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Abstract
Live modeling is the ability to edit an executable model at run-time, and to subsequently continue the execution instead of
having to restart it. Few modeling frameworks support this feature. Much of the research concerning live modeling attempts
to bring “liveness” to existing modeling languages and environments, which is a complex, and often ad hoc endeavor. We
instead argue to build modeling environments on an operation-based versioning foundation, to not only record edit operations,
but also execution steps on an explicit run-time model. This reduces the complexity of patching the run-time state with edit
operations to a simple merge-operation, while getting powerful features such as collaborative editing and debugging “for
free.”

Keywords Model-driven engineering · Live programming · Live modeling · Versioning

1 Introduction

Themental gap that occurs when turning a set of goals into an
engineered system is called the “gulf of execution” byDonald
Norman [1]. Verifying whether the system satisfies the goals,
he calls the “gulf of evaluation.” In the context of program-
ming, Lieberman and Fry [2] link these gulfs to the difficulty
of understanding the behavior of a program from the static
source code, and introduce one of the first instances of omni-
scient debugging. However, debugging only addresses the
gulf of evaluation, helping the user comprehend the behav-
ior by linking it with the code and allowing their conjoint
exploration. Live programming addresses the other direction,
the “gulf of execution,” helping the user to nudge an exist-
ing program in the right direction by modifying it during its
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execution. When the user can modify a program at run-time
to address some newly identified gap between her goals and
the running system, this frees her from traversing the entire
“gulf of evaluation” once again (re-running from the begin-
ning and evaluating if the change matches the expectations).
This is supported by an empirical study [3] that found that
programmers tend to make use of (simple) live programming
techniques, when available.

In both software development and the engineering of
(cyber-)physical systems, the use of (executable) model-
ing is taking on an increasingly important role. By using
a modeling language that fits the problem domain at hand,
rather than using some generic programming language (e.g.,
Java), the accidental complexity and the cognitive gap are
reduced. However, modeling tools still lag behind the rich
tool ecosystems available for programming languages, such
as debuggers and versioning systems.

Programming languages benefit from the fact that they
are usually textual, and therefore, a textual versioning system
like git can be used formany languages.We similarly propose
for modeling languages to use a “largest common denomina-
tor” data structure, which is graph-based. A graph-based data
structure to encode not only the models themselves, but also
the run-time state of an interpreter, combined with a power-
ful versioning system for graphs, we believe live modeling
can be fairly easily supported across a wide range of model-
ing languages, taking the modeling experience beyond that
of textual languages.
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1.1 Contributions

In our previouswork [4],weproposed an architecture that can
support collaborative live modeling and multiverse debug-
ging [5, 6]. The critical insight was that an operation-based
optimistic versioning system (see [7] for a nice classifica-
tion) can be used to record not just users’ edit operations on
a design model, but also an interpreter’s execution steps on a
run-time model. By defining the run-time model such that it
is always an overlay on top of the design model, the “patch-
ing” of the execution state after a “live” edit operation can
be reduced to the merging of changes of the design model
into the run-timemodel. The hypothesis is that if there are no
merge conflicts, then the updated run-time model is correct.

The novelty of this approach, compared to existing work,
is that the only work needed to support a new language is to
properly encode (changes to) the design model and run-time
model. We are convinced that this is far easier than creating
and maintaining ad hoc merge-functions for every modeling
language (the usual approach taken).

Additionally, the language engineer gets some powerful
features “for free”: branching and merging of the design
model is supported, the basis for collaborative editing. Non-
deterministic executions can be represented by branching the
execution state, and hence (parts of) the state space can be
recorded, and used for model checking or multiverse debug-
ging [6]. With serialization of recorded changes (part of the
versioning system), execution traces can be stored or sent
over a network connection without any extra work. This
enables even more features such as collaborative (remote)
debugging.

In this paper, we present an implementation and extension
of these ideas:

• We have implemented a demo of a live modeling envi-
ronment for a simple FSA language, based on our earlier
running example [4]. We will give an overview of its
implementation.

• We address a flaw in our previous work [4]: in order to
detect merge conflicts, we record dependencies between
changes (which we call deltas). Originally, we only
recorded write-after-write dependencies between deltas.
This was sufficient to detect conflicts between edit
operations.We did not realize at the time the need to addi-
tionally record read-after-write dependencies to detect
conflicts between execution steps and/or edit operations.
Without read-after-write dependencies, certain conflicts
(e.g., a concurrent read + write) remain undetected. We
have thus extended our implementation with this feature.

The remainder of this paper is structured as follows: In
Sect. 2, we present our running example, which consists of a
number of scenarios that demonstrate the overlap between

versioning and live modeling. In Sect. 3, we present our
solution and implementation for supporting these scenarios.
In Sect. 4, we discuss possible extensions of our work. In
Sect. 5, we discuss related work. In Sect. 6, we conclude,
discuss limitations and future work.

2 Running example

In this section, we introduce our running example, and the
use cases we want to support.

