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Abstract—This paper introduces a Model-Driven Engineer-
ing approach to automatically generate reverse event handlers
for optimistic Parallel Discrete Event Simulation. Optimistic
synchronisation, such as Time Warp, relies on the ability to
roll back the simulation state to a previous consistent point.
Traditionally, this is achieved through manual implementation
of reverse handlers or full state checkpointing, both of which are
error-prone or computationally expensive.

The proposed methodology uses model-to-model transforma-
tions to derive a reverse model from a high-level forward
event model defined in the DESL language. This transforma-
tion transparently handles data and structural irreversibility
by automatically inverting reversible operations and injecting
checkpointing logic for destructive operations. We also address
the limitations of existing reverse computing solutions regarding
dynamic memory by introducing a reference implementation of
a reversible memory allocator specifically designed for PDES.
The approach is validated using the ROSS runtime environment,
demonstrating that higher-level abstractions can simplify model
development while maintaining execution consistency and per-
formance.

Index Terms—Model Driven Engineering; Reversible Comput-
ing; Parallel Discrete Event Simulation; Time Warp

I. INTRODUCTION

Parallel Discrete Event Simulation (PDES) is a method for
running a single Discrete Event Simulation (DES) model on
a parallel computer or cluster [1]. The interest in PDES stems
from its ability to reduce the enormous time required by DES
models to deliver solutions. A fundamental requirement for
PDES systems is that, for a given model, their results must
be identical to those of a sequential DES model [2], [3].
The inherent nondeterminism of parallel computing requires
careful synchronisation among the compute elements that run
the simulation. In PDES, two main families of synchronisation
algorithms have been devised: conservative (e.g., [4], [S]) and
optimistic (e.g., [6]-[9]).

Optimistic synchronisation is interesting because it can
harness at runtime the substantial parallelism inherent in
many simulation models. Different optimistic synchronisation
algorithms employ different degrees of speculation [10], where
highly aggressive synchronisation algorithms may (temporar-
ily) bring the simulation into an inconsistent state. In this
case, to correct the simulation trajectory, the source of the
inconsistency must be removed from the execution. Generally
speaking, a model must be reversible for execution on a
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speculative PDES system, so that it can undo the effects on
the simulation state of executing incorrect events.

Reversible computing (RC) [11]-[13] requires state transi-
tion functions to be bijective, meaning they possess a unique
inverse. However, standard computing systems rely on non-
bijective, destructive operations (e.g., variable assignments or
resource deallocations) that destroy information. According
to Landauer’s principle [14], this creates an “entropy gap”
preventing natural reversal.

Traditionally, optimistic PDES bridges this gap via check-
point/restore-based rollback operations [6], which save full
snapshots of the Logical Process (LP) state. Since event
handlers often update only tiny portions of large simula-
tion states, full snapshots can be inefficient. To reduce this
cost, reverse computation for Time Warp was proposed [15].
This approach reconstructs previous states by reversing non-
destructive operations and relying on targeted checkpointing
only for destructive ones, yielding better performance.

However, manually creating inverse event handlers e ! from
e burdens developers and is highly error-prone [16]. Existing
automated generation approaches (e.g., [17], [18]) rely on
complex compilation or source-to-source transformations and
have limitations. For instance, early proposals [15] prohibited
dynamic memory allocation. This is because reversing allo-
cations requires reconstructing the exact previous heap layout
to maintain consistency of linked data structures. While for-
bidding dynamic memory avoids this issue, it severely limits
development freedom. Similarly, source-to-source transforma-
tion approaches (see, e.g., [39], [53]) operate at the Abstract
Syntax Tree (AST) level using compiler infrastructures such
as ROSE [40]. While later variants employ compile-time static
analysis to exclude local variables from instrumentation [53],
these approaches still operate within the semantic scope of the
target language. This implies that the logging of address-value
pairs can scale poorly with the complexity of features like
pointer indirection or templates, and that runtime checks may
be needed to manage stack/heap persistence, as the compiler
lacks the structural knowledge to isolate semantically critical
state changes from trivial memory operations.

A recent research trend has highlighted the viability of
relying on Model-driven Engineering [19] (MDE) techniques
to support different aspects of simulation model development
or execution, also in the context of PDES (see, e.g., [20]-
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Fig. 1: Automatic generation of reverse event handlers: the
forward handler e is fed into a dedicated model-to-model trans-
formation that produces a new model e~ 1 that, if executed,
reverts all the changes made on the simulation state by e.

[23]). In MDE, the focus is on models, which allow one to
specify how the desired system works (a simulation model
in our context), independently of any specific programming
language, runtime environment or hardware platform. These
models can then be transformed into other models via the so-
called model-to-model (M2M) transformations, or translated
into working code via model-to-text (M2T) transformations.

