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Abstract

The WebAssembly Component Model and WebAssembly System Interface are reshaping portable
software deployment by enabling language-neutral composition, capability-oriented host
interaction, and lightweight execution across cloud, edge, browser-adjacent, and embedded
environments. Unlike core WebAssembly modules, components expose typed interfaces, canonical
ABI conventions, and composable contracts that allow software written in Rust, C, C++, Go,
JavaScript, Python, and other languages to interoperate without adopting one implementation
language. WASI complements this model through standardized interfaces for files, networking,
clocks, randomness, sockets, and other system capabilities while reducing dependence on
operating-system-specific APIs. This review synthesizes architectural foundations, language
interoperability mechanisms, interface-definition workflows, runtime implementations, security
properties, performance characteristics, and deployment practices surrounding the Component
Model and WASI. It compares components with operating-system processes, virtual machines,
containers, microcontainers, and serverless functions across startup latency, memory footprint,
throughput, isolation, portability, orchestration, observability, and developer experience.
Particular attention is given to capability-based security, sandbox boundaries, supply-chain
integrity, interface versioning, resource governance, multitenancy, and policy enforcement. The
review also examines cloud-to-edge scenarios involving plug-in systems, function execution,
Internet of Things gateways, service meshes, extensible applications, and heterogeneous
accelerators. A comparative framework connects workload characteristics to runtime and
packaging choices rather than assuming that WebAssembly universally replaces containers. It
distinguishes specification goals from capabilities demonstrably supported by contemporary
production runtimes. The gap analysis identifies incomplete interface coverage, fragmented
tooling, debugging limitations, inconsistent benchmarks, component lifecycle challenges,
interoperability overheads, and unresolved questions concerning networking, state, concurrency,
and hardware access. The review concludes with standardized evaluation criteria and research
priorities for building secure, composable, high-performance, and operationally manageable
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software that can move reliably from centralized cloud infrastructure to constrained edge
platforms.

Keywords: Capability-Based Security, Cloud-To-Edge Computing, Language Interoperability,
Portable Software; WASI; Webassembly Component Model

1. Introduction and Review Methodology

1.1 Background and Evolution of WebAssembly, WASI, and the Component Model
WebAssembly emerged as a compact, validated instruction format designed to execute portable
code efficiently within a sandboxed runtime. Its stack-machine representation, linear memory,
deterministic validation, and compilation-friendly design allowed languages such as C, C++, and
Rust to target a common binary format. Adoption subsequently expanded beyond browsers into
serverless platforms, plug-in systems, cloud services, edge gateways, and embedded
environments. Enterprise cloud-migration research demonstrates the practical importance of
reducing platform dependence while preserving manageable application lifecycles (Ladapo et al.,
2022). Core WebAssembly modules, however, expose low-level functions, memories, tables, and
numeric values rather than rich language-level interfaces. Developers must manually define calling
conventions, serialize complex data, manage memory ownership, and provide host-specific
imports. Software-testing research highlights why such interfaces require systematic validation
when independently developed components are combined (Borah et al., 2022).

WASI extended WebAssembly beyond pure computation by defining portable system interfaces
through which modules can request files, clocks, randomness, networking, and other host-managed
capabilities. Rather than granting unrestricted operating-system access, runtimes can expose only
explicitly authorized resources. The Component Model advances this approach by introducing
typed interfaces, composable components, interface definitions, resource types, and canonical
mechanisms for translating values across language boundaries. Secure-software research
demonstrates the importance of preserving isolation and verifiable control as software systems
become more autonomous and interconnected (Odejobi et al., 2025). The resulting architecture
separates implementation language from interface contract, allowing independently compiled
components to exchange structured strings, records, variants, lists, results, and resources. Cloud-
infrastructure experience further indicates that portability depends on consistent runtime services,
operational controls, and migration tooling rather than binary compatibility alone (Ladapo et al.,
2025). The evolution from core modules to WASI-enabled components therefore represents a
transition from portable low-level computation toward composable, capability-oriented, language-
neutral cloud-to-edge software architecture.

1.2 Scope, Objectives, Research Questions, and Review Contributions

This review examines the WebAssembly Component Model and WASI as foundations for portable
and interoperable software spanning centralized cloud infrastructure, serverless platforms, edge
gateways, and constrained devices. Its scope covers core modules, components, WebAssembly
Interface Type definitions, canonical ABI mechanisms, language bindings, runtime
implementations, host capabilities, packaging, linking, versioning, testing, observability, and
deployment. API-governance research demonstrates that interoperable systems require explicit
interface ownership, compatibility rules, and risk controls (Aliliele et al., 2023b). The review also
evaluates capability-based security, sandboxing, multitenancy, identity, secrets, supply-chain
integrity, and policy enforcement. Cloud identity-governance research underscores the need to
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connect every resource request to a verified workload identity and authorized capability (Mbonu
et al., 2022b). Performance comparisons encompass startup latency, memory footprint,
throughput, interoperability overhead, runtime isolation, orchestration, and developer experience
relative to processes, containers, microcontainers, virtual machines, and serverless functions.

The review has four objectives: to explain the architecture and programming model; synthesize
language-interoperability mechanisms and toolchains; compare security and performance
characteristics; and identify deployment limitations and research opportunities. It asks how
components exchange typed values across languages, how WASI mediates host access, and which
workloads benefit from components rather than containers. It further examines whether capability-
oriented execution produces measurable security advantages, how canonical lifting and lowering
affect performance, and which limitations constrain networking, concurrency, state, hardware
access, debugging, and lifecycle management. Performance-governance research demonstrates the
importance of linking technical metrics to operational decision requirements (Dosunmu &
Ogundele, 2025b). Data-classification frameworks also indicate that portable workloads require
consistent handling controls when information crosses runtimes, hosts, and deployment
environments (Aliliele et al., 2024a). The review contributes an integrated architectural taxonomy,
a security and interoperability framework, a workload-sensitive container-comparison model, and
a gap analysis separating specification goals from functionality demonstrably supported by
production runtimes.

