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—— Abstract

Field externalization is a technique to reduce the footprint of objects by removing fields that most

frequently contain zero or null. While researchers have developed ways to bring this optimization
into the Java world, these have been limited to research compilers or virtual machines for embedded
systems. In this work, we present a novel field externalization technique that uses information
from static analysis and profiling to determine externalizable fields. During compilation, we remove
those fields and define companion classes. These are used in case of non-default-value writes to
the externalized fields. Our approach also correctly handles synchronization to prevent issues in
multithreaded environments. We integrated our approach into the modern Java ahead-of-time
compiler GraalVM Native Image. We conducted an evaluation on a diverse set of benchmarks that
includes standard and microservice-based benchmarks. For standard benchmarks, our approach
reduces the total allocated bytes by 2.76% and the maximum resident set size (max-RSS) by 2.55%.
For microservice benchmarks, we achieved a reduction of 6.88% for normalized allocated bytes
and 2.45% for max-RSS. We computed these improvements via the geometric mean. The median
reductions are 1.46% (alloc. bytes) and 0.22% (max-RSS) in standard benchmarks, as well as 3.63%
(alloc. bytes) and 0.20% (max-RSS) in microservice benchmarks.
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1 Introduction

Optimizing a program for speed, efficiency, and safety is a crucial goal of most compilers.
In modern languages, such optimizations frequently concern objects and similar structured
types. Java is a language that enables object-oriented programming at a high abstraction
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class Order { class Order { class Order$Companion {
long orderId; long orderld; double shippingCosts;
Item[] items; Item[] items; R String discountCode;

{DrderﬂiCompanion _ref;}" }

double shippingCosts;
String discountCode;

}

externalizable

(a) Order class with an ID, an ar- (b) Externalized version of Order including its generated compan-
ray of (unspecified) items, shipping ion class that holds the externalized fields. The original class is
costs, and a discount code. The ex- augmented with a new _ref field that references the companion
ample assumes that shippingCosts object if allocated. In later parts of the paper we detail improve-
and discountCode are rarely needed ments that allow us to eliminate this field.

and thus externalizable.

Figure 1 Original and externalized representation of an Order class that is used as a continuous
example to explain various aspects of our field externalization implementation.

level without sacrificing performance. As manifold as the usage scenarios of objects are in
Java, as varied are the optimizations that compilers can apply. Optimizations on objects
tend to fall into two categories: Reducing the memory footprint of objects and improving the
efficiency of accesses to the objects’ properties and methods. Object allocations are made
more efficient by directly allocating into thread-local allocation buffers [32] or are eliminated
altogether via escape analysis [14, 67]. Escape analysis typically also removes field accesses
via scalar replacement, thus improving performance. Dynamic dispatch on methods is also a
frequent target for optimizations. Compilers try to devirtualize calls [31], inline them [1, 36],
or use inline caches [13, 15, 27, 28, 36, 82] to optimize for the most common cases. Other
optimizations aim to shrink the object header [33, 74], a prefix in every object that references,
among other things, type information and the virtual method table. While compilers also try
to minimize the memory consumption of objects, the range of techniques [12, 72] applicable
in this area has been more limited so far.

When analyzing heap dumps of Java applications, we noticed that certain fields of
objects often just hold their default values. Other researchers have pointed out similar
findings [4, 11, 23, 62]. This shows potential for optimization, as such objects occupy more
memory than necessary. Especially in cloud and serverless computing, reducing the memory
footprint of applications is important. Thus, we propose a novel form of field externalization —
a technique for removing such fields, thereby reducing the memory footprint of objects and
thus the overall memory consumption of an application.

The Order class shown in Figure la is used as a running example throughout this paper.
In this example, an order consists of an ID, an array of order items (the implementation of
which is irrelevant for this example), the shipping costs, and a discount code. We assume that
the first two fields are non-zero and non-null in most objects. However, both shippingCosts
and discountCode are not; they are mostly zero or null (the default values for these fields)
and only hold relevant values in a small number of objects.

Via field externalization, we can optimize the layout of the Order class by removing
fields that hold default values in most cases. This results in the layout presented on the
left-hand side of Figure 1b. However, as optimizations have to ensure that also corner cases
are handled correctly, we must be able to handle shippingCosts and discountCode if they
are ever set to a non-default value. Therefore, we create a new class, the so-called companion
type Order$Companion, that stores the externalized fields, i.e., the fields that were removed
from the original Order class. Additionally, we introduce a pointer in the original class — we
call this the companion reference field. Initially, this pointer is null. If a non-default value is
assigned to an externalized field, an instance of the companion type — the companion object —
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is allocated to store the field value. This companion object is assigned to the companion

reference field. Hence, writing a non-default value to an externalized field introduces some

overhead. However, as allocating the companion object should only be necessary in a few
cases, these costs are outweighed by the reduced overall footprint of the other objects.
Various researchers have developed approaches to integrate field externalization into

compilers [4, 11, 23, 62]. Notably, most are based on just-in-time (JIT) compilers [4, 11, 23],

compilers for embedded systems [11, 23, 62], or research compilers [4, 62]. These approaches

have shown promising results in combating memory consumption in Java programs. However,
we could not find any contemporary approach that enables field externalization in a production-
grade compiler without compromising language or run-time features such as multithreading.

Therefore, we propose a novel approach for field externalization in the state-of-the-
art ahead-of-time (AOT) compiler framework GraalVM Native Image [78, 79]. It works
by first gathering profiling information for a target program in an offline profiling run.

Then, we combine the profiling information with information from Native Image’s points-to

analysis [7, 24, 25, 26, 39, 40, 60, 61, 66, 68, 71, 80] to identify and subsequently externalize

fields that most often hold their default value. Furthermore, we developed a synchronization

mechanism for accesses to externalized fields that adheres to the Java Memory Model [43].
Our approach targets web and microservice applications hosted in the cloud. Providers of

Function-as-a-Service infrastructures (AWS Lambda [3], Google Cloud Functions [21], etc.)

typically not only base their pricing on CPU usage but also on the amount of memory that

is consumed by the application [84, 19, 18]. Hence, reducing memory usage can save costs.
With this work, we make the following contributions:

1. A profiling approach that utilizes both static analysis as well as field-level profiling to
identify fields for optimization.

2. A novel AOT profile-guided field externalization approach that removes fields from objects
ahead of time. Our approach is integrated into a state-of-the-art AOT compiler and
supports multithreaded access to externalized fields.

3. Novel techniques to reduce the overhead and increase the applicability of field exter-
nalization by reusing existing fields as masked companion references, supporting class
hierarchies, and generating companion factory methods.

4. An evaluation of our approach on standard and microservice benchmarks measuring
memory footprint, run-time performance, and image size. The evaluation demonstrates
that our approach can reduce the maximum RSS and the allocated bytes in individual
benchmarks, showcasing its viability to reduce the footprint of cloud applications.

The paper is structured as follows: Section 2 describes GraalVM and GraalVM Native
Image. In Section 3, we summarize our profiling methodology and its implementation. We
explain our field externalization approach, notable improvements, and the integration into
Native Image in Section 4. Section 5 presents the results of applying our approach to a large
set of benchmarks. We explain our evaluation methodology and discuss the results in detail.
In Section 6, we list the limitations of our approach. In Section 7, we compare our techniques
to related work.

2 Background

We integrated our approach into GraalVM Native Image [49, 78, 79] based on GraalVM 23.1
with Java version 21: We use its profile-guided optimization feature [5, 9, 53, 64, 78] to first
collect information about field values in a profiling run on an instrumented executable and
subsequently externalize rarely written fields based on this profiling information during the
compilation of the final executable.
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2.1 GraalVM

GraalVM is a high-performance, polyglot virtual machine [49, 82] designed to run programs
written in a wide range of languages. It can handle traditional Java-bytecode languages, such
as Java, Kotlin, and Scala, as well as languages like JavaScript [50], Ruby [52], Python [48],
and even C/C++[57]. The GraalVM compiler is a state-of-the-art JIT compiler within
GraalVM [16, 38, 67]. It uses a graph-based intermediate representation (the Graal IR) [16,
17] and performs optimizations such as inlining, constant folding, loop unrolling, and escape
analysis [37, 82]. When used as a JIT compiler in a regular Java Virtual Machine (JVM),
GraalVM collects run-time information to guide its optimizations. For instance, it identifies
hot methods, frequently taken branches, and targets of virtual calls. By exploiting this
data, the compiler can further optimize the application according to the observed workload.
However, relying on run-time profiling data means that optimizations only take full effect
once the application has been running long enough to gather representative insights. This
can lead to slower startup times.

