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1. Introduction




GIS:
Geographical
Information

Science
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Tools: Two forms of software:

Application
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Application

0 input
Untitled input o
[- O

Project Selectaproject | Select
Band Band number
. .
.
o input © Function -
. Untitled input - *—— Local add o}
(- 1D
Project Selectaproject | Select  Name of node
.
ame of node
Band Band number .
i Title of node
- A
Untitled input
B(x]E=]
Project Selectaproject | Select
Band Band number

- Interaction

src: 3D bag viewer

{» i a
CityJSON.

: Drop afile to validate it

©) gval v0.4.3 is used
© Files are never uploaded, validation is done locally
(@ Only schema-validation, geometries are not validated (see details)

The file is 100% vali

DenHaag_01.city_pretty.json
CityJSON v1.1 (schemas used: v1.1.2)

Extensions:

none

criterion details

JSON syntax

src: QGIS
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Libraries:

- Reusable tools for
applications (& other libraries)

- Cannot directly be used

In GIS:

-  Transformation

- Analysis (Validation)

]
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3D

Geoinformation
Libraries

“Core” GIS
Libraries

citysp S
PolyFit ([
valddity (S
cgval @

cjio @@

prOJ GO
ceos GG
epAL. B
cGAL) B
(OpenCV) @G



x Usability: Libraries are not directly usable

X
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L Usage

%
TUDelft



Problem:

(core)

GIS Library

-  Transformation
- Analysis

- Validation
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Indirection

- Only indirect access

- Dependent \Developers

- Exact?

- New research? -
/ Developers

\ Developers

GIS Library
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Dependent on multiple layers of
developers

Application layer

Bindings layer /
Intermediate users

Bl

Maintain deings? ? ?

GIS Library

Maintain
plugins

custom

Maintain
app




Moreover:

Vo Y
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Moreover:

/\ Functionality: capabilities may get lost at every step

x Composability: apps are not further composable

o, =
B0

Vo< v
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Conundrum:

Composability
Lib Usability
Functionality

Given this divide, how to achieve Functionality,
Composability, & Usability at the same time?

Adopted from Elliott C. (2007).

]
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Problem statement

End users only have Indirect access of GIS libraries, leading to disadvantages...
... for end users:

- At the mercy of in-between software
- Non-composable applications

- Features getting /lost in translation
... for library developers:

- Synchronizing bindings, plugins, applications.
...for society:

- reduced impact of research
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2. Objective




Goal of this study:

Allow GIS practitioners without a background in software development,
to access the full potential of core transformation and analysis
capabilities found in native GIS libraries.
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Goal { }

more direct access

4
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Goal;

App

apps are an endpoint: Not further composable —# Add composability and automation to apps
A lib offers no visualization or GUI. —% Add usability and GUI to libs
A lib must be turned into an app before utilization. 7'

Some Lib capabilities get lost when used in an app
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How:
Presenting and prototyping a novel method:

A Web-based Visual Programming Language (VPL) using
WebAssembly
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Research question:
Is a web based VPL a viable method for
directly accessing native GIS libraries
with a composable interface?
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Sub Questions

- What GUI features are required to facilitate this method, and to what extent does the web platform aid or hurt these

features?

- To what extent does this method intent to address the discrepancies between software applications and libraries, as
described by Elliott (2007)? Does it succeed in doing so?

- What are the differences between compiling a GIS library written in C++ to WebAssembly, compared to compiling a GIS

library written in Rust?
- What measures are taken to make this VPL scalable to large geo-datasets, and how effective are these measures?

- How does this method compare to existing, alternative VPLs and browser-based geocomputation methods, regarding the

properties relevant to the goal of direct accessibility?

]
TUDelft



3. Background




“Web-based VPL using WebAssembly":

1. Web Application
2. Visual Programming
3. WebAssembly
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1. Web Applications

Possible solution for direct access
Web Application — distribution

- No Installation

- Cross-platform

Static Web Application

- No active backend
- Cheap
- More portable
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2. Visual Programming

Possible solution for Composable applications

- Visual Programming Language (VPL)
- Both a scripting language and application
- ‘programming’ by using GUI

- Composable GUI

%
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VPL within GIS

3 "Softpedia (Untitled) - FME Workbench 2017.0 F e s Feature Layer ModelBuslder Vatiables - ArcGIS Pro

File Edt View Readers Trensformers Writers Run Tools Help A = Analy. - o & Jena Tesselations inc) + 1

DERD>E 3.0 & s waw o g @ ODSSEOM» B 200

Navigator Lo Add Feature Type...

