






additional R waves were interpolated according to the 
nearest normal RR intervals. 

Note that our approach required some predefined 
parameters such as the predefined normal range of RR 
intervals and the narrow window length ∆ to search for a 
local maximum in BP signal. Since the characteristics of 
the testing dataset were different from those of the 
training dataset, these parameters were empirically 
estimated from the training dataset and manually adjusted 
to incorporate possible testing cases not observed in the 
training dataset. 

 
3. Results 

The performance statistics of our approach on the 
training and testing datasets are summarized in Table 1. 
The difference in performance implies that the signals are 
much cleaner in the training dataset. Since the training 
dataset is too easy, it is difficult to evaluate the 
performance in each step of our method. Instead, we 
created a more difficult dataset by adding white Gaussian 
noise (WGN) to the ECG signals randomly. The 
performance statistics in each step of our method are 
summarized in Table 2. We can see that step 2) 
dramatically increases +P by removing the spurious QRS 
detection, and slightly reduces Se since it occasionally 
removes some true positives. Similarly, step 3) increases 
Se by interpolating the missed beats, and slightly reduces 
+P since it occasionally fills in false positives. 
 
 
Table 1. Performance statistics of our approach on the 
training and testing datasets. 
 

  Se (%) +P (%) 
 
Training 

Gross 
Average 
Overall 
Gross 

99.97 
99.96 
99.64 
83.31 

99.32 
99.29 
 
79.84 

Testing Average 83.84 77.77 
 Overall 81.19 

 
Table 2. Performance statistics in each step of our 
approach on a simulated dataset corrupted by WGN. 
 

  Se (%) +P (%) 
 
Step 1) 

Gross 
Average 
Overall 
Gross 

86.32 
86.41 
75.71 
80.19 

65.24 
64.85 
 
87.78 

Step 2) 
 
 
Step 3) 

Average 
Overall 
Gross 
Average 
Overall 

80.54 
83.99 
88.90 
89.12 
87.53 

87.43 
 
86.11 
85.99 

4. Conclusions 

Even the state-of-the-art QRS detectors cannot 
accurately estimate the QRS locations when ECG signal 
is contaminated or missing. Other physiological signals 
contain cardiac information and can be used for robust 
heart beat detection. We have developed a multimodal 
information fusion framework using any pulsatile signal 
for robust heart beat detection. Overall accuracies of 
99.64% and 81.19% were achieved on the training and 
testing datasets, respectively. Each step in our method 
was verified on an artificial dataset corrupted by WGN. 
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