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The number of computer vision and image processing tasks has increased during the last years.
Although Python is most of the time the first choice in this area, there are situations, where the
utilization of another programming language such as Java should be preferred. For this reason,
multiple Java based frameworks as e.g. OpenIMA], ND4J or multiple OpenCV wrappers are available.
Unfortunately, these frameworks are not interoperable at all. In this work, the open-source Imaging

Java Framework is introduced to solve exactly this problem. The project features a concept for combining

Image processing
Computer vision
Interoperability and extendability

multiple frameworks and provides an interoperable and extendable foundation to 9 image-related
projects with 10 different image representations in Java.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
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1. Motivation and significance

This work introduces a framework that encourages the inter-
operability of Java frameworks in the context of image-related
tasks. With the steady progress in the field of machine learning
(ML), the number of computer vision (CV) applications based
on methods as convolutional neural networks are boosted, too.
Besides, the importance of image processing (IP) tasks such as
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pre-processing or data augmentation has grown significantly in
the last years. Hand in hand with this, also the quantity of
frameworks that are used in this context has rose and existing
frameworks have been extended continuously. Especially, frame-
works such as Tensorflow[1], OpenCV [2], PyTorch[3] and similar
ones are based on the programming languages Python and C++
and have gained strongly in popularity. In particular, Python has
grown more and more in this area in the recent years [4]. But this
domain is not limited to these programming languages and the
number of frameworks in other languages as e.g. Java has also
expanded steadily.

For this reason, image processing tasks among Python and Java
were compared using plain implementations without additional
frameworks as well as framework based comparisons [5]. These
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comparisons show that Python itself is not really suitable for this
area of application without using additional frameworks, due to
the high performance impact of basic control structures like loops
as investigated by Rui et al. [6]. This performance impact is also
the motivation of Kwan Lam et al. [7] for the creation of the
Numba Just-In-Time compiler for Python. Most common Python
frameworks in the discussed area of application are based on a
foundation written in C++, which also allows implementing GPU-
accelerated methods due to the usage of native libraries as CUDA
[8] or OpenCL[9]. But C++ comes with a trade-off as programs
and libraries implemented in this programming language have to
be built in reference to the target platform and are for this not
always available or suitable for certain applications. This is also
a transitive problem for Python, if such frameworks are used. In
difference to that, Java focuses on its platform independence. The
before mentioned comparison of Java and Python also showed,
that Java is highly suitable with only a small loss of performance
in domains, where e.g. GPU support is not required, certain C++
libraries are not available or where the target application is
already based on Java. It also showed that the usage of a native
C++ library as OpenCV comes with a lower overhead in Java
compared to Python, at least in the presented use case of applying
convolutional filters.

Based on this situation you can use different pure Java frame-
works for ML-, CV- or IP-related tasks as Image][10], Nd4j[11]
or OpenIMAJ[12], or native wrappers of popular C++ libraries as
OpenCV, Tensorflow or Tesseract [ 13]. While many Python frame-
works/wrappers as OpenCV, Tensorflow or PyTorch are based on
or at least support the library numpy[14], the Java equivalents
use all their own foundation and domain classes. Like this, the
mentioned Java frameworks are not compatible and cannot be
combined in a comprehensive way. This is the motivation of the
Imaging Framework: an interoperable and extendable connector
for image-related Java frameworks.

To achieve this interoperability, the Imaging Framework is
based on a module structure with the APT module as central com-
ponent, cf. Fig. 1. Based on this main module, additional internal
features as basic image processing or mesh related functions
are provided via the Core and the Mesh modules. In addition
to these two internal modules, there are multiple connection
modules used to integrate external frameworks. These exten-
sions provide framework specific implementations of the most
important interfaces defined in the API module and that way
establish interchangeable objects, respectively images and image
related functions. The project is already used in various do-
mains of vision-based analytics. One example is the utilization of
the framework in the context of image-based determination of
the orientation of augmented reality devices in outdoor scenar-
ios[15]. Next to that, the project is used for the pose estimation
of human bodies[16], as well as the transformation of human
mask[17]. In addition to these use cases, the Imaging Framework
is also used for the 3D reconstruction of building plans[18], and
for automated person identification in online banking[19].

