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ABSTRACT

ECG signal processing is important for medical diagnosis. However, the signal
from patients may have abnormal waveforms and be contaminated by noise causing difficulty in
ECG signal analysis, such as R-peak detection. Therefore, in this research we presented R-peak
detection algorithm. The MIT-BIH Arrhythmia Database was selected as the dataset for testing
the proposed algorithm. The proposed algorithm was composed of two stages. Firstly, the signal
preprocessing including the continuous wavelet transform (CWT) denoising or quadratic filters
(QF) is performed. Secondly, R-peak in ECG signal is detected using a fixed single threshold.
DER (Detection Error Rate) is used for evaluating the accuracy of algorithm. The results are
compared with other publications, which their average DER values are in the range of 0.17% -
0.90%. The average DER values from the proposed algorithms based on wavelet transform and

QF are 0.53% and 0.57%, respectively.

Keywords: Electrocardiography (ECG), ECG Beat Detection, Continuous Wavelet

Transform (CWT), Quadratic Filters (QF)
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Record Threshold Threshold DER(%)
100 0.175 1.224 0.00
101 0.279 0.465 0.21
102 0.134 0.302 0.00
103 0.180 0.721 0.00
104 0.383 0.383 0.54
105 2.168 2.168 1.48
106 0.397 0.397 0.30
107 0.576 0.576 0.00
108 0.217 0.217 2.50
109 0.324 0.324 0.00
111 0.099 0.232 0.05
112 0.475 0.475 0.00
113 0.925 2.158 0.00
114 0.076 0.076 0.48
115 0.153 2.144 0.00
116 0.365 0.365 0.95
117 0.284 0.567 0.00
118 1.115 1.952 0.00
119 0.565 1.977 0.05
121 0.081 0.284 0.16
122 0.162 1.137 0.04
123 1.352 1.931 0.00
124 0.438 0.731 0.00
200 0.923 0.923 0.12
201 0.157 0.157 1.53
202 0.268 0.268 0.09
203 0.585 0.585 1.88
205 0.214 0.321 0.11
207 0.400 0.400 10.7
208 0.515 0.515 1.32
209 0.839 1.067 0.03
210 0.170 0.170 0.57
212 0.693 1.287 0.00
213 0.807 1.076 0.15
214 0.627 0.627 0.22
215 0.499 0.499 0.03
217 0.525 0.525 0.23
219 0.765 1.148 0.00
220 0.167 2.332 0.00
221 0.168 0.168 0.00
222 0.152 0.152 0.40
223 0.300 0.450 0.04
228 0.381 0.381 1.07
230 1.051 2.451 0.00
231 0.184 1.291 0.00
23 0.228 0.228 0.06
233 0.636 0.636 0.06
234 0.354 0.354 0.00

min 0.076 0.076

max 2.168 2451
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A193 197 4-2 FaMTansd gy imnz auve s azgadeyaluITAINTBINIATIAN

Record Threshold Threshold DER(%)
100 0.056 0.478 0.00
101 0.195 0.306 0.21
102 0.023 0.068 0.00
103 0.060 0.180 0.00
104 0.152 0.152 0.76
105 0.738 0.738 1.67
106 0.131 0.131 0.35
107 0.251 0.440 0.00
108 0.088 0.088 4.08
109 0.065 0.065 0.04
111 0.082 0.082 0.05
112 0.214 0.228 0.00
113 0.297 0.843 0.00
114 0.034 0.034 0.32
115 0.049 0.840 0.00
116 0.337 0.337 0.95
117 0.201 0.310 0.00
118 0.462 0.770 0.00
119 0.242 0.685 0.05
121 0.107 0.117 0.00
122 0.097 0.121 0.00
123 0.434 0.558 0.00
124 0.181 0.271 0.00
200 0.301 0.301 0.19
201 0.040 0.040 0.36
202 0.093 0.093 0.00
203 0.156 0.156 2.08
205 0.047 0.070 0.08
207 0.172 0.172 11.08
208 0.209 0.209 1.18
209 0411 0411 0.03
210 0.068 0.068 0.64
212 0.232 0.365 0.00
213 0.260 0.346 0.00
214 0.255 0.255 0.27
215 0.123 0.185 0.03
217 0.129 0.129 0.27
219 0.125 0.311 0.00
220 0.162 0.921 0.00
221 0.062 0.062 0.00
222 0.048 0.048 1.01
223 0.216 0.216 0.08
228 0.122 0.122 1.46
230 0.396 1.121 0.00
231 0.028 0.472 0.00
232 0.077 0.077 0.06
233 0.150 0.200 0.16
234 0.061 0.213 0.04

min 0.023 0.034

max 0.738 1.121
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a a a <3 1 4 [
A1319 4-3 wamsUsziulszansnmandsmsuasnvidauuuaeiiealumnaseau 3

Record Total (beats) TP (beats) FN (beats) FP (beats) SEN(%) PPR(%) DER(%)
100 2273 2273 0 0 100.00 100.00 0.00
101 1865 1865 0 4 100.00 99.79 0.21
102 2187 2187 0 0 100.00 100.00 0.00
103 2084 2084 0 0 100.00 100.00 0.00
104 2228 2227 1 11 99.96 99.51 0.54
105 2572 2556 16 22 99.38 99.15 1.48
106 2027 2025 2 4 99.90 99.80 0.30
107 2136 2136 0 0 100.00 100.00 0.00
108 1763 1726 37 7 97.90 99.60 2.50
109 2532 2532 0 0 100.00 100.00 0.00
111 2124 2123 1 0 99.95 100.00 0.05
112 2539 2539 0 0 100.00 100.00 0.00
113 1795 1795 0 0 100.00 100.00 0.00
114 1879 1876 3 6 99.84 99.68 0.48
115 1953 1953 0 0 100.00 100.00 0.00
116 2412 2393 19 4 99.21 99.83 0.95
117 1535 1535 0 0 100.00 100.00 0.00
118 2278 2278 0 0 100.00 100.00 0.00
119 1987 1987 0 1 100.00 99.95 0.05
121 1863 1862 1 2 99.95 99.89 0.16
122 2476 2476 0 1 100.00 99.96 0.04
123 1518 1518 0 0 100.00 100.00 0.00
124 1619 1619 0 0 100.00 100.00 0.00
200 2601 2598 3 0 99.88 100.00 0.12
201 1963 1934 29 1 98.52 99.95 1.53
202 2136 2134 2 0 99.91 100.00 0.09
203 2980 2943 37 19 98.76 99.36 1.88
205 2656 2653 3 0 99.89 100.00 0.11
207 1860 1735 125 74 93.28 95.91 10.70
208 2955 2932 23 16 99.22 99.46 1.32
209 3005 3005 0 1 100.00 99.97 0.03
210 2650 2646 4 11 99.85 99.59 0.57
212 2748 2748 0 0 100.00 100.00 0.00
213 3251 3248 3 2 99.91 99.94 0.15
214 2262 2257 5 0 99.78 100.00 0.22
215 3363 3362 1 0 99.97 100.00 0.03
217 2208 2205 3 2 99.86 99.91 0.23
219 2154 2154 0 0 100.00 100.00 0.00
220 2047 2047 0 0 100.00 100.00 0.00
221 2427 2427 0 0 100.00 100.00 0.00
222 2483 2478 5 5 99.80 99.80 0.40
223 2605 2604 1 0 99.96 100.00 0.04
228 2053 2042 11 11 99.46 99.46 1.07
230 2256 2256 0 0 100.00 100.00 0.00
231 1571 1571 0 0 100.00 100.00 0.00
232 1780 1780 0 1 100.00 99.94 0.06
233 3079 3077 2 0 99.94 100.00 0.06
234 2753 2753 0 0 100.00 100.00 0.00

109491 109154 337 205 99.67 99.80 0.53
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a a A (3 a a 4 1w
A5 4-4 wamsUs2lulsEansnIMAINIEMIAINT09AAT1AN TUNI5 1N DS O'y MmNy 0.7

Record Total (beats) TP (beats) FN (beats) FP (beats) SEN(%) PPR(%) DER(%)
100 2272 2272 0 0 100.00 100.00 0.00
101 1865 1865 0 4 100.00 99.79 0.21
102 2187 2187 0 0 100.00 100.00 0.00
103 2084 2084 0 0 100.00 100.00 0.00
104 2228 2223 5 12 99.78 99.46 0.76
105 2572 2558 14 29 99.46 98.88 1.67
106 2027 2024 3 4 99.85 99.80 0.35
107 2136 2136 0 0 100.00 100.00 0.00
108 1763 1710 53 19 96.99 98.90 4.08
109 2532 2531 1 0 99.96 100.00 0.04
111 2124 2123 1 0 99.95 100.00 0.05
112 2539 2539 0 0 100.00 100.00 0.00
113 1794 1794 0 0 100.00 100.00 0.00
114 1879 1878 1 5 99.95 99.73 0.32
115 1953 1953 0 0 100.00 100.00 0.00
116 2412 2392 20 3 99.17 99.87 0.95
117 1535 1535 0 0 100.00 100.00 0.00
118 2278 2278 0 0 100.00 100.00 0.00
119 1987 1987 0 1 100.00 99.95 0.05
121 1863 1863 0 0 100.00 100.00 0.00
122 2476 2476 0 0 100.00 100.00 0.00
123 1518 1518 0 0 100.00 100.00 0.00
124 1619 1619 0 0 100.00 100.00 0.00
200 2601 2598 3 2 99.88 99.92 0.19
201 1963 1959 4 3 99.80 99.85 0.36
202 2136 2136 0 0 100.00 100.00 0.00
203 2980 2955 25 37 99.16 98.76 2.08
205 2656 2654 2 0 99.92 100.00 0.08
207 1860 1700 160 46 91.40 97.37 11.08
208 2955 2933 22 13 99.26 99.56 1.18
209 3005 3005 0 1 100.00 99.97 0.03
210 2650 2643 7 10 99.74 99.62 0.64
212 2748 2748 0 0 100.00 100.00 0.00
213 3250 3250 0 0 100.00 100.00 0.00
214 2262 2256 6 0 99.73 100.00 0.27
215 3363 3363 0 1 100.00 99.97 0.03
217 2208 2206 2 4 99.91 99.82 0.27
219 2154 2154 0 0 100.00 100.00 0.00
220 2047 2047 0 0 100.00 100.00 0.00
221 2427 2427 0 0 100.00 100.00 0.00
222 2483 2472 11 14 99.56 99.44 1.01
223 2605 2604 1 1 99.96 99.96 0.08
228 2053 2044 9 21 99.56 98.98 1.46
230 2256 2256 0 0 100.00 100.00 0.00
231 1571 1571 0 0 100.00 100.00 0.00
232 1780 1780 0 1 100.00 99.94 0.06
233 3079 3077 2 3 99.94 99.90 0.16
234 2753 2753 0 1 100.00 99.96 0.04

