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Abstract 

This paper extends an epistemologically grounded biological theory of organization and 
knowledge based on Karl Popper's evolutionary epistemology and three worlds ontology, 
amalgamating concepts from evolutionary biology, emergence and hierarchy theory, 
autopoiesis, and military affairs. We discuss how this body of theory is being used to guide and 
inform KM research and development in a geographically extended industrial and project 
management organization. Applicability of the biological and epistemological framework is 
demonstrated in a study of the emergence and sustainment of communities of practice, in the 
development of a methodology for improving business processes, and in the implementation of 
managing engineering knowledge over the lifecycles of fleets of ships and vehicles. 

1. Introduction 

The science of biology is founded in Darwinian evolutionary theory (1859), Mendelian 
genetics (rediscovered and understood in 1900), and biochemical metabolism, molecular 
biology and biochemical genetics (from the mid 1940s and 50s). By comparison, the 
knowledge management discipline still lacks a physically based and commonly accepted 
theory of knowledge. Compared to biology, it is still practicing what is the equivalent of 
pre-Darwinian "natural history". This can be revealed in any KM practitioner forum by 
asking what it is they study. The issues in organizational science are equally dire 
(McKelvey undated). However in the last decade or so some concrete progress has been 
made towards a scientifically grounded theory of organizational knowledge. This paper 
reviews the nature of a foundational framework the authors of this paper are developing 
from physically based biology, and presents our early attempts to apply aspects of the 
framework in an engineering knowledge management environment. 

                                                      
1  Peter Dalmaris and Susu Nousala are both Knowledge Management Interns in Tenix Defence. 

Proceedings, KMAP05, Wellington, NZ 28-29 November 2005 Page 1 

© 2005 by the named authors. Do not copy or circulate without author's written permission 



Hall et al. APPLICATIONS OF BIOLOGICAL THEORY OF KNOWLEDGE 10/10/2005 

Varela et al (1974) and Maturana and Varela (1980; 1987) introduced "autopoiesis" (= self 
production) as a term for the minimum set of properties entities must have to be considered 
living. Von Krogh and Roos (1995) and Magalhaes (1996, 1998, 1999) suggested that 
human organizations might be autopoietic. Hall (2003a, 2005) took the idea further, basing 
his ideas in Karl Popper's epistemology (1972; 1994), hierarchical complexity theory 
(Pattee 1965 and later; Simon 1962, Salthe 1985, 1993), non-equilibrium thermodynamics 
(Prigogine 1955; Morowitz 1968; Kay 1984; Schneider 1988; and Schneider and Kay 
1994) and evolutionary biology (Gould 2002). Evolving (and hence autopoietic) entities 
may exist at several levels in the structural hierarchy of life from cells to social systems 
(Simon 1962, Salthe 1985, 1993; Gould, 2002; McShea & Chanqizi 2003). Organizations 
such as firms have "hereditary" properties transcending those of their individual members 
(e.g., Nelson and Winter, 1982), justifying their treatment as evolutionary individuals. Hall 
(2005) argued that organizational learning and knowledge growth were inevitable products 
of autopoietic processes in living organizations.  

This paper graphically extends Hall's (2005) formulation. Autopoiesis and the origin and 
evolution of knowledge are first described in general terms applicable to complex 
organized entities. We then argue that at least some human social organizations have the 
necessary properties to be considered autopoietic. We conclude by describing how the 
theory applies to some real-world cases we are studying in a large engineering project 
management organization. 

It should be noted that McKelvey (1997, 1999, 1999a, 1999b, 2001, 2002, 2004; McKelvey 
& Baum 1999; Henrickson & McKelvey. 2002) is also working to establish a critical 
scientific realist framework for organizational studies. Similar to the approach we take here, 
McKelvey bases his approach on evolutionary epistemology (Donald Campbell's version), 
non-equilibrium thermodynamics, evolutionary biology, complexity theory and concepts of 
"organizational heredity" as introduced by Nelson and Winter (1982). We come to broadly 
similar conclusions, but by analyzing our differences we should more closely approach the 
underlying truths of organizational dynamics. Unfortunately it is beyond the scope of the 
present sketch to compare the two approaches here in any detail. 

2. Autopoiesis and Emerging Systems in a Complex Hierarchy 

Autopoiesis and the autopoietic (biological) theory of organizational knowledge are not yet 
well known in the knowledge management discipline. Thus, we begin by reviewing the 
basic concepts. Defined in one sentence, autopoiesis is the emergent condition achieved by 
a system of bounded (i.e., self-identifying), self-regulating set of dynamic processes able to 
maintain its existence as an autonomous entity in the face of environmental perturbations; 
i.e., that which qualifies a complex dynamic entity as "living". Varela et al. (1974) listed six 
criteria (summarized here), which together they considered to be necessary and sufficient 
for a system or complex entity to be considered to be autopoietic or living: 

• Self-identifiably bounded (demarcated from the environment by membranes, or the 
entity's components are identifiably tagged) 
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• Individually identifiable components within the boundary (complex) 
• Mechanistic (i.e., driven by cybernetically regulated energy fluxes or metabolic 

processes) 
• System boundaries internally determined (self referential) 
• System intrinsically produces own components (self production) 
• Self-produced components are necessary and sufficient to produce the system 

(autonomy). 
 
Von Krogh and Roos (1995) quote the Varela et al. (1974) list, and Maturana and Varela 
(1980; 1987) provide more extensive discussions of the concept. Hall (2005) observes that 
these criteria do not consider time as a factor, and argues that for the concept of autopoiesis 
to be meaningful in real-world contexts, an autopoietic entity must be able to self-maintain 
its state of autopoiesis over a period of time. 

