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Annoranus. ONTUMHCTUYECKAs PEIUIMKALMs SBJISICTCS ONHHM U3 KIIOYEBBIX HOJIXOAOB K OOECIICUCHHIO
BBICOKOH JJOCTYIIHOCTH Treorpauyecky pacIpeleléHHBIX CHUCTEM, II03BOJISIS PEIUIMKaM BPEMEHHO
PACXOAUThCSl B COCTOSHUM C IOCIEAYIOIMM aCHHXPOHHBIM corjacoBaHueM. HecMoTpst Ha To, 4TO IIMPOKO
pacnpocTpanéHHbIe GecKOH(IMKTHBIE perunipyemsle THIbI faHHbIX (Conflict-free Replicated Data Types,
CRDT) rapaHTHpYIOT CHJIBHYIO CXOJHMOCTb, BCTPOCHHBIE B HUX MEXaHH3MbI Pa3pelIeHUs KOH(INKTOB, KaK
MPAaBHUJIO, ABIISIOTCS] HEABHBIMU M HEOCTATOYHO THOKHMMY, YTO OTPaHHYMBAET UX NPUMCHEHHE B CIEHAPHSX,
TpeOyIOIHUX CEMAaHTHYECKON MPO3PAauHOCTU H yJacTHs IOJIb30BATENs B IPOLECCE Pa3peleHns] KOH(INKTOB.
B pabote mccnenyercst smucTeMuuecKas MOJENb KOH(IUKTOB — (opManbHas Mojelb, obecredrnBaromas
sIBHOE, THOKOe U He TpeOylollee KOOPIAWHAIUM pa3pelleHHe KOH(GIINKTOB IIPH COXPAaHEHHM TapaHTHH
cxoaumocTu. Bo-nepBbix, nokazaHo, yto CRDT, ocHOBaHHBIE Ha COCTOSIHUM, Ha ONEPALMAX U HA JEIbTa-
coctosiausx (delta-CRDT), ecrectBeHHBIM 00pa3oM (OpMaIU3YIOTCS B paMKax SMHUCTEMHUYECKOW MOJEIH,
KOTOpasi IPEeJOCTABILIET SANHBLH amapaTr Ul UX 0ecKOH(IMKTHOTO IPeACTaBIeHNs. Bo-BTOPHIX, MHOXeCTBa
paccMaTpHBAIOTCS KaK (yHAaMEeHTaIbHBIA PeIUTHIIPYEeMblil THIT JaHHBIX, JISXKAIHIl B OCHOBE O0JIee CIIOMKHBIX
PEIIUIUPYEMBIX CTPYKTYP, TAKUX KaK CITHCKH, rpadbl n 0ToOpakeHus. [1d HUX B paMKaX 3MHMCTEMHIECKOH
MO/ OLPEACILIIOTCS COOTBETCTBYIOIIHE POLIEYPhI PAa3pEIleHHsT KOH(PINKTOB, PEATU3YOIIHE CEMaHTHKY,
n3Bectuele B Teopurn CRDT. Tem caMbIM JIE€MOHCTPHPYETCS, YTO DIHCTEMHYECKas MOJEIb KOH(IMKTOB
obnamaeT JOCTaTOYHOH BBIPA3UTENBHOH MONIHOCTBIO I (OpPMANM3alUH CEMAaHTHKH CYIIECTBYIOINX
peanusauii CRDT, 0qHOBPEMEHHO COXPaHsAsA UX HMHTEPHPETUPYEMOCTh M CEMAHTHYECKYIO IIPO3PauyHOCTb.

KioueBble cjoBa: OeCKOHOIMKTHO pEIUIMLUPYEMbIE THIbI JAHHBIX; CEMAHTHYECKHE KOH(IIUKTSI,
SMUCTEMUYECKast MOJIeTb KOH(INKTA; ONTHMHUCTHIECKAs PeTLTHKALIHS.

Js uutupoBanus: Cemenos I'.B. Dnucremudeckuil moaxon K 0eCKOH(GIMKTHO PEIUTHLMPYEMBIM THIIAM.
Tpynst UCITI PAH, 2026, Tom 38, BbIIL 5, cTp. 37-50 (na anrmmiickoM si3bike). DOL: 10.15514/ISPRAS-2026-
38(5)-3.

