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ABSTRACT When a database system is decommissioned, retaining its data, structure, and query capabilities
is often crucial for future restoration and access. The Immortal Database Access (iDA) solution focuses
on preserving decommissioned databases along with their stored information and retrieval functionalities.
Building upon the Immortal Virtual Machine (iVM) technology, iDA provides tools that ensure long-term
preservation of databases on physical storage media. This includes not only safeguarding the stored content
but also enabling its regeneration with functional search capabilities. For this purpose, two innovative
elements are introduced: DbSpec, a new language for managing the decommissioning process, and a
Read-Only Access Engine (ROAE) which serves as an interface to future users who wish to retrieve the
decommissioned information stored on the long-term substrate. ROAE complements the SIARD (Software
Independent Archiving of Relational Databases) standard. Although SIARD is effective at preserving
database data and metadata, it lacks the ability to capture the essential search and query functions necessary
for meaningful information retrieval. iDA addresses this limitation, ensuring that decommissioned systems
remain accessible and functional for future users.

INDEX TERMS Database systems, digital preservation, formal specifications, information representation,
application virtualization.

I. INTRODUCTION
The Immortal Database Access project (iDA)1 explores the
long-term preservation of relational database systems in
immutable physical storage, particularly after these systems
have been decommissioned.

The associate editor coordinating the review of this manuscript and

approving it for publication was Genoveffa Tortora .
1EU Eurostars project ‘‘iDA: Immortal Database Access – Long-Term

Recovery and Access to Decommissioned Database Systems’’. All software
is publicly available in the repositories listed in appendix.

A. MOTIVATIONS
Relational databases have been the dominant solution for
storing and managing interconnected and related data for
decades, having been widely adopted across industries.
In both the public and private sectors, databases and database-
driven systems must be archived for extended periods, or in
some cases indefinitely, due to legal or business requirements.
This archiving can be done periodically or at the end of their
useful life. Keeping data accessible may be key to regulatory
compliance. Generally, when archived with current tools,
only the data is captured, so users may lose the query
functionality and context in which it is used.
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This issue is especially critical if the archiving period
is very long, as the original software or the people who
knew how the system operated may no longer be available.
In addition, events such as technical obsolescence, migra-
tions, hacking, or loss of content may occur during the
archiving period, resulting in the loss of the practical value
of the preserved data to the users.

B. HOW DOES THE iDA SOLUTION HELP?
iDA allows users to decommission and preserve database
systems in a flexible way, independently of the software
that originally created or managed the data. This involves
preserving not only the data itself, but also the ability to query
it and extract results, providing future users with the context
of how the content is accessed.

Use cases for our solution include accessing records
about individuals, such as their educational and health
information, or cultural heritage information, or research
data, etc. Another important example would be accounting
and business information created in enterprise manage-
ment systems such as SAP. In many cases, access to
this data will only be necessary infrequently or when
requested by authorities, government agencies or during
legal disputes. Therefore, it is desirable to offer a cost-
effective and secure solution that avoids any future risk of
constant data migrations to keep the data alive in the long
term.

C. WHAT DOES THE iDA SOLUTION PROVIDE?
Most long-running systems use some form of relational
database to manage their data. An industry standard for
archiving such systems is the SIARD [1] format. Our
approach has been to build a solution on top of this
specification, but with a number of important additional
features that are not part of this storage standard. The solution
has two main components: an executable specification
language, DbSpec, and an interface to the preserved data,
ROAE, which in turn builds on the technology iVM [2] for
preventing digital obsolescence.

A DbSpec specification is a precise description of the steps
needed to preserve a database or other relational data. The
result is usually an information package containing one or
more SIARD files, a file describing expected future use cases
to the ROAE interface, the specification itself and additional
metadata. When possible, the package should also contain
the original database backups and other input data. Thus,
we not only document how the archive was compiled, it can
also be reproduced by (re)executing the specification. This is
especially valuable when data from other sources or complex
data transformations are needed.

The Read-Only Access Engine (ROAE) allows future users
to interact with and retrieve both functionality and data from
decommissioned databases. ROAE operates on SIARD files
following the use cases generated by the archivists through
DbSpec. This requires a new file format, to store the use case
information, which must also be preserved. This information

includes: a description for the user of each use case itself;
possible variable parameters to be defined by the user when
running such a query; and a formal expression of the query to
be handled by the chosen database engine.

Finally, to ensure the very long term survival of the data, the
iDA solution uses the storage medium on photographic film
piqlFilm, together with the support of the Immortal Virtual
Machine (iVM) developed in a previous project [2].

II. BACKGROUND
A. THE iVM ECOSYSTEM
The Immortal Virtual Machine (iVM) ecosystem was intro-
duced in the context of an information preservation solution
aimed at guaranteeing the access to today’s digital data in the
future (for hundreds of years).

In particular, this solution stores the data on a preserva-
tion medium using technology developed by the company
Piql AS, where the information is digitally encoded in frames
on a high-resolution photographic film. Figs. 1–2 show the
information preservation flow and outline the layout of the
film frames respectively.

The role of the abstract virtual machine is to implement
the format decoders, which is stored in binary along with the
data to be preserved. This results in self-executing content
that can produce consistent results (images, sounds, etc.) on
the output devices. One major design requirement of the iVM
architecture was to have a simple formal description that
would allow future developers to easily implement it.

