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Abstract: This paper presents an occupant-centric theory of buildings” indoor-environmental control
systems and their user interfaces. Buildings typically can have multiple devices and systems to main-
tain indoor-environmental conditions within certain ranges in order to meet occupants” health and
comfort requirements. Therefore, it is important to understand what those ranges are exactly, who
defines them, and for whom. Health and comfort sciences offer some broad directions concerning
desirable indoor conditions. These are typically formulated in various codes, standards, and guide-
lines in terms of target values or the set points of control variables. However, preferable conditions
may differ at different times and for different individuals. Another question concerns the agency
responsible for maintaining the preferred conditions. In some settings, conditions may be centrally
controlled via the buildings” automation systems, whereas in other settings, occupants might have
the possibility to control their immediate surroundings. Given these qualifications, the objective of
the present inquiry can be stated more precisely. We outline a human-ecologically inspired theory
pertaining to the occupants’ perception of and interaction with a building’s indoor-environmental
control systems and their user interfaces. Specifically, we explore the operationalization potential of
the proposed theory as a compact assessment protocol for the evaluation of buildings’ responsiveness
to occupants’ preferences. Initial experiences with the derivative protocol are promising. Nonetheless,
in order to be fully applicable in practice, certain challenges must be addressed. These specifically in-
clude the need for more robust procedures toward the translation of occupants’ subjective judgments
into quantitative evaluation scales.

Keywords: indoor environment; building interfaces; ecological valency

1. Objective

As indicated in the title, this paper intends to contribute to the formulation of an
occupant-centric theory of building control systems and their user interfaces. In order
to correctly understand the paper’s objective, it is important to clarify, at the outset, the
adopted terminology. Depending on the function and level of technology, buildings can
have multiple control devices and systems in different categories. The specific focus of
the present treatment is on the buildings” indoor environmental control systems that are
relevant to an occupants’ exposure to thermal, visual, and indoor air conditions [1,2]. The
underlying premise is that these conditions are to be kept within certain ranges in order
to meet occupants’ health and comfort requirements, and this is accomplished by the
operation of indoor-environmental control devices and systems.

The question of what those requirements are exactly is not a simple matter. One
question is who defines them and for whom, and another question is who is in charge
of maintaining them in the course of systems operation. Regarding the first question,
health and comfort sciences provides us with some broad directions concerning desirable
indoor conditions. These are typically formulated in the form of various codes, standards,
and guidelines in terms of target values of measurable proxies of indoor environmental
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conditions such as temperature or illuminance, which typically function as the set points of
control variables (see for instance [3-6]). However, we also know that preferable conditions
may be quite different at different times and for different individuals [7,8]. The second
question also does not have a universal answer. In some settings, ambient conditions
may be centrally controlled via the building’s automation system based on generalized
target ranges of the control set points. In other settings, every occupant might have the
possibility to control their immediate surroundings, for instance, at the level of a single
office or a workstation [9-12]. This latter scenario may be preferable in terms of improved
occupant satisfaction, but it may not be implemented due to reasons such as design
deficiencies, technological limitations, or economic constraints. Given these qualifications,
we can formulate the objective of the present inquiry more precisely. We seek to outline a
formal theory pertaining to the occupants’ perception of and interaction with a building’s
indoor-environmental control systems and their user interfaces. To this end, we consider
both devices and systems that operate in a passive manner (e.g., windows for natural
ventilation and blinds for daylight control) and those that relay on mechanical HVAC
(heating, ventilating, and air-conditioning) systems.

2. About Building Controls

Before addressing the core concern of the present contribution, it may be useful to
briefly discuss the matter of building controls. Whereas there are certainly well-established
treatments of control theory in general [13,14], there is arguably a lack of common con-
ceptual framework and terminology in terms of building systems control. In order to
facilitate the present discussion, a few basic terms and definitions are included in Table 1,
together with illustrative instances. Using elements from this table, Figure 1 shows a basic
control loop. Consider an indoor-environmental control system (e.g., a hydronic heating
system) assigned to control a certain parameter (e.g., air temperature) in a specific zone
(e.g., a room in a building) [15-17]. The sensed state of this parameter is continuously
communicated to a controller. In case this state is outside the control variable’s dead-band,
the controller operates the device’s actuator (e.g., a valve). As a consequence, the device’s
terminal, for instance, a radiator, provides (or extracts from) the target area some quantity
of mass and/or energy.

