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Abstract

This paper presents a perspective for designing and living in complex, interactive architectural
systems (Manganelli, 2013) that are part of ‘artifact ecologies.’(Kirsh, 2010) All organisms co-evolve
with their environments and change their respective environments to better suit their needs — this is
known as ecological niche construction (Odling-Smee, Laland, Feldman, 2003). For many organisms,
including humans, niche construction entails making ‘a better world to live in” (Clark, 2003) by
actively cultivating and shepherding other organisms. But humans are relatively unique with respect
to ecological niche construction because humans also cultivate their environment to make ‘a better
world to think in’(Clark, 2003). That is, humans also cultivate and shepherd abstract information
systems just as they do other organisms (e.g., flowers or crops or animals). Humans tend to their
information systems and devices in the service of improving the cognitive dimensions of their
ecological niche. This perspective is useful for contemplating the roles and obligations of designers
and users with respect to complex, interactive, and intelligent information systems and devices,
including buildings. This paper posits that the near future of innovation in environmental design and
management will increasingly be driven by the cognitive niche construction aspect of ecological niche
construction. This perspective is useful because it frames the integration of computational
technologies into environmental systems in a way that illuminates the continuity of human behavior
in utilizing physical and non-physical architectures as part of ongoing physical and cognitive
ecological niche construction.

Keywords: embodied cognition; cognitive scaffolding; ecological niche construction; interactive
environments; smart environments; complex systems; intelligent environments

Same as It Ever Was (Byrne, 1980)

All things (including organisms and ideas) have form, and having form means that there is a
structure to matter and/or energy. Structure means that there is a logic to the form and logic means
that there is information embedded in the form. Therefore all things (including tools, thoughts, and
organisms) are information systems. Of course things don’t just exist as static forms (e.g., static
information systems). Things do things. What a thing does is known as its behavior. Behavior
requires energy, entails a pattern or sequence of assumed forms through time and is therefore also
structured and that means that there is a logic and embedded information to behavior as well.
Morever, a single act is not considered ‘behavior.” Behavior is repeatable and tends to involve
repetition that leads to optimization and automization as well.

The symbiosis of the respective logics of structure and behavior is known as the architecture of
the thing. This concept of architecture (i.e., the symbiosis of the respective logics of structure and
behavior) may be abstracted and extended in three important ways. First, logical structure and logical
behavior can exist independent of physical structure and physical behavior. Given this, it is possible
to have both physical architecture (i.e., physical formal and behavioral logic) and non-physical
architecture (i.e., non-physical formal and behavioral logic). Second, there are natural corollaries
between physical architecture and the corporeality of organisms” bodies and the physical, non-living
components of the environment (e.g., mountains and rivers), on the one hand, and non-physical
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architecture and the sensory and cognitive forms and behaviors of organisms, on the other hand.
Third, by framing the nature of physical and non-physical architectures in this way, it is possible to
put physical architecture and non-physical architecture (including both people’s physiological and
abstract, cognitive being) into the same abstract representational framework and therefore show a
continuity between the two forms of architecture (i.e., physical and non-physical).

From this perspective, when an organism interacts with its environment or with another
organism or with a computational tool, it may be said that two or more information systems are co-
processing each other (e.g., exchanging information), and through the exchange of information,
transforming each other. Ideally, this co-processing is symbiotic. Symbiosis is a condition wherein
information systems process each other in mutually beneficial ways. Symbiosis can be complex and
manifest across many organisms (e.g., information systems).

From this perspective, when considering organisms, buildings, things, and computational
systems all to be information systems that manifest the same basic aspects (e.g., logical physical and
non-physical structures and behaviors) and that continuously process each other, it is easier to see
how they are all deeply interconnected and this inter-connectedness transcends the existence and/or
role of humanity (or any one entity) in the information ecosystem. All things, creatures, and ideas are
information systems that process each other in order to construct, refine, and extent their respective
physical, biological, and non-physical (cognitive/conceptual) ecological niches. The condition is what
it always has been and always will be.

