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Buildings	
  As	
  Prime	
  Target	
  
•  Buildings	
  

–  72%	
  of	
  electrical	
  consump?on	
  
–  40-­‐50%	
  of	
  total	
  consump?on	
  
–  42%	
  of	
  GHG	
  footprint	
  
–  US	
  commercial	
  building	
  

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

•  4.8	
  M	
  Commercial	
  &	
  
350,000	
  industrial	
  buildings	
   Renewable	
  energy	
  consump?on	
  

Represent	
  wider	
  body	
  of	
  computa9onal	
  and	
  informa9on	
  	
  
challenges	
  of	
  complex	
  physical	
  systems	
  



Huge	
  Sensor	
  Networks	
  
151	
  Temperature	
  Sensors	
  

50	
  Electrical	
  Sub-­‐meters	
  

12	
  Variable	
  Speed	
  Fans	
  

138	
  Air	
  Dampers	
  

312	
  Light	
  Relays	
  

6	
  Variable	
  Speed	
  Pumps	
  

121	
  Controllable	
  Valves	
  

>	
  6,000	
  Sense	
  and	
  Control	
  Points	
  

Sutardja	
  Dai	
  Hall	
  
Built	
  in	
  2009	
  
140k	
  sq.	
  c.	
  



Holis9c	
  Building	
  Op9miza9on	
  

•  Aggregate	
  load	
  decisions	
  trickle	
  down	
  	
  
•  Local	
  control	
  based	
  on	
  local	
  condi9ons	
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  Control	
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Feb.	
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Diagnos9cs	
  and	
  Control	
  with	
  	
  
Mobiles	
  Phones	
  



We	
  need	
  to	
  manage	
  building	
  sensors	
  and	
  
actuators	
  in	
  a	
  unified	
  fashion	
  



Why	
  is	
  this	
  challenging?	
  
Sensors,	
  
Actuators	
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Modular Building Controller

 
Figure 1. Modular Building Controller. 

 

Description 

The Modular Building Controller (MBC) is an integral 
part of the APOGEE® Building Automation System.  
It is a high performance, modular Direct Digital 
Control (DDC) supervisory field panel. The field panel 
operates stand-alone or networked to perform 
complex control, monitoring and energy 
management functions without relying on a higher 
level processor. 

The MBC provides central monitoring and control for 
distributed Floor Level Network (FLN) devices and 
other building systems (e.g., chiller, boiler, fire/life 

safety, security, and lighting). Up to 100 modular 
field panels communicate on a peer-to-peer 
network. 

 

Features 

�� Modular hardware components to match 
equipment to initial control requirements while 
providing for future expansion 

�� Modular, snap-in design simplifies installation and 
servicing 

�� Transparent viewing panels on the enclosure door 
to view the status indicator LEDs and override 
switch positions 

�� Integration platform for communications and 
interoperability with other systems and devices 

�� Proven program sequences to match equipment 
control applications 

�� Advanced Proportional Integral Derivative (PID) 
loop tuning algorithm for HVAC control to 
minimize oscillations and guarantee precise 
control 

�� Built-in energy management applications and DDC 
programs for complete facility management 

�� Comprehensive alarm management, historical data 
trend collection, operator control and monitoring 
functions 

�� Support for peer-to-peer communications over 
Industry standard 10/100 Base-T TCP/IP networks. 

 

 

Controllers	
  

Modem	
  

Siemens	
  P2	
  
over	
  RS-­‐485	
  

Apogee	
  
Server	
  

Remote	
  
Login	
  

BACnet/IP	
  

Internet	
  

Protocol	
   Year	
   Network	
   Example	
  Applica9ons	
  

Modbus	
   1979	
   RS-­‐485,	
  TCP/IP	
   Panel	
  monitoring,	
  alarms	
  

Fieldbus/HART	
   1988	
   various	
   Industrial	
  Control	
  

BACnet	
   1995	
   ARCNET,	
  Ethernet,	
  IP,	
  
RS-­‐232,	
  etc.	
  