CONTROL
& DEVICE
-
§ %
3 2
g 5
<
CONTROL INFORMATION (
ZONE S }L CONTROLLER

Figure 1. Schematic illustration of a simple control loop comprising a control device, a control zone,
and a controller (“T”: device terminal; “A”: device actuator; “S”: sensor) [18].
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Table 1. A compact terminology of building systems control (based on [15-17]).
Term Description Illustrative Instance
Controller Agent that sets control actions People, software (algorithm)

Changing the state (position) ofa ~ Opening a window, switching

| acti é )
Control action control device’s actuator lights on/off

Component of a device that

Actuat . . .
ctuator instantiates the device state change

Valve, dimmer, people

A technical element or system, for
which its purpose is to modulate
that mass/energy transfer to/from
a control zone

Control device Window, luminaire, HVAC

The component of a control device
Control device terminal  that acts as its physical interface to Radiator, diffuser
the control zone

Regulation of air temperature
or illuminance levels in a
control zone

To keep the control parameter in a

Control objective . .
control zone in a given range

Air temperature, relative

Measurable proxy of a control humidity, CO, concentration,

Control parameter zone’s relevant state

illuminance
Spatial target domain of the Workstation, room, floor,
Control zone . e
control action building

Reports the current zone state in

Sensor ;
terms of a control parameter’s value

Thermometer, photometer

Table 1 is obviously both general and simplified. Hence, at least two qualifications
must be noted here. First, a control zone is not necessarily identical with a room or floor
of a buildings. It would be preferable to think of it as a flexible entity that is not identical
with the buildings’” spaces and elements but can be mapped to them. The immediate space
surrounding an occupant at a work station may be treated as a temperature control zone.
Likewise, the surface of a desk can be regarded as an illuminance control zone. As such,
zones can be associated with parts, whole, or collections of buildings’ spaces, and they can
refer not only to three-dimensional volumes but also to two-dimensional planes. Secondly,
a control device does not refer only to simple stand-alone technical components (such as
window or luminaire) with a single actuator (such as light switch or a window handle).
Instead, it can also cover complex hierarchically organized technical systems. For instance,
a building’s air-conditioning system typically possesses multiple components at multiple
levels. The system prepares a large volume of conditioned air, which is subsequently
distributed throughout the building along a nested network of ducts. The conditioned
air is then delivered to different zones in the building. The terminals, which deliver the
air to the individual zones, may further incorporate distributed generative elements (e.g.,
reheat coils). However, in order to keep the present discussion simple, we can view such
a complex system in terms of a black box, which interfaces with the control zone via
a system’s terminal (e.g., a diffusor). Thus, we can assume that the complex system is
controlled in a way that provides the control zone the requested /necessary magnitudes of
mass/energy and, hence, establish the target value of the control parameter value. This
means that a complex control device is treated here in terms of the zone-level terminal of
an overarching nested system.

3. Controllability as an Indoor-Environmentally Relevant Quality Attribute
of Buildings

Building systems for heating, cooling, ventilation, and lighting are meant to provide
adequate and fairly stable indoor conditions under dynamically changing outdoor con-
ditions (e.g., fluctuating outdoor temperatures, changing wind velocities, and varying
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solar radiation intensities). This constitutes one aspect of the rationale behind the necessity
and working of building systems control. However, as alluded to before, the question
of what “adequate” indoor conditions are is also subject to changes over time and across
different individuals [7]. Therefore, the control methods of building systems must address
not only the dynamics of weather-dependent outdoor conditions but also the desirable
user-dependent indoor conditions. This latter aspect can be approached differently in
terms of control agency and levels of resolution. The control agency is simply related to the
question of who decides what conditions should be maintained. The level of resolution is
relevant with regard to the spatial target of the control operation, e.g., workstation, room,
floor, or whole building. The key issue here is that buildings differ significantly in view
of the kinds of control opportunities they offer to the occupants. The scope, effectiveness,
and resolution of such opportunities arguably constitute a significant quality attribute of a
building. Yet there exists a lack of formal methods and procedures for clearly defining and
objectively measuring this quality.

Evidence for this assertion can be provided, for instance, via reference to a recent pub-
lication, which involved a comprehensive review of “occupant interactions with building
systems from the lens of behavioral theories” [19]. The effort underlying this publication
involved the detailed review of 135 studies reporting the utilization of various theories
to shed light on occupants’ interactions with building systems. Instances of such theories
included, among others, the Theory of Reasoned Action and Theory of Planned Behav-
ior [20,21], Theory of Interpersonal Behavior [22,23], Hierarchical Theory of Needs [24],
and Social Practice Theory [25-28]. Specifically, potential insights from and the explana-
tory utility of these theories were explored with regard to occupants’” interactions with
buildings” systems such as HVAC (heating, ventilation, and air conditioning), window
opening and ventilation, lighting and shading, electronic devices and appliances, domestic
hot water, and mixed systems. However, none of these studies directly addressed the
specific problem that the present contribution is concerned with, namely the measurement
(quantified characterization) of the effectiveness of buildings’ control devices in view of
the indoor-environmental control opportunities that they offer to the occupants. This is
in contrast to many other dimensions of buildings” performance such as energy efficiency,
safety, or accessibility, which are well recognized and widely codified.