2.2 GraalVM Native Image

To provide fast startup times and reduced resource usage, GraalVM offers Native Image [78,
79], an AOT compiler that compiles a Java application ahead of time into a self-contained
native binary (the so-called image). This binary bundles the application code, all necessary
libraries, and a lightweight runtime called SubstrateVM, which provides essential services
such as threading and garbage collection, into a single executable [46]. Once compiled,
no standard JVM is needed at run time, and the startup performance can be improved
by up to two orders of magnitude compared to the Java HotSpot VM [79], which can be
critical for short-lived processes, serverless functions, or microservices. A key concept in
GraalVM Native Image is the closed-world assumption [79]. Under this assumption, all
classes, methods, and fields that may possibly be accessed at run time must be known at
compile time. This contrasts with the traditional JVM, where classes can be dynamically
loaded at run time. The closed-world assumption allows GraalVM Native Image to perform
powerful whole-program static analyses.

2.2.1 Points-to Analysis

One important step performed by GraalVM Native Image during static analysis is the
points-to analysis [7, 24, 25, 26, 39, 40, 60, 61, 66, 68, 71, 80]. This analysis determines
which objects, fields, and methods can be reached from the program’s entry point. The
points-to analysis in GraalVM Native Image is context-insensitive, flow-insensitive for fields,
but flow-sensitive for local variables (since the input language is in SSA form) [79]. It is
type-based and uses saturation to prune the inter-procedural pointer assignment graph while
the analysis is running. This makes the analysis as scalable as a rapid type analysis, while
preserving most of the precision of the points-to analysis [80]. By understanding which
objects point to which other objects (and thus which fields and methods are relevant), Native
Image can identify what parts of the code are actually needed. Points-to analysis builds a
global, static view of the application’s data flow. The analysis can reveal, for example, that
a certain type’s fields are never written to or that certain methods are never invoked. Since
Native Image has all code available at compile time, it utilizes this analysis to optimize the
final binary.
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2.2.2 Image Heap

In the context of GraalVM Native Image, the image heap refers to a specialized, pre-initialized
memory region that is embedded into the native executable [79]. During the Native Image
compilation process, GraalVM analyzes the application to determine which objects that are
needed at run time can already be created at compile time and stored in the image heap. For
example, java.lang.Class objects that represent the type descriptors of objects in Java
are stored there. Furthermore, class initializers can often be already executed at compile
time. Since many objects are already present in the image heap, the native executable
doesn’t need to perform extensive object allocation and initialization at startup. This leads
to significantly reduced startup times compared to traditional JVM applications that rely on
JIT compilation and need to allocate all objects at run time [79].

2.2.3 Profile-Guided Optimization

Unlike a JIT compiler, which relies on program behavior observed at run time, an AOT
compiler has no direct knowledge of how code executes under real workloads. Without
further input, it must rely solely on static heuristics to guide optimizations, which can limit
the potential improvements. Profile-guided optimization (PGO) addresses this limitation [5,
9, 53, 64, 78]. PGO is a technique in which the AOT compiler is supplied with run-time
execution data collected from a representative workload. This approach mirrors how a JIT
compiler uses run-time profiling, but shifts the process to compile time via a two-stage
compilation workflow:

1. Instrumentation and Profiling Phase:

First, an instrumented version of the application is generated by Native Image. This

instrumented binary contains additional logic to record information about the program

as it runs. When executed with a suitable workload that reflects real usage scenarios, the
instrumented binary collects detailed run-time data, including call frequencies, branch
probabilities, and type occurrences. At the end of this run, the collected profiling
information is stored in a file.

2. Optimized Compilation Phase:

In the second stage, the profiling data is fed back into Native Image to produce a new,

optimized binary. Equipped with the recorded execution patterns, the AOT compiler

can apply more informed optimizations, such as refining method inlining decisions and
optimizing frequently executed hot paths.
This two-phase compilation adds complexity and overhead to the build process. However,
once the optimized binary is produced, it can be deployed and run without incurring any
additional overhead.

PGO enables AOT compilers to tailor optimizations to specific workloads. When the
workload employed during the instrumentation phase closely resembles the production
environment, the resulting binary is finely tuned for that particular scenario. In essence,
PGO provides workload-specific optimizations comparable to those offered by JIT compilers,
but in a context where all code is precompiled to native form. This technique is also utilized
in related work [10, 22, 35, 41, 73, 81, 83].

It is important to distinguish PGO from machine-learning-based optimization tech-
niques [59], which typically utilize a larger and more diverse set of inputs to optimize a
broader range of applications. The objective of machine learning is to train models that
can reliably predict optimization opportunities in new programs based on extensive training
datasets. In contrast to that, PGO aims to optimize a program for a specific workload.
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Developing a generalized version of the program that performs efficiently across different
workloads is an explicit non-goal of PGO. Thus, our evaluation is conducted accordingly. We
employ the same workload for both profiling and measurement phases, although the profiling
workload is smaller in size compared to that used for measurements.

3 Field Profiling

To enable field externalization, we collect two kinds of information: information that is
gathered statically during the compilation of the instrumented program (e.g., information on
objects in the image heap) as well as information that is gathered dynamically during the
execution of the instrumented program.

The information that is computed at compile time is only available very late in the
compilation process, e.g., after the compilation of all methods or when computing the
layout of all types. Field externalization, however, has to be initiated early to adapt the
corresponding types and field accesses. Therefore, we want to communicate such information
from the first compilation (for the instrumented binary) to the subsequent, optimizing
compilation. We do this by storing compile-time profiling information in the compiled
binary itself. When executing the instrumented binary, we collect the run-time profiling
information and merge it with the static profiling information stored in the binary. This
combined profiling information is then stored in the profiling file and subsequently used for
optimizations in the final compilation of the program.

3.1 Information Needed for Field Externalization

As it is expensive to write a non-default value to an externalized field, we need to make
sure to only externalize fields where such writes happen rarely compared to the number of
allocated objects of that type. Therefore, we need to know how many objects of a certain type
are allocated. For each field, we also need to know in how many objects the respective field
ever holds a non-default value. Furthermore, we need information about the size of a type,
so that we can calculate how many bytes we need to remove from a type to achieve an actual
size reduction (taking alignment into account). The points-to analysis (cf. Section 2.2.1)
of GraalVM Native Image is able to detect fields that are unused; they will be removed
automatically. We don’t want to hinder that optimization and thus have to detect and
prevent externalization of such fields. Finally, as we cannot safely externalize fields that are
accessed in an unsafe context (via sun.misc.Unsafe) or in a VM-internal context, we also
have to store information about incompatible accesses per field.

3.2 Metrics

We present our collected metrics in Table 1. The level indicates whether the metric is
collected per type or per field. Details of the individual metrics are discussed below.

Allocations. To accurately track the number of allocations per type, we consider both
compile-time information and run-time information. As explained in Section 2.2.2, Native
Image already allocates objects at compile time and stores them in the image heap. Thus,
we count those instances before they are written into the final binary. We track the objects
allocated at run time during garbage collection, i.e., for each object allocation, we increment
the counter for the respective type.
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Table 1 Overview of all metrics we collect. The level describes the granularity at which the
tracking is performed. The time indicates whether a metric is tracked at run time (RT) and/or at
compile time (CT).

Metric Level Time Description

allocations Type RT+CT  The number of allocations of a type.

size Type CT The exact and unaligned size of the instances of a type.
Used to calculate how many bytes need to be externalized
to achieve a reduction of the instance size for that type.

non-default Field RT+CT  The number of objects of a type that hold a non-default

value count value for a specific field at any point during the execution of
the program.

access kind Field CT Indicates whether the field is eligible, unused, or accessed via
reflection, in an unsafe context, or in a VM-internal context.

Order Order
long orderId instrumentation long orderId
Item[] items Item[] items
double shippingCosts double shippingCosts
String discountCode String discountCode

boolean _orderIdCounted

boolean _itemsCounted

profiling fields
boolean _shippingCostsCounted

boolean _discountCodeCounted

Figure 2 Instrumentation of the Order class from Figure 1 to track the non-default value counts.
A profiling field is added for each original field.

