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The geographical distribution of production is getting an increased amount of attention in economics. Distributed trade opens for production where it is cheapest, which in turn is reinforced by economies of scale. Using
a simple agent-based model for the geographical interplay between transportation costs, economies of scale, as
well as information costs, we address here the transition between local and distributed economies. The model
naturally recapitulates that decreased transportation and information costs favor large companies. This suggests
history dependence in the sense that new companies typically reemerge in the vicinity of old ones. Further, it
suggests that company stability depends on transport costs, and that the transition from a local economy to a
global economy is naturally driven by reduced transportation costs and an increased information horizon.
DOI: 10.1103/PhysRevE.98.042314

I. INTRODUCTION

Globalization is the prominent characteristic of today’s
manufacturing and trade on an intercontinental scale. This has
not always been the case. Global trade emerged on a large
scale as transportation costs decreased over the course of more
than a century, fueled by technology and innovations such as
the construction of railroads [1] and the invention of containers [2]. This brought about competition between different geographical regions, with further optimization of manufacturing
of simple products for global markets [3], allowing manufacturers to take advantage of economies of scale up to the global
market. On a regional scale, however, this philosophy was not
fully in effect, as large margins persisted in retail, boosting
consumer prices much higher than the theoretical minimum,
at least from the perspective of the manufacturer.
This has changed over the past two decades because the
invention, and broad adoption, of the Internet made prices
transparent to consumers beyond their regional scope and on
a truly global scale. Local retailers often lost the resulting
competition with other retailers located far away, and a few
particularly competitive retailers suddenly found themselves
turning into quickly growing Internet retailers. This “winnertake-all” type of dynamics, as a consequence of the Internetdriven removal of information barriers for consumers, replaced a large fraction of local or regional retail enterprises
by national or international suppliers, operating at smaller
margins and thus potentially selling higher numbers of a given
product [4]. Thereby, the Internet extends the efficiency of
economies of scale down to the smallest scale of a single
consumer in the third (or Internet) phase of globalization. This
adds a new facet of the effects of the Internet to the classical
discussions of the pros and cons of agglomeration [5] and
globalization [6–8], where a quantitative understanding has
only recently begun to emerge [9].
Here we contribute a simple agent-based model to illustrate
the interplay between transportation costs and information
barriers in a model of manufacturing and trade. As even low2470-0045/2018/98(4)/042314(6)

dimensional economic models with a small number of degrees
of freedom turn out to be highly complicated when considered
along with agents operating in space [10], we decided to adopt
the econophysics approach of modeling markets with many
agents, chosen to be identical and interacting according to
standardized rules [11]. We explicitly do not average over
agents, as is common in economic toy models, because we
aim to characterize collective effects rather than average properties. We keep a large number of degrees of freedom by considering a large number of identical agents while still focusing
on the reductionist approach of limiting the number of model
parameters to the utmost minimum. This allows us to go beyond the low dimensionality of standard economic toy models
and to study phenomena that those models cannot represent.
Classical globalization affects nations and trading patterns
between nations [7,12] as well as local societies. This calls for
mathematical modeling at least of its large-scale dynamics,
yet such models are scarce. Krugman [7] introduced a tworegion model of trading between the developing and the developed model, pinpointing the possibility for a winner-takes-all
outcome for one of the regions.
Instead of two regions, here we take the opposite approach
and study an agent-based model with a large number of agents
on a one- or two-dimensional lattice. Each agent attempts to
buy a product where it is offered at the lowest price, and producers are assigned an economies of scale advantage based on
their previous popularity. The spatially extended model allows
us to discuss a number of issues associated with the interplay
between distance, information horizon, transportation costs,
and the startup threshold for a new company. The model is
defined as follows.

