors/Actuators using SAUL

Networking
CoAP Networking
Advanced
Creating an Application
Unittests
Working with Event Queues

Other Languages
Using C+in RIOT

GUIDES

GPIO & Real Boards

So far we have been running all our code using the arduino-feather-nrf52846.

sense board,

In this tutorial, we will learn how to use the GPIO pins on a real board to control

LEDs or read button presses,

For this tutorial we will be using a the arduino-feather-nrfs2840-sense board with

the Teamagochi PCB, but you can use any board that has GPIO pins.

Step 1: Configuring our Board

&4 We don't bite, reach out for help!

Do not be afraid to ask for help e.g. in our forum or Matrix chat.
We are happy to help you get started with RIOT, and we appreciate your
feedback.

First, we need to inform RIOT about the board we are using

To do this we adapt the soARo variable in our Makefile to the board we are using.

O@wep

On this page

[  aAuo

riot_wrappers
091

Module gpio

Module Items
Module

In crate
riot_wrappers

Modules
adc
async_helper
auto_init
bluetil
coap_handle
oap_message
gnre_pktbuf
gnre_util
helpers
[
interrupt

RUST API

Type 'S’ or /" to search, 7 for more option
riot_wrappe

Module gpio & ® v
Source Settings  Help  Summary

Available on 4ot _module_per-iph_gpio only
Access to RIOT's GPIO pins

The various configured GPIO types (InpulGPIO, OufpuiGPIO, In0uIGPIO) can be used through the embedded_halzdigital trais.
As recommended for infallible types, they also provide identically named direct methods, which (for input pins) also work on
shared reference.

Modules

impl1 @

Structs

GPlo ARust representation of RIOT's gpio_t, representing a single pin in no particular
configuration.

1noutGPIO AGPIO configured and usable for input and output

InputGeIo AGPIO configured and usable for input

OutputGPIO AGPIO configured and usable for output

Enums

InOutMode ‘The subset of gpio_mode_tequivalents usable when creating an [n0u(GPIO

InputMode ‘The subset of gpio_mode_t equivalents usable when creating an InputGPIO

OutputMode The subset of gpio_mode_t equivalents usable when creating an OutputGPIC



MOTIVATION

Configurations Are Not Exposed

The API surface in Doxygen differs depending on compile time configurations

SIMPLIFIED RIOT C CODE DOXYGEN OUTPUT

i i ztimer_clock_t *clock
#if MODULE_ZTIMER NOW64 uint32_t ztimer_now( - - )

uint64 t ztimer now(ztimer clock t *clock);

#elif MODULE ZTIMER || DOXYGEN Get the current time of a clock.
uint32 t ztimer now(ztimer clock t *clock); Parameters

#else [in] clock  ztimer clock to operate on
/* ztimer not compiled in */
static inline uint32 t Returns
ztimer now(ztimer clock t *clock) Current counton clock
{ (void)clock; return 0; }

#endif

Doxygen only renders one configuration

— On a 64-bit configuration the documented return type is wrong

— And there is also no information on how to enable configurations
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MOTIVATION

Second Example: Ariel OS: 2 Documentation Sites for only 1 Project

Ariel OS is pure Rust, so there is no C AP, but the user guides still ship separately

PART 1

. Introduction
Goals and Design
Further Reading

Hardware Support

2 Overview

3.80ards

4.chips

User Guide

5. Getting Started

6.Build System

7. Buiding an Application

8. Flashing & Debugging

9. Logging

10. Debug Console

11. Async Executors

12, Memory Layout

13 Clocks

14, Global Allocator

15. Networking

16.Us8

17. Bluetooth Low Energy

18. Randomness and Entropy

19 Multthreading

20. Persistent Storage

21. Native Target

22.Testing

23, Tooling

24. Code Editor Configuration

GUIDES

Introduction

Ariel OS s an operating system for secure, memory-safe, networked applications running on low-
power microcontrollers. Itis based on Rust from the ground up and supports hardware based on
32-bit microcontroller architectures (Cortex-M, RISC-V, and Xtensa). Many features provided by Ariel
05 can individually be enabled or disabled at build time in order to minimize resource consumption.

This is the manual of Ariel OS. Other resources available are:

« % Reference documentation for Ariel OS can be found in the AP documentation.
« 3 The git repository is available on GitHub,

4 Examples demonstrate various features of Ariel OS.

« / Asetof test cases further verifies the capabilities of Ariel OS.