2. Software description

The Imaging Framework is a free Java framework published
under the Mozilla Public License Version 2.0 [20] and is open for
contributions on GitHub [21]. It is available via Apache Maven [22]
on Maven Central[23] and can like this be easily integrated
into any Maven based Java application. A general framework
documentation can be found in [24], while the Java class doc-
umentation can be found in [25]. The original purpose of the
Imaging Framework was to combine image-processing tasks us-
ing OpenCV in Java with functionalities of Microsoft’s Cogni-
tive Services[26] for face recognition and Tesseract[13] for op-
tical character recognition. Since then, the number of supported
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Fig. 1. Module structure of the imaging project with the API module as central
component and additional modules building up on that.

frameworks has grown to 9 frameworks and 10 image repre-
sentations, that can be used interchangeable, cf. Fig. 1. At the
time of writing, the Imaging Framework supports interoperability
between the following frameworks:

1. OpenCV 6. Microsoft Cognitive Ser-
2. Image] vices

3. OpenIMA] 7. Tesseract

4. ND4J 8. Java AWT[28]

5. PDFBox [27] 9. JavaFX|[29]

2.1. Software architecture

The Imaging Framework is built around one generic core in-
terface of the API module called ImageWrapper, see Fig. 2. This
interface wraps the most important information related to an 2D
image: (I) the width, (II) the height, (III) the color model with
the associated number of channels and (IV) the raw image itself.
To avoid memory leaks, especially with natively allocated objects,
the ImageWrapper interface extends Java’'s Autocloseable and
like that is usable in try-with-resources blocks.

In the context of region of interests, the Imaging Framework
provides another domain class, that is called SubImageWrapper
and represents a spatial restricted view of a referenced source
ImageWrapper. Any read or write access to such a region of
interest is propagated to the originating ImageWrapper. The idea
of the ImageWrapper interface is to provide framework specific
implementations, which can be used interoperable due to the
interface. To reinforce this programming paradigm, implementa-
tions of the interface are package protected and are only available
via an associated ImageFactory. For this reason, the ImageFac-
tory interface provides multiple functionalities to create a new
image based on different parameters. The actual ImageFactory
implementations are in turn package protected. To be still able to
use an ImageFactory for a given generic image type, its imple-
mentations are registered to Java's ServiceLoader[30] and can
be accessed via the central ImageFactoryFactory class. This
encapsulation allows to keep an user of the framework away from
implementation details, since only implementations against the
interfaces are required and accessible.

Due to the strict separation of the architecture, an image-
related framework can be connected to the Imaging Framework
and, like that, achieving interoperability to the other supported
frameworks with only three steps. To do so, an implementation
of the ImageWrapper interface, respectively an extension of
the AbstractImageWrapper implementation, must be created
in a first step. For this, you have to implement the following
five methods according to your image representation: (I) getH-
eight (), (II) getWidth (), (Ill) getValue (), (IV) setValue()
and (V) getSupportedType (). Next to the ImageWrapper, you
have to provide an ImageFactory implementation that allows
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Fig. 2. Base classes and interfaces of the imaging project build around the ImageWrapper interface. Blue entities represent the image-related core classes of the
Imaging project, while green ones are factories to create those. In addition to that yellow entities are functions and consumers to interact with images. The gray
entities represent important Java base interfaces. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

to create images of your representation in a second step. Finally,
you have to register your factory to Java's ServicelLoader.

