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Abstract—Spatial computing systems are characterized by the the former case, broadening one’s frame of reference when
extended physical environment in which they exist and fundéon.  analyzing a system to include elements of the environment ca
Often this environment can be manipulated in various ways by e crycial to a full and accurate understanding of that syste
the computing agents. We argue that it is important to consiér ., . . .
the potential use of the environment for coordination and irdirect if 't_s operation relies on Suph elements. In the_ latter Case_’
communication in such systems. For inherently spatial prolems, taking advantage of the environment can sometimes make it
it can be more effective to store spatially relevant inform@ion easy to solve otherwise very difficult problems, particiylar

in the environment rather than in the computing devices, as explicitly spatial ones where the physical nature of theesys
in the case of mobile agents or long-term physical structurge can be leveraged

In scientific settings, considering the role of the environrent . . .
can illuminate mechanisms or processes that might otherwisbe N this workshop paper, we briefly review several exam-
overlooked; in engineering problems, it can provide simpleand ples of spatially distributed systems where the active use o
more effective solutions than could be achieved by relyingrothe  environmental elements can be key to their operation. These
computing devices alone. We give as examples problems redét jnclyde: natural and artificial swarms performing forag{fid)

to foraging, collective construction, simultaneous locdation . - . PR
and mapping, object tracking, and behaviors of living tissies. and collective constructionslil), simultaneous localization

We suggest in closing a classification scheme for capabigg and mapping for mobile robot§l), tracking of lost objects
of environmental elements, relevant to the design of physitly (§V), and living tissues composed of individual cellular com-
embodied spatial computing systems. ponents §VI1). In §VII, we propose a classification scheme for
kinds of environmental information that may be harnessed fo
coordination and control of spatially distributed systems
Spatial computing systems are distributed systems of com-
puting agents that exist in a physical space, where the capa- Il. FORAGING
bilities of the agents and the function of the system are both
tightly linked to their being physically distributed. Exatas One of the most famous examples of environmentally-
of such systems include teams of mobile robots and tissussdiated coordination is the pheromone trails laid down by
composed of multiple living cells; by contrast, local cortggu foraging worker ants [1]-[3]. When these insects find a food
networks are not spatial computing systems, since they s@urce, they leave chemical trails during their return te th
constructed so that the physical nature of the network rest; other ants follow the trail, helping to recover thedoo
independent of its function. and reinforce the trail to recruit still others. When thedde
Although spatial computing systems are often charactelepleted, ants stop depositing pheromones, and the chlemica
ized in terms of the individual computing devices and thefades over time. This coordination process allows ants to
relationships, these devices also may be influenced by twlectively choose and dynamically update routes that are
physical environment in which they exist. Here we use tHavorable in various respects (e.g., minimizing travetatise
term “environment” to refer to all physical elements of théo an energy source).
system that are not the computing agents themselves. The maiArtificial systems inspired by these natural ones have been
focus of this article is to explore the role that the envir@emin constructed, using pheromone-like mechanisms to codslina
can play in coordination and control of spatial computinthe foraging behavior of multiple robots. Physical impleme
systems, and to outline a classification scheme for cafiabili tations have used various information carriers in the rdle o
of environmental elements that we hope will aid the futungheromone, including projected visual images [4] and disap
study and design of such systems. pearing ink [5] detected by visual sensors, and have exglore
This principle of indirect coordination mediated througlk t use of volatile chemicals in conjunction with chemical sess
environment can be important both to scientific understa;ndi[6]. Such systems could be used in situations where ressurce
of natural systems and to engineering of artificial ones. leed to be found and retrieved in an unknown environment,

I. INTRODUCTION



as with raw materials near an autonomous extraplanetagy bas @) DD ®oo] Jesf [agf (Ofs]a]ala]a]s
or survivors in a disaster area. ] S e R s s S Tl

In these systems, the environmentis able to store and conveyl_] (1:) i':) (:: i z s Z i
different kinds of information using a single carrier, b B{ | z; Ez:zj ;‘2 ol T
the presence or absence of the signal, as well as its intensit D wnled ox Tolololzl
Relevant position and path information are directly embddi [00]co] @d] o @] allalalalale

through the spatial distribution of the carrier. Reinforamnt of
the path by other successful foragers means that a straager Fig. 1. (A) In collective construction, a set of robots useppied material
will typically mean a larger or more active resource suppl}i?fbu”dt,a Struciﬁre’bpﬁé?nﬁa”y i” Fhle presenced_Of t"bﬁﬁicggi”gt?ﬁ?ﬂa'
. . . . . . _Information in the building material can coordinate the activities

The fadmg of the Camer with time keeps the 'nformat'od}ithout requiring explicit communication. (B) When the gted structure is
represented by deposited pheromones up-to-date, andesnsully specified in advance, coordinates are a useful formnébrimation to
that the swarm will not expend energy trying to exp|oi§tore in_ square buildi_ng blocks. (C) If the desirgd struetisr a function of
h ted resource sites. without individual agents necdi the environment, storing other forms of information may berenuseful. For
exhaus e . ! g 9 instance, when the task is to build a wall of a certain thisknaround an
take any explicit action. obstacle, a value associated with the distance from theclesis appropriate.

