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Abstract—

A new trend of offloading real-time (RT) systems to edge
computing platforms is emerging. Function-as-a-Service, a type
of serverless computing, has useful applications for RT systems
by offloading aperiodic tasks to the edge, or by reducing over-
provisioned periodic tasks. Due to their comparatively low
overheads, containers are an attractive alternative to VMs for
supporting RT serverless computing. However, containers still
have relatively long cold startup times. WebAssembly (WASM)
has been suggested for use in non-RT serverless edge computing.
Due to its short cold startup times, it can also be a potential
alternative to containers. We explore this by running synthetic
benchmark tests to see the timing performance of WASM
runtimes in comparison to a container. We compare the startup
times and execution times of different WASM runtimes and a
container, with the goal of determining which of them is better
in which situations. Furthermore, we discuss the qualitative
suitability of WASM as compared to containers for RT serverless
edge computing.

Index Terms—WebAssembly, Container, Real-time, Safety-
critical, Cloud computing, edge computing, Serverless, FaaS

I. INTRODUCTION

As seen in recent EU projects such as SECREDAS [1], a
new trend of offloading real-time (RT) systems applications is
emerging. Edge computing is becoming popular as it enables
data processing on edge nodes that are located only a few
network hops away. This minimizes and bounds the worst-
case network latency, which is crucial for RT systems.

Previous works [1], [2], [3], suggested fine-tuned versions
of cloud hypervisors (e.g., KVM [4]) for real-time cloud/edge
nodes, allowing multiple operating systems/applications to run
on the same physical machine in Virtual Machines (VMs).
Hypervisors provide strong CPU-level temporal isolation and
memory-level spatial isolation, in addition to security. How-
ever, VMs come with significantly higher resource usage and
performance overhead.

Some works [5], [6], [7], [8] have explored containers (e.g.,
docker [9]) as a lightweight alternative to VMs, especially for
supporting RT serverless/Function-as-a-Service (FaaS) com-
puting. Serverless computing allows for automatic scaling
of resources based on demand, saving costs and improving
efficiency. FaaS allows developers to write and deploy code
as individual functions to be executed in response to spe-
cific events, and can be used for offloading aperiodic real-
time applications to the edge. Periodic RT applications can

also use serverless computing to help reduce resource over-
provisioning between periodic invocations.

Although containers have much lower runtime overheads
(near-native application) compared to VMs, they can still
suffer from large (100s of milliseconds) cold startup times
(i.e., on first invocation) for initialization and resource pro-
visioning [10]. A way to tackle cold startup problems for
RT applications is by over-provisioning CPU and memory
resources to keep container (or VM) instances warm between
invocations [8], [1], [11]. However, this is contrary to the
resource efficiency goal of serverless computing.

Previous work on non-RT serverless edge computing
(e.g., [12], [13]) proposed using WebAssembly (WASM) [14],
a binary instruction format, due to negligible cold startup
times. WASM allows developers to compile code written in
programming languages such as C++, Rust, and Go into a
portable format that can be executed on multiple hardware and
software platforms. WASM also has potential for use in RT
systems as it runs code in a sandboxed environment, providing
isolation and security like containers/VMs.

However, the WASM runtime environment can introduce
additional overhead compared to native/container-compiled
code. In addition, WASM is still a relatively new technology
and needs more exploration to understand its suitability for
RT systems.

Previous works [15], [16], [13], [14] have generically
analyzed the performance of WASM runtime compared to
containers for IoT or execution as native Linux application
or execution of WASM code in the browser. We, on the
other hand, use benchmarks to understand the difference
between the cold startup times and runtime overheads for
WASM runtimes (Wasmtime [17], WebAssembly Micro Run-
time (WAMR) [18]) and docker containers. Our study is not
about proving one technology’s superiority over another. It’s
about understanding the suitability of Docker container or
WASM for different use cases; and if WASM is better suited
for a specific use case, we aim to identify which particular
WASM runtime is the best for that use case. We performed
an experimental evaluation on a server-grade edge node (Dell
R640 [19]) with 2% Gen Intel Xeon Gold Processor [20] (2.3
GHz, 16 cores) and 8 GB RAM running Ubuntu 24.04.

