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The	  Internet	  …	  	  a	  decade	  ago	  
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The	  Internet	  …	  that	  we	  envisioned	  
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Why	  “Real”	  InformaJon	  is	  so	  Important	  

Improve	  Produc<vity	  

Protect	  Health	  
High-‐Confidence	  Transport	  

Enhance	  Safety	  &	  Security	  

Improve	  Food	  &	  H20	  

Save	  Resources	  

Preven<ng	  Failures	  

Increase	  
Comfort	  

Enable	  New	  Knowledge	  
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Enabling	  Technology	  

Microcontroller	   Radio	  
CommunicaJon	  

Flash	  
Storage	  

Sensors	  

IEEE	  802.15.4	  

Network	  
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802.5	  
Token	  Ring	  

Internet	  Concepts:	  Layering…	  

802.3	  
Ethernet	  

802.11	  
WiFi	  802.3a	  

Ethernet	  
10b2	  

802.3i	  
Ethernet	  
10bT	  

802.3y	  
Ethernet	  
100bT	  

802.3ab	  
Ethernet	  
1000bT	  

802.3an	  
Ethernet	  
1G	  bT	  

802.11a	  
WiFi	  802.11b	  
WiFi	  802.11g	  
WiFi	  802.11n	  
WiFi	  

X3T9.5	  
FDDI	  

Serial	  
Modem	  

GPRS	  

ISDN	  
DSL	  

Sonet	  

Transport	  (UDP/IP,	  TCP/IP)	  

ApplicaJon	  (Telnet,	  FTP,	  SMTP,	  SNMP,	  HTTP)	  

Diverse	  Object	  and	  Data	  Models	  (HTML,	  XML,	  …,	  BacNet,	  …)	  

802.15.4	  
???	  

Network	  (IP)	  

Link	  2:	  link	  

3:	  net	  

4:	  xport	  

7:	  app	  

1:	  phy	  
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Leading	  Internet	  Research	  PerspecJve	   	  
	   	  	  	  	  	  	  	  	  	  	  	  	  	  -‐	  a	  decade	  ago	  

!   “Resource	  constraints	  may	  cause	  us	  to	  give	  up	  the	  
layered	  architecture.”	  

!   “Sheer	  numbers	  of	  devices,	  and	  their	  unacended	  
deployment,	  will	  preclude	  reliance	  on	  broadcast	  
communicaJon	  or	  the	  configuraJon	  currently	  
needed	  to	  deploy	  and	  operate	  networked	  devices.”	  

!   “There	  are	  significant	  robustness	  and	  scalability	  
advantages	  to	  designing	  applicaJons	  using	  localized	  
algorithms.”	  

!   “Unlike	  tradiJonal	  networks,	  a	  sensor	  node	  may	  not	  
need	  an	  idenJty	  (e.g.	  address).”	  

!   “It	  is	  reasonable	  to	  assume	  that	  sensor	  networks	  can	  
be	  tailored	  to	  the	  applicaJon	  at	  hand.”	  



UCB	  CS	  
9	  

The	  Mote/TinyOS	  revoluJon…	  
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Internet	  of	  Every	  Thing	  –	  Realized	  2008	  

!   Footprint,	  power,	  packet	  
size,	  &	  bandwidth	  

ROM RAM 
CC2420 Driver 3149 272 

802.15.4 Encryption 1194 101 

Media Access Control 330 9 

Media Management Control 1348 20 

6LoWPAN + IPv6 2550 0 

Checksums 134 0 

SLAAC 216 32 

DHCPv6 Client 212 3 

DHCPv6 Proxy 104 2 

ICMPv6 522 0 

Unicast Forwarder 1158 451 

Multicast Forwarder 352 4 

Message Buffers 0 2048 

Router 2050 106 

UDP 450 6 

TCP 1674 50 

(including runtime)	