Size. The size of a type is computed late in the compilation process, whereas field external-
ization requires this information early in the compilation process. Hence, when compiling
the instrumented program, we store the types sizes in the profiling data.

Non-default value count. We track this metric at field level. For each field, the metric
represents the number of objects that — at any point during the execution of the program —
held a non-default value in this specific field. For example, if a non-default value is written
ten times to the same field for a single object, the non-default value count is only increased
by 1. This metric is important for the selection of externalized fields, as only fields that have
a low non-default value count — compared to the number of objects allocated of that type —
are good candidates for field externalization. We do not count the total number of writes
to a field, as a single non-default-value write is enough to cancel out the achieved memory
reduction for a single object due to the required companion object. Similar to the allocations
metric, we also consider the objects in the image heap for this metric.

To identify first-time non-default-value writes for each field/object combination, we
instrument all types in the profiling run. For each field, we generate an additional boolean
field that indicates whether a non-default value has already been written for that field/object
combination, as can be seen in Figure 2. To correctly track the non-default value count,
we have to instrument all field writes. The instrumentation of field accesses is depicted in
Figure 3. First, we check whether the value written to the field is a non-default value, i.e., in
the example, we check whether x is not null. In that case, we verify that the field has not
yet been written for this object. If so, we set the profiling field to true and increment the
counter associated with the non-default value count metric for that field.

19:7
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Order o = ...; instrumentation Order o = ...;

o.discountCode = x; » if (x !'= null && 'o._discountCodeCounted) {
o._discountCodeCounted = true;
<increase non-default value count for discountCode>

}

o.discountCode = x;

Figure 3 Instrumentation of a write to the discountCode field from the example in Figure 1.

Access kind. Native Image performs extensive static analysis, including points-to-analysis
(cf. Section 2.2.1), and marks all unsafe, reflection, or JNI accesses that it can detect at
build time. Users can provide configuration files to make additional components available for
these kinds of accesses. Therefore, we are able to identify where and how fields are accessed.
However, again, this information is only fully available late in the compilation process, and
thus, similar to the size metric, we store that information in the profiling data when compiling
the instrumented program. The access kind denotes one of three cases: Unused, when the
field is unused and thus deleted by Native Image, incompatible, when the field is accessed
using reflection, in an unsafe context or in a VM-internal context, or eligible, for fields that
do not fall into any of the other categories. Only eligible fields are considered relevant for
field externalization.

4 Field Externalization

The goal of field externalization is to reduce the memory footprint of an application by
reducing the size of objects. To do so, we use heuristics based on the profiling information
described before to identify fields where the default value dominates within types and to
determine whether removing them from a type is beneficial. If we remove fields, we have to
adapt their accesses within the compiled code: In case we ever write a non-default value, a
companion object has to be allocated that consequently stores this field value. Subsequent
accesses to externalized fields of the object then have to access this companion object. To
actually benefit from field externalization, we need to minimize the number of required
companion objects by tuning the heuristics accordingly.

4.1 Externalization Heuristic

Early in the compilation of a program, we load the profiling information generated during

the instrumented run. For every type, we query the profiling data for its fields and use the

metrics described in Section 3.2 to determine whether externalization is beneficial. Notably,

we disallow externalization of types for which we do not have profiling data or for which the

profiling reports no allocations. First, we determine a set F' of all externalizable fields of a

type as follows:

1. We only externalize fields where the access kind shows eligible accesses, i.e., we don’t
support externalization of unused or incompatible fields.

2. We determine the fraction of non-default values in all allocations, i.e., the percentage of
instances where the field at some point held a non-default value. We compare this with
a configurable threshold and mark the field for externalization if its non-default value
fraction does not exceed this threshold:

non-default value count
< externalization threshold

allocations

Based on experiments, we use 5% as a default value for this threshold because it yielded
the overall best results in our benchmark set.
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While this approach yields all externalizable fields of a type, we still need to determine
whether externalization of those fields actually shrinks the objects of this type. Consider
the Order class from the initial example in Figure 1. Figure 4a depicts the initial memory
layout of an object of this class: The object header typically takes up 8 bytes. Compressed
object pointers [45, 79] reduce the size of reference fields to 4 bytes. As the figure shows, this
results in an overall size of 32 bytes. Native Image aligns objects at 8-byte boundaries [79];
with a size of 32 bytes this requirement is already met. The requirement for externalization
is to reduce the size to at least the next smaller alignment boundary (24 bytes). Otherwise,
the reduction in the type size is canceled out by the alignment. In the example, this means
that we have to reduce the overall size by 8 bytes. We have to take into account that our
externalization approach injects a new reference field (4 bytes) into the type that points
to a companion object if this is needed. Therefore, the required reduction in the example
increases to 12 bytes.

Figure 4b shows the result of externalizing the shippingCosts, an 8-byte double field.

Unfortunately, if we consider the 4 bytes of the injected _ref field, the object size is only
reduced to 28 bytes and alignment brings this up again to 32 bytes. The situation is different
when externalizing both shippingCosts and discountCode, as shown in Figure 4c: The
overall reduction (including the injected field) is now 8 bytes, which reduces the object size
to 24 bytes — again at an 8-byte-alignment boundary.

Profiling information gives us the size t__size of each type before alignment (cf. Section 3.2).

Assuming the injected field size to be ref__size, and an alignment of 8 bytes, the minimal
required amount of bytes that must be externalized is calculated as follows:

. o . 8, if t sizemod 8 =0
min. externalization bytes = ref_size + )
t_ size mod 8, otherwise

Then, we use the following formula to determine whether externalization is beneficial for
the set of theoretically externalizable fields F' that we derived in the prior step:

Z sizeof(f) > min. externalization bytes
feF

If the result is to externalize the fields F', we subsequently delete them from the type.

For each type with externalized fields, we create a corresponding companion type, a synthetic
class that only contains the externalized fields of the class. Subsequently, we inject the _ref
field — also called companion reference field — that may reference a companion object if
needed into the type with externalized fields.

4.2 Rewiring Accesses to Externalized Fields

Externalizing fields into companion classes is only the first step in the externalization process.

Next, we have to adapt all accesses to externalized fields, as shown in Figure 5. Values of
externalized fields are now stored in the corresponding fields of the companion object. This
object, however, should only be allocated if we write a non-default (non-zero/non-null) value
to an externalized field. Therefore, regardless of the access kind, we have to make a case
distinction on whether a companion object exists. For each object, we store this information
in an additional header bit, which we call the companion allocated (CA) bit. If the bit is
unset, no companion object exists and the fields never held anything other than the default
value. This is the ideal case and our heuristics mentioned in Section 4.1 are tuned to ensure
that this is the most frequent case. Hence, we have to adapt the field accesses in such a
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object structure CHED object structure CEED object structure CHED
(bytes) (bytes) (bytes)

object header 8 object header 8 object header 8
long orderId 8 long orderlId 8 long orderld 8
Item[] items 4 Item[] items 4 Item[] items 4
double shippingCosts| 8 double shippingCosts 0 double shippingCosts 0
String discountCode 4 String discountCode 4 String discountCode 0
Order$Companion _ref| 4 Order$Companion _ref 4

before alignment 32 before alignment 28 before alignment 24
after alignment 32 after alignment 32 after alignment 24
req. externalization| 12 size reduction 0 size reduction 8

(a) Layout of an Order object (b) Layout of an Order object (c) Layout of an Order ob-
from Figure 1 assuming an 8 byte where discountCode has been ex- ject where discountCode and
object header, compressed object ternalized but overall object size shippingCosts have been exter-
pointers [45, 79], and 8 byte align- remains the same due to the re- nalized, resulting in a reduction of
ment [79]. quired addition of a _ref field. the object size by 8 bytes.

Figure 4 Memory layout of the Order class from Figure 1 before and after externalization.

way that this case is still efficient. If the bit is set, it indicates that an object already has
a companion object. This should be the outlier case which we want to avoid as much as
possible, as the companion object consumes additional memory.