Figure based on [10].
[1l. COLLECTIVE CONSTRUCTION

Social insects use environmental cues to coordinate other

activities as well. The term “stigmergy”, which is frequnt Such information can be encoded implicitly (e.g., by using
used in studies of natural and artificial swarm systems agflly square blocks for building materials, which embody a
refers to indirect coordination mediated by manipulatibr@o coordinate system as they are assembled), or explicitly, fo
shared environment, was coined by a biologist studying nestample by storing integer values in writable RFID tags
construction by termites [7]. Termites manipulating bl deployed in the environment.

material are more likely to deposit new material in places This last idea of using RFID tags to make the environ-
where others have recently deposited other material, oravhénent writable is a powerful one. RFID tags are inexpensive
the atmospheric composition or temperature changes aprupt: $0.50), small (mm to cm), robust (e.g., can operate at
(as when repairing a break in the wall of a mound). The actioRs 400°C), and capable of storing kilobytes of information
of these insects can be in response either to actions talkewritably and indefinitely without requiring a power soerc
by other insects, or to environmental attributes less dyrecThis technology also provides a way to directly associate
controlled by the swarm. spatial information with physical locations. The next two

Such examples of construction performed by insects hayections describe further examples of how this capabikity ¢
inspired the design of systems for construction by artificige yseful.

swarms of mobile robots. Some studies have addressed the
“forward problem”, by first specifying a set of actions and V- SIMULTANEOUS LOCALIZATION AND MAPPING
the conditions under which agents will take them, and thenIn the problem of simultaneous localization and mapping
reporting on characteristics of the resulting structur8s [ (SLAM), one or more mobile robots need to build a map of
Others have addressed the “inverse problem”, with the explian unknown environment as they move through and observe
goal of generating a particular target structure, and tlettimg  it. One of the classic SLAM problems is that of “closing the
out to find a set of agent actions and conditions that sop”, i.e., determining whether a robot’'s location is one i
guaranteed to produce that structure [9]. Both approaciees has already visited or merely one that looks very similaisTh
relevant to the scientific question of how local rules gigerio common problem arises particularly in man-made interioas t
global outcomes. The forward problem is more closely tied taften have many similar-looking corridors and doors laid ou
the way insects build, producing some acceptable strubluire in a square grid. If particular locations in the environmarg
not one whose details are predictable beforehand. Theseveinstrumented with uniquely-labeled RFID tags, or if robats
problem is more in line with human goals in constructiorgble to deploy tags themselves as they move, then each tag
reliably building a structure fully specified in advance. serves as a unique landmark and closing the loop is trivial.
Environmental information in this setting may include th&imilarly, in less structured environments, it can be veaydh
configuration of building materials or presence of chensicalo establish reliable landmarks for position; deployingsta
deposited directly by the builders [7], [9], other enviroemtal over time and space generates location information in the
elements (e.g., obstacles or light levels) not directlytcmled environment and solves this problem.
by the builders [7], [10], and multiple kinds of building Writable RFID tags can store additional information to aid
material [8], [11]. In artificial systems where the goal is t@obots in performing their tasks. For instance, in an exgilon
build a specific structure in a particular location, an esdlyc task where multiple robots need to create a map of an unknown
useful kind of information to store in the environment, andnvironment, robots should distribute their efforts in asn
one particularly well-suited to being stored there, is posal overlapping a way as possible to minimize time and energy
information, such as the location of a landmark encoded @osts. If spatially distributed RFID tags are present, oolifots
a common coordinate system shared by all agents [9]-[1&&an deploy them, then each tag can store local information to



Fig. 2. Relying on robot odometry and laser range finder regdiin
an exploration task tends to result in numerous map misalkgns (left). |:|
Deploying RFID tags to provide reliable landmarks can dyemtprove the

result (right). Figure reproduced from [12[(2006 IEEE).

Fig. 3. An environment instrumented with RFID tags (rectagpcan store
information about the movement of objects. An agent cagyan object of

. . . .. interest (e.g., keys) records its path (solid line) on tags @heromone ftrail,
indicate which regions have already been visited by rolamts, incrementing a hop counter as it travels. Another agent rater Icross the

which are already targets of exploration [12]. This mechiami trail (dashed line) and spread this information in anothigeation. If the
allows large numbers of mobile robots to coordinate thefpiect is misplaced and the trail can be found, an agent déowfdhe trail
. . . .. [ up the gradient to the object. Figure based on [14].

behavior in situations where explicit communication may no
be feasible or reliable.