So when in contemporary architectural theory authors discuss the current hot topic of
computational ecologies, what is really discussed is a condition that has always existed and that is
not fundamentally new. Fundamentally, the components of a computational ecology are also just
information systems in both physical and non-physical form that process each other to effect useful
transformations of each other. With respect to this view of all physical and non-physical systems as
information systems that process each other, a useful concept to consider is that of ecological niche
construction.

Ecological niche construction is a system of systems evolutionary process whereby any given
information system (e.g., organism, physical architecture, non-physical architecture) exerts influence
on its ecosystem in order to make it more favorable to its respective continued existence. There are
four primary aspects to ecological niche construction: ecosystem engineering, modification of
selection pressures, ecological inheritance, and adaptation. (Odling-Smee, Laland, Feldman, 2003)

Ecosystem engineering is the processing of the logical structure or behavior of other information
systems within the environment by an information system of interest in order to make the other
information systems more useful and less threatening to the information system of interest. For
instance, an organism may re-arrange plants and rocks and soil to make navigating in its environment
safer and more efficient.

Modification of selection pressures is the process of making changes to other information
systems in the environment such that evolutionary natural selection pressures are relieved. For
instance, an organism may thrive by cultivating plants or animals such that it has a consistent food
supply that is not subject to changing environmental conditions and thereby reduces the risk of
starvation.

Ecological inheritance is the process of one generation of information systems (e.g., organisms)
conducting ecosystem engineering and/or modification of selection pressures and/or adaptation in
such a way that future generations of that generation’s information systems (e.g., organisms)
continue to benefit from the ecological modifications made by previous generations. For instance, if
an organism builds a nest and then its progeny are able to maintain the nest and add onto it such that
it grows over time and affords more protection and storage over time, this is an example of ecological
inheritance because the ecosystem engineering endures across generations.

Adaptation is an internal response to environmental pressures. For instance, an organism that
cannot thrive because of too many poisonous predators can change its own selection pressures by
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developing an immunity to the poisons such that the poisonous organisms in its ecosystem no longer
constitute threats (Odling-Smee, Laland, Feldman, 2003).

Bringing this back to the discussion of humans and their physical and non-physical architectures
(both those that are external to them and those of which they are composed), the various information
systems described above (be they organism, object, or idea) do not exist in separate ecologies but in
a shared ecology. However, each information system exerts influence on the ecology and attempts to
make it a ‘better ecology in which to live’.

Humans, moreso than any other species, are information systems that exert influence on their
ecological niche in order to make ‘a better ecology in which to think’ (Clark, 2003). The contemporary
proliferation of discussion on computational technologies and computational ecologies manifests all
four tenets of ecological niche construction both with respect to our physical and cognitive ecological
niches (the ecological niche construction construct of adaptation may also be understood to be
manifest if one assumes an extended mind/embodied cognition theoretical framework as the theory
of mind (Robbins, Aydede, 2009).

In summary, given that computational technologies (and ecologies) are the same in kind (i.e.,
information systems with physical and non-physical aspects that process each other) as all other
physical and non-physical architectures (including humans), incorporating them into the design of
the architectural environment is a logical and non-controversial activity and less ‘new’ than it is at
times portrayed. Rather, there are two more critical issues worthy of focus: the concept of cognitive
niche construction (or the cognitive aspect of ecological niche construction); and the usefulness and
ethics of how and when new computational technologies are introduced into the human ecological
niche. These points will be elaborated, but first it is useful to describe the differences between how
physical and non-physical architectures are usable by information systems such as humans.

Physical and Non-Physical Architecture as Logical Artifacts to be Cultivated

There are two scenes in the film, Batman Begins (Nolan, 2007), where a grown Bruce Wayne
comes across his deceased father’s stethoscope. Each time, seeing and touching the stethoscope
prompts him to a strong and lucid flashback from his childhood that causes the character to re-
experience certain emotional and psychological states. In addition, formative experiences involving
a well, a cave and his home continue to define his psychological profile throughout his life and effect
how he processes the world. Encounters with environments that share aspects of these formative
environments have a similar power to elicit similar psychological states.