Before we start, we state explicitly that we focus on inter-
pretation (i.e., operational semantics), rather than compila-
tion/code generation (i.e., translational semantics). Transla-
tional semantics can be supported, but requires extra work
(explained later).

2.1 Design and run-timemodel

Inspired by [8], we assume two kinds of models exist:

• Design model is the model that is created/edited by the
user

• Run-time model is the model that describes the current
state of execution, typically between execution steps

Figure 1 introduces our running example, based on a sim-
ple finite state automaton (FSA) modeling the behavior of a
burglar alarm. Four models are shown:

Design Run-time

Meta-model MMD MMRT

Model M (1)
D M (A)

RT

The meta-models are shown only for completeness, and
are assumed not to change. The design model contains all
states and transitions. The only information contained in the
run-timemodel is the current state. The current state is stored
as a link directly to a state in the design model. In general,
the run-time model is able to point to elements of the design
model, but not the other way around.Wewill define thismore
precisely as an embedding relationship when explaining our
implementation in Sect. 3.

2.2 Edit operations, execution steps, god events

In non-live modeling environments, there is an explicit dis-
tinction between design-time and run-time. At design-time,
the modeler performs edit operations on the design model,
and at run-time, the interpreter performs execution steps on
the run-time model. Possibly, there exists a debugger that
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Operation-based versioning as a foundation for live executable models 723

Fig. 1 Running example: design and run-time (meta-)models

Table 1 Terminology of changes

allows to pause the interpreter, and let the user inspect the
run-time model. We also introduce a third kind of change.
Some debuggers allow the user to change the run-timemodel
directly. This kind of change is called a god event by [9].
For instance, the user could override the current state in an
FSA, or could modify the value of a variable in an action
language.Tobe complete,wemustmention that some (reflec-
tive) languages allow the model to observe its own structure
at run-time (called introspection), and even modify its struc-
ture (called intercession). In this paper, we consider reflective
languages out of scope. Table 1 summarizes the terminology
of changes.

In live modeling environments, the explicit distinction
between design-time and run-time falls away: the user can
continue making changes to the design model at run-time.
When restricting ourselves to interpretation, the essential
complexity is reduced to “patching” the run-time model to
include design model changes, as explained in [8].

Running example Figure2 shows a small scenario. First, the
user performs an edit operation, adding a state “detected” and
two transitions “personDetected” and “correctCode” to the
FSA. Then, the user initializes execution, which results in the
creation of a run-time model. We consider this initialization
a kind of execution step. Another execution step occurs when
an input event “arm” is received, updating the current state to
“armed.” If instead of performing an execution step, the user

can also directly set the current state to “detected,” which
would be a god event.

2.3 Rollback, branching andmerging

Both programmers and “modelers” have gotten used to the
ability of rolling back changes at design-time, and creating
different branches of theirmodels, via “undo” and/or version-
ing. Some debuggers, called omniscient debuggers also allow
rolling back execution steps [10, 11]. Multiverse debuggers
are evenmore powerful, as they deal with branching run-time
models, and can automatically execute multiple branches in
the state space until a multiverse breakpoint triggers, nar-
rowing the gap between execution and model checking. We
now give examples of branching and merging at the level of
design model and run-time model.

Runningexample Figure3 shows abranchingdesignmodel.
Two different edit operations (adding one state and removing
another) happen concurrently (i.e., there exists no ordering
between them). We argue that it should be possible to merge
the effects of these operations, because they are not overlap-
ping.

Figure 4 also shows a branching design model, but this
time the different edit operations overlap in such a way that
they are conflicting. The state “armed” is removed, and con-
currently, new transitions “personDetected”/“correctCode”
are created that have this removed state as their source/tar-
get. We argue that merging these operations is not possible,
because their full effects cannot both be executed: a decision
needs to be made on whether to keep either the “person-
Dected”/“correctCode” transitions, or the “armed” state.

Figure 5 shows a branching run-time model that we are
already familiar with (from Sect. 2.2).Merging the execution
steps is not possible here; each execution step wants to set
the current state to a different target.

Figure 6 shows an extension of our running example:
a Statechart model with two regions exhibiting parallel
independence. In each region, a transition could be made
independently of the other region. The transitions could be
made in any order, resulting in the same run-time model.
Every transition could be a concurrent execution step, and
these steps could be merged on a data level, because they
update non-overlapping parts of the model.

2.4 Reconciling design and run-time changes

So far we have seen how branching and merging can happen
to design models and run-time models individually. We now
showbymeans of our running example that livemodeling can
be supported by the merging of design and run-time model
changes.
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Fig. 2 Running example: edit operation, execution step, god event

Fig. 3 Running example: design model branching and merging (no conflict)
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Fig. 4 Running example: design model branching and merging (conflict)

Running example Figure7 shows two branches, one with
designmodel changes, anotherwith run-timemodel changes.
In one branch, our original FSA is edited. In the other branch,
the original FSA is initialized, and an execution step per-
formed. We observe that there are no overlapping changes,
and, following the same reasoning as the previous examples,
we argue that these changes can be merged.

