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Abstract
To assist in creating paper-based 2D animations, an Android application was developed allowing the user to photograph a sequence of drawings with a mobile device and show the resulting
video on the screen. This is known as the pencil test in the classical animation process.
The application enables artists to review the animation they are working on with fewer restrictions than in the traditional process. Particularly, the sheet of paper can be photographed by
hand instead of being fixed flat under the camera or scanned. Further, it is possible to draw
several frames per page, their order determined by numbers written next to them.
The prototype application described in this thesis accepts one sheet of paper with 12 frames
to produce a grayscale output. Using the OpenCV library functions, the image is searched
for quadrilateral contour of the paper to correct the perspective. Probabilistic Hough line
transform is employed to find individual frames. In case of interfering background, it is also
applied to find the paper corners. The handwritten digits are recognized by an artificial neural
network, which is trained by the MNIST dataset.
Test sequences in various environments have been created with the prototype, demonstrating
a way of drawing in a natural way and without specialized workplace or equipment. This
application might serve as a foundation for transferring other traditional animation tools to
mobile hardware.
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Introduction

The magic of animated films captivates audiences for more than a century already. If properly
executed, the illusion of motion makes a couple of lines come to life in the mind of the viewer [1].
This art is constantly evolving as the progress of technology enables to achieve cinematographic
feats once considered impossible.
Software tools can reduce production costs and expand creative limits at the same time.
However, animated films are still regarded as a costly enterprise and the work of animation
artists seems to be as exhausting as in the early days, if not more. To assist those drawing
on paper, an application was developed in the course of this thesis to alleviate some of the
tedious tasks and restrictions associated with processing paper drawings.

1.1

The Traditional Animation Process

Whether an experimental short film or a big budget Hollywood feature, systematic labour in
many areas of expertise might be needed to produce satisfactory animated content. First,
the complete film must be precisely planned and visualized on storyboards. After voice actors record the preliminary soundtrack, a large number of drawings needs to be created by
experienced animators.
In the traditional animation process, the drawings are then transferred to transparent sheets
(so-called cels), coloured on the reverse side and outlined in ink. Using a special camera, they
are photographed stacked on top of background artwork [2]. Although an important part of
animation schools’ curriculum, this classical process is not in broad use anymore.
A community of enthusiastic creators exists, drawing on paper, employing film cameras and
other elements from the traditional process.1 However, classical cel animation in its pure form
is rarely produced nowadays, the most laborious and expensive parts having been replaced by
computer tools. Animation software offers much more flexibility, yet it still employs concepts
and terminology of the traditional process. One such term with roots in the classical era is
the pencil test (also known as line test), the main focus of this thesis.

1.2

Creating Pencil Tests

Before the advent of affordable computers, an animation artist would work at a specialized
ergonomic desk like the one depicted in Figure 1.1. Its surface is inclined and fitted with a
large disc, to which a small stack of papers is firmly attached using registration pins. They
can not move, but the disc itself is able to rotate to help avoid awkward hand positions while
the artists draws on the papers. The disc is illuminated from below via a translucent window,
enabling all preceding drawings to show through.
Seeing the whole previous sequence at once, the artist can draw the next frame fittingly. The
resulting motion illusion can be seen to a certain extent by flipping the pages very fast [3].
To view sequences longer than a couple of frames, a pencil test is needed. The papers are
1

Don Hertzfeld (http://www.bitterfilms.com/) and Bill Plympton (http://www.plymptoons.com/)are
arguably the most popular creators drawing animations on paper.
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scanned or captured frame by frame on film or video and the resulting clip is reviewed to see
if it "works" or needs corrections.
Instead of animation desk, contemporary artists typically draw on digital tablets. This saves
work, as the animators input directly into computer. If the artist wishes to see the resulting
video, the desired sequence can be rendered relatively simply. The aim of this thesis was to
develop a tool to create pencil tests from paper drawings as effortlessly as on a computer.
The artist would photograph the drawings with an Android handset and the application would
show the images in rapid succession on the screen. The application should permit to photograph the papers quickly by hand at an angle, without precisely fixing the camera and the
papers in place.
Another goal was to allow drawing in multiple frames per page, as in a storyboard or a comic
strip. Besides saving material, it allows to fold the paper along the frame outlines to take up
less space. This might enable to create short animations in a variety of conditions, possibly
outdoors, using little more than a phone, pencil and papers folded in the pocket.
To demonstrate this concept, a prototype application that accepts one A4 paper with 12
frames was implemented with help of the OpenCV library. As described in the next chapter,
the work focused on recognizing the paper and the frames on the photograph and determining
their order via handwritten frame numbers.

