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ABSTRACT

Low-latency geo-distributed applications currently face the
barrier of cross-site coordination for ensuring state consis-
tency. Existing mixed-consistency models leverage the ex-
istence of strongly- and weakly-consistent operations in a
given application, to avoid coordination whenever possible.
However, existing approaches are rather pessimistic, coordi-
nating more than is necessary.

In this paper, we introduce Semi-Linearizability (SL): a con-
sistency model that executes application operations with lin-
earizability guarantees only when strictly necessary, avoid-
ing over-coordination. Specifically, we propose novel op-
eration semantics that can encode ordering relationships
between application operations and map them to coordi-
nation primitives. Our proposed semantics can be used to
reason over latent, asymmetric dependencies between differ-
ent operations and optimize their execution. We show how
SL enables a new class of safe, uncoordinated operations that
previous models would otherwise execute under globally
strict order, while offering substantial performance gains
without violating application invariants. To demonstrate the
advantages of SL, we implemented DeMon, a system that
achieves four orders of magnitude lower latency on the most
frequent operation in the widely used RUBiS benchmark
compared to state-of-the-art systems.

1 INTRODUCTION

Geo-replicated applications, such as extended reality (XR)
and immersive gaming [1, 2], are rapidly evolving to support
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Figure 1: Bridging consistency extremes. Unlike Lin-
earizability (left) and Strong Eventual Consistency (cen-
ter), Semi-Linearizability (right) offers a hybrid ap-
proach that permits concurrent execution until a criti-
cal operation forms an event horizon, collapsing diver-
gent histories into a unified state only when necessary.
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increasingly interactive workloads that demand both low la-
tency for responsiveness and strong consistency for critical
shared state (e.g., asset ownership) [3]. Achieving low la-
tency for such applications remains a fundamental challenge.
At one end, strictly serializable distributed databases such
as Spanner [4] pose a fundamental latency barrier because
they enforce a total ordering of operations through coordi-
nation: replicas must first communicate over the network to
agree on how the application state should be modified (using
protocols such as Paxos [5] and 2PC [6]). At the opposite
end, weaker consistency models (e.g., monotonic operations
in CALM [7] or CRDTs [8]) avoid coordination but do not
support common application invariants, such as uniqueness
or stable decision outcomes, in the face of concurrency.
Both strong and weak consistency models (illustrated in
Figure 1) are too extreme, failing to recognize that within
a single application, strict linearizability is often only re-
quired for specific state transitions, while others can safely
tolerate temporary divergence. The tension between these
extremes has instead driven various efforts to preserve ap-
plication invariants by selectively applying one of these two
models based on the operation. Invariant confluence [9] for-
mally identifies which operations require coordination to
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Figure 2: Asymmetric dependency vs. existing hybrid

consistency models.

preserve invariants and which can safely avoid it. Hybrid con-
sistency models allow the application to define which opera-
tions require coordination and handle them differently. For
example, RedBlue consistency [10] separates between non-
commutative (red) and commutative (blue) operations, such
that only the red operations are totally ordered. Similarly,
PoR [11] and ECROs [12] employ conflict-based reasoning
to determine when coordination is strictly required.

While these hybrid approaches successfully break the
dichotomy between strong consistency and coordination
avoidance, they are limited by a binary view of “conflict”. By
categorizing operations as either requiring full coordination
or none at all, they fail to capture the nuance of workload
semantics that fall between these extremes. Crucially, they as-
sume that conflict relations are symmetric, ignoring the fact
that many real-world application semantics are asymmetric,
necessitating ordering only in one direction. Consequently,
these models can suffer from over-coordination.

To understand the inherent asymmetry, consider the canon-
ical example of distributed auctions [13] in Figure 2. This in-
volves two operations: new_bid inserts a bid entry, whereas
close_auction completes an auction, establishing the win-
ning bid. Essentially, new_bid operations commute with each
other but must be observed by a subsequent close_auction.
Existing models like I-Confluence, RedBlue, and PoR treat
this dependency symmetrically, requiring either total-order
< or non-imposed order «» between the operations. Enforc-
ing total order necessitates excessive coordination to serialize
all new_bid and close_auction operations, whereas non-
imposed order risks invariant violations where a winning
bid is omitted at the time of close_auction, awarding the
sale to another bidder.

