
Chapter 14
Reading and Dyslexia: The Functional
Coordination Framework

Thomas Lachmann

Abstract The Functional Coordination approach of reading acquisition claims that
beginning readers draw on established cognitive functions that are (1) recruited, (2)
modified, and (3) coordinated to create a cognitive procedure for reading text, which
forms the basis of subsequent (4) automatization. In this chapter we will focus on
visual functions and how they are modified and coordinated with other cognitive
functions involved in a reading specific cognitive procedure. Evidence relating to
the emerging prevalence of analytic processing in letter perception is discussed. It
is argued that the process of learning to read does not lead to a loss (recycling) of
perceptual skills, but to a novel synthesis of functions, which are coordinated for
reading and then automatized as a package. Developmental dyslexia is explained as
a Functional Coordination Deficit (Lachmann 2002), since the coordination stage
is assumed to be most liable to manifest deficiencies. Developmental dyslexia is
not seen as a consequence of a deficit in a single function or in automatization,
but as result of automatizing a suboptimal functional coordination. This integrative
approach is a mere framework, rather than an explanatory theory, and is open to
multi-causal explanations. Rather than solving the puzzle, the framework offers a
structure for integrating various theories on reading and dyslexia.
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272 T. Lachmann

14.1 Reading: It’s Amazing!

Reading is a cultural achievement. Initially we are all illiterates. Reading is an
acquired skill; it must be taught, and it must be learned. Usually this is accomplished
in primary school. At least as far as we may remember, most in the class learned
this skill easily and rather independent from their cognitive abilities. Later, reading
becomes so much part of everyday life that we may not think about the fact that,
actually, this is one of the most intriguing, most amazing feats of our cognitive
system. In order to read a page like this we need to manage, in an extremely fast and
accurate manner, the decoding of several thousands of tiny visual configurations
– codes for letters that form words and sentences – into language and thus into
meaning, in order to get the message the writer intended to tell us.

Reading is a complex skill involving reams of cognitive functions in the process.
These functions involve basic visual and auditory perception, as well as higher order
cognition, memory and executive control, attention, various functions of language
processing, oculomotor control and many others. However, none of these functions
is specific for reading; evolution does not provide us with any reading specific brain
structure. We have to deal with what we have to create a new reading specific
cognitive procedure. We are usually not aware of how complex this procedure is,
and we feel like reading is an easy task and may even be fun. This is because this
complex cognitive procedure is highly automatized.

This chapter addresses the question of how this reading specific cognitive
procedure is learned before it becomes automatized. The majority of studies
on learning to read, and on related disabilities, focus on the development of
phonological processing abilities. Here we will focus on visual functions involved
in letter recognition, in particular how these become modified and coordinated with
other functions during reading acquisition.

14.2 Learning to Read

14.2.1 Development of Different Reading Sub-skills

According to Frith (1985), at the beginning of reading acquisition, in the logo-
graphic phase, letters will be perceived just like similar non-letter configurations.
The order of letters in a word and other phonological factors are largely ignored.
Unfamiliar words and non-words cannot be read. In fact, even familiar words are
not really “read” but rather “recognized,” because in this phase, the child recognizes
a word as a whole configuration, based on salient graphic features, just as in visual
object recognition. For “real reading” the knowledge of individual graphemes and
phonemes, and their correspondences (i.e., letter knowledge) is required. If this
knowledge is available for use, the alphabetic sub-skill is developed (alphabetic
phase, Frith 1985). The child is now “aware” of graphemes (letters) and phonemes
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14 Reading and Dyslexia: The Functional Coordination Framework 273

(sounds) and of their relations. This sub-skill allows decoding of graphemes into
the corresponding phonemes one by one. Phonemes are then merged together into
pronounceable syllables and words. Note, that in some cases, grapheme clusters
represent a phoneme (e.g., in German “au” or “sch”).

Regarding visual processing, fine details of each individual grapheme, its
orientation, and the order in relation to other graphemes are crucial in this phase.
On the other hand, graphemes may have different fonts, requiring categorical
representations. This holds also for auditory processing, where the development
of a categorical phoneme representation (Liberman, Harris, Hoffman, & Griffith
1957) is essential. The system of phonemic representation gains prominence in
the process of learning to read (Christmann, Berti, Steinbrink, & Lachmann 2014;
Serniclaes, Ventura, Morais, & Kolinsky 2005) evolving along with the graphemic
representation (Port 2007).

At this point, words can be pronounced even though they are rare or unknown
(including non-words) as long as the correspondences between the graphemes and
phonemes follow the learned rule (regular words), which is the case for most words
in transparent orthographies (e.g., German). After long training, letters become
represented in a cross-modal fashion (Froyen, Bonte, van Atteveldt, & Blomert
2009; Froyen, van Atteveldt, Bonte, & Blomert 2008; Froyen, Willems, & Blomert
2011; Lachmann & van Leeuwen 2014). They are not simply visual items anymore,
but connected with auditory (phonological) information.

Even for skilled literates alphabetic reading is still relatively slow. Moreover,
using this reading sub-skill, irregular words, which do appear often in non-
transparent orthographies (e.g., English), but do exist also in transparent orthogra-
phies, cannot be pronounced correctly. The development of the orthographic
sub-skill (orthographic phase, Frith 1985) enables the instant analysis of grapheme
units and words (orthographic units), including allographs. Words can now be
read without a one-by-one grapheme-phoneme conversion, as wholes. However, in
contrast to the logographic phase, here, the whole word reading is not purely based
upon visual recognition, but on a cross-modal representation of this word in a mental
lexicon (Coltheart 1978, 2007).

