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           Introduction 
 Data science is quickly changing the way in which scientists 

and engineers make new discoveries.  1   –   3   Powerful tools in data 

science are readily available,  4   –   8   but are only useful when a 

data set exists to which they can be applied. There is a move-

ment currently in the materials community to build databases 

of materials, processing, and property relationships.  9   –   14   Such 

databases will allow materials scientists to leverage past results 

into future discoveries, accelerating the rate at which new, 

advanced materials are developed and deployed. 

 A central component to any database is the schema used 

to represent the data that it contains. The materials commu-

nity has schemas, but few are widely accepted, and most are 

designed for narrow use. The crystallographic information 

fi le,  15   for example, has gained widespread adoption, but is only 

well suited for the storage of crystallographic data. Recently, 

this new database movement has inspired the development of 

more general schemas to represent all information relevant to 

materials science.  16   –   19   While these developments are promis-

ing, none of these schemas has yet reached widespread use. 

 In this article, we discuss three important considerations 

around the design of a materials data schema—generality, 

fl exibility, and ease of structuring. Such a schema must be 

general enough to represent the wide range of properties and 

processing relationships that defi ne a material and its behav-

ior, but not so general that information critical to a particular 

fi eld cannot be modeled. With the sheer breadth of data that 

it could store, that schema must be fl exible to allow for inclu-

sion of data not considered by its developers. Finally, insertion 

into any schema presents a barrier to most data owners, so any 

successful schema will make the translation process as simple 

and low effort as possible. 

 With these considerations in mind, we discuss the physical 

information fi le (PIF), a schema designed to represent a broad 

array of information related to materials and physical devices, 

the ways in which they are made, and the properties that they 

exhibit. We explain the decisions that were made around the 

design of that schema and the ways in which those decisions 

address the issues outlined. Examples of physical systems data 

structured using the PIF schema are presented, including one 

example of hierarchical microstructure data.   

 Schema design and the PIF 
 The decisions made about a schema design directly determine 

the amount of work that will be required of users putting data 

into that schema and of users analyzing that data. In this sec-

tion, we discuss these considerations and the choices that were 

made in the design of the PIF schema.  20   The PIF schema is 

intended to store a broad array of information about physi-

cal devices and their properties, from parts in a car down to a 

single monomer in a polymer matrix. In order to handle such a 

wide range of systems, the choices that are made in the schema 
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design emphasize generality more than specifi city, fl exibility 

more than rigidity, and ease of structuring more than ease 

of analysis. These topics and the choices made around the 

PIF schema are discussed in more detail in the follow-

ing subsections. The exact defi nition of the PIF schema is 

not included in the article, but can be accessed online.  20   

Instead, examples of data structured in the PIF schema are 

given in a later section.  

 Generality of schema 
 Using a schema that is designed from the beginning with a 

narrow focus will make the task of storing data outside of the 

focus area diffi cult or impossible. For example, a schema that 

is designed from the beginning to store the properties of ele-

ments might not be able to adequately represent molecules, 

crystals, or polymers, and certainly could not represent, for 

example, an airplane. As a schema is made more general, 

a broader array of information can be structured within it. 

However, if made too general, such a schema could become 

overwhelmingly detailed and diffi cult to maintain if additional 

types are continuously added to it, or, in contrast, it may 

become too abstract if an effort is made to minimize the size 

of the schema. As such, it is important to balance generality 

with specifi city. 

 The PIF schema is designed to store information about any 

physical system, whether it is a polymer, a battery, or an entire 

airplane wing, and must therefore be general. In order to pre-

vent an explosion of the schema defi nition, a key design feature 

is the recognition of information that is common to all of these 

systems. These commonalities include some set of identifying 

information, processing and preparation details, and observed 

properties of the system. The fi rst two types answer the question 

“What is this and how was it made?” while the last answers 

“What are the properties of this thing that was made?” 

 Top-level systems in the PIF schema can have any number 

of subsystems, and each of those have additional subsystems. 