The Imaging Framework also provides image-related imple-
mentations for Java’s Function and BiConsumer interfaces. On
the one hand the ImageFunction interface is the base for image
manipulating tasks in a functional-like programming style that
uses a given image to create a new one, on the other hand
the GenericImageConsumer can be used to manipulate a given
image based on an additional object. While the first variant can be
utilized to implement filters like a Gaussian blur where the source
as well as the result image are required in subsequent steps, the
last one can for example be used to draw geometric figures as a
circle onto a given image.

Next to the image-related classes, the Imaging Framework
also provides a basic geometric domain architecture, that is
used for different aspects of the framework, cf. Fig. 3. These
geometric classes are built around the central AbstractJava-
Point class. This base class is extended by JavaPoint2D as
well as, JavaPoint3D and is used to represent any two- or
three-dimensional point. Based on this spatial information, dif-
ferent abstract collection classes are used to represent e.g. an
unsorted point cloud using AbstractJavaPointCloud, or a
sorted point sequence in the form of a polyline or polygon, that is
called AbstractJavaPolygon. Next to these first two abstract
classes, there is also the abstract representation of a line be-
tween two points called AbstractJavaLine. The four abstract
classes in the geometric domain are extended by different two-
or three-dimensional implementations. These classes follow a
programming paradigm of rich and unmodifiable domain classes.

This means that the implementations offer, multiple functionali-
ties and cannot be manipulated after construction, but require the
creation of new objects on value changes. As example for the rich
class paradigm, the two-dimensional line implementation allows
to calculate its length or the intersection with another line and
will always consist of the same two points due to its unmodifiable
characteristic. In the case that one of the associated points should
be changed, a new line object has to be created containing the
new point and the remaining old point.

2.2. Software functionalities

Next to the meta information, the ImageWrapper interface
also provides common functionality to image related tasks as
getting and setting a pixel’s value at a given position, or applying
a pixel based read or write function. These functions are the
fundament of the interchangeability of images between different
frameworks via the Imaging Framework and are used to create a
deep copy-mechanism as well as pixel manipulation functional-
ities. This copy functionality is implemented with two methods
(I) createCopy () and (II) copyTo () of the ImageWrapper in-
terface. This is also the basis of the GenericImageFunction
that extends the interoperability of the Imaging Framework and
allows to apply a function for an image of type A, using a tem-
porary image of type B if required. The wrapped function results
in an image of type C, which is cast to type D if necessary, see
Fig. 4. While the GenericImageFunction comes with the big
advantage according to the usability and the interoperability of
different frameworks, it comes with the trade-of, that images are
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Fig. 3. Geometric domain architecture of the imaging project used to represent different geometric forms. The architecture is build around the central
AbstractJavaPoint class (blue) and other abstract classes building on that (green). There are multiple two- and three-dimensional implementations of the abstract

base classes, which are used at different positions of the Imaging Framework.

referred to the web version of this article.)

pixel-wise cast. So in the worst case with neither a matching
input, nor a matching output type, there is a runtime overhead of
0(2 x w x h) in reference to the image’s width w and its height h.
In extreme cases, where many functions of another framework
are used, the recommended process consists of (I) casting the
image once, applying the functions and finally casting the result
back to the expected target or (II) wrapping multiple, consecutive
function calls inside the GenericImageFunction, cf. Listing 2.

Based on the described fundamentals, the core module pro-
vides image processing functionalities as different high and low
pass filters, as well as arithmetic operators for e.g. adding, sub-
tracting or multiplying images. Amongst those operators also
some basic functionalities are contained as interpolation meth-
ods, fitness functions, segmentation methods or e.g. drawing
consumers. These implementations are part of the Core module.
The reason for this module, is to provide some basic functionality
in cases, where mostly GUI related tasks and only some basic
image processing functionalities are required in an application
and other dependencies would lead to an unnecessary overhead.