In order to outline a path to the evaluation of the degree to which buildings and
their systems enable occupants to control indoor conditions, it would be useful to more
closely discuss the scope of relevant means that we broadly referred to in Table 1 as control
devices, their terminals, and actuators. Most buildings include devices meant to provide
occupants with possibilities to influence the indoor environment. Common instances of
such means include windows, luminaires, and blinds. Moreover, mechanical systems for
heating, cooling, and ventilation can likewise offer the occupants some measure of control.
For instance, depending on the building type and size, systems may be switched on and
off by the occupants. Thermostats provide the users with the opportunity to communicate
the preferred value of the pertinent control variable to the system (i.e., desired room tem-
perature). Table 2 provides a schematic overview of a number of indoor-environmentally
relevant control devices together with the physical processes they can influence [29,30].
Note that in this table, complex building systems are represented only in terms of their
terminals that is the point at which building-scale systems interface with individual rooms
or zones.
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Table 2. A schematic depiction of selected control devices (and terminals of control systems), together with the main

mass and energy transfer processes they can modulate. Thereby, “v"* denotes a primary process mode, “0” stands for the

secondary process mode (or side effect), and “~” denotes no (or insignificant) influence (modified based on [29,30]).
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4. Ecological Valency as the Primary Theoretical Construct for the Characterization of
Indoor Environments’ Responsiveness to Occupants’ Needs

Having established a general view of building control objective and means, we have
the basic prerequisites for the formulation of a theoretical basis for the systematic definition
of a building’s responsiveness to occupants’ need to influence indoor environmental
conditions. To this end, certain insights and concepts from the fields of Human Ecology
and the Ecological Psychology can support the formulation of an occupant-centric theory
of building control systems and their user interfaces. Thus, the human-ecological concept
of the “Ecological Valency” (EV) plays a central role. It also informs efforts to formulate
related practical building evaluation protocols.

We can define human ecology as the ecology of the Homo sapiens. However, mul-
tiple more specific traditions have emerged from this very general backdrop. One such
tradition can be characterized as the “Vienna School of Human Ecology” [31-34]. From
the perspective of this school, the operation of buildings and their systems is an integral
part of regulatory operations initiated by people interacting with the surrounding world.
Human ecology can support the understanding of these interactions in terms of a number
of high-level concepts. These specifically include the following pair of concepts: (i) the
ecological potency (EP) of human beings and (ii) the ecological valency of their surrounding
world (EV) [32,35]. Broadly speaking, we can interpret EP as people’s capability to deal
with and come to terms with their surrounding world. On the other hand, the concept
of EV not only refers to the pertinent characteristics of the surrounding world, such as
the resources and opportunities that it provides to people, but also the challenges and
risks it represents for people. These compact concepts delineate the main consideration
of the human ecology as we understand it, namely the complex interrelationships—and
tensions—between people’s EP and the surrounding world’s EV. Hence, from the view-
point of human ecology, buildings are erected and operated to bring about a favorable
relationship between the surrounding world’s EV and people’s EP.

The concept of EV was essentially dealt with in [36] and it may be suggested to
possess also some parallels relative to Gibson’s concept of affordance [37,38]. In Gibson’s
terms, “affordances of the environment are what it offers the animal, what it provides or
furnishes” [38]. Affordance, as Gibson defines it, is implied not to be dependent of the
manner it is recognized by specific individuals. The suggestion seems to be that affordance
may be recognized by individuals depending on their needs. Furthermore, perceiving
affordances is suggested to be associated with the initiation of actions. This implies that
people intervene in their surroundings and modify affordances in order to obtain a better
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fit with their requirements. The affordance concept has inspired researchers and designers
from various fields, including industrial design and human—computer interaction [39].
Its application to the built environment inquiries can be likewise useful [40]. Therefore,
decisions and activities related to building design and operation (specifically, indoor-
environmental control actions) can be suggested to have the objective of enhancing the
respective profile of affordances.

Note that Uexkiill’s ideas [36] and the concept of ecological valency in Human Ecology
can be suggested to differ from Gibson’s work if it is assumed that the latter postulates the
existence of affordances independent of their representations (or “Umwelt”, as understood
by Uexkiill). Put differently, the EV of an individual’s surrounding world should always
be gauged in relation to that individual’s EP. Notwithstanding the difference in semantic
nuances of EV and affordance, presumably both concepts could serve as the descriptor of
the key attribute of indoor environment in view of occupant-centric control opportunities.
In the present treatment, we opt for the EV concept given its explicit link to its complemen-
tary concept of EP. Howover, as our focus lies on the operationalization of EV, the use of
the affordance concept would have also been conceivable.

Of course, given the multiplicity of occupants’ needs and requirements, EV can be
viewed from the vantage point of multiple features of buildings in general and indoor-
environmental conditions in particular. For instance, EV can be considered in view of
functional issues, accessibility, services, appliances, amenities, connectivity, etc. This
coverage represents both a strength in view of general conceptual understanding and a
potential source of fuzziness that could impede the attempts to operationalize EV. It is thus
important to reiterate a first level of the qualification of the scope in the present treatment.
We strictly view the EV from the perspective of the occupants’ exposure to thermal, visual,
olfactory, and auditory dimensions of indoor air quality environments.