In a physical sense, an autopoietic system (i.e., a living entity) is an autonomously self-
regulated complex system of dynamic cyclical processes. These are driven and maintained 
far from thermodynamic equilibrium by the "forced" transportation of fluxes of matter and 
energy between high potential (high exergy2) through the system to sinks of lower potential 
(high entropy, Prigogine 1955, 1981; Morowitz 1968; Kay 1984; Schneider 1988). Such 
systems are self-organizing and emergent (Salthe 1985, 1993; Schneider & Kay 1994, 
1995; Jorgensen 1999; Giampietro et al. 1999; McKelvey 2004). Kauffman 1993 reviewed 
and summarized a wide variety of mathematical, chemical and biological models 
demonstrating the emergence of organized (i.e., ordered) structure at the "molecular" level 
from initially more chaotic or random states.  
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Figure 1. The systems triad in hierarchy of complex dynamic systems (after Salthe 1985). 

                                                      
2  Those unfamiliar with the term exergy may wish to consult Wikipedia - 

http://en.wikipedia.org/w/index.php?title=Exergy&oldid=19074539  
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As summarized in Figure 1, the world is hierarchically complex (Simon 1962): quarks 
form subatomic particles, that form atoms, that form molecules, that form macromolecules, 
that form prokaryote cells or organelles, that form eukaryote cells, that form tissues, that 
form organs, that form organisms, that form social organizations and species, that form 
ecological or economic communities, that form ecosystems and economies, that form the 
biosphere, that form a larger dissipative system involving the sun, the biosphere and space, 
and so on up to an environment forming the whole universe.... Salthe (1985, 1993, 2004), 
Wu (1999); Emmeche (1997); Emmeche et al. (1997), Chaisson (2001), etc., explain how 
instabilities in the fluxes from high to low potential can lead to the origin and emergence of 
new levels of complexity in such hierarchical systems. So complex in fact, that the state of 
a higher level in the hierarchy cannot be deterministically computed even from the next 
lower level, and that details of its emergence cannot be predicted from the initial conditions 
of its components (Polanyi 1968; Davies 2004). (Such uncomputability does not imply that 
it is impossible to describe analytically after the fact how a particular state of the higher 
level system arose from the lower level.) 

Following Salthe (1985, 2004), the state of a complex system can be analyzed and 
represented as a triad consisting of: 

• A "holon" at the "focal level" of complexity (i.e., the level of interest in the hierarchy) 
is the dynamic system where we focus our analysis.  

• Lower-level components or subsystems forming the holon determine what the holon is 
and what it can do. Component/subsystem capabilities are described by "universal" 
laws (i.e., "material causes") that are independent of the circumstances of any 
particular holon they may participate in forming. 

• Higher level supersystem or environment containing the holon as a component. What 
the holon actually does is a consequence of its own past history and being, as shaped 
by boundary conditions and constraints imposed by the higher level ("formal 
cause").3 

3. Karl Popper and the evolution of organic knowledge 

In his later works, Karl Popper explored two themes that provide foundation stones for a 
biologically based theory of knowledge: (1) knowledge grows through variation (Campbell 
1960), combined with the selective elimination of errors (e.g., through criticism)4; and (2) a 
division of the universe into three ontological domains or worlds. Popper first expressed 
these mutually supporting themes in the papers collected in his book, Objective Knowledge: 

                                                      
3  One area where we differ substantially from McKelvey (2002, 2004), is that McKelvey attempts to drive the emergence of 

coarse grained structures at the organizational level directly from the quantum level of organization. By contrast our 
reading of Salthe's theory of emergence is that fast, small, entangled properties of the quantum layer are completely 
subsumed in the multiple layers of hierarchical organization between quantum and organization. From a point of view in 
the organizational layer, we are only directly concerned with laws governing properties and interactions of organizational 
components such as people. 

4  It should also be noted that we regard Popper's construction of evolutionary epistemology to be more fundamental, and 
thus easier to apply, than Campbell's (as ably reviewed by McKelvey (1999) and McKelvey & Baum (1999)). 
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An evolutionary approach (1972). Although Popper's approach is philosophical, not 
biological, his numerous references to knowledge in lower forms of life makes it clear that 
he considered knowledge to be an emergent product of life.  

Popper's most expansive expression of his "evolutionary theory of knowledge" was as a 
"general theory of evolution" (Popper 1972 pp 241-244 - Figure 2). 
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Figure 2. Popper's "evolutionary theory of knowledge" (after Popper 1972: pp. 243). We add the 
inferred iteration loop to the drawing. 

Pn refers to a problem situation encountered by a living entity or species of entities; TSi 

(i = 1, , , m) refers to tentative solutions or theories offered or proposed by the entity or entities; 
EE refers to a process of error elimination, by which failed solutions or the entities 
implementing failed solutions are selectively removed; and Pn+1 refers to the 'new' problem 
situation existing after P1 has been solved. Where knowledge cannot be expressed 
linguistically, i.e., where the knowledge is embodied in the disposition of the entity, the 
entity itself is eliminated if the tentative solution fails. However, where theories are 
expressed linguistically, they can be consciously criticized and eliminated prior to acting on 
them, to let the theory die instead of the entity. Elsewhere Popper normally refers to this as 
his "tetradic schema", P1 → TT → EE → P2, where TT is rendered as "tentative theories" 
rather than tentative solutions. This construction is appropriate for discussing criticism of 
linguistically expressed theories rather than embodied solutions. 

We are unaware that Popper ever compared his epistemology to radical constructivism (von 
Glaserfeld 1984, 1993, 1997, 2001; de Zeeuw 2001; Riegler 2001). However, Popper 
accepts that knowledge of the world is constructed, and that claims to know can never be 
proven to be true. But, unlike constructivists, Popper's epistemology assumes that external 
reality exists as a fiduciary principle against which claims may be tested (Niiniluoto 1999; 
McKelvey 1999b; Firestone & McElroy 2003a). He argues that knowledge can grows to 
more closely represent external truth by iterated tests of claims against reality to eliminate 
those that erroneously predict the consequences of the test. What survives is an improved 
construction of reality. 

Hall (2003a, 2005) offered John Boyd's (1996) OODA loop (Figure 3) as a representation 
of Popper's general theory of evolution. Boyd's acronym stands for Observe, Orient, Decide 
and Act. For Boyd, this summarized how an individual or organization solved the life and 
death problems of surviving in a competitive environment.  
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Figure 3. John Boyd's OODA Loop concept (from Hall 2003a, after Boyd 1995). 

