CONTEXT-AWARE
MULTI-AGENT SYSTEMS

NEGOTIATING INTENSIVE FIELDS

ABSTRACT
This paper presents research and experimentation with context-aware multi-agent-based
design systems to simulate and propose urban schemes that specifically utilize fields of differentiated intensity data in order to propose an infrastructure to support urban revitalization.
The research objective of the work is to propose a semi-autonomous system that can be
deployed to analyze and then design and construct urban-scale infrastructure where regeneration or revitalization is necessary, emphasizing the possibilities for emergent efficiencies.
The research presents the system development in the context of a hypothetical design
research for a contaminated area of Mexico City. The problem definition, system development and simulation and analysis of the results to date are described and discussed. The
system consists of a series of steps undertaken by a group of hypothetical simulated robotic
agents that react to local conditions to generate a network for irrigation and buildable areas
in a contaminated brown-field site with high salinity. Evaluation of the system is conducted
by comparing initial data sets with the final form of the simulated irrigation network. These
results provide a workflow for negotiating with intensive fields generally. The work also illustrates a site-specific scheme for deployment of different infrastructure networks. The work
is discussed in the context of generative urban design and the ways in which architects are
appropriating simulation technologies to generate urban form.
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1 Swarms with and without stygmergy - Illustrates
initial experimentation with the development
of an agent-based design system where data
from environmental analysis influences and
partially drives the deployment and resultant
pattern of the agents over a structural shell to
enhance the environmental performance. The
version on the left has no stygmergy while the
version on the right includes stygmergy programmed into the behavior set of the agents.
(Shiordia and Gerber 2013)

INTRODUCTION
Computer-Aided Design and Engineering (CAD/CAE) and heuristic simulation tools enable architects, urban designers and
engineers to ‘design-in’ higher performance more complexly by

implementation of robotic systems that will allow for regenerative
urbanisms that are not just formal but are in fact informed formally
from context analysis and awareness, currently theorized as an
urban fertility quotient.

simulating spatial, social, environmental and infrastructural systems with greater certainty of outcome and with greater ability
to manage complex contextual and noisy data sets. The work
situates itself amongst a body of research that studies the applicability of multi-agent systems for use in design as generative
bottom-up strategies for form finding, optimization and search
for design domains. It is furthermore situating itself within the
lineage of parametric urbanism both as a development and as a
counterpoint (Schumacher 2011; Verebes 2013). This work is, on one
hand, an extension where formal ingenuity is sought and visualized where the form is informed, and on the other, counterpoint
in that the system does not evolve through deterministic or parametrically bounded constraints but rather illustrates emergent
patterns through the generative capabilities of the multi-agent
system. The work illustrates experimental multi-agent-based
infrastructural and urban design projects that engender contemporary aesthetics, and demonstrate as well how an autonomous
system may be deployable for the regeneration of underutilized
or polluted urban spaces. The research is positioned in the
design and computing discourse of performance and design
exploration and search while specifically presenting experimental workflows and their application to a design brief. The design
brief calls for development of three research objectives: (a) a
multi-agent system for delineating the ground in a bottom-up
driven efficiency; (b) to develop the multi-agent system as coupled to a simulated and hypothetical robotic construction system
with high degrees of autonomy; and (c) to illustrate experimentally how the system might perform in a real-world context, that
of a large-scale polluted former lake bed in a state of degradation in Mexico City, Mexico.