Given the preceding discussion, we can delineate the contour of an EV-inspired theory
of occupant-centric indoor environmental controls in terms of the following postulates:

i The EV of natural outdoor environments frequently does not match people’s EP:
Outdoor environments may be too hot, too cold, excessively bright, windy, subject
to precipitation, loud, exposed, and unsafe. Buildings are suggested to serve as a
protective shell, to filter out adverse influences, and to provide indoor environments
that are amenable to people’s needs and requirements.

ii. Certain elements and features of buildings (particularly, building envelopes) pro-
vide basic control opportunities with regard to a number of the above listed forces,
factors, and potential treats such as rain and wind. This is performed, however,
only to a certain degree: Passive devices such as windows provide some measure of
control of view, daylight, and air flow. However, further features and devices—both
passive and active—are necessary to provide occupants a higher level of control
over ambient conditions.

iii. Buildings’ passive and active control devices have the potential to increase occu-
pants” control over the conditions that can be maintained in indoor environments.
Logically speaking, if occupants are given the opportunity to operate these devices,
they are more likely to bring about conditions that are in line with their needs.

iv. The spectrum of available means to modulate the dimensions and levels of exposure
can be suggested to constitute a building’s indoor-environmentally relevant EV.
V. For the EV potential to become effective, occupants must be able to recognize and

operate the corresponding means and devices. In other words, these need to be
identified as meaningful.

The preceding assertions result in the conclusion that an objective assessment of the
EV of a building must address three fundamental questions: (a) Does the building offer
means intended to enable the occupants to influence indoor conditions in accordance with
their needs? (b) What is the range of indoor-environmental factors that can be influenced
and can the influence be exerted in an effective manner? (c) Are occupants aware of the
existence of these means, believe they work, and know how to operate them?
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5. Toward a Formalism for the Operationalization of EV

The preceding theoretical treatment enables us to reframe the problem of building
quality assessment in view of the occupants’ control opportunities of indoor-environmental
conditions. As such, we target the definition of a method to assess a buildings” EV [30,41].
However, it is one thing to have a clear high-level understanding of the indoor environ-
ment’s EV, but it is an entirely different matter to come up with a method for its mea-
surement. As such, efforts to operationalize EV assessment face a number of non-trivial
challenges. One issue that was alluded to briefly before (remember our terminological
choice of EV over affordance) concerns the following question: Can we capture the variance
of the occupants’ EP while assessing, at the same time, the indoor environments” EV? It
should be noted here that typical comfort standards do address, at least to a certain basic
degree, the variation in the occupants’ comfort requirements. For instance, requirements
are frequently differentiated according to the applicable building typology (e.g., residential,
commercial, and education) and space usage (operation room, lobby, and corridor). How-
ever, it would be preferable to cover the diversity of occupants’ EP in a more consequent
manner: The EV of the indoor environment needs to be understood as the accommodating
field of occupants’ diverse perceptual, cognitive, and behavioral dispositions. Nonetheless,
arguments can be made as to why it is still justified to concentrate on EV and its operational-
ization with the following argument. Specifically, when we improve an environment’s EV,
we expect that its capacity is enhanced toward offering a more flexible range of opportu-
nities. Consequently, when a building’s EV is augmented, it is more likely to support all
occupants independent of the diversity of their needs and capabilities. Moreover, any EV
assessment and respective rating results can be classified, at least in principle, according to
different levels of occupants” EP.

While exploring the operationalization potential of the EV concept, it may be ben-
eficial to designate a proper spatial unit of observation. Given a specific building in a
specific context, individual spaces (rooms) may be suggested to represent the appropriate
candidates for the derivation of the EV levels (see Figure 2). Note that it is not always
straight forward to define exactly what a room is and what exact function it has. However,
professionals and occupants typically have a fairly clear idea of what is meant when the
term “room” is used. Specifically, desirable indoor environmental conditions are typically
defined with reference to target spaces or rooms.

Starting from rooms as units of observation, the different aspects or conceptual dimen-
sions of the EV (see Figure 2) can be defined and discussed. To this end, we can initially
focus on the properties of the indoor environment that should be ideally adjustable by the
occupants. In this context, consider the variables in the following categories [29,30]:

i Hygro-thermal (ambient air and radiant temperatures and relative humidity);
ii. Indoor air quality (fresh air volume flow);
iii. Visual (daylight and electrical lighting).

We can approach the problem of EV characterization and the derivation of a respective
“EV-Index” (EVI) via the systematic consideration of the availability and attributes of those
indoor-environmental devices that can be operated by the occupants to control the ambient
conditions. As such, these devices enable the occupants to not only modulate the magni-
tudes of mass and energy flows into or out of a space (see Table 2) but also to change the
distribution patterns of mass and energy in the indoor environment. A window in a room
represents a simple instance of a control device: The occupants can operate the windows to
modulate the rate of air change in a room and, thus, influence indoor conditions in terms
of ambient air temperature, humidity, and the pollutants” concentration. Likewise, external
shading devices can modulate solar radiation and daylight transmission; thus, influencing
the temporal and spatial distribution of temperature, illuminance, and luminance.
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Figure 2. Schematic depiction of the structure of the proposed EV assessment scheme (BT: building
type; RF: room function; S: System; IF: Interface). First, buildings are typologically classified. This
is followed by the functional classification of spaces, which are designated as the proper units of
observation for benchmarking control devices in multiple domains. The assessment is conducted
based on the five evaluation criteria [29,30].

