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Likelihood of origin of Paleolithic tools as viewed from their entropy
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Lithic tools are physical objects whose surface can be characterised by the scars left on them by the removal of stone flakes. In a recen
article [1], we quantified the information contained in Paleolithic stone tools about their manufacturing process using Shannon’s information
theory [2], with the notions of amount of information and entropy. The approach permitted to assess the probability that such objects were
made by our hominid ancestors, and also the amount of information they carry. Here, we dig deeper into the physico-mathematical aspect:
of the subject and show that the entropy of a lithic tool can be defined on a physical basis following Boltzmann’s arguments [3]. Thus, the
entropy of a stone tool acquires a physical meaning that considerably enlightens their interest. We also extend our previous treatment by
considering the effects of curvature of the lithic surface on the probability density of strokes imparted randomly on it, and by taking into
account the fact that there can be many tools effectively similar to the one being investigated. Although the number of tools equivalent
to a given one is exceedingly large, the probability of observing any of them is still much smaller than that of observing a similar but
roughly battered stone. In this work, however, we have not dealt with the archaeological implications of this work, which will be considered
elsewhere.
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1. Entropy and information of stone tools log, basis so that the unit of information quantity is the bit.

) ) ) Shannon also introduced the average information or uncer-
The rise of stone-tool technology in the Pleistocene played ginty of M by

crucial Ble in the process of humanisation [4]. Recently [1]

we calculated how extremely unlikely it is for a stone to be H=— Z PjShanlogQ P]shaq @)
shaped as a tool solely by random natural forces. The ap-
proach relied on the concepts of Shannon’s entropy and infor-
mation [2]. Here we show that the entropy of a lithic tool, LT, Disregarding the difference in the meaningff the formal

has physical meaning, following arguments similar to thosddentity betweenS and H in Eqgs. (1) and (3) is remarkable;
used by Boltzmann in a famous paper [3]. This new physi-hence,H is also known as the informational entropy. has

cal approach complements the informational treatment, reinbeen used in Archaeology to quantify richness, heterogeneity
forces our conclusions and opens new avenues of inquiry. and complexity in archaeological collections.

The statistical meaning of entropy was created by Boltz-  |n our previous work we determined the probability that a
mann [3] and more modernly can be expressed in its genergliven LT could have been produced by a natural random pro-
form as cessj.e., without hominin intervention. We also determined

S = _kZPj In Pj, (1)  Shannon’s andH, for 10 stone tools, between 3.3 My and
J 160 ky-40 ky of age and exhibited that with the passage of
whereP; is the probability for a physical system to be inits j- time and the evolution of technology, the entropy of a typical
th complexion (as Boltzmann named a microstate). A crucial-T decreases and its quantity of information increases.
proposition of Boltzmann was to state thatY"), the proba-
bility for the system being in macro statewith a certain dis-

tribution of energy among its elements is proportional to the2- T he stone tool as a physical system

number of complexions accessible in the stdteThe con- . )
stantk in Eq. (1) is introduced to givé the same units as it BUt the stone tool is, after all, a physical system. Its surface
has in Thermodynamics. Seventy years later, Shannon intr&Nows the scars of flakes, thin slices of stone removed each by

duced the concept of the amount of information of a messag@ Plow imparted at a certain pointand oriented in a certain

JEM

4, an element of a set of messaget by directionk, see the illustration in Fig. 1. Hence the pattern
of scars characterises the LT. For a given shape of the isT,
]J,Sha“: —log, ijhaﬂ’ (2)  determined by two polar anglés, v) and if the strength of

the blow is disregarded, the directiis also determined by
whererSha”is the probability of choosing the message fromtwo polar anglegd, ¢) giving its orientation with respect to
the setM. It is customary in information science to use de the normal to the surface; see illustration in Fig. 2.
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FIGURE 1. Classic Levallois lithic core from the Mousterian tradi- FIGURE 3. a) The configuration of a lithic tool is represented
tion. The inner irregular lines mark the boundaries between neigh-by a pointy. in the four-dimensional spadeé. formed by a two-
bouring scars. The arrows show the points of impact of 22 strokesdimensional position subspadé..s, and b) a two-dimensional di-
and their direction. Drawing by PdRM based on Fig. 4 of [5]. rector subspacé;ai.

