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Abstract

In recent years, the microservice architecture has become
the standard technique for building scalable applications, yet
it still confronts developers with numerous challenges. Split-
ting an application into separate pieces can lead to unpre-
dictable performance, and the process of doing so is complex
and labor-intensive. Although a variety of solutions exist to
simplify distributed application development, their program-
ming abstractions offer poor support for existing applications
in need of scaling. In this paper, we propose Monolift, a new
technique for developing distributed applications that priori-
tizes incremental adoption and support for legacy code. Our
proposal treats distribution as a compiler pass, allowing users
to guide the distribution process with lightweight code-level
annotations, and supports dynamic distribution strategies
based on performance metrics rather than development-time
decisions. We show that our Monolift prototype can auto-
matically synthesize a variety of distributed architectures
from the same source code, each having different perfor-
mance tradeoffs, and that Monolift’s dynamic distribution
mechanisms outperform static microservice architectures
under varying run-time conditions.
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1 Introduction

The microservice architecture has become the de facto stan-
dard for building scalable cloud applications. This architec-
tural pattern, which involves developing and deploying an
application as a collection of independent subcomponents,
has a variety of benefits: It can improve resource utilization
through fine-grained scaling, increases fault tolerance by lim-
iting the blast radius of failures, and accelerates application
development across parallel teams.

However, despite these benefits and a wealth of tools de-
signed to simplify their development [11, 12, 18, 32], mi-
croservice architectures are challenging to “get right,” as dis-
tributing an application can have unexpected performance
consequences. Because microservices conflate an applica-
tion’s development model with its deployment model, de-
velopers make significant, upfront decisions about their de-
ployed architecture that are often guided by the application’s
logical structure or the structure of the developing organi-
zation [9] rather than by the application’s technical needs.
Moreover, distributed architectures impose overheads [1, 24]
and introduce backpressure effects [14] whose performance
impacts can be hard to predict at development time. Un-
der certain workload conditions, these factors can dominate,
causing certain microservice architectures to perform less
efficiently than simpler, monolithic ones, sometimes by a
significant margin [4, 25].

Various prior works have sought to simplify the microser-
vice development process and help developers navigate the
performance and scalability tradeoffs inherent in various dis-
tribution strategies. Multitier [34] languages and frameworks
[8, 10, 16, 29, 33] abstract away distributed plumbing code
and combine the components (or “tiers”) of an application in
the same program, which are then split into independently
deployable artifacts by a compiler. Actor systems [3, 22]
and distributed object models [20, 26, 28] abstract away dis-
tribution through component frameworks that pair with a
run-time layer to manage deployment and configuration.

Although these solutions share a common goal of sim-
plifying distributed application development, they impose
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Figure 1. A monolithic application being distributed with
Monolift. Program segments A and B have been annotated
and transformed into lifts, where dotted regions represent
lift points that integrate with a run-time monitor.

“all-or-nothing” programming models that require develop-
ers to substantially refactor existing applications to reap their
benefits. As application scaling requirements often emerge
long after development time, this lack of support for existing
applications is dire. Google recently released a contribution
to this space, Service Weaver [15], only to abandon it a lit-
tle more than a year later, citing that “we realized that it
was hard for users to adopt Service Weaver directly since it
required rewriting large parts of existing applications. There-
fore, Service Weaver did not see much direct use” [30].

In this paper, we propose Monolift, a new way of writ-
ing and deploying distributed applications that supports a
“pay-as-you-go” programming model, i.e., developers can
gradually employ Monolift techniques as needed to incre-
mentally reap the scalability and performance benefits of
distributed architectures.

The key to Monolift’s design is that it treats distribution as
a compiler pass for general-purpose programming languages,
rather than as a new language, framework, or programming
model. For run-time support, Monolift leverages the features
of an external container platform by treating it as a compiler
target. Distribution is guided by lightweight code-level anno-
tations that can be added incrementally, and are transparent
outside of Monolift. Monolift is therefore “low-commitment”
in that its distribution is optional and readily reversible;
without Monolift, the application works as it originally did.
Additionally, Monolift applications can be configured with
the ability to dynamically employ distribution based on live
performance conditions, enabling developers to ensure that
their application’s distribution strategy is based on run-time
needs rather than development-time decisions.

