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Abstract. A line of research in linguistics and cognitive science argues that many
properties of language and linguistic structure are shaped, at least in part, by
functional pressures to communicate efficiently, with efficiency defined relative
to the trade-off between the accuracy and effort of communication. Research in
this vein has argued that certain properties in language which seem intuitively
inefficient, such as lexical ambiguity, are not only less inefficient than is com-
monly thought, but may in fact support, rather than contradict, the hypothesis
that efficiency pressures shape language. The work presented here applies this
line of thinking to two unrelated writing systems, written Sumerian and writ-
ten Japanese, which both prominently feature properties which might be seen
as inefficient, namely ambiguity and logography. Drawing on methods from in-
formation theory and past work on communicative efficiency, the efficiency of
mappings between written forms and sound and between written forms and
meanings is quantified for these two writing systems and compared against a
battery of plausible hypothetical competitor systems, including variants which
make greater use of phonography. The real systems are found to be more efficient
overall than the hypothetical competitors, which is consistent with the efficiency
hypothesis. The results are discussed relative to the question of efficiency pres-
sures in writing systems, the inefficient ‘reputation’ of certain writing systems,
and the linguistic fit of writing systems.

Introduction

Writing systems invariably have some degree of non-isomorphism be-
tween written forms and other linguistic information such as sounds and
words. It is common, for example, for a writing system to have written
forms that can be read in more than one way, or multiple ways of spelling
a given sound or word. Another property found, to varying degrees, in
virtually all writing systems is that a given word’s spelling might not be
a function only of that word’s pronunciation; this is especially salient
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in writing systems that often have individual characters encode infor-
mation at the lexical or morphological level. The former property, the
lack of one-to-one mappings, can be termed ambiguity, polyvalence, or non-
isomorphism. The latter property falls under the header of logography. Both
of these properties have been cast by some as being sources of ineffi-
ciency in writing systems, and have factored into arguments both for
and against the idea that writing systems are shaped by ‘natural’ pres-
sures, such as pressures to be communicatively efficient. The research
presented here is concerned with the interaction of these two proper-
ties, and how they affect writing system (in)efficiency. How, and why,
do certain writing systems make use of polyvalent, logographic charac-
ters/spellings, and do these properties manifest in a way that facilitates,
rather than impedes, communicative efficiency?

The expectation is that the presence and instantiation of logography
and non-isomorphism in writing systems is more beneficial, rather than
detrimental, to the efficiency of such writing systems, and thus consti-
tute evidence in favor of the hypothesis that writing systems are shaped
by communicative efficiency pressures. In other words, these proper-
ties, despite their uneven reputation, are not structural flaws which are
merely tolerated for reasons of culture or a general ‘conservatism’ re-
garding writing systems. This hypothesis fits in not only with function-
alist approaches to linguistics and cognitive science generally, particu-
larly with regards to the burgeoning literature on how efficiency shapes
language (Gibson et al., 2019), but also with broader question of why
writing systems are they way they are (and aren’t the ways they aren’t).

Comments on Terminology

As is often remarked on, writing systems terminology varies by author.
Appendix A provides brief definitions for certain terms as they will be
used in the current paper.

Efficiency

Language, in all modalities, is used for communication. As such, one
might expect, or at least hope, that language is well suited for commu-
nication. This expectation can be taken a step further by hypothesizing
that language is the way it is (at least in part) because it has been shaped
by communicative pressures. Adding one more layer of specificity, one
can consider whether the pressure to communicate ¢fficiently, as defined
below, can explain various properties of human language. The hypothe-
sis that efficiency shapes language will be referred to here as the ¢fficiency
hypotbesis.
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The last few decades have seen an influx of research that directly con-
siders the efficiency hypothesis (for recent reviews, see Kemp, Xu, and
Regier (2018), Gibson et al. (2019), Mahowald, Dautriche, et al. (2022),
and Levshina (2022, pp. 3-35)). Such research has focused on a range
of linguistic topics, both broad and narrow, but much of it is unified
by similar methodological approaches which make use of concepts and
methods from information theory (Cover and Thomas, 1991; Shannon,
1948).

To begin, there is the basic information theoretic model of what com-
munication is. As summarized by Gibson et al.:

First, an information source selects a message to be transmitted. Next, the
message is encoded into a signal, and that signal is sent to a receiver through
some medium called a channel. The receiver then decodes the signal to re-
cover the intended message. Successful communication takes place when the
message recovered at the destination is [identical or nearly identical] to the
message selected at the source. Efficiency in communication means that suc-
cessful communication can be achieved with minimal effort on average by the
sender and receiver. (Gibson et al., 2019, p. 391)

In the context of linguistic communication, both the information
source and the encoder are a language user who wishes to linguistically
convey some idea, message, knowledge state, etc. Similarly, the receiver
and destination are both some other language user, who receives the sig-
nal and decodes it in an attempt to reconstruct the target message. The
signal itself takes the form of linguistic units, such as words, as realized
by a particular modality.

As mentioned above, communicative efficiency is based on both how
accurate communication is and how effortful it is. Regarding the termi-
nology that will be used in this paper, a system’s informativeness is a mat-
ter of whether it enables communication which is accurate/successful.
A system’s complexity refers to how effortful it is to use that system. Ide-
ally, a communication system is maximally informative and minimally
complex: taken to the extreme, a maximally efficient system would be
one that is completely effortless to learn and use and enables communi-
cation that is one-hundred percent accurate one-hundred percent of the
time.

However, such a system does not exist. There is a tension underlying
informativeness and complexity, namely that each of these two factors
imposes limits on the other which leads to a trade-off relationship be-
tween them. In order for a communication system or event to increase

1. It should of course be acknowledged that functionalist, efficiency-based ac-
counts of language are by no means the only accounts of language, nor is the efficiency
hypothesis without good-faith critics. Some recent critiques of some efficiency-related
arguments include Caplan, Kodner, and Yang (2020), Levshina (2021), and Morin and
Koshevoy (2024).
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informativeness, it typically needs to be more complex, and vice versa.
In light of the push-pull of informativeness and complexity, efficiency
becomes a matter of how well a system optimizes the informativeness-
complexity trade-off. If a system is as informative as it can possibly be
given its level of complexity and is as simple as it can be given how infor-
mative it is, it can be viewed as optimally efficient. An important conse-
quence of this approach is that two systems that differ in both informa-
tiveness and complexity can still be comparably efficient, provided that
the more complex system is more informative than the simpler system.

In order to put this model of efficiency into practice, it is necessary
to define informativeness and complexity in ways that can be quantified.
Conceptually, any measure which can compare the difference between
the intended message of the sender and the reconstructed message of the
receiver, or can capture the quality and consistency of using particular
signals for communication, would be suitable for informativeness. Con-
cepts from information theory (e.g., surprisal, entropy, mutual informa-
tion) are often used to quantify informativeness, though there is not a
single, unified informativeness metric which is the standard across the
literature. Complexity (or effort) encompasses a wide range of factors
relevant to language. Measures such as utterance length, rate of commu-
nication, motor difficulty, or short-term memory burdens are among the
ways to capture aspects of in-the-moment effort. Counting the number
of distinct unit types in a language (e.g., distinct morphemes, phonemes,
etc.) or the number of grammatical rules that a language’s users need to
know would help measure effort from the perspective of acquiring and
maintaining proficiency. Like with informativeness, there is no single,
unified complexity metric, and any given element of complexity may
itself be measured in different ways. In addition, some dimensions of
complexity may trade-off with other dimensions of complexity.

The question of whether language is shaped by efficiency pressures
can be rephrased as: to what extent are various properties of language
shaped by efficiency pressures? Turning to the literature, one finds ev-
idence that quite a few properties of language seem to be shaped at
least in part by efficiency pressures, including (but not limited to): word
length (e.g., Mahowald, Fedorenko, Piantadosi, and Gibson, 2013; Pi-
antadosi, Tily, and Gibson, 2011; Pimentel, Meister, et al., 2023; Zipf,
1949); articulation (e.g., Aylett and Turk, 2004; Cohen Priva, 2017; Gahl,
Yao, and Johnson, 2012); syntax and word order (e.g., Futrell, Mahowald,
and Gibson, 2015; Gildea and Temperley, 2010); morphology (e.g., Dye,
Milin, Futrell, and Ramscar (2018) for grammatical gender; Wang and
Walther (2023) for classifiers; Fedzechkina, Jaeger, and Newport (2011)
and Lee (2009), and Kurumada and Jaeger (2015) for case marking;
Mollica, Bacon, Zaslavsky, et al. (2021) for tense); pronouns (Deni¢,
Steinert-Threlkeld, and Szymanik, 2020); information rate (e.g., Coupé,
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Oh, Dediu, and Pellegrino, 2019; Jaeger, 2010); and, as will be discussed
below, semantic typology, colexification, and ambiguity.

Ambiguity and Efficiency

One prevalent property of language which is often raised as an example
of communicative inefficiency, is that of ambiguity, which is present at
multiple levels of linguistic structure (cf. Wasow, 2015). One of the more
salient types of ambiguity is lexical ambiguity, including homophony
and polysemy/colexification, and it is lexical ambiguity that will be the
main focus of this brief review.