@ Select &1
To .

5 =" Layout Window Pan
> s ais_position_report [CSV] ‘ =

Validate Run

Impor Feature Types — . S
> Go SSTENC [SPATIALITE] " P Sortmessages based on vessel D AREEERT e ) . : -
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> B Tansformers (4) Enable/Disable Feature Types. 8
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»: User Parameters (20)
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Q Workspace Search . v.Vork 2 .
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"9 Writing database

Parameter Edtor

Converts all blank
values into NULL values
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navigationaresfesture
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Run Translation . = .
: , ST Src: ArgGIS Model Builder

Reset Aoply.

buoyfeature Calculate Value —

4= = AtachDetach v

> Output Dataset

3 Annotation Parameters

AddField ———» New Field + Calculate Field — —=  Calc Results

Parameter Edtor  Transformer Gallry.
Redrect al output to FME Data Inspector

*Model Designer - Compute Climb
Model Edit View
BEE 6 PLPPH Rk
Model Properties

Name |Compute Climb

Eoplined | & treiaer
DetectLines_node

oints D
~ @ Vector analysis
climb Along Line Scale factor
Value for nodata or nomintersect.

Input layer
in

[ Drape (set Z value from raster)
out + H;_J’\’,
lane_cnt (B
alpha_triangl
in . all O boundary_poin

lane_id[ e =
% climb Along Line planscido ge_pain ifyPolygon_node
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g polt polygon_simp D
polygons_simp @
Inputs | Algorithms |

Undo History

. Src: QGIS Src: Grasshopper

Undo History | Variables




2. Visual Programming: GIS

requirement: Scalability

CLI
Runtime

phashape_nod

fplane
‘ﬁ. ings
P

Simplify

gons oly imp O

_simp @
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3. WebAssembly

Possible solution for more direct access

- Exchangeable binaries
- Binary compilation target 'library.wasm’

- From multiple languages

$_ZN12wasm bindgen19 wbindgen_describe17hdb3]

- To multiple runtimes s S e e et
- Since 2017 (Haas, 2017)
_ In browsers Since 201 9 (W3C, 201 9) 7 .czgzzfzasmibindgenairtlglinkimemiintrinsicsl7h3cc2179cca@39a8a£

$_ZN12wasm_bindgen19_ wbindgen_describel7hdb3ff320fcac3194E
.const @
1 $_ZN12wasm_bindgen19 wbindgen_describel7hdb3ff320fcac3194E
onst 2
$_ZN12wasm_bindgen19__wbindgen_describel7hdb3ff320fcac3194E
$_7ZN60_$LT$u32$u20$as$u20$wasm_bindgen. .describe. .WasmDescribe$GT$8describel7h45229e6239c456CE
$_7ZN60_$LT$u32$u20$as$u20$wasm_bindgen. .describe. .WasmDescribe$GT$8describe17h45229e62139c456CE
1 $_7N60_$LT$u32$u203as$u20$wasm_bindgen. .describe..WasmDescribe$GT$8describe17h45229e62f39c456CE
$_7ZN60_$LT$u32$u20$as$u20$wasm_bindgen..describe. .WasmDescribe$GT$8describe17h45229e62f39c456¢E)
$_ wbg_point_free ( $t3) ( $p0 i32)
k $BO

$_7ZN12wasm_bindgen16__wbindgen_throw17h7bfc15cfé|

)

wasm rendered at “.wat’
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3. WebAssembly

Use case 1: Run native code in a browser

C++, C or Rust : ) X

src: audacity

Q@M

src: Milica Mihajlija

TU Delft src: author



3. WebAssembly

Use case 2: Generic library binding

PHP

Python

- Interface Types

Ruby

- “run anything anywhere”

Rust e wasm
Rust e wasm —:m
Go owasm ®Hy&
Gowwasm asm
wasm WtbASScley 0

C/C++wwasm ——y Interface
Types elC e wasm wasm
C# owasm
NET
etc 'bwasm
Node
0OSs

Clark, L. (2019)

]
TUDelft



4. Method




Method proposed:

Combine all three:

Direct Access Composability

) Scalable in

principle

Zero boilerplate ?

e
(( ). —uf = General Binding:
= ﬁ WebAssembly

One binding to maintain *

Core
GIS Library




Two components

1. Web VPL
2. Library Plugin system
- Plugin loader

- Plugin model
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1. Web VPL: Design

- Essentially, a programming language
- ‘“syntax tree”

