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RealReal--Time Ubiquitous SystemsTime Ubiquitous Systems
Integrative System: Entertainment, Medical, Sensing, Integrative System: Entertainment, Medical, Sensing, 
and Communication Devicesand Communication Devices
Integrative Systems that provide Integrative Systems that provide realreal--time time 
interactionsinteractions with humans and environmentwith humans and environment

Continuous realContinuous real--time monitoring of human activitiestime monitoring of human activities
Providing realProviding real--time guidancetime guidance
RealReal--time emergency detection and handlingtime emergency detection and handling
Making our daily lives more safe and enjoyableMaking our daily lives more safe and enjoyable

How to integrate computing, wireless, and sensing How to integrate computing, wireless, and sensing 
devices providing such realdevices providing such real--time interactions? time interactions? 

Internet

Independent Living with 
Technology Assistance

Care 
Provider

Independent  
Living

Where is RC?
Did I do this?

Expensive Assisted Living Facility

Where is RC? Here it is.
Did I do this? Yes you did.

Age over 65 will hit 70 Age over 65 will hit 70 
millions in 2030millions in 2030
US healthUS health--care expenditure care expenditure 
will grow to 15.9% of GDP will grow to 15.9% of GDP 
($2.6 trillion)($2.6 trillion)

Case Study: TechnologyCase Study: Technology--based Assisted Livingbased Assisted Living

$70,000

$190,000 
in 2030
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RealReal--Time tracking Human/ObjectsTime tracking Human/Objects
for Assisted Livingfor Assisted Living

Services we wish to provide:Services we wish to provide:
Object findingObject finding

Where did I leave my eyeWhere did I leave my eye--glasses?glasses?

Checking if actions were takenChecking if actions were taken
Did I eat my pills today?Did I eat my pills today?

Behavior analysisBehavior analysis
Early symptom of diseasesEarly symptom of diseases

Real-Time
Tracking of
Human/Object
can solve
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Our Sensing InfrastructureOur Sensing Infrastructure
(Ultrasonic and RFID)(Ultrasonic and RFID)

Wristband with Wristband with 
““Ultrasonic ListenerUltrasonic Listener”” and and 
““RFID readerRFID reader””

Tracking user: Ultrasonic Listener on a WristbandTracking user: Ultrasonic Listener on a Wristband
Tracking object carried by the user: RFID reader of the Tracking object carried by the user: RFID reader of the 
Wristband Wristband 

RFID ReaderUS listener

Ultrasonic SensingUltrasonic Sensing
Crossbow CricketCrossbow Cricket

Localization accuracy: 10cm

Real-time tracking: Uses Least square and 
a Kalman filter with continuous sampling

Tracking performance: Sampling frequency

RF: speed of light
Ultrasonic pulse: 
speed of sound

Listener

Beacon Beacon Beacon
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RFID Based SensingRFID Based Sensing
SkyeTekSkyeTek RFID Reader and RFID TagsRFID Reader and RFID Tags

M1-mini RFID Reader RFID Tags

Reader

Tag
Can read within 10 cm proximity

Antenna

Entire System OperationEntire System Operation

RFID Tag

M1Mini

Mica2Dot

Cricket beacon

Cricket Listener

Host
Computer

RF

UltrasoundSchedule

Cricket 
Basestation

RS232

tag ID

data

data

Cricket beacon Cricket beacon
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Scheduling IssueScheduling Issue

Two types of active signalsTwo types of active signals
Sensing: Ultrasonic signals from multiple beaconsSensing: Ultrasonic signals from multiple beacons
Communication: Various RF messages from multiple beacons, listenCommunication: Various RF messages from multiple beacons, listeners, ers, 
and host computerand host computer

Original cricket method: Carrier sensing and random arbitrationOriginal cricket method: Carrier sensing and random arbitration
Maximum possible sampling rate is limitedMaximum possible sampling rate is limited
Poor realPoor real--time trackingtime tracking

Our new scheduling methodOur new scheduling method
CollisionCollision--free scheduling providing much faster samplingfree scheduling providing much faster sampling

Combined schedule of Combined schedule of ““SensingSensing”” and and ““CommunicationCommunication””
LocationLocation--aware dynamic scheduling: further improvement of sampling rateaware dynamic scheduling: further improvement of sampling rate
MobilityMobility--conscious scheduling: energy savingconscious scheduling: energy saving

Pipelining sensing and reporting stagesPipelining sensing and reporting stages
NaNaïïve collisionve collision--free approach: Sequential schedulefree approach: Sequential schedule

US(B1)

RF(B1)

Ultrasonic 
band

RF band report
relay

US(B2)

i-th sensing

RF(B2)

i-th reporting

Pipelining sensing and reportingPipelining sensing and reporting

US(B1)

RF(B1)

Ultrasonic 
band

RF band report
relay

US(B2)

i-th sensing

RF(B2)

(i+1)th sensing

(i+1)th sensing

i-th reporting

Not Used

Not Used
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Concurrent ExecutionsConcurrent Executions

