List of Examples and Statements

1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
1.10
1.11

1.12
1.13
1.14

2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
2.10
2.11
2.12
2.13
2.14
2.15
2.16
2.17
2.18
2.19

Example: Sum of quadratic functions .............
Lemma: Hautus lemma for controllability . . . . ... .. ..
Lemma: LOR convergence . . . . ... ... ... ... .....
Lemma: Hautus lemma for observability ... ........
Lemma: Convergence of estimator cost . ... ........
Lemma: Estimator convergence . ... .............
Assumption: Target feasibility and uniqueness ... .. ..
Lemma: Detectability of the augmented system . . ... ..
Corollary: Dimension of the disturbance ... ........
Lemma: Offset-freecontrol . . . ... ... ... ........
Example: More measured outputs than inputs and zero

offset . . .. . ...
Lemma: Hautus lemma for stabilizability . ........ ..
Lemma: Hautus lemma for detectability . . .. ... ... ..
Lemma: Stabilizable systems and feasible targets . . . . . .

Proposition: Continuity of system solution . . ... ... ..
Assumption: Continuity of system andcost ... ......
Assumption: Properties of constraintsets ..........

Proposition: Existence of solution to optimal control problem

Example: Linear quadratic MPC . .. ... ... ........
Example: Closer inspection of linear quadratic MPC

Theorem: Continuity of value function and control law . .
Example: Discontinuous MPC controllaw ... ... ... ..
Definition: Positive and control invariant sets . .. ... ..
Proposition: Existence of solutions to DP recursion . . . . .
Definition: Asymptotically stable and GAS .. ... ... ..
Definition: Lyapunov function . . ... .. ... ........
Theorem: Lyapunov stability theorem . ............
Assumption: Basic stability assumption . . .. ... .....
Proposition: The value function V,%( -} is locally bounded .
Proposition: Extension of upper boundto Xy ... ... ..
Assumption: Weak controllability . . . . ... ... ... ...
Proposition: Monotonicity of the value function . . . . . . .
Theorem: Asymptotic stability of the origin . ... ... ..

XXVii

15
24
24
42
43
44
48
50
50
52

53
68
72
83



Xxviii List of Examples and Statements

2.20 Definition: Exponential stability . . . .. ... ... ...... 120
2.21 Theorem: Lyapunov function and exponential stability .. 120
2.22 Definition: Input/output-to-state stable (I0SS) . . ... ... 121
2.23 Assumption: Modified basic stability assumption . . .. .. 121
2.24 Theorem: Asymptotic stability with stage cost £(y,u) ... 122
2.25 Assumption: Continuity of system and cost; time-varying

a2 ] 124

2.26 Assumption: Properties of constraint sets; time-varying case 124
2.27 Definition: Sequential positive invariance and sequential

controlinvariance . . . . . ... . ... . .. . e 125
2.28 Proposition: Continuous system solution; time-varying case 125
2.29 Proposition: Existence of solution to optimal control prob-

lem; time-varying case . . . . . . . ... . ... ... 125
2.30 Definition: Asymptotically stable and GAS for time-varying

SYSTEIMS . . . . . e e e e e e e 125
2.31 Definition: Lyapunov function: time-varying, constrained

CASE v v e e e e e e e 126
2.32 Theorem: Lyapunov theorem for asymptotic stability (time-

varying, constrained) . . . . .. ... ... ... . ... 126
2.33 Assumption: Basic stability assumption; time-varying case 127
2.34 Proposition: Optimal cost decrease; time-varying case . .. 127
2.35 Proposition: MPC cost is less than terminal cost . . . .. .. 127
2.36 Proposition: Optimal value function properties; time-varying

2 127
2.37 Assumption: Uniform weak controllability . ... ... ... 128

2.38 Proposition: Conditions for uniform weak controllability . 128
2.39 Theorem: Asymptotic stability of the origin: time-varying

MPC . . .. 130
2.40 Lemma: Entering the terminal region . . . . . ... ... ... 146
2.41 Theorem: MPC stability; no terminal constraint . . .. . .. 146
2.42 Proposition: Admissible warm startin Xy . . ... ... ... 149
2.43 Algorithm: Suboptimal MPC . ... ............... 149
2.44 Proposition: Linking warm start and state. . . . . ... ... 150
2.45 Definition: Asymptotic stability (difference inclusion) ... 150
2.46 Definition: Lyapunov function (difference inclusion) . ... 151
2.47 Proposition: Asymptotic stability (difference inclusion) .. 151
2.48 Theorem: Asymptotic stability of suboptimal MPC . . . .. 151
2.49 Assumption: Continuity of systemand cost ... .... .. 154
2.50 Assumption: Properties of constraintsets ... ....... 154