*	  ProducJon	  implementaJon	  on	  TI	  msp430/cc2420	  	  

24038 ROM 
3598 RAM 



Internet	  of	  Every	  Thing	  –	  standardized	  2010	  
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Networking	  in	  the	  Physical	  World	  

• Variable communication	

Unknown obstacles	

Variable density and loss	


• Constrained resources	

Limited routing state	

Limited throughput	

Limited buffering	


• Low power wireless	

Multihop 	

Low SNR	

Small MTU	


•  Embedding in physical space	


•  Large numbers of nodes	


•  Low total cost of ownership	
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Confluence	  Research,	  Industry,	  and	  
Standards	  

Research	  
Community	  



l	   14	  

Key	  Research	  Developments	  

!   Event-‐Driven	  Component-‐Base	  OperaJng	  System	  
!   Framework	  for	  building	  System	  &	  Network	  abstracJons	  
!   Low-‐Power	  Protocols	  
!   Hardware	  and	  ApplicaJon	  Specific	  

!   Idle	  listening	  
!   All	  the	  energy	  is	  consumed	  by	  listening	  for	  a	  packet	  to	  receive	  
=>	  Turn	  radio	  on	  only	  when	  there	  is	  something	  to	  hear	  

!   Reliable	  rouJng	  on	  Low-‐Power	  &	  Lossy	  Links	  
!   Power,	  Range,	  ObstrucJons	  =>	  mulJ-‐hop	  
!   Always	  at	  edge	  of	  SNR	  	  	  	  	  	  	  	  	  	  =>	  loss	  is	  common	  
=>	  monitoring,	  retransmission,	  and	  local	  rerouJng	  

!   Trickle	  –	  don’t	  flood	  	  (tx	  rate	  <	  1/density,	  and	  <	  info	  change)	  
!   ConnecJvity	  is	  determined	  by	  physical	  points	  of	  interest,	  not	  

network	  designer.	  	  
!   never	  naively	  respond	  to	  a	  broadcast	  
!   re-‐broadcast	  very	  very	  politely	  
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Storage	   Processing	  Wireless	   Sensors	  
WSN mote platform 

TinyOS	  –	  Framework	  for	  InnovaJon	  

Radio	  Serial	   Flash	   ADC,	  Sensor	  
I/F	  

MCU,	  Timers,	  
Bus,…	  

Link	  

Network	  
Protocols	   Blocks,	  

Logs,	  Files	  
Scheduling,	  
Management	  

Streaming	  
drivers	  

Over-‐the-‐air	  	  
Programming	  

ApplicaJons	  and	  Services	  

Communica-on	  Centric	  
Resource-‐Constrained	  
Event-‐driven	  Execu-on	  
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A	  worldwide	  community	  

Storage	  
Wireless	   Processing	  

Sensors	  

SmartDust 
NEST 

Wireless	  Sensor	  Networks	  
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Low	  Power	  Networking	  in	  the	  Real	  World	  

Applica<ons	  

system	  

Storage	   Processing	  Wireless	   Sensors	  
Technology	  

architecture	  

Network	  
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A	  Low-‐Power	  Standard	  Link	  

802.15.4 802.15.1 802.15.3 802.11 802.3 

Class WPAN WPAN WPAN WLAN LAN 

Lifetime (days) 100-1000+ 1-7 Powered 0.1-5 Powered 

Net Size 65535 7 243 30 1024 

BW (kbps) 20-250 720 11,000+ 11,000+ 100,000+ 

Range (m) 1-75+ 1-10+ 10 1-100 185 (wired) 

Goals 
Low Power, 
Large Scale, 

Low Cost 

Cable 
Replacement 

Cable 
Replacement Throughput Throughput 

!   Low	  Transmit	  power,	  Low	  Signal-‐to-‐noise	  RaJo	  
(SNR),	  modest	  BW,	  Licle	  Frames	  
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Decade	  of	  Networking	  (sans	  Architecture)	  