The iVM-based preservation solution includes three main
components:
1) the abstract machine extremely simple in order to be

formally described (iVM),
2) an independent and technologically neutral descriptions

of the machine, preserved in analog form and intended
for future developers,

3) a complete toolchain.2

The toolchain is responsible for generating iVM binary
code from the source code of the decoders, assuming that
these decoders are written in C or C++. An important
component of this toolchain is the compiler. From the
many available C/C++ compiler infrastructures, GCC (GNU
Compiler Collection) [3] was chosen [2] due to its popularity
in the community and a fairly stable development API. The
iVM toolchain is completed with the standard C library
(the newlib library [4], [5] was ported) and a software-based
floating-point library.

B. THE iVM ARCHITECTURE
The Immortal Virtual Machine is an abstract 64-bit processor
(referred to as the iVM architecture) designed with the goal
of being easily described in a precise way so that future
developers can recreate it and run the software necessary to
extract the information preserved on the film reel along with

2GCC compiler for C/C++, assembler and emulator targeted at this
abstract machine.
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FIGURE 1. Flow of the codification and decodification of information in the film.

FIGURE 2. Format of data in the film.

the software itself. It is a 64-bit stack machine with a minimal
design consisting only of these elements:

• a byte-addressable memory of arbitrary size
• two registers: the program counter (PC) and the stack
pointer (SP)

• a stack-based reduced instruction set
• a simplified I/O system.
Immediately after powering the machine on, the PC

register points to the first memory location (address 0),
SP points to the last memory location, and the stop bit is
reset to 0. On this machine: the stack grows to decreasing
addresses, registers are 64 bits wide, the memory is byte-
addressable, and data is stored using an little-endian scheme.

Execution is terminated with an exit instruction, which sets
the halt bit.

The iVM input/output system uses specific machine
instructions and was originally intended to render and play
the multimedia content stored on the film. The output devices
include a video output (screen), an audio output, and a
Unicode UTF-32 text output (text console). The only input
device is an image stream input corresponding to the frames
read from the film itself.

C. DECOMMISSIONING PRESERVATION
Getting rid of an information system is usually easy. With
modern cloud solutions a few clicks in a web interface might

24498 VOLUME 14, 2026



E. Gutiérrez et al.: Preserving Long-Term Access to Decommissioned Database Systems With iDA

FIGURE 3. Role of the iVM compiler in the generation of the contents to
be preserved.

be enough. With legacy, on-site solutions there is also some
computer hardware that must be safely disposed of, but there
is no need for complex decommissioning processes as in,
say, the oil and gas industry. However, the information could
still hold some value; or the organization might be required
by law to keep the information for at least a certain period.
By the term ‘‘decommissioning preservation’’ we mean a
process for preserving data and functionality when systems
such as databases are decommissioned. It can be viewed as a
sub-process of decommissioning, which can be viewed as a
process of transitioning from one system to another. However,
it focuses on the preservation sub-process.

The decommissioning of a computer system can have a
variety of motivations, from the complete elimination of
the system and its functionality, to its replacement with a
new system that provides renewed functionality to users.
Decommissioning is an orderly process, with a clearly
defined beginning and end, and is the result of a conscious
decision by someone with the appropriate authority, usually
the owner of the system. A common problem is posed by
software that is abandoned and/or not properly maintained
over time. This poses a double risk: maintaining software
that is no longer needed is a cost overrun, and running
unmaintained software is dangerous.

Over time, security vulnerabilities may not be updated, and
when a component necessary for some tasks stops working,
it may be difficult to find a person with enough expertise
to fix the problem. Therefore, it is necessary to maintain
a clear distinction between the software of the system in
production and that of the systems to be decommissioned,
since in the latter it is necessary to ensure its future use,
regardless of the software evolution. This is the main reason
for the decommissioning preservation process.

D. SIARD
SIARD (Software Independent Archiving of Relational
Databases) is an open format developed by the Swiss Federal

FIGURE 4. ROAE file with three ROAE block declarations.

Archives for archiving SQL-compliant relational databases,
including metadata. The SIARD format was created to
archive relational databases in a platform-independent man-
ner. A SIARD archive is essentially a ZIP container of XML
files. One of these XML files contains the database structure,
and for each table there is an XML with its contents. We can
also find text and binary files for CLOBs (Character Large
OBject) and BLOBs (Binary Large OBject), respectively.

III. OVERVIEW OF THE iDA SOLUTION
The iDA solution is based on three pillars: DbSpec, SIARD,
and ROAE. DbSpec is a language specifically for extracting,
transforming and packaging data for preservation, as well
as documenting the process. Its main usage scenario is
decommissioning, but it can also be useful in other data
preservation situations. In fact, since DbSpec scripts are
executable, they are especially useful when the preservation
task must be repeated at regular intervals.

DbSpec primarily describes the steps necessary to produce
the results of data preservation. In many cases, it is not simply
a matter of preserving the database(s) of the decommissioned
system as is, but a curated database – possibly based on
multiple data sources – that needs to be independent of the
decommissioned software.

The DbSpec result consists of two distinct outputs:
on the one hand, SIARD files with the contents of the
relational database, and on the other hand, ROAE files,
with information about expected future use cases. The
DbSpec language and interpreter fill the gap between
existing tools for creating and processing SIARD files
by making the steps for creating the file explicit and
repeatable. These steps can include packaging the resulting
SIARD files and other additional files as an information
package (OAIS).

Since SIARD file is not an operational database, but a
static snapshot of the database contents, the decommissioning
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process should also preserve information about the expected
future use cases. For this we use ROAE files. These are also
generated when executing DbSpec specifications; and each
ROAE file is essentially a collection of use cases, called
ROAE blocks. Fig. 4 illustrates the syntax of these blocks
with an example. The block starts with a title of the use case,
followed by a list of parameters (which is optional). The core
of the block is a parameterized SQL query describing the
use case.

