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Abstract—Field Programmable Robot Arrays (FPRAs) are micro-robots with onboard reconfigurable logic.  We assume MEMS-based micro-robots like those developed by Donald et al. [2] as a foundation to build FPRAs.  We present architecture of the FPRA which has the following components: MEMS Scratch-Drive- Actuator (SDA) micro-robot, LEDs with matching photo sensors, electrical docking ports and onboard programmable logic array of a new kind called Field Programmable One-Hot Arrays (FPOHAs).  SDAs need an intermittent power supply.   We present a hardware solution to powering the FPOHA (from the intermittent supply to the FPRA) and a parallax algorithm which is used to achieve docking of robot arrays, after which the FPOHA may be retasked. 
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I. INTRODUCTION

A Field Programmable Robot Array (FPRA) combines modest programmable logic with a micro-robot having limited motion and sensing capabilities.  The goal of the FPRAs is to build connections of reconfigurable logic using both physical motion and electronic reconfiguration that implement a target-logic circuit. Target logic acts like a conventional digital circuit after configuration. Until each FPRA-based micro-robot (referred to here simply as an FPRA) forms part of the target logic; each FPRA acts independently, using limited local information processed by a simple state machine within its programmable logic.  The configuration for this motion state machine will eventually be replaced by the configuration for the target logic. 

FPRAs are a novel combination of techniques from digital design and robotics:  routing reconfiguration via physical motion, functional reconfiguration via onboard reprogrammable logic, and autonomous motion control.  FPRA configuration occurs in three phases.  In the first phase, the resources within an uncommitted FPRA implement a motion algorithm that steers it to a goal position.  In the optical parallax approach discussed here, we refer to this robot as the illuminating FPRA, because it shines LEDs while it seeks the correct trajectory.   In the second phase, that FPRA becomes electrically connected with an existing structure of other robots that reconfigure the resources (previously used for motion planning) within the (formerly uncommitted illuminating) FPRA.     In the third phase, when all the robots have become fixed at the required goal positions, a final electronic reconfiguration can create the desired target-logic circuit.

The FPRA paradigm admits many possible variants: heterogeneous functionality (many kinds of robots, each having specialized logic units, such as multipliers or RAMs)  and heterogeneous geometry (slender busses versus square logic) would improve efficiency.   Other options relate to limitations during motion.  A holonomic FPRA (analogous to a teacart on casters) does not have limitations on path and orientation [1]; a non-holonomic FPRA (analogous to a bicycle) does.  A continuously-powered FPRA, such as one that might carry an onboard battery, can be designed with conventional digital circuits; an intermittently-powered FPRA needs special flip-flops.  This paper considers   intermittently-powered non-holonomic square homogenous FPRAs (one kind of square robot, whose power supply is continually interrupted, that can move forward or turn but cannot slide back and forth).  Section II reviews literature supporting the contention  that technology for this kind of  FPRA is feasible.  Section III deals with the intermittent power.  Section IV suggests a new kind of configurable logic, which is shown in Section V by Cadence AMS simulation to preserve its state during power interruptions, and that is well suited for the parallax motion algorithm proposed in Section VI.     

II. SDA Micro-Robots

There has been much research to study and develop MEMS Scratch Drive Actuators (SDAs).  The application of this device is common in the fields of mirrors, optical gratings, variable capacitors, and accelerometers.  By utilizing this extensive research on electrostatic actuation, a new breed of untethered micro-robot has been developed [2]. By using this approach we can now envision building a micro-robot which is capable of interacting with similar robots, self-reconfiguring and using multiple robot assembly to engage in larger tasks.   Such micro-robots will provide a research platform for self assembly of complex structures from simple robotic components in environments where external control is not feasible, such as in medical and space-based applications.  The MEMS micro-robot built by Donald et al. [2] has a dimension of 60m by 250m by 10m.  This device propels using scratch drive actuation [2].  The use of a cantilevered steering arm was introduced to provide turning capability.  The power is delivered externally through electrodes.
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Figure 1.  Illustration of SDA on power grid [2].

