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$f(x)$


$[a,b]$


$(a,b)$


$c\in (a,b)$


\begin {equation*}f(b)-f(a)=f'(c)(b-a).\end {equation*}


$c$


$f'(c)$


$a$


$b$


$\frac {f(b)-f(a)}{b-a}$


$I\subset \mathbbm R$


$f(x)$


$C^2$


$f''(x)$


$I$


$a\in I$


$h$


$a+h\in I$


$\theta \in (0,1)$


\begin {equation*}f(a+h)=f(a)+hf'(a)+\frac {h^2}{2}f''(a+\theta h).\end {equation*}


\begin {equation*}g_1(x)=f(x)-f(a)-(x-a)f'(a)\end {equation*}


$g_1(a)=g'_1(a)=0$


\begin {equation*}g(x)=g_1(x)-\left (\frac {x-a}{h}\right )^2 g_1(a+h),\end {equation*}


$g(a)=g'(a)=g(a+h)=0$


$g(x)$


\begin {equation*}g(a)=g(a+h)=0\Longrightarrow g'(a+\alpha h)=0,\quad \alpha \in (0,1).\end {equation*}


$g'(x)$


\begin {equation*}g'(a)=g'(a+\alpha h)=0\Longrightarrow g''(a+\theta h)=0, \quad \theta \in (0,\alpha ).\end {equation*}


$g''(x)=f''(x)-\frac {2}{h^2}g_1(a+h)$


$g''(a+\theta h)=0$


$g_1(a+h)=\frac {h^2}{2}f''(a+\theta h)$


$g_1(a+h)=f(a+h)-f(a)-hf'(a)$


$g_1(x)$


\begin {equation*}f(a+h)=f(a)+hf'(a)+\frac {h^2}{2}f''(a+\theta h),\end {equation*}


$S\subset \mathbbm R^n$


$f:S\longrightarrow \mathbbm R$


$C^1$


$S$


$\mathbf a\in S$


$\mathbf h\in \mathbbm R^n$


$\mathbf a$


$\mathbf a+\mathbf h$


$S$


$\theta \in (0,1)$


\begin {equation*}f(\mathbf a+\mathbf h)=f(\mathbf a)+\nabla f(\mathbf a+\theta \mathbf h)\cdot \mathbf h.\end {equation*}


$g(t)=f(\mathbf a+t\mathbf h)$


$g(t)$


$\theta \in (0,1)$


\begin {equation*}g(1)=g(0)+g'(\theta ).\end {equation*}


$g'(\theta )=\nabla f(\mathbf a+\theta \mathbf h) \cdot \mathbf h$


$S\subset \mathbbm R^n$


$f:S\longrightarrow \mathbbm R$


$C^2$


$S$


$\mathbf a\in S$


$\mathbf h\in \mathbbm R^n$


$\mathbf a$


$\mathbf a+\mathbf h$


$S$


$\theta \in (0,1)$


\begin {equation*}f(\mathbf a+\mathbf h)=f(\mathbf a)+\nabla f(\mathbf a)\cdot \mathbf h+\frac 12 \mathbf h^T \nabla ^2 f(\mathbf a+\theta \mathbf h) \mathbf h.\end {equation*}


$g(t)=f(\mathbf a+t\mathbf h)$


$g(t)$


$\theta \in (0,1)$


\begin {equation*}g(1)=g(0)+g'(0)+\frac 12 g''(\theta ).\end {equation*}


$g'(0)=\nabla f(\mathbf a)\cdot \mathbf h$


$g''(\theta )=\mathbf h^T \nabla ^2 f(\mathbf a+\theta \mathbf h) \mathbf h$


\begin {equation*}f:\mathbbm R^n\longrightarrow \mathbbm R,\end {equation*}


\begin {equation*}\nabla f:\mathbbm R^n\longrightarrow \mathbbm R^n.\end {equation*}


$\nabla f(\mathbf a+\mathbf h)= \nabla f(\mathbf a)+\nabla ^2 f(\mathbf a+\theta \mathbf h)\mathbf h,$


$\nabla f$


$\theta $


$\theta $


$f(x,y)=\frac {1}{2\pi }\sin (2\pi x)+y\sin (2\pi x)$


\begin {equation*}\nabla f(x,y)=\begin {bmatrix} (1+2\pi y)\cos (2\pi x)\\ \sin (2\pi x) \end {bmatrix},\quad \nabla ^2 f(x,y)=\begin {bmatrix} -2\pi (1+2\pi y)\sin (2\pi x) & 2\pi \cos (2\pi x)\\ 2\pi \cos (2\pi x) & 0 \end {bmatrix}.\end {equation*}


$\mathbf a=\begin {bmatrix} 0\\0\end {bmatrix}$


$\mathbf h=\begin {bmatrix} 1\\0\end {bmatrix}$


$\nabla f(\mathbf a+\mathbf h)=\nabla f(\mathbf a)=\begin {bmatrix} 1\\0\end {bmatrix}$


$\mathbf 0$


$\mathbf a+\theta \mathbf h=\begin {bmatrix}\theta \\0\end {bmatrix}$


\begin {equation*}\nabla ^2 f(\mathbf a+\theta \mathbf h)\mathbf h=\begin {bmatrix} -2\pi \sin (2\pi \theta )\\ 2\pi \cos (2\pi \theta ) \end {bmatrix},\quad \left \|\nabla ^2 f(\mathbf a+\theta \mathbf h)\mathbf h\right \|=2\pi ,\quad \forall \theta \in (0,1),\end {equation*}


$\mathbf 0$


$\theta $


$\theta $


\begin {equation}\label {grad-integral-form} \nabla f(\mathbf a+\mathbf h)-\nabla f(\mathbf a)=\int _0^1 \nabla ^2 f(\mathbf a+t\mathbf h)\mathbf h\, dt,\end {equation}


$g(t)=\nabla f(\mathbf a+t\mathbf h)$


\begin {equation*}\| \nabla ^2f(\mathbf x)\|\leq L,\quad \forall \mathbf x,\end {equation*}


$\mathbf 0$


$f: \mathbbm R^n\longrightarrow \mathbbm R$


$\mathbf x^*$


$f(\mathbf x^*)\leq f(\mathbf x), \forall \mathbf x\in \mathbbm R^n$


$\mathbf x^*$


$f(\mathbf x)$


$B\subseteq \mathbbm R^n$


$\mathbf x^*$


$\mathbf x^*$


$f(\mathbf x)$


$B$


$C^1$


$f(\mathbf x): \mathbbm R^n\longrightarrow \mathbbm R$


$\mathbf x^*$


$\nabla f(\mathbf x^*)=\mathbf 0.$


$\nabla f(\mathbf x^*)\neq \mathbf 0$


$\mathbf p=-\nabla f(\mathbf x^*)$


$g(t)=\mathbf p^T \nabla f(\mathbf x^*+t\mathbf p)$


\begin {equation*}g(0)=-\|\nabla f(\mathbf x^*)\|^2<0\Rightarrow \exists T>0, \forall t\in [0,T], g(t)<0.\end {equation*}


$t\in (0, T]$


$\theta \in (0,t)$


\begin {equation*}f(\mathbf x^*+t\mathbf p)=f(\mathbf x^*)+t\mathbf p^T\nabla f(\mathbf x^*+\theta \mathbf p)<f(\mathbf x^*).\end {equation*}


$\mathbf x^*$


$\mathbf x^*+t\mathbf p$


$t$


$f(\mathbf x^*)$


$\mathbf x^*$


$\mathbf x^*$


$f(\mathbf x)$


$\nabla f(\mathbf x^*)=\mathbf 0.$


$C^2$


$f(\mathbf x): \mathbbm R^n\longrightarrow \mathbbm R$


$\mathbf x^*$


$\nabla f(\mathbf x^*)=\mathbf 0$


$\nabla ^2 f(\mathbf x^*)\geq 0$


$\nabla ^2 f(\mathbf x^*)$


$\mathbf p\in \mathbbm R^n$


$\mathbf p^T \nabla ^2 f(\mathbf x^*) \mathbf p<0$


$g(t)=\mathbf p^T \nabla ^2 f(\mathbf x^*+t\mathbf p) \mathbf p$


\begin {equation*}\exists T>0, \forall t\in [0, T], \mathbf p^T \nabla ^2 f(\mathbf x^*+t\mathbf p) \mathbf p<0.\end {equation*}


$t\in (0, T]$


$\theta \in (0,t)$


\begin {equation*}f(\mathbf x^*+t\mathbf p)=f(\mathbf x^*)+t\mathbf p^T\nabla f(\mathbf x^*)+\frac 12 t^2 \mathbf p^T \nabla ^2 f(\mathbf x^*+\theta \mathbf p) \mathbf p<f(\mathbf x^*),\end {equation*}


$\mathbf x^*$


$\mathbf x^*+t\mathbf p$


$t$


$f(\mathbf x^*)$


$\mathbf x^*$


$C^2$


$f(\mathbf x): \mathbbm R^n\longrightarrow \mathbbm R$


$\nabla f(\mathbf x^*)=\mathbf 0$


$\nabla ^2 f(\mathbf x^*)> 0$


$\mathbf x^*$


$\nabla ^2 f(\mathbf x)$


$\nabla ^2 f(\mathbf x)$


$\mathbf x$


$\nabla ^2 f(\mathbf x^*)> 0$


$\mathbf x^*$


$r>0$


\begin {equation*}B=\{\mathbf x\in \mathbbm R^n: \|\mathbf x-\mathbf x^*\|<r\}\end {equation*}


$\nabla ^2 f(\mathbf x)>0,\forall \mathbf x\in B$


$\mathbf y\in B$


$\mathbf y=\mathbf x^*+\mathbf p$


$\mathbf p\in \mathbbm R^n$


$0<\|\mathbf p\|<r$


$\theta \in (0,1)$


\begin {equation*}f(\mathbf x^*+\mathbf p)=f(\mathbf x^*)+\mathbf p^T\nabla f(\mathbf x^*)+\frac 12 \mathbf p^T \nabla ^2 f(\mathbf x^*+\theta \mathbf p) \mathbf p>f(\mathbf x^*),\end {equation*}


$\nabla ^2 f(\mathbf x^*+\theta \mathbf p)$


$\mathbf x^*+\theta \mathbf p\in B$


$\mathbf x^*$


$B$


$f(\mathbf x): \mathbbm R^n\longrightarrow \mathbbm R$


$f(\mathbf x)$


$C^1$


$\mathbf x^*$


$\nabla f(\mathbf x^*)=\mathbf 0.$


$f(x)=x$


$\mathbf x^*$


$\mathbf y$


$T>0$


\begin {equation*}\forall t\in (0, T], \quad f(\mathbf x^*+t(\mathbf y-\mathbf x^*))\geq f(\mathbf x^*),\end {equation*}


$\mathbf x^*$


\begin {equation*}f(\mathbf x^*+t(\mathbf y-\mathbf x^*))=f((1-t)\mathbf x^*+t \mathbf y)\leq (1-t)f(\mathbf x^*)+t f(\mathbf y)\end {equation*}


$f(\mathbf x^*)\leq f(\mathbf y).$


$\mathbf x^*$


$\nabla f(\mathbf x^*)=\mathbf 0$


$\nabla f(\mathbf x^*)=\mathbf 0$


\begin {equation*}f(\mathbf x)\geq f(\mathbf x^*)+\langle \nabla f(\mathbf x^*),\mathbf x-\mathbf x^*\rangle \geq f(\mathbf x^*).\end {equation*}


$f(\mathbf x): \mathbbm R^n\longrightarrow \mathbbm R$


$C^1$


$f(\mathbf x)$


$\mathbf x^*$


$f(\mathbf x)$


\begin {equation*}f(\mathbf x)\geq f(\mathbf y)+\langle \nabla f(\mathbf y),\mathbf x-\mathbf y\rangle +\frac {\mu }{2}\|\mathbf x-\mathbf y\|^2,\quad \forall \mathbf x, \mathbf y.\end {equation*}


$\mathbf y=\mathbf 0$


\begin {equation*}f(\mathbf x)\geq f(\mathbf 0)+\langle \nabla f(\mathbf 0),\mathbf x\rangle +\frac {\mu }{2}\|\mathbf x\|^2,\end {equation*}


$f(\mathbf x)\to +\infty $


$\|\mathbf x\|\to \infty .$


$M$


$R>0$


\begin {equation*}f(\mathbf x)>M, \quad \forall \mathbf x \mbox { satisfying }\|\mathbf x\|>R.\end {equation*}


$R>0$


$M=f(\mathbf 0)$


\begin {equation*}B=\{\mathbf x\in \mathbbm R^n: \|\mathbf x\|\leq R\}.\end {equation*}


$B$


$f(\mathbf x)$


$B$


$\mathbf x^*$


$f(\mathbf x)$


$B$


$\mathbf 0\in B$


$f(\mathbf x^*)\leq f(\mathbf 0)=M$


$\mathbf x\notin B$


$\|\mathbf x\|>R$


$f(\mathbf x)>M\geq f(\mathbf x^*)$


$\mathbf x^*$


$\mathbf x^*, \mathbf y^*$


\begin {equation*}f(\mathbf x^*)\geq f(\mathbf y^*)+\langle \nabla f(\mathbf y^*),\mathbf x^*-\mathbf y^*\rangle +\frac {\mu }{2}\|\mathbf x^*-\mathbf y^*\|^2\Rightarrow \frac {\mu }{2}\|\mathbf x^*-\mathbf y^*\|^2\leq 0\Rightarrow \mathbf x^*=\mathbf y^*,\end {equation*}


$\nabla f(\mathbf y^*)=\mathbf 0$


$f(\mathbf x^*)=f(\mathbf y^*)$


$\frac {\mu }{2}\|\mathbf x-\mathbf y\|^2$


$f(\mathbf x): \mathbbm R^n\longrightarrow \mathbbm R$


$f(\mathbf x)$


$\mathbf x^*$


$\mathbf x^*\neq \mathbf y^*$


$f(\mathbf x^*)=f(\mathbf y^*)$


$\nabla f(\mathbf y^*)=\mathbf 0$


$\mathbf x^*\neq \mathbf y^*$


\begin {equation*}f(\mathbf x^*)> f(\mathbf y^*)+\langle \nabla f(\mathbf y^*),\mathbf x^*-\mathbf y^*\rangle =f(\mathbf y^*),\end {equation*}


$f(x)=e^x$


$\nabla f(\mathbf x)$


$f(\mathbf x)$


$\mathbf x\in \mathbbm R^n$


$\eta >0$


$f(\mathbf x)$


\begin {equation}\label {vanilla-gd} \mathbf x_{k+1}=\mathbf x_{k}-\eta \nabla f(\mathbf x_{k}),\quad \eta >0.\end {equation}


$\nabla f(\mathbf x)$


$f(\mathbf x)$


$f(x)=x^2$


$f'(x)=2x$


$f'(x)=2x$


$\nabla f(\mathbf x)$


$L$


\begin {align*}f(\mathbf y)&\leq f(\mathbf x)+\langle \nabla f(\mathbf x),\mathbf y-\mathbf x\rangle +\frac {L}{2}\|\mathbf x-\mathbf y\|^2,\\ f(\mathbf y)&\geq f(\mathbf x)+\langle \nabla f(\mathbf x),\mathbf y-\mathbf x\rangle -\frac {L}{2}\|\mathbf x-\mathbf y\|^2.\end {align*}


$\|\nabla ^2 f\|\leq L$


\begin {align*}f(\mathbf y)&= f(\mathbf x)+\langle \nabla f(\mathbf x),\mathbf y-\mathbf x\rangle +\frac {1}{2}(\mathbf x-\mathbf y)^T\nabla ^2 f(\mathbf z)(\mathbf x-\mathbf y)\end {align*}


\begin {align*}f(\mathbf y)&\leq f(\mathbf x)+\langle \nabla f(\mathbf x),\mathbf y-\mathbf x\rangle +\frac {L}{2}\|\mathbf x-\mathbf y\|^2,\\ f(\mathbf y)&\geq f(\mathbf x)+\langle \nabla f(\mathbf x),\mathbf y-\mathbf x\rangle -\frac {L}{2}\|\mathbf x-\mathbf y\|^2,\end {align*}


$\|\nabla ^2 f\|$


$A^T$


$A^*$


$A$


$A\in \mathbbm C^{n\times n}$


$A^*=A$


$A$


$\lambda _1\geq \lambda _2\geq \cdots \geq \lambda _n$


$\lambda _1\geq \lambda _2\geq \cdots \geq \lambda _n$


$A$


\begin {equation*}R_A(x)=\frac {x^* A x}{x^* x},\quad x\in \mathbbm C^n.\end {equation*}


$\{v_j \in \mathbbm C^n : j=1,\cdots , n\}$


$A$


$x$


$x=\sum \limits _{j=1}^n a_j v_j$


$V$


$v_j$


$a$


$a_j$


$x=V a$


$x^*x=a^*V^*V a= a^* a =\sum \limits _{j=1}^n |a_j|^2.$


$\Lambda $


$\lambda _j$


$Av_j=\lambda _j v_j$


$Ax=\sum \limits _{j=1}^n a_j A v_j=\sum \limits _{j=1}^n a_j \lambda _j v_j=V \Lambda a$


$x^* Ax=a^* V^* V\Lambda a=a^* \Lambda a=\sum \limits _{j=1}^n \lambda _j |a_j|^2.$


\begin {equation*}\lambda _n\sum \limits _{j=1}^n |a_j|^2\leq \sum \limits _{j=1}^n \lambda _j |a_j|^2\leq \lambda _1\sum \limits _{j=1}^n |a_j|^2,\end {equation*}


$\lambda _1$


$\lambda _n$


$A$


$x\in \mathbbm C^n$


\begin {equation*}\lambda _n\leq \frac {x^* A x}{x^* x}\leq \lambda _1.\end {equation*}


$A$


\begin {equation*}\lambda _1\geq \lambda _2\geq \cdots \geq \lambda _n>0.\end {equation*}


$A$


$A^{-1}$


$v_i$


$\lambda _i^{-1}$


$A\in \mathbbm C^{n\times n}$


\begin {equation*}\frac {\|x\|^4}{(x^* A x)(x^* A^{-1} x)}\geq \frac {4\lambda _1\lambda _n}{ (\lambda _1+\lambda _n)^2},\quad \forall x\in \mathbbm C^n.\end {equation*}


\begin {equation*}\frac {\|x\|^4}{(x^* A x)(x^* A^{-1} x)}=\frac {\left [\sum \limits _{j=1}^n |a_j|^2\right ]^2}{\left [\sum \limits _{j=1}^n \lambda _j|a_j|^2\right ]\left [\sum \limits _{j=1}^n |a_j|^2/\lambda _j\right ]} =\frac {1}{\sum \limits _{j=1}^n \lambda _jb_j}\frac {1}{ \sum \limits _{j=1}^n b_j/\lambda _j},\end {equation*}


$b_j=\frac {|a_j|^2}{\sum \limits _{j=1}^n |a_j|^2}$


\begin {equation*}\frac {\|x\|^4}{(x^* A x)(x^* A^{-1} x)}=\frac {\phi (b)}{\psi (b)},\end {equation*}


$\phi (b)=\frac {1}{\sum \limits _{j=1}^n \lambda _jb_j}$


$\psi (b)= \sum \limits _{j=1}^n b_j/\lambda _j.$


$g(\lambda )=\frac {1}{\lambda }$


$\phi (b)=g(\lambda _*)$


$\lambda _*=\sum \limits _{j=1}^n \lambda _jb_j$


$(\lambda _1, \frac {1}{\lambda _1})$


$(\lambda _n, \frac {1}{\lambda _n})$


$g(\lambda )$


$\lambda =\lambda _*$


$(\lambda _*, \frac {c}{\lambda _1} + \frac {d}{\lambda _n})$


$c+d=1$


$c,d>0.$


$b_j$


$\psi (b)$


$(\lambda _j, \frac {1}{\lambda _j})$


$j$


$\lambda =\lambda _*$


$(\lambda _*, \frac {c}{\lambda _1} + \frac {d}{\lambda _n})$


$(\lambda _*,\frac {1}{\lambda _*})$


$g(\lambda )=\frac {1}{\lambda }$


\begin {equation*}\frac {\phi (b)}{\psi (b)}\geq \frac {1/\lambda _*}{\frac {c}{\lambda _1} + \frac {d}{\lambda _n}}.\end {equation*}


$\lambda ^*$


$\lambda ^*=c\lambda _1+d\lambda _n$


$c=1-d$


$d=1-c$


\begin {equation*}\frac {c}{\lambda _1} + \frac {d}{\lambda _n}=\frac {c\lambda _n+d\lambda _1}{\lambda _1\lambda _n}=\frac {(1-d)\lambda _n+(1-c)\lambda _1}{\lambda _1\lambda _n}=\frac {\lambda _1+\lambda _n-\lambda _*}{\lambda _1\lambda _n}.\end {equation*}


\begin {equation*}\frac {\phi (b)}{\psi (b)}\geq \frac {1/\lambda _*}{\frac {c}{\lambda _1} + \frac {d}{\lambda _n}}=\frac {1/\lambda _*}{\frac {\lambda _1+\lambda _n-\lambda _*}{\lambda _1\lambda _n}} \geq \min _{\lambda \in (\lambda _n, \lambda _1)}\frac {1/\lambda }{\frac {\lambda _1+\lambda _n-\lambda }{\lambda _1\lambda _n}}.\end {equation*}


$\lambda =(\lambda _1+\lambda _n)/2$


$f(\mathbf x)$


\begin {equation*}f(\mathbf y)\geq f(\mathbf x)+\langle \nabla f(\mathbf x),\mathbf y-\mathbf x\rangle +\frac {\mu }{2}\|\mathbf x-\mathbf y\|^2.\end {equation*}


$g(t)=f(\mathbf x+t(\mathbf y-\mathbf x))$


\begin {equation*}g(1)-g(0)=\int _0^1 g'(t)dt,\end {equation*}


\begin {equation*}f(\mathbf y)-f(\mathbf x)=\int _0^1 \langle \nabla f(\mathbf x+t(\mathbf y-\mathbf x)), \mathbf y-\mathbf x\rangle dt.\end {equation*}


$\mathbf z(t)=\mathbf x+t(\mathbf y-\mathbf x)$


$\langle \nabla f(\mathbf x), \mathbf y-\mathbf x\rangle $


\begin {align*}\left |f(\mathbf y)-f(\mathbf x)-\langle \nabla f(\mathbf x), \mathbf y-\mathbf x\rangle \right |&=\left |\int _0^1 \langle \nabla f(\mathbf z(t))-\nabla f(\mathbf x), \mathbf y-\mathbf x\rangle dt \right |\\ &\leq \int _0^1 \left | \langle \nabla f(\mathbf z(t))-\nabla f(\mathbf x), \mathbf y-\mathbf x\rangle \right |dt\\ \mbox {(Cauchy-Schwarz inequality)}&\leq \int _0^1 \| \nabla f(\mathbf z(t))-\nabla f(\mathbf x)\| \|\mathbf y-\mathbf x\|dt\\ &= \int _0^1 \| \nabla f(\mathbf x+t(\mathbf y-\mathbf x))-\nabla f(\mathbf x)\| dt \|\mathbf y-\mathbf x\|\\ & \leq \left (\int _0^1 L t \| \mathbf y-\mathbf x\| dt \right )\|\mathbf y-\mathbf x\| =\frac {L}{2}\|\mathbf y-\mathbf x\|^2.\end {align*}


\begin {equation*}f(\mathbf y)\geq f(\mathbf x)+\langle \nabla f(\mathbf x),\mathbf y-\mathbf x\rangle -\frac {L}{2}\|\mathbf x-\mathbf y\|^2.\end {equation*}


$\nabla f(\mathbf x)$


$L$


\begin {equation*}f(\mathbf x)-f(\mathbf x-\eta \nabla f(\mathbf x))\geq \eta (1-\frac {L}{2}\eta )\|\nabla f(\mathbf x)\|^2,\quad \forall \mathbf x, \forall \eta >0.\end {equation*}


\begin {equation*}f(\mathbf x-\eta \nabla f(\mathbf x))\leq f(\mathbf x) + \langle \nabla f(\mathbf x), -\eta \nabla f(\mathbf x)\rangle +\frac {L}{2}\|\eta \nabla f(\mathbf x)\|^2.\end {equation*}


$f(\mathbf x_{k+1})<f(\mathbf x_{k})$


$\eta \in (0,\frac {2}{L}).$


$L$


$\eta $


$f(\mathbf x_{k+1})<f(\mathbf x_{k})$


\begin {equation*}\frac {d}{dt} \mathbf u(t)=F( \mathbf u(t)),\quad \mathbf u(0)=\mathbf u_0,\end {equation*}


$\mathbf u=\begin {bmatrix} u_1(t) &u_2(t) & \cdots & u_n(t) \end {bmatrix}^T$


\begin {equation}\label {forwardeuler} \mathbf u_{k+1}=\mathbf u_{k}+\Delta t F(\mathbf u_k).\end {equation}


$F=-\nabla f$


$\Delta t=\eta $


$\mathbf u(t)$


$F(\mathbf u)=0$


$\eta \leq \frac {2}{L}$


\begin {equation*}\begin {cases} u_t(x,t)=u_{xx}(x,t),\quad x\in (0,1) \\ u(x,0)=u_0(x),\quad x\in (0,1) \\ u(0,t)=u(1,t)=0\end {cases}.\end {equation*}


