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A Primal-Dual Proximal Algorithm for Sparse Template-Based Adaptive Filtering: Application to Seismic Multiple Removal Mai Quyen Pham, Laurent Duval, Member, IEEE, Caroline Chaux, Senior Member, IEEE, and Jean-Christophe Pesquet, Fellow, IEEE



Abstract—Unveiling meaningful geophysical information from seismic data requires to deal with both random and structured “noises”. As their amplitude may be greater than signals of interest (primaries), additional prior information is especially important in performing efficient signal separation. We address here the problem of multiple reflections, caused by wave-field bouncing between layers. Since only approximate models of these phenomena are available, we propose a flexible framework for time-varying adaptive filtering of seismic signals, using sparse representations, based on inaccurate templates. We recast the joint estimation of adaptive filters and primaries in a new convex variational formulation. This approach allows us to incorporate plausible knowledge about noise statistics, data sparsity and slow filter variation in parsimony-promoting wavelet frames. The designed primal-dual algorithm solves a constrained minimization problem that alleviates standard regularization issues in finding hyperparameters. The approach demonstrates significantly good performance in low signal-to-noise ratio conditions, both for simulated and real field seismic data. Index Terms—Convex optimization, Parallel algorithms, Wavelet transforms, Adaptive filters, Geophysical signal processing, Signal restoration, Sparsity, Signal separation.
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Fig. 1. Principles of marine seismic data acquisition and wave propagation. Towed streamer with hydrophones. Reflections on different layers (primaries with a single reflection in dotted, dashed and solid dark gray), and reverberated disturbances (multiples bouncing at least twice in dotted and dashed light gray).



I. I NTRODUCTION DAPTIVE filtering techniques play a prominent part proximity operators [4] with signal processing applications [5] in signal processing. They cope with time-varying or have allowed performance improvements. For instance, [6], [7] non-stationary signals and systems. The rationale of these allow sparsity promotion with ℓ1 and ℓp , 0 < p < 1, quasimethods is to optimize parameters of variable filters, according norms, respectively, via time-varying soft-thresholding operato adapted cost functions working on error signals. The tors. Improvements reside in convergence speed acceleration appropriate choice of cost functions, that encode a priori or gains in signal-to-noise ratios (SNRs). These developments information on the system under study, should be balanced are generally performed directly in the signal domain. Sparsity may additionally be present in signals. Choosing an with the tractability of the adaptation. While traditional adapappropriate transformed domain could, when applied appropritive algorithms resort to least squares minimization, they ately [8], ease the efficiency of adaptive filters [9]–[11]. Such may be sensitive to outliers, and may not directly promote transforms include filter banks [12] or redundant wavelets [13]. simple filters (well-behaved, with concentrated coefficients), The usefulness of sparsity-promoting loss functions or shrinkespecially when the filter length is not well known. Certain systems, for instance transmission channels, behave age functions in structured data denoising or deconvolution parsimoniously. They are modeled by sparse impulse response is well documented [14]–[16]. Geophysical signal processing filters with a few large taps, most of the others being small. [17] is a field where dealing with sparsity, or at least energy Several designs have thus turned toward cost functions pro- concentration, both in the system filter and the data domain, moting filter sparsity [1]–[3]. Recently, developments around is especially beneficial. The aim of seismic data analysis is to infer the subsurface Copyright (c) 2014 IEEE. Personal use of this material is permitted. structure from seismic wave fields recorded through land or However, permission to use this material for any other purposes must be marine acquisitions. In reflection seismology, seismic waves, obtained from the IEEE by sending a request to [email protected]. M. Q. Pham is with IFP Energies nouvelles and Universit´e Paris-Est, LIGM generated by a close-to-impulsive source, propagate through UMR-CNRS 8049. the subsurface medium. They travel downwards, then upwards, L. Duval is with IFP Energies nouvelles. reflected by geological interfaces, convolved by earth filters. C. Chaux is with Aix-Marseille Universit´e, I2M UMR CNRS 7373. J.-C. Pesquet is with Universit´e Paris-Est, LIGM UMR CNRS 8049. They account for the unknown relative distances and velocity
