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ABSTRACT

ARTICLE HISTORY

Location has proven axiomatic as an economic variable throughout human
history. Tobler’s first law of geography introduced the importance of
location; in that, near things are more related than far things. In an age
of digital economies, a new research frontier exists where everything is
more related to everything else and has an increased economic value
from spatially enabled technology. The accessibility of digital-spatial
information has brought economic geographers to a new understanding
of markets within a Digital Earth framework. The importance of location
to economic value can be expected to grow as the Internet of Things
develops in sophistication. New business models enter and disrupt
established markets with innovative spatially enabled approaches. A
successful penetration of established markets suggests a new business
model for financial and functional utility by engaging spatially enabled
assets. The second law of geography is introduced as a conceptual
framework to comprehend the economic potential of spatially enabled
information. A comparative analysis of non-spatial versus spatial web
agents provides a quantitative framework to demonstrate the benefits
of the Digital Earth economy.
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1. History of location value
The value of maps in the affairs of human history is well recognized. Maps documented political and
economic value in the ancient world from prehistoric bone and woven maps for navigation (Bagrow
1966; Gladwin 1970; James and Thorpe 1994) to Mesopotamian clay tablets for trade and agriculture.
The maps of Euripides and Ptolemy exemplified spatial awareness of the world for the ancient
Greeks. Maps and wars have an intertwined history, with the presence and persistence of maps in
every martial campaign (Weiner 1959; Perla 1990; Black 1997). The economic value of maps was
substantiated with pre-Columbian navigational charts. Early shipping charts were considered
crown secrets by the powerful mercantile class and sea captains. The East India Trading Company
built its wealth, in part, through the accumulation of geographic knowledge about the Earth, safe
trade routes, and strategic commodities that could be transported and exchanged for profit from
one region to another (Schilder 1976; Bowen and Nigel 2002). By the time Smith published ‘Wealth
of Nations’ (Smith 1778), capitalism and nation states formed an interconnected spatial network that
resonated in the maps of modern commercial and financial infrastructure.
Market control through map delineations was recognized by the European powers’ demarcation
in the Potsdam Agreement (Blacksell 1982) and the Sykes-Picot Agreement (Heffernan 1996).
Diminishing land resources are recognized as current challenges to global stability compounded
by population growth in a consumer-based economy (Meadows et al. 1972; UNEP 2012; The
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Economist 2015a). The importance of maps and geographic information in supporting our survival
is intrinsically linked to our requirements for and dependence on spatial knowledge (Foresman
1998).
This paper addresses the digital phenomenon of spatial enablement. Digital-spatial information
enhances our knowledge of location and geography thus creating capacity for increased utility in all
kinds of interactions. Spatially enabled technology is bringing increased utility to digital commerce,
transportation, smart infrastructure, and disaster response and citizen science. A review of selected
technologies is presented in this paper along with key foundation concepts regarding the value of
spatial relationships. Comprehensive coverage of the applications and technologies are provided
by Mark et al. (2008) and Goodchild et al. (2012) in their scoping of Digital Earth futures. This
paper presents a comparative investigation of spatial versus non-spatial web agents to quantify
the benefits that can accrue from a spatially enabled economy.

2. Technologies of the digital-economic age
The digital-economic age was borne of the space race bringing an incredible array of technological
advances to business and society (Palfrey and Gasser 2008; Jukes, McCain, and Crockett 2010). Computers rapidly evolved from limited corporate application to ubiquitous home use in the 1980s (Haddon and Skinner 1991; Freeman 1996). Mobile phone technologies experienced similar market
penetration beginning in the 1990s. The digital-economic age now offers new advances in hardware
and software that support innovative handling of spatially enabled data. The advent of bar codes,
RFIDs, and QR codes has stimulated a revolution in business and logistics. Locational tracking
with global positioning systems (GPS) provides the capacity to know where things are and what
they are. Spatially enabled data represent at least 80% of all data generated within the big data revolution (Garson and Biggs 1992; Hahmann and Burghardt 2013).
IBM reports that 90% of new data are created every two years (Zikopoulos et al. 2012). Moore’s
law of computing capacity with its doubling every two years (Lundstrom 2003) allows for keeping
pace with this data growth in the short term. Cloud-based computing and storage for big data are
currently responsive to these exponential growth rates. The shift from big data to huge data is garnering attention. International institutions are trying to address the ramifications for huge data and
systems management through policies for interoperability (Uhlir 2015).
2.1. The Internet of Things
DARPA1 created the ARPANET in 1969, which is the basis for today’s Internet. This disruptive technology has provided a profound capacity to interconnect all data within an Earth-wide operating
system (Foresman 2009). This has in turn created a global infrastructure for the Internet of Things
(IoT) (Rosemann 2014; Greengard 2015). The IoT is projected to connect 50 billion devices by 2020,
transforming economics and engineering (OECD 2015). The magnitude and complexity of this vast
network has outpaced the expertise and modeling capacity of scientists and economists thereby
creating a new research frontier. It can be argued that the worldview of scientists and citizens is influenced by the dominating technology of the age and therefore a corresponding new age worldview is
evolving in response to the IoT (Siegfried 2000).
2.2. Smartphones
Ubiquitous smartphones represent a critical nexus for the human–machine interface in the latest
chapter of a consumer-based digital economy. The portable computing devices, purchased in the billions, are connected to an evolving digital Earth. This represents an amalgamation of systems-of-systems integrated throughout the Internet. Consequently, marketing momentum is seeking to
synchronize with the rapidly evolving IoT. It is projected that 80% of adults will own smartphones
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by 2020 (The Economist 2015b). Technologists and business markets are enamored with the capitalistic potential of this new digital world.

