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Abstract

We build on Bodylight,js, the technology with which we have
been creating web simulators for medical education since 2019.
The new generation, Svelte Bodylight, keeps its principles: the
model is computed in the web browser, with no server and no
installation, and the application is assembled from standardised
web components. What changes is how the application comes
into being. Models written in Modelica are translated through
the FMI standard into WebAssembly from Dymola as well as
from OpenModelica, and every translation is compared auto-
matically with a reference computation. The user interface is
built with the open-source compiler Svelte as a set of web com-
ponents: sliders, charts of time courses and of pressure-volume
loops, state lamps and guided scenarios. A teacher assembles
the application in a configurator without a programmer, and
the finished simulator is delivered as a single HTML file that runs
even without an internet connection.
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1 Introduction: what stays from Bodylight.js
and what changes

A medical simulator joins explanation with a mathematical
model. The student changes parameters, watches how a model
of a physiological system responds, and from the behaviour of
the model understands why a disease shows itself the way it
does. Building such a simulator, however, is teamwork. In our pa-
per at MEDSOFT 2024 [1.] we described the four roles involved:
the modeller, the artist, the teacher and the programmer. The
modeller writes the model in the Modelica language, the artist
draws the animations, the teacher designs the teaching scenar-
io, and the programmer assembles the application from all of it
(Fig. 1, left).
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For the last step we have used the Bodylight.js technology
since 2019 [2.-6.]. In it the model is translated into WebAssem-
bly and computed directly in the browser, so the simulator
needs neither a server nor an installation, and the application
is assembled from standardised web components. All of this
still holds. The bottleneck, however, remained the programmer:
he assembled every application by hand, so every change of a
scenario had to wait for him.

Svelte Bodylight moves this role. The teacher assembles the
application in a configurator, and the programmer only creates
new kinds of components - once, for every application (Fig. 1,
right). This paper describes how it works: the path of a model
from Modelica into the browser, the verification that the simula-
tor computes the same as the original program, the components
of the user interface, the experiment as a description instead of
a program, the configurator, and the delivery of the whole set of
simulators as a single file. The simulators themselves in use are
shown in the companion paper in these proceedings [7.].

2 From Modelica to the browser

We write models of physiological systems in the Modelica lan-
guage [8.]. It is an acausal language: the modeller writes down
equations and relations between quantities as he knows them
from physiology, and the compiler decides in which order, and
which variable from which equation, to compute. From the
model, an FMU (Functional Mock-up Unit) is then produced
according to the FMI 2.0 standard [9.] - a self-contained compu-
tational unit that any program supporting the standard can run.
We use the Co-Simulation variant, in which the FMU carries its
own solver of differential equations (CVODE from the SUNDIALS
suite [10.]) and outwardly only advances in time step by step.
The FMU must contain source code in C, because that is what
we then compile for the browser.

Compilation for the browser is done by Emscripten [11.], a
compiler from C into WebAssembly [12.] - a binary format that
today’s browsers run at a speed close to native code. The result
is two files: a WebAssembly module with the model and a small
JavaScript file that loads it. Twenty seconds of a circulation sim-
ulation, that is 5,000 steps, are computed in about a tenth of a
second; the rest of the time belongs to drawing the charts. The
whole chain is summarised in Fig. 2.
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Figure 1 - roles in building a web simulator. Left, the Bodylight.js technology (2019-2024): the modeller, the artist and the teacher all hand their work to the
programmer, who assembles each application separately, and the teacher’s intention reaches the application only through him. Right, Svelte Bodylight
(2026): the teacher assembles the application in the configurator, and the programmer extends the set of components, once for all applications. Dashed is
the next step, not implemented yet - the artist’s drawing linked to the model.
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Figure 2 - from a model in Modelica to a page in the browser. In blue, the path of the model: from Dymola or OpenModelica as an FMU with source code in
C, compilation by Emscripten into WebAssembly, and automatic verification against the reference computation in Dymola. In grey, the computation in the
browser and the web components, shared by all models. In orange, the experiment, which the teacher decides. In red, the result the student gets: a single

HTML file that runs with no server and no network.