FIGURE 4. Discrete versions of the subspadgss andI'y parti-
tioned respectively in elemental cells of sizesanddw. I'pos has
an areaA characteristic of each lithic tool, and the solid anBilg

FIGURE 2. The state of a lithic tool is described by the scars left by measuregr sr for all convex tools.

the removal of flakes by strokes. a) The characteristic conchoidal

scars left on an obsidian piece. [Photograph courtesy of Prof. G.

Jackson.] b) Each stroke is described by a point of impact vector 2.2. A thought experiment: the rolling stones
and a director of the blowk.

Imagine an experiment in whick > 1 identical stone cores
are subjected each to random blows —random both in space
2.1. Configuration of a stone tool and direction— such as stones rolling down on a riverbed or
being carried by an avalanche. At the end we examine the
The blow that produces a flake scar on the stone core is thestones for blow scars. The blows on a stone are denoted
represented by four anglés, v), (4, ¢), which are in turn  {g,;a = 1,2,...,m]. How to tell whether one of these bat-
represented by a point in a 4-dimensional sphgewhich  tered stones looks like a tool?
is the product of two subspaced], = I'pos ® T'4ir. See A roughly battered stone shows scars scattered all over
Fig. 3. Itis convenient, however, to discretise these spaces lijs external surfaced without any resemblance of order —
defining elemental cells of siz& partitioningl',,s andéw  actually some blows do not remove any flake because their
partitioningl4;,-. See Fig. 4. The configuration of a LT with directionk,, is not well oriented. In contrast, a stone tool
m strokes, with respect to its reduction process, is given byas strokes arranged in patterns that imply a correlation be-
m cells inT'.. Hence an elemental configuration is denoted: tween both their positions and directions. The ordering is
not absolutely precise, however: in the real wapd, k,,)
Deierm = {07; = (daj,0w;); 5 =1,2,...,m}, (4)  may appear slightly perturbed while keeping the effective use
of the tool. For the LT this means that there are small re-
where j indicates a cell. IfA is the surface area of the gions (Aa, Aw) on which (r,, k,) can be focalised while
LT and © the available solid angle for a blow, there are maintaining the practical use of the tool, but when the per-
N, = AJda cells inTp,s andN,, = Q/éw in Ty, for a  turbation is large andAa, Aw) are too large, the stone has
total of N, = NV, x N, cells. The elemental parameters areno practical use. These least focalised strokes correspond to
da = 0.33 cn? anddw = 7/1000 sr, and are set from the (Aa = A/2, Aw = Q/2). In summary there are two relevant
estimated precision of the stone knappers. We propose th&atures of the arrays (configurations): their focalisation and
the cellsé~; play the ble of Boltzmann’s complexions. correlation. We have shown that the degree of focalisation of

Supl. Rev. Mex. Fis6 011314
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the strokes is enough to distinguish between a stone tool aridsing the result from the literature and normalising the den-

a roughly battered stone. sity, we find
This means that we shall not be interested in whether the 2
1+ 2Regpm (u,v) + RZ U, v
blow is observed in a certain elemental a&j| but rather on p(u,v) = 10m (% 0) G )- (10)

o o . . 1 2
whether it is found within a given subregidiy of I'. _ _ G_WR’”
A stone tool is the result of strokdg,;a = 1,2, ..., m] Here, R.¢ is an effective radius of mean curvature and the
focalised in small regions forming certain patterns. In con-Shape of S is a parametric relation,y, z) = ¢(u, v). We
trast, a roughly battered stone corresponds to observe scadve also assumed, for simplicity, that the stone core has

tered strokes; the observation with the most scattered resulfProximately a tri-axial ellipsoiQa}I shape with semi-axes
hasAa = A/2 andAw = Q/2. (a,b,¢). All the necessary quantities have been calculated

for a wide range of eccentricities and expressed in terms of
the semi-axeéa, b, c).

A final simplifying assumption is to neglect the effect of
In order to illustrate our discussion, we shall refer to a specific€urvature and assume a uniform density, which normalised
LT: a unifacial tool from Gona, Ethiopia, witm = 9 blows, ~ feads 1
and aread = 124.75 cm?. This stone tool hag56, 700 ele- p(u,v) = p(u)p(v) = 5. (11)
mental cells and4, 550 effective subregionéA~y).

