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Abstract
Digital data storage on microfilm is a highly promising tech-

nology for migration-free long-term storage of digital information.
The lifetime of the medium microfilm is estimated to be 500 years
under appropriate storage conditions. Towards a practical imple-
mentation of this concept, the MILLENIUM project was initiated in
2006. The project is funded by the German Federal Ministry of Eco-
nomics and Technology (BMWi) and is conducted by two research
institutions as well as several small and medium-sized enterprises.
This paper reflects project achievements with respect to signal and
information processing. The complete processing chain for digital
data is described. Important parts of this chain are identified and
discussed in more detail. Some focus is on frame structures and
data organization as well as synchronization, error correction and
storage capacity. The developed concepts are ready for implemen-
tation.

Introduction
Due to the advances in computer technology, the worldwide ex-

isting amount of digital information has been growing continuously
during the past decades. Accordingly, a reliable approach for long-
term storage of digital information is urgently required. However,
to our knowledge, no such solution is available in the market up to
now. For many years, microfilm has been used to store analog doc-
uments as photographs. The medium microfilm is highly stable and
offers – depending on the storage conditions – an estimated lifetime
of up to 500 years [1, 2]. With the advances in laser film record-
ing technology for microfilm [3, 4] it has been suggested to use this
medium also for digital data (see, e.g., [3, 5, 6]). Recently this field
of technology has become more specific including first results and
suggestions on channel modelling [7], storage of audio data [8], as
well as storage capacity and error correction [9].

Towards a solid technological basis for this emerging technol-
ogy, the MILLENIUM project was initiated. It is conducted by two
research institutions, Technische Universität Braunschweig, Institute
for Communications Technology (IfN), and Fraunhofer Institute for
Physical Measurement Techniques (IPM), as well as several small
and medium-sized enterprises. The project is funded by the Ger-
many Federal Ministry of Economics and Technology (BMWi). The
laser recording technology is developed at IPM whereas the research
at IfN about signal and information processing is further described
within this publication. Such processing also includes the organiza-
tion of the data on the frame. Besides the storage of the data bits
on the medium film, this is a major aspect, since the file information
has to be localized within a large number of bits on the film.

This contribution presents the major results of the MILLE-
NIUM project regarding signal and information processing aspects.
It is published along with a second paper about the laser exposure
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Figure 1. Processing chain for digital data.

hardware as realized within the MILLENIUM project [10]. The next
section describes the processing chain for digital data followed by
several sections that cover important parts and aspects of this chain
in more detail. This includes frame structure and data organization,
synchronization, as well as error correction, and data verification. A
possible storage capacity for MILLENIUM is figured out followed
by a detailed discussion on applications and future developments.

Processing Chain for Digital Data
The processing chain for digital data includes all components

and processes that are required for digital data storage on microfilm.
Its main parts are depicted in Figure 1. The original data is first
processed by the data encoder and then exposed to the microfilm by
the film recorder, in our case a laser film recorder. Both the data
encoder and the film recorder form the writing device. The digital
data is stored on the film by means of exposure points (cf. [9]). In
the laser recording device a modulated laser beam is moved over the
film, thereby writing the data pattern consisting of exposure points
on the film. For binary modulation the exposure points may directly
represent a logical one or zero, respectively. Furthermore, some laser
recorders allow amplitude modulation, where each single exposure
point represents more information by variation of its amplitude. The
horizontal and vertical distance of the exposure points is referred to
as the grid space d. Both the grid space d and the number of em-
ployed amplitude levels have a significant influence on the storage
capacity (see [9] for a detailed analysis). The encoder also intro-
duces redundancy to the original data by applying a forward error
correction (FEC) code [11]. This additional information is required
for error correction by the FEC decoder as part of the reading device.
Furthermore, information for synchronization purposes and for the
file system has to be added.