Read Accesses. Figure 5a shows a read access to the discountCode field of the Order
class. Figure 5c depicts the adaption of the read access when the field is externalized. At
every access to an externalized field, we have to introduce a header bit check (CA bit) that
tells us whether the object already has a companion object. If the bit is unset, the read is
trivial as this tells us that the field still holds its default value. This is the fast path and
should be the default case. Thus, we can simply yield the default value as a result of the
read access. If the bit is set, the companion object must exist and we have to load it from
the _ref field to get the actual field value.

Write Accesses. For write accesses, as shown in Figure 5b, we need to do more work, as
each write may require the allocation of a companion object. Figure 5d depicts the adaption
of write accesses to an externalized field of the Order class. Again, the CA bit tells us
whether the object already references a companion object. If a companion object exists, we
write the new value to the corresponding companion object field. If the bit has not been
set, we have to check the value that is written. If we again want to write the default value
(null or zero) to this field and the companion object does not exist yet, we can simply skip
the write as the field is guaranteed to still hold the default value. This is the optimal case
and should be the most frequent path. However, if we write a non-default value, we have to
allocate a new companion object and write the value to the field in the companion object.
Additionally, we have to store the companion object in the original object and set the CA bit
to communicate this change to future accesses. This is the slow path. After the companion
object has been allocated, all the benefits that we achieved for this particular object by
reducing its size are voided. Thus, our heuristics should minimize the frequency of this case.
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Order o = ...; Order o = ...;
var x = o.discountCode; o.discountCode = y;

(a) Read access to discountCode before (b) Write access to discountCode before field exter-

field externalization. nalization.
Order o = ...; Order o = ...;
var x; if (<ca_bit_set>(0)) { // check whether companion ezists

o._ref.discountCode = y;

} else if (y !'= null) { // default value check

X var _cmp = new Order$Companion(); // allocate companion
x = o._ref.discountCode; _cmp.discountCode = y; // write companion field

else o._ref = _cmp; // store companion in original object
x = null; // use default value <set_ca_bit>(0); // mark existence of a companion

} // no write if we write the default value

// check whether companion exists
if (<ca_bit_set>(0))

(c) Read access to discountCode after field (d) Write access to discountCode after field external-
externalization. Since the field no longer ization. Depending on whether the CA bit is set, we
exists within the original type, we either may have to allocate a companion object if the value
yield the default value or have to get the to write is not the default value.

field value from the companion object de-

pending on the result of the CA bit check.

Figure 5 Accesses to fields of the Order class before and after field externalization.

4.2.1 Adhering to the Java Memory Model

The adaptations necessary to handle accesses to externalized fields are trivial in principle.
However, it gets more complicated when we consider their effects in the context of the Java
Memory Model, which defines the language semantics in multithreaded environments [43].
Particularly, the writing process is affected, as a write to an externalized field may now
consist of multiple instructions, which may interfere with each other if executed on the
same object in different threads. Figure 6a shows the behavior of two write accesses to
fields of the same object in multiple threads without externalization. After the writes have
been completed, both values are eventually ? visible in the object. Figure 6b shows what
could happen when writing to externalized fields: Here, we assume that the target object
does not have a companion object yet — the CA bit is unset — and both threads want to
write non-default values to two independent fields, forcing allocation of a companion object.
Thread t1 first allocates a companion object and stores a value to the first field. Then, thread
t2 resumes, also allocates a companion object and stores a value to the second field. In the
example, t2 immediately stores the companion object in the original object and sets the CA
bit. When ¢1 resumes, it also stores its companion object in the original object and thus
overwrites the _ref field. This results in a lost update as the value written in thread t2 is
lost. In fact, the order of the writes does not even matter: the allocation of two different
companion objects for the same original object is a problem in terms of the memory model.
Therefore, we need to introduce a synchronization mechanism for externalized field writes.
As read accesses can simply rely on the CA bit to determine whether a companion object
exists, they require no modification. If another thread writes a non-default value to the same
field at the same time and thus allocates a companion object, this would result in a race
condition in the case of a non-synchronized access even without field externalization. With
field externalization, a race condition may occur at the header bit access. However, results of
this race condition are always within the set of possible results of the original race condition.

2 Omitting the fact that non-volatile writes within threads may not be visible to other threads immedi-
ately [43] — the overall problem still remains.
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[ thread t1 ] [ thread t2 ] [ thread t1 ]

10.dC = "abc"; ivar _c = new 0$C(Q);

E 0.sC = 20.0; E_c.dC = "abc";

. . var ¢ = new 0$CQ);
E 5 _¢.sC = 20.0;

. . o._ref = c;

. | <set_ca_bit>(0);

E Eo._ref = c;

v V<set_ca_bit>(0);

0.dC == "abc" && o.sC == 20.0 o._ref.dC == "abc" && o._ref.sC == nullég

(a) Write access to Order fields from mul- (b) Write accesses to Order fields from multiple threads after

tiple threads before field externalization.  field externalization if the companion object was not created
before. As two threads may simultaneously allocate compan-
ion objects and store them in the original object, the result
is a lost update as the companion object from thread t2 is
overwritten by the one from thread t1.

Figure 6 Write access in multiple threads to fields of the Order class before and after field
externalization. For brevity, we abbreviate the fields discountCode and shippingCosts with dC and
sC, and the companion class Order$Companion with 0$C.

Figure 7 describes the synchronization process we introduce to correctly mimic field write
semantics in our Order example. The dashed green path denotes the fast path and thus the
most frequent one. The initial steps remain the same: We check whether a companion object
exists (via the CA bit). If so, we write the value into the companion object. Otherwise, we
check whether the write concerns the default value. If that is the case, the write can be
omitted. The process differs when we write a non-default value and thus require a companion
object. First, we allocate the companion object (A) and assign the field value (B). Note that
this can be performed by multiple threads at the same time per object. Next, however, we
use an additional header bit — the companion-in-creation (CC) bit — that indicates whether
some other thread currently allocates the companion. We use a compare-and-set (CAS)
instruction [29] (C) that atomically tries to set the CC bit if and only if it has not been
set. A CAS is a three-operand instruction that takes an expected value (the object header
where the CC bit is zero), a destination operand (the address of the object header) and a
source operand (the object header with the CC bit set). Then, it performs the following
steps atomically: First, it compares the expected value with the value in the destination
operand. If the values match (the object header does not have the CC bit set), it writes the
value in the source operand to the destination operand (sets the CC bit) and returns the
expected value. If the values are different, it returns the value in the destination operand
(the actual object header). Subsequently, we can use the return value of the instruction
to determine whether the current thread could set the CC bit. Therefore, the CAS can
only ever succeed for a single thread per object. We call this thread the CC thread. The
CC thread subsequently enters a protected region, where it can safely assign the companion
object it previously created (D) and also set the CA bit (E) to signal that a companion
object is available now. Any other thread that tried to CAS the CC bit at the same time has
to wait until the CC thread has completed the assignment of the companion. We introduce
a spin lock [30, 65] (F) that loops until the CA bit is set. Note that this branch is entered
very infrequently, namely only if two threads try to allocate a companion object for the same
object at the same time. Once the thread leaves the spin lock, it can safely assume that a
companion object exists and can thus access it and perform its field write (G).
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i ! Order o = .. .
<ca_bit_set>(o) \___o.discountCode = x; !
IS

yes: o has a comanion object no: o has no companion object
e a
o._ref.discountCode = x ] w no: x is no default value and
. requires a companion object
yes: x is the default value A
and we can skip the write ( RS GNP S ]
, new Order$Companion ()
’ B
s’ )
’ {icmp.dlscountCode =x ]

< bit>
cas_cc_bit>(0) CAS failure: the bit

was set by another thread

CAS success:
the bit was set

F

spin lock until
CA is set

[ wait for other thread |
i to assign companion :

1 notify spinning i: _|

<set bit>
threads set_ca_bit>(o)

, Pprotected region .

G
[o_._ref .discountCode = x

field write complete

Figure 7 Write accesses to externalized fields including a synchronization mechanism that uses 2
header bits (CA, CC) to ensure that for a specific object only one thread can assign the companion
object. The dashed (green) path is the (most frequent) fast path.

