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Modern distributed applications compose multiple services with different consistency guarantees. Mismatches
between application requirements and chosen system semantics can introduce subtle bugs, but verifying
compatibility across complex applications is both challenging and time-consuming. In particular, existing
testing approaches or rigorous formal verification lack flexibility and cannot promptly provide correctness
guarantees on multi-semantic compositions.

We present SemantiX, a framework for checking semantic compatibility between applications and compo-
sitions of distributed systems with heterogeneous consistency models. SemantiX embeds formally defined
distributed system modules of consistency semantics which include the first formal definition of visibility
constraints. SemantiX introduces the AppGraph approach for systematically modeling complex applications.
Applications modeled using AppGraphs can be checked for their compatibility against a combination of
distributed system modules that the user is considering. Alternatively, SemantiX can search for combinations
of modules compatible with the application. We present three case studies on a movie streaming service, an
e-commerce platform, and a cross-service causal distributed storage service. We demonstrate that SemantiX
can capture complex service compositions with minimal encoding effort and quickly check compositional
compatibility with underlying systems or find the compatible system configurations. SemantiX enables devel-
opers to efficiently verify distributed application designs and explore alternative consistency configurations,
supporting more agile development.
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1 Introduction
Modern cloud environments provide hundreds of services on various platforms that are readily
available for developers to build a large-scale distributed application. System architects and devel-
opers following the microservice or service-oriented designs can freely choose and compose the
building blocks in a modular fashion and plug them into the application.
However, different distributed storage systems provide different consistency semantics, and

the mismatch of the chosen system’s semantics and the application’s expected semantics could
introduce subtle and silent semantic bugs [32, 33]. For example, a user may connect a key-value
store providing eventual consistency to an application that expects a linearizable storage service. In
this case, the application could read outdated information causing erroneous outcomes but without
crash-like explicit errors.
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Developers and system architects could carefully review the application needs and choose a
matching system. However, when the application depends onmultiple distributed services, checking
the overall compatibility between the application logic and multiple system components can easily
become unmanageable. Even if one successfully finds the correct combination, for example, through
extensive testing, developers might change the application code or plug in different systems due to
management, considerations of cost and performance. Consequently, sophisticated compatibility
checks must be repeated.

Formal verification offers an alternative approach to these challenges, where the correctness of
the code can mathematically guarantee the compatibility between code and system [26]. However,
depending on the complexity of the code, which could include non-essential parts for reasoning
about compatibility, the mechanized formal proofs can take extensive time and effort [19, 23, 39].
Furthermore, depending on the technique used, mechanized formal proofs can be several times
larger, in Lines of Code (LoC), than the implementation. Moreover, minor changes can easily
invalidate the entire proof [23]. Thus, formal verification leads to a similar problem to above-
mentioned testing methods where the compatibility check lacks the agility to adapt to changes in
underlying systems and applications.

In this paper, we propose SemantiX, a lightweight semantic compatibility checking framework
between applications and composition of distributed systems. SemantiX helps developers quickly
encode their application logic and requirements and check the compatibility with underlying
distributed systems using an SMT-based approach.
SemantiX includes axiomatic models of distributed consistency semantics, including even-

tual consistency, linearizability [48], four session guarantees [43], pipeline RAM (PRAM) con-
sistency [30], and causal consistency [3], which are commonly used in both industry and
academia [1, 2, 11, 18, 31, 38, 44, 45, 50]. Users of our tool can leverage predefined models as
building blocks to rapidly iterate the service compositions and compatibility of these models with
their applications. Additional models can be added to further strengthen SemantiX’s expressiveness
with provided interfaces. User-authored custommodels inheriting from our base class automatically
work with our pre-built ones, including assertions for individual satisfiability and compatibility
between one or more models with user defined application logic.
Although axiomatic definitions of distributed consistency semantics exist in prior literature

[14, 16, 24, 34, 41], encoding the details into the SMT clauses for compatibility checks is challenging
as the definitions omit key details. For example, the commonly used concept of visibility for defining
weak distributed consistency semantics is subtle, but to our knowledge, no literature provides a
concrete definition. SemantiX fills in these missing gaps to realize full-fledged formal models for
the compatibility checking.

Each application functionality is systematically encoded as a directed acyclic graph (DAG), and
the entire application is modeled as a directed multi-graph format which we call the AppGraph.
Each node in the AppGraph represents key functionality in the application that requires certain
properties from the lower-level nodes it depends on, and provides certain properties to the upper-
level nodes. The edges are used to specify more specific requirements and condition that each
functionality needs to enforce in accessing the downstream nodes. The leaf nodes typically represent
external distributed services following one of the pre-built distributed consistency semantic models
in SemantiX. The AppGraph model is expressive enough to model an application logic from
high-level and trace complex dependencies that go across multiple application logic boundaries,
and distributed systems which the application relies on.

Using the AppGraph, SemantiX can verify simple applications relying on one distributed service
and scale to complex microservice-based production environment that leverages multiple modules
and distributed storage systems. Once the user specifies the application logic, SemantiX can quickly
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check the compatibility with the plugged-in consistency models. This could be verifying the user’s
selection, or alternatively, SemantiX can explore different combinations of existing models to
find compositions of distributed system with compatible consistency semantics. These approaches
enable fast exploration and iteration of alternative system designs, guiding the development to
adhere to intended consistency guarantees from the very beginning.
As case studies, we use SemantiX to model two microservice-based applications [17], a movie

streaming service, an e-commerce service, and a cross-service causal storage system built on
top of multiple weakly consistent distributed storage systems [4]. We evaluate and demonstrate
SemantiX’s ability to check compatibility between user-defined application specific logic, with
underlying distributed systems and explore other compatible semantics. Our framework is capable of
checking single compatibility combination in under 20 milliseconds and exploring other compatible
combinations in less than 5 minutes.

This paper makes the following contributions:
• We present SemantiX, the first compatibility checking tool for applications that are composed
of multiple distributed services.

• We provide the missing formal definitions including visibility to fully express and check
distributed weak consistency semantics.

• We present a systematic way of encoding complex applications using the AppGraph structure
and checking their compatibility collectively using the SMT-based approach.

• We conduct case studies on three representative distributed applications to demonstrate the
workings of SemantiX.

2 Background and Motivating Example
2.1 Background

EC LIN

MR

RYW

MW

WFR

1 SG

MR+RYW

MR+MW

MR+WFR

RYW+MW

RYW+WFR

MW+WFR

2 SGs

PRAM

(MR+RYW+MW)

MR+RYW+WFR

MR+MW+WFR

RYW+MW+WFR

3 SGs

CC

(MR+MW+

WFR+WFR)

4 SGs

Fig. 1. Partially ordered semantics. Strictly stronger ones (desti-

nations of the arrows) subsume the strictly weaker ones (sources

of the arrows).

Distributed consistency semantics
define in which order updates are
applied and made visible in replica
nodes within a cluster of distributed
system. When an update request is
submitted to the distributed system,
a subset (typically one) of nodes re-
ceives it and the update is propagated
across distributed nodes. Due to the
asynchronous nature of the network,
replica nodes receive the update with
different delays and users accessing
distinct nodes could observe different data states. Distributed consistency semantics introduce order-
ing constraints on top of such non-determinism so that applications can predictably communicate
with the system.