2.3. Example of a lithic tool

The probability for joint positive outcomer,,0,) =
) (+, +) in position and direction in finite effective subregions
2.4. Observations of strokes as events Ay = (Aa, Aw) is

Keeping in mind the rolling-stones experiment, we now con- Pay(+,4+) = P(r € Aa)P(k € Aw). (12)
sider the probability that each of tHg. } strokes is found if bability densities in Ed. (11 _
within given subregionda,, located at® andAw,, with its p(; Uu)m:olr;nAp;r: d;(kl)l i p?; Sé)'ej ir}Q ?h ér ef)ogemr)
axis atk? and call this an effective observation, and denote: ’ ’

Paqy(+,+) = (Aa/A)(Aw/Q). (13)

In order to reach an important result, we multiply and di-

Then the fraction of stones found with strokes in those effecY ide by the elemental celts:, dw to write

tive subregions determines its probability Aa/A = (Aa/da)/(A)da) = Naa/Na, (14)

Ao = {ro € (Aaa;rg),ka € (Awa;kg)}. (5)

N(Aet)/N — P(Aeg). () and
Aw/Q = (Aw/0w)/(/0w) = Naw/Na,  (15)
For simplicity we keepAa, = Aa andAw, = Aw constant  with Na,, Naw, N4 andNg, respectively equal to the num-
for a given stone tool. The effective configuration of focusedber of elemental cells itha, Aw, A and). Then, of course,
blows corresponds to the stone tool:

NA'y - NAaNAw~ (16)
Atool = Aei(Aa < A, Aw < Q). (7 The probability to observe strokg, in the subregion\y
is, in terms of elemental cells,
3. Basic assumptions Po(+,4+) = P (+,4) = N /e, (A7)

We assume the rolling-stones experiment to be completelyhere/Ar, is the number of elemental cells Tn.
random, as natural elements tendto be. Hence any stroke ASSUMIng the strokes to be non-overlapping

hits randomly on the surface S of the stone tool, ank aad (m) m
r are independent events. For a continubyswith proba- P (4, +4) = H Po(+,+)
bility density p(u,v) with r = (u,v) on the surfaces, we o=l
have e NX;L)! 18
P(r € Aa) = N dudv p(u,v). (8) g m!(./\/'g:) - m)!.
The collision frequency (u, v) at a point(u, v) of S of a In conclusion, the probability to hav&.;; equals the

stone, hit randomly by other stones, has been investigated Waction of combinations of accessible elemental cells. Al-
several authors and found to depend linearly on the Gaughough, of course, this differs in many ways from the thor-
sian and mean curvatures of S at that pojmt (u,v) and  ough and ample work of Boltzmann, the fact is that the prob-
pm(u,v) [7,8]. Hence we make the plausible assumptionability of making an effective observation of the set of strokes

that the probability density is proportional to the combinatorial expression in EIB)(
and this is in the direction of his great work. This assertion
p(u,v) < fpm(u,v), pa(u,v)). (9)  completes the analogy with Boltzmann'’s treatment.
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3.1. Observing the outcomes of a stroke where we have opted to keep the unit of bit foM/e thus de-
) ) ) fine the amounts of information obtained by finding the tool,
The single process of observing an effective blow on thenat is, by observing the: blows within the focalised regions

stone core has four outcomes with probability distribution A~foc as
Pa(0a,00) = {Pa(+,+), Lioot = — Y _ logy Po2) (+,+), (27)

a=1
Pa(_7+)7Pa(+:_)7Pa(_a_)}' (19) .
and by observing the fully scattered blows on a rough stone

The first outcome has a probability determined by Eq.(12),

the rest are Liough = — Z log, Ps(c(z;)t( +,+). (28)
a=1
Pay(=4) = (1 - Aa/A)(Aw/Q), (20)
For the stone of our example, we obtain
Pay(+,—) = (Aa/A)(1 - Aw/Q), (21)
and tool = 140.6 bits; I17, 1, = 18 bits. (29)

Pay(= =) = (1~ Aa/A)(1 - Aw/Q). (22) Originally, the entropy of a message was introduced by

