1ISCAS-96 COVER SHEET:Title of Paper:Programmable VLSI Extended Analog Computer for Cyclotron Beam ControlInitials and Family Names of All Authors: J. MillsAffiliations of Authors: Indiana University, Bloomington, IN, USAPresenting Author Family Name: MillsCorresponding Author First Name: JonathanCorresponding Author Family Name: MillsOrganization: Computer Science Department, Indiana UniversityStreet address: 215 Lindley HallCity: BloomingtonState/Province: IndianaZip/Postal code: 47405Country: USATelephone: 812-855-4317Fax: 812-855-4829Email: jwmills@cs.indiana.eduIndicate in which of the following tracks your paper should be categorized: 1. Analog Signal Processing 2. Digital Signal Processing 3. Visual Signal Processing 4. Nonlinear Circuits and Systems 5. Power Circuits & Systems 6. VLSI Systems and Applications 7. Neural Systems and Applications 8. Computer-Aided DesignFirst Choice: 6Second Choice: 4Indicate which presentation style you prefer:Either Lecture or Poster: ___XXX____

2Programmable VLSI Extended Analog Computer for Cyclotron Beam Control1.IntroductionExtended analog computers (EACs) are conductive sheets surrounded by multipleLukasiewicz logic arrays (LLAs). CMOS VLSI conductive sheets consist of one ormore layers in an integrated circuit with ohmic contacts assigned as inputcurrent source/sinks and either voltage or current output probes. LLAs arearrays of current mirrors or diodes that implement the primitive continuous-valued function A � B, algebraically equivalent to min(1, 1-A+B). The topologyof the conductive sheet, the material from which it is constructed, and theboundary-value LLA functions determine the computation that the EAC performs.A VLSI EAC beam line controller with a fully-analog computation path anddigital inputs to dynamically reconfigure the control function was designed,simulated, and is now being fabricated as a MOSIS ’TinyChip’. Each chip can beconfigured to control either a dipole or a quadrupole electromagnet in theIndiana University Cyclotron Facility’s cyclotron beam lines and adjusted totake into account the beam optics at each magnet’s location. The EAC solvesthe inverse of the electromagnetic wave equation, "looking" at the resultingsurface with an LLA retina to locate the beam’s position, then generating themagnet control signal with two digitally-programmable LLA function generators.2.Previous workThe extended analog computer (EAC) was defined in [Rubel 1993]. VLSI EACs,originally called Kirchhoff machines, were first proposed in [Mills 1995]. AVLSI EAC does not use a CPU or op-amps to perform arithmetic and logicfunctions, but subsumes these functions by combining conductive sheets withprogrammable Lukasiewicz logic arrays. Conductive sheets and diode functiongenerators that are similar to LLAs were used separately in previous analogcomputers [Karplus 1958, Hausner 1971, Korn/Korn 1964].EACs are more flexible than conductive sheets alone or their discretizedversions, resistive meshes [Harris/Koch/Luo/Wyatt 1990]. Conductive sheets andresistive meshes have long been known to solve the ordinary and partialdifferential equations that describe problems in electrostatics, electronballistics, electric fields, magnetic fields, elasticity (including stressanalysis), heat transfer, and viscous and nonviscous fluid flow [Kirchhoff1845, Karplus 1958]. EACs can also solve problems based on reaction-diffusionequations, such as morphogenesis, neural field computing, and basal gangliamodels for robot path planning and control [Mills 1995, Turing 1992, Murray1993, MacLennan 1990, Connolly/Burns 1993].Lukasiewicz logic arrays (LLAs) were described in [Mills/Beavers/Daffinger1990, Mills 1990]. LLAs were reduced to simple circuits, some consisting oftrees of diodes in [Mills 1992]. LLAs are thus similar to the diode-resistorfunction generators of [Wilkinson 1963]. LLAs were used to implement asilicon retina and characterized in [Biswas 1994]. The performance of LLAscompares favorably to digital equivalents [Montante 1994, Montante 1995].Research in beam instrumentation and control is reported in the proceedings ofvarious workshops held on the topic. From these proceedings it appears thatthe use of digitally-reconfigurable analog control that embeds a conductive

