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Design Of Experiments: Overview Jack P.C. Kleijnen Tilburg University Tilburg, the Netherlands EURO Summer Institute 2009 "OR in Agriculture and Forest Management" Lleida, 25 July – 8 August 2009 1/17



Preamble: DOE & agricultural simulation Ph.D. projects at Wageningen Agricultural University, Netherlands Supervisors: Oude Lansink, Dijkhuizen, Huirne 1. Potato brown rot, Breukers, 2006 2. Swine fever, De Vos, 2005 3. Cow disease, Vonk Noordegraaf, 2003 4. Milk robots, Halachmi, 1999 Now: Israel (8 robots, 500 cows) 5. MIS for cattle farmers, Verstegen, 1998 6. Investment analysis of pig farming, Backus, 1998
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Preamble continued: DOE & non-agricultural applications Logistics of education at secondary schools Nuclear waste, Sandia Laboratories, Albuquerque Investment analyses of gas pipes on Java, Shell Sonar search for mines on sea bottom, TNO/FEL Production planning for steel tubes, VBF, Oosterhout Global warming, RIVM, Den Bilt Telephone netwerk (“grading”), PTT, The Hague Quay length & number of cranes, ECT, Rotterdam Cost-benefit analysis of computers, IBM, San Jose 3/17



Overview • DOE in simulation • Analysis (metamodel): regression or Kriging? • Goals of DOE: – – – –



Validation & verification (V & V) of simulation model Sensitivity analysis (What if), including screening Optimization of real (simulated) system Robust optimization



Note: Change inputs one-at-a-time: no interactions estimable less accurate than DOE 4/17



Introduction Chicken & egg: design & analysis (slide 9) Real-life DOE: Fisher (1935) Montgomery (2009) Random simulation: Kleijnen (2008) Many factors, factor values, combinations Solutions: Screening, Kriging Sequential (not one-shot) designs? Note: CRN: no white noise (slide 8) 5/17



Screening: Sequential Bifurcation (SB) Example: Ericsson’s supply chain; 92 factors 10 factors remain, after 19 simulated input combinations SB assumptions: • 1st-order polynomial & two-factor interactions • Known positive signs of effects: no compensation • ‘Strong heredity’: zero main effect → zero interaction Procedure (also next slide): • Aggregate factors into groups • Experiment (simulate) with group factors • Split (‘bifurcate’) important groups; ignore unimportant Future research: • # replicates for P(CS) • Compare screening methods (e.g., Morris’s method) 6/17



SB metaphor: lake, dam & rocks 5000000



U(9) = 4,989,100
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Regression analysis Metamodel: Low-order polynomial in k factors x(j) (j = 1, …, k) Linear in regression parameters b(h) (h = 1, …, q > k) Goals: V & V: correct signs? Sensitivity analysis (SA): big effects? Optimization: RSM (slide 15) Assumption: white noise residuals Optimal parameter estimator: OLS b = (X’X)-1X’w X: N x q (with N = m x n) or n x q? cov(b) = σ2(X’X)-1 8/17



Classic designs Resolution-III (R-III) designs: 1st-order polynomial metamodel # runs (symbol n): multiple of 4 (e.g., n = 12 if k = 8, 9,10, 11) Subclass: 2k - p designs Example 1: k = 3 q=1+k=4 n = 23 - 1 = 4 so p = 1 (n = q: “saturated” design; no MSE) Example 2: 27 - 4 so n = 8 (n – q > 0 if k = 4, 5, 6) Interactions: Resolution-V (R-V) designs Example: k = 8 & n = 28 - 2 = 64 >> q = 1 + 8 + 8(8 - 1)/2 = 37 R-III & R-V designs: orthogonal & balanced Central Composite Designs: 2nd-order polynomial Add to R-V: 2k axial points (one-at-a-time design) & center (example: next slide) 9/17



CCD for k = 2 x2
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Kriging: metamodel Global (not local) approximation Prediction (not explanation): SA & optimization Assumption: stationary covariance process Linear predictor: y = λ′w λ small for big distance h between old & new x Optimal weights: f[cov(w(i), w(i + h)] Cov. assumption: exp[-∑ θ(j)h(j)2] (with j =1, …, k) Exact interpolator: y(i) = w(i) if i = 1, …, n Random simulation: no interpolator See Ankenman et al. (2008), not DACE Estimated λ means non-linear predictor: bootstrap 11/17