The core abstraction in our design is the [ift, which is an
annotated region of code that can run locally or remotely.
Distribution unfolds at lift points, which are call sites to anno-
tated program segments where computation can branch from
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the main program onto remote resources. With lifts, devel-
opers can scale arbitrary segments of an application across
additional machines, providing a wide variety of strategies
to distribute their application’s work without rewriting their
code. Because Monolift automates the architectural changes,
developers can swiftly explore this design space to find the
strategy that works best.

We implement a Monolift prototype for the Go program-
ming language [17] that targets Kubernetes [19] for deploy-
ment. We demonstrate that from the same application source,
Monolift can generate a variety of distributed architectures,
each of which has workload-specific performance charac-
teristics. We then demonstrate how Monolift programs can
strategically navigate the performance and scalability trade-
offs between various architectural strategies in response to
run-time conditions, achieving both the superior latencies
of a monolithic application at low loads and the superior
scalability of a distributed application as load increases.

In summary, we contribute:

e Monolift, a new technique for developing and deploying
distributed applications that supports a “pay-as-you-go”
programming paradigm.

e A new approach for dynamically distributing computa-
tion that allows developers to specify performance-based
policies in a lightweight annotation language.

e An early prototype of Monolift for Go and Kubernetes
that enables rapid exploration of the distributed applica-
tion design space and supports dynamically optimizing
distribution to improve performance.

2 The Monolift Vision

We propose Monolift as a new approach to writing and de-
ploying distributed applications. Monolift’s goal is to sup-
port a “pay-as-you-go” programming model, meaning that
developers can progressively reap the benefits of Monolift’s
distribution by incrementally adopting its techniques in an
existing monolithic application. In particular, Monolift in-
troduces a new abstraction, called a lift, which is a code
segment that can run locally or remotely. Developers create
lifts in their application by adding lightweight annotations
to their code. Our design supports distribution through two
components: a compiler pass that transforms a developer-
annotated monolithic application into a collection of binaries
that support distribution, and a runtime library that dis-
tributes the compiled binaries across machines and monitors
performance signals to adjust distribution with respect to
developer-specified concerns (cost, tail latency, throughput,
etc.).

Figure 1 shows an example of the Monolift process. The
Monolift compiler converts the original monolithic applica-
tion (Original Deployment) into a collection of executables
that support distribution (Lifted Deployment). The Monolift
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compiler embeds the Monolift runtime into the lifted deploy-
ment to monitor performance signals and adjust distribution
dynamically.

2.1 Lifts

The core abstraction in our design is the lift, which is a code
segment that can execute locally or remotely. A lift is a pos-
sible unit of distribution, i.e., the Monolift runtime decides
which lifts to execute on remote machines based upon per-
formance signals from a deployment. Each lift is associated
with an annotated structure in the source program, such as
a function or class definition. Because lifts can be created
from a variety of program structures, they can take on mul-
tiple shapes and sizes, such as a large service module, or a
simple background routine that may benefit from offload-
ing. The distributed representation of a lift is determined by
the language construct from which it is derived: Monolift
distributes functions as ephemeral tasks that are created on
demand (e.g., a serverless function), and classes and interface
implementations as network services.

Although lifts can execute locally or remotely, they do not
migrate [23, 31]. Rather, lifts can offload their computation
by transferring control to a remote instance of the function-
ality they encapsulate. In this sense, lifts support a scale-out
pattern, where program functionality is replicated onto ad-
ditional resources to handle load. Figure 1 illustrates how
program segments A and B are replicated onto additional
machines in the lifted deployment.

A key design decision in Monolift is to not support arbi-
trary lifts. Instead, Monolift supports only the lifts for which
it can provide an efficient solution. For example, we do not
plan to support lifts that share global state with the rest of
the application, since doing so would require using expen-
sive distributed algorithms to synchronize state. Rather, we
prioritize a flexible design that provides many opportuni-
ties for developers to work within Monolift’s restrictions.
For example, a stateful class can be made into a lift that is
always invoked remotely on a dedicated service. Users can
additionally modify their applications to create lifts for code
segments that do not meet Monolift’s requirements, e.g., by
modifying functions to take global state as arguments instead
of referencing them directly. We anticipate that limiting lift
support will be a smart tradeoff since we believe that mono-
lithic applications already include sufficient code segments
that meet Monolift’s restrictions and that additional code
changes required to support lifts will be minor.