Intuitively, ambiguity is detrimental for communication from the
perspective of the decoder who, in the absence of additional information,
will have a reduced likelihood of reconstructing the intended message;
in terms of a complexity-informativeness trade-off, ambiguity reduces
informativeness, and as such reducing ambiguity has the potential to
improve efficiency. Indeed, there is evidence that ambiguity avoidance
may be an explanatory factor in language change (e.g., Wedel, Kaplan,
and Jackson (2013) regarding phonological mergers; Zehentner (2022)
on the emergence of syntactic constructions) and acquisition (e.g., Yin
and White, 2018). There is also evidence that, at least for high frequency
forms, homophones are less common than would be expected by chance
(Trott and Bergen, 2020; 2022), while minimal pairs are more common
than would be expected (see also Dautriche et al., 2017).

Nonetheless, it has been proposed that some amount of ambiguity is
necessary (e.g., Juba, Kalai, Khanna, and Sudan, 2011) and may even be
beneficial for language (e.g., Peloquin, Goodman, and Frank, 2020; Pi-
antadosi, Tily, and Gibson, 2012). The necessity of ambiguity is intuitive
when one considers how impractical it would be to have a completely
unambiguous system where every possible meaning has its own distinct
form. The crux of the pro-efficiency argument for ambiguity is that am-
biguity has the potential to decrease system complexity, by virtue of
decreasing the number of distinct forms needed to communicate, and
that in practice, contextual information will serve to disambiguate oth-
erwise ambiguous forms, mitigating losses to informativeness. Note that
this line of argument isn’t incompatible with the view that shifts away
from ambiguity can also contribute to efficiency. Ambiguity isn’t always
good or always bad, but rather is a property which languages can take
advantage of to increase efficiency, but will shy away from if the cost
to informativeness is not worth the decrease in complexity. For exam-
ple, building on their previous finding that phonological mergers are
avoided if they would lead to greater homophony in the lexicon, Wedel,
Jackson, and Kaplan (2013) temper their earlier results by showing that
additional contextual information can influence merger avoidance; for
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example, mergers that would result in homophones that share a lexical
category (e.g., both nouns) are less common than mergers that would
result in cross-category homophones (e.g., a noun and a verb).

The potential efficiency of lexical ambiguity has been approached
from various angles. Corpus studies have found that lower effort forms
are more likely to have a disproportionately large number of meanings
(Piantadosi, Tily, and Gibson, 2012), and a word’s predictability in con-
text has a positive correlation with how lexically ambiguous it is (Pi-
mentel, Maudslay, Blasi, and Cotterell, 2020), which suggests that lan-
guage users may make contexts more informative when using words
which are more lexically ambiguous. Evidence from communication
simulations also support the efficiency argument, with Peloquin, Good-
man, and Frank (2020) finding that the presence of ambiguous forms
were more likely in situations with greater context.

Turning to the semantics of ambiguity, there are the questions of
whether certain meanings are more likely to colexify, (i.e., share a
form), and whether typological trends in how meanings colexify are
consistent with the efficiency hypothesis. Studies on semantic typology
have yielded evidence that the lexicons of natural languages do indeed
seem to ‘carve up’ the space of possible meanings in ways that facil-
itate efficient communication (Kemp, Xu, and Regier, 2018). Such re-
sults have been found for a range of semantic domains, including color
(e.g., Zaslavsky, Kemp, Regier, and Tishby, 2018), kinship (Kemp and
Regier, 2012), containers (Xu, Regier, and Malt, 2016), animals (Za-
slavsky, Regier, Tishby, and Kemp, 2019), sensory terms (Majid et al.,
2018; Winter, Perlman, and Majid, 2018), and terms relating to climate
and environment (Regier, Carstensen, and Kemp, 2016). A recurring no-
tion in many of these studies is the idea that languages adapt to be ef-
ficient relative to the cultural and environmental context in which they
are used. In particular, the degree to which communicating a particular
concept will affect the overall efficiency of the language will be based in
part on the likelihood with which users of that language actually need to
communicate about that concept. Even if communicating about a partic-
ular concept is costly, it will have a minimal effect on efficiency overall
so long as communicating about that concept is a rare occurrence. If
the distinction between two concepts rarely matters, those concepts can
more safely be colexified.

Expanding the scope beyond individual semantic domains, Xu,
Duong, et al. (2020) consider which general factors influence colexifica-
tion rates. Their results, based on data from 246 different languages, sug-
gest that both conceptual similarity (e.g., fire is similar to flame are similar
concepts) and conceptual relatedness/associativity (e.g., scent is associ-
ated with nose) are strong predictors of whether two meanings will colex-
ify. Similar conclusions were made by Karjus et al. (2021), who found
that semantic similarity predicted colexification in a novel language
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learning participant study, but also found that participants were less
likely to colexify similar concepts that often needed to be distinguished
between during communication. Brochhagen and Boleda (2022) expand
on the role of similariy in colexification, arguing that, while meanings
are more likely to colexify if they’re semantically related, languages may
avoid colexifying meanings that are fo0 similar. They found that pairs of
extremely related concepts were less likely to colexify than pairs of more
moderately related concepts, and proposed that, as meanings become
too closely related, the risk of confusability increases, and thus colexify-
ing such meanings risks hurting informativeness to an extent that is not
worth the modest reduction in complexity.

To summarize, there is mounting evidence that languages, and lan-
guage users, make use of ambiguity in ways that reduce complexity at
little or no cost to informativeness, thereby supporting efficient com-
munication. One might expect that, excluding spoken language-specific
topics such as phonology, much of the previous work on lexical ambigu-
ity and efficiency directly translates to written language. However, this
rests on the assumption that written language is always a one-to-one
mirror of spoken language, which is not the case. Sharing a spoken form
is no guarantee of sharing a written form (e.g., English (tea) versus (tee),
both /ti/), and vice versa (e.g., English /wind/ and /waind/, both (wind)).
Even different senses of a polysemous word may have distinct forms de-
pending on the modality: for instance, (spoken) Japanese /atu/ “hot” is
spelled #\ in reference to hot objects, but as & for hot weather or climate.
As such, whether or not writing systems and written language make ef-
ficient use of ambiguity is a question that can’t be answered without
focusing directly on writing systems and written language?.

Writing Systems and Efficiency

The idea that writing systems are (or are not) shaped by functional
communicative pressures is not new. Many arguments regarding writ-
ing system efficiency could be slotted into three loose categories: either
functional pressures exert little to no influence over writing systems;

2. Itis true that some the past work on the efficiency of lexical ambiguity has used
written data (such as text corpora or language simulations that use written commu-
nication, as in Karjus et al. (2021). In most cases this is done for reasons of data avail-
ability/convenience, and the use of written data may be couched as being a proxy of
spoken language (and, when possible, written data may be converted to approximate
spoken data). Nonetheless, even though such studies typically aren’t framed as being
about written language per se, they are still relevant to whether written language is ef-
ficient (and in fairness, they sometimes are treated as being analyses of written rather
than spoken language by virtue of their choice of data, though this may get portrayed
as a concession rather than a goal, as in e.g., Pimentel, Nikkarinen, et al., 2021).
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or functional pressures act on writing system in such a way that some
(types of) writing systems end up more efficient than others; or func-
tional pressures act on writing system in such a way that all writing
systems are comparably efficient. What follows is a brief review, with
an eye for the main topics of the current study, namely ambiguity and

logography.
The Validity of Functionalist Approaches to Writing Systems

To begin, it is worth addressing the possibility that writing systems are
not shaped by functional pressures. In short, this view often takes the
form of arguing that writing systems are the way they are mostly, if not
entirely, because of societal factors (e.g., (Coulmas, 2003; Trigger, 1998;
Cooper, 2004, p. 91; Coulmas, 2009, p. 9; de Voogt, 2024, p. 896; see also
discussion in Houston, 2012a), and such societal pressures often serve
to reduce or inhibit shifts towards writing system utility (e.g., Hannas,
1997). A succinct form of this argument is provided by Coulmas:

It is a mistake to see writing systems as quasi-natural organisms governed
in their development by natural laws. Every script is a cultural implement
subject to human ingenuity and error, created under certain circumstances
for certain purposes and a certain language. To be sure, there are common
traits, and economy of effort clearly is one of the guiding principles of human
behaviour. Yet there is plenty of room for waste, extravagance and manifes-
tations of the human mind defying bare utility. Cultural inertia and conser-
vatism [...] and normativism [...] are strong forces at work in every literate
community. They have little to do with writing systems as such or with their
efficiency, yet they exercise a strong influence on their formation. Writing is
a cultural product par excellence, and its development must be understood as
such rather than in quasi-naturalistic terms. (Coulmas, 2003, pp. 200—201)

Written language does indeed seem to be more resistant to diachronic
shifts than non-written language, especially if that written language is
standardized, or functions as a prestige literary language. Top-down
spelling reforms are, of course, a result of social, cultural, and politi-
cal action, and a lack of spelling reforms (for writing systems that some
might feel are in need of some changes) may be attributed to sociocul-
tural factors. To argue that writing systems are completely unaffected by
functional pressures, however, would be premature3. The question is: 70

3. Two points must be made here: first, it is rare to encounter an argument as
extreme as “writing systems are completely unaffected by functional pressures”; as
evidenced in the above quote from Coulmas, the potential for functional pressures
to shape writing systems can be acknowledged even when arguing for the relative
strength of social and cultural pressures. Second, arguments that cast doubt on the role
of functional pressures are often made in response to proposals that writing systems
are predominantly shaped by such pressures (such as the ‘evolutionary’ views of writing
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what extent do functional pressures shape writing systems? Even if ‘natu-
ral’ pressures only had a weak effect on writing systems, such pressures
would still very much worth investigating, and any results in such a vein
would absolutely be relevant to broader questions of human language,
writing systems, and cognition. Or, as neatly summarized by Sampson:

It is understandable that political considerations may sometimes out-
weigh simple efficiency in deciding what form of writing a society uses. One
might suppose, though, that where politics does not impinge, functional con-
siderations would constrain the ways in which a script could evolve. (Samp-
son, 2015, p. 58)

Criteria of Writing System Effectiveness

There have been a range of proposals over the years regarding what
criteria best measure the effectiveness of writing systems (e.g., Baroni
(2011), Cahill and Karan (2008), Coulmas (2009), Daniels and Share
(2018), Powlison (1968), Rogers (1995), and Venezky (1970); see also
Meletis (2019, p. 206)). Such proposals vary as to whether or not these
measures of effectiveness predict how writing systems develop, or are
an ideal (attainable or otherwise) to which writing systems should as-
pire. Considerations such as regularity of mappings, inventory size,
and visual distinctiveness, which are among the more frequently pro-
posed criteria, could be treated as measures of either informativeness or
complexity, as per the current study’s treatment of efficiency. Notably,
such lists also tend to make mention of ambiguity, specifically as some-
thing to be avoided by writing systems, though it is sometimes acknowl-
edged that writing systems may need to balance one source of ambigu-
ity with another (e.g., morphological regularity versus phonetic regu-
larity). Indeed, the theme of trade-offs, in line with the informativeness-
complexity trade-off that is at the core of how the current study treats
efficiency, is not uncommon in the writing systems literature (e.g., Civil,
1973; Daniels and Share, 2018; Rogers, 1995; Salomon, 2012; Seidenberg,
2012; Share, 2014; Trigger, 1998).

Inventory size and learnability are two factors which have featured
prominently in some of the more influential (and critiqued) theories re-
garding writing system development. While not the first to raise such
arguments, Gelb (1963), and contemporaries such as Diringer (1962),
helped popularize the idea that writing systems necessarily ‘evolve’ to-
wards greater efficiency, following a monotonic path from logographic

system development reviewed in this section), and in fairness it is indeed unlikely
that functional pressures are the only force behind writing system development and
structure.
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to syllabic to segmental/alphabetic. By Gelb’s account, a writing sys-
tem’s efficiency is based on his ‘principle of economy,” defined as “the
effective expression of the language by means of the smallest possible
number of signs.” (Gelb, 1963, p. 72). In other words, efficient writing
systems are those that prioritize reducing inventory size (complexity),
not those that optimize the informativeness-complexity trade-off (cf. the
current study’s treatement of efficiency).

Such arguments regarding writing system evolution and the com-
parative utility of different writing system types (in part or in whole)
have faced no shortage of critics (e.g., Baroni, 2011; Coulmas, 2003;
Daniels, 1990; de Voogt, 2024; Mattingly, 1985), but the general idea that
some (types of) writing systems are more functional or practical is still
present, in various forms, in research on writing systems.

The Effectiveness of Logography

Among proponents of the view that some types of writing systems are
inherently (dis)advantageous, the most common stance (at least in the
Anglophone literature) has been that logography is less efficient than
phonography. Points raised in support of more logographic writing sys-
tems being less practical than more phonographic systems include: lo-
gographic systems require larger character inventories (e.g., Gelb, 1963;
Pulgram, 1976); logographic systems are inconvenient for lexicography
(DeFrancis, 1996); logographic systems don’t capitalize on learner’s al-
ready strong phonological knowledge (DeFrancis, 1996; Hannas, 1997);
logographic systems take more time and effort to acquire and master
(Hannas, 1997; Powlison, 1968); and logographic characters tend to be
visually complex. Such discussions are usually focused on written Chi-
nese (or Sinograms generally, including as used in written Japanese and
Korean), though similar ideas can be found (or are at least mentioned)
in reference to the writing systems of ancient Egypt (e.g., Baines (2004,
p- 181)) and Mesopotamia (e.g., Cooper (2004, p. 92); N. Veldhuis (2011,
p. 86)), or early writing systems more generally (Woods, 2010, p. 22).
There is, of course, not unanimous agreement that logography is dis-
advantageous, and indeed the current study’s hypotheses are at odds
with the idea that logography is inherently inefficient. This is not be-
cause of a lack of evidence for many of the proposed downsides of lo-
gographic systems: in more logographic systems, characters do tend to
be more visually complex (Chang, Chen, and Perfetti, 2018; Miton and
Morin, 2021); character inventories are larger (e.g., Chang, Chen, and
Perfetti, 2018); characters are less informative about phonological in-
formation (e.g., Marjou, 2019; Sproat and Gutkin, 2021); and total liter-
acy (at least regarding character knowledge and formal schooling) takes
longer to acquire. A critical point to make is that none of these points
necessarily lead to inefficiency, as defined here. Rather, they suggest
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that logographic systems will trend towards increased complexity (re-
garding visual complexity and memory/acquisition) and decreased in-
formativeness regarding sounds. However, such systems are only ineffi-
cient if these downsides aren’t accompanied by improvements in other
areas. Indeed, certain advantages have been proposed for retaining lo-
gography, such as: accommodation of dialectal differences (e.g., Samp-
son (1985, p. 170); Chen (1999, pp. 140-141)); homophone disambigua-
tion (e.g., Sampson (1985, p. 170)); Taylor and Taylor (1995, p. 323);
Chen (1999, pp. 140—-141); Handel (2013); Meletis (2019, p. 268)) regu-
larity of spellings with regards to morphological alternations (e.g., Berg
and Aronoff, 2017; Chomsky and Halle, 1968; Venezky, 1970); semantic
transparency (e.g., Handel, 2013); and ease of scanning texts for specific
words or concepts (Cooper, 2004, p. 98); cf. Morita and Tamaoka, 2002).

Linguistic Fit

Another possibility is that certain types of writing systems are better
for certain types of spoken languages (e.g., Baroni, 2011; Frost, 2012;
Halliday, 2010; Handel, 2019; Joyce and Meletis, 2021; Katz and Frost,
1992; Mattingly, 1985; Meletis, 2019; Seidenberg, 2011; 2012; Voegelin
and Voegelin, 1961), a concept known (among other names) as linguis-
tic fit. Most takes on the linguistic fit argument can be divided into two
pieces, one analytical and one empirical: the analytical is that certain
types of writing system are better suited to certain types of spoken lan-
guages, particularly with regards to that spoken language’s morphol-
ogy and phonology (e.g., simpler syllable structure is more compati-
ble with syllabic writing systems). The empirical portion of the linguis-
tic fit argument is whether it is indeed the case that writing systems
trend towards, or away from, certain structural properties so as to bet-
ter fit their respective spoken languages. Proponents of linguistic fit will
mostly agree that the empirical question can be answered in the affir-
mative (though see Meletis (2019, pp. 355-356) for a more nuanced an-
swer), but there is disagreement over whether this fit is optimized (see
(responses to) Frost, 2012).

Ambiguity

Ambiguity avoidance has factored in to various discussions of writing
system development (e.g., Boltz, 2011; Woods, 2010), borrowing (e.g.,
Handel, 2019), and reform (e.g., Chen, 1999; Handel, 2013). Innovations
and developments such as determinatives, using different spellings for
homophonous words, and including redundant information in spellings
have been touted as evidence that writing systems prefer to avoid ambi-
guity. However, the inevitability and trade-offs of ambiguity in writing
systems have been noted as well (e.g., Fortson, 2023; Salomon, 2012),
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and the presence of ambiguity in writing system has also been cited
as evidence against such systems being shaped by functional pressures
(e.g., de Voogt, 2024). What is missing from many of these claims, how-
ever, is quantified empirical evidence: for example, claims about the dis-
ambiguating benefits of determinatives tend not to be accompanied by
counts of just how many words are disambiguated by the use of deter-
minatives.

Quantitative methods are more common in the robust literature on
the ambiguity and consistency of spelling-sound mappings in writing
systems, often referred to as orthographic depth or transparency (e.g., Borleffs,
Maassen, Lyytinen, and Zwarts, 2017). While not typically focused on ef-
ficiency or functional pressures, the depth/transparency literature over-
laps with the current study not only in its focus on ambiguity, but also
its use of information theoretic methods (as in e.g., Borgwaldt, Hellwig,
and Groot (2004) and Protopapas and Vlahou (2009); and Siegelman,
Kearns, and Rueckl, 2020). Such studies have predominantly focused on
more phonographic (usually more alphabetic) systems, however, and the
emphasis on character-sound mappings has left underexplored the topic
of character-morpheme mappings (though see Siegelman, Rueckl, et al.,
2022).