Kriging: bootstrap Case 1: no Common Random Numbers Distribution-free bootstrap procedure: 1. Resample -- with replacement -- the m(i) IID original w(i, r) with i = 1, …, n and r = 1, …, m(i) 2. Compute the bootstrapped average w*(i) 3. Compute Kriging predictor y* from (X, w*) 4. Repeat B times (B = 100?) 5. Rank B bootstrap Kriging predictions y*: Estimated Density Function (EDF) of y* Estimate var(y*) Case 2: CRN (so m(i) = m): replace step 1 by Resample n–dimensional output vector w, m times Result: n x m matrix W* 12/17



Kriging: designs LHS: fill input space ‘uniformly’ (software) Alternative: sequential ‘customized’ design Design steps in SA (optimization: next slide): 1. Small pilot design (LHS?) 2. Fit Kriging metamodel 3. Select new candidate points (LHS?); simulate point with max predictor variance 4. Return to 2, unless SA realized Example: M/M/1 simulates higher traffic rates 13/17



Optimization: Kriging & Math Progr. Pilot sample: LHS (maxmin, nearly-orthog.) Replication numbers: signal/noise Validate Kriging metamodel: “cross-validation” & bootstrap • New input: goals (exploration/exploitation) 1. Better global Kriging fit 2. Local optimum, estimated via MP & Krig. Applications: 1. (s, S) with service constraint 2. Call center with service constraint 14/17 • • •



Optimization: GRSM Per step: R-III design & 1st-order polynomial (RSM) Interior Point (IP) search direction: d = -(B′S-2B + R-2 + V-2) -1b0 with goal output w0: gradient b0 (see RSM) box-constrained inputs xj: slack R & V constrained random outputs wh (h>0): slack B Per step: test hypotheses: 1. Goal output w0 does decrease 15/17 2. Other outputs wh remain feasible: E(wh)



Robust optimization: Taguchian approach Taguchi (1987)’s world view: • Decision factors d (example: order quantity) • Environmental factors e (example: demand rate) Myers & Montgomery (1995)’s RSM: y = β0 + β′d + d′Bd + γ′e + d′Δe + ε → E(y) = β0 + β′d + d′Bd + γ′μ(e) + d′Δμ(e) var(y) = (γ′ + d′Δ)Ω(e)(γ + Δ′d) + σ(ε)² Control var(y) thru d, unless interaction Δ = 0 Dellino, Kleijnen, Meloni (2009): minimize E(y) such that var(y) < T (T: Threshold) Vary T: Pareto frontier Variability of frontier: parametric bootstrap 16/17



Parametric bootstrap 1. Sample c* from N(c, s(c)) with c: estimated regression coefficients β0, β, B, γ, Δ s(c): estimate of σ2(X’X)-1 using MSE 2. Re-estimate from c*: E(y) and var(y) (previous slide) 3. Repeat Steps 1 & 2, B (= 100?) times 4. Confidence Interval: Rank B bootstrap Kriging predictions y* for E(y |d); Take 5% & 95% quantiles of EDF Analogously for var(y |d) 2 Example: EOQ with demand rate a ~ N ( μa ,  a ) (next slide)
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Robust opt.: EOQ with N(μa, σa)



Q vs. T



Pareto: C vs. s(C)



Bootstrap Pareto frontiers: 18/17



Conclusions 1. Real-life experiments: R-III, CCD, polynomials Random simulation: CRN, screening (SB) 2. Random simulation & Kriging: LHS or sequential design 3. Constrained optimization: Kriging/Math Programming or GRSM 4. Robust optimization: RSM
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Future research • Screening (SB, Morris) • RSM or Kriging analyis? • Multiple outputs: constrained optimization? • Uncertainty: robust optimization Literature: ‘Design and analysis of simulation experiments’, Springer, 2008 ‘Design of experiments: overview’, WSC 2008 ‘Regression models & experimental designs: tutorial for simulation analysts’, WSC 2007 20/17
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