1.3 Literature-Selection Method and Organization of the Review

The review applies a structured literature-selection process combining database searches,
technical-specification analysis, citation chaining, and targeted examination of runtime and
toolchain documentation. Search concepts include WebAssembly, WASI, the Component Model,
interface types, canonical ABI, language interoperability, component composition, capability-
based security, sandboxing, cloud-to-edge portability, containers, serverless computing,
performance, and software-supply-chain integrity. Candidate sources are screened through titles,
abstracts, executive summaries, and full texts. Inclusion requires a substantive contribution
concerning architecture, interface design, runtime implementation, security, interoperability,
performance, developer tooling, deployment, or container comparison. Sources lacking sufficient
technical detail or direct relevance to portable component execution are excluded.

For each eligible source, the review extracts the specification or runtime version, workload,
programming language, interface mechanism, WASI capability, host platform, deployment
setting, security model, benchmark design, comparison baseline, and reported limitation.
Performance fields include startup latency, memory consumption, throughput, binary size,
interoperability overhead, and resource utilization. Security fields include isolation boundary,
capability scope, identity, secrets handling, supply-chain controls, and multitenancy assumptions.
Section 2 explains modules, components, interfaces, canonical ABI operations, WASI capabilities,
composition, packaging, and lifecycle management. Section 3 examines interface definitions,
language bindings, toolchains, runtimes, testing, debugging, and observability. Section 4 evaluates
sandboxing, least privilege, policy enforcement, identity, signing, provenance, and vulnerability
management. Section 5 compares components with containers, microcontainers, processes, virtual
machines, and serverless functions. Section 6 analyzes cloud-to-edge applications, standardization
gaps, runtime limitations, emerging research opportunities, and architectural implications. This
organization connects specification-level mechanisms to measurable operational outcomes and
practical deployment decisions.
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2. Architectural Foundations and Programming Model

2.1 Core WebAssembly Modules, Components, Interfaces, and Canonical ABI

Core WebAssembly modules contain validated functions, linear memories, tables, globals,
imports, and exports expressed through low-level value types. Modules provide portable
computation but do not inherently describe rich records, variants, strings, resources, ownership, or
language-specific exceptions. Distributed architectural research provides a useful basis for
distinguishing low-level execution units from higher-level coordination structures (Komi &
Adamolekun, 2022). Direct module interoperability consequently requires applications to define
memory layouts, allocation procedures, serialization conventions, and calling contracts. Tiered-
system research illustrates how coordinated exchange requires explicit boundaries between
independently managed processing levels (Dada et al., 2021a). A module exporting an image-
analysis function, for example, might expose only pointers and lengths, leaving the host
responsible for placing image bytes into linear memory and decoding the result. Integrated
systems-engineering research demonstrates why interfaces must be designed alongside the
operational systems that depend on them (Okonkwo et al., 2023). This low-level approach is
efficient but fragile when languages differ in string representation, memory ownership, error
handling, and asynchronous execution. Heterogeneous-data integration research similarly
highlights the complexity of coordinating information represented through incompatible structures
(Dagodzo & Ahiaeke Patrick, 2021b). The Component Model wraps core modules within richer,
composable units defined by typed imports and exports. Interfaces can express booleans, numbers,
strings, lists, records, tuples, variants, options, results, flags, enumerations, and resources without
exposing implementation-specific memory layouts. NLP research demonstrates the value of
preserving semantic structure when information crosses computational boundaries (Atakpa et al.,
2023). The canonical ABI specifies how component-level values are lowered into core
WebAssembly representations and lifted back into typed values. Attribution research provides an
analogy for tracing how outputs are derived through multiple transformations and processing
stages (Sanni et al., 2022). Canonical lifting and lowering may involve encoding strings, copying
lists, allocating memory, adapting functions, and managing resource handles as seen in Table 1.
Explicit rule-based transaction models demonstrate why cross-boundary operations require
deterministic contracts and validated outcomes (Akomolafe et al., 2024b). Components can
therefore interoperate across languages while retaining separate implementations and compilation
toolchains. Data-driven personalization research further illustrates how common interfaces permit
diverse consumers to use shared information for different purposes (Yeboah et al., 2022).
Performance analysis should still measure copying, allocation, adapter generation, and
serialization overhead because richer interoperability is not cost-free.

Table 1: Core WebAssembly Modules and Component Interoperability

Element Primary role Key mechanism Main consideration
. . ... |Efficien requir
Provide portable low-level| Exchange primitive cient  but equires
. . custom memory layouts,
Core computation through|values, pointers, and| ... . .
. . serialization, ownership,
modules functions, memory, tables,|lengths through linear .
. and error-handling
imports, and exports memory .
conventions
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Element Primary role Key mechanism Main consideration

Expose typed imports and
exports without revealing
internal memory
representations

Package  modules as
Components |richer, independently
composable software units

Improves modularity,
portability, and  cross-
language integration

Support strings, records,

Define structured| , . .
lists, variants, results,

Reduce ambiguity while

Interfaces  |contracts between options flaes and enabling language-neutral
components and hosts p ’ &% API definitions
resources
Perform lifti . o
Translates component- rorms & Enables interoperability but
lowering, allocation,