Figure 1 shows the schematic of the capacitively-coupled power grid used by Donald et al. [2].  By using these electrodes, the SDA operates by attracting its arm to the electrodes when external high voltage is applied, and jumping like a spring when the voltage is removed.  In our novel approach, the voltage on the scratch drive plate can also be used to supply power to onboard digital logic.  We have demonstrated this by developing a Verilog-A model of the SDA and applying voltage regulation to provide adequate voltage swing for a 40nm CMOS standard-cell-based ring oscillator from the plate voltage as a power [8].

III. Intermittent Power and Non-Volatile Flip-Flops 


As described in the previous section MEMS SDA micro-robot [2] is driven using external voltage and by using the electrodes underneath to create an electrostatic field to cause actuation which is transferred into forward or turning motions.  This external voltage is applied in clocked fashion, up to perhaps 10 KHz, which we will refer to as a major cycle.  Since the voltage is applied intermittently, there needs to be a solution to hold important states needed for continuous operation of the onboard logic.  This leads to applying non-volatile flip-flops developed using Magnetic Tunnel Junction (MTJ) technology [4].  This kind of flip-flop works like a standard flip-flop but information is stored in MTJs, therefore when the SDA's major power cycle occurs, the MTJ flip-flop restores to its previously saved state.  In order to demonstrate this we simulated the MTJ flip-flop [4] and developed Verilog-A model of a dynamic storage behavior of MTJ.  We then simulate this MTJ flip-flop in Cadence AMS environment to co-simulate both transistors and Verilog-A/Verilog-AMS models. Figure 2 shows the actual circuit of MTJ flip-flop simulated.
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Figure 2.  Schematic of MTJ flip-flop.

IV. Field Programmable One-Hot Arrays

Rather than using conventional FPGAs to implement the reconfigurable logic on board the FPRA, we instead use a Field Programmable One-Hot Array (FPOHA), which is a novel reconfigurable logic type that encodes one-hot controllers efficiently [9].  “One-hot” means only one of the states' flip-flops contains a 1 (identifying the current state) in any cycle; the rest contain 0s.  Assuming the one-hot property is met in the current state, the rules for constructing the next-state logic ensures that the one-hot property will be met in the next state.  There are three reasons for our choice of FPOHA:  first, the parallax algorithm we propose to control the FPRA in Section VI has many states but little data—an ideal candidate for FPOHA; second, the basic FPOHA cell described below is very simple, facilitating its fabrication using the MTJ flip-flops needed to save the state when it is not powered; third, we have an open-source tool, called VITO [5,6], for FPOHA synthesis from Verilog.


[image: image3]
Figure 3.  FPOHA cell.

Figure 3 shows an FPOHA cell.  The cell has one input and one output on each side (east, north, west and south).  The east output is the AND of two of the cell’s inputs; the other three have the same output, based on two internal configuration bits (c4 and c5):  a half-adder (an XOR with an AND fed with the same two inputs), a demux (two ANDs share one input with the other input complemented on one of the ANDs), or an enabled flip-flop (a mux that conditionally holds or loads the flip-flop).  Using configuration bits c1 and c0, the FPOHA cell can be configured to get its inputs from one or two of its nearest neighbors adjacent to each other on the compass (00=east/north; 01=north/west; 10=west/south and 11=south/east).  Bits c3 and c2 allow inputs either to be local or global (not shown).  A full adder can be constructed with two half adders, a third half adder (used only for its exclusive OR) and a corner-turning cell.    A counter register uses half adders and flip-flops.
A Verilog state machine loops with always.  A flip-flop in a one-hot controller corresponds to @(posedge clk) state boundary.   Non-blocking assignment (<=) defers the variable change until the next clock, which means the following nonsensical fragment eventually puts four into y: 

   always 

     begin

       @(posedge sysclk) 

         x <= x + 1;

         if (x == 3)

           begin

             @(posedge clk) 

               y <= x;

           end

     end


[image: image4]
Figure 4.  FPOHA equivalent to Verilog example.

