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Outline

* Why we want to program buildings

* Why is programming buildings difficult?

* Addressing data discovery with knowledge graphs

* Programming smart buildings with knowledge graphs
* Specification-driven development



Setting the Stage

* Modern buildings have large digital
control/sensing surfaces

* Building managementis increasingly
complex and software driven
 Renewables =2 bi-directional power flow
* Dynamic energy/power tariffs
* Personalized comfort settings
* Advanced controls and fault detection

* Adoption of “smart” software lags
adoption of the hardware (CBECS2018)

Information &
<oy Communications
=] Technology (ICT) Systems

______

- Building Automation &
Control System

-----------

o Storage

Why is it difficult to build
smart building software?



Reason 1: Buildings are Complex and Bespoke CPS
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Reason 2: Disconnected Digital Models  controters /e
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Finding data often requires cross-referencing between different
representations of the same system
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Reason 3: Each Building is Unique
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Q Site A Implementation

Configuration specific to Site A

<

l‘/

>

Intelligent Building Use
Cases
(e.g. FDD Package)

>

Trunk.VAV2-4 BOXHTG
Trunk.VAV2.9. SUPFLOSP
Trunk, CentralPlant. CHWP4-S
Trunk. VAV2-7T. COMMONSP
Trunk.VAV1.5. SUPFLOW
Trunk.VAV2-10.S-VP

Trunk, VAV2-3. SUPFLOSP

Configuration specific to Site B
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Q Site B Implementation

Intelligent Building Use
Cases
(e.g. FDD Package)

Site C Implementation

Configuration specific to Site C’

Intelligent Building Use
Cases
(e.g. FDD Package)
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(implied) i
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Naming conventions and protocol
“soup”
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SODA1R465

Air Handling  Zone/Room Padding /
Unit delimiter

Site name

* Lack of standardization, interoperability increases soft costs
associated with developing and deploying data-driven solutions



e Controls
* Energy Auditing
* Fault Detection and
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Sevece Information & 8 D|ag nostics
B s - Commissioning
AHUs & s | Building Automation &= . Smart Grld

Control System

Interactions
« Dashboards
 Digital Twins
« Sensor Calibration

|y I Battery
SubMeter Storage

Electric Vehicle

Knowledge Base

Physical, logical systems Knowledge m Applications

Graph

Two parts to solution:

* Knowledge graphs: a shared representation of devices, data sources, and environment
* Portable programming models: new ways of expressing data-driven logic using KGs



Cyber-Physical Knowledge Graphs for Buildings

- Knowledge graphs store building |- ..~
metadata 2 S

 Assets and their connections

* Sensors, setpoints, actuators, alarms

* Links to SCADA and data stores
* Nameplate and other static properties

Cooling coil outiet temperature

* Digital representation of what’s in
other digital models and diagrams

o] Slafs] s olsl] o 51 el slelpleibi @
AH-2A & 2B SUPPLY AIR SYSTEM
T

 Software queries the knowledge
graph for configuration/discovery




The Brick Ontology

* Created in 2016 by researchers in
the BuildSys community

e Standardizes names, definitions of
common building assets,
architectural elements, data
sources

* Now a 501(c)(6) with 7 industrial
partners

https://brickschema.o
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https://brickschema.org

Instances

Building on Open Standards for Semantic
Metadata Graphs
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Mechanical Diagrams: humé'n-readable and non-standard

RDF G"raphs: standard machine/human-readable models

has type 5

FCUA § FaEn(.:lzll . msubclass of :
. Q:
contains % Equipment |:

Y : O: ;
Fan3 > Fan — ...
has type :

Build on Resource Description Framework
(RDF) W3C standard for directed, labeled
graphs

Tap into existing open-source and commercial

ecosystems of tools
Supports sophisticated search and discovery

SPARQL: Standard graph query language

- Retrieve information from graphs

SHACL: Constraint language for graphs
- Enable automated validation of models

- Acts asa“schema” for graphs



What’s in the Ontology?