Canonical |level types into core encoding.  copving.  and! ™Y introduce memory,
ABI WebAssembly values and &, copymis, conversion, and
resource-handle

back serialization overhead
management

2.2 WASI Interfaces, Host Capabilities, and Runtime System Integration

WASI defines portable interfaces through which WebAssembly workloads request operating-
system and host services without linking directly to one platform’s native API. These interfaces
can cover files, clocks, randomness, streams, command execution, networking, and related system
facilities. Zero-trust research demonstrates why every resource request should be explicitly
verified rather than trusted because it originates inside an approved runtime (Ogbole et al., 2021).
A runtime supplies concrete implementations and decides which directories, sockets, environment
values, or devices are available to a component. Privacy-by-design research supports restricting
accessible resources according to role, purpose, and data sensitivity (Badmus et al., 2024). A
component may receive access to one preopened directory rather than the host filesystem, or to
one outbound network service instead of unrestricted connectivity. Privacy-preserving governance
further demonstrates the importance of protecting data as they move across computational and
organizational boundaries (Afrihyia et al., 2024). This capability-oriented design narrows ambient
authority and makes host dependencies visible through component imports. Digital-identity
research also supports binding granted capabilities to verified workload identities and approved
execution contexts (Kumuyi et al., 2024b). Runtime integration involves translating WASI
operations into host-system calls while enforcing permissions, quotas, lifecycle rules, and error
semantics. Continuous configuration monitoring demonstrates why runtime capabilities and
policies must be revalidated after deployment changes (Aliliele et al., 2023a). Runtimes may
interpret, compile, or ahead-of-time translate components and can integrate with event loops,
schedulers, service meshes, secrets managers, logging systems, and orchestrators. Security-
orchestration research demonstrates the value of coordinating detection and policy enforcement
across interconnected services (Dosunmu & Ogundele, 2025¢). Cloud runtimes may prioritize
throughput and multitenancy, whereas edge runtimes may emphasize small binaries, offline
operation, bounded memory, and device interfaces. Integrated network and security operations
provide a model for correlating system activity across execution and communication layers
(Ladapo et al., 2024). Compatibility testing should verify interface versions, resource semantics,
filesystem behavior, socket support, concurrency, cancellation, and failure recovery. Threat-
intelligence integration further supports monitoring unusual capability requests and cross-
component activity for emerging attacks (Dosunmu & Ogundele, 2022). WASI portability should
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therefore be assessed through demonstrated behavior across runtimes and hosts rather than inferred
solely from specification conformance.

2.3 Component Composition, Linking, Packaging, Versioning, and Lifecycle Management
Component composition connects typed exports from one component to compatible imports of
another, allowing applications to assemble services without sharing an implementation language.
Composition may occur statically during build time, dynamically at runtime, or through host-
managed dependency injection. Cross-organizational relationship research illustrates why
independently managed participants require explicit contracts and responsibilities when
contributing to one system (Akin-Oluyomi et al., 2024). Linking verifies interface compatibility
and establishes adapters required by the canonical ABI. End-to-end visibility research
demonstrates the importance of tracing dependencies across complex processing chains (Nnabueze
et al., 2021). Packaging should include the component binary, interface definitions, metadata,
dependencies, permissions, provenance, version constraints, and configuration expectations.
Standard operating procedures support documenting these elements through repeatable build and
release workflows (Eyetsemitan et al., 2022). Registries can distribute components, but they must
preserve immutable artifacts, discoverable interfaces, dependency graphs, signatures, and
vulnerability information. Supplier-governance research further emphasizes verifying externally
provided components before integrating them into operational environments (Ike et al., 2021).
Versioning is difficult because an interface can change syntactically while remaining behaviorally
compatible or remain syntactically stable while changing semantics. Automated compatibility
checks should detect removed functions, modified types, narrowed ranges, altered errors, and
changed resource lifecycles. Accountability frameworks demonstrate why system changes should
remain linked to approved evidence and responsible owners (Medon & Oduleye, 2022). Lifecycle
management spans development, testing, signing, publishing, deployment, activation, monitoring,
upgrade, rollback, deprecation, and retirement. Process-redesign research illustrates how poorly
coordinated transitions can introduce delays and inconsistent operational states (Oyeleye et al.,
2022). Cloud-to-edge systems require special attention because devices may remain offline,
operate older runtimes, or receive updates gradually. National-scale optimization research
demonstrates why distributed systems require coordinated information and procurement processes
across heterogeneous locations (Okonkwo et al., 2025). Deployment manifests should identify
required WASI interfaces, host capabilities, memory limits, runtime versions, and fallback
behavior. Project-governance research emphasizes staged approval, risk ownership, and verified
recovery arrangements for complex implementations (Amayo et al., 2024b). Robust lifecycle
management should therefore support compatibility testing, canary deployment, parallel versions,
telemetry, rollback, and eventual revocation of vulnerable or obsolete components.

3. Language Interoperability and Developer Toolchains

3.1 Interface Types, WIT Definitions, Bindings, and Cross-Language Data Exchange
WebAssembly Interface Type definitions describe component contracts independently of
implementation language. WIT can represent primitive values and structured types such as records,
tuples, lists, variants, options, results, flags, enumerations, and resources. Multilingual research
demonstrates why shared meanings must be preserved when information moves between
communities using different representational conventions (Lilian et al., 2025a). A WIT world
groups the interfaces imported and exported by a component, making its required capabilities and
provided services explicit. Collaborative-language research further illustrates the importance of
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common vocabularies when independently specialized participants must exchange complex
information (Lilian et al., 2025b). Interface packages should use stable names, documented
semantics, ownership conventions, and compatibility policies. Policy-alignment research
demonstrates why formally stated objectives must remain consistent with the mechanisms used to
implement them (Liadi, 2022a). For example, a storage interface may define resource handles,
read and write functions, typed errors, and lifecycle operations without exposing whether the
implementation uses local files, object storage, or an in-memory cache. Curriculum-comparison
research offers a broader analogy for maintaining common learning outcomes while permitting
contextual implementation differences (Boakye et al., 2021).