This is where the iVM comes into play in the preservation
solution: A Read-Only Access Engine (ROAE) has been
developed for the iVMmachine. Once this engine is included
in the film, it can be used to extract information from the
SIARD contents according to the use cases described in the
ROAE blocks. In this way the use cases are preserved in an
operational form for future use.

We could say that the ROAE engine extends the multi-
media renderers originally included in the iVM project by
providing support for designing user interfaces to access the
preserved databases. Note that such databases may contain
multimedia information, such as PDFs, images, videos,
or others, in which case the renderers already developed for
the iVM architecture are used to render them.

IV. DBSPEC
DbSpec consists of (1) a domain-specific language for
specifying database preservation and (2) a tool for executing
such specifications. Even though DbSpec was developed as
a part of iDA, it can also be used for database preservation
which does not involve ROAE or iVM. This has been
described in some detail in a separate article [6]. The tool
itself is available as free software at the URL included in
the Appendix. At that URL you will also find a complete
language reference.

A. OVERVIEW
For decades, relational databases have been the core tech-
nology for storing and organizing data; but most databases
are deeply integrated with the software systems used for
interacting with the data – often to the extent that the
database is impossible to understand without these system
or their program code. In general, preserving the database
‘‘as is’’ is not enough to preserve the information. Also, the
database may contain data one is not allowed to preserve,
or large amounts of data with little or no value. These are
all arguments for transforming and adding metadata to the
database during the preservation process, as long as the
process is well-documented and reproducible. This is where
DbSpec comes in. Here are some tasks one can use DbSpec
specifications for:
(a) Attach documentation and other metadata to columns,

tables, views and the database as a whole.
(b) Rename database objects with misleading or unintelligi-

ble names.
(c) Remove information that should not be preserved,

including obsolete or temporary tables.

(d) Verify assumptions regarding the data, e.g. that some
combinations do not occur.

(e) Formalize representation invariants in terms of database
constraints.3

(f) Import data needed to understand this database from
other sources, such as files, services or other databases.4

(g) Replace or remove uses of obsolete or non-standard SQL
features.5

(h) Normalize the database in order to save space and
simplify representation invariants.

(i) Improve the data quality, e.g. by fixing inconsistencies
or removing duplicate data entries.

B. EXECUTABLE SPECIFICATIONS
DbSpec is a language for writing executable specifications of
database preservation steps. More precisely, a specification is
a text file which will typically have the following structure:
1) a list of parameter declarations;
2) en embedded script for restoring a ‘‘native’’ database

backup to a staging database;6

3) a statement establishing a connection to this database;
4) assertions to ensure that our initial assumptions about

the database are correct;
5) embedded scripts for importing additional data;
6) embedded scripts for transforming the staging database;
7) assertions to ensure that the staging database now has

the properties we want;7

8) ROAE blocks (cf. Sec. III);
9) statements for specifying or adjusting SIARDmetadata;
10) one statement for generating (i) a SIARD archive

of the staging database and (ii) the corresponding
ROAE file;

11) an embedded script for compiling an information
package containing the SIARD archive, the.roae file,
and other relevant information – perhaps even the initial
database backup.

In order to execute the specification, we use the cor-
responding DbSpec interpreter,8 but observe that many of
the steps involve other tools via embedded scripts. These
come in two flavors: SQL scripts must be executed on a
database server via a database connection, whereas non-SQL
scripts will use the current execution context and languages
such as Python, Perl, Bash or Powershell. The languages
used will depend on the context. Fig. 5 shows a small

3For example, many legacy databases have no foreign key constraints so
that the system can perform insertions and deletions in any order.

4A typical example would be to create a table that maps status codes to
textual descriptions.

5Otherwise, information may get lost when creating a SIARD archive of
the database.

6In general, native backups use proprietary formats of the database
vendors. Unlike portable formats, these can ensure that we get an exact copy
of the original database.

7By restoring the initial database backup to a second database, we can also
write assertions relating the staging database to the contents of the original
database backup.

8On Unix-like systems one can also make the file itself executable by
including an interpreter directive (#!) as the first line.
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FIGURE 5. Example DbSpec specification open in Emacs.

DbSpec specification being edited in the Emacs text editor).
In real-world examples, the specifications will be quite a bit
longer.

C. EXECUTION ENVIRONMENT
In general, a DbSpec specification should be executed
in an environment which is as similar to the production
environment as possible. We shall refer to this as the staging
environment. Most importantly, the database server used for
the staging database should have the same software, version
numbers and settings as the production server. Otherwise,
data might be lost or corrupted. Also, any additional data
imported from files, other databases or the APIs of other
systems must be the same as in the production environment.
For example, if the system we want to preserve relies on a
service for mapping addresses to physical locations and we
want include these in the preserved database, then the staging

environment should include a service which responds with
the exact same locations.

In some cases it is also important to use the same operating
system, language settings, versions of installed utilities, etc.
Furthermore, the most efficient way to interact with the
staging database and other data sources initially may be
through libraries and tools that are part of the system to be
decommissioned, in which case the staging environmentmust
include much of this software as well – possibly even running
as services. In fact, the simplest solution might be to execute
the DbSpec script in the production environment itself if this
can be done in a controlled and safe way.

D. DEVELOPMENT PROCESS
We recommend developing DbSpec specifications through
multiple iterations as a subprocess of the decommissioning
process mentioned in Sec. II-C. For legacy systems, making
sense of the data can require a lot of effort. Thus, we rec-
ommend following an iterative plan-do-check-adjust process.
When using DbSpec, parts of this process can be automated.
Each time a draft specification is executed, the result set can
be checked against the decommissioning requirements, and
any shortcomings can be adjusted before the specification
is re-executed. This is repeated until the decommissioning
requirements are met. Thus, the final DbSpec specification
will provide a formal documentation of all the steps of the
decommissioning process at the technical level.