II. MODEL

Define a lattice with L agents at position x =
1, 2, 3, . . . , L. In our model, agents for simplicity act
both as buyers and sellers. At each update, one random
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agent at position x rewards (makes one unit payment to) the
agent y in the system that can supply him with the good at
lowest cost. This selected reward specifies a position y that
as a consequence accumulates a gain. The cost comes from
production, transport, and possibly associated tariffs, which
all are simply added together. Thus, for an agent at position
x, the cost of a product from position y is set to

rebuild the production apparatus for the considered product
type. The model can be directly generalized to the more
realistic two-dimensional case. Below, we present simulations
in one and two dimensions, and we also explore variations
where one only allows consumers to explore producers within
some maximum information horizon h.

c = s(y)γ + |x − y|σ.

III. RESULTS

(1)

A reward of one unit is subsequently assigned to that position
y, which provides the lowest cost for x:
s(y) → s(y) + 1 for y with minimal c.

(2)
γ

In Eq. (1), s is the company size at position y, and s with
γ  1 is the production cost per unit for that company. A
γ ∼ 0 means that production cost does not diminish much
with company size, whereas a lower γ would reflect an
increasing effect for an economies of scale. γ < −1 is not
realistic, as it would mean that the total production cost of
many product units is cheaper than for just one unit. But
γ ∼ −1 may be realistic for software or movie industries,
whereas traditional factory production may have negative γ
closer to 0.
σ quantifies a transportation cost that, for simplicity, is
assumed to be linear in distance between a consumer at x
and a producer at y. Notice that this proportional dependence
is markedly different from the exponential “iceberg cost”
assumed in the economic literature [13]. In fact, one may even
expect modern shipping costs to increase more slowly than
proportional to distance, however we keep the linear dependence for simplicity here. In any way, it will act as a more
or less rigid barrier for long-distance trade. In an alternative
interpretation of our model, what we define as transportation
cost here may alternatively be seen as an increased cost of
information search when—before the Internet—exploring a
larger neighborhood was necessary for finding the best price.
Last but not least, a tariff parameter β quantifying an eventual
customs barrier between position x and position y may be
added to Eq. (1).
The model is executed in time steps, where each time
unit consists of τ trading updates as defined above. After
these τ updates, new company sizes s(y) are assigned to
be equal to one plus the accumulated orders at site y during these updates. There is no direct memory of the earlier
size of the company, but they tend to remain localized because of the sensitivity of orders to production capacity at
the previous production period. Alternatively, the model may
be formulated by updating all s(y), y = 1, . . . , L at each
update by s(y) → s(y) = 1 + e−1/τ s(y) if y is chosen as a
producer, and s(y) → s(y) = e−1/τ s(y) if y is not chosen as
a producer, respectively.
The model has three parameters: γ , σ , and τ . In addition,
tariffs may be added for externally imposed customs, and the
model may also be extended to include prefactors in front of
s γ in order to take into account the variation in labor costs
that is considered in model descendants of [7]. The system
size L is irrelevant, as long as it is much larger than the
domain scale set by the other parameters. γ and σ quantify
incremental production cost and transportation cost for a unit
of product, whereas τ is proportional to the time it takes to

