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Word diversity can accelerate consensus
in naming game
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In this paper, we introduce word diversity that reflects the inhomogeneity of words in a communication into the

naming game. Diversity is realized by assigning a weight factor to each word. The weight is determined by three

different distributions (uniform, exponential, and power-law distributions). During the communication, the probability

that a word is selected from speaker’s memory depends on the introduced word diversity. Interestingly, we find that

the word diversity following three different distributions can remarkably promote the final convergency, which is of

high importance in the self-organized system. In particular, for all the ranges of amplitude of distribution, the power-

law distribution enables the fastest consensus, while uniform distribution gives the slowest consensus. We provide an

explanation of this effect based on both the number of different names and the number of total names, and find that

a wide spread of names induced by the segregation of words is the main promotion factor. Other quantities, including

the evolution of the averaging success rate of negotiation and the scaling behavior of consensus time, are also studied.

These results are helpful for better understanding the dynamics of the naming game with word diversity.
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1. Introduction

Over the past few decades, the study of collec-
tive behavior has received growing attention in sta-
tistical physics, economics, and sociology.!~19 Lan-
guage dynamics, as a typical aspect of social dynam-
ics, has been extensively studied with focusing on
language evolution™* =13 and competition.'*=17) Re-
cently, a language game, the naming game, 2! related
to opinion formation!™'8] but with many differences,
has been considered as an important approach to un-
derstand the evolution of a language or communica-
tion behaviors among a population of agents. In the
naming game, agents mutually communicate about an
unknown object and reach a final consensus on nam-
ing the object without global supervision or a prior
common knowledge. A prototypic example of the
naming game is the artificial intelligence and peer-
to-peer communication system, the so-called talking
heads experiment,!'2% in which embodied software
robots assign names to objects observed through dig-

ital cameras and communicate these names with each
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other. The naming game has also promised practi-
cally applications in the study of newly developed web
tools, such as del.icio.us or www.flickr.com, which en-
able network users to share the classification of infor-
mation about the tagging items.

Recently, a minimal naming game was proposed
by Baronchelli et al.?'! on a fully-connected net-
work, reproducing the same experimental phenom-
ena, in which a successful negotiation between two
agents leads to the preservation of the name in the
negotiation and the cancelation of the other names

1.22] fyr-

stored in the memory. Then Baronchelli et a
ther investigated the effect of a low-dimensional lat-
tice on the naming game and found that a consen-
sus is reached through a coarsening process of clus-
ters. Meanwhile, inspired by the speedy development
of various networks,[?3=2 the game has been exten-
sively investigated on complex networks.9=35 Addi-
tionally, many modified versions of the model have
been proposed to study the evolution and the scaling
property of the agreement dynamics, such as the re-

verse naming game,®!] the neighborhood influence, 3!
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the local broadcast,[3738] the bounded rationality,"!
the reputation,*? and the forgetting curve.[*!] At the
same time, social and heterogeneous influences on
words have also been identified as a potent mecha-
nism. Tang et al.[*?! first introduced connectivity-
induced weighted words, where the weight of a word
spoken by an agent is assigned by his connectivity,
which is a natural reflection of the agent’s influence in
the population. Then, Zhuang et al.[*3] considered the
preferential words in the naming game, which is close
to a realistic case in which people usually preferen-
tially use hot words in communication. Recently, Lei
et al.*¥ studied the co-evolution of weight with name
in a structured language game, where the weight of
a name is defined as the communication frequency.
In their study, the probability that a word is chosen
from a speaker’s memory is proportional to the word’s
weight and is tuned by a model parameter. Studies
have found that a faster formation of consensus can
be obtained by tuning the parameter.

In all the weighted naming games above, the word
diversity considered is induced by different agents or
random usages. However, in real society, name diver-
sity may come from an internal property of the word.
For instance, some words are difficult to pronounce or
spell, which results in fewer usages. Furthermore, a
similar diversity of internal property has been studied
in other research fields. Perc and Szolnokil*® con-
sidered social diversity in a spatial prisoner’s dilemma
game, and Shi et al.*%! introduced group diversity into
the spatial public goods game. Those two kinds of di-
versity, the internal properties of agents and groups,
are realized by rescaling the multiplication factor r
to follow three distributions (uniform, exponential,
and power-law distributions). They found that a sim-
ple yet meaningful mechanism maintains the diversity
of the strategies. Motivated by those successful re-
search efforts, we introduce word diversity following
the above three distributions into the minimal nam-
ing game and study how the word diversity affects the
convergence of a shared lexicon.