Compared to the alphabetic sub-skill, the orthographic sub-skill allows relatively
effortless and fast reading. Nevertheless, even in expert readers the alphabetic sub-
skill remains available for unfamiliar or foreign words (Coltheart 1978, 2007;
Davelaar, Coltheart, Besner, & Jonasson 1978; Morton 1969, cf. Steinbrink &
Lachmann, 2014, for an overview) and for both transparent and non-transparent
orthographies (Lachmann & van Leeuwen 2010). The same holds for the logo-
graphic sub-skill, for instance, when skilled readers are presented with logos of
brands or institutions, such as the NASA sign. Thus, principally, all reading sub-
skills, the logographic, the alphabetic, and the orthographic, remain available in
skilled readers and are applied during the reading process in a flexible way,
depending on the requirements of reading task.

In this chapter, we will focus on the acquisition of the alphabetic sub-skill. Here,
letter knowledge is essential, i.e., the establishment of a cross-modal representation
of letters and, based upon that, the ability of fast decoding of individual graphemes
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274 T. Lachmann

as visual codes into the corresponding phonemes as the smallest units of spoken lan-
guage. No matter how important phonological processing may be for letter recogni-
tion (Snowling 2001), the process always starts with a visual analysis. However, pre-
dominant strategies of visual processing, which include orientation-invariance and
context sensitivity, are not suitable for establishing a connection with phonology.
This not only because, obviously, a “b” is not a “d” nor a “p” nor a “q” either (Orton
1925), but generally a phoneme must be represented by an orientation-specific sym-
bol, that, independent from font, must be recognized when surrounded by context.

According to the neuronal recycling hypothesis (Dehaene & Cohen 2007;
Dehaene et al. 2010), this problem is solved by getting pre-existing functions recy-
cled for reading. Thus, it may be possible that original information processing skills
are reduced, or even lost, since original resources are being redeployed for achieving
the newly required functionality. We (Lachmann & van Leeuwen 2014) argued that,
as the learning of any complex skill, literacy may train certain functions, but does
not lead to a reduction, or a loss, in the sense of a “replacement” of any perceptual
skill outside the context of reading (and even not within, Borst, Ahr, Roell, & Houdé
2015). Instead, learning to read leads to a novel synthesis of pre-existing modified
functions, which are coordinated for reading and then automatized as a package, i.e.,
a reading specific cognitive procedure (Lachmann & van Leeuwen 2014). This pro-
cedural learning process (Fitts & Posner 1967; Foerde & Poldrack 2009; Nicolson
& Fawcett 2018, 2011; Nicolson, Fawcett, Brookes, & Needle 2010) is described
in the Functional Coordination Framework (Lachmann & Geyer 2003; Lachmann
& van Leeuwen 2008a) of learning to read in terms of four stages (see Fig. 14.1;
Lachmann & van Leeuwen 2014). We will introduce these in the following.

14.2.2 Reading as Functional Coordination

The Functional Coordination Framework (Lachmann & Geyer 2003; Lachmann
& van Leeuwen 2008a) describes reading acquisition in terms of four stages (see
Fig. 14.1; Lachmann & van Leeuwen 2014) of procedural learning (Fitts & Posner
1967). In the first stage, reading instruction leads to the recruitment of pre-existing
reading relevant functions: from the auditory domain, for example, pre-existing
phonological processing skills; from the visual domain, for instance, the ability
to distinguish details in two-dimensional line drawings and pre-existing grapheme
awareness (Wesseling, Christmann, & Lachmann 2017). In this stage, children
understand that text consists of smaller units, words, and graphemes that represent
phonemes (Wesseling et al. 2017).

In the next stage, the applied functions become modified in order to optimize
their usage in the context of reading: in the visual domain for instance by the
suppression of orientation invariance and symmetries (e.g., Borst et al. 2015); in the
auditory domain for instance by the fine-tuning of the phonological system (Port
2007; Serniclaes et al. 2005).
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14 Reading and Dyslexia: The Functional Coordination Framework 275

Fig. 14.1 The Functional Coordination Framework describes learning to read as a form of
procedural learning in which pre-existing functions and skills from different domains, are recruited,
modified and coordinated, leading to a reading specific procedure. After training this procedure
gets automatized, after which experienced readers are biased against processing strategies for letter
perception that do not form part of the procedure. Coordination stabilizes the modifications. A
failure of coordination will result in automatization of an abnormal procedure, leading to reading
and writing problems (Lachmann 2002). The whole process, including the structural and functional
changes related to it, takes several years (Froyen et al. 2009)

In the third stage, the modified functions become coordinated, giving rise to
grapheme-phoneme correspondences (alphabetic sub-skill) and the direct activation
of word representations in the mental lexicon (orthographic sub-skill). This will
result in cross-modal codes of letters and words (Blomert 2011), which, in turn,
stabilizes and strengthens the modifications for the involved functions and strategy
preferences (see Fig. 14.1).

Coordination leads to a procedure, which forms the basis of subsequent autom-
atization, the final stage in the framework. Given the complexity of the procedure,
automatization needs a lot of practice and takes time (Froyen et al. 2009; Lachmann
& van Leeuwen 2008a). Even though children may be able to read by using
both alphabetic and orthographic sub-skills, the implementation of the underlying
structural and functional basis for its automatization process in the brain may take
about 3–4 years (Froyen et al. 2009; Lachmann & van Leeuwen 2008a).

In relation to the phase model of reading acquisition (Frith 1985), the Functional
Coordination Framework explains both the acquisition of alphabetic and of ortho-
graphic sub-skills (within one stage), not, however, of the logographic sub-skill,
since for this, no modification or coordination is required, and, in fact, we consider
this not as reading in the narrow sense. In the following we will describe how the
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276 T. Lachmann

reading specific modification of visual functions will affect letter recognition and
how a failure in this modification may lead to a deficit in functional coordination
and consequently to developmental dyslexia.