1. Introduction

Optimistic replication [1] is widely employed in asynchronous geo-distributed systems to improve
availability at the expense of strict or sequential consistency. In such systems, multiple versions of
the same data may coexist and, after concurrent modifications, are synchronized a posteriori.
Consequently, local replicas are allowed to remain temporarily inconsistent or globally outdated.
Because updates are performed without coordination, concurrent operations may conflict, giving
rise to ambiguity in how changes should be merged into a shared history. To resolve such
ambiguities, a conflict model is required to guide the synchronization process, ensuring eventual
consistency while preserving data integrity. A conflict model can be defined by specifying which
concurrent modifications are identified as conflicting and how such conflicts are eventually resolved.
The strictest interpretation of conflicting operations is captured by the concurrent conflict model,
based on the happens-before relation (<) [2]. Under this model, two operations are considered
conflicting if they are causally unrelated; consequently, an explicit ordering must be established
between them. Classical mechanisms for identifying such conflicts rely on vector timestamps,
including vector clocks [3-4], plausible clocks [5], and prime clocks [6]. However, conflict
resolution under this model is inherently "pessimistic", as it requires nodes to agree on a global
ordering of concurrent operations during the scheduling phase [1]. In asynchronous environments
subject to failures and unbounded network delays, reaching consensus is fundamentally impossible
in the general case, as established by the FLP theorem [7].

To address the challenge of conflict-free synchronization, the notion of logical monotonicity has
emerged as a foundational principle. Informally, monotonic programs admit consistent,
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coordination-free distributed implementations; this insight is formalized by the CALM theorem
[8-9]. Within this framework, semilattices, which are monotonic algebraic structures equipped with
a least upper bound (LUB), form the basis of state-based conflict-free replicated data types
(convergent CRDTs, or CvRDTs) [10]. In such systems, replicas periodically exchange and merge
their states using an idempotent, commutative, and associative binary operator, ensuring
convergence without coordination due to the totality of the LUB binary operator.
Complementarily, the concept of operational commutativity [11] underpins operation-based CRDTs
[10]. In this setting, conflicts are restricted to concurrent operations that do not commute, defining
a non-commutative conflict model. It is well established that state-based and operation-based
CRDTs are expressively equivalent, in the sense that each model can simulate the other [10].
Moreover, §-CRDTs [12] further optimize state-based CRDTs by transmitting only the incremental
changes (deltas) instead of the entire state, bridging the gap between state-based and operation-based
approaches.

CRDTs have thus become a standard abstraction for coordination-free distributed systems, as they
guarantee strong eventual consistency (SEC). Formally, an object is strongly eventually consistent
if (i) it is eventually consistent, and (ii) any two correct replicas that have delivered the same set of
updates reach equivalent states [10]. However, despite these strong convergence guarantees, the
conflict resolution mechanisms embedded in CRDTs are typically implicit and opaque to users. They
are difficult to supervise or adapt, and often misaligned with application-specific semantics, which
limits their suitability for human-centric tasks such as collaborative decision-making, reasoning,
auditing, and explainability. In other words, the ideas of monotonicity and commutativity are too
restrictive for representation of arbitrary replicated objects.

To address the challenges above, the epistemic conflict model [13] aims to provide a semantic
framework for representation of replicated objects with support for local-first [14], user-driven
conflict resolution. The model uses the ideas of monotonicity and strong eventual convergence,
while allowing conflicts to arise and be explicitly resolved. To identify conflicts, operations are
assigned an immutable set of causal premises, and two operations are in conflict if a common
premise entails () both of them, but there is an operation which discards (<) the visibility of the
premise. To resolve conflicts, operations are allowed to be concurrently rebased (F), which allows
coordination-free conflict resolution.

In this paper, we aim to show that conflict-free replicated data types can be modelled using the
epistemic conflict model. Firstly, we show that state-based, operation-based and delta-CRDTs can
be trivially expressed in the epistemic model, where no conflict identification is needed and hence
there is no need for a resolution procedure. Secondly, we consider sets as a family of fundamental
replicated data types that empowers more advanced objects such as lists, graphs and maps, and
provide its definitions in the epistemic model, considering the expressibility of grow-only, add-wins
and remove-wins semantics.