3. The first law of geography
At an early time when computers offered great insight for crunching numbers, Waldo Tobler
invoked the first law of geography stating that ‘everything is related to everything else but near things
are more related than distant things’ (Tobler 1970). Tobler’s first law (TFL) is closely aligned to other
axioms describing relationships based on proximity. Other laws with inherent spatial relationships
include Newton’s law of universal gravitation, Christaller’s central place theorem (albeit, usually not
categorized as a law), and Reilly’s law of retail gravity. TFL gained recognition in the late 1980s as
capacity for spatial autocorrelation analytics spread with automatic geographic information systems
(GIS) (Fotheringham and O’Kelly 1989).
Through the 1990s, the continued growth of GIS sustained the popularity of TFL (Sui 2004; Longley et al. 2015). Quantitative validation of TFL was first documented by Hecht and Moxley (2009).
The importance of proximity to economic value is self-evident in real estate and computational networks. The qualitative and quantitative importance of spatial relationships is increasingly recognized
across an expanding range of disciplines stimulated by the market growth of GIS (Taylor 1990;
Foresman 1998; Goodchild 2010).
A robust forum of eminent geographers assessed TFL’s influence and reflected on the nature of
geographic inquiry from a three-decade perspective (Sui 2004). While there was debate on what constitutes a law, the consensus was reached that TFL is applicable to the real world. Two engineers were
able to confirm the validity of TFL using Wikipedia, by showing that wiki entries had more links to
other entries that were geographically similar (Hecht and Moxley 2009). Their results were confirmed across wiki entries in 22 distinct languages from thousands of content authors, thereby
demonstrating that TFL holds true across many cultural domains.

4. Economic geography
The maturation for economic geography is coincident with the three-decade anniversary of TFL. It
was observed that locational theory was missing from mainstream economics at the end of the last
century (Blaug 1997). Since then, economic geography has focused on three main interventions: to
include increasing returns, transportation costs, and movement of productivity factors (Fujita, Krugman, and Venables 2000). The role of location in economic decisions has grown with the expansion
and availability of spatially enabled tools. Agglomeration, or clustering of economic activity, has provided many insights for economic theories that were implicitly location-based, therein further validating TFL (Porter 1990).
Economic geographers have investigated many theories of place-based economics associated with
central business districts (CBD), land rents, land use, and transportation costs (Von Thünen 1826;
Christaller 1933; Stigler 1961). These efforts helped formalize the ‘new economic geography’ to
incorporate trade theory and growth theory as methods to explain concentration of population
and economic activities. This wave of new economic geographers and spatial economists sought
to learn details about economic returns from spatial agglomeration.
However, these explorations tended to simplify economic geography to central and peripheral
behaviors of economic activity and competitiveness between clusters (Fujita, Krugman, and Venables 2000; Porter 1990). These views on economic agglomeration lacked a spatial dimension that
would explain the impact of regional variables and the effects of varying distance on economic forces
(Krugman 2000).
Economic geographers have focused on two main questions: when is agglomeration sustainable,
and when does it become unstable? This tension on agglomeration continues to stimulate economic
study. The use of spatial autocorrelation is required to address these questions. Hoover (1948) helped
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launch interest in the central role of spatial concentrations that later augmented computer investigations of location theory (Alonso 1964). Advances in computational tools, including GIS, resulted
in an increase in economics studies of cities, urban systems, and edge cities (Tobler 1970; Fujita and
Ogawa 1982; Garreau 1991; Krugman 1995).
Economic geography came of age at the turn of the new millennium (Clark, Feldman, and Gertler
2000). The common theme was the spatial configuration of firms, industries, and nations. Geographers influenced common vocabulary in economics with notions of clusters, networks, enclaves, and
localized chains of value (Berry 1967). While lacking a common research agenda or a conclusive
statement on scope, the field has explored difference, differentiation, and heterogeneity of the economic landscape. This dynamic landscape has experienced a defining transformation from commodity-manufacturing to knowledge-based economies (Clark, Feldman, and Gertler 2000; Fujita,
Krugman, and Venables 2000). Economic geography is a field of research at the heart of globalization
and the emerging global economy. Economic geography explores and explains the many agglomeration forces and counter-forces in the digital age of hyper-mobility. Location still matters, but the
impact of the digital commerce world is revealing early signs of significant disruption that defy conventional economic theory. Unicorn industries (digital industries with value greater than one billion
dollars) exemplify a new class of disruptive economic manifestations within the new digital economy
(Utterback and Acee 2005; Sood and Tellis 2011; Christensen 2013).
What these trends show is that virtual versus real location in the new Digital Earth economy is
generating a cognitive and constructivist conundrum (Foresman 2008). A business must decide
on its presence in the real and virtual worlds to capitalize on the digital economy. There is every
reason to suspect that location and spatial attributes will add significant value to the digital economy
thereby impacting business decisions.