14.3 Developmental Dyslexia

14.3.1 Developmental Dyslexia as Functional Coordination
Deficit

Within the aforementioned framework, developmental dyslexia is understood as
a multicausal deficit in functional coordination. A coordination suboptimal for
reading will result in learning a procedure suboptimal for reading, which will subse-
quently be automatized (Functional Coordination Deficit (FCD), Lachmann 2002,
2008). This suboptimal functional coordination can result from various mild early-
stage deviations, including deficient auditory processing (Ahissar, Protopapas, Reid,
& Merzenich 2000; Calcus, Hoonhorst, Colin, Deltenre, & Kolinsky 2018; Christ-
mann, Lachmann, & Steinbrink 2015; Goswami et al. 2011; Groth, Lachmann,
Riecker, Muthmann, & Steinbrink 2011; Hämäläinen, Salminen, & Leppänen 2013;
Jaffe-Dax, Daikhin, & Ahissar 2018; Lallier et al. 2018; Richardson, Thomson,
Scott, & Goswami 2004; Talcott et al. 2002; Tallal & Jenkins 2018; Vandermosten
et al. 2010; Witton & Talcott 2018), visual instabilities and processing deficits
(Becker, Elliott, & Lachmann 2005; Slaghuis & Ryan 1999; Stein 2002, 2018; Stein
& Talcott 1999, see Stein & Kapoula, 2012, for an overview) or a combination
thereof (Au & Lovegrove 2007, see Farmer & Klein, 1995, for a review). In these
cases, deficits are present already in the recruitment stage; yet they are manifested
only in the coordination. This is the case, because these small deviations at the
early processing levels (e.g., contrast sensitivity; Slaghuis & Ryan 1999; Stein 2002,
temporal processing, Galaburda, 2002; Steinbrink, Groth, Lachmann & Riecker,
2012; Tallal, 1980) are not severe enough to lead to modality-specific deficiencies
by themselves (it makes, of course, no sense, to assume that dyslexics cannot see
or hear correctly or cannot move without falling; note, that none of the pioneers
of dyslexia research, including Orton 1925, ever proposed that; see Lachmann &
Geyer 2003), but they may cause problems in fine-tuning during the coordination
stage. Early-stage deviations have a neurodevelopmental origin (Galaburda 2002,
2018). They do, however, not necessarily, lead to problems in coordination, but they
may be compensated, e.g., by coping strategies or brain plasticity (Frith 1986).

Alternatively, problems may arise in the modification stage, for instance by a
failure to suppress symmetry in visual perception (e.g., Borst et al. 2015; Pegado,
Nakamura, Cohen, & Dehaene 2011; Perea, Moret-Tatay, & Panadero 2011) or
problems in developing phonological (e.g., Fawcett 2002; Snowling 2001) or
orthographic processing skills (Badian 2005; Seymour & Evans 1993; van Orden,
Pennington, & Stone 1990). Yet again, even though these problems may arise at this
stage, they will be manifested in the stage of coordination.
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14 Reading and Dyslexia: The Functional Coordination Framework 277

Functional coordination deficits may arise even without any deficiencies in the
recruiting and the modification stage, originating from within the coordination
process (e.g., Blomert 2011), or resulting from deficiencies in automatization
(Fawcett 2002, Nicolson & Fawcett 2011, 2018). However, rather than automati-
zation, the coordination level is most liable to manifest the deficiencies, because
this is the level where the greatest degree of fine-tuning of complex functions
and procedural organization is required. Note, that this idea is consistent with the
cerebellar approach of Nicolson and Fawcett (2011, Fawcett, 2002, Nicolson &
Fawcett, 2018) since the cerebellum seems to be essentially involved in such fine-
tuning and coordination processes (Stoodley & Stein 2011), including language
processing (Ackermann & Hertrich 2000, see Foerde & Polrack, 2009, for an
overview). The coordination process can also be affected by external factors, such
as teaching methods and environmental conditions (e.g., noisy classroom, Klatte,
Spilski, Mayerl, Möhler, Lachmann & Bergström 2016; Klatte, Bergström, &
Lachmann 2013).

An established coordination, i.e., a learned reading-specific procedure, will
also feedback to the involved functions and will stabilize and advance their
specific modification (see Fig. 14.1). This means, the modifications and preferred
processing strategies will be strengthened and trained toward the procedure to which
they contribute. Phonological processing, for instance, will advance with reading
practice. In case of a suboptimal coordination, this will lead to the fortification of
suboptimal modifications and processing strategies. Therefore, deficits researcher
found to be associated with developmental dyslexia, for instance in phonological
processing or symmetry suppression, could also reflect a consequence of suboptimal
reading experience (Hüttig, Lachmann, Reis, & Petersson 2017). This sometimes
makes it hard to distinguish cause from effect.

14.3.2 Conclusions for Intervention

There are a number of consequences for intervention and training with poor readers
and developmental dyslexics that follow from the assumptions of the Functional
Coordination Deficit approach. Firstly, a training of deficient functions should start
as early as possible. Using the right diagnostic tools, some deficits can be identified
even before learning to read has started and should be addressed (e.g., auditory
discrimination, phonological processing). Usually, however, reading problems are
identified after automatization. This means, a suboptimal functional coordination
has already been implemented in a cognitive procedure. Therefore, it makes little
sense to train only reading as such (at behavioral level, Frith 1986), because more
reading experience (“more of the same”) would result in training an automatized
coordination that is suboptimal for reading. This leads to the paradoxical effect that
the deficiency of involved functions even increases. Therefore, deficits associated
with developmental dyslexia may also be a consequence of suboptimal reading
experience (Hüttig et al. 2017). Instead, the coordination has to be reorganized first,
and then to be trained. The procedural learning has to start from the very beginning

Reading and Dyslexia : From Basic Functions to Higher Order Cognition, edited by Thomas Lachmann, and Tina Weis, Springer,
         2018. ProQuest Ebook Central, http://ebookcentral.proquest.com/lib/tu-kaiserslautern/detail.action?docID=5481473.
Created from tu-kaiserslautern on 2018-11-18 09:11:56.

