SYNAPSE: Decoupling Protocol, Topology, and Policy
for Automated Synthesis of Coherence Controllers

Nicolo Carpentieri
Technical University of Munich
Munich, Germany

Julian Pritzi
Technical University of Munich
Munich, Germany

Abstract—Designing cache coherence protocols (CCPs) is a
highly complex task: modern heterogeneous systems impose distinct
constraints on protocols, topologies, and caching policies. This
challenge is only intensified as coherent interconnects push cache
coherence beyond chip boundaries toward rack-scale deployments.

We propose SYNAPSE, a methodology for synthesizing cache
coherence controllers grounded in a key observation: any controller’s
state machine is fully determined by three orthogonal constituents:
protocol specification, system topology, and caching policies. Central
to our approach is an abstract controller model that decouples
coherence logic from architectural constraints via two protocol-
agnostic building blocks, a caching client and manager, enabling
automated derivation of controllers for arbitrarily complex configu-
rations. SYNAPSE realizes this through a fully automated synthesis
pipeline with a declarative DSL, validates the correctness of the
synthesized FSMs for liveness and safety properties, and generates
gemS-based implementations for rapid design-space exploration.

In our evaluation, SYNAPSE successfully synthesizes diverse
protocol variants across SMP, NUMA, multi-host CXL, and
heterogeneous chiplet-based SoC scenarios, matching handwritten
implementations within 1.0% performance on average. Targeting
diverse architectures SYNAPSE surfaces key protocol-policy
interactions, offering a systematic framework for designing
coherence controllers in increasingly complex environments.

I. INTRODUCTION

Cache coherence protocols (CCPs) are a central component of
modern hardware systems, serving as the common substrate that
coordinates communication between CPU cores and system
memory [8], [L1], [44], [55], [63]. They provide a crucial
abstraction for software developers by ensuring that all cores
maintain a consistent view of data. Consistency is managed
transparently and efficiently in hardware, relieving developers
from the burden of manual consistency management.

Since the introduction of CCPs alongside the first multi-core
processors, hardware architectures have become increasingly
intricate along three dimensions that directly shape coherence
design. First, protocol diversity: contemporary chips now
incorporate a variety of core types, from energy-efficient to high-
performance cores [9]], [41], [42]], and are augmented with diverse
accelerators and coprocessors like GPUs [2]], [ 7], [43]], [64] and
SmartNICs [48]], [65], each governed by its own proprietary
coherence protocol, ranging from Single-Writer-Multiple-Reader
(SWMR)-based approaches to Release Consistency protocols.
Second, fopology diversity: systems have expanded beyond a sin-
gle die through architectures such as chiplets [S1]], [54], NUMA
clusters [50], and coherent interconnects such as CXL [22] and
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NVLink [66] that span entire server racks. Third, policy diversity:
caching policies, governing how data is allocated, replaced, and
written back, must be independently tailored to each architecture,
as a policy optimal for one system may actively harm correctness
or performance in another [13[], [63], [74]. Together, these three
dimensions define the CCP design space, and navigating it
requires careful co-design of protocol, topology, and policy.

Designing CCPs across these three axes is notoriously difficult.
At their core, CCPs function as distributed state machines com-
municating over a network, where ensuring freedom from data in-
consistencies, deadlocks, and race conditions already requires ex-
tensive verification effort [|68]]-[70]. Yet correctness alone is insuf-
ficient: CCPs sit at the core of the system-on-chip (SoC) connect-
ing all components, so even minor inefficiencies become system-
wide bottlenecks — MSI and MESI (Modified, Exclusive, Shared,
Invalid) offer identical SWMR guarantees, yet MSI’s higher
coherence traffic renders it impractical in real systems [63[]. Ad-
ditionally, the increasing diversity of modern architectures places
an even greater burden on CCP developers [30], [52], [53], [69].
The coherence requirements of a mobile SoC with a strict power
budget, a mix of energy-efficient and performance-oriented cores,
and various accelerators differ dramatically from those of a server
chip with hundreds of high-performance cores [10], [37], [75].

The consequences for hardware architects are severe: the
intersection of these three axes creates an enormous, continuously
expanding design space, where traditional manual adaptation is
becoming a fundamental bottleneck. Comprehensive exploration
is now virtually impossible without a systematic way to navigate
this complexity.

In this work, we ask: how can coherence controllers be
automatically synthesized for arbitrarily complex system
configurations, spanning diverse protocols, topologies, and
caching policies, while being correct?

We present SYNAPSE, a new methodology for automated
synthesis of coherence controllers for arbitrarily complex cache-
coherent systems. SYNAPSE decouples any cache coherence
controller’s FSM into three main constituents: (1) the protocol
specification, defining the stable and transient states of the coher-
ence protocol; (2) the system topology, defining the controller’s
position in the memory hierarchy (e.g., L1, L2, or directory
level); and (3) the caching policies, defining the actions a
controller performs in response to incoming coherence events. By
decoupling these three constituents, any cache controller for any
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(a) Simplified textbook protocol with 1-level hierarchy
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Fig. 1: Coherence transaction flow for store operation from Core;. Left parts shows system architecture. Right parts the matching
protocol message flows and controller state transitions. Red dots mark race points and the yellow point the serialization point.

architecture can be derived from this common set of ingredients.
To achieve this decomposition, we propose a novel abstract

cache controller model and a generalized synthesis algorithm.

By introducing two fundamental building blocks—the caching
client and the caching manager—and defining their behavior via
abstract states and requests, we establish a semantic mapping
across heterogeneous protocols. The algorithm then derives the
FSM of any target controller by fusing transition sequences from
the manager and client FSMs according to the specific constraints
of the caching policy. In this process, the protocol, policies,
and topology act as a functional recipe that instantiates these

building blocks into a concrete controller for any target system.

This independence allows developers to swap a complete CCP
without modifying the topology, or tailor to a specific controller

instance through policies alone, without touching the protocol.

To realize this methodology, we develop a synthesis pipeline
with three stages: (1) it takes a DSL specification and a system
topology as input, (2) generates their FSMs via the synthesis
algorithm, and (3) produces a complete gemS-based simulation
setup with all inter-controller communication established.
Correctness is guaranteed by an integrated validation stage
that checks deadlock freedom (liveness) via Mury model
checker [40] and adherence to the target memory consistency
model (safety) via litmus tests [3].

To demonstrate SYNAPSE’s practicality, we evaluate four
scenarios: a Symmetric Multiprocessing (SMP) setup to evaluate
various multi-level cache hierarchies; a NUMA layout to explore
off-core protocols and inclusion policies; a multi-host CXL
fabric to study different interconnect protocols over high-latency
fabrics; and a heterogeneous chiplet-based SoCs system to

assess the impact of diverse write policies on performance.

In our evaluation, SYNAPSE correctly synthesizes controllers
for all scenarios. Targeted litmus tests verify weak memory
consistency, while the synthesized models perform within 1.0%
of handwritten gem5 implementations across 30 applications

from the PARSEC [1f], Phoenix [72], and Splash-4 [31]] suites.

In summary, the contributions of this paper are as follows:

« We propose a decomposition of cache coherence controller
into three orthogonal constituents—protocol, topology, and
policies—and show that this decoupling enables specifying
controller behavior independently at a convenient abstraction
level.

o We present SYNAPSE, a methodology grounded in a novel
abstract cache controller model and a generalized synthesis

algorithm. By fusing protocol-agnostic building blocks via
a semantic mapping, it enables the automated derivation of
complex controller FSMs for any coherence protocol and
system topology.

o We develop a synthesis pipeline that realizes SYNAPSE by
taking a declarative CCP specification and a system topology
as input and automatically generating correct cache-coherence
controllers for arbitrarily complex cache-coherent systems.

o We evaluate SYNAPSE on four representative architecture
scenarios—SMP, NUMA, multi-host CXL, and heterogeneous
chiplets—across multiple protocols and benchmark suites,
demonstrating performance parity with handwritten implemen-
tations, and the utility of automated design-space exploration.

II. BACKGROUND AND MOTIVATION
A. Cache Coherence Protocols (CCPs)

In a nutshell, CCPs are state machines that manage read and
write permissions for individual cache lines. They define the
transitions and actions required to satisfy requests from process-
ing cores and ensure that data shared by multiple cores remains
consistent. The MESI protocol and its variants are widely adopted
for their intuitive programming model—enforcing SWMR
invariants—and favorable performance characteristics [8]], [36],
[44]. In this work, we focus on directory-based protocols for their
superior scalability compared to snooping-based approaches.

While programmers benefit from hardware-managed data
consistency, designing and implementing CCPs is notoriously
difficult due to their complexity and central role in a SoC.
Fig. 1aillustrates a typical store operation in a simple 1-level
cache hierarchy with MESI. Before writing new data to a cache
line (1), the CCP must ensure no other cache holds a copy.
The cache controller, therefore, sends a GetM request to the
directory (2), which maintains a global view of sharers. The
directory replies with the number of peer caches holding copies
(two in this example, Ack=2) and issues invalidation messages
to them @ After invalidation, the peer caches acknowledge
the request (4). Once all acknowledgments are received, the
initiating cache upgrades the line’s permission from S (shared)
to M (modified) and completes the write (5).