M2M transformations can automatically generate a reverse-
event model from a forward model. However, since the gen-
erated code typically runs on non-reversible systems, creating
a reverse handler e~! from a forward model e requires either:
(1) restricting the forward model [24] to reversible primitives;
(2) using constraint-based inversion [25], which is non-viable
for PDES as it might yield multiple pre-states rather than
one unique previous consistent state; or (3) augmenting the
forward model [26] to instrument the code and log lost
information, making the function injective.

In this work, we adopt solution (3). Our contributions are
as follows. (i) We introduce two M2M transformations for the
DESL language [23] (Figure 1), targeting the ROSS runtime
environment [27]. Our transformations automatically generate
an instrumented forward model e;, s, and a reverse model
e~ ! from a single event specification e. The forward model
transparently checkpoints variables updated by destructive
operations into ROSS events, while the reverse model uses
these checkpoints to restore state and automatically inverts
non-destructive operations. (ii) We provide a reference imple-
mentation of a reversible malloc suited for PDES systems.

Unlike other malloc implementations for PDES [28], [29],
we do not checkpoint all the state to be restored: our re-
versible malloc deterministically reconstructs the structure of
the dynamic memory, while the state content is reconstructed
by the reverse handlers. (iii) We validate our approach on
synthetic (PHold) and real-world (PCS) benchmarks, verifying
simulation correctness through the COMPADS model [54].
(iv) We release our M2M transformation as open source soft-
ware!. The remainder of this paper is structured as follows. In
Section II we discuss related work. The MDE-driven approach
to generating reverse event handlers is presented in Section III.
An experimental evaluation of our proposal, using synthetic
and real-world models, is provided in Section IV.

II. RELATED WORK

The body of literature on RC on irreversible systems
is large. Many approaches are focused on reversibility for
debugging [30], allowing one to restore a program’s state
to any point in time by mixing checkpointing and forward
traces [31] or by allowing executing inverse statements for
non-destructive operations [32]. Inverse statements are typi-
cally automatically generated from machine code, or supported
via interpreters [33]. This is the main difference in our
approach: because we rely on MDE, we do not need to parse
source or assembly code to generate reverse handlers. Rather,
we rely on dedicated M2M transformations that allow us to
invert the model’s logic. The so-generated reverse model is
then translated into source code relying on the same M2T
transformation used for irreversible forward events.

In MDE, the reversibility of model transformations has been
significantly studied. In [25], the authors introduce JTL, which
is a specialised language that decouples the specification layer
from the transformation layer of the metamodels. It relies on
Answer Set Programming (ASP) [34] to account for non-
bijective transformations that, when reversed, can generate
multiple “source” models. ASP allows the retrieval of all valid
models for a given transformation. GRoundTram [35], on the
other hand, uses graph theory and functional programming
to achieve reversibility. Similarly to JTL, this work relies on
a specification language for the transformation, which is then
used to generate forward and backward transformations. While
these works have to deal with several RC-related hindrances,
they do not apply MDE techniques to generate reversible code.
Rather, they target the generation of M2M transformations.

In the context of PDES, the reversibility of event handlers
has been studied extensively. After the seminal proposal
in [15], several works attempted to automatically generate
reverse handlers. In [18], the authors present LORAIN, which
employs control flow analysis at compile time to generate
LLVM Intermediate Representation code that allows for the
reconstruction of the execution path taken in the forward code.
In contrast, RAMSES [36] generates reverse events at runtime
via software instrumentation. Any time that the simulation
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state is updated (i.e., a destructive operation is carried out),
a reverse memory write instruction is automatically generated
and packed into a code buffer, which implements the reverse
event—in a sense, this is an efficient way to implement
incremental state saving [37] via reverse event execution.

Simulation models may use external libraries linked to the
final model’s executable. In this case, none of the above
methods can generate complete reverse handlers, because the
libraries cannot be directly reversed. This problem is addressed
in [38], where external libraries are lazily disassembled and
instrumented at runtime to generate reverse event handlers
using a technique similar to [36].

In [39], [53], source-to-source transformation of C++ code
is performed using the ROSE compiler infrastructure [40].
The initial version intercepts all memory-modifying opera-
tions, while a later optimised variant employs compile-time
static analysis to exclude local variables from instrumentation,
reducing the forward execution overhead. In both cases, the
approach operates at the C++ AST level, recording information
about performed updates in a data structure used to reverse
their effects.

We take a path different from all the above works, as we
work at a higher level of abstraction. In fact, we generate a
reverse model starting from a forward model using dedicated
M2M transformations. The final code is then automatically
generated from a higher-level description, significantly simpli-
fying the process and making it independent of the underlying
computer architecture (as in [36]) or the compiler used (as
in [18]). Since we have full control on the functional definition
of the model (e.g., no opaque external libraries are allowed),
we can perform transformations that effectively capture all the
destructive operations to the model’s state.