Figure 1.1: Traditional animation workspace with the specialized tilted drawing desk illuminated from
below.
Loren Javier , "Animation Desk at the Treasures of the Walt Disney Archives at the D23 Expo" August 19, 2011 Available from: Flickr
http://www.flickr.com/photos/lorenjavier/6075555963/ , Creative Commons BY-NC-ND 2.0 http://creativecommons.org/licenses/by-nc-nd/2.0/
(Accessed: 10 Sep. 2013)
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Methods

The classical animation process briefly outlined in the previous section is no longer widely
used. Some artists still prefer to draw on paper despite the additional effort of scanning and
processing the images. This work could be more efficient and flexible with the help of mobile
devices.
Contemporary smartphones and consumer tablets are equipped with powerful processors. This
creates the opportunity to develop a pencil test tool for Android. It has the task of finding
the paper, the sequence of frames on it, interpret the frame numbers and play the video
accordingly.

2.1

Constraints of the Application Prototype

A prototype application with limited functionality was build in the course of this thesis. Constraints on input images were chosen, enabling to target the core computer vision problems
first. Proper user interface, file management, color adjustment and sound functionality were
left to be implemented later.
It was assumed that the drawings will be all inside 12 rectangular frames arranged in a 4 x 3
pattern on an DIN A4 paper in landscape orientation. (See Appendix C on page 16) Only
one sheet of paper at a time is expected to be processed and displayed as video. It has to be
photographed in landscape orientation from above, making sure the paper is not upside down
in the photograph. The whole paper should be roughly in the middle of the photograph with
small clearance on all sides.
No part of the paper can be obscured by other objects and it has to be free from prominent
shadows, preferably lit with a diffuse light bright enough to use low sensibility setting, preventing excessive noise 1 . The prototype tool expects the input photograph to be just right each
time, with no special treatment of accidentally triggered or out-of-focus shots. All drawings
ought to be perfect too, with no possibility of skipping botched frames.
Any drawings found right to each frame are interpreted as single or double-digit frame numbers.
Further shortcuts were taken during the development. Notably, aspect ratios were ignored.
The sheet of paper, the frames and the photograph have different proportions of width and
height, they are treated as being the same, though. This results in output images that take
up the whole screen but are slightly stretched.
With this early version of the pencil test tool, the performance of the most resource intensive
tasks could be evaluated. Tests in various conditions could help to determine how feasible
this novel animation technique is and what the requirements of a fully functional application
might be.
1
The camera firmly in both hands with elbows resting on the table and holding breath when pressing the
shutter, remarkable stability can be achieved even during longer exposure times due to the relative proximity
of the paper to the lens. Slight motion blur will disturb the processing less then the color noise of high ISO
settings. If using flash, it is recommended to place the paper further away and zoom in to prevent uneven
illumination.
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Using the OpenCV Library in Java and C++

The application relies on functions of the OpenCV library, a collection of fundamental computer vision and machine learning algorithms [4]. Officially launched in 1999, it was developed
by Intel Research at the time and is now maintained by the OpenCV.org foundation after
several years of support from the robotics company Willow Garage.
Distributed under a permissive BSD license, it enables rapid development of demanding machine vision applications for both academic and commercial use. The library can be linked
statically to eliminate the need to install OpenCV beforehand and the pencil test tool makes
use of this option. OpenCV for Android is available along with versions for iOS, Windows and
Linux/Mac version.
Android applications are usually written in Java and OpenCV possesses a Java interface, so it
is possible to create OpenCV -based applications in a straightforward manner. However, it was
seen as a more viable alternative to develop the computer vision functionality in C++ and let
Java execute it as native code through JNI (Java Native Interface). This way, it was possible
to develop and debug the application on a powerful desktop computer first and then employ
the C++ code in the Android application. The code reuse may also facilitate the planned
porting of the application to iOS.