As multiple cores may simultaneously request conflicting
permissions, designers must carefully handle race conditions to
maintain correctness. In the example, race points at cache 0 and
cache N (red dots) require the caches to process invalidations
before other forwarded requests from the directory to preserve



the ordering decided by the directory (yellow linearization
point). As system complexity grows, these challenges multiply:
shows that the same write in a realistic 3-level hierarchy
requires significantly more messages, doubles the number of
race points, and makes manual implementations increasingly
prone to subtle, non-deterministic bugs.

Beyond correctness, CCPs must also be highly efficient since
they sit at the core of the SoC, connecting all components across
the entire chip. A functionally correct but inefficient protocol may
create performance bottlenecks that render it impractical. For
example, the E state in MESI provides no additional functional
benefit compared to MSI—both protocols offer identical SWMR
guarantees. However, the E state allows caches to silently upgrade
from read to write without directory communication, reducing
coherence traffic, improving performance, and lowering energy
consumption [46]. This optimization comes at the cost of substan-
tial implementation complexity, adding tens of transient states and
hundreds of transitions. Consequently, MSI is rarely used in prac-
tice despite its simpler and less error-prone design [8], [[11]l, [44].

The MESI example illustrates a performance-correctness trade-
off within the SWMR model. However, for massively parallel
accelerators such as GPUs, the SWMR model itself becomes the
bottleneck: the invalidate-on-write invariant does not scale to the
thousands of threads modifying data concurrently [63]. These
devices instead employ Release Consistency (RC) protocols,
where coherence is managed explicitly via release and acquire
operations rather than implicitly on every memory access.
On a store-release, all dirty cache lines are written back and
made visible to other cores; on a load-acquire, the cache
self-invalidates and fetches a fresh copy from lower memory
levels, which require only two stable states: Valid and Invalid.

Takeaway. Designing CCPs is highly complex; they must be
both correct and performant—either alone is insufficient.

B. Cache Coherence in Modern Architectures

The challenges in designing CCPs are amplified in modern
architectures [35]], which have evolved from uniform multicore
architectures to highly diverse and complex systems.
illustrates the four typical scenarios where CCPs are deployed
today. The conventional case is Symmetric Multiprocessing
(SMP) (Scenario S1), where a single CCP connects a set of
homogeneous cores. Non-Uniform Memory Access (NUMA)
(Scenario S2) extends this by combining multiple SMP chips,
each with their own local memory, into a larger logical server
CPU. Multi-host systems (Scenario S3), such as those based
on CXL or NVLink [22], go further by allowing multiple
SMP or NUMA nodes to share a common memory pool cache-
coherently [38]. Finally, Scenario S4 depicts a heterogeneous
chiplet-based SoCs system in which CPUs are integrated with
various accelerators, such as GPUs, NPUs, or DSPs, with the
CCP serving as the common substrate for seamless integration.
Coherence may be enforced through proprietary protocols tightly
coupled to the SoC fabric (e.g., Intel UPI, Arm CHI) or through
open standards such as CXL that extend coherence across nodes
to combine distinct accelerator and CPU nodes [22], [37].

While the cache-coherent layer provides a convenient abstrac-
tion that makes all these diverse architectures easy to use, the CCP
becomes a critical design bottleneck: getting it right is essential
to the overall system’s correctness, performance, scalability, and
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Fig. 2: Four typical cache coherence scenarios in modern
architectures.

energy efficiency, yet the increasing architectural diversity makes
its design significantly more complex. Heterogeneous accelerators
like GPUs exhibit completely different memory access patterns
and memory consistency models compared to CPUs, necessitating
distinct coherence strategies. Furthermore, chiplet-based designs
and advanced off-chip coherent interconnects like CXL introduce
substantial variance in access latencies—a last-level cache
miss may require anywhere from 80ns to 400ns depending on
whether it is served from local DRAM on the same chiplet,
a neighboring chiplet, or remote DRAM on another server
node [59]]. Developers thus face challenges similar to those
encountered during the UMA-to-NUMA transition [14], [33],
where CCPs required significant reworking to hide longer remote
memory access latencies [17], [39]], but at a greater scale and
with greater complexity. Using a single protocol across all device
types is unrealistic and will either create performance bottlenecks
or result in power-hungry and inefficient implementations.

These challenges are recognized by recent industrial
interconnect standards, which provide mechanisms to configure
coherence traffic for diverse device types. For example, ARM’s
CHI [58]] protocol and CXL [22] offer various features such
as network telemetry messages, pre-fetching requests, bulk-data
transfer options, and other configurable parameters that can
be tailored for different compute and memory units. However,
manually identifying the optimal configuration for these
rapidly evolving and increasingly complex architectures is
time-consuming and error-prone, making comprehensive design
space exploration practically infeasible.

Takeaway. The diversity of modern hardware architectures
creates an enormous design space for CCP optimization.
Navigating this space requires automated approaches to enable
rapid prototyping and comprehensive design space exploration.

C. The Case for Architecture-Aware CCP Synthesis

Designing optimal CCPs for increasingly complex and diverse
architectures is a challenging and time-consuming task. Our
work therefore seeks to answer the core question:

Research question: How can we develop a generic




(a) SYNAPSE’s abstract coherence controller

(b) Cache hierarchy composed of SYNAPSE controllers
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Fig. 3: Overview of SYNAPSE. Cache hierarchies consist of abstract coherence controllers, which are specialized and generically
synthesized into any concrete controller state machine within the hierarchy. The abstraction decouples protocol-specific client
& manager to maintain coherence up and down the hierarchy, and a protocol-agnostic caching policy that governs data movements.

methodology to automatically synthesize coherence controllers
for arbitrarily complex cache-coherence configurations?
Such a methodology should enable rapid prototyping and
large-scale design-space exploration across a wide range of
architectures. To this end, it must fulfill four key requirements:

Req. 1: Balance generality and specificity. The methodology
must be generic enough to capture the diversity of modern
architectures, by accommodating different CCP families (e.g.,
SWMR and RC protocols) and the four common coherence
scenarios described in At the same time, it must
be specific and provide fine-grain control in the synthesis to
tailor high-performance controllers for a given architecture, by
supporting interchangeable caching policies.

Req. 2: Full automation. To avoid time-consuming and
error-prone manual designs, the methodology must automatically
synthesize all components of the coherent network without
manual intervention.

Req. 3: Correctness validation. While automation removes most
manual errors, integrating formal verification is essential to ensure
correctness in corner cases that may be missed during design
space exploration, catching subtle liveness and safety issues early.

Req. 4: Performance evaluation. The methodology must
be integrated with a performance evaluation framework. This
is paramount for comprehensive design space exploration, as
it allows developers to validate the practical effectiveness of
synthesized protocols. A CCP may be functionally correct, but
without a performance model, its real-world utility cannot be
accurately assessed.

D. Research Gap

While substantial work exists in both CCP synthesis and
performance evaluation, no existing technique satisfies all
four requirements simultaneously. Performance evaluation
frameworks like gem5 [57]] provide rich simulation models and
infrastructure for detailed performance analysis, including a
dedicated DSL (SLICC) for cache coherence modeling. However,
SLICC operates at a low abstraction level, requiring developers
to define complete state machines, transient states, messages,
and transitions for all network components. For instance,
implementing a MESI protocol for a two-level cache hierarchy
requires over 2,500 lines of code to define directory, L1, and

L2 cache controllers. Moreover, architectural changes such as
adding a third cache level necessitate creating completely new
variants and rewriting the controller models.

Similarly, TileLink [76] is an open, chip-scale interconnect
standard that provides coherent shared-memory access across
heterogeneous SoC components. But like SLICC, its coherence
specification operates at a low abstraction level, requiring
developers to manually define complete protocol state machines.

Conversely, automated synthesis tools like ProtoGen [68]],
HieraGen [70], and HeteroGen [69] enable users to specify
cache coherence protocols on a high level in the form of atomic
operations and stable states, which a compiler takes to synthesize
concurrent state machines for coherence controllers, including
all transient states. Unfortunately, these tools only target formal
verification, emitting models for model checkers like Muryp
to validate safety and liveness properties. Hereby, they make
various simplifications that preclude performance evaluation:
they synthesize only L1 data cache and directory controllers, and
lack in architectural fidelity. For instance, they do not support
multi-level hierarchies, instruction caches, or different write or
inclusion policies. While vCXLGen [52] extends this line of work
to support synthesis of performance models, it focuses solely on
CXL-based multi-host coherence, omitting the other scenarios
and sharing the same limitations in architectural fidelity.

Takeaway. Prior work has addressed protocol design, verification,
and performance as independent problems. Existing tools are
either manual and architecturally detailed or automated but
limited to CCP verification or specific coherence scenarios. The
key missing element is a generic methodology that spans all
modern architectural scenarios, while simultaneously fulfilling
the requirements of full automation, correctness validation, and
performance integration.