2. Model

Below, we describe the modified minimal naming
game with word diversity on the fully-connected net-
work. In the game, N identical agents obverse a sin-
gle object and communicate its name with each other.
Each agent is endowed with a memory to store an

unlimited number of different names or opinions, and

initially the memory is empty. At each time step,
a pair of agents are randomly selected to communi-
cate with each other. One acts as a speaker, and the
other acts as a hearer. The speaker has to transmit a
name to the hearer. So a new name is invented if the
speaker’s memory is empty. Otherwise, it selects one
of the names stored in the memory with probability

ri

P = 1)

e Qupenser i
where r; is the weight of name . According to Eq. (1),
names with higher weights have more opportunities to
be selected. This is based on the consideration that in
reality, some words are difficult to pronounce or spell,
which is the internal property of the words. If r; =1,
all the names are identical, which is consistent with
the minimal naming game. Motivated by the work of
the prisoner’s dilemma game, 546 we define factor r
as

7‘:1+f, (2)

where £ is a scaling factor drawn randomly from a
given distribution to determine the diversity of the
word. Here we mainly study three different distri-
butions, uniform, exponential, and power-law distri-

butions, which are defined by the following functions

respectively:
5:14(_1“)(_1)7 (4)
§= A(Xio'5 - 2)3 (5)

where x is a random number uniformly distributed on
a unit interval, and fol &(x)dx = 0 for the above three
distributions, which ensures that the average of £ over
all the words is zero. So we can have (r) = 1, which
is a relation of r; in the naming game, where (r) is
the average value of r; over all the words. The pa-
rameter A (0 < A < 1) determines the amplitude of
the undulation of &, and a lager value of A induces a
larger undulation. When A = 0, the system reduces
to the original naming game, in which all the words
have the same value of 7. The A = 1 is the largest
value ensuring the relation of (1 + &) > 0.

The spatial distributions of the three considered
conditions with A = 1.0 are shown in Fig. 1. It is
obviously seen that the uniform distribution has the
gentlest dispersion of £, whereas the power-law distri-
bution leads to the largest segregation of word diver-
sity. The exponential distribution yields a dispersion
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of the diversity that is in between the uniform and the
power-law distributions.
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Fig. 1. Spatial distributions of £ obtained with A = 1.0
for the cases of (a) uniform, (b) exponential, and (c)
power-law distributions. Lines show numbers of different
names, and we take 300 names for example.

We need to point out that the word weight has
been considered previously in the naming game,[42~44]
and it is totally different from that in our model.
In the previous models, the weight is determined by

[42]

the topological properties of networks,'*! the success

rate,[44] or the using frequency, (43]

while in our model,
the word weight is the internal property of the word
itself.

Similar to previous studies,?Y the speaker trans-
mits the invented name or the selected one to the
hearer. If the hearer finds the same name existing
in his memory, the negotiation is successful, and both
agents delete all other names and preserve this com-
mon one. Otherwise, the negotiation fails, and the
new name is included in the memory of the hearer
without any deletion, i.e., the new word is learned.

With respect to the definition of word diversity
r;, which is the weight of a word, we assume that
(i) the value of r; is determined only when the name
is invented; (ii) no matter whether the negotiation is
successful or not, the hearer endows the retained or
the newly added word ¢ with its weight ;. It is ev-
ident that the names with larger weights have more
opportunities to be transmitted. The system will go
on until it reaches a global consensus.

Computer simulations are carried out with a pop-
ulation size of N = 2000. The key quality-consensus
time T is defined as the time to reach the convergence
of a shared lexicon in the system. In all the simula-
tions, the final results are averaged over up to 10000
independent runs for each set of parameters in order

to assure a suitable accuracy.