Since for a focalised stroka/A < 1 andAw/Q < 1 Shannon as the mean information carried by it. For an iso-
the distributionP™®(,, 0,,) is very skewed. In our LT ex- lated event with probabilities(+) andp(—) = 1—p(+), the

amp|e from Gona the focalised distribution is mean information carried by both outcomes of the distribu-

tion P = (p(+),p(-)) is

P — 11,06 x1075,9.89 x 1074, 1.06 x 102, 0.975}.
(I)(p) = —p(+) logyp(+) — p(—) logy p(—),  (30)

foc

But in sharp contrast, the scattered distribution is always uni-
form a quantity that is zero for both certain outcomgs-) = 0
pé{‘%{jt =1/4,1/4,1/4,1/4. (23) andp(+) = 1, but reaches its maximufl) = log, 2 = 41
when the two outcomes are equally likely(+) = p(—) =
. . . 1/2. [Information quantities are given in units of bits.]
4. Probability, information and entropy of a The probability distribution corresponding to a stone tool
stone tool involves all its outcomes. The distribution for strolg its
distribution is given by Eq, (19). Thus the event of giving one

The probablll_tyP(Aeg) of observing in the_ random roIImg- blow has entropy (also meaning information or uncertainty)
stones experiment a stone tool characterised by a certain f%'lven by

calised configuration, is that of observing each ofitblows
within a corresponding focalised regiakmy,. We associate gla) _ _ Z p]ﬁjc) (0a,04)1In Pf(o(z)(o—a70'w)~ (31)
this probability with the stone tool, explicitly

T (o We have omitted the Boltzmann constant factokadh this
Proot = | [ P . 2 e : :
tool (111 foc (5 1) (24) definition but kept the natural logarithm, then the unitsSof
B are nats. For the stone tool, in similarity with Eq. (27), we
As aresult, the Gona LT example has defineS;,o1 0N the positive outcomes that gave rise to the LT,

that is,
P& = 4.66 x 1073, m
Stool = - Z S}ig(-ﬁ*, +) (32)
The rough stone has probability a=1

We note that this differs from the entropy reported in our pre-

Prough = H ps(g&(+’ +), (25)  Vious publication [1]. Now, for the rough stone
a=1 m
which gives Srough = — 3 Sto, (+,+)- (33)
P, =3.82x107°. a=1
So the lithic tool is2.4 x 10~93 less probable than the natural ~ For the lithic tool of the exampleS;,o1 = 9.90 x 107*
battered stone. nats, andS,.uen = 1.355 nats. The entropy of a stone tool
The quantity of information conveyed by a message ocis really a property of the reduction process. The scattered
curring with probabilityP,, has been introduced as [2, 6] process that leads to the rough stone is 1400 times more en-
tropic or uncertain than the process that leads to the tool of
I, = —log, P, (26)  the example.
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LIKELIHOOD OF ORIGIN OF PALEOLITHIC TOOLS AS VIEWED FROM THEIR ENTROPY 5

4.1. Uniqueness of lithic tool

Up to this point we have analised a lithic tool characterised {;z:
by blows in certain subregions of its surface and within cer- L
tain solid-angle cones. We must consider, however, the fact
that there are many other equivalent arrangements of stroke: £~
but located on different parts of the surface. By equivalent
we mean that the elementsa, and Aw,, are the same in
numberm and size, but located in different places of the area
A and directions within the solid angfe.

Since there ardy, = Aa/A subareas i and N, =
Aw/Q sub-cones in, and there aren strokes, the num-
ber of equivalent LT with the same effective observation is
increased by the double combinatorial factor

() e

and the probability of finding any equivalent tool is

a) o

FIGURE 6. a) Depiction of lithic tools from Lomekwi, Kenya [17]
and b) from Omo, Ethiopia [15]. Drawing by PdR; the tools are not
to scale.

Pequi = Mm X Ptool- (35)

We find that, even though/,,, can be a very large num- 2/
ber, the probability for an equivalent Lf.q.; remains small. FIGURE 7. a) Depiction of lithic tools from Gona, Ethiopia [16]

ThU154, for the example at hand, we find tat.; = 6.50 x and b) from Melka Kundera, also in Ethiopia [18]. Drawing by
107 PdR; the tools are not to scale.