Point Equipment Location
—» Sensor —»{ HVAC » Room
Temperature Sensor —» Air Handling Unit Conference Room
Alr Temperat T
perature |—> —» Classroom
Sensor U
Supply Alr Temperature Terminal Unit —» Lecture Hall
Sensor
Return Alr Temperature Variable Air Volume Box —» Kitchen
Sensor
Constant Volume Box —» Reception
—» Humidity Sensor Fan Coil Unit —p
> ... — ... » Building
—» Setpoint “» Lighting » Floor
Damper Position Setpoint Switches » Zone
Temperature Setpoint _|: . § L »| HVAC Zone
: Luminaires and Lamps Lighting Zone

=
L» Command |_, o | Fire Zone
Ly

Class hierarchy covering over 800 major equipment types, architectural elements

Point classes cover different types of |/0O data
* Sensors (r), setpoints (r/w), commands (r/w), alarms (r), statuses (r)...



_ - 7. Brick model of
Brick Entity ]d building instance

Air Handling Unit
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I Point class il I
! : — Brick Ontology !
Variable Air Volume Box [ AHU1A ] Variable Air Volume Box : Location class ~ definition |
: | |
g feeds N 5 HVAC Zone : Equipment class || "
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beceeeneneees { VAV2-4 ] [ VAV2-3 ] "} hasPart Room 410

hasPagt fee VAV2-3Zone . | :

Damper e Room 411 pe-=--mmoe Room
Room412  |------emeoeeeneed

hasPoint

Brick ontology: formal definitions
of concepts, relationships

Supply Air Temp Sensor

Supply Air Flow Setpoint

P ——

[ VAV2-4. DPRPOS ]

Supply Air Flow Sensor

Damper Position Setpoint Brick model: the graph

representing a particular building
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j '] Brick model of
J building instance

" definition
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: Point class
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Room 411

hasPoint hasPoint

Room 412

- { VAV2-4.DPR ][ VAV2-4.ZN-T ][ VAV2-4.SUPFLOW J[ VAV2-4.SUPFLSP] ) ’

hasPoint

Supply Air Temp Sensor § Supply Air Flow Setpoint

[ VAV2-4.DPRPOS ]

Supply Air Flow Sensor
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- Relate Brick Point instances to timeseries data
- We can now use knowledge graphs for configuring our software
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Portable Cyber-Physical Programming

Equation (OATAvG - €oa1)]
FC #2 . L. MAT too low; should be between OAT
(omit if no MAT Description | 4 RAT
sensor)

MAT Avg T EMAT < min[(RATAVG - SRAT):,

Possible Diagnosis

RAT sensor error
MAT sensor error
OAT sensor error

MAT?

RAT?

MAT?

AH-2A & 2B SUPPLY AIR SYSTEM

RETURN *
FROMRF-1A

MIXED AR TEMP | ‘ AH2A

6891 DEGF

RETURN
FROMRF-1B

|| DAMPER OPEN
OPEN

OAT"

MIXED AR TEMP 1AH28 SF VF
ss 76 DEGF NONE

(LOCATED ON OFFICE ROOF)

AH24 SF FLOW
25755.05 CFM

SUPPLY AIR

TEMP AH24 FIRE £
OFF

61.47 DEGF

OAT?

Desc.: AHZA SF VFD
Status:  NORMAL
P NONE

AH2A SF VFI
51.52HZ

SDH.AHZA.SF_VFD:INPUT REF 1

ri:
Value: 63.87 P
Ex-State: N/A
Total: Total

AH2B SF FLOVT
26426.58 CFM

RAT?

SUPPLY AIR
60.04 DEG F

-

TEMP |
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=

4H2B FIRE SHUTON "
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AHUAHUOL CAV]-1:DMPRPOS
AFHUAHLOL.CAV1-1HTG O
AHULAHUOL CAV1-1-SUPFLOW
AHUAHUOL CAVI-1:ZN T