HVAC,	
  Ligh?ng,	
  Fire…	
  	
  

WirelessHART	
   2007	
   802.15.4e	
   Industrial	
  control,	
  wire	
  replacement	
  

Zigbee	
  SEP	
  2.0	
   2011?	
   802.15.4	
   Plug-­‐load	
  monitoring	
  
De

nt
	
  c
irc
ui
t	
  m

et
er
	
  

California	
  ISO	
  

Temperature/PAR/TSR	
  

Edge	
  Router	
  

EBHTTP	
  /	
  IPv6	
  /	
  6LowPAN	
  
Wireless	
  Mesh	
  Network	
  

Vibra?on	
  /	
  Humidity	
  

AC	
  plug	
  meter	
  

Light	
  switch	
  



Why	
  is	
  this	
  challenging?	
  

CT:	
  mains	
  power	
  
monitoring	
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panel	
  level	
  power	
  
monitoring	
  

ACme:	
  plug	
  load	
  
energy	
  monitor	
  and	
  

controller	
  

Temperature	
  
Humidity	
  

Vibra?on	
  

Pressure	
  

Electric	
  Load	
  Tree
	
  Climate	
  Plant	
  

Opera?ons	
  and	
  Environment	
  



Complica9ons	
  

	
  
•  Thousands	
  of	
  sensors	
  in	
  separate	
  silos	
  

– No	
  holis?c	
  view,	
  informa9on	
  sharing	
  or	
  extensibility	
  

•  Many	
  legacy/emerging	
  standards	
  and	
  interfaces	
  
– No	
  integra?on,	
  portability,	
  scale	
  

•  Buildings	
  are	
  living	
  en??es,	
  constantly	
  evolving	
  
– Difficult	
  to	
  manage	
  



Solu9ons	
  

•  Systemic	
  view	
  through	
  OS	
  Abstrac+ons	
  
– Focus	
  on	
  filesystem	
  abstrac?on,	
  data	
  services	
  

•  Con?nuous	
  verifica+on	
  of	
  physical	
  rela?onships	
  
– Office	
  re-­‐arranged,	
  walls	
  moved	
  

	
  



Solu9ons	
  

•  Systemic	
  view	
  through	
  OS	
  Abstrac+ons	
  
– Focus	
  on	
  filesystem	
  abstrac?on,	
  data	
  services	
  

	
  

•  Con?nuous	
  verifica+on	
  of	
  physical	
  rela?onships	
  
– Office	
  re-­‐arranged,	
  walls	
  moved	
  



Sensors/Actuators	
  As	
  Resources	
  

	
  
•  Data	
  producing,	
  data	
  consuming	
  

•  Uniquely	
  iden9fiable	
  

•  User-­‐driven	
  mul9-­‐categoriza9on	
  

•  Direct,	
  uniform	
  access	
  



Where	
  have	
  we	
  seen	
  this	
  before?	
  

•  Unix	
  filesystems!	
  

•  Resource	
  exposed	
  via	
  
namespace	
  

•  FS	
  controls	
  access	
  to	
  
resources	
  and	
  collec?ons	
  

root	
  

dir1	
  

file1	
   file2	
  

dir2	
  

file3	
  



Sensors	
  as	
  Files	
  

temp 

/room/410/temp 

owner:jorge	
  
installed:06/28/10	
  

uid:d73a3040e095	
  

/room/420/temp 

*	
  
	
  
*	
  
	
  
*	
  



Views	
  Captured	
  in	
  Namespace	
  
Environment and Activity 

/SodaHall	
  

/hvac	
  
/CT	
   /Chiller	
  

/loadtree	
  
/panel	
   /xform	
  

/spaces	
  

/floor3	
  /floor4	
  

Electrical	
  Load	
  Tree	
  Climate	
  plant	
  

Common	
  
Namespace	
  

Mul9ple	
  	
  
building	
  	
  
views	
  



Capturing	
  Inter-­‐rela9onships	
  

Exchanger

Supply Fan

VAV box

Zone

Rooms/Spaces

Outside
Exhaust

Return fan

N

CT

Chiller

Pump

. . .

. . .

Heater

Pump

HCoil . . .

/vav/zone/room/410/return/exchanger  

/exchanger/hcoil 

/hcoil/heater/pump 
/pump/hcoil 



Implementa9on	
  

•  ~20k	
  lines	
  of	
  code	
  (Java)	
  

•  4	
  core	
  components	
  
	
  
•  Web	
  service	
  architecture	
  

HAProxy

Storage

Fuse
SCache

Traditional
App

Web
App

PE

Process
Manager

NS NS NS NS...