5. The second law of geography
Almost half a century has passed since Tobler introduced TFL. A new construct on the power of
geography and location in both commerce and the daily lives of citizens is herein offered. This
new digitally-based construct is the result of the explosive expansion of the Internet, in combination
with the capacity to spatially enable objects and data. A new law is introduced to examine the impacts
of economic geography on the digital-age economy. The second law of geography (SLG) would not
have been evident in the past when most data were analog and computers were typically stand-alone;
and hence this is a derivative of the digital age.
Second law of geography: Things that know where they are can act on their locational knowledge. Spatially
enabled things have increased financial and functional utility.

The benefits of the SLG can be understood in part when considering the return on investment
(ROI) for integrated, spatially enabled systems. In the 1980s, economic analyses of GIS demonstrated
sufficient ROI to create a market for installing GIS in enterprises both large and small. These early
ROI analytics proved to be conservative, which helps explain the rapid GIS market expansion over
the past three decades (Antenucci et al. 1991). GIS represents the first technology of spatial
enablement.
When Hecht and Moxley (2009) demonstrated the validity of TFL using multi-lingual Wiki
articles, they simultaneously substantiated the validity of the SLG. They confirmed the hypothesis
that spatially enabled Wiki articles are more likely to contain a hyperlink to another article if they
are geographically closer; validating TFL and demonstrating the utility of spatial enablement. The
augmented utility identified by their study is that the spatial information contained in the objects
(Wiki articles) can be used to confirm the geographical relationship of TFL. It is by virtue of the
spatial enablement of the objects that TFL can be assessed.
Expansion of spatial applications in the digital economy indicates a new spatial-digital reality and
awareness outside academia. Uber, taking advantage of the SLG, competes with traditional taxi
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services through the use of spatially enabled web and smartphone applications. Shopping for groceries based on spatially enabled transactions and having them delivered to one’s home represents
a market innovation expanding across the globe. Numerous market growth examples for home-convenience shopping, or business to business, follow this trend. Commercial supply chains are heavily
investing in locationally enabled logistics operations for inventory management (Bell 2014). Meier
(2015) highlights the advances also being made with humanitarian relief efforts that efficiently utilize
location from spatially enabled information.
The unseen geography of commerce and trade is becoming increasingly relevant and ripe for
economic returns. The capacity to use and overcome geographic limitations is possible in innovative
and competitive ways. For example, e-commerce is changing the way that transportation costs
associated with the ‘iceberg’ model are incorporated into economic transactions (Samuelson
1954). The disruptive tension resulting from the physical-virtual worlds will open many new
business opportunities. The SLG invites an understanding of the virtues of spatially enabled applications along with the economic benefits across fields of engineering, business, economics, and
governance.