Lift Annotations. To use Monolift, developers create lifts
by adding lift annotations to their application source. These
annotations are applied directly to the language’s constructs
for encapsulating program functionality (e.g. function, class,
or interface definitions). By associating lifts with these con-
structs, lift annotations guide the decomposition process
along the existing contours of the application’s structure,
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enabling developers to leverage the modularity within their
code to distribute their applications.

Lift annotations contain delegate expressions, which al-
low developers to specify scenarios in which a lift should
be executed locally or remotely. Delegate expressions are
embedded within lift annotations using a domain-specific
language and can encode static policies (e.g., always invoke
the lift remotely), or dynamic distribution policies that can
adapt with the application’s workload, depending on local
conditions (such as the invocation rate of a given function)
or application-wide performance indicators (such as the ap-
plication’s overall resource consumption). For example, a
user could configure a resource-intensive lift to execute re-
motely if the application’s CPU consumption exceeds a cer-
tain threshold.

Users add lift annotations as comments in the source lan-
guage. Thus, when not compiled with Monolift, the anno-
tated application continues to work as it originally did. This
feature is convenient, as it allows developers to explore dis-
tribution strategies in a “low-commitment” way and enables
them to use existing test suites and development tools de-
signed for centralized software when analyzing their appli-
cation. Figure 2 illustrates lift annotations being used in our
Go prototype of Monolift (see Section 3).

2.2 The Monolift Compiler

During compilation, Monolift transforms an annotated appli-
cation into a collection of deployment artifacts consisting of
the lifted application and an artifact for each lift’s distributed
counterpart. The lifted application embeds Monolift’s run-
time to dynamically determine whether to execute each lift
locally or remotely (see Section 2.3). This approach enables
the design to use existing distributed system orchestration
platforms such as Kubernetes [19] or Mesos [21] for deploy-
ment.

The Monolift compiler performs three main tasks. First,
for each lift in the application, the compiler produces a stand-
alone binary that includes only the lift’s encapsulated logic
and its dependencies. Second, the compiler creates a run-time
monitor for each lift that tracks the properties referenced in
the lift’s associated lift annotations. Third, the compiler iden-
tifies existing call sites to lifted program functionality and
converts each one into a lift point, which is a wrapper type
that encapsulates a network client and handles parameter se-
rialization. In Figure 1, program segments A and B represent
lifts, and the dotted-line regions represent lift points. When
control flow enters a lift point, it consults with the Monolift
runtime to determine whether to invoke the lift locally, us-
ing the original code, or to invoke the lift remotely through
its network client. Lift points expose the same function or
method signatures as the lifts they invoke, so the compiler
can replace call sites with lift points without any additional
modifications to the surrounding program.
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Metric Identifier Scope
CPU Utilization (%) CPU Per process
Memory Utilization (%) MEM Per process
Invocation Rate (req/s) IPS Per lift

Table 1. Metrics that can be used with our prototype to
configure dynamic distribution strategies.

The end result of Monolift’s compilation process is an
application with the same code structure as the original pro-
gram, except that it includes the Monolift runtime and call
sites to annotated code have been replaced with lift points.
As all structural changes are encapsulated within internal
lift points, the resulting application exposes the same ex-
ternal API as the original application. Therefore, Monolift
can transform programs in a manner that is transparent to
the application’s external dependencies, enabling develop-
ers to freely explore various distribution strategies without
worrying about compatibility issues.

2.3 The Monolift Runtime

The Monolift runtime determines whether to execute each
lift locally or remotely using the delegate expressions in each
lift’s associated lift annotations. Some delegate expressions
may specify simple or static policies, while others may spec-
ify application-wide performance conditions that the run-
time could handle in a variety of ways. We envision that this
will work as follows. First, the compiler formulates a state
transition model in which each state is a possible configura-
tion of the program’s lifts. Then, it determines a transition
function based on the delegate expressions referenced in
the program’s lift annotations. Composing the program’s
delegate expressions into a global transition function is chal-
lenging. For example, suppose the user configures lift A and
B in Figure 1 to offload when the application’s CPU utiliza-
tion reaches 50%. Ideally, the system should offload one of
the lifts when the application’s CPU utilization reaches 50%,
and then offload the other lift when the already-offloaded ap-
plication’s CPU utilization reaches 50%, but which should it
offload first? We plan to build on profile-guided optimization
and learning-based autoscaling [5] to address these chal-
lenges.

