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Abstract

Blockchain systems have faced persistent challenges related to frag-
mentation, inefficiency, and limited interoperability. The monolithic ar-
chitecture of existing blockchains tightly couples execution, settlement,
consensus, and data, leading to scalability bottlenecks and isolated ecosys-
tems. Developers are restricted by language-specific environments, while
cross-chain interactions rely on insecure and inefficient bridging mecha-
nisms. These limitations stifle innovation, increase costs, and create secu-
rity vulnerabilities, preventing the seamless development and deployment
of decentralized applications across multiple blockchain networks.

To address these issues, Pi Squared introduces the Verifiability Stack,
a three-tiered architecture comprising the Verifiable Settlement Layer
(VSL), the Verifiable Language Machine (VLM), and the Verifiable Con-
sensus Protocol (VCP). The VSL provides a unified settlement layer based
on verifiable claims, eliminating the need for traditional cross-chain bridges.
The VLM enables smart contract development in any programming lan-
guage, breaking the constraints of ecosystem-specific virtual machines.
The VCP redefines consensus by allowing agreement on unordered, inde-
pendent values, unlocking massive parallelism and improving scalability.

By integrating the VSL, the VLM, and the VCP, Pi Squared’s Verifi-
ability Stack creates a flexible, efficient, and secure foundation for next-
generation blockchain applications. This framework enhances interoper-
ability, empowers developers with efficient execution of smart contracts
in any languages or VMs, and introduces a scalable consensus model that
moves beyond traditional ordering constraints. As a result, it enables a
more inclusive and adaptable Web3 ecosystem, fostering innovation and
broadening access to decentralized applications across diverse platforms.
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1 Introduction

Web3 has struggled with fragmentation and interoperability challenges for the
past decade. These challenges arise from the monolithic architecture of blockchains,
where execution, settlement, consensus and data are all tightly coupled within
the same layer. Additionally, blockchain networks operate in isolated silos,
relying on ad hoc or incomplete solutions for interoperability. Furthermore,
blockchains enforce transaction serialization by design, which has consistently
limited their scalability. While this traditional design may be adequate for a
narrow range of applications, it presents several critical challenges:

e Complexity and security: Blockchains operate in isolation, requiring
bridges or third-party solutions for interoperability. These introduce la-
tency, high costs, and security vulnerabilities, as seen in bridge exploits.
Cross-chain transactions demand complex infrastructure, increasing fail-
ure and attack risks.

e Inefficiency and cost: Monolithic blockchain architectures force inter-
chain operations through redundant consensus, execution, and verification
layers, leading to excessive fees, slow finality, and inefficient transaction
serialization.

e Fragmented state: Assets and information remain siloed across chains,
requiring cumbersome wrapping mechanisms and intermediary trust. This
reduces capital efficiency, complicates multi-chain applications, and in-
creases security risks.

e Siloed development: Each blockchain has distinct rules, languages, and
execution environments, making cross-chain interoperability difficult. De-
velopers must build for specific ecosystems (e.g., Solidity for Ethereum,
Rust for Solana), creating steep learning curves and limiting application
portability.

e Language and VM inflexibility: Developers are locked into ecosystem-
specific technology stacks, restricting innovation and excluding those pro-
ficient in other languages like Python, JavaScript, or Haskell from smart
contract development.

e Scalability bottleneck: Traditional blockchains enforce global transac-
tion ordering, even when unnecessary, leading to inefficient serialization.
This limits scalability for applications that could process transactions in
parallel, such as off-chain computation verification and multi-agent coor-
dination.

To tackle these challenges, we introduce in this paper the Pi Squared Verifi-
ability Stack, a three-tiered architecture comprising the Verifiable Settlement
Layer (VSL), the Verifiable Language Machine (VLM) and the Verifiable Con-
sensus Protocol(VCP).



The Verifiable Settlement Layer (VSL) introduces a unifying layer that
connects applications across different blockchains using claims, which represent
provable or verifiable statements. Various types of claims—such as computa-
tion, state queries, consensus validation, and vetted information—are submitted
to the VSL with corresponding proofs for verification and settlement. The sys-
tem supports multiple proof mechanisms, including mathematical proofs, ZK
proofs, re-execution, and digital signatures, making it flexible and universally
compatible. Once verified, claims are added to the valid claim set, a monotonic
structure that only grows over time.

Applications on any blockchain can query the VSL for verified claims about
other chains and receive membership proofs, verifiable certificates confirming
claim inclusion in the valid claim set. This eliminates the need for complex
consensus mechanisms, as membership proofs are succinct and efficiently stored
on-chain. By replacing ad-hoc blockchain bridges with a spoke-hub model, the
VSL creates a standardized, verifiable framework for cross-chain interoperability,
ensuring a more scalable and efficient Web3 ecosystem.

The Verifiable Language Machine (VLM) brings the universality of
the K framework and Proof of Proof to Web3, making blockchain development
accessible to a broader community of Web2 developers unfamiliar with Web3-
specific languages and stacks. As an open-source blockchain execution layer,
the VLM enables smart contract development in any programming language,
unlike traditional blockchains that enforce a single prescribed language. It also
supports dynamic extensibility, allowing new languages to be added on-the-fly,
fostering a diverse and interoperable language ecosystem. This flexibility em-
powers developers to use their preferred languages while lowering entry barriers
for millions unfamiliar with existing Web3 languages. Pi Squared is building
VLM because its formally grounded, universal approach enhances flexibility,
security, and developer experience, paving the way for future innovation in de-
centralized applications and a more inclusive blockchain ecosystem.

The Verifiable Consensus Protocol (VCP) is a breakthrough in con-
sensus design, leveraging the self-contained and independently verifiable nature
of the VSL claims to redefine how decentralized systems achieve agreement.
Unlike traditional consensus mechanisms that focus on ordering transactions or
blocks—introducing unnecessary complexity — the VCP allows nodes to agree
on unordered, independent values (claims), enabling massive parallelism for
scalability and efficiency. By decoupling core consensus from application-specific
safety properties, such as fork prevention in blockchains or double-spending pre-
vention in payment systems, the VCP shifts the responsibility of proving these
properties to the applications themselves. This separation results in a universal
and flexible consensus framework, adaptable across diverse applications, from
blockchain-based smart contracts to distributed databases, scientific computa-
tion verification, and multi-agent coordination. As a result, the VCP enables
scalable, unconstrained systems that are no longer bottlenecked by traditional
ordering-based consensus mechanisms.

In summary, the challenges of fragmentation and inefficiency that have long
plagued Web3 can be overcome with the innovative approach introduced by Pi



Squared’s Verifiability Stack. By unifying cross-chain interoperability through
the VSL, enabling flexible development environments with the VLM, and pro-
viding scalable consensus with the VCP, Pi Squared is transforming the land-
scape of decentralized systems. This new framework empowers developers, im-
proves scalability, and enhances security, fostering a more inclusive, efficient,
and adaptable ecosystem.

The remainder of this paper is structured as follows. Section 2 introduces
the VSL claims and describes the VSL architecture. This is followed in Sec-
tion 3 by a description of the VLM, detailing its architecture and providing an
overview of its mathematical foundations. After that, Section 4 presents the
VCP, discussing the set consensus problem, protocol algorithms, and potential
extensions. Finally, Section 5 concludes with a summary and a future outlook.

2 Verifiable Settlement Layer

The Verifiable Settlement Layer (VSL) is a distributed network with config-
urable validation nodes to accept, verify, settle, and store claims, submitted
and used by all dApps and blockchains across ecosystems. The VSL serves as
a common layer that connects the computation and information islands in the
current Web3 space following the spoke-hub distribution paradigm, as a solution
to the interoperability issue that is plaguing the blockchain space.