These scenes are great examples of the power of material objects and the environment itself to
act as priming agents for cognitive and emotional stimulation. Our minds are extensible and we use
objects and environments as scaffolding to organize our thoughts and psychological states. But
stepping back one level from the story on the screen and focusing instead on the movie watching
experience itself, moving images with sound are also incredibly powerful tools for conveying
information and evoking cognitive and emotional responses. Examples of this include not only the
sympathy I feel on behalf of the characters as I watch the screen and hear the audio, but also the
abstract contemplation of the significance of physical objects for priming cognition and emotion that
watching the movie instigates.

Abstracting further, the movie watching experience is just one facet of our various animated,
audio-enhanced, interactive multimedia stimuli — which is purposed for both work and for play.
Multi-media technologies have a few traits which make them more power than physical objects or
the built environment for priming cognition:

1. The content of multi-media technologies are not expressly bound by the laws of physics and as
such offer ways to conceive of time, space, and interactions that cannot be modeled in reality but
which may be useful for structuring thought nonetheless.

2. The granularity of stimuli can be tuned to a very large degree and changed moment to moment,
thereby tailoring data to only what is needed to evoke a particular response.
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3. While there are time constraints on the production of content, in general, there are no limitations
placed on content creation due to scarcity of material. As a result, the palette is almost infinite.

4.  The content is independent of the multi-media display to the extent that almost any message can
be portrayed through any device — the limitations of the nature of the physical device do not
restrict the sort of meaning it can convey. (Manganelli, 2005)

When considering the extensive constellation of multi-media devices that we engage daily, an
initial comparison of the power and malleability of these digital technologies to that of physical
objects and the built environment might lead one to contemplate that these technologies are much
more powerful as cognitive/emotional priming agents than physical objects/environments.
Interactive media can engage our cognition and emotions at a very fine grain and can transition
between intended states in a rapid, facile, and complex manner. With this in mind, it may seem that
multi-media technologies have surpassed physical objects and the built environment as the most
engaging and influential media for cognitive/emotional priming. But upon further consideration,
there are ways in which the capacity of multi-media to elicit cognition and emotion does not yet rival
that of physical objects and the built environment. The built environment in particular has five traits
which multi-media technologies do not have and are not yet approaching:

1. The built environment is inhabitable in the physical world and bears a direct and involuntary
relationship with the laws of the physical world, thereby bound to offer a sense of connectedness
not necessarily present in multi-media technology.

2. The built environment is enduring — relative to the endurance of any form of multi-media, and
there is a persistence of type and level of stimulation offered by the built environment that allows
for an aggregation of similar but non-identical interactions within a range of changing temporal
and environmental conditions leading to a depth of experience — a situatedness — not yet possible
with multi-media.

3. Experience of the built environment is continuous and involuntary 24 hours a day, cradle to
grave — we have always been completely immersed in the built environment and cannot alter
this state.

4. The meaning and degree of stimulation afforded by the built environment often exists in the
background and we are only aware of it if and when we choose to focus on it. Thus the built
environment offers subtle yet persistent cues that keep certain ideas and/or states primed
without requiring our focused attention. This differs markedly from most multi-media
technologies which typically (though not always) require focused attention for their information
to be perceived.

5. Most importantly, the built environment engages fully all of the senses at a level of depth and
complexity which multi-media has not yet begun to approach.

What is the merit of a comparative analysis of these two powerful forms of cognitive/emotional
priming? How can these two technologies be brought to work in symbiosis in support of human
endeavor? These questions can be reframed to place the physical and the computational into one
logical/cognitive framework. This essay offers one theoretical means for doing so by drawing on
concepts from the literature of systems science, complexity science, human factors, ecological niche
construction, and cognitive science.

