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Abstract: The UDM (Unified Data Model) is an open, extendable and freely available data format for the
exchange of experimental information about compound synthesis and testing. The UDM had been initially
developed in a collaborative project between Elsevier and Roche, where chemical reactions data from a variety
of disparate data sources existing at Roche was consolidated and integrated into the Roche in-house version of
the Reaxys database. Elsevier adapted the UDM model to its needs and finally donated its pre-4.0 release to the
Pistoia Alliance for further development together with the five project founders (Elsevier, Roche, BIOVIA, GSK
and Novartis, joined later by BMS), who contributed with funding and expertise to the Pistoia Alliance UDM
project between 2017 and 2020. The latest UDM version 6.0 has been made freely available for the community
under the MIT license in January 2021. The past, present, and future of the UDM exchange format are discussed
in this article and factors that contribute to the successful adoption of the UDM format.
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Introduction
What is the problem?

A chemical reaction is defined as a process that transforms reactants into products. The products’ composi-
tions differ from the reactants’ compositions. Several factors influence how reactions proceed, e.g., concen-
trations of reactants, temperature, pressure, catalysts, reagents, light and heat. In addition, the outcome of a
reaction such as product, yield, purity, specificity and more recently environmentally friendly parameters
define the reaction too.

Chemical reactions have been published for over 140 years starting with the canonical work by Friedrich
Konrad Beilstein [1], although some researchers would go even further back to 1830, the year of the first issue of
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Pharmaceutisches Centralblatt which eventually became Chemisches Zentralblatt in 1856. In computer
databases, chemical reactions have been captured for nearly 40 years [2, 3]. In the last two decades, both
commercial organizations and academia have widely adopted electronic laboratory notebooks (ELNs) to help
scientists to digitize their chemical syntheses. In the last years, there has been renewed interest in various
aspects of reaction cheminformatics, in particular, in retrosynthesis, reaction similarity, synthetic feasibility,
reaction prediction and reaction optimization.

Many of them rely on an availability of machine-readable representation of chemical reaction, reaction
conditions and reaction outcome which can be stored, searched/retrieved and analyzed computationally.

Moreover, due to the maturity of AI/ML methods, increased computing power, availability of large
datasets as well as a realization that AI/ML assisted methods can drastically save time and money for new drug
development, the questions are no longer how to represent, store and search chemical reactions but rather how
to integrate existing reactions datasets in various public and proprietary databases including ELNs to be able
to create a large enough and diverse dataset to train a myriad of emerging synthesis predictive models.

Although there are various ways to store chemical reaction information (discussed later), there is no
common way to represent chemical reaction, including their conditions and outcomes comprehensively.
Despite many file formats used to store chemical reaction information with various limitations, none has been
widely adopted as a standard approach that allows high-quality capture, validation, and exchange of such
data. Even graphical representation standards for chemical reaction diagrams by the IUPAC are still a draft
form [4].

All the above hamper integration, comparison and analysis of reaction data from various sources as well as
comprehensive search and analysis for competitive intelligence and IP capture. This makes collaboration and
data exchange between organizations using different ELNs unnecessarily difficult and expensive. Further-
more, the lack of a common data model makes it arduous to develop and share business rules for consistent
representation of reactions and their IP capture. Anecdotal experience suggests that ELNs have less strict and
enforceable chemistry rules for chemical reactions and, in particular, for their stereochemistry compared to
compound registration systems.

Subsequent sections will introduce the Unified Data Model, present the history of its development, provide
a high-level overview of how it is used to store reaction data, compare it to other formats and discuss its future.

UDM overview

UDM addresses a critical gap in the FAIRification of chemical synthesis data — the lack of their comprehensive
and standardized digital representation. UDM provides a hierarchical model and controlled vocabularies to
describe chemical reactions on the one hand and a well-defined file format to represent them on the other.

The Unified Data Model covers compounds and their properties, reaction conditions, preparations and
outcomes, analytical data, literature references, and legal and licensing information. UDM files are defined by
applying a pragmatic approach for data storage and relying on a proven, standard technology—XML. The
entire data model, data types, value constraints and units of measure are implemented using an XML Schema
[5]. It allows the use of widely available, generic XML tools for validating, querying and transforming UDM
documents.

UDM files can use different representations of molecular structures, reaction diagrams and textual
descriptions of reaction recipes. To reduce the cost of long-term adoptions, the file format aims to be stable
(fewer major releases rather than a more continuous approach) and allow flexibility and openness to store
additional data not foreseen by the UDM team or too specific for individual applications. Such scenarios are
supported by several extension points built into the UDM. In the most basic case, they allow storing vendor- or
process-specific data, which are only required to be well formatted XML document sections. In a more
advanced case, derived, backwards-compatible versions of UDM can be created by extending the original UDM
XML schema and validating the data stored in the extension points. The original Pistoia Alliance license was
explicitly designed to reflect this model. The current MIT license offers even more flexibility.
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How did UDM come about?

Reaxys® [6, 7] is a commercially available chemical information system originally consisting of the Gmelin and
Beilstein handbooks which recorded systematically organized chemical data starting from the 19th century. Up
to date, Reaxys continuously adds chemical information from peer-reviewed journals, patents and conference
abstracts using manual and automatic content processing pipelines. Its organization of chemical information
in the Reaxys databases is based on three pillars: citations, substances and reactions.

