1SLAC-PUB-7515 (A)MAY 20, 1997Ideas for Fast Accelerator Model Calibration*J. Corbett and G. LeBlanc�Stanford Linear Accelerator Center, Stanford/SSRL, CA 94309�MAX-Lab, Lund, Sweden/Stanford Linear Accelerator CenterAbstractWith the advent of a simple matrix inversiontechnique, measurement-based storage ring modeling hasmade rapid progress in recent years. Using fast computerswith large memory, the matrix inversion proceduretypically adjusts up to 103 model variables to fit the orderof 105 measurements. The results have been surprisinglyaccurate. Physics aside, one of the next frontiers is tosimplify the process and to reduce computation time. Inthis paper, we discuss two approaches to speed up themodel calibration process: recursive least-squares fittingand a piecewise fitting approach.1 CONVENTIONAL APPROACHSome of the first accelerator model fittingroutines were based on numerical adjustment of modelparameters to make simulated orbit perturbation datamatch the measured data [1]. Originally known as the’GOLD’ method [2], model calibration concentrated onone section of the lattice at a time. With the GOLDmethod, the operator first identified parts of the latticewhere the model agreed with the measured data. The nextstep was to vary model parameters near anydiscontinuities until the model-simulated trajectoriesmatched the measurements. The power of the GOLDmethod is twofold: (1) hardware errors are quicklyidentified, and (2) once the model fields are foundoptical parameters can be predicted throughout. The sametechnique can applied to both perturbation orbit andabsolute orbit measurements.’Multi-track fitting’ increases the accuracy of theresult. With multi-track fitting, a set of orbitperturbations made by different dipole kicks providesmany self-consistent constraints for the analysis. Ineffect, with each new trajectory the particle beam makesan independent probe of the spatial field structure of thelattice. Multi-track fitting was initially carried out withRESOLVE [3], a graphical interface program where theoperator can interactively adjust parameters to find modeland/or hardware errors.In the limit, multi-track fitting can include thecomplete corrector-to-bpm response matrix with manyparameters in the model declared as variables. ______________________________*work supported in part by Department of EnergyContract DE-AC03-76SF00515 and Office of BasicEnergy Sciences, Division of Chemical Sciences.Unfortunately, the number of operations required to set-up the calculation, the computation time, andinterpretation of the results become unwieldy in agraphical interface environment.To speed up the process, the problem waslinearized and statistically correlated solutions werefound by matrix inversion in a dedicated code [4]. Aswith many system identification problems, the non-linearaspect was accommodated by iterative re-expansionaround the operating point.The matrix inversion procedure evolved into apowerful tool that can accurately predict quadrupolestrengths, BPM gains, corrector gains, and a variety ofother model parameters [5-8]. Although the linearizationtechnique is robust and accurate, the turn-around timerequired to make the measurements, calculate hundredsof closed orbits, and then invert the matrix can be manyhours.In the following sections, we describe ideas forreducing the model calibration turn-around time. Thegoal is to predict the model soon after the measurementsbecome available.2 RECURSIVE LEAST-SQUARESIn order of increasing complication, some of themore useful accelerator model calibration procedures are:I. Fit single orbits to verify corrector and bpm operation.II. Fit single quadrupoles or families in-plane.III. Fit quadrupoles, correctors, bpms in-plane.IV. Fit quadrupoles, correctors, bpms, coupled-plane.Depending on the objectives of the analysis, oneor more of these procedures might be adequate. For largecalculations, it is worthwhile to minimize the number ofcorrectors and bpms needed to realize an accurate fit.Eliminating redundant measurements reduces the time tocalculate the closed orbits and to invert the sensitivitymatrix.One way to speed up the process would be toemploy a recursive least-squares algorithm. Withrecursive least-squares, a ’batch’ of data is initiallyprocessed to arrive at preliminary least-squares answer[9]. Subsequent data is used to update the previous modelestimate iteratively. For storage ring model calibration,this translates into choosing a subset of orbitPresented at the 1997 Particle Accelerator Conference, Vancouver, British Columbia, Canada, May 12-16, 1997.

perturbations from the response matrix (with appropriatecorrector phases) to yield an initial estimate for themodel. Each new set of orbit data is then used to updatethe previous solution on an iterative basis.In a fast on-line system, the model calculationsof the perturbed orbits could be carried out in parallelwith the initial measurements. Once a sufficient block ofdata is acquired, the model is fit with a set of variableschosen by the operator. The new model is used tocalculate the next set of closed orbits while moremeasurements made. Depending on the goal of theanalysis, subsequent iterations could include more subtlemodel variables.3 PIECEWISE FITTINGIn this section, we return to the original ’GOLD’notion of piecewise model calibration, but apply thelinearized response-matrix fitting technique. Instead ofadjusting many model parameters to agree with themeasured response matrix around the entire storage ring,suppose we want to analyze only a part of the ring, the IPor an insertion device for instance. Data is acquired in thesame way as before, namely, kick the beam withcorrector magnets and measure the beam deflection.For this application, however, fewermeasurements are needed since only a subset of themodel parameters are variable. Furthermore, the timerequired to calculate trajectories from the perturbedmodel, and the time required to invert the sensitivitymatrix is reduced. The main difference is that (similar tothe GOLD method) each section of the storage ring istreated like a transmission line.Mathematically, the procedure becomes clear ifwe compare to the closed-orbit response matrix method.In that case, the Taylor expansion of the response matrix’C’ is Cmeasure = Cmodel + (¶C/¶k)model ¥Dk+ ... (1)The column vector of expansion variables, Dk, isnominally a set of quadrupole strengths, but correctorgains, BPM gains, energy shifts or other modelparameters can be added [5,8]. Any increase in thenumber of variables will expand the dimensions of theproblem. Collecting known quantities in Eq. 1, theparameter vector Dk is found by least-squares inversionof the sensitivity matrix (¶C/¶k)model .Piecewise model calibration proceeds similarly.Expressed in terms of linear transport equations, thedisplacement Dx of a single trajectory propagates as DxDq

