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Abstract

Purpose - Studies aspects of Heinz von Foerster’s work that are of particular importance for
cognitive science and artificial intelligence.

Design/methodology/approach — Kohonen’s self-organizing map is presented as one method
that may be useful in implementing some of Von Foerster’s ideas. The main foci are the distinction
between triviai and non-trivial machines and the concept of constructive learning, The self-organizing
map is also presented as a potential tool for alleviating the participatory crisis discussed by
von Foerster.

Findings — The participatory crisis in society is discussed and the concept of change is handled
within the framework of information systems development.

Originality/value — Considers the importance of considering change in information systems
development.
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Introduction

In this paper, I will outline some aspects of Hemz von Foerster’s Work that are of
particular importance for cognitive science, artificial intelligence and information
systems development. The general con31derat10n is preceeded by an introductory
example based on experiences as an individual researcher. Namely, I began my work
as a research assistant in 1984 in a large project that was developing a natural
language database interface for Finnish. Methodologically the project (Kielikone,
“Language Machine”, funded by Sitra foundation) was following the traditional
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artificial intelligence approach that was popular in 1980s (Jdppinen and Ylilammi,
1986; Jappinen ef al, 1988). :

Systems for natural language processing as well as expert systems were commonly
based on a collection of rules or some other symbolic representations. The architecture
of this particular system was ambitiously designed to cover the levels of written
language: lexicon, morphology, syntax, semantics, and even pragmatics. Modeling of
the structural level of Finnish language, ie. morphology and syntax, was successful
(Jappinen and Yiilammi, 1986; Valkonen et al., 1987). Finnish has complex morphology
which can be exemplified by the fact that each verb may have about 12,000 inflectional
forms (Karlsson, 1999). The rule-based system for morphological analysis reached a
level comparable to the skill of a native speaker of Finnish (dppinen and Ylilammi,
1986). Another high-quality system for morphological analysis was developed by
Koskenniemi (1983) with a general two-level representation system applicable for a
large number of languages. .

Tn the Kielikone project, the syntactic analyzer was based on a dependency

ar: the words in a sentence are taken to depend on each other and, thus, create &
hierarchical structure. The dependency grammar fits well with the quality of Finnish
language where the word order is relatively free. An alternative approach is, e.g. to
develop phrase structure grammars with categories that correspond to a whole
sentence or some parts of it such as verb phrases, nominal phrases, nouns, and verbs.
The rules of a phrase structure grammar are based on the idea of fixed word order
in which, for instance, the subject preceeds the main verb of the sentence like in
English.

A natural language database interface is supposed to analyze the meaning, not only
the structure of the input sentences. When associated with a stock exchange database
the system should be able to respond properly to expressions such as “Show me the
largest companies in forestry!”, or “How many companies have turnover larger than
1 billion euros?”. Some users would also ask questions that require analysis of
imprecise or fuzzy expressions like “What are the companies with a large turnover and
a small number of employees”, or even prediction: “Which companies will be profitable
next year?”. The user expectations are relatively high if the system is coined with the
term intelligent. In our project, the semantic analysis was conducted using a rulebased
system that was transfering the results of the syntactic analysis, i.e. dependency trees
into predication structures which were variants of expressions in predicate logic.
All the basic assumptions of predicate logic as a representation formalism were
present. One of the central ideas is that the world, or domain of interest, can be
adequately modeled as a collection of objects and relationships between them.
This basic idea and the notion of hierarchical conceptual relations is also prominent in
semantic nets as well as in object-oriented design and programming in computer
science.

The efforts in developing the natural language interface in the Kielikone project as
well as in many others before and after this one have shown that the acquisition of
knowledge sufficient for in-depth understanding of a variety of questions and
commands is highly difficult. Considerable success has been gained only in systems
that have a limited domain of application. A classic example is the SHRDLU system by
Winograd (1972). It was able to process commands related to a collection of items on
the screen with varying sizes, colors and shapes. It is also important that the user is
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well aware of the domain and intended use of the system. Similarly, i ‘machine
translation systems (Hutchins, 1986; Nirenburg et al, 1992) it has been a commonplace
to limit the application to a specific area such as weather forecasts (Chandioux, 1976;
Isahelle, 1987) or product descriptions (Lehtola ef af, 1999),

In the following, I will outline how becoming familiar with Heinz von Foerster’s
research made it possible to consider critically the approach used earlier and to apply
and develop alternative methods and approaches. In the end, I will discuss some topics
with the aim to show that, even though von Foerster’s thinking is becoming widely
recognized among researchers, there are still many aspects of his results that deserve
wider attention and have further potential in practical applications.

