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Motivation
• DFT values are often used in the literature as reference values 

(to compare to, to fit to, etc. )

• They are always reported without uncertainties
• They are often reported with very few technical specifications

however
Is DFT exact ?
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Density Functional Theory (DFT)
- Atomistic modeling 
- Based on quantum-mechanics (both ions and electrons)
- Simulation cell, often periodic boundary conditions

- Very few fitting parameters  very transferable
- Very computationally costly:

- small systems (hundreds of atoms at most)
- Very short times (MD, semistatic deformations)
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Uncertainties in DFT
k-point convergence

1) controlled approximations, whose 
errors can be made arbitrarily small 
through adjustable parameters typically 
at the expense of increased 
computational cost (Ex: k-points, real 
space or energy cutoff)

2) uncontrolled approximations, whose 
errors are unknown exactly and can’t be 
reduced by increasing the computation
Ex: exchange, correlation, pseudopotential

Exchange-correlation choice



Materials Science and Engineering Division 

DFT Basics
 The ground state (GS) energy of a molecule/crystal can be determined from the 

electron density (3 d.o.f.) instead of a wave function (3N d.o.f., N= # of electrons) 

 Variational problem:
the GS energy (E) and density (ρ) correspond to the minimum of some universal 
functional E[ρ] subject to the constrain that the density contains the correct 
number of electrons (Hohenburg-Kohn theorems )

Because E= E[ρ] and ρ is unknown, the above minimization is performed self-
consistently (SCF)  

Basis sets:
electronic structure methods rely on expanding the unknown wave function in 
terms of a set of basis functions

Some of possible types: - atom centered localized basis sets 
- plane waves.

Convergence parameters

“Parameters” for 
basis set expansion
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Energy Functional E[ρ]
 Schrödinger eq. (+time independence, non relativistic, Born-Oppenheimer 

approximations)  energy functional of a system of interacting  electrons:

E [ρ] = energy functional = T [ρ] + Vext[ρ] + Vee[ρ]

where: T=kinetic en. (unknown), Vext = electron-ion interaction, Vee = electron-
electron interaction (unknown)

Kohn- Sham introduced a fictitious system of N non-interacting electrons  moving in 
an effective potential with density = to the true density   the energy functional is: 

E [ρ] = Ts[ρ] + Vext[ρ] + VCoulomb[ρ] + Exc[ρ] 

where Exc = exchange –correlation functional = error due to using a non-interacting
kinetic energy + error due to  treating the electron-electron interaction classically

“Parameter “= Exc functional form choice

Exc not known exactly and contains all the many-body quantum effects
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More questions
• What are the parameters that more strongly affect the 

result? Do they depend on computed physical 
quantity?

• How much do different DFT codes (periodic or 
molecular codes, local orbit basis or plane waves based 
codes or all-electron (augmented methods) codes) affect 
the results?

• How much does doing computations in a non 
completely converged mode affect the results?

• How can uncertainties be estimated?
• How systematic are they (by structure type, by material 

type, etc.)? 
• How can they be propagated?

• How much is the average user of DFT “numbers”  
aware of DFT limitations/systematic problems etc.?

http://dft.sandia.gov/Quest/
DFT_codes.html
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We are not alone …..
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Systematic computation of 
 basic structural properties (lattice and elastic constants, formation energies) of
 single elements (starting from Si, Fe, Ni, Cu, Al, C, Zr, W)
 in stable and METASTABLE structures

using as many as possible different
 Codes ( basis set expansions) ;
 Exchange-correlation choices;
 Thermal smearing, K-points convergence;
 ….

Estimate of: - uncertainties/trends using these data
- uncertainties propagation

Estimate of the effect of not complete convergence 
To make these findings easily accessible to non expert users 

NIST approach

(sc)
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Physical properties versus 
k point integration and smearing method

• Aluminum
• PBE exchange-correlation functional
• DMol3 code

Experimental values (T room):
 Lattice constant: 4.049 Å
 Bulk Modulus: 76 GPa

 The onset of the k-point convergence depends on the physical quantity
 The smearing method controls: - the onset of k-point convergence (computation time)

- the value of the physical quantity

Equilibrium Lattice Constant
Exp

0.1%

Bulk Modulus

1.3%
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Does it depend of the code? 
• Bulk Modulus
• Aluminum
• PBE exchange-correlation functional

Experimental value (T room): 76 GPa

DMol3 codeVASP code

NOT significantly

0.7%
1.3%

Percent err. (tetra-exp.) = 2.6 %Percent err. (tetra-exp.) = 2.2 %
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Does it depend of the element? 
• Bulk Modulus, PBE exchange-correlation functional, DMol3 code, c=5.0 

YES!
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Al Bulk Modulus Experimental value: 76 GPa
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Does it depend of the 
exchange-correlation functional? 

YES!!!