The fundamental idea behind this work is to leverage direc-
tional dependencies to capture invariants. Specifically, we ob-
serve that new_bid operations must eventually be included
in an auction or rejected, but do not immediately impose
order on the auction closure: new_bid — close_auction.
This implies that bid operations can execute concurrently
without any coordination. However, close_auction must
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impose order on the set of preceding bids (i.e., observe the
same set of bids at each replica) to consistently elect the
same winner: close_auction new_bid. As such, only
close_auction needs to be coordinated with relation to the
bids. After the auction has been closed, bids can be ignored
or rejected without violating correctness. In this work, we
expand on this observation to show how to capture appli-
cation intent more precisely with directional dependencies,
i.e., close_auction determines the outcome based on the
causal history of new_bids, but not vice versa. This asymme-
try enables more fine-grained semantics, new consistency
models, and systems with reduced coordination.

In summary, we advocate for establishing richer operation
dependency semantics to enable mixed consistency models
that can effectively exploit implicit coordination. Our key
contributions are:

o We formalize asymmetric operation dependencies (§2) to
express application invariants more precisely, moving
beyond binary conflict views to capture directional
ordering requirements.

We introduce semi-linearizability (§3), a new mixed
consistency model illustrated in Figure 1. This model al-
lows relaxed dependencies to commute until a stronger
operation forms an “event horizon”: a boundary that
collapses them into a globally agreed order, enforcing
synchronization only when strictly necessary.

e We present DeMon (§4), a runtime execution frame-
work that realizes this model by committing depen-
dencies in a global log using bags. In our evaluation
(§5), we demonstrate that DeMon significantly reduces
coordination overhead while maintaining correctness.
Finally, we discuss the implications (§6) and challenges
of further evolving this vision into large-scale systems
with implicit coordination (§7).

In astrophysics, an event horizon of a black hole marks the
frontier beyond which all events, including the motion
of matter, radiation, light and information, can no longer
diverge from an inward path. No matter how chaotic the
trajectories leading up to that boundary, everything that
crosses it, is committed to an irreversible progression
toward the singularity, where all possible future paths
collapse. Similarly, distributed applications generate large
volumes of concurrent events whose order is often un-
constrained, yet, some operations must eventually cross
a frontier of agreement, i.e., an event horizon, where their
outcome and their causal dependencies collapse into a
fixed, durable state. In Semi Linearizability, commutative
operations flow freely until a relatively stronger opera-
tion “pulls them” into an immutable order.
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2 ORDERING SEMANTICS

Over the past decade, database research has increasingly
focused on aligning coordination with application-level se-
mantics rather than enforcing uniform, system-wide guaran-
tees. A well-known example in ACID databases is invariant
confluence [9], which reasoned about safe execution with-
out coordination by analyzing the conditions under which
user-defined application invariants are preserved. The same
perspective has influenced a range of systems that leverage
read-write sets, commutativity, and operation dependencies
to minimize synchronization overhead [10-12, 14-17]. These
approaches assume symmetric relationships between oper-
ations, either requiring total order or assuming full inde-
pendence. In practice, many applications involve directional
dependencies, where one operation must observe another in
a correct order, but not vice versa. For example, an auction
has to observe the bids that have been submitted before clos-
ing the auction (termed happened-before relation [18]). At
the same time, when a user bids, the application developer
may not require a bid to be submitted before closing the
auction. This is because the user can simply be notified later
if their bid did not make it on time.

2.1 Asymmetric Operation Dependencies

Let us consider a more generalized model for operation
dependencies, that is, a directed graph G = (V,E) where
each vertex v € V represents one operation and each edge
(v — v’) € E represents an ordering invariant between
two operations v and v’. To illustrate the different types of
such dependencies depicted in Figure 2, we adopt a subset
of operations from the RUBIS application [13] that is used
to benchmark mixed consistency models [10-13]. Again, we
use new_bid and close_auction. When an auction closes, a
common invariant is that the winner of an auction, identified
by the maximum bid, cannot change after close_auction is
executed. Existing works would simply mark new_bid and
close_auction as strong operations, which must be strictly
ordered to ensure that no auction outcome can change during
concurrent execution [10, 11, 14-17, 19, 20]. Instead, we now
consider four types of inter-dependencies between these two
operations and use the example illustrated in Figure 2 to
discuss these dependencies.