Figure 4 shows the FPOHA layout for this state machine which uses two globals:  the lower-left flip-flop, and xeq3 (computed as x[0]&x[1] in the datapath, which is not shown).  The global second-state signal (shown as a dotted line) is routed to the upper-right XOR cell.   The upper-left and lower-right cells are state flip-flops whose outputs control the enable signals for data registers x and y. 

V. Simulation Result


In order to demonstrate operation of FPOHA, we have chosen a 4-bit counter, which was developed using 8 FPOHA cells.  First, a single FPOHA cell was created using 40nm standard cells as shown in Figure 3.  We then swapped the seven (six configuration and one data) standard-cell flip-flops with MTJ non-volatile flip-flops.  And these 8 FPOHA cells were programmed and routed to function as a 4-bit counter.  In order to demonstrate the claims made in sections II and III, we integrated all the Verilog-A models and the FPOHA counter to simulate in the Cadence AMS environment.  The setup is shown in Figure 5.  This type of system-level simulation utilizing Verilog-A/Verilog-AMS models has been accepted in research [10].
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Figure 5.  FPOHA 4-bit counter simulation setup.


Figure 6 shows the simulation result.  The first waveform shows the intermittently applied and voltage regulated output to drive the ring oscillator and the FPOHA counter.  The next 4 waveforms are output of the counter x[3:0].  As the power was removed, the counter state was saved in the MTJ flip-flop as 0011.  When the power returned, it restores the state 0011 and continues counting.  This result provides assurance that more elaborate state machines can be pursued with this architecture.
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Figure 6.  Simulation result of FPOHA 4-bit counter.

VI. Parallax

In order to achieve reconfiguration with physical motion, one FPRA must dock to another FPRA with enough precision that the electrical contacts of the robots' docking ports touch.  In theory, existing SDA technology [3] allows this with microrobots that move in steps of a few m and rotate in place at angles of about a degree, but the demonstration of such precision has been limited to external control.  The vision we have for the FPRA is that each component, once it is set in motion, will seek autonomously to form the target logic structure, without such external control.  In order to allow this, we assume each FPRA has two communication channels.  The first, which might use RF, optical, or the power substrate, is globally shared by all FPRAs and can be thought of as a wired-OR (if any FPRA sends a one, all FPRAs receive that one).  The second, which must be optical (at a different wavelength than any global channel), uses two low-divergence laser Light Emitting Diodes (LEDs) that act like headlights on a car.  These parallel beams, which are the robot's width (about 200m) apart, shine in the direction of the FPRA's forward motion.  Each FPRA can sense which of its sides (if any) are currently being struck by the beam from a LED.  The illuminated FPRA influences what happens next by whether or not it uses the global communication channel to echo the optical ping back to the illuminating FPRA.  Depending on the poise of the illuminating FPRA, and the willingness of the illuminated FPRA to encourage docking, it is possible to use a parallax-based algorithm that senses distance as the illuminating FPRA rotates.  Previously, we have experimented with variations of micro-robot parallax [1], but the algorithm given in this paper is novel both by its simplicity and by the fact it is the first one to proceed all the way to allow two FPRAs to dock and have one (illuminated) FPRA reconfigure the other (illuminating) FPRA. 

