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Building Analytics R

Building analytics—i.e. using data to develop machine learning
(ML)-based methods for the operation and control of building
systemes.

have proven to be effective in reducing energy footprints and
operational costs, and improving the maintenance efficiency of

buildings.

An increasing number of data-driven analytics being developed
for buildings[11[2][3]
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‘ Standardized Management of Resources and Dag‘/b
in Buildings

Brick[4]

A RDF triple: <AHO1, feeds, VAVRM0015B>

Building Resources and relationships are
defined as RDF triples in Brick.




‘ Brick: An uniform metadata schema for builciirlgif't:t:/b

1 SELECT ?cps 7?pps ?cpps WHERE {

2 ?chiller rdf:type/rdfs:subClassOf* brick:Chiller .

3

4 ?chiller brick:hasPoint 7cps .

5 ?2cps rdf:type/rdfs:subClassOf* brick:Power_Sensor .

6 m

7 ?chiller brick:hasPart ?pp . Chl"Er_l

8 pp rdf:type/rdfs:subClassOf* brick:Pump .

9 7pp brick:hasPoint 7pps . |

10 ?pps rdf:type/rdfs:subClassOf* brick:Power_Sensor . hasPart hasPart

11

12 ?chiller brick:hasPart ?cp .

13 ?cp rdf:type/rdfs:subClassOf* brick:compressor . Pump ‘_'|_ EDH’IPFESSDT 1
14 7cp brick:hasPoint ?cpps . - -
15 ?cpps rdf:type/rdfs:subClassOf* brick:Power_Sensor .

16}

A SPARQL Query




Extract data for portable building analytics

SELECT ?pl1 ?p2 ?p3 WHERE{

SELECT ?p1 ?p2 ?p3 WHERE{
2chiller rdf:type/rdfs:subClassof* brick:Chiller .
?chiller brick:hasPoint ?p1 .

4 a1 I

? ?p2?
SELECT ?pl ?p2 ?p3 WHERE{ i i BUIId | ng 1 2chiller brick:hasPart ?cp .
?chiller rdf:type/rdfs:su bClassof* brick:Chiller . =, ?cp rdf:type/rdfs:subClassof* brick:Compressor .
?chiller brick:hasPoint ?p1 . GHETD ﬁi) ?cp brickihasPoint 752 .
?cp brick:hasPart ?pp . .
?pp rdf:type/rdfs:subClassof* brick:Pump . Scri pt. |
?pp brick:hasPoint ?p3 . Scrlpt 2
SELECT ?p1 ?p2 ?p3 WHERE(

2chiller rdf:type/rdfs:subClassof* brick:Chiller . ‘7
?chiller brick:hasPoint ?p1 .

?chiller brick:hasPart ?cp .
?cp rdfitype/rdfs:subClassof* brick:Compressor .
?cp brick:hasPoint ?p2 .

4

| Building ...
| Database

?chiller brick:hasPart ?pp .
?pp rdf:type/rdfs:subClassof* brick:Pump .

?pp brick:hasPoint ?p3 .
} p Bui Idlng 1 Raw ?pp rdf:type/rdfs:subClassof* brick:Pump . 1 ; —
\_ Database Y, Data 1 ?pp brick:hasPoint ?p3 —

?chiller brick:hasPart ?cp .
?cp rdf:type/rdfs:subClassof* brick:Compressor .

?cp brick:hasPoint 7p2 . |

Building 2
Database

Data 2

SCI’Ipt i Building 1
\___ Database

ﬂﬁ Data 1 / \
S Extracting data in different o)
Extracting data in a single building buildings for the portable analytic




Extract data for portable building analytics

SELECT ?p1 ?p2 ?p3 WHERE{
?chiller rdf:type/rdfs:subClassof* brick:Chiller .
?chiller brick:hasPoint ?p1 .

?chiller brick:hasPart ?cp .

?cp rdfitype/rdfs:subClassof* brick:Compressor .

?cp brick:hasPoint ?p2 .

?chiller brick:hasPart ?pp .
?pp rdf:type/rdfs:subClassof* brick:Pump .

SELECT ?pl1 ?p2 ?p3 WHERE{

SELECT ?p1 ?p2 ?p3 WHERE{
2chiller rdf:type/rdfs:subClassof* brick:Chiller .
?chiller brick:hasPoint ?p1 .