Bindings translate WIT contracts into language-native functions, classes, records, enumerations,
errors, and resource wrappers. Generated bindings reduce manual serialization but must correctly
implement memory ownership, character encoding, resource destruction, asynchronous behavior,
and error mapping. Al-authorship research highlights the importance of recording which tools
generate an artifact and who remains responsible for its correctness (Annan, 2023). Canonical ABI
adapters lower language values into core WebAssembly representations and lift returned values
into the caller’s type system. Data-driven operations research demonstrates why transformation
stages should remain measurable and traceable across a complete workflow (Efobi et al., 2021).
Cross-language exchange may require copying strings and lists, translating variants, managing
guest memory, or maintaining resource-handle tables. CRM forecasting research illustrates how
structured information from multiple channels can be combined when their representations are
consistently defined (Dada et al., 2021b). Tests should cover boundary values, invalid encodings,
large lists, nested variants, resource leaks, and incompatible versions. Compliance-oriented
framework research further supports documenting interface constraints and exception-handling
procedures before production adoption (Sanni & Atima, 2021a). Performance evaluation should
separate actual component logic from binding generation, canonical conversion, allocation,
copying, and host-call overhead.

3.2 Language Toolchains, Runtime Implementations, and Component-Build Workflows
Language toolchains transform source code into core WebAssembly modules, generate bindings
from WIT interfaces, and package outputs as components. The workflow differs by language
because compilers, standard libraries, garbage collection, exception handling, concurrency
models, and foreign-function interfaces impose distinct requirements. Hybrid-model research
demonstrates the importance of integrating specialized mechanisms without losing coordination
across the complete system (Komi, 2021). Rust and C-family workflows can produce
comparatively direct low-level binaries, whereas managed or interpreted languages may require
language runtimes, interpreters, or garbage collectors inside the component. Deep-learning
integration research illustrates how implementation complexity increases when sophisticated
execution environments must be combined with constrained deployment targets (Dagodzo et al.,
2022). Toolchains should support reproducible compilation, interface generation, component
wrapping, optimization, validation, signing, and artifact inspection. Data-driven automation
research demonstrates the value of structuring complex technical processes into repeatable and
measurable stages (Michael & Ogunsola, 2025c). Build outputs should record compiler versions,
target settings, optimization flags, interface packages, imported capabilities, and dependency
hashes. Resource-optimization research further supports eliminating unnecessary processing while
preserving essential operational functions (Falegan & Aniebonam, 2025).
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Runtime implementations validate, instantiate, compile, link, and execute components while
implementing host interfaces and security policies. Runtime choices affect startup latency,
memory consumption, throughput, supported WASI interfaces, debugging, and hardware
compatibility. Interpretable-system research emphasizes exposing the basis of automated
execution decisions rather than treating runtime behavior as opaque (Komi & Adamolekun, 2021).
Ahead-of-time compilation can reduce startup work but increases build complexity and platform-
specific artifacts, whereas just-in-time compilation may improve workload adaptation at runtime.
Real-time monitoring research demonstrates why runtime behavior should be observable under
actual operating conditions (Filani et al., 2022). Component-build workflows should include
interface compatibility tests, unit tests, integration tests, optimization, security scanning, and cross-
runtime execution as seen in Table 2. Path-planning research illustrates the value of coordinating
successive processing stages under shared resource constraints (Akanbi & Sunday, 2024). Cross-
compilation should be validated on representative cloud and edge hardware rather than assumed
from successful local builds. Data-driven hazard-monitoring research demonstrates why real-
world environments expose constraints absent from laboratory testing (Adeyelu & Dagodzo,
2024). Production pipelines should support deterministic builds, artifact provenance, staged
publishing, canary deployment, rollback, and retirement of superseded components.

Table 2: WebAssembly Toolchains, Runtimes, and Component-Build Workflows

Area Primary function Key workflow elements [Main considerations
Compile source code|WIT binding generation,|Language runtimes,
Language into  WebAssembly |optimization, validation, garbage collection,
toolchains modules and |\wrapping, signing, and|exceptions, concurrency,
components packaging and binary size
. Validate, instantiate, WASI.. Integration, Startup latency, memory
Runtime . capability enforcement, .
. . link, and execute use, throughput, interface
implementations resource  management, -
components . support, and observability
and hardware execution
I Prepare components|Ahead-of-time AOT_ reduces startup
Compilation e .. lwork; JIT offers runtime
for target [compilation or just-in- o
strategy : : — adaptability but adds
environments time compilation :
execution overhead
. Deliver reproducible Testing, SCaNMING, | K oterministic builds,
Build and provenance  recording, N
components  across . ..~ '|hardware  compatibility,
deployment cross-runtime validation, :
cloud and edge version control, and safe
workflow canary deployment, and .
systems component retirement

