Chapter 1
Towards a Historical Epistemology of Space: An Introduction
Matthias Schemmel

1.1 The challenge of a historical epistemology of space

In the history of Western epistemological thought, there is a long tradition of dividing human
knowledge into a purely rational part, independent of any experience in the outer world, and
an experiential part. Many aspects of spatial knowledge have traditionally been claimed
to belong to the rational part. From the Pythagorean-Platonic claims about the ideal exis-
tence of geometrical figures, via early modern rationalistic ideas of deriving properties of
space from pure reasoning, to the axiomatic deduction of properties of space in the logi-
cal positivism of the early twentieth century and later constructivist philosophies, attempts
have been made, on very different grounds, to draw a clear-cut line between what is known
of space prior to experience and what spatial knowledge is derived from experience.E Im-
manuel Kant’s description of space as a pure form of intuition was particularly influential.
Theorems from geometry are among Kant’s prime paradigms for the existence of synthetic
a priori judgments.E In his Metaphysical Foundations of Natural Science, Kant applies his
program of isolating the a priori part of knowledge to the science of his time.

The historical epistemology of space is similarly concerned with identifying the differ-
ent sources of spatial knowledge. At the same time it is based on a thoroughly genetic, or
developmental, view of cognition. According to this view, experiential knowledge partici-
pates in the construction of cognitive structures, which in turn constitute the basis for further
experience. From this viewpoint a static separation between preformed structures of cogni-
tion and contingent experiences is impossible. Or rather, it is possible only in the snapshot
image of a ‘cognitive subject’. If the idea of a foundation of human knowledge — and scien-
tific knowledge in particular — is justified, then this foundation must consequently lie in the

I This introductory chapter is based on the book: Matthias Schemmel, Historical Epistemology of Space: From
Primate Cognition to Spacetime Physics, Springer, Cham, 2016.

2For Plato, see, for instance, the discussion on geometry in Republic, 526¢ 9 — 527¢ 11. A prominent rationalistic
treatment of space is found in René Descartes’ Principles of Philosophy, Part 2, in particular §§ 8-21, Descartes
1644, 37-44. For an English translation, see Descartes 1984, 42—49. An example from the early twentieth century of
the division of spatial knowledge into an a priori and an experiential part is Carnap 1922, 62—-67, who distinguishes
formal, intuitive, and physical space, of which only the first is completely independent of experience; at the same
time Carnap argues that the cognitive structure given by a topological space of infinitely many dimensions is the
precondition for any kind of spatial experience. For a constructivist argument about the a priori nature of Euclidean
space, see, for instance, Lorenzen (1984), who wants to show “how the Euclidean theorems can be proven in Plato’s
sense solely from definitions and postulates (as fundamental constructions).” (“[...] wie die euklidischen Theoreme
im Sinne Platons allein aus Definitionen und Postulaten (als Grundkonstruktionen) zu beweisen sind,” Lorenzen
1984, 15, English translation MS)

3See Kant’s Transcendental Exposition of the Concept of Space in his Critique of Pure Reason, B 41-42, Kant
1998, 69-70.

4Kant [1997.
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reconstruction and analysis of the processes that have led to this knowledge over the course
oftime. Kant’s program of exploring which aspects of our knowledge originate in preformed
cognitive structures and which aspects involve empirical insights is thus transformed into
that of studying the history of the interactive processes between experience and structures
of knowledge. It is in this vein that the historical epistemology of space attempts to address
the problem of the epistemic status of our spatial knowledge by studying its history.

The developmental view on cognition is strongly suggested by results from different
empirical disciplines. First and foremost, evolutionary biology teaches us that cognition is
a function of the human organism, in particular the brain, and is therefore to be understood
as a product of biological evolution. From studies in developmental psychology it has fur-
thermore become clear that many fundamental cognitive structures are not present at the
moment of a child’s birth, but are only gradually built up over the years in the long process
of growing up. Finally, studies in the history of science and philosophy have revealed the
historicity of fundamental concepts such as space, time, force, and matter, a historicity that
became most obvious through the radical changes associated with the rise of the theories of
relativity and the quantum in early twentieth-century physics.

Accordingly, we can distinguish three interwoven strands of development for which we
can study the role of experience in the process of building up the perception and conception
of space: 1) the phylogenetic strand, that is, the development of the biological species Homo
sapiens; 2) the ontogenetic strand, that is, the development of individual human beings; and
3) the historiogenetic strand, that is, the development of human society and culture through
history.

The phylogenesis of cognition is the subject matter of evolutionary epistemology. Con-
tinuity of development is produced by heredity. While experience pertains to individuals,
against the background of genetic variation it shapes the development of the species stochas-
tically through its impact on an individual’s ability to contribute its genes to the next gen-
eration’s gene pool (i.e., through selection). In this way, since the genes define a species’
cognitive potential, the experience of one generation has a bearing on the next generation’s
basis for experience and thus for further cognitive evolution B

The ontogenesis of cognition is the subject matter of genetic epistemology. Continu-
ity of development is produced by the identity of an individual’s psyche. Experience may
become part of the individual’s memory and may shape developing cognitive structures,
which are mental reflections of real actions. The cognitive structures in turn constitute the
basis for further action and related experience and, as a consequence, for further cognitive
development.E

The historiogenesis of cognition is the subject matter of historical epistemology. Con-
tinuity of development is produced by external knowledge representations which serve the
social reproduction of cognitive structures within a culture or their transfer between cultures.
This reproduction relies on institutions structuring the use of the external representations.[z
Experiential knowledge is encoded in these external representations, which in turn become
the precondition for further experience and the construction of new cognitive structures.

5See Lorenz [1977 for a classic work on evolutionary epistemology and Vollmer 1994 for a concise overview.

6See Piaget [1970 and other works by Jean Piaget cited in this chapter.

7“Institutions’ are understood here in the most general sense as social patterns that structure and control collective
actions.
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These may then become encoded in higher-order representations which are the basis for
further experience and further cognitive development.

The historiogenetic strand is the one that will concern us in the following pages.E Itis
closely interwoven with the other strands in two fundamental ways. First of all, in anthro-
pogenesis, the transition from animal to human, phylogenetic and historiogenetic factors are
closely intertwined. The emergence of human culture and with it the onset of the historical
development of human cognition was a result of biological evolution and, as a consequence,
necessarily built upon its biological foundations. But not only did human biology condition
the onset of human culture, this culture also conditioned the last steps of anthropogenesis.

The second way historiogenesis is related to the two other strands of cognitive devel-
opment is based on the fact that the species’ development, its phylogenesis as well as its
historiogenesis, is realized through the ontogeneses of the individuals. Thus, the phyloge-
nesis of cognitive structures depends on the ontogenetic transformation of the genotypes
into phenotypes, and only the latter are subject to natural selection. In a similar way, the
historiogenesis of cognitive structures depends on individuals who appropriate collective
knowledge available in a given society at a given time in history in their ontogenesis and
participate through their cognitive activities in the transmission and transformation of this
knowledge.

The intertwining of the ontogenetic and historiogenetic developments of cognition ex-
plains the central role of means of external knowledge representation for understanding
long-term developments in the history of knowledge. These means of representation — com-
municative action, spoken language, artifacts, drawings, maps, writing and other symbol
systems — mediate between socially shared knowledge, which is the subject of historical
development, and the individuals’ knowledge which, while being subject to all the contin-
gencies of the individual biographies, is the only actual realization of the shared knowledge.
While the external means of knowledge representation define a space of possible transfor-
mations of shared knowledge, such transformations actually occur only through the thinking
of individuals, which is in turn conditioned by their participation in this knowledge.

The recognition of this dialectic between individual thinking and shared knowledge is
crucial for an understanding of the aim of a historical epistemology of space as outlined
here. The intention is not to provide a narrative of the world history of individual acts of
spatial thinking. Such an aim would not only be unachievable, owing to the sheer magnitude
of the task, but also theoretically unsatisfactory, precisely because it neglects the social di-
mension of thinking. The aim is rather to describe historically identifiable and theoretically
interpretable cognitive configurations, or stages, that demarcate the horizon of the forms of
spatial thinking that are possible in a given historical situation. LI

8Cf. Damerow [1996b, 371-381. Accounts on historical epistemology as the term is understood here include,
among others, Renn 2004, Renn 2005, and Damerow 2007.

9Related studies are Damerow 2007 concerning the concept of number, and Elias 1988 and Dux [[992 concerning
the concept of time. For histories of concepts of space in science and philosophy over the long term, see Gent 1971,
Jammer 1954, and Gosztonyi [1976.

10See, for instance, Schurig 1976, in particular, 164—214 for a discussion of the coevolution of anatomy and culture
in anthropogenesis. For a more recent account and further references to the literature, see Odling-Smee, Laland,
and Feldman 2003, 239-281 who discuss coevolution from the perspective of niche construction.

11Cf. Damerow [1994, 312. A common impulse against the idea of historical development of cognition is arguably
rooted in the the well-meant attempt to avoid value judgements. But we may speak of development whenever
change produces circumstances that serve as a necessary precondition for specific further changes. To deny his-
torical development of cognition would mean to deny the dependency of cognition on its earlier forms and thus,
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The identification of stages does not imply that the historical development of the forms
of spatial thinking is a linear process. Although governed by entirely different mechanisms,
this development actually shares some qualitative features with biological evolution, such
as the following:

o Unpredictability of future developments: Developmental processes are complex and
interconnected, with the result that future developments are, as a rule, unpredictable
at any time in history.

» Dependency of later developments on earlier ones: Despite this indeterminacy, earlier
developments produce the necessary preconditions for later ones.

o Temporal directedness of overall development. This dependency of later develop-
ments on earlier ones explains aspects of the temporal order of development and makes
it possible to define earlier and later stages of spatial thinking.

» Asynchrony of development. The temporal directedness does not imply, however, that
all development proceeds uniformly on a global scale: different stages coexist and
there may even be local or temporal developments from a ‘later’ stage to an ‘earlier’
one.