BACKGROUND & REVIEW
Precedents from agent-based design methods, simulation and
parametric design and urban design methodologies provide the
team with a brief history and illustrate some cases for benchmarking as well as examples for further theorizing. Simulation software
is now commonplace in the design field, with most design suites
now including many different models for simulating sun, lighting,
structural performance, fluid flows, etc. Yet within the urban and
architectural design domains, little attention has been given to
incorporating the simulation of pollution, especially as a design
driver (Weinstock and Stathopoulos 2006). Multi-agent systems
are becoming more applicable to design settings as well as an
increased and expansive interest in robotic systems for design,
though in both cases the literature is growing and predominately
related to static, location-based robots, additive manufacturing
and evacuation- and security-based multi-agent system modeling.
However, our work is based in part on the fact that as these models become more accessible by virtue of Moore’s law, they should
be further integrated into the generative design process. Currently
most designers engage with the information from simulations as
a form of validation or as an aid in the design decision-making process; however, there are precedents where the information from
simulation has been used as a platform and a driver in the generative process (Miranda and Coates 2000). Critically, as described
below, the work specifically looks to integrate context awareness
through local sensing as a first step to address broader pollution,
specifically soil salinity as a precursor for future sensory additions,
as a driver of the design decision-making internal to the multiagent system. For us, as for others, data sensed and generated
by a simulation becomes a stage in the workflow, as opposed

Our motivations are first to determine whether the multi-agent-

to a final validation of the design solution (Doumpioti 2010). Here

based approach provides a viable model for engaging with data

the work uses a simulation of a multi-agent system as a means

from simulation, and second to validate some initial results as

to explore the benefits of bottom-up design strategies to accom-

providing improvements in a performance metric, for design

plish urban and environmental objectives, most specifically the

search and for exploration and prototyping. Of critical importance

delineation of a network for both hard-scape and landscape for

to our methodology is the desire to engage with real-world, inten-

the regeneration of a large-scale urban development. Our original

sive fields and data that cannot be known a priori, and therefore

source for a bottom-up approach where multiple entities make de-

develop the system to support a model for engaging with fields

cisions based on local information is a flocking system defined by

of variable and unpredictable intensities. While the performative

Craig Reynolds (Reynolds 1987). Designer-centric implementations

aspect of the final output is analyzed, there is also an interest in

of Reynolds’s algorithm have become more prevalent in the litera-

analyzing the successes and failures of the entire workflow in ref-

ture and have become models for the evolution of design systems

erence to its applicability in contemporary design practice. Finally,

that create geometry from many local interactions, both between

the paper presents the current stage of a design research that

elements in a system and with their environment (Aranda and Lasch

purposefully conjectures the development, deployment and future

2006; Schmidt 2012; Shiffman 2012). The process of modifying this
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basic model for specific objectives becomes the domain of the
computational designer, where behavior is defined and tuned for
specific purposes based on a material or on environmental or social systems and geometric constraints. These types of systems
have been applied to design problems of varying scales ranging
from urban design (Bus 2012; Popov 2011) to surface panelization
(Baharlou and Menges 2013), or for materially or aesthetically driven

architectures such as those of Schumacher and Snooks, to name
but a few (Snooks 2012).

Our research and development of the flock is specific to a context-aware multi-agent system for theorizing the deployment of
an infrastructure-focused swarm of a hypothetical robotic system.
Further precedent for our work is the notion of understanding
design as being inherently a trade-off between multiple objectives
which has proven to be more efficiently managed first through the
parametric model and second through the linking of the geometric
models to optimization or analytical search frameworks (Gerber et
al. 2012). In that regard previous work on multidisciplinary design

optimization (MDO) frameworks and the use of parallel computing
and optimization is an important instigator for our current research
trajectory (Lin and Gerber 2014). Included in these frameworks are the
reliance on and use of simulation and analysis packages for informing the formal result, as well as for enhanced visualization to make
more certain the human design decision about the performance
behavior of a particular design or design system (Gerber and Lin
2013). Through the Pareto optimization that has been previously re2 Sequential path logic - The algorithm steps and basic agent
logic for sensing, direction, neighbor proximity, density of
nodes and boundary condition (Shiordia and Gerber 2013)
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searched across multi-objective design search spaces, the research
realized the level of topologic extensibility as well as the modeling
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3 A data map and corresponding agent paths - Illustrates the site and an approximation of the intensive field condition of soil

salinity as a grid of points and magnitudes represented as diameters (left). The right side illustrates a collective of agent
paths deployed at every grid point where their trajectories are shown to illustrate the convergence of local maxima, reaction
to themselves, to the boundary conditions of the site and the intensity of the field. (Shiordia and Gerber, 2013)

of ever-more diverse and competing objectives understood as de-

inputs. In other words, once it moves beyond pure simulation, the

sign agencies that require experimenting with multi-agent systems,

research must anticipate the reality of the non-clean environment.