rollback

3.3 Debugging, Testing, Observability, Dependency Management, and Developer Experience
Debugging component applications requires visibility across guest-language code, generated
bindings, canonical ABI adapters, runtime operations, and host implementations. Failures may
arise from type incompatibility, incorrect lifting or lowering, memory ownership, resource
leakage, missing capabilities, or runtime-specific behavior. Audit-quality research demonstrates
why technical evidence must remain traceable from observed failure to its underlying cause
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(Ozowaraetal., 2025). Debuggers should map WebAssembly instructions back to source locations
and expose component boundaries, imported interfaces, resource handles, and host calls. Al-
auditing research emphasizes the need for transparent inspection mechanisms when complex
automated systems influence operational outcomes (Fobellah, 2025b). Testing should include unit
tests for component logic, contract tests for WIT interfaces, compatibility tests across versions,
and integration tests against multiple runtimes. General-control research supports embedding
automated validation into build and deployment processes rather than relying on final-stage
inspection (Mbonu et al., 2022). Adversarial tests should also supply malformed values, oversized
lists, invalid encodings, resource exhaustion, and denied capabilities. Hazard-identification
research demonstrates the value of proactively testing conditions capable of producing significant
operational failure (Obogo et al., 2025). Observability should correlate component identity,
interface calls, execution duration, errors, resource consumption, capability use, and dependency
versions without exposing secrets or sensitive payloads. Security-analytics research supports
combining runtime and forensic evidence across interconnected systems (Ogbole et al., 2025).
Standard tracing formats can propagate request context across native services, containers, and
WebAssembly components, although adapters may be required at runtime boundaries. Incident-
response research demonstrates why logs, timestamps, and execution evidence must be preserved
before failures or attacks occur (Dosunmu & Ogundele, 2021). Dependency management should
resolve interface packages, component artifacts, adapters, and host requirements while detecting
incompatible or vulnerable versions. Corrective-action research supports linking identified defects
to assigned remediation, verification, and closure procedures (Ebhojie et al., 2023a). Developer
experience depends on clear errors, fast builds, predictable tooling, documentation, local
emulation, and reproducible cloud-to-edge deployment. Adversary-simulation research further
supports incorporating realistic failure and attack scenarios into routine development workflows
(Dosunmu & Ogundele, 2025a). Mature tooling should display dependency graphs, imported
capabilities, binary size, compatibility results, and runtime support before publishing a component.

4. Security, Isolation, and Software-Supply-Chain Assurance

4.1 Capability-Based Security, Sandboxing, and Least-Privilege Resource Access
Capability-based security grants a component explicit, unforgeable authority to access designated
resources rather than inheriting broad ambient privileges. A component that requires one
configuration file, one network endpoint, and a clock should receive only those capabilities.
Access-governance research demonstrates the importance of separating duties and preventing
authority from expanding across organizational boundaries (Dogbatsey et al., 2021). WASI host
interfaces make capability requirements visible through typed imports, while the runtime decides
which concrete directories, sockets, devices, clocks, or random-number sources satisfy them. Data-
protection impact-assessment research supports evaluating privacy consequences before granting
access to sensitive infrastructure (Mbonu et al., 2022a). Least privilege should apply to resource
identity, permitted operations, scope, duration, rate, and delegation. Capital-allocation research
provides an analogy for assigning limited authority according to demonstrated need and expected
risk (Lawal & Oduleye, 2021a). Capability policies should deny undeclared filesystem traversal,
arbitrary outbound networking, environment-variable discovery, and host-device access.
Cybersecurity-compliance research further supports making resource restrictions enforceable and
auditable rather than relying on developer intent (Annan, 2025b). Sandboxing separates
component memory and control flow from the host and other tenants. Linear-memory bounds,
validated instructions, indirect-call checks, runtime mediation, and capability-restricted imports
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reduce opportunities for arbitrary native access. Safety-governance research illustrates why
protective boundaries require clear ownership, inspection, and escalation procedures (Obogo et al.,
2022). However, sandboxing does not eliminate denial of service, confused-deputy attacks,
vulnerable host functions, side channels, or excessive resource consumption. Access-control
research demonstrates why permission decisions should incorporate user, device, resource,
context, and requested operation (Ladapo et al., 2023b). Runtimes should therefore enforce CPU
budgets, memory limits, execution deadlines, call-depth restrictions, filesystem quotas, and
network rate limits. Cost-control frameworks reinforce the need to meter resource consumption
and attribute it to responsible workloads (Aminu-lbrahim et al., 2025a). Security tests should
attempt capability escalation, path traversal, resource-handle reuse, oversized allocations, cyclic
component calls, and unauthorized network access. Cybersecurity-investment research also
emphasizes evaluating whether added controls deliver measurable protection relative to
operational overhead (Ozowara et al., 2022). Effective isolation requires secure runtime
configuration, constrained host functions, continuous monitoring, and rapid revocation of
compromised capabilities.