AHUAHUDL CAVZ-1"DAT
AHULAHUOL.CAVZ-1DMPRPOS
AHUAHUOL. CAVZ-1:HTG O

AU AFUOL CAVZ-1-SUPFLOW
AHUAHUOL CAVZ-1-ZMN T
AHULAHUDL.CCY

AHUAHUOL. CHWHHW. LINT: CHW FLCW
AHULAHUOL CHWHHW.LINT: HW FLOW
AHUAHU, Cooling Enalble
AHUAHUOL.ECM

AHUAHUOLHP UNT-ZN T
AHULAHUOL HSP

AHUAHUOLLSP

AHULAHUOLLTD

AHULAHUOLMAX, ZONE.DAMPER
AHUAHUDL MAX ZONE . HEATING
AHULAHLUOL.MIN A

AHULAHUOL Mixed Air Damper Position
AHUAHLOL. Mixed A Temp

SODA2514__ SMK
SODAIS1L  MAT
SODA3R3ILS RVAV
SODAZRTZZ__ASO
SODA3R327__AGN
SODHIPOZ__ FLT

SODA3IRT98_ ART
SODA1RA0SE_ARS
SODA3REEZ_RVAV
SODALR405E_ART
SODA3R311__AGN
SODH1 LL

SODC1SPO3_FLT
SODAAREAS RVAV
SODALRZEE  AGN
SODA3R419__AGN
SODA3CE11__ASD
SODA2514 P VR
SODA451832_STA

Example Fault Detection Rule:

* Runson a particular type of asset

* Needs specific sensors

« Sensors and data sources may
have different names, or not be
installed

* Mostrule implementations hard
code these names

Which variables
correspond to

MAT?
RAT?
OAT?

Hundreds of non-standard variable names...
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Portable Cyber-Physical Programming

Knowledge Graph

IS AH-2/B SUPPLY]
reent W Tecs Wodow

Sensorl01l

___________________________________

sensort ol  Solution: don’t use
| variable names!
* Replace variables with

SCADA tags graph quel’ies
and BMS
Field labels  System runsthe
Controllers

queries to bind
variables to the

with IO ports

available data sources

AHU Air Handling Unit (Equipment)
MAT | Mixed Air Temperature (Sensor) Grap h-driven
RAT | Return Air Temperature (Sensor) SpeC|aI|zat|on
OAT [ Outside Air Temperature (Sensor)

When '945*?_'< min ( '\_R_A_T_' \OAT!)

_____




Graph Queries on Knowledge Graphs

* Pattern matching on node-edge-

[ Outside j [ Damper j .
Damper Position Cmd node tnples
. I . * “variables bind to the missing
hasPoint | parts of the pattern
posise ) e Share variables to JOIN different
l, patterns
isPartOf

rtul
s e ) e Common patterns:

* Find instances of a type (or
supertype)

 Relate instances of different
types together

SELECT * WHERE {
?x a brick:Outside_Damper .
}



Graph Queries on Knowledge Graphs

_ * Pattern matching on node-edge-

[ ODuanledre j node triples

* ?variables bind to the missing
parts of the pattern

 Share variables to JOIN different

| patterns
1sPartOf
RTU rtul
[ j — ) * Common patterns:
SELECT * WHERE { * Find instances of a type (or
?x a brick:Outside_Damper . supertype)
?x brick:hasPoint ?p .  Relate instances of different
?p a ?point_class types together

}
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SeeQ: New Programming Model for CPS Code

Write Python applications against
concepts defined by knowledge graph

#1 Implementation:[CQs]

Application

SeeQ “compiles” the Python code K ittaring
against the metadata model for each &r
building (o

* Generates site-specific Vo ek #2 Tnplenentation: [CQs]

implementation (e )/

/’ > execute()

lve(f '7) N ' Resul
o 2) &P . .
N> N g TimeSeries esults

@ execute()

X7

Results

%7
from SeeQ import * ::::
from pandas import DataFrame
from G36.CQs import Dmp_Pos, Fsa, Fsp_clg, Fan_s
from APAR.CQs import Tsa, Tma, DelTsf, Hc_pos, Epsilon_t
def APAR_R1(sup: Tsa, mix: Tma, drop: DelTsf, heat_coil: Hc_pos, e: Epsilon_t):

is_heating: DataFrame = heating_coil.df > 0
supply_air_low: DataFrame = sup.df < (mix.df + drop.df - error.df)
violating_records = is_heating & supply_air_low
# returns fault if more than 10 violiating samples
if len(violating_records) > 10:
return "fault detected"

e #n Implementation:[CQs]

acutel

-
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Results

def G36_Dmp_Leaking(pos: Dmp_Pos, sup_flow: Fsa, cool_sp: Fsp_clg, fan: Fan_s):
if ((pos.df == @) and (sup_flow.df > max([@.1*cool_sp.df, 50]1) \
and (fan.df == "ON")).for_time(600):
return "Level 4 alarm"



Portable Programming Model

* Compiled Python code detects
different subgraphs

Original Rule

def rulel(ahu) —> bool:
is_heating = ahu.hcoil.valve.pos > @ .
if not is_heating: return False / lpe o !