2.3

Equipment

For development purposes, a quad-core AMD64 computer was secured and Eclipse IDE with
Android Native Development Kit installed under Ubuntu 10.04 operating system. The Sony
Ericsson Xperia active handset was used for testing. Android emulator was not utilized due
to difficulties using its simulated camera. Test images were also captured with several other
handsets and digital cameras.
Xperia active is a handset available since 2011. Powered by a Qualcomm MSM8255 Snapdragon
chipset with 1 GHz Scorpion CPU and 512MB of RAM, it comes equipped with Android
2.3(Gingerbread). The built-in camera is equipped with a 5Mpx sensor 2 . Its capacitive
touchscreen with 320 x 480 pixels has a 3.0 inch diagonal [5].
Papers with prepared frames were used to draw test sequences. The frames were drawn by
hand using a template and various pens and pencils but mostly a 0.3 mm felt tip black pen.
Alternatively, frames were pre-printed with a Canon PIXMA MX350, a multifunctional inkjet
printer and scanner with 600 dpi resolution and a 30-page automatic document feeder [6].
Using this device, test sequences were scanned to produce output images in high resolution
with the PC version of the pencil test application.
As seen in Figure 2.1, the frame dimensions are roughly 45 mm x 85 mm, making the aspect
ratio nearly 16:9. Conveniently, this size is slightly larger than the fullHD image (1024 x 1920
px) when scanned at 600 dpi, enabling direct output in this popular format. Twelve frames
like this fit nicely on a sheet of A4 paper (See Appendix C), corresponding to one second of
resulting video with the usual 12 fps frame rate.

2.4

Preprocessing the Photographs

Development work focused mainly on finding the frames on the page reliably. Several sample
photographs were taken of the paper on interfering background with straight lines. The sheet
2

2592 x 1944 pixels large to be precise
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Figure 2.1: Example frame from pencil test sequence. Right side of the image had the intensity of the
cyan channel reduced before converting to grayscale, cleaning up the blue sketches. Note how the lines
extend beyond the frame boundaries at the bottom

of paper included small kinks and folds and the drawings in the frames occasionally overlaid
the frame outlines. With these initial test images, the basic image processing functionality
was developed on the PC.
As seen in the code snippet in Appendix B, the image is first rotated to landscape orientation
if necessary and then smoothed using Gaussian blur to reduce noise. A copy small enough to
fit on the screen is created to be processed along the full size image. It is used to visualize
some of the processing steps and to debug the application.
The image is reduced to black-and-white using a distinct method for each of the main processing tasks. To find the paper, the image is diluted and Canny edge detector is applied. To find
frames on the paper, adaptive threshold function is used also acting as edge detection with
the particular parameters used. The image is then inverted to negative to make background
black and lines white.
This binary image is then searched for connected components (also called contours). The
two largest contours are usually the inner and outer edge of the paper. If any of them has
4 sides after a shape approximation, it is assumed to represent the sheet of paper. With
interfering elements in the photograph, no quadrilateral contours are usually found. If there
are substantial folds in the paper, its silhouette can have more then 4 sides and is not found
either. In such case, the probabilistic Hough line transform is applied to find segments of
paper edges and to determine paper corners.
The corners are used to compute a transformation matrix that corrects the perspective of
the image. After applying the transformation, the paper takes up the whole area of the
photograph looking flat almost as if scanned. The individual frames are perspective-corrected
in a similar manner to account for folding. In case of actual scanned images recognized by their
bright white borders, the aforementioned preprocessing steps are skipped and the application
attempts to finding individual frames directly.