« i The roadmap shows the planned features for Ariel OS.

Goals and Design

‘Ariel OS builds on top of existing projects from the Embedded Rust ecosystem, including Embassy,
esp-hal, defmt, probe-rs, sequential-storage, and embedded-test.

‘Ariel OS follows an approach whereby it simultaneously integrates a curated ecosystem of libraries
(available via crates.io), and adds missing operating system functionalities as depicted below. Such

lude a preemptive . portable peripheral APIs, additional
network security faciliies, as well as a meta-build system to bind it all together.

As a result, a low-power IoT developer can focus on business logic sitting on top of APls which

the same across all supported hardware,

inspired by what RIOT tends to in that regard. The intent is three-fold: reduce application
time, increase code p y. and

In a nutshell: Ariel OS contributes to the global effort aiming to (rejwrite IoT system software
foundations on more solid ground than what traditional building blocks written in C can provide.
And this is a ioviul and welcoming open-source communitv, so: oin us!

®

’

ariel_os
050

Allitems

Sections

Cargo features
System functionality
Network protocols
Serial communication
System configuration
Multicore functionality
Timer queue size conf

Development and deb.

Crate Items

Modules

Atribute Macros
Crates.

arielos

ariel_os_esp
ariel_os_nrf
ariel_os_rp
ariel_os_sensors
ariel_os_sensors_gnss..
ariel_os_sensors_utils
ariel_os_stm32

RUST-API

Crate ariel_os Q @ ¥
Source Search  Settings  Help  Summary

~ Ariel OS is an operating system for secure, memory-safe, low-power Internet of Things (10T). Supported hardware includes various
32bit microcontrollers.

Thisis the API for Ariel 05, Other are:

e [ Extensive documentation for Ariel OS can be found in the book

« 3 The git repository is available on GitHub.

o '+ Examples demonstrate various features of Ariel OS.
o/ Asetof test cases further verifies the capabilities of Ariel 05.

o @ Ther

admap shows the planned features for Ariel OS.

Cargo features

Ariel 05 is highly modular with a significant number of features to configure the operating system.

System functionality

. rupts — B

o time —Enablest

g functionality. Currently: Additionally enables the HAL-specific time driver.

csprng — Enables a cryptographically secure random number generator in the randon module and support for the
getrandon crate.

o sensors — Enables unified support for sensors.
Network protocols

« ipv4 — Enables support for IPva.
« ipvs — Enables support for IPv6.
« tcp — Enables support for TCP.
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MOTIVATION

Ariel OS: Configurations Are Only Partially Exposed

ARIEL-OS-NRF/SRC/I2C/CONTROLLER/MOD.RS

/// I2C bus frequency.
pub enum Frequency {

100k,

#[cfg(any(context = "nrf52833",
context = "nrf5340-app",
context = "nrf9l"))]

250Kk,

400k,

The published docs are built with context = "nrf52840"

=> _250k is missing

PART 1

only

WHAT ARIEL-OS.GITHUB.IO SHOWS

ariel_os_nrfui2c:controller

Enum Frequency & Q 0] ®

Source Search  Settings Help

pub enum Frequency {
_100k,
_400k,

Available on crate feature i2c and (context=nrf52833 or context=nrf52840 or context=nrf5340-app or context=nrf91) only.

v 12C bus frequency.
Variants

_100k

Standard mode.

_400k

Fast mode.

¥

Summary
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PART 2

PART 2

Why not Doxygen?

(Doxygen does support multiple input languages after all)



WHY NOT DOXYGEN?

Doxygen vs. "The Problems”

Could the problems be fixed inside Doxygen?

PROBLEM 1: UNIFIED DOCUMENTATION

GUIDES IN DOXYGEN

w

RIOT O
RIOT Documentation
Creating modules
Creating an application
Porting boards
Writing a Device Driver in RIOT
Getting started
Flashing via RIOT's Build System
Build In Docker
Running and creating tests
Build System Basics
Kconfig in RIOT
Using C++ in RIOT

Using Rust in RIOT

C OUTPUT LOOKS LIKE C++

Advanced build system tricks kernel_pid_t msg_t::sender_pid
Debugging Tools
Emulators uintl6_t msg_t::type
Release cycle

Changelog void* msg_t::ptr
Removed Features and Modules

Deprecated List

Todo List

Supported Boards

Modules

Namespaces

Data Structures

Files

@ No Rust support in Doxygen at all

PART 2

PROBLEM 2: EXPOSED CONFIGURATIONS

ENABLE PREPROCESSING = NO

uint64_t ztimer_now(ztimer_clock_t *clock)

Get the current time of a clock.