- Model View Controller

TUDelft

— NodeAddAction

NodeDeleteAction

CableAddAction

y/ A pos: Vector2
type:FunctionShim | Widget

type:FunctionShim | Widget

from: Socket

to: Socket

I [

I

0(HashMap) 0..*

start: Socket
end: Socket[]
FinCables—=<>|
valid: bool 0..
outCables—#
I/ 0.%

id: string
name: string
pos: Vector2
iterate: boolean

core: Function,Shim | Widget **

ctx: Canvas (..)
camera: CtxCamera (..)
input: InputHandler
selected: Socket[]
Ll

save()
load()
update()
draw()
/-

Catal

logue

Socket

nodeid: string
idx: number

/e

getSide() -> SocketSide

name: string

Boolean
Number
String
List
Tuple
Object
Union

/s

Simple grouping of data

Body

Input
Output

Spedial

SliderWidget
/e
TextFieldWidget
/e
AppletWidget
/5
/e

ModuleMetaData

source: ModuleSource

Type with relational meaning

Enumeration

Derrived type using inheritance

/ More Fields and / or methods exist,
but are omitted for scope reasons

) More types exist, but are
Y ommited for scope reasons

Catalogue

loadNewModule()

DoesTypeExist()
/s

'core’ in Node uses a union type to represent its inner functioning.
bhd A Widget relates 1 to 1 to a Node.
A FunctionShim can have many Nodes referring to it.

name: string name: string meta: ModuleMetaData
=
innertype: JsEnum ——inpu path: string[] 0"¢ IModule: any meta
s blugprints
trait: GfTypef[] —outp func: FunctionRef /s
isMethod: bool
0..*
types dul
children 0.* (HashMap) p..*=

string
jsPath: string
I/

JavaScript
WasmRust
WasmCpp
Unknown
Custom




2. Plugin System

Regular case:

- Maintain separate project
- Explicitly state interface

- ‘boilerplate’
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2. Plugin System

Web-based VPL

Our case:

interface with

- Leverage wasm compilers wasm-bindings

- Mimic normal language

LN og
- Interprete bindings implicitly WebAssembly ¢ (( ) E
p—g)

interface with
wasm-bindings

Leads to:
*Auto-generate

- No boilerplate

- Connect to existing Core
GIS Library

infrastructure



2. Plugin System

Three elements:

Web-based VPL

- Direct utilization— Zero boilerplate

- Leverage generic interface properties of WebAssembly ((";E

Zero boilerplate ‘
=

- Same behavior within this VPL as in python, C#, JavaScript, etc.
(o] (]
- Scalability GIS Library

- Zero-cost abstraction

%
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2. Plugin System

Zero-cost abstraction Scalability

Web-based VPL 2 no-GUI Runtime
Compile
to plain
JS
Zero boﬂerplate A Use

without
| N og reference
( ) < to VPL
: ()g 5‘ WebAssembly

One binding to malntaln

Core
GIS Library




05 Results
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1. Web VPL implementation

2. Library Plugin System
Implementation
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1. Web VPL implementation:
Geofront
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Web VPL: Geofront

Custom implementation needed to meet all aspects of the method.

- Application framework
- VPL model implementation
- renderer, Interaction, Ul, etc.
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@Geofront fe o [N voces vew setngs

Types

Json

Widget
. v

. Iterate name: slider
Data path: widget!!!
Math

Raster hash: 197dc36d-cc39

D o . " inputso

> Point from array

YYYVYVYVYY

Transform

v Widget
slider

yyYyvyvyy

widgets
std_gf
startin_gf

cope.gf

b S A S A ¢

rust-min_gf

¥ Outputs:1

» N: number

C] Prevent this page from creating additional dialogs

o -
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Usage 1: Basic interaction
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https://thegeofront.github.io/presentation/videos/geofront-1.mp4
https://thegeofront.github.io/presentation/videos/geofront-1.mp4

Usage 2: Basic composition & data inspection
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https://thegeofront.github.io/presentation/videos/geofront-2.mp4
https://thegeofront.github.io/presentation/videos/geofront-2.mp4

Usage 3: A larger setup & parametrization
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https://thegeofront.github.io/presentation/videos/geofront-3.mp4
https://thegeofront.github.io/presentation/videos/geofront-3.mp4

Usage 4: Geodata input — Obj output
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https://thegeofront.github.io/presentation/videos/geofront-4.mp4
https://thegeofront.github.io/presentation/videos/geofront-4.mp4

Implementation: results

+ All major requirements able to be - Limited STD
Implemented on the web. - Types not interoperable
+ Does provide application composability - Limited performance
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Geofront: Feature comparison