109488 109136 352 235 99.64 99.78 0.57




A3 4-5 kamfFeuneuAnNURANAIAINIEMS PT N CWT tag QF

Records DER of PT [9] (%) DER of CWT (%) DER of QF (%)
100 0.00 0.00 0.00
101 0.43 0.21 0.21
102 0.00 0.00 0.00
103 0.00 0.00 0.00
104 0.04 0.54 0.76
105 3.46 1.48 1.67
106 0.05 0.30 0.35
107 0.09 0.00 0.00
108 12.54 2.50 4.08
109 0.04 0.00 0.04
111 0.05 0.05 0.05
112 0.04 0.00 0.00
113 0.00 0.00 0.00
114 1.06 0.48 0.32
115 0.00 0.00 0.00
116 1.04 0.95 0.95
117 0.13 0.00 0.00
118 0.04 0.00 0.00
119 0.05 0.05 0.05
121 0.59 0.16 0.00
122 0.08 0.04 0.00
123 0.00 0.00 0.00
124 0.00 0.00 0.00
200 0.35 0.12 0.19
201 0.51 1.53 0.36
202 0.19 0.09 0.00
203 2.78 1.88 2.08
205 0.08 0.11 0.08
207 0.43 10.70 11.08
208 0.60 1.32 1.18
209 0.10 0.03 0.03
210 0.38 0.57 0.64
212 0.00 0.00 0.00
213 0.09 0.15 0.00
214 0.26 0.22 0.27
215 0.03 0.03 0.03
217 0.45 0.23 0.27
219 0.00 0.00 0.00
220 0.00 0.00 0.00
221 0.08 0.00 0.00
222 7.33 0.40 1.01
223 0.04 0.04 0.08
228 1.46 1.07 1.46
230 0.04 0.00 0.00
231 0.00 0.00 0.00
232 0.39 0.06 0.06
233 0.03 0.06 0.16
234 0.00 0.00 0.04

48 records 0.71 0.53 0.58
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Author SEN(%) PPR(%) DER(%)
Pan and Tompkins (1985) [9] 99.75 99.54 0.71
Hamilton and Tompkins (1986) [10] 99.69 99.77 0.54
Poli (1995) [11] 99.60 99.50 0.90
Lee (2002) [13] 99.69 99.87 0.43
Li (1995) [25] 99.89 99.94 0.17
Afonso (1999) [27] 99.55 99.59 0.86
Choi (2010) [30] 99.66 99.80 0.54
Zhang (2009) [35] 99.81 99.80 0.39
Proposed CWT method 99.64 99.79 0.53
Proposed QF method 99.65 99.78 0.57
M3 4-7 wamsiFeuiengadeyaiidwwaliifadanuianmaniniiga s suduusn
Method Author Top 5 of DER
Ist 2nd 3rd 4th Sth
Filter Pan [9] 108(12.38%) 222 (7.10%) 105(3.43%) 203 (2.76%) 228 (1.46%)
Filter Hamilton [10] 108 (5.38%)  222(3.04%) 105(2.90%) 203 (2.47%) 210 (1.60%)
Filter Poli [11] 207 108 105 104 203

Filter Lee [13] 222 (3.73%)  203(2.38%) 114(2.09%) 105(1.75%) 201 (1.36%)

WT Li [25] 108 (1.57%) 105 (1.08%) 203 (0.86%) 201 (0.66%) 228 (0.49%)

WT Afonso [27] 108 (11.89%) 203 (4.03%) 105(3.20%) 210(2.36%) 208 (2.09%)

WT Choi [30] 108 (4.71%) 228 (3.56%) 201(2.39%) 203 (2.05%) 105 (2.02%)

Morphological Zhang [35] 106 (2.00%) 116 (1.27%) 113 (1.16%) 105 (1.00%) 223 (0.99%)

WT Proposed 207 (10.70%) 108 (2.50%) 203 (1.88%) 201(1.53%) 105(1.48%)

QF Proposed 207 (11.08%) 108 (4.08%) 203 (2.08%) 105 (1.67%) 228 (1.46%)
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M50 n-1 nlSeuienlszaninmsaneanylumsasiaiugeseadyanauesgadoya 105

66

Author TP FP FN FP+FN  SEN(%)  PPR(%) DER(%)
Pan and Tompkins (1985) [9] 2572 67 22 89 99.15 97.46 3.43
Hamilton (1986) [10] 2564 53 22 75 99.15 97.97 2.90
Poli (1995) [11] - 86 5 91 99.81 96.76 -
Lee (2002) [13] 2572 41 4 45 99.84 98.43 1.75
Li (1995) [25] 2572 15 13 28 99.50 99.42 1.08
Afonso (1999) [27] 2139 53 16 69 99.26 97.58 3.20
Choi (2010) [30] 2541 21 31 52 98.79 99.18 2.02
Zhang (2009) [35] 2572 7 19 26 99.27 99.73 1.00

M3 -2 Wisuielssansamsanediiulumsasiugaseadyanavesyateya 108

Author TP FP FN FP+FN  SEN(%)  PPR(%) DER(%)
Pan and Tompkins (1985) [9] 1763 199 22 221 98.77 89.86 12.38
Hamilton (1986) [10] 1757 50 47 97 97.39 97.23 5.38
Poli (1995) [11] - 143 25 168 98.58 92.40 -
Lee (2002) [13] 1763 9 11 20 99.38 99.49 1.13
Li (1995) [25] 1763 13 15 28 99.16 99.27 1.57
Afonso (1999) [27) 1425 121 55 176 96.28 92.17 11.89
Choi (2010) [30] 1714 34 49 83 97.22 98.05 471
Zhang (2009) [35] 1774 10 2 12 99.89 99.44 0.68

M3 n-3 Wisuieulszansamsanediinlumsaseiuaseadyaavesyatoya 203

Author TP FP FN FP+FN  SEN(%)  PPR(%) DER(%)
Pan and Tompkins (1985) [9] 2982 53 30 83 99.00 98.25 2.76
Hamilton (1986) [10] 2976 14 61 75 97.99 99.53 2.47
Poli (1995) [11] - 50 12 62 99.60 98.34 -
Lee (2002) [13] 2980 25 47 72 98.45 99.17 2.38
Li (1995) [25] 2982 2 24 26 99.20 99.93 0.86
Afonso (1999) [27] 2420 39 61 100 97.54 98.41 4.03
Choi (2010) [30] 2944 25 36 61 98.79 99.16 2.05
Zhang (2009) [35] 2980 3 7 10 99.77 99.90 0.33
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Author TP FP FN FP+FN  SEN(%)  PPR(%) DER(%)
Pan and Tompkins (1985) [9] 2484 101 81 182 96.84 96.09 7.10
Hamilton (1986) [10] 2492 40 37 77 98.54 98.42 3.04
Poli (1995) [11] - 4 10 14 99.60 99.84 -
Lee (2002) [13] 2483 5 91 96 96.46 99.80 3.73
Li (1995) [25] 2484 1 9 10 99.64 99.96 0.40
Afonso (1999) [27] 2112 4 4 8 99.81 99.81 0.38
Choi (2010) [30] 2480 1 3 4 99.88 99.96 0.16
Zhang (2009) [35] 2483 1 0 1 100.00 99.96 0.04

M3 n-s Wisuieulssansnmsanediinlumsasiugaseadaanavesyateya 228

Author TP FP FN FP+FN  SEN(%)  PPR(%) DER(%)
Pan and Tompkins (1985) [9] 2053 25 5 30 99.76 98.80 1.46
Hamilton (1986) [10] 2048 19 6 25 99.71 99.08 1.22
Poli (1995) [11] - 25 3 28 99.85 98.80 -
Lee (2002) [13] 2053 7 5 12 99.76 99.66 0.58
Li (1995) [25] 2053 3 7 10 99.66 99.85 0.49
Afonso (1999) [27) 1697 32 6 38 99.65 98.15 2.23
Choi (2010) [30] 2016 36 37 73 98.20 98.25 3.56
Zhang (2009) [35] 2053 10 2 12 99.90 99.52 0.58

M3 n-6 Wisuienssansnmsanediinlumsasniugaseadaanavesyateya 201

Author TP FP FN FP+FN  SEN(%)  PPR(%) DER(%)
Pan and Tompkins (1985) [9] 1963 0 10 10 99.49 100.00 0.51
Hamilton (1986) [10] 1946 3 19 22 99.03 99.85 1.12
Poli (1995) [11] - 9 22 31 99.60 99.84 -
Lee (2002) [13] 1963 0 27 27 98.64 100.00 1.36
Li (1995) [25] 1963 1 12 13 99.39 99.95 0.66
Afonso (1999) [27] 1514 4 7 11 99.54 99.74 0.72
Choi (2010) [30] 1927 11 36 47 98.17 99.43 2.39
Zhang (2009) [35] 1963 2 4 6 99.80 99.90 0.31
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Ref Year Author Journal Impact factor Number of citation* Number of comparison**