$x_i=i\Delta x$


$\Delta x=\frac {1}{n+1}$


\begin {equation*}\frac {d}{dt} \mathbf u(t)=-K \mathbf u(t),\quad \mathbf u(0)=\mathbf u_0,\end {equation*}


$\mathbf u=\begin {bmatrix} u_1(t) &u_2(t) & \cdots & u_n(t) \end {bmatrix}^T$


$u_i(t)$


$u(x_i, t)$


$-u''$


$K\mathbf u$


$u_{xx}$


$-K\mathbf u$


\begin {equation}\label {heat-fe} \mathbf u_{k+1}=\mathbf u_{k}-\Delta t K \mathbf u_k\end {equation}


$\| \mathbf u_{k+1}\|\leq \|\mathbf u_{k}\|$


$\Delta t\leq \frac {1}{2}\Delta x^2$


$K$


$f(\mathbf u)=\frac 12\mathbf u^TK \mathbf u$


$\|\nabla ^2 f\|=\|K\|< \frac {4}{\Delta x^2}$


$\nabla f$


$L=\frac {4}{\Delta x^2}$


$\eta <\frac {2}{L}$


$\eta <\frac {1}{2}\Delta x^2,$


$\nabla f(\mathbf x)$


$L$


$f(\mathbf x)$


$f(\mathbf x)\geq f(\mathbf x_*),\forall \mathbf x$


$\eta \in (0,\frac {2}{L})$


\begin {equation}\label {gd-cost} f(\mathbf x_{k+1})-f(\mathbf x_{k})\leq -\eta (1-\frac {L}{2}\eta ) \|\nabla f(\mathbf x_k)\|^2\leq 0.\end {equation}


$\lim \limits _{k\to \infty } \|\nabla f(\mathbf x_k)\|=0$


\begin {equation*}\max \limits _{0\leq k\leq n}\|\nabla f(\mathbf x_k)\|\leq \frac {1}{\sqrt {n+1}} \sqrt {\frac {1}{\eta (1-\frac {L}{2}\eta ) } \left [f(\mathbf x_0)-f(\mathbf x_*)\right ] }.\end {equation*}


$\{\mathbf x_k\}$


$\{\mathbf x_k\}$


$\mathbf y=\mathbf x_{k}-\eta \nabla f(\mathbf x_{k})$


\begin {equation*}f(\mathbf x_{k+1})-f(\mathbf x_{k})\leq -\eta (1-\frac {L}{2}\eta ) \|\nabla f(\mathbf x_k)\|^2.\end {equation*}


$\eta \in (0,\frac {2}{L})$


$f(\mathbf x_{k+1})<f(\mathbf x_{k})$


$\{f(\mathbf x_{k})\}$


$f(\mathbf x_{k})$


$f(\mathbf x_{k})\geq f(\mathbf x_{*}).$


$\{f(\mathbf x_{k})\}$


$\omega =\eta (1-\frac {L}{2}\eta )$


$\omega >0$


\begin {equation*}\sum _{k=0}^N\|\nabla f(\mathbf x_k)\|^2\leq \frac {1}{\omega } \left [f(\mathbf x_0)-f(\mathbf x_{N+1})\right ]\leq \frac {1}{\omega } \left [f(\mathbf x_0)-\lim _{k\to \infty }f(\mathbf x_{k})\right ],\end {equation*}


$\{-f(\mathbf x_k)\}$


$\sum \limits _{k=0}^N\|\nabla f(\mathbf x_k)\|^2$


\begin {equation*}\sum _{k=0}^\infty \|\nabla f(\mathbf x_k)\|^2= \lim _{N\to \infty }\sum \limits _{k=0}^N\|\nabla f(\mathbf x_k)\|^2.\end {equation*}


\begin {equation*}\lim _{k\to \infty }\|\nabla f(\mathbf x_k)\|^2=0\Rightarrow \lim _{k\to \infty }\|\nabla f(\mathbf x_k)\|=0.\end {equation*}


$g_n=\max \limits _{0\leq k\leq n}\|\nabla f(\mathbf x_k)\|$


\begin {equation*}(n+1)g_n^2\leq \sum _{k=0}^n\|\nabla f(\mathbf x_k)\|^2\leq \frac {1}{\omega } \left [f(\mathbf x_0)-f(\mathbf x_{n+1})\right ]\leq \frac {1}{\omega } \left [f(\mathbf x_0)-f(\mathbf x_*)\right ],\end {equation*}


$\{\mathbf x_k\}$


$\sum \limits _{k=0}^\infty \|\nabla f(\mathbf x_k)\|$


$\{\mathbf x_k\}$


$\mathbf y_n=\sum \limits _{k=0}^n (\mathbf x_{k+1}-\mathbf x_k)=-\eta \sum \limits _{k=0}^n \nabla f(\mathbf x_k)$


$m\geq n$


\begin {align*}\|\mathbf y_n-\mathbf y_m\|& =\eta \left \|\sum \limits _{k=n+1}^m \nabla f(\mathbf x_k)\right \| \\ &\leq \eta \sum \limits _{k=n+1}^m \left \| \nabla f(\mathbf x_k)\right \|\end {align*}


$\sum \limits _{k=0}^\infty \|\nabla f(\mathbf x_k)\|$


$a_n=\sum \limits _{k=0}^n \|\nabla f(\mathbf x_k)\|$


\begin {equation*}\forall \varepsilon >0, \exists N, \forall m, n\geq N, |a_m-a_n|<\varepsilon .\end {equation*}


$\mathbf y_n$


\begin {equation*}\forall \varepsilon >0, \exists N, \forall m, n\geq N, \|\mathbf y_n-\mathbf y_m\|\leq \eta |a_m-a_n|<\eta \varepsilon .\end {equation*}


$\mathbf y_n$


$\mathbf x_k$


$\sum \limits _{k=0}^\infty \|\nabla f(\mathbf x_k)\|$


$\sum \limits _{k=0}^\infty \|\nabla f(\mathbf x_k)\|^2$


$\sum \limits _{k=0}^\infty \|\nabla f(\mathbf x_k)\|$


$\|\nabla f(\mathbf x_k)\|=\frac {1}{k}$


$\sum \limits _{k=0}^\infty \frac {1}{k^2}$


$\sum \limits _{k=0}^\infty \frac {1}{k}$


$\|\nabla f(\mathbf x_k)\|=\frac {1}{k}$


\begin {equation*}f(x)=\begin {cases} e^x,& x\leq 0\\ g(x),& x>0 \end {cases},\end {equation*}


$g(x)$


$f(x)$


$|f''(x)|\leq 1$


$x$


$f'(x)$


$L=1$


$f(x)$


$x_*$


$f(x)$


$L=1$


$f'(x)$


$\eta <2$


$\eta =1$


\begin {equation*}\begin {cases} x_{k+1}=x_k-f'(x_k)\\ x_0=0 \end {cases}.\end {equation*}


$x_k$


\begin {equation*}x_{k+1}=x_k-e^{x_k},\quad x_0=0.\end {equation*}


$|f'(x_k)|\approx \frac {1}{k}$


$\leq $


$\leq $


$e^{x_k}=|f'(x_k)|\to 0$


$x_k\to -\infty $


$x_k\to -\infty $


$\{x_k\}$


$\nabla f$


$\nabla f(\mathbf x)$


$L$


$f(\mathbf x):\mathbbm R^n\longrightarrow \mathbbm R$


$\mathbf x, \mathbf y$


$f(\mathbf y)\geq f(\mathbf x)+\langle \nabla f(\mathbf x), \mathbf y-\mathbf x\rangle +\frac {1}{2L}\|\nabla f(\mathbf x)-\nabla f(\mathbf y)\|^2$


$\|\nabla f(\mathbf x)-\nabla f(\mathbf y)\|^2\leq L\langle \nabla f(\mathbf x)-\nabla f(\mathbf y), \mathbf x-\mathbf y\rangle $


\begin {equation*}f(\mathbf y)\leq f(\mathbf x)+\langle \nabla f(\mathbf x), \mathbf y-\mathbf x\rangle +\frac {L}{2}\|\mathbf x- \mathbf y\|^2,\end {equation*}


\begin {equation*}f(\mathbf y)\geq f(\mathbf x)+\langle \nabla f(\mathbf x), \mathbf y-\mathbf x\rangle -\frac {L}{2}\|\mathbf x- \mathbf y\|^2.\end {equation*}


\begin {equation*}f(\mathbf y)\geq f(\mathbf x)+\langle \nabla f(\mathbf x), \mathbf y-\mathbf x\rangle +\frac {\mu }{2}\|\mathbf x- \mathbf y\|^2.\end {equation*}


$\phi (\mathbf x)=f(\mathbf x)-\langle \nabla f( \mathbf x_0), \mathbf x\rangle $


$\phi (\mathbf x)$


\begin {equation*}\|\nabla \phi (\mathbf x)-\nabla \phi (\mathbf y)\|= \|\nabla f(\mathbf x)-\nabla f(\mathbf y)\|\leq L \|\mathbf x-\mathbf y\|.\end {equation*}


$\phi (\mathbf x)$


\begin {align*}\phi (\mathbf x)&\leq \phi (\mathbf y)+\langle \nabla \phi (\mathbf y), \mathbf x-\mathbf y\rangle +\frac {L}{2}\|\mathbf x- \mathbf y\|^2.\end {align*}


$f(\mathbf x)$


$g(\mathbf x)$


$f(\mathbf x)+g(\mathbf x)$


$g(\mathbf x)$


$f(\mathbf x)+g(\mathbf x)$


$g(\mathbf x)$


$f(\mathbf x)+g(\mathbf x)$


$\phi (\mathbf x)$


$-\langle \nabla f( \mathbf x_0), \mathbf x\rangle $


$\nabla \phi (\mathbf x_0)=\mathbf 0$


$\mathbf x_0$


$\phi (\mathbf x)$


$\langle \nabla \phi (\mathbf y), \mathbf x-\mathbf y\rangle $


$\| \nabla \phi (\mathbf y)\| \|\mathbf x-\mathbf y\|$


$\|\mathbf x-\mathbf y\|$


$\mathbf x=\mathbf y$


$\phi (\mathbf x_0)\leq \phi (\mathbf y)$


$\mathbf x$


$\mathbf x$


$\mathbf y$


$-\nabla \phi (\mathbf y)$


$\nabla \phi (\mathbf y)\neq \mathbf 0$


\begin {equation*}\mathbf x=\mathbf y-r\frac {\nabla \phi (\mathbf y)}{\| \nabla \phi (\mathbf y)\|},\quad r\geq 0\Longrightarrow \langle \nabla \phi (\mathbf y), \mathbf x-\mathbf y\rangle =-r\| \nabla \phi (\mathbf y)\|,\quad \|\mathbf x-\mathbf y\|=r.\end {equation*}


\begin {align*}\phi (\mathbf x_0)=\min _{\mathbf x}\phi (\mathbf x) &\leq \min _{r\geq 0} \left [\phi (\mathbf y)-\| \nabla \phi (\mathbf y)\| r +\frac {L}{2}r ^2\right ]\\ &=\phi (\mathbf y)-\frac {1}{2L} \|\nabla \phi (\mathbf y)\|^2,\end {align*}


$r=\frac {\| \nabla \phi (\mathbf y)\|}{L}$


$\phi (\mathbf x_0)\leq \phi (\mathbf y)-\frac {1}{2L} \|\nabla \phi (\mathbf y)\|^2$


\begin {equation*}f(\mathbf x_0)-\langle \nabla f( \mathbf x_0), \mathbf x_0\rangle \leq f(\mathbf y)-\langle \nabla f( \mathbf x_0), \mathbf y\rangle -\frac {1}{2L} \|\nabla f(\mathbf y)-\nabla f(\mathbf x_0)\|^2.\end {equation*}


$\mathbf x_0, \mathbf y$


\begin {equation*}f(\mathbf x)-\langle \nabla f( \mathbf x), \mathbf x\rangle \leq f(\mathbf y)-\langle \nabla f( \mathbf x), \mathbf y\rangle -\frac {1}{2L} \|\nabla f(\mathbf y)-\nabla f(\mathbf x)\|^2,\end {equation*}


\begin {equation*}f(\mathbf x)+\langle \nabla f( \mathbf x), \mathbf y-\mathbf x\rangle +\frac {1}{2L} \|\nabla f(\mathbf y)-\nabla f(\mathbf x)\|^2 \leq f(\mathbf y).\end {equation*}


$\mathbf x$


$\mathbf y$


\begin {equation*}f(\mathbf y)+\langle \nabla f( \mathbf y), \mathbf x-\mathbf y\rangle +\frac {1}{2L} \|\nabla f(\mathbf y)-\nabla f(\mathbf x)\|^2 \leq f(\mathbf x),\end {equation*}


\begin {equation*}\|\nabla f(\mathbf x)-\nabla f(\mathbf y)\|^2\leq L\langle \nabla f(\mathbf x)-\nabla f(\mathbf y), \mathbf x-\mathbf y\rangle .\end {equation*}


$f(\mathbf x):\mathbbm R^n\longrightarrow \mathbbm R$


$\nabla f(\mathbf x)$


$L$


$f(\mathbf x)$


$f(\mathbf x)\geq f(\mathbf x_*),\forall \mathbf x$


$\eta \in (0,\frac {2}{L})$


\begin {equation*}f(\mathbf x_k)-f(\mathbf x_*) < \frac {1}{k\omega _1 }\|\mathbf x_0-\mathbf x_*\|^2,\quad \omega _1=\eta \left (1-\frac {L}{2}\eta \right ).\end {equation*}


\begin {equation*}\omega _1=\eta \left (1-\frac {L}{2}\eta \right ),\qquad \omega _2=\eta \left (\frac {2}{L}-\eta \right )=\frac {2}{L}\omega _1,\end {equation*}


$\omega _1$


$\omega _2$


$\eta \in (0,\frac {2}{L})$


$\|\mathbf x_{k+1}-\mathbf x_*\|^2\leq \|\mathbf x_{k}-\mathbf x_*\|^2-\omega _2 \|\nabla f(\mathbf x_k)\|^2$


$r_k=\|\mathbf x_k-\mathbf x_*\|$


$\|\mathbf x_k-\mathbf x_*\|\to 0$


$\bx _*$


$R_{k+1}=f(\mathbf x_{k+1})-f(\mathbf x_*)<\frac {1}{\omega _1} r_k^2$


$f(\mathbf x_k)-f(\mathbf x_*)$


$\|\mathbf x_k-\mathbf x_*\|$


$\bx _k\to \bx _*$


$\mathcal O(\frac {1}{k})$


$\mathbf x_k$


$\mathbf x_*$


$f(\mathbf x)\equiv 0.$


$r_k=\|\mathbf x_k-\mathbf x_*\|$


$\nabla f(\mathbf x_*)=\mathbf 0$


\begin {align*}r_{k+1}^2&=\|\mathbf x_{k+1}-\mathbf x_*\|^2\\ &=\|\mathbf x_{k}-\eta \nabla f(\mathbf x_k)-\mathbf x_*\|^2\\ &=\|\mathbf x_k-\mathbf x_*\|^2+\|\eta \nabla f(\mathbf x_k)\|^2+2\langle \mathbf x_k-\mathbf x_*, -\eta \nabla f(\mathbf x_k) \rangle \\ &=\|\mathbf x_k-\mathbf x_*\|^2+\eta ^2\|\nabla f(\mathbf x_k)\|^2-2\eta \langle \mathbf x_k-\mathbf x_*, \nabla f(\mathbf x_k)-\nabla f(\mathbf x_*) \rangle \\ &\leq \|\mathbf x_k-\mathbf x_*\|^2+\eta ^2\|\nabla f(\mathbf x_k)\|^2-\frac {2}{L}\eta \| \nabla f(\mathbf x_k)-\nabla f(\mathbf x_*)\|^2 \\ &=r_k^2-\omega _2 \|\nabla f(\mathbf x_k)\|^2,\end {align*}


$\omega _2=\eta (\frac {2}{L}-\eta )=\frac {2}{L}\eta -\eta ^2$


$R_k=f(\mathbf x_k)-f(\mathbf x_*)$


\begin {equation*}f(\mathbf x)\geq f(\mathbf x_k)+\langle \nabla f(\mathbf x_k), \mathbf x-\mathbf x_k\rangle ,\quad \forall \mathbf x,\end {equation*}


\begin {equation*}f(\mathbf x_*)\geq f(\mathbf x_k)+\langle \nabla f(\mathbf x_k), \mathbf x_*-\mathbf x_k\rangle .\end {equation*}


\begin {equation*}f(\mathbf x_k)-f(\mathbf x_*)\leq -\langle \nabla f(\mathbf x_k), \mathbf x_*-\mathbf x_k\rangle \leq \|\nabla f(\mathbf x_k)\| \|\mathbf x_*-\mathbf x_k\|,\end {equation*}


\begin {equation*}R_k\leq r_k \|\nabla f(\mathbf x_k)\|\end {equation*}


\begin {equation*}- \|\nabla f(\mathbf x_k)\|\leq -\frac {R_k}{r_k}.\end {equation*}


\begin {equation*}f(\mathbf x_{k+1})\leq f(\mathbf x_{k})-\omega _1 \|\nabla f(\mathbf x_k)\|^2,\end {equation*}


\begin {equation*}f(\mathbf x_{k+1})-f(\mathbf x_*)\leq f(\mathbf x_{k})-f(\mathbf x_*)-\omega _1 \|\nabla f(\mathbf x_k)\|^2,\end {equation*}


\begin {equation*}0\leq R_{k+1}\leq R_k-\omega _1 \|\nabla f(\mathbf x_k)\|^2\leq R_k-\omega _1 \frac {R_k^2}{r_k^2}.\end {equation*}


$\frac {1}{R_k R_{k+1}}$


\begin {equation*}\frac {1}{R_k}\leq \frac {1}{R_{k+1}}-\omega _1 \frac {1}{r_k^2}\frac {R_k}{R_{k+1}}\end {equation*}


\begin {equation*}\frac {1}{R_{k+1}}\geq \frac {1}{R_k}+\omega _1 \frac {1}{r_k^2}\frac {R_k}{R_{k+1}}\geq \frac {1}{R_k}+\omega _1 \frac {1}{r_k^2}.\end {equation*}


$k=0,1,\cdots , N$


\begin {equation*}\frac {1}{R_{N+1}}\geq \frac {1}{R_0}+\omega _1 \sum _{k=0}^N\frac {1}{r_k^2}\geq \frac {1}{R_0}+\omega _1 (N+1)\frac {1}{r_0^2}\geq \omega _1 (N+1)\frac {1}{r_0^2},\end {equation*}


\begin {equation*}R_{N+1}\leq \frac {1}{\omega _1 (N+1)}r_0^2=\frac {1}{\omega _1 (N+1)}\|\mathbf x_0-\mathbf x_*\|^2.\end {equation*}


$f(x)=\frac 14 x^4$


$f'(x)=x^3$


$f''(x)=3x^2$


$f'(x)=x^3$


$L=3a^2$


$x\in [-a, a]$


$x_0=a$


$x_k\in [-a, a]$


$f(\mathbf x):\mathbbm R^n\longrightarrow \mathbbm R$


$\mu >0$


$\nabla f(\mathbf x)$


$L$


\begin {equation*}\langle \nabla f(\mathbf x)-\nabla f(\mathbf y), \mathbf x-\mathbf y\rangle \geq \mu \|\mathbf x-\mathbf y\|^2,\end {equation*}


\begin {equation*}\langle \nabla f(\mathbf x)-\nabla f(\mathbf y), \mathbf x-\mathbf y\rangle \leq \|\nabla f(\mathbf x)-\nabla f(\mathbf y) \| \|\mathbf x-\mathbf y\|\leq L \|\mathbf x-\mathbf y\|^2.\end {equation*}


$\mu \leq L$


$Q_f=\frac {L}{\mu }$


$f(\mathbf x)$


$f(\mathbf x)=\frac 12 \mathbf x^T K\mathbf x-\mathbf x^T\mathbf b$


$K$


$\nabla ^2 f(\mathbf x)=K>0$


$\sigma _1$


$\sigma _n$


$K$


\begin {equation*}\sigma _n I\leq K\leq \sigma _1 I,\end {equation*}


$L$


$\nabla f$


$\sigma _1$


$\mu =\sigma _n$


$\frac {\sigma _1}{\sigma _n}$


$K$


$f(\mathbf x):\mathbbm R^n\longrightarrow \mathbbm R$


$\nabla f(\mathbf x)$


$f(\mathbf x)$


$\nabla f(\mathbf x)$


$L$


$\mathbf x, \mathbf y$


\begin {equation}\label {thm-convex-Lcont-eqn-0} 0\leq f(\mathbf y)-f(\mathbf x)-\langle \nabla f(\mathbf x), \mathbf y-\mathbf x\rangle \leq \frac {L}{2} \|\mathbf x-\mathbf y\|^2.\end {equation}


\begin {equation}\label {thm-convex-Lcont-eqn-1} f(\mathbf x)+\langle \nabla f(\mathbf x), \mathbf y-\mathbf x\rangle +\frac {1}{2L}\|\nabla f(\mathbf x)-\nabla f(\mathbf y)\|^2\leq f(\mathbf y).\end {equation}


\begin {equation}\label {thm-convex-Lcont-eqn-2} \frac {1}{L} \|\nabla f(\mathbf x)-\nabla f(\mathbf y)\|^2\leq \langle \nabla f(\mathbf x)-\nabla f(\mathbf y), \mathbf x-\mathbf y\rangle .\end {equation}


\begin {equation}\label {thm-convex-Lcont-eqn-3} 0\leq \langle \nabla f(\mathbf x)-\nabla f(\mathbf y), \mathbf x-\mathbf y\rangle \leq L \|\mathbf x-\mathbf y\|^2.\end {equation}


$f(\mathbf x)$


$\nabla f(\mathbf x)$


$f(\mathbf x)$


$\nabla f(\mathbf x)$


$f(\mathbf x)$


$\nabla f(\mathbf x)$


$L$


$\phi (\mathbf x)=f(\mathbf x)-\langle \nabla f( \mathbf x_0), \mathbf x\rangle $


\begin {equation*}0\leq \phi (\mathbf x)- \phi (\mathbf y)-\langle \nabla \phi (\mathbf y), \mathbf x-\mathbf y\rangle \end {equation*}


\begin {align*}\phi (\mathbf x)&\leq \phi (\mathbf y)+\langle \nabla \phi (\mathbf y), \mathbf x-\mathbf y\rangle +\frac {L}{2}\|\mathbf x- \mathbf y\|^2.\end {align*}


$\phi (\mathbf x)$


$\nabla \phi (\mathbf x_0)=\mathbf 0$


$\mathbf x_0$


$\phi (\mathbf x)$


$\nabla \phi (\mathbf y)\neq \mathbf 0$


$\mathbf x$


$\mathbf x=\mathbf y-r\frac {\nabla \phi (\mathbf y)}{\| \nabla \phi (\mathbf y)\|}$


$r\geq 0$


$\langle \nabla \phi (\mathbf y), \mathbf x-\mathbf y\rangle =-r\| \nabla \phi (\mathbf y)\|$


$\|\mathbf x-\mathbf y\|=r$


\begin {align*}\phi (\mathbf x_0)=\min _{\mathbf x}\phi (\mathbf x) &\leq \min _{r\geq 0} \left [\phi (\mathbf y)-\| \nabla \phi (\mathbf y)\| r +\frac {L}{2}r ^2\right ]\\ &=\phi (\mathbf y)-\frac {1}{2L} \|\nabla \phi (\mathbf y)\|^2.\end {align*}


$\phi (\mathbf x_0)\leq \phi (\mathbf y)-\frac {1}{2L} \|\nabla \phi (\mathbf y)\|^2$


\begin {equation*}f(\mathbf x_0)-\langle \nabla f( \mathbf x_0), \mathbf x_0\rangle \leq f(\mathbf y)-\langle \nabla f( \mathbf x_0), \mathbf y\rangle -\frac {1}{2L} \|\nabla f(\mathbf y)-\nabla f(\mathbf x_0)\|^2.\end {equation*}


$\mathbf x_0, \mathbf y$


\begin {equation*}f(\mathbf x)-\langle \nabla f( \mathbf x), \mathbf x\rangle \leq f(\mathbf y)-\langle \nabla f( \mathbf x), \mathbf y\rangle -\frac {1}{2L} \|\nabla f(\mathbf y)-\nabla f(\mathbf x)\|^2,\end {equation*}


\begin {equation*}f(\mathbf x)+\langle \nabla f( \mathbf x), \mathbf y-\mathbf x\rangle +\frac {1}{2L} \|\nabla f(\mathbf y)-\nabla f(\mathbf x)\|^2 \leq f(\mathbf y).\end {equation*}


$\mathbf x$


$\mathbf y$


\begin {equation*}f(\mathbf y)+\langle \nabla f( \mathbf y), \mathbf x-\mathbf y\rangle +\frac {1}{2L} \|\nabla f(\mathbf y)-\nabla f(\mathbf x)\|^2 \leq f(\mathbf x),\end {equation*}


$\langle \nabla f(\mathbf x)-\nabla f(\mathbf y), \mathbf x-\mathbf y\rangle \geq 0$