We accept FMUs from two sources. The first is Dymola, in
which most of our models were created. The second is Open-
Modelica [13.], a freely available environment; the aim is that the
whole catalogue can be built even without a Dymola licence.
The two sources behave slightly differently - OpenModelica,
for instance, resolves events (the opening of a valve) exactly at
the moments when the host advances it in time, so a pulsating
model needs a finer step. The fineness of stepping is therefore a
property of the model, carried by the description of the experi-
ment, not a control for the student.

Inside the model everything is in Sl units: pressure in pascals,
volume in cubic metres, flow in cubic metres per second. Con-
version to the units a physician reads - mmHg, ml, I/min - hap-
pens only on display. The model thus stays physically consistent,
and units are a matter of the interface, not of the equations.

The compilation chain runs in a Docker container with a
pinned version of the Emscripten compiler. The same model
therefore gives the same result on any computer, and in a year
the same as today - which is a precondition for verifying it to
make sense.

3 Verification: the simulator computes
the same as Dymola

Translating a model has many steps, and something can be
lost in each of them. Every translated model is therefore com-
pared automatically with a reference computation in Dymola:
the same scenario is computed in the browser model, and the
resulting time courses are compared with those from Dymola
point by point. The comparison is part of every build; a change
that would spoil the computation does not pass.

For most quantities the deviation is taken relative to the in-
stantaneous value of the reference. For pulsating signals this is
not possible: ventricular pressure passes close to zero during
every beat, and a small absolute error would give a huge relati-
ve one there. For pulsating signals we therefore take the devi-
ation relative to the range of the signal (“of range” in the table).

How small these deviations are is shown in Fig. 3 on the circu-
lation model: left ventricular and aortic pressure from Dymola
and from the simulator in the browser overlap completely in
the chart, and their difference does not exceed 0.025 mmHg - a
fraction of what could be read from any monitor.

model and scenario largest tolerance
deviation

simple respiration, constant 0.0028 % 0.05 %

inputs, 60 s

simple respiration, step change| 0.27 % 0.5%

of an input

normal circulation, Dymola 0.0216 % 0.025 %
of range

normal circulation, OpenMode-| 0.0086 % 0.02 %

lica (original model) of range

normal circulation, OpenMode-| 0.0117 % 0.02 %

lica (package in Sl units) of range

respiration from the Bodylight | 0.0025 % 0.05%

library, OpenModelica

simple respiration from an 0.0026 % 0.05 %

OPM diagram

normal circulation from an 0.0157 % 0.02%

OPM diagram of range

Hodgkin-Huxley model at the | 0.88 % 1%

excitation threshold of range

iron metabolism, steady state | 0.0000 % 0.05 %

iron metabolism, hepcidin 0.12% 0.5%

gene knocked out of range

iron metabolism, inflammation | 0.013 % 0.1%

after lipopolysaccharide of range

Table 1 — comparison of the simulators in the browser with the reference
computation in Dymola.

One entry deserves a comment. The nerve membrane model
is compared deliberately right at the excitation threshold: a
stimulus of 18 mV only bends the membrane, 19 mV elicits an
action potential, and the case thus proves that the threshold lies
exactly where it lies in Dymola. It is the most sensitive place po-
ssible, and the deviation of 0.88 % concerns the moment when
the potential changes fastest.