3sheet simulator is new, although use of operational amplifiers, filters, etc.for beam control is well-known [Cresswell/Heywood/Gurd/Johnson/Lacey 1972].3.Design of the VLSI EAC beam line controllerIUCF currently uses open-loop control of the steering and focusing magnets onthe beam line. Sensor data from beam position monitors (BPMs) is presented toa human operator, who adjusts the magnetic field of each dipole and quadrupolemagnet to maximize beam intensity. There is no direct feedback from the BPMsto the dipole and quadrupole magnets, which means that deviations from theengineered trajectory must be manually tuned each time the beam is restartedfor a new experiment. Closed-loop control with a digitally-reconfigurable VLSIEAC provides feedback from a BPM to a specific dipole or quadrupole magnet.The EAC can be adjusted for the beam optics at each magnet’s location, as wellas operational variations detected by the human beam line operator (Figure 1).Improvements anticipated are reduced time to tune the beam, increased beamtemperature, and increased beam stability.

QuadrupoleBPMBPM moment generatorLLA retina, andLLA control signal generator

Quadrupole VariableCurrent Source

Figure 1.The beam line controller is implemented as a digitally-reconfigurable VLSIEAC. It was designed visually by creating an object analog for the beam crosssection, a sensor analog to ’view’ the beam cross section, and a responseanalog to generate the control signal based on the difference between thebeam’s measured and desired positions. This technique is certainly notgeneral to all problems, but is indicative of one simple, modular, andstructured approach to controller design with an EAC.The object analog is a conductive sheet that generates a surface that combinesthe inverse of the beam’s moments. The sensor analog is an LLA retina. Theresponse analog is a pair of LLAs that generate an adjustable control signalproportional to surface gradients along the X- and Y-axis of the beam cross-section reconstructed by the conductive sheet. These gradients areproportional to the beam moments, which need not be computed explicitly to

4generate a real-time control signal for the dipole and quadrupole magnets inthe IUCF beam line.3.Simulation of the beam inverse moment generatorThe major question in EAC design concerned the conductive sheet. A foamconductive sheet was built that generated surfaces combining the inverses ofthe zeroth (intensity), first (position), and second (aspect) beam momentsfrom simulated BPM data (Figure 2). The mathematical basis for the foam’scomputation is the equation for wall current density induced in the BPMsensors [Yin 1990, Yin/Rawnsley/Mackenzie 1994].

5Figure 3.The correctness of the conductive foam computation was tested with a SPICEsimulation of the sheet as a 50x50-element square resistive mesh. The SPICEoutput is smoother and shows certain features, specifically the points atwhich current is input into the sheet, in greater detail (Figure 4). 6

16 1851415172419252721262023221394111081236712

Figure 6.The beam line controller sums the output of a pair of LLAs to generate acontrol signal for the dipole or quadropole magnet. The signal varies withthe beam X and Y position according to the surface resulting from the pair offunctions selected, and can be varied during beam operation (Figure 7). TheLLAs can be viewed as a compactly-encoded continuous-valued look-up table.

716

1818Figure 7.4.Testing the EAC beam controllerThe VLSI EAC beam controller must be thoroughly tested before installation onthe IUCF cyclotron beam line. Even though earlier LLAs demonstrated up to 10-bit precision, and accuracy to 1% of full range in the laboratory, the beamline is a hostile environment, subject to EMF interference and largetransients due to corona discharges.Performance of the controller will be evaluated using the analog test board[Montante 1994] and data files obtained during live beam line operation beforeinstalling them on the IUCF beam line. The output of EACs from differentMOSIS fabrication runs will be compared to determine the mean and standarddeviation of the control signals computed. The control signals from the EACtests will be compared to the signals actually used to control the selectedmagnets. Measured beam trajectories from live runs, the trajectory computedby the beam modeling program TRANSPORT [Brown/Carey/Iselin 1977], and thetrajectory resulting from simulated operation of the VLSI EAC controller willbe compared. The "smoke" test of the beam controller is installation of asingle controller on a BPM-magnet pair, and operation during a live beam run.5.ConclusionsAn extended analog computer was designed as a cyclotron beam line controller.It has a fully-analog computation path with digital inputs to dynamicallyreconfigure the control function. Each chip can be configured to controleither a dipole or a quadrupole electromagnet in the Indiana UniversityCyclotron Facility’s cyclotron beam line and adjusted for the beam optics ateach magnet’s location. Simulation with SPICE and a conductive foam sheetsuggest that the design is sound. PISCES simulations may offer additionalinsight, but the low effort needed to build the chip makes fabrication equallyattractive compared to further simulation. Testing the beam controller is evenmore time-consuming than its design, due to the hostile environment in whichit must operate.