Cognitive and Quantitative Approaches to Writing System Efficiency

Finally, is worth highlighting some recent studies that, like the current
study, consider writing systems from a more cognitive, quantitative,
and/or efficiency-focused (in the efficiency hypothesis sense) perspective.
Much of the research in this vein has focused on visual properties, such
as visual complexity and redundancy (Changizi and Shimojo, 2005; Han,
Kelly, Winters, and Kemp, 2022; Kelly, Winters, Miton, and Morin, 2021;
Koshevoy, Miton, and Morin, 2023; Miton and Morin, 2021), represen-
tational iconicity (e.g., Kuperman and Bertram (2013) for the spelling of
compound words), and congruence with human visual cognition (e.g.,
Changizi, Zhang, Ye, and Shimojo, 2006; Morin, 2018). Overall, the re-
sults of these studies support the idea that functional pressures shape the
development of written character forms. Regarding visual simplicity, the
available evidence suggests that new written forms simplify rapidly over
a few generations (Garrod et al., 2007; Kelly, Winters, Miton, and Morin,
2021), but over longer stretches of time characters don’t seem to trend
towards greater simplicity (Miton and Morin, 2021), and may even trend
towards increased visual complexity, perhaps to support visual distinc-
tiveness (Han, Kelly, Winters, and Kemp, 2022).
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Case Studies—Sumerian and Japanese

Both ambiguity and logography have somewhat uneven reputations re-
garding their contributions towards the utility of writing systems and
written language. Logography has traditionally been considered a nega-
tive, and while this view is increasingly called into doubt, there remains a
demand for more quantitative, empirical investigations of logography’s
advantages and disadvantages. Such approaches have been used to test
the proposed efficiency of ambiguity, but rarely with a focus on writing
systems and written language. The current study aims to help fill both
of these gaps.

In light of this focus on ambiguity and logography, it makes sense
for the initial case studies to be two writing systems which a.) make ex-
tensive use of logography (including more morphographic and seman-
tographic spellings) and b.) feature numerous polyvalent characters and
spellings: written Sumerian and written Japanese. If it’s found that even
these highly ambiguous, highly logographic systems are communica-
tively efficient, it would be strong evidence that these properties are not
as inefficient as has previously been assumed, which in turn would sup-
port the general hypothesis that writing systems are shaped by efficiency
pressures.

What follows is a quick overview of the relevant similarities and dif-
ferences between (written and spoken) Sumerian (as it was used in the
Ur III period, c. 2112-2004 BCE) and Japanese.

Morphology and Phonology

Spoken Sumerian and spoken Japanese can both be generally described
as agglutinating: morpheme boundaries are usually fairly transparent,
compounds can be formed by concatenating two (or more) roots, and
most grammatical information is represented via affixes or clitics.

Syllables in both languages are typically analyzed as minimally V,
maximally CVC (depending on the analysis, the Japanese syllable may
be maximally CyVC/CyVV or CyVVC)4. Sumerian is less restrictive than
Japanese regarding which consonants can occur as syllable codas. In ad-
dition to having similar syllable structures, the two languages are com-
parable in the size of their respective phoneme inventoriesS.

4. The palatal glide is rendered in this paper as /y/ rather than IPA /j/.

5. Sumerian phoneme inventory: /p, b, t, d, k, g,s,2,8, h, m,n, g, 1, r/; /a, i, e,
u/. Among the possible Sumerian phonemes which aren’t included here are the glottal
stop and controversial /f/ phoneme (see also Black, 1990). They are omitted because
of their absence (or inconsistent usage) in the text corpus used as data for the cur-
rent study. It is unclear whether Sumerian had phonemic vowel length (compare e.g.,
Jagersma (2010) with Michalowski, 2020), but the current study will assume that all
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In Sumerian, most non-borrowed morphemes are monosyllabic, and
some grammatical morphemes may be analyzed as being shorter than
a syllable. Most borrowed morphemes (of Semitic origin) are multisyl-
labic. Japanese morphemes of Japanese origin (wago) tend to be one or
two syllables (and one or two morae) in length with (C)V or (C)VCV
forms, though many verb stems are underlyingly CVC. Japanese mor-
phemes of Chinese origin (Sino-Japanese), which constitute a large per-
centage of the lexicon, tend to be monosyllabic but bimoraic. More re-
cent (mostly European-origin) borrowings into Japanese (gairaigo) span
a range of different lengths.

The two example sentences given below illustrate some of the
morphological similarities (and differences) between Sumerian 1 and
Japanese 2. For clarity, content morphemes are formatted in bold.

(1) dub-sar-e e-gal dumu-ani-ra
tablet-write-ERG  house-great  child-35.A.POSS-DAT
mu-na-n-du
VENT-3S.A.DAT-3S.ERG-build

“The scribe built a palace for their child.”

(2) gaku-sya-ga siro-o oya-ni tate-te-age-ta
academic-person-NOM castle-ACC parent-DAT build-give-PAST

“The scholar built a castle for their parent(s).”

Writing Systems

To begin, the two writing systems make use of both logographic and
phonographic mappings at the character level: a character can map to
an entire morpheme (or, more rarely, multimorphemic word), or can be
used to encode a stable portion (no smaller than a syllable/mora) of a
phonological form. In Sumerian, any given character may be used both
logographically and phonographically: for example, |f can be used lo-
gographically to write either @ “water” or durus® “wet,” but I} can also

Sumerian vowels are short, again for reasons relating to the available data.

Japanese phoneme inventory: /p, b, t,d, k, g,s,z, h, m,n, r, w,y, N/; /a, i, u, €, o/.
Two caveats to note: First, vowel length is contrastive in Japanese, so it may be more
accurate to list the vowel phoneme inventory as /a, i, u, e, o, ai, i, u, ez, o:/. Second,
each consonant phoneme (other than /w, y, N/) has a contrastive palatalized counter-
part, though such palatal consonants could be analyzed as Cy sequences rather than
individual CY consonants.

6. Some brief notes on formatting and transliteration practices for Sumerian: Each
character has a standardized name, which is always formatted in all caps. To avoid two
distinct characters having the same name, a character that would have the same name



The Efficiency of Spelling-Sound and Spelling-Meaning Mappings 565

TABLE 1. Examples of polyvalent characters in the two target writing systems.

Sumerian \ Japanese

Character Sound Meaning | Character Sound Meaning
1y a water = ta(be) to eat
1y duru wet B’ syoku meal, eating
= gidru scepter B ku(w) to eat
+ pa stick, branch G5 u(m) birth/born
+ sag to strike A nama raw, fresh
+ ugula overseer G sei life

be used to encode the syllable /a/, showing up in spellings such as |{ -a
“-Loc,” N> -a-ni “-3s.A.POss,” and NE&® a-ga “rear, back”. Written Sume-
rian does not have a set of characters which are only used as phonograms:
for any given character, that character will likely have at least one logo-
graphic function.

Japanese, by contrast, has two sets of characters which are used exclu-
sively as moraic phonograms: biragana and katakana, collectively referred
to as kana. The two types of kana have different usage patterns (though
kana usage as a whole is somewhat flexible). For each hiragana charac-
ter, there is one katakana character with the exact same phonographic
value, and vice versa. The other set of characters traditionally used in
Japanese are kanji, which are typically used as logograms. Modern writ-
ten Japanese also makes use of the Roman alphabet romaji.

Sumerian and Japanese spellings and character can be ambiguous
from both the reader’s and writer’s perspective. In both writing systems
there are numerous characters which can each map to multiple different
morphemes; these morphemes are often, but not always, semantically re-
lated. See table 1 for examples. In addition, as already mentioned, a char-
acter in Sumerian can have a mix of different logographic and phono-
graphic mappings. Regarding encoding ambiguity, in both writing sys-
tems any given sound string and/or morpheme may have multiple valid
spellings. For example, Japanese oka “hill’ can be spelled logographically
as [t or ], and phonographically as 7" (using hiragana) or A7 (us-
ing katakana). When spelled logographically, spellings are usually un-
affected by surface phonological variation, but phonographic spellings
may vary depending on surface forms.

as another character has a subscript number appended to its name (so, for example, KA
and KA, refer to different characters). Unless the reading of a character is unknown,
Sumerian words are typically transliterated at the level of the characters’ readings
(i.e., approximate pronunciations). In this transliteration, hyphens indicate charac-
ter boundaries, not morpheme boundaries, and subscript numbers serve as markers
which indicate character identity.
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One last striking similarity present in the two writing systems re-
lates to the spellings of bound grammatical morphemes. Vowel-initial
affixes are present in both spoken Sumerian and spoken Japanese.
When these affixes immediately follow a consonant-final morpheme,
they may be spelled as if they begin with the preceding morpheme’s fi-
nal consonant. For example, the Sumerian nominalizing suffix /-a/7 has
a default spelling of 1f 4, but is often written as & sa after /s/ (e.g.,
7= usg-sa “follow-NOMINALIZER”), #1 ra after /r/ (e.g., V& sar-ra
“Write-NOMINALIZER”), and so forth. While this spelling strategy is used
for both nominal and verbal morphology in Sumerian (albeit inconsis-
tently), it is more or less exclusive to, and mandatory for, verbal suffixes
in Japanese. For example, the non-past suffix, which is underlyingly /-u/
(after consonant-final stems), is written as 5 mu in fitds /nom-u/ “drink,”
as 9 su in 79 /hanas-u/ “speak,” and so forth.

This spelling strategy has two immediate consequences for ambigu-
ity in the writing system. First, it exacerbates non-isomorphism between
characters and grammatical morphemes. For Sumerian, which doesn’t
have dedicated phonograms in the way Japanese does, this can also serve
to inflate the number of morpheme mappings of individual characters.
However, the overt, redundant indication of the preceding morpheme’s
final consonant may serve to disambiguate what would otherwise be
an ambiguous written form: for example, Sumerian = is, in a vacuum,
highly ambiguous, with values including (but far from limited to) gub “to
stand,” fumgy “to carry,” gen “to go,” and kury “to enter”. When suffixed,
such as with the aforementioned nominalizing /-a/, this ambiguity can
be abated by spelling the suffix as if it were /-Ca/ rather than /-a/: using
ol ba would indicate that the target is b-final (gub), using <& ma would
indicate that the target is n-final (den), etc. The disambiguating poten-
tial of this way of spelling affixes has already been noted elsewhere (e.g.,
Sampson (1985, p. 85); Coulmas (2003, p. 182); Handel, 2019; Honda,
2007; 2008), though the results of Honda (2007) suggest that, at least
for Japanese, the overall reduction in ambiguity might be more modest
than expected.