In this way, the object that represents an airplane wing can, 

through nesting of these subsystems, contain information all 

the way down to the phases present in an alloy that makes 

up a single piece of that wing. At each level, standard fi elds 

representing the properties of the system can be attached. This 

allows for complex hierarchies of atomic-level information, 

through to materials, and up to devices and parts to be fully 

represented, with the properties of each system structured in a 

common way. 

 The PIF schema is not, however, a replacement for all 

fi les that store data about physical systems. It will always be 

true that a schema designed for a particular use will be more 

specifi c in the way that it represents that data. For example, 

it would not be an appropriate use of the PIF schema to store 

all of the information embedded in a computer-aided design 

fi le. However, the PIF provides a common schema into 

which system–processing–property data can be easily added 

and analyzed. This common structure facilitates retrieval and 

analysis across domains.   

 Flexibility of schema 
 A rigid schema is one in which no information can be added 

to a fi le that is not explicitly stated in the schema defi nition. 

Rigid schemas reduce the complexity of analysis since the 

presence and structure of data can be assumed by the user. 

However, a rigid schema will quickly prohibit the inclusion 

of data not specifi cally addressed in the design. Flexibility 

in a schema can be addressed in many ways. In the following, 

we discuss some of the methods used in the PIF schema that 

allow for fl exibility in structuring data.  20   

 Using the following as an example, in a completely rigid 

schema, the bandgap of a material might simply be repre-

sented as:

  bandgap = 3.4.  

  There are several important consequences of this design: 

fi rst, the fi eld named “bandgap” must appear in the schema 

defi nition; second, the value of that fi eld must be a single, 

fl oating point number; and third, a set of implied units, such as 

eV, must be assumed. This is certainly a valid representation 

of the data, but it is easy to see that defi ning a vocabulary to 

describe every property that one might be concerned about all 

the way from airplanes down to atoms would become over-

whelming. In addition, this schema places work on the user 

structuring their data to ensure that they have converted values 

to use the correct units. This same value represented in a less-

structured schema could have the form:

  name = bandgap, 

 value = 3400, 
 units = meV.  

  While verbose, the user is free to name the property as they see 

fi t and use units that are most convenient to them. Of course, 

this representation adds work to analysis; someone trying to 

process all bandgaps in the database might have to rely on a 

computer application that understands that “band gap,” “Band 

Gap,” and “bandgap” all refer to the same property. In addition, 

comparison of many different values would require that they 

fi rst be normalized to a common set of units. However, these 

sorts of tasks are well poised for a computer to solve, and rely-

ing on a computer to perform them removes the extra work that 

a person would otherwise have to perform. 

 Inclusion of fi elds and objects that are not a part of a sche-

ma defi nition is another method that can be used to introduce 

fl exibility. Returning to the previous example, in addition to 

“name,” “value,” and “units,” one might wish to add a fi eld 

named “uncertainty.” While these types of additions are allowed 

in the PIF schema, such additions are generally not recom-

mended, since it can be diffi cult to understand the ways in 

which these unsupported fi elds relate to other entities. They 

can, however, be a useful mechanism to store data that could 

not otherwise be represented; it is almost universally true 

that individuals, research groups, and organizations will have 

some internal data that are specifi c to their fi eld. For example, 

metadata about a specifi c measurement would be a good case 
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for adding new fi elds since that information 

is likely particular to that data. A schema defi -

nition should not prohibit the incorporation of 

data that fall into these edge cases, but should 

instead allow their inclusion and use them to 

motivate additions to the schema over time. 

 While some tasks are easy to automate, oth-

ers are more diffi cult and should be addressed 

in the schema design. For example, determining 

the relationships between entities in an unstruc-

tured set of information is incredibly diffi cult 

and prone to error when performed completely 

with computers. Instead, the schema design 

should make the relationships between enti-

ties explicit. In the PIF schema, the hierarchical 

data structure provides these relationships. For 

example, a system has a set of properties, each 

with a name and value, and each property can 

then have a set of conditions associated with it, 

each again with a name and value. The hierarchy 

in this design explicitly defi nes the relationships 

between those entities.    