Boyd was an ace fighter pilot in the Korean War and became a respected military tactician 
and strategist. He did not document his epistemological sources, however, Boyd's personal 
papers (Anon. undated) include Popper's Logic of Scientific Discovery (1959) and 
Conjectures and Refutations (1963) - annotated by Boyd, as well as the 1993 printing of 
Radnitzky and Bartley's Evolutionary Epistemology, Rationality, and the Sociology of 
Knowledge (1987), which includes contributions from Popper. We assume Boyd drew his 
inspiration from Popper and his pragmatic experience in the real world of armed combat. 
The OODA loop represents a generic adaptive learning process for any autopoietic entity 
applying Popper's evolutionary theory of knowledge.  

Definitions below are derived via Hall (2003a) from Coombe (1996, 1999), who used 
Boyd's concepts in his own work. 

• Observation assembles data about the world (including the entity's own effects and 
those of its competitors on that world). Data given context relating to interactions 
with the world becomes information. 

• Orientation processes information from those observations into semantically linked 
knowledge5 to construct a world view comprised of  
◦ recent observations,  
◦ memories of prior experience (which may be explicit, implicit or even tacit),  
◦ genetic heritage (developed dispositions based on inherited genetic code),  
◦ cultural traditions (i.e., also including paradigms - Kuhn 1970, 1983) in 

individual humans or human organizations), and  
◦ analysis (destruction and criticism) of the existing world view, and synthesis 

(creation) of a revised world view including possibilities for action.  
This revised world view represents intelligence (in a military sense). 

                                                      
5  Note that "knowledge" in this construction has a much more specific meaning than Popper's generic use of the term. 
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• Decision selects amongst possible actions generated by the orientation, tentative 
solutions or action(s) to try. Choice is governed and informed by  
◦ wisdom based on experience gained from previous OODA cycles, and 
◦ the synthesis (creation) of new possibilities or hypotheses (tentative solutions) 

to try. 
• Action puts tests decisions against the world. The loop begins to repeat as the entity 

observes the results of its action. 
 
Similar cyclic learning processes have been proposed, e.g., "double-loop learning" (Agyris 
and Schon 1978; Blackman et al. 2004), "SECI spiral" (Nonaka and Takeuchi 1995), 
"knowledge life cycle" (McElroy 2000) and "decision-execution" cycle (Firestone and 
McElroy 2003). McElroy, Firestone and Blackman et al. specifically base their concepts on 
Popper. However we prefer the generality of Boyd's OODA loop and focus on learning, 
adaptation and survival in the very pragmatic competitive environments of warfare. An 
entity able to iterate an OODA cycle faster and more effectively than its competitors can 
change the world to its own strategic benefit before its competitors can fully orient and act. 
Competitors responding to a world that has already been changed by an entity with 
faster/more effective OODA processes will be acting on a different world than it observed, 
and hence will make more errors in its actions (Boyd 1976-1996; Coombe 1999). 

Popper's (1972) second major insight is an ontological framework that divides existence 
into three ontological domains or "worlds", in which the origins, nature and growth of 
knowledge can be understood (see Popper 1994, Niiniluoto 1999; Hall 2005): 

• World 1 ("W1") is dynamic physical reality and everything in it. 
• World 2 ("W2") is the domain of embodied behavior, mental states and processes 

within minds, dispositional and tacit knowledge. From Popper's (1972) extended 
discussions of the three worlds and their interrelationships, we understand that W2 
can be taken to encompass the active processes and results of cognition in individual 
entities. Cognition produces embodied or "dispositional" knowledge. By extension, 
W2 can be broadly interpreted to include the embodiment of all kinds cybernetically 
self-defined and self-regulated dynamic processes (Maturana 1970; Maturana & 
Varela 1980; Lyon 2004). In other words, W2 contains the semantic significance or 
meaning of cognitive processes and their results while the physical dynamics of the 
matter involved in the processes remains always in W1. 

• World 3 ("W3"). The domain of persistently codified or linguistically expressed 
knowledge, where encoded content can exist objectively, independent from a knowing 
entity. We disagree with Niiniluoto (1999: p. 23) that W3 is limited to the "products 
of human social action". We read Popper to say that W3 comprises the products of all 
kinds of cognition. Popper clearly defined W3 to include knowledge in the objective 
sense, which includes "the world of the logical contents of books, libraries, computer 
memories, and suchlike" (1972: p. 74) and "our theories, conjectures, guesses (and, if 
we like, the logical content of our genetic code)" (1972: p. 73), while the physical 
structure of the codified content remains always in W1. 

 
Putting the foregoing ideas together, W1 encompasses everything. It is the dynamic reality 
that exists independently of observation, knowing and knowledge. Observation, meaning 
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and knowledge emerge dynamically to form W2 as a consequence of universal laws 
governing physical processes in W1, as W1 processes impact dynamic entities able to 
distinguish themselves from the rest of the world (i.e., autopoietic entities). 

• Observation is a dynamic change ("perturbation") propagated within the autopoietic 
system resulting from an interaction with the world. 

• Meaning is a consequence of the observation induced change in the constitution of 
the autopoietic system, e.g., where the observation triggers a cascade of further 
changes that are eventually captured into a stable attractor basin (Kauffman 1993). 

• Knowledge (in one sense) is the persistent effect of a history of observations, meaning 
and dispositions to act as embodied in successfully surviving autopoietic systems, 
i.e., solutions to problems. 

 
Here, as pointed out by Hall 2005, we also wish to emphasize the connections between 
autopoiesis and Popper's ideas above to an already developing biophysical theory of 
information, knowledge and (genetic) codification (Schroedinger 1944; Pattee 1965, 1972, 
1995, 1995a, 1997, 2000, 2001; Hoffmeyer & Emmeche 1991; Rocha 1997, 1998, 2000; 
Rocha & Hordijk 2004; Lemke 2000; Collier 2003). These authors discuss physical issues 
relating to the emergence of information and knowledge (in the broad sense) as solutions to 
problems of existence that are embodied and enacted in living and evolving entities (i.e., 
those having properties of "circular closure" or autopoiesis). Cognition and knowledge can 
only be a phenomenon of "living" systems (Pattee, 1982, 1995; Lyon 2004) In such 
systems, knowledge is formally separate from the entropically driven physical processes 
that generate knowledge or are controlled by it. Pattee uses the concept of an "epistemic 
cut" to differentiate what is from knowing about.  