The remainder of the paper is organized as follows: Sect. II
presents related work on the suitability of WebAssembly for
edge computing. Sect. III gives a brief overview of We-



bAssembly runtimes. Sect. IV describes our tests to compare
the performance of WASM runtimes and docker, and presents
the results. Sect. V discusses factors in deciding between
WASM runtimes and containers. Sec. VI concludes the paper.

II. RELATED WORK

Grosch et al. [21] position WebAssembly (WASM) as an
essential enabling technology for designing distributed appli-
cations across the Edge-Cloud continuum. They proposed a
theoretical edge-cloud framework based on WASM to sup-
port real-time applications and meet their safety, timeliness,
and reliability requirements. Zaeske et al. [22] integrate a
WASM interpreter in a safety-critical ARINC 653 Hypervisor
and demonstrate the approach’s feasibility by assessing the
resultant binary size and performance.

Previous work, such as [23], [15], [13], [12], have proposed
using WASM for serverless (edge) computing, esp. to support
Function-as-a-Service (FaaS). Gackstatter et al. [13] argue that
the high cold-start latencies of containers render them useless
to support unpredictable and bursty workloads and may cancel
the latency benefits that come with edge computing when
serverless functions are deployed. Hall and Ramachandran
[12] demonstrated how a WASM-based serverless platform
may provide similar isolation and performance guarantees of
container-based platforms while reducing average application
cold start times and the resources needed to host them. Pham
et al. [15], [24] evaluated WASM as an alternative to Docker
containers for IoT applications. [15] demonstrated that WASM
has a modest performance cost over Docker containers and
provides security to applications. Kjorveziroski et al. [23]
compared the cold start delays and total execution times of
three WASM runtimes: WasmEdge, Wasmer, and Wasmtime
to the performance of the containerd container runtime. They
showed that WASM runtimes have better results in most tests,
and Wasmtime is the fastest runtime among those evaluated.
Jangda et al. [16] conduct a large-scale evaluation of the
performance of WASM vs. native using the SPEC CPU suite
of benchmarks. They showed that applications compiled to
WebAssembly run significantly slower. Bosamiya et al. [25]
implemented two techniques to produce provable safe WASM
code. Their evaluation of these two techniques indicated that
WASM can be leveraged to produce provably safe multilingual
sandboxing with performance comparable to standard, unsafe
approaches.

Contrarily, we use PolyBench/C [26] benchmark to under-
stand better the difference between the cold start times and
runtime overheads for WASM using three different runtimes
and their different modes. We also compared cold start times
and runtime overheads with docker containers. We focus
on understanding workloads for which a particular WASM
runtime excels or workloads where containers outperform
WASM.

III. WEBASSEMBLY RUNTIMES

WebAssembly binaries are run by software called We-
bAssembly runtimes. There are many existing non-web en-

vironment WASM runtimes for executing WASM binaries.
In this paper, we present the results of testing two WASM
runtimes: Wasmtime, and WebAssembly Micro Runtime
(WAMR). We also tested Wasmer, but, since it performed
worse than the other two runtimes, we don’t show its results
to save space.

One difference between WASM runtimes and container
runtimes (such as containerd), is that WASM runtimes are
responsible for translating WASM binaries so that they can
run on the target platform, whereas container images already
have natively-compiled binaries.

WASM runtimes can also have different running modes:
interpreter, Ahead-of-Time compilation (AOT), and Just-in-
Time compilation (JIT).

When running in interpreter mode, the runtime executes the
equivalent native instruction(s) for each WASM instruction.
With AOT, the WASM binary is compiled into its native
equivalent in advance, while with JIT, the compilation is done
at runtime.