In our novel parallax algorithm, the left and right LED each flash for a brief period (one fast minor clock cycle generated by the internal ring oscillator).    We assume, as shown to be fabricated by Donald et al. [2], that the illuminating FPRA is able to rotate around a stationary point.  At each step of the rotation, the illuminating FPRA alternatively flashes its right and left LEDs and listens for the ping from the other FPRA.  If we knew the precise angles that start and stop pings from both the left and right LEDs, we could calculate the distance and orientation of the illuminated FPRA relative to the illuminating FPRA.   For convenience, we measure in 100m units.  For a 200m FPRA, each side will be two units.   We assume the center of the illuminating FPRA is at (x,y) and the target edge of the illuminated FPRA located between (-1,0) and (1,0).  As the illuminating FPRA rotates, it shines its right LED during certain cycles.   After many rotation steps, the illuminating FPRA will have measured an approximation of the angle, R, that caused pings.  During other interleaved cycles as the illuminating FPRA rotates, it can measure an analogously defined L.  At the illuminating FPRA’s rightmost rotation, its right LED hits (-1,0); at its leftmost rotation its right LED hits (1,0).  The following calculates R  and L:

 R = tan-1(1/(x2+y2–2x))        

  (1)

L = tan-1(1/(x2+y2+2x))
                    (2)

R = L  + L  – R  – R



    (3)

L = L  –  L  – R + R ,



   (4)

where R, L, L and R are the angles shown in Figure 7. 


[image: image7.wmf]
Figure 7. Illustration of the parallax angles.

 The analogous L is omitted from the figure for clarity. The difference,   = L  –   R, is:

 = 2(tan-1(1/(x2+y2+2x)) – tan-1(1/(x2+y2–2x)) ) .  (5) 

Figure 8 shows in theory the value of  in degrees as a function of the FPRA’s (x,y), assuming the angles could be measured without error.  We verified that this theoretical calculation is in close agreement with the actual observed results for a quantized FPRA simulation.  Larger angles generally mean closer proximity to the target.  If , the target is closer to the left LED.  If  , the target is closer to the right LED.  If the robot is heading directly towards the target.  We can use the measured  to control  the FPRA without doing expensive trigonometric calculations.
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Figure 8. Predicted FPRA Parallax Angle in degrees.

In order to simulate FPRAs, Verilog must model the motion environment that they operate in, a task for which Verilog was not designed to do.  We  developed about 2,000 lines of Verilog code, using the C-like features that are available, including integer arrays that allow us to store the scaled  x, y and theta for each robot along with bit arrays that describe the state of each robot's sensors, LEDs, etc.   Although the state machines described in Verilog do not need real numbers or trigonometric calculations to implement the parallax algorithm, the testbench environment that we developed must perform extensive calculations of this nature to simulate what would happen with physical FPRAs.  Since Verilog does not provide built-in trigonometric functions, we use a package to implement these [7]. 
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Figure 9. Flowchart for Parallax Algorithm First Outer Loop

Figures 9 and 10 show the flowchart and Verilog for the first outer loop using parallax to guide the illuminating FPRA to the illuminated FPRA. SBusOut activates the LEDs. Mbus is the motion bus, which, if nonzero, causes either MOVELEFT, MOVERIGHT or MOVEFORWARD the next time a major power-up cycle occurs.   SBusIn[8] tells whether there is an echo of the  ping on the global channel.  This parallax algorithm only uses counters, since SBusIn[8] is a single bit. We use no addition, subtraction or comparison. This simplicity makes it well suited for economical implementation using FPOHA cells, similar to Figures 3-4.
  while ((deltaSum[5]==0) | (deltaSum[3]==0) |   

    ((deltaLeft>>1)!=(`MAXDELTA>>1)) | 

    ((deltaRight>>1)!=(`MAXDELTA>>1)) )

  begin

    deltaLeft <= 0; deltaRight <= 0; deltaSum <= 0;

   @(posedge sysclk);

    while (leftHit|rightHit|deltaLeft==0|deltaRight==0)

     begin

       MBus <= direction;

      @(posedge sysclk);

       wait(powerUp);

       MBus <= @(posedge sysclk)0;

       SBusOut <= @(posedge sysclk)2'b10;

      @(posedge sysclk);

       leftHit <= SBusIn[8];

       deltaLeft <= deltaLeft + SBusIn[8];

       deltaSum <= deltaSum + SBusIn[8];