What knowledge means organismically and organizationally remains to be defined below. 

4. Emergence of autopoiesis and knowledge 

A series of illustrations may make the emergent natures of autopoiesis and knowledge in a 
physical world clearer.  

As noted in Section 2, complex dynamic systems are dissipative, formed by cyclically 
coupled processes serving to transform and transport matter and energy from environmental 
sources of higher potential (high exergy) to environmental sinks at lower potential. Unless 
the fluxes are so great they force the system into chaos and disintegration (e.g., as the result 
of a "short circuit" - McKelvey 2002, 2004), the transport processes are necessarily cyclical 
(Salthe 2004). So long as the net result of the summation of all system processes 
conducting the flux is to increase entropy, coupled processes within the complex system 
can be driven to lower entropy (higher exergy). The growth and development of living cells 
driven by the cyclical metabolic transformation of sugars and oxygen into carbon dioxide 
and water + heat is an example of this process in biological systems (e.g., see discussion of 
intermediary metabolism in Nelson and Cox (2005) or any other modern biochemistry 
text).  
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Figure 4 depicts four stages in the historical evolution of survival knowledge in a system 
(or holon), where the entity is represented as a stabilized eddy in the turbulent and 
dissipative flux from high exergy sources (resources) to high entropy sinks (waste, heat and 
disorder). The entire physical dynamic process represented here exists in Popper's W1.  

 

Figure 4. Stages in the evolution of autopoietic knowledge. a. A stabilised eddy in a turbulent flux 
from source to sink. b. A surviving autopoietic system or holon - i.e., one where the structure of the 
system retains the dispositional capacity to produce and reproduce itself. c. An evolving autopoietic 
holon where the solutions to problems of survival have been codified in persistent form able to be 
recalled in appropriate circumstances. d. In individual in a "biological species" able to exchange and 
share codified knowledge susceptible to intersubjective criticism. [Note: an animated version of this 
graphic is available on http://www.hotkey.net.au/~bill.hall/TheElephant2(internet).pps] 

(a), is a cyclic "eddy" being temporarily maintained by external circumstances of its 
environment that is dissipating exergy of the flux. Such eddies form spontaneously and 
frequently (Salthe 2004). (b) represents the survival of systems that have accumulated a 
baseline of coupled processes and attractors (Kauffman 1993) embodied in the system that 
enable it to maintain its identity and to self-produce and self-regulate its components and 
processes as required to self-maintain its autopoietic capacity. This is dispositional or W2 
knowledge (Popper 1972) in the form of the cybernetic relationships. In (c), subsystems of 
genetic or linguistic codification, transcription and translation have evolved between effect, 
symbol and action to inertly and persistently store survival knowledge that can be recalled 
as appropriate and reconstituted into the entity's structure and actions (Pattee 1997, 2001; 
Rocha 1998, 2000; Rocha and Hordijk 2004). The establishment of such persistent forms of 
knowledge begins to populate Popper's W3. In (d), persistently codified knowledge can be 
replicated, shared and exchanged among physically separate autopoietic entities through the 
external environment. Processes include transformation and transduction (transfer of DNA 
molecules between bacteria), eukaryote conjugation and sexual reproduction, writing and 
reading, etc. 

How knowledge emerges and co-evolved with autopoiesis is illustrated in Figure 5.  
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Figure 5. Stages in the coevolution of autopoiesis and autopoietic knowledge. Black arrows directed 
towards the cross represent the elimination of erroneous solutions. Clear arrows represent solutions 
that have survived problems of life. 

• Autopoietic evolution begins with turbulence in dissipative fluxes from sources to 
sinks. Complex recursive systems repeatedly form, dissipate and reform as eddies or 
vortexes in the flux of energy and materials from sources to sinks. Self-
regulatory/self-productive (autocatalytic) activities that persist for a time before 
disintegrating produce components whose individual histories "precondition" them to 
form autopoietic systems. Coalescent systems have no past. However, if an emergent 
eddy has any autocatalytic/autopoietic capacity, while it survives as a holon it will 
produce more components of kinds that have the tested capacity to participate in the 
formation of autopoietic systems. Each emerged autopoietic system represents 
tentative solutions to problems of life. Those that dis-integrate lose their histories 
(heredity/knowledge). However, it can be assumed that components produced and 
tested in such temporarily autopoietic systems will survive for a time and become 
more common in the environment, and thus increase the probability that more 
autopoietic eddies will form based on these tested components. This may be regarded 
to represent a form of knowledge held at the subsystem level. Rasmussen et al. 
(2003), Pross (2005) and Pross and Khodorkovsky (2004) provide examples of what 
this phenomenon may look like at the chemical level.  
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• Stabilized autopoietic systems are those whose tentative solutions enable them to 
persist indefinitely, thereby establishing a lineage through historic time. At this stage 
survival knowledge is embodied in the fitness of the component subsystems and the 
successful self-regulation and self-production of processes within the holon. Those 
holons that fail to solve new problems dis-integrate and lose the historical successes 
of their embodied solutions. 

• Dispositional autopoiesis refers to the state where autopoietic lineages perpetuate 
historically successful solutions for survival into their self-produced processes and 
material structure to form dispositional or tacit knowledge (W2). Competition is 
inevitable among such holonic systems for limiting environmental resources of 
exergy and material components required for self-production, growth and replication. 
The consequence of error elimination is that survival knowledge will grow in those 
lineages that survive their problems of life. 

