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Abstract—While the Model Context Protocol (MCP) stan-
dardizes logical agent-tool interactions, current container-based
execution models fail within the Edge-Cloud Continuum, where
edge devices are particularly resource-constrained. Since per-
sistent deployment is infeasible on the edge, the reliance on
heavy containers for on-demand execution causes prohibitive
cold-start latencies, disrupting real-time agentic workflows. To
bridge this gap, we propose an orchestration framework that
decouples tool semantics from execution infrastructure, informed
by our thorough analysis of MCP ecosystem heterogeneity. Based
on these insights, we introduce the Agent Tool Dispatcher, a
middleware that exposes detailed execution metrics to facilitate
precise workload placement across Device, Edge, and Cloud tiers.
Complementing this, we present WasmMCP, a WebAssembly-
based runtime achieving architecture independence and rapid
cold starts, leveraging Wasm’s sub-millisecond module instan-
tiation to deliver end-to-end startup in tens of milliseconds to
enable efficient deployment of MCP tools across constrained
heterogeneous devices. Extensive evaluation using realistic agent
scenarios demonstrates that WasmMCP achieves 10–21× faster
cold starts compared to container-based baselines. Furthermore,
our dispatcher achieves zero constraint violations while main-
taining competitive end-to-end latency, ensuring seamless and
scalable agent operations across edge-cloud continuum.

Index Terms—WebAssembly, Edge-Cloud Continuum, Model
Context Protocol, AI Agent

I. INTRODUCTION

Recent advances in Large Language Models (LLMs) have
extended the scope of generative AI from static natural lan-
guage processing to dynamic, goal-oriented execution, en-
abling the emergence of autonomous agents. Unlike traditional
models constrained by pre-trained knowledge bases, these
agents leverage iterative reasoning capabilities to decompose
complex objectives into executable plans and interact with
external environments. This architectural evolution facilitates
the deployment of LLMs in sophisticated domains, where the
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primary utility shifts from semantic knowledge retrieval to the
autonomous execution of multi-step workflows.

As agents progress toward handling increasingly complex
tasks, their operational capability becomes bounded by the
effective utilization of external tools that are the interfaces
bridging the model’s reasoning with external APIs, enterprise
databases, and IoT devices. However, the heterogeneity of
proprietary interfaces has introduced a significant interoper-
ability gap. Addressing the N × M integration complexity
between diverse agent frameworks (e.g., LangChain, AutoGen)
and an expanding tool ecosystem has traditionally necessitated
the maintenance of ad-hoc adaptation layers. To mitigate this
challenge, the Model Context Protocol (MCP) [1] has emerged
as a unified industry standard. By defining a universal schema
for tool discovery and invocation, MCP decouples the agent’s
planning from low-level tool implementations, facilitating the
development of modular and interoperable agentic systems.

While MCP successfully standardizes the logical interaction
between agents and tools, it remains ignorant of the physical
execution environment. As agents are increasingly integrated
into real-world applications requiring low latency and data
privacy, their operation inevitably spans a distributed Edge-
Cloud Continuum. However, deploying across this heteroge-
neous landscape introduces severe architectural hurdles that
the protocol alone cannot address.

Current MCP implementations predominantly assume ho-
mogeneous environments, typically local desktops or central-
ized cloud servers, where high-bandwidth connectivity and
uniform hardware are guaranteed. However, real-world IoT
and edge scenarios are characterized by Instruction Set Ar-
chitecture (ISA) heterogeneity (e.g., mixing x86 servers with
ARM/RISC-V sensors or devices) and constrained network
conditions. In such resource-constrained environments, main-
taining permanently running containers is infeasible, necessi-
tating an on-demand execution model. However, the standard
practice of packaging tools as heavyweight containers incurs



substantial initialization overhead. This results in prohibitive
cold-start latencies that disrupt the real-time responsiveness
required for interactive agentic work�ows [2], [3], hindering
the seamless migration of agents to the network edge.