In the following sections of this chapter we shall discuss six different aspects of the
historical development of spatial knowledge. The similar biological constitution of all hu-
mans and the fundamental similarities in their physical environments make it plausible to
assume that there are structures of spatial cognition that do not vary between different cul-
tures or over the course of history, but constitute the foundation for all cultural manifestations
of spatial knowledge (section [1.2). While similar natural conditions hold for some animal
species, humans possess unique social abilities to share knowledge, a fact that constitutes
the basis for the cultural evolution of human spatial cognition, leading to elaborate cultural
systems for orientation (section [1.3). The transformation of human societies from bands
and tribes to city states and empires created new forms of the social control of space, involv-
ing techniques of surveying, writing, and drawing, which became the precondition for the
development of geometry and thereby shaped the further development of spatial thinking
(section [1.4). Philosophical and mathematical texts that emerged from cultures of dispu-
tation in Greek and Chinese antiquity document theoretical reflections on spatial concepts
and their ensuing generalization. Processes of reflection and generalization continued in the
subsequent philosophical and mathematical traditions (section [L.3). Processes of concept
formation and the generalization of spatial concepts were also promoted by the expansion of
experiential spaces, be it the geographical spaces known through political expansion, trade,
and exploration, be it the cosmological spaces known through observation, be it meso- and
microcosmic spaces known through the integration of technical and experimental knowledge
into theories of space. A prominent example is the formation of the Newtonian concept of
a homogeneous, isotropic, absolute space independent of its matter content, which can be
understood as resulting from reflections on an integrated corpus of mechanical and astro-
nomical knowledge (section [I.6). The expansion of experiential knowledge about the micro

ultimately, to deny its dependency on society and culture. But, as shall be argued below, this dependency is what
distinguishes human cognition from animal intelligence. Its denial would mean to assume naively that any thought
and insight was possible at any time in history. The outright identification of developmental approaches with value-
judgements reveals an (often unconscious) ethnocentrism, since it uncritically presupposes that ‘our modern’ modes
of thinking are more highly valued per se.
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and the macro cosmos and the reorganization of the knowledge of classical physics at the
beginning of the twentieth century led to the demise of the Newtonian concept of space as
independent from matter. According to the most advanced theory of space in present-day
physics, general relativity, space and matter are inseparably related to one another. At the
same time, it is as yet unclear what a theory of space for the whole of physics would look like,
since the two fundamental theories of present-day physics, quantum mechanics and general
relativity, disagree on basic physical concepts, such as space, time, matter, and force (section
[.7). The chapter concludes with summarizing remarks (section [L.§).

1.2 Natural conditions of spatial cognition

In order to understand how human spatial thinking depends on the cultural conditions present
at different times in history it is of fundamental importance first to identify spatial abilities
and corresponding cognitive structures that are not products of human culture, and accord-
ingly not subject to historical change. These may be termed the natural conditions of spatial
cognition. Starting from such an identification we may then ask how historical and present-
day cultural manifestations of spatial thinking relate to this universal basis.

The natural conditions of spatial cognition have a double origin. First, there are biolog-
ical predispositions of the human species which also involve a cognitive dimension. Second,
there are features of the physical environment in which each individual grows up that are
so fundamental that they are independent of culture. In the first case, it is the mechanisms
of biological evolution by which experience enters the formation of cognitive structures, in
the second it is each individual’s experience in ontogenesis. The two origins are closely en-
tangled, since the ontogenetic unfolding of biological predispositions always takes place in
a physical environment which exhibits certain universal features. While the question of the
relation between the two origins will not concern us further here, it is important to note that
the idea of universal aspects in human spatial cognition does not in itself imply any kind of
nativism.

When trying to identify the natural conditions of spatial cognition we encounter a
methodological problem. Cross-cultural studies help to identify aspects of spatial think-
ing that are human universals, that is, aspects that do not depend on the particularities of any
specific culture (for instance on the use of a particular language); yet the universal aspects
identified in this manner will include aspects that depend on the very existence of human
culture (for instance on the presence of language altogether). From birth (and in certain re-
spects even before that), human beings are immersed in their culture. They are born into a
cultural habitus that shapes their social and physical experiences and thus potentially exerts
an influence on their cognitive development. More importantly, they participate in specifi-
cally human modes of cultural learning.B As a consequence, when studying the ontogenesis
of human cognition, it is practically impossible to abstract from processes of the individual’s
enculturation. Therefore, to reveal its natural conditions, human spatial cognition has to be
compared to animal cognition considered as the cognition of beings without human culture.
Of particular interest in this context is the cognition of nonhuman primates, since cognitively

12For a critical discussion of ‘nativist’ approaches, see, e.g., Tomasello 1999, 48-51.

13For an explanation of cultural habitus, see Tomasello 1999, 78-81; for that of cultural learning, see Tomasello
1999, 61-70, who relates these human modes of learning to the conception of others as intentional beings and
argues that its development begins around the ninth month.
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they appear closest to humans and are probably similar to our not-yet-human ancestors. We
could argue that natural conditions of human spatial cognition comprise their spatial abilities
and the corresponding cognitive structures.

To identify the natural conditions of spatial cognition the object of study must therefore
be the spatial behavior of animals and humans (children and adults), and in particular of non-
human primates. Of central relevance in this context are the abilities of object permanence
and cognitive mapping. Let us briefly describe them. Object permanence is what develop-
mental psychologists call the mental construction of objects as entities independent of the
self, which are understood to exist in a definite location or move along a definite trajectory
in space. Studies in developmental psychology suggest that what may be called the schema
of the permanent object is not present at the time of a child’s birth, but only develops during
the first two years of childhood .3 Object permanence skills have been proven for many
animal species.E There is thus clear evidence that the schemata of object permanence are
not unique to humans. On this basis one may argue that they belong to the natural conditions
of human spatial cognition.

Besides the smaller-scale skills related to object permanence, humans develop sophis-
ticated abilities of spatial orientation on larger scales. They can quickly accumulate spatial
information about previously unknown territories; in known territories they can move flexi-
bly, that is, they can make detours and take short cuts that they have not previously made or
taken; and they can optimize their routes by arranging the stations of their travel in a rational
manner. They can integrate knowledge about landmarks with knowledge about the motion
of their own body to construct route knowledge, and combine their knowledge about inter-
secting routes to obtain what may be called configurational knowledge: knowledge about
the overall configuration of landmarks and their relations. ] They are also able to make use
of cues such as wind directions, the position of the Sun, or distal landmarks. Following a
large body of literature, we refer to these abilities here as cognitive mapping.

Besides humans, various species of animals exhibit sophisticated performance in spatial
orientation.d Nonhuman primates in particular have been shown to be able to use spatial
information in a flexible manner. Chimpanzees, for instance, who were shown how food
was hidden at several locations in a familiar environment were later able to retrieve most
of the food, whereby they did not follow the order in which the food was placed, but an
order that reflected a minimum-effort strategy. Using this type of strategy they could also be
shown first to retrieve the kinds of food they prefer before proceeding to less favored food 21
Hamadryas baboons, to give another example, were being able to remember the locations of
important sites such as sources of water in their local environment, using shortest distance

14For a more critical discussion of comparisons between animal and human spatial cognition, see Hazen 1983
15piaget [[959, 97-101. For a definition of the concept of schema, see, for instance, Piaget 1983, 180-185. A
different definition is given in Neisser 1976, 51-57. Below we will introduce the concept of mental model to
describe relevant cognitive structures.

16For a survey of the spatial abilities of nonhuman primates, see Tomasello and Call 1997.

17Siegel and White [1973; Kitchin and Blades 2002, 89-90.

18See Kitchin and Blades 2002 for a recent account on cognitive maps which surveys a large part of this literature.
198ee various contributions in Pick and Acredolo [1983.

20See Tomasello and Call 1997, 28-39 for a survey of the evidence for different primate species.

21See Menzel [1973; Menzel 1987 discusses the interpretation of these findings in terms of cognitive mapping.
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strategies as they moved around, and even speeding up when approaching a known site well
before they could have perceived it, demonstrating that they knew where they were.

We can summarize these findings as showing that the basic human cognitive mapping
skills — similarly to object permanence skills — are not indicative of a peculiarity of human
cognition but are part of its natural conditions:Z

Overall, primates have the general mammalian spatial skills of cognitive map-
ping and object permanence [...]. [...] It is also unlikely that humans have any
special skills in these domains of spatial cognition. They too possess the general
mammalian skills of cognitive mapping and object permanence [...].

Action and perception under control of the schemata of object permanence and the skills
of cognitive mapping imply fundamental spatial structures which include the following:

* Dichotomy of objects and spaces: Objects are tangible (albeit not always accessible),
and between them there are non-tangible (i.e., ‘empty’) spaces.

* Definiteness and exclusivity of place: Every object is in a place and always in one
place at one particular time. No other object can be in the same place at the same
time.

*» Three-dimensionality of objects and spaces: Objects are extended in such a way that

different sides of an object are perceptible from different perspectives. Each object has

a concealed reverse side. The spaces between objects are likewise extended, allowing

for objects not only to be located side by side, but also to obstruct the view to another

object.

Distinction of vertical direction: There is one direction determined by the tendency

of most objects (including one’s own body) to fall down or to resist lifting.

Continuity of object trajectories: The mutual spatial relations of objects, including

one’s own body, may change, which means there is motion. The trajectories of mo-

tions are continuous, that is, there are no ‘jumps’: objects do not vanish in one place
and reappear in another, but pass through all the intermediate places during the motion.

In their fully developed form, the schemata of object permanence imply continuous

trajectories regardless of whether they are perceived or not.

Dichotomy of movable and unmovable objects: Some objects can be moved or move

by themselves (e.g., conspecifics); other objects cannot be moved, that is, they have

a fixed location (e.g., trees). These latter objects thus define a ground against which

one’s own motion and the motion of other objects is perceived.

» Focus on plane of movement: The space of movement (structured by a network of
landmarks, places, and regions) mostly lies within a more or less horizontal plane.
(The additional importance of the vertical depends on the mode of life in particular
ecologies such as living on different levels of a forest, a mountainous region, or a city
with multi-story buildings.)