       SBusOut <= 2'b01;

      @(posedge sysclk);

       rightHit <= SBusIn[8];

       deltaRight <= deltaRight + SBusIn[8];

       deltaSum <= deltaSum + SBusIn[8];

       SBusOut <= 0;

      @(posedge sysclk);

     end

         @(posedge sysclk) #1;

    while (~((deltaRight==`MAXDELTA) | 

            (deltaLeft==`MAXDELTA)))

     begin 

       deltaRight <= deltaRight + 1;

       deltaLeft <= deltaLeft + 1;

      @(posedge sysclk);

     end

    if (((deltaRight==`MAXDELTA) 

      & (direction == `MOVERIGHT))  |

       ((deltaLeft==`MAXDELTA)  

      & (direction == `MOVELEFT)))

     begin

       MBus <= `MOVEFORWARD;

       SBusOut <= 2'b00;

       wait(power up);

       MBus <=  0;

     end

    direction <= 2'b11 ^ direction;

  end            

Figure 10. Verilog for Parallax Algorithm First Outer Loop.

We assume the SDAs are arranged so that the FPRA may rotate either to the left (counterclockwise) or right (clockwise), based on the value in the bit variable direction.   The first outer loop of the algorithm ends when the sum L  +  R (stored in deltaSum) exceeds 72o and |L – R| < 1, which leaves the FPRA about one robot-length away facing at the target—this condition is stated in an obscure way explained below.  The inner loop counts how many pings are observed with both left and right illumination.   When the inner loop reaches the end of either a clockwise or a counterclockwise sweep, the algorithm makes a decision either to move forward in the current direction or to continue sweeping in the opposite direction without moving.  The goal of the algorithm is to move in the direction that points to the more distant edge of the target, which means the FPRA moves at the end of a sweep that rotated away from pointing to the closer edge. This requires checking whether L < R  or  L  >  R,, an operation normally performed by subtraction.  Although an FPOHA could implement subtraction in the usual way of one’s-complement with full adders, our goal is to find the best mapping of this simple motion algorithm onto the smallest possible FPOHA.  Instead, after exiting from the first loop, we perform the equivalent of subtraction, L – R, in a second loop by simultaneous increment of deltaLeft and deltaRight, until one of them reaches the largest binary value, 2n, that fits in  an n-bit register.  (This takes many minor clock cycles—much slower than ordinary subtraction—but since the SDA can only move once per major clock cycle, there is quite some time for the ring oscillator to generate many minor clock cycles while the SDA is being powered.)  The |L – R| < 1 condition is equivalent to all but the least-significant bit of both being all ones after the subtraction loop. As an example, suppose the FPRA discovers, after sweeping towards the right, that deltaRight reached 2n first (meaning the right LED is closer to the target).  In this case, the parallax algorithm instructs the FPRA to move forward (on the next major cycle) because its right edge is now pointing to the left (further away) edge of the target, rather than allowing the parallax algorithm to rotate at the same coordinates in the opposite direction.

 while (SBusIn[4]!==1'b1)

  begin

     oppositeHit <=  0;

    @(posedge sysclk)l

     while ((oppositeHit==0)&(SBusIn[4]!==1'b1))

      begin

        MBus <= direction;

        wait(powerUp);

        MBus <= 0;

        SBusOut <= 2'b11^direction;

       @(posedge sysclk);

        oppositeHit <= SBusIn[8];

       @(posedge sysclk);

      end  

     if (SBusIn[4]!==1'b1)

       begin

         MBus <= `MOVEFORWARD;

         SBusOut <= 2'b00;

         wait(powerUp);

         MBus <= 0;

       end                     

     sameHit <= 1;

    @(posedge sysclk) #1;

     while ((sameHit==1)&(SBusIn[4]!==1'b1))

       begin

         MBus <= direction;

         wait(powerUp);

         MBus <= 0;

         SBusOut <=  direction;

        @(posedge sysclk);

         sameHit <= SBusIn[8];

        @(posedge sysclk) #1;

       end

     direction <= 2'b11 ^ direction;

 end

Figure 11. Verilog Code for Docking. 