\begin {equation*}\frac {1}{L} \|\nabla f(\mathbf x)-\nabla f(\mathbf y)\|^2\leq \langle \nabla f(\mathbf x)-\nabla f(\mathbf y), \mathbf x-\mathbf y\rangle \leq \|\nabla f(\mathbf x)-\nabla f(\mathbf y)\| \|\mathbf x-\mathbf y \|.\end {equation*}


\begin {equation*}0\leq f(\mathbf y)-f(\mathbf x)-\langle \nabla f(\mathbf x), \mathbf y-\mathbf x\rangle \leq \frac {L}{2} \|\mathbf x-\mathbf y\|^2,\end {equation*}


\begin {equation*}0\leq f(\mathbf x)-f(\mathbf y)-\langle \nabla f(\mathbf y), \mathbf x-\mathbf y\rangle \leq \frac {L}{2} \|\mathbf y-\mathbf x\|^2.\end {equation*}


$g(t)=f(\mathbf x+t(\mathbf y-\mathbf x))$


\begin {equation*}f(\mathbf y)-f(\mathbf x)=\int _0^1 \langle \nabla f(\mathbf x+t(\mathbf y-\mathbf x)), \mathbf y-\mathbf x\rangle dt\end {equation*}


\begin {align*}\Rightarrow f(\mathbf y)-f(\mathbf x)-\langle \nabla f(\mathbf x), \mathbf y-\mathbf x\rangle &=\int _0^1 \langle \nabla f(\mathbf x+t(\mathbf y-\mathbf x))-\nabla f(\mathbf x), \mathbf y-\mathbf x\rangle dt\\ &=\int _0^1 \frac {1}{t}\langle \nabla f(\mathbf x+t(\mathbf y-\mathbf x))-\nabla f(\mathbf x), t(\mathbf y-\mathbf x)\rangle dt\\ \mbox {\eqref {thm-convex-Lcont-eqn-3}\quad }&\leq \int _0^1 L t \|\mathbf y-\mathbf x\|^2 dt= \frac {L}{2} \|\mathbf y-\mathbf x\|^2.\end {align*}


$\nabla f(\mathbf x)$


$L$


$f(\mathbf x):\mathbbm R^n\longrightarrow \mathbbm R$


$\mu >0$


$\mathbf x, \mathbf y$


\begin {equation*}\langle \nabla f(\mathbf x)-\nabla f(\mathbf y), \mathbf x-\mathbf y\rangle \geq \frac {\mu L}{\mu +L}\|\mathbf x-\mathbf y\|^2+\frac {1}{\mu +L}\|\nabla f(\mathbf x)-\nabla f(\mathbf y)\|^2.\end {equation*}


$\mu =0$


$\mu =L$


\begin {equation*}\langle \nabla f(\mathbf x)-\nabla f(\mathbf y), \mathbf x-\mathbf y\rangle \geq \frac { L}{2}\|\mathbf x-\mathbf y\|^2+\frac {1}{2L}\|\nabla f(\mathbf x)-\nabla f(\mathbf y)\|^2.\end {equation*}


\begin {equation*}\frac {1}{2L}\|\nabla f(\mathbf x)-\nabla f(\mathbf y)\|^2\leq \frac 12 \langle \nabla f(\mathbf x)-\nabla f(\mathbf y), \mathbf x-\mathbf y\rangle \end {equation*}


\begin {equation*}\langle \nabla f(\mathbf x)-\nabla f(\mathbf y), \mathbf x-\mathbf y\rangle \geq \mu \|\mathbf x-\mathbf y\|^2\Rightarrow \frac 12 \langle \nabla f(\mathbf x)-\nabla f(\mathbf y), \mathbf x-\mathbf y\rangle \geq \frac {L}{2} \|\mathbf x-\mathbf y\|^2.\end {equation*}


$\mu \neq L$


$\phi (\mathbf x)=f(\mathbf x)-\frac {\mu }{2}\|\mathbf x\|^2$


$\nabla \phi (\mathbf x)=\nabla f(\mathbf x)-\mu \mathbf x$


$\phi (\mathbf x)$


\begin {equation*}0\leq \langle \nabla \phi (\mathbf y)-\nabla \phi (\mathbf x),\mathbf y-\mathbf x \rangle =\langle \nabla f(\mathbf y)-\nabla f(\mathbf x),\mathbf y-\mathbf x \rangle -\mu \|\mathbf y-\mathbf x\|^2\leq (L-\mu ) \|\mathbf y-\mathbf x\|^2.\end {equation*}


$\nabla \phi $


$L-\mu $


$\phi (\mathbf x)$


\begin {align*}\langle \nabla \phi (\mathbf y)-\nabla \phi (\mathbf x),\mathbf y-\mathbf x \rangle &\geq \frac {1}{L-\mu }\|\nabla \phi (\mathbf y)-\nabla \phi (\mathbf x)\|^2\\ \langle \nabla f(\mathbf y)-\nabla f(\mathbf x),\mathbf y-\mathbf x \rangle -\mu \|\mathbf x-\mathbf y\|^2 &\geq \frac {1}{L-\mu }\|\nabla f(\mathbf y)-\nabla f(\mathbf x)-\mu (\mathbf y-\mathbf x)\|^2\\ \langle \nabla f(\mathbf y)-\nabla f(\mathbf x),\mathbf y-\mathbf x \rangle -\mu \|\mathbf x-\mathbf y\|^2 &\geq \frac {1}{L-\mu }\|\nabla f(\mathbf y)-\nabla f(\mathbf x)\|^2\\ +\frac {\mu ^2}{L-\mu }\|\mathbf y-\mathbf x\|^2 +&\frac {-2\mu }{L-\mu }\langle \nabla f(\mathbf y)-\nabla f(\mathbf x),\mathbf y-\mathbf x \rangle \\ \frac {L+\mu }{L-\mu }\langle \nabla f(\mathbf y)-\nabla f(\mathbf x),\mathbf y-\mathbf x \rangle &\geq \frac {1}{L-\mu }\|\nabla f(\mathbf y)-\nabla f(\mathbf x)\|^2+\frac {L\mu }{L-\mu }\|\mathbf y-\mathbf x\|^2.\end {align*}


$f(\mathbf x):\mathbbm R^n\longrightarrow \mathbbm R$


$\mu >0$


$\nabla f(\mathbf x)$


$L$


$f(\mathbf x)$


$f(\mathbf x)\geq f(\mathbf x_*),\forall \mathbf x$


$\eta \in (0,\frac {2}{L+\mu }]$


\begin {equation*}\|\mathbf x_{k}-\mf x_*\|^2\leq \left (1-\frac {2\eta \mu L}{L+\mu }\right )^k \|\mf x_{0}-\mf x_*\|^2.\end {equation*}


$\eta =\frac {2}{L+\mu }$


\begin {equation*}\|\mf x_{k}-\mf x_*\|\leq \left (\frac {\frac {L}{\mu }-1}{ \frac {L}{\mu }+1}\right )^{k} \|\mf x_{0}-\mf x_*\|,\end {equation*}


\begin {equation*}f(\mf x_{k})-f(\mf x_*)\leq \frac {L}{2}\left (\frac {\frac {L}{\mu }-1}{ \frac {L}{\mu }+1}\right )^{2k} \|\mf x_{0}-\mf x_*\|^2.\end {equation*}


$\eta \in (0,\frac {2}{L+\mu }]$


$\|\mf x_k-\mf x_*\|$


$\mathcal O(c^k)$


$c=\sqrt {1-\frac {2\eta \mu L}{L+\mu }}$


$\eta $


$\eta =\frac {2}{L+\mu }$


$c=\frac {\frac {L}{\mu }-1}{ \frac {L}{\mu }+1}$


$\frac {L}{\mu }$


$r_k=\|\mathbf x_k-\mathbf x_*\|$


$\nabla f(\mathbf x_*)=\mathbf 0$


\begin {align*}r_{k+1}^2&=\|\mathbf x_{k+1}-\mathbf x_*\|^2\\ &=\|\mathbf x_{k}-\eta \nabla f(\mathbf x_k)-\mathbf x_*\|^2\\ &=\|\mathbf x_k-\mathbf x_*\|^2+\|\eta \nabla f(\mathbf x_k)\|^2+2\langle \mathbf x_k-\mathbf x_*, -\eta \nabla f(\mathbf x_k) \rangle \\ &=\|\mathbf x_k-\mathbf x_*\|^2+\eta ^2\|\nabla f(\mathbf x_k)\|^2-2\eta \langle \mathbf x_k-\mathbf x_*, \nabla f(\mathbf x_k)-\nabla f(\mathbf x_*) \rangle \\ &\leq \|\mathbf x_k-\mathbf x_*\|^2+\eta ^2\|\nabla f(\mathbf x_k)\|^2-2\eta \frac {\mu L}{\mu +L}\|\mathbf x_{k}-\mathbf x_*\|^2 \\ &-2\eta \frac {1}{L+\mu }\| \nabla f(\mathbf x_k)-\nabla f(\mathbf x_*)\|^2\\ &=\left (1-\frac {2\eta \mu L}{\mu +L} \right )r_k^2+(\eta ^2-\frac {2}{L+\mu }\eta ) \|\nabla f(\mathbf x_k)\|^2.\end {align*}


$\eta \in (0,\frac {2}{L+\mu }]$


\begin {equation*}r^2_{k+1}\leq \left (1-\frac {2\eta \mu L}{\mu +L} \right )r_k^2\Rightarrow r^2_{k}\leq \left (1-\frac {2\eta \mu L}{\mu +L} \right )^kr_0^2.\end {equation*}


$\nabla f(\mf x_*)=\mf 0$


\begin {equation*}f(\mf x_k)-f(\mf x_*)\leq \langle \nabla f(\mf x_*), \mf x_k-\mf x_*\rangle +\frac {L}{2}\|\mf x_k-\mf x_*\|^2=\frac {L}{2}r_k^2\leq \frac {L}{2} \left (1-\frac {2\eta \mu L}{\mu +L} \right )^{k}r_0^2.\end {equation*}


$\eta =\frac {2}{L+\mu }$


$1-\frac {2\eta \mu L}{\mu +L}=1-\frac {4\mu L}{(L+\mu )^2}=\left (\frac {L-\mu }{L+\mu }\right )^2$


\begin {equation}\label {PL-condition} \frac 12 \|\nabla f(\bx )\|^2\geq \mu (f(\bx )-f(\bx _*)),\quad \mu >0,\end {equation}


$\bx _*$


$f(\bx )$


\begin {equation*}f(\by )\geq f(\bx )+\langle \nabla f(\bx ), \by -\bx \rangle +\frac {\mu }{2} \|\bx -\by \|^2.\end {equation*}


$\by $


$f(\bx _*)\geq f(\bx )-\frac {1}{2\mu } \|\nabla f(\bx )\|^2.$


$f(\bx )=\frac 12\|A\bx -b\|^2$


$\bx \in \mathbbm R^n$


$b\in \mathbbm R^m$


$A\in \mathbbm R^{m\times n}.$


$\nabla ^2 f=A^TA$


$f(\bx )$


$\nabla ^2 f\geq \mu I$


$A^TA\geq \mu I$


$\mu >0$


$A^TA$


$A\in \mathbbm R^{m\times n}, m<n$


$f(\bx )=g(A \bx )$


$A\in \mathbbm R^{m\times n}$


$g(\bx )$


$A\in \mathbbm R^{m\times n}, m<n$


$b$


$A$


$f(\bx _*)=0$


\begin {equation*}f(\bx )= \sum _{i=1}^n \log [1+\exp (\mf b_i \mf a_i^T \bx )]\end {equation*}


$f(\bx )=g(A\bx )$


$g(\by )$


$g(x)=\log (1+\exp x)$


$g''(x)=\frac {e^x}{(e^x+1)^2}\to 0$


$x\to \infty $


$f(\bx )$


$g(\bx )$


\begin {equation*}g(\bv )\geq g(\bu )+\langle \nabla g(\bu ), \bv -\bu \rangle +\frac {\mu }{2} \|\bv -\bu \|^2\end {equation*}


\begin {align*}g(A\by )&\geq g(A\bx )+\langle \nabla g(A\bx ), A\by -A\bx \rangle +\frac {\mu }{2} \|A\by -A\bx \|^2\\ &=g(A\bx )+\langle A^T \nabla g(A\bx ), \by - \bx \rangle +\frac {\mu }{2} \|A\by -A\bx \|^2\\ &=g(A\bx )+ \langle \nabla f(\bx ), \by - \bx \rangle +\frac {\mu }{2} \|A\by -A\bx \|^2,\end {align*}


\begin {equation*}f(\by )\geq f(\bx )+ \langle \nabla f(\bx ), \by - \bx \rangle +\frac {\mu }{2} \| A\by -A\bx \|^2.\end {equation*}


$f(\bx )$


$\bx _p$


$\bx $


$f(\bx )$


\begin {align*}f(\bx _p)& \geq f(\bx )+ \langle \nabla f(\bx ), \bx _p - \bx \rangle +\frac {\mu }{2} \| A\bx _p-A\bx \|^2\\ f(\bx _p)& \geq f(\bx )+ \langle \nabla f(\bx ), \bx _p - \bx \rangle +\frac {\mu \sigma ^2}{2} \|\bx _p-\bx \|^2,\end {align*}


$\sigma $


$A$


$\|A\bx _p-A\bx \|^2\geq \sigma ^2\|\bx _p-\bx \|^2$


\begin {align*}f(\bx _p)& \geq f(\bx )+ \langle \nabla f(\bx ), \bx _p - \bx \rangle +\frac {\mu \sigma ^2}{2} \|\bx _p-\bx \|^2\\ & \geq f(\bx )+ \min _{\by } \left (\langle \nabla f(\bx ), \by - \bx \rangle +\frac {\mu \sigma ^2}{2} \|\by -\bx \|^2\right )\\ & = f(\bx )-\frac {1}{2\mu \sigma ^2} \| \nabla f(\bx )\|^2,\end {align*}


$\by -\bx =-\frac {1}{\mu \sigma ^2}\nabla f(\bx )$


$\mu \sigma ^2>0$


$\|A\bx _p-A\bx \|^2\geq \sigma ^2\|\bx _p-\bx \|^2$


$l \leq \min \{m, n\}$


$A\in \mathbbm C^{m\times n}$


$k$


$A=U\Sigma V^*$


$U$


$m\times l$


$V$


$n\times l$


$\Sigma $


$l\times l$


$A$


$A=U_1 \Sigma _1 V_1$


$U$


$m\times k$


$V$


$n\times k$


$\Sigma _1$


$k\times k$


$A$


$n\leq m$


$A^* A$


$n>m$


$AA^*$


$A^*A$


$A^* A$


$A$


$A^*A$


$k$


$D$


$k\times k$


$A^*A$


$V$


$n\times n$


\begin {equation*}V^* A^* A V=\begin {bmatrix} D & 0\\ 0& 0\end {bmatrix}.\end {equation*}


$V=[V_1\, V_2]$


\begin {equation*}\begin {bmatrix}V_1^* \\ V_2^*\end {bmatrix} A^* A \begin {bmatrix}V_1 & V_2\end {bmatrix}=\begin {bmatrix} D & 0\\ 0& 0\end {bmatrix}.\end {equation*}


\begin {equation*}V_1^* A^* A V_1=D,\quad V_2^* A^* A V_2=0.\end {equation*}


$V=[V_1 \, V_2]$


$VV^*=I$


$V_1V_1^*+V_2V_2^*=I$


$V_2$


$A^*A$


$A^* AV_2=0$


$V^*_2 A^* AV_2=0$


$AV_2=0$


$V^*_2 A^* AV_2=0$


$U_1=A V_1 D^{-\frac 12}$


$D^{\frac 12}$


$D$


\begin {equation*}U_1 D^{\frac 12}V_1^*=AV_1V_1^*=A(I-V_2V_2^*)=A-(AV_2)V_2^*=A.\end {equation*}


$A= U_1 D^{\frac 12}V_1^*$


$U_2$


$n\times (n-k)$


$U=[U_1 \,\, U_2]$


$\Sigma $


$n\times n$


\begin {equation*}\Sigma =\begin {bmatrix} D^{\frac 12} & 0\\ 0 & 0 \end {bmatrix},\end {equation*}


$A=U\Sigma V$


$V$


$A^*A$


$U$


$AA*$


$A$


$u_i$


$v_i$


$i$


$U$


$V$


$i$


$\sigma _i(A)$


\begin {equation*}Av_i=\sigma _i u_i,\quad A^*u_i=\sigma _i v_i.\end {equation*}


$A$


$A$


$A$


\begin {equation*}A=\drawmatrix [width=.5]{U_1}\Sigma _1\drawmatrix [height=.35cm]{V_1^*}\end {equation*}


\begin {equation*}\Sigma _1=\begin {bmatrix} \sigma _1 & & \\ &\ddots &\\ && \sigma _k \end {bmatrix}.\end {equation*}


$\sigma _i$


$\sigma _1\geq \sigma _2\geq \cdots \geq \sigma _k.$


$A$


$A=U\Sigma V^*$


$U=V$


$A=U\Sigma U^*$


$A$


\begin {equation*}A=\drawmatrix [width=.6]{U}\Sigma \drawmatrix [height=.5cm]{V^T}, \quad \Sigma =\begin {bmatrix} \sigma _1 & & \\ &\ddots &\\ && \sigma _k \end {bmatrix},\quad \sigma _1\geq \cdots \geq \sigma _k=\sigma >0.\end {equation*}


$\frac {\|A \by \|}{\|\by \|}\geq 0,\forall \by \neq \mf 0$


$\by $


$A$


$\bx _p-\bx $


$A$


$\bx $


$A(\bx _p-\bx )=0\Rightarrow g(A\bx _p)=g(A\bx )$


$\bx $


$\bv _1, \cdots , \bv _k$


$A$


$\sigma _i, i=1,\cdots ,k$


$\bv _{k+1}, \cdots , \bv _n$


$A$


$\bv _1, \cdots , \bv _n$


$\mathbbm R^n$


$\bx _p-\bx =\sum \limits _{i=1}^n x_i \bv _i.$


$\bx _p$


$\bx $


$\bx $


$x_i=0$


$i=k+1,\cdots , n$


$x_j\neq 0$


$j>k$


$\by =\bx _p-x_j \bv _j$


$A\by =A\bx _p\Rightarrow g(A\by )=g(A\bx _p)$


$\by $


$\|\by -\bx \|<\|\bx _p-\bx \|$


\begin {equation*}\by -\bx =\sum \limits _{i=1,j\neq i}^n x_i \bv _i.\end {equation*}


$\bx _p-\bx =\sum \limits _{i=1}^k x_i \bv _i$


$\|\bx _p-\bx \|^2=x_1^2+\cdots +x_k^2$


\begin {equation*}A(\bx _p-\bx )=\drawmatrix [width=.6]{U}\Sigma \drawmatrix [height=.5cm]{V^T} \,\drawmatrix [width=.6]{V} \begin {pmatrix} x_1\\ \vdots \\ x_k \end {pmatrix}=\drawmatrix [width=.6]{U}\Sigma \begin {pmatrix} x_1\\ \vdots \\ x_k \end {pmatrix} \Rightarrow \|A(\bx _p-\bx )\|\geq \sigma \|\bx _p-\bx \|.\end {equation*}


$f(\bx )$


$\mu >0$


$\nabla f(\mathbf x)$


$L$


$1/L$


$\bx _{k+1}=\bx _k-\frac {1}{L} \nabla f(\bx _k)$


\begin {equation*}f(\bx _k)-f(\bx _*)\leq \left (1-\frac {\mu }{L}\right )^k(f(\mf x_0)-f(\mf x_*)).\end {equation*}


$\bx _k\to \bx _*$


$\bx _*$


\begin {equation*}f(\mathbf x_{k+1})\leq f(\mathbf x_k)+\langle \nabla f(\mathbf x_k),\mathbf x_{k+1}-\mathbf x_k\rangle +\frac {L}{2}\|\mathbf x_{k+1}-\mathbf x_k\|^2,\end {equation*}


$\bx _{k+1}=\bx _k-\frac {1}{L} \nabla f(\bx _k)$


\begin {equation*}f(\mathbf x_{k+1})\leq f(\mathbf x_k)-\frac {1}{2L}\|\nabla f(\mathbf x_k)\|^2\leq f(\mathbf x_k)-\frac {\mu }{L}( f(\mathbf x_k)- f(\mathbf x_*)),\end {equation*}


\begin {equation*}\Rightarrow f(\mathbf x_{k+1})-f(\bx _*)\leq (1-\frac {\mu }{L})(f(\mathbf x_{k})-f(\bx _*)).\end {equation*}


$\eta _k>0$


\begin {equation}\mathbf x_{k+1}=\mathbf x_{k}-\eta _k \nabla f(\mathbf x_{k})\end {equation}


$\eta _k$


\begin {equation}\label {sd-2} \eta _k=\argmin \limits _{\alpha >0} f(\mathbf x_{k}-\alpha \nabla f(\mathbf x_{k})).\end {equation}


$f: \mathbbm R^n\rightarrow \mathbbm R$


$\mu I \leq \nabla ^2 f(\mf x)\leq L I$


$L>\mu >0$


$f(\mf x)$


$\mf x_*$


\begin {equation*}f(\mf x_{k})-f(\mf x_*)\leq \left (1-\frac {\mu }{L}\right )^k[f(\mf x_0)-f(\mf x_*)].\end {equation*}


$(1-\frac {\mu }{L})$


$\left (\frac {L-\mu }{L+\mu }\right )^2<1-\frac {\mu }{L}$


$\eta $


$\mathbf h_k=\nabla f(\mf x_k)$


$\alpha >0$


$\theta \in (0,1)$


$\mf z_k=\mf x_k-\theta \alpha \mf h_k$


\begin {equation*}f(\mf x_k-\alpha \mf h_k)=f(\mf x_k)-\alpha \mf h_k^T \nabla f(\mf x_k)+\frac 12 \alpha ^2 \mf h_k^T \nabla ^2 f(\mf z_k) \mf h_k.\end {equation*}


$\nabla ^2 f(\mf x)\leq L I, \forall \mf x$


\begin {equation*}f(\mf x_k-\alpha \mf h_k)\leq f(\mf x_k)-\alpha \mf h_k^T \nabla f(\mf x_k)+\frac 12 L \alpha ^2 \| \mf h_k\|^2.\end {equation*}


$\alpha $


$f(\mf x_{k+1})$


$\alpha $


$\alpha $


\begin {equation*}f(\mf x_{k+1})=\min _\alpha f(\mf x_k-\alpha \mf h_k)\leq f(\mf x_k)-\alpha \mf h_k^T \nabla f(\mf x_k)+\frac 12 L \alpha ^2 \| \mf h_k\|^2,\end {equation*}


\begin {equation*}f(\mf x_{k+1}) \leq \min _\alpha [f(\mf x_k)-\alpha \mf h_k^T \nabla f(\mf x_k)+\frac 12 L \alpha ^2 \| \mf h_k\|^2] =f(\mf x_k)-\frac {1}{2L}\|\nabla f(\mf x_k)\|^2,\end {equation*}


\begin {equation}\label {sd-inq} f(\mf x_{k+1})-f(\mf x_*)\leq f( \mf x_k)-f(\mf x_*)-\frac {1}{2L}\|\nabla f(\mf x_k)\|^2.\end {equation}


$\mu I \leq \nabla ^2 f(\mf x)$


\begin {equation*}f(\mf x)\geq f(\mf x_k)+\nabla f(\mf x_k)^T(\mf x-\mf x_k)+\frac {\mu }{2}\|\mf x-\mf x_k\|^2.\end {equation*}


$\mf x$


\begin {equation*}f(\mf x)\geq f(\mf x_k)-\frac {1}{2\mu } \|\nabla f(\mf x_k)\|^2,\end {equation*}


\begin {equation*}f(\mf x_*)\geq f(\mf x_k)-\frac {1}{2\mu } \|\nabla f(\mf x_k)\|^2,\end {equation*}


$-\|\nabla f(\mf x_k)\|^2\leq 2 \mu [f(\mf x_*)- f(\mf x_k)]$


$\left (\frac {L-\mu }{L+\mu }\right )^2$


\begin {equation*}f(\mathbf x)=\frac 12\mf x^T A \mf x-\mf x^T \mf b,\end {equation*}


$A$


\begin {equation*}0<\lambda _1\leq \lambda _2\leq \cdots \leq \lambda _n.\end {equation*}


$\nabla ^2 f(\mf x)\equiv A\geq \mu I$


$f(\mf x)$


$\mf x_*$


$\nabla f(\mf x_*)=\mf 0\Leftrightarrow A\mf x_*=\mf b$


\begin {equation*}E(\mathbf x)=\frac 12 (\mf x-\mf x_*)^TA(\mf x-\mf x_*).\end {equation*}


\begin {equation*}A\mf x_*=\mf b\Rightarrow \frac 12 \mf x_*^T A \mf x_*=\frac 12\mf x^T_* \mf b\Rightarrow f(\mf x_*)=-\frac 12 \mf x_*^T A \mf x_*,\end {equation*}


\begin {equation*}E(\mf x)=f(\mf x)+\frac 12 \mf x_*^T A \mf x_*=f(\mf x)-f(\mf x_*).\end {equation*}