The rest of the paper is organized as follows. In Section 2, we recall the system model and the
requirements for objects to be represented in the epistemic conflict model. In Section 3, we show
how various kinds of CRDTSs can be modelled in the epistemic framework. In Section 4, we provide
definitions in the epistemic model for the Grow-Only Set (G-Set), add-only Observed-Remove Set
(OR-Set), and build an original construction for remove-wins set. In Section 5, we discuss related
work and conclude in Section 6.

2. Epistemic conflict model

The epistemic conflict model [13] is a semantic framework for representation of replicated objects
with support for local-first [14] conflict resolution. That is, conflicts are allowed to arise and be
explicitly resolved without a central coordinator, while preserving convergence guarantees. In this
section, we outline the system model and recall the requirements for objects to be represented in the
epistemic conflict model.
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2.1 System model

Let us consider a system of multiple nodes, which are the replicas R = {ry,15,*+,1,} of a shared
namespace M. A namespace M is modelled as a set of pre-initialized replicated objects
{My, My, -+, M,,}. Each object M; is associated with its basis of actions A;, which is formally a set
of all allowed atomic operations on the object.

Definition 1 (Operation). An operation o is a contiguous sequence of action instances
{ay,a,, -, a,} with transactional semantics, i.e., executing an operation o is equivalent to a
sequential uninterruptible execution of all its actions a; ° a, o -+ o a, a; € U™ 4;.

Definition 2 (History). Local history H, is a sequence of operations, currently applied by replica r.
Definition 3 (Projection). Local history projection H,.(x) is a subsequence of actions,
corresponding to object x = M;, in the local history H,. of replicar.

Operations issued on the replicas are applied locally and eventually synchronized between nodes,
which are connected with an unreliable network. Initially, each object x = M; is initialized with a
constructor operation c,. When an operation is applied by a replica, it is just appended to the local
history H,.. Eventually, the current replica history 3, is published, so that it is available for pull on
the other replicas. When ready to reconcile with foreign changes, replica r synchronizes-with
another replica r' by integrating operations from another replica's published history #,, into the
local history, i.e., H, « H, LI H,,. Complete synchronization is achieved through integrating the
histories of all replicas in an arbitrary order, until they converge to the same state once all the
conflicts are resolved.

2.2 Conflict definition
In the epistemic conflict model, conflicts are defined in terms of two relations over operations:
entails (&) and is discarded by (K).

Entailment () captures epistemic preconditions [15] of an operation: issuing a new operation relies
on the presence of effects of its premises, under the assumption that their effects remain visible.

Definition 4 (Visibility). An action instance a corresponding to object x is said to be visible in the
history H,(x), if a monotonic non-increasing predicate associated with the action holds, i.e.,
vis(a, H,(x)) = T.
To capture the dependency on visibility of other operations, an operation o is assigned an immutable
set of premises T = {04, 0,, -+, 0,} that entail o, which is denoted as T  o.
Definition 5 (Entailment). An operation o0; is said to entail another operation o0,, denoted as 0, +
0,, if the effect of 0, is a necessary precondition for the effect of 0,, to be visible in the history, i.e.:

1. o0, € I'(0,), where I'(0,) is the set of premises of 0,;

2. 0; < 0y, 1.e., 0, happens-before 0,, in any history H.;

3. vis(o, H, \ {0,}) = T for any history 7,..
The relationship of discarding (<) captures epistemic revision [16]: an operation may invalidate the
effect of another operation, thereby rendering it no longer a valid premise for subsequent operations.
Definition 6 (Discarding). An operation o, is said to be discarded by another operation 0,, denoted
as 0 K 0,, if:

1. 04 F 0y;

2. vis(oy,H,.) = L, where 0, € H,..
Finally, the conflict identification procedure is defined as follows: two operations are in conflict if
they have a common premise that is discarded by one of them.
Definition 7 (Conflict Identification). Operations 0, and 0, are said to be in conflict if there exists
an operation o’ such that o’ 0, and 0’ < 0,.
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2.3 Object definition
An essential criterion for convergence lies in the notion of discard-completeness, which ensures
that all operations that may discard the visibility of a common premise are connected through the
entailment relation.
Definition 8 (Discard-completeness). An object x with an action basis A is discard-complete if for
every pair of its action instances a4, a, in any history H,.(x) of x the following holds:
vis(ay, H,-(x) \ {az}) A —wis(a, H,- (%)) = a; < a,.