2.5

Searching for Frames with Unclean Outlines

In search for frames, the image is split in 12 overlapping parts, each part containing one whole
frame and parts of the neighbouring frames. The probabilistic Hough line transform is used
to detect straight lines of appropriate length and orientation. If they form a 4-sided connected
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component, the application accepts it as a frame. This works as long as the drawings inside
the frame do not interfere with the outlines too much.
Encountering such clean frames in realistic conditions is unlikely, though. When creating
storyboards, it is a good practice to draw well beyond the frame boundaries. This ensures the
absence of boundary artefacts such as loose line ends when the image is cropped to the correct
size, as shown in Figure 2.1.
The morphological operation of erosion can mask an occasional frame transgression and the
probabilistic Hough line transform can tolerate a fair amount of disturbing lines. However, it
does not help if the disturbances are clustered at particular places or when large parts of the
frame outlines are obscured by the drawings. Until a more robust way of finding the frames is
devised, a way of preventing unclean frame outlines is necessary.
One possible trick is using a light blue pencil for preliminary sketches and then carefully
inking the final drawings only inside the frames. The light blue known as non-photo-blue
corresponds roughly to cyan color, this shade of blue does not show on black-and-white film and
on photocopies. When the application reduces the intensity of the cyan channel in the photo,
the blue lines faint, cleaning up the drawing automatically as demonstrated in Figure 2.1.
The cyan channel cannot be removed directly because the image is stored in RGB mode 3 , but
it is possible to set the red channel to maximum value to achieve the same outcome as red is
the complementary colour to cyan. This technique from the traditional animation process is
suited only for grayscale output, but it is a helpful trick nonetheless.

2.6

Ordering Frames by Handwritten Numbers

After finding the individual frames, their order must be determined because the sequence does
not always progress in the same direction. The apparent motion in the resulting animation
determines if it is beneficial to draw from left to right, top to bottom or combination of both.
If multiple layers of paper are used, the order can be even more elaborate.
In that case, another paper is placed on top of the preceding page. The bottom drawing shows
through and can be precisely traced like in the traditional animation process. The sequence
progresses in frames in the same position over multiple sheets of paper. When organizing
drawings in this way, multiple sequences can share the same page 4 .
Assigning each frame a number is a possibility to organize them. Without numbers, the
sequence is played in reading direction line by line from top to bottom. If numbers are
written to the right of each frame, they are used to determine an alternative order. After
brief experimentation with various image recognition methods, an artificial neural network
was chosen to interpret the handwritten digits.

2.7

Training Neural Networks for Digit Recognition

Artificial neural networks (ANNs) can be employed to deal with data-driven problems such as
pattern recognition tasks [7]. OpenCV offers tools to train and use multi-layer feed-forward
ANNs known as perceptrons. They were previously used for recognizing handwritten digits
with encouraging results [8]. To train the networks, the popular MNIST dataset was used,
enabling to compare the achieved ANN performance with literature.
3

To be exact, OpenCV employs the Blue-Green-Red format
The making-of video accompanying the short animation Nosy Bear by Fran Krause (http://youtu.be/
om1NFgavkVU) explains some of these concepts in under 2 minutes.
4
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The MNIST collection is a set of labelled grayscale images of handwritten digits, 60 000
for training and 10 000 to evaluate the performance [9]. To train the network, principal
component analysis (PCA) is first applied to the images to reduce dimensionality, converting
the 24 x 24 pixel image to 100 floating point numbers - the principal components accounting
for at least 0.97 of the variance in the dataset. The input layer of the network corresponds
to these 100 components. This layer is connected to multiple hidden layers, the last one
attached to the output layer. During training, the output is known by the network from the
image labels, allowing it to adjust the connection weights among the artificial neurons with
the backpropagation algorithm [10].
The training of the ANNs was a resource intensive process. It was executed on the Adagio cluster of the computer science department at the FU-Berlin, after the access was kindly granted
by the administrative staff. Several networks with increasing number and size of hidden layers
were trained and the performance was evaluated with the test dataset. This was necessary because some larger network suffered from the effect of overfitting and performed slightly worse
then smaller ones. More samples would be needed to appropriately train networks of this size
to achieve better precision.
In the mobile application, the weights of the trained network are loaded in a XML file. The
PCA eigenvectors and eigenvalues are loaded from a YML file. The PCA is applied to the
unknown digit and the resulting principal components are passed to the ANN which in turn
outputs a vector with 10 values. The position of the highest value in the vector represents the
corresponding digit. If the highest value is in the third place, the digit is likely to be a "three",
for example. It is also possible to "second guess" - to take other high values into consideration,
not only the maximum.

