
Evaluation of a loomotion algorithm forworm-like robots on FPGA-embedded proessorsJ. Gonzalez-Gomez, I. Gonzalez , F. Gomez-Arribas and E. BoemoComputer Engineering Shool, Universidad Autonoma de Madrid, Spain{Juan.Gonzalez, Ivan.Gonzalez, Franiso.Gomez, Eduardo.Boemo}�uam.esAbstrat. In this paper, a loomotion algorithm designed for an eightmodules worm-like robot has been suessfully tested on three di�erentFPGA-embedded proessors: MiroBlaze, PowerPC and LEON2. The lo-omotion of worm-like robots, omposed of a hain of equal linked mod-ules, is ahieved by means of wave propagation that traverse the body ofthe worm. The time the robot needs to generate a new motion wave, alsoknown as the gait realulation time, is the key to ahieve an autonomousrobot with real-time reations. Algorithm exeution time for four di�er-ent arhitetures, as a funtion of the total number of artiulations ofthe robot, are presented. The results show that a huge improvement ofthe gait realulation time an be ahieved by using a �oat point unit.The performane ahieved using the LEON2 with FPU is 40 times betterthan LEON2 without FPU, using only 6% of additional resoures.1 IntrodutionModular self-reon�gurable robots o�er the promise of more versatility, robust-ness and low ost[1℄. They are omposed of modules, apable of attah anddetah one to eah other, hanging the shape of the robot. In this ontext, theword �reon�gurable� means the ability of the robot to hange its form, not ahardware reon�gurable system. In the last years, the number of robot followingthis approah has growth substantially[2℄.One of the most advaned systems is Polybot[1℄[3℄, designed at Palo AltoResearh Center (PARC). This robot has the apability to ahieve di�erent re-on�gurations, suh as moving as a wheel, using a rolling gait, then transformingitself into a snake and �nally beoming a spider. Currently, the third generationof modules (G3) is being developed[4℄. Eah module has its own embedded Pow-erPC 555 proessor with a traditional proessor arhiteture.An additional step on versatility is the use of Field Programming Gate Ar-ray (FPGA) tehnology instead of a onventional miroproessor hip. It givesthe designer the possibility of implementing new arhitetures, faster ontrol al-gorithms, or dynamially modify the hardware to adapt it to a new situation.In summary, modular reon�gurable robot ontrolled by a FPGA are not justable to hange their shapes, but also their hardware and therefore, ompleteversatility an be ahieved.



a) b)Fig. 1. a) �Cube revolutions� worm-like robot, omposed of eight similar linked mod-ules, onneted in phase. b) A CAD rendering of two unonneted Y1 modules.As previous work, an implementation of a FPGA-based worm-like robot loo-motion was suessfully arried out[5℄. The Xilinx MiroBlaze[6℄ soft-proessorwas used for the algorithm exeution and ustom ores were added for servopositioning.In this paper the loomotion algorithm for an eight modules worm-like robot(�gure 1a) is evaluated in di�erent FPGA embedded proessors: MiroBlaze,PowerPC[7℄ and LEON2[8℄. The time this algorithm takes to omplete the move-ment generation is alulated as a funtion of the number of nodes of the robot,giving information about the salability. This experimental results will be usedin future work to selet the arhitetures that �t best a partiular appliation.2 Loomotion algorithm for worm-like robots
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Fig. 2. An example of the algorithm used to generate the ontrol tables. The �rst tworows of the gait ontrol table are alulated