Observing systems
Let us first consider one quote from “Notes on an epistemology for living things” that
was originally published in 1972: “Objects and events are not primitive experiences.
Objects and events are representations of relations. Since ‘objects’ and ‘events’ are not
primary experiences and thus cannot claim to have absolute (objective) siatus, their
interrelations, the ‘environment’ is a purely personal affair, whose constraints are
anatomical or cultural factors. Moreover, the postulate of an ‘external (objective)
reality’ disappears to give way to reality that is defermined by modes of internal
computations” (von Foerster, 1981a, p. 261). When computational models of
the semantics of natural language are built using predicate logic the status of the
predicates is often taken as granted. This corresponds to the idea of defining that
the sentence “snow is white” is true if and only if snow is white. This kind of
consideration of pure logical form and assuming a rather straightforward one-to-one
correspondence between language and the world are problematic which is shown
clearly by von Foerster. For instance, he mentions that “a formalism necessary and
sufficient for a theory of communication must not contain primary symbols
répresenting communicabilia (e.g. symbols, words, messages, etc.)’ (von Foerster,
1981a, pp. 262/267). Géirdenfors (2000) explains in a detailed manner why it is
important to consider the level of observation when building a theory of
semantics and conceptual systems. Also Zadeh has emphasized the importance
of the observation (Zadeh, 2002). Formal logicians wish to consider semantics
without reference to any cognitive agent or observer, By contrast, von Foerster (1981a
p. 263) points out that “information’ is a relative concept that assumes meaning
only when related to the cognitive structure of the observer of an utterance
(the ‘recipient’)”.

For many ideas presented by von Foerster, I found an operational context when
I familiarized myself with Teuvo Kohonen’s work, in particular his seif-organizing map
in the end of 1980s and in the beginning of 1990s. However, I am not aware of any
explicit link between von Foerster’'s and Kohonen’s work.

In the following, learning systems in general, and specifically the self-organizing
map as well as its application potential in the areas of cognitive science and artificial
intelligence are described in some detail.

Learning systems
In the area of machine learning in artificial intelligence, the principles of adaptation
in natural systems have been studied and similar principles have been implemented




as computational systems. A fundamental reason for adaptation is described by
von Foerster (1981b p. 196): “At any moment we are free to act toward the future we
desire. In other words, the future will be as we wish and perceive it to be. This may
come as a shock only to those who let their thinking be governed by the principle that
demands that only the rules observed in the past shall apply to the future. For those the
concept of ‘change’ is inconceivable, for change is the process that obliterates the rules
of the past”.

If a system is supposed to function properly in changing conditions, it either needs
to be constantly reprogrammed or it must be adaptive. Machine learning can be
divided into three categories: it can be supervised, reinforced and unsupervised.

Supervised and unsupervised learning

In supervised learning, the system is given input-output pairs: for each input there
must also exist the “right answer” to be enforced at the output. The system then learns
these input-output pairs. The task is not trivial, however, and after the learning period
the network is also able to deal with inputs that were not present in the learning phase.
This property ensues from the generalizing capabilities of the system. Supervised
learning is often used for classification tasks. .

Among neural network models, the most widespread supervised learning method is
the backpropagation algorithm (Rumelhart ef al., 1986). The drawback of supervised
learning is the need for correct output. In some cases, obtaining the output for each input
case is a very laborious task if large source material is used. It may sometimes even be
impossible to determine a unique or correct output, by definition, for a certain input.

Moreover, the output is determined using some ready-made classification system.
von Foerster points out that “we seem to be brought up in a world seen through
descriptions by others rather than through our own perceptions. This has the
consequence that instead of using language as a tool with which to express thoughts
and experience, we accept language as a tool that determines our thoughts and
experience” (von Foerster, 1981b, p. 192). One can characterize learning (“bringing up”)
in a supervised manner as being based on the descriptions by others.