Microfilm material is available as negative black-and-white mi-
crofilm and positive color microfilm. After the exposure process,
photochemical processing is required [12, 13]. For the investigations
within the MILLENIUM project, negative black-and-white micro-
film has been used. Although the medium microfilm is quite robust,
even a careful and clean handling cannot avoid tiny scratches or dust
particles affecting the exposure points. The color microfilm consists
of several color layers and can store more information. However,
this film material is more expensive and the chemical processing re-
quires more effort.
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Table 1: Important system parameters of the Arche [3] and the
MILLENIUM [10] laser recorders .

Parameter Arche MILLENIUM

Frame dimensions 32×45 mm 32×200 mm
Standard grid space 3 μm 4 μm
Exposure points 10666×15000 8000×50000

The reading device serves to retrieve the original digital data
back from the microfilm. It mainly consists of a film scanner gener-
ating digital image data and a data decoder that further processes this
data. The first step within the decoding process is to identify the po-
sition of the exposure points as exactly as possible, e.g., by means of
a synchronization pattern. The demodulation process translates the
exposure points into digital information that can be processed by the
FEC decoder. By exploiting the redundancy introduced by the FEC
encoder, the FEC decoder can correct errors, e.g., due to scratches
or dust particles as mentioned above. Due to a proper choice and di-
mensioning of the error correction code, virtually error free recovery
of the original data may be possible. For even increased data secu-
rity, a verification step may be desirable as known, e.g., from CD-R.
After all, file system information is required to identify individual
files within the bits on the film.

The following sections describe main parts and important as-
pects of this processing chain in more detail. As practical exam-
ples, the Arche laser recorder as well as the new MILLENIUM laser
recorder that is optimized for digital data are regarded.

Frame Structure and Data Organization
The laser recorder basically records arrays of exposure points

on the film, so-called frames. These frames are defined, e.g., by us-
ing an image file as a template where each pixel corresponds to an
exposure point on the film. Normally, the frames are separated by a
small spacing. A comparison of the main specifications of both the
Arche and the MILLENIUM recorders is given in Table 1. Please
note that integer multiples of the standard grid space as given in
Table 1 are possible without changes to the exposure hardware by
omitting intermediate exposure points. Although the standard grid
space of the MILLENIUM laser recorder is 1μm larger, this device
was constructed to write smaller exposure points on the film. It is
obvious from the frame sizes in Table 1 that the corresponding un-
compressed source image files have a considerable size. The film
scanner normally involves oversampling, i.e., provides several im-
age pixels for each exposure point. As a result, the file sizes for a
completely scanned frame will even be a multiple of the template’s
image file size. Therefore, it is reasonable to divide the frames into
several subframes that can be scanned and processed individually if
desired. A further advantage of using subframes is the increased ro-
bustness against mechanical deformations of the film material, since
the resulting position errors decrease with smaller dimensions of the
subframes.

The schematic arrangement of the exposure points as subframes
is depicted in Figure 2. The subframes can be arranged as squares,
rectangles, or even stripes. Each subframe also contains a synchro-
nization pattern that is necessary to identify the positions of the ex-
posure points, as discussed in the following section. A subframe
number is attached to each of the subframes. According to our con-
vention, these subframes are numbered from top to bottom and from

Figure 2. Example of two possible frame structures: small subframes with per-

pendicular digital frame identifier (left) and long subframes with parallel digital

frame identifier (right).
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Figure 3. Data structure of a digital frame identifier.