6. Potential utility of the second law of geography
Attention has been given to the disruptive competitiveness of smartphone spatial applications, such
as Uber and Foursquare (Saker 2014; West 2015; Schneider 2015). These commercial ventures can be
easily identified as benefitting from the increased utility of spatial-digital technology compared with
conventional practice.
Three-dimensional building information modeling (BIM) and management has transformed
construction design and engineering. The UK Government’s Construction 2015 BIM strategy has
exceeded target cost reductions of 20% (HM Government 2013). Spatially enabled objects form
the BIM framework, supported by national standards, creating industry-wide benefits. Originating
in CAD/CAM and GIS engineering sectors, BIM is expanding through augmentation of visualization, serious gaming, life-cycle project management, and green building design. Further expansion
of BIM is being explored through process modeling for IntelliSensing and energy design alternatives
ranging from private homes to industrial complexes and airports.
In the early 1990s, the United Nations disaster response community investigated the potential of
spatially enabled technology and information systems. The objective was to upgrade the response
time and utility of globally distributed and shared information resources. The International Charter
for Space and Major Disasters (2000) was put into place to ensure that the best Earth Observation
Systems data were available to regions impacted by natural and human-induced disasters. Organizations, such as Group on Earth Observations (GEO 2016), have helped lead collaborative and cooperative disaster response efforts by addressing policy and technical bridging issues. Spatially oriented
operations have enabled capacity building, interoperability, and data exchange across institutional
barriers.
The humanitarian potential of spatially enabled operations was confirmed through the 2015
earthquake recovery experiences of Nepal. The Nepal earthquake recovery and response revealed
a new chapter in the application of drones, crowd-sourced image analysis, and relief field support
by teams of non-government volunteers. Humanitarian volunteers organize over the Internet to register and comply with operational protocols that utilize spatially oriented approaches for command
and control. These self-organizing efforts, amidst chaos, have raised awareness among the official
UN humanitarian agencies of the strength of digital humanitarians (Meier 2015). National and international government disaster response agencies are engaging with decision support tools connected
to spatial technology and information. At the same time, non-governmental agencies are establishing
their vital role as force multipliers to support field mobilized humanitarian efforts in post-disaster
situations and in areas of chronic distress.
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Health and Human Services have a tradition with spatial thinking connecting back to Dr. Snow’s
mid-nineteenth century cholera outbreak maps (McLeod 2000). Spatially linked health information
has flourished for epidemiology ever since. Locationally enabled public health data in the digital age
have high utility. The 2015 West Africa Ebola outbreak was mapped in near-real time using smartphone apps. Operational field maps and disease outbreak density maps could not be created or delivered through existing bureaucratic processes. Smartphones were used to geo-tag field worker reports
and social media messages enabling high-fidelity flow of information to the arriving emergency services personnel (IntraHealth International 2016).
Governance and democracy are best served by an active citizenry. As governments increase their
information services on the web, citizens are becoming more involved with and cognizant of their
elected representatives. Citizens are demanding more information related to taxation and service
issues in proximity to their homes. A two-way dialog is changing the way governments conduct
business, relying on citizens to update and correct information about their property records.
Many government agencies are moving toward spatial enterprise data systems to encourage multiple
agencies and departments to efficiently combine timely and accurate data for each home and
business. The GIS initiatives of the 1990s and early 2000s expanded to smart city designs and operations that were simply not possible in the pre-spatial-digital age.
Citizen science and the wisdom of crowds offer positive examples of community engagement.
Scientific journals report the efficacy of leveraging engaged citizens to collect scientifically valid
field data (Dickinson et al. 2012). Open Street Map (2016) operates through citizens actively engaged
in data collection and error correction. Location-based citizen-collected field data augment limited
staff resources in a graffiti eradication program in Brisbane, Australia (Gruntify 2016). The many
initiatives capitalizing on citizen science to measure, photograph, and map communities and
environments are utilizing spatially enabled technology. Volunteer geographical information has
the potential to transform governance-community engagement (Goodchild 2008).
As previously reported, the economic utility of spatially enabled technology can be expected to
expand rapidly throughout society and commerce. Negative potential utility of the SLG in the
hands of criminals, dictators, and other despicable powers remains a concern. Criminals can use
technology and spatial databases to engage in misbehavior. Manipulation over the web by clever
con-artists has become an unfortunate stereotype associated with Nigerian email scams (Adomi
and Igun 2008). Through confidence building using locational information clues, naïve victims
fall prey to sophisticated and official looking emails. Wolves will continue to eat sheep in any
world, digital or otherwise. There is no panacea for addressing this trend and indications are that
organized criminal syndicates are transitioning to cybercrime (Jewkes and Yar 2013). Non-democratic or authoritarian societies have demonstrated adept use of spatial-digital technology to enforce
control of their citizens contrary to UN humanitarian principles. The Snowden affair has demonstrated that even democratic societies may be challenged to address the highest ideals of transparency
in a digital democracy (Bajaj 2014).
A sense of the range and expansion of digitally enhanced commerce and the utility of spatially
enabled applications has now been introduced. The trend in this evidence supports our suggestion
that society is at the forefront of a new digital era, one where technology will permeate every aspect of
our lives bifurcated by spatial versus non-spatial enablement. What follows is an exploration of how
the SLG can be constructed in an agent-based economy where the utility of non-spatial objects can
be compared with spatial enablement.