= AR11 + BR12 + ... (2)where {A , B} are the cosine- and sine-like componentsof each trajectory. The column vectors {R11, R12}

{A,B}BPMStrajectoriesmodel variablesmeasurement constraints

Figure 1: Schematic Piecewise Fitting are elements of the linear transport matrix evaluatedalong the beamline. If we Taylor expand the R-matrixelements about the nominal quadrupole strengths, we getan equation for each trajectory:(DxDq

)measure =A[R11 model + (¶R11/¶k)model ¥Dk] + B[R12model + (¶R12/¶k)model ¥Dk] + ... (3)In this form, R11 and R12 contain model values forelements of R-matrix, and the calculated matrices¶R11/¶k and ¶R12/¶k contain the sensitivity terms.Although it is desireable to solve for Dk directly, theinitial conditions {A, B}� and the column vectors {ADk,BD k} appear as the variable parameters for eachtrajectory.To reduce the dimensions of the problem, and toconstrain the solution vector Dk, an iterative approach ispossible:I. Solve for {A , B} from Eq. 2 for each trajectory, thenII. Solve for Dk from Eq. 3 with initial conditions{A , B} as determined in Step I, i.e., solve for Dk from DxDq

- AR11 - BR12 = (¶R11/¶k + R12/¶k) ¥Dk (4)for all trajectories simultaneously. As with the closedorbit case, BPM, corrector, coupling, and energyvariations can be added to the parameter vector Dk.The approach of iteratively solving for the initial’launch’ conditions {A ,B} and then the model parametersDk is used routinely in RESOLVE [10] analysis (andindependently suggested by S. Prabhakar). Othernumerical solutions are possible. The difference here isthe linearization step that facilitates the analysis.�With transmission line fitting, the ’beam’ can bepropagated in either direction, e.g., the initial conditions{A ,B} can be located on the right in Fig. 1.

4 SUMMARY Two ideas are presented with the intention ofspeeding up measurement based model calibration for on-line applications. The first method, recursive least-squares analysis, is similar to the method used in practicetoday, but explores the possibility of ’updating’ thesolution as new data becomes available without re-analyzing the entire data set.The second method draws on concepts usedbefore closed-orbit analysis became available, namelypiecewise model calibration. Relative to closed-orbitmodel calibration for an entire storage ring, piecewiseanalysis involves¥ less calculation time for perturbed trajectories,¥ fewer BPMs and correctors, and¥ fewer variable model parameters.In practice, once a corrector is kicked the full(closed) orbit can be recorded, but only a section of theaccelerator is analyzed at any one time. The model fittingcan be ’propagated’ along a transmission line, around astorage ring, or focus on a specific region of theaccelerator. The time savings for piecewise fitting isderived from elimination of closed orbit calculations(only the coefficients R11(s) and R12(s) are needed), andinversion of a smaller sensitivity matrix. After adjustingIP optics in a large collider, for instance, a quick check ofquadrupole strengths is possible without analysis of theentire storage ring. 5 ACKNOWLEDGEMENTSMulti-track analysis originated with Martin Lee, leadingto RESOLVE. Volker Ziemann performed the first test oflinearized analysis, James Safranek extended the methodto where it stands today, and David Robin has mademany contributions to its application. Max Cornacchia,Mikael Eriksson, Alan Jackson, Sam Krinsky, and RonRuth are gratefully acknowledged for allocating researchtime in sometimes uncertain directions.6 REFERENCES[1] M. Lee, J. Sheppard, M. Sullenberger, EurophysicsConference on Computing in Accelerator Design andOperation, Berlin (1983).[2] M. Lee, et al., Europhysics Conf. on Control Systemsfor Experimental Physics, Villiars, Switzerland (1987).[3] M.J. Lee, et al, International Conference CumWorkshop on Current Trends in Data Acquisition andControl of Accelerators, Calcutta, India (1991).[4]W.J. Corbett, V. Ziemann, M. Lee, IEEE PAC,Washington, D.C. (1993).[5] J. Safranek, M. Lee, AIP Conference Proceedings,Vol. 315, (1994).[6] D. Robin, et al, Proc. of 1996 EPAC, Barcelona,Spain (1996).[7] W.J. Corbett, D. Robin, J. Safranek and V. Ziemann,LHC96 Workshop, Montreaux, Switzerland (1996).To appear in Particle Accelerators.[8] J. Safranek, NIM (A), Vol. 388, No. 1&2 (1997).[9] See, for instance, G.F. Franklin, J.D. Powell, M.L.Workman, ’Digital Control of Dynamic Systems’,Addison-Wesley (1990).[10] W.J. Corbett, M.J. Lee and Y. Zambre, Proc. 3rdEPACS, Berlin (1992).