4.3 Compile-Time Externalization

As explained in Section 2.2.2, objects that can be created at compile time, but are needed
at run time, are already allocated during compilation and are stored in the image heap.
Our externalization process, however, only affects the objects that are created at run time —
objects allocated at compile time still adhere to their original layout. To ensure that the
objects in the image heap are compatible with the types after externalization, we introduce
special handling for all compile-time-allocated objects that have externalized fields. When
writing those objects into the image heap, we check whether they contain a non-default value
for an externalized field. If so, we allocate a companion object and copy the values of the
externalized fields to the companion object. Finally, we link the companion object with the
original object (now reduced to its non-externalized fields and the companion reference) and
also store the companion object in the image heap. Thus, the object representation in the
image heap is compatible with the types after externalization.

4.4 Field Externalization and Class Inheritance

Consider the case when a class A has some fields that can be externalized. Suppose that a
subclass B of A also has externalizable fields, making it eligible for externalization according
to our heuristic. With our current approach, B would require two companion reference fields
(for A$Companion and for B§Companion), and thus 4 header bits (two bits per reference field).
Hence, field externalization does not scale efficiently with class hierarchies. Furthermore,
the number of object header bits that can be used for field externalization is limited, hence,
preventing us from using more than 2 object header bits. However, as externalizing fields of
classes that already have externalized superclasses is beneficial (as it can further shrink the
object size), we want to support it as well.
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4.4.1 Companion Inheritance

We present the solution to externalizing fields of class hierarchies based on the example in
Figure 8. The example shows three classes A, B, and C, where A is the superclass of B and B
is the superclass of C. In the example, two fields of class C can be externalized. However, the
superclass A also has externalized fields. To solve this problem in an efficient manner, we
propose that the companion type that is created for C (C$Companion) is defined as a subclass
of the companion type of the (closest) externalized superclass (here A$Companion). Thereby,
the problems mentioned above are solved, as at most one companion object is needed for an
object. The C$Companion instance now contains both: the fields externalized in C, as well as
the fields externalized in A. Therefore, only a single companion reference field and 2 object
header bits are needed.

However, this approach introduces an additional challenge: We can no longer determine
at compile time which companion object should be allocated when writing to an externalized
field. For example, if a method has a parameter of type A and subsequently writes a non-
default value to the a1 field, we would either have to allocate an A$Companion object or a
C$Companion object depending on the actual object. Thus, the allocated companion object
now depends on the dynamic type of an object. We solve this by introducing a run-time type
check on the object, but this introduces overhead in terms of performance and code size.

A :++-|__A$Companion Companion creation

long al i [fong at Original

String a2 String a2

tring a tring a if (/*companion allocation required+/) {
int a3

var _cmp = new A$Companion();

A$Companion _ref

)
7
;

if (/*companion allocation required*/) {

float bl
var _cmp;
int b2 if (o.getClass() == C.class) {
Z} _cmp = new C$Companion();
} else { // o.getClass() == A.class |/
(o C$Companion o0.getClass() == B.class
double ci double ci _Cmp = new A$Companion();
}
float c2 float c2 .
int c3 }

Figure 8 Companion hierarchy for a class hierarchy with multiple types with externalized fields.
The necessary adaptations to the companion creation process are illustrated on the right-hand side.

4.4.2 Companion Factory Methods

The companion creation code gets more complicated the more classes of a class hierarchy are
externalized. As we need to adapt every write to an externalized field, directly inserting all
type checks and allocations of the right companion object within the class hierarchy leads to
code bloat. Therefore, we utilize what we call companion factory methods. A companion
factory method is a generated method that receives a type with externalized fields as a
parameter and returns a new instance of the matching companion type. Hence, for each root
of an externalization hierarchy one companion factory method is generated. That method
contains the if-else-if ladder for all externalized subtypes of the externalized root type and
returns a companion object of the respective type.
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static A$Companion createCompanionA(Class c) {

if (/*companion allocation required*/) { if (c == C.class){
var _cmp = createCompanionA(o.getClass()); return new C$Companion();
A } else { // ¢ == A.class || ¢ == B.class
} return new A$Companion();
}
}

Figure 9 Creation of a companion object using a companion factory method.

Figure 9 shows an example of a companion factory method and its usage. The companion
factory method createCompanionA is used to create the correct companion object based
on the class passed as a parameter. During compilation, we insert a call to this method
when writing a non-default value to an externalized field, as shown on the left-hand side of
Figure 9. Through these factory methods we can reduce the code bloat. We prevent inlining
of these methods to not mitigate their effect but also inform the compiler of their effects to
not prevent other optimizations such as partial escape analysis [67].

4.5 Masked Companion References

Our field externalization approach requires adding a reference to a companion object to
enable us to handle the cases when non-default values are written to externalized fields.
Therefore, externalization also needs to amortize the cost of that additional field, as explained
in Section 4.1. Consequently, this limits the applicability of our approach and thus our
optimization potential.

To tackle that issue we propose an optimization of field externalization, which we call
masked companion references. A masked companion reference is a non-externalized reference
field of a type that we reuse as the companion reference field. As long as no companion object
is needed, this field is used just like a normal field and stores its normal value. In Figure 10,
we again show the Order example from the previous sections with the two externalized
fields shippingCosts and discountCode. The remaining items field is used as the masked
companion reference, indicated by the dashed line and light red background. As shown in the
first part of the image, the items field holds a reference to an ordinary item array, because
no companion object is required yet. When a non-default value is written to an externalized
field, a companion object is allocated (as explained in Section 4.2) and the reference to
the companion object is stored in the items field. However, before writing the companion
reference, the old value stored in the items field needs to be evacuated in order to preserve its
value. Therefore, when using masked companion references, the companion object contains
not only the externalized fields but also the masked companion reference field. In the example
of Figure 10, when a non-default value is written to the externalized field shippingCosts
(shown at the right-hand side of the figure), a companion object is allocated and the value
that should be stored in shippingCosts is stored there. Then, the value stored in o.items
is evacuated and stored in the companion, and finally, the reference to the companion object
is stored in the items field (the masked companion reference field) of the Order object. By
applying this optimization, we do not need to introduce an additional companion reference
field that increases the size of all Order objects just to hold the reference to an — ideally —
rarely needed companion object. If a type does not contain a suitable reference field, we can
still fall back to the original approach.
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'Before companion allocation | | After companion allocation |

Order o = ...; o.shippingCosts = 20.0;
[) Order Item[] Order Order$Companion Item[]
orderIdl 123 . orderIdl 123 shippingCosts 20
I 1
items 1 @ .. items 1 @ discountCode null
bm e e = P R R R S .
items o—

Figure 10 As long as no companion object is need for an object with externalized fields, the
masked companion reference field (items) holds its normal value. When a companion object is
needed, the value of the items field is evacuated into the companion object and the reference to the
companion object is stored in the items field.

D1)

var old = o.items

D2
:> <cas_items_field>(o, old, _cm

CAS failure:
other thread updated

D

o._ref = _cmp

CAS success: _cmp was stored in o.items
D3

o.items concurrently
o.items.items = old so this thread has to
! retry write

Figure 11 Changes necessary to the process shown in Figure 7 at step D for externalized field
writes with masked companion references.

4.5.1 Field Access Adaptations for Masked Companion Reference Fields

To accommodate masked companion reference fields we also have to slightly change the field
access pattern introduced in Section 4.2.1. First, both field writes and reads now have to
access the corresponding masked companion reference to load a companion object if required —
the check for its existence is still done via the CA bit. Figure 11 shows the change necessary
for writing to an externalized field, as explained in Figure 7. We now no longer have a
dedicated companion reference field that points to a companion object. Thus we have to
consider both cases: another thread writing a new Item[] instance to Order.items, and
another thread writing a non-default value to an externalized field and thus assigning a
newly allocated companion object to the masked companion reference field. Therefore, we
have to ensure that both cases are properly synchronized. As step D of Figure 7 is in the
protected region, we can at least be sure that no other thread concurrently tries to write
a companion object. However, regular writes to the masked companion reference field are
not guarded by the CC bit. Therefore, we have to make sure to check for concurrent writes
when storing the newly allocated companion object. We first load the original value from the
companion reference field items (D1). Then, we use a CAS instruction (D2) to atomically
check, whether the old value in o.items has changed. If not, the CAS instruction stores
the companion object (_cmp) in the items field. The result of the CAS tells us, whether
the companion object was stored. If the value did change between reading the field and the
CAS (and the companion object was not stored), we repeat steps D1 and D2 until they
succeed. While this is an expensive process, we expect it to be very infrequent. After the
CAS, we still have to store the old value of the masked companion reference (0ld) in the
corresponding companion object field (o.items.items in D3).
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Writing to a Masked Companion Reference Field

Since the masked companion reference field is a regular field within the original object, we
have to adapt accesses to it. When writing to the field, we have to check whether it already
references a companion object. The necessary steps are outlined in Figure 12. Once again,
the — ideally most frequent — fast path is highlighted with dashed (green) lines. In step A,
we load the value of the masked companion reference field o.items. The CA and the CC
bits tell us whether the loaded value might already be a companion object (B). If one of
the bits is set, we specifically check whether the CA bit is set (C). If not, we know that the
CC bit is set and that another thread is currently assigning the companion object to this
object. Hence, we spin lock until this process is complete (D). If the CA bit was set or after
the spin lock, we know that a companion object must exist and thus assign the value to the
corresponding items field within the companion object (E). Note that we cannot use the
value read before from the masked companion reference field (01d), as this value may not
have been a companion object at that point. Therefore, we re-read the companion object
and assign the actual value (x) to its field (E).