1. Strictly Ordered Dependency: [V&V] A symmetric
dependency between operations that require linearizable
real-time order. i.e., if v; v, then it is expected that in any
valid execution schedule, all invocations of v; and v, must
be totally ordered in respect to each other.

In the example of Figure 2, a strictly ordered dependency
exists between close_auction operations, i.e., they must be
totally ordered with each other, as concurrent close_auction
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operations could choose different winners for the same auc-
tion. Strictly ordered dependencies have been supported
through strong coordination mechanisms, such as atomic
registers and consensus [5, 21]. In existing mixed consistency
models these dependencies can be captured either by declar-
ing cross-operation conflicts (PoR [11] and ECROs [12]), or
strong to strong dependencies (RedBlue [10]).

2. Commutative Dependency: [V&V] A symmetric de-
pendency requiring two operations to be fully commutative,
such that they do not need to be ordered.

In our example, new_bids are commutative with each
other. Thus, there is no need to order new_bid operations
with respect to other new_bid operations. While purely com-
mutative operations are trivial to support, there has been
active research under the topic of (Strong) Eventual Consis-
tency [8, 22-24], CRDTs [25], and CALM [26]. These lines
of work exploit weaker properties between operations, such
as monotonicity of updates, to provide commutativity and
eventual convergence. Existing conflict-centric mixed consis-
tency models can capture commutative dependencies in the
absence of a conflict (PoR [11] and ECROs [12] in Figure 2).

3. Ordered Dependency: [V—V] An asymmetric depen-
dency that arises when ordering invariants need to be strictly
preserved with respect to one of the operations. Given v; —v,,
if an operation of v; reads one of v, on one server, then it
must do so on all servers. We say that a reads b, if b writes a
value that is later read by a.

An intuitive way to think of an ordered dependency is the
relation between close_auction and new_bid. Closing an
auction signifies a winner based on the set of executed bids.
The auction winner cannot change and must be the same
across all replicas. It is crucial that when close_auction
is executed on a remote replica, it reads the same set of
new_bids that were read on the initiating replica. To the best
of our knowledge, this type of dependency is not considered
by existing consistency models, and systems fall back to
treating this as a symmetric, strictly ordered dependency.

4. Eventually Ordered Dependency: [V—V] An asym-
metric dependency that requires two operations to be eventu-
ally ordered. Given v;—v;, each invocation of v; must even-
tually read the same set of invocations of v; on all servers.
To achieve this, it is permitted to reorder invocations of v;.
In our example, in contrast to close_auction operations,
new_bid is allowed to be marked as invalid by the applica-
tion if the respective auction was closed concurrently on a
different replica. This can happen when the new_bid was
not applied at the close_auction operation’s origin replica.
The new_bid is reordered after the close_auction on all
replicas, invalidating it. Eventually ordered dependencies
have been explored in the context of ECROs [12], however,
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Figure 3: Bags of commutative operations committed
at a fixed position between strictly ordered operations.
Operations executed concurrently to C; are re-ordered
to the next bag when C; commits at time ¢.

that model can express only symmetric eventually ordered
dependencies. ECROs allow violating the ordered invariant
safety, limiting its applicability when correctness is required
by invariants.

3 A MODEL OF SEMI-LINEARIZABILITY

Based on our insights gained from asymmetric operation
dependencies, we define a practical consistency model that
captures these dependencies accurately. Traditionally, the
binary classification of operations into strong or weak only
captures symmetric dependencies. We extend it to also ex-
press both types of asymmetric dependencies. Specifically,
strictly ordered between strong operations (s¢<»s’), commuta-
tive between weak operations (w<>w’), ordered from strong
to weak (s—w), and eventually ordered from weak to strong
(se«=w). This way, the interaction between weak and strong
operations can express the asymmetry of ordered and even-
tually ordered dependencies.

System model. Replicas are state machines that, upon re-
ceiving an operation v, can either (a) apply v directly to their
state or (b) undo the previous x operations, apply v, and
re-apply the x operations. In this case, v now counts as ap-
plied before those x operations. This reordering of the x
operations is needed to implement eventually ordered de-
pendencies (v—0v").