$\mf h_k=\nabla f(\mf x_k)=A\mf x_k-\mf b,$


\begin {equation*}f(\mf x_k-\eta \mf h_k)=\frac 12(\mf x_k-\eta \mf h_k)^T A (\mf x_k-\eta \mf h_k)-(\mf x_k-\eta \mf h_k)^T\mf b.\end {equation*}


$\eta $


$\eta _k=\frac {\mf h_k^T\mf h_k}{\mf h_k^T A \mf h_k}.$


\begin {equation*}\mf x_{k+1}=\mf x_k-\frac {\mf h_k^T\mf h_k}{\mf h_k^T A \mf h_k} \mf h_k.\end {equation*}


\begin {equation*}E(\mf x_{k+1})=\frac 12(\mf x_k-\mf x_*-\eta _k \mf h_k)^T A (\mf x_k-\mf x_*-\eta _k \mf h_k)\end {equation*}


\begin {equation*}=E(\mf x_k)-\eta _k \mf h_k^T A(\mf x_k-\mf x_*)+ \frac 12\eta _k^2 \mf h_k^T A \mf h_k,\end {equation*}


\begin {equation*}\Rightarrow \frac {E(\mf x_{k})-E(\mf x_{k+1})}{E(\mf x_k)}=\frac { \eta _k \mf h_k^T A(\mf x_k-\mf x_*) -\frac 12\eta _k^2 \mf h_k^T A \mf h_k}{\frac 12 (\mf x_k-\mf x_*)^T A(\mf x_k-\mf x_*) }.\end {equation*}


$A(\mf x_k-\mf x_*)=A\mf x_k-\mf b=\mf h_k$


$\eta _k=\frac {\mf h_k^T\mf h_k}{\mf h_k^T A \mf h_k}$


\begin {equation*}\frac {E(\mf x_{k})-E(\mf x_{k+1})}{E(\mf x_k)}=\frac { 2\eta _k \mf h_k^T \mf h_k -\eta _k^2 \mf h_k^T A \mf h_k}{ \mf h_k^T A^{-1} \mf h_k }=\frac {\|\mf h_k\|^4}{(\mf h_k^T A \mf h_k)( \mf h_k^T A^{-1} \mf h_k)}.\end {equation*}


\begin {equation*}E(\mf x_{k+1})=\left (1-\frac {\|\mf h_k\|^4}{(\mf h_k^T A \mf h_k)( \mf h_k^T A^{-1} \mf h_k)}\right )E(\mf x_{k}),\end {equation*}


\begin {equation*}f(\mf x_{k+1})-f(\mf x_*)=\left (1-\frac {\|\mf h_k\|^4}{(\mf h_k^T A \mf h_k)( \mf h_k^T A^{-1} \mf h_k)}\right )[f(\mf x_{k})-f(\mf x_*)].\end {equation*}


\begin {equation*}\frac {\mf h_k^T A \mf h_k}{\|\mf h_k\|^2}\leq \lambda _n,\quad \frac {\mf h_k^T A^{-1} \mf h_k}{\|\mf h_k\|^2}\leq \frac {1}{\lambda _1}\Rightarrow 1-\frac {\|\mf h_k\|^4}{(\mf h_k^T A \mf h_k)( \mf h_k^T A^{-1} \mf h_k)}\leq 1-\frac {\lambda _1}{\lambda _n},\end {equation*}


\begin {equation*}1-\frac {\|\mf h_k\|^4}{(\mf h_k^T A \mf h_k)( \mf h_k^T A^{-1} \mf h_k)}\leq 1-\frac {4\lambda _1\lambda _n}{(\lambda _1+\lambda _n)^2}=\frac {(\lambda _n/\lambda _1-1)^2}{(\lambda _n/\lambda _1+1)^2}.\end {equation*}


$o(\frac {1}{k^2})$


$\eta _k=\frac {1}{L}$


$L$


$\nabla f(\mf x)$


$t_{k}=\frac {k+2}{2}$


$t_0=1$


$\frac {t_k-1}{t_{k+1}}=\frac {\frac {k+2}{2}-1}{\frac {k+3}{2}}=\frac {k}{k+3}$


$\mathcal O(\frac {1}{k^2})$


$f(\mf x)$


$\mathcal O(\frac {1}{k})$


$O(\frac {1}{k})$


$O(\frac {1}{k^2})$


$f(\mf x)$


$\eta \in (0,\frac {2}{L})$


$f(\mf x_{k+1})<f(\mf x_k)$


$\{f(\mf x_k)\}$


$\{f(\mf y_k)\}$


$\mathcal O(\frac {1}{k^2})$


$t_k$


$\eta _k$


$f(\mathbf x)$


$L$


$\mf y=\mf {x}_{k+1}$


$\mf x=\mf y_{k}$


\begin {equation}f(\mf {x}_{k+1})\leq f(\mf y_k)+\langle \nabla f(\mf y_k),\mf {x}_{k+1}-\mf y_k\rangle +\frac {L}{2}\|\mf y_k-\mf {x}_{k+1}\|^2. \label {agm-descent-1}\end {equation}


\begin {equation*}f(\mf x)\geq f(\mf y)+\langle \mf x-\mf y,\nabla f(\mf y)\rangle ,\end {equation*}


\begin {equation*}f(\mf x_{k})\geq f(\mf y_{k})+\langle \mf x_k-\mf y_k,\nabla f(\mf y_k)\rangle .\end {equation*}


\begin {align*}f(\mf x_{k})-f(\mathbf x_{k+1})&\geq -\frac {L}{2}\|\mf y_k-\mf {x}_{k+1}\|^2+\langle \mf x_{k}-\mf x_{k+1},\nabla f(\mf y_k)\rangle \\ &=-\frac {L}{2}\|\mf y_k-\mf {x}_{k+1}\|^2+\langle \mf x_{k}-\mf x_{k+1},\frac {1}{\eta _k} (\mf y_k-\mf x_{k+1}) \rangle \\ &=-\frac {L}{2}\|\mf y_k-\mf {x}_{k+1}\|^2+\langle \mf x_{k}-\mf y_k+\mf y_k-\mf x_{k+1},\frac {1}{\eta _k} (\mf y_k-\mf x_{k+1}) \rangle \\ &=(\frac {1}{\eta _k}-\frac {L}{2})\|\mf y_k-\mf {x}_{k+1}\|^2+\frac {1}{\eta _k}\langle \mf y_k-\mf x_{k+1}, \mf x_{k}-\mf y_k\rangle .\end {align*}


\begin {equation*}\eta _k[f(\mf x_{k})-f(\mathbf x_{k+1})]\geq (1-\eta _k\frac {L}{2})\|\mf y_k-\mf {x}_{k+1}\|^2+\langle \mf y_k-\mf x_{k+1}, \mf x_{k}-\mf y_k\rangle .\end {equation*}


\begin {equation*}f(\mf x_{*})\geq f(\mf y_{k})+\langle \mf x_*-\mf y_k,\nabla f(\mf y_k)\rangle .\end {equation*}


\begin {align*}f(\mf x_{*})-f(\mathbf x_{k+1})&\geq -\frac {L}{2}\|\mf y_k-\mf {x}_{k+1}\|^2+\langle \mf x_{*}-\mf x_{k+1},\nabla f(\mf y_k)\rangle \\ &=-\frac {L}{2}\|\mf y_k-\mf {x}_{k+1}\|^2+\langle \mf x_{*}-\mf x_{k+1},\frac {1}{\eta _k} (\mf y_k-\mf x_{k+1}) \rangle \\ &=-\frac {L}{2}\|\mf y_k-\mf {x}_{k+1}\|^2+\langle \mf x_{*}-\mf y_k+\mf y_k-\mf x_{k+1},\frac {1}{\eta _k} (\mf y_k-\mf x_{k+1}) \rangle \\ &=(\frac {1}{\eta _k}-\frac {L}{2})\|\mf y_k-\mf {x}_{k+1}\|^2+\frac {1}{\eta _k}\langle \mf y_k-\mf x_{k+1}, \mf x_{*}-\mf y_k\rangle .\end {align*}


$\eta _k= \frac {1}{L}$


\begin {align*}f(\mf x_{k})-f(\mathbf x_{k+1})&\geq \frac {L}{2}\|\mf y_k-\mf {x}_{k+1}\|^2+L\langle \mf y_k-\mf x_{k+1}, \mf x_{k}-\mf y_k\rangle ,\\ f(\mf x_{*})-f(\mathbf x_{k+1})&\geq \frac {L}{2}\|\mf y_k-\mf {x}_{k+1}\|^2+L\langle \mf y_k-\mf x_{k+1}, \mf x_{*}-\mf y_k\rangle .\end {align*}


$R_k=f(\mf x_{k})-f(\mf x_{*})$


$\mf x_*$


$t_{k}-1$


\begin {equation*}(t_{k}-1)R_k-t_{k}R_{k+1}\geq \frac {L}{2}t_{k}\|\mf y_k-\mf {x}_{k+1}\|^2+L\langle \mf y_k-\mf x_{k+1}, (t_{k}-1)\mf x_k-t_{k}\mf y_k+ \mf x_{*}\rangle .\end {equation*}


$t_{k}$


\begin {equation}t_{k}(t_{k}-1)R_k-t^2_{k}R_{k+1}\geq \frac {L}{2}\|t_{k}(\mf y_k-\mf {x}_{k+1})\|^2+L\langle t_{k}(\mf y_k-\mf x_{k+1}), (t_{k}-1)\mf x_k-t_{k}\mf y_k+ \mf x_{*}\rangle . \label {agm-eqn-1}\end {equation}


\begin {equation*}t_{k+1}^2-t_{k+1}\leq t_k^2,\end {equation*}


\begin {equation}t^2_{k-1}R_k-t^2_{k}R_{k+1}\geq \frac {L}{2}\|t_{k}(\mf y_k-\mf {x}_{k+1})\|^2+L\langle t_{k}(\mf y_k-\mf x_{k+1}), (t_{k}-1)\mf x_k-t_{k}\mf y_k+ \mf x_{*}\rangle . \label {agm-eqn-2}\end {equation}


\begin {equation*}\mf a=t_{k}\mf y_k,\quad \mf b=t_{k}\mf x_{k+1}, \quad \mf c=(t_{k}-1)\mf x_k+\mf x_*,\end {equation*}


\begin {equation*}\frac {L}{2}\left (\|\mf a-\mf b\|^2+2\langle \mf c-\mf a, \mf a-\mf b\rangle \right )=\frac {L}{2}\left (\|\mf b-\mf c\|^2-\|\mf a-\mf c\|^2 \right ).\end {equation*}


\begin {equation*}t^2_{k-1}R_k-t^2_{k}R_{k+1}\geq \frac {L}{2}\left (\|t_{k}\mf x_{k+1} -[(t_{k}-1)\mf x_k+\mf x_*]\|^2-\|t_{k}\mf y_k-[(t_{k}-1)\mf x_k+\mf x_*]\|^2 \right ).\end {equation*}


$\mf u_{k+1}=t_{k}\mf x_{k+1}-[(t_{k}-1)\mf x_k+\mf x_*]$


\begin {equation*}\mf y_{k}=\mf x_{k}+\frac {t_{k-1}-1}{t_{k}}(\mf x_{k}-\mf x_{k-1})\Rightarrow t_{k}\mf y_k=t_{k}\mf x_k+(t_{k-1}-1)(\mf x_{k}-\mf x_{k-1}),\end {equation*}


\begin {equation*}t_{k}\mf y_k-[(t_{k}-1)\mf x_k+\mf x_*]=t_{k-1}\mf x_{k}-[(t_{k-1}-1)\mf x_{k-1}+\mf x_*]=\mf u_{k}.\end {equation*}


\begin {equation*}t^2_{k-1}R_k-t^2_{k}R_{k+1}\geq \frac {L}{2} (\|\mf u_{k+1}\|^2-\|\mf u_{k}\|^2)\end {equation*}


\begin {equation*}t^2_{k}R_{k+1}+\frac {L}{2}\|\mf u_{k+1}\|^2\leq t^2_{k-1}R_k+ \frac {L}{2}\|\mf u_{k}\|^2,\end {equation*}


\begin {equation*}t^2_{k}R_{k+1}\leq t^2_{k}R_{k+1}+\frac {L}{2}\|\mf u_{k+1}\|^2\leq t^2_{0}R_1+\frac {L}{2} \|\mf u_{1}\|^2,\end {equation*}


\begin {equation*}R_{k+1}\leq \frac {1}{t_k^2}[t^2_{0}R_1+\frac {L}{2} \|\mf u_{1}\|^2].\end {equation*}


$\mathcal O(\frac {1}{k^2})$


$t_k$


$t_k=\mathcal O(k)$


$t_k^2-t_k= t_{k-1}^2$


$t_0=1$


$t_k\geq \frac {k+2}{2}$


$f(\mathbf x):\mathbbm R^n\longrightarrow \mathbbm R$


$\mf x_*$


$\nabla f(\mf x)$


$L$


$t_k^2-t_k= t_{k-1}^2$


$t_0=1$


\begin {equation*}f(\mf x_{k})-f(\mf x_*) \leq \frac {4}{k^2}\left ( f(\mf x_{1})-f(\mf x_*)+\frac {L}{2} \|\mf x_{1}-\mf x_*\|^2\right ).\end {equation*}


$t_{k+1}^2-t_{k+1}\leq t_k^2$


$t_0=1$


$t_k\geq \frac {k+2}{2}$


$t_k=\frac {k+2}{2}$


$t_{k+1}^2-t_{k+1}=\frac {(k+3)(k+1)}{4}\leq \frac {(k+2)^2}{4}=t_k^2$


$\eta _k=\frac {1}{b_k}\frac {1}{L}\leq \frac {1}{(a+\frac 12)}\frac {1}{L}$


$a>0$


\begin {equation*}\frac {1}{\eta _k}-\frac {L}{2}\geq aL,\quad \frac {1}{\eta _k}=b_k L,\quad b_k\geq a+\frac 12\end {equation*}


\begin {align*}f(\mf x_{k})-f(\mathbf x_{k+1})&\geq aL \|\mf y_k-\mf {x}_{k+1}\|^2+b_k L\langle \mf y_k-\mf x_{k+1}, \mf x_{k}-\mf y_k\rangle ,\\ f(\mf x_{*})-f(\mathbf x_{k+1})&\geq aL \|\mf y_k-\mf {x}_{k+1}\|^2+b_k L\langle \mf y_k-\mf x_{k+1}, \mf x_{*}-\mf y_k\rangle .\end {align*}


$(t_{k}-1)$


\begin {equation*}(t_{k}-1)R_k-t_{k}R_{k+1}\geq a L t_{k}\|\mf y_k-\mf {x}_{k+1}\|^2+b_k L\langle \mf y_k-\mf x_{k+1}, (t_{k}-1)\mf x_k-t_{k}\mf y_k+ \mf x_{*}\rangle .\end {equation*}


$t_{k}$


\begin {equation}t_{k}(t_{k}-1)R_k-t^2_{k}R_{k+1}\geq a L \|t_{k}(\mf y_k-\mf {x}_{k+1})\|^2+b_k L\langle t_{k}(\mf y_k-\mf x_{k+1}), (t_{k}-1)\mf x_k-t_{k}\mf y_k+ \mf x_{*}\rangle .\end {equation}


\begin {equation*}t_{k+1}^2-t_{k+1}\leq t_k^2,\end {equation*}


\begin {equation}t^2_{k-1}R_k-t^2_{k}R_{k+1}\geq a L \|t_{k}(\mf y_k-\mf {x}_{k+1})\|^2+b_k L\langle t_{k}(\mf y_k-\mf x_{k+1}), (t_{k}-1)\mf x_k-t_{k}\mf y_k+ \mf x_{*}\rangle . \label {agm-eqn-2-variable}\end {equation}


\begin {equation*}\mf a=t_{k}\mf y_k,\quad \mf b=t_{k}\mf x_{k+1}, \quad \mf c=(t_{k}-1)\mf x_k+\mf x_*.\end {equation*}


$b_k\leq 2a$


$a\geq \frac 12$


\begin {align*}t^2_{k-1}R_k-t^2_{k}R_{k+1} & \geq \frac {b_k L}{2}\left (\frac {2a}{b_k}\|\mf a-\mf b\|^2+2\langle \mf c-\mf a, \mf a-\mf b\rangle \right ) \\ &\geq \frac {b_k L}{2}\left (\|\mf a-\mf b\|^2+2\langle \mf c-\mf a, \mf a-\mf b\rangle \right ) \\ &=\frac {b_k L}{2}\left (\|\mf b-\mf c\|^2-\|\mf a-\mf c\|^2\right ).\end {align*}


$\frac {b_k L}{2}$


$\|\mf b-\mf c\|^2-\|\mf a-\mf c\|^2=\|\mf u_{k+1}\|^2-\|\mf u_{k}\|^2$


$c_k=\frac {b_kL}{2}$


\begin {equation*}t^2_{k-1}R_k-t^2_{k}R_{k+1}\geq c_k (\|\mf u_{k+1}\|^2-\|\mf u_{k}\|^2)\end {equation*}


\begin {equation*}t^2_{k}R_{k+1}+c_k\|\mf u_{k+1}\|^2\leq t^2_{k-1}R_k+ c_k\|\mf u_{k}\|^2.\end {equation*}


$\eta _k$


$k$


$b_k$


$c_k\leq c_{k-1}$


\begin {equation*}t^2_{k}R_{k+1}+c_k\|\mf u_{k+1}\|^2\leq t^2_{k-1}R_k+ c_{k-1}\|\mf u_{k}\|^2.\end {equation*}


$t^2_{k-1}R_k+ c_{k-1}\|\mf u_{k}\|^2$


\begin {equation*}t^2_{k}R_{k+1}\leq t^2_{k}R_{k+1}+c_k\|\mf u_{k+1}\|^2\leq t^2_{0}R_1+c_0 \|\mf u_{1}\|^2\leq t^2_{0}R_1+a L \|\mf u_{1}\|^2,\end {equation*}


$c_0=\frac {b_0L}{2}\leq \frac {2aL}{2}=aL$


\begin {equation*}R_{k+1}\leq \frac {1}{t_k^2}[t^2_{0}R_1+a L \|\mf u_{1}\|^2].\end {equation*}


$f(\mathbf x):\mathbbm R^n\longrightarrow \mathbbm R$


$\mf x_*$


$\nabla f(\mf x)$


$L$


$t_k^2-t_k= t_{k-1}^2$


$t_0=1$


\begin {equation*}\frac {1}{2a}\frac {1}{L}\leq \eta _k\leq \frac {1}{a+\frac 12}\frac {1}{L},\quad a\geq \frac 12,\quad \forall k,\end {equation*}


$\eta _k$


$k$


\begin {equation*}f(\mf x_{k})-f(\mf x_*) \leq \frac {4}{k^2}\left ( f(\mf x_{1})-f(\mf x_*)+a L \|\mf x_{1}-\mf x_*\|^2\right ).\end {equation*}


$\eta _k\leq \frac {1}{L}$


$\eta _k$


$\eta =\frac {2}{L}$


$f(\mathbf x)$


\begin {equation*}\mf x_{k+1}=\mf x_k +\eta _k \mf p_k,\end {equation*}


$\eta _k>0$


$\mf p_k\in \mathbbm R^n$


$\quad \mf p_k=-\nabla f(\mf x_k)$


$\quad \mf p_k=-[\nabla ^2 f(\mf x_k)]^{-1} \nabla f(\mf x_k)$


$\quad \mf p_k=-B_k \nabla f(\mf x_k)$


$B_k\approx [\nabla ^2 f(\mf x_k)]^{-1}$


$\quad $


$\mf p_k= -\nabla f(\mf x_k)+\beta _k(\mf x_k-\mf x_{k-1})$


$\beta _k$


$\mf p_k$


$\mf x_k-\mf x_{k-1}$


$\mf p_k$


$\langle \mf p_k, -\nabla f(\mf x_k)\rangle >0$


$\mf p_k$


$\eta _k$


\begin {equation}\label {wolfe-1} f(\mf x_{k}+\eta _k\mf p_k)\leq f(\mf x_{k})+c_1 \eta _k \langle \nabla f(\mf x_k), \mf p_k \rangle ,\quad c_1\in (0,1).\end {equation}


$c_1$


$10^{-4}$


\begin {equation}\label {wolfe-2} \langle \nabla f(\mf x_{k}+\eta _k \mf p_k), \mf p_k\rangle \geq c_2 \langle \nabla f(\mf x_{k}), \mf p_k\rangle ,\quad c_2\in (c_1,1).\end {equation}


$\phi (\eta )=f(\mf x_k+\eta \mf p_k)$


$\phi '(\eta )=\langle \nabla f(\mf x_k+\eta \mf p_k), \mf p_k\rangle $


$\phi '(\eta _k)\geq c_2\phi '(0)$


$\phi '(0)=\langle \nabla f(\mf x_{k}), \mf p_k\rangle <0$


$\mf p_k$


$c_2$


$0.9$


$0.1$


$0<c_1<c_2<1$


\begin {equation}f(\mf x_{k}+\eta _k\mf p_k)\leq f(\mf x_{k})+c_1 \eta _k \langle \nabla f(\mf x_k), \mf p_k \rangle ,\quad c_1\in (0,1).\end {equation}


\begin {equation}|\langle \nabla f(\mf x_{k}+\eta _k \mf p_k), \mf p_k\rangle |\leq c_2 |\langle \nabla f(\mf x_{k}), \mf p_k\rangle |,\quad c_2\in (c_1,1).\end {equation}


$f:\mathbbm R^n\longrightarrow \mathbbm R$


$\mf p_k$


$0<c_1<c_2<1$


$\eta $


$\ell (\eta )=f(\mf x_k)+\eta c_1 \langle \nabla f(\mf x_{k}), \mf p_k\rangle $


$0<c_1<1$


$\phi (\eta )=f(\mf x_k+\eta \mf p_k)$


$\eta >0$


$0>\ell '(0)>\phi '(0)$


$\ell (0)=\phi (0)$


$\phi (\eta )$


$\eta $


$\eta _1>0$


\begin {equation*}f(\mf x_k+\eta _1 \mf p_k)=f(\mf x_k)+\eta _1 c_1 \langle \nabla f(\mf x_{k}),\mf p_k\rangle ,\end {equation*}


$\eta \in (0,\eta _1)$


$\eta _1>0$


$\phi (\eta )=f(\mf x_k+\eta \mf p_k)$


$\eta _2\in (0,\eta _1)$


\begin {equation*}f(\mf x_k+\eta _1 \mf p_k)-f(\mf x_k)=\langle \nabla f(\mf x_{k}+\eta _2 \mf p_k),\eta _1\mf p_k\rangle .\end {equation*}


\begin {equation*}\langle \nabla f(\mf x_{k}+\eta _2 \mf p_k),\mf p_k\rangle =c_1\langle \nabla f(\mf x_{k}),\mf p_k\rangle >c_2\langle \nabla f(\mf x_{k}),\mf p_k\rangle .\end {equation*}


$\eta _2$


$\nabla f$


$\eta _2$


$\eta $


$\eta _2$


$\eta _2$


$\eta \leftarrow c\eta $


$c\in (0,1)$


$\eta $


$\eta $


$\mf p_k=-\nabla f(\mf x_k)$


$\eta <\frac {2}{L}$


$L$


$\nabla f(\mf x)$


\begin {equation*}f(\mf x_{k})-f(\mf x_{k+1})\geq \eta (1-\frac {L}{2}\eta )\|\nabla f(\mf x_k)\|^2,\end {equation*}


\begin {equation*}f(\mf x_k+\eta \mf p_k)\leq f(\mf x_k)+\eta (1-\frac {L}{2}\eta ) \langle \nabla f(\mf x_{k}),\mf p_k\rangle .\end {equation*}


$\eta <\frac {2}{L}$


$c_1=1-\frac {L}{2}\eta $


$f(\mf x)$


$\mu >0$


\begin {equation*}\langle \nabla f(\mf x_{k+1})-\nabla f(\mf x_{k}), \mf x_{k+1}-\mf x_k\rangle \geq \mu \|\mf x_{k+1}-\mf x_{k}\|^2,\end {equation*}


\begin {equation*}\langle \nabla f(\mf x_k+\eta \mf p_k)-\nabla f(\mf x_{k}), -\eta \nabla f(\mf x_k) \rangle \geq \mu \|\eta \nabla f(\mf x_k)\|^2.\end {equation*}


\begin {equation*}\langle \nabla f(\mf x_k+\eta \mf p_k), - \nabla f(\mf x_k) \rangle \geq ( \mu \eta -1) \| \nabla f(\mf x_k)\|^2,\end {equation*}


\begin {equation*}\langle \nabla f(\mf x_{k}+\eta _k \mf p_k), \mf p_k\rangle \geq c_2 \langle \nabla f(\mf x_{k}), \mf p_k\rangle \end {equation*}


$c_2=1-\mu \eta .$


$c_1<c_2<1$


$L>2\mu $


$\eta <\frac {2}{L}$


$\theta _k$


\begin {equation*}\cos \theta _k=\frac {\langle -\nabla f(\mf x_k), \mf p_k\rangle }{\|\nabla f(\mf x_k)\| \|\mf p_k\|}.\end {equation*}


