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Cardiovascular diseases can be detected early by analyzing the electrocardiogram of a patient using wearable systems. In the context of smart sensors, detecting arrhythmias with good accuracy and ultra-low power consumption is required for long-term monitoring. This paper presents a novel cardiac arrhythmia classification method based on antidictionaries. The features are sequences of consecutive slopes generated from the input signal's event-driven processing. The proposed system shows an average detection accuracy of 98% while offering an ultra-low complexity. This antidictionary-based method is also particularly suited to imbalanced datasets since the antidictionaries are created exclusively from heartbeats classified as normal beats.

I. INTRODUCTION

diseases (CVD) are the leading cause of death globally [1]. Electrocardiogram (ECG) is used for early CVD diagnosis and wearable at-home monitoring systems can avoid patient examinations at the hospital. To enable wearable health monitoring systems with long battery life, their power consumption must be extremely low. Smart ECG sensors rely on the near-sensor computing paradigm, in which the ECG signal is directly processed in the sensor, by extracting features and determining if arrhythmias have occurred. This reduces the volume of data to send to a data center for further analysis, and thus the power consumption of the embedded device. Furthermore, ECG datasets are imbalanced containing a majority of non-arrhythmic heartbeats. To be used with a neural network, the dataset must be biased by duplicating the arrhythmic heartbeats as previously demonstrated in the literature [START_REF] Zhao | A 13.34μW Event-driven Patient-specific ANN Cardiac Arrhythmia Classifier for Wearable ECG Sensors[END_REF], [START_REF] Duforest | Slope-Based Event-Driven Feature Extraction For Cardiac Arrhythmia Classification[END_REF].

In this work, we investigate a novel classification method based on Antidictionaries (AD). An AD represents a set of non-appearing patterns from an original dataset. If the AD is created from normal beats, it can be used to detect arrhythmias without training on arrhythmic beats, thus avoiding the insertion of a bias [START_REF] Frias | Arrhythmia Detection with Antidictionary Coding and Its Application on Mobile Platforms[END_REF].

Additionally, performing the inference with an offlinelearned antidictionary has the potential to be extremely low power, thus compatible with a wearable solution. It has been demonstrated in [START_REF] Duforest | Slope-Based Event-Driven Feature Extraction For Cardiac Arrhythmia Classification[END_REF] that the event-driven extraction of a sequence of slopes from an ECG signal is a relevant feature for cardiac arrhythmia classification (CAC). A finite sequence of slopes is therefore suitable for the creation of ADs. The present work exploits the combination of eventdriven quantized slopes and antidictionary-based classification to provide an ultra-low complexity solution for CAC with decent accuracies.

This paper is organized as follows. In section II, the process of creation of ADs is described and inference for the validation and testing phase. This section also details the required reduction of the size of the AD. The classification results are presented in section III and the efficiency and interest of the proposed classification method are discussed.

II. CLASSIFICATION USING ANTIDICTIONARIES

A. Definition and creation of antidictionaries

An AD is a list of forbidden words (FBW) produced from negative information of a sequence of symbols, each symbol being part of a predefined alphabet [START_REF] Crochemore | Text Compression Using Antidictionaries[END_REF]. The FBWs are formed following three rules: 1) the FBW is not a subpart of the sequence of symbols; 2) the 1-letter shorter prefix of the FBW is a subpart of the sequence of symbols; 3) the 1-letter shorter suffix is a subpart of the sequence of symbols.

To apply ADs to ECG signals, ECG signals can be represented by a sequence of coarse-quantized slopes between two consecutive event-driven samples. Those sequences have been proven to be effective features for CAC with a state-of-the-art classifier and constitute a limited set of distinct values [START_REF] Duforest | Slope-Based Event-Driven Feature Extraction For Cardiac Arrhythmia Classification[END_REF].

The ADs were tested on the MIT-BIH arrhythmia database. The process to make an AD for a specific patient is shown in Fig. 1. 70% of the normal beats of the dataset are used for AD creation. The rest of the database is later used for validation and testing. Each heartbeat is converted to a sequence of slopes, and 70% of the sequences from normal beats are used to create a single AD. A general AD is then made by concatenating all the ADs.

B. Inference with antidictionaries

The sequence of slopes from the tested beat is analyzed regarding the general AD. Using a simple identification process, with e.g. a content-addressable memory (CAM), a flag is generated for each subset of the sequence that is present in the AD. Each heartbeat will then generate several flags that determine the number of times FBWs have appeared in the sequence. This process is applied to the validation dataset, composed of 15% of the remaining normal beats and 85% of the arrhythmic beats, randomly selected. On this validation set, a threshold can be set to differentiate However, when using the general AD created as the union of all the ADs, no clear separation can be envisioned for all records. This is because few FBWs in the AD are too specific to a particular normal beat and flags are detected even for other normal beats. The number of FBWs in the general AD must be reduced to enable a clear delimitation between arrhythmic and normal beats and reduce the necessary memory to store the AD.

C. Antidictionary Reduction

The size of the general antidictionary is reduced in two steps. The first step is to ignore all FBWs with a length greater than 5 symbols. The longer the FBW, the more heartbeatspecific it tends to be. If the FBW is too specific, it is likely to generate flags even for normal beats.

The second step is to reduce the antidictionaries depending on how FBWs react to the validation beats. Only FBWs flagging more in arrhythmic beats than in normal beats are aggregated in the general antidictionary.

To reduce even further the number of FBWs in the AD during the validation phase, FBWs can be ordered using the ratio between the number of times they appear in the arrhythmic beats and the number of times they appear in normal beats. The most relevant FBWs (i.e. with the highest ratio) are then used to create the reduced AD. The resulting ADs and the optimal classification thresholds can then be used during the testing phase.

III. CLASSIFICATION RESULTS

A. Antidictionary classification with the test dataset

The proposed AD-based classification is tested on records from the MIT-BIH database containing mainly Premature Ventricular Complex (PVC) arrhythmias. The testing subset is composed of the remaining 15% normal beats and 15% arrhythmic beats. The accuracies and F1 scores are calculated using reduced ADs and associated classification thresholds. The classification was simulated using Matlab.

The maximum accuracy for each record varies between 94.40% and 100% with an average of 97.97% and the F1 scores vary from 69.23% and 100% with an average of 86.80%.

B. Comparison with the state of the art in CAC

Table I gives a comparison of the proposed approach with recent works. The system presented in this paper can reach an accuracy similar to the state of the art (1% lower than the best-reported accuracy), with no timing information on the RR-intervals and no arrhythmic data augmentation for the biased training. The inference method is also less complex than the other works, with a maximum of 32 FBWs, composed of a maximum of 5 3-bit letters (480 bits total), that can be easily addressed and identified through a simple CAM. The classification threshold used in the counter can be coded on 6 bits since the highest classification threshold needed is 61. With all the information needed for the classification stored on 486 bits and a completely clockless event-driven system, ultra-low energy consumption can be envisioned for a future wearable health monitoring system.

IV. CONCLUSION

In this paper, a novel classification method based on ADs is presented. The ADs are created using extracted features from normal heartbeats, in the form of quantized event-driven slopes. The proposed classification method allows a system with low complexity for inference, while the training (creation of the ADs) benefits from the imbalanced nature of the datasets. This solution shows promising results with an average 97.97% accuracy for PVC CAC. This system offers an accuracy similar to the state of the art while being extremely simple and easily adaptable from patient to patient.

Fig. 1 .

 1 Fig. 1. Process to create a general antidictionary from a single record
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