5. Selected results 3) Omo, Ethiopia, (Omo) 2.3 My [15]; 4) Melka Kunture,
Ethiopia, (MK) 1.5/ 0.83 My [18]; 5) Corbehem, France,

There is scarce information in the literature about the param{Cor);150 / 40 ky [19]. Drawings of the first four of these LT

etersda anddw. There are experimental studies with modernare shown in Figs. 5, 6 and 7.

knappers. [13, 14]. On this basis, our choice of parameters The relevant probability measurésy and Pough about

wasda = 0.33 cm? andd,, = 7/1000 sr; the latter corre-  the five LT analysed here are given in Table I. The same table

sponds to an apex angle &if°. includes the (larger) probability of observing an equivalent
] flaked stone”,,,,; form in Eq. (35), which even if it is much
5.1. Stone tools analised larger thanP,, is still much smaller thai®, .41, Observing

In the previous paper [1], we treated 10 lithic tools from dif- a focalised set of strokes on a stone is much, much less likely
P pap ' han observing a naturally battered stone. This unlikeness be-

ferent sites and dates. Here we illustrate the method witrt1 h .
. . o . comes accentuated as time changes from the oldest LT with
information about 5 lithic tools of the same sites. The tools

denoted by the name of the site. Their site (abbreviation), ag%sa'\:g zéige to the most recent one with only between 150
and reference are the following: 1) Lomekwi, Kenya, (Lom) y Y-

3.3 My [17]; 2) Gona, Ethiopia, (Gona) 2.3/2.5 My [16]; Table Il shows, f(_)r each LT treated here, the num_ber of
strokesm, the entropiesSioor andSiough. I all casesSigg is

consistently smaller thaf;,ugn, Mmeaning that the probabil-
ity distribution for the LT is more skewed than for the scat-

\ tered distribution, which in all cases is uniform and reaches
its maximum value; this last situation, in the realm of

Aa
,\ TABLE |. Probability of observation of lithic tools vs rough stones.
1
b) r'f Site Ptool Pequi Prough
i’ Lom-2  6.77x10™*  1.02x 107"  3.81x107°

FIGURE 5. Observations as events. The blows are within subre- Omo-1  2.15 x 1038 3.30 x 10710 1.53 x 107°
glons_(A_aa, Aw,) a) focallzed_eff_ectlve observation of 9 strokes Gona-l  4.66 x 10—43 6.50 x 10~11 3.82 x 10~°
on a lithic tool from Gona, Ethiopia. b) Scattered effective obser- 930 s os
vation of the same 9 blows on the same lithic tool. The available MK-1 7.03 x 10 L.61 x 10 2.07 < 10

solid angle is half a hemispherw;cq.: =  sr. Cor-1 884 x107'% 883x1072° 3,64 x 107'2

Supl. Rev. Mex. Fis6 011314



6 F. DEL RiO AND R. LOPEZ-HERM\NDEZ

shortest axes, where the ellipsoids are flatter. Of course,

TABLE II. Number of strokes, entropies and quantities of informa- p(c) < p(b) < p(a). For reference, the table includes the
tion of lithic tools vs rough stones; the unit of entropy is nat and uniform densitypy and the effective radius obtained from the

the unit of quantities of information is bit. integrated mean curvature.
Site m Stool Srough Itonl [rough
Lom-2 9 6.99x10~% 1355 1434 18 6. Conclusions

4
Omo-1 8 7.37x10 4816 1251 16 The entropy of a lithic tool can be defined by physical ar-

Gona-l 9 9.90x107" 1355  140.6 18 guments following the arguments of Boltzmann in his 1877
MK-1 41 870x10"* 6171 7613 82 paper. This fact establishes a bridge with the equivalent treat-
Cor-1 19 347x10~%* 25860 361.4 38 ment based on Shannon’s Theory of Information. The proba-

bility that a stone tool is produced by random natural strokes
is extremely small. Much less than that of observing an