SComm HTTP/REST

Security Manager

Subscription
Manager

Forwarding 
Engine

StreamFS

Internal
RequestData Internal 

Reply

Client

Request

NS:            Nameserver
PE:            processing
                  element

...

Mobile App

Transaction 
Manager

Memcached

Name Register



Applica9on:	
  The	
  Mobile	
  Energy	
  Lens	
  



Energy	
  Lens	
  Challenges	
  

	
  
•  Tracking	
  people	
  and	
  things	
  

– Ac9ve	
  Aggregate	
  Sta9s9cs	
  

•  Consistency	
  Management	
  

	
  
•  Disconnect	
  Opera?on	
  



File	
  Abstrac9on	
  

•  4	
  Types	
  
– container,	
  stream,	
  ctrl,	
  special	
  

	
  
•  Canonical	
  container	
  names	
  

– /dev/ctrl	
  
– /dev/strm	
  
– /proc	
  



Swipes	
  Capture	
  Links	
  

Update	
  en9ty-­‐rela9onships	
  

{“type”:”item”}	
  

{“type”:”meter”}	
  

{“type”:”item”}	
  

{“type”:”meter”}	
  

{“type”:”stream”}	
  

{“type”:”qr_code”}	
  

{“type”:”meter”}	
  

/qrc	
  
/inventory	
  

/spaces	
  
/inventory	
  



Stream	
  Resampling	
  

1	
  

2	
  

Time	
  

St
re
am

	
  

T	
  

{	
        "operation":”create_process",	
        "name":”loadcurve",	
        "script":{	
                "winsize":12,	
                "materialize":true,	

	 	 	“timeout”:T,	
                "func":"function(buffer, state){	
                        ...	
                }"	
        }	
}	

Time	
  

Va
lu
e	
  

s3(ti)=sum(s1(ti),	
  s2(ti),…)	
  



Process	
  Management	
  Through	
  FS	
  

{	
    "status": "success",	
    "pubid": 
"85e23cce-2378-4c85-9395-09be857e40ff",	
    "head": {	
        "value": 3271.6666672825813,	
        "ts": 1345573470	
    },	
    "properties": {}	
}	

/sub/1b524cb/	
  

/proc/loadcurve/	
  
{	
    "status": "success",	
    "type": "PROCESS_CODE",	
    "properties": {	
        "operation": "save_proc",	
        "name": "slope_intercept_tester",	
        "script": {	
            "winsize": 10,	
            "materialize": "true",	
            "timeout": 80000,	
            "func": ”	

	 	 	function(buffer, state){	
	 	 	. . .	
	 	 	loadcurve.push({'ts':cleaned 	
	 	     [thissubid][ts_idx].ts,	
	 	 	'value':sum});	
	 	 	. . .	
	 	 	outObj.data = loadcurve;	
	 	 	return outObj;	
	 	 	} "	

        }	
    },	
    "children": [	
        "eda76b7a3b23"	
    ]	
}	

/proc/loadcurve/eda76b7a3b23/	
  
{	
    "status": "success",	
    "pubid": 
"85e23cce-2378-4c85-9395-09be857e40ff",	
    "head": {	
        "value": 3271.6666672825813,	
        "ts": 1345573470	
    },	
    "properties": {}	
}	



Collec9on	
  &	
  Live	
  Aggrega9on	
  



Live	
  Sta9s9cs	
  On	
  Building	
  Inventory	
  

•  SDH	
  deployment	
  
•  Registered	
  and	
  

classified	
  
–  20	
  meters	
  
–  371	
  loads	
  
–  139	
  rooms	
  
–  7	
  floors	
  



Solu9ons	
  

•  Systemic	
  view	
  through	
  OS	
  Abstrac+ons	
  
– Focus	
  on	
  driver	
  interface,	
  filesystem	
  abstrac?on	
  

	
  

•  Con?nuous	
  verifica+on	
  of	
  physical	
  rela?onships	
  
– Office	
  re-­‐arranged,	
  walls	
  moved	
  



Verifica9on	
  

•  Inter-­‐rela?onships	
  manually	
  specified	
  

•  Geometric	
  Rela9onship:	
  rela9ve	
  spa9al	
  
associa9ons	
  

	
  
Can	
  we	
  use	
  the	
  sensor	
  data	
  to	
  determine	
  	
  

geometric	
  rela9onships?	
  