• Semiotic autopoiesis evolves when holonic lineages are driven to evolve means to 
codify and store their tested survival solutions in comparatively inert persistent form 
for later retrieval and enactment when relevant to particular problems of life (W3). 
(Pattee (1997, 2001), Rocha (1998, 2000), and Rocha and Hordijk (2004) discuss 
biophysical implications of coding that segregates knowledge from system dynamics. 
Semantic encoding creates an epistemic cut between system dynamics and 
energetically degenerate media for storage and replication. DNA-based genetic and 
developmental systems involving replication, transcription and translation are one 
kind of coding solution. Linguistically encoded memory is another such solution. 
Where knowledge objects can be expressed linguistically, they are able to be 
consciously criticized to eliminate errors without the need to embody the knowledge 
in entities that are eliminated if their enacted solutions are erroneous. 

• Knowledge sharing across space and time is enabled when knowledge is codified in 
"objective" W3 forms able to persist independent from knowing entities able to 
decode the knowledge objects. Bacterial transformation, transduction and conjugation 
(Hurlbert 1999; Mulligan 1997-2005), and sexual recombination in eukaryotic cells 
(Watson et al. 2004) represent such knowledge transfer and sharing. Where 
linguistically expressed objects are shared, they can be intersubjectively criticized. 

 
Knowledge in its most general definition represents solutions to problems of life. Another 
view of how knowledge emerges and works in autopoietic systems in the framework of 
Popper's (1972) three worlds is shown in Figure 6.  

As noted above, two fundamentally different kinds of knowledge need to be understood 
and distinguished: 

• Embodied or dispositional knowledge. When an autopoietic lineage achieves 
sufficient stability to begin accumulating dispositional knowledge, this is embodied 
in cybernetic relationships of the holon's component subsystems and the processes of 
their interactions. In humans this corresponds to tacit knowledge (Polanyi 1958, 
1966). Embodied knowledge is accumulated into the cybernetic infrastructure of the 
holon as the result of successful responses to observations and "measurements" of the 
world. The knowledge embodied in the holonic substructure constrains, regulates and 
controls the relationships and activities of the subsystems. 
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Figure 6. The autopoietic emergence of knowledge in the domains of Popper's three worlds (from 
Hall 2005). 

• Persistent, symbolically encoded knowledge emerges with the evolution of mutually 
supporting capabilities to  
◦ abstract and encode results of successful solutions to problems of life in 

metabolically inactive persistent forms,  
◦ propagate and store  objects of experience in W3, and 
◦ trigger, retrieve from W3, transcribe and enact appropriate objects containing 

relevant solutions in response to problems of life. 
 

Such knowledge is produced into W3 storage objects from W2 by the embodied cybernetic 
processes of maintaining the autopoietic holon. The existence of this stored knowledge is 
demonstrated when it is triggered and recalled back into W2 to guide/regulate/control 
cybernetic processes acting on the real world. 

 
Figure 7 illustrates the process of cybernetic cognition as observations impinging on an 
autopoietic entity are classified and given meaning for conversion into knowledge. 

Some initial definitions will help to clarify the explanation: 

• Perturbation: a change in the external environment that impacts the autopoietic 
system. 

• Observation (datum): Initial change induced within the autopoietic system by a 
perturbation. 

• Classification: Process by which an induced change results in the system settling into 
one of alternative attractor basins on a landscape of potential gradients (Rocha & 
Hordijk 2005). 
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Figure 7. The integration and assembly of knowedge from data in an autopoietic holon. [Note: an 
animated version of this graphic is available on 
http://www.hotkey.net.au/~bill.hall/TheElephant2(internet).pps] 

• Meaning: The net result within the holon due to the initial propagation and 
classification of an observation 

• The remaining terms derive from Coombe's information transformation hierarchy 
(Coombe 1996, 1999), discussed earlier. 

 
The process begins with environmental perturbations (the lightning bolt symbols) from the 
impinging on the system's boundary. Some have no lasting effect. Others (lighter colored) 
are absorbed, causing local cascades of changes within the holon's fabric. Depending on the 
nature of each cascade, experience embodied in the holon's cybernetic structure causes 
local cascades to relax into particular attractor basins that classify and give meaning to data 
from the perturbations (Rocha & Hordijk 2005). Once the data is assigned meanings, these 
meanings can be syntactically related for processing against the memory of history to place 
the information in a semantic framework within the existing body of knowledge and 
experience. Where a symbolic capability exists, the semantically signified knowledge may 
be codified for analysis and the synthesis of intelligence. 

Figure 8 illustrates propagation through an autopoietic system of the kinds of interactive 
processes necessary to complete an entire OODA loop from observation of a perturbation 
in the environment, through orientation and decision, to the production of an action causing 
an effect on the environment. Note that the process depends on capabilities embodied in the 
system in the form of processing paradigms. 

• Observation: Starting from the upper left corner, a perturbation impacts some aspect 
of the holon's structure, where it is transduced into a cascade of internal changes. 
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These relax into an attractor basin that classifies and links the event into a 
syntactically meaningful observation (Rocha & Hordijk 2005). 
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Figure 8. Graphical representation of an OODA cycle (Boyd 1996) in autopoietic cognition. [Note: 
an animated version of this graphic is available on 
http://www.hotkey.net.au/~bill.hall/TheElephant2(internet).pps] 

• Orientation: Observations interact with memories of past observations, signifying 
them semantically for processing and synthesis to construct an updated worldview. 
Changes in that worldview are evaluated to determine if a response is needed. 
Aspects of the worldview and learning from observation of changes from prior 
worldviews may be codified for storage, criticism and sharing. 

• Decision: Various tentative solutions are constructed using what is known from the 
current worldview and prior experience, and then evaluated to select and plan a 
course of action. 

• Action: A response is assembled based on the selected solution and assembled 
knowledge and intelligence and the decided action is enacted via a cascade of internal 
changes that are transduced into an effect on the external environment. 

• Iteration: Results of the action are observed to update the worldview and flag as 
errors concepts, decisions, actions etc. that are dissonant or do not accord with the 
updated worldview and understanding of reality. 