9 1985 J.Pan and W.J. Tompkins IEEE Transactions On Biomedical 1.782 25 12
Engineering

10 1986 P.S. Hamilton and W.J. Tompkins IEEE Transactions On Biomedical 1.782 19 11
Engineering

11 1995 R. Poli, S. Cagnoni, and G. Valli IEEE Transactions On Biomedical 1.782 11 7
Engineering

12 2001 D. Benitez ilag A Computers in Biology and 1.112 2 2
Medicine

13 2002 J. W. Lee Uagnale Annals of Biomedical Engineering 2.374 3 2

14 2003 B.-U. Kohler tiagnale Progress in Biomedical Research - - -

15 2007 M. Cvik Uagnae EURASIP Journal on Advances in 1.012 1 1
Signal Processing

16 2008 Y. C. Yeh and W. J. Wanga Computer methods and programs 1.238 1 -
in biomedicine

17 2008 N. M. Arzeno LIagAME IEEE Transactions On Biomedical 1.782 - -
Engineering

18 2009 M. Adnane LlagAUE Computer methods and programs 1.238 1 1
in biomedicine

19 2010 Z.E. H. Slimane and A. N. Ali Digital Signal Processing 1.22 - -
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Ref Year Author Journal Impact factor Number of citation Number of comparison
20 2012 M.S. Manikandana and K.P. Biomedical Signal Processing and 0.734 - -
Somanb Control

21 2008 A. Ghaffari Llas AL Computers and Electrical 0.484 1 -
Engineering

22 2011 B. Abibullaev and H. D. Seo J Med Syst 1.064 - -

23 2011 M. Rooijakkers iasAus 33rd Annual International - - -
Conference of the IEEE EMBS

24 2012 J. P.V. Madeiroa iagnae Medical Engineering & Physics 1.906 - -

25 1995 C. Li, C. Zheng, and C. Tai IEEE Transactions On Biomedical 1.782 17 6
Engineering

26 1997 M. Bahoura Llagnale Computer methods and programs 1.238 3 2
in biomedicine

27 1999 V.X. Afonso LlagAUE IEEE Transactions On Biomedical 1.782 12 10
Engineering

28 2004 J. P. Martinez LIS AU IEEE Transactions On Biomedical 1.782 7 7
Engineering

29 2006 S. W. Chen Uaznte Computer methods and programs 1.238 5 4
in biomedicine

30 2010 S. Choi llazAMY Expert Systems with Applications 1.924 1 1

31 2011 X. Liu tlas e IEEE Transactions On Biomedical 1.782 - -

Engineering
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Ref Year Author Journal Impact factor Number of citation Number of comparison

32 2012 Z. Zidelmala tiagnale Computer methods and programs 1.238 - -
in biomedicine

33 2012 X. Liu tlas e IEEE Journal On Emerging and - - -
Selected Topics in Circuits and
Systems

34 2011 S.A. Chouakri Liag At Applied Mathematics and 1.534 - -
Computation

35 2009 F.Zhang and Y. Lian IEEE Transactions On Biomedical 1.74 2 2
Circuits and Systems

36 2011 F. Zhang and Y. Lian J Sign Process Syst 0.607 - -

37 2012 C.F.Zhang and T. Bae IEEE Journal On Emerging and - - -

Selected Topics in Circuits and

Systems
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Ref Signal Processing ECG beat detector
High frequency noise removal Low frequency noise removal Envelope extraction Detection of ECG beat Irregular R-R interval checkup
9 cutoff frequency is 15 Hz, gain  cutoff frequency is 5 Hz, gainis  Differential equation, Squaring Four adaptive THV Average RRI information
is 36 and delay is 6 samples 1 and delay is 16 samples Function and Moving Window
-1 1
(1-7°) 1-27°+77" St ="+ 27%  Integration
HLP(Z): -1 = -1 -2 HHP(Z):f32 = 32 g
(1-z7) 1-277+z 1-71
10 cutoff frequency is 15 Hz, gain  cutoff frequency is 5 Hz, gainis  Differential equation, Squaring Three adaptive THV Refractory blanking (200 ms) and
is 36 and delay is 6 samples 1 and delay is 16 samples Function and Moving Window search back
y y - -1 1
1-z°% 1-22°+z"% —+7°-7"+=7"  Integration
H(2)= o B — Hp(2) =22 32 ¢
(1-z7) 1-277+z i 1-z*
11 Polynomial filter Three adaptive THV N/A
12 FIR filter, Kaiser—Bessel FIR filter, Kaiser—Bessel First differential and hilbert Single adaptive THV
. . 0.39max(i),  RMS(i) > 0.18max(i)
window, cutoff frequency at 20  window, cutoff frequency at 8 transform Semaxi) < 2max(i— 1) N/A
thr(i) = { 0.39max(i - 1), RMS(i) > 018 max(i)
Hz Hz &max(i) > 2max(i- 1)
L6RMS(i),  RMS(i) < 018 max{i).
13 Lowpass filter (Cutoff 20 Hz) and Phase-space portrait Two adaptive THV and Two THV level reduction (80%,
Refractory blanking rule 50%) if on QRS detection within
LIV, =T+ Vin=1), RLV,=Fn)=Vin+1)  150% of the latest RR interval
14 FIR filter, cutoff frequency at 35  FIR filter, cutoff frequency at Zero crossing Single adaptive THV

Hz

18 Hz

O(n) =AyO(n—1)+(1- hy)D(n)

N/A
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Ref Signal Processing ECG beat detector
High frequency noise removal Low frequency noise removal Envelope extraction Detection of ECG beat Irregular R-R interval checkup
15 Band pass Filter (Cutoff 9.2 Hz and 29.3 Hz) and Phase-space portrait Two THV and Refractory two THV level reduction (80%,
blanking rule 50%) if on QRS detection within
150% of the latest RR interval
16 Notch filter, morphological Cut-off frequency 0.5 Hz Differential equation Two THV
filter (the best width is 0.07 s) . |0 if 0<xgg< Ty, 0r Ty <xgg < 0 N/A
and adaptive filter - X a2 T o i< Ty
17 Kaiser Window, cutoff Kaiser Window, cutoff Derivative and Squaring Based on root mean square 200-360 ms for T-wave removal
frequency at 20 Hz frequency at 8 Hz Function (RMS) of segment
18 Cutoff frequency of 20 Hz, Cutoff frequency of 10 Hz, Normalization, squaring and Three adaptive THV successive RR intervals, the ratio
cascade of four digital filters cascade of four digital filters differentiation (amplitude THV, the positive of adjacent RR intervals, and the
slope THV and the negative differences between the adjacent
slope THV) RR intervals
19 - fifth-order high-pass Intrinsic Mode Functions(IMF), first-order low-pass
Butterworth filter Moving window integrator Butterworth filter NA
20 BPF, Firs-Order Forward Differencing(FOFD), Amplitude Shannon Energy(SE), Zero- Hilbert transform, moving
Normalization Phase Filtering average filter and positive zero N/A
crossing point
21 CWT, Haar wavelet detect beat base on DT-CWT N/A
22 CWT, sampling rate at 360 Hz, wavelet function is dbS5, bior 1.3, bior 6.8, sym 4 Single threshold N/A
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Ref Signal Processing ECG beat detector
High frequency noise removal Low frequency noise removal Envelope extraction Detection of ECG beat Irregular R-R interval checkup
23 DT-CWT, Mexican hat Single adaptive THV SNR estimation

T=a-T+(1-a) Tyer

24 CWT, Mexican hat, scale factor : 2"-2° First derivative, Hilbert Single adaptive THV Statistic metric
Transform and the squaring [k = Bi x Re[k] + B x Rk =1] u My = ITk] - ﬁ?_(R - R),
function bith oR-R

25 DWT, Quadratic spline, sampling rate at 250 Hz, 3 db bandwidth, scale factor : 2'-2° detect beat base on DWT N/A

26 DWT, Quadratic spline, sampling rate at 250 Hz, scale factor : 2'-2° the appearance of a pair of peak on the wavelet transform in each

scale 2’ (G=1...5)

27 DWT, filter bank, sampling rate at 360 Hz, bandwidth of 5.6 Hz Three THVs (T1=0.08, Timing information

T2=0.70, T4=0.30)
28 DWT, Quadratic spline, sampling rate at 250 Hz, scale factor : 2'-2° Four THV base on RMS value  Refractory (200 ms)
of the WT at corresponding
scales and searchback THV
29 DWT (sampling rate at 200 Hz, 3 level decomposition), moving average filter( linear highpass filter, Single adaptive THV
nonlinear lowpass filter) Threshold = ayPEAK + (1 - o) Threshold NA
30 DWT (Db10) decompose at Second order butterworth Differential equation Single adaptive THV Pattern of 5-point RRI
scale 4/ universal rule/ soft lowpass filter with a cutoff e'it)+(l)C’\2e(t) = ecgout(t)/M aTHV =mwf+aTHV (1-f) consideration
threshold function, sampling frequency of 20 Hz w=62.8 rad/s and C= 70.7% f=0.5 and w=0.25-0.65

rate at 360 Hz ecg, (t):ecgf(t)‘ecgblw(t)

qrs
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Ref Signal Processing ECG beat detector
High frequency noise removal Low frequency noise removal Envelope extraction Detection of ECG beat Irregular R-R interval checkup
31 Decomposition HPF (DHPF) and decomposition LPF (DLPF) base on DWT, sampling rate at 1k Hz,3  Single adaptive THV
N/A
db bandwidth, scale factor : 2" - 2° I (n)=aT (n=1)+(1-4)T(n-1)
32 DWT, Haar wavelet, sampling rate at 360 Hz, scale factor : 23, 24, 2’ Single THV (lamda=0, Secondary THV of 0.5 times the
3*max(h)) previous one
33 Fourth-order low-pass filter, DWT sampling rate at 1k Hz, 3 db bandwidth, scale factor : 2'-2! Single adaptive THV
N/A
Yars = ¢+ (S5(n))
34 WPT decomposition, up to level 4, ‘haar’ wavelet and db10 Two THV (‘haar' and 'db10")
frist THV= 0.235 and second
N/A
THV=0.28 time maximum of
node M1
35 Multiscale Mathematical Morphology Filtering Differential equation and Multi- Single adaptive THV
; 0.IMax Max <3
frame accumlation T { 02 3 < M < 5 N/A
0.15Max Max > 5
36 Morphological Filter CWT (db2) Single adaptive THV
0.IMax Max <3
T= { 027Max 3<Max <5 N/A
0.15Max Max > 5
37 Morphological Single adaptive THV
Max < 3 N/A
J<Max <7

0.1Max,
T= {0.3]\1&]&(.