To address these challenges, we began by conducting a
comprehensive analysis of the rapidly evolving MCP tool
ecosystem. We observed that while tools share a uni�ed
logical interface, they exhibit distinct operational charac-
teristics, ranging from lightweight data transformations to
heavy hardware-dependent computations. Existing architec-
tures, however, force a static binding between tools and agents,
ignoring these heterogeneity and leading to inef�cient resource
utilization. To resolve this, we introduce the Agent Tool
Dispatcher, a pro�le-based orchestration layer that routes tool
execution on the appropriate infrastructure tier. By mapping
agent tool requirements to the corresponding infrastructure tier
in the edge-cloud continuum, this module formalizes high-
level tool semantics into quantitative execution parameters,
enabling the scheduler to optimize placement decisions.

To execute the placement decisions made by the Dispatcher,
we developed WasmMCP, a lightweight serverless runtime.
On resource-constrained edge devices, maintaining persistent
processes for every potential tool execution is infeasible,
and an on-demand execution model is required to preserve
limited available resources, such as memory. However, tra-
ditional container runtimes impose signi�cant overhead that
con�icts with this intermittent execution model, incurring
prohibitive cold-start latencies. WasmMCP addresses this by
leveraging a lightweight WebAssembly (WASM) [4] run-
time to abstract underlying hardware heterogeneity, enabling
architecture-independent deployment across diverse edge ar-
chitectures. By implementing a custom stripped-down ini-
tialization path and a dual-transport architecture, WasmMCP
achieves rapid cold starts in tens of milliseconds, allowing the
ef�cient hosting of many idle tools on resource-constrained
devices with marginal operational overheads.

We validate the proposed architecture through a full-scale
system implementation integrated with standard agent frame-
works to our custom Wasm runtime and the dispatcher module.
We evaluate the system using representative agentic work�ows
derived from real-world usage scenarios. Our empirical results
demonstrate that WasmMCP reduces cold-start latency by 10–
21� and memory footprint by 59–72% compared to container-
based baselines. The Agent Tool Dispatcher achieves zero
constraint violations across all scenarios while reducing end-
to-end latency by up to 2.3� compared to naive cloud-only
deployment, effectively balancing the trade-offs between data
locality and computational resources.

In summary, our key contributions are as follows:

� MCP Ecosystem Analysis: Analyzing the heterogeneity
of MCP workloads to identify the limitations of static
deployment in edge-cloud environments.

� Agent Tool Dispatcher: Proposing a middleware that dy-
namically optimizes tool placement across device, edge,
and cloud tiers based on workload characteristics.

Fig. 1: Overview of MCP primitives and transport mechanisms
with tool invocation �ow

� WasmMCP Runtime: Developing a Wasm-based server-
less runtime for MCP tools that leverages sub-millisecond
Wasm instantiation to achieve end-to-end cold starts of
tens of milliseconds on constrained devices.

II. MODEL CONTEXT PROTOCOL ECOSYSTEM

The MCP [1], released by Anthropic [5] late 2024, estab-
lishes an open standard interface for LLMs to securely access
external data and tools. Prior to MCP, integrating N LLM
applications with M external services required N �M custom-
built adapters. MCP standardizes these external services as
Servers and LLM applications as Clients, de�ning a standard
interface based on JSON-RPC 2.0 that reduces integration
complexity to O(N + M).

A. MCP Primitives and Communication Model

Figure 1 illustrates the MCP architecture and commu-
nication �ow. MCP server is composed of three primary
components of Tools, Resources, and Prompts. Tools represent
executable functions for the LLM, whereas Resources expose
data sources such as �le systems or database records. This
distinction is critical for scheduling in distributed environ-
ments, as the location of a Resource (e.g., a local log �le)
imposes data locality constraints on the corresponding Tool
(e.g., a log analyzer), dictating where the computation must
occur. Prompts serve as reusable templates for interaction.

The protocol supports two primary Transport mechanisms
which dictate the deployment model. The stdio transport
utilizes standard input/output streams for local inter-process
communication (IPC). While serving as the default for local
host applications, this approach enforces tight coupling, man-
dating that the tool and the LLM client reside on the same
physical machine. Conversely, the HTTP transport facilitates
remote execution via Server-Sent Events (SSE) or Streamable
HTTP. The standard implementations predominantly rely on
SSE for bidirectional messaging. Unlike the stateless Stream-
able HTTP model, SSE necessitates long-lived connections
to push updates. This approach implicitly assumes an always-
on server architecture, incurring continuous resource overhead



Fig. 2: Category of MCP tools collected from 1,467 servers

even when tools are idle that can become a signi�cant limita-
tion for ef�cient distributed deployment.