3. Numerical results

First, we study the effects of the amplitude of
undulation A on consensus time T, for the different
distributions in the modified naming game with name
diversity. Figure 2 shows the variations of consen-
sus time T, with A for different distributions of word
diversity r;. It is obvious that T. decreases mono-
tonically as parameter A increases irrespective of the
distribution of ;. For small values of A, the influence
of A on T, is marginal, and the system needs a suffi-
ciently long time to reach the final consensus. How-
ever, as A increases, the consensus time can be effec-
tively shortened, but the acceleration is not so evident
as A approaches 1. Moreover, it should be noted that
among the three distributions, the power-law distri-
bution always leads to the shortest consensus time, as
shown in Fig. 2. We know that a large value of A will
induce a large segregation of the word diversity,!4°:46!
particularly the power-law distribution leads to the
largest segregation, as shown in Fig. 1. So the result
above suggests that the inhomogeneity of the word
diversity we introduced can facilitate the global con-
sensus, which attests to the influence of word inhomo-

geneity on the naming game as observed in a similar

report.[43]
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Fig. 2. Dependences of convergence time T, on the am-

plitude of undulation A for different distributions of word

diversity. Note that T, decreases monotonically as A in-

creases, and the power-law distribution always leads to the

shortest consensus time.

To study the effects of different distributions on
the final consensus, we will examine the time evolu-
tion of our system by looking at some usual global
quantities:?1:22] the numbers of different words (Ng),
the total words (Ny,) in the population, and the suc-
cess rate (S) that measures the average rate of success
of communications.

The dynamics of the naming game can be re-
garded as a process of competition among different
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names. Via the competition, one of them will invade
others until a global consensus is reached. Figure 3
shows the evolutions of different word numbers Nq(t)
for different distributions with A = 1.0. Similar to the
case in the original naming game, the total number of
different words quickly reaches a maximum value of
N/2, which is called the plateau. This is because the
inventory is assigned to be empty initially and almost
all the speakers have to invent new names and directly
transmit them to the hearers. So the increase of Ny is
very rapid, and the different distributions have no ef-
fect on the evolution of Ny in this period. However, we
note that the time for which the system stays in the
plateau is different. For the power-law distribution,
the decrease of Nq happens first and is the fastest,
which is due to fewer names with large weights. For
the original game, all the names are identical, so the
competition between different names is very intense,
which leads to the late and slowest decrease of Ng.
Thus the early and quick decrease of the number of
different words Vg in the population is the main rea-

son to promote the consensus time.

1200

original version
- - = uniform

. exponential
- — - power-law

800

Ng/10%

400

| T B—E() 80 100

Fig. 3. Time courses depicting evolutions of numbers of
different words Ng(t) for different distributions of word
diversity with A = 1.0. It is evident that Ny will quickly
reduce to 1 for the power-law distribution.

We now provide a reasonable explanation for the
different lengths of the plateaus in Fig. 3 by using the
evolution of the total number of names Ny, in the sys-
tem. From Fig. 4, we can see that for different distri-
butions, the evolutions of N, share the same trends,
while the peak values (N2?*) of N (t) are different. Tt
is evident that the power-law corresponds to the small-
est N2'@* and the earliest decrease of Ny (), while the
original game corresponds to the largest one and the
latest decrease. By comparison with Fig. 3, we find
that the time of N3'®* in Fig. 4 is just the time when
Nq begins to decrease in Fig. 3 for all the distributions.

During the period from the time when N4 reaches the
plateau to the time when N, reaches the peak, the
names with different diversities spread and compete
with each other in the population. Along with the
spread of the weighted names, the system is domi-
nated by some big name clusters, within which agents
have a common name in their memories, and then one
cluster will invade another until a global consensus
is reached. Naturally, the name with a large weight
will be chosen to transmit more frequently, and it will
form a big cluster more quickly. For the power-law
distribution, there are few names with large weights
as shown in Fig. 1, and these names will form big
After that,

name elimination will happen until one big name clus-

clusters quickly, corresponding to NI,

ter dominates the system. Hence, we confirm that a
large segregation of words can make the word with a

large weight have a better environment for spreading.

3 - - - -
original version
- - = uniform
. exponential
. - — - power-law
<t 2 I ! \‘
o \
Z . .
3 S '
Z \ ° v
- Y
1t « L 1
\ - ’
’ " A
\ AY
0 L L L L L L L L L L
0 20 40 60 80 100

t/N

Fig. 4. Numbers of total word number Ny, for different
distributions of word diversity with A = 1.0. Note that
Ny, values share the same trends: increasing to a maxi-
mum and then reducing until N = 2000.