0.13Max, Max>7




75

Ref Data base Number of Evaluation
records SEN(%) PPR(%) DER(%)

9 MIT-BIH 48 99.75 99.54 0.71
10 MIT-BIH 48 99.69 99.77 0.54
11 MIT-BIH 48 99.6 99.5 0.9
12 MIT-BIH 22 99.94 99.93 0.13
13 MIT-BIH 48 99.69 99.87 0.43
14 MIT-BIH 48 99.7 99.57 0.73
15 MIT-BIH 48 99.82 99.82 0.36
16 MIT-BIH 48 99.85 99.95 0.19
17 MIT-BIH 48 99.57 99.59 0.83
18 MIT-BIH 48 99.77 99.64 0.59
19 MIT-BIH 48 99.84 99.92 0.23
20 MIT-BIH 48 99.93 99.86 0.21
21 MIT-BIH 48 99.91 99.72 0.402
22 MIT-BIH 30 (SEN+PPR)/2=97.2 -
23 MIT-BIH 48 99.9 99.88 0.22
24 MIT-BIH 48 99.15 99.18 1.69
25 MIT-BIH 48 99.89 99.94 0.17
26 MIT-BIH 48 99.83 99.88 0.29
27 MIT-BIH 48 99.55 99.59 0.86
28 MIT-BIH 48 99.8 99.86 0.34
29 MIT-BIH 45 99.55 99.49 0.958
30 MIT-BIH 48 99.66 99.8 0.54
31 MIT-BIH 48 99.8 99.86 0.35
32 MIT-BIH 48 99.64 99.82 0.54
33 MIT-BIH - 99.8 99.86 0.35
34 MIT-BIH 48 99.14 98.94 1.92
35 MIT-BIH 48 99.81 99.8 0.39
36 MIT-BIH 48 99.8 99.78 0.42
37 MIT-BIH 48 99.76 99.82 0.43
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Ref Noise Differential Squaring Moving Hilbert Zero Related  Others
removal equation function window transform crossing  with WT
integration
9 Filter v v v
10 Filter v v v
11 Filter v
12 Filter v v
13 Filter v
14 Filter v
15 Filter v
16 Filter v v
17 Filter v v
18 Filter v v
19 Filter v v
20 Filter v
21 WT v
22 WT v
23 WT v
24 WT v v v
25 WT v
26 WT v v
27 WT v
28 WT v
29 WT v v
30 WT v
31 WT v
32 WT v
33 WT v
34 WT v v
35 Morphology v v
36 Morphology v v

37 Morphology v
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a a A an <} 1 4 @
I V-1 Nﬁﬂﬁ‘l.]i&llu‘l]33ﬁﬂﬁﬂ1W%1ﬂ’]‘ﬁﬂ1iLlﬂﬁ\iL’W\lmﬁ!mﬂﬁ@lﬁﬁ]ﬂiuﬁlﬂaiz@ﬂ 2.4

Record Total (beats) TP (beats) FN (beats) FP (beats) SEN(%) PPR(%) DER(%)
100 2273 2273 0 0 100.00 100.00 0.00
101 1865 1865 0 4 100.00 99.79 0.21
102 2187 2187 0 0 100.00 100.00 0.00
103 2084 2084 0 0 100.00 100.00 0.00
104 2228 2222 6 18 99.73 99.20 1.08
105 2572 2564 8 45 99.69 98.28 2.06
106 2027 2027 0 9 100.00 99.56 0.44
107 2136 2136 0 0 100.00 100.00 0.00
108 1763 1720 43 26 97.56 98.51 3.91
109 2532 2531 1 1 99.96 99.96 0.08
111 2124 2123 1 0 99.95 100.00 0.05
112 2539 2539 0 0 100.00 100.00 0.00
113 1795 1795 0 0 100.00 100.00 0.00
114 1879 1879 0 3 100.00 99.84 0.16
115 1953 1953 0 0 100.00 100.00 0.00
116 2412 2393 19 3 99.21 99.87 0.91
117 1535 1535 0 0 100.00 100.00 0.00
118 2278 2278 0 0 100.00 100.00 0.00
119 1987 1987 0 1 100.00 99.95 0.05
121 1863 1861 2 1 99.89 99.95 0.16
122 2476 2476 0 1 100.00 99.96 0.04
123 1518 1518 0 1 100.00 99.93 0.07
124 1619 1619 0 0 100.00 100.00 0.00
200 2601 2598 3 3 99.88 99.88 0.23
201 1963 1961 2 4 99.90 99.80 0.31
202 2136 2135 1 2 99.95 99.91 0.14
203 2980 2960 20 50 99.33 98.34 2.35
205 2656 2653 3 0 99.89 100.00 0.11
207 1860 1674 186 29 90.00 98.30 11.56
208 2955 2933 22 22 99.26 99.26 1.49
209 3005 3005 0 0 100.00 100.00 0.00
210 2650 2648 2 18 99.92 99.32 0.75
212 2748 2748 0 0 100.00 100.00 0.00
213 3251 3242 9 8 99.72 99.75 0.52
214 2262 2256 6 2 99.73 99.91 0.35
215 3363 3363 0 2 100.00 99.94 0.06
217 2208 2207 1 2 99.95 99.91 0.14
219 2154 2154 0 0 100.00 100.00 0.00
220 2047 2047 0 0 100.00 100.00 0.00
221 2427 2427 0 0 100.00 100.00 0.00
222 2483 2483 0 2 100.00 99.92 0.08
223 2605 2604 1 0 99.96 100.00 0.04
228 2053 2041 12 27 99.42 98.69 1.90
230 2256 2256 0 0 100.00 100.00 0.00
231 1571 1571 0 0 100.00 100.00 0.00
232 1780 1780 0 2 100.00 99.89 0.11
233 3079 3077 2 2 99.94 99.94 0.13
234 2753 2753 0 0 100.00 100.00 0.00

109491 109141 350 288 99.64 99.74 0.61
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a a A an <} 1 4 @
AT V-2 Nﬁﬂﬁ‘l.]i&llu‘l]33ﬁﬂﬁﬂ1W%1ﬂ’]‘ﬁﬂ1iLlﬂﬁ\iL’W\lmﬁ!mﬂﬁ@lﬁﬁ]ﬂiuﬁlﬂaiz@ﬂ 2.6

Record Total (beats) TP (beats) FN (beats) FP (beats) SEN(%) PPR(%) DER(%)
100 2273 2273 0 0 100.00 100.00 0.00
101 1865 1865 0 5 100.00 99.73 0.27
102 2187 2187 0 0 100.00 100.00 0.00
103 2084 2084 0 0 100.00 100.00 0.00
104 2228 2223 5 13 99.78 99.42 0.81
105 2572 2563 9 23 99.65 99.11 1.24
106 2027 2027 0 10 100.00 99.51 0.49
107 2136 2136 0 0 100.00 100.00 0.00
108 1763 1722 41 18 97.67 98.97 3.35
109 2532 2531 1 1 99.96 99.96 0.08
111 2124 2123 1 0 99.95 100.00 0.05
112 2539 2539 0 0 100.00 100.00 0.00
113 1795 1795 0 0 100.00 100.00 0.00
114 1879 1879 0 6 100.00 99.68 0.32
115 1953 1953 0 0 100.00 100.00 0.00
116 2412 2393 19 5 99.21 99.79 1.00
117 1535 1535 0 0 100.00 100.00 0.00
118 2278 2278 0 0 100.00 100.00 0.00
119 1987 1987 0 1 100.00 99.95 0.05
121 1863 1861 2 1 99.89 99.95 0.16
122 2476 2476 0 1 100.00 99.96 0.04
123 1518 1518 0 0 100.00 100.00 0.00
124 1619 1619 0 0 100.00 100.00 0.00
200 2601 2599 2 3 99.92 99.88 0.19
201 1963 1953 10 1 99.49 99.95 0.56
202 2136 2135 1 1 99.95 99.95 0.09
203 2980 2958 22 44 99.26 98.53 2.21
205 2656 2653 3 0 99.89 100.00 0.11
207 1860 1687 173 41 90.70 97.63 11.51
208 2955 2940 15 23 99.49 99.22 1.29
209 3005 3005 0 1 100.00 99.97 0.03
210 2650 2644 6 11 99.77 99.59 0.64
212 2748 2748 0 0 100.00 100.00 0.00
213 3251 3248 3 4 99.91 99.88 0.22
214 2262 2258 4 3 99.82 99.87 0.31
215 3363 3363 0 2 100.00 99.94 0.06
217 2208 2207 1 4 99.95 99.82 0.23
219 2154 2154 0 0 100.00 100.00 0.00
220 2047 2047 0 0 100.00 100.00 0.00
221 2427 2427 0 0 100.00 100.00 0.00
222 2483 2481 2 4 99.92 99.84 0.24
223 2605 2604 1 0 99.96 100.00 0.04
228 2053 2040 13 19 99.37 99.08 1.56
230 2256 2256 0 0 100.00 100.00 0.00
231 1571 1571 0 0 100.00 100.00 0.00
232 1780 1780 0 2 100.00 99.89 0.11
233 3079 3078 1 2 99.97 99.94 0.10
234 2753 2753 0 0 100.00 100.00 0.00