In summary, the two writing systems, and their respective spoken
languages, have substantial structural overlap and make substantial use
of both logography and ambiguity (see also Handel (2019, pp. 281-308)
for similar observations on the potential for comparison between Sume-
rian and Japanese). These similarities can’t be attributed to any ge-
nealogical or sociocultural relation, since Japanese and Sumerian (writ-
ten and spoken) are completely unrelated, with their usage separated
by thousands of kilometers and thousands of years. In addition, the two
writing systems, as analyzed here, have had a comparable amount of ‘de-
velopment’ time: Ur III Sumerian is roughly 1,000-1,400 years removed

7. Perhaps underlyingly /-?a/ (Jagersma, 2010).
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from the earliest extant cuneiform texts (Woods, 2006), while modern
written Japanese is roughly 1,200 years removed from the earliest clear
evidence of vernacular written Japanese (Frellesvig, 2010; Seeley, 2000).
As such, any observed similarities between the two system can’t be at-
tributed to their simply being related, and any observed differences be-
tween the two systems can’t be attributed to one system having had less
time to be shaped by efficiency pressures.

Data

The Sumerian data were drawn from the Ur III Administrative Corpus
(hereafter Ur3Admin), hosted by the electronic Pennsylvania Sumerian
Dictionary 2 (ePSD2), a project of the Open Richly Annotated Sumerian
Corpus (ORACC; Tinney and Robson, 2014)8. As suggested by the name,
the Ur3Admin corpus consists solely of administrative documents dated
to the Ur III period (c.2112-2004 BCE); these documents are mostly
receipts and records of debts, wages, property, taxation, resource allo-
cation, and trade. The Ur3Admin corpus was chosen because it is the
largest single-genre, single-time period annotated corpus available for
written Sumerian.

The Japanese data were drawn from the Balanced Corpus of Contem-
porary Written Japanese (BCCW]; Maekawa et al., 2014). BCCW] draws
on written material published between 1976 and 2006, and includes texts
from a variety of sources and genres, such as newspapers, books and text-
books, magazines, online message boards, blogs, and official government
minutes.

Both BCCW]J and ORACC are organized primarily at the word level.
Because the current study is concerned with morphemes, rather than
words, additional processing needed to be done to get morpheme-level
information and mappings. In particular, compound words needed to
be parsed into their constituent morphemes, and affixes needed to be
separated from roots, in such a way that individual morphemes can be
aligned with (minimally character-length) portions of written forms.
Morphological and character-level parsing and aligning were mostly
handled by custom Python scripts written for the task, with additional
manual adjustments as needed.

During cleaning, certain word tokens and types needed to be re-
moved. For the Sumerian data, proper nouns, most numerals, words
with uncertain pronunciation or meaning, and tokens marked as dam-
aged were all removed. For the Japanese data, recent foreign borrowings,

8. At time of writing, raw downloads for the Ur3Admin corpus can be found here:
https://oracc.museum.upenn.edu/epsd2/JSON/index.html
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TABLE 2. Type and token counts after additional cleaning and processing

‘Character Morpheme Spelling Morpheme

Tokens Tokens Types Types
Japanese 55.49M 45.65M 4826 2531
Sumerian 2.83M 2.36M 2281 1716

proper nouns, and lower frequency words and forms were all excluded?®.
Even after cleaning, the size of the Japanese data was many times larger
than the Sumerian data (see table 2).

The data was organized relative to spelling-sound-morpheme triplets.
The set of mappings between spellings and sounds/meanings was deter-
mined based solely on these triplets, and was independent of whether
that spelling would traditionally be considered to be logographic or
phonographic. For example, based on the data snippet given in table
3, the spelling DU (=) has (at least) three spelling-sound mappings
(ra, gub, de) and (at least) four spelling-morpheme mappings (/-a/
“NOMINALIZER,” /-ak/ “GENITIVE,” /gub/ “to stand,” /de/ “to carry”).

TABLE 3. Snippet of the organized, cleaned Sumerian data

Graphic form Pronunciation Morpheme/meaning Frequency

SI-IGI silim /silim/ “healthy” 2
DI silim /silim/ “healthy” 13
DU ra /-a/ “NOMINALIZER” 902
DU ra /-ak/ “GENITIVE” 8
DU gub /gub/ “to stand” 7464
DU de /de/ “to carry” 1060

9. The decision to remove recent foreign borrowings (gairaigo) from the Japanese
data was made for a few reasons. First, gairaigo words are almost always written phono-
graphically, using katakana, with logographic spellings being exceedingly rare. In ad-
dition, the fact that gairaigo are recent borrowings (mostly from the past century or so)
means that they were absent from most of the history of written Japanese, and it’s pos-
sible that the efficiency of the writing system hasn’t ‘caught up’ to the influx of recent
borrowings (though note that past findings such as those of Kelly, Winters, Miton, and
Morin (2021) suggest that efficiency pressures could operate on a writing system, or at
least on written forms, in time spans as short as a couple centuries). More importantly,
the current study is most directly concerned with questions of non-isomorphism and
logography, meaning that gairaigo, which are almost always written phonographically,
are of less relevance. It should nonetheless be stressed that removing gairaigo does
mean that the Japanese data used here should 7oz be treated as representative of mod-
ern written Japanese, which makes extensive use of gairaigo, but rather as a proxy for
written Japanese before the recent influx of borrowing from (mostly) English and
other European languages.
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Methods

Complexity and Informativeness

For this study, two simple complexity measures were used to quantify
system effort: strokes per morpheme and characters per morpheme. The former
measure serves as a direct approximation of motor production effort,
while also providing a measure that at least indirectly indicates visual
complexity (Chang, Chen, and Perfetti, 2018). Because different char-
acters tend to take up a comparable amount of space within a system,
the character-based metric captures the spatial and material cost of a
text. For Sumerian, character stroke counts were manually defined for
each character based on the exemplar forms given by Steve Tinney’s
Cuneiform Composite font!®. For Japanese, each character has a canon-
ical stroke count.

Following past work on efficiency pressures in language, (especially
Kemp and Regier (2012) and Xu, Regier, and Malt (2016), and Kemp,
Xu, and Regier, 2018) the informativeness metric used here is based on
the expected amount of information that is lost during communication,
here termed communicative cost (ComCost, or C). Recall that an informa-
tion theoretic model of communication involves a sender (writer) en-
coding messages into signals which are decoded by a receiver (reader),
who attempts to reconstruct the original message. These messages can
be modeled as probability distributions over possible values. In the cur-
rent study, these values are either phonological forms or morphemes,
and each system will thus have two different informativeness scores: the
phonological communicative cost captures how informative a system is
about sounds, while the semantic communicative cost captures how in-
formative a system is about meanings/morphemes. Each of the informa-
tiveness measures will be compared against each of the two complexity
measures, resulting in four different efficiency analyses for each system.

The instantiation of communicative cost used here makes the as-
sumption that the writer knows exactly which value they are trying
to communicate: effectively, the sender’s original message is a prob-
ability distribution with all of the mass allocated to the target value.
The reader’s probability distribution over values given a written form
is taken here to be based on how similar possible values are to the values
which are empirically spelled using that written form. The assumption
is that the reader expects similar values to have similar forms. For ex-
ample, if a written form is often used to encode the syllable /ta/, the
reader’s probability distribution for that form will assign much of its
probability mass to /ta/, but will also assign some mass to similar syl-
lables (e.g., /da/, /ra/), while assigning very little mass to a highly dis-

10. See https://oracc.museum.upenn.edu/doc/help/visitingoracc/fonts/.
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similar syllable like /bi/. Similarly, if a written form is often used to en-
code a morpheme which means “young,” then the reader distribution
for that form will assign more probability mass to semantically similar
or related morphemes (e.g., “junior” or “child”) than to semantically dis-
similar morphemes (e.g., “potash”).

Communicative cost, then, can be measured based on the difference
between the writer’s original probability distribution and the reader’s
reconstructed probability distribution. Again in line was past work, and
in light of the assumption of writer certainty, this can be measured as
the reader’s surprisal during communication about a given value. How-
ever, while it’s is assumed that the reader incorporates semantic/phono-
logical similarity during reading, it is also assumed that the reader has
prior experience and knowledge regarding the frequency with which a
given value is spelled with a given spelling, and will incorporate that
knowledge during reading. As such, the communicative cost measure
used here deviates slightly from similar prior work in the literature by
further weighting the cost associated with communicating about a given
value by the probability of that value being spelled with a given written
form.

More precisely: The communicative cost C(v) associated with com-
municating about a particular value v will be calculated according to (1):

) cw) =3 pglo) *%(@L

£€G

where G is the set of all written forms, and Rg () is the similarity-based
reader distribution:

2) Rg(v) < > sim(v, ) * p(wlg),

wev

where V7 is the set of all values (sound strings or morphemes, depend-
ing of the condition). More details on how similarity was calculated are
given in appendix B.

The communicative cost E[C] of the entire system is the expected
communicative cost over written forms, as given in (3):

3) E[C] =) C(v)N(v).