Figure 8 shows a merge conflict between design and run-
timemodel changes: initialization happens concurrentlywith
deletion of the initial state. Intuitively, this should be a con-
flict. Also at a data level, we observe that the initialization
attempts to create a link (“current”) to a deleted state (“idle”),
which can be considered a conflict.

2.5 Recorded event versus real-time

Looking at the bottom of Fig. 8, if we delete the state “idle”
after making the transition to “armed” (instead of con-
currently), could we just continue execution with “armed”
being the current state, even though the initial state has been
deleted? It depends—in literature, two approaches to live
modeling are described [8]:

• Recorded event is an approach where all execution steps
are simply replayed after modifying the design model,
which may fail.

• Real-time is an approach where the current run-time
model is “patched” to incorporate changes in the design

model, which may also fail. During “patching,” the his-
tory of the run-time model (i.e., the execution trace) is
ignored.

In our example, recorded event would fail to replay the
execution steps, whereas the real-time approach would allow
execution to continue. We believe that both approaches have
their (dis)advantages: Recorded event is more sensitive to
failure: for instance, in an FSA, removing state that ever was
the current state,willmake it impossible to re-execute the cur-
rent trace. But if recorded event succeeds, it is assured that
the reconciled run-time model is in a valid, reachable con-
figuration. Real-time is more forgiving, and probably more
intuitive to the user, although she may end up in unreachable
configurations (such as M (

RT F) in Fig. 8). We will show that
our approach unifies both approaches, offering “the best of
both worlds.”

3 Solution

Now that we have seen how versioning, branching and merg-
ing can uniformly support features such as (1) collaborative
editing, (2) omniscient debugging, (3) detecting parallel
independence between execution steps,1 and (4) live model-
ing, the essential complexity of an implementation becomes:

1 Clearly, we can only do this at run-time, not statically.
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Fig. 5 Running example: run-time model branching and merging (conflict)

Fig. 6 Statechart model with parallel independence

1. Having a versioning system that is powerful enough to
record fine-grained changes (when they happen), and to
represent arbitrary models.

2. Integrating a modeling environment and interpreter with
such versioning system, and encoding all changes in such
a way that the versioning system will detect merge con-
flicts correctly.

Obviously, we will need an optimistic versioning control
system (VCS) to support branching and merging. A further
distinction can be made between state-based and operation-
based VCS. State-based VCS, like git, only store snapshots
of versions, and a partial ordering between these snapshots.
They have to resort to diffing to figure out what the changes
between two versions are. Operation-based VCS store the
changes (called deltas) themselves as first class objects. For
a detailed feature model of VCS, we refer to [7].
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Fig. 7 Running example: merging design model changes into run-time model (no conflict)

We use an operation-based VCS from our earlier work
[12], because it has several benefits; there is no need to per-
form diffing, and it records dependency relations between
deltas. A delta δb depends on a delta δa if δb happened after
δa and δb cannot be executed without δa having executed
first. A delta will depend on another delta if it overwrites,
reads or connects to an element created or written by an ear-
lier delta. In our running example, the creation of a transition
will depend on the creation of its source and target states.
The creations of two different states will be independent wrt.
each other, because they can be safely executed in any order.
Deltas are immutable objects, and their dependency relations
form a directed acyclic graph (DAG). A delta’s dependencies
are known when the delta is created, and are computed in
constant-time (O(1)).

We treat a conflict as a symmetric relation between two
deltas. Two deltas can only be conflicting if they directly
(non-transitively) share a dependency, as shown in Fig. 9.
This can be intuitively understood as if they try to do differ-

ent things with the same result; in our running example, the
creation of a transition depends on the creation of its source
and target states, and the deletion of a state depends on the
creation of the deleted state. If a transition is created, and its
target state is deleted, then there is a common dependency on
the creation of the source state (and there will be a conflict,
explained later).

Typically, the number of deltas with whom a delta has a
shared dependency is small, so conflicts are also computed
fast, and eagerly; immediately after the creation of a new
delta, its conflict relations with other deltas are known (even
before attempting to merge them) (Fig. 10).