first through swarm-like scripts and second through the incorpo-

The context is noisy, necessitates the design of a system that re-

ration of high-fidelity performance analysis engines. Others have

sponds to local conditions that are not known beforehand. Rather

also developed data-driven agents integrating a data field with a

they are sensed on the spot, and a decision is made by the multi-

swarming algorithm for material organization and formation objec-

agent-based system based on information gathered in real time

tives (Tsiliakos 2012). Work by Schumacher explores the realm of re-

and on site. One approach is to have a coordinated system that

configurable architecture through the simulation of social agencies

takes a predefined form and builds it through interactions of ro-

(Schumacher 2011). Our approach builds upon these precedents and

botic agents performing the same task. A different approach is to

further develops the work to specifically address the possibilities for

utilize a group or society of robotic agents, reacting to an environ-

an autonomous system to be deployed within a variable intensity in

ment and building a form from local interactions, both between

a complex context condition.

themselves and with the environment. Here our works explores
this bottom-up and generative approach for proposing and analyz-

While there is great interest in multi-agent systems and their
application to urban design and architecture, and equal interest
in robotic construction and swarms of robots building new envi-

ing the possibility for an autonomous system for the rehabilitation
of a high-saline and polluted environment ripe for redevelopment.
In developing the second approach, one that forces the robot to

ronments, there are numerous developments that our work is in-

sense its environment, there is a challenge between what the

fluenced by external to our domain, in computer science, artificial

robot can actually sense in terms of granularity and range, and the

intelligence and robotics (Willmann, Federico, Augugliaro et al. 2012;

way in which it reacts to the sensed information. It is presumably

Leach 2009; Ireland 2009). Of particular importance to the trajectory

difficult for a robot to sense every point in a field before actually

of our work are the concepts of diversity and negotiation amongst

functioning. In other words, there is a non-generative starting

multi-agent systems as well as examples of prototyped physi-

point that will influence the configuration deterministically in its

cal-agent-driven robotics (Marcolino 2013, 2014). Some of these

initialization, one that might be argued to be a design influence

design explorations pave the way for thinking about how to bridge

or choice as we did not initiate the system in a purely stochastic

the gap between agent-based design simulation and physical

regime. Our research precedent has led us to present a method

systems of robotic fabrication (Marcolino 2009). When thinking of

for operating on a site as an unknown intensive field, and for de-

a collective of robotic agents constructing an environment, one

veloping and theorizing a system of agents reacting to it and to

has to consider the input and output of the system in action and

the coupled objectives of the society of agents, namely that of a

the highly differentiated and arguably noisy fields of intensity as

regenerative urbanism.
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RESEARCH METHOD
The research methodology evolved through a series of experiments into the development of data fields and agent-based design approaches. Over the period of a year, a course curriculum
was developed, as well as a series of workshops and research
experiments into the applicability for architectural delineation
and the informing of form. The methodology of the research has
been to work in an incremental fashion with the end goal of being able to measure improvements in design outcomes in formal
terms, in design optimization and performance terms and finally
in terms of design process. As a first step, the design of the
experiment begins with undirected agents, meaning agents that
are out of the box, simple swarms that are only bounded by a
surface condition or proximity, and pseudo-gravity or initial inertia and direction. As a second step, these initial design surfaces
are then run through an analytical workflow for determining the
initial structural and environmental conditions and performances. The third step is to relate the values of the analyses to the
design surface, rationalized as a mesh point and face set where
each tessellation has an associated value that further influences
the agent’s behavior. The fourth step is to export the results of
the agent-based swarm for post analysis in terms of improved
solar radiation and also improved material distribution as a
means to analyze structural optimization or urban regeneration.
A last step includes the rapid prototyping in multi-material 3D
printers for design prototype evaluation and representation of
the resultant network and visualization. (Figure 1) is one example

system the fact that the field of view is limited for our agent-driven autonomous unit, making it impossible to sense and analyze
the field in its entirety a priori. In reaction to what we conjectured, our method has to take into consideration a discrete and
sequential sensing of the field, making it practical for the agent
to take one measurement at a time with a limited range and field
of view. This method incorporates a swarm-like behavior with a
sequential path logic (Figure 2). Our method specifies a base datum from where a sensing sequence that samples three points,
relative to the base case location, establishes a new point and
trajectory based on the sampling of the field for the lowest tohighest intensity of the sensor, in this case measuring salinity.
We directed the agents to deploy the irrigation network on areas
with lower salinity because those represent the areas with the
highest potential for harboring plant species. Conversely, areas
with high salinity are where the agents place the urban forms.
The city populates the areas of high salinity, while the irrigation
network populates the areas of low salinity because the water
will reduce the salinity and promote natural regeneration. It then
repeats the process in relationship to its local and individual logic
but also in concert with its group dynamic and contextual constraints and boundaries. This is a context- or environment-aware
swarm-like multi-agent system, with a very different application
from how it has been used in the past. It not only takes a fixed
relationship of points in the field; it also evaluates their local conditions and makes a decision in relationship to the dynamically
generated field of its neighbors and the context.

of the approach being applied to complex curvature where the
agents produce a pattern for solar shading. These experiments
have led us to further the approach into more expansive urban
conditions. The overarching theme and link between the initial surface examples and the urban context is the continuing
investigation of agents negotiating with themselves and with
expanding data sets.

THE SYSTEM CONSTRAINTS

THE SITE: MEXICO CITY AS “FIELDS
OF INTENSITIES”
The initial design brief is to sample and delineate across a largescale urban regeneration field, one that is highly data intensive
and therefore complex to optimize in a purely top-down fashion.
It is important to note the boundaries of the design project; its
scale and its highly differentiated internal topographical and
pollutant intensities (specifically salinity at this time) add levels

The project methodology for this urban example begins with

of complexity for a human designer to predict and direct perfor-

a design research brief as part of a graduate thesis sequence.

mance outcomes with high degrees of certainty. Intrinsic to our

From the brief, a problem definition and set of domains are com-

line of inquiry is that it is in part predicated on previous design

bined: multi-agent systems, hypothetical robotic simulations and

computing and cognition research that suggests that the human

regenerative urban design. A series of simulations and design

designer is limited by issues of problem scale and coupling. Our

iterations are tested in the processing environment that are pro-

observation, simplified, is that the human designer should be

grammed to sense and negotiate within a field of gradient inten-

given more automation in order to aid in the management and

sities, a data set of salinity, which we found to be a very relevant

production of ever more complex geometries, while maintaining

condition on the site. We proposed a hypothetical autonomous

or enhancing their performance characteristics (Flager, Gerber and

population of robotic agents tasked with deploying an irrigation

Kallman 2014). The initial design context is defined through Rhino

network with the purpose of alleviating the salinity of the soil

Grasshopper as a simple parametric model from which we

in the areas where it is less intensive and thus more likely to

explore an extensive solution space. From this context surface

remediate. The methodology anticipated in the simulation of our

model and an associated data map (Figure 3) we export a mesh
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for importing into our 3D Java-based environment, where we

are then spawned and programmed to make movement and tra-

program our agents and simulate the multi-agent system behav-

jectory decisions based on local information including intensity

ior. Taking a surface mesh as input, a multi-agent system is initi-

values from the simulation, proximity to neighbors and trails left

ated by spawning the agents from the edges of the site.

by other agents.

This incremental step of the research focused on developing a

The multi-agent system is based on simple flocking behaviors

methodology to explore the urban field of differentiated intensi-

weighted by the data and recursive response to the overall

ty. An important theoretical concept for our work in contempo-

dynamics. Each agent has the capacity to read the data from

rary architectural design is the urban area that is both form and

the simulation, which is paired with its corresponding point in

structure, and that can be understood as a field (Allen 1997). Our

a mesh object, as illustrated in (Figure 2) and (Figure 3). Thus, the

site can therefore be understood conceptually and then com-

agent’s environment is a collection of points to which it is con-

putationally in terms of fields of intensities, which then allow

strained, and each point is assigned an intensity score based

for empirical influence over our multi-agent systems approach

on the data from the simulation. The agent’s trajectories then

during simulation but also for post-hoc analysis. Our fields of

become a generative geometry for hypothetical robotic depo-

intensities can then be abstracted as a collection of points in

sition of an irrigation network and for material reorganization.

space with varying values per vertex. One value represents the

This happens in a collective recursion. The agent-based trails are

amount of salinity that a particular point sample receives, or the

exported again as a text file into the Rhinoceros/Grasshopper

amount of capture relative to the whole distribution of agents

environment, and are re-meshed as part of the initial geometry,

at that point of the geometry. As such, this collection of points

inscribing patterns back into the recursive field. The irrigation be-

and their associated values are a field of intensities (real num-

comes a reclamation area that will reduce salinity and ultimately

bers) where the specific performance of a location (coordinate

regenerate the soil to further an urban regeneration.

values) bears a relationship with the whole site in a particular
location relative to the boundaries, density objectives and, of
course, sampled pollution levels. The different values can then
be selected for influence through magnitudes on the behavior
of the individual agent recursively within the entire population
of agents based on specific design parameters written into the
agent classes as objectives. Our multi-agent-based design objectives include minimization of network path length and necessary
nodes and maximization of recaptured land, with a tradeoff for
buildable area. The most heavily weighted objective is to populate less saline areas and leave the saline areas for urban growth.
The integration of this multi-objective data field with a swarm
algorithm is then tested for viability as a model for network organization and formation.

STYGMERGY AND PERFORMANCE
Another thrust of the inquiry into the multi-agent-based simulation
has been to augment the scripts to incorporate another layer
of information, understood as feedback that can be read by the
agents, specifically that of the trail positions of all other proximate
agents. This process mimics natural systems such as pheromone trail-following in ant societies and is known as stygmergy.
Stygmergy has been explored previously and provides a way for
path optimization in an agent system (Ireland 2010). This behavior
was introduced to prevent the homogenization of the system
as can be seen in (Figure 1, left), and to reduce the amount of redundant network paths that can occur. This actually means that
the paths tend to converge, as the agents are attracted to other
trails. This self-organizing aggregation has a great effect on the

WORKFLOW TOOLS AND ALGORITHMS
The workflow has been built around a series of open-source
simulation environments, an easy to use associative parametric
design and visual programming environment, Grasshopper/
Rhinoceros, and a series of plug-ins for integrating performance
simulations and generating data that can then be read by a
custom agent-based swarm algorithm programmed in the
Processing 2.0 environment and language (Sanchez 2013). The

outcomes for each objective but as well for the intensive field as a
whole. The initial runs did not include stygmergy, but once implemented we are able to find forms inclusive of the simulated robotic samplers and builders and their internal logics. This stygmergic
method provides a solution for situations where the addition of a
path would just result in a global reduction in efficiency in terms
of desalination of the system and in terms of overall regeneration
and urban distribution.

simulation data which is an assumed data set based on initial
readings from the contextual research, is exported as text files
that can be read by the agents in our Processing sketch that
read the surface vertices and coupled data values. The agents
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RESULTS & ANALYSIS
The resulting infrastructure network generated by the system was used as a starting point for a
new development of built environments seen as placeholder urban massing. While the form is aestheticized, the approach was always conceived to be neutral towards a local vernacular and hence
extensive in terms of architectural plurality. The field’s intensive property that was used as the driver
for the design is soil salinity on a former lake bed and dump. The infrastructure network built by the
hypothetical robotic agents is conceptualized as a society that demarcates and moves earth in the
field into zones for inhabitation and hard-scape while also following an objective for guarding and developing an irrigation network, soft-scape and integrated agriculture. The previous images show the
resulting irrigation network, along with the proposed built environment, all based on the multi-agent
system designed with context awareness. When the system is unleashed on the specific dataset,
we find a tendency of the population of points to be responsive to the provided intensive field. For
example, we can see the structure clumping together in the white zones of the provided gradient
field, which is where soil salinity is lower, and thus an irrigation strategy would be most effective for
regeneration (Figure 4). This example shows that it is possible to bridge the gap between sensing
4 Data maps and irrigation networks -