The Monolift runtime will monitor the application’s per-
formance properties to determine how to execute each lift. It
will follow the provided state transition model and transition
function, instructing each lift point to handle lift invocations
locally or remotely, accordingly.

3 Prototype Implementation

We implement a Monolift prototype for the Go programming
language [17] that deploys lifted applications on Kubernetes
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//monolift:offload metric=CPU threshold=75%
func hashPassword(pw string) (string, error) {
// resource intensive hash algorithm
// to guard against brute-force attacks
key, err := scrypt.Key(pw, salt)
return key, err

3

//monolift:offload metric=IPS threshold=1000
type UserService interface {
Register(name, password string) error

}

// An example UserService implementation
type usrMgr struct {
db database.Client

}
func (u *usrMgr) Register(name, pw string) error {
if pwHash, err := hashPassword(pw); err != nil {
return err
3

return u.db.Insert("users", name, pwHash)
}
Figure 2. Example Go code exhibiting various Monolift off-
load strategies.

[19]. The prototype supports lift annotations as Go com-
ments and lets users associate lifts with Go function defini-
tions and interface definitions. Additionally, we implement
a delegate expression DSL as a key-value interface based on
performance signal thresholds. Our prototype DSL currently
supports three runtime metrics, shown in Table 1.

Figure 2 shows an example of using the prototype. The
example includes two lifts, UserService and hashPassword,
together with two lift annotations, prefixed with the keyword
monolift:offload.

3.1 Code Extraction

Our prototype compiler parses the ASTs of each Go source
file and identifies function and interface definition nodes
marked with lift annotations. To extract annotated code into
standalone services, the compiler first resolves code depen-
dencies by analyzing how the code is instantiated at the
application’s entrypoint. It then reconstructs the instantia-
tion process to ensure that the code includes its dependen-
cies when running as a standalone service. This way, our
prototype supports lifts that rely on database clients, log-
gers, library functions, and configuration parameters. As
discussed in Section 2, this extraction process is subject to
certain constraints and our prototype will produce an error
if annotated code cannot be reliably distributed. The com-
piler enforces that lift parameters are serializable and that
lifted code does not contain heap operations. Additionally,
the compiler warns the user if it detects stateful operations
or references to package-level variables within annotated
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entrypoint user post timeline socialgraph

baseline 32 - - - -
full 16 4 4 4 4
post-only 16 - 16

user-only 16 16 - - -
SG-only 16 - - - 16
TL-only 16 - - 16 -

Table 2. Number of CPU cores allocated to each microservice
component for each Monolift configuration.

code, as our prototype does not synchronize state between
processes in the lifted application.

Once the compiler resolves a lift’s dependencies, it gen-
erates a serialization layer to convert function or method
parameters to and from a JSON [6] wire format and then en-
capsulates the extracted code in an HTTP server. For lifted
functions, this HTTP server exposes a singular endpoint
by which the function is invoked, with the server process
exiting after returning a response. For lifted interfaces, the
compiler generates an HTTP endpoint for each interface
method, and the server runs indefinitely.

3.2 Integration and Deployment

After the extraction process, the compiler generates a client
for each extracted service. The compiler then creates lift
points for these clients with a wrapper type that exposes the
same signature as the lifted functionality, and then updates
former call sites with these lift points via AST node sub-
stitution. Our prototype leverages the naming conventions
of Kubernetes’ internal DNS to determine the addresses of
the extracted services at compile time, enabling the result-
ing collection of artifacts to be readily deployable as a fully
integrated application.