3.1 Graph datatype

Rather than defining domain-specific delta-, dependency-
and conflict types for every new language that we want to
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Fig. 8 Running example: merging design model changes into run-time model (conflict)

support, we instead define a generic,2 graph datatype, and a
set ofprimitive deltas that are the smallest possible operations

2 Our approach is independent of (meta-)meta-models such as
MOF/UML, or serialization formats such as XMI. These standards are
big, and contain redundant concepts (e.g., a property of an object could
be modeled as an attribute, or as a link to an object representing the
property). We prefer to keep our solution as small as possible, so we
can focus on the essential complexity. It should be possible however,
to map XMI-encoded models onto our own (simpler) graph datatype,
a task we prefer to leave to an XMI expert. We should also note that
XMI defines its own data format for encoding “differences” to XMI
models, as sequences of the primitive operations “add,” “replace” and
“delete.” However, a sequence of “differences” can only be executed
on one particular XMI model, and cannot be trivially reordered or
merged. Our approach is different, because our own primitive oper-
ations do not depend on a particular state but on earlier operations. As
a result, they are only partially ordered (as opposed to totally ordered),
making it trivial to reorder and merge operations. Finally, the main
benefit of supporting a standard such as XMI would be import/ex-
port compatibility with a tool like Eclipse. But, the features we are

that can be performed on this datatype. Accordingly, we have
defined a small but exhaustive set of dependency and conflict
types between our primitive deltas. Primitive deltas can be
composed into transactions that represent larger changes.

For a detailed description of our graph datatype, the set of
primitive deltas, their dependency and conflict relations, we
refer to [12].

We summarize the graph datatype here: The graph struc-
ture can consist of (1) nodes with immutable GUIDs, (2)
primitive values (numbers, strings, booleans and “null”) and
(3) edges, that always have a node as their source, and a
node or primitive value as their target. Nodes are created and

Footnote 2 continued
interested in (collaborative live modeling and debugging) need actual
integration between the modeling/simulation tool and the versioning
system. Implementing this in a tool like Eclipsewouldmean an unthink-
able amount of re-engineering at its core.
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Fig. 9 A conflict can only occur when the pattern on the right is occurs

Fig. 10 Running example:
graph encoding of M (A)

RT
(screenshot from our demo)

destroyed. Edges and values are not created or destroyed.
Edges can be updated. (Initially, all outgoing edges of a node
are assumed to already exist, and have target “null.”) Val-
ues are assumed to always already exist. Figure11 shows the
meta-model of the graph datatype.

3.1.1 Encodingmodels as graphs

Since graphs are the most generic data structure, it is fairly
straightforward to use them to encode arbitrary models, or to
map other data structures onto them, such as lists, sets, maps
and trees [12]. In our running example, the models are essen-
tially object diagrams, which can be mapped to graphs as
follows: Every object becomes a node, and every slot/prop-
erty becomes an outgoing edge with as label the name of
the property, and as target the value of the property. Links
between objects are encoded as edges between nodes, with

the link name as label. Finally, the type of an object (i.e., the
class name) can be encoded as if it were a property.

Running example Figure10 shows how our implementation
encodes of M (A)

RT from our running example. A rountangle
represents a node (with unique ID), arrows represent edges
between nodes, and attributes (in the rountangles) represent
edges from nodes to values.

3.2 Primitive deltas and dependencies

Figure 12 shows the meta-model of the three primitive delta
types and their dependency relations. The classes in the figure
are delta types, and the associations are dependency types.
We briefly discuss the primitive deltas and their dependency
types:
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Fig. 11 Class diagram of graph datatype

Fig. 12 Class diagram of primitive deltas and dependency relations

• NodeCreation A node creation. It has no dependencies.
• NodeDeletionA node deletion. Its dependency types are:

• Deletes The NodeCreation of the node being deleted.
• After A concurrent NodeDeletion and EdgeUpdate
on the same node would be conflicting. Therefore, a
newNodeDeletionmust explicitly depend on allmost
recent EdgeUpdates for all edges currently existing.

• EdgeUpdateThe creation or update of an edge. Its depen-
dency types are:

• Source The NodeCreation of the source of the edge
being updated.

• Target The NodeCreation of the target of the edge
being updated.

• Overwrites (optional) The previous EdgeUpdate is
overwrites.

• Reads When an EdgeUpdate is the result of some
computation (e.g., an execution step), then it must
have a read-dependency on all earlier EdgeUpdates
whose results it depends on, but did not overwrite.
This dependency type did not yet exist in [12].

3.3 Conflicts

Table 2 exhaustively shows all possible conflict types
between primitive deltas. We briefly explain:

• Source/Deletes Creating an edge from a node that is con-
currently deleted.

• Target/Deletes Creating an edge to a node that is concur-
rently deleted.

• Deletes/Deletes Two concurrent deletions of the same
node.

• Overwrites/Overwrites Two concurrent updates of the
target of the same edge.

• Overwrites/Reads Updating the target of an edge that is
concurrently read.

3.4 Transactions

Deltas can be composed into transactions. Transactions are
deltas themselves; they can have dependency and conflict
relationswith other transactions (derived from the deltas they
consist of), and can again be composed into larger transac-
tions.

Running example Figure13 shows a subset of the trans-
actions of edit operations involved in the creation of our

initial design model

(
M (1)

D

)
. Notice how the transactions

are composed of primitive deltas. The dependencies between
the transactions are derived from the primitive deltas they are
composed of.

3.5 Versions

A version is simply an unordered set of non-conflicting
deltas. To restore the graph state associated with a version,
its deltas are replayed. The execution order of the deltas must
be consistent with the dependency links between the deltas.