8REFERENCES[Biswas 1994] Some Investigations with Laser Beams on an LLA Retina, MSThesis, Indiana University Computer Science Department, August 1994.[Brown/Carey/Iselin 1977] TRANSPORT: A Beam Optic Modeling Program.[Connolly/Burns 1993] A Model for the Functioning of the Striatum, BiologicalCybernetics, 68 (1993), pp. 535-544, Springer-Verlag.[Dutton/Yu 1993] Technology CAD: Computer Simulation of IC Processes andDevices, Kluwer:Boston.[Hausner 1971] Analog and Analog/Hybrid Computer Programming, Prentice-Hall:Englewood Cliffs, New Jersey.[Karplus 1958] Analog Simulation, McGraw-Hill: New York.[Kirchoff 1845] Flow of Electric Current through a Plane, Particularlythrough a Circular Disk, Ann. Phys. Chemie, 64 (1845), p. 499.[Korn/Korn 1964] Electronic Analog and Hybrid Computers, McGraw-Hill: NewYork.[MacLennan 1990] Field Computation: A Theoretical Framework for MassivelyParallel Analog Computation Parts I-IV, Computer Science DepartmentTechnical Report CS-90-100, University of Tennessee, Knoxville.[Mills 1990] An Analog VLSI Array Processor for Classical and ConnectionistAI, Proceedings of Application Specific Array Processors, pp. 367-378.[Mills 1992] Area-Efficient Implication Circuits for Very Dense LukasiewiczLogic Arrays. 22nd International Symposium on Multiple-valued Logic,Sendai, Japan, May 26-30, 1992, pp. 291-299[Mills 1995] Kirchhoff Machines, Indiana University Computer Science TechnicalReport 439, August 1995.[Mills/Beavers/Daffinger 1990] Lukasiewicz Logic Arrays. Proceedings 20thInternational Symposium on Multiple-valued Logic, pp. 4-10.[Montante 1994] Analog Test Board: Design and Operation, Indiana UniversityComputer Science Technical Report 410, August 1994.[Montante 1995] Information-Theoretic Equivalences of Analog and Digital VLSICircuits, PhD Dissertation, Indiana University Computer ScienceDepartment, (in preparation).[Murray 1993] Mathematical Biology (v19 of Biomathematics), Springer-Verlag:Berlin.[Rubel 1993] The Extended Analog Computer, Advances in Applied Mathematics, 14(1993), pp. 39-50.[Turing 1992] Morphogenesis (in the Collected Works of A. M. Turing, P. T.Saunders, ed.), North-Holland:Amsterdam.

9[Cresswell/Heywood/Gurd/Johnson/Lacey 1972] The TRIUMF Control System, AIPConference Proceedings No. 9: Cyclotrons - 1972, Burgerjon and StrathdeeEds., American Institute of Physics: New York, pp. 476-484.[Wilkinson 1963] A Method of Generating Functions of Several Variables UsingAnalog Diode Logic, IEEE Transactions on Electronic Computers EC-12(2),pp. 112-128.[Harris/Koch/Luo/Wyatt 1989] Resistive Fuses: Analog Hardware for DetectingDiscontinuities in Early Vision (in Analog VLSI Implementation of NeuralSystems, Mead and Ismail, eds.), Kluwer: Boston, pp. 27-56.[Yin 1990] A Multstrip Beam Profile High Order Moment Monitor, Proceedings XVInt. Conf. on High Energy Accelerators.[Yin/Rawnsley/Mackenzie 1994] Measurement of Transverse Geometric Moments ofthe TRIUMF Beam with a Multistrip Monitor, Beam Instrumentation Workshop,Santa Fe.