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Abstract
Building robust real-time collaborative applications — “multi-
user apps” — is hard. State transitions that are trivial in the
single-user case become surprisingly complex once concur-
rent participants are involved, often requiring custom inter-
action protocols and tailor-made speculative execution and
reconciliation mechanisms. Errors are harder to reproduce,
and the application must still respond within milliseconds.
AI coding agents do not yet handle these demands reliably.

In this paper, we present a novel way to develop multi-
user apps. We employ a combination of a Functional Re-
active Programming language called Renkon, which is a
general-purpose language for application development with
rich meta-programming features, and a network application
framework called Croquet. We devised a program transfor-
mation that allows the same Renkon program to run as a
single-user app or to use Croquet to run as a multi-user app
without writing application-specific server-side code. This is
done without losing Renkon’s live programming capability.

To demonstrate how well this approach works for a prac-
tical application, we applied it to a real-time interactive pro-
gramming environment called Renkon-pad. We show that
not only can we transform a single-user programming envi-
ronment into a multi-user one, but also that the multi-user
environment can be used to develop a multi-user app in a live
programming manner. This experiment supports the idea
that the transformation is applicable to general and com-
plex programs, with the programmers’ intent in the original
program preserved.

CCS Concepts: • Networks → Programming interfaces;
• Software and its engineering→ Integrated and visual
development environments; Data flow languages.
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1 Introduction
Building robust real-time collaborative applications (“multi-
user apps”), such as collaborative design tools or real-time
action games, is hard. State transitions that are trivial in
the single-user case become surprisingly complex once con-
current participants are involved, often requiring custom
interaction protocols. For instance, one can imagine a sim-
ple case where more than one pointerEnter event occurs
before a pointerLeave event. Such a case may require a
tailor-made speculative execution and reconciliation mecha-
nism. Reproducing an error is harder. On top of these issues,
the app needs to be optimized to provide responsive interac-
tion, down to a few milliseconds of latency.
AI coding agents are not a reliable solution yet. There

are not enough examples to train on for them to avoid com-
mon and uncommon pitfalls. AI agents have more difficulty
if the development and deployment of an app require an
application-specific server, as setting up and updating the
server is cumbersome and error-prone. We also advocate
that a real-time collaborative application should be created
and tested collaboratively, but the methodology has not been
well developed.

In this paper, we present a new way to develop multi-user
apps. We employ a combination of a Functional Reactive
Programming (FRP [9]) language called Renkon [19] and
a network application framework called Croquet [11], and
show that apps created with this combination are robust,
performant, and cleanly implemented.

https://orcid.org/0000-0002-6280-9329
mailto:Yoshiki.Ohshima@acm.org
https://orcid.org/0000-0003-2132-1789
mailto:aran@acm.org
https://orcid.org/0000-0002-4965-7658
mailto:david@axona.net
https://creativecommons.org/licenses/by/4.0
https://creativecommons.org/licenses/by/4.0
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.1145/3840586.3843209
https://doi.org/10.1145/3840586.3843209


Onward! ’26, October 4–9, 2026, Oakland, CA, USA Yoshiki Ohshima, Aran Lunzer, and David A. Smith

Notably, we devised an automatic program transformation
that allows us to run the same Renkon program as a single-
user or a multi-user app. This is done without losing the nice
properties of Renkon, such as its live programming capability.
While the resulting multi-user app may not have all desirable
multi-user features initially, developers can gradually add
more features while maintaining the clarity of the code.

To demonstrate how well this approach works for a prac-
tical application, we applied it to a real-time interactive pro-
gramming environment called Renkon-pad. Renkon-pad lets
a group of users create single- and multi-user apps together.
Moreover, the fact that Renkon-pad is written in itself and
can be dynamically improved further stresses the point that
the combination is a framework for creating practical appli-
cations.
In Figure 1, the screenshots show two browser tabs run-

ningmulti-user Renkon-pad, editing Renkon-pad’s own code.
The smaller “runner” window in them runs the Renkon-pad
being edited. The nested Renkon-pad itself is also multi-user
in a separate session. The translucent greenish overlay visible
in the screenshot indicates the other participant’s viewport.
Renkon is a general-purpose FRP language for building

various kinds of applications. Its core semantics follow those
of typical FRP languages, which have been shown to provide
a basis for the clean organization of application code. The
evaluation of a Renkon program is built upon the concept of
logical time, which is typically synchronized with the real-
time clock. This provides a foundation for reasoning about a
real-time program, especially when network and user events
are involved. While Renkon draws upon past FRP languages,
it differs in that a Renkon program is a set of loosely cou-
pled reactive node definitions. This facilitates modifying the
program at runtime and makes program transformation and
generation as simple as concatenating node definitions.
Croquet is a network architecture based on the idea of

replicated computation. It also uses the concept of explicit
logical time. The architecture employs the “reflector” (a net-
work server on the public internet), which coordinates the
participants but does not compute the application state. Its
main function is to route the events coming from participants.
The reflector advances the application’s logical time, and the
application state on all participants’ computers transitions
bit-identically. This allows a multi-user app to be developed
only by writing client-side code. The latency in interaction
in a Croquet-based app tends to be very low. In a favorable
setting, it can be within a few milliseconds, determined only
by the distance to the reflector.
The contribution of this paper is to demonstrate that the

combination of Renkon and Croquet yields a clean frame-
work for writing collaborative applications. Specifically, we
will show that:

• The same program can be executed as both amulti-user
and a single-user app via a program transformation.

• Live programming a multi-user app is possible and
useful.

• Managing the application state in FRP and avoiding a
server that computes the application state simplifies
multi-user app development.

• A collaborative programming environment can bewrit-
ten in itself.

In addition to the design and implementation of the partic-
ular system we describe, we attempt to distill the key factors
that make this approach attractive.

The rest of the paper is organized as follows. In Section 2,
we give an overview of the Renkon language. In Section 3, we
explain the Croquet network architecture. In Section 4, we
describe a simple program transformation called “croquetify”
to transform a Renkon program to be multi-user over Cro-
quet. In Section 5, we describe multi-user Renkon-pad as a
larger practical example written in this framework. In Sec-
tion 6, we mention related work. In Section 7, we discuss our
findings. Section 8 concludes the paper.

Note to readers:

The Renkon-pad application is open source. To test the
version submitted for review, open a URL such as https:
//tinlizzie.org/onward2026/?q=12345#pw=1, but replace
“12345” in the q parameter with a random string of your
choice. Make sure that your tabs are visible so that the
browser doesn’t put them to sleep. The latest version of
Renkon-pad is available at https://yoshikiohshima.git
hub.io/renkon-pad. You can load the index.renkon file
into Renkon-pad to see the implementation of Renkon-pad
itself.
By default, your session will use a Croquet reflector in
Northern California, and the distance to it dictates the
latency you experience. If you are on the West Coast of
the US, the latency is almost unnoticeable, but it will feel
laggy otherwise. You can set up your own reflector locally
because Croquet is open source; in that case, the latency
becomes virtually zero.