Merging of versions is a fairly simple operation, because
much of the “work” (dependency and conflict detection) is
done up-front. Versions are merged by taking the union of
the sets of deltas they consist of. If conflicts exist between
the union of all deltas, then not all deltas can be included in
the result, and a decision needs to be made which deltas to
include. One can construct automatically the maximal non-
conflicting subsets of all deltas (i.e., to which no delta can be
added without introducing a conflict). Each of these sets is
a valid version that can be presented to the user to “resolve”
the conflict(s).
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Table 2 Conflict types between
primitive deltas

NodeCreation EdgeUpdate NodeDeletion

NodeDeletion – Source/Deletes, Target/Deletes Deletes/Deletes

EdgeUpdate – Overwrites/Overwrites, Reads/Overwrites

NodeCreation –

Fig. 13 Running example:
transactions are composed of
primitive deltas

Running example Figure14 shows the bigger picture
of all the transactions involved in the scenario of Fig. 8.
Our original FSA model M (1) consists of a transaction
(δcreateDesignModel) that creates a node representing the model
itself (with ID 0 in Fig. 10), followed by the creation of two
states (δaddStateIdle, …) and two transitions (δaddTransitionArm,
…), and a transaction setting the initial state to “idle”
(δsetInitialIdle). The creation of the states and transitions
depends on the transaction δcreateDesignModel, because of the
created containment links (“contains-1,” “contains-2,” …see
Fig. 10). The creation of every transition depends on the cre-
ation of its source and target states.

The run-time model M (A)
RT additionally consists of the δinit

transaction. Notice its reads-dependency on δsetInitialIdle: the
interpreter needs to know the initial state, so it reads the
target of the “initial” edge created by this delta. Without this
dependency, the initial state could be changed concurrently
with initialization, and this conflict would be missed (a false
negative).

Performing an execution step along the “arm”-transition
(δstepArm) brings us to M (E)

RT . This delta also has a read-
dependency on the creation of the transition (it reads the
source, target, and label). It also overwrites the current state
(previously set by δinit).

Going back to the design model, removing the state “idle”
(δrmStateIdle) obviously has delete dependencies on δaddStateIdle
and δaddTransitionArm (its outgoing transition). It also over-
writes the initial state (δsetInitialIdle) with “null.” There is a

conflict relation with δinit, for which there are two reasons:
(1) there is an deletes/target conflict on δaddStateIdle, and (2)
there is a reads/overwrites conflict on δsetInitialIdle. We there-
fore cannot merge this change into our ongoing execution.

Supporting real-time and recorded event We saw in
Sect. 2.5 that there are two approaches to live modeling:
recorded event and real-time. Recorded event is trivially sup-
ported by attempting to merge design model changes into the
run-time model, as we saw in the previous example.

With recorded event, no state that everwas the current state
can be removed. With real-time live modeling, this becomes
more relaxed: any state can be removed, as long as it is not
the current state right now. Continuing the previous exam-
ple, suppose we would allow the removal of the “idle” state
after making the “arm”-transition. Observe that the conflict
between δrmStateIdle and δstepArm would not be there if the for-
mer happened after the latter. This needs to be recorded with
an after-dependency, but we cannot add a dependency from
a design model delta to a run-time delta: the design model
must remain independent of its execution(s). The solution is
to create two variants of the “idle” state removal-delta. The
original delta (δrmStateIdle) remains used in the context of the
design model. A new (δrmStateIdle′ ) replaces the original delta
in the context of the run-time model, and has the extra after-
dependency on δstepArm. We persist a special “overrides”
relation from the second to the first delta.
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Fig. 14 Running example: deltas and dependencies

3.6 Graph embedding

We have seen that every run-time model version always con-
tains a design model version. This hierarchical containment
relationship comes naturally in many kinds of models, but
also in projects, repositories, etc. For instance, an FSA can
be part of a Statechartmodel (Fig. 6),which can in turn be part
of a larger model that couples the Statechart with a Causal
Block Diagram, which can be part of a project, which can be
part of an organization’s (mono-)repository.

We thus define an acyclic embedding relation between
model versions that our versioning system can enforce: A
guest model version MG can be embedded in any number of
host model versionsMHi . The host depends on the guest, and
the guest remains independent / “unaware” that it is embed-
ded in a host. All model elements of the guest become part
of the host. More precisely, all of the guest’s deltas become
part of the host. Deltas of the host may depend on deltas
of the guest, but not the other way around. The only excep-
tion to this rule is the overrides-relation, discussed in the
previous subsection. It allows the host to “inject” additional
after-dependencies, to allow nodes in the guest to be deleted,
without introducing a conflict if the host had an edge pointing
to such a deleted node. Another example of overriding can
be found in [12].

When host versions branch, their guests also branch.
When merging host versions, their guests are also merged.

