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   Abstract – A versatile simulation system
observing the effects of different algorithmi
approaches to physical object manipulation via
- physical machines which use a distributed 
algorithmically controlled to manipulate obj
them. The system presented is a graphical 3D
simulator that allows the modeller to includ
hardware related constraints such as inter-ob
trajectories, mechanical properties, friction, a
reliability, while conducting experiments i
repeatable and controlled environment. 
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I.    INTRODUCTION 

mart surfaces, or distributed manip
physical devices that can 'intellig
objects placed upon them. Whilst t

definition of a smart surface, they can be
having: 

    1) Sensors - A variety of sensors 
determine features about the objects placed 
These can be global sensors (e.g. overh
distributed sensors (e.g. arrays of photo-
sensors).  

    2) Control - The features are classif
system, typically to identify the object, or to
properties of the object to determine 
orientation. The control system determines 
based upon the state of the surface.  

    3) Manipulation – Coordinated physica
the objects occurs via spatially distributed ac
of actuators using linear motors, vibration, m
air-currents, etc.). 

 Smart surfaces are controlled eithe
all actuators and sensors work under th
centralised supervisor, or in a distributed m
sensors and actuators are locally self-con
information with their neighbours. T
applications of smart surfaces might includ
components, or guided motion of objects via 
dynamically in response to other objects traje
the surface.   
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 Examples of physical actua
various actuation mechanisms i
electromagnetic actuation and air-je
tabletop display which uses pin ac
dimensional graphics rather than di
shapes. In a wheel based system d
consists of two rotating wheels 
enabling actuation with two 
Electromagnetic actuation is perfo
workbench of 8 × 8 actuators [3] u
tabletop, with the electromagnetic 
polarities, allowing the actuators to 
particular polarizations. Further ele
demonstrated by ‘Madgets’ [4] in 
such as sliders, knobs and button
tabletop to allow user interaction wi
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[6] provides a contactless distributed manipulation in which 
objects are sensed and compared to objects in a database 
before being moved to a pre-defined region of the tabletop. 
Figure 2 shows actuators comprised of oscillators and light 
sensors, connected via a flexible material where assembled 
into a small surface, where the creation of waves manipulate 
the objects [7]. 

 There is a growing research interest in using 
functionally simple, highly-connected, distributed processing 
devices to provide computation. Such systems include 
massively parallel cellular processor arrays [8], cellular 
automata (CA) [9] and cellular neural networks (CNN) [10]. 
The study of cellular processing systems involves 
understanding how locally sourced information can be 
processed efficiently, in a distributed manner, achieving a 
globally coherent, task specific outcome. These systems have 
potentially desirable properties, such as lowered processing 
and power requirements, component modularity, and no 
physical limits on the scale of the system (a property a 
centralised control system would fall foul of). A smart surface 
is a practical apparatus for the study of emergent behaviour in 
distributed cellular computing systems. The intelligent control 
of smart surface actuators based solely on locally available 
sensory information provides an intuitive experimental 
platform for the study of the processing systems which 
underpin the 'smart' nature of the surface. 

 Smart surface control systems operate using a closed 
feedback loop [11, 12] of sense, compute, manipulate. The 
actuators manipulate an object which in turn alters the state of 
the sensor arrays, which is used to determine the next state of 
the actuators, thus the physical properties of the actuators, and 
especially the objects, are important when designing task 
specific control algorithms. This paper presents software tools 
which work together to provide a real-time simulation of 
distributed control algorithms interacting with a physical 

simulation of the surface, sensors, actuators and the objects to 
be manipulated.  

The physical simulation (Figure 1) uses ‘real-world’ 
properties including effects such as inter-object collisions, 
spacing, timing and response constraints of the physical 
actuators, and accuracy and capability of the sensors.   

The simulation tools are configurable, providing various 
sensors and actuators, classes of control algorithm, and 
underlying processing systems. All aspects of the simulation 
are presented in a highly visual and interactive manner. This 
paper first describes the simulation tools: SmartSurf, a 
graphical 3D ‘virtual’ smart surface, with realistic physical 
properties and simulation; and APRON, an optimised 
simulation environment which aids with rapid prototyping and 
processing of 2D array based data and algorithms. This is 
followed by demonstrations of the tools being applied to 
different smart surface tasks with performance benchmarks. 

