
COMBIgor: data analysis package for 

combinatorial materials science

Kevin R. Talley,"^ Sage R. Bauers,^ Celeste L. Melamed,"^ Meagan C. Papac,^ 

Karen N. HeinselmarV Imran Khan,I" Dennice M. Roberts,"^ Valerie Jacobson, 

Allison Mis,^ Geoff L. Brennecka,* John D. PerkinsJl and Andriy Zakutayev*^

f AaBo/iaf Be/iewaWe Ba6om(on/, ^99^9 BeM^er BA;w^, CoMem, CO, 99^9^,

BBA

Cofomrfo Bc/toof o/Mmea, ^999 

B(., CoMem, CO, 99^9^, BBA

%Bepa/fmeM( o/B/ti/s%cs, Cokmrfo Bc/toof o/Mmea, ^999B(mo%g BBeeZ, CoWeM, CO,

29^ 9 A BBA

§Bepa/fmeM( 0/ Mec/tammf 0/ Colorado BowWer, BowWer, CO,

20309, BBA

||BaBoMaf BaboraZon/, _Z00_Z9 BeMDer BA;w^, CoMem, CO, 99^9^,

BBA

E-mail: Andriy.Zakutayev@NREL.gov

Abstract

Combinatorial experiments involve synthesis of sample libraries with lateral compo­

sition gradients requiring spatially-resolved characterization of structure and properties.

Due to maturation of combinatorial methods and their successful application in many 

fields, the modern combinatorial laboratory produces diverse and complex data sets 

requiring advanced analysis and visualization techniques. In order to utilize these large
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data sets to uncover new knowledge, the combinatorial scientist must engage in data 

science. For data science tasks, most laboratories adopt common-purpose data manage­

ment and visualization software. However, processing and cross-correlating data from 

various measurement tools is no small task for such generic programs. Here we describe 

COMBIgor, a purpose-built open-source software package written in the commercial 

Igor Pro environment, designed to offer a systematic approach to loading, storing, pro­

cessing, and visualizing combinatorial data sets. It includes (1) methods for loading 

and storing data sets from combinatorial libraries, (2) routines for streamlined data 

processing, and (3) data analysis and visualization features to construct figures. Most 

importantly, COMBIgor is designed to be easily customized by a laboratory, group, or 

individual in order to integrate additional instruments and data-processing algorithms. 

Utilizing the capabilities of COMBIgor can significantly reduce the burden of data 

management on the combinatorial scientist.
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Introduction

High-throughput experimental (HTE) research, which consists of synthesis and character­

ization of specimens with spatially varied processing parameters, has been established as 

an effective strategy for exploring and optimizing materials. These methods, also known 

as combinatorial science, have proven useful for discovery and optimization of materials for 

diverse applications, including catalytic materials,1 electronic and functional ionic materi­

als,2 polymer coating materials,3 sensing materials,4 and biomaterials.5 With the success 

of combinatorial science, a diverse set of high-throughput synthesis and characterization in­
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struments has been developed and demonstrated,6 facilitating rapid generation and analysis 

of HTE materials data.

The ability to input and analyze data is typically the rate-limiting process in HTE meth­

ods. ‘ The HTE researcher must process, analyze, and correlate a large amount of data in 

order to understand the variations within each combinatorial library, then understand how 

trends correlate between libraries. This process is inefficient, as the experiments are put on 

hold so that scientists can wade through the data before continuing. Programmatic task han­

dling ensures that effort is not unnecessarily wasted on routine tasks, such as loading, sorting, 

labeling, and tracking data. Accessible data and flexible analysis algorithms are needed for 

processing and analyzing various types of data and effectively interpreting results.

There have been several combinatorial software packages presented in literature. One 

example is Combi VIEW,8 a Mat-Lab package for the analysis and visualization of x-ray 

diffraction patterns generated from combinatorial approaches. Another package was written 

to improve HTE data organization and sharing for sensor materials.9 Developments like 

these have significant depth. They handle one type of data or perform one specific task 

exceptionally well. The lacking element is breadth, the ability to handle many different- 

types of HTE data in many different- ways, so that the data can be more efficiently stored, 

compared, shared, and presented. Thus, a package is needed that has sufficient- breadth, 

while being flexible enough to enable the user to develop depth for their own processes and 

data types.

Here we present- COMBIgor - a data analysis package for Igor Pro intended to aid in the 

management, processing, and cross-correlation of multi-dimensional data sets collected by 

mapping combinatorial libraries on spatially-resolved measurement- instruments. The core 

functionality was intentionally designed to enable flexibility in data types and experimental 

setup, while enabling the user to expand usability by adding new measurement- instruments 

and new data analysis algorithms. Below, we present- an overview of the functionality and 

architecture of the open-source COMBIgor package. This package can reduce the burden of
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data management of combinatorial experiments, thus encouraging its adoption by combina­

torial researchers, groups, and institutions.