In reinforcement learning, the system is given an estimate of how good the result
generated was, rather than the correct output.

Whereas supervised learning models are suitable for classification, unsupervised
learning can be used for abstraction. The self-organizing map, applying an
unsupervised learning principle, enables autonomous processing. In the following,
the self-organizing map is considered in detail.

Self-organizing map

The self-organizing map (Kohonen, 1982, 1993, 2001) is a widely-used artificial neural
network model in which learning is unsupervised: no @ priori classifications for the
input examples are needed. Related research have been conducted, for instance, by
Amari (1980), Carpenter and Grossberg (1991), and Von der Malsburg (1973).
The network architecture of the self-organizing map consists of a set of laterally
interacting adaptive processing elements, nodes, usually arranged as a
two-dimensional grid called the map. All the map nodes are connected to a common
set of inputs. Any activity pattern on the input gives rise to excitation of some local
group of map nodes. After learning, the spatial positions of the excited groups specify

Von Foerster
meets Kchonen

43

e




Figure 1.

The basic architecture of
Kohonen's self-organizing
map

a mapping of the input onto the map. The learning process is based on similarity
comparisons in a continuous space. The result is a system that maps similar inputs
close to each other in the resulting map. The input may be highly complex
multidimensional data in real-life applications, such as, speech recognition (Kohonen,
1988), image analysis (Visa and Iivarinen, 1997), recognition of handwritten characters
(Vuori et al, 2001), decision support (Carlson, 1991}, financial analysis (Back et al., 1996;
DeBoeck and Kohonen; 1998), information retrieval (Lin et al, 1991; Merk], 1994;
Honkela ef al, 1996; Kaski ef al, 1998; Lagus ef al, 1999) and process monitoring
(Kohonen ef al. 1996; Simula ef al. 1999). The theoretical aspects of the algorithm have
also been studied extensively (Erwin ef al 1992). An extended version, adaptive
subspace self-organizing map, is able to deal with variation in the mput and find
invariant features (Kohonen, 1996; Kohonen ef al,, 1997).

Learning algorithm
Starting with an initially random set of prototypes, the self-organizing map algorithm
gradually adjusts them to reflect the clustering of the training data. In the following,
this process is explained in detail.

Assume that some sample data sets have to be mapped onto the array depicted in
Figure 1. A sample set is described by a real vector 2(f) € R” where  is the index of
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the sample, or the discrete-time coordinate. In setting up the self-organizing map, one
first assigns to each unit in the array a parameter vector m;(#) € R”* called the
prototype vector, which has the same number of elements as the input vector x(5).
The initial values of the parameters (components of #2,(f)) can be selected at random.
The process described below changes these parameters (Kohonen, 2001).

The “image” of an input item on the map is defined to be in the location, the m(f)
which matches best with (f) in some metric. The self-organizing algorithm that creates
the ordered mapping can be described as a repetition of the following basic tasks:

+ An input vector x(f) is compared with all the prototype vectors mifd).
g The best-matching unit on the map, ie. the unit where the parameter vector is
] most similar to the input vector in some metric, called the winner, is identified.

+ The prototype vectors of the winner and a number of its neighboring units in the
array are changed incrementally according to the learning principle specified
below.

The basic idea in the self-organizing map is that for each input sample vector x(f) the
parameters of the winner and units in its neighborhood are changed closer to x(f).
For different x(f) these changes may be contradictory, but the net outcome in the
- process is that ordered values for the mff) are finally obtained over the array.
] If the number of input vectors is not large compared with the number of prototype
| vectors {map units), the set of input vectors must be presented reiteratively many
E | " times. As mentioned above, the prototype vectors may initially have random values,
but they can also be selected in an ordered way. Adaptation of the prototype vectors in
the learning process takes place according to the following equation:

m(t 4+ 1) = my(6) + oD@ — m(®] for each i E N(f), ¢y

where ¢ is the discrete-time index of the variables, the factor a(#) € [0,1] is a scalar
that defines the relative size of the learning step, and N,(f) specifies the neighborhood
around the winner in the map array. At the beginning of the learning process
the radius of the neighborhood is fairly large, but it shrinks during learning.
3 This ensures that the global order is obtained already at the beginning, whereas
: towards the end, as the radius gets smaller, the local corrections of the prototype
1 vectors in the map will be more specific. The factor a(f) decreases during learning
{Kohonen, 2001).