The incorporation of need probability N(v) (i.e., the probability that
writers will need to communicate about value v) accounts for the afore-
mentioned efficiency consideration that cultural needs will be reflected
in that culture’s languages.

Because of how it’s being calculated, the range of possible commu-
nicative cost scores is partially a function of how many values there are
and what the similarity relations are between those values, and will thus
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differ for different languages. To make the communicative cost measure
more comparison-friendly, it was normalized:
(@) C= gp i,

Cmax - Cmin
where Cemp is the empirical communicative cost score, and Cmax and
Cmin are respectively the cost of the most uninformative and most infor-
mative possible systems for a given language and dataset. In line with
the model of communication being used here, the least informative pos-
sible system is one which only has one form, which is used for all possi-
ble values, while the most informative system is one which assigns every
unique value its own unique form. Cmax and Cp,j, can thus be calculated
from the given data by either making all written forms identical or by
assigning a unique written form to every value. Note that a normalized
C score of 0 would mean that a system is optimally informative (relative
to a given language and corpus).

Hypotbhetical Competitors

Recall that a system is efficient to the extent that it’s as informative as
possible given its complexity, and as simple as possible given its infor-
mativeness. As such, looking at a single system’s informativeness and
complexity in a vacuum doesn’t necessarily reveal much about its ef-
ficiency; what needs to be shown is that the system is more efficient
than other systems, plausible competitors which can, theoretically, con-
vey the same messages. Examples of such plausible competitors include
random baselines, variants of the real system that tweak certain parame-
ters, or variants which are theoretically optimized relative to a particular
goal. This strategy of hypothetical system generation and comparison is
a well-established practice in the efficiency literature, and has been ap-
plied to a range of topics including word lengths (e.g., Pimentel, Nikkari-
nen, et al., 2021), word order (e.g., Futrell, Mahowald, and Gibson, 2015;
Gildea and Temperley, 2010), pronouns (Denié, Steinert-Threlkeld, and
Szymanik, 2020; Zaslavsky, Maldonado, and Culbertson, 2021), ambigu-
ity (e.g., Trott and Bergen, 2020; 2022), grammatical marking (Mollica,
Bacon, Zaslavsky, et al., 2021), quantifiers (Steinert-Threlkeld, 2021),
and semantic typology (e.g., Karjus et al., 2021; Kemp and Regier, 2012;
Zaslavsky, Kemp, Regier, and Tishby, 2018; Zaslavsky, Regier, Tishby,
and Kemp, 2019).

This ‘hypothetical competitor’ methodology was adopted here as
well: hypothetical variants of the target writing systems were created
to serve as competitors against which the efficiency of the real systems
could be evaluated. For all of these hypothetical systems, the only differ-
ence from the real system was the set of graphic forms and their map-
pings; everything else about the data was identical between systems. For
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example, the frequency of a given value is the same for all systems, but
the set of spellings used for that value can vary.

Most of the hypothetical systems used here involved randomly gen-
erating new graphic forms, relative to certain restrictions. Thousands
of such systems were generated and compared against the real systems.
For each generated system, a percentage (from 0% to 99%) of pre-existing
mappings would be held constant; this was done so that the generated
systems would span a range of plausibility, from variants that completely
rewrite the existing system to variants which merely tweak a handful of
the real system’s mappings.

The suite of hypothetical systems is as follows:

Shuffled Systems (Shufs)

The existing mappings between graphic units and values are randomly
shuffled. For example, if given the following ‘real’ system:

Graphic form Pronunciation Morpheme/meaning Frequency

KA ka /kag/ “mouth” 1,300
KA ka /-ak/ “GENITIVE” 4,500
DU gub /gub/ “to carry” 1,000
DU tum /tum/ “to bring” 35

The possible shuffled systems would be any that randomly reorder
the ‘graphic form’ column but keep all other columns fixed, such as:

Graphic form Pronunciation Morpheme/meaning Frequency

KA ka /kag/ “mouth” 1,300
DU ka /-ak/ “GENITIVE” 4,500
DU gub /gub/ “to carry” 1,000
KA tum /tum/ “to bring” 35

If the real systems distribute their mappings in ways that facili-
tate communicative efficiency, then the expectation is that shuffling
these mappings will disrupt both informativeness (similar values will no
longer be more likely to share forms) and complexity (higher frequency
values will no longer get assigned to simpler forms).

Graphotactically Generated (GGen)

New spellings are generated one character at a time using a weighted bi-
gram language model with a 5 percent chance of ignoring the graphotac-
tics and picking a character purely at random instead (this was done to
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allow for the possibility of novel bigrams). While generating a spelling,
the probability that the next character chosen x;, will be character X is:

A 1 A
Pln =5 | Xp-1) = (05 % 737) + (095 # plon-1 | 8)
where X is the set of all characters (including characters that mark the
beginning or end of a spelling).

Phonographically Generated (PGen)

New spellings are generated for each item based on that item’s phono-
logical form. This is done by generating a new string of characters which
can be read as the target phonological form based on those characters’
extant character-sound mappings. The generation process is rerun for
each graphic form-morpheme-phonological form triplet, meaning that
homophones do not necessarily receive identical spellings. The PGen
process also incorporates the empirical frequency of character-sound
mappings, and when generating a new ‘phonographic’ spelling for a
given sound string, it is more likely to pick characters that more often
map to those sounds. This type of generated system was only run for the
Sumerian analysis.

For example, Sumerian # has among its possible readings /mu/ (as
in mus ‘to grow’) and /kiri/ (as in kirig ‘orchard’). In a PGen system,
any phonological form that contains /mu/ or /kiri/ could be respelled
such that the character &1 is part of the new spelling. §1 by itself would
thus be a possible generated spelling for words such as mu« ‘name’ or kiris
‘nose’. 1 could also show up as part of the generated spelling for a word
like dumu ‘child’ or musen ‘bird’.

In addition to the randomly generated systems described above, two
‘curated’ systems were included as points of comparison. These systems
are, by design, highly phonographic, thus fitting a different typological
profile than both the more logographic real systems and the generated
systems (except for the pseudo-phonographic PGen systems). Because
these systems are specifically catered to spelling-sound mappings, the
expectation is that they will score better than the real systems for phono-
graphic informativeness, but worse for semantic informativeness.

Syllabary Spellings (SylS)

All written tokens are respelled using a phonographically isomorphic
syllabary (i.e., a set of a characters and mappings such that each char-
acter maps to exactly one extant syllable/mora and each extant syl-
lable/mora maps to exactly one character). This results in all ho-
mophonous forms having identical spellings. The only polyvalence that
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can remain is if a given morpheme maps to multiple pronunciations, in
which case it will receive a different spelling for each of those pronunci-
ations.

For Japanese, the syllabary was the existing katakana sub-system,
i.e., the system was ‘created’ by simply using the katakana spelling for
all morphemes. For Sumerian, a syllabary was created based on the
character-sound mappings already present in the writing system. The
process for creating this syllabary is detailed in appendix C.

Alphabetic System (AlphS)

All written tokens are respelled using the Roman alphabet, i.e., the ro-
manization of that token’s spoken form is treated as its spelling.

Results

Figures 1 (Sumerian) and 2 (Japanese) plot the extant writing systems
against their respective hypothetical competitors. Table 4 shows the per-
centage of generated hypothetical systems that performed better than
their respective real systems in terms of informativeness, complexity,
and/or efficiency. For both Sumerian and Japanese, the real systems out-
performed the hypothetical systems for at least one of, and more often
both of, informativeness and complexity. A small percentage of hypo-
thetical systems were more efficient than their respective real systems,
with this being more common when informativeness was measured rel-
ative to spelling-sound mappings.

As expected, the more phonographic competitors were more phono-
graphically informative. For Sumerian, this almost always came at the
cost of system complexity: the hypothetical syllabary system, alphabetic
system, and over 90% of the generated Sumerian PGen systems would
require, on average, more strokes and more characters to write a given
text as compared with the extant Sumerian writing system. The picture
for Japanese is a bit more nuanced. If complexity is measured in char-
acters, then the syllabary and alphabetic competitor systems follow the
same pattern as for Sumerian, with the improved phonological infor-
mativeness offset by a substantial increase in complexity. However, if
complexity is measured in strokes, then both of these systems are en-
tirely more efficient than the real Japanese writing system. Also as ex-
pected, the phonographic variants of Japanese are worse with regards
to semantic informativeness; however, it is noteworthy that the more
phonographic hypothetical Sumerian systems are comparable to the real
system for semantic informativeness.

For Japanese, the randomly shuffled competitors often demonstrated
higher informativeness for sounds, but worse informativeness for mean-
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TABLE 4. Percentage of generated hypothetical systems that were less complex,
more informative, and/or more efficient than their respective real systems

| Sumerian | Japanese
| ShufS GGen PGen  All | ShufS GGen  All

Info. (Sem.) | 65.33 0.00 13.64 27.56 0.24 0.00 0.11
Info. (Phon.) 1.20 0.00 96.73 26.39 | 85.18 0.00  41.37
Compl. (Stroke) 2.67 18.27 4.36 7.95 3.76 6.11 4.97
Compl. (Char.) 0.27 22.93 9.27 10.98 0.47 12.22 6.51

Effic

(Sem. & Stroke)
Effic

(Sem. & Char.)
Effic

(Phon. & Stroke)
Effic

(Phon. & Char.)