Among many distributed consistency semantics, SemantiX models seventeen widely used
semantics in systems from both industry and academia [1, 2, 11, 18, 31, 38, 44, 45, 50], which includes
eventual consistency [9], session guarantees [43], causal consistency [3], and linearizability [21].

While eventual consistency (EC) is considered a liveness property, it defines a minimum safety
property that visible data reflects valid updates in history. Informally,
• Eventual consistency (EC): users may read any versions of data but with no incoming updates
the most up-to-date version will eventually become visible to all reads.

Session guarantees (SGs), like its name, define semantics from the viewpoint of a user session:
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• Monotonic reads (MR): a user sees the same or later version of data than what was last seen
by the same user.

• Read-your-writes (RYW): a user sees the same or later version of data than what was last
written by the same user.

• Monotonic writes (MW): writes by a user apply in the order that this user wrote.
• Write-follows-reads (WFR): writes by a user apply after writes corresponding to what this
user read apply.

By choosing whether to enforce each of four session guarantees, a total of 16 (= 24) different
semantics can be derived. While most of them do not have specific names (e.g., MR + RYW), there
are a few well-known named semantics. For example, EC does not enforce any of SGs, pipeline
RAM consistency (PRAM) is a combination of MR, RYW, and MW [8], and causal consistency (CC)
is a combination of all four SGs, MR, RYW, MW, and WFR [7]. Still, PRAM [30] and CC [3] have
their own definitions:
• PRAM consistency (PRAM): read and write operations by a user happen in first in first out
order from this user’s point of view, but there are no global ordering guarantees.

• Causal consistency (CC): read and write operations follow the causal ordering (or happens-
before ordering [25]) .

Finally, linearizability hides all distributed and concurrent natures of distributed systems.
• Linearizability (LIN): all read and write operations are applied as if they are executed atomi-
cally by a single non-concurrent user.

These semantics can be partially ordered by their strength [48] where strictly stronger semantics
subsumes the weaker ones (Figure 1). Thus, when an application requires a certain semantics then
a strictly stronger one can safely replace the strictly weaker one without consistency violations.

2.2 Motivating Example
Assume a movie streaming service built using a form of microservice architecture where admins
manage the serviced content and clients rent movies and leave reviews [17] (Figure 5). There are
quite a few functionalities and components to build the service, and it is nontrivial to meet all
service requirements and to guarantee that all requirements are fulfilled.
For example, a movie metadata database (DB) stores list of available movies and each movie’s

information such as the logline, director, and cast. This DB is accessed 1) when the service admin
adds/modifies movie information and 2) when clients read the DB before renting a movie or writing
a movie review.
The developer of the system can choose an ACID database or linearizable key-value store for

the metadata DB, but this may not scale well as stronger consistency models trade stronger data
consistency guarantee with higher latency. For utmost scalability and performance, an eventually
consistent key-value store can be used, but users may observe anomalies: for example, reviews
written to one replica may not be visible to the same user reading it. Thus, to find a proper storage
module, the key constraints are to identify each access functionality, and to minimize anomalies
users may experience. For example, we can define admins must always observe their own updates
and clients must be able to see what they have previously seen. These constraints must be met by
the consistency model of the metadata DB that the application developer chooses to use. However,
as functionalities of the system grow, constraints typically become more sophisticated and the
complexity of checking whether the constraints are fully satisfied by the DB also grows accordingly.
While the metadata DB example above is presented in isolation from what a single DB service

must satisfy, cross-DB constraints can exacerbate the problem. For example, accessing the metadata
DB would require checking whether the user is an admin or a client with active movie subscription
status which may be maintained in a separate storage system. Thus, dependencies from the login
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service and the user DB must be met: the user must be able to observe the user’s valid up-to-date
status and then access the other services. Renting a movie or reading/writing a review involves
additional consistency constraints that cross storage services for movies and reviews forming more
complex dependencies that the system as a whole must satisfy.
SemantiX provides facilities to systematically encode the constraints and check whether the

constraints are all satisfied.

3 Distributed Consistency Models in SemantiX
First, we present the theory and formal details regarding howwemodeled the distributed consistency
semantics, and how applications can be encoded into our SemantiX framework, then further
discharged to SMT solvers like Z3 [12] or CVC5 [6].

3.1 Preliminaries
SemantiX provides pre-built and pluggable distributed system modules (DMs) that represent
distributed storage services, which can be checked individually or in group, or as application
constraints. Each DMmodels distributed consistency semantics introduced in Section 2 and Figure 1.
In the movie streaming service example, given all the constraints for the metadata DB and the
developer’s DM choice for the metadata DB, SemantiX can check if they are compatible. Also,
given the constraints, SemantiX can search existing DMs for compatible consistency semantics.
SemantiX follows the definitions provided by Viotti et al. [48] and others [5, 9, 43] and uses

predicate logic derived from the definitions to model DMs and reason about consistency semantics
with SMT solvers. Consistency semantics are defined as logical formulas over axioms and relations.
Each model enforces safety properties, specifically ordering and visibility constraints on operations
within history and abstract executions.

Operations, Relations, and History. To model a consistency semantics for a DM, we must first
define an operation, a tuple containing the following:
• proc: the process that issued the operation which is used for session identification.
• type: the type of the operation such as read, write, or custom.
• obj: the object the operation is performed on.
• ival: operation’s input value.
• oval: operation’s output value or a special marker used for no output value.
• stime: invocation time of the operation.
• rtime: return time of the operation or a special marker used for non-returning operations.

An operation can be conceptualized as an atomic action with a request-response pair, where the
request is the operation itself and the response is the other operation with the response time set.

Consistency semantics are typically defined using universally quantified formulas (e.g.,∀𝑎, 𝑏 : . . . )
applied to relations that are treated as uninterpreted functions with constraints of operations by the
SMT solver (e.g., vis(𝑎, 𝑏), so(𝑎, 𝑏)). Typically, they are pairwise constraints defined over operations
in history. A history is a set of operations that have been logically executed in the DM. The
functions representing the relations are used as base premises for consistency models and are used
in axioms and invariants that the SMT solvers interpret and check. Given that we extensively use
set comprehension to capture relations between operations, throughout the formalization, 𝑎

rel−−→ 𝑏

is denotationally equal to (𝑎, 𝑏) ∈ 𝑟𝑒𝑙 , and directly translate to rel(a, b) in SemantiX’s source
code. Further, 𝑟𝑒𝑙−1 is equivalent to the inverse of 𝑟𝑒𝑙 relation [9, 48].

The relations defined for operations within a history include:
• returns-before: rb ≜ {(𝑎, 𝑏) : 𝑎, 𝑏 ∈ 𝐻 ∧ 𝑎.rtime < 𝑏.stime}
• same-session: ss ≜ {(𝑎, 𝑏) : 𝑎, 𝑏 ∈ 𝐻 ∧ 𝑎.proc = 𝑏.proc}
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• session-order: so ≜ rb ∩ ss
• same-object: ob ≜ {(𝑎, 𝑏) : 𝑎, 𝑏 ∈ 𝐻 ∧ 𝑎.obj = 𝑏.obj}
In our implementation, each history relation function accepts an optional symbols argument.

This parameter allows users to explicitly specify the symbolic operations, for example, ["a_X",
"b_X"], over which the relation’s constraints should be quantified for that specific instance X. This
mechanism enables the application of history-based constraints distinctly to operations belonging
to different modeled systems or components, contributing to the logical isolation necessary for
cross-system analysis.