2 Renkon
Renkon is a programming language that follows the original
formulation of Functional Reactive Programming (FRP) by
Elliott et al. [9]. A program in Renkon consists of a set of
reactive nodes. In general, each node reacts to input changes
and produces an output. In turn, other nodes that depend on
the output react to it. In other words, the program nodes form
an acyclic graph connected via dependency relationships.
Inputs to the graph are propagated through the graph to
compute the application state.
The Renkon language runtime consists of the transpiler,

the analyzer, and the evaluator. The implementation is writ-
ten in TypeScript so that it can be used in the browser as
well as in Node.js.

https://tinlizzie.org/onward2026/?q=12345#pw=1
https://tinlizzie.org/onward2026/?q=12345#pw=1
https://yoshikiohshima.github.io/renkon-pad
https://yoshikiohshima.github.io/renkon-pad
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Figure 1. Two browser windows in the same session, editing Renkon-pad’s own code and testing itself in the embedded
runner. The green translucent overlay shows the region seen by the user of the second window; the green pointer, currently
near the overlay’s top edge, represents that user’s cursor.

Renkon’s surface syntax is a large subset of JavaScript
and TypeScript; most JavaScript syntax is valid Renkon syn-
tax. All JavaScript values are valid values in Renkon, ex-
cept undefined, which Renkon uses to signify the absence
of a value. The Renkon transpiler (built using the Acorn
parser [16]) takes a textual node definition and creates a
JavaScript expression that evaluates to an internal data struc-
ture of a Renkon node.
The Renkon transpiler works on each node in isolation.

It analyzes the definition and notes all external references
(free variables) as the names of the node’s dependencies.
Because the transpiler works on one node at a time, the
nodes are loosely coupled, and the programmer can change
the definition of a node independently of other nodes, even
at runtime. Also, the order of the definitions in a program
text makes no difference to the meaning of a program; it
means that a program can be easily represented in a non-
textual form (a boxes-and-wires diagram, for instance), and
this property is conducive to program transformations. A
node can be bound to a top-level variable, and the variable
name becomes the name of the node.

The Renkon analyzer topologically sorts the nodes based
on the dependency relationship and creates a linear list of

nodes for evaluation. The transpiler and analyzer need to
run only when a node definition changes.
The Renkon evaluator runs when a user event or some

other external event enters the dependency graph. The eval-
uator walks through the list, invokes the expression of each
definition with updated values as necessary, and stores the
computed value in the runtime structure. This evaluation
scheme ensures that a node is evaluated at most once at each
logical time 𝑡 , and the program does not exhibit temporary
inconsistent evaluation, or glitches, when a topological sort
exists. That is, when all nodes in a dependency graph can be
sorted topologically, it is guaranteed that the dependencies
of a node have their values for the logical evaluation time 𝑡 ;
therefore, the value of the node will be consistent with the
values of its dependencies.

Renkon has a few notable features that help write applica-
tion programs easily and interactively.

• Drawing upon the original FRP formulation, time-
varying discrete events and continuous values are sep-
arated.

• Promises and generators are integrated into the lan-
guage so that a resolving promise is treated as a change
on a node.
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• The definitions of a reactive node can be changed at
runtime.

Separating values on discrete and continuous time do-
mains provides a clean way to express the intention of how
a value will be used. This also helps the program transfor-
mation we will describe in Section 4.

Renkon is good for writing graphical applications. While
Renkon is completely agnostic to the choice of graphics
library (including “vanilla” JS with direct DOM manipula-
tion), it is convenient to use a virtual DOM library. A virtual
DOM library allows us to treat DOM elements as functional
values, and the program stays functionally pure until the
side-effectful screen updates that happen at the end of the
evaluation cycle. We find that Preact [6] is a good match for
Renkon.
By treating JavaScript promises as time-varying values,

the language accommodates a wide range of JavaScript built-
in features and third-party libraries. For instance, the import
expression loads third-party modules, which can be seam-
lessly integrated into a practical program.

Let us look at a simple program that uses DOM elements.

1 const {h, render} = import(
2 "./preact.standalone.module.js");
3 const collection = ["a", "b", Events.timer(20)];
4 const dom = h("div", {}, collection.map(
5 (word) => h("span", {}, word)));
6 render(dom, document.body);

Note to readers:

You can paste the above code into the Renkon-pad code
editor (remove line numbers if they are also copied), in-
stantiate a runner, and press the play button in the runner.
Note that the program being built in Renkon-pad runs
in single-user mode by default; instances of the above
program appearing in different runner windows are not
connected to each other.

In the program above, we import h and render from the
unmodified Preact library. The JavaScript built-in import
expression returns a promise, and the Renkon evaluator up-
dates h and render when the library is loaded (line 1). The
h function of Preact creates the DOM tree definition as an
object tree, and the render function of Preact “reconciles”,
or calculates the difference, between the provided virtual
DOM object tree and the actual DOM target.
The collection node (line 3) has a value that is an ar-

ray with three values "a", "b", and the result from Events.
timer(20). Events.timer() yields the elapsed time since
the start of the session. In this example, the event stream
contains numbers that are multiples of 20. Because the timer
fires every 20 milliseconds, the value of collection, which
depends on the timer’s value, is updated at the same rate.

The dom node (lines 4–5) is a div node that has three span
elements, each of which is an element of collection.

The node with the render call (line 6) is evaluated when-
ever dom is updated. (Strictly speaking, it is also evaluated
when render is updated, but that happens only when the
program is modified. The variable document is a free variable
on line 6, but it is treated as a known global constant.) Notice
that line 6 does not have a name and is not assigned to a top-
level variable. This is one way to reveal the programmer’s
intention that no other node will depend on this expression.

Live programming capability comes naturally in Renkon.
The transpiler treats the definition of, for example, dom in
isolation and finds that h and collection are free variables.
However, it does not look at what is bound to them. The
definition of dom can be changed between evaluation steps.
When this occurs, the transpiler and analyzer run, and after
that, the program continues.

2.1 Events and Behaviors
A Renkon node represents a stream of time-varying values,
and it is either an “Event” or a “Behavior”, a distinction that
is drawn from the original formulation of FRP. An Event has
a value only at the logical time when an external action (user
interaction, network activity, etc.) occurs. It does not have
a value (indicated by its value being undefined) at other
times. A Behavior has a value “all the time”. It is commonly
used to represent a value in persistent application state.

A primitive Event or Behavior is createdwith a combinator
method on the Events class (such as Events.timer) or the
Behaviors class, respectively. Also, a constant value such
as 10 is a Behavior. When the Renkon analyzer analyzes a
node, its type is determined by the types of its dependencies.
In general, when any one of the dependencies is an Event,
the node is an Event. Consider the following definition:
1 const e = {t: Events.timer(1000), x: 10};

In this case, the reactive node bound to e is an Event, even
though “10” is a Behavior whose value is constantly 10. The
node e gets a value (the value is an object with properties t
and x) only at the times when the Events.timer node has
a value.

2.2 Combinators
There are “FRP combinators” that provide more sophisticated
dataflow beyond the simple dependent update rule. See doc-
uments on Renkon, such as [19] and [18], for more details.
We touch upon a few relevant ones below.

The select combinator uses its “previous value” (see Sec-
tion 2.7) and the incoming event’s value to compute its new
value. It is analogous to the fby expression in languages such
as Lucid [21], but it allows multiple cases. It can also be seen
as an “actor”-like construct; namely, a message it receives
selects the handler to be invoked, and the handler computes
the new value.
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Typically select is used in this form:

1 const collection = Behaviors.select(
2 [],
3 reset, (_prev, _reset) => [],
4 timer, (prev, timer) => [...prev, timer]);

The collection node (line 1) begins with the initial value,
in this case an empty array [] (line 2). Whenever the node
bound to timer fires, collection becomes a new array with
the new event added (line 4). Therefore, collection is up-
dated to [0], [0, 1000], [0, 1000, 2000], and so on every
1,000 milliseconds (when timer is Events.timer(1000)).
When the reset event occurs, collection is restored to an
empty array (line 3).