 
II. SIMULATION APPROACHES 

 When considering array-centric simulations, it is 
common to define data abstractions which are idealised, 
becoming potentially useless when applied to solving real-
world tasks and scenarios. Researchers interested in array 
computation may wish to represent system state, activity and 
outputs as, for example, 2D arrays (visualised as 2D arrays of 
pixels) – it then becomes convenient to model peripheral 
phenomena with similar abstractions that are constrained to 
work within the capabilities of the simulation tools, e.g. 
objects might be described as abstract entities, represented as 
pixels on the 2D grid. System modelling done in this way may 
be useful to understand the principles of the control algorithms 
used in smart surfaces but it could be limiting when 
developing real world solutions. This requires many additional 
physical properties to be considered, such as object velocities, 
friction, masses, collisions and inertial and rotational forces. 
These properties warrant a detailed, physical, 3D model of the 
system. Manipulating an object implies the object is on top of 
the surface, requiring simulation of the additional dimension.  

 For a smart surface control algorithm to be robust, it 
should be designed and tuned from the ground up in an 
environment which behaves in a realistic manner. 
Additionally, being able to visualise the interaction between 
algorithm and environment provides invaluable insight which 
will influence subsequent algorithm design decisions.  

 There are several instances of smart surfaces actually 
being implemented in hardware [1 - 7]. The development of 
these devices is constrained by both cost and build complexity, 
yielding hardware platforms which are often too small in 
dimensions to capture the wider spectrum of emergent 
behaviour, and are technically cumbersome with many 
components prone to failure. The limited availability of 
hardware also restricts exploring the suitability of smart 
surfaces (and the wider field of array processing) when applied 
to physical problem solving. With a virtual 3D physics 
simulation environment this is no longer the case, and the 
research can produce control strategies ready to be in place for 
when suitable hardware arrives. 

Figure 2 - A hardware distributed manipulator array [7]. 
Photograph courtesy of Bristol Robotics Laboratory 
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III. SMARTSURF 

 In this paper we introduce SmartSurf software, a 
graphical, 3D physics sandbox simulation environment where 
a smart surface can be described as a matrix of actuators. By 
default, each actuator is coupled with at least one sensor, this 
implies that the state of this surface can be described by two 
distinct vectors, one that describes the state of the actuators, 
and one that describes the state of the sensors. Even though the 
surface itself is a detailed 3D model, and there are many 
properties which define the interactions between the objects 
and the surface, abstracting to simple sensor/actuator state 
vectors makes it easy for the control algorithm simulation 
system to communicate with the surface. For the 
demonstrations in this paper, it is assumed that the actuators 
are homogenous and distributed in a grid pattern, though this 
need not be the case. The control algorithm uses sensory data 
as input and the actuator state as output (see Figure 3).  

 Data flow between different software components is 
shown in Figure 4. Accurate modelling of time is fundamental 
to realistic physics simulation, and the software presented 
provides two modes of operation with respect to timing. 
Firstly, the simulator can operate in 'Passive Mode', where the 
simulation update is controlled by the performance of the 
workstation, and its ability to both simulate the physics and 
render the 3D scene. This mode should be used when human 
interactivity is a requirement as it presents the simulation in 
real-time. The control algorithm simulation interacts with the 
physics simulation when it can. This can lead to odd behaviour 
when the workstation performance is insufficient for the 
computational requirements of the simulation, as the perceived 
speed of the simulation will vary. The second 'Time-Step 
Mode' only updates time at the request of the control 
algorithm. The time-step is fixed, ensuring that all updates to 
the world and from the sensors are coherent. Where this mode 
gains in accuracy and control, it potentially loses real-time 

interactivity depending upon the time taken to simulate the 
physics and the control algorithm. Scripted interactions and 
data recording will also operate at this time-step. However, on 
a reasonably powerful workstation this mode will also exhibit 
interactive behaviour. On a powerful workstation, the 
simulation may operate in super real-time, which is ideal for 
scripted interaction but prone to human misinterpretation, as 
the behaviour of the objects does not ‘feel’ right and may be 
counteractive to algorithm development, so an option to limit 
the simulation performance to real-time (governed by the 
system wall-time) is provided.  