III. SYNAPSE OVERVIEW

We introduce SYNAPSE, a generic and systematic methodology
to synthesize state machines of complex and practical coherent
cache hierarchies. Fig. [3] shows the idea behind SYNAPSE.
It treats coherence protocol, caching policy, and topology
as independent abstractions, thereby enabling modular cache
and memory system designs across a range of modern
hardware-coherent architectures.



Abstract coherence controller (§ [V). At the center of the
SYNAPSE methodology is the abstract coherence controller.
It unifies 3 sub-components: coherence client, manager, and
caching policy. The coherence manager receives requests from
controllers at the previous level in the hierarchy and keeps
track of cache line state between them, like a directory. The
coherence client sends requests up in the hierarchy to retrieve
cache line data or permissions, like a cache.

Fig. 34| illustrates its generic logic. While the manager
orchestrates coherence between child clients, the caching
policy intercepts data accesses (@)-@) and determines the new
state of cached data by propagating the right client coherence
transactions (€)-@) to its parent. Hence, it enforces caching
policies while maintaining coherence across hierarchies.

Controller synthesis (§ [V). SYNAPSE practically realizes
this abstraction via its generic synthesis algorithm, which
generates the concrete finite state machines (FSMs) of any
coherence controller in a hierarchy. In essence, the algorithm
can synthesize any coherence controller (e.g., L1-d/i, L2, or
LLC) with the same client/manager specifications, simply by
exchanging the controller’s policy.

In Fig. SYNAPSE synthesizes specialized LLC slices that
enable coherent shared memory through the interconnect proto-
col [52], simply by exchanging the LLC’s client from the host’s
protocol to the interconnect’s. To achieve this, the algorithm first
establishes a semantic mapping between the individual FSMs
of the 3 sub-components in SYNAPSE controllers by bringing
them to a common protocol-agnostic abstraction level, to then
systematically fuse the coherence transactions of manager and
client as constrained by the chosen policies.

Synthesis pipeline (§ [VI). To demonstrate SYNAPSE’s
potential, we develop an end-to-end pipeline that flexibly
generates simulation models of complete cache hierarchies from
independent specifications of topologies, protocols, and policies.
It parses the 3 inputs, initializes an IR of their individual FSMs,
and connects them to form a topology of abstract controllers
like in Fig. BBl The synthesis algorithm then generates the
concrete FSMs for all controllers in the specified topology, by
labeling the client and manager FSMs with protocol-agnostic
semantics and merging them with their chosen policy. The
main back end generates coherence models for performance
simulations, but we also develop a second validation back
end to generate model-checking system models. It ensures the
correctness of the generated controller FSMs, i.e., that they are
deadlock-free and introduce no memory consistency violation.

Automatically synthesized controllers (§ [VII). Using the
synthesis pipeline, SYNAPSE automatically generates controllers
for the four scenarios described in SMP (S1),
NUMA (S2), Multi-Host CXL (S3), and Hetero-Chiplets (S4),
spanning from single-node shared-memory to disaggregated
and heterogeneous architectures.

IV. GENERALIZED CACHE COHERENCE

In this section, we present our system model (summarized
in Fig. @I) and define the abstract coherence controller, which
enables the decoupling of topologies, coherence protocols, and
caching policies.
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Fig. 4: Conceptual internal operations of SYNAPSE controllers
to propagate coherence transactions across domains.

A. System Model

Caching architectures. The four sample systems depicted in
Fig. [2] are all hierarchical cache systems. These hierarchies
are composed of varied cache controllers (L1-i/d, L2, LLC,
Bridge, CHA, Dir), arranged to form specific topologies. Fig.
presents our system model of the above cache architectures.
Each controller tracks the coherence state of cache blocks held
by its direct children (if any), as well as blocks in its own
cache (if any). Every controller independently allocates, updates,
or replaces its data blocks with respect to its caching policy.

Heterogeneous cache hierarchies. Multi-cluster systems
such as S2, S3, 54 in Fig. 2| may resolve coherence through
a stack of heterogeneous protocols. They leverage multiple
parallel intra-cluster protocols and a common interconnect
protocol. As depicted in Fig. we model them as parallel
homogeneous sub-hierarchies, interconnected through specialized
heterogeneous controllers (CHA, Bridge). In practice these are
analog to LLC slices, with extra logic to maintain coherence
with parent and peers over the interconnect protocol.

B. Abstract Coherence Controllers

Although cache hierarchies are seemingly built from a
common set of controllers, their design remains non-modular:
each individual controller adheres to a coherence protocol
tailored jointly to the topology and the caching policy selected
by the platform’s architects.

The controller abstraction. To enable a modular design of
cache hierarchies, we devise a single generic and abstract
coherence controller that is freely composable into any topology.
It is abstract in that it can be instantiated for any coherence
protocol, and generic in that it can incarnate any concrete
controller within the hierarchy.

Building blocks. As seen in Fig. [3b] each controller mediates
coherence between its children and parent (if any). In essence,
they incarnate a directory and cache simultaneously. From this
observation, we realize our controller abstraction by combining
3 sub-components:



o Coherence manager: tracks and orchestrates cache line ac-
cess between its child controllers (client), i.e., a sub-directory.

o Coherence client: requests cache line access or data from
a parent controller (manager), i.e., an intermediate cache.

o Caching policy: defines when the controller allocates,
updates, flushes or replaces its cache blocks.

Note that not all 3 sub-components need to be instantiated, as
shown for leaf caches (L1) and the root directory (Dir) in Fig. @

Propagation principle. Abstract controllers coordinate
coherence transactions between their manager and client,
while enforcing their caching policy. In detail, from Fig.
intermediate controllers process requests from their children ((2))
or parent ((4)), and may propagate them in turn as forwarded
requests (@, @)). Requests need to propagate in the hierarchy
when the state of at least one sub-component can not fulfill
the request. This propagation happens synchronously.

Example. We illustrate the operating principle with concrete
examples in Fig. E} (a) Request to manager: When a request
is observed by a manager ( ), it is propagated up the
hierarchy by the client (GetS) if it is a data miss to the policy
or a permission miss to the client. In Fig. the policy is
inclusive as it transitions from a non-present (NP) cache block
to clean (C). (b) Request to client: When a request is observed
by a client (Fwd-GetM), it is propagated down the hierarchy
by the manager ( ) if it is a data downgrade to the
policy or a permission downgrade to the client. In Fig. [Ab]
because the client must transition to Invalid (I) and yield its
data and permissions, it reclaims both from the manager then
deallocates its cache block (NP).

V. THE SYNTHESIS ALGORITHM

In this section, we present our generalized method to construct
coherence controllers of arbitrary protocols and caching policies.

Intuition. We synthesize any coherence controller by fusing
the finite state machines (FSMs) of a manager, policy, and
client. FSMs of the coherence manager and client define all
valid protocol transactions, while the policy defines controller
instances (e.g., L1-i/d, LLC). The end goal is to produce a
unified FSM with complete transition sequences that propagate
across hierarchies, as seen in Fig. [Z_q In brief, our algorithm
identifies and composes transition sequences from the manager
and client FSMs, in a way specific to a controller’s policy.

Overview. To understand our algorithm (Alg. [I), let’s first
decompose the complete transition sequences from the previous
examples:

e Request from child client. In Fig. [a] the Gets request
must propagate up because of a data and permission miss.
We identify it from the manager FSM, as the transaction

returns new read permissions with clean, coherent
data. To actually propagate it, we intuitively ask the policy
which client state can fulfill this request, (line 3 Alg. [I)
with policy.match-rule (). In the client FSM, it finds
the transaction I-+GetS to reach this final client state, and
synchronously starts it with client.process () (line 6). In
that example, the caching policy is inclusive, so the LLC must
allocate a new cache block (line 4) before, as the policy may
need to first trigger replacement (eviction of another block).

Algorithm 1: Synthesis of coherence controllers

1 V(manager-state, client-state) € manager.States X client.States

2 when receiving Request FROM child client:
/x Policies steer the final cache state */

3 client-final-state = policy.match-rule(client-state, Request);
/* Policy: run pre-rule =/

4 if client-final-state;Data; > P then cache.allocate-block();

5 policy.start-rule(client-state, Request);

/* Execute
client transaction(s) until the Request
is fulfilled and final state is reached */

6 client.process(client-state, Request, client-final-state);
/% Policy: run post-rule */

7 policy.end-rule(client-state, Request);

8 if client-final-state;Data; == NP then cache.deallocate-block();
/* Execute manager transaction x/

9 manager.process(manager-state, Request);

10 when receiving Request FROMparent manager:

/x Policy not needed for backward requests,
client steers the final cache state */

1 client-final-state = client.simulate(state, Request);

12 if client-final-state < client-state then

/* Downgrade
child caches first by re-submitting
the request to the manager */

13 manager.process(manager-state, Request, client-finale-state);

14 end

15 if client-final-state;Data; == NP then cache.deallocate-block();
/* Execute client transaction */

16 client.process(state, Request);

Lastly, as the client returns with ﬂ—?@ since a sharer cache

still exists, (line 9) the manager may only execute its transaction

GetS . . ..
1)5Z°124(S) as it cannot return read-exclusive permissions (E).

e Request from parent manager. In Fig. the Fwd-GetM
requests must propagate down as it downgrades data and permis-
sions of the client. We detect in the client FSM that its protocol
imposes the transition M)-—“““(1), with client .simulate ()
(line 11), and that it yields its write permission and dirty, coherent
data. In the manager FSM, we find that the transaction
produces the same effects, and we synchronously start it with
manager.process () (line 13). Only after it returned, the client
runs its original transaction to service the Fwd-GetM request
(line 16). Note that policies do not customize data movements,
as forwarded requests already impose clients’ data state.