Then, to represent a replicated object x = M; in the epistemic conflict model, the state of the object
must be reducible from the local history projection #,.(x), the following must hold:

1. Entailment relation  is defined to link an action a € A; of an operation o to its premises

I'(0) upon creation;
2. Visibility predicate vis(a, H, (x)) is defined for a € A4;;
3. Discard-completeness is satisfied.

2.4 Conflict resolution

Conflict resolution in the epistemic model is based on the idea of rebasing operations to a merge
operation that reconciles them.
Definition 9 (Rebase). An operation o is well-defined rebased to 6, denoted as & F o, when

1. o is interpreted as an empty sequence of actions;

2. T'(o) € T(0);

3. Vo':(o' + 8)A(D F 0)= (o' +0).
Thus, conflict resolution is achieved through identifying an operation component containing
mutually conflicting operations and rebasing them to a merge operation 4 that reconciles them, as
shown in Fig. 1 and 2. The contents of 6 are defined by an external reconcile procedure, which
generally may be interactive and involve user participation. In this paper, we consider data types
with a deterministic resolution procedure, which is a function of the conflicting operations and their

premises.
(o) (&)
- < c <<|:
® = 2 s
}_ * * '_* *
A

Fig. 1. Conflict resolution of 0, and 0, with one conflicting premise 0.

A A A

Fig. 2. Conflict resolution of 0, against 0, and o3 with two conflicting premises o' and 0", and the merge
operation 0 discarding premise o'.

41

3. CRDTs in the Epistemic model

Conflict-free replicated data types (CRDTs) [10] are a class of data structures that guarantee strong
eventual consistency (SEC) by their definition, i.e., any two correct replicas that have delivered the
same set of updates reach equivalent states. Despite their name, CRDTs do not necessarily avoid
conflicts; rather, they are designed to ensure that conflicts are resolved in a deterministic and
coordination-free manner.

However, the conflict resolution policies embedded in CRDTs are restricted by the data type
definition and may appear to be not a full-fledged conflict resolution, but a "hack" to provide strong
convergence at the cost of versatility. For example, in the last-writer-wins (LWW) register, the
conflict resolution policy is based on a total ordering of operations, provided by the wall-clock
timestamps, which may not align with the intuitive semantics of a register, as older updates are
silently discarded.

In this section, we recall the definitions of state-based and operation-based CRDTs and provide a
generic framework to model them in the epistemic conflict model, extending it for the case of -
CRDTs.

3.1 State-based CRDTs

Definition 10 (State-based CRDT). A state-based CRDT (convergent CRDT, CvRDT) is a state-
transfer replicated data type empowered by the merge operation LI (or the least-upper bound over
the semi-lattice) defined on the state domain of the object S, such that Vs, s,, 55 € S:

1. s, Us,; = s, Us; (commutativity);

2. s U (s Usz) = (s, Usy) L s3 (associativity);

3. sy Us; = s, (idempotency);

4. s, Us, € S (totality, or conflict-free criterion).

Let us consider a state-based CRDT x with a state domain S and a merge operation LI. Then, we can
model x in the epistemic conflict model as an object with the following operations:

e constructor operation ¢, that initializes the object to the least element of the semi-lattice,
e, s., =1,

e modification operation m(s) that updates the replica state s’ of the object to s € S, such
thats' Us =s;

e merge operation LI that takes two states s;, S, € S and produces a new state s; L ;.

Now, we can define the necessary model properties for representing the object x as follows:

1. Entailment:
e constructor operation ¢, has no premises, i.e., ['(¢,) = @;
e modification operation m(s) is entailed by the operation o that produced the current
state s, i.e., T(m(s)) = {o}.
e merge operation LI is entailed by the previous operations 0, and o, that produced the
states s; and s, being merged, i.e., ['(L) = {04,0,}.
2. Visibility: due to the totality of the merge operation L, there are no conflicting operations
in the history, and thus all operations are visible, i.e., Vo € H,.(x): vis(o,}[r (x)) =T.