Another relevant quantity in the naming game is
the average success rate S(¢) of negotiation, and it is
shown in Fig. 5. Evidently, for the original version,
it needs to spend a sufficiently long time to let the
names spread fully before the speaker and the hearer
can have a successful negotiation. However, in the case
of the three diversity distributions with a segregation
of word diversity, the spread will be greatly improved.
From Fig. 5, we can see that the larger the segrega-
tion of word diversity, the faster S(t) approaches 1,
the shorter the convergence time. Moreover, by com-
paring Figs. 3 and 4, the distribution with the fastest
increase of the success rate is found to correspond to

the one with the earlist reduction of Nq and Ny,.
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Fig. 5. Evolution of averaging success rate S(t) for differ-
ent distributions of word diversity with A = 1.0. Note that
the power-law distribution leads to the fastest consensus.

103 104

Fig. 6.
peak Tmax, and (¢) maximum total memory N2> used

(a) Convergence time T¢, (b) time of memory

by agents each as a function of population size N for the
original model with A = 0 and the different distributions
with A = 1.0. On each figure, lines from top to bottom
are for original, uniform, exponential, and power-law dis-
tributions, respectively. It is evident that T, Tmax, and
NZ#* scale as N, NP, and N7, respectively. From top
to bottom, v = 1.47, 1.28, 1.14, 1.09, 8 = 1.53, 1.43, 1.24,
1.13, and v = 1.49, 1.41, 1.26, 1.16, respectively.

Then we investigate the scaling behaviors of con-
vergence time Ty, the peak of Ny (t), namely Tyax, and
NPax — Ny (Tmax), with the population size. From
Fig. 6, we can obtain T, «x N, Thax X NP and
NI* o< N7, with «, 3, and 7 being estimated param-
eters and depending on the distribution of the name
diversity. In particular, the values of scaling param-
eter o are 1.28,1.14, and 1.09 for the distributions
of uniform, exponential, and power-law, respectively,
which are all smaller than that of the original game
a =147 (e~ 1.5 in Refs. [21] and [31]) shown in the
figure with the thick line. Similar scaling behaviors
also exist for Tinax and NJ'#¥.

In the above simulations, we consider the modified
naming game on the fully-connected network. Previ-
ous research has shown that consensus time T is also
related to network topology,[22:39:32] 50 we also study

this model on a two-dimensional lattice and on a BA
scale-free network. Note that on the BA network, the
exponent of the power-law distribution degree (k) is
fixed to 4. And we assume that on both topologies,
the agents can interact only with their nearest neigh-
bors. From Fig. 7, we can observe that convergence
time T, also decreases monotonically as parameter A
grows, and the power-law distribution always leads to
the shortest consensus time. It implies that word di-
versity can accelerate the consensus independent of
the topologies. From the above analysis, we can con-
clude that the consensus time is largely dependent on
the value of word diversity and its type of distribution.

12

(b) —e—uniform
——exponential
—y—power-law

(a) =—e—uniform

——exponential 2.0
—y— power-law

10

0.8

0 0.5 1.0 0 0.5 1.0
A A

Fig. 7. Variations of time T, with amplitude of undula-
tion A for different distributions of word diversity on (a)
BA network and (b) two-dimensional lattice. Note that Tt
also shows a monotonic decrease with A increasing, and
the power-law distribution leads to the shortest consensus
time.

4. Conclusion

We study a variant of the naming game with re-
spect to word diversity on fully-connected networks.
Diversity is realized by assigning a weight, which is
dependent on the distribution type, to each word,
and the probability of each name being chosen from a
speaker’s memory is proportional to its weight. Com-
pared with the original case in which all the words
have equal weights, the consensus can be largely ac-
celerated due to the introduction of word diversity.
In particular, the power-law distribution leads to the
shortest consensus time, while uniform distribution in-
duces the longest one. In order to explain the boost-
ing effect of word diversity, we examine the number of
different words and the total number of words in the
system. For power-law distribution, the total num-
ber of names can quickly reach a peak after the maxi-

mum number of different names is reached. Moreover,
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for the power-law distribution, the peak of the total
number of names is the lowest, because a few names
with large weights spread so widely that almost all
agents quickly have the names in their memories. So
we attribute the faster consensus to the quick and wide
spread of a few words in the population. Furthermore,
we show that the consensus time and the peak of the
total number of names show similar scaling behaviors
to those of the previous reports. Social diversity ex-
ists widely in society, so our work may be of practical
significance.
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