Semi-linearizable order. As shown in Figure 3, the semi-
linearizable order represents a totally ordered log that con-
sists of strictly ordered strong operations and bags of commu-
tative (we>w’) weak operations between them. We define the
semi-linearizable order as a partial order O = (U, <,) over
the union of all strong and all weak operations U =S U W.
To represent strictly ordered dependencies (s¢<>s’), <, orders
all strong operations with each other according to their lin-
earizable real-time order. To represent ordered dependencies
(s—w), <, orders each weak operation w into some bag after
all strong operations that happened before w. So, relative
to all strong operations, w is ordered in the position of that
bag. Since causality is often required for CRDT-based com-
mutative operations [8], we also define weak operations to
be causally ordered with each other.
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S S Sew We W
RedBlue [10] LIN CcC CC
PoR [11] LIN* CC CcC
Well-Coordination [16] | LIN* ccr ccr
OAC [14] LIN LIN CcC
Semi-Linearizability LIN | SEQ—LIN CcC

Table 1: The consistency of strong (S) and weak (W)
operations under different mixed consistency mod-
els. LIN: Linearizability [27]; SEQ: Sequential Consis-
tency [28]; CC: Causal Consistency [29]. *PoR and Well-
Coordination symmetrically relax these consistency
levels for non-conflicting operation pairs.

Semi-Linearizability. A replicated system satisfies Semi-
Linearizability given a semi-linearizable order O = (U, <,),
if for every replica p, the following two conditions hold:

(1) At any time, all operations that p has applied are applied
in the order that they have in O, i.e., p respects the order
that is enforced by the dependencies set as application
invariants.

(2) Before applying any strong operation s, p has previously
applied all operations that are ordered before s, as en-
forced by O.

Together, these two conditions guarantee that i) strong op-

erations are strictly ordered (s<»s’); ii) strong operations are

never reordered and are always ordered exactly after all pre-
vious weak operations (s—w) and; iii) weak operations are

eventually ordered with respect to strong operations (w—s).

Therefore, coming back to the new_bid and close_auction

operations, we must mark the close_auction operation as

strong. Contrary to existing mixed consistency models, we
can safely mark the new_bid operation as weak and allow
its execution without coordination.

This model guarantees sequential consistency for strong
operations reading weak writes. Upon their initial execution,
weak operations also read strong writes with sequential con-
sistency. However, as seen in Figure 3, after applying a strong
operation (e.g., through consensus), weak operations may
eventually be reordered to read that strong operation with
linearizable consistency (SEQ—LIN). Table 1 shows SL as the
only consistency model that unifies three distinct levels of
consistency based on ordering restrictions. The existing mod-
els of RedBlue [10], PoR [11], Well-Coordination [16], and
OAC [14] all come down to a binary split between Lineariz-
able and Causal Consistency, leaving no room in-between.
While Explicit Consistency, which is defined purely based
on invariant preservation, allows a notion of reordering op-
erations to reduce coordination, no system implementing
it supports the asymmetric operation dependencies that SL
captures [12, 30, 31].
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Figure 4: The separate paths of strong and weak opera-
tions through DeMon.

4 DEMON

To demonstrate the potential of Semi-Linearizability, we im-
plemented DeMon, a geo-replicated in-memory storage sys-
tem. The goal of DeMon is to minimize coordination by
leveraging the asymmetric dependency between weak and
relatively stronger operations. To achieve this, DeMon uses a
consensus protocol to replicate strong operations and reliable
causal broadcast for weak operations. This enables DeMon
to achieve the strict ordering needed for strong operations
while enabling weak operations to be executed locally with-
out coordination, similar to CRDTs. The semi-linearizable
order further requires ordering between strong and weak
operations: any weak operation w must be ordered after
all strong operations that happened before w (§3). DeMon
guarantees this through watermarks that act as synchroniza-
tion barriers, ensuring weak operations preserve the correct
causal dependency to strong operations.

4.1 Flow of Operations

DeMon uses a consensus protocol (OmniPaxos [32]) to repli-
cate a log that defines the strict order for strong operations.
Weak operations are disseminated with reliable causal broad-
cast to preserve the causal ordering required for CRDT-based
operations. Furthermore, every replica maintains its own
counter of weak operations. These are used to form vector
clocks, which serve as watermarks. We explain the water-
mark and the different paths of strong and weak operations
in DeMon using Figure 4.