The comparison also revealed errors that would otherwise
have stayed hidden. One of them made the model silently stop
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Figure 3 - verification of the simulator against Dymola on the circulation
model, the last three seconds of a twenty-second run. Top, aortic and left
ventricular pressure: the wide light line is the reference computation in
Dymola, the thin dark line the simulator in the browser; the two overlap
over the whole course. Bottom, their difference: within the three seconds
shown at most 0.011 mmHg in the left ventricle and 0.004 mmHg in the
aorta (0.024 and 0.007 mmHg over the whole run); it is concentrated in the
moments when the valves open and close.

advancing in time after a while; another made the application
write the set values into the model only before its initialisation,
so the model then ran with its default values. Neither could be
seen by looking at the charts; both were caught by the nume-
rical comparison. For the iron metabolism model, the compari-
son showed that Dymola and the browser both computed the
decaying lipopolysaccharide inaccurately, each in a different
way: the model computed it as the difference of two nearly
equal numbers. After the model was reformulated, they agree
to within 0.013 %.

4 Web components from Svelte

We build the user interface with Svelte [14.], an open-source
component compiler. Unlike common libraries, Svelte does not
add an extensive runtime to the page; it compiles components
into lean code that updates the page directly. The components
then become standard web components (custom elements)
[15.] - custom HTML tags that can be placed into any web page,
regardless of what the rest of the page is written in.

The set has thirteen components today. The most important are:

e slider with a number box (<fmu-slider>): changes an input
of the model; the value can also be typed, and once the
slider has moved, it offers a way back to the default value;

¢ chart (<fmu-chart>): a time course with a history window,
as on a bedside monitor, or a chart of one value against
another - for example the left ventricular pressure-volume
loop with the ESPVR and EDPVR lines (Fig. 4);

e readout tile (<fmu-readout>): a number with its unit, as a
monitor shows it;

e state lamp and button (<fmu-state>, <fmu-trigger>): for
qualitative models, in which states change rather than
numbers - the lamp is lit when the system is in the given
state, the button triggers an event;

¢ scenario step (<fmu-step>): text for the student, Back and
Next buttons, and a button that sets the values of the step.

The remaining components control the run (start, pause, new
run), show the state and time of the simulation, and connect
everything to one model (<fmu-experiment>). What matters is
that every component exists only once. The same set serves the
application, the configurator and the standalone page, so they
cannot drift apart - a fix in one place holds everywhere.

The simulation itself does not belong in the components. The
order of calls of the FMI standard, stepping in time, keeping the
pace and converting units are the job of a single layer with no tie
to the interface, used by all pages. In the application the model is
computed in a Web Worker thread so as not to slow the interface
down; in the standalone page on the main thread, because the
environments in which the page is shared may forbid a separa-
te thread. The layer therefore makes sure that computing and
drawing keep the promised pace even on a slower computer:
when drawing the charts becomes expensive, they are drawn
less often, but the simulation keeps running in real time.

LEFT VENTRICULAR PV LOOP mmHg / ml
FIT AXES ZOOM OUT o ZOOM OUT ¢
ESPVR
200 /
95
EDPVR
-10 )
[ 160 ml

Figure 4 - feft ventricular pressure-volume loop in the normal circulation
simulator. The slanted solid line is the ESPVR (end-systolic pressure—
volume rrelationship), the dashed curve the EDPVR (end-diastolic pressure—-
volume relationship). The buttons above the chart fit the axes to the loop
currently shown or zoom out, so that when parameters change one can
follow where the loop moves.

5 The experiment as a description, not a program

We do not program the application on top of a model; we
describe it. The description is called an experiment, and it is a
JSON file. It states which variables of the model are sliders and
over what range, which are fixed parameters, which are only
displayed and in which units, which charts are drawn and from
which curves, how long and how fast the simulation runs, and
what the scenario is. The model itself does not change for the
experiment; there may be any number of experiments on the
same model. On the circulation model we have eight of them
today - from normal circulation through ventricular failure, val-
ve defects and haemorrhage to intra-abdominal pressure and
anti-shock trousers.