109491 109156 335 249 99.66 99.77 0.57
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M1319 V-3 Nﬁﬂﬁ‘l.]i&llu‘l]33ﬁﬂﬁﬂ1W%1ﬂ’]‘ﬁﬂ1iLlﬂﬁ\iL’W\lmﬁ!mﬂﬁ@lﬁﬁ]ﬂiuﬁlﬂaiz@ﬂ 2.8

Record Total (beats) TP (beats) FN (beats) FP (beats) SEN(%) PPR(%) DER(%)
100 2273 2273 0 0 100.00 100.00 0.00
101 1865 1865 0 4 100.00 99.79 0.21
102 2187 2187 0 0 100.00 100.00 0.00
103 2084 2084 0 0 100.00 100.00 0.00
104 2228 2226 2 14 99.91 99.38 0.72
105 2572 2559 13 23 99.49 99.11 1.40
106 2027 2020 7 5 99.65 99.75 0.59
107 2136 2136 0 0 100.00 100.00 0.00
108 1763 1745 18 36 98.98 97.98 3.06
109 2532 2531 1 0 99.96 100.00 0.04
111 2124 2123 1 0 99.95 100.00 0.05
112 2539 2539 0 0 100.00 100.00 0.00
113 1795 1795 0 0 100.00 100.00 0.00
114 1879 1879 0 5 100.00 99.73 0.27
115 1953 1953 0 0 100.00 100.00 0.00
116 2412 2393 19 4 99.21 99.83 0.95
117 1535 1535 0 0 100.00 100.00 0.00
118 2278 2278 0 0 100.00 100.00 0.00
119 1987 1987 0 1 100.00 99.95 0.05
121 1863 1861 2 1 99.89 99.95 0.16
122 2476 2476 0 1 100.00 99.96 0.04
123 1518 1518 0 0 100.00 100.00 0.00
124 1619 1619 0 0 100.00 100.00 0.00
200 2601 2598 3 2 99.88 99.92 0.19
201 1963 1954 9 1 99.54 99.95 0.51
202 2136 2135 1 2 99.95 99.91 0.14
203 2980 2935 45 18 98.49 99.39 2.11
205 2656 2653 3 0 99.89 100.00 0.11
207 1860 1717 143 59 92.31 96.68 10.86
208 2955 2941 14 25 99.53 99.16 1.32
209 3005 3005 0 1 100.00 99.97 0.03
210 2650 2644 6 10 99.77 99.62 0.60
212 2748 2748 0 0 100.00 100.00 0.00
213 3251 3247 4 3 99.88 99.91 0.22
214 2262 2257 5 1 99.78 99.96 0.27
215 3363 3363 0 1 100.00 99.97 0.03
217 2208 2207 1 3 99.95 99.86 0.18
219 2154 2154 0 0 100.00 100.00 0.00
220 2047 2047 0 0 100.00 100.00 0.00
221 2427 2427 0 0 100.00 100.00 0.00
222 2483 2481 2 3 99.92 99.88 0.20
223 2605 2604 1 0 99.96 100.00 0.04
228 2053 2044 9 15 99.56 99.27 1.17
230 2256 2256 0 0 100.00 100.00 0.00
231 1571 1571 0 0 100.00 100.00 0.00
232 1780 1780 0 1 100.00 99.94 0.06
233 3079 3078 1 2 99.97 99.94 0.10
234 2753 2753 0 0 100.00 100.00 0.00

109491 109181 310 241 99.70 99.77 0.54
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M1 V-4 Nﬁﬂﬁ‘l.]i&llu‘l]33ﬁﬂﬁﬂ1W%1ﬂ’]‘ﬁﬂ1iLlﬂﬁ\iL’W\lmﬁ!mﬂﬁ@lﬁﬁ]ﬂiuﬁlﬂaiz@ﬂ 3.2

Record Total (beats) TP (beats) FN (beats) FP (beats) SEN(%) PPR(%) DER(%)
100 2273 2273 0 0 100.00 100.00 0.00
101 1865 1865 0 4 100.00 99.79 0.21
102 2187 2187 0 0 100.00 100.00 0.00
103 2084 2084 0 0 100.00 100.00 0.00
104 2228 2227 1 8 99.96 99.64 0.40
105 2572 2552 20 25 99.22 99.03 1.75
106 2027 2025 2 4 99.90 99.80 0.30
107 2136 2136 0 0 100.00 100.00 0.00
108 1763 1747 16 28 99.09 98.42 2.50
109 2532 2532 0 0 100.00 100.00 0.00
111 2124 2123 1 0 99.95 100.00 0.05
112 2539 2539 0 1 100.00 99.96 0.04
113 1795 1795 0 0 100.00 100.00 0.00
114 1879 1865 14 6 99.25 99.68 1.06
115 1953 1953 0 0 100.00 100.00 0.00
116 2412 2393 19 4 99.21 99.83 0.95
117 1535 1535 0 0 100.00 100.00 0.00
118 2278 2278 0 0 100.00 100.00 0.00
119 1987 1987 0 1 100.00 99.95 0.05
121 1863 1862 1 2 99.95 99.89 0.16
122 2476 2476 0 1 100.00 99.96 0.04
123 1518 1518 0 0 100.00 100.00 0.00
124 1619 1619 0 0 100.00 100.00 0.00
200 2601 2598 3 0 99.88 100.00 0.12
201 1963 1933 30 2 98.47 99.90 1.63
202 2136 2134 2 0 99.91 100.00 0.09
203 2980 2934 46 20 98.46 99.32 2.21
205 2656 2653 3 0 99.89 100.00 0.11
207 1860 1743 117 77 93.71 95.77 10.43
208 2955 2935 20 16 99.32 99.46 1.22
209 3005 3005 0 1 100.00 99.97 0.03
210 2650 2645 5 9 99.81 99.66 0.53
212 2748 2748 0 0 100.00 100.00 0.00
213 3251 3250 1 0 99.97 100.00 0.03
214 2262 2258 4 1 99.82 99.96 0.22
215 3363 3363 0 0 100.00 100.00 0.00
217 2208 2205 3 2 99.86 99.91 0.23
219 2154 2154 0 0 100.00 100.00 0.00
220 2047 2047 0 0 100.00 100.00 0.00
221 2427 2426 1 0 99.96 100.00 0.04
222 2483 2475 8 7 99.68 99.72 0.60
223 2605 2604 1 0 99.96 100.00 0.04
228 2053 2040 13 9 99.37 99.56 1.07
230 2256 2256 0 0 100.00 100.00 0.00
231 1571 1571 0 0 100.00 100.00 0.00
232 1780 1780 0 1 100.00 99.94 0.06
233 3079 3077 2 0 99.94 100.00 0.06
234 2753 2753 0 0 100.00 100.00 0.00

109491 109158 333 229 99.68 99.77 0.55
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Record Total (beats) TP (beats) FN (beats) FP (beats) SEN(%) PPR(%) DER(%)
100 2273 2273 0 0 100.00 100.00 0.00
101 1865 1865 0 4 100.00 99.79 0.21
102 2187 2187 0 0 100.00 100.00 0.00
103 2084 2084 0 0 100.00 100.00 0.00
104 2228 2226 2 6 99.91 99.73 0.36
105 2572 2560 12 34 99.53 98.69 1.79
106 2027 2025 2 3 99.90 99.85 0.25
107 2136 2136 0 0 100.00 100.00 0.00
108 1763 1747 16 24 99.09 98.64 2.27
109 2532 2532 0 0 100.00 100.00 0.00
111 2124 2123 1 0 99.95 100.00 0.05
112 2539 2539 0 1 100.00 99.96 0.04
113 1795 1795 0 0 100.00 100.00 0.00
114 1879 1852 27 6 98.56 99.68 1.76
115 1953 1953 0 0 100.00 100.00 0.00
116 2412 2393 19 4 99.21 99.83 0.95
117 1535 1535 0 0 100.00 100.00 0.00
118 2278 2278 0 0 100.00 100.00 0.00
119 1987 1987 0 1 100.00 99.95 0.05
121 1863 1862 1 1 99.95 99.95 0.11
122 2476 2476 0 1 100.00 99.96 0.04
123 1518 1518 0 0 100.00 100.00 0.00
124 1619 1619 0 0 100.00 100.00 0.00
200 2601 2598 3 0 99.88 100.00 0.12
201 1963 1916 47 1 97.61 99.95 2.45
202 2136 2135 1 1 99.95 99.95 0.09
203 2980 2931 49 29 98.36 99.02 2.62
205 2656 2653 3 0 99.89 100.00 0.11
207 1860 1732 128 59 93.12 96.71 10.05
208 2955 2938 17 12 99.42 99.59 0.98
209 3005 3005 0 1 100.00 99.97 0.03
210 2650 2645 5 8 99.81 99.70 0.49
212 2748 2748 0 0 100.00 100.00 0.00
213 3251 3251 0 0 100.00 100.00 0.00
214 2262 2258 4 0 99.82 100.00 0.18
215 3363 3363 0 0 100.00 100.00 0.00
217 2208 2205 3 2 99.86 99.91 0.23
219 2154 2154 0 0 100.00 100.00 0.00
220 2047 2047 0 0 100.00 100.00 0.00
221 2427 2426 1 0 99.96 100.00 0.04
222 2483 2471 12 18 99.52 99.28 121
223 2605 2604 1 0 99.96 100.00 0.04
228 2053 2044 9 12 99.56 99.42 1.02
230 2256 2256 0 0 100.00 100.00 0.00
231 1571 1571 0 0 100.00 100.00 0.00
232 1780 1780 0 1 100.00 99.94 0.06
233 3079 3077 2 0 99.94 100.00 0.06
234 2753 2753 0 0 100.00 100.00 0.00