Abstract Execution (AE). An abstract execution instantiates and refines the history by specifying
which operations are visible to, or are arbitrated over each other to model and check valid behaviors
under a consistency semantics. Abstract execution relations are non-deterministic orderings used
to capture more complex temporal constraints and conflict resolution. The relationships include:
• Visibility (vis): defines the effects of write propagation where the effect of an operation is visible
to the process invoking another operation.

• Arbitration (ar): an application-specific, transitive and acyclic relation that provides a total order
on conflicting operations, ensuring that observed executions follow a single coherent timeline.

• Happens-before (hb): used to capture probable causality, and is previously defined in the literature
as the transitive union of session order and visibility: ℎ𝑏 ≜ (so ∪ vis)+

The formal definitions of these relationships can be found in prior work [9, 48] with the exception
of visibility which we define in Section 3.3. These relations provide the foundation for modeling
sophisticated consistency guarantees that go beyond simple temporal ordering, enabling the
specification of complex distributed system behaviors where operations may be reordered, delayed,
or selectively visible across different system components. In other words, multiple AEs are possible
for a single history as observed event orderings can differ between nodes. The AE encode the
non-deterministic effects of asynchronous execution environments and implementation-specific
constraints.

3.2 Base Consistency Semantics

MR ≜ ∀𝑎 ∈ 𝐻,∀𝑏, 𝑐 ∈ 𝐻rd : 𝑎
vis−−→ 𝑏 ∧ 𝑏

so−→ 𝑐 ⇒ 𝑎
vis−−→ 𝑐

RYW ≜ ∀𝑎 ∈ 𝐻wr,∀𝑏 ∈ 𝐻rd : 𝑎
so−→ 𝑏 ⇒ 𝑎

vis−−→ 𝑏

MW ≜ ∀𝑎, 𝑏 ∈ 𝐻wr : 𝑎
so−→ 𝑏 ⇒ 𝑎

ar−→ 𝑏

WFR ≜ ∀𝑎, 𝑐 ∈ 𝐻wr,∀𝑏 ∈ 𝐻rd : 𝑎
vis−−→ 𝑏 ∧ 𝑏

so−→ 𝑐 ⇒ 𝑎
ar−→ 𝑐

PRAM ≜ ∀𝑎, 𝑏 ∈ 𝐻 : 𝑎
so−→ 𝑏 ⇒ 𝑎

vis−−→ 𝑏

Fig. 2. Formal definitions of monotonic reads (MR), read-your-writes

(RYW), monotonic writes (MW), write-follows-reads (WFR), and

pipeline RAM (PRAM) consistency.

Building on these preliminaries,
we now discuss the formal defini-
tions of base consistency seman-
tics: EC, MR, RYW, MW, WFR,
PRAM, CC, and LIN. In Section 2.,
the semantics are defined ax-
iomatically using the relations be-
tween pairwise operations (i.e.,
𝑎, 𝑏, and 𝑐 in a history 𝐻 of op-
erations, where 𝐻rd and 𝐻wr are
histories of reads and writes re-
spectively. While we adopt the
definitions of MR, RYW, MW, WFR, and PRAM of Viotti et al. [48] (Figure 2), we introduce or
augment EC, CC, and LIN for SMT encoding and check their correctness with respect to other
semantic definitions using SemantiX (Section 6).

Eventual Consistency (EC). While EC definitions in other literature [43, 48, 49] focus primarily on
liveness aspects using the concept of eventual visibility of operations, SemantiX excludes liveness
properties and concentrates on safety properties: (1) non-circular causality, an acyclic projection of
the happens-before relation, and (2) contextual return value consistency, a predicate on abstract
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executions ensuring that the return value of any operation within that execution belongs to the set
of its valid return values guided under the can-view relation which we define in Section 3.3.

EC(F ) ≜ acyclic(ℎ𝑏) ∧ ∀𝑜𝑝 ∈ 𝐻 : 𝑜𝑝.𝑜𝑣𝑎𝑙 ∈ F (𝑜𝑝, 𝑐𝑡𝑥 (𝐴,𝑜𝑝))
Fcan-view (𝑜𝑝, 𝑐𝑡𝑥 (𝐴,𝑜𝑝)) = {𝑥 .𝑖𝑣𝑎𝑙 ∈ 𝐻wr : (𝑜𝑝, 𝑥) ∈ can-view}

Causal Consistency (CC). Our CC formulation combines definitions from Viotti et al. [48],
Burckhardt et al [9], and causal memory [5]. The writes-into (wi) relation [5] connects write
operations directly with the reads that retrieve their values. This guarantees that when a read
operation observes a specific write, all following writes within the same session honor that causal
sequence. The formalization coordinates session order, arbitration, visibility, and writes-into to
preserve consistent causal histories.

Operations belong to the wi set when: a write 𝑎 writes into a read 𝑏 if and only if 𝑏 retrieves the
value initially written by 𝑎, and 𝑎 and 𝑏 access the same object (or identical memory region). Each
𝑏 can have at most one corresponding 𝑎, maintaining acyclicity. When one operation succeeds
another in session order, their relationship within the abstract execution faces additional constraints.
Particularly, if (𝑎, 𝑏) ∈ so, then 𝑎 must write-into 𝑏 when 𝑏 represents a read operation, and 𝑎 must
be visible and arbitrated prior to 𝑏. Consequently, session order establishes a causal sequence that
manifests in the relations wi, vis, and ar.

CC ≜ WFR ∧ ∀𝑎, 𝑏 ∈ 𝐻 : (𝑎, 𝑏) ∈ so ⇒ (𝑎, 𝑏) ∈ wi ∩ vis ∩ ar

These constraints collectively establish a causal memory model where session order, observed
values, and write sequences maintain alignment, ensuring causally dependent writes manifest in
proper order from any observer’s viewpoint.

Linearizability (LIN). In our encoding of LIN, we introduce a modified single global order
constraint to unify visibility and arbitration for all write operations regardless of operations in
session-based semantics or not, and enforce real-time ordering to ensure that the observed histories
comply with returns-before relations: i.e., linearization as operations come in instead of lazily
ordering events when reads occur [51].

LIN ≜ (∀𝑎, 𝑏 ∈ 𝐻 : [𝑎 vis−−→ 𝑏 =⇒ 𝑎
ar−→ 𝑏] ∧ [𝑎 ar−→ 𝑏 ∧ 𝑎.𝑟𝑡𝑖𝑚𝑒 < ∞ =⇒ 𝑎

vis−−→ 𝑏])
∧ 𝑟𝑏 ⊆ 𝑎𝑟 ∧ ∀𝑥 ∈ 𝐻 : 𝑥 .𝑜𝑣𝑎𝑙 ∈ {𝑦.𝑖𝑣𝑎𝑙 ∈ 𝐻wr : (𝑥,𝑦) ∈ can-view}

3.3 Formal Definitions of Visibility

Time

𝑤1 𝑤2

𝑟

𝑤3 𝑤4
𝑤5

Fig. 3. The can-view relation captures the possible visibility be-

tween read and write operations. The read-write pairs 𝑟 and𝑤1−5
are defined based on their start and return times, where the read

can view the effect of the write operations.