2.51 Assumption: Costlowerbound ................. 154



List of Examples and Statements XXix

2.52
2.53
2.54
2.55
2.56
2.57
2.58
2.59
2.60
2.61
2.62

3.1
3.2
3.3

3.4
3.5
3.6
3.7
3.8
3.9
3.10
3.11
3.12

3.13
3.14
3.15

3.16
3.17
3.18
3.19

3.20
3.21

3.22

Proposition: Asymptotic average performance . . . . .. . . 155
Definition: Dissipativity . . . . . ... . .. ... ... 156
Assumption: Continuity at the steady state. . . . ... ... 157
Assumption: Strict dissipativity . ... .. ... .. ... ... 157
Theorem: Asymptotic stability of economic MPC . ... .. 157
Example: Economic MPC versus tracking MPC . . . ... .. 158
Example: MPC with mixed continuous/discrete actuators . 162
Theorem: Lyapunov theorem for asymptotic stability ... 177
Proposition: Convergence of state under IOSS . .. ... .. 178
Lemma: An equality for quadratic functions . ... ... .. 178
Lemma: Evolution in a compactset . . .. .. ... ...... 179
Definition: Robust global asymptotic stability . .. ... .. 207
Theorem: Lyapunov function and RGAS . . .. ... ... .. 208
Theorem: Robust global asymptotic stability and regular-

ization. . . . ... e 209
Proposition: Bound for continuous functions. . . . . .. .. 211
Proposition: Robustness of nominal MPC ... ... ... .. 214
Definition: Robust control invariance .. ........... 217
Definition: Robust positive invariance . .......... .. 217
Assumption: Basic stability assumption; robust case . ... 218
Theorem: Recursive feasibility of control policies . . . . .. 218
Definition: Set algebra and Hausdorff distance. . . . .. .. 224
Definition: Robust asymptotic stability of aset .. ... .. 230
Proposition: Robust asymptotic stability of tube-based

MPC for linear systems . . ... ... .. ..., 230
Example: Calculation of tightened constraints . .. ... .. 231
Proposition: Recursive feasibility of tube-based MPC . . .. 235
Proposition: Robust exponential stability of improved tube-

based MPC . . .. ... .. .. . . e 235
Proposition: Implicit satisfaction of terminal constraint . . 239
Proposition: Properties of the value function. .. ... ... 240
Proposition: Neighborhoods of the uncertain system . . . . 241
Proposition: Robust positive invariance of tube-based MPC

for nonlinear systems . .. ... ................. 241
Example: Robust control of an exothermic reaction . . . . . 243
Assumption: Stabilizing conditions, stochastic MPC: Ver-

sionl ... ... e 248
Assumption: Stabilizing conditions, stochastic MPC: Ver-

SIOM 2 . . e e e e e e e 249



XXX

3.23
3.24
3.25

4.1
4.2

4.3

4.4
4.5
4.6
4.7
4.8
49

4.10
4.11
4.12
4.13
4.14
4.15
4.16
4.17
4.18
4.19
4.20
4.2]1
4.22
4.23
4.24
4.25
4.26
4.27
4.28
4.29
4.30
4.31
4.32
4.33

List of Examples and Statements

Proposition: Expected costbound . . . . ... ... ... ... 250
Assumption: Robust terminal set condition ... ... ... 253
Example: Constraint tightening via sampling . . . . ... .. 254
Definition: State Estimator .. .................. 271
Definition: Robustly globally asymptotically stable esti-