Challenges. From this operational intuition, we make two
remarks: (1) SYNAPSE treats coherence transactions as black
boxes and does not modify their internal behavior during
composition; (2) The algorithm, however, requires equivalent
semantics between the states and requests of the manager, policy,
and client to identify which requests propagate and how. Since
the client and manager FSMs come from concrete protocol
specifications while the policy remains protocol-agnostic, the
key challenge is establishing a semantic mapping between them.

A. Abstract Protocol State Machine

To establish this semantic mapping across all input FSMs, we
define a generic characterization of controller states and requests,
that allows us to bring all FSMs to a common protocol-agnostic
abstraction level.

Universal semantics. We build our abstract model on key
properties universally found in coherence protocols: operation
permission, data state, and coherence state, that we use to label



the states and requests of concrete state machines. We define
them as follows:

o Permission: Op € {None, Read, Write, Read-Write}
« Data state: Data € {Not Present, Clean, Dirty}
 Coherence: C'oh € {co, nco}

Abstract states and messages. We define the states of abstract
controllers and abstract messages as a tuple of the previous
properties:

o Abstract state: S(Op, Data, Coh)

 Abstract message: M (Op, Data, Coh)

These 3 properties are universal concepts of protocols,
enabling us to lift concrete coherence manager and client to this
representation. For instance, the M state of M EST is labeled
with S(Rd/Wr, dirty, co); or the V state in the RCC' protocol
is labeled with S(Rd/Wr, dirty, nco).

These labels also create a semantically rich characterization
for protocol messages (cache requests and core events/accesses
alike), which we leverage to translate request semantics across
heterogeneous protocols. As a concrete example, a MESI
dirty-replacement request (PutM) and an RCC release request
(PutR) both are labeled (W, dirty, co), thus the algorithm
propagates them similarly.

Abstract caching policies. We define policies as a set of rules
that together specify controllers’ abstract state changes on
messages:

o Rule: initialState + Message— finalState

For instance, a load miss of an inclusive L1 is specified as:
S(_, NP, _) + M(Rd, none, _)—S(Rd, P, _)
Informally, this example denotes that when receiving a demand-
read with a not present (NP) cache block, the policy must
transition the controller to a final state with read permissions
and present (P) data (either clean or dirty). If unspecified with

_, a property matches any values.

Crucially, this example also captures how our universal
semantics allows policies to easily customize the propagation
logic of controllers, by enabling them to find semantically
matching transitions in the client FSM when invoking
policy.match-rule () (line 3 Alg. .

A set of such rules form a caching policy, which simulta-
neously specifies: (a) the concrete operations that a controller
can perform, and (b) the data management rules associated with
each operation. For instance, an L1-i policy will not specify
any rules containing Wr operations, and a hierarchical controller
policy (L2, LLC) will implement write-back or write-through,
and inclusive or exclusive behaviors through dedicated rules.

B. Labeling Concrete FSMs

To construct our abstract state machines, we statically analyze
each input protocol in isolation. We generate all communication
traces between client and manager, and collect all distinct FSM
transactions that form a complete transition sequence from a
stable state and core access (load, store) to final states where
the cache obtains its requested permissions. We then traverse
those communication traces to label the concrete FSM states
and messages with our abstract model properties (Op, Data,
Coh). For that, we start from the read and write statements
present in the FSM to detect states where cache blocks are read

or updated by the client and manager, and then we propagate
the labels to other messages and states as we traverse the
communication traces. Our algorithm then finds semantically
matching transitions when it propagates requests by simply
comparing the (Op, Data, Coh) labels, intuitively repeating the
semantically equivalent access from the initial requestor.

VI. THE SYNAPSE SYNTHESIS PIPELINE

In this section, we present SYNAPSE’s synthesis pipeline,
an end-to-end compiler to generate concrete controller
implementations of entire hierarchies from protocol, topology,
and policy specifications.

Workflow. The compiler pipeline is organized in the classic three
stages: Front, Middle, and Back end, as shown in Fig. [5| From
the three independent input specifications, brought together as the
SYNAPSE-DSL, it synthesizes the controller state machines and
formally verifies the correctness of their intermediate representa-
tion (IR), and then generates coherence controller models through
a dedicated back end for gem5’s SLICC code, enabling direct per-
formance evaluation and design space exploration in simulations.
We covered the synthesis algorithm in the previous section;
next, we detail its integration with the front and back ends.

A. SYNAPSE DSL

Topologies. We specify cache hierarchies and hardware
parameters of the simulated system with a simple declarative
YAML-like syntax. Topologies are a tree of clusters, which
comprise an interconnect (star, mesh, point-to-point) with its
link latency, flit size, and link bandwidth; and an enumeration
of nodes (either core, memory, cache controller or sub-cluster).
Each node includes hardware parameters relevant to the simulated
system (e.g., core type, cache capacity, mem. type, capacity,
or latency). In addition, cache controller nodes hold references
to specifications of a coherence manager, client and policy.

Coherence protocols. We rely on existing machine-readable
stable state protocol (SSP) specifications [68] of concrete 1-level
CCP, which concisely specify protocols (e.g., 650 SLOC for
CXL.mem). They specify state machines of cache and directory,
which we simply map to our coherence client and manager,
respectively.

Policies. We repurpose the SSP specification format for our
policies, by using a subset of its syntax and our own symbol
conventions for our model of abstract states and messages. For
ease of use, we implement a library of policies that contains
all base controllers (L1d/i, L2, LLC, Dir), as well as common
write (write-back, write-through) and inclusion policy (inclusive,
non-inclusive, exclusive).

B. Controller Synthesis

The DSL parser initializes the component IRs, representing
each controller FSM as a directed graph. Transition objects also
contain an abstract syntax tree (AST) of the controller action
specified in the SSP. The middle end then processes these
component IRs in three steps to produce concrete controller
FSMs for the full hierarchy.

Labeling. We run the static analysis from on each protocol
FSM in isolation, traversing communication traces between



INPUTS Front end Middle end Backend —, - OUTPUTS
Synapse-DSL B Architecture Controller Concrete Protocol FSM e2cem>
DSL & hierarchy Synthesis Dir SLICC code
Protocol parser Abstract LLC generator controllers
specifications Controller FSM Correctness L2) (L2) (L2 (1.2 Hardware simulation
Caching Manager | | Client Validation L1 L1 L1 [L1 configurator setup
Policies Policy

Fig. 5: The SYNAPSE pipeline. It takes as input coherence protocol, caching policy, and topology specifications, to generate
all SLICC controllers in the hierarchy, enabling performance evaluation of CCPs in gem5 simulations.

I Rule( S(_,NP,_), M(Rd,None,_), S(Rd4,P,_) )

Fig. 6: DSL excerpt from LLC-WriteBack-Inclusive Specs.

I Architecture cache {

Stable{I, S, F, E, M}
//Transaction: Start, Access, Final
4 Process (I, load, State){

msg = Request (GetS, 1ID, Dest

6 req.send (msqg) ;

directory.ID); //Src,

await {
8 when GetF_Ack:
9 cl=GetF_Ack.cl; load; State=F; break;
10 when GetM_Ack:
1 cl=GetM_Ack.cl; load; State=E; break;

12 }
13

Fig. 7: DSL excerpt from MESIF specs.

cache and directory to label every state and transition of the
client and manager IR with an abstract {Op,Data,Coh) tuple.

Synthesis. Alg. [T]runs for each controller instance in the topology,
fusing client and manager transition sequences as constrained
by the controller’s policy rules into a concrete FSM IR.

Topology resolution. We group concrete controller IRs into
clusters following the communication structure of the hierarchy,
and designate one manager and multiple client controllers in
each cluster. As a controller may be a manager in one cluster and
a client in another, the list of clusters captures the hierarchy’s
tiers. We pass it to the back end for virtual channel wiring and
simulation setup.

Example. We illustrate the pipeline through the synthesis of
the LLC transition in Fig. ffa] In this example, the LLC receives
a demand-read (Gets) request from an L1d, with its manager
and client components in state T and a missing cache block.