One of our key contributions is for-
mally defining visibility. Although
visibility is used as part of defining al-
most all semantics in Section 3.2 and
Figure 2, its definitions in existing lit-
erature is informal and ambiguous
regarding exact behavior under con-
current settings [15, 47, 48, 51]. As
with many seemingly simple infor-
mal definitions concerning concur-
rent and distributed environments,
formally defining visibility for use in
SemantiX-like tools is non-trivial. We restructure visibility as a binary relation and perform case
analysis on all possible combinations of read and write operations that can be visible to each other.

Proc. ACM Softw. Eng., Vol. , No. ISSTA, Article . Publication date: October 2026.



8 Sun et al.

We introduce the notions of can-view and viewed to capture the deterministic and non-
deterministic behavior of operations, and what it means for one operation to be able to observe
the effects of another operation. To achieve visibility, two operations must first fall in one of the
categories in can-view: either (1) the write returns before read (e.g.,𝑤1 and 𝑟 in Figure 3; note that
which process issued the read/write does not matter, as synchronization is not required to establish
probable effect causality) or (2) the read and write are concurrent (i.e., returns before relations do
not hold as the durations of the read and write overlap as in 𝑟 and𝑤2−5 in Figure 3) such that the
read is eligible to observe the write’s effect. Formally, this can-view relation, 𝑎

can-view−−−−−−→ 𝑏, is defined
over the pairwise start or return time of read 𝑎 and write 𝑏 operations:

can-view ≜ {(𝑎, 𝑏) : 𝑎 ∈ 𝐻rd, 𝑏 ∈ 𝐻wr ∧ 𝑎.obj = 𝑏.obj ∧ (𝑏 rb−→ 𝑎 ∨ ¬(𝑎 rb−→ 𝑏 ∨ 𝑏
rb−→ 𝑎))}.

While can-view captures the possible visibility between read and write, the result dependency
between them is captured by the viewed relation:

viewed ≜ {(𝑎, 𝑏) : 𝑎 ∈ 𝐻rd, 𝑏 ∈ 𝐻wr ∧ (𝑎, 𝑏) ∈ can-view
∧((𝑎.oval = 𝑏.ival) ∨ (∃𝑥 ∈ 𝐻wr : (𝑥, 𝑏) ∈ can-view ∧ 𝑎.oval = 𝑥 .ival))}

The viewed relation is defined as a non-deterministic pairwise partial ordering between a read
and a write that builds upon can-view. Aside from timestamps falling into one of the can-view cases,
we assign additional value-related constraints to operations: either the value written by the write
operation must match the output of the read, or, in case of another write operation that happened
after or concurrently to the aforementioned write, the viewed relation enforces the output of the
read to be from one of the writes (but only one can be chosen). In the visibility definition, the
transitivity of the viewed relation is implicitly enforced.

Using Figure 3’s operations 𝑟 and𝑤1 as an example, since 𝑟 and𝑤1 are in the can-view relation,
if𝑤1’s written value matches 𝑟 ’s output, then 𝑟 is in the viewed relation with𝑤1. Consider another
operation𝑤5 in the same figure that happened concurrently with𝑤1. If𝑤5’s written value differs
from𝑤1, but 𝑟 and𝑤5 are in the can-view relation and 𝑟 and𝑤5 have value equivalence, then 𝑟 and
𝑤1 are still in the viewed relation (write𝑤1 still affects 𝑟 ). However, in this scenario, the constraint
in effect for the viewed relation is the existence of𝑤5 and the value equivalence of 𝑟 and𝑤5.
Finally, the visibility (vis) definition establishes a deterministic pairwise relationship between

any two operations in the history rather than being limited to read-write pairs. It also adds the
transitivity (propagation) and acyclicity (cannot go back in time) to the viewed relation. These were
not enforced in our original viewed definition to preserve non-determinism in ordering concurrent
operations and to include all pairs of operations that can be viewed by each other. When constraint
𝑎

vis−−→ 𝑏 is assigned to a pair of operations, the following four cases are considered:

vis ≜{(𝑎, 𝑏) : (𝑎 ∈ 𝐻rd, 𝑏 ∈ 𝐻rd : ∃𝑥 ∈ 𝐻wr : (𝑥, 𝑎) ∈ vis ⇒ (𝑥, 𝑏) ∈ vis)
∨ (𝑎 ∈ 𝐻rd, 𝑏 ∈ 𝐻wr : ∃𝑥 ∈ 𝐻wr : (𝑥, 𝑎) ∈ vis ⇒ (𝑥, 𝑏) ∈ vis)
∨ (𝑎 ∈ 𝐻wr, 𝑏 ∈ 𝐻rd : viewed ⊆ ar) ∨ (𝑎 ∈ 𝐻wr, 𝑏 ∈ 𝐻wr : (𝑎, 𝑏) ∈ ar)}.

Note that the read-read and read-write cases are recursively defined, and we call this the write
propagation rule. Conceptually, the rule implies that that, if a read 𝑎 and another operation (either
read or write) 𝑏 are in the visibility relation, the closest write operation 𝑥 that is visible to read
𝑎 must be propagated to 𝑏. Whether this visibility relation can be satisfied depends solely on the
existence of read 𝑎’s previous and immediately adjacent write operation 𝑥 , and whether that 𝑥 can
satisfy the write-read or write-write pairwise constraints of visibility.

The write-read case is straightforward: if a write 𝑎 is visible to a read 𝑏, then 𝑏 must have viewed
𝑎 and an arbitration relation must exist between 𝑎 and 𝑏 to ensure the non-deterministic viewed
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relation has a linearization point, i.e., to cut off one of the possible paths in the viewed relation. We
next define visibility between write operations. We call this propagation path write arbitration:
whether two writes are visible to each other depends on the existence of an arbitration relation
between them. Writes not ordered by visibility are considered invisible to each other [48] and our
proposed write arbitration resolve conflicts in concurrent and invisible operations.

With the complete visibility definition we encode the aforementioned semantics into SemantiX
which are then used to reason about the compatibility between applications and semantics/systems.

4 SemantiX Design
We design the distributed system module (DM) based on the definitions in previous section. There
are 2 main ways to interact with our framework, (1) compatibility check and (2) compositional
check. Compatibility check is specific to DMs and is meant to assert the pairwise relationship
between provided arguments. Compositional checks are specific to applications involving multiple
components including DMs and are built upon the compatibility check. A DM represents a single
distributed system with specific semantics and SemantiX can perform individual DM validation to
check if all semantic constraints are sound and compatible, as well as pairwise checks between two
DMs to determine if one is satisfiable under another’s constraints. More importantly, SemantiX can
model applications that rely on multiple distributed systems with different consistency semantics
(i.e., DMs) and can check for constraint satisfiability between application logic and assigned
semantics by performing a compositional check using the AppGraph.

4.1 Compatibility Check
SemantiX is designed to reason about compatibility among consistency semantics. We define
(pairwise) compatibility between two consistency semantics using DMs 𝑀1 and 𝑀2 using an
implication-based criterion. 𝑀1 is considered compatible with 𝑀2 if the formula 𝑀1 ⇒ 𝑀2 is
valid, i.e., there is no execution that satisfies all constraints of𝑀1 without also satisfying𝑀2. We
implement this by asserting the negation ¬(𝑀1 ⇒ 𝑀2) and checking if it is unsatisfiable using
our SMT-based approach. If no counterexample can be found, it implies that𝑀1 refines/subsumes
𝑀2. This compatibility check is not symmetric:𝑀1 ⇒ 𝑀2 holding does not necessarily mean that
𝑀2 ⇒ 𝑀1 also holds.