/spaces	
  

/floor3	
  /floor4	
  

temp1	
   temp2	
   pow1	
   pow2	
  



Models	
  Depend	
  on	
  Geometry	
  

C*ΔT	
  =	
  u	
  +	
  Pd	
  +	
  (Toa	
  –	
  T)/R	
  
•  C	
  thermal	
  capacitance	
  
•  T	
  temperature	
  in	
  the	
  space	
  
•  u	
  hea?ng/cooling	
  power	
  input	
  
•  Pd	
  occupant/computer	
  load	
  
•  Toa	
  outside	
  air	
  temperature	
  
•  R	
  is	
  the	
  resis?vity	
  of	
  the	
  walls	
  

How	
  can	
  we	
  automa9cally	
  discover	
  	
  
changes	
  made	
  to	
  the	
  physical	
  layout?	
  

*	
  	
  	
  	
  *	
  	
  	
  	
  	
  *	
  
Vt	
  	
  vents	
  served	
  

L	
  total	
  load	
  

•  New	
  space	
  added	
  
•  Vs	
  changes	
  per	
  space	
  	
   Vs	
  	
  vents	
  in	
  	
  

space	
  Mapping	
  vents	
  to	
  zones/spaces	
  	
  
must	
  be	
  accurate	
  



Similar	
  Trend	
  in	
  Data	
  Streams	
  

•  Sensor	
  streams	
  driven	
  by	
  
same	
  phenomena	
  

•  Common	
  trend	
  ineffec?ve	
  
at	
  uncovering	
  rela?onships	
  



No	
  Discernible	
  	
  
Correla9on	
  Pa`ern	
  in	
  Raw	
  Traces	
  

•  Each	
  row/column	
  is	
  a	
  
loca?on	
  in	
  the	
  building	
  
–  Each	
  loca?on	
  has	
  one	
  or	
  
more	
  sensors	
  

•  Cell	
  (i,j)	
  is	
  the	
  average	
  
device	
  pairwise	
  
correla?on	
  between	
  
sensors	
  at	
  loca?ons	
  i	
  
and	
  j	
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Residue

•  Applying	
  EMD	
  on	
  a	
  temperature	
  trace	
  

An	
  example…	
  

“High”	
  Frequency	
  

“Medium”	
  Frequency	
  

“Low”	
  Frequency	
  



Experimental	
  Sebng	
  

University	
  of	
  Tokyo	
  

•  12-­‐story	
  building	
  
–  Built	
  in	
  2005	
  

•  >600	
  sensor	
  stream	
  dataset	
  
•  Ligh?ng	
  and	
  HVAC	
  for	
  231	
  

rooms	
  
•  10	
  weeks	
  of	
  summer	
  2011	
  

–  Post-­‐Fukushima	
  Daiichi	
  
nuclear	
  disaster	
  	
  

Engineering	
  building	
  2	
  



Analysis	
  with	
  EMD	
  
Sa
m
e	
  
ro
om

	
  
Di
ffe

re
nt
	
  ro

om
s	
  



Broader	
  valida9on	
  
Run across 674 sensors	
  
 
 	
  

 
 
 
 
 
 
 
 

Geometric	
  Verifica9on	
  Promising	
  

Many	
  sensors	
  intrinsically	
  unrelated,	
  
Few	
  related	
  



Data	
  set	
  

•  5	
  rooms,	
  3	
  sensors/room	
  
•  Sensor	
  type:	
  temperature,	
  humidity,	
  CO2	
  

•  Over	
  a	
  one-­‐month	
  period	
  



Results	
  

•  Clustering	
  results	
  (MDS	
  +	
  k-­‐means)	
  

On	
  corrcoef	
  from	
  re-­‐aggr.	
  