The static analysis first labels the states and messages of the
parsed FSMs, labeling T with S{(None, NP, co) and Gets with
M(Rd, None, _). These match the inclusive LLC load miss
rule, shown in Fig.[6} thus the policy assigns S(Rd, P, _) as the
abstract client final state when running policy.match-rule ()
(line 3 Alg. [T). The call to client.process () (line 6) then
finds the transaction I-+1oad with equivalent labels in the client
FSM, shown in Fig. [/} and executes it until it reaches state F
or E. The synthesis algorithm keeps both end paths in the final
FSM, as labels from both end states — F: S(Rd, clean, co), and
E: S(Rd/Wr, clean, co) — are compatible with the abstract
end state of the policy. If no transaction with equivalent labels
exists, the policy and protocol are incompatible and the synthesis
algorithm raises an exception. This is the case, for instance, when

pairing an exclusive policy with a protocol lacking a forwarding
mechanism.

C. SLICC Code Generator

The gem5 back ends output SLICC code for each cache
controller in the topology, along with the simulation setup code
that configures the system and hardware as in the topology spec-
ifications. Lowering our IR of the controller FSMs to the SLICC
dialect is straightforward, as SLICC implements FSMs of coher-
ence controllers in an event-driven language. Thus, we only tra-
verse our controllers” FSMs IR, group messages by virtual chan-
nel, and generate protocol message handlers for each coherence
state. Interestingly, thanks to policies, our FSM IR already mod-
els data management in cache controllers, so we can easily map
it to dynamic allocations of the cache block entry in SLICC. Sim-
ilarly, SLICC requires states to list their permissions, for gem5 in-
trospection, which we deduce from our abstract FSM permissions
labels (None, Rd, Wr, Rd/Wr) that we used during synthesis.
Back end extensibility. To date, Synapse features only a gem5

back end, as its primary goal is rapid architectural design-space
exploration. However, since the synthesis algorithm operates at
the specification level, the front end, middle end and the DSL are
back-end agnostic. Future work could therefore extend Synapse
with an additional back end, for instance, to target hardware
synthesis.

D. Correctness Validation

We validate the generated FSMs at the IR level by using
explicit state model checking, following the methodology
established by previous works on CCPs [52]], [53]. A separate
SYNAPSE back end automatically generates multiple system
models for the Murp model checker [40] that represent the
specified system configuration. We exhaustively explore these
models to verify liveness and safety properties.

Liveness validation. We verify that the generated FSMs are
deadlock-free, i.e., the system models can always transition to a
different state of the modeled system. We perform unrestricted
exploration of the system models and ensure that all reachable
states can transition to a different state [52f]. For complex
system models, we avoid a state space explosion by generating
multiple system models variants: each with only 1 cluster fully
modeled at a time, and with 3 cores at most.

Safety validation. We verify that the generated FSMs do
not violate the memory consistency model (MCM) of the
simulated cores, i.e., the system models produce disallowed
memory reorderings. For that, we use litmus tests: small multi-
threaded programs whose outcomes characterize MCM-allowed
or -disallowed re-orderings of memory operations. Like in [S3]],



Scenario S1 | s2 s3 S4
Feature
CPU
Cores config. 2 GHz, x86, 8-wide 000, 192 ROB
Cores # [8-30] | [8-30] 18 64
L1-D 64 KiB |64 KiB |256KiB| 64 KiB
L1-1 64 KiB |64 KiB|256KiB| 64 KiB
L2 1MiB - - -
LLC 8MiB | 2MiB | 8 MiB 2MiB
Interconnect
SMP (§1) p2p, 32B/Alit, 1c router, 5 ns link
NUMA (§52) mesh, 80B/lit, 1¢ router, 10 ns link
Multi-Host CXL (S3) || star, 256B/Alit, 1¢ router, 70 ns link
Hetero-Chiplets (S4) || star, 256B/flit, 1c router, 70 ns link
Memory
Local (S1-2) DDRS5, 4400 MHz, 8 GiB, 1-ch, 10 ns
Rem/Shr (S3-4) DDRS, 4400 MHz, 8 GiB, 8-ch, 10 ns

TABLE I: Simulated system parameters.

we generate Murp system models whose exploration is restricted
by the instructions of a litmus test. That is, threads of the
litmus test are mapped to L1 controllers, which issue memory
operations corresponding to litmus test instructions. We generate
separate Mury models per possible thread-to-L1 assignment. The
model checker then explores all potential memory re-orderings
and thread interleavings, ensuring no MCM violations, i.e., no
forbidden test outcome, is reached. We obtain litmus tests from
the herd7 [3] tool, for sequential (SC) and relaxed consistency
(RC) threads, including common checks like IRIW, MP, 2+2W,
CoRRI1, CoRR2, LB, R, RWC, S, SB, WRC, WRW+2W, and
WWC. By default, SYNAPSE integrates with SC and RC, but
users can also provide appropriate litmus tests for their MCM as
SYNAPSE generates litmus test models from any custom test set.

VII.
AUTOMATICALLY SYNTHESIZED COHERENCE CONTROLLERS

Based on the synthesis pipeline described in SYNAPSE
automatically generates concrete gem5 simulation setups for
the four scenarios S1-S4 presented in and shown in
Figure 2] We use gemS5 [57]] version 23.0, leveraging its detailed
memory subsystem, Ruby [56]], which provides accurate modeling
of cache hierarchies and coherence protocols, enabling precise
performance evaluation of the synthesized controllers. All experi-
ments are performed in gem5’s system call emulation (SE) mode.

S1: SMP. SYNAPSE synthesizes the S1 controllers for a
single-node SMP with multiple cores, all sharing a unified
last-level cache and a single local memory managed by a
centralized directory controller. Each core has a private 64 KiB
L1-T and 64 KiB L1-D cache, a private 1 MiB L2, and a shared
8MiB LLC. The main memory is modeled as a single-channel
DDRS. The on-chip network uses gem5’s Garnet model [[15]]
with a point-to-point topology; link latency is set to achieve
a 100ns end-to-end memory access latency, consistent with
measured SMP baselines [27]], [34]], [36].

S2: NUMA. For S2, SYNAPSE automatically generates 4 NUMA
nodes, each with the synthesized intra-cluster configuration of
S1. Each node manages its own local memory partition, with
remote accesses resolved via a directory coherence protocol
extended across all nodes. Inter-node communication is modeled
in Garnet as a point-to-point mesh with 80 B/flit links and 10ns
link latency, configured to match measured remote memory

access latencies of real NUMA systems [45], [61], [62], yielding
a remote access latency under 130 ns.

S3: Multi-Host CXL. This synthesized configuration comprises
two compute nodes, each with the synthesized SMP intra-cluster
configuration, connected to a third remote storage node,
emulating a disaggregated CXL memory system. Nodes
are connected via a star interconnect with 256 B/flit links
and 70ns link latency, producing an end-to-end remote
memory access latency of 400ns, consistent with reported
CXL measurements [59]. While PCle-level CXL simulators
exist [[79], we use Garnet to model the off-chip network across all
experiments, enabling a fair apples-to-apples comparison between
CCPs and isolating their effects from PCle-related differences.

S4: Hetero-Chiplets. SYNAPSE synthesizes the S4 controllers
targeting the multi-Processing Unit (PU) setup from [81]: a sys-
tem with 8 heterogeneous, chiplet-based SoCs, each with 8 cores
(64 PUs total), connected via a coherent star fabric modeling
either Intel UPI or CXL, using the remote access latencies from
the NUMA and Multi-host CXL scenarios, respectively. Each
PU represents an accelerator tile within its chiplet, equipped with
a private 64 KiB L1-I and L1-D cache and accesses a shared
2MiB LLC. All chiplets access a globally shared memory pool,
managed by a centralized directory, over the coherent star fabric.

Each accelerator is modeled using gem5’s SimpleTiming CPU
model. To accurately reflect the accelerator’s memory behavior,
we must enforce a relaxed memory model rather than the strict
consistency model CPUs default to. To achieve this, we use a cus-
tom Sequencer, the interface between the CPU and gem5’s Ruby
memory subsystem. This modified Sequencer implements two
key operational changes. First, we remove the single-outstanding-
request constraint per cache block (which is typically necessary
in default CPUs to meet SWMR constraints). Second, to simulate
the non-blocking store buffers typical of accelerators [77], the Se-
quencer returns immediate, asynchronous completions for mem-
ory operations that do not require immediate visibility (e.g., non-
temporal and release stores). This decouples CPU execution from
memory latency, while correctness is preserved by the Sequencer,
draining all outstanding operations at explicit synchronization
barriers (e.g., Acquire operations) that enforce global visibility.

lists a summary of the simulated system parameters
for each scenario.

VIII. EVALUATION

We evaluate SYNAPSE in two parts. In the first part, we
validate SYNAPSE’s ability to synthesize CCP controllers across
a wide range of system configurations (generality) that are
correct via litmus tests, and that match the performance of
hand-tuned protocols already available in gem5 (performance)
using multi-threaded benchmarks on the SMP scenario (S1). In
the second part, we study three use cases to demonstrate how
SYNAPSE facilitates design space exploration across realistic
scenarios: (i) analyzing the effect of different off-core coherence
protocols in the NUMA scenario (S2), (ii) exploring the effect
of varying bridge coherence protocols in the multi-host CXL
scenario (S3), and (iii) studying the impact of diverse allocation
policies in the heterogeneous chiplet-based SoC scenario (S4).