7. Demonstrating the utility of the second law of geography
The SLG indicates a quantifiable benefit attached to spatial enablement for many digital-age applications. Since there is a potential for financial and functional utility, it is requisite to provide a framework that can assess the merit of spatial enablement. In the context of TFL, which is based on the
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assumption that near things are more related than far things, we look at how spatial enablement adds
utility to economic transactions.
In this framework, the economy is characterized as having agents who make transactions. Every
‘thing’ is an agent and every interaction, relation, sale, transfer, or service is a transaction. In this
environment, an agent can be any kind of thing, for example, a person, a car, an organization, or
object. Each agent has its own data and goals which motivate them to make transactions. Further,
some agents are spatially enabled (these agents are considered to be gnostic of their spatial coordinates) and some agents are not enabled (agnostic). This idea of agents and transactions is the framework for the transacting agent economy.
An agent defines an objective based on its wants and needs and its understanding of its own data.
This objective is what motivates an agent to seek out information about potential transactions with
other agents. This knowledge acquisition can only occur within some relevant search neighborhood,
real or virtual. When the knowledge is acquired, the agent evaluates the utility of potential transactions with other agents. The result is that the agent either abandons or achieves their intended
transaction.
TFL (Tobler 1970) tells us that the most relevant neighborhood to search is geographically localized, while the SLG posits that if an agent knows where it is with respect to other agents then it can
capitalize on its locational knowledge. Stigler (1961) points out that economic transactions have a
‘powerful inducement to localize’ because it is hard to obtain information about buyers and sellers
who are geographically distant. However, in a world where searching for information is easy, the tyranny of distance is effectively overcome (albeit the transportation costs are now implicitly incorporated into the transaction fee via the iceberg model (Samuelson 1954)). In the information age,
everything is more related to everything else and the geography associated with information can
be used to increase functional utility.
The key elements of the transacting agent economy are knowledge acquisition, neighborhood of
search, transaction utility, and available time. Time is important because there is a time–cost associated with knowledge acquisition and evaluating the utility of potential transactions. It is easy to imagine that an agent would have limited time available for the purpose of pursuing a particular
transaction.
The differences between spatially agnostic and gnostic transaction behaviors are illustrated with
an example. This example is an agent who wishes to buy a used car; it is the same one used by Stigler
(1961) to demonstrate search and economic geography in the pre-spatial-digital world. To enable the
knowledge acquisition phase of search, the agnostic agent is confined to a geographically localized
neighborhood of search, which we shall identify as a used car yard. Further, the agent can only attend
the used car yard during a period of time that has been set aside for this transaction. The agent has a
set of wants and needs which determine the objective for the car purchase and the agnostic agent is
constrained to evaluate the utility of only those cars which are in the neighborhood of search. Thus
the transaction in this case occurs with the car of highest utility in the current neighborhood in the
available time window, unless the transaction is abandoned and potentially resumed at another car
yard at another time. The constraints on this transaction are defined by the neighborhood of search
and the time available for the knowledge acquisition process. Neither the buyer nor the seller is
spatially enabled, since the buyer cannot evaluate cars and the seller cannot access the buyer’s preferences unless the agents are in the same neighborhood of search during the available time, that is,
real-world proximity.
In the spatially gnostic environment, knowledge acquisition is no longer confined by the tyranny
of geography or the time available for search. Knowledge acquisition is achieved by searching the IoT
in a pre-processing phase. This pre-processing occurs prior to the block of ‘available time’ that is set
aside for the transaction. The time consumed by knowledge acquisition is orders of magnitude smaller in the gnostic environment and therefore negligible. The neighborhood of search contains all cars
on the IoT that are available for sale. By definition is it the IoT that connects all things that are gnostic toward their spatial attributes. The available time is not used up in visiting a geographic
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neighborhood such as a car yard; thus the gnostic agent can pursue knowledge acquisition without
using up the available time. A good example of this is when people do an internet search for used cars
on their mobile device while riding the bus to work. Several iterations of knowledge acquisition can
be carried out without taking up any available time. The agent can evaluate the potential utility of
each car on the IoT and judiciously use their available time to visit a very particular subset of
cars that have a high utility.
Table 1 and Figure 1 outline the differences between the gnostic and agnostic agents. The gnostic
agents are able to communicate directly with each other in the knowledge acquisition phase and are
not bound by centrally managed or geographically constrained neighborhoods. The outcome for the
agnostic agents is that the hub of Figure 1(a) acts like the market place economy (Fujita, Krugman,
and Venables 2000), whereas the gnostic agents interact individually (Figure 1(b)). The pattern of
usage that arises from agents behaving individually is called ‘emergent behavior’ since it is not managed or prescribed by some centralized hub. Emergent behavior thus describes the new economic
behavior of the gnostic economy. An agnostic environment can be managed by a central hub
with a single governing (global objective) this one hub is the central point of communication for
the many users. Consider the managed behavior of passengers engaging a limousine service via a
communications hub compared to the emergent behavior of drivers and passengers in a car share
service.
In the gnostic environment, the time–cost and geographical barriers (Stigler 1961) to search are
removed by the presence of an Internet over which any agent can transact with any other agent in an
almost instantaneous fashion. The spatial information now belongs to the agents and can be leveraged in the transaction without restricting the neighborhood of search. The agents are able to acquire
knowledge about potential transactions without constraint and engage in transactions based purely
on utility. Thus, a gnostic transactional environment has an increased functional utility as the agents
are not confined by geography and available time. A quantitative model is introduced to evaluate the
difference between gnostic and agnostic in the context of a transacting agent economy.

8. Quantitative model for the transacting agent economy
The quantitative model outlines the constraints and search processes that determine transactions in
the gnostic and agnostic environments. Each agent, whether gnostic or agnostic, uses heuristics to
determine when to terminate their search. Classically, this is referred to as the Secretary Problem
(Freeman 1983) or the Sultan’s Dowry Problem (Weisstein n.d.). The idea is that the agent wants
to choose the best item x out of a set S of all possible items. The items are evaluated sequentially
in some random order. Evaluated items are ranked according to some utility function f . After evaluation, the item must be either selected or rejected. In the Secretary Problem and its variants, a rejection cannot be reversed and the process stops when an item is accepted. The problem is to determine
the optimal stopping rule, to choose an item x, to make a transaction.
The transaction process for agents is formulated as an optimization problem that has a utility
function, decision constraints, and a neighborhood definition. This formulation derives from classical linear programming (for a comprehensive background the reader is referred to Luenberger
(1973) or Winston (2004)). Knowledge acquisition occurs according to some search algorithm by
Table 1. Differences between the key elements of agnostic and gnostic transacting agents.
Agnostic
Knowledge acquisition
Neighborhood of
search
Utility
Available time

To/from a hub or centralized marketplace
Centrally managed or geographically
constrained
Global objective, many-to-one
Time–cost of search and knowledge
acquisition

Gnostic
Agent to agent
Unrestricted neighborhood of search
Individual objective or utility, emergent behavior
Knowledge acquisition does not use up the available
time
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Figure 1. (a) Transactions in an agnostic environment, (b) transactions in a gnostic environment.

which potential transactions are evaluated in turn, and the search is ended when the time available
has expired or when the transaction has been accepted. For the agnostic agents, the optimization
problem has geography in the constraints and a time limit on the search process, but gnostic agents
have geography in the utility function and do not consume time on search.
8.1. Optimizing transactions for agnostic agents
The objective of the agnostic agent is to maximize the utility function f (x) subject to some selection
criteria and the constraints on the neighborhood. Feature selection, which is part of what defines the
neighborhood, can be expressed as hi (x) ≥ Hi for i = 1, . . . , I which means that for I different features of the transaction must exceed some threshold value Hi . The geographic constraints that define
the neighborhood are gj (x) ≤ Gj for j = 1, . . . , J, meaning that the geographic relationship is
measured by J different functions gj (x) and each one must be less than the corresponding limit
Gj . (The geographical condition here is given as a scalar value rather than using a metric such as
Euclidean distance because this would give rise to quadratic functions and introduce unnecessary
mathematical complication to the formulation.) The following set of mathematical statements formalizes the optimization problem for an agnostic agent.
Maximize: f (x)
Subject to:
hi (x) ≥ Hi , i = 1, . . . , I
gj (x) ≤ Gj , j = 1, . . . , J