2.8

Supporting Applications

Besides the pencil test application, several supporting programs were build to find suitable
parameters of various image processing functions. OpenCV makes it possible to alter variables
in real time with sliders and visually evaluate the outcomes on the processed image. This
proved very helpful because even subtle changes in parameters can dramatically alter the
outcomes.
Other applications were developed to extract images and labels from the MNIST dataset, find
the PCA eigenvectors and measure the performance of the neural networks. Programs were
build to automate processing of own samples to allow future use of additional symbols such
as arrows or letters. However, the prototype pencil test application described below does not
use the new control symbols yet.
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3

Results

3.1

Functioning of the Pencil Test Application

The initial version of the application implements only the core functionality of the pencil test
tool. As noted in the previous chapter, some constraints are imposed on input images to
display them correctly as animations. Assuming that the drawings are in twelve rectangular
frames on one landscape A4 format paper, user takes a photograph of it by tapping on the
preview screen in the mobile application.
The paper can be photographed at a slight angle but it needs to be completely included in the
photograph, roughly in the middle of the image. After 20-30 seconds of processing time, the
sequence is played in a loop, allowing the user to swipe up or down on the screen, changing
the video frame rate from 2 to ca. 33 fps.
If the BACK button is pressed now, the camera preview is started again and next photograph
can be taken. A delay of 500 ms is incorporated before actually capturing the photograph, this
reduces the blur caused by handset movements resulting from touching the screen. Pressing
the BACK button during the camera preview exits the application.
A PC version with the same functionality can prepare high definition output from very large
images on an Ubuntu system. It saves the individual frames as numbered images with the
input image file name as prefix. If used with the -i option, it will visualize some processing
stages step by step with each key press, it will not save any files. The mobile application also
does not save output files, deleting the temporary storage on the SD card each time, except
for the xml and yml files 1 .
On Android, a separate AsyncTask is started to process the image, which in turn calls the
native code, passing it the location of the image file to process. When finished, a directory
of output images is created by the native part before giving away control back to Java. The
image files are named by frame numbers and displayed in alphabetical order, the third frame
would be called 03.JPG for example.
Once the native code runs, no attempt is made to stop it. If an unsatisfactory photograph
is taken, it will be processed even if the application stopped, and the resulting video will be
shown if any frames are found. It is advised to wait until then before taking next photograph
with the application.
If the drawings on the paper adhere to the constraints imposed on the input images, most
frames are detected properly. Excessive drawing over frame outlines and in between the frames
is the cause of most failures. The tool can tolerate slight folding of the paper, as it corrects
the perspective of the paper and of the individual frames separately.
For output, the brightness of the images is increased for a more pleasing appearance because the
actual color of paper in the photograph is grey, not white. In fact, if bright white background
is detected by the application, it is treated as scanned image and all preprocessing steps are
skipped.
1
If these files are not present, they need some time to be copied to the SD card where the native code can
access them. It is therefore recommended to wait a couple of seconds before taking pictures immediately after
the application is run for the first time. For detailed installation instructions, see Appendix A.
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The outputs of the PC application look different from the Android version because the reduction of cyan channel is not included in the mobile version. The pixel value access on Android
crashes for reasons not yet determined. It would also cause segmentation faults on PC if not
for a workaround using the function imshow(), not available in Android version of OpenCV.

3.2

Performance of the Neural Networks

Several artificial neuronal nets were trained to recognize frame numbers. Best results were
achieved by a network with two hidden layers comprising 200 and 400 units each. As seen
in table 3.1, larger networks actually decreased in performance due to overfitting caused by a
limited numbers of samples. Despite the overall error rate of just 1,74% on the testing dataset,
the network occasionally misinterprets frame numbers, confusing the digits 1 and 7 most often.
Initially, arrows were intended to determine the order of the drawings along with frame numbers. Arrow samples were created to complement the MNIST digit collection but networks
trained with the mixed dataset failed to deliver reliable results. They recognized neither the
arrows nor digits correctly, probably due to the mismatch of the 400 arrows and the 50006000 samples of each digit in the MNIST dataset. Arrows are not used with this version of
the application. Despite the limitations, it was possible to use the prototype to draw simple
animation loops and assess the feasibility of this approach as discussed in the next chapter.
Table 3.1: Performance comparison of several neural networks

Nr. of units in hidden layers
200,200
200,400
400,800
500,1000

Error rate on the test dataset
2.16
1.74
1.78
1.81
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4

Discussion

In the previous section, the functioning of the Android pencil test application was described.
This tool can be used to preview animation sequences drawn in 12 frames of an A4 paper as
cleanly as possible, with the option of writing numbers next to each frame. The sheet of paper
is photographed with the mobile application and the resulting animation is displayed on the
screen. A PC version of the application can export the sequence in high resolution if supplied
with scanned images.