C
op

yr
ig

ht
 ©

 2
01

8.
 S

pr
in

ge
r. 

A
ll 

rig
ht

s 
re

se
rv

ed
.



278 T. Lachmann

and the whole process must run trough. One thing is clear: this takes time and
energy. This holds also for illiterate adults who get reading instruction.

Secondly, it makes little sense to train exclusively the cognitive function sup-
posed to be the cause for a failure in learning to read (at cognitive level, Frith
1986), for instance exclusively auditory perception. Children may get better in
this particular skill, but the transfer to advanced reading is unlikely (Schumacher
2012). Even if the function under training is, in fact, the one that has caused
the problems in learning to read, the reading-specific procedure can only be
optimized if the coordination with the other functions is trained. This may be the
reason why, for instance, an isolated training of phonological awareness, if not
conducted before or at the beginning of literacy acquisition, was found to increase
phonological processing skills, but had only little effect on literacy skills (Bus & van
IJzendoorn 1999), while a combination with grapheme-phoneme conversion skills
was beneficial (e.g., Klatte, Spilski, Mayerl, Möhler, Lachmann & Bergström 2016).
This combination helps to reorganize the functional coordination and thus supports
the transfer to literacy. Then, instead of getting smaller with temporal distance from
the training, the effect on reading performance becomes even gradually larger over
time (Klatte, Bergström, Steinbrink, Konerding, & Lachmann 2018; Klatte et al.
2014).

Finally, since there is no doubt that dyslexia is multicausal (Lachmann, Berti,
Kujala, & Schröger 2005; Ramus, Pidgeon, & Frith 2003), it will help only some
individuals if a training focuses too much on one particular function or sub-skill.
Therefore, it makes sense to use a computer-based adaptive program for training,
containing training of multiple functions with an increasing degree of coordination,
aiming on alphabetic as well as on orthographic reading sub-skills. This will allow
individualized intervention (Klatte et al. 2014).

14.4 Analytic Visual Processing for the Acquisition
of the Alphabetic Sub-Skill

14.4.1 Are Letters Special?

The acquisition of the alphabetic sub-skill of reading requires the fast and accurate
recognition of letters as visually presented symbols. This cannot be managed by
visual functions that are preferably used for visual object recognition. These must
become modified for learning a reading specific procedure. The automatization
of this procedure makes letters special; we then perceive letters differently than
non-letters.

In a number of studies we investigated the following questions: whether there is,
in fact, a letter-specific visual processing strategy; and if so, whether this processing
strategy is always applied for letter recognition; and further, whether this strategy

Reading and Dyslexia : From Basic Functions to Higher Order Cognition, edited by Thomas Lachmann, and Tina Weis, Springer,
         2018. ProQuest Ebook Central, http://ebookcentral.proquest.com/lib/tu-kaiserslautern/detail.action?docID=5481473.
Created from tu-kaiserslautern on 2018-11-18 09:11:56.

C
op

yr
ig

ht
 ©

 2
01

8.
 S

pr
in

ge
r. 

A
ll 

rig
ht

s 
re

se
rv

ed
.



14 Reading and Dyslexia: The Functional Coordination Framework 279

leads to a loss of any visual ability in perceiving letters; and finally, whether a failure
in functional coordination leads to developmental dyslexia.

Why should letters be special at all? Why should they be processed differently?
Principally, letters are not different in their physical characteristics from meaning-
less small scribbles or shapes, except that we know they have a meaning. Elements
from an unknown writing system are in fact nothing more than small scribbles.
Obviously, before learning to read, letters and similar non-letters are processed in
the same way.

However, even prior to learning to read, letters are not natural objects, because
they are 2-dimensional. Natural 3-dimensional objects can be perceived from
different viewpoints in different orientations, they can move in space over time, and
they can occur in cluttered environments, in which they may be partially occluded.
These characteristics necessitate that for natural objects, we make the best out of
what is visually available. When an object is partially occluded, we may use global
object characteristics, for instance symmetry, to complete them perceptually. We
make the most out of an object, if we concentrate on its invariant properties, for
instance, properties that remain unchanged under positional transformations and
different orientations, and we are poised to take clues from the context as to what
the nature of the object may be (cf. Lachmann & van Leeuwen 2014). This makes
our perceptual system effective and flexible to a changing environment.

Can we use the visual strategies that have been developed for the 3-dimensional
world for letter recognition? We know from experimental psychology that these
strategies are also preferred for the perception of 2-dimensional objects and shapes.
Mental rotation effects, for example, are similar for both 2- and 3-dimensional
objects (Cooper & Shepard 1973; Shepard & Metzler 1971). Symmetry facilitates
the recognition of simple 2-dimensional shapes (Lachmann 2002) and visual
completion is based on criteria of mergeability of 3-dimensional volumes, both in
actual 3-dimensional occluded objects and in 2-dimensional drawings of them (Tse
1999). Thus, we may generally assume that there is a robust over-all preference
to perceive natural objects in a way that we term as holistic, and that this
extends to 2-dimensional configurations. Here, we define holistic processing very
roughly as a tendency to perceive visual objects as dependent of their context, to
emphasize the whole over properties of the parts, of an unilateral influence of global
features on local perception, of independence from transformational invariants
and/or symmetries, and other strategies that make perception fast and effortless and
are therefore preferred in object recognition (Lachmann & van Leeuwen 2014).