Crucially, existing MCP servers often suffer from
implementation-level coupling, where the transport layer is
hard-coded at build time. This prevents a tool designed for
local usage (stdio) from being seamlessly repurposed for
remote access (HTTP) without code modi�cations, severely
limiting deployment �exibility.

B. Empirical Analysis of MCP Ecosystem

To understand the ecosystem's characteristics, we conducted
an empirical analysis using data from major registries includ-
ing Smithery [6], DeepNLP [7], and PulseMCP [8].

1) Data Collection and Dataset Overview: To extract pre-
cise execution de�nitions beyond simple metadata, we at-
tempted to initialize each server in an isolated environment
and invoke the tools/list method. However, only 1596
servers (approximately 18%) were successfully executed. The
majority failed due to missing API keys, complex environ-
mental con�gurations, and unresolved runtime dependencies
where such a ratio is observed in other prior work [9]–[11].
By aggregating and deduplicating these validated entries based
on repository URLs, we constructed a �nal dataset comprising
17,566 distinct tools from 1,467 unique servers.

We classi�ed these servers into 14 major categories using
a keyword-based approach [12]. As shown in Figure 2, the
ecosystem is dominated by System Utility (19.9%), Devel-
opment (12.8%), and Search Data (11.2%). This distribution
suggests that MCP is currently evolving beyond simple API
wrappers into a domain-agnostic interface for handling hetero-
geneous and system-intensive workloads.

To understand execution characteristics of each tool, we
pro�led representative tools in container environments on an
Intel NUC (i5-1240P, 16GB RAM, 1Gbps Network). Figure 3
presents the resource utilization breakdown for each tool,
showing the proportion of execution time spent on Disk
I/O, Network I/O and CPU computation. The results reveal
signi�cant workload heterogeneity.

2) Key Findings: Based on a thorough analysis of the
dataset, we identi�ed three critical design implications for
building scalable and ef�cient tool execution systems.

a) Finding 1: Heterogeneous resource demands neces-
sitate �exible workload placement: As presented in Fig-
ure 3, tool execution pro�les exhibit signi�cant heterogeneity.
Network-bound tools (e.g., fetch, summarizetext) spend over
90% of execution time on network I/O awaiting external
API responses. Compute-intensive tools (e.g., resizeimage,
image hash) are dominated by CPU processing. Furthermore,
advanced workloads like AI inference may bene�t signi�-
cantly from hardware acceleration, while I/O-bound tools (e.g.,
read �le, write �le) incur high disk I/O ratio, favoring execu-
tion proximate to the data source. This operational diversity
indicates that a monolithic deployment strategy is insuf�cient,
and an optimal system must support dynamic workload distri-
bution tailored to these distinct resource characteristics.

b) Finding 2: Static transport binding hinders ef�cient
resource scaling: Our analysis of MCP servers registered on
Smithery reveals a clear separation in transport implementa-
tion. Approximately 22.3% of tools exclusively support Stdio
(local-only), while 77.7% rely solely on HTTP (remote-only).
Notably, no servers in our dataset support both transports
simultaneously. This static binding forces a rigid build-time
determination. Stdio-bound tools cannot be of�oaded to the
cloud to alleviate local congestion, while HTTP-bound tools
necessitate an always-on server architecture. Given the inher-
ently sporadic nature of LLM tool invocation, maintaining
persistent servers for these HTTP tools results in signi�cant
resource wastage. To resolve this, a uni�ed runtime capable
of dynamically switching between local and remote execution
without code modi�cation is essential.

c) Finding 3: Functional metadata lacks operational con-
text for scheduling: Figure 4 illustrates a typical MCP tool def-
inition. Current MCP schemas effectively describe what a tool
does (functional semantics via name and description) but fail
to specify how and where it should optimally run (operational
requirements). For instance, the schema does not distinguish
between network-agnostic utilities and tools sensitive to data
locality or speci�c hardware af�nities. This absence of explicit
operational metadata prevents tool orchestrators from making
informed, locality-aware placement decisions.