22Sigg and Stolba [1981.

BTomasello and Call 1997, 55-56. There are further studies pointing to similarities in animal and human spatial
cognition. Thus, Foreman, Arber, and Savage [1984, who carried out experiments with pre-school children in a
so-called radial maze, an arrangement previously used in experiments on spatial abilities of animals, have pointed
to remarkable similarities between pre-school children and well trained nonhumans in the performance of certain
spatial tasks. This was interpreted to suggest a similarity of the role of visuospatial cues in the development and
use of cognitive representations of space and the underlying processes across species.

24Following Piaget, this is often referred to in the literature as ‘stage six abilities’.
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* Path-connectedness of plane of movement: The topology of the plane of movement
is path-connected, that is, between any two locations there is a path connecting them
(otherwise it would not be a plane of movement). Generally, there may be different
paths for reaching the same location and one may travel along a closed path and come
back to one’s initial location, even in cases where the path encircles insurmountable
obstacles (e.g., trees, mountains, river sections, or buildings).

* Dependency of effort on path taken: The effort it takes to get from one location to
another generally depends on the path taken.

What is the epistemic status of the natural conditions of spatial cognition and the de-
scribed cognitive structures? As we have seen, these conditions are rooted in sensorimotor
intel égence, which is characterized by a close relation between cognition and concrete ac-
tion.=2 The development of sensorimotor activity, roughly spanning the first two years of
human life, ranges from reflexes via habits to the emergence of practical intelligence. In
the course of this development, sensory data are assimilated to cognitive structures called
schemata of action, which are in turn accommodated to the increasing amount of sensorimo-
tor experience. The result is an increasing coordination, generalization, and differentiation
of schemata of action which constitute human sensorimotor intelligence.

It is important to note that the implied spatial structures described above are not in
themselves an object of thinking. They allow for successful action, but there is no indica-
tion that the related spatial abilities imply any consciousness, that is, any reflection upon the
schemata controlling the actions, and thereby go beyond the sensorimotor realm.=* Thus,
without the dichotomy of objects and spaces, no object could be perceived or grasped. With-
out the dichotomy of movable and unmovable objects no stable mental representation of the
environment would have been possible. Without the three-dimensionality of objects and
spaces no change of the visual image could be understood as a change of perspective. But
while these structures allow for spatial inferences to be drawn, they do so only in the context
of action and perception and are otherwise inaccessible to the actor.Z¥ This becomes clear,
for example, when school children who successfully find their way from home to school
and back are unable to represent these routes in a map-like fashion.2d Another example is
provided by the well-attested difficulties that children have in rotating a landscape in their
minds and describing how it would look from a different point of view2d

25See Piaget 1981, 107-116; Piaget 1959, 86-96; Piaget and Inhelder 1956, 5-13.

26Gee, e.g., Piaget [[981. See also Damerow [1998, 248.

2T They rely on what Piaget has called perceptional space in distinction to representational space, which is built up
only at the preoperational and operational stages (Piaget and Inhelder 1956, 3—43). See, however, C. Boesch and
H. Boesch (11984, 168-169) who interpret certain of their findings as evidence for concrete operational thinking in
the spatial reasoning of nonhuman primates and suggest the existence of ‘Euclidean’ cognitive maps, relating to
Piaget’s distinction between topological, projective, and Euclidean space; see also Normand and C. Boesch 2009.
281t remains an open question to what extent the transfer of spatial abilities to novel and artificial contexts of action
presupposes an understanding of the novel situation as involving a representation, e.g., when rhesus macaques
using a joystick show that they are able to anticipate the path through a computer-simulated maze; see Tomasello
and Call [[997, 51-54.

29Piaget, Inhelder, and Szeminska 1960, 3-26.

30See the classical experiment by Piaget and Inhelder (1956, 209-246). For a critical discussion integrating recent
empirical results, see Newcombe and Huttenlocher 2003, 118-125.
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In particular, there is no indication of symbol use or the dependence of spatial cognition
on external knowledge representations in general.@ Accordingly there are also no concepts
of space. The cognitive structures forming the natural conditions of spatial cognition com-
mon to all humans do not represent general, or abstract, ideas but depend on the specific
contexts of action and perception. They are not to be found on the level of concepts but on
that of the schemata controlling sensorimotor behavior.22

Besides the notion of schema of action we shall employ the concept of mental model
in referring to these cognitive structures. By this term we understand internal knowledge
representation structures which allow current experience to be processed by relating it to
former experience. The former experience is coded in the mental model in two distinct
but related ways. First, the structure of the model, which consists of slots and their mutual
relations, is a result of earlier accommodations to experience. The slots are filled by specific
instances, that is, by an input from the current situation fulfilling certain conditions required
by the slot. But these slots may also have default fillings which are effective whenever
appropriate current information is not available. These default fillings result from earlier
experience, thus constituting the second way in which experience is coded in the model.
In this way, a mental model allows the perception of, understanding of, or even reasoning
about a situation whenever the situation can be successfully assimilated to the model — even
in cases where the available information is incomplete. A major reason to introduce the
concept of mental model here, and not simply to speak of sensorimotor schemata, is that
mental models function on different levels of cognition. The sensorimotor and practical
mental models inform the models functioning on higher conceptual and theoretical levels
(and these may in turn have repercussions on the lower levels).

The sensorimotor mental model of permanent objects is a mental structure to which
sensory data are assimilated when objects are perceived and handled. For the assimilation
to be successful, the shape, size, location, and position of the object must be identifiable.
They do not need to be constant in time, however, although the sensorimotor schemata that
underlie the model ensure that certain changes in perception are interpreted as changes of
perspective, that is, of the position of the object or one’s own body in respect to it, rather than
as changes of the object itself. Asbecomes clear from our discussion above, the sensorimotor
model in its fully developed form further implies the mental representation of continuous
trajectories.

To describe a range of abilities in large-scale spatial orientation, we have employed the
term cognitive mapping. This term is widely used, but the precise character of the mental
representation underlying the related abilities is a matter of controversy. In particular, it is
not at all clear that this representation can be characterized as a bird’s eye view of the envi-
ronment as the term ‘map’ suggests. Just as the mental model of object does not presuppose a

31A possible counterexample of symbol use in spatial communication among bonobos is discussed in Savage-
Rumbaugh [1998, 161-165, but does not seem conclusive.

32We reserve the notion of concept to describe elements of knowledge structures that are somehow related to
linguistic or otherwise symbolic representations, without implying, of course, that there is a one-to-one relation
between concepts and words.

330n the concept of mental model as understood here, see in particular Renn and Damerow 2007; see also various
contributions in Gentner and Stevens [1983. The concept is akin to Marvin Minsky’s frames (Minsky [1975).
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three-dimensional mental image,@ the mental representation of the large-scale environment
need not take the form of a two-dimensional map.

Here the corresponding cognitive structures shall again be described in terms of men-
tal models. The mental models of large-scale space may be conceived of as networks of
landmarks and their spatial interrelations. It is plausible to assume that the landmarks and
their relations are part of a hierarchical structure in which places and regions of different
size are defined by reference to landmarks or other places and regions.*® The landmarks,
places, and regions are further endowed with contextual information about what is found
there, e.g., kinds of food, water, predators and conspecifics, tools, and places to rest. The
spatial relations between landmarks, places, and regions of different size involve topological
information (inclusion, order along a route, proximity) as well as information on distances
and angles. This latter information is given not in terms of numerical measures, of course,
but rather in terms of sensorimotor experiences concerning variations in ease of travel, direc-
tions to landmarks, and perspectives. Configurations of landmarks, places, and regions can
further be related to reference points outside the realm of motion such as the Sun or distal
landmarks like a big mountain, or to overall directions defined, e.g., by a slope of the land-
scape or by recurring winds. The landmarks that fill the model’s slots are permanent objects
or configurations of such objects, so that the elementary knowledge about objects in general
(their permanence, their change of appearance with perspective and distance, etc.) applies
to them. The structural relations between the slots contain the knowledge about the spatial
relations among the landmarks. While the individual realizations of the mental models of
large-scale space are highly dependent on the concrete features of the respective environ-
ment, since they encode the experiential knowledge accumulated as the individual moves
through this environment, the basic structure applies universally. This universal structure
will be referred to in the following as the landmark model of space.

1.3 Culturally shared mental models of space

If the natural conditions of human spatial cognition are similar to those of some animal
species, as has been argued in the previous section, what accounts for the obvious distinction
of human spatial abilities and thinking? Rather than attributing this distinction to some
specifically human biological disposition for spatial cognition, the point shall be made here
that the distinction can be explained as resulting from uniquely human abilities of social
cognition. One argument against the existence of a specifically human module for spatial
cognition is based on considerations of the necessary timescales for processes in biological

341t is the functioning of the model — for instance, the way different perspectives are coordinated to make an object
remain constant in size and shape under different views — that implies the three dimensionality. For a suggestion
of how a three-dimensional cube and its transformations under different perspectives may be realized mentally
without invoking a three-dimensional mental image, see Minsky [1975, 216-221, who uses coordinated frames. A
more comprehensive discussion of three-dimensional vision is found in Marr [[982.

35Objections against the imputed use of cognitive maps, in particular when simpler explanations of the spatial
abilities are available, are raised, for instance, by Tuan 1975 and Bennett 1996. Recently, Wang and Spelke 2002
argued against the concept of cognitive map, emphasizing the human use of navigation techniques such as path
integration, which are also found in insects and spiders and imply no more than the mental representation of one
vector. It seems, however, that the presence of more ‘momentary’ and ‘egocentric’ representations in no way
precludes the build-up of more enduring and comprehensive mental representations. On the relation of these two
types of representations, see, for instance, Cornell and Heth 2004.

36See Girling, Book, and Lindberg 198 for a detailed description of possible entities cognitive maps are made of.
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evolutionE2 We could adduce another argument if it could be shown that the specifity of
human social cognition, together with the historical development of human thought ensuing
from it, can satisfactorily explain the characteristics of human spatial cognition such that no
further biological factors have to be invoked. Exploring the extent to which this claim can
be substantiated is a major task for a historical epistemology of space.