Unique combination

]
TUDelft

Grasshopper | Blender | Mobius | Geoflow Geofront
Plugin support Yes No* No Yes Yes
Plugin language CH - - C+4 Rust/Js/Ts*
Plugin types Partially No No Unknown | Yes
Headless runtime No No No Yes No
Web based No No Yes No Yes
Base GIS Nodes No No Yes Yes No
GUI nodes Yes Yes No No Yes




2. Library Plugin System
Implementation
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Plugin System: Implementation

Automated extraction of:
- Alist of all functions present in the library
- Alist of all custom types (structs / classes) present in the library
- Per function:
- Alist of all input parameters, name and type
- An output type
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N
Point '_{ Point

=
— \—I_./
po - o,
»

other

L

—

oy,

L

#[wasm_bindgen]
pub struct Point {
Xz 32,
y: 32,

} wasme-pack
#[wasm_bindgen] Wasm'bi ndgen

impl Point {

pub fn new(x: f32, y: f32) -> Self {
Self { x, y }

}

pub fn distance(&self, other: &Self) -> 32 {
((self.x - other.x).powi(2) + (self.y - other.y).powi(2)).powf(0.5)

}




Plugin System: Comparison

namespace MyPlugin

class AddNode : public Node #[wasm_bindgen]

1
2 { 1 1
3 public class AdderNode : GH_Component 2 { 2 fn add(a: i32, b: i32) -> i32 {
4 { 3 public: 3 a+b
5 public ComponentNodeFromString() 4 using Node::Node; )
6 : base("Add Integers", 5
7 *Add”, 6  void init()
8 "This component adds two integer values", 7 { Figure 56: Geofront plugin
9 "My Plugin”, 8 add_input("a", typeid(int));
10 “My Plugin Category®) 9 add_input("b", typeid(int));
1 { 10 add_output("result”, typeid(int));
12 } n )
i 12 o
14 protected override void RegisterInputParams(GH_Component.GH_ 1: itd““”"g infol)
. Inpu:ParamManager pManager) B stdlsstringsss
16 pManager.AddIntegerParameter("a", "value A", GH ParamAccess.item); :: lfs(:ug:ﬂt;i::;ﬂ;i::;z::ff_;;uu_)_getq,nb(');
18 return s;
17 pManager.AddIntegerParameter("b", “"value B", GH_ParamAccess.item); 19 }
20

18 } 21 void process()
19 2 {
20 protected override void RegisterOutputParams(GH_Component.GH- 3 auto inl = input("a").get<int>();

OutputParamManager pManager) 24 auto in2 = input("b").get<int>();
21 { 25 std::this_thread::sleep_for(std::chrono::microseconds(200));
22 pManager.AddIntegerParameter("R", “"result", GH_ParamAccess.item); 26 output("result”).set(int(inl + in2));
23 } zZ '}
e 2 };
25 protected override void SolveInstance(IGH DataAccess DA)
26 { < 3 2
2 int a: Figure 55: Geoflow plugin
28 int b;
29 DA.GetData(®, ref a);
30 DA.GetData(1, ref b);
31 int c=a + b;
32 DA.SetData(®, c);
33 }
34
35 public override Guid ComponentGuid
36 {
37 get { return new Guid("197d2ec4-c3bl-47ed-8355-6af3b7612f01"); }
38 }
39 R
40 }
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Plugin System: Tests

C++ — emscripten — WebAssembly Rust — wasm-pack — WebAssembly

#[wasm_bindgen]
add(left: u
left + right
}
2 #[wasm_bindgen]
- add(float left,
urn left + right;

I

1
ble x;
iey;

new(x:

f
1 X,

Point(double x, double y)
x(x), distance(& , other: &Se 32
y(y) [;\ ((self.x - other.x).powi(2) + (self.y - other.y).powi(2)).powf(0.5)

le distance(Point& other) {
] :rpow(
pow(x - other.x, 2) + std::pow(y - other.y, 2),
0.5);

function(

class_< oi
.constructor< ble, double>()
.function(’ : nt::distance)
.property(’
.property("y




Plugin System: Tests

Interfacing the C++
binary from JavaScript
was around six times as
slow compared to the
rust equivalent.
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©]

o

I

rust

T
c++

s

ms

Process time

1000 A

800 A

600 -

400 -

200 A

o

T
rust

T
c++

Js




Plugin System: Tests

the C / C++ emSCFipten size of compilation artefacts

M Rust

compiler produced a |
binary which requires

more than three times the

size of the same

functionality compiled with

Rusts wasm-pack. .