As suggested previously, we can think of a room’s control devices and their terminals
as the constituents of the room’s EV. This means that, in order to operationalize the EV,
we must appraise the availability and quality of these devices. To this end, different
criteria must be considered. A number of such criteria have been identified in previous
contributions [29,30] as follows (see Figure 3):

i. The spatial resolution of the control devices’ target zones and occupants’ control
over the conditions in their immediate surroundings;

ii. The usability of the control devices and the quality of their user interface;

iii. The objective effectiveness of the control device in fulfilling the intended task in a
timely and sufficient manner;

iv. The level of the effectiveness of the control devices as subjectively perceived by

the occupants.
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Figure 3. Illustrative graphic depiction of the evaluation outcome of environmental control devices
in two domains in a space in terms of the aforementioned five evaluation criteria [29,30].

A further factor that could be taken into consideration when addressing EV assess-
ment pertains to the energetic and environmental consequences of the control device
operation [29,30]. Note that this issue is not directly relevant to the devices” indoor en-
vironmental control effectiveness. However, it represents a general evaluation criterion
and may even indirectly influence the occupants” attitude und behavior. Specifically, the
knowledge of the cost implications of control actions might change the level of tolerance
regarding the deviations of as-is conditions from as-desired conditions. Similar effects may
likewise result from perceived negative environmental impacts, especially in the minds of
environmentally conscious occupants.

We can now explore a concrete path to the operationalization of the indoor-environmental
EV as applied to a room in a building. First, an integral function over all available devices in
each indoor environmental domain (i.e., thermal, visual, and air quality) is defined. Weights
are then assigned to the aforementioned quality criteria (see Figure 3). Subsequently,
another weighting function is applied to integrate EV indices from different domains
(e.g., thermal and visual) [30].

The path sketched above undoubtedly entails a number of challenges. Thus, the most
formidable challenge is perhaps not to come up with general mathematical formalism,
e.g., a set of equations for the computation of the numeric EVI values. The problem is
rather to assign numeric values (i.e., credits or points) to the device criteria variables and
to the weighting factors required for the calculation of the integrated EVI value that can
be meaningfully used in practice [42,43]. As such, weights are needed to aggregate the
EVI values of different devices in a space. However, weights are also needed to aggregate
the EVI values of multiple spaces in the building. In other words, weights are required to
integrate device-level EVI values (EVIp) into space-level values (EVIs). Likewise, weights
are needed to integrate space-level values into building level values (EVIg).

Let us consider how the EVI for one device (EVIp;) out of n devices in a space (5j) out
of k spaces in a building (B) can be derived [30]. We assume that this device can obtain a
certain number of points for each quality criterion (e.g., C1 to C5). After treating these points
with corresponding weights (W1 to Wes totaling to 1), we obtain the following [29,30].

EVIDi = EVICl'WCl + EVICZ 'WCZ +... + EVIc5 'Wc5 (1)

We then calculate a weighted sum of individual devices in this space (S5j) to derive
its EVL
EVISj =EVIp1 ‘Wp1 + EVIp, -Wpp + ... + EVIp, -Wpn (2)



Energies 2021, 14, 4788

10 of 18

Finally, the building’s EV index (EVIp) is derived from the weighted sum of the EV
indices of all spaces of the building.

EVIB = EVISl 'W51 + EVISZ 'W52 +...+ EVISk 'WSk (3)

There are a number of complexities involved in defining weighting factors in multi-
aspect evaluation processes [42,43]. These include weights for different quality aspects of
individual devices (i.e., Wc; to Wcs), weights for multiple devices in a space (i.e., Wpy
to Wpy), and weights for aggregation over multiple spaces (i.e., Wg; to Wgy). The matter
can perhaps be simplified if we use a point-based rating system similar to those included
in typical building quality rating and certification systems. We can imagine a simplified
procedure whereby weighted points are assigned to the devices’ availability, number
and zonal distribution, effectiveness (objective and subjective), user interface quality, and
environmental efficiency in order to arrive at an overall score or ranking. Such a procedure
could be indeed beneficial from the vantage point of practical applicability. Nonetheless,
to gauge a simplified point-based EVI derivation option reliably, it would have to be
translated into a concrete protocol and carefully tested. Such an effort may not immediately
yield a readily deployable tool. However, it could be useful in at least two aspects. It
could help to work out the details and ambiguities of the underlying EV theory and it
can sharpen our understanding of the necessary conditions for designing and operating
buildings that are responsive to the occupants’ need for controlling indoor-environmental
conditions. A preliminary effort toward the conception and testing of an explanatory EV
assessment protocol is described in the following sections.