Reaxys and Roche understood that integrating the reaction data of the publicly available Reaxys infor-
mation with all inhouse available data sources would improve productivity and save time for researchers as
they would be able to launch a single search across multiple data systems and find information across them,
including the related information, for example, via citations.

Therefore in 2012, Roche started the development of the Unified Data Model (UDM). Its goal was the
integration of the different data formats from their various internal and externally licensed databases together
with the reaction data from their ELNs into one common data model (UDM) to let this data be joined with the
reaction data provided within Reaxys.

The overall data reaction migration consisted of five major steps: Collect, Unify, Canonicalize, De-
duplicate and Extract (Fig. 1). Reactions were collected and unified into the single common UDM format. Using
canonicalization, the reactions were de-duplicated so that frequently occurring reactions were represented by
the same reaction scheme. The data was processed, and the essential information was extracted and migrated
into Reaxys. The Reaxys User Interface (UI) was used for the simultaneous searches in both data sources [7, 8].

The first UDM version was implemented based on the RD file format. In UDM RDfiles all molecular
structures and their data were explicitly added to each reaction section where it belonged to. This lead to
redundant and potentially inconsistent representation of identical molecules and citations from time to time.
To remove these redundancies the UDM was further developed into an XML format where molecules and
citations were de-duplicated, stored in a separate data block within the UDM file and referenced in the related
reaction sections by the “XMLise” step. The adaption of these modifications and necessary extension by
Reaxys for their upload process eventually constituted the UDM 1.0 version.

In the following few years, Elsevier has further developed the UDM schema with the help of other inte-
gration customers. The UDM was extended to cover additional properties that are more linked to molecules
that come with a reaction. In October 2017, the latest Reaxys UDM version (UDM 3.6) was provided to the Pistoia
Alliance to make it more generic and to let it be extended to other experiment types.

Subsequent developments and releases of UDM within the “Pistoia Alliance UDM” project were driven by
the project founders (Elsevier, Roche, BIOVIA, GSK, Novartis, and BMS) and the UDM team members (see
Table 1) under the governance by Pistoia Alliance.

Canonicalize XMLise

De-duplicate Extract

ISIS/HostCLI Pipeline Pilot Direct Import | Pipeline Pilot

Fig. 1: Reaction migration steps utilizing UDM.
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Table 1: UDM team members at Pistoia Alliance.

AstraZeneca Dotmatics NextMove Software
BIOVIA Elsevier Novartis

BMS GSK PerkinElmer

Bayer IDBS Pistoia Alliance
Binocular Vision InfoChem Roche

CAS Informatics Unlimited StructurePendium
ChemAxon KIT

The UDM development team expanded and included other stakeholders such as pharma, chemical, and
cheminformatics companies, as well as ELN providers as illustrated in Fig. 2.

During the Pistoia Alliance governance, the UDM team met online on a regular basis to discuss re-
quirements, new developments, extensions to the format and new releases. There were also dedicated sessions
during European and US Pistoia Alliance meetings, as well as a dedicated workshop in Amsterdam sponsored
by Elsevier in 2019 where publisher and ELN provides met to exchange their experiences about reaction
handling.

Developing successive versions of the Unified Data Model was guided by the requirements for new features
gathered by the project team members without removing existing features already extensively used by some
organizations. The result was that some of them were preserved for backward compatibility even though a
better, more generic approach was identified and implemented. A good example is the handling of molecular
properties. The pre-4.0 UDM version had dedicated XML entities to store values such as cLogP, the number of
hydrogen bond donors or acceptors, the PSA (polar surface area) and so on. In UDM version 5, a concept of a
generic molecular PROPERTY was introduced (with additional fields describing how it was obtained). It could
be used to store the properties mentioned above. However, some stakeholders heavily rely on the original
property entities, and therefore they are still present. In future UDM releases, such elements may be marked as
deprecated or obsolete.

Fig. 3 illustrates vital milestones in the development of the UDM format under the umbrella of the Pistoia
Alliance.

From the beginning of the Pistoia Alliance UDM project, the team was well aware of the critical importance
and challenges of adopting the UDM. The group involved representatives from key informatics suppliers and
their customers actively contributing to the specification and many of them declared future support for the
format. For example, BIOVIA has implemented the UDM file format released in December 2020 in the Pipeline
Pilot 2021 version. Considering the flexible nature of the product and its widespread adoption, it provides the
ability to process UDM files to a large number of life-science organisations. To our knowledge, no other
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Fig. 2: UDM stakeholders.
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February 2020

UDM Release 6.0

« Inclusion of controlled vocabularies (units of measure,
countries, reaction classes, analytical methods)

+ Support for embedding and referencing analytical data

» Improved data provenance information, suport for
samples, citations and molecules

+ Development moved to GitHub

Health and safety data

Compound testing: screening / DMPK
Support for galenic fomulation
development

Biochemical reactions

New representation of molecular properties

» New properties of reaction components (reactants,
products, catalysts, solvents, reagents)

» Improved representation of reaction conditions

+ Support for vendor extensions of the model

« Special tags for capturing legal information

« Support for various formats of PREPARATION

Gloss FAIRsharing
<

Support for large molecules
UDM Toolkit

Future

+ Glossary of UDM terms
+ Change log

‘ November 2018

Fig. 3: UDM development milestones as Pistoia Alliance project.

commercial ELN provider has adopted the UDM exchange format; however, the Chemotion ELN, a free ELN
developed by Karlsruhe Institute of Technology (KIT) for the NFDI4Chem initiative, has incuded the UDM
implementation on its development roadmap [9]. The support from other ELN providers for their adoption of
the UDM exchange format is ongoing and will be essential for the successful adoption of the format.