5. Multiple Levels of Autopoiesis in a Hierarchically Complex World 

Autopoiesis was originally described as a set of criteria applying to the cellular level of 
organization, where subsystem components of the autopoietic holon consisted of molecules 
and macromolecules. Some argue that the concept was developed for molecularly based 
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entities at the cellular level, and doubt that social organizations can be construed to meet 
requirements for autopoiesis (Maturana 2002; Mingers 2003; Urrestarazu 2004). We accept 
that the discussion here to now is most obviously applicable to cellular entities based on 
molecular components. However, we argue here that autopoiesis may emerge at several 
focal levels in a hierarchically complex world. 

The issue in analyzing candidate cases at levels of organizational hierarchy above cells is to 
understand the level of focus and its interactions with the next higher and lower levels in 
the complex system hierarchy. The lower or sub-system level consists of the subsystems 
and components contributing to the formation of a holon at the focal level (Salthe 1985, 
1993, 2004). Whether the holon is autopoietic or not is determined only by laws governing 
the activities and interactions of the objects and components existing in the subsystem level 
of the holonic triad, i.e., this next lower level need not be the molecular layer. Similarly, the 
holon's emergence and evolutionary history will be determined by constraints, boundary 
conditions and situational history imposed by its immediate external environment, i.e., the 
next higher level in the systems hierarchy. For example, the environment of a living cell 
within a multicellular organism is the internal, homeostatically controlled environment 
within the body of the multicellular organism. This organismic supersystem mitigates many 
problems of life while it also imposes many control and boundary conditions on what the 
cell can do in its trajectory through historical time. Nevertheless the cell is autopoietic. 

Biologists have long debated where natural selection can operate, e.g., at genetic 
(molecular), organismic, population or species levels. For example, Grantham (1995) and 
Gould (2002)6 have considered whether natural selection can operate on higher-level 
entities such as populations ("groups") or biological species. Gould's hierarchical theory of 
natural selection (2002: 595-744) is founded on the concept of an evolutionary individual 
(after Janzen 1977). In Gould's terms "...natural selection works by a struggle (actual or 
metaphorical) among individuals for personal reproductive success... [S]election occurs 
when properties of a relevant individual interact with the environment in a causal way to 
influence the relative representation of whatever the individual contributes to the hereditary 
make-up of future generations." (p. 579). Gould's properties for recognizing evolutionary 
individuals at a particular focal level (pp. 608 ff.) include reproduction, inheritance, 
variation, and interaction (with the environment and like entities at the focal level).  

To us, the most important consideration of Gould's discussion of hierarchical selection is 
his recognition of the particular importance to situate analysis of evolutionary phenomena 
at a particular focal level in the complex hierarchy. To determine whether a discriminable 
entity at a particular focal level qualifies as an evolutionary individual, the relevant 
subsystem and environment levels must be carefully defined for completing the triad for 
that particular focal level. From this analysis, Gould concluded that "persons" within 
populations, populations within species, and species within clades all represented 
evolutionary individuals available to be shaped through natural selection. Although Gould 

                                                      
6  We note that several aspects of Gould's hierarchical theory of natural selection, including the concept of a focal level seem 

to follow Salthe's thinking, without any attribution. 
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seemed unaware of the concept of autopoiesis, it also follows (to be elaborated elsewhere) 
that evolutionary individuals must also be autopoietic entities. 

We next apply this kind of analysis to human economic organizations. 

6. Are Organizations Autopoietic? 

Some authors consider that human social organizations might be considered to be 
autopoietic e.g., Kay 2001; Kay & Cecez-Kecmanovic 2002; Brocklesby and Campbell-
Hunt. 2004)7. However, none of these analyses are grounded in the kind of hierarchical 
analysis presented here. 

We follow Gould's (2002) approach for deciding the status of an evolutionary individual 
that requires analysis to be limited levels of the complex hierarchy immediately above and 
immediately below the focal level of interest. Our interest in this case is the level of human 
economic organizations (e.g., independent companies or firms for the simplest case). The 
subsystem/component level is comprised of individual people associated with the 
organization from time to time, together with premises, plant, equipment, and vehicles etc. 
the organization controls. Interactions of elements in the subsystem/component level follow 
generic laws and regularities appropriate to that level. These enable emergence of complex 
system phenomena at the focal level. The supersystem/environment level is determined by 
higher-level organizations such as governments and economies. These establish the 
boundaries and constraints within which focal level systems have to operate (Salthe 2004). 

In this situated analysis, we can then ask whether human economic organizations possess 
the set of properties that are necessary and sufficient for organizations to be considered to 
be autopoietic. If so, then various generic properties inferred above for autopoietic systems 
in general should also apply to organizations. Varela et al's (1974) set of properties to be 
considered are: 

• Self-identifiably bounded People know what organisations they belong to. For the 
benefit of other individuals and organisations, members are variously tagged with ID 
badges, bear membership cards, wear uniforms displaying the company logo, etc. 

• Identifiable components within the boundary. Members are individually unique, 
recognize one another as members, and are identified as such within the organization; 
also machines, property, bank accounts, etc. are identified with tags, catalogued in 
property registers, etc. 

• Mechanistic. Individuals receive rewards and benefits to belong, and are involved in 
processes, routines, procedures etc. that the organization needs for its survival. 

                                                      
7  Luhman (1984/1995) and a significant group of Postmodernist followers, have proposed a form of social "autopoiesis" 

based on information relationships between individuals. Although referencing Maturana and Varela, the concepts of 
Luhman's school are so different from the biophysical approach we take here, that to review them would greatly increase 
the complexity of our paper and contribute nothing to our conclusions. 
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• System boundaries internally determined. Rules of association, voluntary allegiance 
to organizational goals, etc. determined within the organization itself determine what 
people and property, etc. belong to the organization. 

• System intrinsically produces own components. Members are recruited from the 
environment, inducted, trained, monitored, and managed, etc. Other property and 
assets are procured and variously integrated into the overall functioning of the 
organization. 

• Self-produced components are necessary and sufficient to produce the system. Most 
organisations outlive the association of particular individuals and are readily able to 
replace plant and equipment as it wears out. 

 
If these assertions do represent properties of many organizations, then at least those 
organizations having this set of properties must evolve through time as evolutionary 
individuals and generate knowledge in their own rights that is capable of being managed. 