mation. . . . . ... e 272
Proposition: RGAS plus convergent disturbances imply
convergentestimates. . . . ... ... ... .. e 273
Example: The Kalman filter of a linear system is RGAS . . . 273
Definition: i-IOSS . . ... ... ... .. .. ... ... 275
Proposition: RGAS estimator impliesi-IOSS . . . . . ... .. 276
Definition: i-IOSS Lyapunov function . . ... ... .. .. .. 277
Theorem: i-I0SS and Lyapunov function equivalence . ... 277
Definition: Incremental Stabilizability with respect to stage
COStL(-) . . e 277
Assumption: Continuity . . . . ... .. ... ... ....... 277
Assumption: Positive-definite stage cost. . . ... ... ... 278
Assumption: Stabilizability . . . . ... ... ... ... .. 278
Assumption: Detectability . . ... ... ... ......... 278
Definition: Q-function for estimation ............. 283
Theorem: Q-function theorem for global asymptotic stability 283
Theorem: Stability of full information estimation . . . . . . 283
Assumption: Stage cost under disturbances ... ... ... 284
Assumption: Stabilizability under disturbances . ... ... 284
Definition: Exponentially i-IOSS . . ... ... ... .. .. .. 285
Definition: Robustly globally exponentially stable estimation 285
Proposition: Equivalent definition of RGES . . ... ... .. 286
Assumption: Power-law bounds for stage costs . ... ... 286
Assumption: Exponential stabilizability . .. ... ... ... 286
Assumption: Exponential detectability . . . . ... ... ... 286
Theorem: Robust stability of full information estimation . 287
Lemma: Duality of controllability and observability . . . . . 291
Theorem: Riccati iteration and regulator stability . . . . . . 291
Definition: Observability . .................... 293
Definition: Final-state observability . . . . ... ... ... .. 294
Definition: Globally K-continuous . ... ........... 294
Proposition: Observable and global X -continuous imply FSO 294
Definition: RGAS estimation (observable case) . .. ... .. 295

Theorem: MHE is RGAS (observablecase) .. ... ...... 295



List of Examples and Statements

4.34
4.35
4.36
4.37
4.38
4.39
4.40
4.41
4.42
4.43
4.44
4.45
4.46
4.47

5.1
5.2
5.3
5.4
5.5

5.6
5.7

6.1
6.2
6.3
6.4
6.5
6.6

6.7
6.8
6.9
6.10
6.11

6.12

Definition: Full information arrivalcost . . .. ... ... ..
Lemma: MHE and FIE equivalence . . . .. ... ........
Assumption: MHE prior weighting bounds ... ... .. ..
Theorem: MHEisRGES . ... ..................
Example: Filtering and smoothing updates .. ... ... ..
Example: EKF, UKF, and MHE performance comparison

Definition: i-UIOSS . . .. ... ... .. . . . . ... . .....
Assumption: Bounded estimate error . . ...........
Definition: Robust positive invariance . . ... ... ... ..
Definition: Robust asymptotic stability . ... ........
Definition: ISS Lyapunov function . . . .. ...........
Proposition: ISS Lyapunov stability theorem ... .... ..
Theorem: Combined MHE/MPCisRAS . . ... ... .....
Example: Combined MHE/MPC . . . . ... .. ... ......

Definition: Positive invariance; robust positive invariance .
Proposition: Proximity of state and state estimate . ... .
Proposition: Proximity of state estimate and nominal state
Assumption: Constraintbounds. .. ... ... ........
Algorithm: Robust control algorithm (linear constrained

SYSTEMS) . . . . . e
Proposition: Exponential stability of output MPC . . .. ..
Algorithm: Robust control algorithm (offset-free MPC) . . .

Algorithm: Suboptimal MPC (simplified) . . . . ... ... ..
Definition: Lyapunov stability . ... ... ...........
Definition: Uniform Lyapunov stability . ...........
Definition: Exponential stability . . . ... ... ........
Lemma: Exponential stability of suboptimal MPC . . . . ..
Lemma: Global asymptotic stability and exponential con-
vergence with mixed powers ofnorm .. ...........
Lemma: Converse theorem for exponential stability
Assumption: Unconstrained two-player game . ... .. ..
Example: Nash equilibrium isunstable. . . .. ... ... ..
Example: Nash equilibrium is stable but closed loop is
unstable . . . ...
Example: Nash equilibrium is stable and the closed loop
isstable . . . ... .. e
Example: Stability and offset in the distributed target cal-
culation . ... ... . ... . e e

XXXi

297
297
297
298
300
306
312
313
313
314
314
314
316
317

339
339
341
342

344
345
353

369
370
371
371
372

373
374
380
383
384

385



XXXii

6.13
6.14

6.15
6.16
6.17
6.18
6.19
6.20
6.21
6.22
6.23

7.1
7.2
7.3
7.4
7.5
7.6
7.7
7.8
7.9
7.10
7.11
7.12
7.13
7.14
7.15
7.16
7.17
7.18
7.19
7.20
7.21

8.1
8.2
8.3
8.4
8.5

List of Examples and Statements

Assumption: Constrained two-player game . . . . . . . . ..
Lemma: Global asymptotic stability and exponential con-

vergence of perturbed system . ... .. ............
Assumption: Disturbancemodels . . . . ... ... ... ...
Lemma: Detectability of distributed disturbance model . .
Assumption: Constrained M-player game . . ... ... ...
Lemma: Distributed gradient algorithm properties . . . . .
Assumption: Basic stability assumption (distributed). . . .
Proposition: Terminal constraint satisfaction ... ... ..
Theorem: Asymptotic stability . . . . . .. ... .. ......
Example: Nonlinear distributed control . ...........
Lemma: Local detectability . . . ... ... ... ........