Weak operations are handled as follows. @ The replica re-
ceiving the weak operation from the client immediately
executes it. @ Once executed, a response is sent to the
client, similar to op-based CRDTs [8]. 9 Then, the operation
is asynchronously replicated via causal broadcast. @ The
causal broadcast delivers messages in causal order. @ Upon
delivery at a remote replica, the weak operation is executed.
To track replication, replicas also periodically broadcast the
ids of the latest weak operations they have received. Based
on this, each replica keeps a record of which weak operations
have been replicated to a majority quorum of replicas.
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Strong operations. @) Upon receiving a strong operation, the
replica attaches a vector clock summarizing its knowledge
of every replica’s latest weak operation that has been seen
by a quorum. This vector clock represents the low water-
mark of weak operations that must be ordered before the
strong operation. Together with the watermark, the oper-
ation is then proposed in the consensus protocol. @ The
operation is decided as an entry in the consensus log, re-
quiring synchronous communication. €) Upon receiving a
decided strong operation and its watermark in the consensus
log, each replica calculates the latest watermark by merging
the new watermark with the previous. The latest watermark
defines the stable state that all new operations are applied
on top of. If a replica observes that the latest watermark does
not include some weak operations it had already executed,
these need to be reordered and executed on top of the sta-
ble state. We describe an example of such a scenario next.
O Finally, a response is sent to the client after execution.

Example. Consider three replicas A, B, and C managing
a distributed auction. A first accepts new_bid(100), while
B concurrently accepts new_bid(200); both execute locally
and broadcast the operations to the other replicas asyn-
chronously. Eventually, these updates propagate to all repli-
cas, which converge on the highest bid of 200. Now, as-
sume C issues new_bid(300). However, before this oper-
ation reaches any other replica, B issues close_auction.
With the operation, B attaches the watermark [ay, b1, ¢o] to
the consensus entry that excludes the unseen bid from C.
When close_auction is decided via consensus, it enforces
the state specified by that watermark, finalizing the auction
with new_bid(200) as the winner. We consider the two pos-
sible cases for new_bid(300) at a replica: If a replica receives
new_bid(300) before the close_auction, it has been ap-
plied to the local state and needs to be rolled back (see §4.2).
Conversely, if new_bid(300) arrives after the closure, it is
simply applied on top of the finalized state. In both scenarios,
new_bid(300) is effectively ordered after close_auction,
rendering it invalid.

4.2 Reordering Operations

Semantically, reordering a weak operation w that is already
applied to the local state when a strong operation s is exe-
cuted is equivalent to rolling back w, applying s to the state,
and then applying w again. To avoid the need for an inverse
implementation of each operation, DeMon keeps two ver-
sions of the state. The stable state has all previous strong
operations and the weak operations between them; the unsta-
ble state has additionally applied all recent weak operations
that the replica has received. Weak operations are initially
applied only to the unstable state. However, when executing
a strong operation s, first, any newly stable weak operations
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client side.

in s’s watermark are applied to the stable state. The replica
may need to wait if it has not received these new weak op-
erations. Then, s is applied to the stable state. Finally, i) the
unstable state is updated by generating a delta of the changes
done by s and applying that delta to the unstable state and;
ii) all recent weak operations that were overwritten by the
delta, are applied to the unstable state again.

5 EVALUATION

We evaluate DeMon in a geo-replicated setting, using a non-
negative counter microbenchmark and the RUBIS [13] bench-
mark. While the primary endpoint is low latency, we also
evaluate throughput and specifically compare coordination
overhead between protocols.

Hardware. We use a setup that spans five regions: US-East,
Finland, Brazil, US-West, and Singapore. We measured the
mean round-trip latencies between them, which range from
73.7ms (US-East <> US-West) to 387.6ms (Brazil <> Singa-
pore). For protocols that use a primary replica, the primary
region is set to US-East. In each region, one DeMon replica is
deployed on a Google Compute Engine instance of type n2-
standard-4 with 4 vCPUs and 16GB of Memory. The clients
run as lightweight tasks on the same instances to remove
network delays between clients and replicas.