However, this processing strategy is not always optimal. In many situations and
for certain tasks we need to analyze details, to ignore irrelevant context and global
properties, or to take the orientation of an object into consideration. We term the
strategy applied in these situations here as analytic processing as opposed to holistic.
The analytic processing strategy is available too, but it is slow and takes more
effort than holistic processing. If analytic processing is required for a task, the faster
holistic strategy needs to be suppressed, which is not always easy (Hogeboom & van
Leeuwen 1997; Roelfsema & Houtkamp 2011). The analytic-holistic distinction is a
broad one, known under a variety of sometimes conflicting terminology laden with
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280 T. Lachmann

theoretical baggage (Piepers & Robbins 2012; Wagemans et al. 2012). Here, we will
use the terms holistic and analytic processing simply as a description of opposing
processing strategies, as described above (cf. Lachmann & van Leeuwen 2014).

In sum: Both letters and similar 2-dimensional visual objects can be perceived
using either a holistic or an analytic visual processing strategy. For object recogni-
tion we have a tendency to prefer holistic processing, since it is fast and effortless.
For letter recognition, which is essential for acquisition of the alphabetic sub-skill
of reading, analytic processing is required. Therefore, according to the Functional
Coordination Framework, the visual processing must become modified in terms
of a suppression of holistic processing preferences toward an analytic processing
preference for letter recognition.

14.4.2 The APPLE: Analytic Processing Preference for Letters
Effect

In a number of studies it was shown that letters are processed faster than similar
non-letter shapes (e.g., Burgund, Schlaggar, & Petersen 2006). This facilitation
could be the results of high stimulus familiarity, resulting from extended exposure
to reading material (Ambler & Proctor 1976; Burgund & Abernathy 2008; James,
James, Jobard, Wong, & Gauthier 2005). Evidence suggests, however, that letters are
not just be processed faster, but also differently from other likewise familiar stimuli
(Burgund et al. 2006; Fernandes, Vale, Martins, Morais, & Kolinsky 2014; van
Leeuwen and Lachmann 2004) and elicit a different neural response (Pernet, Celsis,
& Démonet 2005). As argued before, according to the Functional Coordination
Approach, this specific letter processing strategy is established during the early
stages of reading acquisition and is automatized over extensive reading and writing
practice (Burgund et al. 2006; Fernandes et al. 2014; Lachmann & van Leeuwen
2014). Thus, it is reading acquisition what makes letters special: analytic processing,
we argue, is then preferred for letters, as compared to a preference for holistic
processing of similar 2-dimensional non-letter shapes.

We tested the prediction of an Analytic Processing Preference for Letters Effect
(APPLE) in a number of experiments involving different tasks which, according to
our definition, are suitable to distinguish between holistic and analytic processing,
such as orientation invariance, symmetry processing, context sensitivity and global
preference. We further tested, whether literacy will make it impossible to process
letters holistically.

In Lachmann and van Leeuwen (2007) letters and dot patterns (from a set of
patterns first used by Garner & Clement 1963), with different degrees of symmetry
were presented in a same-different task. A categorical instruction was used: a
same response was required independent of the possible reflection or rotation of
the items, which were shown in succession (see Fig. 14.2). It had been shown
(Carmo et al. 2017; Checkosky & Whitlock 1973; Hermens, Lachmann, & van
Leeuwen 2015; Lachmann 2002; Schmidt & Ackermann 1990) that for this task,
symmetrical dot patterns are processed faster and more accurately as compared to
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14 Reading and Dyslexia: The Functional Coordination Framework 281

Fig. 14.2 Design of the same-different judgment task used in Lachmann and van Leeuwen (2007),
explained by examples of pairs of symmetrical and asymmetrical dot-patterns (Garner & Clement
1963, first used by) and letter stimuli

asymmetrical ones. As underlying mechanisms for this effect, we introduced the
concept of Symmetry Generalization (Lachmann 2002, 2008, see also Mirror Image
Generalization, Corballis & Beale, 1993, for review): items that are related to each
other by symmetry operations were shown to be represented by the same collective
code (Lachmann 2002; Lachmann & van Leeuwen 2005, 2010); an instruction to
judge them as different led to a response conflict (Lachmann & van Leeuwen 2005;
Proctor 1986). We (Lachmann & van Leeuwen 2014) concluded that Symmetry
Generalization is a sign of holistic object processing. If there is a preference of
analytic processing for letters (the APPLE) as a consequence of literacy acquisition,
we should observe no symmetry advantages for letters. Indeed, for normally reading
primary school (Grade 3 and 4) children in Lachmann and van Leeuwen (2007), we
found symmetry effects for the dot patterns but not for letters. For the latter, we
concluded, learning to read led to an automatic activation of an analytic processing
strategy, i.e., symmetry generalization was suppressed. In contrast, age-matched
children with developmental dyslexia showed a symmetry advantage for both
patterns and letters (see Fig. 14.3). The remarkable consequence is that, on this task,
children with developmental dyslexia were even faster, in particular with letters,
than normally reading children. We interpreted this seemingly paradoxical result
(i.e., that developmental dyslexics performed better than controls in a letter task) as
indicating that normally reading children differentiate in their processing strategy
between letters and non-letter shapes, i.e., they show an APPLE, whereas dyslexics
do not. In the modification stage, the latter failed to apply analytic processing in
terms of suppressing symmetry generalization for letters. For the particular task,
i.e., letters as well as shapes of different orientation have to be rated as same, this
led to a processing advantage for children with developmental dyslexia.
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Fig. 14.3 RT (ms) for symmetrical and asymmetrical items for children with developmental
dyslexia and age-/IQ-matched control children with normal reading skills. (Data from Lachmann
and van Leeuwen 2007)