2.1 VSL Claims

Claims are a mathematical concept that plays a vital role in the VSL. In short,
claims are anything provable. We give some typical examples of claims in the
following.

e Computation: The execution of any program in any programming lan-
guage and/or virtual machine (VM) forms a claim of the form (spe, P, Spost)
where Spre, Spost are the runtime states before and after executing the pro-
gram P.

e State queries: State query functions, such as the view functions of the
Ethereum network, returns the current state of a given blockchain, which
forms a claim of the form viewFunc(s) =r.

e Consensus: Given a block header, whether or not it belongs to the longest
header chain is an important consensus problem and forms a consensus
claim.

e Vetted knowledge: Data that is available either on-chain or via a data
availability layer can be vetted by their stakeholders, which form a claim
of vetted knowledge and/or information.

Different types of claims may be verified by different types of proof mech-
anisms and the VSL is compatible with all proof mechanisms. Computation
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Figure 1: Verifiable Settlement Layer (VSL) Architecture

claims and state query claims are related to the execution of some programs or
functions, so their proofs can be generated using a verifiable computing frame-
work such as a zero-knowledge virtual machine (zkVM) or the Pi Squared’s
Proof of Proof framework. They can also be generated via the straightforward
validation-by-reexecution scheme. Consensus claims can be verified by the cryp-
tographic consensus proofs. Vetted knowledge and information can be verified
by digital signature schemes. In short, the VSL allows nodes to be configurable
and to use the appropriate and desired proof mechanisms based on the types of
the claims that are being verified and settled.

2.2 VSL Architecture

We present the VSL architecture in Figure[l} The VSL network is a distributed
topological structure that consists of many VSL nodes, connected among each
via the Pi Squared’s Verifiable Consensus Protocol.

Any applications or users can submit claims to the VSL for verification and
settlement. Depending on their use cases and the needs, these claims can have
various types, such as transaction claims (i.e., computation claims), state query
claims, consensus claims, and/or vetted information claims. Every claim must
be associated with a corresponding proof, and thus forms a pair (¢, 7), where
c is the mathematical representation of the claim and 7 is a proof that can be
verified by the VSL nodes.

Internally, a VSL node maintains its state as a set of claims that have been
verified and settled. This set forms the state of a VSL node. There are two
important characteristics of the claim sets within the VSL nodes:

e Atomicity: Claims are the smallest verifiable atom in the VSL. Each



claim is self-contained and includes all the information for it to be verified
independently from the other claims.

e Timelessness: Claims, once verified, continue staying valid regardless of
time. Timelessness is a natural corollary of atomicity. A time-sensitive
or state-sensitive claim can be turned into a timeless/stateless claim by
incorporating the time and/or the state as an argument of the claim.

e Monotonicity: The set of claims maintained by a VSL node only in-
creases, and never decreases, as time passes. Monotonicity is a natural
corollary of timelessness. Since valid claims continue staying valid, the
VSL node does not need to bother re-verifying claims and removing those
that are no longer valid.

The above characteristics of atomicity, timelessness, and monotonicity yield
a new consensus protocol for the VSL network, which we call the Verifiable Con-
sensus Protocol (VCP). VCP is a novel protocol designed to achieve agreement
on the validity of independent claims in the VSL. VCP generalizes the process of
validation, enabling concurrent and unordered agreement on claims, and makes
it a foundational protocol capable of supporting diverse applications with vary-
ing requirements, from high-throughput transaction systems to domain-specific
computations. The reader is recommended to read the dedicated technical re-
port [9] for more details.

Once claims are submitted to and verified by the VSL node, they are added
to the set of valid claims, ready to be used. A user can query the VSL about
whether a given claim ¢ has been verified and settled, and the VSL should
respond either yes or no. If the answer is yes, the VSL should also output
a special membership proof that is succinct and efficiently verifiable. The user
verifies the claim against its membership proof and (a commitment to) the valid
claim set by a membership verifier that runs the membership proof verification
algorithm that is lightweight and fast to implement as a smart contract.

2.3 VSL-Powered Applications

We discuss three representative applications that can be powered or enhanced
by the VSL.

VSL and the VLM.

The first and foremost application that benefits from the VSL is the VLM. By
connecting the VLM to the VSL, we increase its security and trustworthiness
by using the VSL to verify and settle claims for the block transitions carried
out on the VLM against their corresponding proofs. Furthermore, the VSL
enables communication and interactions between the smart contracts on the
VLM and the smart contracts on the other blockchains. The VLM states are
incorporated into verifiable claims on the VSL that can be directly queried
and used by the applications on the other blockchains, and thus improving the
overall interoperability.



VSL and Wormbhole’s Native Token Transfer Framework.

The VSL can be used to settle cross-chain messages. We have collaborated
with the Wormhole| and integrate the VSL with the Wormhole’s Native Token
Transfer (NTT) framework, which is an open, flexible, and modular token trans-
fer mechanism facilitating secure asset transfers across numerous blockchain en-
vironments, securing tens of billions of dollars in value across the blockchain
sphere. By integrating the VSL as a custom Transceiver in the NTT frame-
work that handles the sending and receiving of NTT messages with the VSL’s
flexible approach to claim verification, we obtain a new approach to cross-chain
messaging with bleeding-edge innovations, including better scalability via the
independent claim verification and a more flexible trust model. See the demo
of the [VSL-Wormbhole integration.

VSL and Light Clients.

The VSL can be used to replace the implementation of on-chain light clients
for cross-chain applications. Currently, the one-way communication from a
source blockchain to a target blockchain relies on the implementation of a light
client of the source chain as an online smart contract on the target chain.
On-chain light clients have to be implemented for each combination of the
blockchains and/or ecosystems, leading to significant workload and duplicated
work. The VSL and its spoke-hub distribution paradigm provides a more eco-
nomic solution, where the light client (for each source chain) only needs to be
implemented once and for all on the VSL, which is available to be used by all
target blockchains and/or applications.

In the above, we give an overview of three representative and ongoing appli-
cations building on top of the VSL: the VLM, the Wormhole’s NTT framework,
and on-chain light clients. We are looking forward to collaborating with the com-
munity and identifying and enabling more high-demanding applications that can
directly benefit from the verifiability, security, and interoperability provided by
the VSL.

3 Verifiable Language Machine

The Verifiable Language Machine (VLM) is an open-source blockchain execution
layer that enables developers to create, deploy, and interact with smart contracts
written in any programming language. Unlike existing blockchain systems that
require all contracts to be written in a single prescribed language, the VLM
natively supports multiple languages. In this way, the VLM enables diverse
language ecosystems to coexist and interoperate on a single platform. This not
only empowers developers to use the most suitable language for their dApps;
it also makes smart contract development more accessible to the millions of
developers who are unfamiliar with existing Web3 languages.

At its core, the VLM leverages the formal semantics of programming lan-
guages to securely execute smart contracts in a correct-by-construction manner.
This is all thanks to the K framework, a proven system for formally defining
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programming languages backed by decades of research and extensive industry
use. As further discussed in the sequel, by submitting a K specification of a pro-
gramming language L, the VLM can be dynamically extended to support any
language. At launch, Pi Squared will provide an initial set of prebuilt program-
ming languages modules available for immediate use, with plans for additional
modules to be made available at a later date.

3.1 VLM Architecture Overview

As mentioned in the introduction, an important facet of the VLM design is its
native multi-language support. By plugging in new language modules, develop-
ers can dynamically extend the VLM’s set of on-chain programming languages.
This enables developers to build and interact with smart contracts written in
any programming language. We provide an overview of a VLM-based blockchain
architecture, including language modules, in Figure

A key design decision enabling correct multi-language transaction execution
is the VLM’s semantics-based execution. By semantics-based, we mean that
on-chain programming languages are executed directly, without compilation,
using correct-by-construction interpreters derived from their formal semantics.
By formal semantics of some language L (e.g., Rust), we mean a mathematical
definition of L that gives a precise meaning to all well-formed L programs (e.g.,
all Rust programs).