With respect to cognitive science, cognitive scientist Andy Clark notes that we use the
environment and human artifacts to ‘make better worlds to think in.” (Clark, 2003)

Specifically, Clark states,

“In all this we discern two distinct, but deeply interanimated, ways in which biological cognition
leans on cultural and environmental structures. One way involves a developmental loop, in which
exposure to external symbols adds something to the brain’s own inner toolkit. The other involves a
persisting loop, in which ongoing neural activity becomes geared to the presence of specific external
tools and media.” (Clark, 2003)

Clark further states,
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“...the true power and beauty of the brain’s role was that it acted as a mediating factor in a wide
variety of complex and iterated processes, which continually looped between brain, body and
technological environment, and it is this larger system that solved the problem.” (Clark, 2003)

This assertion is profound because it suggests that mind transcends body and understands
aspects of the environment and the artifacts it makes as integral to itself. This phenomenon is known
as embodied cognition (Wilson, 2002). That cognition is primed both by physical and non-physical
artifacts and experiences suggests that the underlying logical architecture of all artifacts, whether
physical or non-physical, is what humans actually cultivate in order to, “build a better world to
think in” (Clark, 2003). Once the physical is abstracted to be seen as just a different manifestation
of a logical architecture, it is possible to place our physical artifacts and experiences in the same
framework as computational artifacts and experiences and to see the design and use of each as
differing only in the details of their articulation and use but fundamentally similar in kind. That is,
the physical and non-physical architectures of our world are both just cultivated information
systems used by people (and other cognizing agents) to think and act.

Operationalizing Ecological Niche Construction for Designers by Starting with
Kirsh’s Ideas on “Architecture at a New Frontier’ (Portions of This Section
Adapted from [9])

David Kirsh is a cognitive scientist whose writings offer some ideas on how to operationalize
the ways in which our environments and technologies are cultivated and shepherded to help us to
think. He notes that designers typically design for three purposes: efficiency, experience, and
effectiveness. Efficiency design, Kirsh argues, entails placing the right people in the right “artifact

ecology
efficiency design with the practice of evidence-based design, noting that it is useful for certain design

”

so that they optimize how tasks are performed and achieve their goals. Kirsh equates

challenges but that there are many design challenges that are not strictly about task performance
optimization. (Kirsh, 2010)

Experience design, Kirsh notes entails maximizing rich quality of experience as the design goal,
whether or not a quality experience is efficient or even useful. (Kirsh, 2010)

Finally, Kirsh defines “effectiveness design” as embodying the following: “1) simplicity (right
stuff, right form); 2) locality (right place, right time); 3) tempo (right pace, right duration).” Kirsh
notes that a key question for effectiveness design is, “what is the right information to make spatial
and how?” Spatial information, if used effectively, can simplify choice, perception, and reduce
cognitive load (Kirsh, 2010).

Relating Kirsh’s ideas back to the design of the human ecological niche, the complex and
interactive natural of the human-made/human-augmented ecological niches that we are now
beginning to construct/cultivate will increasingly require designers to have to explicitly represent
and design for the effects of environments and devices on human (and other cognizing agents)
cognition, action, stimulation, well-being, enjoyment, and performance. Kirsh notes that our real
focus will become “performance design”, which he defines as the combination of efficiency design +
effectiveness design (Kirsh, 2010). Kirsh notes that designing computationally-augmented
architecture and products greatly increases the complexity of the design task,

“Architecture is about to enter its first magical phase: a time when buildings actively cooperate with
their inhabitants; when objects know what they are, where they are, what is near them; when social
and physical space lose their tight coupling; when walls and partitions change with mood and task.
As engineers and scientists explore how to digitize the world around us, the classical constraints of
design, ruled so long by the physics of space, time, and material, are starting to crumble.

In this article I will discuss some of the theoretical ideas shaping our new conception of form, function
and interactivity. My view is that of a cognitive scientist interested in how cognition is distributed
throughout our environment. Since the ground rules defining the structure of environments are
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changing, our very idea of how we are embedded in the world is changing. Architecture is at a new
frontier (Kirsh, 2001).”