Figure 9 illustrates the complex systems environment of an autopoietic human economic 
organization. High exergy inputs include income, energy (e.g., fuel, electricity, etc. used to 
drive physical transport, production machinery, computers, etc.). Sinks include high 
entropy heat and waste, expenses, etc. The primary fluxes of cash flow and the dissipation 
of exergy drive other processes such as the acquisition of materials and the production of 
products, and the transformations of observations of the world into actions on the world. 
Recruitment, induction, training and retention of staff to make them components of the 
organization is a necessary continuing process to replace staff leaving the organization.  
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Figure 9. An autopoietic entity as a complex self-producing system of interconnected processes 
driven by the transport of fluxes from higher potential sources to lower potential sinks. Intersecting 
circles represent coupled processes. 
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The intersecting circles within the boundary represent the cybernetic fabric of intersecting 
and fundamentally cyclical processes regulating, sustaining and producing the autopoietic 
organization. Dissipative energy fluxes ultimately drive all processes within the holonic 
organization (1999, 2001, 2002, 2004). Conveniently, many energy fluxes can be 
abstracted in the form of cash flow that can be readily brought to account. For example, 
personnel are paid cash, which they use to sustain their own energy requirements (e.g., for 
food, shelter, heating, etc.). Similarly, plant and equipment are procured for cash, which 
again ultimately represents the cost of the energy and materials expended by the suppliers 
to design, produce and distribute the equipment. Products are sold for cash, representing 
cost of materials, labor, etc., expended within the organization to fabricate them. 

What the organization can do is determined by the competencies of its individual members, 
plant and equipment and the underlying laws governing their interactions as directed by 
imperatives and goals deriving from organizational needs and requirements based on these 
governing principles (Nelson and Winter 1982). What the organization may actually do is 
constrained by its immediate circumstances as determined by past history and overall 
constraints and boundary conditions determined by the environment it finds itself in. 

7. Case Studies in the Popperian Autopoietic Framework 

To this point, development and discussion of the biological framework for knowledge 
management has been purely theoretical. Does this theory help us understand real world 
phenomena relating to the management of knowledge in organizations? We briefly review 
three cases relating to a large engineering project management organization (EPMO) where 
we are using the Popperian autopoietic framework to inform our work.  

Practical knowledge management in a corporate environment involves a balance of three 
major legs: people, process and infrastructure to support knowledge content (AS 5073-
2003). The following cases represent each of the three legs. 

7.1 Fleet Lifecycle Knowledge Management (Infrastructure) 

One of us is by training an evolutionary biologist interested in the origins and early 
evolution of life (Hall 1966); genetics, systematics and the formation of new species (Hall 
1973); and Popperian epistemology (Hall 1983). He has now been a member of EPMO for 
more than 15 years, primarily involved with analyzing and designing content and 
knowledge authoring and management systems for assembling and delivering technical 
data and documentation required to build and sustain fleets of warships and vehicles (Hall 
2001, 2001a, 2003; Hall et al. 2001; Sykes and Hall 2003) for lifecycles measured in 
decades. In the above projects, Hall viewed the organization via a paradigm that treated the 
organization as a biological entity with organizational needs transcending those of its 
human members. James Martin's (1996) biologically framed book Cybercorp accurately 
described Hall's initial understanding of how such an organization worked. A senior 
executive in EPMO also widely recommended Martin's book, apparently because he also 
believed the book described the organization. 
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As increasingly complex and important documentation and knowledge management 
projects were tackled, first the ideas of Popperian epistemology (Hall 2003), then Coombe's 
transformational hierarchy of knowledge terms and Boyd's OODA loop concept, and 
finally autopoiesis (Hall 2003a) were explicitly implemented as design considerations in 
building practical solutions for real problems faced by the organization. 

A full mapping of the theoretical framework recounted here is mapped onto the practical 
requirements for managing fleets of warships and vehicles in Hall et al. (draft). 

7.2 Methodology for Improving Knowledge Based Business Processes (Processes) 

Dalmaris et al (in press) developed a framework for improving knowledge-intensive 
business processes as part of his PhD research. The framework consists of a Popperian 
epistemology (used as the foundation), a business process ontology (used to accurately 
describe and analyze business processes), and an improvement methodology. The 
framework was refined in an evolutionary approach based on a sequential analysis of three 
separate cases involving separate organizations. The last of the organizations was EPMO.  

Dalmaris's research applied the Popperian framework in three ways: 

• Popper's (1972) three worlds epistemology was used as the basis for developing an 
ontology (the second component of the framework)  

• The improvement methodology (the third component of the framework) as applied in 
practice includes Popperian error reduction to identify and eliminate business process 
errors. The methodology includes three steps:     
◦ Audit, where the present business process is analyzed and understood “as is”. 
◦ Analysis, where Popperian criticism is applied to identify potential areas for 

improvement. 
◦ Design, where tentative solutions are produced and criticized to address the 

issues of the identified potential improvement areas. This effectively produces 
an “as could” configuration of the business process. 

• A Popperian OODA approach (Boyd 1976-1996) was followed to improve the 
analytical theory and research methodology itself by recursively eliminating errors of 
three types:  
◦ Errors of theoretical foundation: These are errors relating to epistemology, and 

its ability to provide suitable definitions to the fundamental questions related to 
this research, such as “what is knowledge”. 

◦ Errors of process representation: These are errors relating to the representation 
of a business process as an instance of a business process ontology. 

◦ Errors of improvement methodology: These are errors relating to the application 
of the improvement framework on a business process.  

 
The Popperian methodological approach used to develop the framework from the analysis 
of business processes in three quite different organizations was especially important, as it 
allowed for the systematic detection and correction of many problems, especially in the 
early stages of developing the methodology. As most problems were of either ontological 
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or technical nature, their early detection and correction significantly reduced the total 
research time and improved its overall quality.  

Further, the Popperian method was incorporated in the improvement methodology itself. 
The audit, analysis and design steps reflect an integration of Popper’s criticism through trial 
and error and the OODA loop. The audit step combines observation and orientation, while 
the analysis step represents decision, and the design step represents action. 

