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1. Introduction

Electricity demand in the US is expected to grow by 1,163 billion kWh from 2009 to 2035. In comparison,
renewable electricity generation is expected to increase by only 260 billion kWh over the same period
(excluding hydropower, [1]). Thus, in order for the US to make real progress in meeting its sustainable energy
goals, it will be necessary to slow the growth in demand. This can be achieved without adversely affecting
economic output by increasing efficiency and conservation.
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recent sensitivity analysis concluded that “a significant

percentage of building energy use is driven directly by operational and occupant habits,” but that these “are
currently outside the scope of energy codes, policy initiatives, and general perceptions in the building industry.”
(21, p- 2, 50). Similarly, control strategies for building energy management have, to date, focused almost
exclusively on monitoring physical attributes of the building — temperature, humidity, airflow, etc. Current
control systems do not incorporate data about the building occupants beyond the projection of occupancy made
prior to construction. Thus, current approaches fall far short of addressing the fundamental problem at hand,
namely that the building and its occupants form an integrated system of behavioral and physical components
which interact to determine energy use. Hence, to truly optimize the energy usage of such a system, it will be
necessary to devise a control approach which also models, measures and actuates these different components in
an integrated fashion, forming a (closed-loop) Cyber-Physical-Social System (CPSS).
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2. Cyber-Physical-Social Systems for Energy Efficient Buildings

Cyber-Physical systems are those in which the cyber and physical components are tightly integrated at all
scales and levels. The most sophisticated building energy control systems sample environmental data
continuously and build load forecasts [3-6], but even the most advanced of these models seldom include
measurements of current or forecasted occupancy, let alone measurements or forecasts of occupant behavior.
The addition of the social/behavioral inputs or outputs to the control system is not currently possible.
Incorporating real-time behavior is computationally even more complex than environmental data. Temperatures
change gradually and there are accurate models for predicting that change. In contrast, building occupants’
behavior can change very suddenly and while those changes may be possible to predict, to date, adequate
models of occupant behavior do not exist.



The integration of building occupants into the system extends beyond using measurements to gain
information about the occupants. Rather, the true potential of the Cyber-Physical-Social System lies in using the
control system to not only control the physical systems of the building, but to also encourage behavior change
(e.g., energy savings) in building occupants [7]. Given adequate models of occupant behavior the delivery of
informational feedback to building occupants can be automated through the control system. We have conceived
the first Cyber-Physical-Social systems for efficient building operation which we term, Occupant-Aware
Control Systems.

3. Occupant-Aware Control Systems

We are working to create Occupant-Aware Control Systems (OACS), which utilize both technology and
people for both sensing and actuation. Our overall concept for the system architecture is illustrated in Figure 2.
The four major subsystems comprise the center four blocks in the diagram. Note that each of these blocks
comprises an integrated blend of components from different disciplines. For instance, the first block comprises
the physical plant and associated technology, together with the (behavior of the) building occupants. It is not
possible to completely separate out the effects of these two components. They interact and depend on each
other in many complex ways. Hence, one of the keys in executing such a design is assembling an
interdisciplinary team with expertise in engineering (sensing, power systems, and building systems),
computational modeling and controls, and occupant behavior.
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Figure 2 Occupant-aware control system architecture

In the second block (of Figure 2), nonlinear observer theory, signal detection methods, and dynamic neural
networks are combined to generate state estimates for the entire system, i.e., both the physical plant states (Xpiant
- temperature, power etc.) and building occupant states (Xoccupans - comfort, productivity etc.). The data available
to this block comes from smart sensors, and also self-report data directly from occupants (see the light-green
arrows in Figure 2, which represent data streams in our system).

There are many different tools from different disciplines being brought to bear on this problem. However, it
is important to note that we do not divide the problem into distinct components which operate separately from
one another, nor do we partition the input space. Rather we take an integrated systems approach. It is clear that
the overall system will be subject to many uncertainties (e.g., modeling and prediction errors, state estimation
inaccuracies, all of which are unavoidable for tractable algorithms) and external disturbances, such as someone
propping open a door (see the red arrows in Figure 2, which represent disturbances to our system). Hence it will
be necessary to design the overall system to be robust to these uncertainties and disturbances.