In [41], the authors propose a technique to generate reverse
handlers for stochastic reaction diffusion simulations. The
approach entails recognising the actual reaction executed in
forward mode and executing the inverse logic. Given the
simulation’s special-purpose nature, this approach is hard to
generalise to other domains.

ITI. AUTOMATIC REVERSE HANDLER GENERATION

In PDES, irreversibility manifests in two distinct forms: data
and structural. Data irreversibility occurs when the semantic
value of a variable is destroyed (e.g., a destructive assignment
or floating-point absorption [42]). While significant, it can be
easily identified as it is confined to the application’s internal
scope. Structural irreversibility is more insidious: it arises
when the application interacts with the execution environ-
ment (e.g., to allocate dynamic memory). In this Section, we
illustrate how our M2M transformations manage a program
implemented in the DESL language [23] to produce a reverse
event handler from a forward event handler, while accounting
for both forms of irreversibility.

A. The DESL Language

The DESL language [23] is structured around a set of
abstractions designed to encapsulate the logic of generic DES

models while maintaining platform independence. At the core
of a DESL model is the ClassDefinition concept, which
defines homogeneous classes of LPs. This abstraction allows
modellers to define the behaviour of specific agents or entities
within the system, using EventHandlers to implement the
logic associated with a particular class. These handlers serve
as the central mechanism for defining how LPs respond to
simulation events, separating the behavioural logic from the
underlying execution mechanics.

DESL allows implementing simulation handlers’ logic using
mbeddr [43], enabling us to treat handlers as structured models
rather than opaque blocks of code. This is particularly useful
because mbeddr allows the simulation developer to define
event logic using a type-safe dialect of C. This aspect is
particularly relevant, because the entire simulation logic is
represented as an MDE model. This allows us to observe
all destructive operations executed by a handler e, so as to
generate the proper instrumentation in e;,s. and the correct
reversal logic in e~!.

The language supports the manipulation of more complex
and dynamic data structures with the Collection abstrac-
tion, which also enables object-oriented operations such as
iteration via foreach statements and the addition or removal
of elements by reference. The Collection asbtraction is
also fundamental for our reversal approach: dynamic memory
allocation/deallocation is controlled by our M2T trans forma-
tions only in relation to the logical operations carried out on
this part of the language. This approach allows us to have
full control on the interactions between the modeller and the
heap, thus allowing us to simplify the management of heap
reversibility.

To illustrate how a simulation model can be described in
DESL, we provide in Figure 2 the reference implementation
of the PHold benchmark [44]. This code will be used as one
of the models used in the experimental assessment presented
in Section IV.

B. Event Instrumentation and Reversal

To understand how we automatically generate reverse event
handlers, we focus on the M2M transformation used to
generate the reverse model e~! from the forward model
e, as depicted in Figure 1. The essential step is the in-
version of reversible operations. This entails applying node
transformations that map a forward operation to a back-
ward operation, selecting the appropriate concepts. For ex-
ample, a BinaryOperation representing a sum generates
a MinusOperation, with operands mapped accordingly, as
illustrated in Figure 3.

Performing this transformation at the model level ensures
that the reverse model e~! is fully formed before the M2T
layer is invoked. This allows us to use the same M2T code-
generation transformation for both the forward and reverse
handlers, ensuring consistency across the generated simulation
code.

1) Hierarchical Transformation Logic: Clearly, the ability
to invert a single operation does not, on its own, produce a cor-
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Fig. 2: Implementation of PHold in DESL.

rect reverse event handler: it is just the fundamental building
block. To obtain a correct and functional reverse handler, we
must address a comprehensive structural transformation of the
entire handler logic. An event handler is a composition of var-
ious control flow constructs (i.e., functions, loops, conditional
branches) that must be reordered and transformed to undo the
state changes performed during the forward execution. Our
transformation process begins at the statement container level,
for which the entire execution sequence must be mirrored.
This means that the last statement executed in the forward
path must be the first one executed during the execution of a
reverse handler to execute a rollback operation.

The inversion of nested statement containers is handled
at multiple levels of abstraction. At the macro level, a sub-
container is a single unit mirrored within its super-container,

node<>
— invert_binary expression (node<BinaryExpression>
— original)
{
node<> inverted_node;
/+ % In a M2M approach, we instantiate a new node
< of the inverse concept. */
if (original.operator == "+")
inverted_node = new node<MinusExpression> () ;
} else if (original.operator == "-")
inverted_node = new node<PlusExpression>();
}

/+ * Structural transformation: swap or map

— operands to maintain semantic correctness
< during reversal. */

inverted _node.left = original.left;
inverted_node.right = original.right;

return inverted_node;

Fig. 3: Determining an inverse operation

while its internal statements undergo their own mirroring.
Control flow constructs require specialised inversion logic;
for instance, a forward loop is transformed to reconstruct the
iteration space in the opposite direction, reversing side effects
in the exact inverse order of their occurrence.