	
  	
  

12/15	
  correct	
  =	
  80%	
  

On	
  corrcoef	
  from	
  raw	
  traces	
  
	
  

8/15	
  correct	
  =	
  53.3%	
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Results	
  

•  Clustering	
  results	
  (thresholding	
  based)	
  

14/15	
  correct	
  =	
  93.3%	
  

*A-­‐B-­‐C-­‐D-­‐E	
  is	
  used	
  to	
  denote	
  the	
  ground	
  truth	
  loca?on	
  of	
  sensors	
  



Waste	
  in	
  Buildings	
  

Dirty	
  Filter	
  

Lights/HVAC	
  le>	
  on	
  

Exhaust	
  fan	
  hard-­‐wired	
  
Always	
  “on”	
  



Retro-­‐commissioning	
  



Design	
  Goals	
  

1.   Scalable	
  
– Any	
  building,	
  any	
  data	
  source,	
  everywhere	
  
– Simple	
  tuning	
  
	
  

2.   Range-­‐based	
  accuracy	
  
–  Iden?fy	
  segment	
  in	
  data	
  to	
  focus	
  on	
  and	
  search	
  
around	
  

Tradeoff	
  accuracy	
  for	
  scalability	
  



Expanded	
  w/Anomaly	
  Detec9on	
  

•  Learn	
  typical	
  correla?ons	
  pa3erns	
  

•  Discover	
  changes	
  

•  Return	
  associated	
  change	
  points	
  in	
  trace	
  



Experimental	
  Sebng	
  

UC	
  Berkeley	
  

•  5-­‐story	
  building	
  
–  Built	
  in	
  1950	
  

•  70	
  sensors	
  stream	
  dataset	
  
•  Ligh?ng,	
  HVAC,	
  elevator,	
  

electrical	
  receptacles	
  and	
  
panels,	
  etc.	
  

•  15	
  different	
  HVAC	
  systems	
  
•  8	
  weeks	
  in	
  Spring	
  2011	
  

Cory	
  Hall	
  



Results	
  
•  High	
  power	
  usage	
  

–  Alarms	
  corresponding	
  to	
  
electricity	
  waste	
  

•  Lower	
  power	
  usage	
  
–  Alarms	
  represen?ng	
  

abnormal	
  low	
  electricity	
  
consump?on	
  

•  Punctual	
  
–  Short	
  increase/decrease	
  in	
  

electricity	
  consump?on	
  
•  Missing	
  data	
  

–  Possible	
  sensor	
  failure	
  
•  Other	
  

–  unknown	
  



Alarms	
  in	
  Eng.	
  Bldg	
  2	
  @Todai	
  

AC	
  On	
  All	
  Night	
   Lights	
  On	
  All	
  Night	
   AC	
  Not	
  On	
  During	
  
Office	
  Hours	
  



Alarms	
  in	
  Cory	
  Hall	
  
Possible	
  Chiller	
  dysfunc9on	
   Change	
  in	
  power	
  usage	
  pa`ern	
  

Simultaneous	
  hea9ng	
  and	
  cooling	
  

Normal	
  

18	
  days,	
  2500	
  kWh	
  



Deployments	
  

Count	
   Value	
  

No.	
  of	
  deployments	
   7	
  

No.	
  of	
  feeds	
  and	
  files	
   ~10k	
  

Loca9ons	
   University	
  of	
  Tokyo,	
  UCB	
  
Cory	
  Hall,	
  UCB	
  SDH,	
  Stanford	
  
Y2E2,	
  Intel,	
  Nokia,	
  Samsung	
  

Amount	
  of	
  data	
   ~1TB	
  (2	
  years)	
  



Future	
  Work	
  

•  Automate	
  verifica?on	
  further	
  
–  Examine	
  value	
  and	
  spa9al	
  verifica?on	
  

•  More	
  sophis?cated	
  control	
  applica9ons	
  
– MPC	
  applica?ons	
  on	
  building	
  

•  Version	
  control	
  over	
  StreamFS	
  
–  Provenance	
  checking	
  	
  for	
  streams,	
  jobs,	
  and	
  control	
  
se�ngs	
  



Conclusion	
  

•  Device	
  drivers	
  
–  Standard	
  Interfaces	
  

•  File	
  system	
  
–  common	
  namespace	
  

•  Verifica?on	
  
–  sta?s?cal	
  

Sensors	
  

Device	
  Drivers	
  

FS	
   Verifica?on	
  

Cloud	
  

Physical	
  

Applica?ons	
  