$f:\mathbbm R^n\longrightarrow \mathbbm R$


$\nabla f(\mf x)$


$f(\mathbf x)$


$\mf x_{k+1}=\mf x_k+\eta _k\mf p_k$


$\mf p_k$


$\eta _k$


\begin {equation*}\sum _{k=0}^\infty \cos ^2 \theta _k \|\nabla f(\mf x_k)\|^2<+\infty .\end {equation*}


\begin {equation*}\langle \nabla f(\mf x_{k+1})-\nabla f(\mf x_{k}),\mf p_k \rangle \geq (c_2-1)\langle \nabla f(\mf x_{k}),\mf p_k \rangle .\end {equation*}


\begin {equation*}\langle \nabla f(\mf x_{k+1})-\nabla f(\mf x_{k}),\mf p_k \rangle \leq \|\nabla f(\mf x_{k+1})-\nabla f(\mf x_{k})\| \|\mf p_k\|\leq L \|\eta _k \mf p_k\| \|\mf p_k\|.\end {equation*}


\begin {equation*}\eta _k\geq \frac {c_2-1}{L} \frac {\langle \nabla f(\mf x_{k}),\mf p_k \rangle }{\|\mf p_k\|^2}.\end {equation*}


\begin {equation*}f(\mf x_{k}+\eta _k\mf p_k)\leq f(\mf x_{k})-c_1\frac {1-c_2}{L} \frac {|\langle \nabla f(\mf x_{k}),\mf p_k \rangle |^2}{\|\mf p_k\|^2},\end {equation*}


\begin {equation*}f(\mf x_{k+1})\leq f(\mf x_{k})-\omega \cos ^2\theta _k\|\nabla f(\mf x_{k})\|^2,\quad \omega =c_1\frac {1-c_2}{L}.\end {equation*}


$f(\mathbf x)\geq C$


\begin {equation*}\sum _{k=0}^N \cos ^2\theta _k\|\nabla f(\mf x_{k})\|^2\leq \frac {1}{\omega }[f(\mathbf x_0)-f(\mathbf x_{N+1})]\leq \frac {1}{\omega }[f(\mathbf x_0)-C].\end {equation*}


$a_N=\sum \limits _{k=0}^N \cos ^2\theta _k\|\nabla f(\mf x_{k})\|^2$


$\cos ^2 \theta _k\|\nabla f(\mf x_k)\|^2\to 0$


$\cos ^2 \theta _k\geq \delta >0,\forall k$


$\|\nabla f(\mf x_k)\|\to 0.$


$\mf p_k=-[\nabla ^2 f( \mf x_k)]^{-1}\nabla f( \mf x_k)$


\begin {equation*}\mu I\leq \nabla ^2 f( \mf x)\leq L I, \quad L\geq \mu >0,\forall \mf x,\end {equation*}


$A$


$A^{-1}$


\begin {equation*}\frac {1}{L} I\leq [\nabla ^2 f( \mf x)]^{-1}\leq \frac {1}{\mu } I, \quad L\geq \mu >0,\forall \mf x.\end {equation*}


$B_k=[\nabla ^2 f( \mf x_k)]^{-1}$


$\mf h_k=\nabla f( \mf x_k)$


$B_k$


\begin {equation*}\|\mf p_k\|=\| B_k\nabla f( \mf x_k)\|\leq \|B_k\| \|\nabla f( \mf x_k)\|\leq \frac {1}{\mu }\|\nabla f( \mf x_k)\|=\frac {1}{\mu }\| \mf h_k\|.\end {equation*}


\begin {equation*}\cos \theta _k=\frac {\langle -\nabla f(\mf x_k), \mf p_k\rangle }{\|\nabla f(\mf x_k)\| \|\mf p_k\|}=\frac { \mf h_k^T B_k \mf h_k }{\| \mf h_k\| \|\mf p_k\|}\geq \mu \frac { \mf h_k^T B_k \mf h_k }{\| \mf h_k\| \|\mf h_k\|}\geq \frac {\mu }{L}=\frac {1}{L/\mu },\end {equation*}


$\|B_k\| \|B_k^{-1}\|\leq L/\mu $


$\|B_k\| \|B_k^{-1}\|$


$\|\nabla f(\mf x_k)\|\to 0.$


$\mf x_*$


$f(\mathbf x)$


$\|\nabla ^2 f(\mf x)\|$


$\|\nabla f(\mf x_k)\|\to 0$


$\mf x_k$


$\|\nabla f(\mf x_k)\|\to 0$


$\mf x_k$


\begin {equation*}\mu I\leq \nabla ^2 f( \mf x)\leq L I, \quad L\geq \mu >0,\forall \mf x.\end {equation*}


$\mathbf x_0$


$M>0$


\begin {equation*}\|\nabla ^2 f(\mf x)-\nabla ^2 f(\mf y)\|\leq M \| \mf x-\mf y\|,\quad \forall \mf x, \mf y,\end {equation*}


$\mf x_*$


$\nabla ^2 f(\mf x_*)$


\begin {equation*}\mu I\leq \nabla ^2 f(\mf x_*) \leq L I, \quad L\geq \mu >0.\end {equation*}


\begin {equation*}\mf x_{k+1}=\mf x_k-\eta \nabla f(\mf x_k).\end {equation*}


$\mf g(t)=\nabla f(\mf x_* +t(\mf x_k-\mf x_*))$


\begin {equation*}\nabla f(\mf x_k)=\nabla f(\mf x_k)-\nabla f(\mf x_*)= \int _0^1 \nabla ^2 f(\mf x_* +t(\mf x_k-\mf x_*))(\mf x_k-\mf x_*)dt=G_k(\mf x_k-\mf x_*),\end {equation*}


\begin {equation*}G_k=\int _0^1 \nabla ^2 f(\mf x_* +t(\mf x_k-\mf x_*))dt.\end {equation*}


\begin {equation*}\mf x_{k+1}-\mf x_*=\mf x_k-\mf x_*-\eta G_k(\mf x_k-\mf x_*)=(I-\eta G_k)(\mf x_k-\mf x_*)\end {equation*}


\begin {equation*}\Rightarrow \|\mf x_{k+1}-\mf x_*\|\leq \|I-\eta G_k\| \|\mf x_k-\mf x_*\|.\end {equation*}


$\nabla ^2 f(\mf x)$


$M>0$


$\|\mf x-\mf y\|=r$


\begin {equation*}\nabla ^2 f(\mf x)-Mr I\leq \nabla ^2 f(\mf y)\leq \nabla ^2 f(\mf x)+Mr I.\end {equation*}


$H=\nabla ^2 f(\mf y)-\nabla ^2 f(\mf x)$


$H$


$\|H\|\leq M\|\mf x-\mf y\| =Mr\Rightarrow |\lambda _i(H)|\leq M r$


$\lambda _i(H)$


$-Mr\leq \lambda _i(H)\leq Mr$


$i$


$\lambda _i(H)-Mr\leq 0$


$\lambda _i(H)+Mr\geq 0$


$-MrI\leq H\leq MrI$


$f(\mf x)$


$\mf x_0$


$\mf x_*$


\begin {equation*}r_0=\|\mf x_0-\mf x_*\|<\bar r=\frac {2\mu }{M}.\end {equation*}


$0<\eta \leq \frac {2}{L+\mu }$


\begin {equation*}\|\mf x_{k+1}-\mf x_*\|\leq c_k \|\mf x_k-\mf x_*\|,\end {equation*}


\begin {equation*}c_k=\max \{|1-\eta (\mu -\frac 12 M \|\mf x_k-\mf x_*\|)|,|1-\eta (L+\frac 12 M \|\mf x_k-\mf x_*\|)|\}<1.\end {equation*}


$\eta =\frac {2}{L+\mu }$


\begin {equation*}\|\mf x_{k}-\mf x_*\|\leq \frac {\bar r r_0}{\bar r-r_0}\left (1-\frac {2\mu }{L+3\mu }\right )^k,\quad \bar r=\frac {2\mu }{M},\quad r_0=\|\mf x_0-\mf x_*\|.\end {equation*}


$\mu $


$L$


$\mf x_*$


$\mf x$


$r_k=\|\mf x_k-\mf x_*\|$


\begin {equation*}\nabla ^2 f(\mf x_*)-t M r_k I\leq \nabla ^2 f(\mf x_* +t(\mf x_k-\mf x_*)) \leq \nabla ^2 f(\mf x_*)+t M r_k I\end {equation*}


\begin {equation*}(\mu -t M r_k) I\leq \nabla ^2 f(\mf x_* +t(\mf x_k-\mf x_*)) \leq (L+t M r_k) I.\end {equation*}


\begin {equation*}(\mu -t M r_k) I\leq \nabla ^2 f(\mf x_* +t(\mf x_k-\mf x_*))\Leftrightarrow \nabla ^2 f(\mf x_* +t(\mf x_k-\mf x_*))-(\mu -t M r_k) I\geq 0,\end {equation*}


\begin {equation*}\int _0^1 [\nabla ^2 f(\mf x_* +t(\mf x_k-\mf x_*))-(\mu -t M r_k) I]dt\geq 0\end {equation*}


\begin {equation*}\forall \mf z, \quad \mf z^T [\nabla ^2 f(\mf x_* +t(\mf x_k-\mf x_*))-(\mu -t M r_k) I]\mf z\geq 0\end {equation*}


\begin {equation*}\Rightarrow \mf z^T \int _0^1 [\nabla ^2 f(\mf x_* +t(\mf x_k-\mf x_*))-(\mu -t M r_k) I]dt \mf z\geq 0.\end {equation*}


\begin {equation*}(\mu -\frac 12 M r_k) I\leq G_k \leq (L+\frac 12 M r_k) I,\end {equation*}


\begin {equation*}[1-\eta (L+\frac 12 M r_k)]I \leq I-\eta G_k \leq [1-\eta (\mu -\frac 12 M r_k)] I.\end {equation*}


\begin {equation*}\| I-\eta G_k \| \leq \max \{|a_k(\eta )|, |b_k(\eta )|\}\end {equation*}


\begin {equation*}a_k(\eta )=1-\eta (\mu -\frac 12 M r_k), \quad b_k(\eta )=1-\eta (L+\frac 12 M r_k).\end {equation*}


$a_k(0)=1$


$a_k'(\eta )=-(\mu -\frac 12 M r_k)<0$


$r_k<\frac {2\mu }{M}$


$b_k(0)=1$


$b_k'(\eta )=-(L+\frac 12 M r_k)<0$


$\eta $


$\|I-\eta G_k\|<1$


$r_{k+1}<r_k$


$\|\mf x_{k+1}-\mf x_*\|\leq \|I-\eta G_k\| \|\mf x_k-\mf x_*\|$


$r_k<\bar r$


\begin {equation*}\eta <\frac {2}{\mu }\Rightarrow |a_k(\eta )|<1,\end {equation*}


\begin {equation*}\eta \leq \frac {2}{L+\mu }\Rightarrow |b_k(\eta )|<1.\end {equation*}


$\eta =\frac {2}{L+\mu }$


$b_k(\eta )<0$


$a_k(\eta )>0.$


$\eta =\frac {2}{L+\mu }$


\begin {equation*}|a_k(\eta )|=|b_k(\eta )|=\frac {L-\mu }{L+\mu }+\eta \frac 12 Mr_k.\end {equation*}


$r_{k+1}\leq \|I-\eta G_k\| r_k$


\begin {equation*}r_{k+1}\leq \frac {L-\mu }{L+\mu }r_k+\frac {M}{L+\mu }r^2_k.\end {equation*}


$a_{k}=\frac {M}{L+\mu }r_k$


$q=\frac {2\mu }{L+\mu }<1$


\begin {equation*}a_{k+1}\leq (1-q)a_k+a_k^2=a_k[1+(a_k-q)]=a_k\frac {1-(a_k-q)^2}{1-(a_k-q)}\leq a_k\frac {1}{1-(a_k-q)}=\frac {a_k}{1+q-a_k}.\end {equation*}


\begin {equation*}\Rightarrow \frac {1}{a_{k+1}}\geq \frac {1+q}{a_k}-1\Rightarrow \frac {q}{a_{k+1}}-1\geq \frac {q(1+q)}{a_k}-q-1=(1+q)(\frac {q}{a_k}-1).\end {equation*}


\begin {equation*}\frac {q}{a_{k}}-1\geq (1+q)^k(\frac {q}{a_{0}}-1)=(1+q)^k(\frac {\bar r}{r_0}-1),\end {equation*}


\begin {equation*}a_k\leq \frac {q r_0}{r_0+(1+q)^k(\bar r-r_0)}\leq \frac {qr_0}{\bar r-r_0}\frac {1}{(1+q)^k}.\end {equation*}


$a_k=\frac {M}{L+\mu }r_k$


$\frac {L+\mu }{M}q=\frac {2\mu }{M}=\bar r$


\begin {equation*}r_k\leq \frac {L+\mu }{M}\frac {qr_0}{\bar r-r_0}\frac {1}{(1+q)^k}=\frac {\bar r r_0}{\bar r-r_0}\left (\frac {1}{1+q}\right )^k,\end {equation*}


$\frac {1}{1+q}=\frac {L+\mu }{L+3\mu }=1-\frac {2\mu }{L+3\mu }$


$F(\mathbf x)=\mathbf 0$


$F:\mathbbm R^n\longrightarrow \mathbbm R^n$


\begin {equation*}\mathbf x_{k+1}=\mf x_k-\nabla F(\mf x_k)^{-1}F(\mf x_k),\end {equation*}


$\nabla F$


$2$


$F(x)=x^2-2$


\begin {equation*}x_{k+1}=x_k-F(x_k)/F'(x_k)=x_k-(x_k^2-2)/(2x_k)=x_k/2+1/x_k.\end {equation*}


$x_0=1$


$x_3=1.41421568627$


$|x_3-\sqrt 2|=2.12E-6.$


$\nabla f(\mf x)=\mf 0$


$f(\mf x)$


\begin {equation*}\mathbf x_{k+1}=\mf x_k-[\nabla ^2 f(\mf x_k)]^{-1}\nabla f(\mf x_k).\end {equation*}


\begin {equation*}\phi (\mf x)=f(\mf x_k)+(\mf x-\mf x_k)^T \nabla f(\mf x_k)+\frac 12 (\mf x-\mf x_k)^T \nabla ^2 f(\mf x_k) (\mf x-\mf x_k).\end {equation*}


$\mathbf x_{k+1}$


$\phi (\mf x)$


\begin {equation*}\mf 0=\nabla \phi (\mf x_{k+1})=\nabla f(\mf x_{k})+\nabla ^2 f(\mf x_k) (\mf x_{k+1}-\mf x_k)\end {equation*}


$f(\mf x)$


$\mf x_0$


$\mf x_*$


\begin {equation*}r_0=\|\mf x_0-\mf x_*\|<\hat r=\frac {2\mu }{3M}.\end {equation*}


$\hat r$


$\bar r=\frac {2\mu }{M}$


$r_k=\|\mf x_k-\mf x_*\|<\hat r$


\begin {equation*}\|\mf x_{k+1}-\mf x_*\|\leq \frac {M\|\mf x_k-\mf x_*\|^2}{2(\mu -M\|\mf x_k-\mf x_*\|)}\leq \frac {3M}{2\mu }\|\mf x_k-\mf x_*\|^2.\end {equation*}


\begin {align*}\mf x_{k+1}-\mf x_*&= \mf x_{k}-\mf x_*-[\nabla ^2 f(\mf x_k)]^{-1}[\nabla f(\mf x_k)-\nabla f(\mf x_*)]\\ &=\mf x_{k}-\mf x_*-[\nabla ^2 f(\mf x_k)]^{-1}\int _0^1 \nabla ^2 f(\mf x_* +t(\mf x_k-\mf x_*))(\mf x_k-\mf x_*)dt\\ &=[\nabla ^2 f(\mf x_k)]^{-1} G_k(\mf x_k-\mf x_*)\end {align*}


\begin {equation*}G_k=\int _0^1 [\nabla ^2 f(\mf x_k)-\nabla ^2 f(\mf x_* +t(\mf x_k-\mf x_*))]dt.\end {equation*}


$A(t): \mathbbm R\longrightarrow \mathbbm R^{n\times n}$


$[0,1]$


\begin {equation*}\left \| \int _0^1 A(t)dt \right \|\leq \int _0^1 \|A(t)\| dt.\end {equation*}


\begin {align*}\|G_k\|&\leq \int _0^1 \|\nabla ^2 f(\mf x_k)-\nabla ^2 f(\mf x_* +t(\mf x_k-\mf x_*))\|dt\\ &\leq \int _0^1 M (1-t)\| \mf x_k-\mf x_*\|dt\\ &= \frac 12 r_k M.\end {align*}


\begin {equation*}\nabla ^2 f(\mf x_k)\geq \nabla ^2 f(\mf x_*)-M r_k I\geq (\mu -M r_k)I.\end {equation*}


$r_k<\frac {\mu }{M}$


$\nabla ^2 f(\mf x_k)>0$


\begin {equation*}\|[\nabla ^2 f(\mf x_k)]^{-1}\|\leq (\mu - Mr_k)^{-1}.\end {equation*}


$r_k<\frac {2\mu }{3M}$


\begin {equation*}r_{k+1}\leq \|[\nabla ^2 f(\mf x_k)]^{-1}\| \|G_k (\mf x_k-\mf x_*)\|\leq \|[\nabla ^2 f(\mf x_k)]^{-1}\| \|G_k\| r_k \leq \frac {M r_k^2}{2(\mu -M r_k)}\leq r_k.\end {equation*}


$A\in \mathbbm {R}^{m\times n}$


$b\in \mathbbm {R}^m$


$\bx \in \mathbbm {R}^m$


$m<n$


$A\bx =b$


$b\in \mathbbm {R}^m$


$\mathbbm {R}^m$


$\mathbbm {R}^m$


$\{\phi _i\in \mathbbm {R}^m:i=1,\cdots ,n\}$


$n>m$


$y\in \mathbbm {R}^m$


$\phi _i$


\begin {equation*}y=\sum _{i=1}^m \phi _i x_i=\Phi \bx ,\end {equation*}


$\bx =( x_1,\cdots ,x_n)^T$


$\Phi =(\phi _1,\cdots ,\phi _n)$


$\bx $


$\|\bx \|_0$


$\ell ^0$


\begin {equation}\label {ell0}\quad \min _{\bx } ||\bx ||_0,\quad \bx \quad \mbox {satisfies}\quad A\bx =b,\end {equation}


$||\bx ||_0$


$\ell ^1$


\begin {equation}\label {BP} (\mbox {Basis Pursuit})\quad \min _{\bx } ||\bx ||_1,\quad \bx \quad \mbox {satisfies}\quad A\bx =b.\end {equation}


$\ell ^1$


$\ell ^0$


$A$


$n$


$m$


$\ell ^1$


$\ell ^0$


$\ell ^1$


\begin {equation}\label {lasso} (\mbox {LASSO})\quad \min _{\bx }\mu ||\bx ||_1+\frac 12||A\bx -b||_2^2,\end {equation}


\begin {equation}\label {BP3} \min _{\bx } ||\bx ||_1+\frac {1}{2\alpha }||\bx ||_2^2,\quad \bx \quad \mbox {satisfies}\quad A\bx =b.\end {equation}


$\alpha $


$\Omega =[0,1]\times [0,1]$


$u(x,y)\in H^1(\Omega )$


$\|u\|_{TV}=\iint _{\Omega } \sqrt {|u_x|^2+|u_y|^2} dx dy$


$\|u\|_{TV}=\iint _{\Omega } |u_x|+|u_y| dx dy$


$L^2$


$\|u\|_{L^2}=\sqrt {\iint _{\Omega } | u|^2 dx dy},$


$a(x,y)$


$u$


\begin {equation*}\|u\|_{TV}+\frac 12\lambda \|u-a\|_{L^2}^2,\end {equation*}


$\lambda $


$\ell ^1$


$\lambda $


$\lambda =\frac {C}{h}$


$C=4$


$C=8$


$C=12$


$\lambda =\frac {C}{h}$


$C=4$


$C=8$


$C=12$


\begin {equation*}\min _{\bx \in S} f(\bx ),\end {equation*}


$C$


$S=\{\bx \in \mathbbm R^n: A\bx =b\}$


$S=\{\bx \in \mathbbm R^n: x_i\geq 0, \sum _i x_i\leq 1\}$


$S=\{\bx =(x,y,z): z\geq \sqrt {x^2+y^2}\}$


$S$


\begin {equation}\iota _S(\bx )=\begin {cases} 0,&\quad \bx \in S\\ +\infty ,&\quad \bx \notin S \end {cases}. \label {indicator}\end {equation}


\begin {equation*}\min _{\bx } f(\bx )+\iota _S(\bx ).\end {equation*}


$f((1-a)\bx +a\by )\leq (1-a) f(\bx )+af(\by )$


$a\in [0,1]$


$f:\mathbbm R^n\longrightarrow \mathbbm R$


$\{(\bx , y)\in \mathbbm R^n\times \mathbbm R:y\geq f(\bx ) \}$


$S\in \mathbbm R^n$


$(1-a) \bx +\by \in S$


$a\in [0,1]$


$\bx , \by \in S$


$f:\mathbbm R^n\longrightarrow \mathbbm R$


$f:\mathbbm R^n\longrightarrow \mathbbm R$


$f_i:\mathbbm R^n\longrightarrow \mathbbm R$


$i=1,\cdots , N$


$g=f(A\bx +b)$


$A$


$g=\sum \limits _{i=1}^N f_i(\bx )$


$g=\max _i f_i(\bx )$


$f:\mathbbm R^n\longrightarrow \mathbbm R$


$f$


$\bx _0$


$\bx _0$


$\delta >0$


$\bx $


$|f(\bx )-f(\bx _0)|\leq L |\bx -\bx _0|$


$L$


$f(x)$


$|f(x)-f(a)|\to 0$


$x\to a$


$x>a$


$x<a$


$x>a$


$b,c$


$c<a<x<b$


$(x, f(x))$


$(a,f(a))$


$(b,f(b))$


\begin {equation*}\frac {f(x)-f(a)}{x-a}\leq \frac {f(b)-f(a)}{b-a}.\end {equation*}


\begin {equation*}\frac {f(x)-f(a)}{x-a}\geq \frac {f(c)-f(a)}{c-a},\end {equation*}


\begin {equation*}(x-a)\frac {f(c)-f(a)}{c-a}\leq f(x)-f(a)\leq (x-a) \frac {f(b)-f(a)}{b-a}.\end {equation*}


$b,c$


$x\to a$


$f(x)\to f(a)$


$x<a$


$f$


$a$


$f:\mathbbm R^n\longrightarrow \mathbbm R$


$\bv \in \mathbbm R^n$


$f(\bx )$


$\bx $


\begin {equation*}f(\by )\geq f(\bx )+\langle \bv , \by -\bx \rangle , \quad \forall \by \in \mathbbm R^n.\end {equation*}


$f(x)$


$f(x)=|x|$


$x=0$


$(0,0)$


$-1$


$1$


$[-1,1]$


$f$


$\bx $


$f$


$\bx $


$\partial f(\bx )$


\begin {equation*}\partial f(\bx )=\{\bv \in \mathbbm R^n: f(\by )\geq f(\bx )+\langle \bv , \by -\bx \rangle , \quad \forall \by \in \mathbbm R^n\}.\end {equation*}


$f:\mathbbm R^n\longrightarrow \mathbbm R$


$\bx \in \mathbbm R^n$


$\bz =(1-a)\bx +a\by $


$a\in [0,1]$


$\bv $


$\bx $


\begin {equation*}f(\bx )\geq f(\bz )+\langle \bv , \bx -\bz \rangle =f(\bz )-a \langle \bv , \by -\bx \rangle ,\end {equation*}


\begin {equation*}f(\by )\geq f(\bz )+\langle \bv , \by -\bz \rangle =f(\bz )+(1-a) \langle \bv , \by -\bx \rangle .\end {equation*}


\begin {equation*}(1-a)f(\bx )+af(\by ) \geq f(\bz )=f((1-a)\bx +a\by ).\end {equation*}


$\bx $


$\bx $


$f: \mathbbm R^n\longrightarrow \mathbbm R$


$g: \mathbbm R^n\longrightarrow \mathbbm R$


$f$


$f$


$\partial f(\bx )=\{\nabla f(\bx )\}$


$\partial f(\bx )$


$f$


$\bx $


$\partial [a f] =a [\partial f],\quad a\in \mathbbm R.$


$\partial [f+g]=\partial f+\partial g.$


$f(x)=|x|$


\begin {equation*}\partial f(x)=\begin {cases} \{1\}, & x>0\\ \{-1\}, & x<0\\ [-1, 1],& x=0 \end {cases}.\end {equation*}


$f(\bx )=\|\bx \|_1=\sum \limits _{i=1}^n x_i$


\begin {equation*}\forall \bv \in \partial f(\bx ), \quad v_i=\begin {cases} \{1\}, & x_i>0\\ \{-1\}, & x_i<0\\ [-1, 1],& x_i=0 \end {cases}.\end {equation*}


$f:\mathbbm R^n\longrightarrow \mathbbm R$


$f: \mathbbm R^n\longrightarrow \mathbbm R\cup \{\pm \infty \}$


$f: \mathbbm R^n\longrightarrow \mathbbm R\cup \{\pm \infty \}$


$f: \mathbbm R^n\longrightarrow \mathbbm R\cup \{\pm \infty \}$


\begin {equation*}\dom (f)=\{ \bx \in \mathbbm R^n: f(\bx ) \in \mathbbm R\}.\end {equation*}