Table 1 shows a result of pairwise compatibility checks for base semantics in SemantiX which
in part shows that our consistency models’ compatibility faithfully matches with the theoretical
results in Figure 1 and in previous literature [43].

To combine multiple consistency models into a single stronger model, we used logical conjunc-
tions on each DM’s constraints. By taking the constraints representing each model’s semantics
and forming their conjunction, we derive a aggregated model that enforces all included constraints
simultaneously. This approach allows incremental composition: users can start from a base model
and iteratively strengthen it by adding new sets of constraints, either from our implemented models
or user-defined constraints, representing additional consistency guarantees.

4.2 AppGraph and Compositional Check
Applications that rely on multiple distributed systems with different consistency semantics can be
checked for correctness by performing a compositional check using the AppGraph. Our composi-
tional check verifies if a distributed application, modeled as a graph (i.e., AppGraph) can have its
components interact while respecting their individual consistency requirements and guarantees.

The AppGraph (e.g., Figures 5, 6 and 7) consists of nodeswith two fields: needs, required constraint
tuples from dependent components, and provs, constraint tuples provided to other nodes. Each
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node’s semantics can be expressed using (1) the predefined consistency DMs and/or (2) user-
defined/application-specific constraints that implement the same interface. Edges connect nodes
and carry cons, constraint tuples for that node pair’s interaction, where each tuple is a conjunction
of constraints.

node 𝑢
needs / provs

node 𝑣
needs / provs

selects check_provs

AppGraph: needs/cons/provs

(accumulated)
path_premise

compatible(
check_provs,
compose(check_needs, check_ec),
path_premise,

)

edge (𝑢, 𝑣) passes / discardextract(...)
(optional aggregate)

select check_needs

edge (𝑢, 𝑣)
select check_ec

after
success

Fig. 4. Example flow for a single edge (𝑢, 𝑣): inside AppGraph,

select check_needs, check_ec, and the node’s check_provs;
outside, evaluate compatible on compose(check_needs,
check_ec) and path_premise. After a successful compatibility

check, extract function can optionally aggregate compatible
return value. For multigraphs, repeat per parallel edge (or edge

combinations) with its own cons tuple. Solid arrows are part

of AppGraph and have the same meaning as the figures below.

Dashed arrows represent control flow.

In the implementation (also see
Fig. 4), we perform a depth-first
search (DFS) starting from a given
source node, keeping track of
visited edges and the accumulated
constraints in path_premise, along
the current path. Constraints in
path_premise are invisible to
users and are dynamic in nature
based on which edge(s), needs,
provs are selected. Constraints
are populated in and out based on
the satisfiability of the previous
levels, and current level checks.
SemantiX perform compatibility
checks, compatible(check_provs,
compose(check_needs,
check_ec), path_premise):
for each edge (𝑢, 𝑣) from the current
node 𝑢, it checks if provs from 𝑣

and cons from edge (𝑢, 𝑣) satisfy
needs from 𝑢. This checks if the
chosen path satisfies the guarantees required by the destination (check_provs) is implied by
the conjunction (the result returned from call to compose) of the chosen needs of the source
(check_needs) and the chosen edge constraints (check_ec), considering the constraints already
accumulated (path_premise). If all checks succeed, the application is deemed compatible with the
plugged-in DMs and the application logics are also sound as a whole.

To avoid redundant checks in case of a subset of nodes and edges needs to be reused for scalability,
SemantiX can aggretate a subgraph into a single logical node using the extract function. After
a successful compositional check, extract processes the resulting graph representing a valid
assignment of constraints, and outputs a single summary node. This node encapsulates the net
semantic guarantee of the subgraph reachable from the entry node, provided there are no external
edges crossing the subgraph boundary. The function performs a DFS starting from entry to
compute this summary. For each edge (src, dst) traversed in the DFS, the extraction function
uses the specific provs constraint assigned to src in the result graph, uses the specific needs
constraint assigned to dst in the provided graph, and retrieves cons constraint assigned to the
edge in the argument graph. The extract function creates a composite constraint for this single edge
interaction: compose(src_provs, edge_cons, dst_needs). This represents the conjunction
of constraints relevant to this specific step in the flow. It collects these composite constraints
from all edges reachable from subgraph root in the DFS. Finally, it returns the logical and of all
collected composite constraints. Simply put, axioms and relations define constraints on operations;
similarly, extract defines a summary constraint on a successfully composed subgraph. If the
compositional check found a valid way for components A, B, and C to interact starting from A,
extract(A, graph)—the first argument is aggregated subgraph’s root node and the second is the
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Fig. 5. Architecture of the media streaming service

with consistency guarantees. The numbers denote ap-

plication constraints/flow, node labels on storage sys-

tems show provided consistency. Edges: 1–4: Client

requests to services (login, review, rent, video). 5:

Admin login. 6: Admin updates metadata. 7: Admin

uploads video. 8: Login service accesses User DB.

9: Review service writes to Review DB. 10: Review

checks content existence in Metadata DB. 11: Rent

updates Rent DB. 12: Rent checks content availability

in Metadata DB. 13: Video service accesses Video DB.

14: Video service verifies metadata before playback.

return result from compose call, containing the full graph’s nodes and edges—generates a single
formula representing the overall guarantee provided by the A → B → C chain, as seen from A’s
perspective, based on the specific choices made during the compositional check. By replacing a
verified subgraph with its summary node, SemantiX enables modular verification. Subsequent
checks on the full application graph can treat this summary as a primitive component, thereby
bypassing the internal complexity of the original subgraph and improving solver scalability.

4.3 Compatible Combination Search
SemantiX is capable of searching for compatible DMs for an application given an AppGraph. When
blank DMs are plugged into the AppGraph, SemantiX searches for compatible combinations of DMs
for the user. Considering that strictly weaker distributed semantics can be replaced with strictly
stronger ones and the weaker semantics are typically more performant and cheaper to maintain,
SemantiX searches the space in an order that prioritizes weaker semantics. Specifically, we give
scores 0 to 5 to semantics in the columns from left to right in Figure 1 and test the combination that
has lower sum of scores first during the search. If compatible combinations are found, the search
can stop early; replacing a DM in a compatible combination with a strictly stronger one is always
guaranteed to be compatible. However, our search strategy is not optimal and investigating more
efficient search algorithms remains as future work.

5 Case Study
To demonstrate SemantiX’s utility, and to detail how a complex distributed application can be
specified in SemantiX for the compatibility check with pluggable distributed services, we present
case studies of three applications. Two applications, a movie streaming service and an online
shopping mall, are from a microservice benchmark suite [17] and the other is from an academic
system that designs causally consistent storage service across multiple weakly consistent distributed
storage services [4]. We mainly focus on the movie example to delve into the details. Our framework
is designed for a quick specification of applications and prompt compatibility checks, and assumes
users to be familiar with axiomatic semantics and SMT encodings which are becoming more
common and widely taught in schools [10, 13, 28, 42].

5.1 Movie Streaming Service
Our movie streaming service application [17] involves multiple functionalities that can be repre-
sented as regular nodes and edges in AppGraph and distributed storage services (or DBs) that can
be captured as DMs (Figure 5).
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System Architecture The media streaming service consists of eleven interconnected components,
each with specific consistency requirements based on their functional roles. While users can choose
a DM for the DB components, they must specify the constraints for the other components.
(1) Client and Admin: These components represent the entry points for regular users and

administrative personnel, respectively. They don’t enforce specific consistency guarantees
themselves but rely on the guarantees provided by the services they interact with.