Link	
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The	  “Idle	  Listening”	  Problem	  
!   The	  power	  consumpJon	  of	  “short	  range”	  (i.e.,	  

low-‐power)	  wireless	  communicaJons	  is	  roughly	  
the	  same	  when	  
!   transmiqng,	  	  
!   receiving,	  	  
!   or	  simply	  ON,	  “listening”	  for	  potenJal	  recepJon.	  
!   IEEE	  802.15.4,	  Zwave,	  Bluetooth,	  …,	  WiFi	  

!   Radio	  must	  be	  ON	  (listening)	  in	  order	  receive	  
anything.	  
!   Transmission	  is	  rare	  	  	  
!   Listening	  happens	  all	  the	  Jme	  

⇒ Energy	  consumpJon	  dominated	  by	  idle	  listening	  
⇒ Do	  Nothing	  Well	  
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CommunicaJon	  Power	  –	  Passive	  Vigilance	  

!   Listen	  just	  when	  there	  is	  something	  to	  hear	  …	  

Transmit	  
~20	  mA	  x	  1-‐5	  ms	  
[20	  -‐	  100	  uAs]	  

I	  

I	  

Time	  

Time	  
Listen	  

~20	  mA	  x	  *	  ???	  
Receive	  
~20	  mA	  x	  2-‐6	  ms	  
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3	  Basic	  SoluJon	  Techniques	  
!   Scheduled	  Listening	  

!   Arrange	  a	  schedule	  of	  communicaJon	  Time	  Slots	  
!   Maintain	  coordinated	  clocks	  and	  schedule	  
!   Listen	  during	  specific	  “slots”	  
!   Many	  variants:	  	  

•  Aloha,	  Token-‐Ring,	  TDMA,	  Beacons,	  Bluetooth	  piconets,	  …	  
•  S-‐MAC,	  T-‐MAC,	  PEDAMACS,	  TSMP,	  FPS,	  …	  

!   Sampled	  Listening	  
!   Listen	  for	  very	  short	  intervals	  to	  detect	  eminent	  

transmissions	  
!   On	  detecJon,	  listen	  acJvely	  to	  receive	  
!   DARPA	  packet	  radio,	  LPL,	  BMAC,	  XMAC,	  …	  
!   Maintain	  “always	  on”	  illusion,	  Robust	  

!   Listen	  aver	  send	  (with	  powered	  infrastructure)	  
!   Aver	  transmit	  to	  a	  recepJve	  device,	  listen	  for	  a	  short	  

Jme	  
!   Many	  variants:	  802.11	  AMAT,	  Key	  fobs,	  remote	  modems,	  

…	  
!   Many	  hybrids	  possible	  



Scheduled	  Listen	  

!   CommunicaJon	  to	  maintain	  synch.	  sets	  lower	  bound.	  
!   Full	  power	  listen	  to	  discover	  and	  join	  schedule.	  (!!!)	  
!   Listen	  in	  slot,	  even	  when	  there	  is	  nothing	  to	  hear	  
!   ParJJons	  limited	  bandwidth,	  adds	  to	  large	  latency	  
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P	  

P	  

Time	  

Time	  

Transmit	  during	  
Listen	  interval	  

Listen	  intervals	  
no	  transmit	  

SynchronizaJon	  
skew	  

Tschedule	  



Sampled	  Listen	  

!   Frequent,	  very	  short	  “Listen	  Samples”	  
!   Increase	  (infrequent)	  Transmit	  to	  cover	  sampling	  
!   No	  synchronizaJon	  required.	  	  	  
!   Rapid	  join	  and	  at	  low	  power.	  
!   OpJmizaJons	  built	  on	  top	  

!   Scheduled	  sleep,	  wake	  Jmes,	  Jme	  synch,	  	  
=>	  Always-‐On	  illusion	  at	  very	  low	  power	  
l	   24	  

P	  

P	  

Time	  

Time	  

Tlisten	  
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3	  Basic	  SoluJon	  Techniques	  
!   Scheduled	  Listening	  