The human ability of social cognition implies that humans are able to communicate, to
share knowledge, and to learn from each other. For this kind of cognition to arise it is crucial
that humans understand their conspecifics as intentional beings, that is, as beings who act
purposefully just like themselves, and are able to imagine themselves in another’s place.
In order to communicate about space, human children must learn to adopt the perspective
of others. To do this they have to construct a mental representation of space that allows
conception of all possible perspectives. This means the construction of what Piaget calls
representational space as distinguished from perceptional space.@ It is the social aspect of
human cognition that implies representations that go beyond those closely tied to action and
perception occurring at the latest stages of sensorimotor development.

Sharing knowledge crucially depends on what Piaget calls the symbolic function, that
is, the ability to distinguish events and objects from their meaning. In human ontogeny
this ability emerges at the preoperative stage, which succeeds the sensorimotor stage. On
the basis of this ability, actions of conspecifics can be understood to mean something, that
is, they become potential means of knowledge representation. Purposeful actions with the
aim of communicating knowledge, like gestures, and directed joint action become possible.
Tools likewise come to represent knowledge in relation to the actions performed with them.
Another particularly powerful means of knowledge representation and communication is
human language, which phylogenetically is assumed to have developed in the course of the
Paleolithic period.®= Visual representations like drawings are also known from Paleolithic
times. They are attested by various kinds of extant artifacts, most prominently the cave
paintings of the Upper Paleolithic. In the course of continued cultural evolution, the means
of external knowledge representation develop further themselves, for instance, under the
particular socio-cultural circumstances of early city-states, when writing and the use of other
sign and symbol systems such as numerical notation began to emerge (see section [I.4).

Consequently, the crucial distinction between animal and human cognition is the emer-
gence of a cumulatively evolving human culture, a thoroughly social phenomenon. For ev-
ery ability of individual humans that may be argued to play a crucial role in the emergence
of this culture, such as the ability to use and produce tools, or to understand conspecifics
as intentional beings, or to understand symbols and develop language, we find precursors
in the animal kingdom.@ Rather than being attributable to a single distinguishing factor,

37See Tomasello [1999, 54-55.

380n the specifically human ways of learning following from their ability to understand their conspecifics as in-
tentional beings, see Tomasello, Kruger, and Ratner 1993 and Tomasello [1999, 26-55.

39Piaget and Inhelder 1956, 3—43.

40Piaget [1959, 364-376.

41Referring to results from neurology, developmental psychology, and archaeology, it has been speculated that the
development of human language was closely related to the communication of cognitive maps (Wallace 1989).
42Besides Tomasello and Call 1997, see, for instance, the discussion of cognitive abilities such as categorization
as developing independent of language in Langer 2001 and reports on tool-making and tool-using abilities and
linguistic capacities of bonobo individuals (Schick et al. 1999, Savage-Rumbaugh and Fields 2000).
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the animal-human divide seems to emerge from a process in which social, material, and
cognitive developments interact in a complex causal structure.

An immediate consequence of the cultural evolution of human societies for spatial cog-
nition is that the mental models of large-scale space become culturally shared. In addition
to those commonalities between two individuals’ mental models of space that are due to
their similar biological constitutions and their similar experiences within the same environ-
ment, human mental models of space display cultural commonalities. In this way the mental
models of space themselves become part of an evolving culture, accumulating collective ex-
perience over generations and becoming richer and more refined than any mental model a
single individual could have produced.

The sharing of mental models of space appears to be common to all human societies,
from nomadic tribes to modern urban societies. When considering the impact of the cultural
sharing of knowledge on the mental models of large-scale space, the general objects of study
are therefore the practices of navigation and spatial orientation and their externalizations in
language and other artifacts in all kinds of human societies. In most contemporary societies,
however, these practices involve specialized means of spatial representation and advanced
technology which have developed over the long course of history. To get an idea of what
can be achieved in the absence of maps, compasses, sextants, or GPS receivers, we have
to study the spatial practices of nonliterate societies that do not employ such specialized
material tools. In the case of prehistoric societies, the archaeological evidence is the only
available source for a reconstruction of such practices. In the case of recent nonliterate
societies, by contrast, spatial practices, including their spatial language, can be investigated
much more directly, which makes them an advantageous object of study.

Recent nonliterate societies show a wide variety of cultural systems for spatial orien-
tation and communication.®™ This cultural diversity is due not only to the self-referential
dynamics of cultural evolution, but obviously also to the fact that these systems represent
responses to the challenges of widely differing ecologies to which they are adapted. Never-
theless, there are common patterns that may be discerned. It may be observed, for instance,
that toponyms play a central role in spatial reference in a wide range of societies. Places
and their relations are richly endowed with meanings relating to mythology, the history of
places, and the natural knowledge about them. In many societies this practice is additionally
complemented by a system of absolute directions, which in some cases plays such a crucial
role that members learn always to keep track of these directions.

Two examples of recent nonliterate societies and their spatial language and practices are
discussed in this book, the Eipo living in the central highlands of West New Guinea, and the
Dene Chipewyan living in the Cold Lake region in Alberta, Canada (Chapter 2). The spatial
knowledge described in this context may be characterized as practical knowledge. Among
its characteristic features are: its transmission through external knowledge representations;
its cultural organization; its dependence on the specific contexts of action; and its locality.

Transmission through external knowledge representations. In contrast to sensorimotor
knowledge, which is built up in the individual’s interaction with the physical world, prac-
tical knowledge is built up through social interaction and communication. The knowledge
representations employed in this context include joint activity and action with the explicit

43See, for instance, Damerow 2000 and Jeffares R010.
44See, e.g., Burenhult 2008; Senft 1997; Levinson and Wilkins 2004.
4SVarious examples are given in Levinson and Wilkins 2006.
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aim of teaching, the tools and artifacts produced through such actions, and spoken language.
While the communication builds upon shared sensorimotor structures, the use of external
knowledge representations makes it possible to accumulate knowledge that could never be
acquired solely through one individual’s experience.

Cultural organization. This accumulation is accompanied by the cultural organization
of knowledge — which, in fact, makes the mastery of the accumulated knowledge possible in
the first place. Culturally shared large-scale space is spanned not only by landmarks, places,
regions, and their relations, but by the meanings attached to these entities. These meanings
organize the spatial knowledge and are given in form of nomenclatures, narratives (mythical
or otherwise), or sets of practices. Place and spatial order play an important role in Eipo
myths, for instance, and, conversely, mythical narratives are instrumental in handing down
spatial knowledge.@ In contrast to the sensorimotor mental models of space, large parts of
this mental representation may be accessed deliberately by its holder, particularly in order
to communicate about space. Besides the cognitive dimension, the cultural organization of
knowledge further implies an institutional dimension: The social reproduction of knowledge
relies on more or less stable social patterns (institutions) structuring the collective use of the
means of knowledge representation.

Dependence on the specific contexts of action. The spatial concepts structuring prac-
tical knowledge are, as a rule, not abstract or general but depend on the specific contexts
of action. They are not applications of more general concepts in concrete situations but are
rather conditioned by these situations. Further, the way in which the concepts structuring
practical thinking about large-scale space relate to more small-scale spaces remains largely
undefined. As a consequence, metrization remains fragmentary. Distances measured in
terms of days of travel are not brought into any relation with cubits or other measurements
of length which may be employed on a different scale.

Locality. The shared mental models of large-scale space are local in character. Practi-
cal concepts of space depend on the particular features that make up the space, and are not
generally applicable to arbitrary environments. Systems of toponyms, for instance, obvi-
ously apply only locally, since they inherit the dependence on the particular environment
from the landmarks and relations they refer to. The same holds for most variable cues such
as winds or swell-patterns. But more structural elements of the system of orientation may
be dependent on local peculiarities as well. Thus, the widespread use of star positions for
determining directions by Micronesian expert navigators only works due to the proximity
of their islands to the equator, since it is only there that the stars and constellations rise and
set nearly perpendicularly to the horizon.

To sum up, culturally shared mental models of large-scale space may be understood
as collective elaborations and modifications of sensorimotor models. Just like the latter
they are based on the landmark model of space, from which they inherit many structural
features. At the same time, they encode a larger body of experiential knowledge than the
sensorimotor models: they integrate the experiential knowledge about the environment not

46Heeschen [1990. This appears to be a widespread means of organizing spatial knowledge; another example is the
practices of the Ngatatjara who live in the Australian desert and use myths and ritualistic sequences of events to
memorize and communicate the cultural knowledge about their habitat. A brief description is given in Heth and
Cornell 1985, 232-235.

4TFor the use of the star compass of the navigators of the Caroline Islands, see Gladwin 1974. See also Schemmel
2016 and the references provided there.
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only of one individual but also of whole societies over the course of many generations.
This integration is achieved by means of the cultural organization of knowledge, which
necessarily reflects features of the local environment and displays cultural characteristics.
Elementary knowledge structures thus serve as a foundation for culturally shared practices
without determining their cognitive dimension. At the same time, culturally transmitted
knowledge has repercussions on the more elementary level of sensorimotor knowledge when
action and perception based on a culturally shared mental model of space becomes intuitive.

1.4 Social control of space and metrization

An immediate consequence of the cultural evolution of human societies on spatial cognition,
which was discussed in the previous section, is the development of elaborate practices of
spatial orientation based on shared mental models of large-scale space. Another way in
which the cultural evolution of human societies shapes spatial thinking is based on the fact
that the organization of society implies the social control of space. How is space divided
among different individuals and social groups, what is the social function of different places,
what are the places for public, sacred, or private affairs, who is allowed to go where, and
who is allowed to use what land or even owns it? Questions of this kind can be observed to
arise in the context of the organization of any human society.