If, as argued before, both analytic and holistic strategies are available to normal
readers, why, then, is it the case that for this particular task the normally reading chil-
dren did not apply the holistic strategy to letters too, since this seems to work best
for the given task? The reason is that skilled readers have automatized the analytic
strategy for letters, and it seems they cannot suppress this processing preference
without costs. Children who failed to modify the preference of visual processing,
and thus to implement analytic processing in the coordination stage of learning to
read, may have a disadvantage in acquiring the alphabetic sub-skill, but they have an
advantage for the particular version of the same-different task used in Lachmann and
van Leeuwen (2007), which involved responding to letters of different orientation
as same. If, in contrast, the task explicitly requires an orientation specific letter
processing (as in reading), children with a preference for holistic letter processing
would have a disadvantage. We showed this in a number of studies (Lachmann,
Steinbrink, Schumacher, & van Leeuwen 2009; Rusiak, Lachmann, & Jaskowski
2003; Rusiak, Lachmann, Jaskowski, & van Leeuwen 2007) in which we used
versions of the well-known Mental Rotation task (Shepard & Metzler 1971). Letters
were presented in different angles of rotation, half of them mirrored (see example
in Fig. 14.4). Cooper and Shepard (1973) showed, that the time to decide whether
the letter is presented “normally” or “mirrored” depends of the degree of rotation
of these letters from their upright position. An analogue of a rotation is performed
mentally, before a decision is made on whether the letter is “normal”; note that the
latter translates into: whether or not the letter is presented in the way it was learned
in the alphabetic phase (the orientation defined in the script system).

We compared Mental Rotation performance in young adults diagnosed with
developmental dyslexia and IQ-matched controls with normal reading skills and
found identical mental rotation processing in both groups (same slopes), but a
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14 Reading and Dyslexia: The Functional Coordination Framework 283

Fig. 14.4 Illustration of the Mental Rotation task (Cooper & Shepard 1973)

dramatically increased over-all reaction time in dyslexics. Visuo-spatial processes
involved in mental rotation, we concluded, are not impaired in dyslexics (Rusiak
et al. 2003, 2007). Instead, the overall group difference occurs late in the time
course of processing, after mental rotation (Lachmann et al. 2009), when it comes
to the decision whether the letter is normal or not (Lachmann 2008). Skilled readers
can make this decision quickly because, based on an automatized analytic process-
ing of the letters, symmetry generalization is suppressed. In contrast, dyslexics,
who may still process letters holistically, have problems suppressing symmetry
generalization. This results in extra time at the decision stage of processing (i.e.,
response selection, see Lachmann et al. 2009). For them, the problem is about
a fast decision whether the presented letter is shown “the correct way”, i.e., as
in text, as learned in the alphabetic phase. In Rusiak et al. (2007) we tested this
interpretation by using letters and non-letters in same-different version of the Mental
Rotation task (Shepard & Metzler 1971). We replicated the over-all group effect
for the letter condition. For non-letters, in contrast, no group difference was found
(see Fig. 14.5). While skilled readers showed an APPLE, here expressed by faster
processing of letters, developmental dyslexics showed no significant processing
difference between letters and non-letters.

In another set of experiments on letter specific processing strategies we used
stimuli such as those displayed in Fig. 14.6 (Lachmann & van Leeuwen 2004,
2008a,b; van Leeuwen & Lachmann 2004, see also Fernandes et al., 2014). Using a
flanker task design (Eriksen & Eriksen 1974), we investigated effects of congruence
of the surrounding context on the processing of the central target. Pseudo-letters (as
the one displayed in Fig. 14.6) and other non-letter targets (for instance a triangle
or a circle) all showed positive effects of flanker congruence, i.e., processing was
facilitated, if the surrounding was similar in shape to the central target (congruent
condition). According to our terminology, this implies that the non-letter targets
were processed holistically. For letters, in contrast, the surrounding shape had no
effect or even interfered with processing, leading to a negative congruence effect.
Negative congruence effects have also been reported in the literature for non-
letter shapes (Bavelier, Deruelle, & Proksch 2000; Briand 1994; van Leeuwen &
Bakker 1995), but only if the stimuli are complex and the target hard to detect
among the distracting features. Bavelier et al. (2000) therefore suggested that, akin
to crowding, attentional suppression of the surrounding nontarget information is
needed to successfully perform such tasks. Congruence would then make it more
difficult to suppress the nontarget information.
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284 T. Lachmann

Fig. 14.5 Reaction Times (ms) as a function of angle of rotation of letters and abstract figures
in children with developmental dyslexia and age-/IQ-matched controls. (Data from Rusiak et al.
2007)

Fig. 14.6 Examples of set of
letters (top) and
pseudo-letters (bottom) in
congruent (left) and
incongruent (right)
surroundings as used in
Lachmann and van Leeuwen
(2004). See also Fernandes
et al. (2014), Lachmann and
van Leeuwen (2004, 2008a,
2008b), van Leeuwen and
Lachmann (2004) for similar
stimuli

We interpret this dissociation in processing of letters and non-letters as evidence
for an APPLE: letters, in contrast to non-letters, are processed analytically. In cases
where the surrounding context makes analytic processing difficult, the context is
actively suppressed, resulting in smaller or even negative congruence effects: more
effort is needed to suppress a congruent than an incongruent context (van Leeuwen
& Lachmann 2004).
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14 Reading and Dyslexia: The Functional Coordination Framework 285