2.3 Send and Receiver Combinators
In writing an interactive application, a situation arises when
a UI element is created based on the application state, and
the UI element needs to affect the same application state
when a user interacts with the UI. This forms a cycle in the
dependency graph; thus, it has to be handled properly to
make the FRP-based system practical while keeping clean
semantics.

Let us take the following program as an example:

1 const {h, render} = import(
2 "./preact.standalone.module.js");
3 const reset = Events.receiver();
4 const timer = Events.timer(1000);
5 const collection = Behaviors.select(
6 [],
7 reset, (_now, _reset) => [],
8 timer, (prev, timer) => [...prev, timer]);
9

10 const resetter = ()=>Events.send(reset, "doIt");
11 const buttonDOM = collection.map((n) =>
12 h("button", {onClick: resetter}, n));
13 const buttons = h("div", {}, buttonDOM);
14 render(buttons, document.body);

In the program above, collection holds past timer values
in an array (lines 5–8), as in the previous code example. The
buttonDOM array (lines 11–12) consists of button elements,
each labeled with a value from collection. This means
that buttonDOM depends on collection. The button also
has an onClick handler that resets the array, meaning that
collection’s state depends on buttonDOM via the “reset”
event. If we try to make collection a direct dependency of
buttonDOM, a cycle would form, and the program would not
have a sound evaluation order.
Our solution, already used in the example, is the “send”

and “receiver” mechanism, drawn from Flapjax [17]. The
Events.send call (line 10) sends a value to a receiver (in
this case, reset, defined on line 3). The key point is that
the sent value is delivered in the next evaluation cycle, at a

different logical time. This ensures that a node has at most
one value at a time, breaking the cyclic dependency.
A receiver can be either an Event or a Behavior. The

common case is the Event type, but a Behavior variant is
useful when the value is expected to persist — for instance,
initialization logic that acquires a value over the network
and uses it throughout the application afterward.

2.4 The Use of Immediately Invoked Function
Expression

Sometimes a reactive node needs to compute a value that
requires more than a simple expression — perhaps using a
temporary variable, or a control structure such as if or for.
Renkon allows the use of an Immediately Invoked Function
Expression (IIFE) to compute a value. For example, one can
write a reactive node col3 that depends on col1 and col2
in this way (a convoluted example to show the syntax; what
it does is irrelevant):
1 const col3 = ((c1, c2) => {
2 const result = [];
3 for (let i = 0; i < c1.length; i++)
4 if (c1[i] === c2[i]) {result.push(i);}
5 return result;
6 })(col1, col2);

The expression is invoked when the dependencies (col1
or col2 on line 6) change. On invocation, the formal argu-
ments (c1 and c2) are bound to the values of the nodes, just
as in JavaScript. The value returned becomes the value of
the entire reactive node col3. The value result is mutated
during execution, but as long as it does not leak and is not
used elsewhere, functional purity is maintained.
This improves the expressiveness of Renkon, because

sometimes it is simply easier to use a control structure to
compute a value, and some third-party libraries require im-
perative setup. The use of an IIFE admittedly looks “iffy”, as
it mixes imperative language constructs into a functional
setting, but it is very useful for writing a practical applica-
tion with complex data structures. As long as the internal
mutable data is contained within the body of the function, it
does not violate the pure nature of FRP.

2.5 Handling Mutable State
Most third-party libraries use mutable objects. Also, basic
data structures such as Array and Map are mutable. It is
convenient to use them as they are, rather than working
around them in awkward ways, such as needing to make a
new Map for each mutation in React [22].

In Renkon, a common idiom is to keep the same mutable
object but wrap it in another plain object:
1 const pos = Behaviors.select(
2 {map: new Map()},
3 move, (prev, move) => {
4 // move:<{id:string, x:number, y:number}>
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5 prev.map.set(move.id, move);
6 return {map: prev.map};
7 });

Let us say that pos represents the positions of graphical
shapes, keyed by the shapes’ ids. It keeps the values in a Map,
and when the move event happens, the Map is mutated by the
setmethod call on line 5. But the actual result returned from
the function is a fresh object with the same, but mutated,
Map in the map property.
This works nicely. The mutable state is internal to the

node. Its dependencies are notified because the value for
pos is a fresh object. As long as the internal mutable data
structure (such as this Map) is not mutated outside of the
node, the functional purity is maintained. When a node that
generates virtual DOMs reacts to this change, developers
have control over how to check the values in the Map. We use
this technique throughout applications such as Renkon-pad.

2.6 DOM Event Handling
Because DOM user events are mutable and some methods
on an event have to be called in the immediate event handler,
the canonical form of handling DOM events is:

1 const down = Events.listener(
2 anElement,
3 "pointerdown",
4 (evt) => {...});

This sets up a function (line 4) as the direct event handler on
the actual DOM element. The body of the function can call
methods such as preventDefault() and compute a value
from the event. The value returned from the function be-
comes the new value of the Event bound to down.

Note that Events.listener is reactive to value changes.
When the third argument is a free variable that points to a
node whose value is a function, the handler function bound
to the actual DOM is automatically updated. In this way, a use
case that requires a higher-order stream in other languages
can be described cleanly.

2.7 One More Note on Time
The semantics of FRP are clean, but implementing it on top
of a JavaScript engine requires some consideration. In the-
ory, there would be no “previous” value for a Behavior if it
were on a truly continuous time domain. Also, two causally
independent Events never occur at the same instant.

In practice, the Renkon implementation uses JavaScript’s
discrete evaluation mechanism, and Behaviors act as step
functions. This also means that more than one event can oc-
cur within the same inter-cycle gap, and these events are “de-
livered” at the next Renkon evaluation cycle. For the program
to handle multiple values, a receiver may be defined with
the {queued: true} option. In this case, multiple events

are queued for the next evaluation cycle and delivered in an
array.

2.8 Meta-Programming
Renkon provides deep introspective features. The entire state
of a running program, including the original node definitions,
transpiled results, the evaluation order of nodes, and cur-
rent node values, is stored in an instance of a class called
ProgramState, and is visible from the program itself as the
Renkon global variable. The updateProgram method on a
ProgramState takes new node definitions and updates the
internal dependency graph.