Parameters
[in] clock  ztimer clock to operate on

Returns
Current count on clock

Now only the uint64 t variant is documented

The uint32_t variant is missing
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PART 3

The Solution: A New Language-Neutral Intermediate
Representation



THE SOLUTION: A NEW LANGUAGE-NEUTRAL INTERMEDIATE REPRESENTATION

Also Known As

HOW STANDARDS PROUFERATE:

(<65 A/C CHARGERS, CHARACTER ENCODINGS, INSTANT MESSAGING, ETC)

17 RiDICULOUS ! SCOON:
WE NEED To DEVELOP
| | oNE UNVERSAL STANDARD ,
SITUATON: || T covere semvoes | | STTUATION:
THERE. ARE USE CASES. THERE. ARE

4 COMPETING YERH. 15 COMPETING

STANDPRDS. Kﬁ %} STANDPRDS.



https://xkcd.com/927/

THE SOLUTION: A NEW LANGUAGE-NEUTRAL INTERMEDIATE REPRESENTATION

Architecture

- Extraction of code using tree-sitter and rustdoc output for Rust

- All extracted symbols share one IR

- Rendering is fully decoupled from the language specific extractors

extract-c

C and C++, tree-sitter-c

extract-rustdoc

rustdoc output

-python / -haskell / -ts

tree-sitter

Intermediate Representation (IR)
language independent symbol graph

render-html

Generates a static site

render-markdown

Generates markdown files + nav.toml

PART 3

E.g.
Typst, PDF, LaTeX




THE SOLUTION: A NEW LANGUAGE-NEUTRAL INTERMEDIATE REPRESENTATION

The IR Does Not Know What Programming Language Is Used

After extraction the programming language is unknown

Source Extract Assemble Layout Render

C, Rust, Python, ... parse, resolve, merge IRs, cross-ref routes, sections HTML or Markdown

transform to IR

programming language unknown

— Language specific terms e.g. crate, module, namespace are specified in the schema and filled by the extractor

Extract: Convert code to IR nodes
Assemble: Merge nodes of various extractors, resolve cross-refs
Layout: Transform IR into a more opinionated and configurable output format (generate nav, show or hide public fields, create routes)

Render: Transform layout to a markup language such as HTML, Markdown etc.

PART 3 12



PART 4

Support Multiple Languages



SUPPORT MULTIPLE LANGUAGES

C and Rust Parsing and Merge

The parsed nodes land in a shared symbol graph, prefixed by the name of their collection (c, rust)

C AND RUST SOURCE CODE SYMBOL GRAPH RUST SET_HIGH HTML OUTPUT
/** @brief Set a pin */ symbol » collection "c" <hl>set high</h1l>
void gpio write(gpio t pin, I ¢ RIOT gpio write() <pre>fn set high(&mut self)</pre>
int value); L kind function <p>
. N Drives the wrapped pin via
symbol » collection "rust" <a href="/c/../periph_gpio/
/// Drives the wrapped pin } rust RIOT rlot_wrapperé/gplo #gplo_wrlte.>
/// via [ gpio write']. | | /0utputGPIO#set high() gpio write
fn set high(&mut self); - kind method P
L doc link » gpio write </p>

A Rust-to-C link is a normal reference, because they share the same IR graph

PART 4 14



SUPPORT MULTIPLE LANGUAGES

Language Specific Vocabulary

The IR defines various concepts that need translations per language:

KIND

Package
Module
Struct
Class
Interface
Instance
Enum
Function
Macro

Typedef

PART 4

C
library
— (uses Group)

struct

enum
function
macro (#define)

type alias (typedef)

RUST

crate

module (mod)
struct

trait

trait impl (imp1)
enum

function (fn)

macro (macro_rules!)

type alias (type)

PYTHON

package

module

class

protocol (Protocol, ABC)
enum (class X(Enum))
function (def)

type alias (TypeAlias)

HASKELL
package

module

typeclass (class)
instance

data type (data, newtype)
function

type synonym (type)