6. Estimation of EVI: An Exploratory Exercise
6.1. Protocol Design

The objective of the exploratory examination of the feasibility of an EV assessment
protocol [29] was to address the following question. Can such a protocol be used to system-
atically document and evaluate the availability and effectiveness of indoor-environmental
control systems and their user interfaces? The candidate protocol design emerged from
a number of previous iterations [29,44] and includes the aforementioned five effective-
ness categories, namely (i) spatial distribution, (ii) objective performance, (iii) subjective
performance, (iv) interface quality, and (v) ecological performance. The protocol is de-
signed to consider the means and opportunities buildings can offer for controlling indoor
environmental conditions. Such means include, for example, windows, shading elements,
luminaires, and equipment for space heating and cooling (see Figure 4). The protocol also
entails procedures for allocating credits depending on the availability and functionality of
the devices and interfaces, as well as methods to aggregate such credits over the buildings’
different systems and different spaces [45]. Hence, both room-level and building-level “Eco-
logical Valency Indices” (EVI) can be obtained. EVIs can be obtained for individual zones
or rooms within the building and subsequently aggregated in terms of a whole-building
EVI value. This would allow for different buildings to be compared and benchmarked.
Thus, it should be clear that the focus is not to assess a buildings’ indoor-environmental
conditions at any specific point in time. Rather, the intention is to assess, predominantly
from an occupant-centric point of view, the principal availability and effectiveness of
indoor-environmental control elements, devices, and systems.

The protocol is structured with a focus on thermal and visual control domains (see
Figure 4). The devices are currently evaluated relative to two main categories, namely the
visual category (daylight and shading; electrical light) and the thermal category (heating,
cooling, and ventilation). The evaluation of the control devices includes two parts. The
first part addresses the availability of the devices and their key properties. In the process,
points can be assigned based on the devices’ availability and the functionalities they offer.
Part two addresses the effectiveness of the devices in terms of the aforementioned five
key evaluation criteria [30,41], namely spatial distribution, effectiveness (both objective
and subjective), interface quality, and ecological quality. The perceived performance of the
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devices with regard to these criteria is evaluated using a typical qualitative scale with the
attributions “good”, “rather good”, “rather poor”, or “poor”. This arguably limited scale
is adopted in order to keep the evaluation process simple, recognizing that such a scale
affords only a rather coarse evaluation vehicle. In order to probe the potential benefits
of alternatives, future efforts intend to apply scales of higher resolution. Concerning the
evaluation criteria itself, further descriptions are offered in the following based on [46].

| daylight & shading |
availability poor good
daylight O spatial distribution O O C )
interior ® objective effectiveness O C C O
" shading |exterior O interface quality ) O O )
© other Q subjective effectiveness O O O O
Q = = =
% ecological quality O O o, &)
©
T electrical light
3
0 P
= availability poor good
ambient @ spatial distribution O O O O
on/off @/ objective effectiveness O O O @
dimming O interface quality O O C O
task O subjective effectiveness | & O =) @
ecological quality O O C (.
heating & cooling
availability poor good
heating D) spatial distribution 13 O C O
cooling O objective effectiveness O O O ©)
@ | |radiant panel O interface quality O O C O
Q p —— —~ T ; P ~
8. air-conditioning subjective effectiveness O O ) (i
£ other Q ecological quality O P C ()
© =
= | ventilation
| .
_‘Q:J availability poor good
= tilt function O spatial distribution & O O O
operable p ~ — : — S ~ o
: turn function - objective effectiveness O 9, @, 2
windows =
other O interface quality O O C O
subjective effectiveness . ) (i) @
ecological quality O O O O
N I N\ ~ ~
overall evaluation 1 U
acoustical quality o rather  rather good
razs —~ ~ —~ poor  good
L, N _ ol
rather rather O @, ) @
poor good indoor air quality ) " i i
poor good poor rather  rather good
poor good

Figure 4. Structure of a room-level EV assessment protocol addressing means of visual and thermal
control in view of availability and five effectiveness criteria (included are also three high-level
questions concerning acoustic, indoor air, and overall quality) [45,46].
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The spatial distribution criterion is intended to probe if and to what extent the devices
allocated to a space provide a full and possibly uniform coverage of the respective services
throughout the space. Evaluation with regard to this criterion can also consider the
extent to which occupants can control their immediate surroundings (e.g., workstation).
The interface quality criterion pertains to the usability of control devices, that is, if the
occupants can operate the devices in an easy and intuitive manner. With regard to the
effectiveness of the devices, two aspects are considered, addressing the objective and
the subjective perspectives. The objective effectiveness would be ideally assessed via
representative measurements of the relevant performance variables such as temperature
or illuminance levels. Subjective effectiveness is intended to capture the occupants’ view
on the performance of the devices and if these devices sufficiently achieve their intended
task [29,30,41]. The ecological quality is meant to address the performance of devices in
view of their estimated energy use and environmental impact. The related evaluation step
can admittedly be challenging and may require expert input. Broadly speaking, the passive
control of daylight availability and natural ventilation can be suggested to be more in line
with the ecological performance criteria.