Running example Figure 15, a screenshot from our demo,
shows a number of design—and run-time model versions.
A black arrow (labeled with a delta) points to a version’s
predecessor or “parent” (git terminology). In other words,
the black arrows go against the “arrow of time.”A blue arrow
represents an embedding relation: for instance, the version at
the top, and the one below it, are run-timemodel versions, and
they embed the samedesignmodel version. (Ignore that every
version also has a blue arrow to itselfwith a label “runtime” or
“design.” This is just a hack, to visually distinguish between
those two kinds of versions.)

Figure 16 shows the versions involved in our familiar sce-
nario from Fig. 8. The fact that a delta from the design model
was overridden (the removal of the “idle” state) is shown by
the exclamation point (design!) on the rightmost embed-
ding relation’s label. This indicates to the user that the current
execution trace cannot be replayed on the updated model
(as in “recorded event”). Nevertheless, the user can simply
continue her livemodeling session (as in “real-time livemod-
eling”).
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Fig. 15 Running example: embedding relation (screenshot)

Fig. 16 Running example: runtime model version overrides a delta
(screenshot)

3.7 Implementation

Our web-based demo implementation,3 can run all of the
scenarios from our running example (Figs. 1, 2, 3, 4, 5, 6, 7,
8). Figure17 shows a screenshot of the demo.

To give the reader some idea of the implementation com-
plexity of the live modeling actions of our FSA language,
we include two (JavaScript) code fragments: Listing 1 is the

3 To run the demo, go to https://mstro.duckdns.org/public/onion/.
The source code is also available: https://msdl.uantwerpen.be/git/
jexelmans/onioncollab/.

handler that is called every time the user changes the initial
state. Listing 2 is the handler called when the user initializes
execution. Handlers not listed in this paper are: add/re-
move state/transition, execute step, change current state (god
event), and abort execution. Each of these handlers uses the
API of our graph versioning system to create and execute (a
transaction of) deltas, resulting in a new design and/or run-
time model version. For details on the implementation of the
versioning system itself, we refer the reader to [12].
1 function onInitialStateChange (value) {
2 // ’editDesignModel ’ creates a new version of the design model

,
3 // and attempts to merge it into the current run -time model

version (if there is one)
4 editDesignModel (( graphState , modelNode) => {
5
6 // create/overwrite the ’initial ’ edge:
7 graphState.exec(modelNode.getDeltaForSetEdge(deltaRegistry ,

// <- source of the edge
8 "initial", // <- label of the edge
9 findState(graphState , value)?. creation || null)); // <-

target of the edge
10
11 // done!
12 return {compositeLabel: "setInitial:"+value }; // <- human -

readable description for this transaction
13 });
14 }

Listing 1 Handler for setting/updating the initial state

1 function onInitialize () {
2 // only initialize if a design model with an initial state

exists:
3 if (runtimeStuff.modelNode !== null && runtimeStuff.initial

!== null) {
4 // ’editRuntimeModel ’ simply creates a new version of the

run -time model
5 editRuntimeModel (( graphState) => {
6 // create a node , representing the run -time model:
7 const runtimeId = generateUUID ();
8 const nodeCreation = deltaRegistry.newNodeCreation (

runtimeId);
9 graphState.exec(nodeCreation);

10
11 // create a property , indicating that the newly created

node represents a ’RuntimeModel ’:
12 graphState.exec(deltaRegistry.newEdgeUpdate(
13 nodeCreation.createOutgoingEdge("type"), // <- source

and label of the edge
14 "RuntimeModel")); // <- target of the edge
15
16 // create edge pointing to the design model:
17 graphState.exec(deltaRegistry.newEdgeUpdate(
18 nodeCreation.createOutgoingEdge("model"), // <- source

and label of the edge
19 runtimeStuff.modelNode !. creation)); // <- target of the

edge
20
21 // create the ’current state ’-pointer - which has a read

dependency on ’initial ’:
22 graphState.exec(deltaRegistry.newEdgeUpdate(
23 nodeCreation.createOutgoingEdge("current"), // <- source

and label of the edge
24 runtimeStuff.initial !.creation , // <- target of the edge
25 [( runtimeStuff.modelNode !. outgoingDeltas.get("initial")

!.read())])); // <- read dependency
26
27 // done!
28 return {compositeLabel: "initialize"}; // <- human -

readable description for this transaction
29 });
30 }
31 }

Listing 2 Handler for initializing execution

4 Extensions

4.1 Translational semantics

Our approach only deals with operational semantics, i.e.,
interpretation.With translational semantics, the designmodel
is translated to a designmodel in another language, for which
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Fig. 17 Screenshot of our demo

an operational semantics is defined. For instance, when com-
piling an FSA to an action language, the action languagemay
have an interpreter. If the action language has no interpreter,
but is instead compiled to machine code, the machine itself
can be seen as a (hardware) interpreter of machine code. The
bottom line is that, in the end, there is always some kind of
operational semantics at work.