$f: \mathbbm R^n\longrightarrow \mathbbm R\cup \{\pm \infty \}$


$-\infty $


$\bx $


$f(\bx )$


$\dom (f)$


$f: \mathbbm R^n\longrightarrow \mathbbm R\cup \{\pm \infty \}$


$f: \mathbbm R^n\longrightarrow \mathbbm R\cup \{\pm \infty \}$


$f$


$\{\bx : f(\bx )\leq a \}$


$a\in \mathbbm .$


$f$


$\bx $


$\bx _n\to \bx $


\begin {equation*}f(\bx )\leq \liminf _{n\to \infty } f(\bx _n).\end {equation*}


$f: \mathbbm R^n\longrightarrow \mathbbm R\cup \{+ \infty \}$


$\dom (f)$


\begin {equation*}f (\lambda \mathbf x+(1-\lambda ) \mathbf y)\leq \lambda f(\mathbf x)+(1-\lambda )f(\mathbf y),\quad \forall \bx , \by \in \dom (f), \lambda \in (0,1).\end {equation*}


$f: \mathbbm R^n\longrightarrow \mathbbm (-\infty , +\infty ]$


$\bx \in \mathbbm R^n$


$+\infty $


$\dom (f)$


\begin {equation*}f (\lambda \mathbf x+(1-\lambda ) \mathbf y)\leq \lambda f(\mathbf x)+(1-\lambda )f(\mathbf y),\quad \forall \bx , \by \in \dom (f), \lambda \in (0,1).\end {equation*}


$\iota _S(\bx )=\begin {cases} 0,&\quad \bx \in S\\ +\infty ,&\quad \bx \notin S \end {cases}$


$S$


$\iota _S$


$S$


$\iota _S$


$S$


$f: \mathbbm R^n\longrightarrow \mathbbm (-\infty , +\infty ]$


$\bx $


$\partial f(\bx )$


$f: \mathbbm R^n\longrightarrow \mathbbm (-\infty , +\infty ]$


$\dom (f)$


$\bx \in \dom (f)$


$f(\bx )$


$f$


$\bx $


$\dom (f)$


$\inte (\dom (f))$


$\partial f(\bx )$


\begin {equation*}\forall \bv \in \partial f(\bx ), \|\bv \|\leq C \quad \mbox {for some}\quad C.\end {equation*}


$U\subset \inte (\dom (f))$


$\mathbbm R^n$


$f$


$\bigcup _{\bx \in U} \partial f(\bx )$


$U$


$\dom (f)$


$\dom (f)$


$f: \mathbbm R^n\longrightarrow \mathbbm R\cup \{+ \infty \}$


$\mu $


$\dom (f)$


$\lambda \in (0, 1)$


\begin {equation*}f(\lambda \mathbf x+(1-\lambda )\mathbf y)\leq \lambda f(\mathbf x)+(1-\lambda )f(\mathbf y)-\frac {\mu }{2}\lambda (1-\lambda )\|\mathbf x-\mathbf y\|^2,\quad \forall \bx ,\by \in \dom (f).\end {equation*}


$f: \mathbbm R^n\longrightarrow \mathbbm R\cup \{+ \infty \}$


$\mu $


$f(\bx )-\frac {\mu }{2}\|\bx \|^2$


$\partial f(\bx )$


$f(\mathbf x): \mathbbm R^n\rightarrow (-\infty ,+\infty ]$


$\dom (f)$


$f (\lambda \mathbf x+(1-\lambda ) \mathbf y)\leq \lambda f(\mathbf x)+(1-\lambda )f(\mathbf y),\quad \forall \bx , \by \in \dom (f), \lambda \in (0,1).$


$f(\mathbf x)\geq f(\mathbf y)+\langle \partial f(\mathbf y),\mathbf x-\mathbf y\rangle ,\quad \forall \mathbf x, \mathbf y\in \dom (f)$


$\langle \partial f(\mathbf y)-\partial f(\mathbf x),\mathbf y-\mathbf x\rangle \geq 0,\quad \forall \mathbf x, \mathbf y\in \dom (f)$


$f$


$\mu $


$f(\mathbf x)\geq f(\mathbf y)+\langle \partial f(\mathbf y),\mathbf x-\mathbf y\rangle +\frac {\mu }{2}\|\mathbf x-\mathbf y\|^2,\quad \forall \mathbf x, \mathbf y\in \dom (f)$


$\langle \partial f(\mathbf y)-\partial f(\mathbf x),\mathbf y-\mathbf x\rangle \geq \mu \|\mathbf x-\mathbf y\|^2,\quad \forall \mathbf x,\mathbf y\in \dom (f)$


$\iota _S+\frac {\mu }{2}\|\bx \|^2$


$\mu $


$S$


$f: \mathbbm R^n\longrightarrow \mathbbm R$


$f: \mathbbm R^n\longrightarrow \mathbbm R$


$\bx _*$


$f(\bx )$


$\mathbf 0\in \partial f(\bx _*)$


$f(\bx )\geq f(\bx _*)=f(\bx _*)+\langle \mathbf 0, \bx -\bx _*\rangle \Leftrightarrow \mathbf 0 \in \partial f(\bx _*).$


$\iota _S(\bx )+\frac {\mu }{2}\|\bx \|^2$


$f: \mathbbm R^n\longrightarrow \mathbbm R\cup \{+\infty \}$


$\bx _*$


$f(\bx )$


$\mathbf 0\in \partial f(\bx _*)$


$f(\bx )\geq f(\bx _*)=f(\bx _*)+\langle \mathbf 0, \bx -\bx _*\rangle \Leftrightarrow \mathbf 0 \in \partial f(\bx _*), \quad \forall \bx \in \dom (f)$


$f: \mathbbm R^n\longrightarrow \mathbbm R\cup \{+\infty \}$


$\mu $


$\bx _*$


$\iota _S$


\begin {equation*}\partial \iota (\bx )=N_S(\bx ),\quad \bx \in S,\end {equation*}


$N_S$


$S$


$S\subset \mathbbm R^n$


$\bx \in S$


$S$


$\bx $


\begin {equation*}N_S(\bx )=\{\by : \langle \by , \bz -\bx \rangle \leq 0, \forall \bz \in S \},\end {equation*}


$N_S(\bx )$


$\bx \notin S.$


\begin {equation}\label {BP4} \min _{\bx } ||\bx ||_1+\frac {1}{2\alpha }\|\bx \|^2+\iota _{\{\bx : A\bx =b\}}.\end {equation}


$S=\{\bx : A\bx =b\}$


$A=\mathbbm R^{m\times n}$


$N_S(\bx )=\{A^T\by : \forall \by \in \mathbbm R^m \}$


$A$


$S=\{\bx : A\bx =b\}$


$S=\{\bx : A\bx =b\}$


$\frac {1}{\alpha }$


$S=\{\bx \in \mathbbm R^n: \langle \bx , \bx \rangle =1\}$


$\ell ^1$


\begin {equation*}\min _{\bx }\mu ||\bx ||_1+\frac 12||A\bx -b||_2^2.\end {equation*}


$f(\bx )$


\begin {equation*}\mathbf 0 \in \partial f (\bx _*),\end {equation*}


\begin {equation}\label {subgradientmethod} \bx _{k+1}=\bx _k-\eta _k \bv _k,\quad \bv _k\in \partial f(\bx _k),\end {equation}


$\eta _k>0$


$\bv _k$


$\partial f(\bx _k)$


\begin {equation*}\bx _{k+1}=\bx _k-\eta _k \frac {\bv _{k}}{\|\bv _{k}\|},\quad \mbox {some} \quad \bv _k\in \partial f(\bx _k,)\end {equation*}


$\|\bv _{k}\|\leq M,\forall k$


\begin {equation*}\bar {\bx }_k=\argmin _{1\leq i\leq k} f(\bx _k).\end {equation*}


$f(\bx )$


$\bx _*$


$\sum \limits _{k=0}^\infty \eta _k=+\infty $


$\sum \limits _{k=0}^\infty \eta ^2_k<+\infty $


$f(\bar {\bx }_k)-f(\bx _*)\to 0$


$k\to \infty $


$\eta _k\equiv \frac {C}{\sqrt {n+1}}$


$k=0,1,\cdots ,n$


\begin {equation*}f(\bar {\bx }_k)-f(\bx _*)=\mathcal O(\frac {1}{\sqrt k}).\end {equation*}


$\eta _k=\frac {f({\bx }_k)-f(\bx _*)}{\|\bv _k\|}$


\begin {equation*}\|\bx _{k+1}-\bx _*\|\leq \|\bx _{k}-\bx _*\|, \quad f(\bar {\bx }_k)-f(\bx _*)=\mathcal O(\frac {1}{\sqrt k})\end {equation*}


$f(\bx )$


$\mu $


$\eta _k=\frac {2}{\mu (k+1)}\|\bv _k\|$


$f(\bar {\bx }_k)-f(\bx _*)=\mathcal O(\frac {1}{k})$


$\|\bx _k-\bx _*\|=\mathcal O(\frac {1}{\sqrt k})$


$\bv _k$


\begin {equation*}f(\bx _{k}) \leq f(\bx _*)+\langle \bx _{k}-\bx _*, \bv _k \rangle ,\end {equation*}


$k=0,1,\cdots ,n$


\begin {align*}\|\bx _{k+1}-\bx _*\|^2&=\left \|\bx _k-\eta _k \frac {\bv _{k}}{\|\bv _{k}\|}-\bx _*\right \|^2\\ &= \|\bx _{k}-\bx _*\|^2-\eta _{k}\frac {2}{\|\bv _{k}\|} \langle \bx _{k}-\bx _*, \bv _k \rangle +\eta _k^2\\ &\leq \|\bx _{k}-\bx _*\|^2-\eta _{k}\frac {2}{\|\bv _{k}\|} (f(\bx _k)-f(\bx _*))+\eta _k^2\\ &\leq \|\bx _{k}-\bx _*\|^2-\eta _{k}\frac {2}{M} (f(\bar {\bx }_k)-f(\bx _*))+\eta _k^2.\end {align*}


$k=0,1,\cdots ,n$


\begin {equation*}\|\bx _{n+1}-\bx _*\|^2 \leq \|\bx _{0}-\bx _*\|^2-\frac {2}{M} (f(\bar {\bx }_k)-f(\bx _*))\sum _{k=0}^n\eta _{k}+\sum _{k=0}^n\eta _{k}^2\end {equation*}


\begin {equation*}\Rightarrow f(\bar {\bx }_k)-f(\bx _*)\leq M \frac {\|\bx _{0}-\bx _*\|^2+\sum \limits _{k=0}^n\eta _{k}^2}{2\sum \limits _{k=0}^n\eta _k}.\end {equation*}


$f(\bar {\bx }_k)-f(\bx _*)$


$k\to \infty $


$\sum \limits _{k=0}^\infty \eta _k=+\infty $


$\sum \limits _{k=0}^\infty \eta ^2_k=+\infty $


$\eta _k=\frac {1}{k}$


$\sum \limits _{k=0}^\infty \frac {1}{k^2}<+\infty $


$\sum \limits _{k=0}^\infty \frac {1}{k}=+\infty $


$\eta _k\equiv \frac {C}{\sqrt {n+1}}$


$k=0,1,\cdots ,n$


\begin {align*}f(\bar {\bx }_k)-f(\bx _*)&\leq M \frac {\|\bx _{0}-\bx _*\|^2+\sum \limits _{k=0}^n\eta _{k}^2}{2\sum \limits _{k=0}^n\eta _k}=M \frac {\|\bx _{0}-\bx _*\|^2+\sum \limits _{k=0}^n\frac {C^2}{n+1}}{2\sum \limits _{k=0}^n\frac {C}{\sqrt {n+1}}}\\ &=M \frac {\|\bx _{0}-\bx _*\|^2+C^2}{2C\sqrt {n+1}}.\end {align*}


$\eta _k=\frac {f({\bx }_k)-f(\bx _*)}{\|\bv _k\|}$


\begin {align*}\|\bx _{k+1}-\bx _*\|^2 &\leq \|\bx _{k}-\bx _*\|^2-\eta _{k}\frac {2}{\|\bv _{k}\|} (f(\bx _k)-f(\bx _*))+\eta _k^2\\ &= \|\bx _{k}-\bx _*\|^2-\frac {|f(\bx _k)-f(\bx _*)|^2}{\|\bv _{k}\|^2}\\ &\leq \|\bx _{k}-\bx _*\|^2-\frac {|f(\bx _k)-f(\bx _*)|^2}{M^2}.\end {align*}


$k=0,1,\cdots ,n$


\begin {equation*}\frac {1}{M^2}\sum _{k=0}^n|f(\bx _k)-f(\bx _*)|^2\leq \|\bx _{0}-\bx _*\|^2-\|\bx _{n+1}-\bx _*\|^2\leq \|\bx _{0}-\bx _*\|^2,\end {equation*}


\begin {equation*}\Rightarrow f(\bar {\bx }_k)-f(\bx _*)\leq \frac {M}{\sqrt {n+1}}\|\bx _{0}-\bx _*\|.\end {equation*}


$f(\bx )$


\begin {align*}f(\bx _*)&\geq f(\bx _k)+\langle \partial f(\bx _k), \bx _*-\bx _k\rangle +\frac {\mu }{2}\|\bx _*-\bx _k\|^2,\end {align*}


\begin {equation*}-\langle \partial f(\bx _k), \bx _k-\bx _*\rangle \leq f(\bx _*)- f(\bx _k)-\frac {\mu }{2}\|\bx _*-\bx _k\|^2\end {equation*}


\begin {align*}\|\bx _{k+1}-\bx _*\|^2&=\left \|\bx _k-\eta _k \frac {\bv _{k}}{\|\bv _{k}\|}-\bx _*\right \|^2\\ &= \|\bx _{k}-\bx _*\|^2-\eta _{k}\frac {2}{\|\bv _{k}\|} \langle \bx _{k}-\bx _*, \bv _k \rangle +\eta _k^2\\ &= \|\bx _{k}-\bx _*\|^2-\eta _{k}\frac {2}{\|\bv _{k}\|} \langle \bv _k, \bx _{k}-\bx _*\rangle +\eta _k^2\\ &\leq \left (1-2\eta _k\frac {1}{\|\bv _k\|}\frac {\mu }{2}\right )\|\bx _{k}-\bx _*\|^2 -2\eta _k\frac {1}{\|\bv _k\|}][f(\bx _k)- f(\bx _*)]+\eta _k^2.\end {align*}


\begin {align*}f(\bx _k)- f(\bx _*)&\leq \frac {\|\bv _k\|}{2\eta _k}\|\bx _{k}-\bx _*\|^2 +\left (\frac {\|\bv _k\|}{2\eta _k}-\frac {2}{\mu }\right )\|\bx _{k+1}-\bx _*\|^2+\frac {\|\bv _k\|}{2}\eta _k\\ &= \frac {\mu (k-1)}{4}\|\bx _{k}-\bx _*\|^2 -\frac {\mu (k+1)}{4}\|\bx _{k+1}-\bx _*\|^2+\frac {1}{\mu (k+1)}\|\bv _k\|^2,\end {align*}


\begin {equation*}k[f(\bx _k)- f(\bx _*)]\leq \frac {\mu k(k-1)}{4}\|\bx _{k}-\bx _*\|^2 -\frac {\mu k(k+1)}{4}\|\bx _{k+1}-\bx _*\|^2+\frac {k}{\mu (k+1)}\|\bv _k\|^2.\end {equation*}


$k=0,1,\cdots , n$


\begin {equation*}\sum _{k=0}^n k[f(\bx _k)- f(\bx _*)]\leq -\frac {\mu n(n+1)}{4}\|\bx _{n+1}-\bx _*\|^2 +\frac {M^2}{\mu }\sum _{k=0}^n\frac {k}{k+1}\leq \frac {M^2}{\mu }\sum _{k=0}^n\frac {k}{k+1}\end {equation*}


\begin {equation*}\Rightarrow \frac {n(n+1)}{2}[f(\bar \bx _k)- f(\bx _*)]= \sum _{k=0}^n k[f(\bar \bx _k)- f(\bx _*)]\leq \frac {M^2}{\mu }\sum _{k=0}^n\frac {k}{k+1}\leq \frac {M^2}{\mu } n,\end {equation*}


$f(\bar \bx _k)- f(\bx _*)\leq \frac {2M^2}{\mu }\frac {1}{n+1}$


$\frac {\mu }{2}\|\bar \bx _k-\bx _*\|^2\leq f(\bar \bx _k)- f(\bx _*)$


$\|\bar \bx _k-\bx _*\|\leq \frac {2M}{\mu }\frac {1}{\sqrt {n+1}}$


$\|\bx _{k+1}-\bx _*\|\leq \|\bx _{k}-\bx _*\|$


$\bx _*$


$\{\bx _k\}_{k=0}^\infty $


$S$


$\by \in S$


$\|\bx _{k+1}-\by \|\leq \|\bx _{k}-\by \|$


$y$


$X_*$


$\{\bx _k\}_{k=0}^\infty $


$X_*$


$\bx _k\to \bx _*$


$\bx _*\in X_*$


$\bx _k$


$f(\bx ).$


$\mathbf 0 \in \partial f (\bx _*)$


$\partial f(\bx _k)$


$\bx _{k+1}$


\begin {equation}\label {proximalpointmethod} \bx _{k+1}=\bx _k-\eta _k \bv _{k+1},\quad \bv _{k+1}\in \partial f(\bx _{k+1}).\end {equation}


$u'(t)=F(u)$


\begin {equation*}u_{k+1}=u_k+\Delta tF(u_k),\end {equation*}


\begin {equation*}u_{k+1}=u_k+\Delta tF(u_{k+1}).\end {equation*}


$F=-\nabla f$


$\eta $


\begin {equation*}\bx _{k+1}+\eta \partial f(\bx _{k+1})=\bx _k\Leftrightarrow \bx _{k+1}=(I+\eta \partial f)^{-1}(\bx _{k}).\end {equation*}


$(I+\eta \partial f)^{-1}$


$f(\bx )$


$\gamma >0$


\begin {equation*}\prox _f^\gamma (\bx )=\argmin _{\bu } f(\bu )+\frac {1}{2\gamma }\|\bu -\bx \|^2.\end {equation*}


$\prox _f^\gamma (\bx )$


$f:\mathbbm R^n\longrightarrow \mathbbm R$


$f(\bu )+\frac {1}{2\gamma }\|\bu -\bx \|^2$


$f:\mathbbm R^n\longrightarrow \mathbbm R\cup \{+\infty \}$


$f(\bu )+\frac {1}{2\gamma }\|\bu -\bx \|^2$


$\prox _f^\gamma (\bx )$


$f(x)=|x|$


$\prox _f^\gamma (x)=\begin {cases} x-\gamma ,& x>1,\\ x+\gamma ,& x<-1,\\ 0, & x\in [-1,1]. \end {cases}$


$f(\bx )=\|\bx \|_1$


$\prox _f^\gamma (\bx )=\bv , \quad \bv _i=\begin {cases} x_i-\gamma ,& x_i>1,\\ x_i+\gamma ,& x_i<-1,\\ 0, & x_i\in [-1,1]. \end {cases}$


$S$


$\prox _f^\gamma (\bx )$


$\bx $


$S$


$f(\bx )$


\begin {equation*}f_\eta (\bx )=\min _{\bu } [f(\bu )+\frac {1}{2\eta } \|\bu -\bx \|^2],\end {equation*}


$f:\mathbbm R^n\longrightarrow \mathbbm R\cup \{+\infty \}$


\begin {equation*}\prox _f^\eta (\bx )=\argmin _{\bu } [f(\bu )+\frac {1}{2\eta } \|\bu -\bx \|^2],\end {equation*}


$f_\eta (\bx )$


$f(\bx )$


$f_\eta (\bx )$


$\nabla f_\eta (\bx )=\frac {1}{\eta }[\bx -\prox _f^\eta (\bx )],\quad \prox _f^\eta (\bx )=\bx -\eta \nabla f_\eta (\bx ).$


$\nabla f_\eta (\bx )$


$L=\frac {1}{\eta }$


$f$


$f_\eta $


$f_\eta (\bx )$


$\bu =\prox _f^\eta (\bx )$


$\bv =\prox _f^\eta (\by )$


$\bu $


$g(\bz )=f(\bz )+\frac {1}{2\eta }\|\bz -\bx \|^2$


\begin {equation*}g(\bv )\geq g(\bu )+\langle 0, \bv -\bu \rangle +\frac {1}{2\eta }\|\bv -\bu \|^2\end {equation*}


\begin {equation*}\Rightarrow f(\bv )+\frac {1}{2\eta }\|\bv -\bx \|^2\geq f(\bu )+\frac {1}{2\eta }\|\bu -\bx \|^2+\frac {1}{2\eta }\|\bv -\bu \|^2\end {equation*}


\begin {align*}f_\eta (\by )=&f(\bv )+\frac {1}{2\eta }\|\bv -\by \|^2 \\ =&f(\bv )+\frac {1}{2\eta }\|\bv -\bx \|^2+\frac {\langle \bv -\bx , \bx -\by \rangle }{\eta }+\frac {1}{2\eta }\|\bx -\by \|^2\\ \geq & f(\bu )+\frac {1}{2\eta }\|\bu -\bx \|^2+\frac {1}{2\eta }\|\bv -\bu \|^2+\frac {\langle \bv -\bx , \bx -\by \rangle }{\eta }+\frac {1}{2\eta }\|\bx -\by \|^2\\ =& f(\bu )+\frac {1}{2\eta }\|\bu -\bx \|^2+ \langle \frac {\bx -\bu }{\eta }, \by -\bx \rangle +\frac {1}{2\eta }\|\bx -\by \|^2\\ &+ \langle \frac {\bu -\bv }{\eta }, \by -\bx \rangle +\frac {1}{2\eta }\|\bu -\bv \|^2\\ =& f(\bu )+\frac {1}{2\eta }\|\bu -\bx \|^2+ \langle \frac {\bx -\bu }{\eta }, \by -\bx \rangle +\frac {\eta }{2}\left \|\frac {\bx -\by }{\eta }-\frac {\bu -\bv }{\eta }\right \|^2\end {align*}


\begin {equation*}f_\eta (\by )\geq f_\eta (\bx )+ \langle \frac {\bx -\bu }{\eta }, \by -\bx \rangle \end {equation*}


$\frac {\bx -\bu }{\eta }=\nabla f_\eta (\bx )$


$f_\eta $


\begin {equation*}f_\eta (\by )\geq f_\eta (\bx )+ \langle \frac {\bx -\bu }{\eta }, \by -\bx \rangle +\frac {\eta }{2}\left \|\frac {\bx -\by }{\eta }-\frac {\bu -\bv }{\eta }\right \|^2.\end {equation*}


$\bx $


$\by $


\begin {equation*}f_\eta (\bx )\geq f_\eta (\by )+ \langle \frac {\by -\bv }{\eta }, \bx -\by \rangle +\frac {\eta }{2}\left \|\frac {\bx -\by }{\eta }-\frac {\bu -\bv }{\eta }\right \|^2.\end {equation*}


\begin {equation*}\langle \frac {\bx -\bu }{\eta }-\frac {\by -\bv }{\eta }, \bx -\by \rangle \geq \eta \left \|\frac {\bx -\bu }{\eta }-\frac {\by -\bv }{\eta }\right \|^2,\end {equation*}


\begin {equation*}\langle \nabla f_\eta (\bx )-\nabla f_\eta (\by ), \bx -\by \rangle \geq \eta \|\nabla f_\eta (\bx )-\nabla f_\eta (\by ) \|^2.\end {equation*}


$\langle \nabla f_\eta (\bx )-\nabla f_\eta (\by ), \bx -\by \rangle \leq \| \nabla f_\eta (\bx )-\nabla f_\eta (\by )\| \|\bx -\by \|$


$\bx _*$


$f(\bx )$


$f_\eta (\bx )$


$\bx _*$


\begin {equation*}\min _\bx f_\eta (\bx )=\min _{\bx , \bu }[f(\bu )+\frac {1}{2\eta }\|\bx -\bu \|^2] \geq \min _{\bx , \bu }f(\bu )=f(\bx _*),\end {equation*}


$\bu =\bx =\bx _*.$


$\prox _f^\eta (\bx )=\bx -\eta \nabla f_\eta (\bx )$


$f(\bx )$


$f_\eta (\bx )$


\begin {equation*}\bx _{k+1}=\prox _f^\eta (\bx _k)=\bx _k-\eta \nabla f_\eta (\bx _k).\end {equation*}


$\nabla f_\eta $


$L=\frac {1}{\eta }$


$\mathcal O(\frac {1}{k})$


$f_\eta (\bx _k)-f_\eta (\bx _*)=\mathcal O(\frac {1}{k})$


$f(\bx )$


$f(\bx )$


\begin {equation*}\bx _{k+1}=(I+\eta \partial f)^{-1}(\bx _{k})=\prox _f^\eta (\bx _k).\end {equation*}


$g(\bx )\equiv 0$


$\mathcal O(\frac {1}{k})$


$f:\mathbbm R^n\longrightarrow \mathbbm R\cup \{+\infty \}$


$f(\bx )$


$\eta >0$


\begin {equation*}\|\bx _{k+1}-\bx _*\|\leq \|\bx _{k}-\bx _*\|,\quad \forall k,\end {equation*}