A scenario is a series of steps. Each step has a text for the
student, the values it sets, and a flag saying whether it starts
again - like a new patient - or continues where the previous
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Figure 5 - the configurator (left) and the application it drives (right). In the configurator the teacher assigns roles to the variables of the circulation model
- an input controlled by a slider, a fixed parameter, a displayed output — and sets their ranges; on the right runs the real application with the charts and

sliders that came out of these choices.

one ended, as with a haemorrhage that progresses. The num-
bers in scenario texts are not estimated: they are measured on
the running model and rounded as the page shows them, and
a tool compares them with what the student will actually see
on the page. Among other things, this found steps that should
have started again but continued from the end of the previous
step, and therefore showed different numbers from those the
text promised.

One experiment carries both language versions. The text is
stored in Czech and in English, but numbers, ranges and settings
are shared, so the two versions cannot diverge in content. The
Czech page writes a decimal comma, the English one a decimal
point; an automatic check verifies that the two versions of the
same page differ only in words.

Besides the generic page that the application builds from the
experiment by itself, an experiment can also have a designed
page — an HTML file in which an artist or a teacher arranges the
elements at will and merely labels them with variable names.
This is how, for example, the respiration “cockpit” came about,
or a live diagram in which the values of the model are shown
directly in the nodes of the scheme, or the scheme of iron
metabolism drawn after a sketch by the model’s author, with
live values at the organs and at the places where hepcidin and
interleukin 6 block ferroportin.

6 The configurator: the teacher assembles
the application

The experiment is not written by hand. The teacher builds it in
the configurator: loads the description of the model, chooses
for each variable whether it will be a slider, a fixed parameter
or a displayed output, selects units, divides the outputs into
charts, sets the length and pace of the simulation and writes
the scenario. The configurator has no simulation of its own - it
drives the real application in the neighbouring window, so the
teacher sees exactly what the student will see, and a trial run ve-
rifies that the computer keeps up with the chosen pace (Fig. 5).

The configurator also guards against errors that would
otherwise only show in class: a variable the model does not
have, an input that cannot be changed, or a default slider value
that does not lie on its scale.

7 Delivery: one file, no server

The whole set of simulators is built into a single HTML file. It
contains the models in WebAssembly, the components, the
descriptions of the experiments and the fonts; the file is about
6.5 MB and works without an internet connection - it is enough
to open it in a browser, for example in a lecture hall without
a network, or to put it on any web server. Today it contains 16
models and 23 experiments (Fig. 6).

Normal blood circulation v Englsh

Normal blood circulation + comere

Figure 6 - the shared page with the normal circulation simulator after a
finished run: choice of experiment and language, description, run controls,
the first step of the scenario, and charts - the left ventricular pressure-
volume loop and pressures in the left heart and the aorta with readouts.
The whole set of simulators is a single HTML file that works even without
an internet connection.

The page is guarded by a series of automatic checks. They
verify that it connects nowhere and takes its fonts from itself,
that every experiment shows something and responds to the
controls, that the two language versions differ only in words,
that the page works in the Chrome and Firefox browsers and
in the WebKit engine on which Safari is built, that it fits on the
display of a mobile phone, and that the experiments keep the
promised pace even on a computer twice as slow as the one
they were made on. The last two checks were added when it
turned out that on a phone the page was rendered shrunk to
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Drawing
Adobe Animate, lllustrator
or After Effects
named layers
and instances

Linked in the configurator
layer name < model variable
e.g. “left-ventricle” < left ventricular volume,
50-150 ml « frames 1-100

Model
variables and parameters
of the experiment

The model drives the drawing
ventricular volume picks the animation frame, a valve
opens with its flow, blood colour follows saturation

The drawing controls the model
clicking a valve sets a stenosis,
dragging the anti-shock suit raises its pressure

Figure 7 - proposed next step: the artist’s drawing driven by the model. A drawing from Adobe Animate, lllustrator or After Effects carries named layers and
instances, which are linked to the variables of the model in the configurator. The model then drives the drawing (ventricular volume picks the frame of the
animation, a valve opens with its flow), and the drawing controls the model (clicking a valve sets its stenosis). The artist programs nothing; the names of the
layers are the contract between the drawing and the model. Not implemented yet.

a third, and that on a slower computer the circulation model
could run several times slower than it promised - neither could
be seen on the development computer.