4.1

Initial Tests of the Tool

It takes approximately 20-30 seconds to process one paper with 12 frames on the Sony Ericsson
Xperia active phone. This does not give immediate feedback to the animator yet, but it is a
promising result, given the lack of optimization and the rather low specifications of the Xperia
active handset. The half minute is an acceptable waiting time for creating simple sequences.
Being able to preview just one paper at a time is limiting, but sufficient to draw first tests to
see whether it could be a realistic way of creating the animation. Indeed, the application can
demonstrate that it might be possible to draw on paper and harness the power of animation
software at the same time. First trials in various environments suggest that the tool might
enable to create animations without a need for a specialized workplace.

4.2

Image Quality

The resulting video has a rugged look that might not be appropriate for all films. However,
there appears to be a trend towards raw visual style in the independent film community.
Remarkably little detail is needed to create vivid cartoon characters emotionally engaging the
audience. If the story and timing is right, the mind of the viewer fills in the missing parts.
Creators of well-budgeted productions often opt for simplified character design too, steering
clear of the "Uncanny Valley", where a lot of work is used to create eerily realistic characters
provoking discomfort in the audience [11]. The pencil test tool might enable to draw expressive
animations easily, encouraging experimenting and improvisation.

4.3

Drawing Comfort

Even novice user might be able to create sequences with the application, drawing in any way
that is natural. An artist could work outdoors, possibly at the bus stop or on the plane,
photographing and correcting the sequence a couple of times. The finished sequence could be
folded along the frame outlines and later scanned to produce high resolution output as easily
as if drawn on a graphic tablet.
The high end graphic tablets resemble the animation desk of the classic era but using the
tablet is different from drawing on paper. The fine, automatic hand movements learned on
paper do not translate well to a slippery plastic surface. The friction of the pen tip can be
increased by tricks such as felt nibs, but it takes time to adjust nonetheless. The resulting
images generally evoke a clean and artificial feel, which can be limiting.
10
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The appearance of pencil lines can be more or less imitated by software, the process of drawing
is different, though. If the artist wishes to sketch very quickly, the result usually looks better
on paper. While drawing on paper can be more rewarding, it is followed by tedious tasks
requiring discipline and system. The pencil test tool might reduce the amount of the work
needed to turn a stack of papers into video.

4.4

Possible Applications

There are reasons beyond aesthetic choice and drawing comfort possibly prompting an artist
to consider animating on paper. A by-product of this way of production are original artefacts
that can be useful during a fundraiser campaign, for example. Some filmmakers experiment
with crowdfunding, a financing model where fans pledge small amounts to the project budget
in exchange for symbolic gifts. The drawings created with the pencil test tool could easily
be shipped in an envelope, offering a prospect of a unique, tangible piece of film for every
contribution.
The application could also be used in the pre-production stage. Before an animation film is
produced, or any film or advertising spot for that matter, storyboards are drawn first. These
are basically comics representing each shot to better visualize the scenes. These are sometimes
used in an animatic video (also called action reel). This is a first version of a film, composed
of these still images and a preliminary soundtrack. The application could help in creating
animatics from storyboard drawings.
Other uses might be conceivable if the functionality of the application would to be extended.
While implementing the prototype, insights were gained that could guide future development.
Options exist to improve the processing speed, the precision of the neuronal network and
usability as outlined in the next chapter.
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As mentioned in the previous section, the pencil test application could run faster. Other areas
would profit from improvements too, most of all user interface, file management and accuracy
of number recognition. This will be focus of this chapter, along with the vision of including
other tools of the traditional process to truly reap all benefits of this animation technique.
However, the first issues to be addressed in future development are of a more mundane nature.