 Ease of data structuring 
 The tradeoff between time spent on data struc-

turing versus time spent on analysis has been 

touched upon already, but it is worth empha-

sizing the importance that this choice will 

have on adoption of a schema by a commu-

nity. A data-driven project will typically fol-

low several steps—collecting, structuring, and 

depositing of data into a database; retrieval 

of relevant data to the project; transformation 

of data into a structure ready for analysis; and 

data analysis. The goal of the PIF schema is 

to make the fi rst two steps, structuring and 

retrieving of data, which are fundamental to 

all data-driven projects, as simple as possible. 

Analysis often requires a particular structure 

to the data such that the transformation step is 

usually present. The design of the PIF schema 

takes advantage of this fact and leaves higher 

level reprocessing of data to the transformation 

step, rather than trying to design for all possible 

analyses that could theoretically be applied to 

the data.   

 Examples of materials data stored 
in the PIF schema 
 This section gives three examples of data in the 

PIF schema in order to demonstrate the ways 

in which the previous considerations are 

incorporated into its defi nition. These exam-

ples illustrate the utility of the schema in rep-

resenting materials, processing, and properties 

  

 Figure 1.      Representation of properties relevant to thermoelectric performance for 

Li 0.0024 Ni 0.9976 O in the physical information fi le schema. This example shows the resistivity 

and power factor of the material, both as a function of temperature. In addition, a simple 

description of the synthesis route is supplied.  21      
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over a wide variety of use cases, including 

single and multicomponent systems. 

 A simple example of information stored in 

the PIF schema is shown in   Figure 1  . Gaultois 

et al.  21   obtained data in this record repre-

senting several properties of Li 0.0024 Ni 0.9976 O 

relevant to its thermoelectric performance. 

Several features in this example are worth 

mentioning. First, the tools used to generate 

this fi le automatically add the key “category;” 

the category is used to mark this record as 

a chemical system, which informs utilities 

that read this fi le about the type of content to 

expect in the record. Second, three differ-

ent properties of the material are given—

its crystallinity, its resistivity as a function 

of temperature, and its power factor as a 

function of temperature. Third, a simple 

preparation method used to synthesize this 

material is described.     

 Zhang et al.  22   obtained data (  Figure 2  ) 

that shows the representation of an ionic 

liquid in the PIF schema. In this example, 

the ionic liquid contains two species, 

which are described in the “subsystems” 

fi eld. Each subsystem has a chemical for-

mula, several common names, and a molar 

mass associated with it. The ionic liquid as a 

whole also contains several properties—the 

glass-transition temperature, the melting 

temperature, and the viscosity measured 

at 20°C. In the same way that system objects 

can be nested, reference objects can be nest-

ed as deeply as needed in order to represent 

the often complex citation chains attached to 

materials or measurement.     

 Finally,   Figure 3   schematically shows 

the way in which hierarchical system and 

microstructural information could be struc-

tured inside of a PIF record. The outermost 

system in this record represents a physi-

cal part, and the results of a fi nite element 

simulation have been stored as properties 

of that system. The alloy that the part is 

made from is stored as a subsystem. The 

S–N (stress–number of cycles) curve for 

that alloy, a microstructural image, and the 

results of a grain-growth simulation are 

stored as properties. Finally, two subsystems 

of the alloy contain information about its 

alpha and beta phases. For the alpha phase 

in particular, an image obtained from scan-

ning tunneling microscopy is stored as well 

as results of atomistic density functional 

theory simulations.     

  

 Figure 2.      Data about an ionic liquid  22   represented in the physical information fi le 

schema. This record gives the molar mass of the two constituent molecules as 

well as the glass-transition temperature, melting temperature, and viscosity of the 

ionic liquid.    
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 The novelty of the PIF schema is that the same data struc-

ture that stores information about a thermoelectric material 

( Figure 1 ) can be used to represent an ionic liquid ( Figure 2 ), 

or information about a physical part, its constituent materials, 

and phases of that material ( Figure 3 ). This singular schema 

defi nition allows for easy sharing of data across domains and 

for the reuse of tools by researchers.  

