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MEAP 2: An Update to MEAP for 

Streaming Data 
Abstract: 
The Moving Ensemble Analysis Pipeline (MEAP) is an open-source Python 

program designed to analyze cardiovascular signals obtained from body-worn 

sensors. Its main purpose is to calculate cardiovascular features whose values have 

physiologically-interpretable meanings. The value of these features can then be 

further analyzed in order to estimate one’s physiological or psychological state. 

They could also be used to develop machine learning algorithms to estimate the 

current physiological or psychological state of a person. One of the natural 

applications of this software is the enhancement of command and control (C2) 

capabilities within the modern battlefield as a human-focused element of the 

Internet of Battlefield Things (IoBT), where the tasking and allocation of human 

assets can be improved by knowing the soldiers’ current state. However, there 

were several limitations in the original version of MEAP. MEAP was designed to 

be used as a lab tool and as such many of its functions required human 

intervention. Also, MEAP can only read from pre-recorded sensor data in the 

AcqKnowledge or MATLAB formats. These problems prevented the original 

system from ever being useful in an IoBT environment, where transferrable data 

could be lost or degraded and where data would be streamed instead of being pre-

recorded. In order to solve these issues, a new version of MEAP (MEAP 2) was 

developed. This paper presents an overview of the original MEAP, its background 

and purpose, and then discusses objectives for MEAP 2, the current progress on 

those objectives, and future applications for the software. 

 

Introduction: 
As technology advances, so too has military command and control (C2). The U.S. 

military in particular has gradually adjusted the focus of their warfare to be more 

network-centered in order to better leverage the advantages provided by 

information technology. One of the most recent examples of this is the Internet of 

Battlefield Things (IoBT). IoBT involves using a network of Internet of Things 

devices, consisting of sensors, processors, and actuators, to provide information to 

warfighters and to accomplish military objectives in battlefield conditions (Kott, 



Swami, & West, 2016). The utilization of IoBT systems can be extremely valuable 

for creating more intelligent battlefield environments, where adapting to the states 

of the warfighters within them is possible. The same information contained within 

these environments would be particularly useful for commanders for making 

decisions concerning the tasking and allocation of warfighters. It’s necessary for 

military leaders to have access to as much information about the battlefield as 

possible since situations on the battlefield often change. This information should 

also be captured or presented so that it is easy to understand for them to be able to 

effectively task and allocate warfighters promptly. A great way to assist 

commanders with C2 is using IoBT for state estimation of the complex battlefield 

environment. For instance, information obtained from IoBT physiological sensors 

could be used to estimate the physiological state of soldiers. Furthermore, if the 

estimations of state are based on human-interpretable features or information, those 

learned state estimates may have a higher level of trust.  An example of software 

that could potentially perform this translation is the Moving Ensemble Analysis 

Pipeline (MEAP).  MEAP processes physiological data obtained from body-worn 

sensors to calculate human-interpretable feature values, known as cardiovascular 

indices, that can be used as indicators for changes in physiological or 

psychological state (Matthew Cieslak et al., 2018). A crucial task for the 

appropriate tasking and allocation of battlefield warfighters is knowing their 

current conditions. Using MEAP for state estimation in IoBT seems ideal. 

However, MEAP was not designed with IoBT in mind and simply cannot be used 

on the battlefield in its current iteration without modifications. To better 

understand why an improved version is necessary, an examination of MEAP’s 

original design shall be discussed. 

 

MEAP: 

The original MEAP was designed and implemented by Matt Cieslak and Will 

Ryan in 2016 (Matthew Cieslak et al., 2018). MEAP’s main purpose was to be able 

to process sizable amounts of cardiovascular experimental data for multiple 

subjects while also being easy to use for researchers lacking expertise in related 

fields. Additionally, this software would include moving ensemble averaging, their 

new method for detecting changes in physiological states from cardiovascular 

signals. 



MEAP’s features can be categorized into two main sections: the pre-processing 

pipeline and the analyzer. The pre-processing pipeline contains several steps, such 

as data importation, inspection, etc. The pipeline’s primary objective is to process 

pre-recorded cardiovascular data from various participants. Data analysis takes 

place only once the pre-processing pipeline has been completed. Most of MEAP’s 

operation is guided with the use of a Graphical User Interface (GUI) by the user 

(research scientist).  

MEAP can read several types of cardiovascular signals, including: 

electrocardiograms (ECG), impedance cardiograms (z0), the derivative of the ICG 

(dz/dt), systolic and diastolic blood pressure (BP), Doppler, and more. At the 

beginning of its execution, MEAP requires the user to locate pre-recorded files 

containing these signals for processing. 

While MEAP does try to correctly categorize the identity of each signal 

automatically using the signal’s attached metadata, there are times when it is not 

able to do that. This is usually because some imported signals lack important 

metadata for categorization (i.e. the name or type of signal). At that point, the 

program will attempt to use other metadata (or none at all) to classify the signal.  

It’s also important to note that MEAP imports signals directly from the file with 

only slight modifications. If any signal from the file contains noise, then it will be 

present within the corresponding signal within MEAP as well. The program has no 

way of detecting or eradicating signal noise, so it relies on human observation for 

this. The user is given the option of examining each signal’s waveforms for noise. 

If any is found, they are able to “censor” that region from all waveforms. Doing so 

will prevent that information from being included in further MEAP calculations, 

ensuring that they will be more accurate. However, this would mean that each time 

the signals are imported into MEAP, they would require inspection by a human for 

optimal performance.  

The remaining steps of the pipeline are similar in that they all display various 

waveforms from the imported signals and ask the user to label inflection points or 

make further modifications to them to ensure program accuracy. A prominent 

example of this is the classification of the B point. The B point is an inflection 

point on the dz/dt waveform that marks the moment when the aortic valve opens. It 

is known for being notoriously difficult to identify. It is also necessary for 

calculating the pre-ejection period and the left ventricular ejection time (LVET), 

both of which can help indicate a person’s physiological state. To this end, MEAP 



randomly selects 100 heartbeats from the ECG signal and attempts to classify the B 

points on these heartbeats. Simultaneously, the corresponding dz/dt waveform and 

its first and second derivative are displayed alongside each random heartbeat (see 

Figure 1 below). There has been work done to suggest that either the peaks or zero-

crossings of dz/dt or its derivatives may assist with discovering the location of the 

B point. From there, the user can observe all of this information and determine 

whether or not MEAP’s B-point classification was correct and modify them if 

necessary. Based on the user’s placement of each B point, MEAP will adjust its 

classification algorithm, also known as the classifier, and then automatically 

classify the remaining B points in the imported data. The reason behind this is that 

in the past, the B point was usually discovered using visual methods instead of 

doing so algorithmically.  

 

 

 

 

 

 

 

 

 

  

  

Figure 1: B Point Classifier training interface 

 

The final output for the pre-processing pipeline is the visualization of the 

cardiovascular indices, calculated from the pre-recorded participant data. MEAP 

can calculate and display graphs for up to six indices depending on the signals 

obtained initially. These indices include: pre-ejection period (PEP), stroke volume 

(SV), cardiac output (CO), heart rate (HR), mean arterial pressure (MAP), and the 

total peripheral resistance (TPR). PEP is the time between Q point, of the ECG 



waveform, and the dz/dt B point. It is named as such because it refers to the period 

of time before blood is ejected from the heart. SV refers to the amount of blood 

ejected from the heart during a single beat. It can be found by first finding the 

LVET, which is the time interval between the B point and the dz/dt X point. CO is 

the rate at which blood is pumped in liters per minute and requires HR and SV to 

be calculated. HR, as the name implies, is the instantaneous rate at which the heart 

is beating. MAP is an average calculated using a participant’s systolic and diastolic 

blood pressure measurements. TPR shows the ratio between one’s blood pressure 

(MAP) and the rate at which blood is being pumped (CO). All of these indices 

have real physiological meaning and are human-interpretable, meaning that 

medical professionals can use this to understand a person’s physiological or 

psychological state. Additionally, both were found using both the software’s 

moving ensemble averaging method and the traditional ensemble averaging 

method. 

An ensemble-averaged signal is calculated by averaging the sum of all signals of 

the same type found within heartbeats in a defined time interval. For example, a 

30-second ensemble-averaged ECG signal can be found by averaging all of the 

non-overlapping ECG signals associated with the heartbeats found within this 30-

second interval. The same can be done with z0 and dz/dt signals as well. Each 

signal used to find the average is equally weighted. The resulting ensemble-

averaged signals can then be used to calculate cardiovascular indices as though 

they were singular heartbeats. The major advantage of this method, and one of the 

reasons why it is so common, is that it is especially convenient for analyses where 

measures are often repeated. A second reason why this method is used is that a 

person’s physiological state is not expected to change within MEAP’s 30-second 

time intervals since states don’t change very quickly over a small time period. 

Signal variability and sensor noise are reduced when averaging over multiple 

heartbeats, which is yet another reason to use ensemble averaging. 