5.1

Immediate Priorities

To be able to extensively test the application, some usability problems have to be resolved.
Particularly, the image orientation has to be corrected if it is upside down. Most devices
can sense the orientation, so this information could be used to determine if the image needs
rotation. If there are frame numbers, the non-symmetric digits will be misinterpreted, this
fact could be also used to detect an inverted image.
Next, some sensible way of stopping the native code must be devised. Even after exiting
the application, the native code keeps running, processing the photograph. It is a common
occurrence to tap the screen by accident and trigger an unsatisfactory shot. Waiting for the
bad image to finish is inconvenient and a way to cancel the execution is needed. The native
code should periodically check if it is allowed to run and a way has to be chosen signalling it
to stop early.
The ability to change frame numbers by blacking out the old numbers is also essential. If
the application detects a predominantly black symbol, it should not interpret it as a digit.
A special number combination such as 00 could be reserved for frames to be skipped. This
simple functionality would be beneficial as frames could be used for notes or botched beyond
repair and new frames could be introduced.
Further, the application should be analyzed with a profiler. In the prototype, matrices are
copied and cloned generously and a cleanup might be called for if it turns out that resources are
wasted. Also, the strange bug in the function removing the cyan color should be investigated
because it crashes if enabled in the Android application.

5.2

Future Work

In the foreseeable time, an iOS and Windows version of the pencil test tool should be build to
establish guidelines for the C++ code reuse. Slightly modifying the paper recognition heuristics
would allow to draw in a book format, not only on individual sheets. The application should
accept alternative frame sizes and multiple sheets of paper in order to create longer sequences.
A special place on the page could be designated for additional information such as scene number
and date, useful for managing larger projects. This could also help determine if the image is
upright. Aspect ratio of the frames needs to be estimated and respected when displaying the
sequence. An option to produce color output instead of grayscale should also exist.
Colour adjustments have to be implemented for output video to be without flicker. To achieve
this, custom level equalization is to be implemented, accounting for the bimodal distribution
of the color intensity values with lots of very bright areas and a few dark lines.
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The precision of digit recognition can be improved, a possible error rate of only 0.35% was
reported in the literature. More samples are needed to train a larger network but they do not
really need to be unique. Small deformations of the existing samples are sufficient to create
more training units [8]. Also, for arrows and other symbols such as negative frame numbers
to be used, several thousands of samples must be collected to properly train the ANNs.
It is imaginable to add other tools from the traditional process to the application, such as
the light desk functionality. By turning on the backlight and displaying a white screen, the
phone can act as an illuminated animation desk where multiple layers of drawings can show
through. Alternatively, a reference image can be shown on screen to allow tracing it precisely
on a paper.
Frames from live-action footage could be browsed, zoomed and rotated to be also used as
reference, in a process known as rotoscoping. It might be necessary to lock screen automatically
when the device will be used to support the paper while drawing, preventing the pencil from
giving accidental inputs to the touchscreen.

5.3

More Complex Objectives

If intensive development efforts were warranted, more challenging problems could be addressed.
The inside of the frames could be searched for clean contours of objects. If found, their
background could be made transparent, ideally guided by cues drawn on the paper. This
would facilitate the direct use of the output images in compositing software.
A timeline feature could be implemented to move frames around, make edits and loops, reuse
sequences, and incorporate sounds. A project could be started on a mobile device and exported
to the computer to continue with the work, recognizing the individual frames again after
scanning.
It might be necessary to find more robust ways of recognizing heavily obscured frames, perhaps
based on the known dimensions of frames and a redundancy of information in the regular frame
grid1 . More resource intensive methods could be applied to pre-process the images several times
with different parameters to try and detect faint lines.
To speed up the execution, the Hough line transform could be modified to only search for lines
in the narrow band of acceptable angles around the horizontal and vertical axis. A specialized
Hough transform for rectangles might be an interesting alternative, too [12]. If an operation
is identified as a performance bottleneck, it can be attempted to implement it on the GPU.
Video quality could be substantially improved by software assisted image registration to reduce
jitter [13]. However, the general amount of correction needs to be adjusted manually to prevent
unwanted interventions. Adding artificial jitter can be desirable too, especially to hold frames
so they do not look rigid. Hold frames are drawings kept static for a period of time, this time
could be also indicated with digits for the application to play the sequence accordingly.
More advanced features come to mind, such as color marking of repeating structures. These
do not change in subsequent frames so one has to draw them only once and the tool would
include them in every frame. Camera directions for pan and zoom could be indicted on the
paper. Background images could be incorporated to be seen on the test videos. Yet other
possibilities exist, such as facial and motion tracking, or automatic lip syncing.