AQT offers the best performance in terms of startup and
runtime execution, but this requires compiling the WASM
binary for the intended platform, which trades off some
flexibility of WASM. JIT retains this at the cost of some
performance overhead, but not as much as interpreter mode,
which is why we used JIT for our tests.

Runtimes can also have different compiler backends that
affect their timing performance. Wasmtime uses Cranelift as
its backend compiler. It aims for fast compilation speeds while
generating code that performs almost as well as LLVM or gcc.

WAMR has two JIT tiers: Fast JIT and LLVM JIT. Fast
JIT has a faster startup time compared to LLVM JIT, but at
the cost of execution time performance. WAMR also supports
runtime dynamic tier-up from Fast JIT to LLVM JIT, referred
to as multi-tier JIT.

IV. EXPERIMENTATION

In this section, we present our testing of different We-
bAssembly runtimes and Docker. The goal of these tests are
to determine where WebAssembly is better than containers in
terms of total execution time.

All tests were performed on a Dell R640 server with an
Intel Xeon Gold 5218 processor and 8 GB of RAM running
Ubuntu 24.04. The processor has 16 cores, 22 MB of cache,
and has a max turbo frequency of 3.9 GHz but was limited to
its base frequency of 2.3 GHz for our tests.

We used the PolyBench/C [26] benchmarks for our tests. It
is a collection of benchmarks used in many papers evaluating
WebAssembly performance.

We used the Alpine docker image as a base image for our
test container. This image is based on Alpine Linux, a small
and simple Linux distribution based on musl libc and busybox.

WebAssembly binaries were generated using WASI SDK
(wasi-sdk-21), a WebAssembly C/C++ toolchain. Both WASM
and native binaries were compiled with clang using the same
optimization options (e.g., -O3).



A. WebAssembly runtimes and container comparison

We ran each PolyBench/C benchmark 25 times with the
docker container and each runtime’s available compiler.
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Fig. 1: Startup times.

When offloading RT tasks, the startup time must be included
in the WCET, since it delays task completion. Figure 1 shows
the startup time results. The startup times were relatively sim-
ilar for each category regardless of the benchmark. WAMR’s
fast JIT and multi-tier JIT had the fastest startup times at
around 26ms on average, followed by Wasmtime at roughly
46ms. WAMR’s LLVM JIT’s startup time averaged at around
315ms, which was slower than the container, whose average
was around 268ms. It is, however, important to note that
the startup time of a container can vary a lot depending
on the configuration of the image [27]. Note also that this
overhead is only present in the first invocation of a task, since
WASM runtimes cache the compiled version of the binary, and
containers don’t need go through the same setup if they are
kept live. Periodic tasks, in particular, only suffer this penalty
at the start.

Figure 2 shows the total execution times (i.e., from start-
ing the runtime/container until the end of main ()) of the
runtimes and the container for each benchmark. For bench-
marks that last less than a second, WAMR’s LLVM JIT and
the container performed significantly worse compared to the
others. This is largely due to their startup times, which were
longer than the total execution time of the others. In most of
the longer benchmarks, they outperform the other three.

B. Prolonged benchmark test

The previous test showed that the container and WAMR’s
LLVM JIT perform better in benchmarks that lasted longer,
but this may be due to the workload of the benchmark itself,
and not just the duration of the benchmark.

For this reason, we conducted a prolonged benchmark
test where we ran the main () function of each benchmark
multiple times continuously, and noted the time for each
run. This simulates a periodic task over multiple jobs, or an
aperiodic task with a long duration workload. Doing so allows
us to see the trend of how the container and the runtimes

perform over a longer time period. The first timestamp in
this test is equivalent to the total duration that was measured
in the previous test, while subsequent timestamps no longer
have a startup period since the WASM runtime/container is
not restarted.

To save space, we only show a few selected graphs in Figure
3 which show trends that are representative of what can be
observed in other benchmarks. In 8 of the benchmarks, the
container had the fastest times after a prolonged run, while in
20 of the benchmarks, either WAMR’s LLVM JIT or multi-tier
JIT had the fastest times.