Since designing a semantics-based execution platform from scratch is an
enormous and error-prone undertaking, the VLM platform relies on the K frame-
work for specifying and executing formal language semantics. This means that
the VLM language module for language L (e.g. Rust) is just the formal seman-
tics of L specified in K. Aside from reinventing the wheel, another important
reason why Pi Squared chose to rely on K is because the K framework is ma-
ture, production-ready programming language development toolchain that has



been in use for over a decade. Lastly, one other benefit of working with K is
its expressive power. Given a formal operational semantics of a language L,
K can generate a full suite of correct-by-construction L-specific tools including
parsers, interpreters, debuggers, theorem provers, etc. all without additional
tool-specific code.

3.1.1 Language Modules

A language module is a formal specification, defined using the K framework, of
a programming language’s syntax and semantics. Since K can generate correct-
by-construction language-specific parsers and interpreters, this means the VLM
can rely on K to correctly validate and execute input programs. In fact, the VLM
derives its universality from K language modules, since these modules permit
developers to securely extend the VLM’s set of on-chain executable languages.
Furthermore, using K provides a secondary benefit; by defining a language mod-
ule for a language L (e.g. Solidity), we can execute L programs in K directly,
without intermediate compilation! In this section, we describe in further detail
how language modules operate in the VLM platform.

From a smart contract developer’s perspective, a language module Mod(L)
can be understood as a special kind of L interpreter. However, since arbitrary
language modules can be added to the VLM platform dynamically, the VLM
executes each language module instance in a secure sandbox. This sandbox
prevents the code in Mod(L) from influencing the behavior of other system
components, including other language module instances.

Now, we are ready to examine the structure of a language module. Every
language module contains:

1. Syntax: Rules that define well-formed L programs.

2. Configuration: Definitions of internal, ephemeral state items managed
by an L interpreter.

3. Semantics: Rules that describe how to execute L programs.

4. VLM primitives: Definitions of the VLM-specific interfaces.

Recall that language modules are just a special kind of K definition suitable
for use by the VLM. By suitable, we mean that Mod(L) provides all neces-
sary VLM primitives, i.e., satisfies the VLM application programming interface
(API). The current set of primitiveﬂ includes:

1. Initialization: Deserialize and load an L program plus its initial argu-
ments.

2. Finalization: Serialize and return a value (if one exists).

Hn the future, Pi Squared may develop and release additional primitives in order to provide
new functionality to on-chain languages or improve performance.
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3. Invocation™ Serialize program arguments in order to call another con-
tract.

4. Storage™ Read from/write to the VLM’s persistent blockchain state.

Where starred primitives are optionaZEI

Aside from providing a universal interface between language modules and
the VLM, the VLM primitive API ensures blockchain security by mediating
access control policy decisions.

We end this section with a few highlights:

1. When a contract is deployed/invoked, the VLM determines the correct K
language module to load based on the transaction’s associated language
ID; this allows contracts in different languages to coexist.

2. Each language module is executed by the VLM in a secure sandbox so that
malicious actors cannot influence system behavior via custom language
modules.

3. Contracts deployed to the VLM are executed by the K framework, which
ensures verifiable, correct-by-construction executions.

4. Alllanguage modules must access/modify persistent blockchain state through
the VLM API, i.e., a tiny set of VLM primitives; the API also mediates
access control policy to ensure blockchain security (e.g., each language
module can only directly update the storage under its own namespace).

3.2 VLM Mathematical Overview

Formally, we can view a blockchain as a transition system where states are
blockchain states and transitions are transaction executions. In other words,
the execution layer defines the state transition function. In particular, the exe-
cution layer enables the blockchain state to evolve over time, letting it represent
dynamic quantities like a token balance, NF'T ownership, earned interest, or
even an online game status.

In this section, we will provide an overview of the VLM’s execution layer
state transition function. For brevity, we let the Greek letter 7 refer to this
function, which has the following type:

7 : State x Transaction — State

where we let State and Transaction denote local blockchain state and blockchain
transactions, respectively.

In plain English, the VLM state advances by executing transactions that
produce successor states. An important requirement of the function 7 is that
it is both total and deterministic, i.e., it produces a valid and unique result for
all possible argument combinations. The totality requirement ensures liveness;

2 A module without these optional primitives will have severely restricted functionality.
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Figure 3: Verifiable Language Machine (VLM) State Evolution

in particular, this means malicious actors cannot execute a denial of service
(DOS) attack by exhausting all resources or crashing the VLM using ill-formed
inputs (see Section for important details about how this property depends
on a suitably chosen gas model). The determinism requirement ensures that
any VLM node at state N, when executing transaction N, produces a unique
successor state N 4+ 1, giving rise to the VLM blockchain’s eponymous chain-like
structureﬂ shown in Figure

In the VLM, all blockchain transactions share a common transaction enve-
lope but come in three distinct classes: call transactions, contract deployment
transactions, and language deployment transactions. A BNF grammar describ-
ing this transaction structure is shown below.

Transaction .= Tan(Sig, Sender, FeeAmt, Langld, TenType)
TznType := Call(SendAmt, Dest, ProgramArgs)
| DeployContract(SendAmt, ContractCode, ProgramArgs)
| DeployLang(LangModule)

Regardless of transaction type, the outer transaction envelope contains several
common elements:

A sender address with a corresponding public key.
A declared amount of tokens to be used to pay transaction fees.

A language ID that specifies the on-chain language to be used.

- W o=

A digital signature generated by the private key for the sender’s public
key.

The VLM’s call and contract deployment transactions largely follow standard
conventions, which we briefly review here; we describe the language ID field and
language deployment transaction in more detail below.

Contract deployment and call transactions contain two additional shared
fields:

3More precisely, the determinism of the state transition function is sufficient to ensure

locally unique successor states; producing a globally unique successor state among a distributed
collection of blockchain nodes also requires a consensus protocol.

12



1. A declared amount of tokens to be transferred to the destination address.

2. Zero or more program arguments.

The key difference between the two transaction types lies in how the destina-
tion address is computed. In contract deployment transactions, the destination
address is generated during the transaction execution, the embedded code is
stored at the generated address, and finally, the code’s initializer function, if
it exists, is invoked with the given program arguments. In call transactions,
the destination address is specified directly; then, the program deployed at the
specified address is loaded and invoked with the given program arguments. Note
that, like many blockchains, call transactions are overloaded to transfer currency
when the recipient address is not a contract account.

Unlike other blockchains, transaction envelopes also contain a language 1D
field. When a contract deployment or call transaction with language ID L is
executed, the VLM loads a fresh instance of Mod(L) to parse and execute any
code. The language ID field also appears in language deployment transactions.
In response to a valid Tzn(..., L, DeployLang(Mod(L))) transaction, the VLM
uses K to validate, compile, and store Mod(L) under identifier L.

We can now fully specify the language-specific transaction execution require-
ments that we elided in our overview above. When validating a transaction with
language ID L of the form DeployContract(...,ContractCode, ProgramArgs)
or Call(..., Dest, ProgramArgs), the execution layer must verify:

1. Language ID L points to a language module Mod(L).
2. ContractCode, ProgramArgs are well-formed w.r.t. Mod(L).
3. Dest points to a program stored with language ID Mod(L).

4. ProgramArgs are well-typed w.r.t. ContractCode.

If any of the above assertions fail, the transaction will abort.