V. FUTURE DATA ACCESS
A. INITIAL CONSIDERATIONS
After the decommissioning process, two objects are gener-
ated: the SIARD file with the database contents selected to be
preserved, and an associated ROAE file with the description
of the use cases. The question now is how to access this
information once the original system is no longer available.
Several scenarios can be considered:

• An instrumental/debugging access during the decom-
missioning and/or preservation phase on film, to check
that the process has been correct and that what has been
established with DbSpec has been properly preserved.

• Access by archivists in the short to medium term; in this
case, although the original systemsmay not be available,
versions, probably more modern, of the technologies on
which they were based (CPUs, file storage, operating
systems, etc.) are still accessible.

• Access by archivists in the very, very long term: in this
case we do not know exactly which technologies are
available. Regarding the information preserved from the
original database, only the SIARD and ROAE files are
stored on the final film.
Note that this medium also contains the description
of the iVM machine together with the binaries for
this architecture for retrieving and rendering of objects
present in the preserved database. Future developers are
responsible for implementing the abstract machine on
which the binaries will run.
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In any case, the end user is interested in interacting with
the preserved content and we are presented with several
alternatives for this interaction:
Textual Menu-Based Interface This solution allows users a

step-by-step access to predefined queries or use-cases.
Archivists can design workflows as nested menus that
invoke specific ROAE query sets. It is simple and highly
compatible with the ROAE goals such as being easy
to describe and preserve as structured code. It maps
well to preserved system functionality and typical
use-cases (query selection, filtering, navigation, etc.).
Additionally, it requires few resources, which is ideal for
constrained environments.
The main drawback of this approach is its limited
flexibility for dynamic input, for example with complex
database queries.

Textual Shell / Command Line Interface (CLI) With a tex-
tual command line interface or shell, users can
input arbitrary queries or commands. This makes this
approach ideal for technically skilled users (developers
or archivists) and also suitable for automation. This
solution fits well with the concept of parametrizedROAE
blocks, as we can invoke them as a command, providing
high flexibility.
As drawbacks of this approach we can mention a
steeper learning curve for non-technical users, and from
the development viewpoint it requires a well-designed
command language and help system.

Graphical User Interface (GUI) A GUI solution may be
intuitive for most users, and may directly support
multimedia data such as video, images or sound;
it could even mimic the original system’s GUI using the
preserved assets.
Nevertheless, this approach does not fit well with the
minimal boot scenarios for which iVM was designed,
including its basic graphical input/output supported
by iVM. In addition to being resource intensive, a GUI is
harder to preserve in the long term due to its complexity,
as it requires adding specific renderers (fonts, layout
engines, etc.) beyond those required by the preserved
information.
This approach may be interesting in short-term preser-
vation contexts, where fully immersive reconstructions
of legacy applications are needed or where the original
system had a GUI and the preservation aims to
accurately simulate it, especially in current technology
environments.

Thus, on the one hand, the iVM goals (simple description,
reproducibility, etc.) need to be paired with the ROAE
concept to provide preserved functionality and data access
for future users. On the other hand, short-term access
may be required for preparation and development/debugging
purposes, as well as medium-term use using current
technologies.

As a proof of concept, a mixed CLI/menu-based solution
for rendering the ROAE files has been implemented.

The aim is to prove that an interactive application can
remain accessible in the future, something that has been
validated in current implementations of the iVM architecture.
Furthermore, it is possible to compile and run this application
on current systems, which has also been successfully tested.
This way, this proposal fits into a fly what you test, test what
you fly approach. Such a mixed solution has been called
ROAE shell and its details are described in the following
subsections.

B. THE ROAE SHELL
The ROAE shell has been developed as an interactive
application to reproduce the use cases of a decommissioned
system whose data has been preserved in SIARD format on
the film support. Let us look at it in the context of the iVM
machine, regardless of the fact it could be compiled and
executed as a conventional application on current computer
systems.

During the execution of the reel bootstrap procedure on
the iVM machine, the SIARD files digitally preserved on
the film are transferred to an in-memory file system and
converted to a SQL format which is compatible with the
selected database engine (one supported by the SQL dialect
of the ROAE blocks).

The startup procedure ends with the launching of the
ROAE shell, which provides the (future) user with a way
to execute the use cases that – in the decommissioning
procedure through DbSpec – it was decided to include as
ROAE outputs. Interaction with the shell is done via two of
the input/output devices defined for the iVM machine: the
text console and keyboard input (see Subsection V-D).

C. GOALS AND ARCHITECTURE
The ROAE shell acts as an interactive CLI interface where
requests are entered through a keyboard to obtain a response.
The data source consists of SIARD files coming from
a decommissioned database, and the requests correspond
to ROAE use cases. Fig. 6 shows the block organization
of the shell.

From the viewpoint of the ROAE shell development,
several challenges needed to be addressed. First, it should be
considered as a piece of software primarily for future users,
whose binary will be preserved along with the data in the
iVMmachine format. This imposes some constraints derived
from the toolchain developed for the iVM architecture.
Consequently, such software must consist of a self-contained
set of C/C++ sources, with no dependencies other than the
standard C/C++ libraries or other libraries fully included in
the toolchain.

It is also important to consider that the developed solution
may be used in the present, so it should be possible to
build it on current or near-future machines. As an additional
requirement, the ROAE shell needs to be based on open
solutions and libraries that are freely available.