The third block (in Figure 2) computes the control strategy, utilizing a combination of tools from robust
control and machine learning. Note that the resulting controller will be unique in many ways. In particular it
outputs control commands intended to be executed by a combination of technical (upian - actuators) and
behavioral (Uoccupants - people) means. This approach differs substantially from a purely technical control
approach, requiring us to combine engineering tools with behavioral systems/models/data (see [8] for an
overview of control theory in the behavioral sciences).

The fourth block then ‘executes’ these commands via signals to physical actuators (e.g., lighting level, boiler
temperature) and communication with occupants (e.g., informational feedback displays). However, the building
occupants are not guaranteed to react as desired: Essentially, the system ‘actuators’ (people, in this case) may
choose to ignore the control command! Thus the control algorithm has to cope with the fact that the ugccupants
control command may not always produce the desired effect, and this may vary with time. That is one reason
why our approach utilizes a combination of tools from robust control and machine learning, to cope with
uncertainty, whilst also maintaining the flexibility of adaptation.

We have now closed two feedback loops around the system, one based primarily in the technical world, and
the other in the behavioral world (where we are using building occupants as both sensors and actuators). These
technical/behavioral pathways are interdependent, and both are crucial to the overall system performance. Our
entire system - comprising subsystems associated with the plant, sensing, estimation, control, actuation, and
feedback - is an integrated mix of technical and behavioral facets.

4. Conclusion

Occupant-Aware Control Systems will need to adapt to physical conditions and occupant behavior to
optimize the performance of the overall Cyber-Physical-Social System. This observation is paramount — most
of us have observed buildings where people use space heaters in summer because the HVAC system has their
space too cold for them. As a result, the overall system is performing poorly. Indeed, it is not useful to
command a temperature drop via the building HVAC system at a time and place that has consistently prompted
users to plug in additional local heating, unless a corresponding informational feedback has been identified that
effectively prevents this behavior. The OACS energy management is aware of this, and always able to
take/adapt appropriate action that optimizes the occupant/technology interactions to deliver true (energy)
savings, often during circumstances where traditional control approaches would fail.

5. References

—

. 2010 Buildings Energy Data Book, retrieved from http://buildingsdatabook.eren.doe.gov/, 2011.

2. J. Heller, M. Heater, and M. Frankel, “Sensitivity analysis: Comparing the impact of design, operation, and
tenant behavior on building energy performance,” New Buildings Institute White Paper, 2011.

3. D. C. Park, M. A. El-Sharkawi, R. J. Marks, L. E. Atlas, and M. J. Damborg, “Electric load forecasting using
an artificial neural network,” IEEE Transactions on Power Systems, vol. 6, pp. 442-449, 1991.

4. D. K. Ranaweera, G. G. Karady, and R. G. Farmer, “Effect of probabilistic inputs on neural network-based
electric load forecasting,” IEEE Transactions on Neural Networks, vol. 7, pp. 1528-1532, 1996.

5. E. Giacone, S. Manco, and P. Gabriele, “Energy management techniques for small- and medium-sized
companies,” Journal of Energy Resources Technology, vol. 130, pp. 0120021-0120027, 2008.

6. D. Palchak, S. Suryanarayanan, and D. Zimmerle, “An artificial neural network in short-term electrical load
forecasting of a university campus: A case study,” Proceedings of the ASME 2012 6" International
Conference on Energy Sustainability, 2012.

7. A. Zipperer, P. A. Aloise-Young, S. Suryanarayanan, R. Roche, L. Earle, D. Christensen, P. Bauleo, and D.
Zimmerle, “Electric energy management in the smart home: Perspectives on enabling technologies and
consumer behavior,” Proceedings of the IEEE, vol. 101, pp. 2397-2408, 2013.

8. P. M. Young and P. A. Aloise-Young, “Engineering control system theory in the behavioral sciences,”

Augmented Cognition: A Practitioner’s Guide, pp. 175-195, 2008.





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