The entry barrier to implementing the UDM is lowered by the fact that it is an XML-based file format with a
well-defined schema, and one can use existing XML libraries and tools to convert, process, and query UDM
files. This approach has been used by several organisations which adopted the UDM to ingest reaction data into
Elsevier Reaxys. Furthermore, a sample Python code is included in the UDM distribution (and could be found
on the UDM GitHub site), implementing the conversion of SPRESI RD files to UDM. The UDM team has also
prepared a proposal for a toolkit facilitating various aspects of processing and curation of reactions in the UDM
format and is looking for external funding to deliver it.

Unified Data Model

At its top level the Unified Data Model consists of the following five components:

1. The version of the UDM file format

2. Legal information about the data set

3. List of citations referenced by individual reaction records

4, List of molecules involved in reactions in the data sets in various roles: reactants, products, catalysts,
solvents or generic reagents. Similar to the citations, they are referenced from different parts of the
reaction hierarchy.

5. Reaction hierarchy - the core part of the UDM.

A high-level schema of the UDM is presented in Fig. 4.

As mentioned earlier, the UDM XML file format is described by an XML schema that defines the allowed
elements, their types and additional constraints on their values. The XML schema is also an XML document
adhering to another XML schema. The XML Schema provides a rich set of pre-defined simple data types that
can be associated with individual elements, for example, date, string, integer, positive integer, non-negative
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CONDITIONS ’ Fig. 4: Top-level elements of the

Unified Data Model.

integer, negative integer, non-positive integer, decimal etc. UDM uses them to control values of elements like
the DOI (Digital Object Identifier):
<xs:element name=“DOI” type=“xs:string”>
Or the YEAR of publication:
<xs:element name=“YEAR” type="“xs:positivelnteger”>
Another application of simple data types are enumerations employed by the UDM to create controlled
vocabularies:
1. List of countries and their two- and three-letter codes based on ISO 3166 [10] with additional, frequently
used names.
2. Reaction classes from the RXNO name reaction ontology [11].
3. Analytical methods and result types are taken from Allotrope Foundation Taxonomies (AFT) and on
based preferred labels for physical characterization assay entities [12, 13]
4. Similarly, the vocabulary of units of measure is aligned with Allotrope Foundation Ontologies (AFO)
and based on unit abbreviations [12, 13].

There are also complex, user-defined types (equivalent to records or structures in many programming lan-
guages) that can specify additional constraints on element values, define element attributes or group together
multiple elements. The UDM MF (molecular formula) element illustrates the first case (Fig. 5) when strings are
allowed to contain <sub> and <sup> XML tags to support subscripts and superscripts:

A simple example of using an additional attribute can be found in the VOLUME element, where the unit
attribute represents the corresponding unit of measure. The volume units in the example below (Fig. 6) and
other units of measurement are based on the Allotrope Foundation Ontologies (AFO) [13] with extensions to
support units missing the AFO and special cases like “puL” and its English transliteration “uL”.

Finally, authorDetails is a relatively straightforward complex data type grouping other types that repre-
sents both publication authors and scientists directly performing reactions (as signed in ELNs). It is shown in
Fig. 7.

The XML Schema datatype system may seem to be complex at first sight, but it allows expressing many
real-life scenarios, for example:

1. Numeric values where an exact value or a range value (minimum and/or maximum) are specified like

pressure, time etc.

<xs:element name="MF">
<xs:complexType mixed="true">
<xs:choice minOccurs="0" maxOccurs="unbounded">
<xs:element ref="sup"/>
<xs:element ref="sub"/>
</xs:choice>
</xs:complexType>
</Xs:element>

Fig. 5: XML schema element defining molecular formula.
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<xs:element name="VOLUME">
<xs:complexType>
<xs:simpleContent>
<xs:extension base="xs:float">
<xs:attribute name="unit" type="unitVolume" use="optional" default="L" />
</xs:extension>
</xs:simpleContent>
</xs:complexType>
</xs:element>

Fig. 6: XML schema element defining volume of substance with the associate unit of measure.

<xs:complexType name="authorDetails">
<Xs:sequence>
<xs:element name="NAME" type="xs:string" /> <!-- Required -->
<xs:element name="EMAIL" type="xs:string" minOccurs="0" />
<xs:element name="PHONE" type="phoneNumber" minOccurs="0" />
<xs:element name="ORGANISATION" type="organisationRef" minOccurs="0" />
</Xs:sequence>
</xs:complexType>

Fig. 7: Example grouping of XML elements into a sequence.

2. Anextension of the above when the actual value changes from a minimum to its maximum at a specified

increased speed, e.g., temperature of the reaction.