TYPESCRIPT
package
module
class

interface

enum
function

type alias (type)



SUPPORT MULTIPLE LANGUAGES

More Language Specific Stuff
The programming language is unknown to the output renderer, but it needs to know how to visualize different languages

IR FIELD DECIDES C
Signature::return_position where the return type is written leading
Language: :member separator() how a member is joined to its owner

Language: :tag() the info string of a rendered code block C

PART 4

RUST

trailing

rust
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SUPPORT MULTIPLE LANGUAGES

Guide Pages (Markdown / reStructuredText)

Any markup parses into the same typed tree and gets its own ID

MARKDOWN / RESTRUCTUREDTEXT SOURCE SYMBOL GRAPH HTML OUTPUT
CODE
Set it with [ gpio write'], paragraph <p>
read the [pin state] I text "Set it with " Set it with
(sym:gpio_read). F link » gpio write <a href="/c/../#gpio write">
— | L code "gpio write" — <code>gpio write</code>
OR I text ", read the " </a>,
L link » sym:gpio read read the
Set it with :func: gpio write’, L text "pin state" <a href="/c/../#gpio read">
read the :func: pin state pin state
<gpio read>". </a>.
</p>

PART 4 17
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Expose Configurations



EXPOSE CONFIGURATIONS

Extract Configurations from the Source Code

The C-parser converts the #ifdef macros into conditions in the new IR

This way the renderer can visualize them in the final output

IR SYMBOL HTML OUTPUT

s ztimer_now

id: c RIOT ztime rinOW( ) uint64_t ztimer_now(ztimer_clock_t xclock)
kind: function
declarations:

Get the current time from a clock

- conditions: [MODULE ZTIMER NOW64] Avallability. Requires MODULE_ZTTMER_NOW64
fragments: uint64 t ztimer now(...) R BUILD CONEIGURATIONS
- conditions: [ "l (MODULE_ZTIMER_NOW64) " D when ! (MODULE_ZTIMER_NOW64), MODULE_ZTIMER
"MODU LE ZTIMER" ] vint32_t ztimer_now(ztimer_clock_t *clock)
fragments : uint32 t ztimer now(...) when ! (MODULE_ZTIMER_NOW64), ! (MODULE_ZTIMER)
. . N - static inline uint32_t ztimer_now(ztimer_clock_t *clock)
- conditions: ["!(MODULE ZTIMER NOWe64)",
"1 (MODULE ZTIMER)"] PARAMETERS
fragments: static inline uint32 t clock ztiner_clock_t *

ztimer clock to operate on

ztimer now(...)

RETURNS

Current counton clock

Definition at lines 33-34 of file sys/include/ztimer.h.

PART 5



PART 6

IR Structure

A short overview of the general structure of the new IR



IR STRUCTURE

A Graph of Symbols

The graph is implemented via flat lists

symbols: All documentable entities with unique IDs etc. (functions, methods, types)
relationships: Relations between symbols

pages: Markup files encoded as rich-text nodes with unique IDs

PART 6

bundle:
version: 1
meta: { ... } # project name, git-repo URL, etc.
collections: [ ... ] # the API spaces: Guides, C API, Rust API
symbols: [ ... ] # every documentable entity: function, method, type, etc.
relationships: [ ... ] # member-of, in-group, inherits, overrides, etc.
pages: [ ... ] # guides, etc.

21



IR STRUCTURE

Stable IDs for Symbols

A grammar for building stable identifiers for symbols

<id> = <language> ' ' <package> ' ' <descriptor>
<package> = project or package name, or '.' if unknown
<descriptor> ::= (<name> <suffix>)+
<suffix> = 0 module or namespace
| "#' type: struct, class, union, enum, typedef
| ()" function or method
| . variable, constant, field
| "1 preprocessor macro
| 'S’ instance
| "t group, file
E.g.
¢ RIOT gpio init() C RIOT gpio init ()
rust RIOT riot wrappers/gcoap/ rust RIOT riot wrappers / gcoap

c RIOT gpio_mode t#GPIO IN. C RIOT gpio mode t # GPIO IN
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Schema to HTML



SCHEMA TO HTML

Collections

A collection is the documentation for a specific language such as markdown, rust, c

IN THE IR

collections:

# and on every symbol:
collection: c

PART 7

- { id: guides, title:
- { id: c, title:
- { id: rust, title:

HTML: TABS

(R 10T Guides

HTML: SEARCH

Guides, position: 1 }
C API, position: 2 }
Rust API, position: 3 }

Q

coap

Guides 1 CAPI (1562 Rust APl 29

RESULTS

®

0O @ @ @ @& & @ @

N

g

CoAP defines

CoAP compile configurations
CoAP Server

CoAP file server

CoAP via SLIP

CoAP over UDP Driver

CoAP over DTLS Driver

CoAP Resource Declarations
coap.h

navigate < open  tab switch scope

C API

Rust API

All categories v

esc

Allkinds v

MODULE

MODULE

MODULE

MODULE

MODULE

MODULE

MODULE

MODULE

FILE

Search
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SCHEMA TO HTML

Symbols

Documentation of the gpio init int(...) function

IR SYMBOL

id: c RIOT gpio init int()
kind: function
name: gpio init int
declarations:
- fragments:
- { kind: type ref, text: int }
- { kind: identifier,
text: gpio init int }
conditions:
- defined (MODULE PERIPH GPIO IRQ)
location:
line: 193
file: drivers/include/periph/gpio.h

PART 7

HTML OUTPUT

5 gpio_init_int

int gpio_init_int(gpio_t pin, gpio_mode_t mode, gpio_flank_t flank, gpio_cb_t cb, void *arg)

The registered callback function will be called in interrupt context every time the defined flank(s) are detected.

The interrupt is activated automatically after the initialization.

Note. You have to add the module periph_gpio_irg to your project to enable this function

Precondition. cb mustnotbe NULL

Availability. Requires defined (MODULE_PERIPH_GPIO_IRQ)

PARAMETERS
pin gpio_t
pin to initialize
(v ) mode gpio_mode_t
mode of the pin, see gpio_mode_t
() flank gpio_flank_t
define the active flank(s)
cb gpio_cb_t
callback that is called from interrupt context
(T ) arg void *
optional argument passed to the callback
RETURNS

0 on success -1 on error

Definition at lines 193-194 of file drivers/include/periph/gpio.h.

25
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FUTURE WORK

Extract USEMODULE += my_module Requirements

Every RIOT API page should open with the USEMODULE += my module line that turns it on

id: c RIOT gpio init int()
declarations:
- conditions:
- defined (MODULE PERIPH GPIO IRQ)
# derived from the condition above:
enablement: USEMODULE += periph gpio irq

The extractor can not be RIOT specific, so either:

— A plugin API for special extraction rules

— A general Makefile parser that can be configured in the project config

PART 8
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FUTURE WORK

Document dist/tools in RIOT

RIOT: dist/tools is a mixed collection of small tools that also needs documentation

dist/tools/ # ~100 small tools

— ethos/ # C + shell script + README.md
F— benchmark udp/ # C + README.md

F— uhcpd/ # C only, no README

— pyterm/ # Python

F— usb-serial/ # Python + shell + README.md
— tapsetup/ # shell script

— compile and test for board/ # Python + README.md

L

A reader looks for the tool, not for its implementation language

— The IR is language independent => Collections can hold symbols with mixed languages

— Extractors need to get more flexible so that multiple can together extract from a shared folder

PART 8
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PROTOTYPE DEMO

Introducing: Docstor Who

PART 9

sz'[ Guides CAPI Rust API

)

Boards

Bootloaders

C++

CPU

Compile time configurations
Drivers

Generic pseudomodules
Kernel

Networking

Packages

System

Utilities

Files

List of Features (Features as Build Syst...
Running and creating tests

Deprecated List

Todo List

»

earch symbols... K

e

C API

RIOT

API reference generated by Docster Who.

MODULES

© Boards

Board specific definitions and implementations

@ C++
C++ Support in RIOT-0S

@ Compile time configurations

List of compile-time configurations

@ Generic pseudomodules

Modules influencing general RIOT behavior

© Networking

Networking libraries

© System

System library contains tools and utilities that

© Bootloaders

Applications that facilitate the startup process
in presence of upgradable firmware

® CPU

CPU specific implementations

® Drivers

Drivers for external devices as radios, sensors,
memory etc.

@ Kernel

The RIOT kernel containing the core
functionality

@ Packages

External libraries and applications

@ Utilities

Utilities and helper functionality

Source:

Doctor Who (BBC)
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