(2) Authentication: Involves two nodes for clients and admins to authenticate.
• Login Service: Manages user authentication and session handling. It requires order pre-
serving writes for correct credential update and the user’s updates (e.g., subscription status
change) must always be visible for flawless service.

• User DB: Stores user credentials and profile information.
(3) Content Management: Movie-related contents made accessible to clients by the admin.

• Video Service: Handles video streaming requests and requires users to observe their own
prior operations to ensure consistent content delivery.

• Metadata DB: Stores information about available videos (titles, descriptions, genres, etc.).
• Video DB: Stores the actual video contents.

(4) User-Centered Functions: Mostly hosts client-driven activities.
• Review Service: Manages user reviews; reviews should be immediately visible to the writer.
• Review DB: Stores user reviews.
• Rent Service: Handles media rental transactions; users must see their activities immediately.
• Rent DB: Records rental transactions.

Constraint Encoding. We focus on the login and review services in Figure 5 to explain how
constrains are encoded in SemantiX. In this example, the application requires that all users
must register for an account before they can log in, this would result in a request from client
to login service (edge 1), then to user database (edge 8). If users want to post a review (edge 2),
they must be logged in (edge 1), and the review service must verify that the title exists in the
metadata database (edge 10) before allowing the review to be written (edge 9). This represents a
clear dependency chain in the media service example. This dependency chain creates a cascading
effect throughout the system where each operation builds upon the successful completion of its
prerequisites. The registration-before-login dependency establishes user identity, the login-before-
content-access dependency establishes authorization, and the content-validation-before-review
dependency establishes referential integrity.
We next show the interaction flow from user login through posting a review and formalize

the corresponding edge constraints. Semantically, 6 nodes are interacting with each other (client,
login service, user database, review service, metadata database, and review database) in the afore-
mentioned dependency chain. The edges between these nodes represent the flow of API requests
and we encode the prerequisites of each request as constraints on edges. Note that all constraints
on edges can be directly added to the nodes. However, when modeling services with complex
interactions with cross storage system dependencies, edge constraints can clearly separate the
providing/requiring constraints from downstream service logic. In the implementation, we defined
multiple operations with read or write type to represent interactions between client, service nodes,
and storage nodes. Formally, we can represent client’s login operation (edge 8) as follows:

𝐸𝐶login ≜ ∀𝑜𝑝login ∈ 𝐻rd : ∃𝑜𝑝reg ∈ 𝐻wr : (𝑜𝑝login, 𝑜𝑝reg) ∈ 𝑜𝑏 ∧ (𝑜𝑝reg, 𝑜𝑝login) ∈ 𝑣𝑖𝑠 .

Since all interactions to User DB pass through Login, and Login node do not have cross edges to
outside graph components other than User DB, the subgraph Login, User DB and edge 8 can be
aggregated with extract function.
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For services initiated from the client side, we modeled the behaviors as a set of reuseable common
constraints with the return-before binary relationship. Formally:

𝐸𝐶auth ≜ (𝑜𝑝login, 𝑜𝑝rdreview) ∈ 𝑟𝑏 ∧ (𝑜𝑝login, 𝑜𝑝wrreview) ∈ 𝑟𝑏

∧ (𝑜𝑝login, 𝑜𝑝rent) ∈ 𝑟𝑏 ∧ (𝑜𝑝login, 𝑜𝑝watch) ∈ 𝑟𝑏.

The common constraints are then added to each edge that is dependent on the login service or refer
to the login operation, ensuring the chain of dependencies is respected throughout the system.

For posting reviews, the review service must first verify that the content exists in the metadata
database before allowing the review to be written. Similar to the login operation, we can represent
the review service’s interaction as a set of constraints with existential quantification, object con-
straints, and return-before relationships, on top of consistency semantics encoded at each nodes’
provide and need fields. Formally,

𝐸𝐶review ≜ ∀𝑜𝑝review ∈ 𝐻wr : ∃𝑜𝑝rdmeta ∈ 𝐻rd :
(𝑜𝑝review, 𝑜𝑝rdmeta) ∈ 𝑜𝑏 ∧ (𝑜𝑝rdmeta, 𝑜𝑝review) ∈ 𝑟𝑏.

Following these practices one can specify relatively complex and construct AppGraph with DMs
and application-level constraints. AppGraph construction is straightforward, we instantiate nodes
with their needs/provs and connect them with edges carrying the above constraints. Moreover,
depending on system designers’ requirements, Login node, User DB, and edge 8 can be collapsed
into a single aggregated node by applying extract (introduced in Section 2) to the subgraph
accumulates both the semantic constraints (MW+WFR) and the application constraint 𝐸𝐶login into
one summary provs/needs tuple. This lets us reuse the combined guarantee downstream or use it
as a portable node in another AppGraph.

Requirements and Compatibility Verification. Each component in the system requires consis-
tency guarantees from the DBs:

• The User DB provides MW and WFR guarantees, ensuring that credential updates are properly
sequenced and visible, which is critical for authentication security.

• The Metadata DB provides MR and RYW guarantees, balancing immediate visibility of adminis-
trative updates with tolerance for some staleness in user reads.

• The Review DB provides RYW guarantees, prioritizing the user experience of seeing one’s own
reviews immediately while accepting eventual consistency for other users’ views.

• The Rent DB provides MR and RYW guarantees, ensuring consistent transaction records for
both administrative and user views.

• The Video DB provides WFR guarantees, maintaining version consistency for content delivery.

The edges in our model represent not just data flow but also critical operational constraints.
For example, the edge from the Client to the Login Service carries the constraint that “User must
register before login”, enforced through a visibility relationship between registration and login
operations. Similarly, the edge from the Review Service to the Metadata Database enforces the
constraint that “Check metadata before reading reviews”, ensuring that reviews are only accessible
for valid content.

When we apply the compositional check to this system, starting from the client node, it success-
fully verifies that the composition of these services with their respective consistency guarantees
satisfies the overall system requirements. This verification confirms that despite the heterogeneous
consistency guarantees across different components, the system as a whole maintains its required
properties. For instance, the login flow correctly enforces that registration must precede login, and
the review system correctly ensures that users can immediately see their own reviews.
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5.2 Online Shopping Mall
ClientCart Shop

CheckoutTx Log

1 2

3 4

5

EC RYW + MR

LINLIN

Fig. 6. Architecture of the online shopping system with

consistency guarantees. Numbers denote application

constraints/flow on edges: 1: client read/write cart; 2:

client browse shop; 3: client purchase via checkout; 4:

checkout check/update shop; 5: checkout record to Tx

Log. Node labels show provided consistency semantics.

An e-commerce application [17] is similar to
the movie streaming service but its architec-
ture and constraints are simpler (Figure 6).

Architecture. The online shopping applica-
tion consists of five key components and only
models client behaviors:
(1) Client: The end-user interface through

which customers browse products, man-
age their shopping cart, and initiate pur-
chases. The client itself doesn’t enforce
specific consistency guarantees but relies on guarantees provided by the interacting services.

(2) Cart DB: The shopping cart DB maintains customers’ shopping cart state. It stores items that
customers intend to purchase and supports read and write operations. The cart can be loosely
managed and immediate propagation of updates is not required.