B1

B1 B2 B3 B4

Simple roundSimple round--robinrobin

B2 B3 B4

Concurrent execution: Static pipelineConcurrent execution: Static pipeline

B1 B2

B3 B4

Concurrent ExecutionsConcurrent Executions

B1 B2 B3 B4

B8 B9 B10 B11

B5 B6 B7

B1 B2 B3 B4

B8 B9 B10 B11

B5 B6 B7

Beacon placement Conflict graph

beacon coverage
= beacon interference range

B1 B2 B3 B4

B8 B9 B10 B11

B5 B6 B7

Color assignment

B10 B11

B1 B2 B3 B4 B6 B7 B9

B5 B8Beacon Signal
Schedule

Color Code
Schedule

Master Schedule

Static schedule of beacons
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LocationLocation--awareaware

B1 B2 B3 B4

Concurrent execution Concurrent execution withoutwithout locationlocation--awarenessawareness
B1 B2

B3 B4

L1

L2

Concurrent execution Concurrent execution withwith locationlocation--awarenessawareness
B1

B2

LocationLocation--aware schedulingaware scheduling

B1 B2 B3 B4

B8 B9 B10 B11

B5 B6 B7

B1 B2 B3

B5 B6

Beacon placement

Location-aware conflict graph 
and coloring

B3

B1 B2 B5 B6 B1

B3Beacon Signal
Schedule

Color Code
Schedule

Master Schedule

Location-aware schedule

L1 L2

B1 B2 B3 B4

B8 B9 B10 B11

B5 B6 B7

Minimal subset of beacons

L1 L2

proximity
area
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MobilityMobility--consciousconscious

B1 B2 B3 B4

L1

B1

B2

B1

B2

B1

B2

B1

B2

Such highSuch high--frequency sampling is not always neededfrequency sampling is not always needed
Adaptive control of sampling rate depending on user mobilityAdaptive control of sampling rate depending on user mobility

B1

B2

slow L2

fast

Tracking accuracy requirement: the tracking error should be less than 20 cm in 
90% of times. (Transform application-requirement to temporal requirement)

Maximum tolerable inter-sampling interval for L1

for L2

Tracking PerformanceTracking Performance

Fundamental Limit of 
Original Cricket Method

Improvement by 
Our New Method
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LocationLocation--aware Performanceaware Performance

By using LocationBy using Location--
aware scheduling, we aware scheduling, we 
can achieve a higher can achieve a higher 
sampling rate sampling rate 
resulting in less error resulting in less error 
for high mobility for high mobility 
listenerslisteners

MobilityMobility--conscious Performanceconscious Performance
Tracking accuracy requirement: tracking error should be less Tracking accuracy requirement: tracking error should be less 
than 20 cm with a probability  higher than 90%than 20 cm with a probability  higher than 90%
MobilityMobility--aware scheduling can meet the requirement while aware scheduling can meet the requirement while 
saving Listenersaving Listener’’s energy consumption.s energy consumption.
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Slow Train TrackingSlow Train Tracking
(Original Cricket Method)(Original Cricket Method)

Slow Train TrackingSlow Train Tracking
(Our New Method)(Our New Method)
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Fast Train TrackingFast Train Tracking
(Original Cricket Method)(Original Cricket Method)

Fast Train TrackingFast Train Tracking
(Our New Method)(Our New Method)
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Tracking humanTracking human

Tracking objects Tracking objects 
carried by humancarried by human
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Finding objectFinding object

Any Problem?Any Problem?

LineLine--ofof--sight limitation of ultrasonic sensingsight limitation of ultrasonic sensing
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SuccessSuccess--based Selfbased Self--ColoringColoring

Each beacon monitors Each beacon monitors 
which colors are freewhich colors are free
If at least one free color If at least one free color 
is detected, it tries to is detected, it tries to 
capture the color capture the color 
(contention based)(contention based)
Once it successfully Once it successfully 
capture the color, it capture the color, it 
senses the target in a senses the target in a 
contention free manner contention free manner 

Coloring consistencyColoring consistency
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LocationLocation--aware schedulingaware scheduling
(3(3--D Blocking Problem)D Blocking Problem)

SelfSelf--Coloring MethodColoring Method
(3(3--D Blocking Solved!)D Blocking Solved!)
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SummarySummary

CollisionCollision--free scheduling of sensing and free scheduling of sensing and 
communication for realcommunication for real--time trackingtime tracking

Combined scheduling of sensing and communicationCombined scheduling of sensing and communication
LocationLocation--aware schedulingaware scheduling
MobilityMobility--conscious schedulingconscious scheduling

What we leanWhat we lean
Integration of sensing, wireless, computing, and estimation Integration of sensing, wireless, computing, and estimation 
theorytheory
Temporal requirement guarantee for physical interaction Temporal requirement guarantee for physical interaction 
pointspoints

Tremendous Possible ApplicationsTremendous Possible Applications

Sensing
Bio sensors
Infrared Sensors
Ultrasonic sensors
UWB sensors
Temperature sensors
Smoke sensors
Laser sensors
Motion sensors
Visual sensors

Communication
WiFi
Bluetooth
ZigBee
Ad Hoc
WiBro
WiMax
Cellular
Cable

Computing
Desktop PC
Notebook
PDA
Cell Phone
Digital TV

Applications
Home
Hospital
School
Airport
Stadium
Theater
Battle field



18

System-wide Integration Theory of 
Control, Computing, Communication, and Sensing

For Reliable, Evolvable, Real-Time Ubiquitous Systems

Computers Communication
Networks

Sensors,
Actuators

Integration of Control, Computing, Communication, and Sensing

Physical 
WorldSystem theory

(control & estimation)

Scientific ChallengeScientific Challenge

End-to-end timing behavior after integration?