?chiller brick:hasPart ?cp .
?cp rdf:type/rdfs:subClassof* brick:Compressor .
’cp brick:hasPoint ?p2 .

?cp brick:hasPart ?pp .

?pp rdf:type/rdfs:subClassof* brick:Pump .

?pp brick:hasPoint ?p3 .

?pp brick:hasPoint ?p3 .
Script 1

Portability: Analytics should be deployed across different buildings
without requiring major changes to the implementation

SELECT ?p1 ?p2 ?p3 WHERE{
2chiller rdf:type/rdfs:subClassof* brick:Chiller .
?chiller brick:hasPoint ?p1 .

?chiller brick:hasPart ?cp .
?cp rdf:type/rdfs:subClassof* brick:Compressor .
?cp brick:hasPoint 7p2 .

?chiller brick:hasPart ?pp .
?pp rdf:type/rdfs:subClassof* brick:Pump .
?pp brick:hasPoint ?p3 .

Script 1

Database

A\

Data 2




Extract data for portable building analytics

SELECT ?p1 ?p2 ?p3 WHERE{
?chiller rdf:type/rdfs:subClassof* brick:Chiller .
?chiller brick:hasPoint ?p1 .

?chiller brick:hasPart ?cp .

?cp rdfitype/rdfs:subClassof* brick:Compressor .

?cp brick:hasPoint ?p2 .

?chiller brick:hasPart ?pp .
?pp rdf:type/rdfs:subClassof* brick:Pump .

" Buildi

9 )

?pp brick:hasPoint ?p3 .
Script 1

.

Building 1
Database

nglN

J

SELECT ?pl1 ?p2 ?p3 WHERE{

SELECT ?p1 ?p2 ?p3 WHERE{
2chiller rdf:type/rdfs:subClassof* brick:Chiller .
?chiller brick:hasPoint ?p1 .

?chiller brick:hasPart ?cp .
?cp rdf:type/rdfs:subClassof* brick:Compressor .
?cp brick:hasPoint ?p2 .

?cp brick:hasPart ?pp .
?pp rdf:type/rdfs:subClassof* brick:Pump .

?pp brick:hasPoint ?p3 . Scrlpt 2

SELECT ?p1 ?p2 ?p3 WHERE{ ‘
2chiller rdf:type/rdfs:subClassof* brick:Chiller . [e—
?chiller brick:hasPoint ?p1 .

?chiller brick:hasPart ?cp .
?cp rdf:type/rdfs:subClassof* brick:Compressor .

?cp brick:hasPoint ?p2 .  —

?chiller brick:hasPart ?pp .
?pp rdf:type/rdfs:subClassof* brick:Pump .

?pp brick:hasPoint ?p3 . )
Script 1

Building 2
Database

Building 1

\___ Database

N,
7
| Raw
| Building ... Data 3
| Database £ __
Raw
- Data 2
Raw
Data 1

Can we extract data for building analytics in a building-agnostic way?




‘ Energon: A Data Acquisition System
for Portable Building Analytics

SELECT ?p1 ?p2 ?p3 WHERE{

SELECT ?p1 ?p2 ?p3 WHERE{ —_——————
?chiller rdf:type/rdfs:subClassof* brick:Chiller . { Bmldlng

SELECT Chiller(X)
?chiller brick:hasPoint 7pl.

FROM Building X =
WHERE X.Building|D="$’
FILTER X.TIMESTAMP>'200190801'

- N r—

?chiller brick:hasPart ?cp .
?cp rdf:type/rdfs:subClassof* brick:Compressor .
?cp brick:hasPoint ?p2 .