A key design consideration was the choice of the database
engine that the shell would use internally, since the actions
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FIGURE 6. ROAE shell organization and implementation on the iVM architecture.

of the ROAE blocks must be expressed in the SQL dialect
of such an engine. The chosen option was SQLite3 [7],
as it solves the challenges and meets the requirements while
offering several advantages:

– It is written entirely in C,
– it is a public domain software,
– it is small, fast and self-contained SQL engine,
– it is highly reliable,
– it uses a fairly complete dialect of SQL,
– it is very popular, and
– it is expected to have long-term support.

It is also worth mentioning that SQLite is one of
the database formats recommended by the Library of
Congress [8].

The shell has been developed in C and integrates the
four key components shown in Fig. 6: the SQLite3 database
engine, the IVMFS file system, the siard2sql conversion
library, and the ROAE parser.

A SIARD to SQLite-compatible SQL conversion library
was necessary due to two major issues with the existing
SIARD tools [9]. The first is that these tools are written in
Java with multiple package dependencies and thus exceed the
limitations of the iVM toolchain. Secondly, although these
tools have support for a wide range of database engines,
a specific SIARD to SQLite conversion module is missing.

Alongwith the siard2sql library and the IVMFSfile system
(described in Subsection V-E), the ROAE parser is another
key component developed as part of the iDA solution.

The ROAE shell uses three external libraries, all written
in C/C++ and openly available: tinyxml2 [10], zlib [11]
and sqlite3 [7]. The first two are used by siard2sql,

while sqlite3 library is a core part of the shell operation.
All of these libraries are self-contained, with no dependencies
on anything other than the standard C/C++ libraries. Some
of them have required some tweaking when ported to the iVM
architecture.

D. REQUIRED iVM EXTENSIONS
The development of the iDA solution required the extension
of the original Immortal Virtual Machine (iVM) [2] with the
following new features:

• A new interactive textual input device for data entry
from the console.

• A new machine instruction to check the virtual machine
version.

The console input device uses the same encoding as the
text output device, i.e. Unicode UTF-32.

The text input and output devices are mutually independent
(and formalized as separate input/output monads). Therefore,
no echo or line discipline features should be expected
by default in these two devices. Such features typically
associated with a tty terminal device should be emulated by
the software upper layers or applications developed for the
iVM if required, for example, an interactive command line
interface.

E. IVMFS: AN IN-RAM FILE SYSTEM FOR iVM
To work comfortably with the iVM ecosystem in the context
of the ROAE shell, a file system for iVM had to be designed.
Since the machine has no non-volatile storage, it was decided
to develop an in-memory file system: the IVMFS. The
IVMFS filesystem [12] is generated by a shell script that
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produces a C code with the initial content of the file system,
consisting of the files and directories to be included. This C
code contains two key elements: (1) a static initial content of
files and directories, and (2) a set of primitives written in C
that provide the basic file access functionality.

The resulting file is compiled and linked with the rest
of the application, with the only exception that it must
appear before the standard C library in the linking order. The
linker places the functions declared in the file system before
any other already present by default (without file system),
overriding those that come from the standard C library based
on newlib [4]. Thus, a complete file system is recreated in
memory, which can evolve from its initial contents.

The primitives defined in IVMFS belong to the lowest
level primitives (open, close, read, write, . . . ) on
which the higher level ones (fopen, fwrite, fread,
fprintf, fscanf, . . . ) of newlib (Subsec. II-A) are built.
IVMFS supports nested directories.

Special emphasis has been placed on making the IVMFS
API and its behavior as POSIX-compliant as possible. This
minimizes the need to adapt to the iVM architecture of those
projects using file systems, such as the libraries on which the
ROAE shell is based, including SQLite.

The implemented filesystem is based on contiguous
allocation, with a space reservation large enough for the size
of each file. If the reserved size is surpassed while writing or
truncating the file, a reallocation operation to a sufficiently
large space is performed. The directories are implemented in
a virtual manner, including the path associated with each file
in the filename.

IVMFS also provides support for the standard C
input/output streams (stdin, stdout, stderr). For
the standard input, a simplified line discipline (tty) is also
provided through the ioctl-tty interface. This discipline allows
the user to enable echo to the text output (equivalent to
stty echo), and a simplified canonical mode that allows,
for example, the deletion of characters on the line being typed
(equivalent to stty icanon), among other things. Other
advanced features supported by IVMFS include redirection
of open files (dup), symbolic links, and integration of iVM
I/O devices into a dev directory, similar to POSIX systems.

F. ROAE SHELL USER EXPERIENCE
The ROAE shell provides a set of basic commands that
allow the interaction with a database stored in SIARD format
through a set of use cases specified in ROAE format. In the
context of the iVM preservation solution, the ROAE shell
is intended to be launched at the end of the film bootstrap
process, after the SIARD and ROAE files, encoded in the
frames of the reel, have been transferred to the in-RAM file
system. However, it can also be compiled and run separately
as an application on today’s systems.

Once launched, the first step is to load the decommissioned
database (SIARD) into the SQLite engine, which involves the
following sequence of actions:
1) unpack the SIARD file, since it is a ZIP64,

2) convert the unzipped XMLs, together with the CLOBs
and BLOBs, into a SQLite-compatible SQL format
(using the siard2sql library), and

3) finally, load the resulting SQL into the SQLite engine.
The interaction with the ROAE use cases is carried out

by the shell command roae, whose form of use is shown
in Fig. 7. The user, present or future, can list the set of all
available ROAE actions (defined and preserved by DbSpec).
Each action is associated with an identifier number. The
ROAE block of a particular action can be displayed by its
identifier or searched by the ROAE block name.