3. Illustrative examples

In a first example [31], two typical base steps using the Imag-
ing Framework are shown, cf. Listing 1. For this, in a first step
the ImageFactoryFactory is used to get an actual ImageFac-
tory for a given type, namely short [] [] []. This array is the
simplest representation in the Imaging Framework for an image
and uses the first array dimension for the image’s columns, the
second dimension for the rows and the last dimension for the
actual pixel information in the form of a channel array. Using the
getImage () function allows to create such an image with a size
of 100 x 100 pixels and a grayscale channel type as color model.
The so created image is used as input for an image consumer
in a second step using DrawCircle, which allows to decorate

(For interpretation of the references to color in this figure legend, the reader is

a given image with a circle based on a position represented as
JavaPoint2D using the accept () method. The manner how the
circle is drawn in terms of e.g. the color is controlled via different
set-methods.

Listing 1: Simple example for creating a new grayscale image
with 100x100px, onto which a white circle is drawn at the
position (50,50) using a DrawCircle consumer.

1 |/* (1) Create a new short-array based
image */

2 |try(var image = ImageFactoryFactory
3 .getImageFactory (short [J[]1[].
class)
4 .getImage (100, 100, ChannelType
.GREYSCALE)) {
5
6 /* (2) Draw a circle on the image
*/
7 var draw = new DrawCircle<short
(0mI>0;
8 draw.setRadius (3);
9 draw.setColor (new double[]{255});
10 draw.accept (image, new JavaPoint2D
(50, 50));
n |

The second example illustrates the interoperability of the
Imaging project based on the GenericImageFunction, cf. List-
ing 2. For this, a random image is created in a first step. This
process is comparable to the first step of the previous example,
but uses the getRandomImage () function instead of getIm-
age (). This method is provided primarily for testing and allows
to create a randomly initialized image within a given range,
in the presented case with 8-bit unsigned grayscale values in
the range of [0; 255]. Note the @Cleanup annotation of Project
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Lombok[32], that is used to avoid boilerplate code due to try-
with-resources-blocks, as shown in the first example. It allows
to ensure the memory deallocation of the wrapped object at
the end of the scope. In a second step, the actual function is
created using a Canny edge detector and a subsequent dilation,
both implemented with the AistCV [33] Java build of the OpenCV
framework. This function is wrapped in the third step using the
GenericImageFunction. When creating the GenericImage-
Function object, the interim image type of the wrapped function
using OpenCV’s Mat class and the expected result type using a
three-dimensional double array are defined. In the fourth and
final step of the example, the wrapped function is applied, that
is implemented using OpenCV, on an image represented with
OpenlMAJ's FImage class. The so created dilated edge represen-
tation of the input image is cast to the expected double[] [][]
representation by the GenericImageFunction object.

Listing 2: Example for the interoperability of the Imaging Frame-
work using a Canny edge detection together with a image dilation
implemented in OpenCV, that is applied on an image created with
OpenIMA] and resulting in a image represented as double array.

12 |/* (1) Create new OpenIMAJ image */
13 |Random rand = new Random(768457) ;
14 | @lombok.Cleanup

15 | var input = ImageFactoryFactory
16 .getImageFactory (FImage.class)
17 .getRandomImage (100, 100,

ChannelType.GREYSCALE, rand
, 0, 255, false);

18 |/* (2) Combine multiple OpenCV function
calls in one lambda function using
a Canny edge detector and an image
dilation */

19 | ImageFunction<Mat, Mat> f = i -> {

20 var image = i.getImage();
21 var res = new Mat();
22 // apply canny edge detector
23 Imgproc.Canny(image, res, 15, 125);
24 // prepare dilation
25 var element = Imgproc.
getStructuringElement (
26 Imgproc.CV_SHAPE_RECT,
27 new Size(3,3),
28 new Point (1, 1)
29 )
30 // apply dilation
31 Imgproc.dilate(res, res, element);
32 return ImageFactoryFactory
33 .getImageFactory(Mat.class)
34 .getImage (i.getHeight (), i.
getWidth (),
35 ChannelType.BINARY,
res);
3% | };