TABLE I1I. Effect of curvature: Effective radiug.qx and probabil- - equivalent rough stone with scattered scars. The entropy as-
ity densities on ellipsoid: uniformo and at verticep(a), p(b) and  gocjated with the stone tool is much smaller than that of the
p(©)- roughly battered stone, which is the maximum entropy, as oc-
Site Reg/cm Do p(a) p(b) p(c) curs to a thermodynamic system when reaching equilibrium.
Lom-2 625 0.00145 0.00356 0.00288 0.00123 The lithic tool and its process of manufacture contain a con-

siderable amount of information. A first analysis of 10 stone

omo-1 245 0.01481 0.0492 0.0275  0.0062 tools showed that the entropy of the lithic tools decreases and

Gona-1 330 0.00802 0.0188  0.0069  0.0053 their information content increases with the course of prehis-
MK-1 540 0.00330 0.0191  0.0076  0.0011 toric time. Nevertheless, the sample analysed is rather small
Cor-1 2.97 0.01011 0.0290 0.0192  0.0043 to allow for archaeological conclusions. This proposal con-

tributes a new quantitative tool in the Archaeology.

thermodynamics, would correspond to the equilibrium states. Work in course has provided with the practical basis to

This difference also means that the effective observation ofarry out the ellipsoidal model for the probability density.
the LT is a process with relatively small uncertainty. Here we have presented results to judge the effect of curva-

The quantities of information fofoo and Irough also ap- ture. The focalised observation of strokes is being extended
pear in Table Il. The LT, in all cases, contains much morel0 account for correlation between strokes. The determina-
information than the roughly battered stone, and the ratidion of elemental parametess andd,, is being improved by
Tool/ Irough iNcreases as time passes. a Bayesian analysis. Most importantly, several distinguished

Finally, Table 11l contains the results about the influence@rchaeologists from the Universidad de Valencia, led by Prof.

of the curvature on the probability densitju, v) for each of Valt'enﬁ.n V!IIaverde Bonilla are joining the project, therefore
the LT considered here. The shape of each LT was assumédriching its scope.

to be ellipsoidal, with semi-axds, b, ¢) evaluated from pre-

vious publication [1]. The densitigs{u, v) were calculated  Acknowledgements

from Eq. (10). For a given LT the points of largest curva-

ture are the two vertices at the end of the largest semi-axi$he authors thank Prof. Orlando Guamand Dr. Miguel A.
a, where the probability density(a) is also largest. The Juarez for many insightful discussions, and Pablo del fer
densityp(c) is the smallest at the vertices at the end of thethe drawings of the lithic tools.

1. F. del Ro, R. Lopez-Herandez and C. Chaparro \#&quez, der Wissenschaften. Mathematisch- Naturwissen Classe. Abt.
On information, entropy, and early stone toolpl. Phys. Il, LXXVI 1877, pp 373-435 (Wien. Ber. 1877, 76:373-435).
122 (2024) 2310644 https://doi.org/10.1080/ Reprinted in Wiss. Abhandlungen, Vol. Il, reprint 42, p. 164-
00268976.2024.2310644 223, Barth, Leipzig, 1909%:ntropy 17 (2015) 1971https:

2. C. E. Shannon, A mathematical theory of communication, ~ //d0!.0rg/10.3390/e17041971

fg(l)lziylsgg'ge_(;gb\slz718‘.1%42)031’;2?;[)3.//d0|.org/lO. 4. M.-L. Inizan, M Redurqn-BaIIinger, H. Roche and J. Tixier,
: ‘ : : La Technologie De La Pierre T, Cercle De Recherches Et
3. K. Sharp and F. Matschinsky, Translation of Ludwig Boltz- D’Etudes Pehistoriques (Vol. 4. C.N.R.S, Meudon, 1995).
mann’s Paper “On the Relationship between the Second Fun-
damental Theorem of the Mechanical Theory of Heat and 5. F. Bordes, Mousterian cultures in Franc8cience 134
Probability Calculations Regarding the Conditions for Ther- (1961) 807, https://doi.org/10.1126/science.
mal Equilibrium” Sitzungberichte der Kaiserlichen Akademie 134.3482.803

Supl. Rev. Mex. Fis6 011314


https://doi.org/10.1080/00268976.2024.2310644�
https://doi.org/10.1080/00268976.2024.2310644�
https://doi.org/10.1002/j.1538-7305.1948.tb01338.x�
https://doi.org/10.1002/j.1538-7305.1948.tb01338.x�
https://doi.org/10.3390/e17041971�
https://doi.org/10.3390/e17041971�
https://doi.org/10.1126/science.134.3482.803�
https://doi.org/10.1126/science.134.3482.803�

10.