ProgramState has a method called registerEvent() to
“inject” a new value into a receiver node from outside. Thus,
for a JavaScript program hosting a ProgramState instance,
the following JavaScript code first sets a value (true) into
the node named reset (line 1) and runs an evaluation cycle
by calling evaluate (line 2).
1 programState.registerEvent("reset", true);
2 programState.evaluate(Date.now());

3 Croquet
Croquet is an open-source network application framework
for creating real-time multi-user apps [11][27]1. It differs
from typical collaborative frameworks that employ a client-
server architecture, where the server computes the applica-
tion’s state and sends it to participants. In contrast, the appli-
cation state of a Croquet app is computed in the JavaScript
interpreter on the client side. It needs only a small server
called a “reflector”, which receives each event sent by any
participant and reflects it back to all participants.
Let us look at Figure 2 and follow a typical flow of exe-

cution. We will explain what the “model” and “view” are in
more detail below; for now, just consider that the model is
the shared state of a multi-user app, and the view consists
of the browser or other runtime features that reside outside
of the model. When a user interacts with the app (say, click-
ing on a DOM element on the screen), the resulting event
is sent to the reflector (step 1 in the figure). The reflector
puts a timestamp on it and sends it back to all participating
clients (2). Upon receiving the event, the model runs, and
the model on all participating clients transitions to the new
state, “bit-identically” (3). Each client’s view then updates
its own screen and other browser-dependent externals (4).
The view has direct read-only access to the data in the model
at this step, as the model and the view are actually in the

1While the company that originally developed the Croquet framework
ceased operations, the authors believe that the underlying ideas remain
powerful and the open-source implementation is readily usable. Any organi-
zation or individual can set up their own reflectors locally or globally. There
were also companies that created slightly modified versions of Croquet
under different names, but for this paper these extensions are not relevant,
and we use the name “Croquet” throughout the paper.
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same JavaScript execution context (boxes labeled client A
and client B).

The communication between a client and the reflector uses
a WebSocket or an order-preserving WebRTC data channel
so that the order of messages is preserved once the reflector
receives them and puts timestamps on them.

Internet

Client Devices

Reflector

model

client A

1

2

3

4 4

3

client B

view view

model

Figure 2. A diagram of the Croquet architecture. 1. The user
on client A interacts with the app and an event is sent to the
reflector. 2. The reflector puts a timestamp on the event and
sends the event back to all participants. 3. The handler for
the event is executed in a bit-identical manner. 4. The view
updates the screen by reading the model data without going
through the network.

The advantage of moving computation from the server to
the client is that the reflector can be fully application agnos-
tic. This means that the same reflector can serve different
sessions of different applications simultaneously, without
adding expensive compute resources to the server. Debug-
ging an application is easier, as the shared data, which might
be on the server in a client-server setting, is visible directly
in the developer console on the client. Also, the reflector
operates without interpreting any data that clients create,
thus allowing end-to-end encrypted shared applications. The
capacity of a reflector, such as the maximum number of users
supportable in a shared session, depends on the complexity
of the application. We found that dozens of highly active
users can participate in a real-time 3D virtual world envi-
ronment [20] (as long as the clients’ rendering can keep up),
while the same session can also accommodate hundreds of
spectators. There can be even more users in a session of a
less intensive application.
How does Croquet guarantee bit-identical execution in

the replicas of the model? First, Croquet uses JavaScript as its
foundation. The JavaScript language standard ensures a high
degree of conformity in execution semantics across different
platforms.Where the standard allows differences, we provide
our own implementations that ensure the same outcome on

every platform (in particular, for transcendental functions
such as trigonometric functions). We install a seeded random
number generator in place of Math.random; this allows client
code to call Math.random transparently to obtain replicated
random numbers. Croquet also replaces methods of Date to
avoid obtaining different values.
Second, we employ a strong notion of model-view sepa-

ration. The Croquet model contains all information about
the logical state of the application, and must be amenable
to serialization and deserialization. The view is everything
else, which may include DOM elements, the document ob-
ject, WebGL and Audio contexts, etc. The view may be fully
reconstructed from the current state of the model when nec-
essary. Note that the terms “model” and “view” do not imply
non-graphical and graphical state. Any data structure that is
to be shared among participants is in the model, and every
other part of the application is in the view. For instance, a
multi-user shape editor would have the location, stroke style,
fill color, etc. of a shape in the model so that they are shared
among users, even though they concern visual representa-
tion. Also note that accessing view-specific values such as
window.innerWidth from the model will break bit-identical
execution. Developers need to write the model code to use
logical coordinates, for instance, and the view code to map
the logical coordinates to the actual screen coordinates.

The communication between the model and the view uses
the Croquet librarymethods publish and subscribe, which
send and receive Croquet events. As shown in Figure 2, the
application view code calls the aView.publish() method
to send a user event to the reflector, and the reflector sends
it back to all participants to trigger the model-side handler
registered with aModel.subscribe(). This is called a view-
to-model event. On the other hand, when the model notifies
the view to update the screen (or play a sound, etc.), the
event does not go over the network. When the model ex-
ecutes aModel.publish(), each replica executes the same
call during deterministic model execution, triggering the
handler registered with aView.subscribe() locally.
A practical multi-user app may run for a long time, even

months or years, with users joining and leaving many times
(imagine a shared document editor for writing a conference
paper). To support such an application, Croquet takes a “snap-
shot” of the model state from time to time (by default, every
5 seconds of model execution time). When a user joins an
existing session, the latest snapshot plus outstanding events
since the snapshot are delivered to the “latecomer” browser
tab so that the new client can catch up to the identical state
with other users.

The snapshot is saved to a file server associated with the
reflector. Having a file server allows Croquet to store snap-
shots as well as large assets for an application. For example,
a 3D virtual world application may store a large 3D asset on
the file server, and the Croquet model only stores the URL
to the asset. The Croquet view on each client loads the 3D
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1 class MyModel extends Croquet.Model {
2 init() {
3 this.count = 0;
4 this.subscribe("counter", "reset",
5 this.resetCounter);
6 this.future(1000).tick();
7 }
8 resetCounter() {
9 this.count = 0;
10 this.publish("counter", "changed");
11 }
12 tick() {
13 this.count++;
14 this.publish("counter", "changed");
15 this.future(1000).tick();
16 }
17 }

18 class MyView extends Croquet.View {
19 constructor(model) {
20 super(model);
21 this.model = model;
22 countDisplay.onclick = event=>this.counterReset();
23 this.subscribe("counter", "changed",
24 this.counterChanged);
25 this.counterChanged();
26 }
27 counterReset() {
28 this.publish("counter", "reset");
29 }
30 counterChanged() {
31 countDisplay.textContent = this.model.count;
32 }
33 }

Figure 3. The model and view code of a self-incrementing counter.

asset from the server, but the model is concerned not with
the large data, but with the orientation, scale, etc.

The Croquet data serializer handles cyclic data structures
and supports standard objects such as Map and Set. Thus, the
model data structure does not have to be written in awkward
styles just to satisfy the requirements of the framework. In
addition to support for JavaScript’s built-in classes, devel-
opers can provide pluggable reader and writer functions for
third-party classes. This allows the model to contain, for
example, the Text object of the CodeMirror text editor or
Three.js numeric classes such as Matrix4. The developer
can also write out “persistent data” to support program code
evolution while keeping the essential part of the application
state.
Recall that the reflector sequences events coming from

different users so that the order of events that a client sees is
guaranteed to be the same for all clients. In essence, the repli-
cated model treats each event as a trigger for a transaction,
and developers can ensure the integrity of the application
semantics (see Section 6 for comparison to “merge-based”
collaboration libraries).
The reflector also generates timer events, or “ticks”, as

needed, so that a real-time application with animation, for
example, is synchronized across the participating computers
even when no user is actively generating events. This means
that Croquet does not require a distributed synchronized
clock, because the reflector advances the logical clock and
notifies the participants.