 Tools for structuring, retrieval, and analysis 
 A schema by itself is useful for standardizing data in a common 

language, but tools around that schema make it more valuable 

to the community that adopts it. These tools generally fall into 

three categories—structuring, retrieval, and analysis. Each 

of these tools can come in the form of a software develop-

ment kit (SDK) that allows programmatic access to the sche-

ma, or a graphical user interface (GUI) that provides graphical 

access. The importance of tools around a schema should not 

be minimized. A signifi cant issue that must 

be addressed for any new data standard is that 

of incentives; why should a researcher or engi-

neer generating data spend the effort required 

to get that data into a well-structured format? 

Tools around a schema can incentivize its 

adoption since they provide instant value on 

top of data put into that structure. Particular 

to the PIF schema, open-source tools around 

the structuring of data are already available, 

while those for retrieval and analysis are 

actively being developed. 

 Tools for data structuring facilitate the pro-

cess of organizing information into a schema. 

Two SDKs are currently being developed around 

the PIF schema— a Python language toolkit, 

pypif,  23   and a Java language toolkit, jpif.  24   

These toolkits are open source and freely 

available for download on github.  25   These 

SDKs provide the ability to generate fi les in 

the PIF schema programmatically and to read 

fi les already in the PIF schema into python or 

java objects. It is possible to implement SDKs 

in other programming languages, or even as a 

GUI, and such utilities will be developed in the 

future around the PIF schema. 

 Tools for retrieval allow for selective 

extraction of records from a database. While 

a full-text search on unstructured data is pos-

sible, the added information from the use of 

a schema allows for more control over the 

records that are returned from a query. The 

Citrination platform,  26   which hosts more than 

three million structured materials properties, 

is an example of a graphical information 

retrieval system; many other databases exist for 

topics in materials science and chemistry.  9   –   14   

The Citrination platform, which uses the PIF 

schema to store records, provides a single repository where 

information can be compared and analyzed in aggregate, 

across research groups and industry. Publicly accessible data 

is hosted on this system free of charge, and tools are provided 

around that information as a service to those who are generating 

the data. 

 Finally, tools for analysis are used to derive insights or make 

predictions based on some set of input data. Many closed- and 

open-source packages, such as MATLAB, Scikit-learn, and 

Apache Spark, are available for analysis of small or large data 

sets.  4   –   8 , 27   These analytics tools are general and can be used on 

data sets within or beyond materials science and chemistry.    

 Discussion and outlook 
 Design of a schema that equally represents all information rel-

evant to materials and their processing and property relationships 

is a diffi cult task. While the PIF schema and others have solved 

  

 Figure 3.      Schematic illustration of hierarchical microstructural data for a material 

found in a physical part. In this code, blue bolded text labels the systems to improve 

readability. Blue italicized text holds the place of data shown in the images that 

surround the fi gure.  29   –   34   Micrograph [3] is at 400×. Note: S, stress; N, number of cycles.    
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in different ways many of the issues around such a data struc-

ture, there will always be edge cases for which the schema 

does not adequately model a particular set of data. With this 

in mind, the defi nition of the PIF schema is ever-evolving, 

incorporating features that allow it to model data outside of 

its current scope. 

 Incentives around a schema can drive users to adopt it. 

In the case of the PIF schema, those tools include the software 

that was discussed in the previous section. In addition, the 

Citrination platform  26   provides a single location where users 

can store those records and have them easily compared and 

analyzed alongside millions of other records that are stored 

there. This same platform provides a method of publicizing 

research results since, as the user base of that system grows, 

more and more people are interacting with the data there. 

Finally, as the user base around the schema grows, the rate 

at which tools are made available grows with the size of the 

community developing them. While schemas and tools particu-

lar to use cases within a research group or company can be 

useful, these benefi ts around a single, community-driven stan-

dard can incentivize researchers and scientists to spend the 

effort in structuring their data into this common schema. 

 Citrine Informatics will continue the development of the 

PIF schema and the tools used for data structuring and retrieval.  28   

However, a strong community around this schema and associ-

ated tools will naturally benefi t those that use it. With this in 

mind, the defi nition of the PIF schema and the source code 

of the SDKs for working with it will remain open for anyone 

to contribute to and use. It is our hope that over time, the 

community around the PIF schema will play a signifi cant role 

in its development. Individuals with comments or discussion 

around the PIF schema and SDKs are directed to the websites 

on which they are hosted.  20 , 23 , 24      
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