Definition: Polytopic (polyhedral) partition . . ... ... ..
Definition: Piecewise affine function ... ...........
Assumption: Strict convexity . . .. .. .. ... L.
Definition: Polarcone .. .....................
Proposition: Farkas’slemma . ..................
Proposition: Optimality conditions for convex set. . . . . .
Proposition: Optimality conditions in terms of polar cone
Proposition: Optimality conditions for linear inequalities .
Proposition: Solution of P(w), w € RS ... ... ......
Proposition: Piecewise quadratic (affine) cost (solution) . .
Example: ParametricQP . . . . ... . . . . . e
Example: Explicit optimal control . . . . ... ... ......
Proposition: Continuity of cost and solution . ... ... ..
Assumption: Continuous, piecewise quadratic function . .
Definition: Active polytope (polyhedron) .. ... .. .. ..
Proposition: Solving Pusing P; ... ..............
Proposition: Optimality of ud(w)inRy . .. .. ... .. ..
Proposition: Piecewise quadratic (affine) solution . .. ...
Proposition: Optimality conditions for parametric LP
Proposition: Solutionof P. . . ... ... ............
Proposition: Piecewise affine cost and solution . ... ...

Example: Nonlinear MPC . . . ... ... ... ... .. ....
Example: Sequential approach . ... ... ... ........
Example: Integration methods of different order ... ...
Example: Implicit integrators for a stiff ODE system . . . .
Example: Finding a fifth root with Newton-type iterations .

450
450
451
453
453
453
455
455
457
458
458
459
461
464
465
465
468
468
472
475
475

489
492
498
505
510



List of Examples and Statements XXXiii

8.6 Example: Convergencerates . . . ... ... ... ....... 511
8.7 Theorem: Local contraction for Newton-type methods . . . 512
8.8 Corollary: Convergence of exact Newton's method . .. .. 513
8.9 Example: Function evaluation via elementary operations . 516
8.10 Example: Implicit function representation ........ .. 518
8.11 Example: Forward algorithmic differentiation . ... .. .. 520
8.12 Example: Algorithmic differentiation in reverse mode . .. 522
8.13 Example: Sequential optimal control using CasADi from

Octave . . . . . o e 528
8.14 Theorem: KKT conditions . . . . ... ... ........... 543
8.15 Theorem: Strong second-order sufficient conditions for

optimality. . . . . . . .. ... 545
8.16 Theorem: Tangential predictor by quadratic program ... 545
8.17 Example: MPC with discrete actuator . . . .. ... ...... 577
A.1 Theorem: Schur decomposition . ... ............. 629
A.2 Theorem: Real Schur decomposition . ............. 630
A.3 Theorem: Bolzano-Weierstrass . . . . ... ........... 632
A.4 Proposition: Convergence of monotone sequences . .. .. 633
A.5 Proposition: Uniform continuity . . . ... ... .. ...... 634
A.6 Proposition: Compactness of continuous functions of com-

Pact SetS . . . . . e e e e e e e e e 635
A.7 Proposition: Weierstrass . . . . ... ... .. ... 636
A.8 Proposition: Derivative and partial derivative .. ... ... 637
A.9 Proposition: Continuous partial derivatives . . . . ... ... 638
A.10 Proposition: Chainrule . . ... ... ... ........... 638
A.11 Proposition: Mean value theorem for vector functions . . . 638
A.12 Definition: Convexset ... ... ... . ..., 641
A.13 Theorem: Caratheodory .. ... ... ... ... . . ..... 641
A.14 Theorem: Separation of convexsets . ............. 642
A.15 Theorem: Separation of convex set from zero . ... .. .. 643
A.16 Corollary: Existence of separating hyperplane . ... .. .. 643
A.17 Definition: Support hyperplane ... .............. 644
A.18 Theorem: Convex set and halfspaces . . . ... ........ 644
A.19 Definition: Convexcone . . . .. ... ...« 644
A.20 Definition: Polarcone ... ... ................. 644
A.21 Definition: Cone generator . .. ... ... ........... 645
A.22 Proposition: Cone and polar cone generator . . ... .... 645
A.23 Theorem: Convexity implies continuity . ........... 647

