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1. Introduction
We propose a new digital-design paradigm called Field Programmable Robot Arrays (FPRAs), and consider novel techniques that use conventional languages to model and simulate FPRAs.  An FPRA combines limited reprogrammable logic  with micro- or nanorobots having constrained/noisy motion and sensing capabilities.  The goal of the FPRAs is to build connections of Look-Up Tables (LUTs) by physical motion as well as electronic reconfiguration that implement a target-logic circuit. Target logic is connected externally and acts like an FPGA after configuration. Until each robot forms part of the target logic, it acts independently using limited local information processed within its small LUT resources. Although fabrication of nanoscale FPRAs may be a distant prospect, the work by Donald et al. [3] on microscale robots suggests FPRAs on the scale of 100 to 200 (m may soon be feasible. 

FPRAs are a novel combination of techniques from digital design and robotics:  routing reconfiguration via physical mobility, functional reconfiguration via reprogrammable logic, and decentralized motion control.  Since the ultimate goal is a static placement for a target-logic circuit, FPRA configuration occurs in three phases.  In the first phase, the LUT resources within an uncommitted robot implement a motion algorithm that steers the uncommitted robot to a goal position.  In the second phase, that robot becomes electrically connected with an existing structure of robots that reconfigure the LUT resources (previously used for motion planning) within the robot in question.   This reconfiguration need not be the final target-logic configuration, but rather may be one which catalyzes the growth of the desired structure as phases 1 and 2 alternate so that additional uncommitted robots arrive.  In the third phase, when all the robots have become fixed at the required goal positions, a final electronic reconfiguration creates the target-logic circuit.

Spatial efficiency provides a strong motivation for the FPRA paradigm.  In a conventional FPGA, LUTs exist at fixed coordinates.  As a consequence, an FPGA must spend a significant amount of its area on routing networks.  Designs implemented on an FPGA must balance resource use or risk routing-limited designs [1].  In contrast, FPRA LUTS are mobile and may reduce resources wasted on routing overhead.

The FPRA paradigm admits many possible variants. It is expected that providing heterogeneous functionality, (many kinds of robots, each having specialized logic units, such as multipliers or RAMs) will allow for greater spatial efficiency. Also, heterogeneous geometry (slender busses versus square logic) should improve efficiency.   Another option relates to limitations on the path and orientation during motion.  A holonomic robot (analogous to a teacart on casters) does not have limitations; a non-holonomic robot (analogous to a bicycle) does. For simplicity, this paper focus primarily on holonomic homogenous (one kind of square) robot that can move in any direction on a two-dimensional substrate. It is assumed that like [3], power and clocking can be provided from the substrate when a robot is in motion.  Larger power supplies and faster clocks are available after robots make electrical connection at the goal location.  

In section 2 we will describe a holonomic nanorobot which has been simulated with MATLAB. Our current work on a non-holonomic microrobot is briefly mentioned in section 3.  Conclusions and Future Work are covered in section 4.

2. Holonomic

Holonomic robots may be feasible with emerging nanotechnologies, like that utilized by Patwardhan et al. [2].  For this paper, we assume such nanorobots are tiny enough that electrostatic attraction/repulsion between nanorobots works for motion/sensing. The respective charge of each nanorobot allows for collision avoidance, target-oriented motion, and the ability to overcome significant random noise in a decentralized manner. 

Movement uses electrostatic forces exerted on the nanorobots by their environment and each other.  A goal location exhibits a positive charge, while each uncommitted nanorobot has a negative charge.   The subsequent potential field is assumed to follow Coulomb’s law. The attractive/repulsive forces scale inversely with the square of the range.   The similarly-charged nanorobots naturally avoid collision. The following equation summarizes how the control law can be modeled, where c corresponds to the Coulomb force constants that distinguish goals from uncommitted robots, d is the distance, g(G is a goal location, r(R is an uncommitted robot and i is the robot in question:
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Each nanorobot is capable of placing itself in the G or R set by reconfiguring its potential field.  The electrical charge at the goal position is orders of magnitude larger than that of the uncommitted robots. This number is not critical, but shows that the voltages the robots need for collision avoidance is small.  Significant random noise was introduced into the range estimate.  This corresponds to uncertainty in measuring/generating voltages.  

3. Non-Holonomic

We are currently working on a more complex non-holonomic microrobot simulation using Verilog. Unlike the holonomic case, physical fields cannot guide the much more massive microrobot, which is inspired by the design of Donald et al. [3], where two digitally-controlled actuators allow the microbot either to rotate or move forward in small increments. Unlike [3], where open-loop control is provided externally, our non-holonomic microbots must use the internal LUT resources for the motion planning that controls those actuators. Each microrobot has no knowledge of the other robots, except via communication using some sort of crude sensors.  In particular, we are considering using two short-range LEDs (like headlights on a car), together with a parallax-based algorithm that works as an uncommitted microrobot rotates (like radar) looking for a goal location.

4. Conclusions and Future Work

FPRAs rely on reconfiguration of the robot’s internal control logic to become the target logic of the desired circuit.  Compared to a macroscale robot having an onboard CPU consisting of tens of thousands of gates configured with software having perhaps millions of bits, the "intelligence" of each robot in an FPRA is limited to reprogrammable hardware consisting of a few hundred gates configured by a handful of bits.  This requires simple, elegant and decentralized algorithms that work only with local information.  

We envision decentralized FPRA self-assembly systems for both nano- and microrobots, reprogrammable target logic, and a transparent HDL interface.  FPRAs may be able to bridge the gap between emerging nanoscale technologies and current HDL-design techniques to form conventional circuits (target logic) composed of LUT logic similar to a conventional FPGA. 
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