3.3 Universal Interfaces

As a blockchain executor, the VLM requires an input transaction format and an
on-chain programming language format. Of course, in a blockchain context, we
also require an account/address scheme, gas model, value serialization format,
and storage layer interface. Additionally, language universality requires a dy-
namically loadable representation of a programming language, which we refer to
as a language module. Separately, universality imposes additional requirements.
Specifically, language-specific gas, address, and storage schemes (where they ex-
ist) must be mapped into a unified model that respects the security properties
of the underlying language. In particular, cross-language contract calls require
additional interface support.

In this section, we fill in some omitted details regarding how language mod-
ules interact with the VLM and interoperate with each other. The descriptions

13
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Figure 4: Verifiable Language Machine (VLM) Account Model

here reflect how language modules’ semantics must be mapped into the VLM’s
underlying blockchain model.

3.3.1 TUnified Account Model

Accounts in a blockchain serve multiple roles: as on-chain identities (facili-
tating access-control policies), digital wallets (storing and transferring digital
currency), and storage regions (grouping data owned by their corresponding
identity). For this reason, when designing a new blockchain, its account model
must be carefully considered. However, due to the VLM’s universality, we must
also consider the case where a contract in language L; calls a contract in lan-
guage Lo in a single transaction. Since the VLM allows multiple languages to
coexist and interoperate in the same transaction, we additionally require that
the account model (if it exists) of each participating language be respected.
When designing the VLM’s account model, our goal was to generalize existing
popular models so that they could be easily embedded into our model.

In general, the VLM partitions each account A into one of three AccountTypes:

1. Non-executable Accounts: these accounts have corresponding public/private
key pairs which can be used to authorize transactions that spend money
and use data owned by this account;

14



2. Executable Accounts: these accounts have associated on-chain code in
language L that is authorized to spend money and use/modify data owned
by this account;

3. Idle Accounts: these accounts have neither associated on-chain code nor
corresponding public/private key pairs; all accounts initially have this

type.

As a security precaution, the VLM enforces the following restriction on account
types:

1. An idle account may transition to another account type;
2. The type of a non-idle account can never change;

3. If an executable account contains an L; program, it can never contain Lo
programs where Lj # L.

These restrictions ensure that on-chain identities are consistent and mali-
cious actors cannot confuse on-chain programs by arbitrarily updating account
types. Additionally, each account A has an associated group of storage regions
Storage 4 with the following structure:

Storage : [Langld x Bytes — Bytes]

Then each storage region Storagea(L,K) represents data that is owned by
account A that:

1. is associated with key K;

2. is only readable by on-chain programs with language ID L.

The VLM does not prescribe the structure of storage keys K or the the
exact format of Storages(L,K). Instead, the VLM account model enables
each language module Mod(L) to control the structure of its associated storage
regions (up to a maximum storage key and region size limit) and their access
control policies.

3.3.2 Unified Invocation API

In the VLM, multiple language modules can interact in the same transaction
via cross-language calls. These kinds of calls are the blockchain equivalent of a
foreign function interface. To handle this situation, the VLM defines a unified
APT for cross-language contract invocation. For the remainder of this section, we
assume that a contract in language L is invoking an entry point f(p1,...,pn) on
contract in language Lo where L # Lo with arguments aq,...,a; and where
each pi,...,p, are parameter types. Our unified invocation API consists of
several parts:

15



1. Function selector: A byte string that identifies the Ly contract entry
point f(p1,...,pn) to be invoked; in some cases, the function selector
must be qualified, i.e., prefixed by a non-empty list of module names
starting from the destination address’s root namespace. The structure of
this selector is specified by the target language module (up to a VLM-
specified maximum size limit).

2. Native types: A set of dautautypeﬁ7 denoted by NativeTypes, that can be
passed between language modules; currently, this set includes addresses,
variable-length byte strings, and variable-width integers.

3. Parameter encoding: A unified, typed serialization format defined for
each supported language L as a pair of partial, injective maps; let Sery, :
[Types(L) — NativeTypes| and its inverse Desy, denote the serialization
and deserialization functions, respectively. The partiality of these maps
means that L types and native types may not fully correspond.

From a high-level perspective, this interface may seem simple; however, in
actuality, this design must navigate a number of subtle issues simultaneously,
which we explore further below.

Firstly, if the set of native types included all datatypes, it would actually
nullify capabilities-as-parameters access control policies, which are actively used
in some languages, e.g., Move. Secondly, to pass data between two languages, we
actually interact with three separate type systems: Types(Li1), NativeTypes,
and Types(Ls); this approach avoids bitcast-style type conversions, as these
may unexpectedly change the meaning of call arguments, leading to unsound
executions. Thirdly, due to the fact that (a) language modules are user-defined
and (b) contract call destinations and parameter types are not statically known,
cross-language calls cannot, in general, be statically validated. This means that,
when a cross-language invocation occurs, the VLM must perform a dynamic
validation check.

One may wonder how the authors selected the limited set of native types
for cross-language calls. By a naive analysis, it seems that supporting as many
native types as possible would improve the developer experience. Unfortunately,
letting native types encompass all datatypes fundamentally breaks capabilities-
as-parameters access control policies. When these policies are used, function
parameters may represent unforgeable capability tokens, i.e., by acquiring the
capability token, the function is authorized to perform a restricted operation.
Thus, if native types included capability tokens, then other languages could
arbitrarily forge them, nullifying all of their security guarantees. For this reason,
the authors elected to support a minimal set of native types that is obviously
secure, as opposed to a maximal set that is not obviously insecure.

We now describe the cross-language contract invocation process including
all dynamic validation checks performed by the VLM. The process proceeds as
follows:

4As the platform develops, Pi Squared may extend the set of native types.
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1. Validate that the function selector f(p1, ..., p,) resolves to a valid function
at the destination address.

2. Validate that all arguments can be translated from L; into Lo types, i.e.,
the map b; = Desy,(Serr, (a;)) is defined for 1 < ¢ < k.

3. Validate that the native parameter count k& matches the actual param-
eter count n and that mapped native types match expected types, i.e.,
Type(b;) = p; for all 1 < i < k.

4. Invoke the Lo contract by calling f(by,...,by).

5. If the preceding invocation produced a return value vo, validate that v, =
Desy, (Serr,(v2)) is defined; return vy from the cross-language invocation.

Note that if any validation check fails, the entire transaction will abort.
Further, observe that there are many ways that a cross-language transaction
may fail, and many checks are required to make them safe. The extra expressive
power of cross-language contract invocations necessarily increases their cost.
However, without these additional checks, cross-language contract invocations
could become unsound.

Finally, there is one issue that we elided in our description above: what
about non-local control flow constructs that cross language contexts? For ex-
ample, what happens if an L; program invokes an Lo program which throws
an exception but does not catch it? Since L; may not implement exceptions
itself, there is no way to safely throw exceptions across a language context. An-
other popular non-local control flow construct, call-with-current-continuation,
requires function pointers to work correctly. However, sharing a function pointer
that was created in an elevated security context is equivalent to sharing a capa-
bility token; any transitive callee that obtains the function pointer can escalate
their privileges merely by invoking it. For this reason, to remain sound, the
VLM aborts whenever non-local control flow passes between language contexts.

3.3.3 Unified Gas Model

The primary purposes of a gas model are to ensure that all on-chain programs
terminate and to calculate appropriate fees to be paid to blockchain validators.
However, due to the VLM’s universality, i.e., that VLM language developers
can add arbitrary language modules Mod(L) to the VLM platform, we cannot
rely on any embedded gas model in L—and, in fact, L may not have a gas model
at all. For this reason, the VLM adopts a unified gas model across all language
modules. This unified model not only ensures fair gas cost comparisons between
languages, it also prevents bad actors from injecting malicious gas models that
consume gas tokens excessively.