left to right. As the data is written onto several frames on a film
reel, each frame has to be uniquely identified. For reasons of pro-
cessing speed it is reasonable that this frame identifier can be read
independently from the actual data pattern. This can be achieved
by using either human-readable text or a digital barcode, similar to
image marks as used for analog microfilm [14]. In order to sim-
plify the processing, it may be reasonable to use larger structures
for this barcode as for the actual data patterns. Figure 2 shows two
different possibilities to place such a digital frame identifier, either
perpendicular or in parallel to the film margins. When using the
CCD (charge-coupled device) line array of a standard scanner for
film reels, the perpendicular barcode can be captured at once by the
CCD array. The parallel option is more difficult to process, since
the CCD line array has to be moved over the whole frame to scan
the barcode. When searching for a specific frame on a 300 m film
reel this is a clear disadvantage. However, the parallel barcode can
also be evaluated by a separate photodetector independently of the
processing of the CCD image data. For this case, the frequency fs
of data symbols is

fs =
v
ds

(1)

with the transport speed v and the symbol width ds. As a realistic
example, a symbol width ds = 100μm (≈33 times the standard grid
space of the Arche laser recorder and 25 times the grid space of the
MILLENIUM laser recorder) and v = 1m/s leads to fs = 10kHz.
Even when considering oversampling, the resulting frequencies can
easily be processed by standard analog-to-digital converters. In this
way 450 bits can be stored along the side of an Arche frame and
even 2000 bits along the side of a MILLENIUM frame. Although
a certain part of these bits is required for synchronization and error
correction, this is still sufficient to carry frame addressing informa-
tion. A possible data structure for such a frame identifier is given in
Figure 3.

In order to store several files on a film reel consisting of sev-
eral frames, a data structure has to be defined. An example of such
a structure is depicted in Figure 4. Besides the actual data of the
files to be stored on the film, file system information is required.
This includes the number of files as well as a file header for each
of the files to be stored. The file headers are required to store the
filenames as well as the start and end addresses of each file. Each
address defines a certain position regarding frame number, subframe
number and bit number within the indicated subframe. Clearly, the
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Figure 4. Suggested overall file system information and data organization of a

film reel.

file system information is essential for data retrieval. To ensure the
availability of this information, it may be duplicated, e.g., at the end
of the film reel. Note that the suggested file structure allows to store
files independently of their specific file format.

Individual FEC coding should be applied to the data of each file
as well as the file system information. In the case of convolutional
encoding this implies the termination of each encoded entity. Al-
ternatively, when using a block code, the header of each file has to
additionally contain information about the file length. The definition
of the file headers can also be extended to carry further file informa-
tion, such as the modification date. However, in order to achieve a
more flexible header structure, we suggest to store these additional
file attributes in a dedicated file using the XML (extensible markup
language) format. This file can also contain metadata about the file
contents.

Synchronization
The scanning device provides image information of the data

pattern on the microfilm. Before the exposure points can be read
from the film material, the position of each data point has to be
precisely identified. To complicate matters further, the subframes
may be slightly rotated by an unknown angle α . As an example,
a subframe with a data pattern is schematically illustrated in Fig-
ure 5. The actual data pattern is surrounded by a synchronization
pattern with its four parts referred to as the north, south, west, and
east synchronization patterns. An alternative concept would be blind
synchronization, where the position information is directly extracted
from the data points without any synchronization pattern. However,
the corresponding detection is more complex and prone to detection
errors.

To describe the analysis of a synchronization pattern, the north
synchronization pattern is exemplarily regarded. An enlarged north
pattern is depicted in Figure 6. The pixels of this grayscale image
are stored in the I × J matrix A with elements ai, j ∈ [0,1] and i, j
denoting the column and row indices, respectively. Since we are
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Figure 5. Schematic illustration of exposure points with synchronization pat-

terns (left) and definition of the nomenclature (right).

using negative black-and-white microfilm, ai, j = 1 corresponds to
black and ai, j = 0 to white, respectively. Alternatively, when using
positive film material, ai, j = 1 represents white and ai, j = 0 is black.
Objective of the synchronization is to identify the horizontal position
s[�], 1 ≤ s[�] ≤ I, in pixel of the �-th data column. The projection
histogram h[k] defined as

h[k] =
1
J

J

∑
j=1

ai=k, j (2)

with the discrete argument k is depicted in Figure 6. It is obvious that
the local maxima of the projection histogram correspond to the lines
of the synchronization pattern. There are N local maxima of interest
with n = 1, . . . ,N denoting the n-the local maximum. The position
(in pixel) of the n-th local maximum is referred to as b[n]. To iden-
tify the desired local maxima, the following algorithm is suggested,
whereby the values of I and J are assumed to be known system pa-
rameters:

1. Find the two outer local maxima b[1] and b[N] above the
threshold Θ ∈ [0,1].

2. Estimate the approximate position b̃[n], n = 2, . . . ,N−1 of the
remaining N−2 local maxima based on the result of step 1.

3. For n = 2, . . . ,N − 1, search the position b[n] of the absolute
maxima in h

[
b̃[n]− ε, ..., b̃[n] + ε

]
with the positive integer

number ε ∈ N
+.

The threshold value Θ ∈ [0,1] serves to avoid the detection of unde-
sired local maxima that can occur, e.g., due to noise.

The position b[n] of the n-th local maximum is already a good
indicator for the position s[�] of every second data column for
� = 1,3,5, . . .. To calculate the positions s[�] for all data columns �
as good as possible, a linear fit is used as depicted in Figure 7. This
analysis has to be carried out for each synchronization pattern sepa-
rately, leading to the projection histograms hno[k], hso[k], hwe[k], and
hea[k], the local maxima bno[n], bso[n], bwe[n], and bea[n], as well as
the positions sno[�], sso[�], swe[�], and sea[�]. The calculation of each
projection histogram has to be performed in analogy to (2). Note
that for the west and east patterns, it has to be calculated along the
rows instead of the columns.

If the data pattern is rotated by a small angle α , the value of α
can be approximated as

α =
1
2

[
asin

(
|sea[1]− swe[1]|

dea−we

)
+asin

(
|sno[1]− sso[1]|

dno−so

)]
(3)
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Figure 6. Image of the north synchronization pattern (top) with the correspond-

ing projection histogram h[k] (bottom).

with dea−we and dno−so defined as depicted in Figure 5. Since sno[�],
sso[�], swe[�], and sea[�] already provide averaged position informa-
tion, it is sufficient to calculate α for � = 1 only. After angle correc-
tion, the calculation of the positions sno[�], sso[�], swe[�], and sea[�]
has to be repeated, based on the rotated image. Thereby, the ac-
curacy of the results can be improved by using the local maxima
of opposite patterns jointly as a basis for the described linear inter-
polation. The efficiency of the synchronization regarding storage
capacity can be calculated as

ηs =
Ad

At
(4)

where Ad denotes the area of the data pattern and At the required
area for both the data and the synchronization patterns.

Error Correction and Data Verification
For a reliable and virtually error-free reconstruction of the orig-

inal data, a forward error correction (FEC) code is required. The
FEC encoder adds redundancy to the data bits, according to a code
rate r defined as the number of net data bits Nn divided by the num-
ber of total bits including the redundancy (gross bits) Ng:

r =
Nn

Ng
. (5)

The dimensioning of these codes has been discussed in [9].
Even a properly chosen FEC code can normally not avoid resid-

ual bit errors. Although this so-called net BER (bit error rate) is
generally quite small, e.g., in the range of 10−12, bit errors can still
occur. A data verification process can help to further decrease this
residual BER. To achieve this, the data on the film is compared to
the original data right after the writing process. If a bit error is de-
tected during verification, the defective file can be rewritten to an
additional film stripe, since the original data is still available at this
stage. In general, it will be reasonable to repeat this process un-
til either zero net BER or a certain specified maximum gross BER
is achieved. Since verification has to take place after all chemical
processing it is time-consuming and also complicates the processing
workflow.