A.24 Theorem: Differentiability and convexity ... ...... .. 647



XXXiv List of Examples and Statements

A.25 Theorem: Second derivative and convexity . ...... ... 647
A.26 Definition: Level set . ... ... . ... ... ... ....... 648
A.27 Definition: Sublevel set . . ... ... . ... ... ....... 648
A.28 Definition: Support function . . .. ... ... ... ...... 648
A.29 Proposition: Set membership and support function. . . . . 648
A.30 Proposition: Lipschitz continuity of support function ... 648
A.31 Theorem: Existence of solution to differential equations . 651
A.32 Theorem: Maximal interval of existence . . ... . ... ... 651
A.33 Theorem: Continuity of solution to differential equation . 651
A.34 Theorem: Bellman-Gronwall . ... ............... 651
A.35 Theorem: Existence of solutions to forced systems . . . . . 653
A.36 Example: Fourier transform of the normal density. . . . . . 659
A.37 Definition: Density of a singularnormal . . . ... ... ... 662
A.38 Example: Marginal normal density .. ............. 663
A.39 Example: Nonlinear transformation. . .. ... .. ... ... 666
A.40 Example: Maximum of two random variables . . . . ... .. 667
A.41 Example: Independent implies uncorrelated . .. ... ... 668
A.42 Example: Does uncorrelated imply independent? ... . .. 669
A.43 Example: Independent and uncorrelated are equivalent
fornormals. .. ... ... ... . ... . ... ... ... ... . 671
A.44 Example: Conditional normal density . ... ... ... ... 674
A.45 Example: More normal conditional densities . .. ... ... 675
B.1 Definition: Equilibrium point . . .. ... ... ... ...... 694
B.2 Definition: Positive invariantset. . . ... ... ... ... .. 694
B.3 Definition: X, K«, KL, and PD functions . . . . .. .. .. 695
B.4 Definition: Local stability . . . ... ... ... ... ...... 696
B.5 Definition: Global attraction . .................. 697
B.6 Definition: Global asymptotic stability . . ... ........ 697
B.7 Definition: Various forms of stability. . . ... ........ 698
B.8 Definition: Global asymptotic stability (KL version) . . . . . 699
B.9 Proposition: Connection of classical and KL global asymp-
toticstability . . . . . . .. ... 699
B.10 Definition: Various forms of stability (constrained) . . . . . 699

B.11 Definition: Asymptotic stability (constrained, KL version) . 700
B.12 Definition: Lyapunov function (unconstrained and con-
strained) . ... ... ... .. 701
B.13 Theorem: Lyapunov function and GAS (classical definition) 702
B.14 Lemma: From PD to K, function (Jiang and Wang (2002)) 703



List of Examples and Statements XXXV

B.15

B.16
B.17
B.18

B.19
B.20
B.21
B.22
B.23

B.24

B.25
B.26
B.27

B.28
B.29
B.30
B.31
B.32
B.33

B.34
B.35
B.36
B.37
B.38
B.39
B.40
B.41
B.42
B.43
B.44
B.45
B.46
B.47
B.48

Theorem: Lyapunov function and global asymptotic sta-

bility (KL definition) . ....................... 703
Proposition: Improving convergence (Sontag (1998b)) ... 705
Theorem: Converse theorem for global asymptotic stability 705
Theorem: Lyapunov function for asymptotic stability (con-
strained) ... ... ... ... e e 706
Theorem: Lyapunov function for exponential stability . . . 706
Lemma: Lyapunov function for linear systems . . . ... .. 707
Definition: Sequential positive invariance . .. ... ... .. 707
Definition: Asymptotic stability (time-varying, constrained) 707
Definition: Lyapunov function: time-varying, constrained

o 1] 708
Theorem: Lyapunov theorem for asymptotic stability (time-
varying, constrained) . . . . ... ... .. ... ... 708
Proposition: Global K function overbound ... ..... .. 709
Definition: Nominal robust global asymptotic stability . . . 710
Theorem: Nominal robust global asymptotic stability and
Lyapunov function . ... ... ... .. . ... 710
Definition: Positive invariance with disturbances . ... .. 711
Definition: Local stability (disturbances) . . .. ... ... .. 712
Definition: Global attraction (disturbances) . . . .. ... .. 712
Definition: GAS (disturbances) . . .. ... ........... 712
Definition: Lyapunov function (disturbances). . . . ... .. 712
Theorem: Lyapunov function for global asymptotic sta-