Baselines. For the performance evaluation, we compare
DeMon to five reference protocols, which were all imple-
mented in the same Rust codebase as DeMon (code at https:
//github.com/JonathanArns/demon).

e Gemini is an implementation of the original Gem-
ini protocol for RedBlue consistency [10]. Note that
Gemini does not guarantee fault-tolerant writes.

e Gemini+ is a fault-tolerant implementation of Red-
Blue consistency, which uses OmniPaxos [32] for es-
tablishing total order among strong operations and a
similar deterministic watermarking strategy as DeMon
to establish partial order with weak operations.

e UniStore implements Partial Order-Restrictions con-
sistency (PoR) via an optimistic commit protocol simi-
lar to UniStore [20].

e OmniPaxos [32] is a consensus protocol and included
as a baseline to evaluate the performance required to
achieve strong consistency. It follows the typical Paxos
pattern with a primary (leader) that needs to coordi-
nate with a majority quorum to commit an operation.

e No Guarantees represents the ideal performance of
no coordination. It is similar to op-based CRDTs where
operations are disseminated to other replicas using
causal broadcast and completed once executed locally.
As we describe next, it is not safe for workloads with
non-commutative operation dependencies.

RUBIS. We use the standard RUBiS benchmark, which con-
sists of five operations: BuyNow and RegisterUser are strong
operations with strictly-ordered self-dependency, while the
other (Bid, OpenAuction, and Sell) are weak operations.
As is common in related work, we extended RUBIS with the
CloseAuction operation [11, 12, 20] that has an asymmetric
dependency to Bid (Figure 2). The benchmark generates an
operation distribution based on the update portion of the
bidding mix. Crucially, the Bid operation, which can only
be weak under Semi-Linearizability, makes up 60% of the up-
date operations. We focus on update operations, as read-only
operations can be local and wait-free in all protocols.
Figure 5 shows the cumulative latency distribution of the
RUBIS workload for each protocol, as well as a breakdown of
the latency by operation type. Especially in the latency dis-
tribution, DeMon’s advantage of the frequent Bid operation
being weak is visible, offering sub-millisecond latency for
over 75% of the workload. For the other RUBIS operations,
DeMon does not offer such drastic gains but still matches
OmniPaxos in latency for the strong CloseAuction, BuyNow,
and RegisterUser operations at 245ms median latency. This
latency stems from forwarding strong operations to the pri-
mary and deciding them via consensus for a total of two
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Figure 6: RUBIS throughput/client count (left); Latency/strong op. ratio in a non-negative counter (right).

message round-trips. In contrast, the other hybrid consis-
tency protocols with a primary writer incur at least one
additional round trip of latency for these operations, since
they must additionally wait for new weak operations to
become quorum-replicated before forwarding strong oper-
ations to the primary [20], which manifests in 371ms and
391ms median latency for CloseAuction in Gemini+ and Uni-
Store respectively. For the commutative OpenAuction and
Sell operations, all protocols except OmniPaxos offer sub-
millisecond latency even at the 99th percentile.

Figure 6 (left) shows that DeMon reaches a marginally
higher maximum throughput than all other fault-tolerant
protocols. Notably, the protocols using consensus (Gemini+,
UniStore, Demon) for replication are limited by this in their
throughput, as they are limited to a single primary writer.
When the primary gets overloaded, throughput drops off
sharply. Since DeMon is able to safely use causal broad-
cast for more of its workload (Bid operations), it achieves
higher throughput, even with the additional computational
overhead of reordering operations. Gemini achieves a higher
maximum throughput than DeMon by omitting coordination
primitives for fault tolerance; however, this results in 3 times
higher median latency (737ms vs 245ms) for strong opera-
tions. Gemini’s high latency stems from replicas waiting for
mutually exclusive write access to invoke strong operations
instead of sending strong operations directly to a primary
that can always write.

Coordination Overhead. To evaluate the impact on per-
formance for coordinating strong operations further, we use
a microbenchmark for replicating non-negative counters.
The datatype has two operations, add and subtract, with
the invariant that the counters may never be less than zero.
Subtract is unsafe and has a strictly ordered dependency
on itself. All hybrid consistency models in our comparison
guarantee safety by coordinating subtract as a strong op-
eration while treating add as a weak operation that can be
executed locally. This enables us to control the amount of
coordination by tuning the ratio of subtract.