Illustrates the resulting network drawn
based on the gradient field (top left), a
superimposed dataset and its corresponding network (top right) and the irrigation
network as a basis for urban development
with finally the new gradient calculated
by proximity to the network (Shiordia and
Gerber 2013)

and actuating in discrete intervals, of both time and space, where the idea is that the physical constraints imposed by an imagined robot influenced the design of the algorithm, as the agent cannot
be omniscient (which is arguably a common assumption).

The resulting urban scheme as seen in (Figure 5a and b), while still a very conceptual scheme,
illustrates that city growth can be designed in terms of performance. The system did in fact populate areas with lower salinity with the irrigation infrastructure, while the darker areas were in fact
populated with urban masses. This resulted in roughly forty-sixty demarcations of area marked for
natural regeneration (40 per cent) and areas marked for urban structures (60 per cent). We did not
expect to have such a proportion, but the system did in fact stop when it reached the site borders.
Taking into consideration the fact that we only used one starting point in these examples, we can
conclude that the system is effective in generating a differentiated field of landscape and city. The
actual floor areas generated were measured to be 6,329,567 square meters of land marked for
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5 a Urban Fertility - Illustrates the resultant urban scheme plan inclusive of built density and the irrigation network
repurposed as a drainage and storm catchment and agricultural infrastructure (Shiordia and Gerber 2013)

landscape remediation and 10,232,753 square meters used for

optimization through the multi-agent system. Our general notion

urban development. Even though we weren’t aiming for a specific

of “design agency” is of a field where numerous researchers and

ratio, the fact that this proportion was reached shows that the

practitioners have begun to explore the possibilities for effect on

system is not a stochastic or pseudo-random process, but rather

architectural modes of production and urban design. Design agen-

bears a resemblance to the proportions of the input gradient,

cy and the use of multi-agent systems, while in their infancy, are

which was similarly distributed, but along low salinity/high salinity

also explored for potential impacts upon urban form finding em-

areas. We believe by adjusting, testing and validating the systems

pirically, through performance where possible at this stage, and

variables (spawning points, angles, distances, etc.), a designer

exploratively, through a lens of urban fertility and regeneration.

would be able to attain specific proportions while meeting variable

To date the research has been explored with the three overarch-

objectives and highly variable on-site conditions. While there is

ing objectives of (a) determining whether the multi-agent-based

still much to be researched in this aspect, it represents a viable

approaches provide a viable model for engaging with data from

method for generating urban networks of infrastructure that are

simulation; (b) theorizing the potential for a future autonomous

robotically fabricated and respond to highly specific local condi-

robotic system for urban regeneration; and (c) improving design

tions that cannot be known beforehand. For further development

search, exploration and prototyping. While we have endeavored to

we envisage working with other domain experts in the generation

measure the successes and failures across all three of these lines

of physical prototyping and testing to further support the conjec-

of inquiry, the focus here has been to theorize outcomes first,

ture, but also to begin to work in an empirical fashion.

as seen in the case of the pattern generation presented in the
last section. We have achieved this over a short time frame and

FURTHER WORK: URBAN FERTILITY

expect to extend the research through more rigorous literature review and survey, a series of tool and workflow developments and

The work presented here is a set of initial experiments designed

experimenting across a variety of urban environments, but also

to begin to test and evaluate a workflow that can integrate ex-

through working within a tightly coupled multidisciplinary research

isting lines of design exploration and search through MDO with

team incorporating computer science, engineering and robotics.

those of the bottom-up strategies and self-organizing methods for

Next steps include developing improved design workflows through
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creating a society or set of agents that, in competitive and diverse
coordination, further optimize while extending design exploration,
search and prototyping opportunities. A final desire is to design
what could be a society of robotic rover builders, enabling the first
steps for an automated regenerative urbanism.
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