!   Arrange	  a	  schedule	  of	  communicaJon	  Time	  Slots	  
!   Maintain	  coordinated	  clocks	  and	  schedule	  
!   Listen	  during	  specific	  “slots”	  
!   Many	  variants:	  	  

•  Aloha,	  Token-‐Ring,	  TDMA,	  Beacons,	  Bluetooth	  piconets,	  …	  
•  S-‐MAC,	  T-‐MAC,	  PEDAMACS,	  TSMP,	  FPS,	  …	  

!   Sampled	  Listening	  
!   Listen	  for	  very	  short	  intervals	  to	  detect	  eminent	  

transmissions	  
!   On	  detecJon,	  listen	  acJvely	  to	  receive	  
!   DARPA	  packet	  radio,	  LPL,	  BMAC,	  XMAC,	  …	  
!   Maintain	  “always	  on”	  illusion,	  Robust	  

!   Listen	  aver	  send	  (with	  powered	  infrastructure)	  
!   Aver	  transmit	  to	  a	  recepJve	  device,	  listen	  for	  a	  short	  

Jme	  
!   Many	  variants:	  802.11	  AMAT,	  Key	  fobs,	  remote	  modems,	  

…	  
!   Many	  hybrids	  possible	  



RouJng	  in	  Low	  Power	  Wireless	  Networks	  

!   Classic	  View	  
!   Network	  =	  Graph	  of	  routers	  and	  links	  

•  Like	  a	  street	  map	  
!   RouJng	  is	  a	  (distributed)	  algorithm	  for	  finding	  good	  

paths	  in	  this	  (slowly	  changing)	  graph	  
!   Realized	  (hop	  by	  hop)	  by	  tables	  and	  addressing	  

!   But,	  …	  there	  is	  no	  graph	  
!   Discover	  it	  by	  acempJng	  to	  communicate	  
!   Changes	  due	  to	  environment	  

PAN	  
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Self-‐Organized	  RouJng	  -‐	  nutshell	  

0	  

1	  
1	  2	  

2	  

2	  

2	  
2	  

Receiver	  diversity	  
through	  dynamic	  
rerouJng	  

Retrans.	  rate	  <	  1/density	  
Neighbor	  table	  exceeds	  RAM	  
Dissem.	  rate	  <	  change	  
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Key	  IPv6	  ContribuJons	  
!   Large	  simple	  address	  

!   Network	  ID	  +	  Interface	  ID	  
!   Plenty	  of	  addresses,	  easy	  to	  allocate	  and	  manage	  

!   AutoconfiguraJon	  and	  Management	  
!   ICMPv6	  

!   Integrated	  bootstrap	  and	  discovery	  
!   Neighbors,	  routers,	  DHCP	  

!   Protocol	  opJons	  framework	  
!   Plan	  for	  extensibility	  

!   Simplify	  for	  speed	  
!   MTU	  discovery	  with	  min	  

!   6-‐to-‐4	  translaJon	  for	  compaJbility	  

128 bits	
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6LoWPAN	  –	  IPv6	  over	  802.15.4	  

!   Large	  IP	  Address	  &	  Header	  =>	  16	  bit	  short	  address	  /	  64	  bit	  EUID	  
!   Minimum	  Transfer	  Unit 	  	  	  	  	  	  =>	  FragmentaJon	  
!   Short	  range	  &	  Embedded	  	  	  =>	  MulJple	  Hops	  