109491 109126 365 229 99.64 99.78 0.58
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Record Total (beats) TP (beats) FN (beats) FP (beats) SEN(%) PPR(%) DER(%)
100 2273 2273 0 0 100.00 100.00 0.00
101 1865 1865 0 4 100.00 99.79 0.21
102 2187 2187 0 0 100.00 100.00 0.00
103 2084 2084 0 0 100.00 100.00 0.00
104 2229 2226 3 7 99.87 99.69 0.45
105 2572 2557 15 35 99.42 98.65 1.94
106 2027 2024 3 1 99.85 99.95 0.20
107 2136 2135 1 0 99.95 100.00 0.05
108 1763 1748 15 30 99.15 98.31 2.55
109 2532 2532 0 0 100.00 100.00 0.00
111 2124 2122 2 0 99.91 100.00 0.09
112 2539 2539 0 1 100.00 99.96 0.04
113 1795 1795 0 0 100.00 100.00 0.00
114 1879 1807 72 6 96.17 99.67 4.15
115 1953 1953 0 0 100.00 100.00 0.00
116 2412 2390 2 2 99.09 99.92 1.00
117 1535 1535 0 0 100.00 100.00 0.00
118 2278 2278 0 0 100.00 100.00 0.00
119 1987 1987 0 1 100.00 99.95 0.05
121 1863 1862 1 1 99.95 99.95 0.11
122 2476 2476 0 1 100.00 99.96 0.04
123 1518 1518 0 0 100.00 100.00 0.00
124 1619 1619 0 0 100.00 100.00 0.00
200 2601 2598 3 0 99.88 100.00 0.12
201 1963 1908 55 1 97.20 99.95 2.85
202 2136 2135 1 1 99.95 99.95 0.09
203 2980 2929 51 38 98.29 98.72 2.99
205 2656 2653 3 0 99.89 100.00 0.11
207 1860 1756 104 80 94.41 95.64 9.89
208 2955 2936 19 13 99.36 99.56 1.08
209 3005 3005 0 1 100.00 99.97 0.03
210 2650 2645 5 8 99.81 99.70 0.49
212 2748 2748 0 0 100.00 100.00 0.00
213 3251 3251 0 0 100.00 100.00 0.00
214 2262 2258 4 1 99.82 99.96 0.22
215 3363 3363 0 0 100.00 100.00 0.00
217 2208 2205 3 2 99.86 99.91 0.23
219 2154 2154 0 0 100.00 100.00 0.00
220 2047 2047 0 0 100.00 100.00 0.00
221 2427 2426 1 0 99.96 100.00 0.04
222 2483 2464 19 30 99.23 98.80 1.97
223 2605 2604 1 0 99.96 100.00 0.04
228 2053 2041 12 8 99.42 99.61 0.97
230 2256 2256 0 0 100.00 100.00 0.00
231 1571 1571 0 0 100.00 100.00 0.00
232 1780 1780 0 1 100.00 99.94 0.06
233 3079 3078 1 0 99.97 100.00 0.03
234 2753 2753 0 0 100.00 100.00 0.00

109492 109076 416 273 99.59 99.74 0.67
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Record Total (beats) TP (beats) FN (beats) FP (beats) SEN(%) PPR(%) DER(%)
100 2272 2272 0 0 100.00 100.00 0.00
101 1865 1865 0 4 100.00 99.79 0.21
102 2187 2187 0 0 100.00 100.00 0.00
103 2084 2084 0 0 100.00 100.00 0.00
104 2229 2223 6 25 99.73 98.89 1.39
105 2572 2559 13 20 99.49 99.22 1.28
106 2027 2026 1 11 99.95 99.46 0.59
107 2136 2136 0 0 100.00 100.00 0.00
108 1763 1718 45 42 97.45 97.61 4.93
109 2532 2530 2 2 99.92 99.92 0.16
111 2124 2123 1 0 99.95 100.00 0.05
112 2539 2539 0 0 100.00 100.00 0.00
113 1794 1794 0 0 100.00 100.00 0.00
114 1879 1876 3 3 99.84 99.84 0.32
115 1953 1953 0 0 100.00 100.00 0.00
116 2412 2393 19 3 99.21 99.87 0.91
117 1535 1535 0 0 100.00 100.00 0.00
118 2278 2278 0 0 100.00 100.00 0.00
119 1987 1987 0 0 100.00 100.00 0.00
121 1863 1860 3 1 99.84 99.95 0.21
122 2476 2476 0 0 100.00 100.00 0.00
123 1518 1518 0 0 100.00 100.00 0.00
124 1619 1619 0 0 100.00 100.00 0.00
200 2601 2596 5 3 99.81 99.88 0.31
201 1963 1963 0 1 100.00 99.95 0.05
202 2136 2136 0 0 100.00 100.00 0.00
203 2980 2943 37 38 98.76 98.73 2.52
205 2656 2654 2 0 99.92 100.00 0.08
207 1860 1689 171 31 90.81 98.20 10.86
208 2955 2938 17 26 99.42 99.12 1.46
209 3005 3005 0 1 100.00 99.97 0.03
210 2650 2640 10 6 99.62 99.77 0.60
212 2748 2748 0 0 100.00 100.00 0.00
213 3250 3229 21 20 99.35 99.38 1.26
214 2262 2253 9 1 99.60 99.96 0.44
215 3363 3363 0 1 100.00 99.97 0.03
217 2208 2208 0 6 100.00 99.73 0.27
219 2154 2154 0 0 100.00 100.00 0.00
220 2048 2048 0 0 100.00 100.00 0.00
221 2427 2427 0 0 100.00 100.00 0.00
222 2483 2475 8 5 99.68 99.80 0.52
223 2605 2604 1 1 99.96 99.96 0.08
228 2053 2034 19 16 99.07 99.22 1.70
230 2256 2256 0 0 100.00 100.00 0.00
231 1571 1571 0 0 100.00 100.00 0.00
232 1780 1780 0 1 100.00 99.94 0.06
233 3079 3076 3 2 99.90 99.94 0.16
234 2753 2753 0 0 100.00 100.00 0.00

109490 109094 396 270 99.61 99.75 0.64
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Record Total (beats) TP (beats) FN (beats) FP (beats) SEN(%) PPR(%) DER(%)
100 2272 2272 0 0 100.00 100.00 0.00
101 1865 1865 0 4 100.00 99.79 0.21
102 2187 2187 0 0 100.00 100.00 0.00
103 2084 2084 0 0 100.00 100.00 0.00
104 2228 2224 4 20 99.82 99.11 1.08
105 2572 2561 11 20 99.57 99.23 121
106 2027 2018 9 3 99.56 99.85 0.59
107 2136 2136 0 0 100.00 100.00 0.00
108 1763 1728 35 46 98.01 97.41 4.59
109 2532 2531 1 1 99.96 99.96 0.08
111 2124 2123 1 0 99.95 100.00 0.05
112 2539 2539 0 0 100.00 100.00 0.00
113 1794 1794 0 0 100.00 100.00 0.00
114 1879 1876 3 3 99.84 99.84 0.32
115 1953 1953 0 0 100.00 100.00 0.00
116 2412 2393 19 2 99.21 99.92 0.87
117 1535 1535 0 0 100.00 100.00 0.00
118 2278 2278 0 0 100.00 100.00 0.00
119 1987 1987 0 0 100.00 100.00 0.00
121 1863 1862 1 1 99.95 99.95 0.11
122 2476 2476 0 0 100.00 100.00 0.00
123 1518 1518 0 0 100.00 100.00 0.00
124 1619 1619 0 0 100.00 100.00 0.00
200 2601 2598 3 4 99.88 99.85 0.27
201 1963 1962 1 2 99.95 99.90 0.15
202 2136 2136 0 0 100.00 100.00 0.00
203 2980 2947 33 36 98.89 98.79 2.32
205 2656 2654 2 0 99.92 100.00 0.08
207 1860 1687 173 28 90.70 98.37 10.81
208 2955 2941 14 21 99.53 99.29 1.18
209 3005 3005 0 1 100.00 99.97 0.03
210 2650 2645 5 12 99.81 99.55 0.64
212 2748 2748 0 0 100.00 100.00 0.00
213 3250 3250 0 0 100.00 100.00 0.00
214 2262 2255 7 1 99.69 99.96 0.35
215 3363 3363 0 1 100.00 99.97 0.03
217 2208 2207 1 4 99.95 99.82 0.23
219 2154 2154 0 0 100.00 100.00 0.00
220 2047 2047 0 0 100.00 100.00 0.00
221 2427 2427 0 0 100.00 100.00 0.00
222 2483 2473 10 7 99.60 99.72 0.68
223 2605 2604 1 1 99.96 99.96 0.08
228 2053 2038 15 16 99.27 99.22 1.51
230 2256 2256 0 0 100.00 100.00 0.00
231 1571 1571 0 0 100.00 100.00 0.00
232 1780 1780 0 1 100.00 99.94 0.06
233 3079 3078 1 3 99.97 99.90 0.13
234 2753 2753 0 0 100.00 100.00 0.00