200 A

100 A

50 1

minimum example startin / cgal tin
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Plugin System: Test Results

Rust
Worked almost immediately for almost any library

+ Expressive bindings allow complex data types to be exchanged in a simple manner.
- Still some runtime overhead due to wrappers

C++
Multiple workarounds eventually allowed some parts of CGAL to be run in geofront, if included in the source code

- Requires many workarounds
- More wrapper overhead than rust
- Larger binaries than rust
- Sub-optimal support for bindings
+ Interface Types will most likely be added in the future to emscripten

%
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Triangulation

impl Triangulation {

pub fn gf_has_trait_renderable() -> bool {
true

¥

pub fn gf_get shader_type() -> GeoShaderType {
GeoShaderType: :Mesh

pub fn gf get buffers(&self) -> Jsvalue {
let buffer = MeshBuffer {
verts: self.all vertices(),
cells: self.all_triangles(),
b

serde_wasm_bindgen: :to_value(&buffer).unwrap()

numbe [ Objec]
e / #[wasm_bindgen]
numbe pub struct Triangulation {
dt: startin::Triangulation,

}

#[wasm_bindgen]
impl Triangulation E

pub fn new_from_vec(pts: Vec<f64>) -> Triangulation {
let mut tri = Triangulation::new();
tri.insert(pts);
tri

pub fn new() -> Triangulation {
let dt = startin::Triangulation::new();
Triangulation { dt }




@ GEOfant File Edit Add Nodes View Settings

» Canvas
o >




G libepp M X

plugins > cpp-min-gf > src > G- I
11 quick_example.cpp
#include <emscripten/bind.h>
#include <cmath>

using namespace emscripten;
float add(float left, float right) {
return left + right;

i

class point {
public:

double y;

Point(double x, double y) :

x(x),
yo {

double distance(Point& other) {

return std: :pou(
std::pou(x - other.x, 2) + std::pou(y - other.y, 2),
6.5);

EMSCRIPTEN_BINDINGS (cpp_min) {
function("add”, &add;
class_cPoint>("Point
-constructor<double, double>()
", &Point::distance)
.property("x", &Point
-property("y”, &Point




C libepp M X

plugins > cpp-min-gf > src > G I
1 // quick_example.cpp
#include <emscripten/bind.h>
#include <cmath>

using namespace emscripten;

float add(float left, float right) {
return left + right;
i

class point {

double y;

Point(double x, double y) :
x(x),
yo {

double distance(Point& other) {
return std: :pou(

std::pow(x - other.x, 2) + std::pow(y - other.y, 2),
6.5);

EMSCRIPTEN_BINDINGS (cpp_min) {
function("add”, &ad
class_cPoint>("Point

-constructor<double, double>()
-function("dista

-property|

-property("y”, &Point

VPL Plugin VPL Source Code
loader




Plugin System: Zero cost abstraction runtime

Currently Incomplete, but promising

let [d] = math.mul(c, b)
let [e] = math.pow(d, a)

%
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06 Conclusion




K <>
sub Q: library & application divide m

- To what extent does this method intent to address the discrepancies between software applications and libraries, as described by Elliott (2007)?

Does it succeed in doing so?
1. Libraries cannot be directly used, end users are + VPL acts as “a custom GUI for any library”
dependent on in-between applications — + Only dependent on Wasm-bindings

- Exception: C++

2. Applications are not further composable — + VPL: Use tools in a composable manner
+ Potree demo: further composable web applications

3. Capabilities get lost in in-between steps — + Plugin system: Minimum in-between steps

+ Wasm-bindings only limiting factor

e A: All aspects were able to be addressed
TUDelft to a certain extent.



Main research question:

Q: Is a web based VPL a viable method for directly accessing
native GIS libraries with a composable interface?

Yes No
- Provides solutions for app / lib divide - More research is required to proof full
- Successfully implemented and combined: feasibility:
- no-boilerplate plugin system - C++ — Interface Types
- Composable GUI - GUI-less runtime — Scalability
- Web-based

P A: Yes, but with exceptions
TUDelft



Future work

- Improved VPL model:
- Improved type support
- Validated Dataflow VPL
- Concurrency
-  Compile to WebAssembly
- Deployment & scalability
- Cloud-based execution
- “Deploy as application”
- Effects of Rust as replacement for C++ in GIS or any scientific endeavor

- Less error-prone, improved library management, improved wasm support — distribution

e
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