Link	  frame	  

ctrl	   src	  UID	  len	   chk	  dst	  UID	   link	  payload	  

cls	  flow	  len	  hops	   src	  IP	   dst	  IP	   net	  payload	  

Network	  packet	  

UDP	  datagram	  or	  	  
TCP	  stream	  segment	  

transport	  header	   applica4on	  payload	  

…,	  modbus,	  BacNET/IP,	  …	  ,	  HTML,	  XML,	  …,	  ZCL	  

16	  B	  

128	  Bytes	  MAX	  

1280	  Bytes	  MIN	  

16	  B	  

40	  B	  +	  opJons	  
NH	  
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802.5	  
Token	  Ring	  

6LoWPAN	  adaptaJon	  layer	  

802.3	  
Ethernet	  

802.11	  
WiFi	  802.3a	  

Ethernet	  
10b2	  

802.3i	  
Ethernet	  
10bT	  

802.3y	  
Ethernet	  
100bT	  

802.3ab	  
Ethernet	  
1000bT	  

802.3an	  
Ethernet	  
1G	  bT	  

802.11a	  
WiFi	  802.11b	  
WiFi	  802.11g	  
WiFi	  802.11n	  
WiFi	  

X3T9.5	  
FDDI	  

Serial	  
Modem	  

GPRS	  

ISDN	  
DSL	  

Sonet	  

Transport	  (UDP/IP,	  TCP/IP)	  

ApplicaJon	  (Telnet,	  FTP,	  SMTP,	  SNMP,	  HTTP)	  

Diverse	  Object	  and	  Data	  Models	  (HTML,	  XML,	  …,	  BacNet,	  …)	  

802.15.4	  
LoWPAN	  

Network	  (IP)	  

Link	  2:	  link	  

3:	  net	  

4:	  xport	  

7:	  app	  

1:	  phy	  

6LoWPAN	  
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6LoWPAN	  –	  IP	  Header	  OpJmizaJon	  

!   Eliminate	  all	  fields	  in	  the	  IPv6	  header	  that	  can	  be	  derived	  from	  the	  802.15.4	  
header	  in	  the	  common	  case	  
!   Source	  address	   	  :	  derived	  from	  link	  address	  
!   DesJnaJon	  address	   	  :	  derived	  from	  link	  address	  
!   Length 	  :	  derived	  from	  link	  frame	  length	  
!   Traffic	  Class	  &	  Flow	  Label	   	  :	  zero	  
!   Next	  header 	  :	  UDP,	  TCP,	  or	  ICMP	  

!   AddiJonal	  IPv6	  opJons	  follow	  as	  opJons	  

Link	  frame	  

ctrl	   src	  UID	  len	   chk	  dst	  UID	  

Network	  packet	  
40	  B	  

6LoWPAN	  adaptaJon	  header	  

hops	  
3	  B	  

cls	  flow	  len	  hops	   src	  IP	   dst	  IP	   net	  payload	  NH	  
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IP	  RouJng	  Everywhere	  

!   ConvenJonal	  IP	  link	  is	  a	  full	  broadcast	  domain	  
!   RouJng	  connects	  links	  (i.e,	  networks)	  

!   Many	  IP	  links	  have	  evolved	  from	  a	  broadcast	  domain	  to	  a	  “mesh”	  
with	  emulated	  broadcast	  
!   ethernet	  =>	  switched	  ethernet	  
!   802.11	  =>	  802.11s	  

!   UJlize	  high	  bandwidth	  on	  powered	  links	  to	  maintain	  the	  illusion	  of	  a	  
broadcast	  domain	  

!   802.15.4	  networks	  are	  limited	  in	  bandwidth	  and	  power	  so	  the	  
emulaJon	  is	  quite	  visible.	  

PAN	  
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Embedded	  IPv6	  in	  Concept	  

Retain illusion even when always off	


Retain strict modularity	

Some key cross-layer visibility	


IPv6 can support a semi-broadcast 	

link with few changes	


Retain best-effort reliability over unreliable links	
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Example:	  AutoconfiguraJon	  
Configuring	  Large	  Numbers	  of	  Interfaces	  

Cur Hop Limit 

Managed Addr Config 

Other Config 

Router Lifetime 

Reachable Time 

Prefix Length 

Autonomous Config 

Valid Lifetime 

Preferred Lifetime 

Prefix 

ExisJng	  OpJons	   New	  OpJons	  

Network ID 

Sequence Number 

Router Hops 

Flags 
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Example:	  RouJng	  with	  IPv6	  opJons	  