A similar principle could be used, for instance, by soldiers
making their way into and out of enemy territory at nightsefulness of the field of values [14]. The environment then
or under otherwise unfavorable conditions. Leaving an RFIbroadly contains information about the location of the obge
based trail, like Hansel and Gretel following their path dhterest, stored passively so that it can be retrieved adetee
stones, could facilitate their movement in environmerke li at a later time. Again, active long-range communication is
indoor ones where GPS is not available, and without drawifi@t required for this type of implicit communication and
the attention that a trail of active beacons could invite. Foordination.
RFID tags become pervasive in human environments, as some
foresee, then soldiers could make use of existing tagsddcat
in their new environment to encode signals helpful to them Another example of a natural system relevant to spatial

V1. EPITHELIAL TISSUE

without even needing to bring their own. computing in which the physical environment plays an often
underappreciated role is in the control of tissue growth and
V. PHEROMONEBASED OBJECT TRACKING form during development and maintenance of living tissues.

There are many other settings where storing information Trhe innumerable cellular components that make up devedopin
the environment can be helpful. In one framework, pervasiembryos and adult tissues are often thought of as indepénden
RFID tags act as a substrate on which the electronic equivaleomputing agents that follow programs encoded in their DNA,
of pheromones can be laid by humans or robots carrying RFHDd coordinate their activities by chemical communicasiod
transceivers as they move around. The passive substrate aner forms of cell-to-cell signaling. Less often consetér
perform no computation and so these artificial pheromones da the role of the physical microenvironment, which can be
not fade on their own with time; however, writing timestampsqually important for control of tissue form and function.
along with the pheromone data allows later visitors to updat Most research on biological regulation has focused on the
the pheromone value based on how much it would havele of soluble hormones and chemicals, or cell-cell adiresi
decayed in the interim. which can mediate cell-cell (agent-to-agent) communicati

These electronic pheromone trails can be used, for examgad thereby control cell behavior. However, this picture is
to record someone’s movements after they put down their kapsomplete; the extracellular matrix (ECM) scaffolds thatd
or eyeglasses, in order to help them find their way back to thells together within all living tissues are environmerehd-
object if it becomes “misplaced”. Moreover, the pheromomaents that are deposited and modified by cells, and feed back
value in this context can be used to reflect the distance framregulate cell growth and function during tissue develepm
the object (rather than the strength of the trail as in thadorg For example, the ECM contains insoluble molecules that
context discussed above). The pheromone values in a regioediate cell anchorage, and the local density of these aghes
of tags then constitute a gradient that the user can follmemponents can influence the direction of cell movement, as
back to the object, much like living cells migrate up gradéenin the haptotactic process described above [13]. More-inter
of immobilized chemical information in a process knowmstingly, regional variations in ECM mechanical propertie
as “haptotaxis” during development, wound healing and irman direct cells to alter their behaviors (e.g., growth,tldea
flammation [13]. Other agents can spread pheromone valuifferentiation, motility) locally and thereby generatistthct
across the RFID array as they travel, increasing the rande dissue patterns at a larger size scale through a processikamow



“morphogenesis”. For example, during morphogenesis of the

epithelial tissues that line the surfaces of our body anddlo B ‘ _
vessels, localized thinning of the ECM results in regional - Lol L -]

distortion of the ECM and adherent cells due to endogenous - Ed

cell contraction. The cells that become stretched in these / \

regions respond to growth st|mgll by prollferat.mg, Wh_erea Nasai - pE GLemnlln .
neighboring retracted cells remain quiescent; this ceikiin Development| gy o W e Formation
differential results in local budding or branching. The ECM &c;lsmtchi_ng/ ;

thinning is the result of the action of enzymes produced by &

the cells. Thus, regional modification of the compositiod an - E&ZJ

structure of the common ECM scaffold, as well as local » %‘*‘L PR BT
alterations of cell tension, may be primary mechanisms by & L

which the entire population of cells controls its globalrfor L +ECMexpansion  NoECMexpansion  _|