 The software is developed using OpenGL [13] and 
nVidia PhysX [14] software  libraries, in C++, that presents 
the smart surface in a user navigable 3D environment. PhysX 
is an optimised 3D physics simulation software package that 
has wide portability, and is often used in the field of rigid, 
soft-body and particle simulations. Its dominance in the 
computer gaming industry has yielded a highly optimised, yet 
flexible library. Although high-precision finite element 
modelling software does exist, it can be expensive and difficult 
to interact with in real-time.   

 Actuators and objects are automatically constructed in 
a form compatible with PhysX, and are described in terms of 
geometry and material properties. SmartSurf provides several 
primitive objects such as spheres, cubes and cylinders for the 
user to place on the actuator array, but also provides a 
mechanism for importing custom designed objects (for 
example from a 3D CAD package), which are converted into 
acceptable physical models by SmartSurf. Once an object is 
inserted into the world, its positioning is completely governed 
by the underlying physics model. Actuators also have physical 
properties that are used in the simulation, thus the mechanics, 
material properties and collision detection are handled by the 
simulator, although their positions are set by the control 

Figure 4 - Data flow and control between different software 
components 

Figure 3 -  A schematic of the SmartSurf control system 
showing "pin" actuators 
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algorithm. Sensors are non-physical obj
mechanically interact with anything in the 
The directional proximity sensor for example
the distance from the origin of the sensor, alo
until it reaches an intersection point. If no 
there are no objects detected by the sensor
intersect can then be queried for other pr
colour (and even object type) extending the 
sensory information available to the algorithm

 SmartSurf offers several utilities to
investigation. Firstly the developer can visual
control algorithm performs, and can tune th
and actuators to suit their needs. Seco
experiments can be performed by utilisin
(written in Lua [15]) can be written to contro
when objects are inserted into the world, 
Figure 5. SmartSurf can record objec
orientations over time. The scripting faciliti
user to set various environmental prop
numerical properties of the physics sim
integration iterations, and process control. Th
with some simple actuators, vertically mov
balls, rotating shapes and force fields. Sensor
be defined as proximity, colour and pressure.
simulation codebase however makes it triv
complex and custom sensors and actuators. 

 

Figure 5 - SmartSurf can handle many thousa
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IV. APRO
 A bespoke software packag

Environment (APRON) [16] is used
development and simulation environ
dealing with 2D arrays of data in
visual and interactive, offering the 
constructing and debugging array ba
instructions are specifically design
computational primitives, thus alg
terms of performing arithmetic o
between arrays. Individual array ele
based upon a configurable condition
element itself. This offers a local au
APRON provides the ability to eas
core instruction set, and libraries of
interacting with other software and h
SmartSurf is a stand-alone simulatio
a shared memory communications 
information with other software, and
been built to exploit this. APRON 
SmartSurf software (see Figure 6), o
surface realised in hardware, wit
needing no conversion between the
APRON and SmartSurf can be us
feasibility analysis into whether or 
design effort may be practicable. 

 
V. CASE STU

 To demonstrate the opera
array of 64 × 64 actuators is used 
manipulation. Dimensions are mea
Each actuator is a rectangular cubo
dimensional matrix, aligned to an x-y

 

ands of natural 
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e two. It is predicted that 
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not a particular hardware 

UDY 
tion of this software, an 
as the surface for object 

asured in arbitrary units. 
oid pin arranged in a two 
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alongside other algorithm 
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long and the top of the pin, which forms the
0.8 units with a spacing of 0.2 units betw
pins. The pins have one degree of freedo
Moving the pins either up or down in the z 
objects. Each actuator is connected to a dire
sensor which detects the presence of an obj
the actuator. By sending a value to the actua
displaces the pin to this position. For the
demonstration, ‘down’ is the lowest position 
units high, and ‘up’ is the highest position c
pin being raised at 4 units high. Due to the la
object cannot move from a position o
instantaneously in zero time. In order to achi
and smoother pin motion, the simulator mov
current position to their target position gra
according to a model of the actuator's dyn
The border actuators are permanently set to
units) to create a wall around the smart surfa
spheres from falling off.  
 Using this setup, an algorithm is 
differentiates objects based on their physic
separates these objects into two distinct gro
example shown in Figure 7 where spheres of
on top of the surface simulator. The alg
spheres based on their size and separate
groups; the actuators manipulate and positio
two clusters on different regions of the surfa
the size of the spheres, sensor data depicts th
objects on the surface. When the location and
is identified, it can be manipulated by mo
actuators up or down. Local computation 
action is to be sent to the actuator. Actuators 
there is an object present, to create a pock
object. The spheres fall into their pock
manipulated under control. Controlling the a
the pocket being extended either to the we
objects, depending on the sphere's size. 
 

