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Abstract

Past excavations in Samaria, capital of biblical Israel, yielded a corpus of Hebrew ink on

clay inscriptions (ostraca) that documents wine and oil shipments to the palace from sur-

rounding localities. Many questions regarding these early 8th century BCE texts, in particular

the location of their composition, have been debated. Authorship in countryside villages or

estates would attest to widespread literacy in a relatively early phase of ancient Israel’s his-

tory. Here we report an algorithmic investigation of 31 of the inscriptions. Our study estab-

lishes that they were most likely written by two scribes who recorded the shipments in

Samaria. We achieved our results through a method comprised of image processing and

newly developed statistical learning techniques. These outcomes contrast with our previous

results, which indicated widespread literacy in the kingdom of Judah a century and half to

two centuries later, ca. 600 BCE.

Introduction

The question of literacy in ancient (biblical) Israel is crucial for biblical exegesis and related

fields. In a recent article [1] we dealt with the corpus of ostraca (ink inscriptions on clay

sherds) unearthed at the desert fortress of Arad in Judah (the southern of the two Hebrew

kingdoms), dated to ca. 600 BCE. We introduced an algorithmic framework that allowed us to

estimate that the 18 inscriptions investigated were authored by at least four individuals (six if

one adds information provided by the texts), representing different positions in the hierarchy

of Judah’s military system. This indicates significant dissemination of literacy in Judah in the

years before its destruction by Babylonia. In the current study we turn to a corpus of ostraca

written 150–200 years earlier, uncovered in Samaria, the capital of Israel (the Northern King-

dom) [2], the stronger and more prosperous of the two Hebrew kingdoms, which competed

with Damascus for domination of the Levant in the 9th and 8th centuries BCE.
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According to the biblical account (1 Kings 16:24), as well as the reference to Israel in Assyr-

ian sources, King Omri established Samaria as the capital of the kingdom in the early 9th cen-

tury BCE and founded its first strong dynasty, the “House of Omri.” A second period of

prosperity in Israel took place in the first half of the 8th century. Excavations at the site, con-

ducted at the beginning of the 20th century [3], revealed a monumental and rich metropolis

that lasted until the Assyrian takeover of the kingdom in 722/720 BCE.

The Samaria excavations yielded one of the richest corpora of Iron Age Hebrew inscriptions

[3–5]. Based on paleographic considerations combined with information on regnal years in

the texts (more below), this assemblage, comprised of ca. 100 short administrative texts, mainly

ostraca (Fig 1), most probably dates to the first half of the 8th century BCE [5–8]. The ostraca

were found in a fill laid in preparation for the construction of a large building (see [8]; different

view in [9]), labeled by the excavators [3] as the “Ostraca House.” The inscriptions record the

delivery of wine and oil from villages or royal estates in the countryside to the capital. The tele-

graphic texts contain details such as regnal year of a king (citing the years 9, 10 and 15; see [6–

8], toponym, name of clan (which the Bible lists in the genealogy of the tribe of Manasseh–e.g.,

Joshua 17:2–3), commodity type (wine/oil), and personal name, probably the sender or the

recipient (for details see Table D in S1 File, example on Fig 1, and map on Fig 2). Due to its

size and provenance, the Samaria corpus is crucial for reconstructing the history of the North-

ern Kingdom and biblical research, as well as the study of ancient Hebrew language and script.

Despite many years of extensive research, several issues related to the Samaria corpus are

still debated (e.g., [11–14], summary in [9]). In particular, it is not clear whether the ostraca

were composed at various sites in the highlands around the capital and dispatched to Samaria

along with the provisions mentioned in them, or whether they were written in the capital, pos-

sibly when the shipments arrived. The former option would indicate dissemination of writing,

at least in the administrative echelon of the kingdom of Israel, while the latter would provide

evidence for the royal bureaucracy in the capital. Related issues are the number of individuals

who authored the inscriptions (theoretically, there could have been itinerant scribes who trav-

eled between royal estates), and the meaning of the information in the texts (the regnal year of

the king, identification of the toponym, clan system, and function of the individuals men-

tioned; see Table D in S1 File). Interrelation between writers and these specific categories of

information may indicate specialization within the scribes’ milieus.