In considering how designers will design to achieve performance design in computationally
augmented environments, Kirsh notes that,

“To represent this complexity cognitive scientists have been working on a conception of activity space
that helps to make sense of behavior. Formally, an activity space is an abstract blend of several
components: the problem constraints or subgoal structure implicit in a task, the physical space in
which the task is to be performed, the sorts of actions an agent is capable of, as well as the concepts,
plans and other intellectual or representational resources agents find in the environment or bring
along in their head. An activity space is partly a mental projection on the part of the agent, partly a
system of hard constraints imposed by the physical layout, and partly a set of logical dependencies
derived from the subgoal structure of the task itself (Kirsh, 1998).”

Kirsh makes the simple analogy that humans build jigs into our environment to facilitate
cognitive and sensori-motor processing of the environment to achieve our goals. That is, users “seed”
their environments with cue and constraint structures that afford efficient, effective, robust, low-
cognitive workload completion of tasks. (Kirsh, 2001)” Finally, Kirsh describes his requirements for
adaptive rooms and provides an ontology [5]. According to Kirsh, adaptive rooms must embody
three principles:

“1. (be sensitive to) The various cognitive and physical workflows occurring within it;
2. We need to tune rooms to the social needs of users as they interact.

3. We need to maintain environmental coherence across room changes. Adaptive rooms are supposed
to be comfortable habitats, not Alice in Wonderland nightmares (Kirsh, 1998)”

Kirsh predicts that designers will design such environments by categorizing design activities
into the design of passive objects, reactive objects, active objects, and information objects (Kirsh,
1998).

Decomposing and Operationalizing Ecological Niche Construction for
Designers: Physical Niche Construction, Cognitive Niche Construction, and
Physical-Cognitive-Interaction Niche Construction (aka, Same as It Ever Was
(Byrne, 1980) Part II)

Kirsh’s constructs and strategies can be understood through and integrated with the construct
of ecological niche construction to arrive at the constructs of physical niche construction, cognitive
niche construction, and physical-cognitive-interaction niche construction as key aspects of
environmental design and use. Kirsh’s strategies and constructs may be interpreted with respect to
each of the four tenets of ecological niche construction.

First, Kirsh’s constructs ‘“passive objects, reactive objects, and active objects” may be subsumed
into his construct of “information objects’ is (Kirsh, 1998). That is, all things are information systems,
or in Kirsh’s language, ‘information objects’.

Second, whereas Kirsh’s writings are human-centric, application of his ideas must be expanded
to encompass all cognizing agents that use and participate in our computationally augmented
environments, including software agents, robots, and other forms of perception and intelligence that
act within the environment.

Third, Kirsh's ‘performance design’ and ‘activity space’ constructs can be interpreted in light of
the ecological niche construction constructs of ecosystem engineering, modification of selection
pressures, ecological inheritance, and adaptation. (Odling-Smee, Laland, Feldman, 2003) Doing so
increases the power and usefulness of these constructs, especially if the aspects of ecological niche
construction are split out into the following: the physical aspect, the cognitive aspect, the phsyical-
cognitive-interaction aspect.
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In this way, designers can frame, plan, and execute their design work in order to design for both

physical accommodation of occupants but also the cognitive performance and well-being of

occupants (see Design Project Ecological Niche Construction Checklist image below) (Manganelli,

2016).

Cultivating and Shepherding the Human-Machine Ecosystem as Part of
Ecological Niche Construction

Bringing this back around to the design of building architecture as part of an information

systems artifact ecology, it is helpful to think of the designers’ and occupants’ roles as that of

gardeners, farmers, and shepherds, (and sometimes colleagues or subordinates) and of the

information systems as crops and a sort of livestock (and sometimes colleagues or superiors). This

view is useful (even if it seems a priori to be simplistic) because it facilitates using literature on the

ethics of agriculture and animal husbandry as initial guidelines for how humans should interact with

complex, interactive architectural ecosystems, including computational technologies, that co-inhabit

our ecological niche. This is important because like plants and livestock, these computational

technologies may be seen to have varying degrees of personhood depending upon their perceptual

and cognitive abilities. How we represent, interact with, and utilize these agents as part of our

ecological niche can therefore (initially) be guided by our understanding of how to ethically interact

with the plants and animals that co-inhabit our ecological niche. This perspective yields four

preliminary useful observations.

Physical Niche Checklist

Activity Space Checklist °!