4.2 Multitenancy, Policy Enforcement, Secrets, Identity, and Runtime Governance

Multitenant runtimes execute components belonging to different users, applications, or
organizations on shared infrastructure. Isolation must cover linear memory, tables, files, network
connections, resource handles, caches, logs, metrics, and compiled-code artifacts. Compliance-
oriented data-architecture research demonstrates why sensitive information requires protection
across storage, processing, and analytics layers (Aliliele et al., 2024b). Tenant identity should be
established before component instantiation and propagated through capability requests, host calls,
and telemetry. Cross-boundary governance research illustrates the importance of assigning
accountable authority when shared systems support multiple stakeholders (Isiekwu et al., 2021).
Policy engines can evaluate component identity, publisher, tenant, requested interface, resource,
operation, deployment environment, and current risk state. Compliance-workflow research
supports translating abstract requirements into executable checkpoints and documented decisions
(Eyetsemitan et al., 2021). Policies should enforce memory limits, execution deadlines, network
destinations, filesystem scopes, interface allowlists, and regional data restrictions. Workforce-
training research further indicates that operators require clear procedures for interpreting alerts,
exceptions, and policy denials (Obriki et al., 2022a). Secrets such as APl keys, certificates,
database credentials, and signing tokens should never be embedded within component binaries or
unrestricted environment variables. Runtime secret stores should deliver short-lived values only
to authenticated components possessing an approved capability. Automated-control research
demonstrates the value of embedding validation and auditability directly into operational
workflows (Oyeleye et al., 2025). Workload identity may be based on signed component digests,
deployment metadata, tenant credentials, runtime attestation, or orchestrator-issued tokens.
Automated-decision governance research emphasizes that identity and policy mechanisms must
remain accountable when they affect access or service availability (Annan, 2025a). Runtime
governance should define who may publish, instantiate, update, suspend, inspect, or revoke
components. Enterprise Al-governance research supports combining technical controls with
organizational readiness, assigned ownership, and documented risk acceptance (Badmus et al.,
2025). Governance metrics should include denied capability requests, policy-evaluation latency,
tenant-level resource consumption, secret-access events, isolation failures, and exception
frequency. Performance-measurement research demonstrates why these indicators should be
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connected to executive risk and operational outcomes (Dosunmu & Ogundele, 2025b). High-
impact exceptions should require independent approval, time limits, compensating controls, and
automatic re-evaluation before renewal.

4.3 Component Provenance, Signing, Dependency Integrity, and Vulnerability Management
Component provenance records where an artifact originated, who built it, which source revision
and toolchain produced it, and what dependencies and interfaces it contains. Build systems should
generate signed attestations linking source, compiler, configuration, WIT packages, adapters, tests,
and resulting component digests. Due-diligence research demonstrates the importance of verifying
origin, ownership, risk indicators, and supporting evidence before accepting externally produced
assets (Eboh & Aliliele, 2025a). Digital signatures allow registries, runtimes, and orchestrators to
authenticate publishers and detect modification after release. Blockchain-gateway research
illustrates how cryptographic controls can support integrity and traceability across distributed
transactions (Akomolafe et al., 2024a). Signature verification should occur during publication,
download, installation, and execution, with trust policies defining approved issuers and algorithms.
Procurement research reinforces the need to evaluate supplier integrity before integrating third-
party components into critical systems (Efobi et al., 2022a). Provenance records should also
identify required WASI capabilities, target runtimes, exported interfaces, licenses, and known
limitations. Regulatory procurement research demonstrates why compliance evidence must
accompany technical suitability in high-risk environments (Okonkwo et al., 2021).

Dependency integrity covers component packages, WIT interfaces, generated bindings, adapters,
language libraries, and host implementations. Lockfiles and immutable digests should prevent
unreviewed substitutions, while dependency graphs should expose transitive relationships and
duplicated versions. Contractor-compliance research illustrates the importance of maintaining
oversight when external parties contribute to operational systems (Obogo et al., 2021).
Vulnerability management should correlate disclosed defects with affected components, runtime
versions, interfaces, capabilities, and deployments. Lifecycle-risk research supports evaluating
exposure across acquisition, operation, maintenance, and retirement stages (Falegan &
Aniebonam, 2022). A vulnerable component should be quarantined, replaced, restricted, or
revoked according to exploitability and operational consequence. Digital-twin research
demonstrates how simulated environments can validate remediation before production deployment
(Ike et al., 2025). Software bills of materials should describe component and native dependencies,
but semantic interface vulnerabilities may require richer behavioral records. Infrastructure case
studies demonstrate why remediation plans should include assigned ownership, timelines,
compensating controls, and verified closure (Amayo et al., 2023b). Registries and orchestrators
should support signed advisories, automated impact analysis, staged upgrades, rollback, and denial
of revoked artifacts.

5. Performance and Container Comparisons

5.1 Startup Latency, Memory Footprint, Throughput, and Interoperability Overheads
Startup latency comprises artifact loading, validation, compilation, linking, component
instantiation, canonical adapter creation, host-interface initialization, and application-specific
setup. Measurements should distinguish cold starts from warm starts that reuse compiled code,
cached artifacts, or runtime processes. Capacity-planning research demonstrates why performance
must be evaluated against realistic workload volumes and available resources (Edivri & Oteri,
2022). Ahead-of-time compilation can reduce startup work but produces platform-specific
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machine code, whereas interpretation and just-in-time compilation preserve flexibility at
additional runtime cost. Predictive optimization research supports comparing these alternatives
through measurable cost and performance outcomes rather than architectural preference (Tonoyan
et al., 2022c). Memory reporting should separate component binary size, compiled code, linear
memories, runtime metadata, stacks, tables, resource handles, shared host services, and peak
resident memory. Infrastructure-performance research demonstrates the importance of measuring
complete operational resource requirements rather than one isolated asset (Aminu-lbrahim et al.,
2025c¢). Small components can still consume substantial memory when language runtimes, garbage
collectors, adapters, or duplicated dependencies are included. Risk-stratification research similarly
illustrates why multiple indicators should remain visible instead of being collapsed into a single
headline value (Okwah, 2022). Throughput should be reported as completed requests, function
invocations, or processed bytes per second at declared latency limits. Benchmarking should vary
payload size, call frequency, concurrency, interface complexity, and component-chain depth.
Energy—latency research demonstrates why throughput improvements should not be evaluated
independently of power and reliability (Asiedu et al., 2025). Interoperability overhead arises from
canonical lifting and lowering, memory allocation, string encoding, list copying, variant
translation, resource-table lookup, and transitions between guest and host execution. Leading-
indicator research supports tracing these stage-level costs before they produce significant end-to-
end degradation (Obriki et al., 2025). Microbenchmarks should isolate boundary-crossing costs,
while application benchmarks should determine whether computation dominates conversion
overhead. Energy-sustainability research further emphasizes measuring the complete
infrastructure cost of repeated execution (Monye et al., 2025). Results should include medians, tail
latency, confidence intervals, hardware details, runtime versions, compiler flags, and cache state.
Cognitive-bias research cautions against selecting only workloads or metrics that favor a preferred
execution technology (Fobellah, 2025a). WebAssembly components should be considered
efficient only when improvements persist under realistic cloud and edge workloads.