...................

sup_air_temp = ahu.sup_air.temp

eps = 0.1
return sup_air_temp < mix_air_temp +

fan_temp_drop - eps

“nie air tems © anumix airoremp T | s | o . .
“Fantenp_drop < 1A H deHE. dpprox S I ) * AdJUStS data discove ry and
eps = 0.1 v 5
return sup_air_temp < mix_air_temp + :____.___I l«— valve l. t. l I t t. ll
) i air 1 | pos apptcation togic automatically
an_temp_drop - eps [
Specialized Implementation Graph B
def rulel(ahu) —> bool: e - e (Generate site-specific
# ! Different detection of heating mode damp * | mode
is_heating = ahu.hvac_mode == ‘'heating’ pos 4L o . .
it not 1s_heating: rerurn False A Implementations with zero
sup_air_temp = ahu.sup_air.temp : AHU1 :—”VI__S_UTP__: . .
# approximate mixed air with available sensors A".'“"\;' __;‘q___ h u m a n C O nflgu ratl O n
‘'ret_damper_pos = ahu.ret_damper.pos P ret | T AT N e :
out_damper_pos = ahu.out_damper.pos / out “.IT_‘__‘:_“'
ret_air_temp = ahu.ret_air.temp : air ‘ “ \“ ----- . MAT avG + Evar < min[(RAT avg - €rat),
out_air_temp = ahu.out_air.temp i damp | ! Equation (OATAve - €0ar)]
; mix_air_temp = ret_air_temp x ret_damper_pos +: T pos [4 . FC #2 . MAT too low; should be between OAT
out_air_temp * out_damper_pos i A T e (omit if no MAT Description . paT
"Fan_temp_drop = 1.1 # degC, approximated -0 Sensor)

RAT sensor error
MAT sensor error
OAT sensor error

Possible Diagnosis




Encoding Application Requirements

4.2 VAV Terminal Unit with Reheat

Required? | Description Type Device
R VAV box damper position AO Modulating actuator
OR OR
two DOs Floating actuator
R Heating signal AO Modulating valve
OR OR
two DOs Floating actuator
OR
Modulating electric heating coil
R Discharge airflow DP transducer connected to flow sensor
R Discharge air temperature (DAT) Duct temperature sensor (probe or averaging at
designer’s discretion)
R Zone temperature Al Room temperature sensor
A Local override (if applicable) DI Zone thermostat override switch
A Occupancy sensor (if applicable) DI Occupancy sensor
A Window switch (if applicable) DI Window switch
A Zone temperature setpoint adjustment | Al Zone thermostat adjustment
(if applicable)
A Zone CO: level (if applicable) Al Room CO; sensor

Come in many different
forms...

At right: point lists from
ASHRAE Guideline 36

Required |/O points for a
high-performance control
sequence

How to ensure Brick
model contains the right
metadata?



* Validate the knowledge graph
against application requirements

* Report lists which parts of the
building support which

applications
Building
-Knowledge

4.2 VAV Terminal Unit with Reheat

* Use validation results to fix the
knowledge graph (support more apps!)

Required? | Description Type Device . -
R VAV box damper position AO Modulating actuator Ap-p.l-rc atl o n
OR OR
two DOs Floating actuator Data
R Heating signal AO Modulating valve i
40 Mo Requirements
two DOs Floating actuator
OR
Modulating electric heating coil
R Discharge airflow Al DP transducer connected to flow sensor
R Discharge air temperature (DAT) Al Duct temperature sensor (probe or averaging at
designer’s discretion)
R Zone temperature Al Room temperature sensor
A Local override (if applicable) DI Zone thermostat override switch
A Occupancy sensor (if applicable) DI Occupancy sensor
SHACL .
ot h vali
Validation Shapes validate
Process KG content

-

FCU503 |Passes Validation
Fails Validation:
FCUS10 | missing Room Air Temp Sensor