As shown in Figure 6 (right), Demon exhibits a pay-as-
you-go’ performance characteristic: its mean latency scales
proportionally with the ratio of strong operations. This con-
trasts with the baselines: regardless of the operation mix,
OmniPaxos incurs a fixed coordination cost that involves
forwarding requests to the leader followed by a quorum
round-trip, resulting in a constant latency of 245ms. On the
other extreme, No Guarantees acts as a lower bound with sub-
millisecond latency. In contrast, the other hybrid protocols
surpass the latency of OmniPaxos before or at 50% strong
operations. This is because RedBlue and PoR consistency
require strong operations to wait until all causally related
operations are durable, resulting in an additional round trip
of synchronous communication. For DeMon, the only coor-
dination overhead for strong operations is in its underlying
consensus protocol.

6 DISCUSSION

Analyzing asymmetric operation dependencies poses an op-
portunity for new consistency models, such as Semi Lineariz-
ability that is proposed in this paper, to offer large reductions
in coordination without sacrificing application invariants.
The resulting latency reductions can enable interactive ap-
plications at a geo-distributed scale. We demonstrate this
possibility and present further research directions.
Dependency Types: Our classification of operation depen-
dencies is powerful yet open-ended. Further extensions can
be made based on different workloads that might exhibit
different distinct types of dependencies. Identifying these de-
pendencies can be crucial to achieving further optimizations
in mixed consistency models.

Reordering Semantics. Under SL, reordering weak oper-
ations may lead to unexpected behaviors, such as bids in
an auction being revoked. Only once an operation is com-
mitted behind the event horizon by a strong operation, can
the system guarantee stability. Depending on the applica-
tion, the difference between the fast committed state and
the stable committed state of weak operations should be
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exposed via the user interface to prevent surprises. Akin
to semantic trade-offs between CRDT algorithms (e.g. OR-
set vs 2P-set [25]), there may also be multiple semantics of
reordering with different trade-offs to choose between. Imag-
ine a replicated set that can be reset via a strong operation.
Whether concurrent insert operations should take effect
after the reset depends on the application.

Application Analysis. At the individual application level,
identifying dependencies between operations is a complex
task that can be challenging for developers. It is crucial not
only to understand the possible interactions between all
operations, but also the application’s set of invariants. In
the auction example, it is clear that an auction’s winner
should never change once determined, but rejecting bids after
the fact is an inconvenience that might be acceptable. Had
we deemed it unacceptable, there would not have been an
asymmetric dependency, and no potential for coordination
avoidance. Static analysis tools can automate difficult parts
of this process (e.g., binary conflict identification [19] ) and
help in identifying these tradeoffs, but human input might
ultimately still be needed to decide them.

Decentralized Systems. Beyond interactive applications,
SL might be a key step towards efficient byzantine fault-
tolerant (BFT) systems by minimizing the use of slow BFT
consensus [33] in favor of fast BFT CRDTs [34].

7 A FUTURE OUTLOOK

The formalization of Semi-Linearizability and asymmetric
dependencies provides more than just a consistency model;
it offers the basis towards an intermediate representation (IR)
for composing mixed-consistency distributed applications.
Having a detailed asymmetric dependency graph represen-
tation of an application makes distributed code generation
a nearly deterministic process. However, a natural question
that arises is: “how do we get there?” As illustrated in Fig-
ure 7, we envision several ways to bridge the gap between
user intent (implicit or explicit), modelling and code gen-
eration. Choosing the right avenue (i.e., natural language-,
formal-, DSL- or source code-based) depends on the level of
domain expertise of the user or creator of the application.
Implementing each avenue is subject to different associated
research challenges, that we detail below.