The means for the social control of space depend on the respective form of social or-
ganization. In the case of small rural communities such as that of the Eipo described in
Chapter 2, we may speak of the mythical control of space. Under the mythical control of
space, knowledge about the social function of different places and about the allocation of
space is largely represented by myths, which also ensure its social implementation. Despite
the central role the division of land plays in social life, the mythical control of space does
not provide standardized tools for measuring lengths and distances or for determining the
quantitive measurement of an area. The Eipo’s construction of a sacred men’s house of de-
fined size and shape, for example, is a complex task which is mastered without recourse
to material representations of spatial knowledge such as measuring rods, drawings, or any
kind of specialized geometric language. Instead, the spatial knowledge necessary to build
the house is embodied in the ritual actions specific to the Eipo culture.®® The distribution of
garden lands among the Eipo is governed by clan-membership, heredity, and the capacity
to cultivate the land. There are practices for delimiting fields (the demarcation of land by
sacred Cordyline trees), but not for determining or estimating field sizes. Conflicts over
the right to use a piece of land may lead to hostilities or be solved by negotiation, but their
resolution never involves measurement.

Historically, the earliest evidence for the systematic use of standardized measures for
the social control of space stems from the so-called early civilizations. The growth in pop-
ulation of neolithic sedentary communities in some areas of the world went along with the
development of increasingly specialized food production, irrigation, and food storage tech-
nologies, and resulted in the emergence of stratified societies that controlled progressively

48Koch and Schiefenhével 2009 and Koch [[984, 49-54. See also Chapter 2.

49Wulf Schiefenhével, personal communication. See also Michel [1983. Other instances of the mythical control of
space may be identified in the spatial practices and spatial thinking reported for the Bororo of the Brasilian central
plateau — see the account of the socio-spatial structure of the village Kejara given by Lévi-Strauss (1955, 244-277)
— and the Temne in northern Sierra Leone (Little John [1963).
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larger spaces. The formation of city states and larger empires brought about new phenomena
in human culture such as centralized administration, property regimes, monumental archi-
tecture, centralized religion, and new forms of standardized means of knowledge represen-
tation. In particular, it gave rise to new forms of the social control of space which may be
referred to as the administrative control of space. These forms involved techniques of mea-
suring, surveying, writing, and drawing, which implied a progressive metrization of space
and led to a kind of proto-geometry.

A decisive strand in this bundle of developments was the emergence of new forms
of the division of labor. Besides gender-specific forms of division of labor (with hunting
considered as a predominantly male activity, for instance) or practice-specific forms (as in
the case of the experts of Micronesian navigation), a fundamental social division became
manifest: the division of physical and intellectual forms of labor. In general we can discern
aphysical and an intellectual component in the human practices of using and producing tools.
Concrete action is preceded by planning, that is, selecting tools, determining the sequence
in which they are used, and coordinating work in cases where more than one individual is
involved. The growing complexity of the planning and organizational tasks in the stratified
societies of the early civilizations led to a division of labor along this intellectual-physical
divide. The result was a specialization of intellectual labor which became manifest in the
emergence of professions such as the scribe, the administrator, and the surveyor, and in an
administrative hierarchy reflecting the emergence of mental activities that coordinated other
mental activities.Ed

As these mental activities are themselves dependent on material tools, the develop-
ment of early civilizations went along with fundamental innovations in the means of external
knowledge representation. This holds in particular for activities related to the social con-
trol of space such as architecture, urban planning, surveying, and field measurement which
involved means of semantic and numerical notation as well as tools for graphical repre-
sentation such as the compass and the ruler. Among the early civilizations in which such
techniques developed are those of Mesopotamia, Egypt, China, and Mesoamerica and South
America. The developments are well documented in the case of Mesopotamia, where proto-
writing emerged before 3000 BCE on the durable medium of cuneiform tablets so that a large
amount of administrative records are preserved. Evidence for similar developments in other
early civilizations is more indirect. In the Egyptian case we have depictions of surveyors at
work, e.g., the wall painting in the tomb of Menna in Thebes, and mathematical texts on
the calculation of areas such as parts of the Rhind Papyrus, but no administrative documents
on the determination of field areas have been preserved. Evidence in the Chinese case comes
from much later periods and again does not document early administrative practices.

In this book the emergence and early development of the administrative control of
space, and the related gradual metrization of space, is discussed using the example of
Mesopotamia (Chapter 3). The history, ranging from early Mesopotamian practices of
surveying to Babylonian geometry, spans millennia in which fundamental developments

S0Damerow and Lefévre 1994, 396-397.

S1See, e.g., Lyons 1927.

52Consider, in particular, the Jiu zhang suan shu (Nine Chapters on Arithmetical Techniques), containing, among
other things, problems on the calculation of field areas (Guo 1993, 79-213; for editions in European languages, see
Vogel 1968; Kangshen, Crossley, and Lun 1999; and Chemla and Guo 2004).
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occurred, such as the invention of the sexagesimal place value number system.B Accord-
ingly, the spatial knowledge discussed in Chapter 3 ranges from practical knowledge to
mathematical knowledge. It is the expert knowledge of a particular group of administrators
and develops over history along with the means of symbolic representation. It is externally
represented by measurement devices, drawings, and symbolic notation, which develops
into writing on one hand and numerical notation on the otherM 1t thereby reproduces
structures found on a more elementary level of cognition, this time, however, endowing
spatial entities with arithmetic properties. This arithmetization of spatial entities also leads
to an integration of spatial structures which remain separated on a more elementary level.
Let us give two examples.

The conservation of the size and shape of an object independent of its location and po-
sition is implied by the sensorimotor schemata responsible for the coordination of perspec-
tives. It is further implicit in the comparison of the size of objects by means of juxtaposition
when no standardized means of measurement are available. The assumption of the conser-
vation of the size of an object when it is moved through space is, in fact, a precondition for
the use of measuring rods or ropes. In the context of the use of such tools and in the presence
of standard measures of length, area, and volume, the conservation of size becomes manifest
on the level of mathematical representation and implies metric homogeneity of space. This
arithmetization also serves as a precondition for the integration of spaces of different orders
of magnitude through the coordination of the units of measurements on different scales.

The three-dimensionality of objects and spaces is another example of the integration
of spatial structures through arithmetization. Three-dimensionality is perceptually given on
the sensorimotor level. Through the arithmetical dependencies between length, area, and
volume it is reproduced on the level of the symbolic means of knowledge representation and
enables the reflection on the relations between entities of different dimensionality.

The metric structure of space becomes more generalized through the application of the
sexagesimal place value number system with its general procedures for addition, subtraction,
multiplication, and division, and in combination with an abstract system of units defined by
its internal relations. This illustrates how, in certain historical situations, the emergence of
new means of knowledge representation in specialized practical contexts (surveying) may
lead to a dynamic of knowledge development that engenders knowledge structures no longer
directly related to that context (Babylonian geometry). But this greater generality implicit
in the symbolic means of knowledge representation must not necessarily be made explicit,
for instance, in the form of a term that represents the concept of a three-dimensional metric
space spanning various scales.

Despite its novel degree of abstraction and its thorough metrization of area, the Baby-
lonian surveyors’ mental model of space actually differed from Euclidean space. The pro-
cedures of Babylonian geometry are of a limited generality which testifies to their origin in
administrative practices. In particular, there is the striking absence of the consideration of
angles as objects of mensuration, which is rooted in the implicit definition of area by means
of what is known as the surveyors’ formula, that is, the rules of calculation for determining
the area of irregular quadrangles of sides a, b, ¢, and d, which corresponds to an application

33See also Damerow 2001; Hoyrup 2002; and Robson 2008.
34See Damerow R012.
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of the formula (a + ¢)/2 - (b + d)/2. Field areas are thus calculated on the basis of lengths
without quantitatively accounting for the angles.E

1.5 Context-independence of mental models resulting from reflection

The cultural developments of spatial thinking discussed in the preceding section show a
basic trend towards cognitive structures that are less dependent on the specific practical
contexts from which they originated. An example is the emerging practice of area determi-
nation by means of a multiplication of lengths within the sexagesimal place value system,
which implies a greater degree of generality than any conventional way of relating areas
to standard lengths based on specific practices of measurement and notation. The increase
in generality is obviously related to the development of the means of knowledge represen-
tation such as comprehensive systems of units and a place-value number system. But this
development is only the material side of a dialectical process whose other side is mental.
Performing operations on external knowledge representations builds up structures which
are mental reflections of these operations. Since these operations disregard many aspects
of the real-world objects, this mental process may be referred to as a reflective abstraction.
When the new mental structures are in turn externally represented, e.g., by symbols forming
a system, we may speak of a representation of higher order than the one from which the
process of reflection started B9

Processes of reflective abstraction are a consequence of the exploration of existing
means of knowledge representation. Exploration of these means by individuals may hap-
pen spontaneously at any time in history. But such individual developments remain without
consequences in the history of knowledge unless there are social entities such as organized
groups or institutions that ensure that the cognitive products are handed down and — at least
for a certain period — become subject to cumulative development. A potential case of this
type of institutionalization are the schools of the scribes in Mesopotamia which developed
Babylonian geometry as a doctrine of areas independent of the context of surveying — even
though the structure of Babylonian geometry still bears witness to its origin in practical
surveying (as argued in the previous section; see Chapter 3). The context of teaching and
learning the handling of symbolic means of knowledge representation seems to be a nat-
ural place for the emergence of exploratory forms of knowledge. Another such context is
disputation, traditions of controversial discourse and rational debate. While such traditions
are usually oral in origin, they may find expression in text traditions, possibly accompanied
by an ongoing oral component. Disputation is a motor for reflection on concepts and, as a
consequence, for their generalization. The resolution of apparent paradoxes, for instance,
presupposes reflection on language and the delineation of meanings. Spatial knowledge
need not be the primary object of these reflections, but if the aim is comprehensiveness it
will naturally come into consideration.

One may distinguish two types of explorative knowledge, which may roughly be des-
ignated mathematical and philosophical. Mathematical explorative knowledge results from
systematic reflection specifically on representations related to the use of instruments such as

33This method of determining areas was also used by the Roman agrimensores (Folkerts [[992, 324) and in demotic
Egypt (Neugebauer 1934, 123). There is evidence that it may have also been used by Aztec surveyors (Williams
and Carmen Jorge y Jorge 2008). On the origin of angle-geometry, see Gandz [1929.