Case Studies Controllers On-Core Off-Core Write-Policy Inclusion-Policy
S1 | SMP L1-i,L1-d,L2,LLC,Dir | MESI,MOESI | — WB Inclusive
S2 | NUMA + Home-Agent MESI MESI, MOESI, MESIF WB Inclusive, Exclusive
S3 Multi-Host CXL + Bridge MESI MESI, CXL.mem, MOESI, MESIF | WB Inclusive
S4 | Hetero-Chiplets L1-i,L1-d, LLC, Dir MESI-RC* MESI, CXL.mem WB, WT Inclusive

TABLE II: Case studies of the evaluation, with a summary of the generated controllers, protocols, and policies.

A. Generality

SYNAPSE’s generic architecture enables the synthesis of a
large number of design combinations. Based on the 4-use-case
study presented in we synthesize designs for each
use case with different combinations of on-core and off-core
protocols, and write-back policies.

Starting with SMP (S1), we generate cache controllers for a
multi-level cache hierarchy under two SWMR protocols, MESI,
and MOESI. These designs demonstrate SYNAPSE’s capability
to synthesize homogeneous protocols that are widely adopted
by CPU vendors such as Intel, AMD, and Arm [8§]], [11], [44].

NUMA (S§2) extends a single SMP node to 4-sockets,
introducing a tiered memory hierarchy in which remote accesses
incur significantly higher latencies than local ones, typically
1.3x more [16], [25], [29]. Managing this gap requires dedicated
off-core coherence protocols as well as LLC inclusion policies
that minimize unnecessary remote traffic. To this end, we
use SYNAPSE to synthesize three off-core protocol variants:
MESI, MOESI, and MESIF, evaluated under both inclusive and
exclusive LLC policies, and paired with a MESI on-core protocol.

Multi-Host CXL (S3) targets a disaggregated system in which
multiple compute nodes share a common memory pool. Unlike
NUMA, this scenario operates at substantially higher remote
memory access latencies, reaching up to 400ns [61]. SYNAPSE
synthesizes MESI, MOESI, MESIF, and CXL off-core variants,
allowing us to evaluate the effect of varying bridge coherence
protocols across this higher-latency interconnect fabric.

Hetero-Chiplets (S4) models a chiplet-based SoCs where
massively parallel workloads cannot afford the invalidate-on-
write overhead of SWMR protocols. By synthesizing MESI-RC
(a Release Consistency variant of MESI where coherence is
triggered explicitly via acquire/release rather than on every
memory access) as the on-core protocol paired with MESI and
CXL off-core variants and by generating both write-back and
write-through variants, SYNAPSE generates both write-back and
write-through variants for this scenario.

summarizes the design space evaluated with SYNAPSE,
mapping the synthesized controllers, on-core and off-core
protocols, and caching policies across all four architectural
scenarios. To quantify the abstraction SYNAPSE provides,
[Tab. Il reports, for each combination, the size of the DSL inputs,
the number of states and transitions of the generated FSMs,
and the resulting SLICC code size. Overall, these results show
that Synapse synthesizes directory-based |'| controllers spanning
every level of the hierarchy and a broad, heterogeneous design
space, from compact protocol and policy specifications alone.

'Support for snooping-based protocols in Synapse is straightforward: The
SSP already supports broadcast messages, so the input protocol logic can be
adapted for snooping.

B. Correctness

To validate the SLICC back end, we verify that SYNAPSE-
synthesized CCPs correctly enforce the host’s local MCM by
executing litmus tests in the gem5 simulation environment
across the diverse combinations of topologies and protocols
presented in We exclude the Hetero-Chiplets protocols
from this assertion, as the custom sequencer introduces a
different memory consistency model that is neither captured by
our existing litmus tests nor easily addressed without defining
new ones, which we consider outside the scope of this paper.

For the correctness tests, we configure the system with ARM
cores instead of x86, as ARM’s weaker memory model permits
more reordering to be observable without appropriate fences,
making litmus tests more effective for testing cache coherence
designs.

We execute five common litmus tests generated using the herd7
tool [3)]: 2_2W, MP, R, S, SB. Each test is executed 100,000
times, with threads distributed equally across the compute nodes.

Results. Across all tests, no forbidden outcomes were observed,
confirming that the synthesized protocols maintain consistency
by enforcing appropriate orderings.

Cross validation. To ensure that the litmus test will indeed
detect forbidden outcomes and SYNAPSE does not introduce
stronger memory ordering guarantees than the MCM defines,
we intentionally removed all synchronization fences from the
litmus tests. As expected, these modified tests produced at least
one forbidden outcome in each case, serving as a control that
our tests don’t pass unconditionally.

C. Performance

We evaluate SYNAPSE-generated controllers for the SMP
scenario (S1) against all hand-crafted CCP implementations
available in gem5 for this configuration: MESI two- and
three-level protocols (referred respectively as MESI-2L and
MESI-3L) and the MOESI_CMP two-level protocol (referred to
as MOESI-ZLﬂ assessing whether automated synthesis incurs
any execution overhead compared to manually-written protocols.

Workloads. We used 30 parallel applications drawn from
established benchmark suites: 11 applications from PARSEC |[1],
7 applications from Phoenix [72]], 12 applications from
Splash [31]]. All benchmarks are executed with small input
sizes to maintain tractable simulation times while preserving
fundamental communication patterns.

Results. Figure (8| reports normalized execution time across
all workloads for the three protocol pairs, normalized to the
handwritten gem5 implementations. On average, the protocols
synthesized by SYNAPSE remain within 1.0% of the handwritten
protocols across all configurations: MESI-2L. shows a mean
difference of +0.5%, MESI-3L of —1.1%, and MOESI-2L

2Qther coherence protocol implementations included in gem5 target outdated
systems or lack real-world relevance (eg., MI, MSI).



PROTOCOLS INPUT SIZE (LOC) STATES/TRANSITIONS
On-core Off-core Protoc.  Policy*  Topology* L1 L2 LLC Dir SYNTH. CODE (LOC)
MESI MESI 410 40+15 80410 13/41 woE 56/327 6/45 7K
MOESI MOESI 513 40+15 80+10 17/47 *E 128/699 9/52 15K
MESI MOESI 923 40+15 80410 12/36  45/188 83/468 9/52 19K
MESI MESIF 1067 40+15 80410 12/36  45/188 92/542 9/49 14K
MESI CXL.mem 1060 40+15 80410 12/36  45/188 64/358 12/74 14K

*Policy and topology input size varies with the specification used across the use-cases. **for 2-level on-core hierarchy
TABLE III: List of input protocol combinations, with input sizes, generated states and transitions, and resulting SLICC code size.
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Fig. 8: Mean normalized execution time of Synapse-synthesized
vs. gemS manual (library) implementations across 30 workloads.

of —0.7%. The per-benchmark variance is relatively contained
across the evaluated configurations. Specifically, considering
the 5th and 95th percentiles, 90% of the benchmarks report
execution times ranging between —1.1% and +2.3% for
MESI-2L, between —8.5% and +4.2% for MESI-3L, and
between —7.4% and +3.1% for MOESI-2L.

Analysis. We perform a root-cause analysis to understand the
performance differences among outliers and find that they are due

to subtle differences in the implementation of unblock messages.

In gem5 handwritten SLICC implementations changing, the
access permissions of a cache line (e.g., upgrading to write or
downgrading to read access) requires the requesting node to send
an explicit unblock message to the directory, adding a network
round-trip per transition. SYNAPSE eliminates this step entirely
in MESI; in MOESI, we introduce unblock messages only when
the directory holds the line in O state. This approach significantly
reduces network traffic, and unlike gem3, it allows the LLC and
directory to immediately process subsequent requests to the same

cache line, rather than stalling them until the unblock is received.

The overall overhead observed in SYNAPSE is attributable to
minor differences in response channel organization between
SYNAPSE and gem5’s handwritten implementation.

Takeaway. The results of the first part of the evaluation
demonstrate that SYNAPSE synthesizes correct CCP controllers
across a wide range of system configurations and protocol
variants, as confirmed by litmus tests. Performance comparisons
further show that the synthesized controllers closely match
hand-tuned gem5 implementations, with an average difference
within 1.0%. In the second part, we demonstrate SYNAPSE’S
practicality through three use cases targeting design space
exploration across increasingly complex architectures.

D. Use-case #1: Off-Core Protocols in NUMA Scenario

In the first use case, we use SYNAPSE to synthesize and
evaluate four off-core protocol variants in the NUMA scenario
(S2): MESI, MOESI, and two versions of MESIF, all paired
with a fixed MESI on-core protocol. For MESIF, we explore the
impact of different caching policies by synthesizing both inclusive
and exclusive LLC variants. We compare these configurations to

B MESI O MOESI @ MESIFjng N MESIFex

Benchmark Suites Selected Applications

(w.r.t. MESI)

Normalized runtime

Parsec Phoenix Splash

Fig. 9: Normalized execution time of 4 off-core protocol
configurations in the NUMA scenario.

understand how the choice of protocol, together with LLC inclu-
sion policies, affects memory bandwidth, interconnect overhead,
and execution time across diverse multi-threaded workloads.