3. Equivalents of reactants that can be specified as numeric values (percentages by default) or using a

special “excess” keyword.

Example UDM file

The following sections discuss a simplified UDM file describing synthesis of 2-nitrobenzoic acid from Reaxys.
At the top level, the UDM file consists of the five components mentioned above and most of them group the

similar elements: citations, molecules or reactions as presented in Fig. 8.

<?xml version="1.0’ encoding="UTF-8’?>
<UDM DATABASE="REAXYS" SEQUENCE="001" TIMESTAMP="2018-05-23T00:02:15.0721148+00:00">
<UDM_VERSION MAJOR="6" MINOR="@" REVISION="0" VERSIONTEXT="6.0.0" />
<LEGAL>...</LEGAL>
<CITATIONS>
<CITATION>...</CITATION>

</CITATIONS>
<MOLECULES>
<MOLECULE>...</MOLECULE>

</MOLECULES>
<REACTIONS>
<REACTION>...</REACTION>

</REACTIONS>
</UDM>

Fig. 8: High-level structure of a UDM XML file.
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UDM version

The UDM_VERSION element specifies the UDM file format (XML schema) version used to encode the reaction
data.

Legal information

Many of the widely used chemistry file formats are not designed to contain machine-readable legal infor-
mation, which is essential for FAIRification and sharing of data. The UDM team recognized that it was
important to clarify the allowed uses of a UDM data set and introduced an XML block making it explicit. It
follows the Creative Commons ALM (Author, License, Machine-readability) recommendation, and it specifies
the name of the dataset (TITLE), who should be attributed for the dataset (PRODUCER and COPYRIGHT) and
how the data can be used (LICENSE) as presented in Fig. 9.

CITATIONS section

The CITATIONS block contains a list of preferable de-duplicated literature or patent references identified by
unique IDs. The IDs are used to reference the citations from other parts of the UDM document in a particular
molecule or reaction variation elements. The newest version of the UDM (6.0) allows the direct inclusion of
complete citations instead of referencing them by ID. This feature was introduced to simplify the trans-
formation of smaller RDfile sets, but it is not recommended as a general practice. A sample CITATIONS section
is show in Fig. 10.

MOLECULES section

Molecules are represented in two locations within the UDM file: the RXNSTRUCTURE entity containing reaction
diagram described in a later section and the MOLECULES block. The latter stores common properties of
molecules involved in the reaction in various roles: reactants, products, solvents, catalysts or other types of
reagents. Although the list of molecules is expected to be de-duplicated based on their structures to improve
the data quality and to remove redundancy, it is not a hard requirement. Similar to citations, molecules have
unique identifiers used to reference them from within the reactions. The UDM version 6.0 can also be directly
embedded within reactions (again, this is not a recommended practice).

The de-duplication of molecular entities based on their structures eliminates the risk of inconsistent
property values to be specified for the same compound. It also simplifies integration with molecule-centric
applications, such as compound registry systems. For example, in a typical outsourcing scenario, reaction
information provided by CROs is often ingested into two systems: reactions are stored in the customer’s ELN,
and individual molecules are centrally registered.

<LEGAL>
<PRODUCER>E1lsevier</PRODUCER>
<TITLE>Sample Reaxys dataset</TITLE>
<LICENSE href="https://creativecommons.org/licenses/by-nc-sa/4.0/">
Creative Commons Attribution-NonCommercial-ShareAlike 4.0 International
(CC BY-NC-SA 4.0)
</LICENSE>
<COPYRIGHT href="https://www.elsevier.com">
<TEXT>Copyright (c) 2018 Elsevier</TEXT>
<OWNER>Elsevier</OWNER>
<YEAR>2018</YEAR>
</COPYRIGHT>
</LEGAL>

Fig. 9: LEGAL block of a UDM file.
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<CITATIONS>
<CITATION ID="68552994">
<TYPE>Article</TYPE>
<AUTHORS>
<AUTHOR><NAME>Saadati, Fariba</NAME></AUTHOR>
<AUTHOR><NAME>Khani, Neda</NAME></AUTHOR>
<AUTHOR><NAME>Rahmani, Mohammad</NAME></AUTHOR>
<AUTHOR><NAME>Piri, Farideh</NAME></AUTHOR>
</AUTHORS>
<TITLE>
Preparation and characterization of nanosized copper (II) oxide embedded in
hyper-cross-linked polystyrene: Highly efficient catalyst for aqueous-phase
oxidation of aldehydes to carboxylic acids
</TITLE>
<JOURNAL>Catalysis Communications</JOURNAL>
<YEAR>2016</YEAR>
<VOL>79</VOL>
<PAGE><start>26</start><end>30</end></PAGE>
<D0I>10.1016/j.catcom.2015.12.016</DOI>
</CITATION>
</CITATIONS>

Fig. 10: Example of a CITATIONS block containing a single literature reference.

Each molecule is described by its structure, various names and identifiers and an extensible list of
properties. Initially, UDM allowed only molfiles to represent molecular structures. Still, later version added
support for InChl [14], SMILES [15, 16], CDXML [17] and WLN—Wiswesser Line Notation [18, 19]. The inclusion
of the last one was a light-hearted tribute to an important milestone in the history of the representation of
chemical structures. Interestingly, PubChem [20, 21] contains over six thousand historical compounds with
specified WLN. An even more exciting outcome of this tribute was an open-source WLN parser published by
Sayle et al. [22] and contributed to both RDKit and Open Babel.