Our M2M transformation orchestrates the generation of
the reverse handler’s body by creating a reordered list of
statements. Declarations of local variables are extracted and
placed at the beginning to ensure visibility. We also inject
logic to restore the Random Number Generator (RNG) state—
a critical requirement for repeatability in ROSS [45]—and
remove early return statements, as reverse events must ex-
ecute entirely to restore a consistent state. Finally, iterating
over the reordered sequence, any non-destructive operation is
automatically inverted to form the final reverse model.

2) Destructive Operations Management: As we discussed,
not every operation is invertible, e.g. due to data irreversibility,
such as assignments where the previous value is lost. In this
case, the M2M transformations must instead inject nodes that
allow for reconstructing the previously lost information. We
formalise this in our instrumented metamodel by introducing
the concept of memento. A memento is a modelling entity that
concretises the entropy generated by a destructive operation.
We introduce this concept in the model as a structural element
to handle state restoration for destructive operations, rather
than a low-level implementation detail.

To efficiently preserve the previous simulation states, our
M2M transformation relies on a per-LP resizeable stack. Dur-
ing forward execution, the instrumented handler pushes me-
mentoes onto the stack associated with the active LP. Clearly,
if no rollback occurs, this stack would grow indefinitely. To
reclaim stack memory, we must integrate the management of
the mementoes stack with the fossil collection operation [6],
i.e., the memory reclamation procedure proper to Time Warp.

To delimit the mementoes associated with a specific event,
the M2M transformation injects logic to record the start
and stop stack pointers within the EventPayload concept.
Upon fossil collection, when events older than the Global



$CALLS [stackStateHandlingTemplate (
variable -> node.supportVariable,
stack —> "uIntStack"

)]

$IF$ [node.thenPart.isNotEmpty]
if ($REF$[node.supportVariable] & (lULL <<
— SPropertyMacro[genContext.getStepObject (node,
— "baseBitIndex")]))
$CALLS [reverseStatementListTemplate (node.thenPart) ]

SENDIFS$

// Each Else-If gets the next sequential bit index
$LOOPS$ [node.elselfs]
// Calculate the index: base + 1 + loop_index
// stored in a helper variable or macro for clarity
if ($REF$[node.parent.supportVariable] & (1lULL <<
— SPropertyMacro[genContext.getStepObject (node,
— "baseBitIndex") + loop.index + 1])) {
$CALLS [reverseStatementListTemplate (it.stmtLst) ]

SENDLOOP$
$IF$[node.elsePart.isNotEmpty]

if (($REFS[node.supportVariable] &
— SPropertyMacro[Helper.getMask (node)]) == 0) {
< SCALLS$ [reverseStatementListTemplate (node.elsePart)|]

$ENDIF$

Fig. 4: M2M reversal of conditional branches

uint64_t S$PropertyMacro[Helper.getUniqueName (node,
< "iter_cnt")] = 0;
while ($COPY_SRCS$ [node.condition]) {

$LOOPS$ [node.body.statements]
$COPY_SRCS$[it]
$ENDLOOP$
SREFS$ [Helper.getUniqueName (node, "iter_cnt")]++;
}
STACK_PUSH (content->ulIntStack,
< S$REF$[Helper.getUniqueName (node,
}

"iter_cnt")])

Fig. 5: M2M instrumentation of loops

Virtual Time (GVT) are committed, all mementoes below
the committed event’s pointers in the per-LP stack are safely
discarded. This allows the global stack to shrink dynamically,
effectively bounding the memory footprint of the state-saving
process.

3) Control Flow Topological Reversal: Beyond data irre-
versibility, conditional branches and loops present topological
irreversibility. In reverse execution, a branch predicate or
loop termination condition may be incomputable if the state
variables it depends on were mutated.

For conditional branches, we record the traversed execution
path as a ropological memento (conceptually similar to a
decision bit [45]). During forward execution, the M2M instru-
mentation, as shown in Figure 4, pushes bit-packed branch
predicates onto a specialised IfStack, preventing pollution
of the larger data memento stacks. The reversal transformation
then pops this information to deterministically reconstruct the
original control flow graph.