[ feature selection],

[geographic constraints],

x [ S,
where x = (x1 , x2 , . . . , xn ) is a vector of variables x1 , x2 , . . . , xn that represent the features of a
transaction and S , Rn is a subset of the n-dimensional space that represents all possible
transactions.
The knowledge acquisition phase is an iterative search through a sequence of potential transactions x0 , x1 , . . . , xK [ S beginning with an initial choice x0 . The search algorithm generates the
next feasible selection x1 = A(x0 ), which must be in the neighborhood gj (x1 ) ≤ Gj and meet the
selection criteria hi (x1 ) ≥ Hi . In the agnostic environment, the process of identifying the feasible
selection x1 and of evaluating its utility f (x1 ) takes up some of the available time. Given that each
evaluation takes up some time, the available time is accounted for by limiting the search to a finite
number of potential transactions. Algorithm 1 outlines the agnostic search, with the current best
transaction identified as x∗ and the stopping condition for the search is that a certain amount of
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time has been used up or that a transaction of sufficiently high-utility value has been found. In the
algorithm, the concept of time is abstractly represented as a limit K on the number of search iterations that are allowed because each iteration takes ‘time’. The high-utility benchmark is represented
by F ∗ so that any transaction, x, whose utility, f (x), exceeds the benchmark will be immediately
accepted.
Algorithm 1. Agnostic search
Initialize iteration count k := 1
Initialize benchmark high-utility solution F ∗
Select initial solution point, x 0
Assign current solution as best known solution, x ∗ := x 0
Do Loop
Find next potential transaction, x k := A(x k−1 )
Compare to current best solution, if f (x k ) ≥ f (x ∗ ) then update the
current best known solution x ∗ := x k
8. Increment iteration count, k := k + 1
9. Loop back to step 5, unless a stopping condition is reached, e.g. k ≥ K or
f (x ∗ ) ≥ F ∗
10. Choose current best, x ∗ , or abandon search

1.
2.
3.
4.
5.
6.
7.

8.2. Optimizing transactions for gnostic agents
The difference with the gnostic agents is that the search process is not constrained by time and the
potential transactions are not limited by geography. Geography now appears in the utility function
because it contributes to the overall value of the transaction. For example, two items x1 and x2 with
exactly the same utility value f (x1 ) = f (x2 ) may have different geographic relationship values, for
example, item x1 will be slow and costly to arrive from its location while the other item may arrive
quickly. We can use a parameter a . 0 to indicate the relative importance of the geographical factor,
f (x1 ) + ag(x1 ) ≤ f (x2 ) + ag(x2 ). Under this condition, x2 has a higher overall utility and will be
selected in favor of x1 . This yields the following mathematical formulation to maximize the transaction utility for gnostic agents.
Maximize: f (x) + ag(x).
Subject to:
hi (x) ≥ Hi , i = 1, . . . , I

[ feature selection],

x [ S.
The search algorithm for gnostic agents is used to interrogate the IoT of possible transactions, until a sufficiently small subset of transactions is identified for evaluation and the transaction of highest utility is selected by enumerating this small subset. The process of interrogating
the IoT and reducing the subset of candidate transactions does not use up available time in the
gnostic environment. The set S , Rn defines the set of all possible transactions as before. The
number of possible transactions is counted by |S| which is the number of search results (or candidate transactions). The gnostic search approach is to reduce the set until is it a manageable
size, and the reduction is achieved by refining the selection criteria so that the set contains
only high-utility transactions. Previously, the search algorithm A(·) was applied to one transaction x and generated a new candidate transaction xk := A(xk−1 ). In the gnostic environment,
the search algorithm A(·) is applied to a set S of candidate transactions to produce a smaller
subset of candidate transactions Sk := A(Sk−1 ). This type of search by set reduction does not
use up available time. The available time is used for evaluating utility of individual candidate
transactions. Thus, the set reduction part of the algorithm is stopped when the set of candidate
transactions is small enough to enumerate or when the repeated application of the search algorithm cannot further reduce the set. In Algorithm 2, N is used to define the size of the
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enumerable set, meaning that there is enough ‘time available’ to enumerate a set of N potential
transactions.
Algorithm 2. Gnostic search
Initialize search set: S0 := S
Initialize iteration count k := 1
Initialize utility value for current best solution, f ∗ := 0
Do Loop
Find all transactions that meet the selection criteria, Sk := A(Sk−1 )
Increment iteration count, k := k + 1
Loop back to step 4, unless the size of the neighborhood is small enough to
enumerate |Sk | ≤ N or unless the neighborhood cannot be further reduced
|Sk | = |Sk−1 |
8. For every x [ Sk
9.
If f (x ) + ag(x ) ≥ f ∗ then update best x ∗ := x , f ∗ := f (x ) + ag(x )
10. End for
11. Choose current best, x ∗ , or abandon search.