| Self-organizing maps as non-trivial machines

Occasionally connectionist models are claimed to be neobehavioristic, In von Foerster’s
text behavioristic systems are called trivial machines: “A trivial machine is
characterized by a one-to-one correspondence between its ‘input’ (stimulus, cause) and
its ‘output’ (response, effect). This invariable relationship is ‘the machine’. Since this
relationship is determined once and for all, this is a deterministic system; and since an
output once observed for a given input will be the same for the same input given later,
this is also a predictable system. Non-frivial machines, however, are quite different
creatures, Their input-output relationship is not invariant, but is determined by the
machine’s reactions, While these machines are again deterministic systems, for all
practical reasons they are unpredictable: an output once observed for a given input will
most likely be not the same for the same input given later. In order to grasp the
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profound difference between these two kinds of machines it may be helpful to envision
‘internal states’ in these machines. While in the trivial machine only one internal state
participates always in its internal operation, in the non-trivial machine it is the shift
from one internal state to another that makes it so elusive”. (von Foerster, 1981b, p. 198).
Later he writes: “While our pre-occupation with the trivialization of our environment
may be in one domain useful and constructive, in another domain it is useless
and destructive. Trivialization is a dangerous panacea when man applies it to himself”
(von Foerster, 1981b, p. 199).

The self-organizing map can be considered as a good example of a “non-trivial
machine”. It is not a behavioristic model. On the contrary, the internal state of
the system influences the behavior and it is changing during the “life” of the map.
There are applications, though, in which the map is fixed after an initial learning phase
but this is a property of the algorithm’s application and not a property of the algorithm
itself. One of the reasons why the self-organizing map and other artificial neural
network models may appear behavioristic is that their internal state is difficult to
grasp and analyze. For instance, multilayer perceptrons typically are used as black-box
systems: only the input-output behavior is considered in applications. However, as
cognitive models these systems should be considered only in the continuous learning
mode: the relationship between the input and the output is constantly subject to change
and, thus, the system is non-trivial. As mentioned earlier, the self-organizing map is
even less trivial since there is no classification framework predetermined by the
designer of the system.

Modeling constructive learning

Constructive learning involves qualitative restructuring and modification of internal
knowledge representations, rather than just accumulation of new information in
memory. Epistemological theories of knowledge have traditionally been based on
predicate logic and related methodologies and frameworks. The basic assumption is
that the world consists of objects, events and relationships. The language and the
conceptual structures are then supposed to reflect rather straightforwardly this
ontological structure. Learning has been seen as a means to memorize the mapping
from the epistemological domain (to put it simply: words) onto the ontological domain
(objects, events and relationships). This view has been dominant at least partly
because of the consistent formalization of the theory through the use of symbolic logic.
Moreover, the use of the von Neumann computer as the model or metaphor of human
learning and memory has had similar effects and has strengthened the idea of memory
as a storage consisting of separate compartments which are accessed separately
and which are used in storing and retrieving information more or less as such
(Honkela ef al., 2000).

The self-organizing map is dynamic, associative and consists of elements that can
also be called adaptive prototypes (Honkela, 2000a). Inputs are not stored as such but
comparison is made between the input and the collection of prototypes. The closest
prototype of the input is adapted towards the input. The same operation is also
conducted for the neighboring prototypes, which gives rise to the topographical order
on the map. Thus, the adaptation process in the self-organizing map algorithm is based
on the principle that what already exists in the system also influences the learning
result (Kohonen, 2001).




Considered superficially, one could claim that modeling learning phenomena Von Foerster
through the use of the self-organizing map would be mentalistic. However, it is possible meets Kohonen
to construct a model in which a number of autonomous map-based agents interact in
such a way that they perform a social construction of knowledge and find
intersubjective epistemological agreements (Honkela, 1993; Honkela et al, 2003

Honkela and Winter, 2003).