Workloads. We used the same set of multi-threaded applications
as in the SMP performance evaluation (§ [VIII-C).

Results. Figure [9] reports normalized execution time for
MESIF,,.;, MESIF,,;, and MOESI, all normalized to the MESI
baseline. On average across the three protocol extensions,
introducing the F and O states yields a 0.9% reduction in
execution time compared to the MESI baseline. MESIF,,,
outperforms the baseline by an average of 0.8%, with
per-benchmark variations ranging from a 7.7% reduction to a
3.3% increase. MESIF;,.; achieves an average speedup of 1.2%,
ranging from 5.9% faster to 0.4% slower. Similarly, MOESI
achieves an average speedup of 0.6% over the baseline, with
execution times ranging from 3.6% faster to 3.2% slower.

Analysis. Compared to MESI, the three alternative protocols
reduce memory read bandwidth by enabling cache lines to be
served from peer caches rather than main memory. On average,
MESIF,,,; reduces memory read bandwidth by 17.4%, MESIF,,,.,
by 15.5%, and MOESI by 13.1%. Despite not achieving the
highest bandwidth reduction, MESIF;,; benefits from the lowest
interconnect overhead, generating only 2.0% more network traffic
versus 5.1% for MESIF,,.;. While MESIF,,.; maximizes effective
cache capacity by pushing the forwarder into the private caches,
this design adds two extra network hops to the critical path
because shared read requests must be routed from the LLC to a
peer cache. Conversely, MESIF;,.; keeps the forwarder directly in
the LLC, avoiding these extra hops and the full memory fetches
of MOESI to shorten the overall shared read latency. Radix
(rdx) exemplifies this trend: MESIF;,.; achieves a 4.5% speedup
versus 4.2% for MESIF,,; and 3.1% for MOESI, driven by 5.2%
lower miss latency than MESIF,,.; and 2.8% lower than MOESIL.

In read-dominated benchmarks with large working sets, how-
ever, MESIF,,.; outperforms MESIF;,; by preventing L1 lines
from duplicating in the LLC, expanding effective cache capacity
and reducing evictions. In linear regression (1r), this yields
1.9 higher LLC load hit rates (13.0% vs. 6.8%), translating to
a 4.3% speedup against 1.5% for MESIF;,.;. In matrix multiply
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Fig. 10: Throughput (Kops/s) of four inter-node bridge protocol
configurations in the multi-host CXL scenario across five YCSB
workloads.

(mm), the effect is similarly pronounced: 1.3x higher LLC hit
rates (19.4% vs. 14.8%) and a 7.7% vs. 5.1% speedup.

In write-sharing dominated benchmarks such as histogram
(hist), MOESI outperforms MESIF;,.; (+1.2%) and MESIF,,,
(+2.7%). MESIF’s F state requires a two-step process for
dirty-line sharing: writeback to the directory followed by
forwarding to the requestor. The writeback holds the directory
in a transient state until it receives it, serializing subsequent
requests to the same line. On the other hand, MOESI’s O state
eliminates this bottleneck via direct cache-to-cache transfers
of dirty data, reducing directory stalls in hist by 48% and
35% against MESIF,,.; and MESIF;, respectively.

Insight. Larger cache capacities in modern systems make MESI

protocols increasingly attractive, as the cache-space and traffic
savings historically offered by O and F states become less
critical. Our results, however, show that these states remain
beneficial in NUMA topologies, where MESIF and MOESI
outperform the MESI baseline, with MESIF’s additional F state
being most beneficial in this setting.

E. Use-case #2: CCP Effects in Distributed KVS

In the second use case, we evaluate the effect of varying bridge
coherence protocols on latency and throughput under disaggre-
gated memory conditions. For this, we use SYNAPSE to synthe-
size controllers for four off-core protocol variants (MESI, MOESI,
MESIF, and CXL) in the multi-host CXL scenario (S3). All pro-
tocols use an inclusive policy and a fixed MESI on-core protocol.

Workloads. We build an in-memory distributed key-value store
(KVS) using a concurrent hash-map with a dedicated allocator,
where shared data objects reside on remote disaggregated
memory while thread-private data remain local. We drive the
KVS with YCSB [23] workloads to model realistic data-serving
access patterns.

Results. Figure [I0] compares the four protocols across the
five YCSB workloads under 16 threads, measuring absolute
throughput (Kops/s). Across all workloads, MOESI and MESIF
closely track MESI, with average throughput gains of 1.4%
(0.1%-2.6%) and 1.0% (0.0%—1.8%), respectively. In contrast,
CXL shows a consistent throughput reduction, averaging 14.8%
(14.1%—-15.8%) relative to MESI.

Analysis. Figure reveals a clear trend: CXL consistently
underperforms all other protocol variants in throughput across all
workloads. The reason is that YCSB workloads are characterized
by read-dominated access patterns with periodic writes, producing
a read-before-write profile in which cache lines accumulate

sharers across clusters before an ownership upgrade is issued.

0 MESI-WB 8 MESI-WT [ CXL-WB B CXL-WT
i

(w.r.t. MESI-WB)
SO
o

o
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PAD
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Fig. 11: Performance comparison between write-back and
write-through policies for MESI and CXL off-core protocols
in the hetero-chiplets scenario.

This pattern maximizes cross-cluster invalidation traffic, where
CXL'’s overhead is most pronounced. For write requests, dirty-
owner invalidation requires 6 remote message delays versus
3 in the other variants. For read requests, CXL still blocks
the directory awaiting memory writeback, whereas MOESI,
and MESIF allow the prior owner/forwarder to supply data
directly via Fwd_GetS. Both cases compound into a convoy
effect on contended lines, causing CXL to incur 37% more
cycles per LLC miss than MESI. Among the non-CXL variants,
MOESI marginally outperforms MESI and MESIF as during
dirty-owner invalidation, the O state supplies dirty data directly
to the requestor on ownership downgrade, avoiding the writeback
to memory that both MESI and MESIF must complete before
releasing ownership.

Insight. CXL consistently underperforms the other protocols

because of its less efficient invalidation mechanism. For a write
request to a line shared across clusters, the directory first invali-
dates all sharers, then reads the line back from memory to supply
it to the requester. Other protocols avoid this memory access
by forwarding the line directly from the owner or forwarder.

F. Use-case #3: Impact of Caching Policies

In the final use case, we assess how caching policies
affect performance under massively parallel workloads. Using
SYNAPSE and the heterogeneous chiplet SoC scenario (S4), we
compare four configurations combining MESI-RC on-core with
either MESI or CXL off-core protocols, each with a write-back
and write-through policy.

Workloads. We evaluate multi-PU workloads from the
CHAI [32]] and Pannotia [18]] benchmark suites, which are
widely used in previous works on multi-PU cache coherence
protocols [4] 5] [[73].

Results. Figure [IT] reports execution time across all workloads
normalized to MESI-WB. MESI-WT consistently outperforms
MESI-WB, reducing execution time by 1.08-2.9x (average
1.9x). CXL-WT similarly outperforms CXL-WB by 1.08-3.8 x
(average 1.8x). Both CXL configurations underperform their
MESI counterparts, with CXL-WB incurring up to 1.97x
overhead relative to MESI-WB.

Analysis. Two patterns emerge from these results. First, the write-
through policy outperforms write-back due to a different handling
of non-temporal stores (writes annotated as having no reuse). Un-
der WB, every store must first acquire exclusive ownership, even
for streaming data with no reuse. Under WT, non-temporal stores
bypass L1 and write directly to the LLC, serving as the coherence
point in this design, without acquiring exclusive ownership. This
design reduces both memory traffic and cache pollution. Memory



reads decrease by 1.5-14x across benchmarks. L1 evictions drop
by up to 3x (PR), and are eliminated entirely in TQH, HSTI,
and PAD, freeing cache capacity for data with actual reuse.
Second, both CXL configurations consistently underperform
their MESI counterparts. This gap stems directly from the
architectural difference between the two scenarios: the CXL
interconnect introduces higher remote memory access latency,
amplifying its cost regardless of the write policy.
Insight. For massively parallel workloads with streaming,

no-reuse data, the caching policy is a more effective design
lever than the off-core protocols: selecting write-through over
write-back yields larger gains than switching the underlying
coherence protocol (CXL write-through outperforms MESI
write-back in PR, TQH, and HSTI benchmarks, despite the
lower UPI interconnect latencies), making policy selection a
first-order decision for accelerator-centric systems.

Takeaway. Together, the three use cases demonstrate that
SYNAPSE enables practical design space exploration across
diverse architectures, surfacing non-obvious trade-offs be-
tween protocol variants, inclusion policies, and interconnect
characteristics—insights that can help hardware architects in
making informed design decisions.