An example of an extremely simplified MOLECULES block containing two molecules is shown in Fig. 11.

REACTIONS section

The REACTIONS section is at the very heart of the Unified Domain Model, and it contains a list of reactions with
all the related data. A reaction is specified by a general single-step chemical transformation as a reaction
diagram and a list of involved reactants and products. The reaction diagrams can be stored using one of the

<MOLECULES>
<MOLECULE ID="742624">
<MOLSTRUCTURE>< ! [CDATA[
Mrve541 ©5221820572D
HDR
o 0 © 0 @ 999 V3000
M V30 BEGIN CTAB

M V30 END CTAB
M END
11></MOLSTRUCTURE>
<NAME>2-nitro-benzaldehyde</NAME>
</MOLECULE>
<MOLECULE ID="1910632">
<MOLSTRUCTURE>... </MOLSTRUCTURE>
<NAME>ortho-nitrobenzoic acid</NAME>
</MOLECULE>
</MOLECULES>

Fig. 11: Simplified example of the MOLECULES block.
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following common representations: RXN, RInChl, Reaction SMILES or CDXML. Multi-step reactions are not
supported by the current UDM version 6.0, however, an UDM extension to describe multi-step reactions has
been developed and is on the roadmap for release in version 6.1.

Each reaction has one or more variations that provide detailed information about how it was performed—
its stoichiometric amounts, conditions, used solvents, catalysts and the outcomes (yield, purity and other
analytical results). This approach is similar to many legacy reaction databases, which relied on the MDL ISIS/
Host technology. An important part of a reaction variation is the CONDITIONS section which serves two
purposes:

1. It stores an optional preparation section—a textual description of how the synthesis was performed.
This part of the document may store the content in any format (plain text, HTML/XML, serialized binary
documents) to support various approaches used by ELNs.

2. Following that, there can be zero, one, or multiple condition groups that gather conditions applied
simultaneously. The purpose of this approach is to allow a precise description of the reaction stages.

Fig. 12 below illustrates the use of the CONDITIONS section.

The UDM also supports compound samples that are child nodes of compound playing different roles in a
reaction like reactants, products, etc. The compound samples are used primarily to associate analytical results.

Fig. 13 contains a simplified example of REACTIONS section.

In the above example the reaction is represented as an RInChl string and the REACTANT_ID and
PRODUCT _ID fields are references to molecules involved in the reaction. The VARIATION block below contains
details about an individual experiment. The same chemical reaction may be performed in various conditions or
using different catalysts and they are represented as individual VARIATIONSs. As there may be experiment-
specific data for individual chemical entities, for example, product yield, they are represented as more
comprehensive elements such as REACTANT, PRODUCT and so on. Within these elements compounds from
the MOLECULES block are referenced using their identifiers (SMOLECULE MOL_ID="3587155"/>) or alternatively
complete compound information can be embedded since version 6.

Extensibility

The comprehensive capture of reaction data is one of the critical objectives of UDM. However, due to constant
progress in synthetic chemistry (e.g., robotics) and virtual reactions, it is unrealistic to encode all possible and
future data elements into the UDM. For that reason, the UDM contains extension points—a special SECTION

Conditions

Preparation

A solution of 7 (0.5 g, 1.8 mmol) in chloroform (4.0 mL)...

Process Temperature Time Solvent
stirring 20 °C 23 hrs chloroform

Process Temperature Time Solvent

stirring 165 °C 5hrs acetic anhydride

Process Time Solvent Reagent

reflux 6 hrs methanol potassium carbonate

Solvent

Fig. 12: Sample schematic UDM
acetone

preparation section with a set
of UDM condition groups.
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<REACTIONS>
<REACTION ID="784439">
<RXNSTRUCTURE format="rinchi">
RINChI=1.00.1S/C7H5NO3/c9-5-6-3-1-2-4-7(6)8(10)11/h1-5H<>C7H5NO4/c9-7(10)5-3-1-2-4-
6(5)8(11)12/h1-4H, (H,9,10)/d+
</RXNSTRUCTURE>
<REACTANT_ID>742624</REACTANT_ID>
<PRODUCT_ID>1910632</PRODUCT_ID>
<VARIATION>
<REACTANT>
<MOLECULE MOL_ID="742624" />
<AMOUNT unit="mmol">1</AMOUNT>
</REACTANT>
<PRODUCT>
<MOLECULE MOL_ID="1910632" />
<YIELD><exact>85</exact></YIELD>
</PRODUCT>
<REAGENT>
<MOLECULE MOL_ID="8128150" />
<NAME>sodium hydroxide</NAME>
<AMOUNT unit="mmol">1.5</AMOUNT>
</REAGENT>
<SOLVENT>
<MOLECULE MOL_ID="3587155" />
<NAME >water</NAME>
<VOLUME unit="ulL">3</VOLUME>
</SOLVENT>
<CONDITIONS>
<PREPARATION>
General procedure: In a two-necked round bottom flask equipped with a condenser,
the aldehyde (1 mmol), was dropped into the mixture of catalyst (4 molpercent) and NaOH (1.5
mmol) in deionised water (3 mL). The resulting mixture was stirred at room temperature under
air atmosphere for 15 min and then the temperature reached 75 °C. The progress of the
reaction was monitored by TLC...
</PREPARATION>
<CONDITION_GROUP>
<TEMPERATURE unit="degC">