Storage Capacity
The fundamental dependencies regarding storage capacity for

digital data on microfilm have been extensively studied in [9] for the
Arche laser recorder. As the MILLENIUM recorder allows binary
modulation only, the gross storage capacity (i.e., the storage capacity
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Figure 7. Calculation of the positions s[�] of the �-th data column based on the

north synchronization pattern. The crosses show the positions of the detected

local maxima b[n] of the projection histogram with � = 2n−1.

without considering further overhead due to FEC, synchronization,
file system, etc.) is only dependent on the grid space d and the frame
dimensions. Assuming the specifications given in Table 1, we arrive
at a gross storage capacity of about 2× 109 bit/m or equivalently
250MByte/m for standard 35mm microfilm assuming no spacing
between adjacent frames. Practical tests indicate that a grid space of
d = 4μm will lead to a sufficiently low gross BER.

Applications and Future Developments
Microfilm-based data storage is the ideal solution for data

stocks that have to be stored for a very long time without migra-
tion. Such applications are typically found in archives and libraries
as well as in government and industry environments. Hybrid archiv-
ing of digital and analog data on the same medium is also an out-
standing feature of microfilm-based data storage.

With the end of the MILLENIUM project in September 2009,
a high-density laser recording device will exist that will be able to
record smaller exposure points on microfilm [10] than the Arche
laser [3]. This high resolution recording device allows strategies to
record large amounts of information on the film. Concepts to store
digital data using this recorder have been developed and are ready
for implementation. An early prototype based on an automated mi-
croscope shows the basic concept of reading the data from the film.
Furthermore, this microscope setup helps towards the specification
of an optimal reading device. Future developments have to target at
a portable reading device with an appropriate user interface. Today,
there already exists a variety of commercially available microfilm
scanners. However, to our knowledge the optical resolution of these
devices is currently not sufficient to keep up with the full capabili-
ties of the laser recording technology for digital data as developed
within MILLENIUM.

Today’s microfilm service providers as well as many archives
already own a variety of scanning or even exposure devices for ana-
log microfilm. Although most of these devices may not be capable
of achieving a storage capacity as within MILLENIUM it may be
desirable to extend the use of these devices to data storage applica-
tions with a lower storage capacity. Since microfilm hardware equip-
ment – also for analog microfilm – is generally quite expensive, this
can allow microfilm-based data storage without the financial barrier
of high initial investments. To ensure backward compatibility, new
scanning devices should be constructed in a way to be capable of
processing these lower resolution data microfilms.

Due to advances in technology, the strategies of digital data

Society for Imaging Science and Technology190



storage on microfilm will probably experience revisions from time
to time. Also, for different applications other parameter settings
might be desirable, e.g., for the FEC, the modulation scheme, or the
data structure. Clearly, when dealing with long-term storage appli-
cations it should not be acceptable to rely on proprietary solutions.
To avoid the emergence of multiple incompatible developments over
time, standardization activities would be desirable. An example for
an electronic archiving standard is the OAIS (open archival informa-
tion system) reference model defined in [15].

Conclusions
In this contribution, the current state of the MILLENIUM

project regarding signal and information processing for digital data
storage on microfilm has been described. Therefore, the whole data
processing chain was discussed. Important aspects of this chain have
been identified and described in more detail, including frame struc-
ture, data organization, and synchronization. Furthermore, future
developments and applications have been pointed out.

Clearly, the MILLENIUM project is an important contribution
towards the practical realization of digital data storage on microfilm
for migration-free long-term storage of digital data. The developed
signal and information processing techniques within MILLENIUM
allow the reliable storage of digital data. At the end of the project, a
high resolution laser recorder will be available that will be capable
of writing very small data structures on 35mm microfilm. Because
state of the art microfilm scanners are not able to keep up with the
resolution of the MILLENIUM recorder, an early prototype based
on an automated microscope will serve as a reading device. The
involved algorithms and processes can be applied to a future reading
device with certain modifications. Besides an appropriate reading
device, future activities would take profit from standardization based
on the above described data structures as suggestions and working
drafts.
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