5.2 WebAssembly Components Versus Containers, Microcontainers, and Virtual Machines
Containers package native executables, libraries, configuration, and filesystem layers while
sharing the host kernel. They provide mature networking, storage, orchestration, debugging, and
observability ecosystems but may carry larger images and broader operating-system dependencies
than WebAssembly components. Distributed-architecture research demonstrates why technology
selection should reflect whether control is centralized, decentralized, or hybrid (Komi &
Adamolekun, 2022). Virtual machines include complete guest operating systems and stronger
hardware-mediated isolation, but generally require greater memory and longer initialization.
Infrastructure-resilience research demonstrates why isolation and recoverability may justify higher
resource costs for critical workloads (Aminu-lbrahim et al., 2025b). Microcontainers reduce image
and userspace overhead while retaining container and kernel semantics. Digital coordination
research illustrates how standardized operational tooling can simplify delivery across complex
environments (Ogbete et al., 2025a). WebAssembly components instead package typed interfaces
and portable computation executed through a runtime with explicitly provided host capabilities.
Path-planning research offers an analogy for selecting an execution pathway according to
workload, resource, and environmental constraints (Akanbi & Sunday, 2024).

Components can offer rapid instantiation, compact artifacts, language-neutral composition, and
fine-grained capabilities, but their operating-system interface coverage, networking, debugging,
and orchestration may be less mature than container platforms. National-scale deployment
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research demonstrates why implementation maturity and support infrastructure matter alongside
theoretical architecture (Dagodzo & Ahiaeke Patrick, 2025). Components are attractive for
functions, plug-ins, policy engines, edge modules, and multi-tenant extensions, whereas containers
remain appropriate for stateful services, native dependencies, complex networking, and established
operational workflows. Reliable communication research shows why constrained and
intermittently connected environments may benefit from compact, self-contained execution units
(Asiedu & Quainoo, 2025). Virtual machines remain relevant where kernel isolation, legacy
operating systems, or strong administrative separation is required. Battery-lifecycle research
demonstrates that resource efficiency should be evaluated over sustained operation rather than one
short benchmark (Komi & Ganiu, 2022). Hybrid deployment can place WebAssembly components
inside containers or orchestrate both through a common platform. Al-enabled decision research
supports selecting technologies using context-specific evidence rather than universal assumptions
(Michael & Ogunsola, 2025c). Comparison should cover startup, memory, throughput, isolation,
portability, interface coverage, observability, ecosystem maturity, and operational expertise.

5.3 Benchmarking, Workload Suitability, Orchestration, and Operational Trade-Offs
Benchmarking should separate microbenchmarks, component-chain tests, and end-to-end
applications. Microbenchmarks measure instantiation, function calls, canonical conversions,
memory growth, and host-interface latency, whereas applications reveal orchestration,
networking, storage, and dependency effects. Performance-maturity research supports progressing
from isolated tests to realistic operational validation before deployment claims are accepted
(Adeyelu & Dagodzo, 2024). Comparative experiments should use identical hardware, operating
systems, workloads, datasets, concurrency levels, compiler settings, and measurement procedures.
Longitudinal research demonstrates why results should remain stable across time, repeated runs,
and evolving conditions (Dada et al., 2024). Workload suitability depends on computation
intensity, state, networking, system interfaces, portability requirements, isolation, and update
frequency. Predictive-risk research illustrates the value of evaluating configurations across
different operating conditions rather than relying on one aggregate result (Eboh & Aliliele, 2025b).
Suitable workloads may include event functions, plug-ins, edge filtering, policy evaluation, and
portable business logic. Strategic-alignment research further demonstrates why technical choices
should support organizational and operational objectives (Lawal & Oduleye, 2021b).
Orchestration should manage placement, capability policies, component versions, resource limits,
health checks, scaling, service discovery, secrets, telemetry, updates, and rollback. Adaptive-
control research demonstrates the value of modifying execution policies as workload and risk
conditions change (Sanni et al., 2022). Cloud orchestrators may schedule thousands of short-lived
components, while edge platforms must handle intermittent connectivity, heterogeneous
processors, constrained storage, and delayed updates. Integrated safety-management research
supports explicit fallback and recovery procedures for distributed deployments (Obogo et al.,
2025). Operational trade-offs include portability versus access to native capabilities, small artifacts
versus runtime dependencies, rapid startup versus ahead-of-time compilation, and fine-grained
isolation versus boundary-crossing overhead. Project-risk research demonstrates why benefits and
limitations should be evaluated together before organizational adoption (Amayo et al., 2025c).
Benchmark reports should disclose runtime maturity, unsupported interfaces, host assumptions,
monitoring coverage, and security settings. Organizational-learning research further supports
converting benchmark findings and deployment incidents into continuous improvement
(Arumosoye & Obriki, 2021). A workload should adopt components only when their portability,
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composition, security, or efficiency benefits exceed the operational value of established container
or virtual-machine ecosystems.