<min>20</min>
<max>75</max>
<incr unit="degC/min">3.67</incr>
</TEMPERATURE >
<TIME>
<exact>15</exact>
</TIME>
</CONDITION_GROUP>
</CONDITIONS>
<CITATION CIT_ID="68552994" />
</VARIATION>
</REACTION>

</REACTIONS>

Fig. 13: Sample reaction variation for the synthesis of 2-nitrobenzoic acid.

entity which is defined in many places of the UDM hierarchy: reaction, reaction variation, condition group,
molecule etc. They are designed to store any content which is a valid XML document. There are no additional
restrictions put on sub-nodes of the SECTION element. It means that by default, the content of the SECTION
elements will pass successfully a validation against the default UDM XML schema. However, it is also possible
to create a specialized extension of the UDM XML schema that will provide additional checks of the structure
and the content of SECTION sub-elements. An example of such extension is provided in the UDM documen-
tation in its GitHub repository [23].
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UDM versus other formats

There are several file formats currently used to represent reaction data: RDfile (BIOVIA), ELN XML (Perkin
Elmer), CMLReact, Open Reaction Database Schema and, in the near future, RInChl.

RDfiles

MDL/Symyx/Accelrys/BIOVIA RDfiles (Reaction-Data files) [23, 24] have probably been the most widely used
file format to store and exchange information about reactions for more than three decades. The RDfile and
several other key formats representing chemical structures and chemical reactions (RXNfile, Molfile, SDfile,
XDFile) were created by MDL Information Systems (MDL) in the 1980th and were originally only available to
MDL customers but eventually published in 1991 [24]. Because of the MDL market position at those times, the
MDL structure formats became the de facto standard for chemical databases straight after the publication of the
format. The formats are open for general usage, but BIOVIA continues to own the formats used by many ELN
vendors, pharma/chemical companies, data service providers and academics when working with chemical
data. BIOVIA publishes yearly updates of the specifications under the title “CTFile Formats” [25] in the context
of their yearly release cycle mostly in the beginning of December. An excellent review, including the historical
development of many commonly used formats such as the standard MDL formats was written by Wendy A.
Warr [26].

The actual RDfile format depends on the data model from where the data are exported from. It is hier-
archically organized and may contain data for molecules as well as for reactions. The UDM version of the RDfile
format uses a reaction represented as RXN file on top of the hierarchy. Each reaction may be characterized by
one or more variations, each variation consists out of the reaction data for catalysts, reagents and solvents plus
the reaction conditions (temperature, pressure, time, etc.) Because the molecules of catalysts, solvents and
reagents are bound to the variation level, the structures and citations are denormalized and may occur multiple
times within a file That may lead to inconsistencies within one file.

While offering a well-defined approach to store molecular structures and reaction diagrams, the RDfile
format has very little support for storing any data model and data types for molecular and reaction properties.
Reactions in a typical RDfile are represented by records, each consisting of an RXNfile block containing a
reaction diagram and data fields with additional information about the process. Despite its popularity and
wide adoption, the file format has serious shortcomings, which are addressed by the UDM:

1. It doesn’t define or enforce a standard data model to describe reaction information (conditions, out-
comes etc.). [t means that the same type of information is often represented differently in files generated
by various systems or vendors.

The UDM uses an XML schema to enforce a consistent data model.

2. It doesn’t use any controlled vocabularies for common properties (e.g. units of measure) or data types
for various types of values — everything is text.

The UDM relies on industry-standard taxonomies and controlled vocabularies.

3. The hierarchical data model used in most of the RDfiles (e.g. temperature values are kept in RXN:-
VARIATIONS(1):CONDITIONS(1):TEMP) is a convention based on the legacy ISIS/Host MDL product and
is only briefy documented in the “Biovia CTFile Formats” document [25].

The UDM hierarchical model is explicitly defined and enforced by using XML.

4. There is a hardcoded limit of 80 characters on the length of data file lines and an implicit 7 bit ASCII
character set resulting from the original implementation of MDL CTfile parsers. Longer lines of text
should be split and a + mark character must be put in column 81 of such lines. One of the problems is
that many RDfiles contain UTF-8 characters (non-English alphabets, for example, Greek letters) rep-
resented by more than one byte per character. The interpretation of their length is undefined in the
context of RDfiles, i.e. “i” is one character stored in two bytes). However, many vendors generating
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RDfiles ignore this part of the specification and generate lines of arbitrary length.
UDM files are XML documents that explicitly use the UTF-8 character encoding and there are no artificial
limits on the number of characters per line.

5. Validation, querying, and processing of RDfiles requires custom code as their format doesn’t rely on any
widely supported format, for example, XML, JSON or ASN.1.
UDM documents can be validated, searched and transformed using standard XML tools.