37 | /* (3) Wrap the function in a
GenericImageFunction */

38 |var function = new GenericlImageFunction
<FImage, double[][][], Mat, Mat>(f,
Mat.class, double[][][].class);

39 |/* (4) Apply the function on a non-
OpenCV image and create an image
represented as double-array */

40 | @lombok.Cleanup

41 |var thresholdResult = function.apply(
input) ;

4. Impact

Currently, the Imaging Framework supports images repre-
sented as three-dimensional short or double arrays, as well
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as Java AWT’s BufferedImage, JavaFX's WriteableImage,
OpenCV’s Mat, ND4]'s INDArray, OpenlMAJ's FImage and MB-
FIMage, as well as Image]'s ImageProcessor and ImageStack.
For this, it allows to use the mentioned frameworks completely
interoperable and can be easily extended with further ones. Based
on this characteristic, the Imaging Framework represents a step
towards closing the gap between image-related Java frameworks,
which originates in the situation, that most of the mentioned
frameworks provide a partially overlapping functionality, but fo-
cus on certain areas of application without any common basis.
The Imaging Framework allows picking out the required features
from certain frameworks and to combine those to create more
advanced functionalities in an easy and comprehensive way.

Actually, the Imaging Framework allows creating a GUI ap-
plication using e.g. AWT, Swing, JavaFX or even Image] and to
add image-related methods using additional image processing
frameworks such as OpenCV. This is achieved due to the sup-
port of the image representations of the mentioned frameworks
within the imaging environment. Like this, any of the named
GUI frameworks can be used for frontend related tasks and
any supported image processing framework can be used for
image-related backend tasks.

Next to that, the Imaging Framework supports the combi-
nation of computer vision tasks with classic image processing
approaches. While, for example ND4] focuses on the utilization
of deep learning models such as neural networks, it does not
provide advanced image processing methods. To overcome this
limitation, frameworks as OpenCV or OpenIMA] can be used. The
gap between these frameworks is in turn closed by the presented
Imaging Framework.

Due to the support of ND4]J, the Imaging Framework does
not only close the gap between Java and computer vision tasks,
but also between GPU acceleration and image-related Java based
applications. Since ND4J comes with CUDA support and is one of
the connected frameworks, it also increases the interoperability
according to the supported platforms and can have a huge impact
according to the performance of many image-related tasks. Next
to ND4J, there are also Java based wrappers for OpenCV like
JavaCV[34], that come with GPU support and can be easily added
to the imaging environment.

Furthermore, due to the provided interfaces and service infras-
tructure the Imaging Framework allows to be easily extended by
additional frameworks, requiring only a few steps, as described
in Section 2.1. Like this, it is possible to increase the interop-
erability over further frameworks, by integrating the associated
image representations using an individual implementation of the
ImageWrapper and ImageFactory interfaces.

5. Conclusions and outlook

In this work, the Imaging Framework is presented, an in-
teroperable and extendable connector for image-related Java
frameworks. It was developed to close the gap between multi-
ple Java frameworks related to image processing and computer
vision tasks. The focus of the project is to provide a concept on
combining multiple frameworks without requiring any knowl-
edge in terms of differences of the used image representations,
and to provide an interoperable mechanism across framework
boundaries.

Due to the increasing number of image-related tasks in the
context of image processing and especially computer vision in
the previous years, our framework reaches a broad commu-
nity. Although Python is most of the time the first choice in
this area of application, there are situations, where developers
and researchers can profit from the advantages of executing
image processing tasks in Java. To our knowledge, there is no
comparable project available in the Java ecosystem.
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Input
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Wrapped
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Fig. 4. Sequence of a generic image function with a copy-based casting of the image if required before and after applying the wrapped function.

The future development of the imaging project is dedicated to
increasing the number of supported frameworks as Tensorflow
and JavaCV amongst others. In addition to that, it is also planned
to increase the number of core functionalities and to further
improve the code quality according to features, bugs and test
automation.
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