(3) Shop DB: Maintains the authoritative inventory state for all products. Clients can observe stale
state, but the shop must provide up-to-date information to the checkout service which process
purchase transactions.

(4) Checkout: Acts as a serialization point for purchase transactions, providing linearizability
guarantees. This critical component ensures that concurrent purchase requests are processed in
a well-defined sequence, preventing race conditions that could lead to inventory inconsistencies
or duplicate transactions. Even if it works with DBs that guarantee weaker semantics than
linearizability, its logic should guarantee strong consistency.

(5) Tx Log DB: Records all completed purchases with linearizability guarantees, ensuring that
transaction records are stored in a strictly consistent manner for auditing and financial recon-
ciliation purposes.

Requirements and Compatibility Verification The consistency requirements of this system
vary by component:

• The shop DB provides RYW and MR, which are sufficient for a centralized Checkout service
to manage inventory. RYW ensures that once the Checkout updates inventory levels, any
subsequent reads will observe these updates. MR ensures that if a client observes a certain
inventory state, all subsequent reads will observe either that same state or a more recent one,
but seeing outdated state is okay as Checkout will prevent ill-formed purchase transaction (e.g.,
purchasing out-of-stock item).

• Checkout and transaction log DB both provide linearizability, the strongest consistency model,
ensuring that all operations appear to execute atomically in a sequential order that is consistent
with the real-time ordering of those operations. This is critical for the financial transactions.

• The cart service has more relaxed consistency requirements, as temporary inconsistencies in
cart state don’t impact the integrity of the inventory or financial records.

An interesting aspect of this example is that Checkout can guarantee linearizability as long as it
is the sole entry updating the Shop DB. The verification confirms that Checkout’s linearizability
guarantee is sufficient to coordinate between the shop’s RYW+MR guarantees and the transaction
log’s linearizability, ensuring that inventory updates and transaction records remain consistent
even under concurrent operations.
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5.3 Cross Causal (XC) Storage

XC SVC4 SVC3 SVC2 SVC1

WFR RYW MW MR

1 2 3 4

Fig. 7. Cross-service causal composition chain. Edge

labels mark the application-level semantic “glue” added

per hop, e.g., XC→SVC4 supplies themissing guarantees

(MR+MW+RYW) to reach causal consistency, and the

downstream edges do likewise for their missing session

guarantees. Per-level storage nodes provide guarantees

for each service layer.

Cross causal (XC) storage [4] combines multi-
ple distributed storage services, each offering
only a basic consistency guarantee, to provide
causal consistency as a whole (Figure 7). As
XC storage itself is a system, its constraints
are very different from application-level con-
straints in previous case studies; XC storage
showcases the capability of SemantiX beyond
modeling application logics.
Users accessing data through the XC node

get causal consistency, but individual storage
DB maintains weaker semantics than causal.
SVC4 node’s storage backend only provides
WFR. To achieve causal consistency, application places a shim layer to strengthen the semantics in
the design and this is imposed on the edge between SVC4 and XC. While the SVC4-XC combination
can achieve causal consistency, SVC4’s downstream service SVC3’s storage backend only provides
RYW. To achieve cross-system causal consistency, the augmentation continues down the chain.
The goal here is to verify whether their composition, mediated by specific inter-service con-

straints, symbolic isolation, and the role of explicit “glue” constraints.

Architecture. The architecture forms a chain XC → SVC4 → SVC3 → SVC2 → SVC1. Each
service SVC𝑛 (𝑛 = 1..4) is designed to provide only one of the four session guarantees via its provs
attribute: SVC1 provides MR, SVC2 provides MW, SVC3 provides RYW, and SVC4 provides WFR.

Constraints Encoding and Compatibility Verification. To prevent logical interference, the
guarantee provided by each service and the constraints added on the edges are instantiated using
unique symbols specific to that service or edge. This ensures, for example, that the MR constraints
of SVC1 only apply to operations symbolically designated as belonging to SVC1.

The composition logic resides in the “glue” constraints defined on the cons attribute of the edges
connecting the services. Since each service node only provides one session guarantee, the edge
SVC𝑛 → SVC(𝑛 + 1) must provide constraints representing the other three session guarantees
needed to potentially satisfy causal consistency up to that point.

The core idea of this example is to build a stronger guarantee by composing weaker guarantees
provided by individual services (SVC1 . . . 4), using the edges to supply the missing pieces which
reflects the application design as shown in Figure 7.

For this composition to be meaningful in the SMT-solver-based SemantiX, we must conceptually
link operations across services that refer to the same logical action or data. For instance, if write𝑤1
in SVC1 and write𝑤2 in SVC2 both represent updates to the same user profile, “glue” constraints
equating relevant aspects (like𝑤1 .obj = 𝑤2.obj or𝑤1.ival = 𝑤2 .ival despite their different symbolic
names) is necessary. While the current test code simplifies this by focusing on composing the
consistency axioms, a more rigorous model would include these explicit symbol equivalence
constraints on the edges (we are asserting symbols of𝑤1 are identical to those of𝑤2 for simplicity).
After a single logical formula representing the net end-to-end guarantee achieved by the SVC

chain is synthesized starting from SVC1 to XC, the formula is then compared against a formal
definition of CC to verify compatibility, which succeeds. While the original XC implementation [4]
ties together only EC storage services, this example further explores more diverse storage services
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and demonstrates the flexibility of SemantiX. With the successful compositional check, the multi-
node XC chain can be collapsed into a single entity (similar to how Login + User DB could be
summarized) by applying extract to the full XC graph. This yields one aggregated provs/needs
tuple representing the composed cross storage system causal consistency guarantee for any future
downstream use.

6 Evaluation
We discuss our experience in using SemantiX and its performance in checking compatibilities.

EC MR MW RYW WFR PRAM CC LIN
EC - 24 22 26 25 24 35 32
MR 23 - 12 16 75 16 26 217
MW 27 16 - 18 16 16 23 22
RYW 193 106 45 - 59 20 29 26
WFR 24 125 12 17 - 18 44 54
PRAM 24 14 10 14 178 - 27 28
CC 33 20 16 19 19 20 - 282
LIN 26 21 17 22 22 22 44 -

Table 1. Pairwise check performance. Semantics in the first column

are checked if they satisfy semantics in other columns. Each cell

shows the execution time for completing the check in milliseconds.

The blue text indicates the check result is true and red means false.

Experience We implemented Se-
mantiX in Python on Z3 version
4.15.1. It took approximately 3.7K
lines of code to implement Seman-
tiX. To use SemantiX, users sup-
ply AppGraph whose nodes and/or
edges carry built-in or custom DMs
that extend the base model and
relation interfaces. When multi-
ple DMs are attached, SemantiX
checks for compatibility of given in-
put or exhaustively explores valid
combinations.