Figure 11 shows the remaining part of the algorithm which implements the docking when the FPRA is near its target.  In this region, there is not enough room for the FPRA to rotate fully.  Instead the LEDs line up only with their respective sides as the FPRA moves forward.  SBusIn[4] is the docking sensor in the forward direction, which causes the algorithm to stop.  After this, the FPRA simply waits to be reconfigured. 

When synthesized, Figure 10 can fit in a 17x4 array of FPOHA cells configured with 8 flip-flops, 6 demuxes, 6 XORs and 29 local routing cells (leaving 19 cells unused).  Figure 11 can fit in another 17x4 segment with 5 flip-flops, 7 demuxes, 7 XORs and 26 local routing cells (leaving 23 cells unused).  Together these two form a tall and thin one-hot configuration that would fit in a 4x64 FPOHA array with enough room left over to implement the necessary data registers (29 bits=58 FPOHA cells) and glue logic (38 FPOHA cells). It might make sense in VLSI to use a serpentine layout of four 4x16 segments that appear to the user as 4x64, which would fit in a square chip of 256 FPOHA cells and require 1536 configuration bits. For comparison, VITO also generates equivalent Verilog for this one-hot state machine, which when synthesized by Synopsys Synplify Pro C 2009.06 using Xilinx Virtex6 XC6VLX75T FPGA, requires 60 six-input LUTs, needing at least 60*64=3,840 configuration bits. The FPOHA needs fewer than half of the configuration bits for this algorithm, which is significant since these bits need to be stored in MTJ devices.

[image: image9.png]



Figure 12. Postscript Simulation Output. 

To help us understand the results of the simulation, our testbench generates postscript. Figure 12 shows a snapshot (of hundreds for one particular simulation when robot “4” is going to robot “0”).   The small gaps in each square represent the right and left LEDs.  When a LED is “on,” it is shown as a line. A beam hitting a robot appears as a wider edge.

 Limitations occur when a robot approaches at oblique angles or when its target view is obscured. To illustrate, robot “4” was initially placed at (x,y) tilted 45o; the other robots are as in Figure 12.  We simulated 380 cases of x (-12...7) and y (-18... 0) to measure the time (in 0.1s, assuming 25KHz major cycle) for robot “4” to dock with robot “1”, whose target (indicated by the arrow in Figure 13) extends from (-1,0) to (1,0). The simulator times out after one hundred seconds, which we define as a docking failure.   Figure 13 shows that our proposed approach works well in most cases as the docking times vary roughly with the distances to the target; the timeouts occur when robot “4” is too close to the x-axis or when its view of robot “1” is obscured by robot “3”.

VII. CONCLUSION


We have proposed a new kind of reconfigurable logic array using MEMS SDA micro-robots. We have shown simulation results of supplying power to our logic arrays using the inherent voltage which powers the SDA. To solve intermittent power supply disruption to the logic arrays we applied and demonstrated non-volatile storing capability using MTJ flip-flops [4]. These technologies are then applied to develop FPOHA cells which are targeted for reconfiguration to perform larger tasks when needed. One of the critical tasks of docking FPRAs using a one-hot parallax algorithm has been shown.

Figure 13. Time for robot “4” at (x,y) to dock with robot “1”.  
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L  = 0; R  = 0; S  = 0








  move forward





  toggle dir





 rotate dir 


 wait power up


 turn on  L  LED;


 Lhit=ping;L+=ping; S +=ping


 turn on  R  LED


 Rhit=pingR+=ping; S+=ping








S > 72 F


L – R| < 1


T





LR=0         T 


LhitRhit


                               F





R>Ldir=R


L>Rdir=L
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