Figure 18 shows a source design model (FSA) being
transformed to a target design model (action language) for
which an operational semantics is defined. If this transfor-
mation is incremental, a change to the source model results
in a change in the target design model. This change can
be merged into the target run-time model, following the
approach explained in this paper. The incremental transfor-
mation can be implemented via an evolving (and versioned)
correspondence model, as explained in our earlier work [12].

We think that support for translational semantics would
be mainly useful in the debugging of model transforma-
tions (e.g., code generators), rather than the debugging of
the (source) model itself. In the latter case, the mental gap
between the design model in the source language, and the
run-time model of the target language, would be difficult to
overcome.

4.2 Detecting parallel independence

We have already seen an example of parallel independence
in Fig. 6. By allowing the run-time model to branch when
executing non-deterministic models, and by merging any
non-conflicting deltas (on a data level), parallel independence
can be detected (at run-time), and the size of the state space
to explore (e.g., by a multiverse debugger) can be greatly
reduced. Whether conflicts are correctly detected depends
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Fig. 18 Translational semantics
(in this figure: code generation)
could be an extension of our
approach

on whether all read- and write dependencies of the execution
steps are correctly recorded.

Incorrect detection of conflicts can be classified into two
categories:

• False positive is when a conflict is detected, but there
shouldn’t be one.

• False negative is when a conflict should exist, but is
“missed.”

False positives blow up the state space, but do not result in
incorrect merge results. False negatives result in incorrect
merge results.

4.3 Serializing execution steps

Our versioning system is designed to make it possible for
all changes to be serialized. As a consequence, not only edit
operations, but also execution steps and even entire livemod-
eling scenarios can be serialized, and communicated over a
network connection (enabling collaborative debugging), or
stored on disk (to suspend, and resume or analyze later).

5 Related work

Dynamic/reflective programming Dynamic/reflective pro-
gramming languages have been around for some time. Lisp
[13], Smalltalk [14], etc., allow both the program to intro-
spect and modify itself. Smalltalk was the first language to
be extended with an omniscient debugger [10, 11].

Erlang [15], a programming language that implements the
Actor Model [16], can spawn new objects/actors that run
updated code (i.e., code that did not exist when the program
was started). This is similar to dynamic linking (Unix: load-
ing of shared objects), but Erlang allows actors that run old
code to keep running, in parallel with actors that run updated
code. This solution fits well for actors (or objects) that have
finite lifetimes: such actors eventually die (either in a con-
trolled fashion, or by crashing), while being replaced by a
new generation.

Despite the power of reflective languages, reflectivity can-
not be “ported” to modeling languages in the general case,
because some modeling languages lack the expressiveness
to make use of a reflective API. The same holds for Erlang’s
flavor of live programming: many modeling languages have
no notion of dynamically spawning new instances.

State migration (real-time live modeling) Our solution is
strongly inspired by [8], which explicitly defines models for
design and run-time. However, the “patching” of the run-
timemodel is considered a language-specific ad hoc function,
and changes to the models are not recorded, and therefore
branching, merging and “recorded event”-live modeling are
not supported.

In [17], the authors leverage a textual diffing algorithm
to obtain model deltas which are used to update the running
system. Traceability links aremaintained between the textual
concrete syntax and the run-time state. The authors propose
a language-specific patch function to “fix” the run-time state
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(e.g., in FSA, when the current state is deleted, go back to
the initial state).

Cascade [18] is a meta-language that allows the language
developer to explicitly define, as part of the language, edit
operations that have pre- and post-conditions on the exe-
cution state. These conditions are specified in an operational
manner. The focus is to automatically “fix” the run-time state
when it “breaks” due to an edit operation. As in [17], deltas
are sequential and do not support branching.

Another live modeling application prototype is presented
in [19]. However, the delta types of the prototype are not
generic, but specific to the modeling language of the proto-
type. The collaborative aspect is speculated upon, and the
overlap with versioning (see also Fig. 19, discussed later) is
mentioned, but no attempt ismade to sketch a possible imple-
mentation.

Bagherzadeh et al. [20] presents a live modeling approach
where UML-RT state machine models are transformed to
C++ code. First, the source models are instrumented with
additional transitions to support god events. Next, thesemod-
els are transformed to C++ code that is implements certain
constructs (from a C++ library) that support modification of
the model at run-time. The authors support both “real-time”
(state migration) and “recorded event”-style live modeling,
but these features are implemented separately (ad hoc), rather
than being supported via a unified mechanism, as in our
approach. Non-determinism is not supported.

Ohshima et al. [21] presents a web-based live collabora-
tive programming environment built on Croquet, a real-time
shared experience platform. Croquet assumes good real-time
network connectivity, and relies on a central server to pro-
vide a global ordering on events. Croquet’s model does not
support branching and merging. Rather, it is conceptually a
single shared virtual machine among all users. Our approach,
on the other hand, is fully decentralized, and supports branch-
ing and merging.