Similarly, for iterative constructs, the instrumentation trans-
formation injects a transparent counter to capture the loop’s
depth. Upon termination, this iteration count is stored as
a cardinality memento (see Figure 5). The corresponding

uint64_t S$SPropertyMe
— "loop_limit")];
STACK_POP (content->ulIntStack,

< $REF$ [Helper.getUniqueName (node,
— "loop_limit")])

// The Deterministic Reverse Loop

cro[Helper.getUniqueName (node,

uint64_t

— S$PropertyMacro[Helper.getUniqueName (node,

— M"iter_idx")];

for (
$REFS$ [Helper.getUniqueName (node, "iter_ idx")] =
— 0;
$REFS$ [Helper.getUniqueName (node, "iter_idx")] <
«s $REF$ [Helper.getUniqueName (node,
— "loop_limit")];
$REFS$ [Helper.getUniqueName (node, "iter_ idx")]++

$CALLS [reverseStatementListTemplate (node.body) ]
}
}
}

Fig. 6: M2M reversal of loops

reversal transformation discards the potentially irreversible ter-
mination condition, as shown in Figure 6. Instead, it generates
a deterministic loop that retrieves the cardinality memento
and executes the inverted body the exact number of times
observed during forward execution, ensuring accurate state
reconstruction.

We note that, with the approach we have described so far, we
reverse every statement (including data structure traversals).
While this could be deemed inefficient compared to Incre-
mental State Saving (ISS), which only cares about memory-
modifying operations, this is a fundamental trade-off of the
MDE approach. By reversing the logic at the statement level,
we maintain a high degree of consistency, which is also
required to properly reconstruct the heap as we shall discuss.

C. Handling Dynamic Memory

Relying on dynamic memory in the simulation model
poses significant challenges for optimistic synchronisation,
particularly due to the complex management of pointer-based
structures and the non-deterministic nature of heap libraries.
At the same time, modern simulation modelling paradigms
offer significant expressive benefits if they can rely on non-flat
linked data structures. Although DESL does not allow a direct
invocation of malloc, it exposes dynamic data structures
through the concept of Collections. Such concepts are
internally realised using dynamic memory and linked data
structures.

For this reason, our M2M transformations must be able to
manage these data structures, so that reverse event handlers can
reconstruct the heap consistently. The architectural pattern we
describe here abstracts the implementation of Collections
into a more general approach for reversible dynamic memory
management in the case of MDE transformations. In this
sense, our proposal can be used to generate correct reverse
handlers independent of the Collections concept, thus also
allowing an extension of DESL without requiring fundamental
redesigns of the instrumentation/reversal transformation.



The major problem in making dynamic memory reversible is
the behaviour of the free operation. When free is invoked,
the system disconnects a semantic object from its virtual
address. This is different from overwriting a variable, which
results in a local, identifiable loss: deallocating memory gives
the heap manager complete control and introduces randomness
into the process. This behaviour is particularly critical when
dealing with linked data structures, where the integrity of the
overall data structure depends on the virtual addresses that link
nodes together.

If a deallocated node is restored at a different address
during a rollback, the integrity of the structure is compromised:
any pointers held by other nodes would fail to point to the
restored object, leaving the data structure in a corrupted state.
Consequently, the mapping between a logical object and its
virtual address is not a function of the simulation state alone,
but also of the global state of the heap manager. Reversing
a free operation by simply calling malloc is impossible
without a historical record, as it attempts to extract order (the
specific original address) from the disorder of the global pool.

Following the approach in [28], we overcome the non-
determinism of standard allocators by introducing a custom
dynamic memory manager that, for each LP, maintains a table
of malloc areas, each responsible for managing contiguous
memory blocks containing chunks of power-of-two sizes. The
state of the chunks is tracked using a bitmap at the head of each
block to minimise the metadata memory footprint. Whenever
a call to malloc is executed, the allocator determines a
suitable chunk size to serve the request and locates a free
chunk by inspecting the bitmap. If no chunk is available, a new
malloc area of the same size is initialised, keeping twice as
many memory chunks as the original full one. Memory release
is supported via a back pointer stored above an allocated
chunk, which allows reaching the malloc area to which the
chunk belongs. This custom allocator is injected into the final
executable by the M2M transformations and initialised during
simulation startup.

To support the reversibility of a free operation, we in-
troduce the new primitive remalloc (void *ptr), which
bypasses the search for a free chunk in the bitmap and
immediately marks the chunk as busy—the bitmap can be
reached using the back pointer, as in a free operation. Since
the relationship between a bit in the use bitmap and the chunk
is bijective and static, this approach can effectively support
reversing a f ree operation, avoiding potential inconsistencies
in linked data structures.