In a previous article ([1], strengthened by results in [15,16]), which dealt with the corpus of

ostraca from the fortress of Arad in the desert fringe of southern Judah, we introduced an algo-

rithmic framework capable of detecting statistically significant “separations” of authors within

pairs of inscriptions in the assemblage. Our former techniques allowed us to estimate the mini-
mal number of writers within the investigated corpus. As will be seen below, applying our

method to the Samaria ostraca yields a small number of separations, and thus a small estimate

Fig 1. Examples of Samaria ostraca. (A) No. 14: “In the year ni[ne] from Az[. . .]t Par’an to Shemaryau jar of aged

wine”; (B) No. 18: “In the year ten from Hazeroth to Gaddiyau jar of bath oil”.

https://doi.org/10.1371/journal.pone.0227452.g001
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of the minimal number of scribes. In fact, theoretically, all the separations could have been

obtained by chance, representing “false positives,” despite an underlying single author. In

order to deal with this possibility, answering the research questions presented in the current

paper necessitated a revision and enhancement of our algorithmic apparatus. The main goal of

the present research is to deduce the most likely number of scribes in the Samaria corpus, tak-

ing into account the possibilities for both “false positive” and “false negative” writers’ separa-

tions. The most likely estimate is sufficient for shedding light on some of the fundamental

issues under discussion. To the best of our knowledge, this is the first attempt to estimate the

most likely number of writers at Samaria, or any other ancient corpus, via classical paleo-

graphic or computational means.

Materials and methods

Datasets

This research was conducted on two datasets of ancient written material. The main assemblage

was a corpus of 39 Hebrew ostraca found in Samaria, probably dating to the early 8th century

BCE. The study was performed on character reconstructions based on grayscale digital images

of these inscriptions, scanned from negatives acquired by the Harvard expedition to Samaria

[3] when they were unearthed at the beginning of the 20th century. All reconstructions, per-

formed by methods specified in the S1 File, Section 1, are available in [17].

Fig 2. Map marking places and clans mentioned in the Samaria ostraca; based on [5,10]. In capital red are the names of the Manasseh tribal clans; in black are the

names of identifiable localities.

https://doi.org/10.1371/journal.pone.0227452.g002
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Permission for research and publication of the results based on the negatives were obtained

from the Harvard Semitic Museum. We refer to Texts # 2, 5, 6, 7, 8, 11, 12, 14, 15, 16a, 17a,

17b, 18, 19, 20, 21, 22, 24a, 29, 33, 34, 35, 36, 38, 40, 42, 43, 44, 45, 51, 52, 53, 54, 55, 56, 57, 59,

61 and 62, as well as the relatively short ostraca 11, 15, 17b, 33, 34, 40, 44 and 61, which were

used for statistical enrichment of the algorithm. The registration numbers, and other details

regarding the inscriptions, are provided in the S1 File, Section 1. All necessary permits were

obtained for the described study, which complied with all relevant regulations.

A second dataset, utilized for the confusion matrices estimation (see below), contained

information from a corpus of 16 Hebrew ostraca found at the Arad fortress which date to ca.

600 BCE. This dataset was published in [13].

Algorithmic apparatus

Several factors can hamper an algorithmic analysis of ancient Hebrew ostraca via readily avail-

able means. First, the poor state of preservation of the ostraca (Fig 1) cannot be fully remedied

by existing image acquisition methods [18–24]. Second, the imperfect digital images present a

challenge for image segmentation and enhancement methods [25,26]. Third, although the task

of identifying writers in handwritten texts has been addressed in previous literature (e.g., [27–

32]), researchers presuppose a reference dataset with annotated authorship be used for training

purposes, which is not present in our case. Additionally, the above publications do not aim

directly at recognizing or distinguishing authors. Instead, they focus on finding a distance

between inscriptions, which is useful only in limited scenarios (e.g., finding the k-most similar

texts to a given one). In other words, the estimation of the number of writers in a given corpus

has received little attention. In our previous publication [1], an algorithm yielding a lower
bound for the number of authors in a group of inscriptions was introduced. Here we aim to

provide themaximum likelihood estimate (MLE) for the number of hands in a corpus.

The algorithmic framework of this article consists of two consecutive stages. The goal of the

first stage, presented in [1], is to establish separations between authors of every pair of inscrip-

tions within the corpus. An improved version of this algorithm has been applied to the Samaria

corpus. The purpose of the second, newly developed stage is to establish the most likely num-

ber of scribes within a given corpus of documents. The general idea is to obtain a number of

hands’ separations within the Samaria corpus, and then provide a statistical estimate for the

number of authors that could have created such an observation, taking into account possible

detections and non-detections errors. Below, we provide a concise description of the two

stages; for further details see the S1 File, Sections 1–2.

Stage I: Differentiating between authors. The algorithmic foundation of our approach

was laid and verified on modern Hebrew handwriting [1]. Employing the algorithm on the

ancient Arad ostraca [33] yielded a lower bound of four contemporaneous writers within a

group of 18 inscriptions. The successful application of our approach on the noisy, deteriorated

medium of the Arad ostraca indicated the potential for similar veins of research on other

Hebrew Iron Age corpora.

The algorithm comprises a sequence of three consecutive sub-steps (Fig 3A–3D), assuming

digital images of the ostraca as its input (see S1 File, Section 1 for details, including certain

enhancements with respect to [1], and up-to-date results on both modern handwriting and the

Arad corpus; see also Tables B-C in S1 File), and operates on a character level. Throughout the

article, by character we denote a particular instance of a given letter (e.g., there may be many

characters, which are all occurrences of the letter alep).

A. Restoring characters (based on [34]; cf. [35,36]). The image is segmented into (often

noisy) characters that are restored via a semi-automatic reconstruction procedure. The
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purpose of the character restoration is to imitate a reed-pen’s movement using several

manually sampled key-points on the grayscale input images. An optimization of the pen’s

trajectory is performed for all intermediate sampled points. The restoration is conducted

computationally via the minimization of an image energy functional, which considers the

adherence to the original image, the smoothness of the stroke, as well as certain properties

of the reed radius.

B. Extraction of characters’ features. We adapted several well-known features, which

describe aspects such as the character’s overall shape, the angles between strokes, the char-

acter’s center of gravity, as well as its horizontal and vertical projections (cf. [37]). The fea-

tures, extracted from the reconstructed characters’ binary images, are: SIFT [38,39]

(maximal curvature points of the strokes); Zernike [40,41] (representation of the overall

shape related to the human visual system); DCT [42] (representation of the overall shape

related to frequency analysis); Kd-tree [42,43] (mapping based on iterative “center of grav-

ity” calculations); image projections [44] (horizontal and vertical histograms); and L1 and

CMI [45,46,25] (both for character template matching). All these features were taken/

adapted from the character recognition literature (however, not necessarily in historical

documents setting), e.g., [44]. Subsequently, we exploit the pair-wise distances between all

characters using all features, in order to define a vector representation of each character. As

a result, the distance between two given characters is just a Euclidean distance between

their vector representations.

C. Testing the null hypothesis H0 (for each pair of ostraca), that two given inscriptions were
written by the same author. A corresponding p-value (P) is deduced, leveraging the data

from the previous step. If P�0.1, we rejectH0 and accept the competing hypothesis of two
different authors; otherwise we remain undecided. The following procedure was conducted:

given two inscriptions and a particular letter-type (e.g., bet), cluster the corresponding

instances from the two inscriptions, based on their vector representations. Then, quantify

the adherence of the clusters to the original inscriptions, and calculate the probability of

achieving such (or better) observation. This practice is repeated for each letter-type, with

the P’s combined into a single value through Fisher’s method [47].