To understand the unified gas model, recall that all language modules are
just K specifications which satisfy the VLM API. In particular, this means
that language executions are performed by correct-by-construction interpreters
generated by K. Therefore, to decouple our gas model from any programming
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language semantics Mod(L), we charge gas based on the computational cost of
executing single steps in K-generated interpreters.

At a basic level, a K specification consists of a definition of system state
called a configuration and a series of rules describe how the configuration may
evolve in response to an input program. This means that each step executed
in a K interpreter is the result of applying some rule. When the K framework
compiles a K specification into executable code, it derives a semantics-specific
deterministic algorithm that searches among all potentially applicable rules to
quickly find one that applies. Once it finds such a rule, it applies it and repeats
the process. Otherwise, if no rule applies, execution halts.

Finally, we can compute the cost of a single step as the sum of the following
costs:

1. The cost of a rule search.

2. The cost of a rule application.

For brevity, we will not further discuss the rule search and application algorithms
here; for more detail, see our whitepaper on the LLVM backend [§].

At this point, the astute reader may still wonder, if language L has an
embedded gas model, how will this gas model interact with the VLM unified
model? The answer is simple: the VLM unified gas model is ultimately used
to ensure program termination and to charge gas fees; however, if L has an
embedded gas model, L programs may abort earlier due to hitting an embedded
gas limit. As a matter of course, Pi Squared recommends that language modules
refrain from embedding gas models, because this may lead to confusion about
how execution fees for L programs should be paid.

3.4 Putting It All Together

In this section, we examine a possible multi-language transaction workflow in-
volving a Rust and EVM contract. The overall scenario is shown in Figure
The workflow begins when an incoming transaction, annotated with the Rust
language ID, invokes a program at account A. To start, the VLM interface
queries the blockchain database and loads the account state for account A. It
verifies that the type of account A is executable and its language ID matches
that of the transaction (in this example, Rust). The VLM now creates a sand-
boxed instance of the Rust language module Mod(Rust) which it will use to
initialize the Rust program code,4. To initialize the program, the Rust module
decodes the program arguments (or calldata, in Ethereum parlance) as follows:

1. The function selector f4 is separated from the encoded function parame-
ters enc(argsa);

2. The parameters are decoded with the module’s parameter deserialization
function, i.e., argsa = Despyst(enc(argsa)).

18



M Interface ) i

t: (from:., to: accountA, lang._id:
) id rust, caliData: calldatal)

B EEEE—

1. (id_rust, codeA) <-
getCode(state, accountA)

2. dispatch(codeA, calldatal)

3. (fa, argsa) <-
decode(calldatal)

»

execute(fa, argsa)

o

. call(accountB, fb, argsb)

)

. calldata2 <-

7. call(accountB, calldata2) encode(fb, argsb)

8. (id_evm, codeB) <-
getCode(state, accountB)

9. dispatch(codeB, calldata2)

10. (fb, argsb) <- decode(calldata2)

11. value <- execute(fb, argsb)

13. return result
12. result <-encode(value)

14. decode(result)

Figure 5: Verifiable Language Machine (VLM) Transaction Workflow

19



After verifying that f4 is a valid entrypoint selector for code,, the Rust
module invokes input program code, at entrypoint f4(argsa). Now, suppose
that, during the execution of the Rust semantics, an external function fp at
account B is invoked with parameters argsp. To handle this inter-contract call,
the VLM encodes the function selector and arguments into a binary calldata
string using the inverse of the process described above:

1. The parameters argsp are encoded with the module’s parameter serial-
ization function enc(argsg) = Sergrust(argsp);

2. The function selector fp and enc(argsp) are concatenated into a single
calldata byte string.

At this point, the VLM interface will repeat the contract loading and initial-
ization process for account B with program codeg. In our example, we assume
that account B is executable and has the EVM language ID. To handle this
call, the VLM will create a sandboxed instance of the EVM language mod-
ule Mod(EV M) which will decode the calldata and invoke the input program
codep at entrypoint fg(argsp). When the EVM semantics terminates and
returns value, the VLM will detect that an inter-contract return is required.
To handle the return, value will be encoded using the module’s serialization
function result = Sergyar(value). Finally, the VLM will return control to
the Rust module which can decode the result via its deserialization function
Despyst(result).

4 Verifiable Consensus Protocol

The Verifiable Consensus Protocol (VCP) is a novel, Byzantine fault-tolerant
(BFT) protocol designed to achieve agreement on the validity of independent
claims in a permissionless, decentralized network. Unlike traditional consensus
mechanisms that focus on ordered state transitions or linear transaction logs,
VCP generalizes the process of validation, enabling generic, concurrent and un-
ordered agreement on claims.

The VCP is being designed and developed in collaboration with the team
behind Pod [1I]. VCP leverages the primitives pioneered by Pod (in addition
to earlier work on which Pod is based [2] 111, [3]). By building on these robust
foundational elements, the VCP aims to deliver a protocol that is both highly
scalable and adaptable.

4.1 Set Consensus on Claims

As described in Section claims in the VSL serve as the fundamental unit
of validation and consensus. A claim represents an assertion submitted to the
network for verification, such as the validity of a state transition induced by a
transaction, a mathematical proof of a theorem, or the outcome of a computa-
tion. Claims are independent entities, meaning their validity does not inherently
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depend on the order in which they are processed. In the context of the VCP, we
abstract claims as values that can be evaluated independently for their validity.

The Set Consensus Problem focuses on achieving agreement among dis-
tributed nodes on a set of independent values, rather than an ordered sequence of
values. In this problem, nodes (concurrently) propose individual values (claims),
and the goal is for the network to collectively decide on the subset of these values
that are valid (according to claim verification rules). Importantly, the decision
process does not require imposing a any order on the values, enabling concurrent
validation and processing of values.

This approach contrasts with traditional blockchain consensus, which typ-
ically centers on achieving agreement on a linear sequence of (blocks of) trans-
actions or, in some applications, a partially ordered set of transactions (like pay-
ment transactions). Blockchain consensus protocols ensure that all nodes agree
on the exact order of transactions to prevent (application-specific) conflicts and
maintain a consistent ledger state. This ordering requirement introduces addi-
tional complexity and resource overhead, as nodes must coordinate to resolve
conflicts over which transactions or blocks should be appended to the chain.

We highlight below key differences between set consensus on claims and
traditional blockchain consensus on transactions.

Order Independence

Set consensus does not impose any ordering on values, enabling concurrent
processing, while Blockchain consensus requires a strict, globally agreed-upon
(total or partial) ordering of transactions. As a result, set consensus is a simpler,
more robust and more general consensus protocol design.

Scalability

By avoiding the need to order values, set consensus can achieve significantly
higher throughput and lower latency for applications that do not require value
ordering. Values can be produced and settled massively in parallel. On the
other hand, blockchain consensus often sacrifices scalability to ensure order and
consistency.

Separation of Concerns

Set consensus on claims focuses exclusively on determining the validity of indi-
vidual claims, separating this process from application-specific safety properties,
such as maintaining a particular order of transactions to ensure a sequence of
state transitions that satisfy absence of double-spending of a token. These prop-
erties are the application’s responsibility to prove correct, and are independent
of the core consensus mechanism. This separation allows for the design of a uni-
versally generic consensus protocol that can be instantiated to support a wide
variety of use cases with different requirements (see Section for further
details and some concrete use cases). In contrast, blockchain consensus enforces
global transaction ordering, ensuring application-level safety but imposing un-
necessary overhead on systems that do not require strict sequencing, leading to
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Figure 6: The connection topology of validators and clients in the VCP net-
work. Bidirectional connections of validator V1 and client C1 are highlighted
as examples.

inefficiency and reduced scalability.