The prototype of the worm-like robot, alled �Cube Revolutions�, is shownin �gure 1a. It is omposed of 8 similar linked modules, onneted in phase.Therefore it an only move in a straight line, forward and bakward. The �rstgeneration of the modules reated, named Y1 (1b), were made of PVC andontains only one degree of freedom, atuated by a servo. Tehnial details andaditional information an be found in [5℄.The loomotion of the robot is ahieved by means of prealulated datamatrix, that store the position of all the artiulations at di�erent time slots.This ontrol data arrangement is denominated gait ontrol table[1℄) (GCT).Eah row of the table ontains the position of the artiulations at instant ti,that is, the shape of the robot at ti. The whole matrix determines the evolutionof the shape of the robot in time.The robot will move orretly if the GCT iswell alulated. In order to ahieve loomotion, the ontroller reads the table,row by row, produing the pulse width modulations (PWM) signals that atuatethe servos.The proposed loomotion algorithm generates well-onstruted gait ontroltables that allow the robot to move forward and bakward. A wave propagationmodel is used for its alulation, building the tables from the parameters of thewave: amplitude, waveform, wavelength and frequeny.Figure 2 shows an example of how the algorithm alulates the �rst andseond rows of the gait ontrol table. It onsist of two stages. First, the anglesof the artiulations are alulated by ��tting the worm to the wave�. Then, thewave is shifted (that is, the time is inremented) and the robot is �tted to thewave again. These steps are repeated until the wave has move a distane equalto the wavelength.The algorithm has a geometri approah and is based on rotations of 2Dpoints, therefore, sine, osine and artan funtion are widely used.3 Implementation on embedded FPGA proessors3.1 Algorithm operation analysisThe whole algorithm has been implemented in C language, using double preision�oating point. The pro�ling analysis of the algorithm shows that the 71.4% of theexeution time is spent in �oat point operations. The 21.23% is used for integersoperations and the �nal 7.37% for remainder operations, inluding trigonometriones. The pro�le suggests the use of a �oat point unit (FPU) for improving theexeution time.3.2 Target arhiteturesTable 1 shows the four arhitetures used for the evaluation of the algorithm.Three FPGA-embedded proessor has been tested: LEON2, Xilinx MiroBlazeand a PowerPC ore embedded in the Xilinx Virtex II Pro FPGA. The Pow-erPC is the proessor employed in PolyBot G3, the most advaned modularreon�gurable robots designed at PARC.



Target arhitetures 1 2 3 4a 4bProessor LEON LEON+ Meiko FPU MiroBlaze PowerPCFrequeny 25 Mhz 50MHz 50Mhz 100MhzFPGA Virtex XC2000E Virtex II ProTable 1. Arhitetures used for the evaluation of the algorithmThe soft ore proessors (SCP) have been implemented using similar arhite-tural features: without hardware multiplier/divisor units and with similar dataand instrution ahes. Arhitetures 1 omprises only one LEON2 SCP. Arhi-teture 2 adds the Meiko FPU[8℄. The third arhiteture is a Xilinx MiroBlazeSCP. The �nal arhiteture onsists of an embedded PowerPC oreArhitetures 1 to 3 have been evaluated in hardware on the RC1000 de-velopment board from Celoxia that inludes a Xilinx Virtex E FPGA. Thearhiteture 4 has been implemented on a Alpha Data ADM-XPL board in aVirtex II Pro.4 ResultsXilinx XST is used for the synthesis of MiroBlaze. Symplify Pro is used for thesynthesis of the LEON2 proessor. The reason why Simplify Pro is not used forthe synthesis of the MiroBlaze proessor is the fat that MiroBlaze proessoris distributed as a parametrizable netlist, i.e. it is already synthesized. PowerPCimplementation have been developed using the Xilinx Embedded DevelopmentKit.4.1 Synthesis resultsProessor Slies BRAMMiroBlaze 1321 (6%) 74 (46%)LEON2 4883 (25%) 43 (26%)LEON2+Meiko FPU 6064 (31%) 40 (25%)Table 2. Implementation results for arhitetures 1,2 and 3.The results are shown in table 2. Sine MiroBlaze proessor is highly opti-mized for Xilinx FPGA iruit the resoures used are lower than for the LEON2proessor. LEON2 is written not only for FPGA iruit so it is very di�ultfor a synthesis tool to synthesize LEON2 with the same low FPGA resoureoptimization as MiroBlaze. Also, as an be seen in table 1 the maximum lok



frequeny ahieved for MiroBlaze is 50Mhz, whereas LEON2 runs at 25Mhz inthe seleted FPGA devie.The improved arhiteture LEON2 with FPU unit only suppose a 6% ofadditional resoures4.2 Algorithm exeution time