IX. RELATED WORK

Cache coherent abstractions and DSLs. As detailed in
SLICC and TileLink [76]], the de facto DSLs
for coherence modeling in gem5 and chip-scale SoC design
respectively, both operate at a low abstraction level, requiring
developers to manually define complete protocol state machines.
While the ProtoGen [68] DSL raises the abstraction level by
accepting atomic SSP, it remains limited to protocol semantics
and lacks support for architectural configuration.
Orthogonally, Hemiola [19] and Dave et al. [24] intro-
duce DSLs targeting hardware synthesis: Hemiola via a Coq-
embedded [71]] rule-based specification synthesized through
Kami [20], Dave et al. via Bluespec for RTL generation from con-
current specifications. However, Hemiola targets specific architec-
tures, while Bluespec requires specified protocols to already be
concurrent, with no support for automatic concurrency generation.

Automated coherence protocol design. While we have already
discussed ProtoGen [68]], HieraGen [70], HeteroGen [69], and
vCXLGen [52] at length in alternative approaches
have explored program synthesis techniques for protocol
construction with a focus only on verification. Examples include
VerC3 [26] and TRANSIT [78]], which treat protocol design as
a program-synthesis problem from partial specifications. VerC3
mitigates state-space explosion through heuristic pruning, while
TRANSIT relies on user-provided fixes to counterexamples.
However, both approaches face scalability limitations when
applied to complex, realistic protocol designs. Verifiability can
also be achieved through manual design [49], [60], [82] which
structure protocols hierarchically to facilitate formal verification,
but without automating the design process itself.

In contrast, MapleBoard [80] and SYNTHIA [47] provide
an end-to-end performance evaluation of synthesized protocols.
However, they restrict the design space to predictable, snooping
bus-based coherence protocols for real-time multi-processor

systems-on-chip (MPSoCs), which limits exploration of directory-
based protocols commonly used in modern large-scale systems.

Heterogeneous cache coherence. Combining heterogeneous
coherence protocols across CPUs, GPUs, and accelerators
requires bridging fundamentally different consistency semantics,
a challenge addressed by diverse industry standards [[12], [21],
[22]], [28]] through configurable coherence mechanisms. Prior
work has tackled protocol bridging manually [6], [49], [67],
each tailored to specific protocol combinations or interface
assumptions. However, these approaches assume a static
architecture and lack generality: merged directory solutions [6]
prevent dynamic host attachment, while custom interface
approaches [67]] remain confined to SWMR semantics.

X. CONCLUSION

This work presents SYNAPSE, a generic and systematic
methodology and compilation framework for the automated
synthesis of cache coherence controllers grounded in a key
observation: any controller FSM is fully determined by three
orthogonal constituents: protocol specification, system topology,
and caching policies. Decoupling these constituents enables
SYNAPSE to synthesize correct, architecture-aware controllers for
arbitrarily complex systems via a declarative DSL, a synthesis
pipeline, and a gem5 back end, with correctness validated
through Mury model checking and memory consistency
litmus tests. Our evaluation across four representative modern
architectures confirms that synthesized controllers match
hand-tuned gem5 implementations within 1.0% on average,
while three use cases demonstrate SYNAPSE’s practicality in
exposing non-obvious protocol and policy trade-offs across
NUMA, multi-host CXL, and heterogeneous chiplet scenarios.
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ARTIFACT APPENDIX
A. Abstract

This artifact provides the synthesized cache-coherence
controllers of Synapse, the two gemS5-based environments
that run them, and the scripts to reproduce our evaluation
(Figures 811 and the ARM litmus tests). We include detailed
instructions for using the models and for building the simulators,
benchmarks, and their dependencies from scratch.

Because the evaluation relies on two distinct simulators, the
artifact is split into two self-contained parts. Scenarios S1-S3
(Figures 8-10 and the litmus tests) target gem5 v23, whereas
scenario S4 (Figure 11, heterogeneous accelerator chiplets)
targets gem5 v20. Each part ships with a Dockerfile that
provisions the corresponding environment.

Building all workloads and all 24 model variants (14 x86 and
10 ARM) takes roughly 4-6 hours on a 32-core server. To avoid



this, we also provide two prebuilt Docker images, one per envi-
ronment, with every binary already compiled and ready to run.

B. Artifact check-list (meta-information)

« Compilation: GCC/G++ 11.4.0, SCons 4.0+, Python 3.10+,
gemS v23.1.0.0 dependencies (S1-S3); gem5 v20.1.0.0
dependencies (S4), and a RISC-V cross toolchain, provided
in the S4 Docker image (S4).

o Data set: PARSEC 3.0, SPLASH-4, Phoenix-2.0, YCSB-C,
Rodinia and Chai. Litmus tests: 2 2W, MP, R, S, SB and
their fenced (dmb . sy, dmb . sys) variants, generated with
Herd7 [3].

« Run-time environment:
Docker container).

o Hardware: Any general-purpose x86_64 CPU.

o Metrics: Execution time (Figures 8, 9, 11), throughput
(Figure 10), and litmus-test outcomes.

o Experiments: Use the provided per-figure scripts to
evaluate the synthesized controllers against the handwritten
baselines and across the coherence-protocol combinations
of each scenario.

« How much disk space is required? (approx): ~40 GiB.
Prebuilt images: ~7 GiB (S1-S3) and ~3 GiB (S4); one
gem) build directory: ~5 GiB; benchmarks (incl. PARSEC
inputs): ~4 GiB; experiment outputs: ~15 GiB.

« How much time is needed to prepare workflow? (approx):
~4-6 hours to compile all 24 gem5 variants; ~30 minutes
to compile the workloads. None if the prebuilt images are
used.

« How much time is needed to complete experiments?
(approx): ~1 day for the full suite (Figures 8, 9, 10, 11,
and the litmus tests) on a 32-core server; a functional check
takes under a minute.

« Publicly available: Yes.

o Code licenses: MIT.

o Archived (DOI): |https://doi.org/10.5281/zenod0.21539116

Ubuntu 22.04 LTS (native or

C. Description

1) How to access: The source code is publicly available on
GitHub (https://github.com/TUM-DSE/Synapse) and archived
on Zenodo (https://doi.org/10.5281/zenodo.21539116).

2) Hardware dependencies: The artifact can be evaluated on
any general-purpose x86_64 CPU with at least 40 GiB of free
disk space to build and run both gem5 environments. Each gem5
simulation uses about 12 GiB of RAM (median 9.6 GiB over
the runs behind the paper’s figures; worst case ~53 GiB); the
run scripts cap concurrency according to the available memory.

We recommend a server with at least 32 cores to speed up
compilation and to parallelize the simulations.

3) Software dependencies: We recommend running all
compilation and experiments inside the provided Docker
containers, in which case the only software dependency is
a working Docker environment. Alternatively, the S1-S3
part can be evaluated on a native Ubuntu 22.04 installation
(native, container, or VM); refer to the artifact README for
the native setup instructions. The S4 part requires a RISC-V
cross toolchain and is only supported through its Docker image.

4) Data sets: The artifact includes the source code and in-
structions to build all workloads from source. We also provide the
compiled binaries as two prebuilt Docker images on Docker Hub
(https://hub.docker.com/r/carpeniem/synapse-artifact-s1_2_3 and
https://hub.docker.com/r/carpeniem/synapse-artifact-s4). To build
from source, use the Build scripts as noted in the README.

D. Installation

The artifact repository contains all necessary components,
including the two gem5 simulators, the synthesized coherence
controllers, the benchmark suites, and the experiment scripts.
For each component we provide detailed build instructions in
the corresponding README section.

To build gem5 with all protocol variants for both the x86
(performance figures) and ARM (litmus tests) architectures,
follow the Build gemb| section of the README. To build
the accelerator-chiplet environment for Figure 11, follow the
Figure 11| instructions.

To build the benchmarks, follow the Build Benchmarks
section of the README.

Each figure is produced by a single command that generates
its experiment configuration, runs the simulations, extracts the
statistics, and plots the result; detailed instructions are in the
Run Experiments| section.

E. Experiment workflow

A quick functional check (just functional-test, un-
der a minute) runs the synthesized controllers on a deterministic
workload and compares the result against native execution,
exercising the whole toolchain before any full experiment.

The four figures are then reproduced independently with
just fig8, fig9, figl0, figll, and the correctness
evaluation with just litmus.

F. Evaluation and expected results

Once the experiments complete, each run script writes the cor-
responding figure into the data directory of its experiment tree.

The figures should match those in the paper: the synthesized
controllers track the handwritten gem5 baselines within about
1% (Figure 8), and the protocol and policy studies of Figures 9,
10, and 11 reproduce the reported trends. The litmus-test report
confirms that every forbidden outcome is correctly prevented
by the synthesized controllers.

G. Methodology

Submission, reviewing, and badging methodology:

« https://www.acm.org/publications/policies/
artifact-review-and-badging-current
o https://cTuning.org/ae
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