0.13 0.00 0.73 0.24 0.00 0.00 0.00

0.00 0.00 1.64 0.44 0.00 0.00 0.00

0.00 0.00 3.82 1.02 1.29 0.00 0.63

0.00 0.00 8.18 2.20 0.24 0.00 0.11

ings. Sumerian showed the opposite pattern, with the real system regu-
larly outperforming the shuffled systems for phonological communica-
tive cost, but performed worse for semantic communicative cost. It may
seem surprising that the randomly shuffled systems regularly demon-
strate higher informativeness than the real systems for any informa-
tiveness metric. One possible explanation is that the randomly shuf-
fled systems result in less polyvalence overall. For example, the number
of unique spelling types (N=2,281) is greater than the number of mor-
pheme types (N=1,716) in Sumerian, with there being many high-effort
but low-frequency spelling types. Because frequency doesn’t factor in to
the shuffling process, this may result in systems wherein high frequency
morphemes get assigned unique but high-effort forms, which would ac-
count for the higher complexity and higher informativeness of these sys-
tems.

Discussion

Overall, the results are consistent with the efficiency hypothesis. With
only a few exceptions, the plausible hypothetical competitor systems
were less informative and/or more complex than the target systems. Be-
fore going in to how these results fit in to the literature more broadly, a
few of the results bear some additional discussion.
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F1G. 1. Plot of Sumerian results. For the generated hypothetical systems, the dark-
ness of the dots indicates the percentage of mappings that were fixed (i.e., identi-
cal to the real system): lighter dots represent systems with fewer fixed mappings.

More Efficient Systems

Even though a handful of generated systems did turn out to be more ef-
ficient than the real systems, these systems were only more efficient by
a small margin. Furthermore, the only generated hypothetical systems
which ever boasted better efficiency were those for which a high percent-
age of mappings were fixed during the generation process, meaning that
they were mostly identical to the real systems. Nonetheless, the presence
of any more efficient systems means that these results don’t support the
conclusion that the real systems are completely optimized for commu-
nicative efficiency, though the results are still consistent with the target
systems being near-optimized. As discussed earlier, the argument here isn’t
that communicative efficiency is the only force shaping writing systems,
so it is not a surprise, nor a challenge to the hypothesis, that the real sys-
tems are not as optimal as they possibly could be.

The biggest outliers among the hypothetical systems were the phono-
graphic variants of written Japanese, which were the only hypothetical
systems which were more efficient than a real system by a substantial
margin (albeit only for one of the four informativeness-complexity pair-
ings). It comes as no surprise that a variant of Japanese that abandons the
use of logographic kanji and instead uses only katakana or romaji would
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F1G. 2. Plot of Japanese results. For the generated hypothetical systems, the dark-
ness of the dots indicates the percentage of mappings that were fixed (i.e., identi-
cal to the real system): lighter dots represent systems with fewer fixed mappings.

require fewer strokes and be more informative about sounds, and thus
be more efficient relative to the goal of conveying phonological infor-
mation. What is more surprising is just how much worse these systems
would be regarding semantic informativeness, with the phonographic
Japanese variants boasting worse semantic informativeness than even
the randomly generated spellings. Furthermore, while katakana- and
romaji-only systems would, by virtue of a reduced stroke count, require
less motor effort (and likely be less visually complex), they would also
require an increase in character tokens per text.

Logography, Phonography, and Linguistic Fit

Definitive conclusions about writing system typology and linguistic fit
cannot be drawn based on a sample of only two languages/writing sys-
tems. What follows is a brief discussion of how the current results could
be viewed as being consistent with the idea that spoken language mor-
phology and phonology may influence what kinds of writing systems
best enable efficiency communication.

Starting with Japanese, it is often argued/assumed that Japanese
has too many homophones for a strictly sound-based writing system
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to be effective, and that the retention of kanji is beneficial, if not nec-
essary, for the purpose of homophone disambiguation (e.g., Backhouse
(1984), Sampson (1985), and Smith (1996); Taylor and Taylor (1995,
p. 323):323). The current results may support this view, to some extent:
the phonographic Japanese variants were substantially less semantically
informative than even the randomly generated, but still arguably logo-
graphic, competitors.

This pattern wasn’t observed for Sumerian: the phonographic com-
petitors and the real system had comparable semantic informativeness.
Sumerian has fewer homophonous morphemes than Japanese'!, but the
results suggest that Sumerian’s logographic writing system was efficient.
This in turn suggests that a high number of homophones is not the only
factor that would push a writing system towards greater logography.

More broadly, the results for the phonographic competitors paint an
interesting picture relative to the presumed merits of phonography over
logography. The expectation that the phonographic variants would be
more phonographically informative is indeed borne out. However, in
many cases this came at the cost of both complexity and semantic in-
formativeness: one step forward, but two steps back. One interpretation
of this result is that, at least for Sumerian and Japanese, a shift towards
phonography may well result in the systems actually being less efficient
overall. (Of course, a shift towards phonography may yield benefits for
factors not considered in the current analysis, such as rate of acquisi-
tion.) If nothing else, the phonographic competitors do not seem to be
more efficient than the original logographic systems, which runs counter
to argument that logography is inherently disadvantageous.

Modality and Efficiency

As mentioned earlier, while the body of evidence in favor of the efficiency
hypothesis continues to grow, much of this evidence is either based on
spoken language or is modality-agnostic. The current study, by contrast,
very directly focuses in on writing systems, specifically two writing sys-
tems which are not direct ‘mirrors’ of their respective spoken languages,
especially with regards to the instantiation of ambiguity. In other words,
the observed efficiency of these systems, ambiguity and all, is not merely
‘inherited’ from their spoken languages.

The results not only support the hypothesis that writing systems are
shaped by functional communicative pressures, but by extension, and in
conjunction with the existing efficiency literature, further support the

11. In the current datasets roughly 90% of underlying phonological forms mapped
to two or more morphemes for Japanese, but only around 50% of URs were ho-
mophonous for Sumerian (at least based on modern understanding of Sumerian
phonology).
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view that human linguistic communication in general, independent of
modality, is shaped by such pressures. However, the question of whether
modality affects the realization of efficiency remains open.

Future Considerations

The study presented here only addresses a small piece of the broader
question of whether efficiency pressures shape writing systems and writ-
ten language. To close, it may be worth briefly discussing some of the
ways in which this kind of study can be improved in future research.

Optimization and the Space of Possible Systems

One consequence of considering an entire writing system/written lan-
guage is that the space of all possible hypothetical variants is intractably
large (and, depending on limitations, theoretically infinite). In compar-
ison with some past efficiency studies which narrowed in on specific se-
mantic domains, this means that it’s not easy to tell how a given writing
systems stacks up complexity-wise in the space of all possible systems.
As such, future work may benefit from establishing plausible optimized
competitor systems (in a similar vein as the syllabary/alphabetic sys-
tems used here) which can serve as benchmarks of comparison. The pos-
sibility space being language-specific also means that, again unlike other
work in the efficiency literature, the two target writing systems couldn’t
be directly compared against each other in the same space. Establishing
a language-neutral space is a challenge, since phonology and lexicons
are so language-dependent, but doing so would allow for more direct
comparisons of writing systems.

Complexity

While the two types of complexity used here are certainly relevant for
writing systems and constitute a strong starting point, an analysis of
writing system efficiency would benefit from considering a wider array
of possible types of complexity and effort, such as inventory size, learn-
ability, and visual complexity. Perhaps chief among these is the size of
the inventory of characters (or other graphic units), and by extension
the costs associated with learning and retaining a system. For exam-
ple, while the hypothetical syllabary-only systems considered in the cur-
rent study tended towards greater motor effort and/or material costs,
they also presumably resulted in systems which would require learning
a much smaller number of distinct characters.
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Informativeness

Given the significant role that context has been argued to play in the
efficiency of ambiguity (Piantadosi, Tily, and Gibson, 2012), informa-
tiveness measures may benefit from incorporating contextual informa-
tion, which wasn’t done in the current study. Previous work (Hermalin
and Regier, 2019) has already found evidence that Sumerian character
ambiguity is greatly reduced by even a small amount of additional con-
text, but the overall in-context efficiency of written Sumerian, as well as
written Japanese, remains to be tested.

Another potential issue with the current implementation of informa-
tiveness is that the similarity-based reader distribution always prefers
that more similar referents have the same form. However, as argued in
Brochhagen and Boleda (2022), it may be more advantageous for two
meanings to use different forms if those two meanings are foo similar.
As such, similarity-based informativeness measures used in future work
may benefit from assuming a less monotonic relationship between simi-
larity and informativeness. The task of quantifying semantics, especially
for ancient or low-resource languages, is itself another challenge for re-
search in this vein (see appendix B for details, and critiques, of how the
current study handled this issue).

Conclusion

The results reported here provide evidence that even highly logographic
and polyvalent writing systems are communicatively efficient. This sug-
gests that neither logography nor ambiguity are inherently disadvanta-
geous for writing systems, and their presence may even serve to enhance
efficiency.

As discussed earlier, the idea of writing systems being shaped by ef-
ficiency pressures is not at all new, but more data-driven, quantitative
approaches to measuring the communicative efficiency of writing sys-
tems have remained elusive. Regardless of whether or not the approach
used here proves to be the best option, it is the hope of the current author
that researchers interested in writing systems and functional cognitive
pressures on human communication will continue to consider how mat-
ters of writing system efficiency, development, and linguistic fit can be
measured in quantitative, theoretically grounded ways.