109488 109138 350 238 99.65 99.78 0.58
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Record Total (beats) TP (beats) FN (beats) FP (beats) SEN(%) PPR(%) DER(%)
100 2272 2272 0 0 100.00 100.00 0.00
101 1865 1864 1 5 99.95 99.73 0.32
102 2187 2187 0 0 100.00 100.00 0.00
103 2084 2084 0 0 100.00 100.00 0.00
104 2229 2229 0 23 100.00 98.98 1.03
105 2572 2554 18 34 99.30 98.69 2.02
106 2027 2021 6 2 99.70 99.90 0.39
107 2136 2136 0 0 100.00 100.00 0.00
108 1763 1723 40 43 97.73 97.57 4.71
109 2532 2532 0 1 100.00 99.96 0.04
111 2124 2122 2 3 99.91 99.86 0.24
112 2539 2539 0 0 100.00 100.00 0.00
113 1794 1794 0 0 100.00 100.00 0.00
114 1879 1877 2 9 99.89 99.52 0.59
115 1953 1953 0 0 100.00 100.00 0.00
116 2412 2391 21 2 99.13 99.92 0.95
117 1535 1535 0 0 100.00 100.00 0.00
118 2278 2278 0 0 100.00 100.00 0.00
119 1987 1987 0 1 100.00 99.95 0.05
121 1863 1860 3 7 99.84 99.63 0.54
122 2476 2476 0 0 100.00 100.00 0.00
123 1518 1518 0 1 100.00 99.93 0.07
124 1619 1619 0 0 100.00 100.00 0.00
200 2601 2599 2 2 99.92 99.92 0.15
201 1963 1945 18 2 99.08 99.90 1.02
202 2136 2135 1 2 99.95 99.91 0.14
203 2980 2934 46 30 98.46 98.99 2.55
205 2656 2654 2 0 99.92 100.00 0.08
207 1860 1771 89 108 95.22 94.25 10.59
208 2955 2930 25 8 99.15 99.73 1.12
209 3005 3005 0 2 100.00 99.93 0.07
210 2650 2642 8 13 99.70 99.51 0.79
212 2748 2748 0 0 100.00 100.00 0.00
213 3250 3250 0 0 100.00 100.00 0.00
214 2262 2256 6 0 99.73 100.00 0.27
215 3363 3363 0 1 100.00 99.97 0.03
217 2208 2202 6 3 99.73 99.86 0.41
219 2154 2154 0 0 100.00 100.00 0.00
220 2047 2047 0 0 100.00 100.00 0.00
221 2427 2427 0 1 100.00 99.96 0.04
222 2483 2466 17 64 99.32 97.47 3.26
223 2605 2604 1 1 99.96 99.96 0.08
228 2053 2031 22 12 98.93 99.41 1.66
230 2256 2256 0 0 100.00 100.00 0.00
231 1571 1571 0 0 100.00 100.00 0.00
232 1780 1780 0 2 100.00 99.89 0.11
233 3079 3076 3 2 99.90 99.94 0.16
234 2753 2753 0 0 100.00 100.00 0.00

109489 109150 339 384 99.68 99.63 0.70
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ABSTRACT

This article presents the feasibility study of applying the quadratic
filter (QF) for removing noise in ECG R-peak detection
preprocessing. The important advantage of the QF, which is a 2D
filter, over linear filtering is that it has two degrees of freedom for
optimizing noise removal in ECG signals. The QF is designed in
the frequency domain based on the sum of two 2D Gaussian
filters. Subsequently, the filter coefficients can be obtained using
the inverse Fourier transform. The QF from proposed algorithm
was evaluated with ECG signals from the MIT-BIH arrhythmia
database (MITDB). Results show the feasibility of the QF on
removing noise in ECG data, i.e. power line noise, EMG noise,
motion noise, P-wave noise, and T-wave noise. This opens the
opportunity for the QF as a preprocessing step to increase
accuracy in ECG R-peak detection.

Categories and Subject Descriptors
C.3 [Special-purpose and application-based systems]: — Real-
time and embedded systems.

General Terms
Algorithms, Design, Experimental

Keywords
Electrocardiography (ECG), ECG beat detection, Signal
processing, Quadratic filter, VVolterra filter

1. INTRODUCTION

The prevention and treatment of heart disease are very important
in the elderly people. World Health Organization (WHO) reported
that 17.5 million people died of cardiovascular disease in 2005. It
has been the first cause of death for people around the world. This
disease tends to increase steadily. It is expected that 20 million
people will die from this disease in 2015 [1-2]. In Thailand, the
death rate from cardiovascular disease is found to be the top three.
In other words, the average death rate from this disease is four
people per hour [3].

Moreover, the decrease in the number of newborn babies and
human longevity due to the development of science and public
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Prince of Songkla University
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health result in an aging society. The aging society is the society
that has a population of age 60 years and over more than 10
percent. The census information by Office of the National
Economics and Social Development Board found that Thailand
has been the country of aging society with 10.4 percent 10.5
percent and 10.7 percent of the elderly in the year of 2005, 2006,
and 2007, respectively [4]. As a result, the lack of a care taker for
the elderly is a serious problem that is inevitable.

To alleviate the problems, our research team has been developing
the health monitoring systems and smart home project for the
elderly so that they can live independently on their own as much
as possible. This research aims to develop a small device that can
send signals and electrocardiogram (ECG) to check the movement
of the elderly including the fall event notifications. The care taker
can monitor the status of the user closely and can timely assist
when situations is serious and in emergency. This article discusses
the feasibility study on applying quadratic filter (QF) for ECG R-
Peak detection preprocessing, which is the subsystem in the
project.

2. ALGORITHMS

ECG R-peak detection algorithm consists of two main steps:
signal preprocessing and ECG beat detector. The objective of
signal preprocessing is to remove noise, i.e., power line noise,
EMG noise, motion noise, and noise from P and T waves. There
are three categories of signal preprocessing for recent
publications: Linear filtering [5-8], wavelet-based processing [9-
11], and morphological operations [12-13]. However, the
application of the QF, which is derived from the second-order
Volterra filter have not been carefully studied. Unlike the linear
filtering, the important advantage of the QF is that it has two
degrees of freedom for optimization in removing noise
contaminated in ECG signals. Details of the QF derivation are
given as follows.

The design of QF for removing noise in ECG signals is performed
in frequency domain. Figure 1 shows 2D magnitude frequency
response of the QF in frequency domain. The linear-phased QF is
designed based on the sum of two 2D Gaussian filters, which is
given by



Figure 1. 2D magnitude frequency response of the QF in
frequency domain.
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The coefficient (w,, ay) is the center of Gaussian filter, oy and o,
are constants that define the passband width along two frequency
directions, and @ is the rotation angle. Note that the passband
frequencies should be approximately placed at the passband
frequencies of the QRS response. In the design, parameters should
be varied and investigated in order to achieve the best filter for
removing noise. Our goal in the design is to calculate coefficients
of the QF, h(ny, n,), from the frequency response given by

H (ej“’lk . eJ'wzu) =G(wy , 0, )ew(wwwzu) (6)

where G(w1, wa) represents the desired magnitude response
based on the 2D Gaussian filters and @(wix, @) is the phase
response. Parameters to be optimized are as follows: the center of
Gaussian filter, the rotation angle (6), the width of the passband
along the cross-diagonal (o) and diagonal orientations (o). Please
see [14] for more details. After the filter coefficients h(ny, n,) are
obtained, the output signal is produced by applying the QF
coefficients to the ECG data, which can be expressed as

P-1 P-1

y(k) =Y > h(n,n,)x(k —n)x(k —n,). ™

n=0n,=0
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3. MATERIALS AND METHODS

To evaluate the feasibility of the proposed algorithm, ECG signals
from the MIT-BIH arrhythmia database (MITDB) [15] were used
for validation of our algorithm. The MITDB was very well known
ECG database. It was used for validation of ECG R-peak
detection algorithms in many previous publications [5-13]. Five
records were used in this paper for demonstrating the feasibility of
the proposed algorithm as follows.

Record 100 consists of normal ECG data.

e Record 101 consists of ECG data with severe abrupt
change in potential.

e Record 104 consists of ECG data with the influence of
muscle artifacts.

e Record 203 consists of ECG data with QRS
morphology changes due to axis shifts, the influence of
muscle artifacts, and baseline shifts.

e Record 222 consists of ECG data with the influence of
the respiratory related rhythms and muscle artifacts.

4. RESULTS

Figure 2 shows the magnitude of 2D frequency responses of the
QF under investigation. The centers of Gaussian function are at
frequency (-15, 15) and (15, -15) Hz. Other parameters, i.e., (oy,
oy,0) for the QF are (1.1, 0.55, -n/4). Figure 3 shows the
coefficients of the corresponding QF. The size of the QF in time
domain is 37 by 37. The plots of the ECG waveform for MITDB
records 100, 101, 104, 203, 222 and their corresponding output
signals from the QF are shown in Figure 4-7. Most of noise can be
appropriately removed by the QF. However, there are some false
positive and false negative errors. For example, two peaks marked
as FP (false positive) from record 101 in Figure 5 are artifacts
because of severe abrupt change in potential. R peaks from record
104 between the times of 8.5 — 10 s shown in Figure 6 cannot be
clearly seen because the influence of muscle artifacts cannot be
totally removed.