If step B showed that no bit was set, we try to directly store the value in the masked
companion reference field (F). As this may again interfere with similar accesses in other
threads, we use an atomic CAS instruction. This CAS compares the previous value in the
masked companion reference field (01d) with the value currently stored in the field. If this

comparison succeeds, it stores the desired value x in the masked companion reference field.

In this case, we are done with the field write. If the CAS did not succeed, we have to perform
a similar procedure as in B, as some other thread has changed the value of the field. We
cannot know whether the field still holds a regular value or a freshly allocated companion
object and thus have to check the header bits again (G). If any bit was set, we make sure
to wait until the CA bit is set (which ensures that the other thread successfully wrote the
companion) and only then write the value to the companion object. If no bit was set, we
know that the other thread writing the same field wrote another regular value (i.e., some
other Item[] array) to the field. We consider this a race condition (racy write) and can thus
skip updating the field.

Reading from a Masked Companion Reference Field

In contrast to read accesses to externalized fields, reading from a masked companion reference
field also requires some synchronization, as another thread may concurrently assign a
companion object to the same field. We discuss the necessary steps in this process based
on Figure 13 — the dashed green path is the fast path. First, we load the current value of
the masked companion reference field (o.items). Then, similar to the writing process, we
check for either the CA or the CC bit, as either tells us that the previously loaded value
might be a companion object. If any bit is set, we specifically check the CA bit (C) and
then either first wait for it to be set or immediately access the corresponding field within
the — now safely available — companion object (o.items.items in D). If no bit was set, we
know that the loaded value from step A cannot be a companion object and thus, we simply
use this value as a result of the field read (E).
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Figure 12 Write access adaptations to masked companion reference fields that take into account
multithreaded accesses. As a masked companion reference field can be used both for regular writes

and for storing the companion object, synchronization is more expensive than for regular externalized
field writes.
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Figure 13 Read access adaptations to masked companion reference fields that take into account
multithreaded accesses.
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5 Evaluation

We conducted our evaluation on a comprehensive, mixed benchmark corpus. This corpus
blends classical benchmark suites (DaCapo 9.12-MR1-bach [6], Scala-DaCapo 0.1.0 [63],
Renaissance 0.9.0 [54]) with additional benchmark suites designed for Native Image perfor-
mance assessment, all built atop leading Java microservice frameworks — namely Spring [75],
Quarkus [56], and Micronaut [58]. These benchmarks encompass both single- and multi-
threaded applications. Note that we excluded standard benchmarks that are not supported
by the version of Native Image on which our approach is based. Furthermore, our experiments
revealed an infrequent bug within GraalVM Native Image related to inlining that distorted
our measurements for the scala-dacapo factorie benchmark. This bug was reported but has
not been fixed yet. Thus, we exclude the benchmark from both analysis and evaluation.
Each framework-based benchmark suite includes a concise “helloworld” scenario based on its
respective launcher or “getting started” material, thus showcasing the fundamental function-
alities of the framework. In addition, every suite contains a second, more complex benchmark
with varying workload parameters (tiny, small, medium, etc.). Specifically, the Spring suite
employs a tailored version of the Spring Boot PetClinic Sample Application [76]. Quarkus
incorporates a microservice benchmark originating from the Apache Tika Quickstart [55].
Micronaut, in turn, provides a second benchmark known as ShopCart, a web shopping
application. Contemporary works on Native Image also use these microservice benchmarks
in their evaluation [7, 8, 34, 42, 80].

Benchmark Methodology

We compared the standard version of GraalVM Native Image to our modified version of Native
Image, which automatically externalizes rarely used fields. Both configurations involved an
initial profiling run for PGO, followed by the actual measurement run for each benchmark.
In standard benchmarks, profiling runs a single iteration, while measurement runs multiple
iterations with warm-up. Microservice benchmarks use varying workloads in measurement to
assess latency, peak performance, and response time, but only peak-performance is used for
profiling. We executed each configuration 8 times — each execution involved a new profiling
run to get new profiling data. The experimental platform was an Intel I7-4790K @ 4.4 GHz
with 20 G of main memory. Hyper-threading, frequency scaling, and network access were
disabled to mitigate fluctuations. All benchmarks were performed using Java 21.

5.1 Benchmark Results

We present the results of the evaluation of our approach on standard benchmarks in Figure 14.
Figure 15 contains the results on microservice benchmarks. All numbers — unless otherwise
noted — represent the geometric mean (GM) of the corresponding metric across all conducted
measurement runs. First, we compare the number of overall allocated bytes compared to the
baseline (relative allocated bytes). It is important to note that the microservice benchmarks
are throughput benchmarks, i.e., they are executed for a fixed duration and we measure how
many requests they manage to process (as they all concern web frameworks). The number of
requests furthermore represents the performance metric for these benchmarks (compared
to the benchmark time metric in standard benchmarks). Hence, the allocated bytes in a
benchmark execution also depend on the number of processed requests. Thus, we normalize
the relative allocated bytes by the number of processed requests. This is represented by the
allocated bytes/request metric (row 2 in Figure 15). In addition to the allocated bytes, we
also compare the execution times/throughput as well as the maximum resident set size (RSS)
of each benchmark.
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Figure 14 Evaluation of total memory allocation (relative allocated bytes), benchmark run time
(time), and the max-RSS (maz-rss) on standard benchmarks relative to results on Native Image
without our approach.

Allocated Bytes

Because our focus lies on reducing allocated memory, we monitor the total allocated bytes
for each benchmark by summing the sizes of newly allocated objects. This metric is also
used in related work to evaluate the effectiveness of field externalization [4]. The total
allocated bytes are our most stable metric (Figure 14). For this metric, almost all standard
benchmarks show reductions, namely 2.72% for dacapo (2.74% median reduction), 1.30% for
scala-dacapo (1.09% median reduction), and 3.60% for renaissance (1.41% median reduction).
The renaissance benchmarks philosophers and scrabble benefit the most from our approach.
In both benchmarks, objects with externalized fields appear frequently and contribute
significantly to the overall allocated bytes. At the same time, they do not show many
companion objects.

In the microservice benchmarks, the allocated bytes per request show a minor regression
in the tiny workload of quarkus tika (Figure 15). This regression stems from a performance
degradation (6.52%) that outweighs the improvement in allocated bytes.

The noticeable differences in the results in the spring petclinic benchmarks (Figure 15),
where we see large improvements for huge and large (35.15% and 20.53%, respectively),
but only minor improvements for the three smaller workloads, can be explained by the sin-
gle type java.util.concurrent.locks.AbstractQueuedSynchronizer$ConditionObject
that shows large fluctuations in its allocations. In the baseline, millions of objects of that
type are allocated in each run for all workload sizes. With our approach, we still see millions
of allocations for this type in the smaller workloads but only around 22000 allocations in
huge, thus explaining the significant improvement here. In the large workload, the allocation
count fluctuates between the baseline values and the 22000 objects, hence the large error.