Restart and replay (recorded event livemodeling) YinYang
[22] is an interactive programming environment that re-runs
the entire program after every edit operation. Program output
(caused by print statements) is shown next to the program and
can be traced back to the statement that caused the output,
as well as the complete execution context (e.g., call stack,
variable values) when the statement was executed.4

Similar to this, Hazel [23] is a functional programming
language and editor that re-evaluates the entire program after
every user edit. Hazel’s unique feature is the ability of parse
and evaluate incomplete expressions. For instance, when
parsing “let x = 5 in x∗,” Hazel can figure out that at the

4 https://www.youtube.com/watch?v=01Xyoh-G6DE.

end, a second value for the multiply-operator is missing, and
will output “5∗?.”

Spreadsheet editors such as Microsoft Excel can be con-
sidered live modeling environments as well. Behind the
scenes, a dependency graph between cells is maintained,
and only cells whose dependency(ies) changed, are re-
calculated in a cascading fashion. Circular dependencies are
not allowed, unless “iterative calculation” is turned on,which
will keep re-calculating values until they stabilize, or until
some maximum number of iterations is exceeded. Just like
our approach, Excel supports synchronous collaboration, but
instead all computation is done on a central server [24].

The “restart and replay” approach is easy to implement,
and gives an impression of liveness for deterministic pro-
grams that never receive input, but cannot scale to large
(sequential) programs.

6 Conclusion

We presented a unifying foundation for collaborative edit-
ing, debugging and live model execution. We make design
and run-time models explicit, encode them as graph struc-
tures, and record edit operations, execution steps and god
events, all possibly concurrent, as inter-dependent deltas
on those structures. Conflicts are detected efficiently and
eagerly, and the essential complexity of reconciling design
model changes with an ongoing run-time trace is reduced to
a simple “merge”-operation.

We argue informally that the essence of our approach is
correct for causal interpreted languages (meaning that every
execution step can be traced back to a set of causes, which
may be design model edit operations, or earlier execution
steps). Our approach intends to capture all the causes of every
execution step (as dependencies). A designmodel change can
only impact an ongoing execution if it intersects with any of
these causes. Such intersections are systematically identified
as conflicts.

Figure 19 shows the “big picture” of the overlaps between
versioning, live modeling and debugging. In this figure, it
can be seen that versioning is orthogonal to (design-time)
modeling and (run-time) execution. It is also clear that
versioning overlaps with advanced debugger features: omni-
scient debuggers also maintain history (of execution), and
multiverse debuggers support branching (of execution).With
our proposed solution,we advocate to use a (sufficiently pow-
erful) versioning system to track changes to both the design-
and run-time-model, to support collaborative live modeling,
omniscient debugging, and non-determinism.
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Fig. 19 Big picture: overlaps between versioning, debugging and live
modeling

6.1 Limitations and future work

6.1.1 Language development

The steps that need to be taken to support a new language are:
(1) On paper, work out a graph encoding of design—and run-
time models. (2) List the design-time edit operations, and the
run-time actions (e.g., firing a transition, receiving an input
event,…) and possibly god events, that need to be supported.
(3) Implement handlers for each of these actions, making
calls to the graph API, similar to Listing 1. (4) Create a user
interface for displaying the current version of the design and
run-time models, as well as the actions that are currently
enabled. React components for displaying deltas and their
dependencies, and edit/execution history are already avail-
able in our repository, and can be reused.

When implementing the handlers (3), our graph API for
creating deltas is fairly simple, and will figure out write-
after-write dependencies automatically (because it knows
which deltas most recently “touched” a node/edge). How-
ever, read-after-write dependencies currently need to be
explicitly created in the handler code, and can be a source of
errors if forgotten or done incorrectly. In principle, it must
be possible to capture these dependencies automatically. The
best approach would be to write the handlers in a domain-
specific language (DSL) for graph transformation, rather
than general-purpose code.With such a DSL, transformation
rules execute in a “sandbox,” and all the “inputs” of a trans-
formation can be recorded as read-dependencies, whereas
general-purpose code can have implicit dependencies (e.g.,
global variables), and even behave non-deterministically.

For the time being, porting existing languages and inter-
preters to use our approach will be of similar complexity

as completely rewriting them. We have attempted to create
a transparent data layer that seemingly allows manipulating
JavaScript objects, while behind the scenes, recording all
changes as deltas. We were unsuccessful, largely because of
JavaScript’s lack of power when it comes to transparently
wrapping arbitrary objects/values.

6.1.2 Versioning core

Our VCS has a number of fundamental limitations, that we
want to address.Wecurrently have three separate, hard-coded
graph structures: (1) graph state, (2) deltas & dependen-
cies, (3) versions & parent links. We have concrete plans
for their unification into a single, append-only graph struc-
ture in the near future. We believe this will result in a more
compact implementation, while gaining power/expressive-
ness. Further, we want to scale up to the level of multi-user
andmulti-organizationmodelmanagement, including access
control, following the principles of capability-based security.
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