?cp _brick:hasPart ?pp . . — 4
?pp rdf:type/rdfs:subClassof* brick:Pump . SC” pt. d — T _|9
?pp brick:hasPoint ?p3 . *
pp brick:hasPoint ?p Scrlpt 2 — - Query BUIldlng 1 | J
SELECT ?p1 ?p2 ?p3 WHERE{ ‘ Building 1 T | Raw c | e ﬁ I Raw
?chiller rdf:type/rdfs:subClassof* brick:Chiller . - | Building ... Data 3 Englne e Data ...
?chiller brick:hasPoint ?p1 . | Database
= B z I
2chiller brick:hasPart ?cp . | 7 — =il Building2 | é
Ycp rdfitype/rdfs:subClassof* brick:Compressor . Building 2 | Series Database Y,
?cp brick:hasPoint ?p2 . | _Dgtalaaie_ o Raw ata [ —— = — Raw
Data 2
2chiller brick:hasPart ?pp.. - Data 2 /
?pp rdf:itype/rdfs:subClassof* brick:Pump . 1 ; — —H I
?pp brick:hasPoint 7p3 . p—
Script 1 Building 1 Building 1 Raw
t Raw Data 1
Database Database ata

Data 1 -
\
Customized scripts a4 Energon S




‘ Challenge: Building-dependent Auxiliary
Knowledge 1s required

=== Building A ||| l Building B
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(D: Spatial Auxiliary Knowledge
(2): Temporal Auxiliary Knowledge
(3): Contextual Auxiliary Knowledge




‘ Challenge: Building-dependent Auxiliary

o0 =1 O R W N =

e e e
S e W NN = O

Knowledge 1s required

SELECT ?1psp ?blsp WHERE {

-
1
1
1

1
L

?room(?zone) rdf:type/rdfs:subClassof* brick:(Zone) : ,/'

_____
————————
- ~

7 S

?lighting rdf:type/rdfs:subClassOf* brick :‘

?room(?zone) brick:isLocationOf ?lighting .

?lamp rdf:type/rdfs:subClassOfx
?light brick:hasPart ?lamp .
?lamp brick:hasPoint ?1psp .
?1psp rdf:type/rdfs:subClassOfx

?blst rdf:type/rdfs:subClassOfx
?light brick:hasPart ?blst .

1?blst brick:hasPoint ?blsp .

?blsp rdf:type/rdfs:subClassOfx

”
-
-
-
-
————
-

brick {Luminance; *:Data Tracing Flow

\
1
I

/

/
brick{Setpoint}<’

brick:Setpoint i.

brick:Ballast ..

&
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Design Approach: Logic Views

S

N AHU system VAV system Chiller System Weather Zone

Lighting  Blind

Temperature (3)(5) (6) 1) (1)2)(3)  (2)(3)
Humidity (5) (6) j 2)
Pressure (5) (3)(6) // (7) /
Flow Rate (3)(5) (6) oo/ ® @)
Power (3) (3) // ﬁ)(s)w}/

Solar Radiance

Solar Angle // / / / 4)
Control Signal (5) 6) //// /
Setpoint (5) e ]/ @) (@)
Profiling |(1) Chiller Profiling |
Analytics MPC 2rPMyPredictiomr— (3) ECP (4) Building Integrated Control
FDD (5) FDD for AHU _ (6) FDD for VAV (7) EDD for Chiller
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‘ Design Approach: Query Language

Category Subsystem Func- Query
Analytics Spatial Temporal Contextual | tionality | Operation
FDD-Chiler v v (1) (3)
FDD-VAV v v (1) (3)
FDD-AHU v v (1) (3)
CP v v v (1)(2)(3)
IAQ v v v v (1)(2)(3)(4)
BIC v v v v (1) (3)(4)
ECP v v v (1) (3)(4)
Query (1) Select, From, Where; (2) Filter;
Operation (3) Union, Difference, Intersect; (4) Join;

13



Energon Query for BIC &

SELECT Lighting(B) JOIN BIind(B) * » Algebra to perform building traversals
Setpoint(B) » List of buildings to determine boundings
FROM Building B » Predicate expressions to perform
WHERE B.BuildinglD = ‘PU’ resource selections

FILTER B.TIMESTAMP > ‘20190801’ > Predicate expressions to perform data

selections

14



Design Overview of Energon System

Energon
Query

SELECT Light(A) JOIN Blind(A) * Setpoint(A)
FROM Building A
WHERE A.BuildingID = "building_A"
FILTER A.TIMESTAMP > “20190801” AND A.TIMESTAMP < "20191231"

Energon
Query
Engine

Declarative

Query
Processor

W

Operator Tokens

Subsystem Tokens

Functionality Tokens

Query Plan

Index

WV
Ontology Algebra-assisted
Segment Ontology
Extraction Composition

i/

Ontology Segments

Data
. Extraction

W/

Building Sub-ontology

Timestamp | Node 1 | Node 2
20190701 Hith Hit#
20190702 Hit# Hit#
20190703 Hit# Hit#