« problem constraints (subgoal
structure implicit in a task)

« physical space of task

« actions agent can perform in
space

« concepts, plans, other intellectual
or representational resources
avaialable in the environment

« concepts, plans, other intellectual
or representational resources
avaialable in agents

Performance Design Checklist ©!

« right people

« right “artifact ecology”

« simplicity (right stuff, right
form)

« locality (right place, right time)

« tempo (right pace, right
duration)

« right information to make
spatial

« how to make right information
spatial?

Set targets for:

number of tasks per role

- number of steps per task

- number of devices per role

- experience per role

- rate of change of tasks per role

Map:
- all likely possible roles per socio-
technical information ecosystem
- all likely possible tasks per role

Prioritize:
- most significant roles
- most significant tasks per role

Design
- around most significant tasks per
most significant roles

3 Kirsh, D. Design in a World Gone Digital, San Diego, CA ANFA,
2010,

4Kirsh, D. “Changing the rules: Architecture and the new
millennium,” Convergence: The International Journal of Research
into New Media Technologies, vol. 7, no. 2, pp. 113-125, 2001

5. Kirsh, D. “Adaptive rooms, virtual collaboration, and cognitive
workfiow,” Lecture Notes in Computer Science: Cooperative
Buildings: Integrating Information, Organization, and Architecture,
vol. 1370, pp. 94-106, 1998,

6. Odling-Smee, F, Laland, K., Feldman, M. (2003). Niche

Construction: The Neglected Process in Evolution. Princeton, NJ:
Princeton University Press.

* Individual roles can be flled by either human or non-human agents

Design Project Ecological Niche Construction® Checklist V1.3

Socio-Technical Information
Ecosystem

Individual Role* and Define
Associated Technologies and Skills

Performance

Design [3

Design [3

Physical-Cognitiver-Interaction Niche Checklist

Activity Space Checklist °! Performance Design Checklist 1°!
« problem constraints (subgoal « right people
structure implicit in a task) « right “artifact ecology”
« physical space of task « simplicity (right stuff, right
« actions agent can perform in form)

space « locality (right place, right time)
« concepts, plans, other intellectual tempo (right pace, right
or representational resources duration)
avaialable in the environment « right information to make
« concepts, plans, other intellectual  spatial
or representational resources « how to make right information
avaialable in agents spatial?

Cognitive Niche Checklist

Activity Space Checklist [°!

« problem constraints (subgoal
structure implicit in a task)

« physical space of task

« actions agent can perform in
space

« concepts, plans, other intellectual
o representational resources
avaialable in the environment

« concepts, plans, other intellectual
o representational resources
avaialable in agents

Performance Design Checklist ©!

« right people

« right “artifact ecology”

« simplicity (right stuff, right
form)

« locality (right place, right time)

« tempo (right pace, right
duration)

« right information to make
spatial

« how to make right information
spatial?
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Figure 1. Design Project Ecological Niche Construction Checklist (Manganelli, 2016). DPENCC V1.3 accounts for
the socio-technical information systems context, as well as the roles of agents and the skills, rules, and knowledge

used in those roles.

First, it suggests the extent to which our existence, comfort, and productivity are dependent
upon having and maintaining these information systems and interactive systems in symbiotic
relationships. Quite simply, the evolving human ecological niche is now dependent on the use of
complex, interactive (architectural) information ecosystems and devices to maintain symbiosis. A
change away from this condition is possible but our civilization is so far down the path of integrating
these technologies into our ecological niche that a quick change away from this endeavor would be
disruptive and damaging to cognition, action, and society.

Second, this perspective suggests the elevated status of information systems and interactive
technologies as having varying degrees of person-hood and social standing (as do other organisms
that we cultivate and shepherd) in our environments and the concomitant obligation that we have
toward them for their well-being and proliferation. Since there is a social dimension to our interaction
with and use of our physical and non-physical architectures, maintenance and interaction must be a
consistent and equitable practice in order to optimize symbiosis.