Two execution modes are available for the ROAE use
cases. The first one is based on parameter expansion
in the SQL body of the ROAE block. The other one
binds the parameters through the so-called prepared SQL
statements [13], which brings additional advantages like
avoiding code-injection attacks.

Through the roae command, users can also access the
ROAE use cases by means of a menu-based interface. Fig. 8
illustrates an example where a simple ROAE file containing
three cases is loaded. After the selection of a given case, the
user is prompted with the arguments required to complete the
query, along with the execution mode (parameter expansion
or prepared statements).

Moreover, and primarily intended for expert users, such
as today’s users who know the details of the database, the
shell enables the execution of SQL queries directly on the
SQLite engine, in addition to the predefined ROAE queries.
This is done by using the supplied sqlite command,
whose usage is shown in Fig. 9. Therefore, a user can type
something like sqlite ‘‘SELECT * from users’’
to execute this SQLite statement on the recently loaded
SIARD. In addition to SQL statements themselves, it is also
possible to explore the database structure by calling SQLite’s
own commands, e.g. sqlite ‘‘.help’’, or to load a
SIARD database manually. For ease of use, some shortcuts
have been predefined, which are also shown in Fig. 9.
The reader is invited to test the ROAE shell in the demo

site listed in Appendix.

G. FINAL CONSIDERATIONS: CHALLENGES, LIMITATIONS
AND FUTURE DIRECTIONS
The development of ROAE shell has posed several chal-
lenges. One notable challenge has been the development
of a full-featured dedicated C/C++ compiler targeting the
iVM architecture, which was essential for meeting low-
level control and portability requirements. Additionally, the
libraries involved in the ROAE shell (see Fig. 6) had to
be adapted or partially reimplemented in order to operate
within the constraints of the iVM architecture. Another
challenge has arisen from the iVM’s minimal design,
particularly with respect to its input/output capabilities,
which was oriented to make its formal description as simple
as possible.

Although the current implementation of iDA focuses on
relational databases, which provide a well-defined formal
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FIGURE 7. ROAE shell: interaction with the ROAE use cases available after loading a SIARD database in the SQLite engine.

FIGURE 8. ROAE shell: example of the menu-based interface for a ROAE file such as the one shown in Fig. 4.

FIGURE 9. ROAE shell: instructions for using the sqlite command.

model and remain central to long-term archival contexts,
other data models, such as NoSQL databases, are outside
the scope of this work. On the other hand, iVM exposes a
character-based I/O instruction set, that constrains the types
of interactions and limits the use of graphical interfaces.
While this design choice supports long-term interpretability,
it restricts usability in present-day recovery scenarios.
Memory usage may represent another practical constraint,
as preserved data and intermediate files may be loaded into
an in-memory iVM filesystem. Although this is an issue to be
solved by the future users that recreates the database, it may
limit particularly the future scenarios emulated nowadays.
Finally, it’s worth to mention that the current implementation

has prioritized correctness, reproducibility and long-term
viability over performance.

Several directions for future work can be considered.
Extending iDA to non-relational databases would broaden
its range of use to other databases that currently cannot
be preserved with this solution. Improving the iVM I/O
subsystem, while maintaining its long-term interpretabil-
ity guarantees, may also enhance its usability. Memory
usage could be reduced by redesigning parts of the data
pipeline between stages instead of writing intermediate
files. Overall, these future developments aim to broaden
the applicability of iDA while maintaining its central goal:
enabling reproducible, long-term preservation and recovery
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of databases independent of specific hardware, software
platforms, or operating systems.

VI. iDA EXPERIMENTAL EVALUATION
This section presents the experimental framework used
to validate the proposed approach for long-term database
preservation and recovery within the iDA project. The goal
of these experiments was, first, to demonstrate that the iDA
solution is not limited to an abstract model, but it can
be applied to realistic relational databases ranging hetero-
geneous schemas, constraints, and data volumes. Second,
these examples illustrate how the iDA approach works in
practice, beyond a proof of concept, thereby supporting
its applicability to real-world digital preservation scenarios.
Finally, these experiments provide useful information to
assess the computational requirements needed for preserving
and subsequently restoring databases, offering insights into
the feasibility of the approach in long-term archival contexts.

The selected databases represent a variety of use cases,
including both benchmark datasets and real-world data.
This allows the applicability of the iDA approach to be
assessed across databases with several characteristics. The
experimental results focus on functional validation and
practical feasibility rather than on absolute performance
metrics.

It is important to emphasize that optimizing the perfor-
mance of the implementation was not one of the iDA project’s
objectives, which were mainly oriented towards solving the
challenges that emerge from the long-term digital preser-
vation. Therefore, the experiments have been conducted to
validate the correct implementation of the concepts with
feasible performance rather than to maximize efficiency.
Similarly, the experiments are not intended to evaluate
or compare the performance of the underlying database
engines or execution platforms. Instead, the emphasis is
on demonstrating how long-term preservation and recovery
can be achieved in practice with iDA and, on showing the
resources required for that process.

Table 1 lists the tested databases and their features: the
total number of schemas, tables, rows, and cells; the number
of included large objects (LOBs); and the file sizes of the
SIARD and SQLite representations. This set of databases
is intended to be representative of realistic scenarios, and it
includes four databases of different sizes and features:

- The Norwegian Historical Population Register (His-
torisk BefolkningsRegister, HBR) [14] is a real-world
population database integrating historical censuses and
parish records for Norway. It links individuals across
time and sources, enabling demographic and social
science research on population dynamics from the 19th
century onward.