3. Discard-completeness: due to the totality of the merge operation LI, there are no conflicting
operations in the history, and thus no operation can discard the visibility of another
operation, i.e., =304, 0, € H,.(x): 0; K 0,.
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3.2 Operation-based CRDTs

Definition 11 (Operation-based CRDT). An operation-based CRDT is an operation-transfer
replicated data type empowered by the operation broadcasting, such that:

1. an operation is applied exactly-once (reliable delivery);

2. operations are applied in causal order with respect to the happens-before (<) relation
(causal delivery);

3. =(00 < 0,)A=(0, <01) =0, © 0, =0, ©0; (commutativity, or conflict-free
criterion).

Similarly, let us consider an operation-based CRDT x with an action basis A within the epistemic
model:

e constructor operation c, that initializes the object with a sequence of actions a4, a, ..., ax
that produce the initial state of the object;

e modification operation o that atomically transforms the object state with a sequence of
actions a4, ay, ..., Q.

Now, we can define the necessary model properties for representing the object x as follows:

1. Entailment:
e constructor operation ¢, has no premises, i.e., ['(¢y) = @;
e modification operation o is transitively entailed by all the previous operations on the

replica, i.e., Vo' < 0:0' +* 0.

2. Visibility: without further assumptions, all operations may be treated as visible, due to their
commutativity.

3. Discard-completeness: trivially satisfied, since all operations are visible.

3.3 Delta-CRDTs

6-CRDTs [12] refine state-based CRDTs by replacing full-state transmission with transmission of
delta-states (or deltas), i.e., fragments d € S such that d E s and d Us = s’, where s’ is the
updated state of the object. Formally, every update operation u on a §-CRDT produces a delta-state
5, € S satisfying s U 6, = u(s), and replicas exchange deltas instead of full states, reducing
communication overhead while preserving the semilattice structure.
We model a §-CRDT x in the epistemic conflict model as follows. The action basis is extended with
a delta action 6(d) for each delta-state d € S, which replaces the monolithic modification action
m(s) of the state-based construction. Constructor operation c, initializes the object to the bottom
element LE S. A delta action 8§(d) represents an incremental update, so that the replica state is
updated as s" « s LI d upon applying 6(d).
The epistemic model properties are then defined as follows:
1. Entailment:
e constructor operation c, has no premises, i.e., ['(c,) = 0;
e adelta action 6(d) is entailed by the operation o that produced the state s from which
d was derived, i.e., [(8(d)) = {0};
e amerge of an accumulated delta d = d; U d, U -+ Ll dj, is entailed by all operations o;
that produced the constituent deltas d;, i.e., T(8(d)) = {04, 02, ..., 04}

2. Visibility: as in the state-based case, the totality of LI ensures that any accumulated delta d
is compatible with the current replica state s, so Vo € H,.(x): vis(o,?ﬂ, (x)) =T.
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3. Discard-completeness: trivially satisfied, since no delta action can make another action
invisible — the semilattice order guarantees s LI d = s, and thus visibility is monotonically
preserved.

4. Set semantics in the Epistemic model

The key characterization of removal-supported sets is that concurrent adds and removes on the same
element are allowed to conflict; the conflict is resolved by an explicitly chosen conflict policy: either
add-wins (concurrent adds take precedence, and the element remains in the set) or remove-wins
(concurrent removes take precedence, and the element is removed).

In this section, we instantiate the epistemic framework for classical conflict-free type definitions:
grow-only, add-wins, and remove-wins sets. This is of fundamental importance, as sets are the most
basic data type, and their semantics are the basis for more complex data types, such as maps, graphs,
and sequences. For example, Last-Writer-Wins Map (LWW-Map) is a map of keys to LWW-
Registers, and it may be modeled as a set of key-value pairs with add-wins semantics, where the
value is the timestamped register state.

For each type we provide its action basis A, the entailment premises I'(0) assigned at operation
creation, and the visibility predicate vis(a, #,.), satisfying the discard-completeness property.
Recall that discarding and conflict identification are derived from visibility alone (see Definition 6),
hence we do not need to declare conflicts separately.