4.2 Protocol Description

In the following sections, we outline the design of the VCP, detailing its op-
erational mechanics, underlying assumptions, and the adversarial model it is
designed to withstand.

4.2.1 Setup

The protocol operates within a network of nodes classified as either validators
or clients, each fulfilling distinct roles in the system.
Clients are nodes responsible for:

1. Providing claims that require validation

2. Maintaining a local, up-to-date view of the network’s state.

Validators, on the other hand, are nodes tasked with individually verifying
these claims to ensure that only claims that are verified correct are maintained
by the protocol.

Similarly to pod, we assume a communication topology of a complete bi-
partite graph of clients and validators, as illustrated by Figure [6] Importantly,
validators do not need to communicate with one another as they maintain local
logs of claim verification results. Clients maintain streaming, stateful connec-
tions to all validators.
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Figure 7: The state transition of claims in the VCP. Note that “Finalized” and
“Invalid” are terminal states.

Validators are identified by public keys registered in a public key infrastruc-
ture (PKI). They sign all outgoing messages, providing cryptographic assurance
of message authenticity and integrity since signatures cannot be forged.

We consider an asynchronous network model in which message delivery de-
lays are finite but unpredictable (i.e., messages are only guaranteed to be de-
livered eventually). However, achieving liveness necessitates a (partially) syn-
chronous network, where the delivery delay bound is both finite and known.
Whenever this synchrony assumption is relied upon, it is explicitly stated.

The protocol is designed to tolerate Byzantine nodes that act arbitrarily or
deviate from the protocol rules. As in pod, we assume a limit on the resilience
threshold S, which is the number of malicious validators (typically (n — 1)/3
where n is the total number of validators). There is no inherent assumption
about the honesty of clients.

4.2.2 Construction

In this section, as we abstract claims as values whose correctness can be checked
deterministically by validators and independently by third parties according to
a public verification procedure, verify(m), where m is a claim. We assume that
verify(m) is correctly implemented and that its execution takes at most 7 time
units.

Definition 1 (claim)
A claim m is a value that can be deterministically and independently verified
correct using the public procedure verify(m).

In VCP, claims progress through four states: Unchecked, when newly sub-
mitted and unevaluated; Pending, after receiving an initial validation vote while
awaiting consensus; Finalized, upon securing a quorum of votes; and Invalid, if
it fails to gather sufficient votes within a given timeframe. The state transitions
of a claim are depicted in Figure

Clients submit claims to validators, which verify and vote for them. A vote
is an attestation by a validator that the claim has been verified correct.
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Definition 2 (Vote)
A wvote is a tuple (m,n, o, R)) consisting of:

e m, the claim for which the vote is made
e n, the validator’s sequence number for this vote
e o, the validator’s digital signature of (m,n)

e R, the validator’s identifier (public key)

Clients
A client maintains in its local state three components:

1. Public keys of all validators (replicas) R along with the expected next
sequence number for each validator

2. A map claim_votes that defines for each claim in the network the set of all
validator votes received

3. The current view D = (M, M,,), a pair of disjoint sets of finalized and
pending claims

By construction, the view D is fully derivable from the claim_votes map. Specif-
ically, each finalized claim in My corresponds to an entry in claim_votes that
maps to a set of votes forming a quorum. Similarly, every pending claim in
M, maps to a set of votes that does not yet constitute a quorum. Note that
clients do not maintain claims for which no vote was seen. The client’s state
and procedures are listed in Algorithm [I} We say that a client C' observes that
a claim m is finalized if m € M/ in the view of C.

When a client first joins the network, it invokes its initialization procedure
INIT, which initializes its set of validator public keys and sends out connection
requests to all validators. Upon initialization, the client starts a fresh with an
empty claim_votes map and an empty view. These structures are first populated
when connections are established with validators (see Algorithm .

Clients receive votes from validators attesting to validity of claims. Upon
receiving a vote (m, sn, o, R), the client first checks that the vote’s sequence
number is the expected value for R and verifies the signature o. Upon validation,
it augments the set of votes for the claim m with this vote. Note that if this is
the first vote received for claim m, a new entry in the claim_votes map is created.

Similarly to Pod, clients interact with the protocol through a write-read
interface to submit new claims and update the current state of claim verification.
To write a new claim, a client sends it to validators for verification. As the client
continuously receives votes from validators, recorded in claim_votes, it reads the
state by scanning claim_votes. Claims with a quorum of votes are added to the
set of finalized claims My, while the remaining claims—those with at least one
vote but not yet a quorum—are added to the set of pending claims M,. This
process ensures an up-to-date view of both finalized and pending claims.
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Algorithm 1 VCP Client

: R:{R1,...,Rn} > Replicas public keys
nextsn : R — N > next sequence number for each validator
claim_votes : M — V > votes observed for each claim
D:(My, M,) > current view of finalized and pending claims

L

upon event init(Ry,...,R,) do
R + {Rl,...,Rn}
D+ (0,0)
for R; € R do
nextsn[R;] < —1
10: send (CONNECT) to R;
11: end for
12: end upon

13: upon receive (VOTE(m,n,o, R)) do

14: if m = nextsn(R) and valid(o) then
15: claim_votes.augment(m, (m, n, o, R))
16: end if

17: end upon

18: function WRITE(m)

19: for R, € R do

20: send (WRITE m) to R;
21: end for

22: end function

23: function READ( )
24: My, My) + (0,0)

25: for m € claim_votes.keys() do

26: if |claim_votes[m]| > 1 — § then
27: My — MpU{m}

28: else

29: My = M, U {m}

30: end if

31: end for

322 D« (Mg, M,)

33: return D

34: end function
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Validators
A validator maintains a local state consisting of the set of connected clients,
the next sequence number to attach to a vote, and a log of claim verification
results for all claims it has encountered so far. Each verification result indicates
the validator’s assessment of the claim: it is either a vote for correctness if the
claim is valid or False if it is not. Recall that a vote is a tuple (m,n, o, R)) that
includes the validator’s signature o of the claim. The local state and procedures
of a validator are listed in Algorithm

Algorithm 2 VCP Validator

1

2:
3:

:C:{Oh..

nextsn : N

-, Cn}

log : M — V U {False}

4: upon event init do

M < (), nextsn < 0, log + 0
end upon

7. upon receive (CONNECT) from C do

9:
10:

C+C

11:

12:
13:
14:

15:
16:
17:

if m ¢

18:
19:
20:
21:
22:
23:

24:

25:

26:
27:
28:

end if

u{c}

for m € log.keys() do
if log[m] # False then

send log[m] to C

end if
end for
end upon

upon receive (WRITE m) do

log.keys() then

if verify(m) then

o + sign(m, nextsn)
log[m] « log[m] U (m, nextsn, o)
for C €C do

> all connected clients
> next sequence number to use
> claim verification results

send (VOTE(m, nextsn, o, R)) to C

end for
increment nextsn

else

log[m] + False

end if

end upon

Upon initialization, a validator resets its state. When a validator establishes
a connection with a new client, it adds the client to its set of connected clients
and shares all the votes currently stored in its log with the client.
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When a validator receives a new claim m for verification, it executes the claim
verification predicate verify(m) to decide on the claim’s validity. If the claim
is valid, the validator creates a new signed vote attesting to the claim’s validity,
attaches to its log, forwards the vote to all connected clients and increments its
nextsn counter. Otherwise, it records the verification failure result in the log.

4.2.3 Correctness

The security of the VCP is defined by the following theorems. Recall that a
claim m is valid iff verify(m) = 1.

Theorem 1 (Correctness): Invalid claims are never finalized in the view of
an honest client.