Variations of this paradigm have been informative about the strategic character
of the processing dissociation between letters and non-letter shapes. First, the
dissociation is task-dependent. In fact, using this paradigm, positive congruence
effects in letters are possible. They appear in conditions where the task can be
performed by identifying the global shape of the items (Lachmann & van Leeuwen
2004; van Leeuwen & Lachmann 2004). In one version of our experiment, van
Leeuwen and Lachmann (2004) varied the task in the following way: one condition
had response alternatives based on feature content (e.g., Category 1 = “A” or “circle”
versus Category 2 = “C” or “triangle”); a distinction between letters and non-
letters is beneficial (e.g., “A” versus “triangle”); the other condition had response
alternatives based on global shape similarity (Category 1 = “A” or “triangle” versus
Category 2 = “C” or “circle”). As a result, the negative congruence effect for letters
was maintained in the former, but eliminated in the latter condition, where letters
now showed the same congruence effects as non-letters. This shows that the holistic
processing strategy is still available for letters, and is likely to be recruited if
beneficial to the task. Secondly, this flanker paradigm was also used for studies
including children with developmental dyslexia (Fernandes et al. 2014; Lachmann
& van Leeuwen 2008b). Fernandes and colleagues replicated the aforementioned
dissociation between letters and non-letters in normal readers, and found that it is
absent in developmental dyslexics, depending on their phonological recoding skills.
In other words, dyslexics in this study failed to apply the analytic strategy. This is
in line with our results presented before, from the experiment using the symmetry
effect (Lachmann & van Leeuwen 2007).

In a further study, which we (Lachmann & van Leeuwen 2014) conducted to
investigate the nature of the APPLE phenomenon, we used the well-known Navon-
task (Kinchla 1974; Navon 1977). As typical for this task, compound letters were
used: a large F, i.e., the global level, composed of a number of identical small Fs,
i.e., the local level (see the example in Fig. 14.7, left), or a large H composed of
small Hs. Both form the congruent condition. In the incongruent condition, the
large F was composed of small Hs or a large H composed of small Fs. Participants
were instructed to respond either to the local or to the global level, while ignoring
information provided at the other level, respectively.

The pattern of results typically found for this kind of task has been established
in the literature (see Kimchi 2015, for a review) as the Global Precedence Effect
(GPE): faster processing of the global than the local level (global advantage effect),
and an asymmetric congruence effect in a way that incongruency interferes with the
local-level target responses but not with global level ones. We may consider this
pattern of results (GPE) as reflecting holistic processing. Thus, the GPE reported in
the literature might seem to be in contrast to the proposed APPLE, i.e., that letters
are preferably processed analytically. Note, however, that in previous research, the
GPE was found to strongly depend on the presentation mode (Amirkhiabani 1998;
Amirkhiabani & Lovegrove 1996; Han, Yund, & Woods 2003; Hübner 1997; Lamb
& Robertson 1988, 1990; Poirel, Pineau, Jobard, & Mellet 2008, see Kimchi, 2015,
for a review), and that the viewing conditions in which the effect was typically found
do not resemble those of our flanker/symmetry studies introduced before.
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286 T. Lachmann

Fig. 14.7 Examples of the
set of compound stimuli
(Kinchla 1974; Navon 1977)
used in Lachmann and van
Leeuwen (2014). Left side:
example of a congruent letter
stimulus, i.e., the local and
the global level consists of the
same letter F; right side:
example of an incongruent
non-letter stimulus (different
non-letter at the local and
global level)

Fig. 14.8 Non-letter items in the experiment of Schmitt et al. (2017) and sounds that were
associated to these in a phonological and a non-phonological subgroup

Therefore, in Lachmann and van Leeuwen (2014) we used conditions for which,
according to our approach, the APPLE should be present: foveal presentation
and a visual angle more closely resembling conditions of fluent reading, so the
automatized reading specific visual processing strategy was more likely to be
activated. With the global stimulus size close to the functional visual field in word
reading and local stimuli close to the critical size for fluent reading of individual
letters (Jordan & Martin 1987; Lamb & Robertson 1990; Legge & Bigelow 2011;
Legge, Pelli, Rubin, & Schleske 1985), we compared the global precedence effect
for letters and non-letters (see examples in Fig. 14.7, see also Fig. 14.8) in central
viewing. For these conditions, we found the GPE to remain robust for non-letters.
For letters, in contrast, the effect disappeared.

The dissociation in analytic and holistic processing between letters and non-letter
shapes seems to depend not only on task demands (as shown above), but also on the
presentation mode. The APPLE is manifest in the Navon-paradigm too, but only if
viewing conditions are akin to reading. As a consequence of literacy acquisition,
in reading-like conditions (cf., Legge & Bigelow 2011) and relevant task demands,
an analytic visual processing strategy for letters is automatically activated, while
non-letters are robustly processed holistically.
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14 Reading and Dyslexia: The Functional Coordination Framework 287

Fig. 14.9 Results from Schmitt et al. (2017). RT (ms) for letter (left side) and non-letter stimuli
(right side) for congruent and incongruent trials in the local and global conditions, displayed
separately for the pre-test (top) and the post-test (bottom)

Is the APPLE restricted to those configurations for which the grapheme-phoneme
conversion rules were learned in the alphabetic phase, i.e., to the defined letters of
the learned alphabet? What happens when the non-letters in this experiment are
“converted” into “new letters”? Will these “new letters” then simply replace the
cross-modal representation of the original graphemes, and will then, consequently,
the APPLE appear for these too? We tested this in a training study (Schmitt et al.
2017). The same Navon-design as in Lachmann and van Leeuwen (2014) was
used, but two sessions were performed, with a training in between them. In one
group of participants, non-letter shapes were associated with non-phonological
auditory stimuli. The other group learned phonological associations to the non-
letter shapes (including fluent non-word reading with them) making these “new
letters” (see Fig. 14.8). The question was, whether a relatively short training (short
in comparison to the process of learning to read) could reduce or even eliminate the
effects of holistic processing (GPE) for the “new letters”, i.e., only in the group with
phonological training. The answer is “no”. We found no change whatsoever in the
pattern of results between Session 1 and 2 in both groups; there was an APPLE for
letters and there were effects holistic processing for non-letters (i.e., the GPE), no
matter what kind of associations were trained (see Fig. 14.9).