PerkinElmer ELN XML

The ELN XML file format was created by CambridgeSoft before it was acquired by PerkinElmer in 2011. It uses
ChemDraw’s CDXML format [27] to represent molecular structure and chemical reaction diagrams and a set of
generic XML entities: section, field, table, property, text and styled text (RTF content) to store the content of
ELN records. Strangely, ELN XML files contain both data and presentation information (e.g. text color or table
dimensions). The ELN XML files don’t have any formal model associated with them (DTD, XML Schema or
RELAX NG) nor any controlled vocabularies, so they cannot be easily checked for correctness. Unfortunately,
the actual format doesn’t seem to be officially documented and published.

The IUPAC international chemical identifier for reactions (RInChl)

The IUPAC Chemical International Identifier, InChl, is a widely accepted identifier, and its reaction extension,
Reaction InChl (RInChl), is gaining popularity and increased usage for storing, searching, indexing and
analyzing chemical reactions [28]. Vendors such as BIOVIA, ChemAxon, and Knime have included them in
their applications as well as other academic and corporate institutions that are using them in their databases
and data processing workflows.

While the RInChl serves primarily the role of an identifier for reactions additional layers are planned for the
next release to cover atom mapping, enhanced stereo chemistry, and reaction condition data including flags
for failing reactions. The UDM is planned to become an additional input format for the RInChl calculations [29].

CMLReact

CMLReact [30] is one of several modules of the Chemical Markup Language (CML) [31], and it uses similar
technology (XML and XML Schema) to represent data models for molecules and reactions. However, there are
significant differences between CMLReact and UDM. First of all, the UDM XML schema is significantly simpler
and about ten times smaller (without vocabularies) than the combined core CML, CMLReact and STMML
(Scientific-Technical-Medical markup language) [32] schemas covering similar representation domains
(molecules, reactions, literature). CMLReact emphasizes a detailed description of molecules using its own CML
model and chemical transformation, including a dedicated XML entity to represent electrons which can be
associated with atoms and bonds or reactivity centers. The UDM takes a more pragmatic approach and allows
using existing popular representations for both molecules and reactions (molfiles, SMILES, Rxnfiles etc.).
CMLReact allows multistep reactions, while UDM focuses on single-step reactions at the current stage of its
development but provides a detailed description of individual stages more detailed and explicit representation
of reaction conditions.

Moreover, UDM has the concept of the reaction variation missing in CMLReact. Overall, the difference
between the two approaches seems to reflect different objectives of the two representations. CMLReact has a
strong focus on a comprehensive description of chemical transformation and builds its chemistry model, while
UDM re-uses concepts from existing and historical databases and ELNs to standardize and simplify data
exchange between different systems.
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Open reaction database schema

The Open Reaction Database (ORD) Schema [33] is the newest approach to the representation of chemical
reactions with special emphasis on “supporting machine learning and related efforts in reaction prediction,
chemical synthesis planning, and experiment design” [34]. Similarly to UDM, the ORD Schema focuses on
single-step reactions. In contrast to UDM which uses human-readable XML files, the ORD Schema uses Protocol
Buffers [35]—an extensible mechanism for serializing structured data in various programming languages such
as Python, C++, C#, Java etc. Protocol buffers define messages (equivalent to XML complex types) to describe
data structures which are next converted to classes in individual programming languages. The classes are
serialized to the Protobul binary files which can be subsequently de-serialized in applications.

The main difference is that UDM was designed to be an exchange data format which can be validated,
queried and processed not only using programming languages, but by using generic XML tools or other data
processing applications that support XML. The ORD Schema requires implementing its data model directly in
application code and relies on a vendor-specific technology (Google Protocol Buffers) rather than open
standards (XML and XML Schema).

Alternative representations of UDM documents

Even though UDM is currently defined using an XML schema, it is possible to create equivalent document
models using a different representation, for example, JSON [36]. The XML schema technology was used due to
its maturity and high level of standardization by W3C [37] and available tools for processing XML documents.
JSON is used primarily as a communication format for web applications and configuration files. Although there
are ongoing activities on JSON-equivalent versions of XML technologies like JSON Schema [38], they are at an
early stage, not yet widely used, and their adoption would be risky and premature. Over time we could envisage
a semi-automatic translation of the UDM XML schema definition to the JSON schema and adoption of JSON for
the exchange of reaction data, but still rely on XML for the canonical definition of the UDM.

UDM challenges and how to address them

There are a couple of important challenges that any open data format will need to address. One is the adoption,
and another is a proper guidance provided to the developing community on best practices and creation of
compatible extensions to the original model. This is why the governance is of vital importance for any format
that wants to become a standard. There are, however, opportunities with the open data format that allow
various groups to experiment and to try how it fits with the original format/model. For example, there is a
publication by M. Kappler and C. Lowden on BioChemUDM in this issue of the journal. Community experi-
ments are crucial for the evolution of any data standard. After all, the standard is used by people and
organizations who are the most interested in developing it.

To address the adoption challenge, one of the latest Post Pistoia Alliance UDM team activities included a
qualitative and detailed investigation on pain points of chemical reaction data processing within a small group
of chem/data scientists. The questions asked by the UDM project team included:

- Can you give example(s) of your workflows when you extract, combine, store, analyze and use data?
— What problems do you face when extracting, combining, storing, analyzing, and using data?