The fundamental idea of Croquet described above appears
to be naive and simple (and its simplicity gives it power).
However, real-world networks suffer from problems such as
intermittent WiFi or users simply closing their laptops. The
core developers of Croquet have paid careful attention to
these details. As a result, the Croquet implementation is well
tested in deployed practical applications and has proven to
work reliably.

Figure 3 is a simple Croquet counter example written in
vanilla JavaScript. This application shows a value on the
users’ screens (via countDisplay.textContent = ... on
line 31). This app increments the count every 1,000 millisec-
onds and resets it to zero when any one of the users clicks
on the display.

The MyModel class has a property called “count” that con-
stitutes this app’s entire logical application state (line 3). An
event from the view to themodel called reset in the counter
scope is sent when a user clicks on the countDisplay DOM
element (line 22), and is delivered to all replicas of the model
via the reflector. In addition to the reset event, the model has
a (replicated) future event loop that runs once every 1,000
milliseconds (line 15). The model publishes a model-to-view
event called “changed” when the count value changes (lines
10 and 14), and the handler for the event in the view updates
the textContent of the DOM.
Note again that the application does not need to propa-

gate the value of count across the network. The tick events
created by the reflector, and each user event requesting a
counter reset, are sent over the network; each replica of the
model independently computes the next value of count, in
a bit-identical manner.

A Croquet application can be written in a different surface
language. Indeed, in the next section, we show that a Renkon
program can be “croquetified”.

4 Croquetify: Generating a Multi-user
Program

In this section, we describe the program transformation that
converts a single-user Renkon FRP program into a multi-user
program. We call the transformation “croquetify”.

We use the counter program shown in Figure 4 to explain
the transformation. The counter node (lines 1–3) in the
program starts with the value zero (line 2). When the change
event (line 4) fires, the new value becomes the sum of the
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1 const counter = Behaviors.collect(
2 0,
3 change, (prev, change) => prev + change);
4 const change = Events.or(incr, decr, thousand);
5 const timer = Events.timer(1000);
6 const thousand = timer ? 1000 : undefined;
7

8 const incr = Events.listener(
9 document.querySelector("#incr"),
10 "click",
11 (evt) => 1);
12 const decr = Events.listener(
13 document.querySelector("#decr"),
14 "click",
15 (evt) => -1);
16 document.querySelector("#out")
17 .textContent = counter;

Figure 4. The counter program in Renkon. It has one integer
value, which is incremented by 1,000 each second and also
changes when the user presses buttons called incr and decr.

Figure 5. A screenshot of the counter program (shown in
two runner windows). The “+” and “-” buttons are named
incr and decr, respectively. Every 1,000 milliseconds, the
counter value is incremented by 1,000, while pressing a but-
ton changes the value by 1 or -1.

previous value and the change event (line 3). The change
event fires when one of incr, decr, or thousand fires.
Recall that the textual order of node definitions makes

no semantic difference. The change node is textually placed
after the definition of counter, for instance. The transpiler
works on each node in isolation, and then the analyzer topo-
logically sorts them regardless of their textual order.
The nodes incr and decr are DOM event handlers on

elements named “incr” and “decr” (lines 8–15), and they
take a value of 1 or -1 when the event occurs (lines 11 and
15, respectively). The node on line 16, which is a property
assignment expression, is triggered when counter updates
and effectively makes the content of the DOM element called
“out” causally connected with counter.

When we run this program, we see something like one
of the windows in Figure 5. (The screenshot already shows
the multi-user case.) The thousand node fires every 1,000
milliseconds, so the counter goes up by 1,000 each second,

but when the user clicks on the “+” or “-” button, the value
is changed by 1 or -1, respectively.
Now, we show how we transform (“croquetify”) the pro-

gram into a multi-user one that uses Croquet. Recall that
the Croquet mechanism employs the concept of model-view
separation. The basic idea of croquetify is to split the reactive
nodes into two groups, one for the model and another for
the view.
In our counter case, counter is the fundamental appli-

cation data. Also, timer is a replicated model event, and
change and thousand should be in the replicated model.
We can therefore think of a sub-program that consists of
counter, change, timer, and thousand as being grouped
into the model.
We also create another sub-program with all remaining

nodes and put them into the view. The croquetify function’s
job is to create these two sub-programs from the original
program. To specify the grouping, we explicitly pass the list
of names, called the “modelRealm” spec, to the croquetify
function.
After splitting the code, we need a way to trigger the

model sub-program to run when a user event or timer event
is delivered to the model from the reflector. Also, we want
the view sub-program to run when the model changes so
that the screen is updated. To achieve this, we add a few
more nodes to each sub-program.
The croquetify function analyzes the original program

and generates additional nodes to accommodate dependency
relationships that cross themodel-view boundary. For a view-
side node that is used in the model (such as incr in the
example), croquetify adds an Events.receiver() node to
the model sub-program. In our case, the following two nodes
are added:
1 const incr = Events.receiver();
2 const decr = Events.receiver();

For a model node that is used in the view (counter is
the only one in this example), croquetify adds a Behaviors
.receiver() node to the view-side sub-program. In our
case, the following node is added:
1 const counter = Behaviors.receiver();

The transformation is depicted in Figure 6. As you can
see, the croquetify function takes two inputs, the original
single-user program and the “modelRealm” specification, and
produces two sub-programs. Notice that the node definitions
in the original program do not have to be modified. They are
grouped into two programs, and some nodes are added.
The generated model and view code are “wrapped” in

subclasses of Croquet.Model and Croquet.View, shown in
Figure 7, respectively. One can think of the simple count
property in Figure 3 as becoming a ProgramState with a
few nodes including counter in MyRenkonModel in Figure 7.
MyRenkonModel uses Croquet’s subscribe API to register
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Figure 6. The croquetify function takes the original single-
user program in Renkon and the model realm specification,
and generates two Renkon programs. It analyzes the depen-
dency relationships that cross the model-view boundary and
generates receiver()s to connect them.

the handler called viewMessage when the view sends an
event (lines 9–10). The viewMessage method (line 13) calls
the registerEvent method (line 19) to inject a value for a
receiver() into the instance of ProgramState, and then
calls evaluate on it (line 25 via the method run). In effect,
the nodes in the model code are updated according to the
event sent from the view. After the evaluation cycle ends, the
names of nodes that are updated and to be sent to the view
are collected (line 25), and the model sends a modelUpdate
event to the view (line 26).

On the MyRenkonView side, the “announcer” (line 53) pub-
lishes a Croquet event when a node value is updated and it
is to be sent to the model. The modelUpdate method (lines
44–51) receives a set of names and injects their values into
the instance of ProgramState at once (that is, for evaluation
at the same logical time). The view-side ProgramState is
configured to run automatically as needed, meaning that a
call to registerEvent (line 48), or user interaction such as
a button press, triggers an evaluation cycle.

Generating MyRenkonModel and MyRenkonView with cro-
quetify is typically done in the browser, generating the pro-
gram text and calling eval to create the necessary structure.
A programming environment running in a browser tab may
invoke croquetify frequently, each time the program is tested.