It is important to note that the use of remalloc introduces
a strict temporal dependency to avoid any possible collision
in the allocation. For example, let us consider the sequence:

1) P=malloc () (Allocates slot 0x100)

2) free(P) (Frees slot 0x100)

3) @ =malloc () (Reuses slot 0x100)

If the reverse execution attempts to reverse step (2) via
remalloc (P) before reversing step (3), a collision occurs:
the slot 0x100 is currently held by Q. In our context, the tem-
poral dependency is addressed by the M2M transformation:

by executing the statements in an event handler in a mirrored
fashion, we ensure LIFO ordering of the memory operations.
Moreover, since a rollback operation in ROSS is supported by
the execution of all event handlers from the current timestamp
to the rollback point, the order is guaranteed also for cross-
event allocation/deallocations.

The use of remalloc ensures container consistency, in the
sense that during a rollback operation all nodes of the linked
data structures exist at the right location. At the same time,
it provides no guarantees about the container’s content. This
could lead to a repopulation fallacy [46], i.e. the assumption
that simply restoring the structure of the heap is sufficient,
because the (resumed) forward execution will repopulate the
content of the buffers. The execution of an event, though, is
only logically atomic, as it is constituted by a sequence of
steps, which traverse intermediate states.

When a free is reversed using remalloc, the rest of
the reverse event handler will expect to find in the buffers
the values that were written during the forward execution.
Conversely, by construction, remalloc does not reinitialise
the memory, which (in case of buffer reuse as in the example
above) will likely contain garbage. Any observation of that
inconsistent state will cause the execution of the reverse
handler to be incorrect. In other words, remalloc leaves
the simulation state in a zombie state.

There are three possible strategies to handle this zombie
state. The first is to log the memory content before executing
free, and reinstall the previous content after a remalloc.
This approach incurs a massive overhead in memory band-
width and storage costs, effectively doubling the write traffic
for every allocation. The second is to delay the actual release
of the memory buffer until the execution of the free be-
comes committed (i.e., when the Global Virtual Time reaches
the event). This approach has been employed by traditional
reversible heap allocators for PDES (e.g., [28], [29]). While
it solves the memory bandwidth problem, it may consume
more memory than needed for model execution because the
memory released by the model is not immediately available
for subsequent allocations. Moreover, this approach somewhat
clashes with the notion of reverse computation, because it
checkpoints also values that could be recomputed by the
reverse handlers.

The third approach entails decoupling the model’s logic
from the memory operations, employing a technique we refer
to as operand value logging. During forward execution, any
instruction that reads a value from the heap and uses it as
an operand will push that value onto the memento stacks.
During reverse execution, the reversed instructions will pop
the mementoes from the stack and use them to perform the
reverse actions. In this way, the heap container reinstalled by
remalloc will remain (partially) in a zombie state through-
out the execution of the reverse handler, and will be considered
a write-only memory buffer. At the end of the reversal, any
relevant value will be restored. This approach eliminates the
need for expensive snapshots, ensures that free’d memory
is reused by the model immediately, and guarantees correct
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Fig. 7: Execution timeline illustrating dynamic state reconstruction outside the rollback interval. The diagram shows the
evolution of a dynamic memory buffer B and the memento stack across forward and reverse events—when dashed, the buffer
has been deallocated. Values updated prior to the rollback window (e.g., field a modified by e;) physically survive the
deallocation at ey thanks to the isolated per-LP custom allocator. This persistence allows the remalloc operation during
reverse execution (ey 1) to perfectly restore the buffer’s semantic state without requiring explicit logging of unread data.

control flow and data dependencies.

We emphasise that our dynamic state reconstruction ap-
proach is correct even in the presence of values written by
events executed before the rollback point (i.e., values that are
not read by rolled-back events and are therefore not present in
the operand value stack). Consider the execution depicted in
Figure 7. In this timeline, event e; at 1" = 10 updates field a
of a buffer B with the value z. Subsequently, at 7" = 20, event
eo executes a free (B) operation. Since es does not access
fields a or ¢ during its execution, these values are not recorded
in the operand value stack. At T" = 30, event e3 receives
the same memory slot for a different allocation and modifies
field b, pushing the previous value onto the memento stack.
When a straggler message with timestamp 7" = 15 arrives from
LP,, arollback is triggered. During the reverse execution, e; !
restores the previous value of b and releases the buffer, while
ey ! invokes the remalloc (B) primitive. Importantly, the
physical content of fields a and c is preserved throughout this
process because our custom allocator segregates heaps per LP
and maintains all allocation metadata in an external bitmap
rather than within the buffers themselves.

Therefore, while classical reversibility theory normally con-
siders the passive persistence of data in the heap as a fac-
tor outside the program’s control, our construction of per-
LP allocators ensures that previous values survive even if
a buffer is deallocated. The zombie state, in this view, is
not physical corruption but a controlled logical transition:
data integrity is guaranteed by the stability of the segregated
system, making the restoration operation intrinsically correct
and non-probabilistic?. It is therefore possible to argue that the
redundancy of operand value logging and the reversal of local

2This design principle is logically congruent with the philosophy of Danc-
ing Links (DLX) in Knuth’s Algorithm X [47], where an element’s removal
from a system does not imply the destruction of its internal information, but
merely its temporary exclusion from the active logic.

variables does not protect the survival of data in the heap
(which is guaranteed by the allocator’s structure itself), but
rather allows us to determine the proper control flow during
the rollback. Overall, the steps taken to reconstruct a previous
consistent state are summarised in Table I.