' In the model presented in Honkela and Winter (2003), simulated autonomous agents 47
associate linguistic expressions and visual perceptions. Figure 2 shows the agent
receiving two kinds of perceptual inputs: visual images and linguistic expressions.
There are three kinds of potential actions: the agent can either eat, move or utter an
expression. The perceptions are primarily stored in the working memory. The
semantic memory associates perceptual information and information considering its
physiological state. Sudden changes in the physiological state are related to eating
actions and the quality of the eaten object determines the direction of the change, The
physiological state is also influenced by moving: gradually the agent loses energy. The
physiological state serves as the basic motivational factor for the agent. If the energy
level is low the agent prefers eating and high energy level makes the exploration of the
environiment become a more probable action. Communication between the agents is
motivated by the exchange of information related to the edibility of the food items. It is
assumed that the visual perceptual characteristics of the food items correlate with their
level of edibility. The agents do not have explicit information on their position in the
environment and therefore their navigation is based on the perceived landmarks in
the environment. The environment of an agent consists of other agents, a number of
obstacles and food items. Each obstacle has unique visual characteristics which helps
the agents in their navigation (Honkela and Winter, 2003).

The original situation is such that the expressions that the agents use are random:
each agent has, in principle, a language of its own. However, in the beginning the
information exchange is contextual, i.e. two communicating agents can both perceive
the same item. This is the basis for symbol formation, symbol grounding and
transformation from subjective individual languages into intersubjective language
shared by the community (Steels, 1996). However, even after convergence into a
common language, the agents have a certain level of subjectivity, ie. the reference
relation between the language and the world is not identical between any two
agents but is generally close enough in order for useful communication to take place.

Visua.l ] L » Moving
Pﬁ\';cerzﬂfﬁ : - Expressing
erbal i
P Eating
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Eating and
moving

L mémory

Figure 2.
An agent architecture

Souarce: Honkela and Winter (2003)
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This individuality of interpretation is a natural phenomenon when the
multidimensional and continuous nature of both linguistic expressions and
perceptions is taken into account. The individuality of interpretation is considered a
problem when meaning and understanding are studied in the framework of symbolic
representations and within model theoretical approaches.

Earlier, the emergence of linguistic representations based on the self-organizing
map has been studied, e.g. to create word category maps in which those words that
appear in similar contexts are located close to each other on the map (Ritter and
Kohonen, 1989; Honkela and Vepsiliinen, 1991; Finch and Chater, 1992; Miikkulainen,
1993; Honkela ef al., 1995; Honkela, 1997; Honkela, 2000b).

By emphasizing the pattern nature of language and world, we avoid the idea that
some relativism would be a problem as it is in the traditional epistemological research
in which language is considered as a collection of propositions and the world consists
of a collection of distinct objects and their relationships. This line of thought is
inhereted rather directly from von Foerster (1981a) who stated that the logical
properties of “invariance” and “change” are those of representations. He gave the
expression “the distinct being the same” as the paradox of invariance, and “the same
being distinct” as the paradox of change. Von Foerster expanded the analysis into
the nature of objects and events (requote): “Since ‘objects’ and ‘events’ are not primary
experiences and thus cannot claim to have absolute (objective) status, their
interrelations, the ‘environment,’ is a purely personal affair, whose constraints are
anatomical and cultural factors”. (von Foerster, 1981a, p. 261). In our simulation model
(Honkela and Winter, 2003), this principle is exemplified by the fact that both the
language and the world model of each agent is purely individual and remains as such.
However, there is a certain convergence process that ensures that the agents tend to
use the same expressions in similar situations. The sameness in the emerging symbolic
level is an invariance of the representation.

Discussion

In the following, two particular themes related to the intersection of Heinz von
Foerster’s and Teuvo Kohonen’s work are discussed. First, the participatory crisis in
society is discussed based on von Foerster’s article “Responsibilities of Competence”.
Second, the concept of change is handled within the framework of information systems
development.