- AdventureWorks [15] is a Microsoft-provided sample
relational database modeling a fictitious bicycle man-
ufacturing company. It represents a realistic online
transaction processing (OLTP) business environment
with interconnected domains such as sales, production,

human resources, and inventory, and is widely used for
SQL Server benchmarking, performance evaluation, and
educational purposes.

- Employees [16] is a large MySQL sample database
designed to mimic corporate human resources data.
It includes extensive historical records of employees,
salaries, titles, and department assignments, making it
suitable for scalability testing, performance benchmark-
ing, and analytical query evaluation.

- Sakila [17] is a MySQL sample database that simulates
a DVD rental store. It contains a moderately sized,
well-normalized schema with customers, films, rentals,
and inventory, and is commonly used to demonstrate
relational modeling, joins, and transactional query
workloads.

The next subsections describe the experimental evaluation
of the two main stages of the iDA approach. In OAIS
terminology [18], the first stage corresponds to the Preser-
vation functionality, in charge of producing the Submission
Information Packages (SIPs) that are transformed into the
Archival Information Packages (AIPs), while the second
stage addresses the Access functionality. The preservation
stage is implemented through the DbSpec workflow, which
captures database structures, data, and preservation-relevant
metadata. The access stage, concerning the database recre-
ation and use case execution, is evaluated using the ROAE
shell, considering both present or near-future execution
environments as well as very long-term scenarios enabled by
the film-substrate iVM-based solution.

A. DBSPEC EVALUATION
During the development of the DbSpec language and
interpreter, we performed tests using various freely available
databases. Most importantly, we developed a complex
example specification for the AdventureWorks database.
Later, a limited evaluation of the DbSpec approach was
performed using the example database Northwind Traders
for Microsoft SQL Server, which revealed several software
errors that were later fixed. Finally, we did amore realistic test
using the database of the Norwegian Historical Population
Register (HBR). As detailed in [6], the results were
generally positive, validating the functional correctness and
completeness of the extracted specifications in medium/large
volume realistic databases. However, working with databases
that are large and slow to process does pose some usability
issues. In such cases we may have to rethink how we
recommend developing the specifications, perhaps starting
with a database copy containing only the schema.

Table 2 shows the execution times for the AdventureWorks
and HBR specifications running under Windows Subsystem
for Linux (WSL) on aDell XPR 15 9520 laptopwith 16GB of
RAM, demonstrating that the preservation process does not
necessarily require specialized hardware. AdventureWorks
provides a well-known benchmark with a complex but
controlled relational schema, including numerous tables,
constraints, and relationships, whereas HBR represents
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a large-scale, real-world database with heterogeneous data
types and historical depth. Together, these datasets allowed
us to evaluate the DbSpec process across both synthetic
benchmark data and production-grade archival data. Notice
that most of the time is spent outside the interpreter itself,
executing SQL or shell scripts and performing the SIARD
extraction (using SIARD Suite). This is especially true when
the database gets larger.

B. ROAE SHELL EVALUATION
This subsection evaluates the ROAE shell as a solution
for the database recreation and future use, with particular
emphasis on the non-interactive components of the workflow.
The objective is to demonstrate that recovery procedures
derived from preserved objects generated by DbSpec can be
carried out in both current and future execution environments,
and to provide an indication of the computational resources
required.

To support large-scale recovery scenarios (iVM simulation
might take large execution times for large databases) and
to isolate functional aspects of the recovery process from
resource constraints, these experiments were carried out
on a high-performance server with Intel Xeon Platinum
8380 processors and 1007GB of RAM, running Linux
Ubuntu 22.04.

These tests focus on the bootstrap-equivalent routines
corresponding to the automated, non-interactive part of
database recovery (see Sec. V-F). This consists of two main
steps: (i) unzipping the preserved SIARD and transforming
it into its SQLite representation, and (ii) loading this
representation into the chosen database management system
(SQLite).

Two execution scenarios are considered: a present-day
environment based on the x86 architecture, and a future-
use environment using the iVM abstraction. Table 3 show
the execution times and memory requirements for the four
databases tested and these two scenarios: the two processed
in the previous experiments with DbSpec, as well as the other
two additional samples from MySQl.

In the present-day scenario, tests have been executed
directly on a standard x86 platform using a conventional file
system. This means that all intermediate steps (decompress-
ing SIARD, generating SQL, and loading it to SQLite) are
performed on the file system on disk, taking advantage from
of the native execution and the operating system optimized
support.

In contrast, the future-use scenario is recreated today via
the emulation of the iVM architecture on a x86 hardware.
This setup mimics the long-term recreation environment
that future developers are intended to build from formal
specifications, in order to recover the information preserved
on the film reel.

Note that in the iVM emulator, both the content of
the preserved film reel, as well as the intermediate files
generated (unzipped SIARD and SQLite SQL) need to reside
entirely in the in-RAM IVMFS file system. This is why this

FIGURE 10. ROAE shell interactive example mimicking the reel bootstrap
actions (demo site: https://ivm.ac.uma.es/roaeshell).

scenario exhibits significantly higher memory consumption,
particularly for large databases such as HBR. This behavior is
intrinsic to the iVM emulation and should not be interpreted
as a limitation of the preservationmodel itself, but rather as an
indication of the resource requirements for future developers.

One potential improvement would be to pipeline the
different bootstrap steps, thereby reducing the need to
store intermediate files, and lowering the file system size
requirements. However, such optimizations fall outside the
scope of this work. The primary goal of these experiments is
to validate the correctness and long-term viability of the iDA
solution.

These experiments have shown the feasibility and effec-
tiveness of the iDA solution across diverse databases,
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TABLE 1. Features of the tested databases sorted by SIARD file size.