A short phonological training, it seems, is not sufficient to transfer the letter-
specific processing strategy to the non-letter items involved in this training. What the
study by Schmitt et al. (2017) showed, however, is that the distinction in processing
of letters and non-letters can be replicated between and within participants. At the
same time, the results showed that an increase in familiarity with the stimuli, which
is evident in the data (cf., Schmitt et al. 2017), has no effect on this distinction;
familiarity alone is not sufficient to elicit analytic processing. Neither is it sufficient
to have successfully learned distinctive associations to the non-letters.
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14.5 Summary

We introduced the Functional Coordination Framework which describes the process
of learning to read as a form of procedural learning in which pre-existing functions,
mainly from the visual and auditory domain, are recruited, modified and coordinated
to create a cognitive procedure optimal for reading text, which forms the basis
of subsequent automatization (Lachmann 2002, 2008; Lachmann & van Leeuwen
2014). This learning process takes several years and comes along with functional
and structural changes in the brain, as the learning of any complex skill.

In the present chapter, we focused on the modification of preferences of
visual processing strategies, in particular, on the prevalence of analytic processing
strategies for single letter processing. This modification is required in order to
learn the alphabetic sub-skill of reading during the coordination stage. Analytic
processing is, however, a resident skill, also present before learning to read, in
dyslexics and in illiterates (Lachmann, Khera, Srinivasan, & van Leeuwen 2012),
just as the other functions involved in the procedure. None of these functions is
originally specific for reading what is specific is their new synthesis. It is not the case
that reading acquisition implies a loss of any perceptual skills; for instance we are
still able to perceive non-letter items analytically or letters holistically (Lachmann
& van Leeuwen 2004; van Leeuwen & Lachmann 2004). However, while analytic
processing is normally demanding and slow, automatization leads to a fast analytic
letter processing, in fact faster than holistic processing.

We reviewed a number of our studies investigating the question whether lit-
eracy makes letter recognition distinctive to the processing of similar non-letter
configurations in skilled readers. We showed that for letters, analytic processing
is preferred, which we termed as the Analytic Processing Preference for Letters
Effect (APPLE), but only as long as these are taken as part of a reading process. The
habitual tendency to do so is strong enough to be manifest in our experiments, even
though these used single letters outside of a reading context, as long as the task and
the presentation mode are sufficiently similar to those of reading and/or if alphabetic
decoding is requested or beneficial. It is the reading skill, which is special, not the
letter configurations.

We further tested whether learning of pairwise associations of non-letter shapes
to phonology makes these items new letters. We showed that a short training of
replacing letters by non-letter is not sufficient to elicit the APPLE. It seems that
the novel symbols will not easily be incorporated in the automatized skill. We still
believe, however, that reading is not a matter of certain letters and sounds. These
are only concretizations within a complex, higher-order procedural learning process
and its automatization. After automatization, perceiving letter stimuli from the
learned script may yield difficulty in suppressing their modified visual and auditory
processing preferences, even though it is principally possible. Letters are then part
of the automatized coordination, and they are habitually processed as such. Thus,
altogether, letters are special, to an experienced reader (Duñabeitia, Dimitropoulou,
Estévez, & Carreiras 2013).
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14 Reading and Dyslexia: The Functional Coordination Framework 289

Developmental dyslexia is explained within our framework as a Functional
Coordination Deficit (Lachmann 2002, 2008), since at the coordination stage (see
Fig. 14.1) a high degree of fine tuning of complex functions is required. Thus,
developmental dyslexia is not seen as a consequence of a deficient automatization
per se, but of automatization of suboptimal functional coordination.

From the point of view that a failure in learning to read is the consequence of
suboptimal coordination followed by the process of automatization, it makes little
sense to search for a single cause of reading problems. There might be many possible
reasons for failure to become a fluent reader, like those described in various chapters
of the present book or by other theories of developmental dyslexia (e.g., Bishop et al.
1999; Farmer & Klein 1995; Goswami et al. 2011; Ramus et al. 2003; Snowling
2001). All of these may lead to failures in functional coordination. Therefore, the
Functional Coordination Framework is not yet another explanatory theory, but is
open to multi-causal explanations and offers a structure for integrating various
theories on reading and dyslexia.

Following the logic of the Functional Coordination view, isolated training of
basic functions, such as basic visual-auditory integration or temporal processing
alone, has only limited effects on literacy once automatization is already advanced
(e.g., Schumacher 2012). After automatization, the skills must be reorganized from
the beginning and then reautomatized (Klatte et al. 2014; Lachmann & van Leeuwen
2014). This also implies that learning to read is not a matter of imprinting or phase-
sensitive learning related to a particular age or a life stage. As soon as the required
functions, including language acquisition, are developed sufficiently, at around an
age of 4 years, reading can be learned by children and by adult illiterates, all
in the same way. How fast the procedure becomes automatized, depends, besides
individual factors, mainly on reading practice (Duñabeitia et al. 2013).

When the learning process failed, however, as in developmental dyslexics,
training in terms of increasing reading practice (i.e., “more of the same”) also
has only a limited effect. It would even strengthen the suboptimal coordination
and hence also the suboptimal modification of the involved cognitive functions
and sub-skills, including, but not limited to, those which were the cause for the
failure in coordination. Consequently, deficits in isolated functions and sub-skills
that have been identified in studies to be associated with developmental dyslexia,
including phonological awareness, may also reflect a consequence of suboptimal
reading experience. This makes it hard to distinguish cause from effect (Hüttig et al.
2017). In the end, however, this is not even necessary, because learning must start
from the beginning anyway.
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