The end product of Stage I is a table containing the P for all the pair-wise comparisons of

ostraca. Naturally, although our algorithm declares P�0.1 as a case of two distinct hands, it

may also signify a false positive result. Empirically, this situation occurs with probability of

much less than the expected 0.1 (i.e., our algorithm is “conservative”). Nevertheless, false sepa-

rations do exist and might even dominate the results, e.g., if the number of writers is small. As

Fig 3. Basic algorithmic flow: Stage I: (A) scanned negatives of Samaria ostraca; (B) segmenting their characters; (C)

restoring the characters and extracting features; (D) performing handwriting comparison. Stage II: (E) estimating

False Positive and True Negative rates of the algorithm; (F) estimating True Positive and False Negative rates of the

algorithm; (G) estimating the most likely number of scribes.

https://doi.org/10.1371/journal.pone.0227452.g003
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will be seen in the Results section bellow, the Samaria corpus is characterized by a small num-

ber of separations (Table 1). Hence, an inevitable question arises: Is it plausible to assume that

most of these separations are in fact false ones, with only a handful of writers present? Con-

versely, if some of the separations are true, what is the most likely number of scribes in the
Samaria corpus?

Stage II: Estimating the most likely number of authors. The estimation of the most

likely number of scribes in the Samaria corpus necessitated the development of a new statistical

framework. Its sub-steps are as follows (see Fig 3E–3G; for further details, see the S1 File, Sec-

tion 2):

A. Estimating True Negative (TN) and False Positive (FP) rates via “same writer”

simulations.

B. Estimating True Positive (TP) and False Negative (FN) rates via “different writer”

simulations.

C. Estimating the most likely number of writers within the corpus (via a Maximum Likeli-

hood procedure).

Steps A and B assess the empirical probabilities for TP, TN, FP, and FN separations, i.e., the

confusion matrices, in different configurations (see the S1 File, Section 2). Naturally, the simu-

lations estimating the confusion matrices for a given corpus (in our case, Samaria) require an

independent set of documents, preferably from approximately the same period, medium, lan-

guage, and script. In order to be able to evaluate the percentage of false/true detections/misde-

tections of separate hands (i.e., TP, TN, FP, and FN) through Monte Carlo simulations, these

inscriptions should be accompanied by pre-established separations between their authors. In

this study, we consider the abovementioned Arad corpus [1,33], the richest among Hebrew

Iron Age corpora, and the separations presented in the S1 File, Section 1, as the most suitable

basis for our simulations. (Indeed, although at least a century and a half younger than the

Samaria inscriptions, the Arad documents were written in the same script, using the same lan-

guage, and utilizing the same medium–ink on clay; in fact, even the contexts of these corpora,

mainly recording a supply of commodities, are rather similar). Thereafter, Step C estimates the

empirical distributions of separations, considering scenarios of different number of writers. For

instance, assuming that all the inscriptions were created by a single scribe, we conduct a

Monte Carlo simulation in order to assess its corresponding conditional Probability Density

Function (PDF), i.e., the probabilities of obtaining no separations for the whole corpus, a sin-

gle separation, two separations, etc. Subsequently, assuming two writers in the corpus, we esti-

mate another conditional PDF, and so on. In total, we estimate the conditional PDF’s for

scenarios ranging from a single writer to a number of writers equaling the number of inscrip-

tions. A scenario maximizing the PDF value at the observed number of separations, provides us

with theMLE for the number of writers. Moreover, under a confidence level of 1-α = 0.95,

there may be other possible estimates for the number of writers.

Results

Our algorithm was applied to 31 legible Samaria texts with sufficient textual information and a

low curvature of text lines (namely, texts 2, 5, 6, 7, 8, 12, 14, 16a, 17a, 18, 19, 20, 21, 22, 24a, 29,

35, 36, 38, 42, 43, 45, 51, 52, 53, 54, 55, 56, 57, 59, and 62). In addition, eight texts were used for

enriching the features’ statistics (11, 15, 17b, 33, 34, 40, 44, and 61; see the S1 File, Section 1).

Note the double-sided ostraca 16, 17 and 24, with the recto denoted as “a,” and the verso
denoted as “b.” All available letters with sufficient quantities were utilized: the Hebrew bet,
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yod, lamed,mem, nun, resh, shin, and taw. In total, 293 legible characters were restored, based

upon computerized images of the inscriptions.

The complete results of Stage I of our framework, applied to the Samaria corpus, are sum-

marized in Table 1. The ostraca numbers head the rows and columns of the table, and the

intersection cells provide the comparisons’ p-values. The cells with P�0.1 are marked in red,

indicating that the two ostraca are considered to be written by different authors. We reiterate

that when P>0.1, we cannot claim that they were written by a single author; in such a case our

algorithm remains agnostic.