Natural Language Specs for Non-Experts. We currently
witness a movement towards empowering non-experts with
the ability to prompt using natural language applications
and systems [35, 36]. Informal requirement gathering from
free narratives often lacks the precision required to spec-
ify the right level of distributed safety. Furthermore, while
LLMs can use natural language to generate code, they often
fail to guarantee that the generated logic adheres to strict
safety invariants without hallucinations [37]. The primary
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Figure 7: The case of asymmetric operation dependen-
cies as an intermediate representation for automating
or assisting the creation of distributed applications.

research challenge here is to verify whether a set of asymmet-
ric dependencies extracted from "vibe coding" or LLM-User
interactions is complete enough to build adequately safe
systems without resorting to strict linearizability. This neces-
sitates an iterative process, where the Al identifies ambiguity,
such as specifically asking about edge cases in an auction
closing and a relative taxonomy of operations, to guide the
user towards a complete symbolic specification that is both
necessary and sufficient.

Model Translation for Domain-Experts. Beyond the realm
of databases, a plethora of domain models are used to cap-
ture dependencies. For example, game engines like Unity
and Unreal Engine which become prevalent for compos-
ing XR applications already feature models that capture
nuanced user-defined interactions with shared virtual ob-
jects. Game engines generate netcode based on these models
which synchronizes actions and state across game clients
and servers [38, 39]. Many other model semantics could be
lifted into asymmetric dependencies. For instance, BPMN
2.0 models business processes [40] where sequence flows
dictate strict causal ordering while parallel gateways imply
commutativity. Similarly, in infrastructure management, Ter-
raform graphs [41] in infrastructure specifications, construct
directed acyclic graphs (DAGs) via explicit depends_on at-
tributes. Future research could target these rich semantic
sources, formalizing the mapping between their static struc-
tures, such as GraphQL [42] parent-child nested fields, and
dynamic constraints required for safe, concurrent execution.

Specification Languages for Experts. Distributed Systems
experts currently rely on complex formal verification lan-
guages such as TLA+ [43] (and model checkers like TLC [44])
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that require a comprehensive "god-mode" view of the entire
system state to verify global correctness. These tools offer
powerful checks but impose a high cognitive burden and of-
ten result in opaque specifications that are difficult to modify.
We envision deducing a simpler and more approachable spec-
ification language that focuses solely on visible orderings
and coordination costs. A key research challenge here is to
replace both manual protocol verification and code synthe-
sis. By specifying a cost model and a set of local constraints
for coordination, a min-cost optimizer could synthesize a
protocol that satisfies given constraints, effectively bridging
the gap between abstract specifications, formal proofs and
practical, optimized implementations.

Verified Lifting for Developers. Developers currently im-
plement distributed logic by manually injecting coordination
primitives from existing frameworks and systems. This man-
ual approach is often pessimistic, leading to over-coordination,
or even unexpected anomalies if dependencies are missed.
To materialize a better solution, we must advance static code
analysis techniques to support verified lifting as showcased
in other solutions such as Katara [45]. In this case, the goal
is to infer the dependency graph automatically by analyzing
read/write patterns and commutative operations within a
DSL. This would allow the runtime to automatically inject the
necessary coordination by mapping detected strong depen-
dencies to consensus and weak dependencies to causal broad-
cast, shifting the burden of correctness from the programmer
to the compiler. New programming languages and frame-
works such as Hydro [46], Aqua [47], Lasp [48], Styx [49]
and Portals [50], among others build towards this trajectory.

8 CONCLUSION

The rigid dichotomy between strong and weak consistency
has long forced developers into a compromise: incur the high
latency of coordination for strict ordering or constrain appli-
cation logic to operations that are commutative or monotonic.
In this paper, we showed that operation dependencies are
more nuanced: operations often exhibit asymmetric depen-
dencies that can be leveraged to reduce coordination. To this
end, we introduced Semi-Linearizability (SL), a consistency
model where commuting operations can diverge until a rela-
tively stronger operation enforces an “event horizon”, that
is, a boundary of coordination. This minimizes coordination
overhead while strictly preserving the correctness invariants
enforced by the application.

The insight of asymmetry provides a foundation for build-
ing systems with more precise consistency guarantees. By
leveraging techniques such as static analysis and Al-assisted
development to identify these directional relationships, we
can move beyond coarse-grained models to construct sys-
tems that enforce the exact constraints of the application.
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This paves the way for a new generation of distributed ar-
chitectures where the gap between user intent and runtime
execution is bridged by automated synthesis, ensuring sys-
tems are both correct by construction and efficient by default.
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