1.
2.
3.
4.
5.
6.
7.

8.3. The used car example
This quantitative framework is now used to explore an example of an agent whose objective is to buy
a used car. In this example, x [ S is the notation for a single car x in the set S of all used cars that are
for sale. Recall that the vector x = (x1 , x2 , . . . , xn ) contains all the features of the transaction, in this
case representing all the descriptors of a car. The utility function f encapsulates the preferences of the
buyer and f (x) gives the utility value for a particular car, x [ S. The utility function incorporates the
agent’s preference for different makes and models, car color, engine type, and any other technical or
cosmetic features that appeal to the agent. The feature selection constraints are represented by
hi (x) ≥ Hi for i = 1, . . . , I. As an example, h1 (x) ≥ H1 represents the fuel economy in miles per gallon (mpg), and h2 (x) ≥ H2 is the number of good condition tires on the car, and h3 (x) ≥ H3 is the
year of manufacture. Thus, the feature selection constraints in this hypothetical example specify a
vehicle manufactured after 2010 (H3 = 2010), with at least four tires in good condition (H2 = 4)
and a fuel economy better than 26 mpg (H1 = 26).
In the agnostic environment, the search neighborhood is immediately reduced to the geographical
region contained by the used car yard. This neighborhood is described by the geographical constraints gj (x) ≤ Gj . In the agnostic environment, agglomeration benefits both the buyer and seller
agents, since it results in an accumulation of used car yards within a concentrated geographical
area. Thus, a multitude of candidate transactions can be presented by a seller agent to a buyer
agent in the geographically confined neighborhood of search.
The time available for search is taken up by visiting the search neighborhood and evaluating a
sequence of cars in turn. Algorithm 1 for the agnostic search identifies an initial vehicle selection,
x0 . This is the first good-looking car that the agent sees when arriving at the car yard and accordingly
this is the current best car that has been evaluated, x∗ . The search continues with the selection of the
next car x1 := A(x0 ). This and all subsequent cars in the sequence are identified using a combination
of selection rules applied by the buyer and seller agent. The cars are individually evaluated until
either the time available runs out or the agent chooses the current best car, x∗ .
Figure 2(a) represents all cars that are available for sale and that meet the selection criteria
hi (x) ≥ Hi and Figure 2(b) identifies the geographically confined neighborhood of search associated
with the constraintsgj (x) ≤ Gj . Figure 2(c) shows the sequence of individual cars that are evaluated
according to the agnostic search (Algorithm 1). A sequence of five cars is evaluated in the order
defined by the arrows. Once the available time has run out, the agnostic agent either abandons
the search or completes the transaction by purchasing the current best car x∗ .
In the gnostic environment, the search neighborhood includes all of the cars listed for sale on the
Internet, since the gnostic agent can evaluate the utility of each car without restriction of the
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Figure 2. Agnostic search showing (a) all cars meeting selection criteria, (b) geographically restricted neighborhood, and (c) evaluating individual cars.

geographical constraints gj (x) ≤ Gj . Indeed, the location of each car is now moved to a component in
the utility function for the transaction. The transaction utility includes the same preference criteria as
before plus the costs associated with delivery f (x) + ag(x). The cost of delivery is more than just the
price of freight, the ‘cost’ of delivery includes concepts such as delays due to customs and logistics, or
risks associated with unknown and distant trading partners.
The knowledge acquisition phase of gnostic search uses the set reduction step Sk := A(Sk−1 ) from
Algorithm 2. The agent reduces the number of cars of interest by applying progressive search criteria.
By this method, S0 contains all cars available for sale, and S1 := A(S0 ) contains a subset of those cars
which have been selected by refining the search criteria. An example search refinement could be all
cars that cost less than $20k. This set reduction is performed outside of the time available for search
and permits the agent to refine their search criteria until the group of high-utility cars is sufficiently
small. When the set of high-utility cars in the gnostic environment is sufficiently small, the buyer
agent can make individual contact with the seller agents and arrange to evaluate the utility of
each car in turn. The time available for search is consumed by evaluating the cars in this high-utility
set.
Figure 3(a) starts with the set of all cars that are available for sale and that meet the selection criteria hi (x) ≥ Hi . Figure 3(b) demonstrates how the set reduction step Sk := A(Sk−1 ) results in
excluding sets of cars which no longer meet the refined search criteria; the excluded cars are represented by greyed-out areas. Finally, Figure 3(c) shows the evaluation of only those high-utility
cars that were identified after the progressive set reduction. Similar to the previous agnostic case,
the agent has evaluated five individual cars. The difference in the gnostic case is that the best car
selected at the end of this search is the global optima x∗ .
The transaction x∗ selected in the agnostic environment has the property that f (x∗ ) ≥ f (x) in the
neighborhood gj (x) ≤ Gj , this property makes x∗ a local maximum. In the gnostic environment, the
selected x∗ has the property f (x∗ ) + ag(x∗ ) ≥ f (x) + ag(x) over all x [ S which is a global maximum albeit under a modified objective function.
In the agnostic environment, the car yard is the hub acting as a single seller agent to many buyer
agents in a geographically localized neighborhood. The objective served here is that the buyer agents
encounter a broad choice of potential transactions within a localized hub; however, the transaction is
only locally optimal for each buyer agent. For the gnostic case, each buyer and seller agent can search
and perform knowledge acquisition without geographical constraint. The geographical information
is considered as part of the transaction utility.