Note that an invalid claim may appear as a pending claim in some views, but
it is never finalized.

Theorem 2 (View consistency within w): During (partial) synchrony with
network delay 6, if an honest client observes that a claim m is finalized, then it
will be observed as finalized by all other honest clients within v = 24.

When the network is asynchronous, finalized claims are eventually observed by
all honest clients. This is a fundamental (liveness) property that guarantees
consistency of honest client views with respect to finalized claims. Note that
this consistency requirement does not necessarily hold for pending claims. An
important consequence of this property is that it is enough for an external user
to read the state of one honest client to know with certainty whether a claim
has been finalized.

In the following, recall that 7 is an upper bound on the time needed to
execute the claim verification procedure verify(m).

Theorem 3 (Finalization within w): During (partial) synchrony with net-
work delay §, valid claims become finalized within w = 26 + 7.

When the network is asynchronous, valid claims are eventually finalized. This
is a liveness property that guarantees progression of the finalized claim set in
honest client views as long as valid claims are being generated and submitted
to validators.

4.2.4 VCP vs. Pod

Although the VCP’s design draws directly from the Pod framework, there are
some fundamental distinctions between the two. The first major difference is
time-stamping votes. In Pod, transaction votes are timestamped, enabling the
specification of (potential) causal dependencies between transactions. Specifi-
cally, if the timestamp interval (minimum to maximum) of transaction 77 en-
tirely precedes that of 75 , T may be causally dependent on T; . In contrast,
the VCP does not use timestamps for claim votes, making all claims concurrent

27



and eliminating the concept of causal dependency. Conceptually, one could view
VCP claim votes as being timestamped with the unbounded interval (—oo, 00)
, effectively rendering all claims concurrent, both with past and future claims.

Another key distinction is that the notion of past-perfection in Pod degener-
ates into the set of finalized claims in the VCP. In pod, the past-perfection safety
property ensures that any transaction confirmed before a past-perfect round for
an honest client must have already appeared in the view of that client. In other
words, transactions with earlier (confirmed) timestamps cannot appear retroac-
tively in the view of an honest client. This is an important property for causally
dependent transactions. In VCP, there is no notion of causal dependency since
claims are unordered. Instead of a monotonically increasing past-perfect round,
we have a monotonically increasing set of finalized claims in the VCP. Further-
more, if a claim is finalized in an honest client view, it must eventually appear
in the finalized set of other honest clients.

4.3 Optimizations and Extensions

In this section, we highlight some optimizations and extensions relevant to the
VCP as a set consensus protocol.

4.3.1 Fast Set Reconciliation

As the VCP is based on maintaining sets of validator votes, proposed claims
and finalized claims, nodes in the network will constantly have to process over-
lapping sets and will need to efficiently identify and synchronize the differences.
For example, a client in the VCP needs to update its view periodically, which in-
volves updating the set of validator votes it maintains for each claim in its state.
Efficient ways for nodes to reconcile their sets without prior knowledge of the
set differences’ size can significantly reduce computational and communication
overhead and improve performance and scalability.

A recent fast set reconciliation algorithm, called Rateless Invertible Bloom
Lookup Tables (Rateless IBLT) [12], efficiently addresses the set reconciliation
problem. At its core, this problem involves two parties, each possessing distinct
sets of fixed-length bit strings, aiming to identify and exchange the differing
elements between their sets.

Rateless IBLT stands out by offering low computational overhead and near-
optimal communication costs across a broad spectrum of scenarios. It effectively
manages set, differences ranging from a single element to millions, accommodates
bit strings varying from a few bytes to megabytes, and remains robust even
under workloads introduced by potential adversaries.

The core innovation of Rateless IBLT lies in its encoder, which incrementally
encodes the set difference into an infinite stream of coded symbols, akin to
rateless error-correcting codes. This design allows the protocol to adaptively
adjust to varying set differences without prior knowledge of their size.

Therefore, in our context, instead of broadcasting or gossiping raw sets (e.g.
votes and claims), nodes encode their state using Rateless IBLT and share
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these lightweight encodings. Receiving nodes decode the received encodings,
extract missing elements, and update their local views without unnecessary
data transfer.

4.3.2 Coding for Full BFT Agreement

Coding theory offers a powerful set of tools to improve distributed protocols. In
particular, modern rateless coding schemes designed for distributed storage [10,
B offer significant benefits spanning compression, resilience, storage efficiency,
and network optimization. They can potentially enable an alternative design
for the VCP where full BFT consensus can be efficiently achieved at a large
scale.

Compression: Rateless encoding reduces redundancy by combining state data
into coded symbols, compressing information and minimizing transmission over-
head based on the data’s inherent redundancy.

Resilience: Rateless encoding enhances resilience in unreliable or Byzantine
environments by using coded symbols to correct errors and maintain data in-
tegrity despite adversarial interference.

Storage efficiency: Rateless encoding enhances fault tolerance in distributed
storage by enabling data reconstruction from encoded symbols, ensuring relia-
bility despite node failures or churn, without requiring persistent storage.

Network optimization: Rateless encoding optimizes data propagation in
peer-to-peer networks by replacing inefficient flooding with coded symbol ex-
change, reducing message overhead and enabling faster, more efficient dissemi-
nation.

This paper [4] demonstrates a practical application of coding techniques
within a BF'T consensus protocol. It leverages rateless coding to reduce the size
of data that need to be exchanged in the different phases of the BFT protocol.
This and similar work exemplify how coding-based techniques can address the
dual challenges of efficiency and security in decentralized consensus, making it
an inspiration for adopting similar approaches in the VCP.

4.3.3 Efficient Decentralized Data Dissemination

Nodes in the VCP and other decentralized systems must efficiently and reli-
ably read and write state data when verifying claims or transactions. This
ensures optimal performance and resilience across the network. Optimum [6] is
a protocol that addresses this particular challenge of efficient data access and
manipulation. Systems may integrate with the Optimum Network via an API or
establish private networks using Flexnode Clients. For validators, the FlexNode
client handles data reads (e.g., reading account balances) and data writes (e.g.,
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updating smart contract states) efficiently, decreasing the operational costs of
validators.

The underlying technology of Optimum is a novel erasure code, named Ran-
dom Linear Network Coding (RLNC). RLNC divides the original data into
smaller segments. Multiple segments are encoded into a number of linear com-
binations or blocks. The encoded blocks are transmitted independently to a
subset of the other nodes in the network. Upon receiving a sufficient number of
encoded blocks, nodes can reconstruct the original data by solving a system of
linear equations derived from the received blocks, even if some blocks were lost
or damaged in transit.

RLNC offers key advantages over traditional coding: it enables data recon-
struction from partial encoded blocks, ensuring reliability amid failures; reduces
network bandwidth by avoiding full block transmission; allows independent, par-
allel reconstruction without consensus, enhancing throughput; and significantly
lowers latency, especially in high-loss networks.

We anticipate that integrating Optimum with the VCP could potentially
improve the consensus mechanism by ensuring faster and more reliable and
robust data dissemination among validators.

4.4 Key Challenges

Below, we outline the key challenges we anticipate.