- missing Heating
- missing Filter

Validation

Coil Report




Using Validation to Fix a Knowledge Graph

From validation process To validation process

- B

FCU503 |Passes Validation

:BuildingName 02:FCU510 ReturnTemp

Fails Validation: Validation )
FCUS10 | T missing Room Air Temp Sensor Report Model
- missing Heating Coil S b i
g g Property zemp PatCh

- missing Filter Iy

quantitykind: .
Dimensionless FCU510 82?3 .Fch
Ratilo CoilUnit

A

Possible fixes

—> Extend point label naming convention script

—> Re-scan network for more points

—> Extract metadata from BIM

—> Prompt user for specific inputs



BuildingMOTIF SDK

* KG construction, validation + App configuration " s o o con e I

* Available on GitHub under NREL organization

* Released under permissive BSD 3 Clause license
Tutorials, notebooks, demo web interface

* Supports Brick and other ontologies

Simplifies building metadata-driven software

DOE Tools Industry Platforms
cLockworks 4 Enabled
Use Case
BACH: BF 0 re &/voLrraon
= BACne & Applications

Synergies
BEM-Controls Validated
€ Metadata /
o Output Model @
Bitep . Building $=

f /
REA MOTIF v= \e

D [

aﬁnggﬁldels Reference implementations and standardized % Project Haystack
—— processes and workflows for semantic
information creation and validation through
Use Case easy-to-use open-source DOE/NREL tool

Requirements and
23 Specifications

https://github.com/NREL/BuildingMOTIF

U NREL / BuldSngMOTIF  n ot o L

J et B 1) Alrenents & O Dntessions D Ao Bl Pt f O Seowty T |2 wepe B Semegs

Bty VMetasets OnTology

@ Vorreatoeen o ge ot reaan| . ' Vraroper sbity Frarewsrt
(BATGVOTF)
g GitHub .

@ el gt o/ BuAdngMO T
N Suangmont o

repository

B bsegront
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Application-Driven Creation of Building Metadata Models with
Semantic Sufficiency

Gabe Fierro Avijit Saha Tobias Shapinsky
gifierrogdmines.edu Avipr Ssha@nrel gov Tobdas Shapinsky@nrel gov
Colorado School of Mines National Renewable Energy National Remewable Energy
National Renewable Energy Laboratory Laboratory
Laboratory Golen, Colorado, US.A. Golden, Colorado, USA

Golden, Colorado, USA

Research papers

po— 8 oninternals

Sernaatic metadata models such as B — ¥ *;“M""M‘ AT
gt BCMIOn LTV L rewlio o e .

lhgﬂxi.nnd?l)Tpmwmuﬂvbﬂan!bh« the cont of de- sah e Sulficioncy. Bn The b ACA Ste I Crafirencr o8

veloping software for smart botdiogs. emabling the widesproad Systems for Energy-Efficient Suildings, Citien, and Tremsportetion (PaidSys

deployment of emcrgy efficiency appleations. Howevee. creating 220 Niovember 910, 202, Noswvn, MA, USA. ACM, New Tork, NY, USA,

Shove models remaing 3 challenge. Despite secent advances in cre- 10 pagen. hipe ot ong 10 1 LM IS4 NS S54 4080

wiing models from existing digital representations like poiat labels

= OLII0Q
BuildingMOTIF
Documentation A
BuildingMOTIF
idingMO’ docs [ ool 02020 cownioacs |1
Reference
Deveioner 0 - Enabling the enabling technology of semantic interoperability.

o ® Onlinedocs and

Model Validation

.
Model Correction
! tutorials —

Template Writing [ make it easier to
implement for field practitioners without advanced knowledge in computer science. Building Metadata
(o] ¥ ility Framework it IOTIF) bridges that gap between theory and practice, by

Guides

CSV Import

BACnet to Brick



Thank you!

* My current research/projects: https://gtf.fyi
e Contains links to all the works I’ve mentioned in this talk

* Most have an open-source GitHub repository associated with
them

* Brick ontology project: https://brickschema.org

« ASHRAE 223P development: https://open223.info
* new smart building ontology!

* NREL-developed semantic metadata platform:
https://github.com/NREL/BuildingMOTIF



https://gtf.fyi/
https://brickschema.org/
https://open223.info/
https://github.com/NREL/BuildingMOTI
https://github.com/NREL/BuildingMOTI
https://github.com/NREL/BuildingMOTIF
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