Low Routing Cost	


High Routing Cost	


• 	  Default	  route	  

• 	  Hop-‐by-‐hop	  retry	  
• 	  Reroute	  on	  loss	  

Prefix Next 

Default 

Prefix Next 

Prefix Next 
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Complete	  Embedded	  IPv6	  Stack	  

Neighbor Table 

Addr Period Phase Pending RSSI PRR 
Sample Period 

Sample Phase 

Prefix Next 

Prefix Next 

Default 
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Adding	  up	  the	  pieces	  
ROM RAM 

CC2420 Driver 3149 272 

802.15.4 Encryption 1194 101 

Media Access Control 330 9 

Media Management Control 1348 20 

6LoWPAN + IPv6 2550 0 

Checksums 134 0 

SLAAC 216 32 

DHCPv6 Client 212 3 

DHCPv6 Proxy 104 2 

ICMPv6 522 0 

Unicast Forwarder 1158 451 

Multicast Forwarder 352 4 

Message Buffers 0 2048 

Router 2050 106 

UDP 450 6 

TCP 1674 50 

(including runtime)	


*	  ProducJon	  implementaJon	  on	  TI	  msp430/cc2420	  	  

24038 ROM 

3598 RAM 
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and	  Power	  and	  reliability	  …	  

Data Rate Sensitivity 	

(Router)	


Data Rate Sensitivity 	

(Edge)	


Deployment Duty Cycle	
 Deployment Reliability	




The	  “Killer	  App”	  for	  Wireless	  Sensor	  
Networks	  

!   Energy	  and	  the	  environmental	  
impact	  of	  extracJon,	  use,	  and	  
disposal	  

!   THE	  problem	  of	  the	  Industrial	  Age	  
!   We	  need	  to	  find	  InformaJon	  Age	  

soluJons	  to	  THE	  Industrial	  Age	  
Problem	  

!   it	  starts	  with	  the	  FausJan	  bargain	  of	  
oblivious	  consumpJon	  

39	  



The	  Grid:	  Marvel	  of	  Industrial	  Age	  
Design	  

!   Deliver	  high	  quality	  low-‐cost	  power	  
!   To	  millions	  of	  customers	  over	  thousands	  of	  

miles	  
!   Synchronized	  to	  <<16	  ms	  cycle	  (60	  Hz)	  	  

!   With	  no	  orders,	  no	  forecasts,	  no	  plans	  
!   No	  inventory	  anywhere	  in	  the	  supply	  chain	  

!   To	  enable	  rapid	  economic	  &	  industrial	  growth	  
through	  oblivious	  consumpJon	  

40	  



A	  New	  Reality	  …	  
1.  Energy	  becoming	  increasingly	  dear	  

!   increased	  cost	  of	  acquisiJon	  
!   inclusion	  of	  environmental	  costs	  

2.  Improvements	  in	  energy	  efficiency	  cause	  high	  dynamic	  
variability	  in	  the	  load	  
!   high	  peak-‐to-‐ave	  raJo,	  bursty	  

3.  LimitaJons	  of	  exisJng	  grid	  present	  transmission	  and	  
distribuJon	  boclenecks	  

4.  IncorporaJon	  of	  renewable	  resources	  reduces	  control	  
over	  supply	  
!   most	  are	  non-‐dispatchable	  (solar,	  wind)	  	  

41	  



Aware	  Co-‐operaJve	  Grid	  

42	  

• 	  Monitor,	  Model,	  MiJgate	  
• 	  Deep	  instrumentaJon	  
• 	  Waste	  eliminaJon	  
• 	  Efficient	  OperaJon	  

• 	  Shiving,	  Scheduling,	  AdaptaJon	  

• 	  ForecasJng	  
• 	  Tracking	  
• 	  Market	  

• 	  Availability	  
• 	  Pricing	  
• 	  Planning	  



The “Macroscope” 
•  Observe	  complex	  
interacJons	  over	  
Jme	  and	  space	  

Slope (Spatial Analyst) 

Aspect (Spatial Analyst) 

Daily Average 
Temperature

(Geostatistical Analyst) 

Elevation (Calculated 
from Contour Map) 
Aerial Photograph 
(10.16cm/pixels) 



Where	  to	  Start?	  