TABLE 2. DbSpec process execution time breakdown for the two realistic databases HBR [14] and AdventureWorks [15].

TABLE 3. x86 execution time and resident memory for bootstrap-equivalent SIARD-to-SQL action.

TABLE 4. iVM execution time and resident memory for bootstrap-equivalent SIARD-to-SQL action.

TABLE 5. x86 execution time and resident memory for the bootstrap-equivalent SQL-loading action.

TABLE 6. iVM execution time and resident memory for the bootstrap-equivalent SQL-loading action.

including large-scale realistic ones, without making assump-
tions about future hardware or operating system support.

C. ROAE SHELL MICROEXPERIMENTS
In addition to full database scenarios, a set of micro-
experiments were also conducted to test specific features of
the ROAE shell. Among these features, the ability to manage
user-defined data types (UDT), and handling both internal
and external large objects (LOBs) have been tested with the
samples tests provided in the SIARD repository [19]. Such
samples contain several minimal SIARD archives designed to
cover specific preservation features, and database standards.
Also a synthetic SIARD/ROAE pair were used to check the

correct behaviors of the UTF-8 encoding (default for SIARD)
in the iDA solution.

All these micro-experiments complement the larger-scale
evaluations by validating the robustness of the ROAE
software. Their files are available in the ROAE shell demo
site, https://ivm.ac.uma.es/roaeshell, under the db folder.
Fig. 10 shows the transcription of converting and loading one
of these SIARD micro-examples with its associated ROAE
use cases.

VII. RELATED WORK
As mentioned earlier, the preservation process pro-
duces a digital object with all the information required
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TABLE 7. A comparison of iDA with other database preservation solutions.

to be preserved, and it can be seen as a sequence of
tasks [20], [21], [22]. One important standard for archival
and data preservation is OAIS (Open Archival Information
System)whose formalized version is the ISO 14721 reference
model [18], [23]. In the OAIS model, information is packed
into a Submission Information Package (SIP), which is the
basis for creating anArchival Information Package (AIP). For
future users, a Dissemination Information Package (DIP) is to
be distributed, so that the preserved content can be retrieved.

Focusing on archival formats for the preservation of
relational databases, the SIARD standard9 [1], [24] plays an

9Latest version is SIARD 2.2.

important role in this domain. It is a result of the collaboration
between the Swiss Federal Archives and e-ARK [25].
As described, the three building blocks of SIARD are the
XML storage, the Unicode encoding, and the use of URI
universal location descriptors.

In addition to saving a database using markup languages,
such as XML, two other major preservation approaches are
migration and emulation [26]. With the migration method,
the contents of a retired database system is transferred
to a more modern and up-to-date system. The emulation
method consists of simulating an old computing environment
using virtualization technologies. This allows an outdated
database to be used on a contemporary software that
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emulates the original development environment, thereby
facilitating its accessibility on modern systems. Emulation
and virtualization are not a mere alternative to migration,
but it might be an essential component of a robust long-term
preservation flow [27], [28].
Both methods have the disadvantage of being software and

architecture dependent. Approaches such as SIARD do not
require specific hardware or software and are readable by
both humans and machines, making it a sustainable format
for preservation and storage purposes. However, when data is
converted to XML format, certain interactive functionalities
of the database, such as the query ability, are lost.

Other alternative proposals found in the literature include
DBML [29], CHRONOS [30], andDBPTK (Database Preser-
vation Toolkit) [31], although this last one is a SIARD-based
solution. A comparison between these different solutions and
iDA is shown in Table 7.

VIII. CONCLUSION
The medium- to long-term preservation of database systems,
commonly after their decommissioning, poses significant
challenges to which the Immortal Database Access (iDA)
solution seeks to address. Based on the former Immortal Vir-
tualMachine (iVM) architecture, iDA uses the SIARD format
for preserving content on photographic film and introduces
the DbSpec language to describe decommissioning processes
and the ROAE concept to interact with the use cases. ROAE
and SIARD are the preservation formats of the solution,
to be generated from the rules specified in the DbSpec
language.

As a means of accessing preserved data in the future, the
ROAE shell has been introduced as an interactive console that
allows future users to execute the predefined and preserved
use cases. Such a shell is built based on the toolchain available
for the iVM architecture, written in C/C++, with open source
libraries. It can be compiled and executed in today’s systems,
but also it is designed to be preserved for future users using
the film substrate. In this long-term preservation scenario,
ROAE shell binaries for iVM are stored on the film alongwith
the SIARD and ROAEfiles. They are intended to run after the
film’s bootstrap process, allowing the user to interact with the
preserved database.

The development of the iDA solution has been thoroughly
tested and made public in the repositories cited in the
appendix.

APPENDIX
REPOSITORIES AND DEMO SITE
The documentation and source codes of the software
developments described in this article, including the GCC
C/C++ compiler for iVM and an iVM implementation, are
available in the following GitHub repositories.

• DbSpec:
https://github.com/immortalvm/dbspec

• ROAE shell:
https://github.com/immortalvm/ROAEshell

• SIARD to SQLite-compliant SQL converter:
https://github.com/immortalvm/siard2sql

• iVM Documentation:
https://github.com/immortalvm/ivm-doc

• iVM GCC CC/C++:
https://github.com/immortalvm/ivm-compiler

• iVM emulator:
https://github.com/immortalvm/yet-another-
fast-ivm-emulator

• iVM in-RAM filesystem:
https://github.com/immortalvm/ivm-fs

The ROAE shell demo site can be accessed via the
following URL:

• https://ivm.ac.uma.es/roaeshell
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