As seen in Table 1, most of the Samaria ostraca pairs could not have been compared (gray

cells), due to insufficient letter statistics. This is caused by the brevity of the inscriptions, con-

taining a very low number of legible restored characters for each text (9.5 characters on aver-

age). Nevertheless, 138 comparisons were performed, yielding 10 separations.

In order to assess the most likely number of writers, Stage II of the algorithm was applied. A

summary of the results can be seen in Fig 4. It depicts the conditional PDFs for different num-

ber of writers’ scenarios, ranging from a single to up to five scribes (our simulations included

scenarios of 1–31 writers; only graphs for 1–5 writers are presented). It can be seen that pro-

vided the previously obtained 10 separations, the most likely estimate for the number of

writers in Samaria is two. Furthermore, out of all tested scenarios, two is the only valid esti-

mate for the number of writers under a confidence level of 1-α = 0.95.

The confusion matrices of Stage II, Step B were based on the separation statistics, stemming

from the application of Stage I on the Arad corpus. This application (utilizing a threshold of

P = 0.1) may have theoretically focused on data producing “excessively” significant results,

while restricting the number of potentially false outcomes. In order to rule out this possibility,

another simulation, in a less restrictive mode (employing a threshold of P = 0.2 for Arad only),

was conducted. Our main results, including the MLE, were upheld even in this setting (see the

S1 File, Section 2, as well as Fig A in S1 File and Table G in S1 File, for additional details).

Discussion

The maximum likelihood estimate of two writers, obtained in this research, seems to shed

light on the administrative apparatus in the kingdom of Israel. As mentioned above, the 31

Fig 4. Conditional PDF for the number of separations in our ostraca sample, with different simulated number of

writers. The MLE is two authors, based on 10 observed separations.

https://doi.org/10.1371/journal.pone.0227452.g004
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tested Samaria ostraca, spanning a maximum of seven years (assuming a single monarch; cf. 8
which calculates one year, more below), contain various documentation characteristics (i.e.,

year, commodity, name of person, clan and toponym). We tried to find an interrelation

between the two writers and these characteristics. Various clustering algorithms (e.g., SVM-

clustering, max-cut, k-means, PCA-based methods) were applied on both the feature vector

representations and final p-value tables. However, the clustering results were inconsistent and

did not create even an approximate division according to any particular characteristic (e.g.,

year, type of commodity, etc.). Moreover, a close examination of the characteristics detailed in

Table D in S1 File vs. the separations obtained in Table 1, reveals that a clear-cut division of

the ostraca is impossible for any characteristic (e.g., Ostraca 6 and 14 are separated by the algo-

rithm despite mentioning the same commodity, wine; Ostraca 16 and 18 are separated

although both mention oil). In other words, a hypothetical split of the inscription into two

groups according to any particular characteristic cannot be achieved. As a result, and in light

of the short span of regnal years mentioned (9–15, or a single year if one follows [8]), we sug-

gest that the two writers were contemporaneous, and performed similar duties.

Furthermore, although the ostraca originated from various locations in the highlands

around the capital and mention different clans in the region (see Fig 2), the fact that they were

written by only two individuals seems to indicate that the scribes were located in Samaria

rather than in the countryside. While we cannot rule out the possibility that the two scribes

were traversing the countryside, documenting shipments on demand (cf. the “wandering

scribes” of the Amarna tablets, offering their services to rulers of city-states of Late Bronze

Canaan; see [48]) we see such a possibility as less plausible in the case of mundane activities

(shipment of agricultural goods to differ from diplomatic correspondence) and an organized

and well-governed kingdom. Note that the only contemporaneous corpus–that of Kuntillet

Ajrud in the remote northern Sinai Desert [49]–is also related to the royal administration of

the kingdom of Israel. This seems to attest to the existence of a centralized bureaucratic appa-

ratus in Samaria in particular and in the Northern Kingdom in general.