Retrieved Data

S

: Energon

Functionality | :

: Ontolo

Index : gy
: Index

Ml : Data

: Storage

Time-series

:| Database

15



- R
Declarative Query Processor X

T s ————
Energon |FROM Building A > Subsystem Functionality [ : §h4010
Query  |WHERE A BuildingiD = "building_A" ; I Index Index E gy
FILTER A.TIMESTAMP > “20190801” AND A.TIMESTAMP < "20191231" |} : Index
T s MR ARRREb el R '
: N7 rrreeeemsermesensees

Declarative

Ontology Algebra-assisted Data :
: Query - Segment Ontology : Extraction — a
Processor : Extraction Composition : =] :
Energon ; A 5 1 : V | l ' Data
Query : Operator Tokens : A : | Timestamp | Node1 | Node2 |: | i :
Engine . | _Subsystem Tofens H: : ' :[ 20190701 | ### v : Storage
: | Functionality Tokens | : ; ! 20150702 i 11 i Time-series |
. 20190703 HiH HHH :
Query Plan - Ontology Segments Building Sub-ontology ‘ Retrieved Data : Database
Query— Query > Normalization P> ISy > Execgtlon
Parser Transformer Engine
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Building Independent Ontology Extraction

S

ST Y o e ST Energon
Energon |FROM Building A || Subsystem Functionality | ¢ gptolo
Query |WHERE ABuildingID = "building_A" ; Index Index : gy
FILTER A.TIMESTAMP > “20190801” AND A.TIMESTAMP < "20191231" |[: : Index
PECETERRPIPITITEE ‘EECEEETEPPPRRES :....................................................'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'; """"""""""""" !
Declarative Ontology Algebra-assisted Data P
Query - Segment Ontology - Extraction — i a
: Processor : Extraction Composition : = | :
Energon : T : : o :
. M \I/ . . n Data
Query Operator Tokens : Timestamp | Node 1 | Node 2 E :
Engine Subsystem Tokens H: 20190701 [ ### ittt : Storage
Functionality Tokens 20150702 ki ki :| Time-series
: 20190703 | ### ittt : b
Query Plan : Retrieved Data : Database
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Ontology Segment Extraction &

hasPoint hasPoint

Sensor sensor

Luminance_ L 1 Luminance_ [ w9018 0 _ J w9018 1
Setpoint_1 ez Sensor_2 setpoint setpoint

[ w9018 1 ] [ w9018 0 _

type
hasPart/l\ ————— NL \l;cype

| Luminance w9018 2
=

]

Luminance_ | Luminance_ w9018 2 | Luminance I
Lighting_1 ] tooint | Setooint

Sensor_1 | Setpoint_2 setpoin L€ point |

tvpe MRl L__ Sensor Jiype sensor
hasPoint hasLocation, ype
_________ Jrastocati n
s Je—{ Room1 Je—{ mina1 |
"~ hasPoint hasLocation !____I C] T

Class Instance Boundary

Subsystem Ontology Segment Functionality Ontology Segment
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Ontology Segment Extraction tor BIC

SELECT(Lighting(B) * Setpoint(B)

WHERE B.BuildingID = ‘PU’

FILTER B.TIMESTYTAMP > 20190801

I
W \%
Luminance_ Luminance_
Setpoint_1 Sensor_2

Y
[Lighting_l} >{ Room 1 }( { Blind_1 ]
I |
v Vv N N2
Luminance_ Luminance Luminance
[ Lamp_1 ] [ Sensor_1 J [Setpoint_z_] [ Sensor_3

|

S



Ontology Segment Extraction tor BIC

e ———

SELECT(Lighting(B) * Setpoint(B)
FROM Bui
WHERE B.Byi
FILTER B.T

IngID = ‘PU’
AMP > 201908071’

Luminance_
Setpoint_1

Luminance

Sensor_2

[Nghting_l} >{ Room_1 }( { Blind_1 ]
\ AN
v — 2 Y
uminance_ Luminance Luminance
[ Lamp_1 ] Sensor_1 [Setpoint_z_ Sensor_3
I

|

S
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Ontology Segment Extraction tor BIC Q/'g‘/b