V. DISCUSSION

As shown in the previous section, WASM with fast JIT
compilers have a clear advantage for short workloads because
of its fast startup. This is not a big advantage for longer
workloads, where having a more optimized binary is more
important, as shown in our prolonged benchmark test. Thus,
when deciding on what to use for offloading a task to an edge
server, the expected duration of a task should be considered.
WAMR’s multi-tier approach is of particular interest since it
attempts to get the best of both worlds by using a fast compiler
at the start and switches to a slower compiler, which is better
at optimizing, later on.

Contrary to our expectations, the container did not have
the fastest times for the majority of the benchmarks in the
prolonged test. This needs to be investigated further since it
implies that WASM can perform better than natively-compiled
code.

We also want to note that while synthetic benchmarks can
be indicative of performance, they don’t completely represent
real-world workloads. Further tests that run workloads closer
to real-world applications are needed.

A. Qualitative Analysis

a) Practical implications: There are other practical as-
pects to consider when deciding between using WebAssembly
and containers.

Even a minimal container image like the Alpine docker
image is 5 MB in size, while a WebAssembly binary could
be as small as several kilobytes. This has implications on the
bandwidth and storage usage of the intended application.

WebAssembly is also platform-independent. Having a single
binary for different server platforms that an application may
run on is a significant advantage. Edge servers may have differ-
ent architectures, which necessitates different native binaries
that will have their own overheads in terms of maintenance
and certification.

b) Limitations of WASM runtimes: WebAssembly in non-
web environments is still relatively early in development and
does not yet have support for many features.

An example of this is setjmp/longjmp support, which is
used in exception handling. This feature has not yet been
standardized in WebAssembly, which makes it difficult or
perhaps even impossible to use WebAssembly in the many
applications that use it.
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Another example is thread support. While the wasi-threads
proposal has already been implemented in some WebAssembly
runtimes, others have yet to add support for it. This limits
the use of some WebAssembly runtimes for multithreaded
applications.

These issues, including several others, were encountered
when we attempted to compare WebAssembly and containers
with a practical application, specifically the You Only Look
Once (YOLO) framework used for real-time object detection
[28]. We needed to work around these issues to get it to
compile to WebAssembly. Due to these workarounds, we were
not sure if it was still a valid test. For a sample object-detection
test case, the native binary took about 300 milliseconds on
average to make a prediction. In comparison, Wasmtime took
about 2 seconds on average. WAMR took about 3.5 seconds

on average, but it was only spawning 4 processing threads,
as opposed to creating a thread for each core similar to
Wasmtime and the native binary, even when specifying 12
as the max number of threads. Lastly, Wasmer crashes since
it would reach the maximum number of open file descriptors
because it would not close files that the application should
only temporarily have opened.

As we noted earlier, these issues are likely due to We-
bAssembly still being relatively young, and most would likely
be addressed in the future.

VI. CONCLUSION

In conclusion, our assessment of WebAssembly runtimes
and containers for real-time serverless computing has high-
lighted the potential of WebAssembly for short periodic and
aperiodic tasks at the edge. While shorter startup times make
WebAssembly runtimes advantageous for specific applications,
the significance of startup times diminishes for longer ex-
ecution time tasks, where containers with optimized code
compilers may offer better performance.

WAMR'’s multi-tier approach shows promise in addressing
performance drop-offs for longer WCET tasks, presenting an
interesting area for further research. A possible avenue for
real-time serverless edge computing research is to see if it
can combine WebAssembly’s quick startup advantage with the
better long-term performance of native binaries in containers.

When utilizing WebAssembly for real-time serverless com-
puting, it’s crucial to consider factors such as platform in-
dependence. This is particularly important as the technology
continues to evolve and additional essential features are yet to
be added.

Future work will focus on exploring why WAMR out-
performed the container in prolonged benchmark tests. This
investigation is crucial to understand whether this trend holds
for different types of tasks. We also plan to extend our testing
to real-world application workloads like the ECRTS ARM
industrial challenge.
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