One may ask why the Samaria ostraca do not refer to earlier or later years of Israelite mon-

archs. To answer, we first note that the ostraca were found out of stratigraphic context, in a fill

prepared for the construction of the "Ostraca House" [8] and possibly even beyond [9], mean-

ing that there is no way to trace their original provenance. Theoretically, they may represent

one collection of records, while other collections may have been disposed of in other places. In

any event, the dating of the Samaria ostraca can be narrowed down by taking the year 15 men-

tioned in some of them as being attributed to the rule of a specific king [6]. According to the

biblical account, correlated with Assyrian records, only five kings ruled in Samaria for periods

of 15 years or longer (Ahab 871/873-852 BCE; Jehu 842–814 BCE; Jehoahaz 817–800 BCE;

Joash 800–784 BCE; and Jeroboam II 788–747 BCE (dates of Jehoahaz and Jeroboam II

include coregencies). Since proto-Canaanite script (which antedates the Hebrew script) still

appears in the 9th century [50,51], the days of Joash and Jeroboam II are the most likely. Judg-

ing from the prosperity of the kingdom, the latter option is the most plausible, though the fact

that the latest year referred to is 15 may point to the former (Jeroboam II ruled for over 40

years, while his father Joash reigned for 16 years). One may hypothesize that the Samaria

ostraca represent an important phase in the bureaucracy of the kingdom. During the days of

Joash or the first years of Jeroboam II, Hebrew writing had already been sufficiently developed

to enable recording on ostraca; a while later, during the peak prosperity of the kingdom, the

system could have changed to a more efficient recording system, perhaps using papyri.

As mentioned above (see also [52]), there is a high level of standardization in the format of

the Samaria texts, which may support the proposed bureaucratic apparatus, perhaps even

administrative centralization. Nevertheless, at some point between the years 10 and 15 a
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change in the documentation formula occurred: ostraca belonging to year 9 or 10 contain

commodity type and neglect the clan feature, whereas ostraca belonging to year 15 neglect the

commodity type and contain the clan name. As already noted, we could not associate years

9–10 with one scribe and 15 with the other. Therefore, since there are two contemporaneous

scribes, this change may be attributed to a new/different administration directive, rather than

to the scribes’ preferences. In addition, there is a noticeable increase in the number of inscrip-

tions pertaining to year 15. Explicitly, there are 9 inscriptions bearing the year 9; 14 inscrip-

tions bearing the year 10; and 29 inscriptions bearing the year 15. If the sample we have is

representative, this may indicate increased activity during the later years of the given mon-

arch/s.

Another notable consequence of the current research pertains to the field of paleography.

Apart from the two Samaria scribes, the only significant pieces of evidence for writing with ink

on clay-sherds in the Northern Kingdom are two inscriptions from Beit-Shean (20 km from

Samaria; see [53]) and the inscriptions from Kuntillet Ajrud in the Sinai Desert (~250 km

from Samaria; see [49]). The latter site is short-lived and small (a single building), therefore,

the number of scribes there must have been restricted. Archaeologically (ceramic evidence for

Beth-Shean and Kuntillet Ajrud) and paleographically (Samaria), these inscriptions all date to

the same period. They represent a handful of scribes and hence–contra to conventional wis-

dom–it is doubtful if one can construct a reliable paleographic system based on these finds.

Contrasting the epigraphic evidence presented above, covering the territory of the kingdom

of Israel in the early 8th century BCE, with the level of literacy in the kingdom of Judah ca. 600

BCE based on our study of the Arad ostraca ([1], acknowledging the different natures of the

two corpora–military correspondence versus receipts of shipments of agricultural commodi-

ties), an interesting tendency appears. On the one hand, we observe just two scribes within the

large Samaria ink ostraca corpus of the flourishing Northern Kingdom’s capital, with very little

supporting evidence of writing skills from other sites in the realm. This may hint that during

this period literacy was, to some extent, restricted to the royal court (note that Kuntillet Ajrud

is apparently also related to the kingdom’s administration). On the other hand, in a small des-

ert outpost far from the center of Judah of the late 7th century, at least six contemporaneous

writers are attested [1]. Indeed, thriving scribal activity in Judah is demonstrated by other, con-

temporaneous corpora, such as those from Lachish [54], Horvat ‘Uza, Horvat Radum [55] and

Tel Malhata [56], as well as individual ostraca scattered far and wide across the kingdom, e.g.,

the Ophel in Jerusalem [57], Mezad Hashavyahu on the coast [58], and Nahal Yarmut in the

Shephelah [59]. In other words, over the course of the century and a half or two centuries that

separate the two corpora, we observe development from a writing milieu centered mainly

around the royal court to a broad proliferation of literacy.
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32. Dahllöf M, Automatic scribe attribution for medieval manuscripts. Digital Medievalist. 2018; 11: 1–26.