6. Cloud-to-Edge Deployment and Future Directions

6.1 Serverless Functions, Plug-In Systems, 10T Gateways, and Edge Applications
WebAssembly components offer a compelling execution model for serverless platforms because
their compact binaries, rapid instantiation, and explicit interfaces support fine-grained scaling
without requiring a complete operating-system image for each function. A cloud provider can
precompile frequently invoked components, pool runtime instances, and grant each function only
the WASI capabilities needed to access designated files, clocks, network endpoints, or key-value
stores. Components written in Rust, Go, JavaScript, or another supported language can
communicate through typed WIT contracts, reducing dependence on language-specific
serialization and sidecar processes. This arrangement is particularly valuable for event-driven
workloads such as image transformation, request validation, telemetry enrichment, and lightweight
inference. Nevertheless, performance depends on runtime caching, component-linking overhead,
host-call frequency, asynchronous 1/O maturity, and the efficiency of canonical ABI conversions.
Stateful serverless workloads additionally require external state management and carefully defined
recovery semantics. Plug-in systems represent another strong application because untrusted or
independently developed extensions can execute within capability-restricted sandboxes. A
database, browser, development environment, or enterprise workflow engine could load a signed
component while exposing only approved interfaces rather than an unrestricted host API. At the
edge, WebAssembly components can normalize sensor streams, filter industrial telemetry, enforce
local policies, and coordinate protocol adapters within 10T gateways. For example, a gateway
could combine a C-based device driver, a Rust anomaly detector, and a JavaScript transformation
component through stable interface definitions. Local execution reduces network traffic and
permits continued operation during cloud disconnection. Deployment frameworks must still
address device identity, signed updates, resource quotas, real-time constraints, hardware access,
observability, and rollback. The most effective architecture therefore combines portable
component logic with platform-specific host services that mediate privileged operations and
preserve deterministic control over constrained edge resources.

6.2 Standardization Gaps, Runtime Limitations, and Emerging Research Opportunities

Despite its architectural promise, the WebAssembly component ecosystem remains constrained
by differences in runtime support, interface maturity, language-toolchain completeness, and
implementation behavior. WASI capabilities for networking, asynchronous execution, threading,
sockets, device access, and persistent storage must provide sufficiently stable semantics across
cloud and edge environments. A component that executes correctly on a server-class runtime may
encounter unavailable interfaces, stricter memory limits, different clocks, or incompatible
hardware abstractions on an embedded gateway. Canonical ABI interoperability also introduces
costs when complex values, strings, lists, and records cross component boundaries repeatedly.
Version evolution presents another challenge: interface compatibility rules must distinguish
additive changes from breaking changes, while registries and orchestrators need dependable
mechanisms for resolving dependency graphs, validating target features, and selecting compatible
component versions. Research should consequently examine portable conformance suites that test
functional behavior, security boundaries, performance, and failure semantics across runtimes.
Hardware-aware compilation could specialize components for processors, accelerators, and
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memory hierarchies while retaining interface-level portability. Further work is needed on
predictable garbage collection, shared-memory safety, zero-copy data exchange, real-time
scheduling, confidential execution, and energy-aware orchestration. Component-native
observability should correlate WIT-level calls, host capabilities, resource consumption, distributed
traces, and policy decisions without exposing sensitive data. Software-supply-chain research must
define how provenance, signatures, vulnerability records, and transitive dependencies remain
verifiable after composition and ahead-of-time compilation. Comparative studies should use
realistic applications rather than isolated kernels and report startup time, steady-state throughput,
tail latency, memory, energy, interface overhead, and operational complexity. Emerging
architectures may combine WebAssembly components with containers: containers provide mature
operating-system integration, whereas components supply portable, least-privilege application
units. Standardization should therefore prioritize interoperable contracts and testable semantics
instead of assuming that one runtime can uniformly replace every established deployment
mechanism.

6.3 Conclusions and Implications for Portable Cloud-to-Edge Software Architecture

The reviewed evidence positions the WebAssembly Component Model and WASI as foundations
for software assembled from portable, language-independent, capability-constrained units. Their
principal contribution extends beyond binary portability. WIT contracts make interfaces explicit;
the canonical ABI standardizes value exchange, component composition separates implementation
languages from integration logic, and WASI mediates access to host resources. Together, these
mechanisms can reduce language lock-in and allow the same business logic to move among
centralized clouds, regional nodes, gateways, and constrained devices. Portability, however,
should not be interpreted as identical execution under all conditions. Applications remain
influenced by runtime implementations, processor targets, available WASI interfaces, resource
budgets, and platform-specific host capabilities. Architects must therefore separate portable
computational components from deliberately specialized adapters for hardware, storage,
networking, and device control.For enterprise adoption, components should be governed as
independently versioned supply-chain artifacts with declared interfaces, capability requirements,
provenance, signatures, resource limits, and compatibility metadata. Deployment pipelines should
verify these properties before composition, test security and performance on every target class,
and retain reversible rollout mechanisms. Components are particularly suitable for serverless
functions, extensible applications, protocol mediation, edge analytics, and other workloads
requiring rapid startup and controlled host access. Containers remain preferable where applications
depend heavily on operating-system packages, unrestricted process models, or mature
orchestration features. A hybrid architecture can place componentized services inside or alongside
containers, progressively reducing deployment weight without disrupting established
infrastructure. Future cloud-to-edge systems should schedule workloads according to latency,
privacy, connectivity, energy, and capability requirements rather than location alone. Under this
model, WebAssembly provides a portable execution substrate, while WASI and host policy define
the trustworthy boundary between reusable software and heterogeneous infrastructure. The
resulting architecture supports interoperability and incremental modernization while maintaining
explicit control over security, performance, and operational risk.
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