\begin {equation*}f(\bx _{k+1})-f(\bx _*) \leq \frac {1}{2\eta }\|\bx _{0}-\bx _*\|\frac {1}{k},\quad \forall k,\end {equation*}


$\bx _*$


$f(\bx )$


$f:\mathbbm R^n\longrightarrow \mathbbm R\cup \{+\infty \}$


$\mu $


$\bx _*$


$\eta >0$


$\|\bx _{k}-\bx _*\|\leq \left (\sqrt {\frac {1}{1+2\eta \mu }}\right )^k \|\bx _{0}-\bx _*\|$


$f(\bx _{k})-f(\bx _*)\leq \frac {1+2\eta \mu }{2\eta }\left (\frac {1}{1+2\eta \mu }\right )^k \|\bx _{0}-\bx _*\|^2$


$f(\bx _k)$


$\eta $


$\bv _{k+1}\in \partial f(\bx _{k+1})$


\begin {align*}\bx _k& =\bx _{k+1}+\eta \bv _{k+1}\\ \bx _k-\bx _*& =\bx _{k+1}-\bx _*+\eta \bv _{k+1}\\ \|\bx _k-\bx _*\|^2& =\|\bx _{k+1}-\bx _*+\eta \bv _{k+1}\|^2\end {align*}


\begin {align*}\|\bx _k-\bx _*\|^2& =\|\bx _{k+1}-\bx _*\|^2+2\langle \bx _{k+1}-\bx _*, \eta \bv _{k+1} \rangle +\|\eta \bv _{k+1}\|^2\\ & \geq \|\bx _{k+1}-\bx _*\|^2+2\eta \langle \bx _{k+1}-\bx _*, \bv _{k+1} \rangle \\ & = \|\bx _{k+1}-\bx _*\|^2+2\eta \langle \bx _{k+1}-\bx _*, \partial f(\bx _{k+1})-\partial f(\bx _{k+1}) \rangle \\ & \geq \|\bx _{k+1}-\bx _*\|^2+2\eta \mu \|\bx _{k+1}-\bx _*\|^2\end {align*}


\begin {equation*}\|\bx _k-\bx _*\|^2\geq (1+2\eta \mu )\|\bx _{k+1}-\bx _*\|^2 \Rightarrow \|\bx _{k}-\bx _*\|^2\leq \left ( \frac {1}{1+2\eta \mu }\right )^k \|\bx _{0}-\bx _*\|^2.\end {equation*}


$g(\bx )\equiv 0$


\begin {equation*}f(\bx _*)-f(\bx _{k+1})\geq \frac {1}{2\eta } \|\bx _*-\bx _{k+1}\|^2-\frac {1}{2\eta } \|\bx _*-\bx _{k}\|^2,\forall \eta >0.\end {equation*}


\begin {equation*}f(\bx _{k+1})-f(\bx _*)\leq \frac {1}{2\eta } \|\bx _*-\bx _{k}\|^2\leq \frac {1+2\eta \mu }{2\eta }\left ( \frac {1}{1+2\eta \mu }\right )^{k+1} \|\bx _{0}-\bx _*\|^2.\end {equation*}


\begin {equation*}\|\bx _k-\bx _*\|^2\leq \left (\frac {1}{1+2\eta \mu }\right )^k\|\bx _k-\bx _*\|^2,\quad \forall \eta >0.\end {equation*}


\begin {equation*}\min _\bx f(\bx )+g(\bx ),\end {equation*}


$f$


$g$


$f$


$g$


\begin {equation*}\bx _{k+1}=(I+\eta \partial f)^{-1}[\bx _{k}-\eta \nabla g(\bx _k)]=\prox _f^\eta [\bx _{k}-\eta \nabla g(\bx _k)].\end {equation*}


$f(\bx )=0$


$g(\bx )=0$


$A$


$B$


\begin {equation*}\mathbf 0= A(\bx )+B(\bx ) \quad (\mbox { or }\mathbf 0\in A(\bx )+B(\bx )),\end {equation*}


\begin {equation*}\bx _{k+1}= \,(\textcolor {blue}{\mbox { or }\in })\quad \bx _k+\tau [A(\bx _{k})+B(\bx _{k+1})].\end {equation*}


$\tau =-\eta $


$A(\bx )=\partial g(\bx )=\{\nabla g(\bx )\}$


$B(\bx )=\partial f(\bx )$


$f(\bx )$


$S$


$(I+\eta \partial f)^{-1}(\bx )=\prox _f^\eta (\bx )$


$S$


$P_S(\bx )$


\begin {equation*}\bx _{k+1}= P_S[\bx _{k}-\eta \nabla g(\bx _k)],\end {equation*}


$\min \limits _{\bx \in S}g(\bx )$


$\bx '(t)=A(\bx )+B(\bx )$


\begin {equation*}\bx _{k+1}= \bx _k+\Delta t [A(\bx _{k})+B(\bx _{k+1})].\end {equation*}


$u_t=u_x+u_xx$


\begin {equation*}u^{n+1}= u^{n}+\Delta t [ u^{n}_x+ u^{n}_{xx}].\end {equation*}


$g(\bx )$


$\bx _{k+1}=\bx _k-\Delta t\nabla g(\bx _k)$


$\bx '(t)=-\nabla g(\bx )$


$\bx '(t)=-\nabla g(\bx )$


$f:\mathbbm R^n\longrightarrow \mathbbm R$


$\bu =\prox _f^\gamma (\bx )=(I+\gamma \partial f)^{-1}(\bx )$


$\bx -\bu \in \gamma \partial f(\bu )$


$\frac {1}{\gamma }\langle \bx -\bu , \by -\bu \rangle \leq f(\by )-f(\bu ),\forall \by $


\begin {equation*}f(\by )\geq f(\bu )+\langle \frac {1}{\gamma }(\bx -\bu ), \by -\bu \rangle ,\quad \forall \by .\end {equation*}


$\frac {1}{\gamma }(\bx -\bu )$


$f:\mathbbm R^n\longrightarrow \mathbbm R\cup \{+\infty \}$


$g:\mathbbm R^n\longrightarrow \mathbbm R$


$\nabla g$


$L$


$F=f+g$


$\bar \bx = \prox _f^\eta [\bx -\eta \nabla g(\bx )]$


\begin {equation*}F(\bx )-F(\bar \bx )\geq \left (\frac {1}{\eta }-\frac {L}{2}\right ) \|\bar \bx -\bx \|^2.\end {equation*}


$g(\bx )\equiv 0$


$\bx _{k+1}=(I+\eta \partial f)^{-1}(\bx _k)$


$f(\bx )$


\begin {equation*}f(\bx _k)-f( \bx _{k+1})\geq \frac {1}{\eta } \|\bar \bx _{k}-\bx _{k+1}\|^2,\quad \forall \eta >0.\end {equation*}


\begin {equation*}\bar \bx = \prox _f^\eta [\bx -\eta \nabla g(\bx )]\Rightarrow \frac {1}{\eta }\langle \bx -\eta \nabla g(\bx )-\bar \bx , \bx -\bar \bx \rangle \leq f(\bx )-f(\bar \bx ),\end {equation*}


\begin {equation*}\Rightarrow \langle \nabla g(\bx ), \bx -\bar \bx \rangle \leq -\frac {1}{\eta }\|\bx -\bar \bx \|^2+f(\bx )-f(\bar \bx )\end {equation*}


\begin {equation*}\Rightarrow f(\bar \bx ) \leq f(\bx ) -\langle \nabla g(\bx ), \bx -\bar \bx \rangle -\frac {1}{\eta }\|\bx -\bar \bx \|^2.\end {equation*}


$g$


\begin {equation*}g(\bar \bx )\leq g(\mathbf x)+\langle \nabla g(\mathbf x),\bar \bx -\mathbf x\rangle +\frac {L}{2}\|\mathbf x-\bar \bx \|^2.\end {equation*}


$f:\mathbbm R^n\longrightarrow \mathbbm R\cup \{+\infty \}$


$g:\mathbbm R^n\longrightarrow \mathbbm R$


$\nabla g$


$L$


$F=f+g$


$\bar \by = \prox _f^\eta [\by -\eta \nabla g(\by )]$


$\eta \leq \frac {1}{L}$


\begin {equation*}F(\bx )-F(\bar \by )\geq g(\bx )-g(\by )-\langle \nabla g(\by ),\bx -\by \rangle +\frac {1}{2\eta } \|\bx -\bar \by \|^2-\frac {1}{2\eta } \|\bx -\by \|^2.\end {equation*}


$\eta = \frac {1}{L}$


\begin {equation*}F(\bx )-F(\bar \by )\geq g(\bx )-g(\by )-\langle \nabla g(\by ),\bx -\by \rangle +\frac {L}{2} \|\bx -\bar \by \|^2-\frac {L}{2} \|\bx -\by \|^2.\end {equation*}


$g(\bx )\equiv 0$


\begin {equation*}f(\bx )-f(\prox _f^\eta (\by ))\geq \frac {1}{2\eta } \|\bx -\prox _f^\eta (\by )\|^2-\frac {1}{2\eta } \|\bx -\by \|^2,\forall \eta >0.\end {equation*}


$\by =\bx =\bx _{k}$


\begin {equation*}F(\bx _k)-F( \bx _{k+1})\geq \frac {1}{2\eta } \|\bx _{k}-\bx _{k+1}\|^2,\quad \forall \eta \leq \frac {1}{L}.\end {equation*}


$\phi (\bu )=g(\by )+\langle \nabla g(\by ),\bu -\by \rangle +f(\bu )+\frac {1}{2\eta }\|\bu -\by \|^2$


$\frac {1}{\eta }$


$\phi $


$\bu _*$


\begin {equation*}\mathbf 0\in \nabla g(\by )+\partial f(\bu _*)+\frac {1}{\eta }(\bu _*-\by )\end {equation*}


\begin {equation*}\Leftrightarrow \bu _*=(I+\eta \partial f)^{-1}(\by -\eta \nabla g(\by )),\end {equation*}


$\bar \by =\bu _*$


$\phi (\bu )$


\begin {equation*}\phi (\mathbf x)\geq \phi (\mathbf y)+\langle \partial \phi (\mathbf y),\mathbf x-\mathbf y\rangle +\frac {1}{2\eta }\|\mathbf x-\mathbf y\|^2,\quad \forall \mathbf x, \mathbf y\in \dom (\phi ).\end {equation*}


$\by =\bar \by $


$\bar \by $


$\phi $


$\partial \phi (\bar \by )\ni \mathbf 0$


\begin {equation*}\phi (\mathbf x)- \phi (\bar \by )\geq \frac {1}{2\eta }\|\mathbf x-\bar \by \|^2.\end {equation*}


\begin {equation*}g(\bar \by ) \leq g(\mathbf y)+\langle \nabla g(\mathbf y),\bar \by -\mathbf y\rangle +\frac {L}{2}\|\mathbf y-\bar \by \|^2\leq g(\mathbf y)+\langle \nabla g(\mathbf y),\bar \by -\mathbf y\rangle +\frac {1}{2\eta }\|\mathbf y-\bar \by \|^2.\end {equation*}


\begin {equation*}\phi (\bar \by )=g(\by )+\langle \nabla g(\by ),\bar \by -\by \rangle +\frac {1}{2\eta }\|\bar \by -\by \|^2+f(\bar \by )\geq g(\bar \by )+f(\bar \by )=F(\bar \by ).\end {equation*}


\begin {equation*}\phi (\mathbf x)- F(\bar \by )\geq \frac {1}{2\eta }\|\mathbf x-\bar \by \|^2,\end {equation*}


$\mathcal O(\frac {1}{k})$


$f:\mathbbm R^n\longrightarrow \mathbbm R\cup \{+\infty \}$


$g:\mathbbm R^n\longrightarrow \mathbbm R$


$\nabla g$


$L$


$F(\bx )=f(\bx )+g(\bx )$


$\eta \leq \frac {1}{L}$


\begin {equation*}\|\bx _{k+1}-\bx _*\|\leq \|\bx _{k}-\bx _*\|,\quad \forall k,\end {equation*}


$\bx _*$


$f(\bx )+g(\bx )$


$\eta =\frac {1}{L}$


\begin {equation*}F(\bx _{k+1})-F(\bx _*) \leq \frac {L}{2}\|\bx _{0}-\bx _*\|\frac {1}{k},\quad \forall k.\end {equation*}


\begin {equation*}F(\bx )-F(\bar \by )\geq g(\bx )-g(\by )-\langle \nabla g(\by ),\bx -\by \rangle +\frac {1}{2\eta } \|\bx -\bar \by \|^2-\frac {1}{2\eta } \|\bx -\by \|^2.\end {equation*}


$g(\bx )-g(\by )-\langle \nabla g(\by ),\bx -\by \rangle \geq 0$


\begin {equation*}F(\bx )-F(\bar \by )\geq \frac {1}{2\eta } \|\bx -\bar \by \|^2-\frac {1}{2\eta } \|\bx -\by \|^2.\end {equation*}


$\bx =\bx _*$


$\by =\bx _k\Rightarrow \bar \by =\bx _{k+1}$


\begin {equation*}0\geq 2\eta [F(\bx _*)-F(\bx _{k+1})] \geq \|\bx _{k+1}-\bx _*\|- \|\bx _{k}-\bx _*\|.\end {equation*}


\begin {equation*}\frac {2}{L}\sum _{k=0}^{n-1}[F(\bx _*)-F(\bx _{k+1})] \geq \|\bx _{n}-\bx _*\|- \|\bx _{0}-\bx _*\|\geq - \|\bx _{0}-\bx _*\|.\end {equation*}


\begin {equation*}F(\bx )-F(\bar \bx )\geq \frac {L}{2}\|\bx -\bar \bx \|\Rightarrow F(\bx _k)-F(\bx _{k+1})\geq \frac {L}{2}\|\bx _k-\bx _{k+1}\|,\end {equation*}


\begin {equation*}F(\bx _k)\geq F(\bx _{k+1})\Rightarrow \frac {2}{L}n[F(\bx _n)-F(\bx _*)]\geq \frac {2}{L}\sum _{k=0}^{n-1}[F(\bx _{k+1})-F(\bx _*)]\geq \|\bx _{0}-\bx _*\|.\end {equation*}


$F(\bx _k)\to F(\bx _*)$


$\bx _*$


$F=f+g$


$\mathbbm R^n$


$f:\mathbbm R^n\longrightarrow \mathbbm R$


$g:\mathbbm R^n\longrightarrow \mathbbm R$


$\nabla g$


$L$


$F(\bx )=f(\bx )+g(\bx )$


$\eta \leq \frac {1}{L}$


$\bx _k$


$k\to \infty $


$g(\bx )\equiv 0$


$f(\bx )$


$\{\bx _k\}_{k=0}^\infty \subset \mathbbm R^n$


$\bx _{k_j}\to \by _*$


$j\to \infty $


$F$


$F(\bx _{k_j})\to F(\by _*)$


$F(\bx _{k_j})\to F(\bx _*)$


$\bx _*$


$F(\by _*)=F(\bx _*)$


$\by _*$


$\by _*$


\begin {equation*}\|\bx _{k+1}-\by _*\|\leq \|\bx _{k}-\by _*\|,\end {equation*}


$\bx _k\to \by _*$


$f:\mathbbm R^n\longrightarrow \mathbbm R\cup \{+\infty \}$


$g:\mathbbm R^n\longrightarrow \mathbbm R$


$\mu $


$\nabla g$


$L$


$F(\bx )=f(\bx )+g(\bx )$


$\mu $


$\bx _*$


$\eta =\frac {1}{L}$


$\|\bx _{k}-\bx _*\|\leq \left (\sqrt {1-\frac {\mu }{L}}\right )^k \|\bx _{0}-\bx _*\|$


$F(\bx _{k})-F(\bx _*)\leq \frac {L}{2}\left (1-\frac {\mu }{L}\right )^k \|\bx _{0}-\bx _*\|^2$


\begin {equation*}F(\bx _*)-F(\bx _{k+1})\geq g(\bx _*)-g(\bx _k)-\langle \nabla g(\bx _k),\bx _*-\bx _k\rangle +\frac {L}{2} \|\bx _*-\bx _{k+1}\|^2-\frac {L}{2} \|\bx _*-\bx _k\|^2.\end {equation*}


\begin {equation*}g(\bx _*)-g(\bx _k)-\langle \nabla g(\bx _k),\bx _*-\bx _k\rangle +\frac {\mu }{2}\|\bx _*-\bx _k\|^2\end {equation*}


\begin {equation*}0\geq F(\bx _*)-F(\bx _{k+1})\geq \frac {L}{2} \|\bx _*-\bx _{k+1}\|^2-(\frac {L}{2}-\frac {\mu }{2}) \|\bx _*-\bx _k\|^2.\end {equation*}


\begin {equation*}\|\bx _{k+1}-\bx _*\|^2\leq (1-\frac {\mu }{L})\|\bx _{k}-\bx _*\|^2\end {equation*}


\begin {equation*}F(\bx _{k+1})-F(\bx _*)\leq (\frac {L}{2}-\frac {\mu }{2}) \|\bx _*-\bx _k\|^2- \frac {L}{2} \|\bx _*-\bx _{k+1}\|^2<(\frac {L}{2}-\frac {\mu }{2}) \|\bx _*-\bx _k\|^2.\end {equation*}


$t_k$


$t_k^2-t_k\leq t_{k-1}^2$


$t_k=\frac {k+1}{2}$


$\mathcal O(\frac {1}{k^2})$


$f:\mathbbm R^n\longrightarrow \mathbbm R\cup \{+\infty \}$


$g:\mathbbm R^n\longrightarrow \mathbbm R$


$\nabla g$


$L$


$F(\bx )=f(\bx )+g(\bx )$


$\eta =\frac {1}{L}$


$t_k^2-t_k\leq t^2_{k-1}$


$t_k=\frac {k+1}{2}$


$t_{k+1}=\frac 12\left (1+\sqrt {4 t_k^2+1}\right )$


\begin {equation*}F(\bx _{k+1})-F(\bx _*) \leq 2L\|\bx _{0}-\bx _*\|\frac {1}{k^2},\quad \forall k,\end {equation*}


$\bx _*$


$f(\bx )+g(\bx )$


$f(\bx )\equiv 0$


\begin {align*}F(\bx )-F(\bar \by )&\geq g(\bx )-g(\by )-\langle \nabla g(\by ),\bx -\by \rangle +\frac {1}{2\eta } \|\bx -\bar \by \|^2-\frac {1}{2\eta } \|\bx -\by \|^2,\\ &\geq \frac {L}{2} \|\bx -\bar \by \|^2-\frac {L}{2} \|\bx -\by \|^2.\end {align*}


$\bx =\frac {1}{t_k}\bx _*+(1-\frac {1}{t_k})\bx _k$


$\by =\by _k$


$\bar \by =\bx _{k+1}$


\begin {equation*}F\left (\frac {1}{t_k}\bx _*+(1-\frac {1}{t_k})\bx _k\right )-F(\bx _{k+1})\geq \frac {L}{2} \|\frac {1}{t_k}\bx _*+(1-\frac {1}{t_k})\bx _k-\bx _{k+1}\|^2-\frac {L}{2} \|\frac {1}{t_k}\bx _*+(1-\frac {1}{t_k})\bx _k-\by _k\|^2\end {equation*}


\begin {equation*}=\frac {L}{2 t_k^2}\| \bx _*+(t_k-1)\bx _k-t_k\bx _{k+1}\|^2-\frac {L}{2 t_k^2}\| \bx _*+(t_k-1)\bx _k-t_k\by _{k}\|^2.\end {equation*}


$F$


\begin {equation*}F\left (\frac {1}{t_k}\bx _*+(1-\frac {1}{t_k})\bx _k\right )\leq \frac {1}{t_k} F\left (\bx _* \right )+(1-\frac {1}{t_k}) F\left ( \bx _k\right ).\end {equation*}


$R_k=F(\bx _k)-F(\bx _*)$


\begin {equation*}F\left (\frac {1}{t_k}\bx _*+(1-\frac {1}{t_k})\bx _k\right )-F(\bx _{k+1})\leq (1-\frac {1}{t_k}) [F\left ( \bx _k\right )-F(\bx _*)]-[F\left ( \bx _{k+1}\right )-F(\bx _*)].\end {equation*}


\begin {equation*}=(1-\frac {1}{t_k}) R_k-R_{k+1}.\end {equation*}


\begin {equation*}(1-\frac {1}{t_k}) R_k-R_{k+1}\geq \frac {L}{2 t_k^2}\| \bx _*+(t_k-1)\bx _k-t_k\bx _{k+1}\|^2-\frac {L}{2 t_k^2}\| \bx _*+(t_k-1)\bx _k-t_k\by _{k}\|^2.\end {equation*}


$\bu _k = \bx _* + (t_{k-1}-1)\bx _{k-1}-t_{k-1}\bx _{k}$


\begin {equation*}\| \bx _*+(t_k-1)\bx _k-t_k\bx _{k+1}\|^2=\|\bu _{k+1}\|^2\end {equation*}


\begin {equation*}\mf y_{k+1}=\mf x_{k+1}+\frac {t_k-1}{t_{k+1}}(\mf x_{k+1}-\mf x_{k}),\end {equation*}


\begin {align*}\| \bx _*+(t_k-1)\bx _k-t_k\by _{k}\|^2 & =\| \bx _*+(t_k-1)\bx _k-t_k\bx _{k}-(t_{k-1}-1)(\bx _k-\bx _{k-1})\|^2\\ &= \| \bx _* + (t_{k-1}-1)\bx _{k-1}-t_{k-1}\bx _{k}\|^2 =\|\bu _k\|^2.\end {align*}


\begin {equation*}(1-\frac {1}{t_k}) R_k-R_{k+1}\geq \frac {L}{2 t_k^2}\|\bu _{k+1}\|^2-\frac {L}{2 t_k^2}\|\bu _k\|^2\end {equation*}


\begin {equation*}(t_k^2-t_k) R_k-t_k^2R_{k+1}\geq \frac {L}{2 }\|\bu _{k+1}\|^2-\frac {L}{2 }\|\bu _k\|^2\end {equation*}


\begin {equation*}(t_k^2-t_k) R_k+\frac {L}{2 }\|\bu _k\|^2\geq t_k^2R_{k+1}+\frac {L}{2 }\|\bu _{k+1}\|^2\end {equation*}


\begin {equation*}t_{k-1}^2 R_k+\frac {L}{2 }\|\bu _k\|^2\geq t_k^2R_{k+1}+\frac {L}{2 }\|\bu _{k+1}\|^2.\end {equation*}


$t_0=1$


\begin {equation*}t_k^2R_{k+1}+\frac {L}{2 }\|\bu _{k+1}\|^2\leq t_0^2R_{1}+\frac {L}{2 }\|\bu _{1}\|^2 =F(\bx _1)-F(\bx _*)+\frac {L}{2 }\|\bx _*-\bx _1\|^2.\end {equation*}


$\bx = \bx _*$


$\by =\by _0$


$\bar \by =\bx _{1}$


\begin {align*}F(\bx )-F(\bar \by )&\geq g(\bx )-g(\by )-\langle \nabla g(\by ),\bx -\by \rangle +\frac {1}{2\eta } \|\bx -\bar \by \|^2-\frac {1}{2\eta } \|\bx -\by \|^2,\\ &\geq \frac {L}{2} \|\bx -\bar \by \|^2-\frac {L}{2} \|\bx -\by \|^2,\end {align*}


$\bx _0=\by _0$


\begin {align*}F(\bx _*)-F(\bx _1)&\geq \frac {L}{2} \|\bx _*-\bx _1\|^2-\frac {L}{2} \|\bx _*-\by _0\|^2\\ \Rightarrow & F(\bx _1)-F(\bx _*)+\frac {L}{2 }\|\bx _*-\bx _1\|^2\leq \frac {L}{2 }\|\bx _*-\bx _0\|^2.\end {align*}


\begin {equation*}R_{k+1}\leq \frac {L}{2}\|\bx _0-\bx _*\|^2\frac {1}{t_k^2}.\end {equation*}


$\frac {1}{k^2}$


$t_k=\mathcal O(\frac {1}{k})$


$t_k=\frac {k+1}{2}$


\begin {equation*}t_{k+1}=\frac 12\left (1+\sqrt {4 t_k^2+1}\right )\Rightarrow t_k\geq \frac {k+2}{2},\end {equation*}


$g(\bx )$


$\mu $


$\sigma =\frac {L}{\mu }$


$f:\mathbbm R^n\longrightarrow \mathbbm R\cup \{+\infty \}$


$g:\mathbbm R^n\longrightarrow \mathbbm R$


$\mu $


$\nabla g$


$L$


$F(\bx )=f(\bx )+g(\bx )$


$\mu $


$\bx _*$


$\eta =\frac {1}{L}$


\begin {equation*}F(\bx _k)-F(\bx _*)\leq \left (1-\sqrt {\frac {\mu }{L}}\right )^k[F(\bx _0)-F(\bx _*)+\frac {L}{2\mu }\|\bx _0-\bx _*\|^2].\end {equation*}