Normalized gain (dB)
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Figure 2. The magnitude of 2D frequency response.
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Figure 4. Top: Plot of the ECG waveform for MITDB record
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Figure 6. Top: Plot of the ECG waveform for MITDB record
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Figure 7. Top: Plot of the ECG waveform for MITDB record

203. Bottom: The output signal from the QF.
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Figure 8. Top: Plot of the ECG waveform for MITDB record
222. Bottom: The output signal from the QF.



5. CONCLUSIONS

We present the feasibility study on applying the QF for removing
noise, which is the important step in ECG R-Peak detection
preprocessing. The QF is designed in the frequency domain based
on the sum of two 2D Gaussian filters. Subsequently, the filter
coefficients can be obtained using the inverse Fourier transform.
The QF from proposed algorithm was evaluated with 5 records
from MITDB data consisting of variety of noise. Results show
that the QF is feasible for removing noise in ECG data. However,
more investigations on parameter optimization need to be studied.
Results will be reported in the near future.
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Abstract— This article studies the capability of applying the
quadratic filter (QF) for removing noise in ECG R-peak
detection preprocessing. The important advantage of the QF,
which is a 2D filter, over linear filtering is that it has two degrees
of freedom for optimizing noise removal in ECG signals. The QF
is designed in the frequency domain based on the sum of two 2D
Gaussian filters. Subsequently, the filter coefficients can be
obtained using the inverse Fourier transform. The QF from
proposed algorithm was evaluated with ECG signals from the
MIT-BIH arrhythmia database (MITDB). Results show that the
QF provides the SNR value better than that from the
conventional linear filtering 20 dB in ECG noise removal. This
opens the opportunity for the QF as a preprocessing step to
increase accuracy in ECG R-peak detection.

Index Terms—Electrocardiography (ECG), ECG beat
detection, Signal processing, Quadratic filter, Volterra filter

|. INTRODUCTION

The prevention and treatment of heart disease are very
important in the elderly people. World Health Organization
(WHO) reported that 17.5 million people died of
cardiovascular disease in 2005. It has been the first cause of
death for people around the world. This disease tends to
increase steadily. It is expected that 20 million people will die
from this disease in 2015 [1-2]. In Thailand, the death rate
from cardiovascular disease is found to be the top three. In
other words, the average death rate from this disease is four
people per hour [3].

Moreover, the decrease in the number of newborn babies
and human longevity due to the development of science and
public health result in an aging society. The aging society is
the society that has a population of age 60 years and over
more than 10 percent. The census information by Office of the
National Economics and Social Development Board found
that Thailand has been the country of aging society with 10.4
percent 10.5 percent and 10.7 percent of the elderly in the year
of 2005, 2006, and 2007, respectively [4]. As a result, the lack
of a care taker for the elderly is a serious problem that is
inevitable.

To alleviate the problems, our research team has been
developing the health monitoring systems and smart home
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their own as much as possible. This research aims to develop a
small device that can send signals and electrocardiogram
(ECG) to check the movement of the elderly including the fall
event notifications. The care taker can monitor the status of
the user closely and can timely assist when situations is
serious and in emergency.

This article discusses the capability of the quadratic filter
(QF) for removing noise in ECG R-Peak detection, which is
the subsystem in the project. Its performance is validated and
compared with the well-known noise removal algorithm
proposed by Hamilton and Tompkins (HT) [5]. The rest of this
paper is organized as follows. Section Il describes the theory
of QF and the HT noise removal algorithm. Section Il gives
the details of ECG data and the method used in performance
evaluation.

Il. THEORY
A. Quadratic Filter

ECG R-peak detection algorithm consists of two main
steps: signal preprocessing and ECG beat detector. The
objective of signal preprocessing is to remove noise, i.e.,
power line noise, EMG noise, motion noise, and noise from P
and T waves. There are three categories of signal
preprocessing for recent publications: Linear filtering [5-8],
wavelet-based  processing [9-11], and morphological
operations [12-13]. However, the application of the QF, which
is derived from the second-order Volterra filter have not been
carefully studied. Unlike the linear filtering, the important
advantage of the QF is that it has two degrees of freedom for
optimization in removing noise contaminated in ECG signals.
Details of the QF derivation are given as follows.

The design of QF for removing noise in ECG signals is
performed in frequency domain. Figure 1 shows 2D
magnitude frequency response of the QF in frequency domain.
The linear-phased QF is designed based on the sum of two 2D
Gaussian filters, which is given by



G(w, , o ):Gl(wlk’w2l)+Gl(w1k’w2|) (1)
e max{G, + G,}
where
G oy, @y) =
eP{{A(@y - ®,)* + B(wy — 0, )@y — @) +Clo, —o,)*T}
)
fori=1, 2 with:
2 ) 2
A:[cosﬁj J{sm 9} (3)
o, o,
B:_sm 39 sin 2249 (4)
O O

c :(S”‘@] {“’59] | (5)
o, o,

The coefficient (ax;, @) is the center of Gaussian filter, o, and
oy are constants that define the passband width along two
frequency directions, and @ is the rotation angle. Note that the
passbhand frequencies should be approximately placed at the
passband frequencies of the QRS response. In the design,
parameters should be varied and investigated in order to
achieve the best filter for removing noise. Our goal in the
design is to calculate coefficients of the QF, h(n,, n,), from the
frequency response given by

H (eJ'fm ’ej(‘)zl) =G(wy, wZI)eM(ﬂakwm) (6)

where G(w1, @) represents the desired magnitude response
based on the 2D Gaussian filters and @(wy, wy) is the phase
response. Parameters to be optimized are as follows: the center
of Gaussian filter, the rotation angle (6), the width of the
passband along the cross-diagonal (oy) and diagonal
orientations (oy). Please see [14] for more details. After the
filter coefficients h(n, n,) are obtained, the output signal is

Fig.1. 2D magnitude frequency response of the QF in frequency domain.
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Fig. 2. Block diagram of HT algorithm

produced by applying the QF coefficients to the ECG data,
which can be expressed as

P-1 P-1

y(k) =3 2 h(ny,n,)x(k—ny)x(k—n,). ™)

n,=0n,=0

B. HT Algorithm

Figure 2 shows a block diagram of noise removal
algorithm used for ECG preprocessing proposed by [5]. It is
used as a baseline to evaluate the performance of the
algorithm in ECG noise removal compared with the QF. In the
HT algorithm, while muscle noise and power line noise are
removed with the 15-Hz low-pass filter, baseline wander and
T-wave noise are removed with the 5-Hz high-pass filter.
Subsequently, the output signal from bandpass filter is
processed with the differentiation filter and square operation.

I11. MATERIALS AND METHODS

To evaluate the performance of proposed algorithm, ECG
signals from the MIT-BIH arrhythmia database (MITDB) [15]
were used for validation in this paper. The MITDB was very
well known ECG database. It was used for validation of ECG
R-peak detection algorithms in many previous publications [5-
13]. Quality of noise removal was visually inspected from the
waveforms in time domain. In addition, the performance of
noise removal algorithm was compared in terms of signal to
noise ratio (SNR) determined from the spectra of output
signals from QF and HT algorithms. Results and discussion
are given in Section IV. Finally, conclusions are drawn in
Section V.

IV. RESULTS AND DISCUSSION
A. QF Design

Figure 3 shows the magnitude of 2D frequency responses
of the QF under investigation. The centers of Gaussian
function are at frequency (-15, 15) and (15, -15) Hz. Other
parameters, i.e., (o oy,6) for the QF are (1.1, 0.55, -z/4).
Figure 4 shows the coefficients of the corresponding QF. The
size of the QF in time domain is 37 by 37.

B. Performance Evaluation

Figure 5a shows the normal ECG data from record 100.
There is no significant noise contamination for this record.
Figure 5b shows the output signal from QF in time domain.
While the dotted line denotes the signal obtained from HT
algorithm, the solid line denotes the output signal obtained
from QF algorithm. It can be seen that the signal from QF
algorithms can successfully remove P- and T-wave noise.
Figure 5¢ shows the spectra of the output signals in frequency
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Fig. 4.Coefficients of the QF shown in time domain.

ratio (SNR) than that from HT algorithm. The average SNR
values of the QF and HT are 100 dB and 80 dB, respectively.

domain corresponding to the signals in time domain from
Fig. 5b. The maximum values of both spectra are normalized
to 0 dB in order to compare the level of interference. It can be
seen that the signal from QF algorithm has greater signal to
noise Figure 6a is the ECG data from record 222, which are
contaminated by the respiratory related rhythms and muscle
artifacts. Figure 6b shows the output signals from QF in time
domain. The dotted and solid lines denote the signals obtained
from the HT and QF algorithms, respectively. It can be clearly
seen that most of noise can be appropriately removed by the
QF compared to the results from HT algorithm. Figure 6c
shows the spectra of the output signals in frequency domain
corresponding to the signals in time domain from Fig. 6b. It
can be seen that the signal from QF algorithm has greater SNR
value than that from HT algorithm. The average SNR values
of the QF and HT are 100 dB and 80 dB, respectively.
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V. CONCLUSIONS

We study the capability of applying the QF for removing noise
in ECG signals, which is the important step in ECG R-peak
detection preprocessing. The QF is designed in the frequency
domain based on the sum of two 2D Gaussian ECG data with
low and high noise contamination. filters. Subsequently, the
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filter coefficients can be obtained using the inverse Fourier
transform. The QF from proposed algorithm was evaluated
with 2 records from MITDB data consisting of Results show
that the capability of QF in removing noise from ECG data is
better than that from the HT algorithm. This opens the
opportunity to develop an efficient ECG R-peak detection with
low computational complexity in the determination of
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threshhold value and post-processing algorithm. However,
more investigations on parameter optimization need to be
studied. Results will be reported in the near future.
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