III. CHALLENGES OF RUNNING MCP SERVERS IN

EDGE-CLOUD CONTINUUM

While our �ndings con�rm the necessity of an Edge-Cloud
Continuum to handle heterogeneous tool workloads [13], [14],
transitioning from the current static MCP model to a dynamic
distributed environment presents three fundamental challenges
of the tight coupling between tool selection and execution
placement, latency overhead of conventional serverless run-
times, and the lack of support for lightweight environments.

A. Mixing Tool Selection with Placement

A naive approach to distributing tools to edge-cloud
continuum environment is to expose location-speci�c
endpoints to the LLM (e.g., read_file_edge vs.
read_file_cloud). However, this creates a combinatorial
explosion in the context window. As motivated by prior



Fig. 3: Resource utilization breakdown of MCP tools showing Disk I/O, Network I/O, and Compute (CPU) ratios

{
"name": "create_or_update_file",
"description": "Create or update a single file in

a repository",,!

"input_schema": {
"type": "object",
"properties": {

"owner": {"type": "string"},
"repo": {"type": "string"}

},
"required": ["owner", "repo", "path",

"content"],!

}
}

Fig. 4: Example of MCP tool schema from Git MCP Server

works [15], for example, replicating a baseline suite of 25
tools across three tiers (Device, Edge, Cloud) triples the
search space to 75 endpoints. Such expansion is critical
because LLM tool selection accuracy degrades sharply as the
candidate set grows, leading to increased hallucination [16].

More fundamentally, this approach con�ates two orthog-
onal concerns of semantic selection (WHAT to run) and
operational placement (WHERE to run). LLMs are designed
to interpret user intent based on semantic context, not to
optimize infrastructure scheduling based on real-time system
states (e.g., network latency, hardware load). As identi�ed in
Finding 3, current tool de�nitions lack the necessary opera-
tional metadata. Consequently, delegating placement decisions
to the LLM not only increases cognitive overhead but also
results in suboptimal execution due to the model's blindness
to infrastructure constraints.

Challenge 1: Lack of Tool's Operational Metadata. Current
MCP schemas provide only functional metadata (e.g., name,
description), but lack essential operational attributes. Without
this context, tool scheduling remain blind to infrastructure
states, preventing optimized placement in the continuum.

B. Latency and Portability Trade-offs in Serverless Computing

To mitigate the resource overhead of maintaining persistent
servers for HTTP-bound tools (Finding 2), a serverless execu-

tion model is theoretically ideal for sporadic workloads [17].
However, standard container-based serverless runtimes intro-
duce unacceptable trade-offs for interactive agents workloads.

a) The Cold-Start Issue: Interactive agents require near
real-time responsiveness. Conventional container runtimes
(e.g., Docker, Kubernetes) typically incur initialization over-
heads ranging from hundreds of milliseconds to seconds [2],
[3]. In multi-step agentic work�ows where tools are invoked
sequentially, these accumulated cold-start delays may violate
strict latency requirements, rendering standard serverless plat-
forms impractical for interactive use cases.

b) Heterogeneous System Architecture: Unlike homoge-
neous cloud data centers, the edge-cloud continuum is inher-
ently heterogeneous across diverse Instruction Set Architec-
tures (ISAs) such as x86, ARM, and RISC-V [18]. Relying on
native binaries or standard containers necessitates maintaining
separate build artifacts for every target architecture [19]. This
requirement for architecture-speci�c builds creates a pro-
hibitive maintenance burden hindering the seamless migration
of tools between edge devices and cloud nodes.

Challenge 2: Inef�ciency of Conventional Runtimes. Ex-
isting container-based serverless runtimes incur prohibitive
overheads for interactive agents workloads [20]. The heavy
initialization causes cold-start delays that violate real-time
responsiveness, while the tight coupling to speci�c CPU archi-
tectures (e.g., x86 vs. ARM) creates a operational complexity,
hindering transparent tool execution across distinct edge-cloud
nodes.