1
In extreme cases, only half of the frames would be used for drawing, or at least one would be left free as a
starting point for finding neighbouring frames.
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Appendix
Contents of the CD and Installation Instructions

The CD supplied with the copy of this thesis contains:
• LUDMA-Jakub-BscThesis.pdf file containing an electronic version of this thesis
• template.pdf file with the frame template to draw the sequences in
• sequence.pdf file with the sample sequence as included in this thesis
• sequence.JPG photograph of a sample animation sequence to test the PC application.
• redraw.apk file to be installed on an Android device
• redraw-static-ubuntu-12.04 binary version of the PC application intended for ubuntu
12.04, no installation is necessary
• redraw-native.cpp source code of the PC application
• xml directory to be copied to the location of the PC application
• README.txt text file with installation instructions as follows

Installation on Android
• You must allow installation from unknown sources in your phone setings.
• Place the redraw.apk file on the SD card and access it with a file manager. Alternatively,
you can use the adb install command if the phone is connected to the computer and
USB debugging is allowed in the phone.
• You will be prompted to allow the application access to external storage and camera.
• Now, you can use the application. Wait a couple of seconds before shooting photos when
running it for the first time

Installation on Ubuntu/Debian
The file redraw-static-ubuntu-12.04 might run on the respective version of Ubuntu OS without
out of the box. However, it is recommended to install OpenCV and compile the redraw-native.cpp
instead.
• Install dependencies, following commands could be used:
sudo apt - get update
sudo apt - get install build - essential pkg - config cmake libgtk2 .0 - dev
libavcodec - dev libavformat - dev libswscale - dev libjpeg - dev libpng dev libtiff - dev libjasper - dev

• Download the appropriate OpenCV version from http://opencv.org/downloads.html
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• Unpack it and install the OpenCV library as follows (assuming the opencv-2.4.6.1.tar.gz
archive is in the working directory)
tar xvzf opencv -2.4.6.1. tar . gz
cd opencv -2.4.6.1/
mkdir release
cd release /
cmake -D CMAKE_BUILD_TYPE = RELEASE -D CMAKE_INSTALL_PREFIX = ‘ pwd ‘
make
make install
export LD_LIBRARY_PATH = $LD_LIBRARY_PATH : ‘ pwd ‘/ lib
export PKG_CONFIG_PATH = $PKG_CONFIG_PATH : ‘ pwd ‘/ lib / pkgconfig

..

• The OpenCV library should be ready to use, now compile the redraw-native.cpp
g ++ ‘pkg - config -- cflags opencv ‘ redraw - native . cpp -o redraw - native ‘
pkg - config -- libs opencv ‘

• Test it with the supplied image sequence.JPG
./ redraw - native sequence . JPG -i
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Code Snippet

The following code snippet taken from the main function illustrates the main processing steps
taken by the pencil test application. Some lines were omitted for the sake of clarity.

c o rr ect_orientation () ; // rotate to landscape format
remove_cyan () ; // reduce the cyan channel , cleaning up blue sketches
resize () ; // reduce to smaller size for screen
if ( interactive ) { imshow ( window_name , scaled_src_gray ) ;}
GaussianBlur ( scaled_src_gray , src_gray , Size (
blur_kernel_global ) ,0 ,0) ;
// blur to reduce noise and sooth the image

blur_kernel_global ,

if (!( scanned_paper ( src_gray ) ) ) {
// if the edges are all perfectly white ,
// it is a scanned paper , skip preprocessing
if (!( the_easy_way () ) ) {
// otherwise , find paper by the contours
cout < < " hard " << endl ;
working_resize = true ;
if (!( the_hard_way () ) ) {
// if it doesn ‘ t work , make the image smaller
// and search for lines with HoughLinesP
cout << " bad image " << endl ;
return -1;
// giving up , can ’t find the paper ;
}
}
c orrect_perspective () ;
// flatten the paper
} else {
// scanned paper is not preprocessed
src_corrected = temp_src ;
scaled_corrected = scaled_src ;
}
find_segments () ;
// split paper in 12 overlaping parts
display_sequence ( argv [1]) ;
// find and correct the frames , interpret the numbers
// save the sequence to disk or display if interactive

C

Sample Sequence and Frame Template

On the following pages, simple animation and frame templates for drawing are provided. Please
note that the version of application supplied with this thesis does not support book format
yet. Only single sheets of paper are supported. These pages should be copied or even better,
printed from the pdf files on the supplemental CD.
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