56See Damerow [19964.
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measuring rods and ropes, the straight edge, and the compass.E Philosophical explorative
knowledge, by contrast, results primarily from systematic reflection upon the linguistic rep-
resentations of elementary shared knowledge.

Among the most prominent historical settings in which the exploration of the cognitive
tools of spatial thinking became productive are the intellectual traditions of ancient Greece.
The first-order knowledge that was reflected upon in this context was by no means of purely
Greek origin. From the Archaic period on, astronomical, medical, and arithmetical knowl-
edge from Egypt and Mesopotamia entered the Greek world. B In contrast to the Babylonian
case, which was defined by the needs of central state administrations, the Greek situation was
characterized by polycentrism, the encounter of different strata of society, and the negotia-
tion and public justification of political decisions.™ This was the background for pursuing
systematic reflections which aimed at establishing a coherent, encompassing world view,
distinct from the received mythology but with the same aspiration to totality. Written texts
produced in the context of the Greek philosophers’ activities now provide us with the earliest
evidence of systematic reflections on the linguistic representation of shared spatial knowl-
edge. A parallel and related development is the formation of a characteristic Greek tradition
of mathematics, particularly concerned with questions of geometry.

Among the later historical intellectual places which furthered deliberate and purposeful
exploration of the implications of systems of knowledge representation were the Neopla-
tonic schools of late antiquity, Hellenistic science as pursued at the Museion of Alexandria,
court science, philosophy and theology of the Arab Middle Ages as pursued in Bagdad and
Cordoba, and the scholasticism of the Latin Middle Ages. In early modern times the theo-
retical reflection on fundamental concepts such as space and matter gained new impetus in
the context of an ideological struggle between different strata of society. In their attempts
to formulate encompassing counter world systems against the predominantly Aristotelian
world view promoted by the Church, early modern natural philosophers faced the challenge
of taking account of an increasing amount of empirical knowledge from practical mathemat-
ics and astronomy.@ In the following centuries, theoretical reflection on space has become
increasingly institutionalized in the disciplinary discourses of physics and philosophy.

All of the historical periods and places mentioned so far, in which the exploration of
and reflection on representations of spatial knowledge took place, are more or less strongly
related by ties of tradition: they all, in one way or another, relate back to the theoretical tra-
ditions of Greek antiquity. The example discussed in greater detail in this book, by contrast,
presents a rare case of independent emergence of systematic reflections on spatial language;
it is documented in the so-called Mohist Canon, a text from Warring States China, ca. 300
BCE (Chapter 4). The Mohist reflection clearly represents what we have referred to above
as philosophical explorative knowledge, the systematic reflection on the linguistic repre-
sentations of elementary knowledge, although references to mathematical instruments are
also found in the text. Compared to the Greek case, the Mohist Canon represents a unique

570n the role of language as a means of knowledge representation in the emergence of theoretical mathematics,
see Lefevre 1981

58See Schiefsky 2012 for a concise discussion and references to the literature.

Lefevre 1981; Lefévre [984, 306; Hyman and Renn 2012, 86-87.

00n the institutional background of the emergence of Greek mathematics, see Hoyrup (1994, 9-15), who explicitly
contrasts the Greek with the Babylonian case and argues for a close connection between the emergence of Greek
mathematics and the contemporary philosophical discourse. See also Asper 2009.

610n this point, see Chapter 6.
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source for addressing comparative questions in the long-term history of spatial knowledge;
questions concerning the conditions for the emergence of traditions of systematic reflection
and the necessities and contingencies in their development.

The spatial knowledge considered here can be described as theoretical knowledge. This
kind of knowledge is largely conditioned by its means, that is, by the external knowledge
representations from the exploration of which it emerges. It is handed down in text traditions,
mostly in form of written language and symbolic notation, which make it possible to pick up
a tradition again even centuries after it has last been actively pursued (although the case of
the Mohist Canon shows that it may also be handed down without ever having been actively
taken up again). It is aimed at consistency and comprehensiveness and thereby gives rise
to more general and abstract concepts such as those of Euclidean distance and the atomistic
absolute void, sometimes including a general concept of space.

The explorative reflection upon elementary structures of spatial thinking creates the-
oretical structures which preserve many of the spatial properties implied by sensorimotor
intelligence. At the same time, the theoretical context of generalization and aspiration to-
ward consistency leads to questions about these properties which could never have occurred
in elementary or practical contexts. At the level of fully developed sensorimotor activity, the
mental models have their clear-cut realm of applicability. At the level of theoretical think-
ing, by contrast, there is an inherent uncertainty about what aspects of the mental models
to build upon. This ambiguity derives from the absence of the concrete contexts of action
that limit the meaning of the linguistic representations of knowledge in their everyday use.
The operations on external representations in reflective thinking are dissociated from these
original contexts and produce structures inherent in the system of representations. The re-
sult of such processes of reflective abstraction are not predetermined in general, because
the space of possible structures spanned by the means of representation is much richer than
any particular realization in it. The analysis of the Mohist passages and their comparison to
Western sources in Chapter 4 shows, among other things, that the occurrence of elementary
mental models in theoretical thinking on space is indeed a cross-cultural phenomenon. The
connection of such reflections with encompassing worldviews, by contrast, is a peculiarity
of the Greek case and depends on the timing of specific theoretical traditions such as the
construction of cosmologies on the one hand and the reflection on the meaning of words on
the other.

There is a striking difference between philosophical and mathematical explorative
knowledge. While the former depends on individual decisions motivated within more
encompassing knowledge systems and remained controversial throughout the history of
philosophical thinking, the latter was, from early on, considered to present inevitable truths.
The well-defined object of reflection of mathematical explorative knowledge, the first-order
representations related to the use of instruments (figures drawn by means of a straight edge
and compass in the case of Euclidean geometry), allowed for a consistent representation
within a deductive structure. The reflection on first-order representations thus led to a
generalization of spatial concepts which implied a de-contextualization: what had been a
theory of constructed figures became interpreted as a theory of space, decoupled from what
fills space.@

62For an outline of the long-term transformation of the object of geometry from figures to second-order properties
of figures, and eventually to space, which was a precondition for the formulation of non-Euclidean geometries, see
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The reflection on the higher-order representations of Euclidean geometry (deductively
organized sets of statements) further generalized the spatial concepts when the possibility
of non-Euclidean geometries was discovered. It thereby led to theoretical alternatives in
the case of mathematical knowledge as well, theoretical alternatives which could not be
evaluated on purely rational grounds. As a consequence, it led to a re-contextualization of
geometry, because there was a new appreciation of the role of rigid bodies (and light rays) for
establishing the geometry of physical space. The emergence of non-Euclidean geometries
thus functioned as a historical reminder of the empirical origins of Euclidean geometry in
instrumental action. Accordingly, and in spite of deviating epistemological claims, the ques-
tion of the applicability of non-Euclidean geometries was revealed as an empirical question.
In this context, first-order representations of spatial knowledge (measuring rods), became
higher-order representations that relate abstract structures to physical space by connecting
theoretical knowledge with other layers of knowledge.B

1.6 The expansion of experiential spaces over history

In the previous section we argued that reflection on the external representations of elemen-
tary and practical knowledge may lead to new and more general spatial concepts. In such
cases of theoretical thinking, novelty arises from the structures inherent in the means of
knowledge representation and tools for intellectual labor becoming explicit through being
explored and through reflective abstraction. But the history of theoretical reflection does
not unfold before a background of unchanging spatial experience. If we are concerned with
the relation of experience and theoretical reflection in the historical development of spatial
concepts, we have to take into account a complementary long-term trend: the expansion
of experiential spaces. This expansion of experience not only implies an accumulation of
spatial knowledge but also plays an important role in creating new spatial concepts and sta-
bilizing them within more comprehensive knowledge systems.

Starting with the first steps of ontogenesis, experience plays an instrumental role in
shaping human spatial cognition (section [.2). Beyond the immediate experiential envi-
ronment of the individual, different socially shared spaces can be experienced in different
societies. This experiential basis of spatial knowledge expanded in the course of history,
not monotonically and not universally, but within a long-term, global perspective. One may
distinguish three realms of experiential space to which this expansion pertains. First of all
it pertains quite literally to the geographic spaces known to human societies, which have
grown through travel, trade, exploration, and military campaigns. Such activities led to the
expansion of the space for movement of various societies or even of their organized space, as
in the case of expanding empires which take political and economic control of more and more
territory. These spaces have grown in many local historical contexts and in a long-term per-
spective, spanning the time from prehistoric nomadic and sedentary tribes to modern global
societies that enable intercontinental travel and communication.

Another experiential space that has expanded over history is cosmological space. Cos-
mological space is the entire universe known, or assumed to exist, by a given society. Society
transfers spatial concepts and knowledge acquired in terrestrial contexts to this space. It is,

De Risi 2015, 1-13. For a general discussion of first and higher order representations in the history of mathematics,
see Damerow [1994.
930n this point, see Chapter 7.



1. Towards a Historical Epistemology of Space (Schemmel) 21

in particular, also the space of mythical realms of experience. Cosmological space is expe-
riential through the observation of the sky, especially systematic astronomical observation.
This space has grown enormously, from observations of the Sun, the Moon, the planets,
and the stars in early societies, to the modern observation of astronomical objects billions of
light years away. It has also grown with respect to its wealth of physical contents. With the
increasing refinement of celestial mechanics from antiquity to modern times, and with the
rise of astrophysics in the course of the nineteenth and twentieth centuries — developments
clearly related to the progress of observational instruments and techniques — the import of
knowledge from terrestrial science into cosmology has vastly increased. With the observa-
tion of the flight of the galaxies, cosmological space itself has been turned into an object
to which elements of physical description, such as the field equations of general relativity
or the model of a black body, may be applied. Visible light has become just one of a wide
range of sources for knowledge about the universe, and present-day astronomy is reaching
the brink of the observable universe: looking far away means looking back in time, and with
the most recent breakthrough in the detection of gravitational waves® there is the justified
expectation that we will soon be able to ‘look through’ the early universe which is opaque
with respect to electromagnetic radiation.