RSS

Although we use the resident set size to estimate memory consumption, we observed high
RSS fluctuations in many benchmarks, as shown in Figure 14 and Figure 15. This is because
this metric is highly dependent on the garbage collection behavior in a benchmark. Thus,
minor variations in the run-time behavior can lead to different RSS values even for the same
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application. Our evaluation shows a max-RSS reduction of 2.55% on standard benchmarks
(0.22% median reduction) and a reduction of 2.45% on microservice benchmarks (0.20%
median reduction).

Most notable are the results in the renaissance fj-kmeans and scala-doku benchmarks
(21.97% and 15.13% reductions, respectively) — despite a considerable error, their results
are consistently below the baseline. Other renaissance benchmarks also show high errors:

mnemonics seems marginally improved, while par-mnemonics shows a considerable regression.

For benchmarks from the dacapo and scala-dacapo suites, we see mixed results — most
benchmarks (e.g., fop, pmd, scaladoc, tmt) show minor reductions of the max-RSS, while
others (e.g., lusearch, sunflow, apparat) exhibit minor regressions.

In the microservice benchmarks, the results for the spring petclinic benchmarks are most
promising, with a reduction of 6.08% (5.65% median reduction) and only a minor regression
in the helloworld benchmark. While our approach also reduced the max-RSS in the small
workload of the quarkus tika significantly, the other benchmarks of the suite show minor
regressions. Similarly, the quarkus benchmarks mostly show regressions (0.90% GM, 1.19%
median reduction).

Auxiliary Metrics

As mentioned in prior sections, we had to introduce additional checks for accesses to
externalized fields and masked companion reference fields to ensure validity. Therefore, we
expect a performance impact. Indeed, the standard benchmarks show a slight regression in
terms of performance (2.14% GM and 1.69% median, Figure 14). For most benchmarks, this
performance impact correlates with their improvement in terms of allocated bytes. The most
notable exceptions are scala-dacapo scaladoc, renaissance finagle-chirper, and renaissance
finagle-http. In all three benchmarks, we actually see many externalized objects. Despite
that we also see that our approach increases the allocation counts for some of the most used
types or introduces allocations of types that we do not see in the baseline runs. These factors
may points towards compilation issues: As we insert additional code at field accesses, we

may exceed budgets for certain compiler optimizations such as inlining or loop optimizations.
Similarly, we might also prevent escape analysis and scalar replacement of certain allocations.

As many of these optimizations also are based on heuristics, these individual regressions
might by solved by retuning these heuristics for our approach.

Interestingly, the renaissance scala-doku benchmark shows an improvement in terms of
run-time performance combined with improvements in other metrics as well. The performance
of the microservice benchmarks is also impacted; the number of processed requests is decreased
by 6.09% (GM, 5.60% median, Figure 15).

In addition to the charts presented above, we also compare the size of the generated
image (the binary size). As we introduce additional code (cf. field access modifications in
Section 4.2), new types (companion types), and new methods (cf. companion factory methods
in Section 4.4.2) into the compiled binary, we expect a slight increase in the image size. Our
evaluation shows that the image size increases by 2.16% (GM, 2.13% median) for standard
benchmarks and by 3.36% (GM, 3.21% median) for microservice benchmarks.

Externalization Analysis

To evaluate our externalization approach, including our heuristic, we also evaluated how
many objects are affected by field externalization and how many companion objects are
created. Table 2 presents our findings for each benchmark. The externalization ratio specifies
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Figure 15 Evaluation of benchmark throughput (requests), memory allocation normalized by the
performed requests (allocated bytes/request), and the max-RSS (maz-rss) on microservice benchmarks
relative to results on Native Image without our approach.

the ratio of objects in the benchmark that had externalized fields, whereas the companion
object ratio represents the ratio of objects with externalized fields that required a companion
object. The ratio of externalized objects varies greatly across benchmarks. For example,
there are nearly no externalized objects in scala-dacapo apparat, whereas in renaissance
scrabble 33.4% of the allocated objects have externalized fields. Overall, there is a tendency
that benchmarks with a higher externalization ratio profit more in terms of reduction of total
allocated bytes from field externalization, as shown by our memory measurements presented
above. However, there are outliers as well: For example, the dacapo xalan benchmark is the
benchmark with the second highest externalization ratio, but the allocated bytes are only
reduced by 3% and the max-RSS is only reduced by 1%. The reason for the low impact in
this benchmark is that the objects with externalized fields only make up a minor part of
the overall memory consumption. Thus, big parts of the allocated memory are unaffected
by field externalization. Furthermore, the per-object memory savings are quite low in this
benchmark, i.e., only few fields are externalized for the types with the most allocations.

The companion object ratio should be quite low — in general below 5%, as that is the
threshold of our heuristic(cf. Section 4.1). However, as will be discussed in Section 6 there
could still be cases with higher companion object ratio even if our profiling information
is accurate. In our results, renaissance rxz-scrabble has the highest companion object ratio
with 6.5%. We found that java.util.stream.SliceOps$1, which is a subclass of the
externalized class java.util.stream.AbstractPipeline is responsible for creating more
than 99% of the companion objects allocated in this benchmark. More specifically, all
java.util.stream.SliceOps$1 instances wrote non-default values to externalized fields
and thus required the creation of companion objects. In theory, our heuristic should prevent
such cases by not performing externalization when the non-default value count is too high.
However, our heuristic can only consider the data gathered during profiling, and in this
case the ratio of java.util.stream.SliceOps$1 objects was lower compared to the other
subclasses of java.util.stream.AbstractPipeline (which did not trigger as frequent
companion object allocations) in the profiling run than in the actual benchmark run. One
potential reason for this inaccurate profiling information is the reduced workload in the
profiling run. We made a similar observation in the petclinic benchmarks. Here, the culprit
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Table 2 Evaluation of the ratio of objects with externalized fields (externalization ratio, ER)
compared to the number of total allocated objects. For the companion object ratio (COR), the
amount of externalized objects that used a companion object was calculated.

Suite Benchmark ER COR Suite Benchmark ER COR
fop 9.4% 0.5% helloworld 9.4% 0.0%
h2 26.0% 1.4% petclinic:huge 19.0%  5.8%

2 luindex 25.3% 0.0% on petclinic:large 11.3%  5.3%
s lusearch 9.0% 3.9% é petclinic:medium 11.3%  5.7%
€  pmd 4.3%  4.2% petclinic:small 11.2%  51%
sunflow 0.3% 0.1% petclinic:tiny 11.4% 4.8%
xalan 33.3% 1.3% »  helloworld 18.1% 0.0%
apparat 0.0% 2.1% _E tika:medium 52% 6.0%
kiama 9.6% 2.9% g tika:small 52% 6.0%
g scalac 3.7%  3.4% ©  tika:tiny 52% 6.1%
s scaladoc 4.3% 2.2% helloworld 13.8%  0.0%
-g scalap 1.0% 1.1% = shopcart:huge 11.9%  0.0%
Tcg scalariform 1.5% 0.8% P shopcart:large 11.9%  0.0%
@ scalaxb 2.7%  0.6% 8 shopcart:medium 11.9%  0.0%
tmt 13.8% 0.0% E shopcart:small 11.9%  0.0%
akka-uct 1.9% 0.0% shopcart:tiny 11.9% 0.0%
finagle-chirper 59% 0.1% Microservice Overall 11.3% 2.8%
finagle-http 7.4%  0.0%
fj-kmeans 2.7% 0.0%
future-genetic 2.9% 0.0%
g mnemonics 16.3%  0.0%
£ par-mnemonics 18.7%  0.0%
= philosophers 15.3%  0.0%
@ reactors 6.5% 0.1%
rx-scrabble 8.7% 6.5%
scala-doku 7.4% 0.2%
scala-kmeans 0.6% 1.3%
scala-stm-bench?7 1.2%  0.0%
scrabble 33.4% 0.7%

Standard Overall 9.3% 1.1%

is the org.h2.mvstore.Page class. We externalize almost all fields of this abstract class
because the profiling data reports low usages. However, in the benchmark, we actually allocate
a companion object for every org.h2.mvstore.Page object, suggesting that the objects of
this class behave very differently in the real benchmark run compared to the profiling run.
Despite these issues, the benchmark still shows good results across all workloads.