8 Links to the running simulators

As in our 2024 paper, readers can try the simulators themselves:
a link opens the simulator in their browser. A link can open a
single experiment and language directly - for example https://
bodylight.physiome.cz/SvelteBodylight.js/medsoft2026/fmu-lab.
html?experiment=normal-circulation/krvaceni&lang=en opens
the haemorrhage scenario in English; with &ang=cs in Czech,
and with &view=opd, for a model made from an OPM diagram,
directly the diagram. The page itself keeps in the address bar
what is currently shown, so a link to any view can simply be
copied. Links to all experiments are given in the companion
paper [7.]. An overview of all simulators with links is at https://
bodylight.physiome.cz/SvelteBodylight.js/en.html.

9 Next step: the artist, and models from diagrams

Svelte Bodylight still lacks the role that was most visible in Bo-
dylight.js: the artist. We propose that a drawing made in a tool
the artist knows — Adobe Animate, lllustrator or After Effects —
should carry names of layers and instances, and that these be
linked to the variables of the model in the configurator (Fig. 7).
Ventricular volume would then pick the frame of the heartbeat
animation, a valve would open with its flow, and the colour of
the blood would follow saturation. And the other way round:
clicking a valve could set its stenosis. The artist would write no
code; the names of the layers would be the contract between
the drawing and the model. This part is not implemented yet.

The same chain already simulates models that were not writ-
ten in Modelica but created from diagrams of the Object-Process
Methodology (OPM, standard ISO 19450 [16.]). A Modelica mo-
del is generated from the diagram and takes the same path into
the browser; Table 1 contains two such models, and their devia-
tions from the references are as small as those of models written
by hand. The details will be the subject of a separate paper.

10 Conclusion
Svelte Bodylight keeps what proved itself in Bodylight.js - the

Modelica, FMI and web component standards, computation
in the browser with no server, and teamwork - and changes

what was the bottleneck. The application on top of a model is
no longer assembled by a programmer but by the teacher, in
a configurator that shows the real running application. Every
translated model is verified automatically against the original
computation, and the finished set of simulators is a single file
that works even without a network. The path from a model to
a teaching application thus shortens from weeks to hours - the
iron metabolism simulator had its first experiment with hepci-
din controls ready on the same day the model was delivered -
and moves to the person who knows what the students should
learn. What such simulators look like in teaching is shown in the
companion paper in these proceedings [7.].
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SVELTE BODYLIGHT: NOVA TECHNOLOGIE TVORBY
WEBOVYCH SIMULATORU

Abstrakt

Navazujeme na technologii Bodylight.js, se kterou jsme od roku
2019 vytvareli webové simulatory pro vyuku mediciny. Nova
generace, Svelte Bodylight, zachovava jeji principy: model se
pocitad v internetovém prohlizeci, bez serveru a bez instalace,
a aplikace se sklada ze standardizovanych webovych kompo-
nent. Méni se zpUsob, jakym aplikace vznikd. Modely z jazyka
Modelica se pres standard FMI piekladaji do WebAssembly
z Dymoly i z OpenModeliky a kazdy prevod se automaticky
porovnava s referenénim vypoctem. UzZivatelské rozhrani vznika
v open-source piekladaci Svelte jako sada webovych kompo-
nent: posuvniky, grafy pribéh i tlakové-objemovych smycek,
kontrolky stavl a fizené scéndre. Pedagog sestavi aplikaci
v konfiguratoru bez programatora a hotovy simulator se doruci
jako jediny soubor HTML, ktery bézi i bez pfipojeni k internetu.

Kli¢ova slova

Modelica, FMI, WebAssembly, Svelte, webové komponenty, webové
simuldtory, lékarskd vyuka
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