Why do we add Events.receiver()s to the model and
Behaviors.receiver()s to the view? A Croquet view-to-
model event is typically a user event that causes a change in
the persistent model state. On the other hand, a notification
from the model to the view is typically used to trigger screen
updates, and the view reads all necessary quiescent data at
once from the model. This difference maps very well to the
FRP Events and Behaviors distinction, and it shows that the
concepts from FRP and Croquet work together nicely.
In our example, when the user clicks on the incr button

on the screen, the incr event gets a new value (+1), and an
evaluation cycle of the view-side program is triggered. (In
this simple program, there are no dependents on incr on
the view side, but one could imagine some view-side visual
effects being triggered.) During the evaluation cycle of the
view dependency graph, each time a node referenced by the
model gets a new value, a Croquet event is sent even while
the view-side Renkon evaluator is traversing the node list.
In other words, events from the view to the model are not
“batched” but are sent as soon as the change on a node occurs.

The view-to-model event is sent via the reflector to the
replicas of the model on all participants. The receiving model
injects the event into the corresponding Events.receiver()
and triggers an evaluation cycle. In this way, the events sent
from different remote clients are sequenced into a unique
order, and they trigger updates in the model in a bit-identical
manner without interleaving the effects.

When the model sub-program is evaluated, there may be a
number of nodes that get new values. We send only one Cro-
quet model-to-view event that has all changed node names
as its payload. The view-side Croquet event handler extracts
values from the model (recall that the view can read the
model data directly as long as it does not mutate it), injects
the values into the corresponding Behaviors.receiver()s
all at once, and runs an evaluation cycle.

Again, this transformation is simple, as the definitions of
nodes are loosely coupled, connected only by the names of
free variables. One can simply concatenate the definitions of
nodes to create a new program.
When we transform an FRP program, we need to ensure

that it does not introduce glitches. Recall that a glitch re-
sults from temporary inconsistent evaluation, as described in
Section 2. If a transformation introduces dependencies that
cannot be topologically sorted, there will be no consistent
evaluation order for the nodes. While we have not provided
a formal proof that this transformation does not introduce
any glitches, it is easy to see why. A sketch of the proof is
as follows: given a graph 𝐺 that is acyclic and topologically
sortable, we partition it into disjoint subgraphs𝐺𝑚𝑜𝑑𝑒𝑙 and
𝐺𝑣𝑖𝑒𝑤 . Since the added receiver nodes are only sources, they
introduce no new dependency edges, and therefore cannot
invalidate the topological ordering.



Croquetify: Transforming Single-User Functional Reactive Programs into Multi-user Applications Onward! ’26, October 4–9, 2026, Oakland, CA, USA

1 class MyRenkonModel extends Croquet.Model {
2 init() {
3 this.programState = new ProgramState(0, this);
4 this.programState.updateProgram([modelNodeStr]);
5 this.programState.options = {once: true};
6
7 this.programState.evaluate(this.now());
8
9 this.subscribe(this.id, "viewMessage",
10 this.viewMessage);
11 }
12
13 viewMessage(data) {
14 const now = this.now();
15 const {name, value} = data;
16
17 if (name === undefined ||
18 value === undefined) {return;}
19 this.programState.registerEvent(name, value);
20
21 this.run(now);
22 }
23
24 run(now) {
25 let changedKeys = this.programState.evaluate(now);
26 this.publish(this.id, "modelUpdate", changedKeys);
27 }
28 }

29 class MyRenkonView extends Croquet.View {
30 constructor(model) {
31 ...
32 this.programState = new ProgramState(0, this);
33 this.programState.updateProgram([viewNodeStr]);
34 this.programState.announcer = (varName, value) => {
35 this.announcer(varName, value);
36 };
37 this.programState.evaluate(this.now());
38
39 this.subscribe(this.model.id,
40 {event: "modelUpdate", handling: "oncePerFrame"},
41 this.modelUpdate);
42 }
43
44 modelUpdate(keys) {
45 for (const key of keys) {
46 const value = this.model.programState.resolved.get(key);
47 if (value && value.value !== undefined) {
48 this.programState.registerEvent(key, value.value);
49 }
50 }
51 }
52
53 announcer(varName, value) {
54 if (this.model.viewToModel.has(varName)) {
55 this.publish(this.model.id,
56 "viewMessage", {name: varName, value: value});
57 }
58 }
59 }

Figure 7. The model and view code that wraps generated Renkon dependency graphs.

5 Croquetifying Renkon-pad
In the previous section, we introduced the croquetify func-
tion, which converts a single-user application written in
Renkon to a multi-user one. In this section, we show that we
can croquetify substantial programs.
Renkon-pad is an interactive live programming environ-

ment with a zoomable infinite 2D field in which to write a
Renkon program (see Figure 1). The user can instantiate mul-
tiple code editors and edit Renkon node definitions in them.
The user can create multiple “runners”, which are iframes
that run the Renkon program being edited. The receiving
iframe creates or updates an instance of ProgramState and
runs the program.

The code editor is an instance of the unmodified CodeMir-
ror editor [12]. We could use any JavaScript-based text editor,
but we find that CodeMirror has good support for editing
JavaScript code, and it also has the official collab package
to support multi-user editing. (We explain this in detail in
Section 5.2.)
The version of Renkon-pad as of early 2026 has about

180 top-level node definitions and about 3,000 lines. It grew
from an earlier version with about 700 lines that had reached
the self-sustaining threshold, meaning that a programmer
could edit its code in it and save the result. Renkon-pad is

a practical environment. The authors use it for their own
development work on a daily basis.
As described in the Data Structure section of [19], the

application data of Renkon-pad is represented with only a
handful of Behavior nodes. They are the windows, which is
an array of window IDs; positions, which is a dictionary
(Map) of rectangle objects ({x, y, w, h}, keyed by awindow
ID); windowTitles; etc. We can start with this handful of
nodes in the modelRealm spec for croquetifying this program.
It turns out that this is already good enough to make the
window-manipulation part of the system multi-user.

Note to readers:

When you have multiple Renkon-pad browser tabs in the
same session, you can press the “code” button at the top
of one tab and drag the created window. The creation and
movement will be synchronized across all tabs.

5.1 Remote Viewports and Cursors
For a multi-user programming environment with a zoomable
interface to be useful and practical, it needs more features
than just windowmanipulation. For one, users typically want
to see what parts of the 2D field remote collaborators are
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viewing and where their mouse pointers are (the remote
viewport and remote cursor features). This means that the
data in the Croquet model should include the position and
extent of the viewport, for instance. The viewport is a dic-
tionary of {x, y, scale} objects keyed by the viewId,
which uniquely identifies a participating browser window
in a Croquet session. Similarly, the cursor position in the
logical field coordinates is also stored in the Croquet model,
and the view renders it on the screen.

Note to readers:

You can zoom in and out and pan in one of your browser
windows and see how the translucent rectangles change in
other browser windows. Care is taken so that the remote
cursor of a user is visible at the edge of your screen even
when their viewport and yours do not overlap.

5.2 Multi-user Text Editors
Editing textual code (and documentation in Markdown) in
those boxes is the central activity in using Renkon-pad, and
it is essential to support simultaneous multi-user editing.
We use CodeMirror’s collab package in conjunction with
Croquet. The collab package assumes that the “authority”
of the collaboration receives a CodeMirror transaction with
a “version number” that identifies the point in the linear
progression of editor state. This version number is used
by the authority to determine if transactions from differ-
ent participants interleave; if so, it transforms a transaction.
This works very well with Croquet because Croquet’s re-
flector sequences the events; thus, the replicated Croquet
models running on different clients can act as the authority
of collab.
Following collab’s reference implementation, we have

created a subclass of Croquet.Model called CodeMirror-
Model. We create an instance of it for each text editor in a
session (so potentially there may be hundreds of instances
in the session). Each CodeMirrorModel contains a CodeMir-
ror Text object. When it receives a transaction from a par-
ticipant, it may transform it, apply the transaction to the
Text, and send the transformed transaction to other par-
ticipants. The participants’ views apply that transaction to
CodeMirror’s EditorView to update the edit state on their
own screens.

