
Full waveform inversion: theory, algorithms and applications 

With the emergence of new acquisition systems (wide azimuth, multi-component acquisitions 
and broadband sources) and high-performance computing, full waveform inversion (FWI) is 
attracting a growing interest in both exploration geophysics and earthquake seismology for 
high-resolution imaging of the subsurface at different scales. 

During this lecture, I will present a comprehensive overview of the fundamentals of FWI as 
well as a state of the art of the most topical ongoing researches. In its conventional form, 
FWI is a data-fitting procedure, which aims to minimize the misfit between the recorded and 
the modeled data. The inverse problem is solved by local optimization methods with 
gradient-based algorithms (steepest-descent, conjugate gradient, quasi-Newton,…). The 
associated forward problem is the resolution of the full two-way wave equation in an attempt 
to exploit the full information content of the data. 

I will first review the role of the gradient of the misfit function and of the Hessian (the second 
derivative of the misfit function) in FWI. The adjoint-state method will be introduced as a 
suitable mathematical tool to efficiently compute the gradient of the misfit function and to 
account for the Hessian in the descent direction. This will provide the necessary introduction 
to highlight the relationship between the experimental setup (source bandwidth and 
acquisition geometry) and the resolution power achievable by FWI. This resolution analysis 
will also highlight the limitations of the conventional form of FWI to image the long 
wavelengths of the subsurface from limited-offset data. These limitations have recently 
prompted some authors to combine least-squares migration and FWI to update these long-
wavelengths from reflection data. 

FWI is a highly nonlinear inverse problem, which requires some prior constraints and 
hierarchical data manipulation to steer the inversion towards the global minimum of the misfit 
function. I will review the most-commonly used data preconditioning techniques in time, 
frequency and offset as well as the implementation of different kinds of regularizations and 
prior constraints in FWI. 

Most of the recent applications of FWI have been performed in the acoustic approximation, 
where only the large wavelengths of the P-wave velocity are updated from the low 
frequencies. The challenge of multi-parameter FWI will be addressed where more realistic 
wave physics is taken into account in seismic modeling to update several classes of 
parameters such as density, S-wave velocity, attenuation and anisotropic parameters aside 
the P-wave velocity. Difficulties result from the increasing ill-posedness of FWI when multiple 
classes of parameters are jointly updated. Different classes of parameters can have similar 
effects in the data for some range of aperture angles leading to crosstalk artefacts in the 
subsurface reconstruction. In this framework, one key issue is the choice of the most 
suitable parameterization of the subsurface. Some heuristic approaches based on the 
analysis of the so-called scattering patterns will be reviewed to assess the best subsurface 
parameterization for multi-parameter FWI. An application to real data from the Valhall field 
will illustrate the difficulties underlying multi-parameter FWI. 

Other topical issues include the choice of a suitable norm for FWI (L1, Huber, correlation, 
logarithmic), the initial model building (possible methods are Laplace inversion, 
stereotomography, FWI in the image domain, joint FWI and least-squares migration) and the 
speed-up of FWI by source-encoding techniques. 

 