Figure 1 explores the dynamics of the one-dimensional
model with periodic boundary conditions using an intermediate level of economies of scale exponent γ = −0.5. The first
three panels illustrate the emergence of production centers
(denoted “companies” in the following), reflecting the positive
feedback between consumers and the economies of scale.
Panel (a) illustrates that a given manufacturer may collapse
while others emerge. Notice further that the emergence of new
companies often occurs close to the positions of the previously collapsed ones. This partly pinned inheritance reflects
the memory associated with the geography of surrounding
companies that survive the collapse of a particular company.
In other words, when a company disappears, it leaves open a
wide business niche because of the cost associated with the
distance for local customers to deal with companies farther
away in the larger neighborhood.
Comparing panels (a) and (b) in Fig. 1, one notices that
a low τ destabilizes companies. A low τ corresponds to the
case where it only costs a few product units to build a new
production facility. Therefore, a higher startup cost will tend
to stabilize existing production centers.
Comparing Figs. 1(c) with 1(a), one can see that lower
distribution costs may stabilize even a sector with low τ .
Figure 1(d) introduces an information horizon, where agents
are only allowed to explore prices of the nearest h = 10
neighbor agents in search for the lowest price (modeling an
offline economy). This panel uses the same other parameters
as panel (c) and illustrates that a low information horizon has
an effect comparable to higher transportation cost [compare
with panel (a)].
Figure 2 displays a sequence of snapshots of a twodimensional model with colors that mark the agent’s association with different production centers. Each production center
is marked with a black disk with its radius proportional to its
size (number of products during the last τ transactions). Note
that companies disappear, their customers being taken over
either by a neighboring agent, then turning into a production
center, or merging into the readjusted range of neighboring
producers.
Figure 3 explores the density of companies, defined by the
number of production centers with size s > 1 per unit length
(or area in two dimensions). For relatively small transportation
cost, the productions centers become big while the noise in
allocating customers in the time interval τ becomes small. In
that limit, an “equilibrium” production center should supply
customers up to a distance x where the gain by economies of
scale s γ ∝ x Dγ balances the transport cost:
x Dγ ∼ σ · x ⇒ x ∼ (1/σ )1/(1−γ D) .

(3)

Here D is the spatial dimension. Figure 3 shows that this
scaling fits the obtained behavior for small production costs σ .
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FIG. 1. Company location and size x as a function of time for L = 50 agents organized on a line and a production cost per unit that scales
as c ∝ s −0.5 . (a) High noise (τ = 15 transactions per unit time), high transport cost σ = 0.05, and information horizon h = ∞. (b) Low noise
τ = 25, σ = 0.05, and h = ∞. (c) τ = 15, low transport cost (σ = 0.01), and h = ∞. (d) As in (c) but with a finite information horizon
h = 10.

Noticeably, the outcome of the model is relatively insensitive
to increased τ [blue dots in panel (a)].
We further explored an economy with zero transportation
cost, but only with access to knowledge about prices within
a limited information horizon h. Figure 4 shows that diversity then becomes independent of γ , provided that there is
an economy of scale, i.e., γ < 0. Importantly, this situation
then allows for a simple discussion of the positive aspect of
globalization through the Internet, namely that the minimum
product price a consumer experiences decreases with a larger
information horizon. This decrease in consumer price results
from the long-term feedback between the customer agents and
the sizes of the manufacturers.

IV. DISCUSSION

Starting with the seminal papers by Krugman [7,8], globalization models have focused on trade labor and the interplay
between different products with different economies of scale,
complemented by geography and associated transportation
costs. Our approach is further simplified and ignores the
important interplay between labor cost and where products are
produced. We do this to concentrate on the central theme of
transport cost versus production geography for a production
with an economies of scale advantage of mass production
being cost-effective. Our proposed model goes beyond other
globalization models in introducing actual space, and not just
two compartments. In particular, our model suggests that the

FIG. 2. Five subsequent snapshots of a simulation with 400 agents placed in a two-dimensional geometry with standard (economies of
scale) exponent γ = −0.5.
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(b)

FIG. 3. Density of production centers as a function of production
cost. (a) One-dimensional system with L = 10 000 agents and (b)
two-dimensional system of 100 × 100 agents. Solid curves are done
with τ = 0.1 times the number of agents in the system, meaning
that each agent has 10% chances to make a purchase between each
reassignment of production centers. Simulations are done for γ =
−0.5 (the solid curve starting lower on the left side of the plot) and
γ = −1 (the solid curve starting higher on the left side of the plot).
The thin straight lines show the expected scaling for the τ → ∞
case: density ∝ σ D/(1−γ D) . The dots in panel (a) refer to the case of
γ = −0.5 and τ = 0.2 × L.