11.

12.

13.

. W.J. Firey, The shape of worn stonédathematika21 (1974)

LIKELIHOOD OF ORIGIN OF PALEOLITHIC TOOLS AS VIEWED FROM THEIR ENTROPY 7

L. Brillouin, Science and information theory, 2nd Ed. (Aca-
demic Press, New York, 1962).

1, https://doi.org/10.1112/mtk

. G. Domokos, A. A. Sipos and P. L. arkonyi, Architec-

ture 4 (2009) 3, https://doi.org/10.3311/pp.ar.
2009-1.01 .

15.
. T.M. Cover and J. A. Thomas, Elements of Information Theory

(John Wiley & Sons, New York, 1991).

B. Beckers and P. Beckers, A general rule for disk and hemi-
sphere partition into equal-area celymput. Geond5(2012)
275, |https://doi.org/10.1016/].comgeon.2012.

01.011

J. Cook, Simple way to distribute points on a sphere
(2023), |https://www.johndcook.com/blog/2023/
08/12/fibonacci-lattice/.

R. Marques, C. Bouville, K. Bouatouch, and J. Blat, Extensi-
ble Spherical Fibonacci GriddEE Trans. on Vis. and Comp.
Graphics 27(2021) 2341https://doi.org/10.1109/
1VCG.2019.2952131

T. Nonaka, B. Bril and R. Rein, How do stone knappers pre-
dict and control the outcome of flaking?
understanding early stone tool technolody,Hum. Evol.59

14.

18.

Implications for 19.

(2010) 155,nttps://doi.org/10.1016/].jhevol.
2010.04.006

A. Muller, C. Shipton and C. Clarkson, Stone toolmaking diffi-
culty and the evolution of hominin technological skilléature
Sci. Repl2 (2022) 5883 https://doi.org/10.1038/
S41598-022-09914-2

I. de la Torre, Omo Reuvisited, Evaluating the Technological
Skills of Pliocene HominidsCurr. Anthropol.45 (2004) 439,
https://doi.org/10.1086/422079

16. D. Stout, S. Semaw, M.J. Rogers and D. Cauche, Technological

variation in the earliest Oldowan from Gona, Af&thiopiaJ.
Hum. Evol 58(2010) 474https://doi.org/10.1016/
j.Jhevol.2010.02.005

17. S. Harmandet al, 3.3-million-year-old stone tools from

Lomekwi 3, West Turkana, KenyaJaturg 521 (2015) 310,
https://dol.org/10.1038/nature14464

R. Gallotti and M. Mussi, Two Acheuleans, two humankinds.
From 1.5 to 0.85 Ma at Melka Kunture (Upper Awash,
Ethiopian highlands),J. Anthropol. Sci.95 (2017) 137,
https://doi.org/10.4436/jass.95001

E. Badda, Le Concept Levallois: VariabiétDes Methodes,
(Archéo<£ditions.com, 2014).

Supl. Rev. Mex. Fis6 011314


https://doi.org/10.1112/mtk�
https://doi.org/10.3311/pp.ar.2009-1.01�
https://doi.org/10.3311/pp.ar.2009-1.01�
https://doi.org/10.1016/j.comgeo.2012.01.011�
https://doi.org/10.1016/j.comgeo.2012.01.011�
https://www.johndcook.com/blog/2023/08/12/fibonacci-lattice/. �
https://www.johndcook.com/blog/2023/08/12/fibonacci-lattice/. �
https://doi.org/10.1109/ TVCG.2019.2952131�
https://doi.org/10.1109/ TVCG.2019.2952131�
https://doi.org/10.1016/j.jhevol.2010.04.006�
https://doi.org/10.1016/j.jhevol.2010.04.006�
https://doi.org/10.1038/s41598-022-09914-2�
https://doi.org/10.1038/s41598-022-09914-2�
https://doi.org/10.1086/422079�
https://doi.org/10.1016/j.jhevol.2010.02.005�
https://doi.org/10.1016/j.jhevol.2010.02.005�
https://doi.org/10.1038/nature14464�
https://doi.org/10.4436/jass.95001�

