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* System Requirements
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* Our Contributions
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Framework Sensor-support High Scalable Data Computation Data Sense-Analyze | Burden
Throughput | Storage | Quality Sharing Sharing | -Act Support | Aware
GoogleFit | Internal, Bluetooth T v v v
HealthKit | Internal, Bluetooth v v v
[ OpenDataKit |  Bluetooth, s | v | 1| | | | | |
AWARE Internal v v v
mCerebrum Bh]]l::;lzih]i?ﬂ}ﬁ v v v v v v v

Table 1: Comparison of different extensible mHealth frameworks that support external sensors
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Framework Sensor-support High Scalable Data Computation Data Sense-Analyze | Burden
Throughput | Storage | Quality Sharing Sharing | -Act Support | Aware
GoogleFit | Internal, Bluetooth v v v
HealthKit | Internal, Bluetooth v v v
OpenDataKit Bluetooth, USB v
AWARE Internal v v v
Internal, Bluetooth,
mCerebrum Bluetooth-LE, ANT+ v v v v v v v

Table 1: Comparison of different extensible mHealth frameworks that support external sensors
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Framework Sensor-support High Scalable Data Computation Data Sense-Analyze | Burden

Throughput | Storage | Quality Sharing Sharing | -Act Support | Aware
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OpenDataKit Bluetooth, USB v
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Table 1: Comparison of different extensible mHealth frameworks that support external sensors
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* Architecture
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Figure 1: mCerebrum overview illustrating key components
such as ingestion of high-frequency sensor data, real-time
data quality assessment and biomarker computation.
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* Architecture
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Figure 2: mCerebrum’s architecture consists of 5 layers: (1) Communication, (2) Data Sources, (3) Storage, (1) Signal Processing,
and (4) Participant Interaction, all connected through a data router. The colors indicate different categorizations of applications

— red for high-
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-rate and orange for lower-rate sensors, blue indicates core components of mCerebrum, cyan represents system

services, and green represents user-centric applications.

v github.com/MD2Korg

Application Description
DataKit | Handles routing, privacy, and storage
DataKitAPI | API library for apps to use DataKit
Plotter | Real-time data visualizer

Privacy Controller

Allows the participant to suspend data
collection and EMA prompting

Utilities | Common helper functions
Phone | Integrates the smartphone sensors
Chestband | Data collection from ANT+ sensor suite
Wrist | BLE wrist-worn motion capture device
iCO | Carbon Monoxide sensor support
Smartwatch | Bluetooth 4 connected watch
UWRB RF | BLE chest sensor for measuring heart

function and lung fluid

Blood Pressure

BLE-connected blood pressure cuff

Weight

BLE-connected weight scale

Smart Toothbrush

BLE-connected smart toothbrush

Stream Processor

Provides real-time computation of
biomarkers (e.g. stress, smoking, etc.)

Mood Surfing | A custom built stress reduction app
Thought Shakeup | A custom built stress reduction app
Medication | Medication adherence compliance app
and reminder system
Self Report | Customizable self-report prompts
EMA | Customizable EMA delivery application
Study | Main study interface; provides applica-

tion management for all other apps

EMA/EMI Scheduler

Customizable scheduler for delivering
user prompts based on biomarkers

Adherence Reminder

A scheduler for episodic data collection

Notification Manager

Gatekeeper for all user prompts

Table 2: Overview of mCerebrum apps and libraries
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Figure 2: mCerebrum’s architecture consists of 5 layers: (1) Communication, (2) Data Sources, (3) Storage, (4) Signal Processing,

and (4) Participant Interaction, all connected through a data router. The colors indicate different categorizations of applications
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| Overview

* Real-Life deployments
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e AX 7i|_-| QI-I 7|-|(_D_| |:-||O|F_—| E(ID_IE _%_ng 1 | Smoking & Eating 225 3,150 136
2 Smoking 300 4,200 182
3 Smoking 300 4,200 182
4 Smoking & fMRI 90 1,260 35
5 | Smoking & Stress 24 336 15
6 Heart Failure 225 6,750 224
7 Oral Health 162 29,160 963
8 Cocaine Use 25 350 18
9 | Behavior Change 100 1400 58
10 Job Performance 800 56,000 2,891
Total | 2,251 | 106,806 4,729

Table 3: mCerebrum powered studies span 10 sites — North-
western, Rice, Utah, Vermont, Motfitt, Ohio State, UCLA,
Johns Hopkins, Dartmouth, and Minnesota.
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* Real-Life deployments
. Smokmg Result (1-5)

© GHIS B7| A 4, HHIS B 3 1022HAIA 248
« AEZ AL SHO| A0 tHot SH 2 2 EMA(Ecological Momentary Assessment) ZEZE
AHA] IIG}H
o o [
» HOAAE BEARE oFR O A1} S= AO] 4A O HFE|00F 2f
* EMAZ AIBAME 2H0|L 25E2 255 oA = I EMAZE Y
. Person- | Samples
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. o ol|o o = S 1 | Smoking & Eating 225 3,150 136
HEO A YH o= WSot=0AHE A=A 2 Smoking | 300 4,200 182
o ol S @) Ol SIE= Al o= E o40F = 3 Smoking 300 4,200 182
E‘|_£-Io|_|- |_|-X|__‘| 30 = O _|A|_ = _I_O:Ia =Hd O 1 Smoking & IMRI 00 1.260 55
5 | Smoking & Stress 24 336 15
6 Heart Failure 225 6,750 224
! Oral Health 162 29,160 Y65
8 Cocaine Use 25 350 18
9 | Behavior Change 100 1400 58
10 Job Performance 800 56,000 2,891
Total | 2,251 | 106,806 4,729

Table 3: mCerebrum powered studies span 10 sites - North-
western, Rice, Utah, Vermont, Motfitt, Ohio State, UCLA,
OREA KO REA Johns Hopkins, Dartmouth, and Minnesota.
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* Real-Life deployments
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Person- | Samples

ID Study Users Days (Billi}-:ms}
1 | Smoking & Eating 225 3,150 136
2 Smoking 300 4,200 182
3 Smoking 300 4,200 182
4 Smoking & fMRI 90 1,260 55
5 | Smoking & Stress 24 336 15
6 Heart Failure 225 6.750 224
7 Oral Health 162 29,160 968
8 Cocaine Use 25 350 18
9 | Behavior Change 100 1400 58
10 Job Performance 800 56,000 2,891
Total | 2,251 | 106,806 1,729

Table 3: mCerebrum powered studies span 10 sites — North-
western, Rice, Utah, Vermont, Motfitt, Ohio State, UCLA,
Johns Hopkins, Dartmouth, and Minnesota.
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* Real-Life deployments
Behavior change study (9)
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o 8 Cocaine Use 25 350 18
9 | Behavior Change 100 1400 58
10 Job Performance 800 56,000 2,891
Total | 2,251 | 106,806 1,729 |

Table 3: mCerebrum powered studies span 10 sites — North-
western, Rice, Utah, Vermont, Motfitt, Ohio State, UCLA,
Johns Hopkins, Dartmouth, and Minnesota.

s KOREA




| Overview

« Key features of mCerebrum
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| Sense - resilient data collection, sharing, and storage
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| Sense - resilient data collection, sharing, and storage
 DataKit
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| Sense - resilient data collection, sharing, and storage

« DataKit
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| Sense - resilient data collection, sharing, and storage

» DataKit
« Handling Data Representation Diversity
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tionally, it support short audio and video clips with a high
data rate storage mechanism.
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| Sense - resilient data collection, sharing, and storage

« DataKit
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| Sense - resilient data collection, sharing, and storage

« Scalable Storage of High-rate Sensor Data
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| Sense - resilient data collection, sharing, and storage

« Scalable Storage of High-rate Sensor Data
* Pebbles®} CHFS SQLite, SQLite Cluster (AWAREXIM AFR) £ 0|25t |CH
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Figure 5: Maximum write throughput with increasing write
size. Pebbles achieves 92% of the optimal write throughput
while SQLite and SQLite cluster (used in AWARE [7]) achieve
22% and 18% respectively at their steady states while writing

large blocks of data.
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| Analyze - concurrent computation of multi-sensor bi

 Data and Computation Reuse
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| Analyze - concurrent computation of multi-sensor bi

 Handling System Overload
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| Analyze

concurrent computation of multi-sensor bi

 Handling System Overload
Micro-batching to Control Communication Load
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Figure 6: The effect of micro-batch latency on DataKit’s

communication bandwidth and CPU usage. We observe that

with no latency, communication bandwidth is limited by

bandwidth limits of IPC, while at higher latency, bandwidth

is limited by the buffer size limits of IPC.




| Analyze - concurrent computation of multi-sensor bi

 Handling System Overload

 Micro-batching to Control Communication Load
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Figure 7: mCerebrum is compared with the AWARE frame-

work by adjusting the total sample rate of the accelerometer,

gyroscope, and magnetometers between 18 and 150 hertz per

sensor. mCerebrum’s benefits by up to 8.4 times lower CPU

load when recording at 150 hertz)
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| Analyze - concurrent computation of multi-sensor bi

 Handling System Overload
Effect of Buffer Size on System Load

Iteration time
30s 60s | 120s 300s
Computation time (s/min) 2.67 2.48 2.33 2.23
Memory load (MB) 64.26 | 73.71 | 80.49 | 100.38

Table 4: CPU time (normalized to 60 seconds) decreases as
the buffer size is increased from 30 to 300 seconds. 0.34
seconds (17%) can be saved through buffering; however, it
comes with an increase in memory load (156%).
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| Analyze - concurrent computation of multi-sensor bi

« Stream Processor: Real-time Computation and Sharing of Feature an

Biomarkers
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| Analyze - concurrent computation of multi-sensor bi

« Stream Processor: Real-time Computation and Sharing of Feature an
Biomarkers
o = I0|ZerRl BEE2 SVM(Support vector machine) 7|8t
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Module Set Current | Lifetime
=1 o = — Baseline Power 17.13 mA | 151.78 hrs
* CPU == X-Hol—l-g —(r)—| Ol—l- FUtU re WOI’k Lé!-'g'- + Wrist Sensor 1 | 96.28 mA | 27.00 hrs
+ Wrist Sensor 2 | 107.16 mA | 24.26 hrs
+ Biomarker Computation | 151.05 mA | 17.21 hrs
+ Decision Making | 160.42 mA | 16.21 hrs
+ EMA/EMI (25 minutes) || 187.23 mA | 13.89 hrs
+ Location Service || 273.77 mA 9.50 hrs
+ Phone Accelerometer | 284.33 mA 9.14 hrs
+ Phone Gyroscope | 287.67 mA 9.04 hrs
+ Chest Sensor | 327.46 mA 7.94 hrs
Table 5: Impacts on expected (2600 mAh) bettery life by in-
crementally adding sensing and processing capabilities.
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| Analyze - concurrent computation of multi-sensor bi

 Quantitying the Benefits of Computation Reuse - A Case Study
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Figure 9: The effects of computation reuse on CPU and mem-

ory etficiency. The first columns show the CPU and memory
usage when computing four biomarkers without sharing
computation. A reduction of 27% CPU time and 47% memory
is achieved through reuse, as shown in the second columns.
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| Act - burden-and context-aware interactions with pa
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| Act - burden-and context-aware interactions with pa

« EMA/EMI Scheduling Requirements
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| Act - burden-and context-aware interactions with pa

 Burden-and Context-aware EMA/EMI Scheduling
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Figure 10: A bipartite graph design of EMA/EMI scheduler.| "= <
512 B 55249| A[E7} 0|20

Boxes on left side show the inputs to the actions/controllers
on the right, which prompt the participants. Feedback is ac-
complished by examining the conditions surrounding the
participant response and passed back to key input blocks.

KOREA

UNIVERSITY




| Energy estimation & management
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Module Set Current Lifetime
Baseline Power 17.13 mA | 151.78 hrs

+ Wrist Sensor 1 96.28 mA 27.00 hrs
_, + Wrist Sensor 2 | 107.16 mA 24.26 hrs
+ Biomarker Computation | 151.05 mA | 17.21 hrs
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* _'_ 0‘"|_:|Z| AH' 2 55 15| 7|2 512 103 [ + Decision Making | 160.42 mA 16.21 hrs
. 7|E 2= 9, ~ s + EMA/EMI (25 minutes) | 187.23 mA | 13.89 hrs
o 22| 48% + Location Service | 273.77 mA 9.50 hrs
e OIALAH| 28% + Phone Accelerometer | 284.33 mA 9.14 hrs

+ Phone Gyroscope | 287.67 mA 9.04 hrs
+ Chest Sensor | 327.46 mA 7.94 hrs

Table 5: Impacts on expected (2600 mAh) bettery life by in-
crementally adding sensing and processing capabilities.
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| Energy estimation & management
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Figure 11: mCerebrum is compared with the AWARE frame-
work by adjusting the total sample rate of the accelerome-
ter, gyroscope, and magnetometers between 18 and 150 hertz
per sensor. mCerebrum’s benefit on power consumption is
improved as the sampling rate increases, thus pushing the
CPU into higher-power states.
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| Lessons learned

« System design process
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| Limitation and futurework
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| Conclusion
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| Critique
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mCerebrum: A Mobile Sensing Software Platform for Development and Validation of Digital
Biomarkers and Interventions
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