PBE

Exp

PW91

Exp

LDA

Exp

PBE PW91 LDA

Percent err. (tetra-exp.) = 10 %

Percent err. (tetra-exp.) = 11 %Percent err. (tetra-exp.) = 2.2 %

Percent err. (tetra-exp.) = 2.6 % Percent err. (tetra-exp.) = 2.2 %

Percent err. (tetra-exp.) = 2.2 %
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Lattice constant for 
various elements vs Exc (at converged kp)

Aluminum Carbon Zirconium

Systematic dependence on Exc functional choice 
 possibility to estimate “transferable” 

uncertainties
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Energy for various elements (metals)

Aluminum

Copper Tungsten

Zirconium

 Always the same 
ordering!!

 Semi-systematic 
dependence on Exc

All DMol3 
calculations
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Carbon

LDA

Energy for various non-metallic elements

Always the same ordering!!
NOT systematic dependence on Exc

Exc effect is property dependent!!!!

Silicon

LDA
Carbon

LDA

All DMol3 
calculations
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DFT Benchmarking WEB-INTERFACE
NIST Scientist(s): 
1. Computing data
2. Posting data/curating database: 

 Access using the web browser to custom manage users: data, meta-data and 
a discussions forum with users.

 Upload new data using a tool that will synchronize the scientist's local 
repository with the curator and, therefore, updates the platform in real time

 Create custom access for collaborators if needed.

NIST 
scientist/cura

tor
UserUsers:

Users will be able to: 
 access the platform only from 

a web browser.
 query, filter, visualize and 

access the benchmark data. 

Presenter
Presentation Notes
For the description and Tools. I will talk in the sense of your work-flow and your collaborators.You (Scientist) will interact with the platform either from a web browser or using a tool.- Format: Data transformation into standard structures.- MDCS-Push: Data push to the MDCS intance to allow the management of the data standardized into the Platform.- DBDCP-Push: Manage the platform display, extra data and collaborators custom access. The platform is using an external platform for Data Curation and Management framework based on the standardization of Scientific data using XSD (XML Schemas) and XML Data (http://www.w3schools.com/xml/schema_intro.asp). It is the MDCS (https://mgi.nist.gov/materials-data-curation-system) for Material Data Curation System.�Internally, There is a REST Web service (Cloud) based on the lightweight flexible Python Flask framework (http://flask.pocoo.org/). We also have a standalone front-end web client with a javascript API to communicate with the Cloud service. The client is implemented using the python Web Visualization Generator Bokeh (http://bokeh.pydata.org/en/latest/). You (Scientist) will be accessing using the web browser to custom manage users and for ease in administering the content: data, meta-data and a forum of discussions with the collaborators.You will aslo be able to upload any data using a tool from which you will provide the folder to the data in your computer. This tool will sync any new file with the curator and by doing this move the platform up to date with what you have. The collaborators will be able to access the platform only from a web browser. They will be able to query, filter, visualize and acces the benchmark data. Some of them will be able to contribute if you add them as content providers into the system. 
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 Large MULTIDIMENTIONAL space:
Using the platform the user can virtual cross-filter/plot/download any combination 
of parameters  huge number of combinations and plots

 Search options:
1) defaults parameter sets are provided for non-expert users or quicker investigations;
2) it is possible to specify every single computational parameter, if so desired;
3) default configuration can be overwritten by the user (combination of 1) and 2));
4) parameter combinations that don’t make sense for the chosen domain are restrained

Multiple 
possible 

FILTERs/
defaults
available

Multiple 
options for 

PLOTTING 
variables

Value vs K-points

Presenter
Presentation Notes
What I would like to say with the second slide is that:1)      given the large number of parameters involved, the number of combinations (plots) that the user may want is so large that the only solution is to make them interactively (hard!)2)      the user can choose how many data sets to plot against each other by filtering all option down to just two (A as a function of B, everything else specified) or leaving a few open (A as a function of B1, B2, etc.)3)      If the user is not familiar with reasonable valued for a certain parameter (for instance the users wants to probe “in general” the difference between two codes for a specific physical quantity and element), default sets of computational parameters for each code are provided. 4)      The users can also start choosing a default set of parameters, then select a specific value for one or more of such parametersYannick Congo:1) I think you want to say is that: Using the platform the user can virtual cross-filter and plot any combination of parameters. Which means a huge number of combinations and plots. To make it ease to use (mostly for beginners) we have decided to restraint certain combinations that are for the considered domain not making sense or are irrelevant.2) and 3) represent a room where. If for the code we for example have selected 'xxx'. If the user does not want to worry about the code and consider them all. He can just remove this parameter from the filtering panel. Also if he want it for a certain set of codes he can also select them and the plot will consider the selected ones.4) This is another option too. We could either start the platform view with the default parameters or let the user know what it is. Yet in both cases allowing the user to go out of the conventional or expected way of filtering should be available I think.
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Conclusions
• DFT needs uncertainties
• To estimate/predict such uncertainties is definitely not trivial:
 Large multidimensional parameter-space needs to be explored
 Certain “parameters” have a much larger effect than others
 Material dependent

• Future: to extend the scope from:
 single elements to (at least) binary compounds 
 mechanical to electronic properties

- We are collecting data
- We are showing the need for UQ in DFT
- We need help with the next steps:
 to compute the uncertainties
 how to propagate uncertainties 
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