!  Buildings	  
!   72%	  of	  electrical	  consumpJon	  (US),	  	  
!   40-‐50%	  of	  total	  consumpJon,	  	  
!   42%	  of	  GHG	  footprint	  
!   US	  commercial	  building	  consumpJon	  

doubled	  1980-‐2000,	  1.5x	  more	  by	  2025	  
[NREL]	  

!   Where	  Coal	  is	  used	  
!   Prime	  target	  of	  opportunity	  for	  

renewable	  supplies	  

44	  

Renewable	  energy	  consumpJon	  

Electricity	  source	  
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LighJng	  

Servers	  

PDUs,	  CRACs	  

HVAC	  
IT	  and	  Plug	  Load	  

Our	  Buildings	  



Energy	  Transparent	  Building	  

46	  

Whole	  Bldg	  MCL	  equip	  

MCL	  infra	  

MCL	  vac	  

servers	  

DOP	  HVAC	  

Central	  vent	  

office	  HVAC	  

inst	  Lab	  199	  
	  HVAC	  

Plug	  loads	  

LighJng	  

Parking	  Lot	  



Internet	  

Cell	  phone	  sMAP	  Gateway	  

sMAP	  

Modbus	   RS-‐485	  

sMAP	  

sMAP	  Gateway	  

EBHTTP	  /	  IPv6	  /	  6LowPAN	  
Wireless	  Mesh	  Network	  

sMAP	  

sMAP	  

sMAP	  

sMAP	  

Edge	  Router	  

Temperature/PAR/TSR	  

VibraJon	  /	  Humidity	  

AC	  plug	  meter	  

Light	  switch	  

D
en

t	  c
irc
ui
t	  m

et
er
	  

Pr
ox
y	  
Se
rv
er
	  

EB
H
TT
P	  

Tr
an

sl
a<

on
	  

California	  ISO	   sMAP	  Gateway	  

sMAP	  Resources	   Applica<ons	  

Google	  PowerMeter	  

Weather	  

sMAP	  

Every	  Building	  

Database	  

IP	  everywhere	  /	  Real	  World	  Web	  



Cyber	  /	  Physical	  Buildings	  

BMS	  

Cyber	   Physical	   Building	  

Li
gh
t	  

Tr
an
sp
or
t	  Process	  

Loads	  

Occupant	  
Demand	  

Legacy	  
InstrumentaJon	  &	  
Control	  Interfaces	  

Pervasive	  
Sensing	  

AcJvity/Usage	  
Streams	  

BIM	   BITS	  

PIB	  

AcJvity	  
Models	  

MulJ-‐ObjecJve	  Model-‐
Driven	  Control	  

Building	  Integrated	  
OperaJng	  System	  

External	  

H
VA

C	  

El
ec
tr
ic
al
	  

Fa
ul
t,
	  A
c
ac
k,
	  A
no

m
al
y	  

D
et
ec
t	  &

M
an
ag
em

en
t	  

Control	  Plan	  
and	  Schedule	  

Physical	  Models	  



Conclusions	  
!   The	  Internet	  is	  Every	  Thing	  is	  Here	  
!   15	  years	  of	  deep	  innovaJon	  and	  research	  

!   CriJcal	  WSN	  breakthroughs	  
!   Key	  IPv6	  developments	  

!   Worldwide	  community	  of	  students,	  faculty,	  and	  
industry	  

!   Engagement	  of	  InternaJonal	  organizaJons	  
!   Fundamentally	  a	  new	  ScienJfic	  Instrument	  
!   Focus	  it	  on	  the	  World’s	  most	  important	  problem	  

!   Energy,	  producJvity,	  and	  the	  environment	  
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Thank	  You	  