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contrasts between layers and they are affected by propagation- that several approximate templates accounting for multiples related distortions. A portion of the wave fields is finally are available. As the above problem is undetermined, adrecorded near the surface by arrays of seismometers (geo- ditional constraints should be devised. We specify sparsity phones or hydrophones). In marine acquisition, hydrophones and slow-variation requirements on primaries and adaptive are towed by kilometer-long streamers. filters. In Section II, we analyze related works and specify Signals of interest, named primaries, follow wave paths de- the novelty of the proposed methodology. To the authors’ picted in dotted, dashed and solid blue in Fig. 1. Although the knowledge, the formulation of this template-based restoration contributions are generally considered linear, several types of problem in a nonstationary context, taking into account noise, disturbances, structured or more stochastic, affect the relevant sparsity, slow adaptive filter variation, along with constraints information present in seismic data. Since the data recovery on filters is unprecedented, especially in the field of seismic problem is under-determined, geophysicists have developed processing. Section III describes the transformed linear model pioneering sparsity-promoting techniques. For instance, robust, incorporating the templates with adaptive filtering. In Section ℓ1 -promoted deconvolution [18] or complex wavelet trans- IV, we formulate a generic variational form for the problem. forms [19] still pervade many areas of signal processing. Section V describes the primal-dual proximal formulation. The We address one of the most severe types of interferences: performance of the proposed method is assessed in Section secondary reflections, named multiples, corresponding to seis- VI. We detail the chosen optimization criteria and provide a mic waves bouncing between layers [20], as illustrated with comparison with different types of frames. The methodology red dotted and dashed lines in Fig. 1. These reverberations is first evaluated on a realistic synthetic data model, and finally share waveform and frequency contents similar to primaries, tested and applied to an actual seismic data-set. Conclusions with longer propagation times. From the standpoint of geolog- and perspectives are drawn in Section VII. This work improves ical information interpretation, they often hide deeper target upon [21] by taking into account several multiple templates. reflectors. For instance, the dashed-red multiple path may Part of it was briefly presented in [22], by incorporating an possess a total travel time comparable with that of the solid- additional noise into the generic model, and by introducing blue primary. Their separation is thus required for accurate alternative norms in multiple selection objective criteria. Here, subsurface characterization. A geophysics industry standard the approach is extended. In particular, the problem is comconsists of model-based multiple filtering. One or several real- pletely reformulated as a constrained minimization problem, in istic templates of a potential multiple are determined off-line, order to simplify the determination of data-based parameters, based on primary reflections identified in above layers. For as compared with our previous regularized approach involving instance, the dashed-red path may be approximately inferred hyper-parameters. from the dashed-blue, and then adaptively filtered for separation from the solid-blue propagation. Their precise estimation II. R ELATED AND PROPOSED WORK is beyond the scope of this work, we suppose them given by prior seismic processing or modeling. As template modeling Primary/multiple separation is a long standing problem in is partly inaccurate — in delay, amplitude and frequency — seismic. Published solutions are weakly generic, and often templates should be adapted in a time-varying fashion before embedded in a more general processing work-flow. Levels being subtracted from the recorded data. Resorting to several of prior knowledge — from the shape of the seismic source templates and weighting them adaptively, depending on the to partial geological information — greatly differ depending time and space location of seismic traces, helps when highly on data-sets. We refer to [23], [24] for recent accounts on complicated propagation paths occur. Increasing the number broad processing issues, including shortcomings of standard of templates is a growing trend in exploration. Meanwhile, ℓ2 -based methods. The latter are computationally efficient, yet inaccuracies in template modeling, complexity of time-varying their performance decreases when traditional assumptions fail adaptation combined with additional stochastic disturbances (primary/multiple decorrelation, weak linearity or stationarity, require additional constraints to obtain geophysically-sound high noise levels). We focus here on recent sparsity-related solutions. approaches, pertaining to geophysical signal processing. The We propose a methodology for primary/multiple adaptive potentially parsimonious layering of the subsurface (illustrated separation based on approximate templates. This framework in Fig. 1) suggests a modeling of primary reflection coeffiaddresses at the same time structured reverberations and a cients with generalized Gaussian or Cauchy distributions [25], more stochastic part. Namely, let n ∈ {0, . . . , N − 1} denote having suitable parameters. The sparsity induced on seismic the time index for the observed seismic trace z, acquired by a data has influenced deconvolution and multiple subtraction. given sensor. We assume, as customary in seismic, an additive Progressively, the non-Gaussianity of seismic traces has been model of contributions: emphasized, and contributed to the use of more robust norms [26], [27] for blind separation with independent component (n) (n) (n) (n) (1) z =y +s +b . analysis (ICA) for the signal of interest. As the true nature of The unknown signal of interest (primary, in blue) and the seismic data distribution is still debated, including its stationsum of undesired, secondary reflected signals (different mul- arity [28], a handful of works have investigated processing in tiples, in red) are denoted, respectively, by y = (y (n) )0≤n 
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