bility (disturbances) . ..... ... ... ... .. ....... 713
Definition: Global control Lyapunov function (CLF) . . . . . 714
Definition: Global stabilizability . . . . .. ... ........ 714
Definition: Positive invariance (disturbance and control). . 715
Definition: CLF (disturbance and control) ... ... ... .. 715
Definition: Control invariance (constrained) . ... ... .. 715
Definition: CLF (constrained) . . ... ... ........... 716
Definition: Control invariance (disturbances, constrained) 716
Definition: CLF (disturbances, constrained) . . ... ... .. 716
Definition: Input-to-state stable (ISS) . . . ... ... ... .. 717
Definition: ISS-Lyapunov function. . . . . ... ... ... .. 718
Lemma: ISS-Lyapunov function impliesISS .. ... ... .. 718
Definition: ISS (constrained) . .................. 718
Definition: ISS-Lyapunov function (constrained) . . ... .. 718
Lemma: ISS-Lyapunov function implies ISS (constrained) . 719
Definition: Output-to-state stable (OSS) . ... ... ... .. 720



XXXVI List of Examples and Statements

B.49 Definition: OSS-Lyapunov function .. ........... ..
B.50 Theorem: OSS and OSS-Lyapunov function . ...... ...
B.51 Definition: Input/output-to-state stable JOSS) . . ... ...
B.52 Definition: I0SS-Lyapunov function . . . . .. ... .. .. ..
B.53 Theorem: Modified I0SS-Lyapunov function ... .. .. ..
B.54 Conjecture: 10SS and I0SS-Lyapunov function . . . ... ..
B.55 Definition: Incremental input/output-to-state stable . . . .
B.56 Definition: Observability ... ... ...............
B.57 Assumption: Lipschitz continuity of model . . . . . ... ..
B.58 Lemma: Lipschitz continuity and state difference bound

B.59 Theorem: Observability and convergence of state . . . . . .

C.1 Lemma: Principle of optimality .. ...............
C.2 Theorem: Optimal value function and control law from DP
C.3 Example: DP applied to linear quadratic regulator. . . . . .
C.4 Definition: Tangent vector . . ... ... ... ... ..
C.5 Proposition: Tangent vectors are closedcone .. ... ...
C.6 Definition: Regularnormal . . ... ...............
C.7 Proposition: Relation of normal and tangent cones . . . . .
C.8 Proposition: Global optimality for convex problems
C.9 Proposition: Optimality conditions—normal cone . . . . . .
C.10 Proposition: Optimality conditions—tangent cone . . ...
C.11 Proposition: Representation of tangent and normal cones .
C.12 Proposition: Optimality conditions—linear inequalities
C.13 Corollary: Optimality conditions—linear inequalities . . . .
C.14 Proposition: Necessary condition for nonconvex problem .
C.15 Definition: Generalnormal . . ... ... ... .........
C.16 Definition: General tangent . . . .. ... ... ... ......
C.17 Proposition: Set of regular tangents is closed convex cone
C.18 Definition: Regularset . . . . . ... ... ... .. .......
C.19 Proposition: Conditions for regular set ... .........
C.20 Proposition: Quasiregularset . .. ... ... ... ......
C.21 Proposition: Optimality conditions nonconvex problem . .
C.22 Proposition: Fritz-John necessary conditions . . . ... ...
C.23 Definition: Outer semicontinuous function . . ... ... ..
C.24 Definition: Inner semicontinuous function . ... ... ...
C.25 Definition: Continuous function . . . . . ... ... .... ..
C.26 Theorem: Equivalent conditions for outer and inner semi-
continuity . . . . . . . . . e e e
C.27 Proposition: Outer semicontinuity and closed graph . . . .

734
734
736
739
739
739
740
741
742
743
743
744
744
746
748
748
748
749
749
751
752
753
757
758
758

759
759



List of Examples and Statements XXXVii

C.28 Theorem: Minimum theorem . . . .. ... ... ........ 760
C.29 Theorem: Lipschitz continuity of the value function, con-

stant U . . . . oo e e e e 761
C.30 Definition: Subgradient of convex function . . ... ... .. 762
C.31 Theorem: Clarke etal. (1998) ... ............... 762
C.32 Corollary: Abound on d(u,U(x")) forue U(x) ...... 763
C.33 Theorem: Continuity of U(-) . . . . ... ... ... ...... 765
C.34 Theorem: Continuity of the value function .. ... ... .. 765

C.35 Theorem: Lipschitz continuity of the value function—U(x) 766