D. Floating-Point Arithmetic

Floating-point arithmetic introduces another class of ir-
reversibility, particularly relevant in PDES, given the high
incidence of numerical operations in typical simulations. This
irreversibility stems from the approximate nature of floating-
point operations.

To simplify the discussion, let us consider only floating-
point addition (). Differently from integer arithmetic,
floating-point addition is not an abelian group: it lacks as-
sociativity and, more importantly, invertibility. In fact, if we
consider ' = x @ ¢, the operation z = 2’ © ¢ does not
necessarily restore x to the previous value. This is due to
absorption (where small values added to large values are
shifted out of the mantissa) and rounding modes.

One approach to address this issue and make floating-point
operations reversible is to estimate the round-off error intro-
duced by a floating-point operation. For example, the 2Sum
algorithm [48] allows computing the approximate result z @ c
and the round-off error E' = x+c— (x®¢). One might propose
logging E to enable reversibility. However, this approach fails
for multiple reasons. First, the error term F is itself a floating-
point number requiring the same storage width (e.g., 64 bits)
as the original value z. Logging E saves no space compared to
simply logging the original x. Second, even if E is available,
the inverse operation must also be evaluated using floating-
point hardware, which introduces additional error. A perfect
reconstruction would require arbitrary precision arithmetic,
which is computationally prohibitive.



TABLE I: Management of dynamically allocated data during the rollback of a free operation (event ey in Figure 7).

Operation on data Action in forward event ex

Data preservation

State after rollback

Data read by ez Pushed onto stack (Operand logging)

Data overwritten by ea
Data ignored by e2

Old value saved (Destructive assignment)
No logging action

Memento Stack

Memento Stack
Passive heap persistence
(LP isolation)

Available in reverse handlers, not necessar-
ily in heap (local variable)

Correctly restored in heap

Physically preserved (Controlled logical
transition)

TABLE II: SLOC Count for different model versions.

Model name DESL version Generated C code
PHold 50 233
PCS 340 1113

Consequently, we treat all floating-point operations as de-
structive assignments. To maintain type alignment, we parti-
tion the logging mechanism discussed in Section III-B into
multiple stacks rather than a single generic buffer: a double
stack for floating-point operands, and an uint64 stack for
integers and pointers.

IV. EXPERIMENTAL ASSESSMENT

To evaluate our proposal, we employed two complemen-
tary benchmarks: the synthetic PHold model illustrated in
Figure 2, which provides a controlled workload to isolate
scheduling overhead with minimal LP state, and a high-fidelity
Personal Communication System (PCS) that exercises large
LP states, floating-point computation, and dynamic memory
allocation. PCS models a mobile network in accordance with
the specifications in [49]. Each LP simulates a hexagonal
network cell, with events associated with call initiation and
termination. As simulated devices traverse the coverage area,
they require handovers across distinct LPs, potentially leading
to rollbacks. For every active call, the model allocates dynamic
data structures of different sizes to manage channel allocation
and configure call parameters, ensuring the required Signal-
to-Noise Ratio (SNR) is maintained.

Since our primary contribution lies in the MDE domain, we
quantify the concrete reduction in development effort afforded
to the simulation modeler. To this end, we compare the Source
Lines of Code (SLOC) required to implement a model in
the DESL language with the volume of C code automati-
cally generated by our M2M transformations—all generated
code is functional and exercisable. This metric effectively
illustrates the “compression ratio” of a DESL model while
enabling the use of performance-competitive support for PDES
execution. The results, computed using the standard utility
sloccount [50], are reported in Table II. From the results,
we observe that the abstraction gap provided by DESL yields
a significant reduction in implementation verbosity. Specifi-
cally, the PHold model demonstrates an expansion factor of
approximately 4.7x, while the more complex PCS model
exhibits a factor of roughly 3.2x. This expansion factor can
be interpreted as a quantitative measure for the cognitive
load alleviated from the modeller: our approach automates the

Speedup

Number of Cores

Reverse —+— CSS —*—

Fig. 8: Speedup over sequential execution for PCS when vary-
ing core count. The dashed line indicates when hyperthreads
are first used, resulting in an initial performance drop.

generation of nearly 70% of the final codebase, encompassing
low-level simulation mechanics and synchronisation protocols
that typically constitute a primary source of implementation
errors in PDES.