Regarding effort and the learning curve, once semantic requirements are understood, encoding
an AppGraph is straightforward. Our case studies only require 183, 80, and 252 lines of code for
encoding the movie streaming service, online shopping mall, and XC storage, respectively, thanks
to existing facilities such as the DMs in the SemantiX framework. These relatively small efforts
for constraint encoding and automated checks validates our framework’s goal of enabling agile
compatibility checks compared to typical end-to-end formal verification which could have huge
proof-to-code/specification ratio [19, 20, 23, 37, 39] which could follow with confidence after our
SemantiX check passes.
The scalability of our tool is mainly expressed via modular composition, AppGraph nodes

and edges compose modularly: large systems can be decomposed into sub-AppGraphs, verified
independently, and re-aggregated into monolithic node that preserves the verified properties of
its components. This pattern (e.g., Case Study 2 in Section 5) also enables parallel SMT solving on
sub-components and reuse of solved results for large service meshes.
In general, our framework offers early compatibility detection, architecture validation before

implementation, and pre-verification screening to de-risk downstream formal proofs. It targets
teams building correctness-critical distributed systems who want a high-level, low-maintenance
checker rather than line-by-line deductive proof development (e.g., using tools like Verus[27],
Dafny[29], Rocq[46], and Lean[36]).

Performance SMT solvers often take an extended period to complete their tasks. Thus, we measure
the duration of the compatibility check in SemantiX. All experiments were conducted on an Intel
i7-1360P processor with 64GB RAM running NixOS 25.11 (Linux 6.12.30).
Pairwise Compatibility Check. First, we evaluated the compatibility between pairs of base

consistency semantics, EC, MR, RYW, MW, WFR, PRAM, CC, and LIN, in SemantiX. Table 1 shows
the execution times for these pairwise compatibility checks and the results of the check encoded in
colors (blue: compatible, red: non-compatible). On average, it took only 31 ms per check and the
results of the checks are correct with respect to the theory.
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Application # of combs. All Min score Single
Movie 175 = 1.4M 64.82 hr∗ 20.43 sec 16.5 ms
Shopping 173 = 4.9K 251.77 sec 1.65 sec 5.12 ms
XC store 174 = 83.5K 3.98 hr 261.09 sec 17.17 ms

Table 2. Search time for compatible DMs. Columns show number

of searched DM combinations, time to search all combinations

(all), time to find the minimum score combination (min score), and

average time to check one combination (single). (
∗
predicted time)

Compatible DM Search. Next,
we evaluate SemantiX using three
case studies in Section 5. This eval-
uation focuses on two key metrics:
the framework’s ability to find valid
compositions with the weakest se-
mantics (i.e., the minimum score
combination in Section 4.3) and its
performance characteristics under
different system complexities. For each case study, we gave blank DMs to each application so that
SemantiX search and output compatible DM combinations. SemantiX uses the search strategy in
Section 4.3. The results are summarized in Table 2.
Movie streaming service requires finding DMs corresponding to five DB nodes that satisfy

application node and edge constraints. Given that SemantiX contains 17 DMs as illustrated in
Figure 1 the full search space contains 175 combinations. On average, checking each combination
takes 16.5 ms and can find a compatible combination with the lowest score in 20.43 seconds with a
timeout of 10 seconds for each check. Checking the entire search space is feasible but is expected
to take 64.82 hours (we have completed 800,507 checks or 56.28% of search space in 36.55 hours).

The online shopping mall example is simpler than the movie streaming service and involves only
three DB nodes to search. We evaluated all 173 possible combinations of consistency semantics
across these nodes. The evaluation completed in 251.77 seconds with an average duration of 5.12
ms per combination with 0 timeouts. The minimum score combination was found in 1.65 seconds.
Finally, four DB node combinations (i.e., 174 cases) are searched for the cross causal storage.

The total search completes in 3.98 hours with an average duration of 17.17 ms per combination.
Our tool successfully identified the combination in our original design (also the minimun score
combination) in about 261.09 seconds. The timeout rate is only about 0.15% of cases.

Overall, depending on the complexity of the constraints the compatibility check times vary, but
individual checks are done in less than 20ms on average. Even though searching through compatible
answers in the entire search space could take extended time, finding the optimal, minimum-score
configuration for each case study takes only less than 5 minutes.

7 Related Work
Our work sits at the intersection of distributed systems, formal verification, and automated reason-
ing. We organize the related work into consistency verification frameworks, SMT-based approaches
for distributed systems, and compositional analysis tools.

Several frameworks have been developed to verify consistency properties in distributed systems.
Quelea [40] provides a declarative programming model where developers specify consistency
requirements as contracts using a shallow extension of Haskell and discharge proof obligations
to SMT solvers. The system then automatically selects appropriate consistency levels. However,
Quelea focuses on single-system consistency rather than cross-service composition and relies
on conservative approximations of happens-before relationships due to limitations in expressing
transitive closures in first-order logic.

Jepsen [22] takes a different approach by performing black-box testing of distributed systems to
detect consistency violations through controlled fault injection. While effective at finding bugs in
real systems, Jepsen cannot provide formal guarantees about system compositions or verify that
specific consistency requirements are met by design.
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The use of SMT solvers for distributed systems verification has gained traction in recent years.
Kuper et al. [24] argue for domain-specific solvers embedded in solver-aided languages like Liquid-
Haskell and Rosette to build consistent-by-construction applications. They identify key challenges
including CRDT verification, message reordering analysis, and transitive closure reasoning. While
they advocate for specialized solvers, our work demonstrates that careful encoding strategies can
make general-purpose SMT solvers effective for consistency verification.
Fan et al. [14] develop an ordering consistency theory for verifying multi-threaded programs

under memory models like sequential consistency and TSO. Their approach uses incremental
consistency checking and specialized theory propagation to efficiently handle ordering constraints.
Although focused on memory models rather than distributed consistency, their formalization of
ordering relations (≺𝑟 𝑓 , ≺𝑓 𝑟 , ≺𝑤𝑠 ) provides insights for our visibility-based encoding of session
guarantees.

MixT [35] is a domain specific language to simplify programming mixed-consistency transactions
overmultiple distributed systems. It uses information flow theory to generate transactions consisting
of sub-transactions that safely execute across multiple systems with different semantics. While
MixT is a specialized tool to generate safe and efficient transactions for given consistency semantics
of distributed systems, SemantiX allows developers to check correctness of their operations
over chosen combination of distributed systems or search for compatible consistency semantic
combinations.
SemantiX differs from existing approaches in several ways: unlike single-system verification

frameworks, we focus specifically on the composition problem where services with different
consistencymodels work together; unlike testing-based approaches, we provide formal compatibility
checks over different semantics; unlike theorem-proving approaches, we use automated reasoning
to make the verification process more accessible to practitioners.

Our encoding strategy addresses limitations identified in prior work by avoiding explicit reason-
ing about global event orderings and instead treating consistency as logical constraints over abstract
executions. This approach makes the verification tractable while remaining expressive enough to
handle realistic service compositions. Our framework’s ability to synthesize end-to-end guarantees
from component specifications provides developers and system architects with actionable insights
about their systems’ consistency behavior.

8 Conclusion
In this paper, we presented SemantiX, the first automated framework for checking semantic com-
patibility between applications and compositions of distributed systems with different consistency
guarantees. Our key contributions include formal definitions of distributed consistency semantics
including the first rigorous formal definition of visibility, the AppGraph modeling approach for
systematic encoding of microservice-like applications, and an SMT-based compatibility checking
framework that can check compatibility between given distributed semantics and applications
and search for compatible combinations of distributed semantics for the application. Through case
studies on three distributed applications, we demonstrated that SemantiX can model and verify
complex service compositions with little encoding effort while providing formal guarantees about
system correctness. As distributed system architectures grow increasingly complex, SemantiX
provides developers with essential tools for quickly checking the integrity of the distributed appli-
cation designs enabling more agile system design where components can be modified or replaced
with confidence.
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