4 Evaluation

To evaluate our prototype, we used the Social Network mi-
croservice application from DeathStarBench [14]. We ported
the existing Go application to a monolithic architecture to
serve as a baseline for evaluating Monolift’s decomposition
abilities. The Social Network application’s code packages are
already organized by application functionality: user, post,
timeline, and socialgraph. We defined and implemented
Go interfaces for these packages using the existing microser-
vice code, and connected these implementations directly to
the application’s API frontend. Our port preserves the ser-
vice dependencies and invocation semantics of the original
architecture. Where the microservice application uses syn-
chronous RPC calls, our interface implementations invoke
each other’s respective methods, preserving the same call
graph structure. Where the microservice application con-
nects services asynchronously via message queues, we use
the same message format, but with in-memory queues.
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Figure 3. Throughput vs. latency for a variety of compiled
Social Network architectures.

We perform all experiments on an 8-node Kubernetes clus-
ter of 40-core servers. Before each experiment, we initialize
the application with the Reed98 social graph dataset [14] to
simulate realistic application workloads.

4.1 Rapid Prototyping

Our first evaluation goal is to demonstrate how Monolift can
be used to quickly explore a variety of possible distributed
architectures and the tradeoffs between them. To do so, we
apply annotations to generate a collection of distributed
architectures, and evaluate their relative performance un-
der a workload consisting of post creation requests. We do
not use Monolift’s support for dynamic lift behavior in this
experiment, so the resulting configurations represent static
microservice architectures. Additionally, we ensure that each
compiled architecture is provisioned with the same amount
of total resources, and we do not utilize any autoscaling,
so that performance differences purely reflect the tradeoffs
between the various decomposition strategies.

We evaluate five different annotation placements based
on the four code packages of the Social Network application.
The first configuration annotates all four interfaces for ex-
traction. The subsequent four configurations extract only
the user, post, timeline, or socialgraph interface. In all
configurations, each microservice component is deployed on
a separate cluster node, and the un-extracted "entrypoint”
portion of the application contains the application’s API
frontend. We configured static resource allocations for the
five resulting architectures, as well as the baseline, which
are outlined in Table 2.

The results of our experiment are shown in Figure 3. We
observe that traditional distribution techniques, i.e., no dis-
tribution (baseline) or fully distributed (full) are suboptimal.
Instead, the ideal distribution approach for this workload
comes from distributing only the timeline lift. Note that
only distributing the timeline lift is likely sub-ideal for other
workloads; having the ability to rapidly explore multiple dis-
tributed architectures, as provided by the Monolift prototype,
is beneficial for exploring these options.
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4.2 Dynamic Distribution

Our second evaluation goal is to demonstrate the utility of
Monolift’s dynamic distribution mechanisms. Based on the
results of our prior experiment, we apply an annotation to
the timeline interface with a delegate expression to offload
work to a dedicated service if the rate of timeline operations
exceeds 100 RPS. We evaluate this Monolift architecture
against our monolithic baseline and the original microservice
implementation. We deploy the three configurations and
conduct an experiment that increases the input load (requests
per second) over time.

The tail latencies for each of the deployments over time
are shown in Figure 4. We observe that the monolithic de-
ployment (Baseline) has low tail latency when it is capable
of handling the input load, but its tail latency spikes once the
input load saturates its capacity. In contrast, the microservice
design has higher tail latency when at low load but is able
to maintain its tail latency when the input load increases.
The Monolift configuration provides the best of both worlds:
its tail latency is near the baseline in low RPS scenarios,
when the input load is low enough that the system does
not execute the timeline interface remotely. When the in-
put load increases, the Monolift configuration executes the
timeline interface remotely and is able to maintain its tail
latency, which is approximately 20% better than that of the
microservice configuration.

5 Related Work

Multitier Programming. Our proposal is closely related
to the multitier programming paradigm [34]. In the multitier
paradigm, developers can write a distributed application as a
single program, and a compiler then translates the program
into a collection of independently deployable artifacts. Mul-
titier programming originally emerged in the early 2000s
as a way to manage the complexity of programming the
tiers of web applications (for example, the client tier, the
server tier, and the database tier), and many multitier lan-
guages and frameworks [10, 16, 29] specifically target this
domain and assume that applications have a client-server
structure. (An exception is ScalaLoci [33], which, like Mono-
lift, supports arbitrary application structure.) Traditional
multitier languages and frameworks require the program-
mer to begin with code written in the language or framework
(or port their existing application to it wholesale), whereas
Monolift supports a workflow in which programmers can
incrementally add annotations to an existing application.
Additionally, while multitier frameworks let programmers
mix code from different tiers in the same compilation unit,
they usually require developers to explicitly specify where
data and computation should be placed (i.e., on the server
or the client) [34]. Even among those multitier frameworks
that determine placement automatically, placement is han-
dled by a static, ahead-of-time analysis, whereas Monolift
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Figure 4. Tail latency for Social Network under an increasing
load pattern.