33. Aharoni Y, Arad Inscriptions. Jerusalem: Israel Exploration Society. 1981.

34. Sober B, Levin D. Computer aided restoration of handwritten character strokes. Computer-Aided

Design. 2017; 89: 12–24.

35. Mumford D, Shah J. Optimal approximations by piecewise smooth functions and associated variational

problems. Commun Pure Appl Math. 1989; 42: 577–685.

36. Kass M, Witkin A, Terzopoulos D. Snakes: Active contour models. Int J Comput Vis. 1988; 1: 321–331.

37. Rollston CA. The script of Hebrew Ostraca of the Iron Age: 8th–6th centuries BCE, PhD thesis, Johns

Hopkins University, Baltimore. 1999.

38. Lowe DG. Distinctive image features from scale-invariant keypoints. Int J Comput Vis. 2004; 60: 91–

110.

Algorithms illuminate biblical Israel’s government

PLOS ONE | https://doi.org/10.1371/journal.pone.0227452 January 22, 2020 12 / 13

https://doi.org/10.6084/m9.figshare.10266206.v1
https://doi.org/10.6084/m9.figshare.10266206.v1
https://doi.org/10.1016/j.jas.2012.06.013
https://doi.org/10.1016/j.jas.2012.06.013
https://doi.org/10.1179/0031032814Z.000000000101
https://doi.org/10.1371/journal.pone.0178400
https://doi.org/10.5615/bullamerschoorie.378.0113
https://doi.org/10.1553/s349
https://doi.org/10.1553/s349
https://doi.org/10.1111/arcm.12419
https://doi.org/10.1109/ICFHR.2012.187
https://doi.org/10.1109/ICFHR.2012.187
https://doi.org/10.1109/TPAMI.2007.1009
https://doi.org/10.1109/TPAMI.2007.1009
http://www.ncbi.nlm.nih.gov/pubmed/17299226
https://doi.org/10.1109/TPAMI.2008.201
https://doi.org/10.1109/TPAMI.2008.201
http://www.ncbi.nlm.nih.gov/pubmed/19542575
https://doi.org/10.1371/journal.pone.0227452


39. Markus D, Sablatnig R. Recognition of degraded handwritten characters using local features. Proceed-

ings of the 10th International Conference on Document Analysis and Recognition (ICDAR 2009), 221–

225.

40. Tahmasbi A, Saki F, Shokouhi SB. Classification of benign and malignant masses based on Zernike

moments. Comput Biol Med 41. 2011; 726–735. https://doi.org/10.1016/j.compbiomed.2011.06.009

PMID: 21722886

41. Tahmasbi A. Zernike moments. 2012. Available at www.mathworks.com/matlabcentral/fileexchange/

38900-zernike-moments.

42. Sexton A, Todman A, Woodward K. Font recognition using shape-based quadtree and kd-tree decom-

position. Proceedings of the 3rd International Conference on Computer Vision, Pattern Recognition and

Image Processing (CVPRIP 2000), 212–215.

43. Armon S. Descriptor for shapes and letters (feature extraction). 2012. Available at www.mathworks.

com/matlabcentral/fileexchange/35038-descriptor-for-shapes-andletters-feature-extraction.

44. TrierØD, Jain AK, Taxt T. Feature extraction methods for character recognition—A survey. Pattern

Recognit. 1996; 29: 641–662.