4.4.1 Extreme Scalability

Entities of various kinds, including blockchains, Al agents, centralized systems
and humans, will be able to generate claims of varying complexities at very
high rates. The VSL validator network will potentially need to handle an un-
precedented influx of claims—potentially millions or tens of millions per sec-
ond—submitted simultaneously by diverse sources. This creates a multifaceted
challenge, demanding a system that can deliver high throughput, maintain low
latency, provide efficient storage, scale dynamically with load, and ensure robust
security while processing claims of varying types and priorities.

e Network optimization: Optimize the underlying network with efficient
communication protocols (such as the optimizations highlighted in Sec-
tion above), routing algorithms, and redundancy measures to handle
the high rate of claim submission and propagation.

e Modular architecture: Implement a modular validator architecture
where different modules handle specific claim types. This specialization
allows efficient processing tailored to the claim’s nature and complexity.

e Parallelization and sharding: As claims are independent, utilize par-
allel processing and sharding techniques to distribute the workload across
multiple validators. Each shard or processing unit can handle a subset of
claims, significantly improving throughput.
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e Zero-Knowledge proofs: Leverage advanced cryptographic methods
like Zero-Knowledge Proofs (ZKPs) to validate claims with minimal com-
putational overhead while ensuring privacy and security.

e Decentralized reputation and incentive systems: Introduce reputa-
tion and incentive mechanisms to encourage validators to process claims
efficiently and penalize nodes that act maliciously or are consistently slow.

4.4.2 Supporting Application-Specific Properties

Claims are versatile structures representing various application-specific asser-
tions, such as token transfers, computation results, or mathematical proofs. The
VCP enables consensus on verifiably true claims while abstracting away their
verification semantics. It focuses solely on claim validity, delegating application-
specific safety properties—such as double-spending prevention in wallets—to the
application layer.

Nevertheless, certain classes of safety properties are so critical and ubiqui-
tous across applications that they warrant dedicated solutions built on top of
the VCP. Examples include enforcing a total ordering of state transitions in a
traditional blockchain system (to support swaps in a decentralized exchange,
for instance), preventing double-spending in wallet applications (a partial or-
der property), or ensuring that late votes arriving after a deadline are excluded
in voting systems. These properties, while not directly handled by the VCP’s
core consensus mechanism, are common enough that designing tailored solutions
leveraging the VCP for their enforcement will be essential for many practical
applications. To illustrate this concept, we elaborate on these three use cases
below.

Chains (Total ordering)

Consider an app-chain that aims to enforce a total ordering on its transactions
to be able to support its decentralized exchange functionality. Such an app-chain
might generate a claim asserting its current state at time ¢ as s, represented by
the predicate state(s,t). The proof for this claim would rely on the validity of
two prior claims:

1. state(so,to), with to < ¢t: This claim states that the latest recorded appli-
cation state was s, at time t,, where t, is the greatest timestamp among
all prior state claims.

2. transition(sg, block, s): This claim asserts the transactions in block were
executed to transition the app-chain from state sg to s, and there was no
other transition claim that started at sg.

Using this methodology, attempts to double-spend or manipulate the ex-
change rates of pools, for example, can be prevented by ensuring that validators
verify that, at any given time, the app-chain has a unique claim of the form
state(s,t) for a specific state s. This methodology effectively simulates the
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chain using claim primitives ensuring that violations of safety as proved by the
app-chain are not possible.

Note that this approach requires validators to access the complete states
of the app-chains they are validating. This aligns with the responsibilities of
validators in existing blockchain systems, which also maintain and verify state
information. Consequently, it does not place any additional burden on validators
beyond what is already expected in current blockchain frameworks. However,
cryptographic techniques, such as zero-knowledge proofs, could be leveraged to
develop more efficient validation methods.

Payments (Partial ordering)

Consider a payment application, such as a digital wallet, where accounts
can send and receive payments. To ensure proper functionality, the applica-
tion must enforce a partial order on transactions, preventing any account from
overspending. At the same time, it should allow different accounts to operate
independently, enabling them to spend from their individual balances without
interference.

The application may generate claims of the form remitted(A, a, x,b,t), with
A the account making or receiving a payment, « € {pay, receive} the remittance
type, x > 0 the remittance amount, b > 0 the new account balance, and ¢ the
time of remittance. The claim states that, at time ¢, account A paid or received
an amount x of tokens resulting in a new balance of b. Note that with this
encoding, the application will be generating claims in pairs, one for each of the
source and target accounts. We chose this form of encoding for its simplicity.

To prevent overspending, verifying a claim of the form remitted( A, pay, =, b, t)
would require having a claim of the following form already finalized:

remitted(A, o, y, x + b, to)

with ¢ty < t and t( greater than the timestamps of all remittance claims finalized
for account A. That is, validators would need to ensure that the account most
recently made or received a payment for some amount resulting in a new balance
equal to z + b. Note that claims of payments for other accounts can be made in
parallel and are independent of other claims for A, hence the partial order on
payments.

Voting (No ordering)

Consider a voting application in which users may submit votes for candi-
dates up to a prescribed deadline. Votes that arrive after the deadline are not
counted. The candidate who meets the vote threshold wins (we assume ties
are not possible for simplicity). Note that the order in which votes arrive is
immaterial.

The application may generate claims of the following forms:

e voting_session(S, 7, k): The voting session identified by S with deadline 7
and winning threshold x started.
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e voted(S, A, C,t): In session S, user A voted for candidate C at time t.
e won(S,C): In the voting session S, the candidate C' won.

To verify a winning candidate claim won(S, C'), we require the protocol to
have already achieved consensus on the following claims:

1. woting_session(S, T, k), that the voting session was started before with the
given parameters

2. |{voted(S, x,C,t)|x is a valid account At < 7} | > k, that the number of
valid votes for candidate C received by the voting session’s deadline has
meet the required threshold.

Note that the verification conditions do not require having the votes received in
any particular order.

5 Conclusion

The Pi Squared Verifiability Stack introduces a novel approach to addressing
the fundamental challenges of blockchain interoperability, scalability, and devel-
oper accessibility. By decoupling execution, settlement, and consensus through
its three-tiered architecture—comprising the Verifiable Settlement Layer (VSL),
the Verifiable Language Machine (VLM), and the Verifiable Consensus Protocol
(VCP)—this framework overcomes the inefficiencies and limitations of tradi-
tional monolithic and severely siloed blockchains. The VSL establishes a robust
and verifiable foundation for cross-chain interaction, the VLM removes language
restrictions in smart contract development, and the VCP unlocks massive par-
allelism by eliminating unnecessary ordering constraints in consensus.

With this modular and extensible design, Pi Squared’s approach fosters a
more interconnected, scalable, and inclusive decentralized ecosystem. Devel-
opers are no longer constrained by ecosystem-specific languages or execution
environments, and applications can seamlessly interact across blockchains with-
out relying on insecure and inefficient bridging mechanisms. Furthermore, by
redefining consensus beyond global transaction ordering, the VCP enables new
classes of scalable and parallelizable decentralized applications, ranging from
scientific computation verification to multi-agent coordination.

Future work on the Verifiability Stack will focus on further refining each
of its components to maximize efficiency, security, and usability. In the VSL,
ongoing research aims to define additional classes of claims capturing a wider
range of applications, and to optimize proof mechanisms for greater efficiency
to minimize verification costs while maintaining security. Expanding the VLM’s
language support will also be a priority, ensuring seamless integration for a wider
range of programming languages and improving developer tooling to enhance
adoption. Additionally, future research on the VCP will focus on formally ana-
lyzing its core properties and their relation to Pod, exploring its evolution into
a full BFT consensus protocol without sacrificing efficiency or scalability, and
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developing optimized implementations, leveraging techniques like coding-based
methods to enhance performance and scalability.

6 Demo

We presented the 2 demos about the VSL and the VLM at ETH Denver 2025.

e Verifiable Settlement Layer (VSL) The video covers the demo of the VSL
integrating with the Wormhole’s NTT framework to implement a token
bridge from Sepolia to Arbitrum Sepolia network.

e Verifiable Language Machine (VLM)| The video covers the demo about
the VLM’s functionality: deploying languages, deploying contracts and a
simple swap that involves contracts written in multiple languages.
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