C. Integration Challenges with Emerging Runtimes

To address the aforementioned runtime limitations, We-
bAssembly (Wasm) [4] emerges as a promising solution.
Wasm is a portable binary instruction format designed for
secure and sandboxed execution at near-native speeds, making
it inherently independent of underlying hardware architectures.
Ideally, porting MCP servers to Wasm would resolve both the
cold-start latency [21], [22] and the ISA heterogeneity issues.
However, adopting Wasm for MCP introduces a signi�cant
integration challenge.



Fig. 5: Overall architecture of the proposed system

a) Incompatibility with Current SDKs: Current MCP
Software Development Kits (SDKs) are designed for long-
running, heavyweight OS processes. They rely heavily on
POSIX primitives, such as threading, signals, and raw sockets,
that are either absent or restricted in the strict WebAssembly
System Interface (WASI) [23], [24] that is the standardized
API designed to allow Wasm to access system resources.
Existing workarounds, such as running a sidecar proxy process
to bridge HTTP to Wasm (e.g., mcp-proxy [25]), reintroduce
the complexity and resource overhead that Wasm aims to
eliminate. Thus, the lack of a WASI-native protocol imple-
mentation remains a primary barrier to deploying lightweight,
standalone MCP modules.

Challenge 3: Absence of Wasm-Native Protocol Support.
Standard MCP SDKs rely on heavyweight OS primitives that
are incompatible with the strict WASI sandbox. Consequently,
adopting Wasm currently necessitates inef�cient sidecar prox-
ies to bridge connectivity, which negates the resource and
security bene�ts of Wasm and hinders the deployment of
Wasm to standalone, lightweight serverless runtimes.

IV. OVERALL SYSTEM DESIGN

To address the aforementioned critical challenges, we pro-
pose an workload-aware Wasm-native orchestration framework
tailored for distributed MCP tool execution. The proposed
system is built upon the tight integration of two core compo-
nents of Agent Tool Dispatcher, a workload-characteristics-
aware orchestration layer designed to dynamically route tool
execution across the device-edge-cloud continuum, and the
WasmMCP, a WASI-native framework that enables the de-
ployment of standalone, resource-ef�cient tool modules across
heterogeneous resources.

The proposed architecture is guided by the principle of
Separation of Concerns. We strictly decouple the semantic
intent (WHAT to run) from the physical execution (WHERE
to run). This abstraction allows the system to scale across
heterogeneous continuum tiers without requiring modi�cations
to the agent's cognitive logic.

Fig. 6: Agent Tool Dispatcher architecture and request �ow

The proposed architecture is presented in Figure 5 that is
organized into three distinct layers, each serving a specialized
role in the execution pipeline.

� LLM Agent Layer : This layer hosts the cognitive agent
(e.g., LangChain) responsible for task planning. It inter-
acts only with logical tools, remaining agnostic to the
underlying infrastructures. The abstraction removes the
need for modi�cations to the existing agent logic.

� Agent Tool Dispatcher : Acting as the central control
plane, this layer intercepts logical tool calls from the
LLM Agent Layer and resolves them to optimal phys-
ical instances. It utilizes rich workload pro�les to as-
sess infrastructure constraints and determines the most
appropriate execution tier of Device, Edge, or Cloud.
Key components include the RequestProxy to decouple
the LLM agent layer from execution complexity, Tool
Registry for metadata management, Constraint Filter for
feasibility checks, and a Pluggable Scheduler for �nal
placement decisions (detailed in Section V).

� Uni�ed Execution Layer : This layer provides a consistent
execution environment across heterogeneous continuum.
It hosts physical tools deployed either as conventional
containers or as ephemeral Wasm modules using the
proposed WasmMCP runtime (detailed in Section VI).

V. CONTEXT-AWARE AGENT TOOL DISPATCHER

The Agent Tool Dispatcher functions as a specialized control
plane that decouples semantic tool selection from physical
resource placement. As shown in Figure 6, the dispatcher
orchestrates the execution pipeline through distinct phases of
relaying, �ltering, and placement. This architecture allows the
system to enforce hard constraints (e.g., privacy) as well as
soft constraints (e.g., latency) via a pluggable interface.

a) Transparent Relaying via RequestProxy: The Request-
Proxy serves as a logical abstraction layer, exposing invocation
stubs to the LLM. Generated from the Tool Registry, these
stubs mask the complexity of distributed infrastructure, al-
lowing the agent to interact with a single logical interface.
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