Third, while some information systems may equal or surpass humans with respect to perceptual
and cognitive abilities, most information systems for the foreseeable future will exist as subordinates
to humans, just as existing livestock and crops occupy subordinate roles in symbiosis with humanity.

Fourth, it is likely that advanced, perceiving and cognizing information systems will one day
also be categorized according to a taxonomy and identified according to kingdom, phylum, class,
order, family, genus, and species.

Given this, it is possible to reconsider our own taxonomy as a taxonomy of biological
information systems that will be extended to account for non-biological perceiving and cognizing
information systems as well. The benefit of extending our taxonomy in this way is that we will have
placed all of our biological, physical, and non-physical perceiving and cognizing information systems
into one taxonomic classification system.

Cultivating and Shepherding the Human-Machine Ecosystem as Part of
Ecological Niche Construction

If one indulges this perspective, there are a number of tenets and observations that shake out
from it. First, with respect to observations 2 and 3 above, different information systems have different
levels of awareness and intelligence. One way in which naturally occurring information systems are
bounded is through their corporeality. It may be that it is to the benefit of human information systems
to bound computational information systems through corporeal instantiation (i.e., give powerful
artificial intelligence systems bodies in the physical world and also physical needs). There are two
primary motivations for doing so. First, at a basic level, instantiating computational information
systems in physical form will make it easier to develop shared experiences with them and therefore
to cultivate relationships and mutual sympathy/empathy.

Second, as the intelligence of computational systems equals or surpasses human intelligence, the
potential threat that they represent to humans (as competitors and/or masters) can be mitigated by
bounding the power of their logic and action such that their logic and action has to pass through
physical logic gates. This will ensure that an artificial intelligence, for instance, cannot not grow so
all-knowing, all-perceiving, and able to act that it becomes an insurmountable threat to humanity or
any other living system. (Manganelli, 2014)

Third, the duration of relevance of information systems must be tuned so that it is in symbiosis
with the duration of relevance of human information systems. That is, it may be that the pace of
evolution of computational assets is restricted (governed) and entrained to the pace of evolution of
human social, cultural, and cognitive assimilation of information (and technologies) within the
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ecological niche. This regulation of computational asset evolution will slow innovation in many cases
and require fundamental changes to how economies function.

Fourth, computational assets will come to increasingly shape the information systems ecosystem
to their own advantage and human information systems must be partners with computation assets
and not adversaries.

Concluding Thoughts

Human development of computational assets and their integration with other, more traditional
information systems are a natural continuation of the process of ecological niche construction that
plays out across all species through time. Furthermore, all physical and non-physical architectures
(including organisms) are information systems processing each other to create better worlds in which
to live. Humans are somewhat unique in that they modify their ecological niche (itself an information
system) to produce ‘a better world in which to think’ (Clark, 2003). Integration of computation assets
is a continuation of this trend, especially when considered from an embodied mind perspective
(Wilson, 2002; Robbins & Aydede, 2009).

It is useful to think of human processing of other physical and non-physical architectures (i.e.,
information systems) as tending to, cultivating, and shepherding domesticated information systems
(and in some cases creating equal partners or even our superiors) so that they enhance our lives and
live in symbiosis with us. But it is also important to understand that as the perception and cognition
of computational assets evolves to match and exceed human perceptual and cognitive abilities, they
too will exert influence on our ecological niche such that they shape it to make a ‘better world to think
in’ for themselves as well. This may or may not be in the best interest of humans. In this case, our
investment now in symbiosis is not just equitable and benevolent in the short-term but is our greatest
hedge against relegation to a subservient role to computational assets with superior perceptual and
cognitive abilities that will reshape the ecological niche for their own purposes in the future. This
symbiosis can be furthered by instantiating such powerful computational assets in physical form. An
initial strategy for designing environments to account for the range of information systems that co-
inhabit them and operationalize them (to enhance both cognition and action) may be usefully
approached by marrying and extending constructs from the literature on ecological niche
construction (Odling-Smee, Laland, Feldman, 2003) and David Kirsh’s writings on performance
design (Kirsh, 2010) and the development of activity spaces (Kirsh, 1998).
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