Participatory crists

Von Foerster (1981c p. 210) characterizes some problematic aspects of modern society
in a manner that has become even more relevant after its writing: “It is clear that our
entire society suffers from a severe dysfunction. On the level of the individual this is
painfully felt by apathy, distrust, violence, disconnectedness, powerlessness,
alienation, and so on. I call this ‘participatory crisis’, for it excludes the individual
from participating in the social process. The society becomes the ‘system’, the
‘establishment’ or what have you, a depersonalized Kafkanesque ogre of its own will.
It is not difficult to see that the essential cause for this dysfunction is the absence of
an adequate input for the individual to interact with the society. The so-called
‘communication channels’, the ‘mass media’ are only one-way: they talk, but




nobody can talk back. The feedback loop is missing and, hence, the system is out of
control.

What cybernetics could supply is, of course, a universally accessible social input
device”.

It seems that it would be possible to use the self-organizing map as a
component in a social input device. A societal application is to support democratic
decision-making processes. For instance, one could organize collections of free-form
documents into document maps (Honkela ef al, 1996; Kaski ef al, 1998; Lagus
ef al, 1999) in order to show the overall opinion landscape on some matter.
This approach would ensure, for instance, that predetermined questions do not
limit the space of alternatives that could be considered in a decision-making
process. The self-organizing map also reflects the statistical qualities of the
- original data: if a phenomenon is common in the data it also occupies a relatively
large area on the map. Voting schemes can be seen to have at least two kinds of
problems. The questions and provided alternatives determine the space of potential
solutions. It is also possible that the form of the question influences greatly the
outcome of a vote. To gain insight on some societal issue, one can also analyze
some statistical data. While the mapping is nonlinear, exceptional cases or
values do not interfere with the analysis but are shown as specific locations in the
map.

Following von Foerster's ideas, we need ways to enhance communication in
society in such a way that bottom-up processes could balance the top-down ones
(von Foerster, 1984). Instead of the television and other mass media, it seems that our
society can benefit more from the use of the web and various tools, such as the
self-organizing map, that can be used in analyzing the multitude of points of view often
hidden in the bottom-up information flows. In the current democratic decision-making
processes the bandwidth of the bottom-up information flow from the citizens to the
decision makers is low. The self-organizing map can be used to analyze and visualize
information to facilitate informed decision-making. The map can also be used as an
“awareness” tool: on 4 single map one may represent a landscape of a large variety of
alternatives that would otherwise remain hidden. Namely, cognitive processes related
to decision-making are often guided by some predetermined, rather fixed prototypical
cases. The self-organizing map and similar methods may be used to find representative
prototypes adaptively fo facilitate a balanced view on a matter. One need for
adaptation stems from continuous change. This aspect is discussed in the following
section.

Change and adaptive information systems

In the development of information systems, one should remember what von Foerster
has taught about the status and importance of change. Currently, most information
systems are developed as “trivial machines” to be predictable and controllable.
However, the static nature of the information systems makes them also prone to be
“incompatible with the reality”. One reason is that the domain of use is changing.
Another, more profound reason is that we all as human beings have individual
conceptual systems that we have gained through constructive learning processes,
A conceptually static and coarse-grained information system matches with our
conceptual systems only partially. This misfit may lead to errors or unjustified
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procedures. Therefore, it appears necessary that any information system should be
adaptive in order to be able to deal with the variety of conceptual construction and in
order to be able to conduct meaning negotiations. Another reason for adaptivity is to
allow the systems to “forget™ it is not reasonable to keep, for instance, information
about somebody’s mistake in a database for an overly extended period of time because
the information may lead into a fixation: those who become aware of the information
start to consider the person through that information which causes a social trap.
Information systems should be able to support “forgetting” and even “forgiving”.
Moreover, our information systems should not promote prejudices as rule-based
systems, databases, and other similar, conceptually fixed systems easily do:
individuals need to be considered as individuals, not as the representatives of the
categories into which they are classified.

In summary, many of the ideas introduced by von Foerster are still relevant and
useful for modern researchers and developers within artificial intelligence, cognitive
science and information systems development. In this paper, I have made an attempt to
highlight some of the potential benefits by linking von Foerster's work with the
research on artificial neural networks and with the self-organizing map, in particular.
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