Note to readers:

You can start typing in a code editor window in one of the
browser windows and see the code editor in other browser
windows update. We have added multi-cursor support too;
you can see remote users’ insertion points in the text.

5.3 Synchronized Runner
The program that is being edited in a Renkon-pad environ-
ment is run in a separate execution context. Each runner
window has an iframe, and when the runner’s play button
is pressed, the existing code in the environment is gathered
and sent to the runner to run it. We want to replicate the
play-button click so that when one of the users presses the
play button, every participant starts the same program. This
is done simply by introducing a Renkon node for handling
the play button press into the model. This effectively syn-
chronizes the play event for all participants.

5.4 The Size of the Renkon-pad Program
Renkon-pad has about 180 node definitions in slightly over
3,000 lines of Renkon. The model realm spec has 24 names,
which include eight nodes that are essential application data
(such as window positions and contents). There are addi-
tional nodes in the model to handle shared but transient
state such as viewports, play button triggers, and file loading.
The view has 155 nodes. It includes user interaction, render-
ing, text search, CSS definitions, and a CodeMirror plugin.
Model/view cooperation requires just 15 model-to-view con-
nections and 13 view-to-model connections. A large part of
the line count is CSS and the construction of virtual DOM
elements. There are user-interaction events (such as those
for moving or resizing a window) that are sent from the view
to the model, but the number of them is still small.
In addition to code written in Renkon, the definitions of

CodeMirrorModel and CodeMirrorView are in a separate
JavaScript file, which has about 500 lines.
There are very few external libraries used. The Renkon

runtime uses the Acorn parser, and rendering is done with
Preact and, of course, the browser. Text editors use CodeMir-
ror, but everything else is written in Renkon.

5.5 Dynamic Switch Between Single- and Multi-user
Modes

We want to keep the option of running Renkon-pad as a
single-user app as well as a multi-user app from the same
codebase. While the implementation of Renkon-pad almost
“just works” for both cases, introducing CodeMirrorModel
and CodeMirrorView has made the application depend on
Croquet. To avoid linking Croquet statically to Renkon-pad,
we added startup logic that determines whether the applica-
tion is started inmulti-user mode or not.We run croquetify at
startup time only when the program is running in multi-user
mode. When running in single-user mode, the definitions of
CodeMirrorModel and CodeMirrorView are swapped with
stub versions that create a CodeMirror instance directly.



Croquetify: Transforming Single-User Functional Reactive Programs into Multi-user Applications Onward! ’26, October 4–9, 2026, Oakland, CA, USA

Note to readers:

You can open https://tinlizzie.org/onward2026without any
URL parameters to run Renkon-pad as a single-user app.
The same code with the ?q= URL parameter and session
password pw= works as a multi-user app.

There is one more axis in the choice between single- and
multi-user modes besides the editor being in one of these
modes. We also want to control whether the application
being edited in the environment should itself be run as a
single- or multi-user app. In the current implementation, it is
controlled by the presence of a code editor with the reserved
title “Croquet”. When the environment contains a text editor
with “Croquet”, the content is sent to a runner separately.
The content of the Croquet window instructs the receiving
runner whether to run croquetify or not.

6 Related Work
We discuss related work to establish the contemporary and
historical context for our project.
We trace the lineage of this work to TBAG by Elliott et

al. [10]. TBAG was a networked collaborative framework
that used a constraint solver on each client. An event is
delivered to other clients, and each of them computes the
new state. Analogously, we use FRP (another invention by
Elliott et al.), which can be seen as a propagation-based one-
way constraint solver. The Croquet network architecture of
our work is more sophisticated and practical, as Croquet is
well tested in products and examples, and some mechanisms
such as snapshots (and persistent data) support long-running
applications.

There have been numerous attempts to apply reactive lan-
guages to distributed applications [5][15]. A recent example
is Meerkat by Costa Seco et al. [7]. Meerkat’s goal is similar
to ours, including support for live programming. However,
our approach with Croquet and Renkon differs from theirs
in some crucial respects. Renkon on Croquet allows us to
develop an application starting as a single-user program and
then use it as the starting point for a multi-user program.
The developer can gradually enhance it with multi-user fea-
tures. In other frameworks, this enhancement often breaks
the initial assumptions about the program structure. In our
scheme, starting with a clean, logical-time-aware language
helps structure the program in a way that is conducive to
incremental improvements.

Compared to an early attempt by Reynders et al. to write
a network application as a “multi-tier FRP program” by split-
ting one program into multiple parts that run on the server
and the local computer [23], the benefit of our approach is
that it avoids writing a server-side program altogether. Avoid-
ing application-specific server-side code alleviates much of
the difficulty of developing client-server programs. The light-
weight communication protocol of Croquet is also conducive

to developing a real-time action game that requires a 60 Hz
or higher event rate.
Newspeak-on-Croquet by Bracha is an attempt to use

Croquet as a network transport mechanism to add collabo-
ration features to the malleable programming environment
Newspeak [4]. The goal is very similar to ours. However, the
attempt does not embrace Croquet’s model-view separation
and propagates values across the network, which limits its
ability to ensure the correctness of the synchronized appli-
cation state.

In terms of (single-user) reactive language constructs, Sig-
nals [8] and Svelte’s Runes [25] try to provide a way to
describe dependency relationships among values in the pro-
gram. Using Signals is cumbersome. One has to write:

1 const count = useSignal(0);
2 const double = useComputed(() => count.value*2);

to have reactive values called count and double, where
double is count * 2. Svelte’s runes are slightly simpler syn-
tactically, but they still require explicit marks ($derived
and $effect). Having to specify which signal is the base
signal and which signals are derived or computed makes
incremental improvement harder, and is also less conducive
to program transformation than Renkon.
As a historical note, the property of Renkon, and of re-

active programming in general, whereby the order of state-
ments in a program does not affect execution, but only the
dependency relationship does, can be traced to the Compel
language by Tesler and Enea in 1968 [26].

6.1 Merge-based Solution vs. Croquet
Croquet’s approach also differs from “merge-based” collabo-
ration libraries such as Automerge and Y.js [3][13], which
typically use CRDTs [24].With such libraries, multiple clients
make changes to a shared document simultaneously, poten-
tially without communicating for a long time. The divergent
data on clients are merged to create a single “truth”. This
approach, often called “local-first”, has its benefits, as it al-
lows offline editing [14]. However, a merge-based approach
does not necessarily guarantee semantically correct results,
not only when the changes are too large to be reasonably
reconciled automatically but also when clients are online.
Imagine a collaborative graphical shape editor where users
create rectangles of different sizes on the screen, and they
can move and resize them. The developer might later wish
to impose a semantic restriction that all rectangles should
be within the bounds of the owning canvas. The developer
would tweak the local UI so that the move and resize han-
dlers clip user pointer movement that would put the edge of
the box out of bounds. A problem arises when user A moves
a rectangle toward the right while user B resizes it to be
wider toward the right on a remote computer. The merged
result would make the rectangle stick out of bounds.

https://tinlizzie.org/onward2026
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In Croquet, under the “network-first” assumption, the
events are linearized, and these edit events can be rejected
or transformed when a later one violates the application
contract.