Microcosmic space, just like macrocosmic space, has been a target for projection of ex-
periential knowledge from the mesocosmic realm, as the example of atomism discussed in
the previous section illustrates. On the background of such theoretical world views, knowl-
edge about physical objects acquired through practical experiences in dealing with techno-
logical artifacts or even through systematic experimentation has potential implications for
spatial concepts. The expansion of experiential knowledge about the micro-world was not
only due to new instruments of magnification — from the optical microscope to the particle
accelerator — but also to the systematic exploration of chemical, electric, and magnetic phe-
nomena. In particular the increase, in modern times, of empirical knowledge in the fields of
mechanics and electrodynamics led to fundamental changes in the concept of space, the first
being related to Newtonian absolute space, the second to the spacetime of special relativity.

When considering the impact of the expansion of experiential spaces on spatial think-
ing, the objects of study are processes of concept formation fostered by the increase of ex-
periential knowledge in the three realms described above: geographical, cosmological, and
microcosmic space. Two examples are discussed in the present book: the geographical and
cosmological knowledge on which the insight into the spherical shape of the Earth and the
idea of its central position in a spherical universe are based, and the different ways to argue
for this idea that are found in Aristotle and Ptolemy (Chapter 5); and the transformation of
natural philosophical considerations on the relation between matter and space through the
growth of the corpus of empirical knowledge on mechanics and astronomy (Chapter 6).

The knowledge discussed in these chapters is once again theoretical knowledge. Unlike
the knowledge discussed in the previous section, it is theoretical knowledge resulting from
systematic extensions of its experiential base. The accumulation of experiential knowledge
takes place within institutions specifically designed for the purpose of knowledge acquisi-
tionf and often occurs using instruments specifically designed for the purpose of knowl-
edge acquisition such as astronomical instruments and laboratory equipment. The empirical

64 Abbott et al. R016.
65Knowledge acquisition’ or ‘knowledge production’, depending on whether one wishes to stress the objective or
the constructive aspect of knowledge growth.
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knowledge is organized in integrative structures based on symbolic and formalistic tools
such as numerical coordinates, analytic geometry, calculus, and differential equations. The
way the symbolic tools are used is shaped by the experiential knowledge to be integrated. At
the same time, the symbolic tools are related to concepts and have a repercussion on concep-
tual structures. It is via the interaction of experience, symbolic representation, and concepts
that experiential knowledge shapes conceptual structures. In this process of reflection upon
the institutionally accumulated empirical knowledge, the mental models, which were based
on elementary and practical experience, are transformed. The accumulating knowledge and
its symbolical-formal integration thereby produce and stabilize models and concepts that are
highly counter-intuitive. Examples of such counter-intuitive knowledge structures are:

* The Earth has a spherical shape (cf. Chapter 5). The idea of a spherical Earth violates
the distinction of the vertical direction in elementary spatial cognition.

* Matter is nothing but empty space permeated by forces (cf. Chapter 6). This idea
(formulated by Kant in his Metaphysical Foundations of Natural Science) violates
the dichotomy of objects and space in elementary spatial cognition. In a certain sense
it anticipates the later field concept that emerged in nineteenth-century research on
electromagnetism, a concept that represents a hybrid of bodily and spatial properties.

The theoretical knowledge resulting from the expansion of experiential spaces has
repercussions on different layers of knowledge. Global, geographical coordinates, for in-
stance, attained practical importance in deep-sea navigation. Coastal shipping primarily
relies on landmarks. Mediterranean seafaring from the late Middle Ages on could use the
magnetic compass complemented by portolan maps displaying compass directions and dis-
tances. But for deep-sea navigation knowing one’s absolute position is crucial, since in vast
regions there are no landmarks and the distances are too large for dead reckoning. After
the discovery of electromagnetic radiation, radio navigation became an important tool for
spatial orientation at sea.

Theoretical knowledge resulting from the expansion of experiential spaces also has
repercussions on theoretical knowledge in general. The insight into the sphericity of the
Earth, for instance, which was stabilized by the expanding geographical knowledge, had far-
reaching consequences for theories of space, as its central role in Aristotelian physics and
cosmology illustrates. The success of electrodynamics, to give another example, inspired the
electromagnetic worldview which held that all matter should be reducible to fields. Further,
the application of the field model to gravitation lay at the foundation of the development of
general relativity, as will be discussed in the following section.

But theoretical knowledge resulting from the expansion of experiential spaces may also
have an impact on meta-theoretical knowledge. This is strikingly demonstrated by the in-
fluence of Newton’s concept of space on Kant’s epistemology. Long before writing the
Critique of Pure Reason, Kant had read the Leibniz-Clarke correspondence and occupied
himself with the concept of space, considering aspects of Leibniz’s as well as of Newton’s
conceptions. In the Critique, Kant presents space as the pure form of outer intuition and
states thatPd

[w]e can never have a presentation of there being no space, even though we are
quite able to think of there being no objects encountered in it.

6Kant [1994, 78.
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While space is thus a precondition of experience, rather than being derivable from expe-
rience, matter is not so, as Kant explains in his post-critical Metaphysical Foundations of
Natural Science, in which he endeavors to provide a sound metaphysical foundation for
Newtonian mechanics. In contrast to space, matter is an ‘empirical concept’, that is, it re-
quires perceptually given instances in order to attain objective reality.®! This epistemic
divide between space and matter was not part of Newton’s philosophy of space. But it was
only the autonomy of Newton’s concept of space with respect to the concepts of things in
space (matter, force) that made Kant’s eplstemlc separation possible. Kant clearly argues on
the basis of a container model of space 9 even thou éh he does not argue for the reality of
this container but only for its necessity in cognition.*2 Kant’s epistemic separation of space
and matter would not have been possible against the background of Aristotelian physics or
general relativity, both representing frameworks in which space is (in very different ways)
inseparably intertwined with matter.

1.7 The decline of an autonomous concept of space

In the previous sections we have argued that more and more general concepts of space
emerged under more and more specific cultural conditions. In societies where centralized
state administrations took over the social control of space, spatial measures became more
standardized and integrated and eventually assumed general arithmetic properties (section
[[.4). In societies where oral and written disputation became a social practice, spatial terms
formerly used in the context of specific contexts of action attained abstract meanings defined
by their position in more encompassing conceptual systems (section [L.3). Under specific his-
torical circumstances in early modern Europe, the integration of different historical strands
of knowledge culminated in Newtonian mechanics and gave rise to a concept of space that
was not only general but, at the same time, implied the autonomy of space from other phys-
ical entities represented by fundamental concepts such as matter, force, and time (section
[L.6). With regard to its autonomy the space of this conception was similar to the void of an-
cient atomism, yet it was clearly not conceived of as nothing, but rather as a physical entity
in its own right, sometimes even as a substance, and often as conceptually prior to the things
filling space.

The trend for increasingly general spatial concepts under ever more specific cultural
conditions did not continue, however, within institutionalized physics and its neighboring
disciplines over the course of the twentieth century. It is true that the concepts of space
employed in modern physics are more general than the Newtonian concept in that they per-
tain to theories that are able to integrate a larger corpus of empirical knowledge. We can
give an obvious illustration of this fact by referring to general relativity, which contains
Newtonian gravitation theory as a limiting case and, in addition, is able not only to pre-

670n Kant’s empirical concept of matter, see Friedman 2001,

%8Einstein, on p. xiv in his foreword to Max Jammer’s Concepts of Space (Jammer [1954, xi—xvi), introduces and
discusses the fundamental distinction between the concepts of space as the container for all things and space as the
positional quality of all things.

69 Compare Kant’s statement above to the following statement contradicting it, made by David Hume in his Treatise
concerning human nature: “the ideas of space and time are [...] no separate or distinct ideas, but merely those of the
manner or order, in which objects exist”: “[...] ’tis impossible to conceive either a vacuum and extension without
matter, or a time, when there was no succession or change in any real existence” (Hume 2007, 31). Hume is clearly
advocating a position-quality concept of space (see the previous footnote).
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dict the advancement of the planets’ perihelia as well as the bending of light by gravitation
with high precision, but also to describe the spacetime dynamics of massive objects such as
galaxy nuclei and, in fact, of the universe in its entirety. Yet, in two important respects the
Newtonian concept constitutes the historical acme of the generality of concepts of space: it
was thought of as fundamental not only for the theory of mechanics from which it arose, but
for the physical world in general, regardless of what was considered to be in that space and
what discipline described things in space. It was further considered to be universal in the
sense that space was the same everywhere: it was homogeneous and isotropic. This property
was closely related to its autonomy from other fundamental concepts; since the distribution
of things in space (matter and forces, say) is obviously not homogeneous, space has to be
decoupled from these things in order to be so.

In twentieth-century physics these two aspects of generality became inapplicable to the
developing concepts of space. While the aspiration of formulating fundamental concepts
underlying all of physics has always remained a part of the agenda of theoretical physics,
and unification is one of the major challenges of present-day theoretical work, there is no
concept of space in twentieth-century physics that could consistently be applied to all fields
of physics. The same applies to the concepts of time, matter and force. The most advanced
concept of space in a well-established theory of modern physics is clearly that contained
in the dynamic spacetime of general relativity, which also plays a central role in modern
cosmology. At the same time, this concept of spacetime is not compatible with quantum
theory, which has so far provided us with the most advanced theory of matter and radia-
tion. Thus, quantum field theory usually presupposes a special-relativistic spacetime, and
quantum mechanics is mostly done in non-relativistic space. It is unproblematic, of course,
to understand fundamental concepts such as matter and space differently in the different
fields of physics. The point is that, if these different usages are understood as resulting from
the consideration of limiting cases to a unifying theory,@ such a unifying theory has not
yet been established and we do not know what its concept of space will look like. There is
not even agreement on the way the two fundamental theories of twentieth-century physics,
quantum theory and general relativity, are to be combined for an advanced understanding
of their relation. Is quantizing general relativity the solution?_Or, on the other hand, can
gravitation theory explain quantum mechanical measurement?