— How do you communicate with external and internal parties in terms of data exchange?

—  Where in your existing workflows do you see use-cases for using UDM exchange format?

- What value will UDM bring to your work? What problem will it solve?

- What would you need to overcome/what could help adopting the UDM format?
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Fig. 14: Reconfirmed pain points in reaction data exchange, management, and analysis.

What we have learned in terms of problem statements can be summarized in the diagram below (Fig. 14).

As quantitative statements are not possible to make due to the small size of the group, we were, however,
able to identify the use cases and to discuss the value of the UDM. For example, reaction data integration from
various ELNs is still a challenge for many pharmaceutical companies and they spend a good amount of time
cleaning and integrating the data into one data repository. Reaction data preparation for ingestion into in-
house repositories from other data sources including ELNs take a lot of time too due to the disparity of the data.
Data exchange with CROs and pharma companies is suboptimal and most of it is happening via file sharing
(e.g., PDF documents). It is impossible to collect information from these files into one database. Data cleanup
and preparation for the modelling project is also tedious and time consuming due to lack of a common
standard. Another increasingly important activity is data exchange between various applications, for example,
from the database where a scientist has searched for a reaction of interest to the import of this reaction in their
synthesis predictive tool to be able to modify the product or the reactant molecule and to run a new prediction
based on the modifications. Last but not least, the data exchange from different laboratory devices is hampered
by the vendor specific formats which are not interoperable.

The value of the UDM is defined by these use cases and how they help solving each issue, so what are the
adoption barriers that slow down the adoption. A few important are elaborated on in the next paragraph.

The users rarely see the format being included in the ELNs or other applications dealing with chemistry
data up to now. For example, if one draws and searches a molecule, collects additional information on the
synthesis and conditions and wants to export it into another tool, UDM export and import buttons would
simplify the work. The other barrier is that direct interconversion tools from the UDM to RDfile or vice versa or
JSON to UDM and vice versa have not yet been developed due to a lack of funding so that workarounds like
protocols of Biovia’s Pipeline Pliot must be used for this transfer process. In addition, UDM was focusing on the
reactions and analytics data and, for example, bioassay data extension was planned afterwards and is still on
the UDM’s roadmap. However, it is also understood from the discussions that the senior management in many
pharma companies begin to understand the problem, the scale and the value of having a data standard once
large data integration projects are planned. Although, the situation is changing as AL/ML methods developed
by many pharma companies require lots of efforts to clean the data, lots of time spent on harmonization and
integration of the data and the involvement of people with cheminformatics and data management skills. To
address the adoption challenges, the UDM team is reaching out to ELN providers and other stakeholders to
discuss UDM export/import functionalities in their tools.
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UDM next steps

Our vision is UDM to become a common data exchange format used by different informatics systems dealing
with chemical reactions so that data can be seamlessly exchanged without losing content and observing
intellectual property constraints. Fig. 15 illustrates this vision by representing an ideal information flow
between various types of systems that either use the core UDM or UDM with additional vendor extensions, e.g.,
for synthetic robot data specific to the used equipment. This would remove the need of constant processing and
curation of data files using slightly different data models or data formats which is the situation still present in
many organisations.

UDM as a community-based project

The Pistoia alliance closed the UDM project with the successful delivery of version 6.0. The UDM has now been
transferred into an open-source, community-led project and, as a result, the UDM is available under the MIT
license. The current version of the UDM XML schema, its vocabularies, example datasets, sample format
conversion code and documentation are available on GitHub [39]. The UDM team consisting of vendors and life
science organizations in collaboration with Elsevier, Pistoia Alliance and Roche continue to sustain the project
and is looking for funding as well as to better define governance and decision-making processes.

Further developments

Further developments of the UDM exchange format will depend on how successful the adoption of the UDM is.
Scientific innovations, industry trends and funding will, of course, have their impact, however, the immediate
identified needs are improved documentation by providing comprehensive examples, full support for multi-
step reactions and better support for the results of reaction predictions. Medium term goals include extensions
to cover biological data, chemical mixtures, recipes, formulations and materials.

Advances in predictive retrosysthesis applications requires support for exchange of synthesis routes
between the predictor, the chemists and automated synthesis setups for a fully integrated synthesis model
development. Therefore an upcoming UDM extension to be released with UDM version 6.1 will address this
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Fig. 15: Vision of UDM usage at scale.
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need. This extension will introduce the ROUTE concept to describe a multi-step reaction, where each step of a
ROUTE can be defined by referencing a single-step reaction. Step-specific properties can be defined, including
computational parameters, to assist adoption of UDM in the emerging field of synthesis model development.

One of the factors helping with the adoption of the UDM would be an open source UDM Toolkit which could

be used to address the needs of high quality, analysis-ready data from chemical synthesis experiments. Its core
functionality would implement two tasks:

1. Conversion to UDM and content enrichment—high-fidelity conversion of reaction data from the most
popular data formats to UDM, including their normalization, reorganization to make them more suit-
able for further analysis and calculation of derived properties.

2. UDM validation and curation—verification and automated as well as manual curation of data records
with user-friendly visual feedback and interface

Longer terms perspectives might discuss the potential of the Unified Data Model as a foundation for the
Universal Data Model.
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