Figure 7 – Simulation of the case study algorith
placement of objects, (bottom) result - spheres

e surface, is 0.8 × 
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kets and can be 
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dimensional array of 'pixels' to the 
pixel having one sensor input and 
pixel in the array is able to communi
neighbour in the north, east, west 
object present on top of an actuator a
sensors indicates continuous (or co
8a). To avoid touching objects app
object, the control algorithm erodes 
pixel (Figure 8b). The sizes of the ob
by counting the number of pixels to
This is done by assigning an initial 
pixel data. Then, using the nearest n
incrementing value is assigned t
repeatedly until all pixels have been
8c). The largest value indicates the
centre of the object. This value is the
which belong to that particular obje
identifier for that object (Figure 8d
then dilated by one pixel to cover 
object (Figure 8e). A threshold valu
defined to differentiate which obhm: (top) initial 

s sorted by size 

Figure 8 - Different steps involved in
data; (b) erosion; (c) count steps 

maximum number of steps in obje
west/east; (g) actua

thm directly links a two-
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one actuator output. Each 
icate with its nearest direct 
and south directions. An 

and neighbouring activated 
onnected) objects (Figure 
pearing as one continuous 
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n assigned a value (Figure 
e number of steps to the 
en propagated to all pixels 
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d). The object footprint is 

the complete area of the 
ue for the size identifier is 
bjects move in different 

n the algorithm; (a) sensor 
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ator state 
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directions. Pixels associated with an object with a size 
identifier smaller than the threshold (threshold value of 2 is 
assumed in the example in Figure 8) are moved to the west. 
Pixels associated with an object with a size identifier larger 
than the threshold are moved to the east (Figure 8f). The 
actuators are moved 'up' or 'down' according to the new 
locations of the object pixels (Figure 8g) which results in 
objects being pushed laterally across the surface. 
 As the spheres move to a new resting position (due to 
gravity) and the sensor data is re-evaluated, the algorithm 
continues to move the different objects in opposite directions 
until they reach the raised actuators at edge of the surface 
preventing them from falling off. It is important to emphasize 
that the presented algorithm can be implemented in a 
distributed computing system of locally connected, near-sensor 
processing units; at no point is a list of objects maintained, 
instead the information about the objects and their locations is 
represented by the state of the surface. This algorithm is not 
affected by object collisions when spheres attempt to move in 
opposite directions. Due to the erosion that takes place on the 
sensor data to separate touching objects, the touching objects 
will continue to push against one another, until one is moved 
out of the way. The performance on the algorithm can be 
evaluated by recording the trajectories of all objects in the 
simulation as shown in Figure 9. The algorithm constantly re-
evaluates the sensor data, and eventually the spheres pass each 
other to form clusters in different regions of the smart surface. 
This can be demonstrated effectively by placing a large 
quantity of spheres on the smart surface, as in Figure 7. Even 
though multiple spheres are placed on the surface and 
collisions occur, because the sensor data is constantly re-
evaluated, and the spheres' physical dynamics are modelled 
accurately, the spheres can be separated based on their size. 

The objects being spherical naturally aids in manipulation and 
collision resolution, a more sophisticated manipulation 
strategy would be necessary for non-spherical objects. 

 
VI. CONCLUSION 

 This paper has presented a realistic simulation 
environment for the development of smart surfaces, alongside 
software for the real-time interaction, development, 
visualisation and debugging of the control algorithms used to 
drive them. Such a suite of tools can be used for requirement 
analysis when realising a smart surface in hardware, by testing 
combinations of actuator and sensor designs with task specific 
goals. An object sorting algorithm has been demonstrated, 
bringing together the physical and control algorithm 
simulations, using data from the simulation as empirical proof 
of its effectiveness. It is hoped that these tools will be adopted 
by researchers interested in distributed computation, 
manipulator arrays and other array-centric phenomena. 
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Figure 9 -  Trajecctories of spheres during sorting, extracted 
from Smart Surf, where solid line is the small spheres and 

dashed line is the large spheres. Initial locations of spheres are 
marked with 'O', final locations with 'X' 
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