A. Glossary and Terminology

The following covers how certain writing systems-related terminology
are defined in this paper. Many of the definitions used here are adapted
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from Neef (2015) and Weingarten (2011). The definitions used here all
intended to be somewhat flexible.

B.

Character: The primary meaning/information-bearing unit of written
form in a writing system. Characters typically (but not always): oc-
cupy a certain amount of space, can map to some stable portion of
linguistic information (such as a phoneme or morpheme), are treated
as distinct units in sociological contexts, and are stable in the sense
that they can ‘stand on their own’.

Spelling: A sequence of one or more characters which can be cleanly
mapped to a morpheme or sound sequence.

Script: A set of written forms, (characters, diacritics, etc.) which are
used by a writing system.

Written Language: Language or linguistic communication for which the
modality is writing.

Non-written Language: Language or linguistic communication that
takes place in any modality other than writing. (Note that this term is
not being used with the meaning of “a language that doesn’t currently
have a writing system or written counterpart”.)

Writing System: A system which maps written forms, composed of com-
ponents drawn from a script, to units of linguistic information, ulti-
mately to meaning-bearing units such as morphemes. More generally,
a writing system consists of a script, a language, and a mapping from
one to the other.

Phonography and Logography: Properties and uses of a writing system
that primarily pertain to sounds and spoken forms will be consid-
ered phonographic. Properties and uses of a writing system that per-
tain to semantics and/or lexical identity, or which involve a single
character mapping to a morpheme or entire word, will fall under the
header of logography. Terms such as semantographic and morphographic
may be used to more precisely distinguish between different uses of
logographic.

Syllabary: A writing system in which a character can map to a syllable
or mora.

Methods—Similarity

Phonological similarity was calculated as a function of phonological dis-
tance. Phonological distance was calculated as feature-weighted Leven-
shtein edit distance, using methods adapted from Abdullah et al. (2021)
and Fontan et al. (2016). The distance between two strings 4 and & is
based on how many operations (deletion, insertion, or replacement) are
needed to turn a into » and vice versa, with the cost associated with re-
placement being based on the number of phonological features that are
identical between the two sounds involved. More precisely, the similar-
ity between two individual sounds was treated as the number of phono-
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logical features for which they had the same value divided by the to-
tal number of features which were applicable to both sounds; this re-
sults in a distance score between 0 and 1. Feature values for each phone
were based on the featural specifications provided by PHOIBLE 2.0
(Moran and McCloy, 2019). These feature values were constrained by
which features were distinctive for the target language (for example,
since Japanese doesn’t have any ejective sounds, features that distinguish
between ejective and pulmonic sounds were not included for the feature
values of phones in Japanese).

The phonological similarity between two sound strings a and & was
handled as follows:

1. Both strings were syllabified. Within each syllable, each segment was
marked as either being part of the onset, nucleus, or coda.

2. For each of the syllables o, ---oan of a, the distance was calculated
between that syllable and each of the syllables o4, - - - 0y, Of &.

3. a and b were aligned so as to minimize the total distance between
aligned syllables. If ¢ and & differed in number of syllables, the shorter
form was padded with empty syllables.

4. The total distance between @ and » was then calculated as the sum of
featural distances between aligned syllables.

For example, if the two target strings were /ugula/ and /udu/, the
process would: syllabify the strings into /u.gu.la/ and /u.du/; get the
distance between each syllable of the first string and each syllable of the
second string (i.e., dist(u, u), dist(u, du), dist(gu, u), dist(gu, du), etc.);
align the two syllabified strings so as to minimize the featural distance
gu la

du ¢ ; then

between aligned syllables, resulting in the alignment

sum the featural distance of each aligned syllable pair.

For semantic similarity, morphemes were converted to numerical
vectors, with the similarity between two morphemes being a func-
tion of the cosine distance between their respective vectors. The pre-
trained Sentence-BERT model (Reimers and Gurevych, 2019) was used
to convert morphemes to 384-dimensional vector embeddings. Be-
cause this model is trained on English, the inputs were English def-
initions of the target morphemes. For Sumerian, the definitions used
were those given by ePSD2’s online dictionary (https://oracc.museum.
upenn.edu/epsd2/sux/). For Japanese, definitions were retrieved using
the Jamdict Python library (https://jandict.readthedocs.io/en/latest/)
and, for certain Sino-Japanese morphemes, kanjidatabase.com’s jukugo
database (Tamaoka, Makioka, Sanders, and Verdonschot, 2017)12.

12. This is an imperfect method of quantifying semantics, for a few reasons. The
most prominent flaw is that it assumes that a model trained on modern English sen-
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To strike a balance between how similar to morphemes are in ab-
solute terms and how similar they are relative to other morphemes,
the semantic similarity between two morphemes sim(mq,my) was cal-
culated as the mean of two similarity measures, simgggp7 and sim ;.
The simggrT measure is simply the BERT-based similarity score, as de-
scribed above. The sim_,,,, measure is based on the rank BERT similar-
ity between the two morphemes, where the similarity rank of morpheme
mq relative to morpheme mq equals 1 if m4 is the most similar morpheme
to myq, is 2 if mo is the second most similar morpheme to my, etc. To
keep the sim measure symmetric (such that sim(my, my) = sim(mq, m1)),
the sim,,, measure between two morphemes was taken as the average
similarity rank rankmean (1, m2) between the two. This score was then
normalized, with similar pairs scoring closer to 1 and less similar pairs
scoring closer to O.

C. Hypothetical Sumerian Syllabary

The hypothetical Sumerian syllabary used in the current study was cre-
ated as follows: For each unique syllable (going in order from most fre-
quent to least frequent), get the list of individual characters that map
to that syllable at least once in the corpus and which haven’t already
been assigned by this syllabary-generation process. Of those characters,
choose the one that most often maps to the target syllable and assign
it to the target syllable. That character now has the syllabary value of

tences and modern English texts will accurately capture meaning distinctions and
associations for morphemes in other languages. This semantics approach also takes at
face value the definitions provided by the respective translation dictionaries, but even
thorough dictionary definitions can’t capture the full extent of a word’s meanings. As
aresult, it is assuredly the case that certain semantic similarities or associations which
are present in the target languages will not be captured by the translation-based BERT
embeddings, and certain associations which are present only for English will be falsely
applied to Sumerian and Japanese. The reasons behind adopting this flawed approach
are mostly based in convenience and data availability. Training a new language model
on the comparatively small (and genre-imbalanced) Sumerian corpus carries risks of
its own; furthermore, modern lexicography of Sumerian word meanings may include
information which, by chance, wouldn’t be captured in the Ur3Admin Corpus, mean-
ing that translated definitions may actually be more informative than a corpus-trained
model, at least in some ways. Overall, the use of translated definitions is somewhat of
a necessity for Sumerian. The decision to use the same strategy for Japanese, rather
than use existing Japanese-trained models, was made so as to make the treatment of
both languages as similar as possible, but it would assuredly be an improvement to
approach Japanese semantics using Japanese data. Nonetheless, it is the opinion of
the author that, for all its flaws, using English translations and an English-trained
model does still capture accurate information about lexical semantics, and while the
approach is certainly imperfect, it is not invalid.
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that syllable, and cannot be assigned additional syllable values. If there
are no available characters for a syllable, either because they have no ex-
tant single-character spellings or because all of their candidate charac-
ters had already been assigned other mappings, then that syllable is tem-
porarily skipped. Once every syllable has either been assigned or skipped
in this way, the not-yet-assigned syllables are mapped as follows: for each
remaining syllable, choose a random not-yet-assigned character which
has among its syllable values a syllable that has the same onset+nucleus
or the same rime as the target syllable, and assign that character to the
target syllable. For example, if the target syllable was /bab/, any charac-
ter that has /ba/ or /ab/ among its values would be a viable candidate.
This process still yields a small number of C;VCy syllables which don’t
get assigned. These remaining syllables get treated as if they were C;V-
VCsy sequences, meaning that they will be spelled as the character that’s
been assigned to C;V followed by the character that’s been assigned to
VCs. (The use of this C;V-VC, strategy is justified by it being an actual
spelling strategy that was used for writing Sumerian and Akkadian.)

This results in a hypothetical Sumerian syllabary for which: every
character has exactly one value, and that value is a syllable; and every
unique syllable (that occurs in the corpus) has exactly one spelling®3. In
most cases, this spelling is a single character, with the only exceptions
being a handful of C;VCy syllables syllables which get ‘re-analyzed’ as
C1V-VCj sequences, as described above. Note that this system is not op-
timized for anything other than phonological informativeness: for ex-
ample, when assigning values to characters, the most common syllables
weren’t automatically paired with the lowest complexity characters. In-
stead, this generation process was intended to at least approximately re-
sult in a system which could plausibly have arisen from the actual writ-
ing system used for writing Ur IIT Sumerian, and can be used as a stand-
in for the ‘what if’ scenario where the actual Sumerian writing system
developed into a dedicated syllabary.

13. While this hypothetical system resembles the generated PGen systems de-
scribed above insofar as new spellings are created based on existing character-sound
mappings, the Sumerian SylS system differs from the PGen systems in some key ways:
the SylS system is (almost) completely unambiguous, at the level of both morpheme
spellings (from the writer’s perspective) and individual syllable spellings (for both
writer and reader), whereas the PGen systems maintained varying levels of polyva-
lence; the SylS system is purely syllabographic, while the PGen systems included map-
pings such that a single character could map to a string of two or more syllables; and
the SylS system isn’t randomly generated, while the PGen systems were.
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