a) b)Fig. 3. a) GRT omparison for the four arhitetures evaluated, as a funtion of thenumber of artiulations. b) Normalized results supposing a 50MHz system lok fre-queny for all arhitetures.The algorithm has been ompiled for the di�erent arhitetures and it isloaded from external memory and exeuted. The exeution of the algorithmdetermines the time the robot needs to generate a new kind of movement. Thistime is alled gait realulation time (GRT). If a worm-like robot apable ofhaving a fast reation is needed for a partiular appliations, a low GRT isrequired.Figure 3a shows the GRT for the four arhitetures, as a funtion of thenumbers of artiulations. Figure 3b ompares the di�erent arhitetures workingat 50MHz. Due to the limitations of the hosen arhiteture FPGA devie, the50Mhz data for the LEON2 proessor has been estimated supposing a half yletime.As it was expeted, the GRT inreases with the number of artiulation ofthe robot. Also, the PowerPC reahes a signi�antly better result than the othertwo proessors, beause it is a hard ore with spei� hardware funtional units.The most outstanding result is obtained with arhiteture 2 (LEON + FPU).For an 8 artiulations worm-like robot, the performane ahieved using theLEON2 with FPU is 40 times better than LEON2 without FPU, using a 6%additional resoures. This performane is 6.5 times better than the obtainedwith the 100Mhz PowerPC implementation.



5 Conlusion and further workThe worm like-robot loomotion an be realized by means of the propagation ofwaves through the body of the robot. The algorithm generates the gait ontroltables from the wave applied. The gait realulation time is the key parameterin order to ahieve an autonomous robot with real-time reations.The algorithm has been suessfully implemented and exeuted on three dif-ferent embedded proessors in FPGA: LEON2, MiroBlaze and PowerPC. TheGRT has been measured in four arhitetures, as a funtion of n, the numberof total artiulations. Results show that GRT an be drastially improved bymeans of the use of an FPU unit. A 25MHz LEON2 with an Meiko FPU is al-most one order of magnitude faster than an PowerPC working at 100Mhz. Thismakes evident one of the advantages of the use of a FPGA instead of a tradi-tional proessor: designers and researhers an improve the robot by introdutionarhitetural hanges and adding ustom hardware ores.The LEON2 with an FPU is a very good option when a low GRT is required.In not ritial appliations the use of the MiroBlaze saves about the 75% of thearea, leaving this perentage free for the implementation of new hardware ores.The urrent worm like-robot prototype, �Cube Revolutions�, an only moveon a straight line. The movement on a plane will be studied in further works.The same loomotion algorithm will be used, but alulating two gait ontroltables from two di�erent waves: one for the artiulations in the plane parallel tothe ground and the other in the perpendiular plane. The �nal loomotion willbe generated as a omposition of the two waves.Referenes1. Mark Yim, Ying Zhang & David Du�, Xerox Palo Alto Researh Center (PARC),�Modular Robots�. IEEE Spetrum Magazine. Febrero 2002.2. Mark Yim, David G. Du�, Kimon D. Roufas, �Polybot: a Modular Reon�gurableRobot�, IEEE intl. Conf. on Robotis and Automation (ICRA), San Franiso, CA,April 2000.3. D. Du�, M. Yim, K. Roufas,�Evolution of PolyBot: A Modular Reon�gurableRobot�, Pro. of the Harmoni Drive Intl. Symposium, Nagano, Japan, Nov. 2001,and Pro. of COE/Super-Mehano-Systems Workshop, Tokyo, Japan, Nov. 2001.4. M. Yim, Y. Zhang, K. Roufas, D. Du�, C. Eldershaw, �Conneting and dison-neting for hain self-reon�guration with PolyBot�, IEEE/ASME Transations onmehatronis, speial issue on Information Tehnology in Mehatronis, 2003.5. González-Gómez J., Aguayo E., Boemo E.,�Loomotion of a Modular Worm-likeRobot using a FPGA-based embedded MiroBlaze Soft-proessor�.Pro. of 7th In-ternational Conferene on Climbing and Walking Robots, Madrid, Spain, Sep. 2004.6. Xilinx In. �MiroBlaze Proessor Referene Guide, Embedded Development Kit.Version 6.2�7. Xilinx In. �PowerPC Proessor Referene Guide, Embedded Development Kit. Ver-sion 6.2�8. Gaisler Researh, �http://www.gaisler.om�. (Marh, 2005)