INTERNATIONAL JOURNAL OF DIGITAL EARTH

13

Figure 3. Gnostic search showing (a) all cars meeting selection criteria, (b) neighborhood reduction, and (c) evaluating all cars in
the high-utility set.

The used car example has illustrated the difference in economic behaviors between gnostic and
agnostic environments. Spatial enablement changes the way that distance is factored into the transaction, moving it from the constraints to the utility function. The neighborhood of search is defined,
not by geography, but by the ability to search potential transactions and interact with any agent over
any distance.

8.4. Comparing transacting agent economies
The transacting agent economy serves as a framework to evaluate and compare the utility of gnostic
and agnostic agents. The benefit of spatial enablement to the buyer and seller agents is that a global
optimum can be achieved rather than a local optimum by accessing all potential transactions without
geographical constraint. Although the used car example is focused on the benefits to the buyer, there
is quantifiable benefit for both buyer and seller agents. The car yard can participate in online car sales
by listing all of its vehicles on the Internet, thus overcoming the inducement to localize (Stigler 1961).
This may also require new provisions for logistic services since the buyer may be more distant than
before and a transaction may require that the goods be shipped a greater distance. In the services
economy, agents are no longer limited to transactions within their geographical neighborhood.
Spatial enablement is leading to significant disruption through digital commerce and each business
and citizen must decide on its presence in the real and virtual worlds. This change in the retail space
is a progression from the catalog era. The Sears catalog enabled anyone to order anything from those
items included in the catalog within the constraints of their budget and railroad transportation networks. Spatial enablement is different because every agent can be enabled now, the transactions are
between individual agents and not through the central hub of the Sears catalog.
Spatial enablement also has ramifications for agglomeration, which is still important to the seller
as it provides a concentrated pool of workers and other elemental resources. However, agglomeration
is less important to buyers as the IoT extends the geographical reach of the buyer beyond the
businesses that they can physically visit. The gnostic buyer agent is not going to experience disadvantage if they are distant from the economic center of a particular market. Transactions made
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by gnostic agents have an increased capacity to use and overcome spatial limitations, so sellers now
need to be innovative and competitive beyond their traditional reach. Spatial enablement is a big
benefit when the buyer agent has very specific transactional requirements or is isolated from economic centers, as in the long tail (Bell 2014).
Any kind of agent, making any kind of transaction, incurs a quantifiable benefit on their objective
through spatial enablement. An example of information seeking exists where an instantaneous Google search can be used to settle an argument, without having to overcome the lassitude to get off the
couch and check the dictionary or encyclopedia. Even grocery shopping can be improved with spatial
enablement since the buyer can now order online and have the groceries delivered, unless the buyer
prefers to drop in to the grocery store and pick and choose from the items on display (an individual
preference). However, not all transactions survive distance; therefore, several transactions will
remain localized, but the ability to search instantaneously will benefit the agent. For the gnostic
agent who wants to buy cold beer (Bell 2014), they can search the Internet for local deals or
check the trading hours of local stores. Thus, the transaction still has the same inducement to localize
but knowledge acquisition can occur without consuming time available for search.
When TFL was conceived, the most relevant neighborhood of search was geographically localized
because information about distant agents was hard to obtain. Distant agents are now registered with
the searchable IoT. The utility of any transaction is based on all the agents in the search neighborhood and the spatially enabled IoT has a broader reach. Thus, the SLG expresses how agents with
their own spatial information can increase their functional utility.

9. Concluding remarks
The economic value of location has been a constant part of human history. Everything is related by
geography, with near things more related than far things. However, in the digital-economic age,
everything is more related to everything else creating a rich research frontier to explore the economic
and social impacts of this interrelatedness. The SLG imparts an understanding of why spatial enablement increases functional utility across sectors.
Economic geography examines increasing return and transportation costs associated with
agglomeration. The sustainability and stability of agglomeration is changed in the digital-economic
age due to the accessibility of spatial information. Thus, the importance of proximity to economic
value is changing. New business models captured by the SLG enter established markets with a
spatially enabled advantage to leverage off the cyber-ecosystem.
The rapid success of spatially enabled entrants to established markets is evidence of the financial
and functional utility of spatial information. Traditional limousine services compete with ride sharing, bricks and mortar stores compete with e-commerce. Citizen science and digital humanitarianism are further examples of how spatially enabled digital technology allows agents to engage in
activities that reap benefits beyond their geographical neighborhood. Spatial enablement effects all
kinds of interactions although the effects on the emerging field of economic geography are most
profound.
While there is tremendous benefit in the spatial enablement of the digital-economic age, there is
also disruption. The failure of firms to capitalize on the competitive advantage of spatially enabled
operations in the face of technological change should be a topic of intense research and debate. The
SLG explains what is happening but it does not happen on its own; each entity must decide its level of
investment in spatial enablement. The transacting agent economy provides a quantitative framework
to evaluate the unseen geography of the digital-economic age.

Note
1. The Defense Advanced Research Project Agency was created in 1958 as the Advanced Research Projects
Agency.
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