4.1 Grow-only semantics

A grow-only set (G-Set) is a CRDT that supports only insertion operations on elements from a
universe U. Elements can be added but never removed, and the merge operation is simply set union,
which is commutative, associative, and idempotent over the semilattice of all finite subsets of a
universe U. Since no action ever makes another invisible, there are no discards and hence no
conflicts. The G-Set is a degenerate, trivially convergent object in the epistemic model.

Let us model the G-Set in the epistemic conflict model as a delta-transfer object x, following the
approach for delta-based CRDTs in Section 3.3:

e Action basis. A = {add(e) | e € U}.
¢ Entailment.
o TI(c) = @ for the constructor c.
o F(add(e)) = last in H,.(x).
¢ Visibility.
o vis(c,H,(x)) =T.
o vis(add(e),}[f(x)) =T.
e Discard-completeness. Trivially satisfied.
e State. S = {e | add(e) € H,-(x)}.

An example for the definition above is shown in Fig. 3. The figure illustrates two concurrent
insertions add, (e,) and add, (e,) issued on different replicas. In the diagram, Ll; and LI, represent
replica-local merges, while the later add;(e;) shows that an additional insertion may be performed
after the first merge, because the insertion 6-mutator is idempotent by definition.

4.2 Add-wins semantics

An observed-remove set (OR-Set) is a CRDT that supports both insertion and removal operations.
OR-Set implements the add-wins policy, as remove works only with the elements which are visible
at the time of the remove operation (Fig. 4).
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Fig. 3. G-Set: concurrent delta-mutators add,(e;) and add,(e,) are merged on the replicas on U, and U,
and an additional insertion adds(e,) is performed after the first merge.

%] %]

Fig. 4. OR-Set: there is no conflict between rm,(e,) and add,(e,), because the semantics of rm,(e,) is
defined in terms of the visible adds of e, at the time of its creation.

In the epistemic model, this can be achieved by making the remove operation depend on the set of
all currently visible adds of e.

e Action basis. A = {add(e), rmv(e) | e € U}.
e Entailment.

o T(c) = @ for the constructor c.

o F(add(e)) ={c}

o T(rmv(e)) = { add;(e) € H,-(x) | vis(add;(e), H,-(x)) }.
e Visibility.
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o vis(c,H,(x)) =T.
o vis(add(e), H,(x)) = T & Armv;(e) € H,(x):add(e) €T (rmv,-(e))
o vis(rmv(e), H,(x)) =T
e Discard-completeness. If add;(e) is invisible, then it is entailed by rmwv;(e). Thus, the
object is discard-complete.
e State.S = {e |3 add;(e) € }[f(x):vis(addi(e),ﬂﬂ,(x))}.

4.3 Remove-wins semantics

Remove-wins semantics inverts the priority of the add-wins policy: when an add(e) and a rmv(e)
are issued concurrently, the remove takes precedence and the element is absent from the merged
state. Although less widely known than OR-Set, a remove-wins observed-remove set has been noted
in the delta-enabled CRDT literature [17].

We construct a remove-wins set in the epistemic model by maintaining two internal components: a
positive set P and a tombstone set N. The positive set P follows the G-Set construction of Section
4, recording every insertion ever performed. The tombstone set N follows the add-wins OR-Set
construction, recording every removal. An element e belongs to the logical state of the object if and
only if it has been added to P and has not been removed into N. The action basis, entailment, and
visibility predicate are defined as follows.

e Action basis. A = {add(e), rmv(e) le€U}:
o add(e) = [addp(e), rmvy(e)];
o rmv(e) = [addy(e)].
¢ Entailment.
o TI'(c) = @ for the constructor c.
o F(add(e)) ={cp} VU F(rmvN(e)).
o F(rmv(e)) = {cy}
e Visibility.
o vis(c,H,(x)) =T.
o vis(add(e),H,(x)) =T.
o vis(rmv(e), H,(x)) = Aadd;(e) € H,.(x):rmv(e) + add;(e).
e Discard-completeness. If rmv(e) is invisible, then there is add;(e) such that rmv(e) -
add;(e), so the object is discard-complete.
e State. S = Sp \ Sy.
Let us consider the scenario in Fig. 5. Operation rmuv; (e;) has seen the existing element e;, because
add,(e;) was already present in the local history at that moment. Any concurrent insertion will

have no effect on the merged state, because rmuv; (e;) enforces the remove-wins policy. If add, (e,)
is issued after rmwv, (e,), it may restore e;, so the element is visible in the set again.

4.4 Conflict definitions

Despite the conflict-free nature of the set constructions above, conflicts can still arise when
concurrent operations are issued on the same element in terms of epistemic model. These conflicts
are remove-remove conflicts in OR-Set, which occur when two concurrent remove operations target
the same element, and add-add conflicts in remove-wins set, which occur when two concurrent add
operations target the same element. In both cases, the conflict is resolved by a local rebase operation
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F, which produces a merge operation that is visible on both replicas and converges to the same state
without coordination, as shown in Fig. 6.

%] %] %]

Fig. 5. Remove-wins set: an example entailment graph with add,(e,) and rmv,(e,) issued concurrently.

< & = <
@ @ %}_ l_%
>

Fig. 6. Concurrent remove conflict resolution in epistemic OR-Set.

5. Discussion

Relation to semantic reconciliation frameworks. The epistemic conflict model shares its
motivation with earlier work on semantics-based reconciliation of optimistically replicated data.
IceCube [18] and the constraint-based formalism of Shapiro et al. [19] represent a shared object as
a set of actions connected by semantic constraints such as conflict, dependence, and atomicity.
Reconciliation is then cast as a scheduling problem: find an ordering of concurrent actions that
satisfies all constraints and is as close as possible to each replica's local preference. The decentralized
commitment protocol of Sutra et al. [20] extends this line of work by running an asynchronous
election among candidate schedules without a central coordinator. The epistemic model differs from
these approaches in two important ways. First, it does not require a global search over schedules;
conflicts are identified and resolved purely through the entailment and visibility predicates that are
attached to individual operations at creation time. Second, resolution is expressed as a local rebase
operation F, which produces a merge operation convergently and without coordination, directly in
the spirit of local-first computing [14]. This makes the epistemic model more suitable for settings
with high latency or frequent disconnection, where schedule-based approaches incur unacceptable
overhead.

Relation to classical set CRDTs. The set constructions presented in Section 4 are related to, but
distinct from, the classical two-phase set (2P-Set) of Shapiro et al [10]. A 2P-Set also maintains a
positive set P and a tombstone set N, with the rule that an element is present iff e € P \ N.
However, 2P-Set enforces a monotonicity invariant that prevents any element from being re-added
once removed, and it resolves concurrent add/remove conflicts by simply treating all tombstoned
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elements as permanently deleted — effectively a remove-wins policy without explicit conflict
identification. In contrast, the epistemic model makes the conflict policy explicit and derives it from
the visibility predicate: the add-wins OR-Set of Section 4 and the remove-wins construction of the
same section are both instances of the same framework, distinguished solely by the definition of
I'(rmv) and the visibility rule. This uniformity is precisely the expressiveness gain that the epistemic
model provides over the implicit, per-type conflict resolution mechanisms of classical CRDTs.

6. Conclusion

In this paper, we have shown that conflict-free replicated data types fit naturally into the epistemic
conflict model as a degenerate case in which the conflict identification procedure is vacuous: the
totality of the semilattice merge (for state-based and delta-CRDTs) and the commutativity of
concurrent operations (for operation-based CRDTs) ensure that visibility is always T and discard
completeness is trivially satisfied. This observation establishes the epistemic model as a genuine
generalization of the CRDT family rather than an orthogonal approach.

Beyond the CRDT embedding, we have defined three set semantics directly in the epistemic
framework. The G-Set is a straightforward application of the delta-transfer construction. The add
wins OR-Set is obtained by restricting remove operations to the set of currently visible insertions,
so that concurrent adds are never invalidated. The remove-wins set is a novel epistemic construction
in which the premise subsumption rule gives removes priority over concurrent adds whose causal
context they cover. All three constructions are proved discard-complete, guaranteeing strong
eventual convergence without coordination.

Because sets are the foundation for more complex replicated data types such as maps, graphs, and
sequences, these definitions provide a reusable building block for richer objects. Future work
includes formalizing the epistemic model for collaborative text editing and tree-structured
documents, investigating the compositionality of epistemic object definitions, and exploring
interactive resolution procedures in which the reconcile function is supplied by the user rather than
fixed at design time.
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