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ABSTRACT Both random and structured perturbations affect seismic data. Their removal, to unveil meaningful geophysical information, requires additional priors. Seismic multiples are one form of structured perturbations related to wave-field bouncing. In this paper, we model these undesired signals through a timevarying filtering process accounting for inaccuracies in amplitude, time-shift and average frequency of available templates. We recast the problem of jointly estimating the filters and the signal of interest (primary) in a new convex variational formulation, allowing the incorporation of knowledge about the noise statistics. By making some physically plausible assumptions about the slow time variations of the filters, and by adopting a potential promoting the sparsity of the primary in a wavelet frame, we design a primal-dual algorithm which yields good performance in the provided simulation examples. Index Terms— Optimization methods, Wavelet transforms, Adaptive filters, Geophysical signal processing, Signal restoration. 1. INTRODUCTION



Fig. 1. Principles of seismic wave propagation, with reflections on different layers, and data acquisition. Solid blue: primary; dashed red and green: multiple reflection disturbances.



Geophysical signal processing [1, 2] addresses the extraction of relevant information present in seismic data. In reflec-
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tion seismology, seismic waves propagate through the subsurface medium. The portion of seismic wave fields recorded at the surface forms the seismic traces whose reflections at geological interfaces and propagation-related distortions inform about the subsurface structure (see Fig. 1). An idealization would consist in inferring the relative distances and velocity contrasts between layers through an impulsive seismic source signal traveling first downwards, then upwards, toward the seismic sensors. Many types of unpredicted disturbances affect seismic signals. Consequently, geophysics has nurtured several tools central to potent signal processing trends, including robust, ℓ1 -promoted deconvolution [3], or complex, continuous wavelet transforms [4]. One of the most severe types of interferences, hence still requiring mitigation, are multiple reflections, and correspond to seismic waves bouncing betwixt layers [5]. Such reverberations, from the point of view of geological information interpretation, imitate and even bedim genuine target reflectors, since they possess similar waveform and frequency content. Model-based multiple removal is one of the industry standard techniques. It consists of estimating a realistic template of the multiples, which is subsequently adapted in amplitude, delay and frequency by timevarying matched filtering techniques, for instance in a wavelet or curvelet domain, see [6, 7] and references therein. When highly complicated propagation paths occur (dashed lines in Fig. 1), several multiple templates are devised and adaptively weighted depending on the time and space location of seismic traces. Inaccuracies in template modeling as well as the complexity of the time-varying adaptation combined with additional unmodeled disturbances require additional constraints to obtain geophysically sound solutions. We use prior knowledge on seismic data distribution (sparsity in wavelet frames) and assume that the time-varying filters, adapting each template, possess a finite impulse response (FIR) that smoothly varies in time. We assume that a seismic trace is composed as follows: z (n) = s(n) + y (n) + b(n) ,



(1)



where n ∈ {0, . . . , N − 1} denotes the time index and z = (z (n) )0≤n 
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