To assess the runtime efficiency of our proposal, we com-
pare the speedup of the PCS benchmark automatically gen-
erated from the DESL specification against a native, hand-
optimised C implementation on ROSS relying on Copy State
Saving (CSS), as previously used in [23]. We selected CSS
as the baseline because it represents the standard rollback
mechanism for PDES developers who do not manually write
reverse event handlers. A direct comparison with other auto-
mated approaches such as LORAIN [18], RAMSES [36], or
the ROSE-based solution [39], [53] is not feasible, as they
are tied to specific compiler infrastructures and no public
benchmark infrastructure exists for head-to-head evaluation on
identical workloads.

We have run our experiments on a machine equipped with
an Intel Xeon Silver 4210R CPU, with 20 physical cores (40
hyperthreads) running at 2.40GHz, and 160 GB of RAM. The
machine has two NUMA nodes. In this experiment, we have
used 22,500 LPs, with a load factor on the mobile network of
50% over 1,000 channels per cell—this means that, on average,
500 nodes are present in each Collection used by the model,
i.e. two Collections per LP. New calls are injected into the
system according to an Erlang distribution with a mean of
0.16, and each call has an average duration of 120 seconds
(drawn from an exponential distribution). We have run these
high-load simulations for a total of 10 simulated minutes. Each
configuration was executed 10 times with varying random
seeds.

The results of the speedup over sequential execution are



TABLE III: Memory usage in extreme configurations.

Core Count  Reverse  Checkpointing
2 3.74 GB 6.7 GB
40 9.59 GB 34.67 GB

reported in Figure 8 when varying the number of cores used
to execute the simulation. As a first observation, we see
performance degradation as the core count exceeds 20: this
is expected, as at 21 cores the system starts relying on hyper-
threads, which is detrimental to compute-bound workloads like
PDES. In particular, the microarchitectural side effects (e.g.,
L1 cache sharing between two hyperthreads) on a reduced
number of cores introduce skew in the logical time of the
LPs, leading to an increased number of rollbacks in LPs run
by threads using a physical core in isolation.

Overall, we observe that simulations using reverse compu-
tation achieve consistently higher speedups than those relying
on traditional state saving. This is a result consistent with the
literature, as in the considered model the rollback length is
relatively short while the state size is large. The events, at the
same time, operate on small portions of the state, reducing the
amount of information saved on the stacks compared to full
checkpoints. At the same time, the significance of this result
lies in the implementation method: we achieve these speedups
through fully automated code generation, thus eliminating the
high engineering costs and defect risks typically associated
with manually implementing reverse event handlers.

To verify the correctness of the automatically gener-
ated reverse handlers, we have implemented the COMPADS
model [54] and used it to compare the final simulation state
produced by the optimistic parallel execution against the state
produced by a sequential run. Across all configurations and
all 10 independent runs, the two execution modes produced
identical results, confirming that our M2M transformations
preserve the causal correctness of the simulation.

To complete our experimental assessment, we have studied
the memory footprint of the simulation using the extreme
parallel configurations (i.e., 2 cores and 40 cores), which show
the smallest and largest differences in speedup, respectively,
between the two compared solutions—we have not considered
the single-core baseline, as it relies on a sequential scheduler
and causes no rollbacks. We report in Table III the peak
memory usage by the two rollback mechanisms. As expected,
checkpointing incurs higher memory usage, up to 3.6 that of
the reverse computation. This is intrinsic to state saving, as all
buffers associated with call records are copied after each event,
even when the actual state update is sparse or non-present in
forward execution. The reduced time to reinstall the consistent
checkpoint in case of a rollback does not pay off, especially
because the number of rolled-back events is reduced.

At 2 cores, despite the disparity in memory footprint, the
performance of the two rollback methods converges. This is
related to memory bandwidth availability: with a small thread
count, the system’s memory bus is not saturated and can

therefore handle the heavier state-saving operations without
stalling the CPU. Consequently, the latency penalty is effec-
tively hidden by the memory controller’s high throughput,
while at higher core counts we empirically observe the effect
of the memory wall [51], [52].

V. CONCLUSIONS

In this paper, we have presented an MDE-based approach
to automatically generate reverse event handlers for optimistic
PDES. By leveraging M2M transformations within the DESL
language, we demonstrated that the historical complexity of
manual reverse handler implementation can be effectively mit-
igated. Our methodology transparently handles also dynamic
simulation states through the introduction of a reversible mem-
ory allocator, ensuring consistency in speculative execution
environments. The correctness of the generated reverse han-
dlers was verified through the COMPADS model, confirming
identical results between optimistic parallel and sequential
execution. Empirical results validated that this automated
approach preserves and improves the performance of hand-
coded models while enhancing reliability and maintainability.
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