and function during tissue pattern formation [15]. _ o _
Simiarly. cancer is most typically thought of as causeff%, . TITIN0 2 eihng of e el hateCy) eace
by gene mutations that lead to uncontrolled cell divisioRan lead to cells piling up and tumor formation (right). Figueproduced
However, deregulation of the normal developmental mechgm [17].
nism for local sensing of normal environmental cues desdrib
above can actually lead to disorganization of normal tissue
form and promote cancer formation [16]. More specifically,sefyl as a damage-reporting mechanism in long-term human-
altering ECM rer_nodgllng, structure and mechanics can fransaqe structures.
form normal epithelial cells and cause them to form into
cancerous tissues. Conversely, some cancers can be induced VIl
to differentiate and cease proliferating by being combined
with normal ECM or embryonic tissues [16], [17]. Thus, The potential role of the environment as a key control
interactions with these passive extracellular elemeray pl €lement is important to keep in mind when studying or
crucial role in regulating both normal and pathologicall cefiesigning spatially distributed computing systems, o els
behavior. Although modular robots have been created ttesticial factors or straightforward solutions may be ovekied.
make use of physical interactions between multiple cellul&or instance, attempts to fully understand ant foragingetir ¢
agents [18], [19], this concept of using physical cues stor&ehavior in living tissues would fall short if one considére
in a shared external scaffold for coordination and contfol @nly insect-to-insect encounters, or thought about cdibbir
spatially distributed computing systems remains to bearepl merely in terms of gene programs and chemical signaling.
in the future. This is because interactions between these agents and their
A further way that passive structural elements in the ECRINvironment are also critical for system-level controlmSi
can influence cell behavior is through the use of “stormonedlarly, determining location in an unknown environment is
These are chemical signals embedded in the ECM so asatb extremely difficult task for mobile robots; however, the
be inaccessible under normal circumstances, but under fii@blem becomes trivial if local information can be stored
appropriate conditions, they can be released with importdn the environment or if reliable landmarks can otherwise be
effects on cell behavior. For instance, corneal cells ssite created. We therefore suggest that it is critical to broatien
an angiogenic growth factor and store it in the corneal ECMiew of spatially distributed computing systems to encosspa
Upon mechanical injury to the ECM, the growth factor i¢he spatial environment that they inhabit.
released, attracting the development of new blood cajgilar Not all spatial computing systems will necessarily lend
that grow into this site from preexisting vessels located #temselves to use of the environment. In some cases, the
a distance to supply the area with oxygen and nutriertemputing devices may be the sole elements present (as in
necessary for tissue repair [20]. idealized studies of sensor networks or amorphous conmgjuter
The use of stormones in living tissues suggests the potentia others, the system may be designed such that external
utility of this mechanism in other natural and artificial ®gms. elements can only interfere with its successful operatisnig
For instance, when their nest is breached, termites seareteertain self-reconfigurable robotic systems). Howeveldgji-
pheromone that is used as an alarm signal. To our knowledgal systems extensively modify and respond to the envirorime
no such pheromone is known to be stored in the material iof addition to inter-agent communication, and many arfici
the nest itself. However, if such a pheromone were stored asystems have demonstrated the power of environmental coor-
released when the nest material was forcibly disturbedyitcc dination. Making use of this spatial information can previd
allow a faster colony response, not relying on the presehceaopowerful mechanism to coordinate and control higher+orde
termites at that moment in the damaged area. We suggest thia¢havior of the whole collective.
search for such a mechanism in colonies of nest-buildindsoc The examples described above suggest an axis along which
insects might find it in use. The principle could likewise benvironmental elements can be characterized in terms of the
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information storage and processing capabilities. We maitli [2]

these capabilities in order of increasing complexity:

3]

1) Presence/absence of an indicator (e.g., local configura-
tion of existing building material in collective construc- .
tion); each location or environmental element stores ot

embodies a binary value.
2)

Unique static label (e.g., RFID tags deployed to identify
locations for loop-closing in SLAM); each element 5

encodes a unique value, which need not change as the

system operates.
3)

(6]

Amount/degree of an indicator (e.g., pheromone values

in foraging or object tracking systems, mechanical comgz)
pliance of the ECM); each element stores a dynamic
value, either discrete or continuous, potentially with

some maximum range or limited resolution.
4)

(8]

More general memory storage (e.g., coordinates stored
in building blocks, descriptors and timestamps in virtuaf®

pheromones for object tracking); each element can en-
code arbitrary data for the benefit of the active agents,

potentially with some specified memory limitations.

5) Active information processing (e.g.,

] J. Werfel, D.

chemical

pheromones that diffuse and fade, “communicating”

building blocks [9], [11]); elements transform th 1

information they are given in specific ways, potentially

interacting with nearby elements to do so.

Clearly it is possible within the bounds of this classifioati

[12]

scheme to approach the limits of what is best thought of

as constituting the “environment”. For instance, it may

bR

more useful to think of environmental elements that perforpy)
active information processing as a second spatial comgutin

system interacting with the first. Nevertheless, we thint th
the practice of considering the physical environment as a

[15]

potentially useful resource for coordination and contrél o
spatially distributed computing systems is worth pursuin&G]

This biologically-inspired approach can promote appratgri

division of labor in engineered systems [9], and highlight7]
processes that might otherwise be overlooked in natura OTfB]
[15]. Beyond this general principle, we hope that the exaspl

and categorization discussed here, and their illustratioh

what different materials and classes are capable of and

useful for future system design and understanding.
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