45. Shaus A, Turkel E, Piasetzky E. Quality evaluation of facsimiles of Hebrew First Temple period inscrip-

tions. Proceedings of the 10th IAPR International Workshop on Document Analysis Systems (DAS

2012), 170–174. https://doi.org/10.1109/DAS.2012.70

46. Shaus A, Faigenbaum-Golovin S, Sober B, Turkel E, Piasetzky E. Potential contrast—A new image

quality measure, In Proceedings of the IS&T International Symposium on Electronic Imaging 2017,

Image Quality and System Performance XIV Conference (IQSP 2017), 52–58. https://doi.org/10.2352/

ISSN.2470-1173.2017.12.IQSP-226

47. Fisher RA. Statistical Methods for Research Workers. Edinburgh: Oliver and Boyd. 1925.

48. Goren Y, Finkelstein I, Na’aman N. Inscribed in Clay: Provenance Study of the Amarna Tablets and

other Ancient Near Eastern Texts. Tel Aviv University Monograph Series 28. Tel Aviv: Tel Aviv Univ.

2004.

49. Meshel Z. Kuntillet ‘Ajrud (H
˙
orvat Teman): An Iron Age II Religious Site on the Judah-Sinai Border.

Jerusalem: Israel Exploration Society. 2012.

50. Finkelstein I, Sass B. The West Semitic alphabetic inscriptions, Late Bronze II to Iron IIA: Archeological

context, distribution and chronology. Hebrew Bible and Ancient Israel. 2013; 2: 149–220.

51. Sass B, Finkelstein I. The swan-song of Proto-Canaanite in the ninth century BCE in light of an alpha-

betic inscription from Megiddo. Semitica et Classica. 2016; 9: 19–42.

52. Mendel A. Epigraphic lists in Israel and its neighbors in the First Temple period, PhD thesis, Hebrew

University, Jerusalem. 2014.

53. Mazar A. Excavations at Tel Beth-Shean 1989–1996: Vol. I: From the Late Bronze Age IIB to the Medie-

val Period. The Beth-Shean Valley Archaeological Project Publications 1. Jerusalem: Israel Explora-

tion Society. 2006.

54. Torczyner H. Lachish I: The Lachish Letters. London and New York: Oxford University Press. 1938.

55. Beit-Arieh I. Horvat ‘Uza and Horvat Radum: Two Fortresses in the Biblical Negev. Tel Aviv University

Monograph Series 25. Tel Aviv: Tel Aviv University. 2007.

56. Beit-Arieh I, Freud L. Tel Malhata: A Central City in the Biblical Negev. Tel Aviv University Monograph

Series 32. Tel Aviv: Tel Aviv University. 2015.

57. Faigenbaum-Golovin S, Rollston CA, Piasetzky E, Sober B, Finkelstein I. The Ophel (Jerusalem) ostra-

con in light of new multispectral images. Semitica. 2015; 57: 113–137.

58. Naveh J. A Hebrew letter from the seventh century B.C. Isr Explor J. 1960; 10: 129–139.

59. Mendel-Geberovich A, Faigenbaum-Golovin S, Shaus A, Sober B, Cordonsky M, Piasetzky E, et al. A

renewed reading of Hebrew ostraca from Cave A-2 at Ramat Beit Shemesh (Nahal Yarmut), based on

multispectral imaging. Vetus Testamentum. 2019; 69: 682–701. https://doi.org/10.1163/15685330-

00001370

Algorithms illuminate biblical Israel’s government

PLOS ONE | https://doi.org/10.1371/journal.pone.0227452 January 22, 2020 13 / 13

https://doi.org/10.1016/j.compbiomed.2011.06.009
http://www.ncbi.nlm.nih.gov/pubmed/21722886
http://www.mathworks.com/matlabcentral/fileexchange/38900-zernike-moments
http://www.mathworks.com/matlabcentral/fileexchange/38900-zernike-moments
http://www.mathworks.com/matlabcentral/fileexchange/35038-descriptor-for-shapes-andletters-feature-extraction
http://www.mathworks.com/matlabcentral/fileexchange/35038-descriptor-for-shapes-andletters-feature-extraction
https://doi.org/10.1109/DAS.2012.70
https://doi.org/10.2352/ISSN.2470-1173.2017.12.IQSP-226
https://doi.org/10.2352/ISSN.2470-1173.2017.12.IQSP-226
https://doi.org/10.1163/15685330-00001370
https://doi.org/10.1163/15685330-00001370
https://doi.org/10.1371/journal.pone.0227452