Likewise, certain methods of active thermal control (such as those involving radiant
elements), as well as systems relying on renewable energy, may be considered to possess
a higher standing with respect to the ecological quality criterion. Needless to say, the
availability of operation data with regard to energy use or design stage data concern-
ing life-cycle analysis could, if available, contribute to the robustness of the respective
evaluation process.

The EVI of a zone or a room is obtained via the aggregation of the points assigned
to the individual devices. Additional weighting coefficients can be assigned to specific
devices or rooms. Weighting criteria could include, for instance, the room size and/or its
usage intensity by occupants.

6.2. Protocol Test

The EV assessment method tool described in the previous section was tested in
the course of a number of explorative case studies. Within the framework of a former
study, we explored the degree to which the evaluation results diverge if different people
evaluated the same room using the assessment protocol [45]. We subsequently focused on
the relationship of the participants’ overall evaluation of a room and its ecological valency
index (total points of a space) [46]. This relationship can shed light on the consistency of
the selected points and weighting factors. A key objective of these tests was to examine
the relative share of points assigned to specific device categories and if this allocation
scheme required adjustments in order to more consistently reflect the participants’ overall
evaluation of a space.

The selected point scheme for the deployed EV assessment protocol involved, with
regard to the effectiveness evaluation (part two), the evaluation of a control element
in qualitative terms (“poor”, “rather poor”, “rather good”, and “good”). These terms
correspond numerically to zero, one, two, and three points, respectively. This results a
in maximum of 15 points in terms of effectiveness in each device category (part two).
The points given for the availability can be different depending on the device category.
Depending on the availability and functionality, a device receives a certain number of
points. Table 3 shows the specified points awarded for the availability (part 1) of devices
in different domains (i.e., daylighting, shading, electrical lighting, heating and cooling,
and ventilation). Hence, the distribution of the maximum number of points for part one is
as follows: Nine points for daylight and shading, eight points for electrical light, fifteen
points for heating and cooling, and eight points for ventilation. As a result, the maximum
number of points for a room (sum of part one and part two) amounts to 100.
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Table 3. Specified points for the evaluation of the availability (part one) [46].

Daylight and Shading Electrical Light Heating and Cooling Ventilation
daylight 3 ambient 2 heating/cooling 3/3 tilt function 3
. . . . T turn
interior shading 2 on/off 2 air-conditioning 3 . 3
function
exterior shading 2 dimming 2 radiant panel 3 other 2
other 2 task 2 other

In the aforementioned explorative case studies, 356 different rooms in 27 buildings
were evaluated by multiple participants (27 female and 4 male students; mostly between
20 and 30 years old). Table 4 includes the number of evaluated rooms in each specific
building type. The main results of the tests can be summarized as follows. Figure 5
shows the relationship of the participants” overall evaluation of a room plotted against the
corresponding EVI. As noted earlier, the latter refers to the total number of points given to
a space. Figure 6 shows the distribution of the EVI scores as a boxplot. The x-axis refers
to the overall evaluation (“poor” (0), “rather poor” (1), “rather good” (2), and “good” (3)).
Figure 7 shows the relationship (illustrated via linear regression lines) between the overall
evaluations (x-axis) and the corresponding points for individual device categories (daylight
and shading, electrical lighting, heating and cooling, and ventilation).

Table 4. Overview of the evaluated rooms [46].

Building Type Number of Evaluated Rooms Sum
Office Office space (176), meeting room (28), kitchen (58) 262
Residential Living room (5), kitchen (11), bedroom (15), bathroom (6), 40
storage room (2), hallway (1)
Educational Lecture room (17), study room (10), computer room (8) 35
Sport Training area (3), changing room (4), bathroom (2) 9
Gastronomy Eating area (3) 3
Health care Patients room (1), staff room (1), meeting room (1) 3
Library Reading area (4) 4
100
R2=0.5
80 ]
60
=
S @ ........... e
o 0
@)
20
0
0 1 2 3

overall evaluation

Figure 5. Relationship between EVI and the participants” overall evaluation of a room [46].
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Figure 6. Boxplot of EVI and participants” overall evaluation of a room [46].
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Figure 7. Relationship of participants” overall evaluation of a room and their individual points for
daylight and shading (1; R2 = 0.43), electrical lighting (4; R2 = 0.08), heating and cooling (3; R2 = 0.22),
and ventilation (2; R2 = 0.36) [46].