SELECT Lighting(B) *
FROM Building B

WHERE B.Building|
FILTER B.TIMESTAMP > 20190801’

Setpoint(B)

[ Lighting_1 } >{ Room 1 }<\ { Blind_1 ]
I |
g 0 \4 ¥
Luminance_ Luminance Luminance
Lamp_1 ] [ Sensor_1 J l Setpoint_2 l [ Sensor_3_]

|
N2
[ Luminance J

Luminance

Setpoint_1 Sensor_2




Algebra-assisted Ontology Composition

SELECT| Lighting(B) * Setpoint(B) |
FROM Building B

WHERE B.BuildinglD/= ‘PU’
FILTER B.TIMESTAMP > ‘20190801’

[Lighting_l} >{ Room 1 }( { Blind_1 ]
I |
v Vv N N2
Luminance_ Luminance Luminance
Lamp_1 ] Sensor_1 J [ Setpoint_2" ] [ Sensor_3

\%

Luminance_
Sensor_2

Luminance_
Setpoint_1

|
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Algebra-assisted Ontology Composition

e UnionA+B={x| x€ Aorxe€ B}

e Intersection A * B={x | x € A and x € B}.

* Difference A- B={x | x € A and x &B}.

e JoinAxXB ={x | x=aor bwherea € A,b € B and a<Db)},

" & " represents a situation where at least one predicate exists
between a and b, i.e. a and b are connected in the ontology graph.

23



Algebra-assisted Ontology Composition

e JoinAxB={x | x=aor bwherea € A,b € B and a<b)},
" & " represents a situation where at least one predicate exists
between a and b, i.e. a and b are connected in the ontology graph.

it Room
- Lig tln.g SyStem_ Subject |Predicate Object
S.Ubje_Ct Predlcatg Object _~%Room_1 |isLocationOf |Blind_1
el L |lweslkeesiden | een L i Room_2 |isLocationOf |Blind_2

Lighting_1 |hasPoint Luminancell Blind S
Lighting_1 |hasPart Lamp_1 Subiect Pre<I:lri1cate\ (S)Eae':c]t
Lighting_2 |hasLocation |[Room_1 =l )

. : . Blind_1 |hasPoint |Slat_Setpointl
Lighting_2 |hasPoint Luminance21 Blind 2 |hasPoint |Slat_setpoint2

Lighting System Join Blind System Join Results

Object . . Subsystem |Sensors

. Predicat Object — ;
(Subject) redicate jec Lighting_1|Luminancell
Lighting_1 |hasLocation |[Room_1 |isLocationOf |Blind_1| |Lighting_2|Luminance21

Lighting 2 |hasLocation [Room_1 |isLocationOf |Blind_1| |Blind_1 |Slat_Setpointl

Subject Predicate

24



Ontology Index

Subject Predicate Object
Lighting_1 |hasLocation |[Room_1
Lighting_1 |hasPoint Setpoint_11
Lighting_1 |hasPart Ballast_11
Lighting_1 |hasPart Lamp_1
Room_1 |isLocationOf |Blind_1

(a)

| Subsystem Index Segment Index

Sensor List

Lighting > Lighting 1 Luminance_11
Blind |, Lighting_2 Setpoint_11
Ballast Lighting 3 Component List
Lamp Ballast_1
Room egment Index Lamp_1

Blind_1
------ - Segment List
Blind_2 Blind_1
Room_1
(b)

(a) Ontology store in RDF triples;

(b) Energon Ontology Index for optimized performance
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‘ Qualitattive Evaluation

1 # 1. SPARQL query for ontology extraction

2 bic_query = """

3 SELECT ?1lpsp ?1lum ?bsp ?blum ?ans ?srs WHERE {

4 ?room rdf:type/rdfs:subClassof* brick:Room .

5 ?lighting rdf:type/rdfs:subClassOf* brick:Lighting_System .

6 ?blind rdf:type/rdfs:subClassOf* brick:Shading_System .

7

8 ?room brick:islLocationOf ?lighting .

9 ?room brick:isLocation0f ?blind

10

1 ?lamp rdf:type/rdfs:subClassOf* brick:Luminance . .