Discussion of Results

While a direct comparison is difficult due to the different benchmarks used, the results of
our approach are generally more modest than those of related work [4, 11, 23]. However,
this is somewhat expected as our field externalization approach is based on a modern
compiler infrastructure without concessions regarding multithreading capability. The various
optimizations that are already part of Native Image lower the potential of field externalization;
completely unused fields, for example, are already removed by Native Image, so the potential
of our approach is reduced.
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The evaluation shows that our approach can achieve memory reductions in individual
benchmarks while producing no significant regressions on others. Additionally, many results
shows a trade-off between performance and memory utilization; some benchmarks achieved
reductions in allocated bytes or max-RSS coupled with minor performance regressions.
Programs targeted by our approach — cloud-native applications, microbenchmarks, etc. —
typically run in environments where both factors, performance and memory usage, contribute
to the overall service costs. As our approach can be enabled or disabled on a per-application
basis, users can decide whether to use field externalization to, as an example, reduce the
footprint of memory-bound applications.

6 Limitations

We prevent profiling and subsequent externalization of fields where we cannot safely adapt
their accesses during compilation. We prevent externalization of fields of some internal types
of Native Image, such as implementation classes of the garbage collector and the threading
implementation. We also exclude types whose fields receive special treatment by the compiler,
e.g., they are accessed unsafely via a known offset, or via VarHandle [44]. We further exclude
volatile fields, as we currently cannot safely mimic their semantics after externalization.

Object serialization in Java makes heavy use of reflection [20]. Similar to how it handles
reflection, JNI, and other dynamic features of Java, GraalVM Native Image requires user-
supplied metadata to support serialization [47]. Consequently, this information could be
used to also exclude fields affected by serialization from externalization.

Deallocation of Companion Objects

We designed our approach such that the allocation of a companion represents a one-way
degradation. Hence, once a companion object for an object is allocated, there is no way
to deallocate it, even if it is no longer needed at some later point (i.e., if all externalized
fields in the companion object hold default values again). Only when the garbage collector
collects the original object can the companion object also be collected. Chen et al. [11] solve
this by identifying and collecting such “empty” companion objects during garbage collection.
However, this requires tighter integration with the garbage collector and also increases the
duration of collection cycles. As companion objects should only be created for few objects,
empty companions should appear even less frequently. We think optimizing for such a niche
case is not necessary.

Deficiencies of the Heuristics

Our heuristics are based on observations on individual fields. While this enables a very precise
calculation in terms of the saved memory per externalized field, it also limits the decision on
whether or not to externalize at all to thresholds on individual fields. As an example, if a
class has 5 fields for which profiling — based on our threshold of 5% — suggests externalization,
then our approach would externalize them all. However, the profiling could be misleading
here: In the best scenario for our approach, the sets of objects that have non-default values
for the respective externalized field are perfectly overlapping. Then only a maximum of
5% of the objects would require a companion object. However, if these sets are completely
disjoint, up to 25% of the objects could require a companion object. Identifying such cases
via profiling would require profiling the composition of the field values per object. However,
tracking all field combinations is infeasible due to the associated exponential complexity.
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7 Related Work

There is considerable related work on field and general memory footprint optimization
techniques. However, most such works are implemented either on research compilers and
VMs or in the context of a JIT compiler, which entails a different set of challenges but
also opportunities compared to an AOT compiler. Nevertheless, they propose interesting
and unique approaches that are in parts comparable to our work or propose other footprint
optimization techniques using profiling information.

Chen et al. [11] implemented field externalization in the Kaffe VM [77], a Java Virtual
Machine for embedded programs. They profile field usages and classify the fields into three
levels based on their profiled value compositions: fields without a dominant value (level 0),
fields with a dominant value other than the default value (level 1), and fields where the
default value dominates (level 2). At run time, this information is picked up to, on the one
hand, strip level 2 fields from objects in a similar manner to our approach and, on the other
hand, share level 1 fields between objects. Similar to our approach, they use header bits to
identify compressed (companion object not yet allocated) and uncompressed/shared objects
(with allocated companion object/shared fields).

While they do not discuss their approach in the context of multithreading in detail, they
seem to use some form of synchronization on accesses to externalized and shared fields. They
note, however, that they can avoid the synchronization overhead in their target (embedded)
JVMs, since they do not allow threads to preempt one another. Our approach is based
on a standalone JVM, where multithreading and concurrency are much more widespread.
Thus, as detailed in Section 4.2.1, much of the effort of our approach went into designing
semantically valid access patterns to externalized fields that conform to the Java memory
model. This also complicates integrating their field sharing approach into our work.

Their approach is based on a JIT compiler and ours is based on an AOT compiler. Thus
we also have different challenges: They use the interpreter to mark instructions that access
externalized fields, which subsequently allows the JIT compiler to optimize them. Our
approach is based on a closed-world assumption, thus we have information about all types
that occur in the application. However, since there is no interpreter that can perform some
levels of profiling when processing objects with externalized fields, all access variants have to
be compiled immediately. The results of our approach are hard to compare: They target
embedded JVMs and, therefore, use a simulator and the SpecJVM98 benchmark suite [69]
that has been retired since to gather benchmark results. We use a set of standard and
microservice benchmarks to evaluate our approach.

Guo et al. [23] show an improvement to the aforementioned approach, again targeting an
embedded JVM. They use the same field usage classification approach as Chen et al. [11] and
generate meta-classes that describe the offsets of externalized and shared fields. As with Chen
et al., the differences between our approach and theirs are that they target an embedded
JVM, they scan the heap to gather profiling information, and the targeted benchmark set
(SpecJVM98). Similarly, they do not mention their synchronization techniques to adhere to
the Java memory model.

Ananian and Rinard [4] present a number of optimizations that also include field exter-
nalization to reduce the memory footprint of objects. This approach is implemented into
a research Java AOT compiler (MIT FLEX compiler system). Their profiling approach is
similar to ours; they introduce per-field counters in a separate profiling build and subsequently
use a heuristic to select externalizable fields. They do not use companion objects that hold
the externalized fields but use a hashtable that maps objects to their field values. The benefit
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of using a hashtable is that one single non-default-value write does not produce that much
overhead compared to the allocation of the companion object. However, the hashtable itself,
as well as the keys, require extra storage and introduce further indirections. Native Image
supports lazily appending the identity hash code field and the monitor field to objects [51].
Introducing a hashtable for types with externalized fields would also require the identity
hash code field for all types, thus reducing the savings potential.

Sartor et al. [62] present and summarize a number of techniques related to object
compression. These also include the original approaches by Chen et al. [11] and Ananian
and Rinard [4]. They implemented their approach on the Jikes RVM [2] but performed the
evaluation without the optimizing compiler. Hence, comparing the results of our approaches
is difficult, as we measured the real effects of field externalization after AOT compilation.

There is also work about other object compression techniques: Venstermans et al. [74]
reduce or completely remove object headers in the Jikes RVM [2] by allocating all objects of
a specific type in a contiguous memory region and using a side array for the header bits and
status information used by the garbage collector. Chen et al. [12] implemented a custom
garbage collector for the Sun KVM [70] that compresses objects and arrays when space is
needed. However, every access to a compressed object subsequently has to decompress it
first. Therefore, they also implemented a partitioning mechanism for objects and arrays that
also allows lazy allocation of the individual partitions when needed. We see these approaches
as orthogonal to our work on field externalization. Their work could allow us to compress
objects even further, even after field externalization.

8 Conclusion

In this work, we presented a novel field externalization approach for modern Java VMs that
reduces the footprint of objects by removing fields that mostly hold the default value. We
use profiling information to identify such fields and subsequently move them into separate
companion classes, which are generated at compile time. If, at run time, an externalized field
is accessed, the corresponding companion object is allocated that holds the externalized fields.
The companion objects are referenced either via an additional injected field or a regular
reference field that is reused as a masked companion reference field. Since our approach is
integrated into a modern AOT compilation environment, GraalVM Native Image, we also
introduce synchronization on accesses to externalized fields by using two header bits. An
evaluation on a wide variety of benchmarks shows a modest but consistent reduction of the
total allocated bytes across most benchmarks as well as a reduction in the max-RSS.

Overall, our work demonstrates the feasibility of field externalization in a state-of-the-
art AOT compiler without sacrificing feature or language support but also highlights the
challenges associated with it — particularly when adherence to the language semantics is of
critical importance and when there is no run-time compilation or interpreter that enable
fallbacks through recompilation.
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