supports a workflow in which placement decisions are made
dynamically in response to run-time needs. Finally, multitier
programs themselves are not directly executable without the
use of a multitier compiler, whereas with Monolift, use of
the compiler is always optional.

Actor Systems. Actor systems like Orleans [3] and Akka
[22] similarly use abstractions to decouple application struc-
ture from run-time configuration and can manage distri-
bution dynamically. However, these systems require use of
component frameworks, which impose a specific structure
on the applications they support. Monolift achieves abstrac-
tion through a language’s existing constructs to support
applications of arbitrary structure. Our programming model
bears some similarity to Ray [27], a framework for ML ap-
plications that supports an actor-like programming model
via annotations on ordinary Python functions and classes.
The closest solution to our proposal is Service Weaver [15],
which shares our vision of running an application either as
a single binary or as a distributed system based on workload
needs. Like actor systems, Service Weaver employs a compo-
nent framework, but as a consequence, it offers poor support
for incremental adoption.

Offload Frameworks. Our proposal takes some inspira-
tion from programming frameworks that support incremen-
tally offloading computation, either to dedicated hardware
or architectural components that are closer to the data be-
ing operated on. TELEPORT [36] is one such system that
prioritizes programming flexibility by exposing a pushdown
syscall to offload certain computation to far memory pools,
enabling developers to get more performance out of disag-
gregated architectures via familiar OS abstractions. Offload
Annotations [35] provide a minimally invasive mechanism
for developers to integrate established CPU libraries with
emerging GPU libraries. Pyxis [7] optimizes performance of
conventional database-backed applications by automatically
extracting certain application code to stored procedures that
run on the database server to minimize data movement.

Container Management Platforms. Systems such as
Kubernetes [19] greatly simplify the process of deploying
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scalable distributed applications by providing a variety of au-
toscaling and networking solutions. Our solution leverages
these platform features to address development challenges by
using a compiler that targets container platform APIs. Cluster
resource managers [5, 13, 37] optimize performance of con-
tainerized application deployments by handling fine grained
scaling decisions for individual microservice components.
These systems work with applications that have already
been adequately decomposed as independently-deployable
subcomponents, although their core techniques could be
complementary to Monolift’s run-time mechanisms.

6 Conclusion and Future Work

In this paper, we presented Monolift, a new technique for
developing and deploying distributed applications that prior-
itizes incremental adoption and support for legacy code. In-
stead of handling distribution with new abstractions, Mono-
lift treats distribution as a compiler pass for general-purpose
languages, lets users guide the distribution process with
lightweight code-level annotations, and supports dynamic
distribution strategies based on run-time conditions. While
the techniques utilized in our design are not fundamentally
unique to our proposal, we believe that Monolift composes
these techniques into a novel programming model that of-
fers value to developers and may open the door for future
innovations.

Additional work will be required to fully realize our vision
for Monolift. For instance, our proposed annotation DSL can
be used to support powerful dynamic distribution strategies,
and we have demonstrated utility, but it will likely be difficult
for developers to manually configure annotations for reliably
optimal performance outcomes. In general, knowing how
and when to distribute a program’s computation for optimal
performance is a complex problem affected by a multitude of
factors [2, 13, 36], and the entirety of this problem space can-
not be addressed with a small annotation language. Monolift
may therefore benefit from integration with systems that
optimize microservice resource allocation for end-to-end per-
formance [5, 13, 37]. These types of systems infer the impact
of resource allocation on microservice performance as well
as how inter-service relationships affect end-to-end applica-
tion performance. Monolift’s ability to provide a bird’s eye
view of the distributed applications it produces may make
these techniques more powerful, and its lift abstraction may
enable new innovations for tuning resource allocations and
reducing deployment costs for distributed applications.
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