12 ?1psp rdf:type/rdfs:subClassOfx brick:Setpoint . 1 from Energon_EnergonQL ]_mport *

13 ?11lum rdf:type/rdfs:subClassOf* brick:Luminance_Sensor . . .

w  ?light brick:hasPart ?lanp . 2 from ontology.ontology_bic import global_ontology

15 ?lamp brick:hasPoint ?lpsp .

16 ?lamp brick:hasPoint ?lum . 3

17 . .

18 ?bsp rdf:type/rdfs:subClassOf* brick:Setpoint . 4 # Load the Complete bU]']'dlng OntOIOgy .For- BIC

19 ?blum rdf:type/rdfs:subClassOf* brick:Luminance_Sensor .

20 ?blind brick:hasPoint ?bsp . 5 glObal—ontOIOgY()

21 ?blind brick:hasPoint ?blum . 6

22

23 ?wea rdf:type/rdfs:subClassOfx br%ck:Weather . 7 # "| . Energon Query for Ontology and data extraction

24 ?ans rdf:type/rdfs:subClassOf* brick:Angle_Sensor . .

25 ?srs rdf:type/rdfs:subClassOf* brick:Solar_Radiance_Sensor . 8 b]_ C_query = '

26 ?wea brick:hasPoint ?ans . . . . .

2 wea brick:hasPoint ?srs . 9 SELECT Light(A) JOIN Blind(A) * (Luminance(A) + Setpoint(A)) +

A Weather(A) * (Solar_Angle(A) + Solar_Radiance_Rate(A))

30 . .

31 # 2. data extraction and encapsulation 10 FROM Buj'ldlng A

2 request = pymortar FetchRequest( | 1 WHERE A.BuildingID = 'LightZone' AND A.Source = 'Local'
g 'building_A' as data source

" 3;:;§:E'b“‘1d1”g—'*'1’ 12 FILTER A.TIMESTAMP > '20190801' AND A.TIMESTAMP < '20191231'

36 pymortar.View( 13 ret

37 name='data_points', .

s query=bic_query, 14 # 2. execute the query to retrieve the data

3 ), .

w 7, 15 data = fetch(bic_query)

41 # Data format is omitted here, e.g. time series interval

42 # and aggregation method

43

44 # Define the time window

45 time=pymortar.TimeParams(

46 start='2019-08-01T00:00:007Z"',

47 end='2019-12-30T00:00:00Z"',

48 )

49 )

50

51 result = fetch(request)

s2 data = result['data’'][data_list]

26



L . R
‘ Qualitative Evaluation: Development Effort <&

Lines of Code

N N e \ )
o o o O

-]

| | |
T Mortar

" EnergonQL

CP ECPFDD BIC

)

min
o0

Development Time (
N A

o o o o O

| | |
| T Mortar

_____ I EnergonQL
|

CP ECPFDD BIC

CP: Chiller Profiling

ECP: Energy Consumption
Prediction

FDD: Fault Diagnosis and
Detection

BIC: Building Integrated
Control
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Time Consumption (s)
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‘ Quantitative Evaluation: Indexing Structure

7 vir

N

(5]
ALLA

ning

a

S
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L . . R
‘ Quantitative Evaluation: Indexing Structure X

B Subsystem Functionality BN Operators

CP

FDD

ECP

BIC
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‘ Quantitative Evaluation: Across Buildings

BN BIC  EEE ECP FDD W CP

N
()

[\
)

S

S

Ontology Extraction Time (us)

S W N O = =
)

Building 1 Building 2

S
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Conclusion Q/'g‘/b

>

We present a new abstraction of building resources so that developers do not need to have
building-specific knowledge when developing building analytics; thus the development of
applica- tion can be simplified. The abstraction is based on two kinds of logic partitions over
building resources, namely, subsystem and functionality.

*\We present the design and implementation1 of Energon to materialize the abstraction. We
develop a declarative query language to evade building-dependent and analytics irrelevant
knowledge. We develop a query engine for automatically extracting data by traversing a
building ontology that widely exists in buildings. We further develop an indexing structure to
optimize query execution time.

We develop four types of building analytics through Energon, and we qualitatively show that
the development process becomes simpler when using Energon.

We quantitatively evaluate Energon with regards to program length and development time.
We evaluate our optimization schemes designed for execution time in Energon.
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