T0A limiting case to a theory is understood as the theory that results from the original, more general theory when
some dimensional constant of it is taken to be zero, which is just how special-relativistic spacetime results from
general relativity in the limiting case of weak gravitational fields. For a detailed account of limiting relations
between physical theories, see Ehlers [1986.

"I This latter view has, for instance, been expressed by Roger Penrose (1989, 348-373). A similar view was ex-
pressed by Richard Feynman in a letter to Victor Weisskopf dated January 4 to February 11, 1961: “[...] how can
we experimentally verify that [gravitational] waves are quantized? Maybe they are not. Maybe gravity is a way
that quantum mechanics fails at large distances” (Feynman papers, Box 66, Folder 7, p. 15, Caltech Archives). In
current approaches to an integration of gravity with quantum theory, one can still discern the different viewpoints
on the nature of spacetime of the different physics communities. Thus, most varieties of string theory (which grew
out of quantum field theory) start with a special-relativistic container-model spacetime (albeit of ten or more di-
mensions), within which the attempt is made to unify all fundamental interactions, including gravity, in a quantum
theoretical framework. A different approach (closer to the spirit of general relativity) is to ‘quantize general rel-
ativity’, thereby attempting to preserve its position-quality view of spacetime (usually referred to as background
independence). Thus, in Loop Quantum Gravity, a currently successful candidate of this approach, the fundamen-
tal objects, the quanta of the gravitational field, are not in space. They are nodes in a network of relations (a spin
network, technically speaking) and it is quantum superpositions of their aggregates that constitute space (Rovelli
2008, 368-369).
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The autonomy of space, its independence from time, matter, force, and motion, which
was a precondition for its universal homogeneity and isotropy, is lost in twentieth-century
physics, too. With special relativity, space becomes entangled with time in such a way that
their separation depends on the relative state of motion of the observer and the system under
consideration. With general relativity, this spacetime becomes further entangled with mat-
ter and force; where the geometry of spacetime is determined by matter (and other forms
of energy), and determines the motion of matter and radiation under what was classically
considered the gravitational force. Spacetime and matter are entangled so closely that a
consideration of the two separately (what is the geometry of spacetime? — How is matter
distributed in that spacetime?) can only be done in special cases and only approximatively,
while the full theory always demands consideration of both at the same time. Quantum the-
ory provides further intriguing instances of an intertwining of spatial and material concepts,
as may be illustrated by reference to non-local phenomena such as quantum entanglement.
But however radical the changes quantum theory has effected with respect to the concepts of
matter and radiation, it has not (yet) led to a new concept of space. In this book the discus-
sion relating to the decline of an autonomous concept of space is focused on the question of
which parts of the experiential knowledge of modern physics had an impact on the concept
of space and which parts did not, and how this disparity can be explained (Chapter 7).

The spatial knowledge under discussion in this context is a particular kind of theoreti-
cal knowledge, knowledge that develops only in a science that is highly structured in terms
of disciplines and sub-disciplines.@ This knowledge is characterized by a hierarchy of di-
visions into areas that display specific knowledge structures comprising area-specific con-
cepts, models, and methods. At the same time, different areas are connected by the overlap
of certain concepts, models, and methods. Particularly, fundamental concepts such as space,
time, energy, matter, and force relate different areas, without necessarily being understood
in the same way in every area. Areas may further be connected by objects of study whose
treatment requires specific knowledge from more than one area. The knowledge structures
within these areas are comparatively stable over periods of time, but knowledge integration
across area-boundaries leads to fundamental changes of structure.

The boundaries between the areas shift in various ways over the course of time, result-
ing in knowledge integration and disintegration, but overarching theories remain a challenge.
Thus, the theory of special relativity resulted from the integration of mechanics and electro-
dynamics into a unified spacetime framework. This led to the temporary disintegration of
gravitation, which had formerly been a part of mechanics. The re-integration of gravitation,
mechanics and electrodynamics in a unified spacetime framework resulted in the develop-
ment of general relativity. Quantum mechanics, which had emerged from the consideration
of problems on the boundary between thermodynamics and electrodynamics, and further in-
tegrated knowledge from mechanics, was faced with the challenge of integrating relativistic
field theory. The integration of special-relativistic electrodynamics into a quantum frame-
work — quantum electrodynamics — left the gravitational force — general relativity — standing
alone again.B In this sub-disciplinary landscape, the two theories of relativity play quite
different roles. Special relativity provides the spacetime framework for a large number of

720n the differentiation of scientific disciplines from the late eighteenth to the early twentieth centuries, for the
case of the physical sciences in Germany, see Stichweh [1984 and Jungnickel and MacCormmach [1986.

73The observation of this latter shift of frontier — from a divide between quantum mechanics and field theory to one
between quantum field theory and general relativity — is a result of research done by Alexander Blum; see Blum and
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sub-disciplinary fields, while general relativity, albeit the more fundamental theory, is com-
paratively isolated.

The knowledge organized according to disciplines is represented by means of highly
specialized technical languages, often employing symbol systems, in particular mathemati-
cal formalisms. Empirical knowledge is systematically produced in various subfields. The
knowledge resources in their disciplinary configuration define a space of possible trans-
formations and thereby condition the outcome. This means that even in cases in which,
historically, the development relies on the particular contribution of a single individual, the
configuration of knowledge conditions the outcome of the transformation. In particular the
invention of general relativity may appear as contingent on Einstein’s peculiar insistence on
the incorporation of the equivalence principle in a relativistic theory of gravitation, and his
isolated work ensuing from it. Nevertheless, granting the necessity of consolidating gravita-
tion with relativity, and given the knowledge resources of classical mechanics, one is almost
inevitably led to spacetime curvature. Thus, despite Gunnar Nordstrom’s more conservative
approach to a relativistic theory of gravitation, his final theory exhibits a curved spacetime,
as could later be shown.! One can advance very basic arguments, requiring energy conser-
vation, deriving the equivalence principle from it, and then showing that in special relativity
this inevitably leads to curved spacetime geometry.E Theories with a tensor potential start-
ing off in a flat Minkowski spacetime also turn out to exhibit a curved spacetime, once
their inconsistencies are eliminated.d One may thus conceive of very different historical
pathways, probably distributing innovative contributions across more individuals, and com-
bining the classical resources in different temporal order, all eventually leading to a theory
very similar to general relativity — or maybe, much less probably, directly to a theory of
quantum gravity!

1.8 Concluding remarks

This introduction started by raising questions about the epistemic status of spatial cognition.
What is the relation between predetermined cognitive structures and experience? To what
extent are the structures of spatial cognition universal or how far do they depend on cultural
conditions? The argument underlying our reasoning was that it is only by studying the his-
tory of spatial thinking that the epistemic status of spatial knowledge can be assessed. We
then attempted to substantiate this claim by discussing different aspects of the historical de-
velopment of spatial knowledge and analyzing the epistemic status of the related structures
of spatial thinking. In particular, we encountered the following forms of space:

Rickles forthcoming. The very synoptic outline given in this paragraph neglects, among other things, the nuclear
forces that also played an important role in the history of twentieth-century physics.

T4Einstein and Fokker [1914. Historically, this result was again a consequence of Einstein’s intervention; see Norton
1992. Max Abraham’s introduction of a variable line element is another case in point; see Renn 2007, 311-312.
75Misner, Thorne, and Wheeler 1973, 177-191.

76Misner, Thorne, and Wheeler 1973, 424-425.

770ne such counter-factual scenario assumes the implementation of the equivalence principle in Newtonian science,
leading to a form of classical mechanics that involves an inertio-gravitational field curved in spacetime, so that the
step to general relativity becomes almost trivial, once special relativity appears (Stachel 2007). See also Renn and
Stachel (2007), who discuss the convergence of David Hilbert’s work on the foundations of physics with Einstein’s
theory.
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Naturally conditioned space is structured by elementary mental models controlling
action and perception, such as the permanent object model and the landmark model.
Culturally shared space is represented in language, culturally conditioned actions and
cultural artifacts, and builds upon the mental structures of naturally conditioned space,
endowing them with cultural meaning.

* Administratively controlled space is represented by measuring tools, arithmetic and
linguistic symbols, and schematic drawings, and adds metric significance to structures
of the previous forms of space.

* Mathematically reflected space generalizes metric structures by abstraction, using di-

agrams, formalized language, and other symbol systems for its representation.

Philosophically reflected space generalizes linguistically represented elementary

structures by elevating them to the rank of principle and exploring the consequences.

Empirically and disciplinarily imposed space results from the integration of knowl-

edge acquired by systematic observation and experimentation employing conceptual-

mathematical formalisms.

A central concern of this chapter was to indicate in which ways these forms of space
are genetically related. As we have seen, the occurrence of each new form of space depends
on specific socio-cultural conditions. Its concrete realization, by contrast, does not solely
depend on these conditions, but also on the cognitive structures it builds upon and on further
experience. There is thus always both an aspect of construction and an aspect of experience
in these spaces. Both aspects are closely intertwined, of course, because experience is al-
ways informed by cognitive structures already present in the mind, and, at the same time,
it is experience that shapes the development of cognitive structures. One can thus say that
there is no experience that is not structured by the mind, but there is also no mental struc-
ture that has not been shaped by experience. Our cognitive structures are the sediments of
experience. But sedimentation is a historical process. This is why the understanding of the
architecture of cognition requires the historical analysis of its genesis. The different forms
of space represent not only successive historical stages, however. They also represent forms
of thinking that are simultaneously present within single societies. Different forms of spatial
knowledge are shared either by the entire society, or by specialized groups, and may affect
each other. Within different societies, they coexist in varied manifestations, each society
displaying its unique spectrum of expressions of spatial thinking. The following chapters
will highlight this diversity of cultural manifestations of spatial thinking through history and
provide ample material for the discussion of their genetic relatedness.
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