The result (Dalmaris et al in press), is a clearly articulated improvement methodology that 
is applicable to many business process, as the so far completed field testing has confirmed. 

7.3 Supporting the emergence and sustainment of  communities of practice 

It is difficult for organizations to effectively manage personal knowledge so it can be 
mobilized, shared, and rewarded to benefit the organization. The difficulties are 
compounded in large organizations where people with potentially valuable knowledge are 
unknown to one another and dispersed geographically across time zones. Issues that are 
potentially amenable to knowledge management solutions include identifying, indexing and 
codifying personal knowledge; and the cultural issues of discovery, mutual trust and 
sharing at the personal level.  

Nousala is developing a methodology as part of her PhD research to address problems 
managing personal knowledge in distributed technology oriented enterprises. One of 
Nousala's case organizations, EPMO exists in a fiercely competitive environment, where its 
primary imperatives are to qualify and win more contracts (increase revenue), perform 
better on contracts won (increase ROI), manage and mitigate risks, and to satisfy customers 
to generate return business. Other imperatives include providing a safe, healthy, and 
rewarding work environment for its employees; complying with governmental regulations 
at all levels, and responding to community and environmental standards and expectations. 
In a decade and a half, the enterprise has grown from a company centered on a single large 
project, to a large and diverse organization with multiple business units, where divisions in 
the largest business units are distributed across several time zones and countries.  

Again, Nousala's thesis has used a Popperian OODA learning strategy to understand the 
factors facilitating the emergence of effective communities of interest and practice, in a 
sequence of four case studies in different kinds of knowledge based organizations (Nousala, 
2003; Nousala and John, 2004; Nousala et al. Submitted2), the last, as detailed in Nousala 
et al. (Submitted), is EPMO. 

The case study for the project engineering organization involved a methodological 
approach adopted specifically for project engineering organizations.  This approach was 
adopted due to project oriented organizations being hierarchical by nature, in contrast to 
knowledge sharing through communities of practice which rely on horizontal tacit 
knowledge networks (Nousala and John 2004). Personal knowledge needs to be shared 
across the organization in order to be sustainable.   
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Communities of practice (CoP) are entities made up of individuals who offer support 
through an intersection of commonality, where unifying cause or actions holds the 
interactions of individuals together.   

The CoP concept has been identified within the current knowledge management literature 
as a fundamental aspect of human complex organizational systems behavior. To us some 
such communities appear to have some or all of the properties to be deemed as an 
autopoietic entity in their own right according to Varela et al. (1974).  The CoPs analyzed 
in this research are treated as autopoietic components or holons within the larger 
supersystem comprising the project oriented organization.   

Snowden (2000) observed that asking people for narratives or to tell "stories" about their 
work seemed to elicit or expose the emergent common messages or points which in time, 
would reveal some sort of discernable pattern. He also argues that the human knowledge is 
a contextual thing, shaped by circumstance. Snowden goes on to discuss and describe 
knowledge disclosure through narrative patterns as a means by which to create 
circumstances that trigger people into knowing what they know, when they need to know it.  

Managing knowledge in this way through context requires a fundamental recognition that 
the a supportive ecology for individuals in CoPs must not only be recognized but actively 
supported to allow the CoP concerned to share necessary knowledge between individuals, 
groups and organizations.    

To retain the contextual aspect of the knowledge that needs to be shared the methodological 
approach required a level flexibility to support varied and in-depth experiences of 
individual members in context.  The method involved semi-structured interviews support 
by a mind mapping process.  The method focused on the initial “starting point” being an 
individual member, who was linked to a community or working group.   

The case study investigated specific emergent factors of CoPs and working groups. This 
included individuals discussing similar types of successful ideas and working experiences 
as well as common barriers.  It was important to gain an understand of what specific 
emergent aspects would help to sustain such communities or working groups that were 
specifically beneficial within project oriented organization.  This case study initially 
focused on the following levels in the complex systems hierarchy: 

• individuals within a COP as component/subsystem elements in the CoP, and, 
• interactions among the individual within the CoP processes in relationship to the area 

practice and time required. 
 
For each organization or entity, time applies differently to relevant knowledge levels.  
Applying the appropriate time line or framework would be difficult without the 
understanding of the knowledge levels involved.  This then adds to another layer to be 
aware of when considering different groups interested in the communication or exchange of 
their knowledge. 
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To support horizontal knowledge sharing in hierarchical project engineering organizations, 
tacit knowledge networks need to be based on well-structured ontology.   

Nousala's study also reveled that certain key individuals termed “human attractors” who 
were important parts of, or helped communities or groups to coalesce or emerge. As such, 
human attractors were instrumental for the development of expert communities of interest 
(ECOI). These ECOI were communities that occurred within the project engineering 
organization, due to the specific expertise required within these project environments. 
Human attractors were also precursors to the more general communities of interest (COI).  
Both of these communities of interest were precursors to the CoP.  At the ECOI and COI 
levels, if appropriate constraints (for example, peer review) are applied the communities of 
interest have an opportunity to develop into sustainable CoPs. 

8. Conclusions 

The paper presents a theoretical framework for understanding the nature of knowledge in 
organizations, and provides some examples of where it has been applied in practical case 
studies. Although the scope of the present format only allows scope for an overview of the 
framework, it does appear to inform many aspects of organizational theory and the 
management of knowledge within organizations. 

Students using the framework to guide practical case-study research have also found that it 
has given their work significantly greater clarity than might have otherwise been achieved. 

Most interestingly, studies by Nousala et al. (Submitted), as summarized above, strongly 
suggest that communities of practice represent borderline and emerging autopoietic entities 
at a focal level within large organizations or across organizations in the larger community 
environment between the subsystems level of individual people, and the supersystems level 
of whole organizations. As such, because they are particularly amenable to study within the 
lifetime of an investigator, they may provide an ideal class of objects for studying general 
factors surrounding the origin of life at any level of complexity where life can be said to 
exist. 
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