The results of the above explorative applications of the proposed ecological valency
assessment protocol warrant certain conclusions. We already know from previous ex-
periences with the earlier versions of the protocol that participants found it relatively
convenient and intuitive to use [29,45]. We can now more specifically address the rela-
tionships between various elements of the protocol and if these elements are mutually
consistent. Thereby, one query pertains to the relationship between the derived value of
the EVI on the one hand and participants’ overall qualitative evaluation of the rooms on
the other hand (see Figures 5 and 6) [45]. The EVI results appear to be somewhat correlated
with the overall qualitative evaluations (Pearson correlation coefficient = 0.5) (see Figure 5).
Higher overall evaluation scores correspond to higher EVI values. However, a widely
distributed set of Al values correspond to a specific score in the four-point scale of overall
evaluations (see the boxplot of Figure 6). Furthermore, there is no overlap between the
interquartile ranges (IQR) for evaluation scores 1 and 2. Moreover, the interquartile ranges
(IQR) overlap only slightly in the case of an overall evaluation score of 3 and 2. However,
this is not the case for the overall evaluation scores 0 and 1. Note that an overall evaluation
score of 0 was only selected for 12 rooms. In comparison, the overall evaluation scores
of 1, 2, and 3 were assigned 71, 221, and 52 times, respectively. We also looked at the
relationship between the overall evaluation scores on the one hand and the points received
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in the four device categories (i.e., daylight and shading, electrical lighting, heating and
cooling, and ventilation) on the other hand (see Figure 7). The idea was to observe if the
agreement between the EVI values and subjective evaluations could be improved if the
point assignments to the four categories would consider their relative influence on the
formation of the overall (subjective) evaluations of the rooms.

The regression functions in Figure 7 point to the differences in the respective levels of
correlation for the four categories. The highest correlation is in the category daylight and
shading, followed by ventilation and heating/cooling. Needless to say, these results are
neither statistically significant nor definitive. More assessment exercises are required in
order to collect sufficient information on the relative influence of specific control device
groups on people’s overall subjective evaluations. Deeper future studies could indicate that
certain device categories may be perceived by occupants as more important than others
and, thus, could receive a higher weighting coefficient. Such future studies could thus
further improve the proposed point scheme and weighting procedures and consequently
the entire evaluation protocol. Moreover, we also need to more systematically address the
range of numeric values of EVI and their association with descriptive categories such as
“poor” or “good”. The obtained results thus far suggest that none of the evaluated rooms
received EVI below 15 or above 84.

7. Conclusions

Buildings and their control devices are expected to provide indoor-environmental
conditions suitable for human occupancy. The dynamics of outdoor boundary conditions
and the diversity of occupants’ need underline the importance of the availability and effec-
tiveness of buildings’ indoor-environmental control features. However, to our knowledge,
no common practical approaches, methods, and tools have been introduced to measure the
ecological valency afforded by the buildings’ systems and their user interfaces toward the
provision of individual control opportunities to the occupants. While previous efforts have
explored the applicability of various psychological and social theories to the subject of
occupants’ interactions with buildings’ systems [19], they have not directly addressed the
specific question posed in the present contribution: How do we measure the effectiveness
of buildings’ control devices in view of the indoor-environmental control opportunities
that they offer to the occupants?

In the present contribution, we suggested that the traditions in human ecology and
ecological psychology provide a useful basis for the formulation of an occupant-centric
theory of building controls and their interfaces. Specifically, we argued that the human-
ecologically originated concept of “Ecological Valency” (EV) offers a suitable theoretical
construct to capture a key quality aspect of buildings, namely their controllability by the
users and their responsiveness to users’ needs. The circumstance that this quality aspect,
as opposed to many other building quality aspects (e.g., energy and environmental perfor-
mance), has not been the target of formal evaluation schemes and procedures underlines
the need for the operationalization of the proposed theory. As a step in this direction, we
presented a formalism and a structure to define and describe the constituent elements of a
building’s EV. This formalism requires the recognition of multiple performance mandates
(e.g., thermal and visual) and corresponding physical systems, devices, and interfaces
for indoor-environmental controls. Moreover, it considers the potential of the weighting
mechanism over multiple devices and multiple spaces toward the derivation of aggregate
EVI measures. We further explored the practical feasibility of such operationalization via
the prototypical design and preliminary examination of an EV assessment protocol. This
protocol was intended to document, in simple terms, the availability and effectiveness of
indoor-environmental control devices and systems at the room and whole building levels.

Generally speaking, the EV concept and the respective EV assessment approach ap-
pear to provide a promising theoretical framework and the potential for the development
of enhanced processes and tools for the occupant-centric building quality assessment.
However, it is important to mention that the operationalization efforts of EV and the re-
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lated EV assessment methods’ face challenges similar to those faced by building standards
and evaluation schemes in general. Such challenges include, for instance, translation
issues of occupants” subjective judgments into quantitative evaluation scales, as well as
the aggregation of multiple performance domains and criteria via numeric weighting
systems. Thus, it is more reasonable to suggest that the strength of the proposed theo-
retical approach may lie not primarily in formal benchmarking exercises, but rather in
its potential to facilitate a deeper high-level understanding of—and an elevated level of
consciousness concerning—the necessary conditions for occupant-responsive building
design and operation.
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EV Ecological Valency

EP Ecological Potency

EVI Ecological Valency Index

EVIp;  Ecological Valency Index for a device
EVlg;  Ecological Valency Index for a space
EVIg  Ecological Valency Index for a building

C Quality criterion
A Weighting factor
BT Building type
RF Room function
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