MEAP’s moving ensemble averaging method is a bit different. Each heartbeat 

within a defined time period will have a fixed time window applied to it. A 

weighted ensemble average is then performed for each time window. Unlike the 

normal ensemble method, the weights used in moving ensemble are not the same 

each time and they require the use of a weighting function to calculate them for 

each heartbeat. Also different from ensemble averaging is that the calculated 

cardiovascular indices per heartbeat will be time series instead of singular values. 

These series can be examined for patterns over time and then used to 



mathematically model each cardiovascular index as an equation. This is useful not 

only for statistical analysis, but also for detecting changes in each mean 

cardiovascular index under various experimental conditions. It should be noted that 

for both methods, MEAP saves the results of each in separate files; the pipeline 

provides the moving ensemble results while the analyzer provides the ensemble 

averages. The files must be opened manually using external programs in order to 

be viewed. 

 

MEAP 2: 

The primary goal behind the development of MEAP 2 was to create an augmented 

version of MEAP that would be better suited for IoBT. This objective can be 

broken down further to explain the precise reasoning for it. These reasons can be 

summarized as the following: the lack of full autonomy, being able to only process 

pre-recorded data, and not being able to visualize the output (cardiovascular 

indices) in a quick and understandable way for interpretation by soldiers.  

IoBTs are designed to be flexible, both in their overall physical topology and their 

digital communications (Kott, Swami, & West, 2016). Software intended for such 

a system must be just as capable. There will be no time for warfighters to manually 

adjust programs while in battle. Even if there were no time constraints, it would 

require training soldier(s) to use these programs and limit the number of soldiers 

that could use them instead. Hence, there is a need for autonomy.  

While there are several steps in MEAP that utilize manual input, it is mainly used 

to verify the calculations that MEAP has automatically made. Most of the steps 

performed by MEAP, prior to the moving ensemble averaging, were simply 

analyzing the imported cardiovascular signals and then asking for human 

verification before doing any important calculations. The calculations were just 

mathematical equations after all, and thus, they required no human input unless the 

user wanted to change the default values. The default values for calculations 

proved to be sufficient most of the time. As such, MEAP 2 does not change the 

default values for all of the calculations it performs, eliminating the need for 

human interaction with the program and removing this potential burden from the 

soldier. 

On a battlefield, soldiers are constantly on-the-move and their conditions are 

subject to change at any time. Knowing as much as possible about how their 



soldiers are feeling at any point is a necessity for any military commander and an 

important aspect of effective command and control. This means that all 

physiological data obtained while on the battlefield should be continuously 

updated.  

MEAP was designed mainly as a research tool, meaning that there was no reason 

that the imported participant data couldn’t be from pre-recorded files. However, 

using them would not benefit an IoBT since it would not be current. The simple 

solution would be to stream physiological data over the IoBT into MEAP as input 

instead. This is planned to be added to MEAP 2 in the future. However, MEAP 2 

has already been shown to work with pre-recorded data that was streamed to it and 

could theoretically work with streams with some modifications. 

Perhaps the most important feature provided by an IoBT is the communication 

between battlefield sensors and soldiers as well as the information gathered as a 

result of these interactions. Often this information cannot be easily understood and 

requires too much time for soldiers to fully grasp it. For this reason, it is very 

important to simplify and visualize all information. 

MEAP accomplishes this well enough throughout its preprocessing pipeline, but 

does not display its calculated final results. It shows the time series for each 

moving ensemble averaged-cardiovascular index but not for the ensemble 

averaged-indices. Both are stored using external file formats, which are useless in 

an IoBT since they must be manually opened using other programs. MEAP 2 

would ideally display all of the cardiovascular indices in real-time on a graph for 

easy interpretation. Currently, MEAP 2 is capable of displaying a graph of the 

calculated cardiovascular indices using pre-recorded data (See Figure 2 below), 

which is streamed to its separate graphing program via the Lab Streaming Layer 

(LSL). 



Figure 2: LSL Graphing of MEAP 2’s Cardiovascular Indices 

 

Conclusion: 

Once completed, MEAP 2 will serve as the more suitable software for processing 

and integrating physiological information from IoBT sensors and a successor to 

MEAP. MEAP 2 could improve an IoBT’s ability to provide real-time changes of 

warfighters’ physiological states in an easily interpretable manner. Being able to 

quickly transmit and interpret information from IoBT sensors, both between man 

and machine, will be important to maintain progress for the U.S. military’s 

network-centric warfare. 
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