emergence of production centers depends primarily on the
economies of scale exponent γ and the transport cost σ .
Overall, the size of a production center or its associated
customer base is governed by the balance between the positive
feedback of an economy of scale and the negative feedback
set by transport. In this analogy, the patterns in Figs. 1 and 2
are reminiscent of those found in reaction diffusion systems [14] with local positive feedback and spatially extended
inhibition.
Consumer price versus local or global production also have
political ramifications. From a national scale to a more global
economy, one recurrently considers protective tariff barriers.
Figure 5(a) illustrates how a gradual decrease in transport
cost favors fewer and still larger companies. Figure 5(b)
subsequently illustrates how this centralization is stopped by

FIG. 4. Two-dimensional simulation with zero transportation
cost while varying the information horizon instead (for a 30 × 30
system with τ = 90, i.e., the same relative size of τ as in Fig. 3).
The different curves refer to different economies of scale sectors,
with dots marking γ = −0.5 and the lines corresponding to γ = −1.
(a) Diversity decreases proportional to 1/ h2 as the system selforganizes into regions of areas ∝ h2 that each are served by one
company. (b) Consumer prices decrease as the information horizon
increases.

customs trade barriers (marked with red lines). Notice that
not all regions are of equal size, and as a result the producer
in the center of the large region [1, 20] becomes particularly
large, and thereby provides the consumers in this region
with lower prices than in the smaller regions. In our model,
these consumer benefits did not result from more efficient
competition, but rather from their larger country favoring a
more efficient production of scale.
Interestingly, if noise is larger (smaller τ , the time-scale
separation between fast trade and slow construction of production capacities, thus considering a fast and therefore “noisy”
change in production infrastructure), then the relative gain
of the larger region is increased because each of the smaller
regions will have several very small companies with only
small economies of scale benefits. Figure 5(c) thereby tells
us about an added industrial advantage of a larger economy
compared to a smaller one. If one imagines a sudden lift of
trade barriers, the odds are that the companies in the larger
region would prevail against the smaller ones from the smaller
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FIG. 5. (a) Company size and location as transportation is gradually lowered as 0.2 exp(−0.005t ) where t counts time (N = 50
agents and τ = 25). One observes a coarsening of the economy until
a single monopoly takes over. (b) At time t = 500, increasingly hard
customs barriers are introduced in the form of an added tariff cost of
0.005(t − 500) whenever a product has to traverse a position marked
with a red (gray) line. We only assign costs of the barrier crossed
last (i.e., they are not additive). (c) As above, but with τ = 10,
corresponding to increased noise of the updates.

Thus our model represents additional mechanisms of globalization over classical models, whose major results are reproduced in our simulations as well: In [7,8] the focus was on
decreasing transportation costs (σ → 0) and not on increasing
an economy of scale (γ decreasing from 0 to −1). Reference
[8] predicted that when transport cost falls below a critical
threshold, then industry is concentrated in one region. This is
recapitulated here by using γ < 0.
A major simplification of our model is that the consuming agents only assign resources to the producers, whereas
the consumers do not lose anything by their consumption.
Thereby, the model ignores feedback associated with generating richer consumers, as well as higher wages in the
neighborhood of big production facilities. However, our aim
was to define the possibly simplest agent-based model that
demonstrates aspects of the underlying consequences of the
“winner takes all” dynamics of the Internet economy that
challenges local economic and political structures across the
planet.
A next step of the model could be to include the effects
of wages, but also to introduce several types of products,
each developing production centers in analogy with the above
market rules. The interaction between the products should be
facilitated by selecting a customer at position x of product
type i to be proportional
to his production ability of all

other products, j =i sj (x). Such an extended model would
recapitulate the overall finding of the simpler model, with
positive reinforcement within strong economies where the
production of some products favors other production facilities
in their neighborhood.
In conclusion, while the prevailing belief is that specialization and associated economies of scale are a benefit for
all, our model highlights their tendency to generate spatial
structures with long distances between eventual workplaces.
Locally, this means that globalization comes at a cost for
villages and towns, with implicit gains for larger population
centers. Multiple production centers and economies of scale
appear mutually exclusive, much as competitive exclusion in
well-mixed ecosystems only allows for the coexistence of
relatively few biological species [15].
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