Overview

COMBIgor History

Development of this software package started in the early 2000s by materials scientists at the 

National Renewable Energy Laboratory (NREL) in Golden, Colorado alongside their emerg­

ing thin-film HTE methodology. From 2000 to 2010, several software add-ons (referred to 

as "procedures" in Igor Pro) were developed in order to load, store, and display combina­

torial data from individual instruments, such as a Bruker D8 Discover x-ray diffractometer 

(XRD) and MaXXi 5-pin x-ray fluorescence (XRF) spectrometer. In 2010, this collection 

of procedures was extended to include custom optical and electronic property mapping in­

struments. 10 Most importantly, these different procedures were integrated into a package 

allowing processing and cross-correlation of different types of data, as cited in two published 

manuscripts.11,12 Since that time, the package has continued to grow as new and continuing 

users have added new instruments and new functionality, and has since been used to process 

data and generate figures for a large number of publications. Here, we intentionally cite 

the publications in which this package was mentioned, but not cited, so that future readers 

of these publications can find the present manuscript and better understand the software 

package used.10,13-48

Around 2016, the authors started considering improved methods of data management, 

usability, and visualization, as well as the potential for the package to be extended by outside 

users and developers. In the two years that followed, the collection of Igor procedures was 

restructured and optimized into an interactive and flexible Igor package for loading, storing, 

and processing combinatorial data, and was given the name COMBIgor (COM-bee-gore). 

This newer version has already been used for data analysis and preparation of figures in
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several recent manuscripts.49-55 Based on this history, COMBIgor brings the experience of 

almost 20 years of software development at NREL for handling and processing combinatorial 

data. Additionally, it has been integrated with public data repositories to enable cutting-edge 

data transparency and openness.56

COMBIgor Terminology

The terminology utilized within the COMBIgor package is meant to reflect the common 

descriptors used in HTE literature. A list of the most important terms is shown in Table 1. 

For example, it is important to understand the concept of a library in the COMBIgor pack­

age. A library is a specimen with spatially-varying processing conditions, such as substrate 

temperature or plasma flux. A collection of libraries constitutes a project. Libraries are 

measured on a mapping grid - a discretized, spatial arrangement of points from which data 

are collected on a set of instruments. A single point of the mapping grid, which corresponds 

to a specific location on a library, is called a sample. This language is used extensively in 

COMBIgor for referencing HTE specimens and their corresponding data.

One of the most important conceptual advancements of COMBIgor is that it categorizes 

the data based on dimension, scope, and type, regardless of its source, allowing for a greater 

level of abstraction and code reuse. Data scope can include a single sample or all samples 

on a library; data can be numeric or textual; and the numeric data dimension can be scalar, 

vector, or matrix. For example, x-ray diffraction patterns and optical absorption spectra are 

both numeric vector data types comprising one-dimensional data collected for each sample on 

the library. Other important features within COMBIgor are add-ons, which are categorized 

as either instruments or plugins. An instrument is a source of synthesis or characterization 

data from combinatorial experiments, such as XRD or XRF. A plugin is a specific set of 

operations that process data within COMBIgor. Examples include background removal or 

applying mathematical operators.
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Table 1: COMBIgor terminology common to combinatorial literature

Term
Library

Mapping Grid

Sample

Project- 
Data Type

Meta Data

Library Data

Scalar Data 
Vector Data 
Matrix Data

Add-on

Instrument-

Plugin

Definition
A specimen processed with spatially varying conditions, such as synthe­
sis temperature or compositional flux.
A spatial arrangement- of points on a combinatorial library from which 
data are collected by some set- of instruments.
A location on a library that corresponds to any single point- of the 
mapping grid.
A set- of combinatorial libraries with a common mapping grid.
A descriptor for a processing variable, a type of data from a measure­
ment, or an experimental observation that characterizes a sample.
A string variable that describes a sample. Example: process gas used 
during synthesis.
A numeric descriptor for an entire library. Example: duration of syn­
thesis time.
A numeric descriptor for a sample. Example: film thickness.
A ID data array for a sample. Example: x-ray diffraction data.
A 2D data array for a sample. Example: scanning electron microscope 
image.
An extension to core COMBIgor functionality, such as an instrument 
or a plugin.
A source of combinatorial data Example: processing or characterization 
tool.
A set- of operations that process data within COMBIgor.

Igor Pro environment

COMBIgor was written in the Igor Pro environment. Igor Pro5' is a commercial software 

developed by Wave Metrics, Inc. (https://www.wavemetrics.com/), which is well-suited to 

and commonly used for accessing, processing, storing, and displaying scientific and engi­

neering data in many forms. Within the Igor Pro environment, data are stored in array 

structures called "waves", which can be one to four dimensions comprised of various types of 

data (text, integers, doubles, bytes, etc.). To promote organization, waves are stored within 

nested folders that can be explored and rearranged through the Igor Pro data browser. 

Folders and their contents are saved as an Igor Pro experiment, which also houses any other 

user-created content, such as figures, tables, or notebooks. The native Igor Pro environment 

contains numerous built-in functions for plotting, fitting, and performing statistical anal-
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ysis, in addition to a plethora of extensions and packages for additional, more specialized 

functionality. In addition to Igor Pro’s many built-in features, its programming language 

enables the development of custom, automated, and complex functionality. While Igor Pro 

is not the only option with such flexible capabilities, it was chosen as the best option for 

COMBIgor development because it is easily accessible, has features essential for HTE data, 

includes extensive documentation, and has a legacy of use at NREL.
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Figure 1: Common elements of the COMBIgor package (left to right): the add-on selector 
for Plugins and Instruments, data browser for the project used in this demonstration, plot 
of the standard NREL library mapping grid defined for the project, and the COMBIgor user 
menu showing the project level data operations.
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Distribution and Use

At time of publication, the COMBIgor package is housed and maintained through a pub­

lic repository on Git-Hub (https://github.com/NREL/COMBIgor/) under an open-source 

license. The latest version can be downloaded there and updates can be added through a 

pull request. More information about the most recent updates, use cases, download process, 

bug reporting, etc. can be obtained at https://www.COMBIgor.com. The description be­

low is specific to COMBIgor version 2.4. Later versions are likely to have more add-ons as 

COMBIgor expands after publication of this manuscript.

After installation (described in installation section), the COMBIgor package exists within 

the Igor Pro environment and can be activated at any time through the native Igor Pro 

"Data" menu. Once activated by the user, the COMBIgor procedure files are mounted into 

the experiment, the user menu is created, and the add-ons selector is displayed. After the 

desired add-ons are selected and the project (with its mapping grid) is defined, the consequent 

workflow varies depending on the needs of the user. Generally, it involves repeatedly loading, 

processing, plotting, and exporting various types of HTE data. A snapshot of COMBIgor 

package elements within the Igor Pro environment can be seen in Figure 1. More details on 

the COMBIgor workflow are provided below.

Workflow

The generalized workflow for using COMBIgor is presented in Figure 2. After COMBIgor 

package activation, the first six steps ("Setting Up COMBIgor" in Figure 2) define the project- 

space, activate the desired add-ons, and initialize the parameters necessary to use them. 

A project is defined by a common combinatorial mapping grid for all libraries contained 

within that project. The user must- then define loading parameters related to the individual 

instruments, such as data type names, location of data in the files, and processing-related 

variables. Unlike the mapping grid, these can be redefined during the course of the project- 

lifetime, although these steps are only required when starting a new project. Subsequently,
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data are managed through a project, library, and data type hierarchy.

(^Start Activate COMBIgor A
Process

Create folder structure

Process 1
Create/populate global repository

Input 1
Set user options

Input ~r
Activate add-ons __

Input ~r
Start a project / define

mapping grid 
Input

Define instrument 
loading parameters

Process

Load data from library mapping

Process + < =
Process data using plugins

Input i < =
__  Define plotting

options
Process 1
Produce viewgraphs from project data

Process J------------
Save project data as text files

r
(^End Write manuscript

Each instrument

Each library 
Each instrument

Each library

Each figure

Figure 2: Typical COMBIgor work flow for loading, processing, and displaying data from 
HTE libraries. The first six steps, after activation, initialize the project work space. The 
last five steps are repeated, as needed, by the user to analyze all experimental results. The 
project can be saved and reopened at any point in the flow. Data can be exported into 
delimited text hies and imported into future COMBIgor projects for maximum flexibility of 
the work how.

The last hve steps ("Analysis of combinatorial data", Figure 2) are executed repeatedly 

as the scientist loads and analyzes experimental data. At this stage, the user loads combina­

torial data collected from instruments using the standard mapping grid into the user-defined 

library folders. Once data are loaded into the COMBIgor project, they can be analyzed and 

visualized using instrument-specific routines, plugins, or native Igor Pro routines. The num-
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ber of libraries loaded, instruments utilized, and processing steps will vary depending on the 

project and the user, as reflected in the loops of Figure 2. During this process, COMBIgor 

data loading and processing events are logged into a searchable log book. At any point, 

the raw data can be exported for distribution into tab-delimited text hies for loading into 

additional COMBIgor experiments or other programs, as needed. This exporting capabil­

ity is particularly important for multi-institutional projects, such as the High-Throughput 

Experimental Materials Collaboratory.58 All figures generated in COMBIgor can be further 

modified by the user and exported for use in presentations and manuscripts.

Functionality

To demonstrate the functionality of COMBIgor, data from combinatorial Al1_TCrTN thin him 

sample libraries are used in the following sections. This material system has been recently 

investigated for structural evolution, electrical, and optical properties.49 The Al1_TCrTN het- 

erostruetural alloys were deposited from elemental A1 and Cr targets in the presence of nitro­

gen via radio frequency co-sputtering. The compositions of these combinatorial libraries were 

determined by x-ray fluorescence (XRF), structures by x-ray diffraction (XRD), thicknesses 

by step-edge prohlometry, optical properties by optical transmission/rehection spectroscopy, 

and electrical conductivity by 4-point probe sheet resistance measurements. More details 

regarding the deposition or characterization instruments can be found elsewhere.50

Installation and Preferences

The installation process for the COMBIgor package is designed to be as simple as possible. 

An installer experiment hie (COMBIgor installer.pxp) is included in the package folder. 

When opened, this hie will install the package contents and any necessary Igor Pro extensions. 

The user can install the package with a single click from the COMBIgor menu. The installer 

will preserve a copy of any COMBIgor package hies that predate the current installation to
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protect any modifications a user has made to a previous package version. After installation, 

the user is directed to COMBIgor activation in the data menu, as well as the COMBIgor help 

menu and the included tutorial. In addition, we recommend that before using COMBIgor, 

the users familiarize themselves with the built-in Igor Pro functionality by taking the guided 

tour from the Igor Pro help menu.

The COMBIgor package has a built-in user preference system. The user can select a 

set of COMBIgor preferences, including setting a default import or export folder location, 

controlling the "kill" behavior of windows generated by Igor (e.g. figures, tables), and 

generating example programmatic call lines for operations performed by COMBIgor in the 

command history. The package can also generate standard plots upon loading data from 

instruments and automatically adjust font styling of control panels and plotted figures.

Instruments and plugins

The needs of HTE vary greatly between projects, users, and laboratories. If a single package 

contained all possible data loading, processing, and visualization functionality applicable to 

HTE, the package would be too complex to be efficiently navigated. For this reason, the 

COMBIgor package allows each user to select only the optional capabilities (add-ons) that 

they plan to use. In addition to keeping the package streamlined, instrument and plugin 

add-ons provide a mechanism for individual user expansion and laboratory-wide instrument 

collections.

The lists of the base instruments and plugins included at the time of publication of this 

manuscript are described in Table 2 and Table 3, respectively. While the plugins are generally 

useful regardless of the data source, the instruments included in COMBIgor are specific to 

NREL. However, some of these instruments are used at other laboratories that employ HTE 

methods.59-62 Also included in the COMBIgor package are well-commented, generic examples 

of code needed to create a plugin, a scalar-data instrument, and a vector-data instrument, 

provided as a starting point for new add-on development. 11
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Table 2: Instruments included in COMBIgor

Instrument Name Description of Data Files
ExampleScalar Generic example instrument for loading a 2D hie of scalar 

data from library mapping.
ExampleVector Generic example instrument for loading a folder of vector 

data hies from library mapping.
BrukerXRD X-ray diffraction patterns from a Bruker D8 Discover diffrac­

tometer (Diffractplus .raw format).
Rigaku_Smartlab Output hies from a Rigaku x-ray diffractometer for XRD and 

XRR measurements (.ras format).
DektakS Prohlometer scans across step-edge features on a library col­

lected on a Veeco DektakS prohlometer (.csv format).
FischerXRF Composition and thickness from a Fischer x-ray fluorescence 

instrument (.exp format).
ZGamry Output electrochemical impedance analysis hies from Frame­

work software by Gamry.
Ellipsometry Absorption as a function of wavelength data output from the 

CompleteEase software (.txt format)
NRELdPointProbe Sheet resistance data from a custom-made 4-point probe 

mapping system at NREL (,hdf5 format).
NRELIV Folders of current vs. voltage measurements from a custom- 

built electrical probing station at NREL (.csv format).
NRELUWisNIR Optical characterization from a custom-built thin him trans­

mission and reflection system at NREL (,hdf5 format).
SSRL_HTWAXS Corrected detector matrix data (.mat format) or column- 

averaged vector data (.csv format) from the high-throughput 
wide-angle x-ray scattering beamline (1-5) at the Stanford 
Synchrotron Radiation Light-source at SLAC.

HTEM Data retrieved from the High Throughput Experimental Ma­
terials (HTEM) database.56

NRELLMC Output hies from the Laboratory Metadata Collector (LMC) 
used at NREL for deposition conditions (.json format).

Data Loading and Processing

Experimental data comes in many different file formats: some are stored as a simple text file, 

some are contained in proprietary file formats, and most are something in between. Taking 

advantage of the data-handling features of Igor Pro, COMBIgor is able to import a wide 

variety of data formats. Data loading involves programmatically opening native instrument 

hie types, transferring the data for each sample into an Igor Pro wave that matches the 12
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Table 3: Plugins included in COMBIgor

Plugin Name Description of functionality
ExamplePlugin An example of a COMBIgor plugin designed as a starting 

point for development.
BackgroundRemove Masks, fits, and subtracts backgrounds from vector data, such 

as x-ray diffraction.
Diffract-ionRef Imports, stores, and plots powder diffraction references ex­

ported from common diffraction programs and databases.
Vector PeakFit Executes constrained peak fits on a library of vector data and 

extracts fit information.
Dat-aSift-er Plugin Applies a conditional test and, upon true, performs some re­

sulting action across every sample on a library.
MathPlugin Performs simple mathematical operations to data across every 

sample on a library.
Piemaps Plots library maps on which each sample marker is a pie chart 

of multiple scalar data types.
TernaryPlotter Generates ternary plots with marker color and size determined 

by scalar or vector data.
Solar Cell Extracts solar cell performance parameters from current vs. 

voltage data.

dimensionality of the incoming data, and storing those waves in the appropriate project 

and library folders. Loading steps include assigning identifying information, such as project, 

library, sample index, data type, and data dimension, to the incoming data; creating the 

data storage in the correct location within the COMBIgor experiment; and populating that- 

storage with the appropriate data. The load event is documented in the project log book to 

retain a record of the original data source.

In COMBIgor, data are typically loaded through instrument add-ons (Figure 3). Addi­

tionally, data can be imported from other COMBIgor hies as COMBIgor text hies. Finally, 

COMBIgor has the ability to fetch data directly from online databases through application 

programming interfaces (APIs) and store it locally for comparison to other data types. This 

feature is demonstrated by loading data from the High Throughput Experimental Materials 

(HTEM) database (https://htem.nrel.gov),56 which houses experimental data generated by 

the HTE mapping instruments at NREL. With the use of the HTEM instrument and an 

internet connection, an HTE researcher can import data from any tool in only a few clicks.
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A # O O Instrument Access 

COMB Igor project:

AlCrN

Instrument:
BrukerXRD

0

B

^ # # # Instrument Access

COMBIgor project:
AlCrN Q

Instrument:
BrukerXRD 0

Define

Load

Figure 3: Instrument access panel used to define data types and variables necessary to load 
data from the selected instrument into the selected project, shown (A) prior to instrument 
definition, where the option to load is not given, and (B) after instrument definition, where 
instrument globals have been defined and the load option is shown. (C) COMBIgor vector 
peak fitting plugin demonstrating peak fitting and integration of the wurtzite (002) x-ray 
diffraction peak for all 44 samples of a single Ali_iTCrTN combinatorial library.
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Data processing is integral to scientific experimentation. For the HTE researcher, the diver­

sity of processing tasks combined with the magnitude of collected data can create a daunting 

workload. For this reason, COMBIgor data is extremely easy to batch-process, and can be 

processed in various modes. There are four ways in which COMBIgor data can be processed:

• Upon loading by an individual instrument procedure

This is the simplest method, and is utilized for standard measurement processing rou- 

tines. Fzampk/ Feature Ae%pA( erfracffon /rom pro/Omefin/ scans 0/ (Am /ffm, samples.

• By COMBIgor plugins

This is the most powerful method for HTE with high density mapping grids, since the 

same process can be systematically applied to every sample on a library. Exam,pie: 

PeaA /r((mp (0 erfracf (Ae PITPM 0/ an i-rap db/racffon peaA. Fee Mpure h /or more

• Utilizing native Igor Pro functionality

This method is the most flexible, since the built-in capabilities of Igor Pro are very 

extensive. Anything that can be done in Igor Pro can be developed into a plugin for a 

specific task. Fiompfe.' I/sfnp (Ae Tpor Pro /uncffon Phj/erenffofe' (0 fden(f/p peaAs m 

an i-rap /(aorescence spec(n/,m,.

• Additional Igor Pro packages

Numerous user-developed data processing packages exist for Igor Pro which, if loaded 

alongside COMBIgor, can be used to process COMBIgor data. Example: Fitting x-ray 

re/(ec(aa(p pofferns usfnp (Ae Mo(o/E(^ Tpor Pro pacAape.

Data Visualization

Once data are loaded, the COMBIgor package can produce publication-quality graphics. 

One of the strengths of COMBIgor is its ability to plot data types of different dimensionality 

on the same plot. There are four modes of graphics generation:
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A) AIN (Wz) 

CrN (RS)

B) Cr/(AI+Cr) %
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........... I
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CuKa Diffraction Angle Rocksalt (002)

Figure 4: COMBIgor graphics generated from a single Ab^Cr^N combinatorial library. (A) 
Heat map of x-ray diffraction data (color axis) as a function of composition data (verti­
cal axis). Data were imported by COMBIgor. The background was subtracted using the 
BackgroundRemove plugin. Data were plotted with the COMBIgor Display panel, and ref­
erence profiles of wurtzite-structured AIN and rocksalt-structured CrN were added with the 
DiffractionRef plugin. (B) Ternary plot of x-ray diffraction peak area distributions. Peak 
areas from the profiles shown in part A were extracted using the VectorPeakFitting plugin 
(Figure 3) and mapped using the TernaryPlotter plugin.

• Upon instrument-specific loading

If the user selects the option in package preferences, COMBIgor can automatically gen­

erate formatted plots as data are loaded through the instrument procedures. Example: 

Programmatic generation of a normalized diffraction intensity heat map comparing all 

samples upon loading X-ray diffraction data (see Figure f, part A).

• Using the COMBIgor Display panel

The COMBIgor display panel is capable of producing two-dimensional figures with 

up to four data type-dependent axes: horizontal axis, vertical axis, marker color, and 

marker size. Any data dimensionality can be handled by each of these axes. Example: 

The Display panel can be used to generate a map of material resistivity for an entire 

library, on which the marker size for each sample is determined by film thickness (see
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C%ure pa/f A/

• Utilizing native Igor Pro functionality

Data organized within a COMBIgor project can be utilized directly by Igor Pro graph­

ics functionality to produce fully customized, publication-quality graphics. Exam,pie: 

ArMm# a spectrum cofor md%ca(or (o Z/te aa%s 0/ a COMBByor ^emeraW a6-

#rea% mcreaaeg (/te D%gaaf appeal ^rap/t%c (fsee B^are

part BJ

• Visualization plugins

Additional plugins extend COMBIgor functionality to specialized plot types. Plugins 

can be created and added to COMBIgor to generate any graphic type Igor Pro can 

produce. Biampfe; Bsmp t/te Terr,an/POtter to arafpze t/te dfstn5wtfor, 0/ pea/o

area ag determmed 6p t/te I/ec(orBeaA;B%Bm^ ptapm (fsee Ptpare part B/

The magnitude of data generated by HTE can lead to comparison graphics that contain 

thousands of data points. Graphics produced by the display features of COMBIgor are 

connected to a display wave specifically created for this visualization and distinct from the 

original data waves. The source information of the wave data (e.g. library name, data type, 

data dimension, sample range, etc.) can be accessed and easily saved. However, this also 

means that the plot has to be remade when the data are updated or reloaded (i.e. the plot 

is not updated automatically). When plots are created, they can be saved to the export 

folder and recreation macros can be generated. Closing the plot will trigger deletion of the 

attached display wave, thus minimizing data duplicity.

Data Access and Porting

COMBIgor data processing and storage is designed to be transparent and easy to access so 

that the user understands the process and can modify the approach at will. To this end, 

all COMBIgor data are stored within the folders of the Igor Pro experiment, as shown in
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Figure 5: COMBIgor graphics generated from a single Ab^Cr^N combinatorial library. (A) 
Comparison of film resistivity, composition, thickness, and absorption coefficient at 3 eV 
produced by COMBIgor display core functionality. Resistivity was imported and processed 
by the NREL_4PointProbe instrument. Film thickness values were imported and processed 
through the DektakS instrument. Chromium cation percent was imported and sorted by 
the FischerXRF instrument. Absorption coefficient at 3 eV was extracted using the COM­
BIgor DataSifter plugin. B) Absorption coefficient as a function of energy with an inset of 
the visible range of the electromagnetic spectrum, highlighting changes in the absorption 
characteristics as the Cr cation fraction changes. Transmission and reflection data were im­
ported and processed into absorption coefficient using the NREL_UVVisNIR instrument. 
All instruments and plugins are part of the COMBIgor package.

Figure 1. Metadata and library data types are stored in a single wave per project, which 

facilitates easy library-to-library data comparison. Scalar, vector, and matrix data types are 

stored as individual waves in library-specific folders within the project folder for easy sample- 

to-sample comparisons. Any of these waves can be easily accessed, giving the user the power 

to inspect the numbers and text directly. The project user menu (Figure 1) allows the user 

to inspect the projects, libraries, and data types stored in the experiment by COMBIgor. 

When selected from the project menu, the data are presented in the Igor Pro data browser.

Combinatorial HTE is often collaborative. Results are published in peer-reviewed jour­

nals that encourage submission of raw data used in the publication, either as supporting

18
Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted

manuscript. The published version of the article is available from the relevant publisher.



information or in a separate data repository. Journals that publish mainly data, such as 

Data in Brief and Scientific Data, are also becoming more common.64,65 For all of these rea­

sons, data stored in COMBIgor must be accessible beyond Igor Pro in a simple hie format. 

COMBIgor can automatically save any locally-stored data onto the hard drive in a simple 

tab-delimited text hie format with a folder structure that matches the project. As mentioned 

above, these exported data can also be imported into a different COMBIgor project, while 

maintaining the library names and sample numbers.

Documentation

A major strength of the COMBIgor package is the breadth and depth of documentation, 

which is designed to be easily accessed at all stages of use and development. The documen­

tation is compiled using the Igor Pro help hie type, as well as in-line procedure comments. 

The documentation exists at seven levels:

• A beginner’s tutorial is included in the help menu and presented upon installation for 

new COMBIgor users to learn the basics of instruments, plugins, and display features. 

The package includes example data for each of the instruments, which are used over 

the course of the tutorial. While example data are specific to NREL, this is intended 

to build a conceptual understanding of the work how.

• General information about the mapping grid, data type dimensions, plugin operations, 

and instrument details are included in a general help hie which gives useful details 

about COMBIgor and can be accessed through the COMBIgor menu.

• Developer’s documentation exists for all functions not specific to instruments or plu­

gins (except examples), including a description of the function’s purpose, as well as 

inputs and outputs. Programming documentation is provided to enable maximum ex­

pandability of the COMBIgor package by users and research groups outside of NREL.
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• In-line code documentation, as per standard coding practice, exists within the proce­

dure hies. These are for anyone trying to troubleshoot, understand, or expand upon 

the existing COMBIgor package functions.

• An introductory PDF that explains terminology, installation, and activation of COM­

BIgor is provided in the package folder.

• A series of tutorial videos are hosted on http://www.youtube.com and can be found 

on the tutorial section of the support website (http://www.COMBIgor.com).

• This manuscript

Package Architecture

The COMBIgor package is written in the Igor Pro scripting language, which resembles C++, 

and exists in a single distribution folder. COMBIgor was developed on the Apple Macintosh 

operating system and has been tested on both Apple Macintosh and Microsoft Windows 

operating systems. The open-source COMBIgor operates within the commercial Igor Pro 

environment which is operating system neutral. It is designed to be contained in as few pro­

cedure hies as possible with each procedure hie containing multiple functions. The procedure 

hies are grouped in four folders:

1. The Procedures folder contains the procedures needed to perform all core package 

functionality.

2. The Instruments folder contains a single procedure for each instrument. Each of these 

procedures contains the unique functions needed to load and process data from that 

instrument.

3. The Plugins folder contains a single procedure hie for each plugin, which builds its 

panel interface and performs the data manipulation processes.
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Core Functionality:
Package Element:

COMBIgor/lnstaller.pxp
Installing COMBIgor 

Mounting/Dismounting COMBIgor 
Initializing COMBIgor 

Using COMBIgor global variables 
Start/Define COMBIgor projects 

Setting user preferences 
Navigating/Using COMBIgor

Data Handling :

Accessing/Using project mapping grid 
Creating/Retrieving libraries

Creating/Accessing data storage 
Exporting/Importing COMBIgor .txt files 

Displaying COMBIgor project data 
Project-to-project data transfer 

Processing data

Add-ons :

Defining/Using COMBIgor instruments 
Defining/Using COMBIgor plugins 

Available Instruments 
Available Plugins 

Adding custom add-ons

COMBIgor/COMBIgor.ipf

COMBIgor/Procedures/COMBIJnstalling.ipf

COM Big or/Procedures/COM Bl Main.ipf

COM Big or/Procedures/COM BI_Library.ipf

COMBIgor/Procedures/COMBLPrefs.ipf

COMBIgor/Procedures/COMBI_Manage.ipf

COM Big or/Procedures/COM BI_Data.ipf

COM Big or/Procedures/COM BI_Menu.ipf

COM Big or/Procedures/COM BI_Load.ipf

COM Big or/Procedures/COM BI_Display.ipf

COMBIgor/Procedures/COMBIJnstruments.ipf

COMBIgor/Procedures/COMBLPlugins.ipf

COMBIgor/lnstruments/

COMBIgor/lnstruments/COMBI_Example...

COMBIgor/Plugins/

COMBIgor/Plugins/COMBI_Example...

COMBIgor/Help/

Figure 6: Schematic representation of the COMBIgor package elements and programmatic 
tasks contained and executed by each. Tasks are categorized into three groups (left) and 
linked to the package elements (right) which are designed to perform or aid the task.

4. The Help folder contains the package documentation for learning, using, and program­

ming in COMBIgor.

Tasks performed by the package elements can be categorized into three categories: core 

functionality, data handling, and add-ons. For each of these three categories, the package 

elements that perform or support the sub-tasks are illustrated in Figure 6 and described in 

more detail below.
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Core functionality

COMBIgor core functionality includes installing, mounting, initializing, using, and navi­

gating the package. Installation of the package involves placement of two aliases into the 

Igor Pro user folders and installation of built in XOPs. These steps can be done manually 

or by the COMBIgor _installer.pxp experiment. After installation, the user can activate 

COMBIgor from the data menu, enabling the remaining core functionality. These functions 

handle the storage and retrieval of global variables necessary for the package as well as for 

each individual project. Additional global variables can be added by future developers. The 

core functionality builds and enables the Projects menu featured in Figure 1, which enables 

the user to navigate the data stored in COMBIgor, create new projects, libraries, and data 

types, and import and export data from the project.

Data handling

Data handling tasks within COMBIgor are the most robust, and therefore complex, functions. 

These functions create data storage waves, move data in and out of these waves, and transfer 

data in and out of the Igor Pro experiment. In addition to data management, these functions 

perform the vital roles of displaying and processing data. Because directly inspecting data 

in an array with more than two dimensions is difficult, data are typically parsed and stored 

in one- or two- dimensional waves. Each data type is a separate wave and is categorized by 

the project, library, and data dimensionality. The storage waves are of the Igor binary and 

Igor text hie types, which are compressed and stored in an Igor packed experiment hie. This 

results in an efficient use of memory when compared to the native instrument hies provided 

as example data. The most essential data used for the example experiment occupy 80% less 

memory when stored in an Igor Pro packed experiment and 50% less memory when stored 

as COMBIgor text data hies.
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Add-on packages

Add-on package elements are the most diverse functions due to the wide variety of tasks 

they perform. By default, COMBIgor has the functions needed to initialize and run any 

add-on included in the Plugins and Instruments folders. Each plugin and instrument listed 

in Table 3 and Table 2 has documentation for users; however, programmer documentation 

does not exist for these add-ons, as they are unlikely to be modified by individual users (with 

the exception of the ExamplePlugin, ExampleVector, and ExampleScalar procedure hies). 

The ability to expand the package is integral to the success of the COMBIgor platform 

and new functionality should be added by creation of additional add-ons. By placing a 

new instrument procedure hie in the Instruments folder of the package (or plugin hie in 

the Plugins folder), it becomes available for activation by the Add-ons panel. This can be 

done at any time and is explained in the documentation. Extensively commented example 

procedures are included for a plugin, a scalar instrument, and a vector instrument. These 

are provided as a foundation for further user development.

Object-oriented programming

COMBIgor was not written with an obvious object-oriented programming (OOP) architec­

ture in mind. However, its hierarchical data structure can be explained in terms relevant to 

OOP concepts. At the highest level, each COMBIgor project, in a single Igor experiment, 

can be thought of as an object of the project class with instance variables defined by the 

mapping grid and the project level variables. Within the project, each sample library is 

a single object of the library class, which inherits sampling definitions from the mapping 

grid of the project. At the lowest level, individual pieces of mapped data, specific to each 

library, are objects of one of the four HTE data classes (library, scalar, vector, or matrix) 

with instance variables defined by the instrument parameters. Different instrument add-ons 

are instances of the instrument class. The same is true for plugins and the plugin class.
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Summary

Here we have presented the COMBIgor package for Igor Pro which aids in the management 

and analysis of combinatorial materials science data sets. The COMBIgor package aims to 

decrease the burden of HTE data management, while simultaneously improving data trans­

parency, usage, and sharing. By using the open-source COMBIgor package for commercial 

Igor Pro, researchers can spend a greater portion of their time understanding the scientific 

outcomes of their experiments and less time moving, sorting, and managing data.

The functionality of COMBIgor is demonstrated for a few core instruments and plugins 

used at the National Renewable Energy Laboratory. To show the extent of the package’s 

capabilities, we used Ali_iTCrTN combinatorial HTE sample libraries as an example. Overall, 

this article is meant to facilitate COMBIgor adoption by researchers, groups, and laboratories 

that utilize spatially-resolved mapping techniques.

Numerous resources have been developed to install, manage, and expand COMBIgor, and 

the underlying architecture of the package is described. Extensive documentation resources 

are also included, so that a user with any amount of experience with Igor Pro can use and 

expand the functionality to suit their research needs. To give COMBIgor a try, please start 

by visiting https://www.COMBIgor.com.
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