We point out that the combination of Renkon and Croquet
offers a solution for one of the local-first ideals: “the network
is optional”. Because a Renkon app can work as both a multi-
user and a single-user app, it allows the user to work on
their document even when they are offline. For instance, the
program developed in a collaborative session can be saved
to the user’s local disk. The user can then go offline, launch
single-user Renkon-pad served from localhost, and load the
saved program to continue developing. Later, the user’s work
can be merged with others’ work via Git.

6.2 Croquet Architecture Limitations
We recognize that the network-first assumption imposes
certain limitations. Croquet is not a fully decentralized ar-
chitecture and requires a reflector that is reachable by all
participants. A mitigating factor in the Croquet architecture
is that the reflector does not store application state (except
for a small number of events received since the last snap-
shot was taken), and there may be any number of reflectors
deployed across the global network. This means that if the
reflector serving a session goes down, the session can be mi-
grated to another working reflector with the loss of at most a
few seconds’ events. The commercial versions of the Croquet
network included brokers that took care of this migration.
Keeping the network-side entity simple also has practical
benefits for robustness. The commercial Croquet network
typically achieved years of continuous service availability.
Furthermore, as described in Section 3, the reflector and the
Croquet client library address common issues such as WiFi
disruptions, so reconnecting to an existing session works
well.

In short, although the network-first assumption may ap-
pear to be a strict limitation, network availability is already
a requirement for real-time collaborative applications (such
as real-time games). Under that assumption, we believe that
the Croquet network architecture provides a practical and
robust foundation.
The Croquet architecture requires extra effort to run an

application that depends on some server-side logic. For ex-
ample, an application might involve large data, say, a dataset
over 10GB. For such an application, we can run a “headless”
client on a machine that has the dataset, and the custom
view of the headless client can handle heavy computation.
Processed results of much smaller size can be sent to regular
clients. In other words, the Croquet architecture has different
trade-offs from a typical client-server model, but a headless
client with custom view code can support such cases.

This does not preclude research into a “best of bothworlds”
approach, namely a system that seamlessly supports both
network-first and local-first operation.

7 Discussion and Future Work
We first summarize the “essence” of the work, and then dis-
cuss future work in this section.

7.1 Distilled Architectural Ingredients
From our experience, we identify the following design “in-
gredients” as being particularly important:

• Explicit logical time
• No application-specific server-side code
• Rich meta-programming features
• Loosely coupled program elements
• Distinction between triggers and persistent applica-
tion state (namely, Events and Behaviors)

Explicit logical time and the distinction between triggers
and persistent application state (or Events and Behaviors)
help ensure that the application state is computed from con-
sistent values, even when the network is involved. Elimi-
nating application-specific server-side code, combined with
loose coupling, allows programs to be modified dynami-
cally without requiring any special support from the server.
The rich meta-programming features allow programs to be
treated as data and sent over the network without dealing
with closures or other objects referenced by functions. Other
systems and languages that share similar characteristics
could adopt the proposed technique.
We also contend that providing a robust foundation for

collaboration together with live programming capability re-
quires a ground-up system design. We posit that the combi-
nation of Renkon and Croquet works well in practice because
both systems were designed to support this style of inter-
active development over a network. The combination takes
advantage of the fact that both systems were designed with
these goals in mind. In other words, the above list by itself
cannot be applied to other languages and systems without
careful design to create a robust collaborative system.

7.2 Possible Future Improvements
There are some mismatches between Croquet and Renkon. A
Renkon program often uses JavaScript functions as helpers.
In the single-user case, such a function is treated as the con-
stant value of a stream. However, Croquet cannot serialize a
function object as state (due to JavaScript limitations); thus,
the model sub-program cannot have a function as a value. A
Croquet program written in an object-oriented style can de-
fine a method for this purpose, as the actual model definition
itself does not have to be serialized.

The croquetify function in its current form actually takes
a set of function strings to be inserted into the generated
class (such as MyRenkonModel in Figure 7). This works fine
but often leads to duplicated code. Finding a more seamless
integration is an area for further exploration.
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A Renkon program can be written in TypeScript syntax,
and in the authors’ experience, the regular TypeScript typ-
ing rules are mostly sufficient. However, there is room for
improvement to capture a class of incorrect programs. For
example, when a reaction to an event calls Events.send, the
value is only available in the next evaluation cycle. On the
other hand, the value returned from the reaction is available
only in the current evaluation cycle. A common error is to
write a reaction that depends on both of these values, but
it typically never fires. A type rule could catch such an is-
sue when a reaction that calls Events.send is used in other
ways.

A limitation of croquetify is that the Croquet model and
messages from the view to the model need to be serializable.
A single-user version of an app may use non-serializable
objects, such as DOM elements, to store some essential infor-
mation. For the croquetified program to work, the developer
must change it so that the model stores only the essential
information. This is typically done simply by separating the
node into two nodes.
The Renkon language handles only one-way constraints

as a deliberate choice. While this works for a large class of
programs, some concepts, for instance graphical object lay-
out, are inherently multi-way. A Renkon program typically
offloads layout to the CSS engine, which performs its layout
calculation after the last steps of an evaluation cycle, and
avoids depending on its results. This works for typical cases,
but if a program indeed needs to use the actual elements’
locations, it often becomes difficult. One could imagine sup-
porting multi-way constraints or adapting a language with
a “stratified” evaluation scheme such as the Dedalus lan-
guage [1]. The croquetify process could be applied to such a
language.

Supporting programming with AI coding agents is a very
important topic. As of this writing, trying to create a robust
collaborative app does not work reliably due to the lack
of examples and insufficient knowledge of how to handle
corner cases. AImay produce an application that workswhen
the developer casually tests it alone with a keyboard and a
mouse, but it often breaks when two or more users actually
interact with it in real time. Creating a “skill” for agents [2]
that teaches best practices for Croquet and Renkon will be
very valuable.

8 Conclusion
We set out to find a way to write collaborative applications
more cleanly and easily. The “holy grail” that developers
have been looking for in making collaborative applications
is a programming language or system where the developer
writes code for an application as if it is single-user, but it
works as a multi-user app. We think the combination of
Renkon and Croquet shows a lot of promise in that direction,
for two main reasons, though it may not be “it” yet.

The characteristics of Croquet and Renkon help us achieve
the goal. Both Croquet and Renkon use explicit logical time to
advance the application state. This eliminates certain classes
of race conditions and unintended breakage of application
contracts.
The basic formulation of Croquet is simple, but careful

and extensive engineering efforts devoted to it have made
it a practical foundation for building real-time collaborative
applications.
Renkon provides a clean way to describe dataflow, and

the loose coupling of nodes in the dataflow graph allows
us to transform a program easily. The combination yields a
clean way to write an application and transform its code to
be multi-user.
We have shown small and large examples. The counter

program is written in a few lines. The large example, the
collaborative programming environment, is about 3,000 lines,
with features such as remote cursors and collaborative text
editing.

We also provided a list of key ingredients that we believe
helped make this experiment successful and could possibly
be applied to other languages and systems.
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