$f(\bx )=\|\bx \|_1$


$t_N=1, \by _N=\bx _N$


$N$


$f: \mathbbm R^n\longrightarrow (-\infty , +\infty ]$


$\prox _f^\eta $


\begin {equation*}\|\prox _f^\eta (\bx )-\prox _f^\eta (\by )\|^2\leq \langle \prox _f^\eta (\bx )-\prox _f^\eta (\by ), \bx -\by \rangle .\end {equation*}


$f$


$\mu $


\begin {equation*}(1+\mu \eta )\|\prox _f^\eta (\bx )-\prox _f^\eta (\by )\|^2\leq \langle \prox _f^\eta (\bx )-\prox _f^\eta (\by ), \bx -\by \rangle .\end {equation*}


$\langle T(\bx )-T(\by ),\bx -\by \rangle \leq \| T(\bx )-T(\by )\| \|\bx -\by \|$


$f$


\begin {equation*}\bu =\prox _f^\eta (\bx )=(I+\eta \partial f)^{-1}(\bx )\Rightarrow \frac {\bx -\bu }{\eta }\in \partial f(\bu ),\end {equation*}


\begin {equation*}\bv =\prox _f^\eta (\by )=(I+\eta \partial f)^{-1}(\by )\Rightarrow \frac {\by -\bv }{\eta }\in \partial f(\bv ).\end {equation*}


$\mu $


$\mu =0$


\begin {equation*}\langle \partial f(\bu )-\partial f(\bv ), \bu -\bv \rangle \geq \mu \|\bu -\bv \|^2\end {equation*}


\begin {equation*}\langle \frac {\bx -\bu }{\eta }-\frac {\by -\bv }{\eta }, \bu -\bv \rangle \geq \mu \|\bu -\bv \|^2,\end {equation*}


\begin {equation*}\langle \bx -\by , \bu -\bv \rangle \geq (1+\eta \mu )\|\bu -\bv \|^2.\end {equation*}


$f(\bx )$


\begin {equation*}\bx _{k+1}=(I+\eta \partial f)^{-1}(\bx _{k})=\prox _f^\eta (\bx _k).\end {equation*}


$f:\mathbbm R^n\longrightarrow \mathbbm R\cup \{+\infty \}$


$\mu $


$\bx _*$


$\|\bx _{k}-\bx _*\|\leq \left ( \frac {1}{1+\eta \mu }\right )^k \|\bx _{0}-\bx _*\|,\quad \forall \eta >0$


$f(\bx _{k})-f(\bx _*)\leq \frac {1+\eta \mu }{2\eta }\left (\frac {1}{1+\eta \mu }\right )^{2k} \|\bx _{0}-\bx _*\|^2,\quad \forall \eta >0$


\begin {equation*}\left ( \frac {1}{1+\eta \mu }\right )^2< \frac {1}{1+2\eta \mu }\Leftrightarrow 1+2\eta \mu <1+2\eta \mu +\eta ^2\mu ^2.\end {equation*}


\begin {equation*}\|\prox _f^\eta (\bx )-\prox _f^\eta (\by )\|\leq \frac {1}{1+\mu \eta } \|\bx -\by \|.\end {equation*}


$\bx _*=\prox _f^\eta (\bx _*)$


$\bx =\bx _k$


$\by =\bx _*$


$\|\bx _{k+1}-\bx _*\|\leq \left ( \frac {1}{1+\eta \mu }\right )\|\bx _{k}-\bx _*\|$


$\|\bx _{k}-\bx _*\|\leq \left ( \frac {1}{1+\eta \mu }\right )^k \|\bx _{0}-\bx _*\|$


$g(\bx )\equiv 0$


\begin {equation*}f(\bx _*)-f(\bx _{k+1})\geq \frac {1}{2\eta } \|\bx _*-\bx _{k+1}\|^2-\frac {1}{2\eta } \|\bx _*-\bx _{k}\|^2,\forall \eta >0.\end {equation*}


\begin {equation*}f(\bx _{k+1})-f(\bx _*)\leq \frac {1}{2\eta } \|\bx _*-\bx _{k}\|^2\leq \frac {1+\eta \mu }{2\eta }\left ( \frac {1}{1+\eta \mu }\right )^{k+1} \|\bx _{0}-\bx _*\|^2.\end {equation*}


$\|\bx \|_1+\|A\bx -b\|^2$


$A\in \mathbbm R^{40\times 1000}$


$F(\bx )=\|\bx \|_1+\|A\bx -b\|^2$


$k$


$\bx _k$


$\ell ^1$


$F(\bx _k)-F(\bx _*)$


$F(\bx _k)-F(\bx _*)$


$\ell ^1$


\begin {equation*}\min _\bx \|\bx \|_1+\iota _{\{\bx : A\bx =b\}}.\end {equation*}


$T:\mathbbm R^n\longrightarrow \mathbbm R^n$


$\|T(\bx )-T(\by )\|<\|\bx -\by \|,\quad \forall \bx , \by .$


$\|T(\bx )-T(\by )\|\leq \|\bx -\by \|,\quad \forall \bx , \by .$


$\|T(\bx )-T(\by )\|^2\leq \langle T(\bx )-T(\by ),\bx -\by \rangle ,\quad \forall \bx , \by .$


\begin {equation*}\langle T(\bx )-T(\by ),\bx -\by \rangle \leq \| T(\bx )-T(\by )\| \|\bx -\by \|,\end {equation*}


$T:\mathbbm R^n\longrightarrow \mathbbm R^n$


$I:\mathbbm R^n\longrightarrow \mathbbm R^n$


$T$


$I-T$


$2T-I$


$\|T(\bx )-T(\by )\|^2+ \|(I-T)(\bx )-(I-T)(\by )\|^2\leq \|\bx -\by \|^2$


\begin {equation*}\|T(\bx )-T(\by )\|^2\leq \langle T(\bx )-T(\by ), \bx -\by \rangle \end {equation*}


\begin {equation*}\|\bx -T(\bx )-[\by -T(\by )]\|^2=\|\bx -\by \|^2+\|T(\bx )-T(\by )\|^2-\langle T(\bx )-T(\by ), \bx -\by \rangle \end {equation*}


\begin {equation*}\leq \|\bx -\by \|^2-\langle T(\bx )-T(\by ), \bx -\by \rangle =\langle [\bx -T(\bx )]-[\by -T(\by )], \bx -\by \rangle .\end {equation*}


$R=2T-I$


\begin {equation*}\|R(\bx )-R(\by )\|^2=\|2[T(\bx )-T(\by )]-(\bx -\by )\|^2\end {equation*}


\begin {equation*}=4\|T(\bx )-T(\by )\|^2+\|\bx -\by \|^2-4\langle T(\bx )-T(\by ), \bx -\by \rangle \leq \|\bx -\by \|^2\end {equation*}


\begin {equation*}\Leftrightarrow \|T(\bx )-T(\by )\|^2\leq \langle T(\bx )-T(\by ), \bx -\by \rangle \end {equation*}


$T(\bx )=\eta \nabla f(\bx ),\quad 0<\eta \leq \frac {1}{L}$


$\nabla f$


$L$


$T$


$f$


$T$


$f$


$I-T$


$\bx _{k+1}=T(\bx _k)$


$T:\mathbbm R^n\longrightarrow \mathbbm R^n$


$T$


$T(\bx _*)=\bx _*$


$\mathbbm R^n$


$S^{n}$


$\mathbbm R^n$


$T:S^{n}\longrightarrow S^{n}$


$T$


$T(\bx _*)=\bx _*$


$X$


$Y$


$X$


$T:Y\longrightarrow Y$


$T:\mathbbm R^n\longrightarrow \mathbbm R^n$


$T$


$T(x,y)=\begin {pmatrix} \cos \theta & -\sin \theta \\ 0 & 0 \end {pmatrix}\begin {pmatrix} x\\y \end {pmatrix}+\begin {pmatrix} 0\\1 \end {pmatrix}$


$T:S^{n}\longrightarrow S^{n}$


$T$


$\bx _{k+1}=T(\bx _k)$


$T(\bx )=-\bx $


$\bx _{k+1}=T(\bx _k)=-\bx _k$


\begin {equation*}\bx _{k+1}=\theta \bx _k+(1-\theta )T(\bx _k)\end {equation*}


$T:\mathbbm R^n\longrightarrow \mathbbm R^n$


$T$


$\bx _*$


\begin {equation*}\bx _{k+1}=S_\theta (\bx _k):=\theta \bx _k+(1-\theta )T(\bx _k),\quad \theta \in (0,1)\end {equation*}


$\bx _k$


$\by _*$


$T$


$\|\bx _{k+1}-\bx _k\|^2\leq \frac {1}{k+1}(\frac {1}{\theta }-1)\|\bx _0-\by _*\|^2$


\begin {align*}\|\bx _{k+1}-\bx _*\|^2&=\|\theta [\bx _{k}-\bx _*]+(1-\theta ) [T(\bx _{k})- \bx _*]\|^2\\ &= \theta \|\bx _{k}-\bx _*\|^2+(1-\theta ) \|T(\bx _{k})-\bx _*\|^2-\theta (1-\theta )\|T(\bx _{k})-\bx _k\|^2\\ &\leq \theta \|\bx _{k}-\bx _*\|^2+(1-\theta ) \|\bx _{k}-\bx _*\|^2-\theta (1-\theta )\|T(\bx _{k})-\bx _k\|^2\\ &= \|\bx _{k}-\bx _*\|^2-\frac {\theta }{1-\theta }\|S_\theta (\bx _{k})-\bx _k\|^2\end {align*}


$\|\bx _{k+1}-\bx _*\|^2\leq \|\bx _{k}-\bx _*\|^2$


\begin {equation*}(n+1)\|\bx _{n+1}-\bx _n\|^2\leq \sum _{k=0}^n \|\bx _{n+1}-\bx _n\|^2\leq \frac {1-\theta }{\theta }[\|\bx _{0}-\bx _*\|^2-\|\bx _{n+1}-\bx _*\|^2],\end {equation*}


\begin {equation*}\|\bx _{k+1}-\bx _k\|^2\leq \theta \|\bx _k-\bx _{k-1}\|+(1-\theta )\|T(\bx _k)-T(\bx _{k-1})\| \leq \|\bx _k-\bx _{k-1}\|.\end {equation*}


$\|\bx _{k+1}-\bx _*\|^2\leq \|\bx _{k}-\bx _*\|^2$


$\{\bx _k\}$


$\bx _{k_j}\to \by _*$


$\|\bx _{k+1}-\bx _k\|^2\leq \frac {1}{k+1}(\frac {1}{\theta }-1)\|\bx _0-\bx _*\|^2$


\begin {equation*}\|\bx _{k+1}-\bx _k\|^2\to 0\Rightarrow \|S_\theta (\bx _k)-\bx _k\|\to 0\Rightarrow (1-\theta )\|T(\bx _k)-\bx _k\|\to 0\end {equation*}


$\|T(\bx _{k_j})-\bx _{k_j}\|\to 0.$


$\|T(\bx )-\bx -[T(\by )-\by ]\|\leq 2\|\bx -\by \|$


$T-I$


$\|T(\by _*)-\by _*\|=0$


$\by _*$


$\|\bx _{k+1}-\bx _*\|^2\leq \|\bx _{k}-\bx _*\|^2$


$\bx _*$


$\by _*$


\begin {equation*}\min _\bx f(\bx )+g(\bx ),\end {equation*}


$f(\bx )$


$g(\bx )$


$f(\bx )$


$g(\bx )$


\begin {equation*}\min _\bx \|\bx \|_1+\iota _{\{\bx : A\bx =b\}},\end {equation*}


$f(\bx )=\|\bx \|_1$


$g(\bx )=\iota _{\{\bx : A\bx =b\}}$


$A\mathbbm R^{m\times n}$


$m<n$


$AA^T$


$\ell ^1$


\begin {equation*}\prox _f^\gamma (\bx )=\bv , \quad \bv _i=\begin {cases} x_i-\gamma ,& x_i>1,\\ x_i+\gamma ,& x_i<-1,\\ 0, & x_i\in [-1,1]. \end {cases}\end {equation*}


\begin {equation*}\prox _g^\gamma (\bx )=\bx +A^T(AA^T)^{-1}(b-A\bx ),\end {equation*}


$A^T(AA^T)^{-1}$


$A$


$A\in \mathbbm C^{m\times n}$


\begin {equation*}A=\drawmatrix [width=.5]{U_1}\Sigma _1\drawmatrix [height=.35cm]{V_1^*}\end {equation*}


\begin {equation*}\Sigma _1=\begin {bmatrix} \sigma _1 & & \\ &\ddots &\\ && \sigma _k \end {bmatrix},\quad \sigma _i>0.\end {equation*}


$A^\dagger \in \mathbbm C^{n\times m}$


$A^\dagger =V_1\Sigma _1^{-1} U_1^*$


$A$


$A^\dagger =(A^*A)^{-1}A^*$


$A^\dagger A=\mathbbm I_{n\times n}$


$A^\dagger $


$A$


$A$


$A^\dagger =A^*(AA^*)^{-1}$


$A A^\dagger =\mathbbm I_{m\times m}$


$A^\dagger $


$A$


$f$


$g$


$f+g$


$\prox _f$


$\prox _g$


$0=A\bx +B\bx $


$0\in \partial f(\bx )+\partial g(\bx )$


$f(\bx )+g(\bx )$


\begin {equation*}\by _{k+1}=\frac {\id +\refl _f^\eta \refl _g^\eta }{2}(\by _k),\quad \forall \eta >0,\end {equation*}


$\id $


$\refl _f^\eta =2\prox _f^\eta -\id $


$\refl _g^\eta =2\prox _g^\eta -\id $


$\by _k$


$\bx _*$


$\by $


$\bx _k=\prox _g^\eta (\by _k)$


$\bx _*$


\begin {equation*}\mbox {Douglas-Rachford}: \begin {cases} \by _{k+1}&=\frac {\id +\refl _f^\eta \refl _g^\eta }{2}(\by _k)=\by _k-\bx _k+\prox _f^\eta (2\bx _k-\by _k)\\ \bx _{k}&=\prox _g^\eta (\by _{k}) \end {cases}\end {equation*}


$f$


$g$


$\eta >0$


$f:\mathbbm R\longrightarrow (-\infty , +\infty ]$


$g:\mathbbm R\longrightarrow (-\infty , +\infty ]$


$f(\bx )+g(\bx )$


$\by _*$


\begin {equation*}\by _{k+1}=[\theta \id +(1-\theta )\refl _f^\eta \refl _g^\eta ](\by _k),\quad \theta \in (0,1),\end {equation*}


$\bx _k=\prox _g^\eta (\by _k)$


$\bx _*$


$f(\bx )+g(\by )$


$\|\by _{k+1}-\by _*\|\leq \|\by _{k}-\by _*\|$


$\|\bx _{k+1}-\bx _*\|\leq \|\bx _{k}-\bx _*\|$


\begin {equation*}\|\bx _{k+1}-\bx _k\|^2\leq \|\by _{k+1}-\by _k\|^2\leq \frac {1}{k}(\frac {1}{\theta }-1)\|\by _{0}-\by _*\|^2.\end {equation*}


$\theta =0$


\begin {equation*}\mbox {Peaceman-Rachford}: \begin {cases} \by _{k+1}&= \refl _f^\eta \refl _g^\eta (\by _k)\\ \bx _{k}&=\prox _g^\eta (\by _{k}) \end {cases},\end {equation*}


$f$


$g$


$\mathbbm R^2$


$T=\theta \id +(1-\theta )\refl _f^\eta \refl _g^\eta $


\begin {align*}T(\by _*)&=\by _*\\ \Leftrightarrow \refl _f^\eta \refl _g^\eta (\by _*)&=\by _*\\ \Leftrightarrow 2\prox _f^\eta \refl _g^\eta (\by _*)-\refl _g^\eta (\by _*)&=\by _*\\ \Leftrightarrow \prox _f^\eta \refl _g^\eta (\by _*)&=\prox _g^\eta (\by _*)\quad (\bz =\prox _g^\eta (\by _*))\\ \Leftrightarrow \prox _f^\eta (2\bz -\by _*)&=\bz \quad ((\id +\eta \partial g)\bz =\by _*)\\ \Leftrightarrow \bz &=(\id +\eta \partial f)^{-1}[2\bz -(\id +\eta \partial g)\bz ]\\ \Leftrightarrow 0&\in \partial f(\bz )+\partial g(\bz ).\end {align*}


$\prox $


$\refl =2\prox -\id $


$T=\theta \id +(1-\theta )\refl _f^\eta \refl _g^\eta $


$\id $


$\refl _f^\eta \refl _g^\eta $


$\by _k$


$\by _*$


$\bx _k=\prox _g^\eta (\by _k)$


$\bx _*$


\begin {equation*}T(\by _*)=\by _* \Leftrightarrow 0\in \partial f(\bz )+\partial g(\bz ),\quad \bz =\prox _g^\eta (\by _*).\end {equation*}


\begin {equation*}\|\by _{k}-\by _*\|^2\leq \frac {1}{k}(\frac {1}{\theta }-1)\|\by _{0}-\by _*\|^2.\end {equation*}


\begin {equation}\label {DR-splitting}\by _{k+1}=[(1-\lambda )\id +\lambda \frac {\id +\refl _f^\eta \refl _g^\eta }{2}](\by _k),\quad \lambda \in (0,2).\end {equation}


$A\in \mathbbm R^{40\times 1000}$


$F(\bx )=\|\bx \|_1+\|A\bx -b\|^2$


$\eta >0$


$g(\bx )=\|A\bx -b\|^2$


$(I+\eta 2 A^TA)^{-1}$


$\lambda =2$


$A\in \mathbbm R^{40\times 1000}$


$g(\bx )$


\begin {equation}\label {eq:lasso-LD} \min _{\bx \in \mathbbm R^n}\;\|\bx \|_1+\frac {1}{2t}\|A\bx -b\|_2^2,\end {equation}


$t>0$


$t=\mu $


$t=0$


\begin {equation}\label {eq:dlasso-574} \min _{\bp \in \mathbbm R^m}\;V(\bp ;\,t,b):=\frac {t}{2}\|\bp \|^2+\langle \bp ,\, b\rangle \quad \text {subject to}\quad \|A^\top \bp \|_\infty \leq 1.\end {equation}


$(\bx ^s,\bp ^s)$


\begin {equation*}-t\,\bp ^s = A\bx ^s - b,\qquad -A^\top \bp ^s \in \partial \|\cdot \|_1(\bx ^s).\end {equation*}


$x^s_j\neq 0$


$|[A^\top \bp ^s]_j|=1$


$\bp $


$\|A^\top \bp \|_\infty \leq 1$


\begin {equation*}\mathcal {E}(\bp ):=\bigl \{j\in \{1,\dots ,n\}:|[{-A^\top \bp }]_j|=1\bigr \}, \qquad D(\bp ):=\operatorname {diag}\!\bigl (\operatorname {sign}({-A^\top \bp })\bigr ).\end {equation*}


$\bx ^s$


$\mathcal {E}(\bp ^s)$


\begin {equation}\label {eq:slowsys-574} \dot {\bp }(\tau )\in -\partial _{\bp }\,V(\bp (\tau );\,t,b),\qquad \bp (0)=\bp ^{(0)},\end {equation}


$\partial _{\bp }\,V$


\begin {equation*}\dot {\bp }(\tau )=-d(\bp (\tau )),\qquad d(\bp ):=\underset {v\in \partial _{\bp }\,V(\bp )}{\arg \min }\;\|v\|.\end {equation*}


$A_{\mathcal {E}}$


$A$


$\mathcal {E}=\mathcal {E}(\bp )$


$D_{\mathcal {E}}$


$D(\bp )$


$d(\bp )$


\begin {equation}\label {eq:nnls-574} \hat {\bu }_{\mathcal {E}}\in \arg \min _{\bu _{\mathcal {E}}\,\geq \,0} \;\bigl \|A_{\mathcal {E}}\,D_{\mathcal {E}}\,\bu _{\mathcal {E}}-(b+t\,\bp )\bigr \|^2, \qquad d(\bp )=A_{\mathcal {E}}\,D_{\mathcal {E}}\,\hat {\bu }_{\mathcal {E}}-(b+t\,\bp ).\end {equation}


$d(\bp )=0$


$\bp $


$\mathcal {E}$


\begin {equation*}d(\bp ^{(k)}+\Delta \,d(\bp ^{(k)}))=(1-t\Delta )\,d(\bp ^{(k)}),\qquad \Delta \in [0,\Delta _*).\end {equation*}


\begin {equation*}\bp (\tau )=\bp ^{(k)}+f(\tau ,t)\,d(\bp ^{(k)}),\qquad f(\tau ,t)=\begin {cases}\tau &t=0,\\[4pt]\dfrac {1-e^{-t\tau }}{t}&t>0.\end {cases}\end {equation*}


$\Delta _*$


$\mathcal {E}$


\begin {equation*}\Delta _*=\min _{\substack {j=1,\dots ,n\\q_j\neq 0}}\frac {\operatorname {sign}(q_j)-r_j}{q_j}, \qquad q=D(\bp )\,A^\top d,\quad r=D(\bp )\,A^\top \bp .\end {equation*}


$\mathcal {E}$


$m=\operatorname {rank}(A)$


$A\in \mathbbm R^{m\times n}$


$b\in \operatorname {Image}(A)$


$t\geq 0$


$\bp ^{(0)}=-b/\|A^\top b\|_\infty $


$\mathcal {E}^{(k)}=\{j:|[{-A^\top \bp ^{(k)}}]_j|=1\}$


$D^{(k)}=\operatorname {diag}(\operatorname {sign}({-A^\top \bp ^{(k)}}))$


$\mathcal {E}^{(k)}$


$\hat {\bu }^{(k)}$


$d^{(k)}=A_{\mathcal {E}^{(k)}}D_{\mathcal {E}^{(k)}}\hat {\bu }^{(k)}-(b+t\,\bp ^{(k)})$


$t>0$


$t\,\Delta _*\geq 1$


$\bx ^s=D^{(k)}\hat {\bu }^{(k)}$


$\bp ^s=\bp ^{(k)}+d^{(k)}/t$


$t=0$


$d^{(k)}=0$


$\bx ^s=D^{(k)}\hat {\bu }^{(k)}$


$\bp ^s=\bp ^{(k)}$


$\Delta _*$


$\bp ^{(k+1)}=\bp ^{(k)}+\Delta _*\,d^{(k)}$


$m$


$A$


$A\in \mathbbm R^{40\times 1000}$


$F(\bx _k)-F(\bx ^*)$


$t=0$


$A\in \mathbbm R^{40\times 1000}$


$\|\bx _k\|_1-\|\bx ^*\|_1$


$f: \mathbbm R^n\longrightarrow (-\infty , +\infty ]$


$\mu $


\begin {equation*}\|\refl _f^\eta (\bx )-\refl _f^\eta (\by ) \|^2+4\mu \eta \|\prox _f^\eta (\bx )-\prox _f^\eta (\by )\|^2\leq \|\bx -\by \|^2.\end {equation*}


$\mu =0$


$\|\refl _f^\eta (\bx )-\refl _f^\eta (\by ) \|^2\leq \|\bx -\by \|^2.$


\begin {align*}&\|\refl _f^\eta (\bx )-\refl _f^\eta (\by ) \|^2=\|2\prox _f^\eta (\bx )-\bx -(2\prox _f^\eta (\by )-\by ) \|^2\\ =& 4\mu \eta \|\prox _f^\eta (\bx )-\prox _f^\eta (\by )\|^2+\|\bx -\by \|^2-4\langle \prox _f^\eta (\bx )-\prox _f^\eta (\by ), \bx -\by \rangle \\ \leq &-4\mu \eta \|\refl _f^\eta (\bx )-\refl _f^\eta (\by ) \|^2+\|\bx -\by \|^2\\ \Rightarrow & \|\refl _f^\eta (\bx )-\refl _f^\eta (\by ) \|^2+4\mu \eta \|\prox _f^\eta (\bx )-\prox _f^\eta (\by )\|^2\leq \|\bx -\by \|^2.\end {align*}


$f: \mathbbm R^n\longrightarrow (-\infty , +\infty ]$


$g: \mathbbm R^n\longrightarrow (-\infty , +\infty ]$


$\mu $


$f(\bx )+g(\bx )$


$\bx _*.$


\begin {equation*}\begin {cases} \by _{k+1} &=\refl _f^\eta \refl _g^\eta (\by _k)\\ \bx _k&=\prox _g^\eta (\by _k) \end {cases},\quad \forall \eta >0\end {equation*}


\begin {equation*}\min _{0\leq k\leq n} \|\bx _k-\bx _*\|^2\leq \frac {1}{n+1}\frac {1}{4\mu \eta }\|\by _0-\by _*\|^2.\end {equation*}


$f$


$g$


\begin {equation*}\begin {cases} \bz _{k+1} &=\refl _g^\eta \refl _f^\eta (\bz _k)\\ \bx _k&=\prox _f^\eta (\bz _k) \end {cases},\quad \forall \eta >0\end {equation*}


$\bz _0=\by _0.$


\begin {align*}&\|\refl _f^\eta \refl _g^\eta (\by _k)-\refl _f^\eta \refl _g^\eta (\by _*) \|^2+4\mu \eta \|\prox _g^\eta (\by _k)-\prox _g^\eta (\by _*)\|^2 \\ \leq & \| \refl _g^\eta (\by _k)- \refl _g^\eta (\by _*) \|^2+4\mu \eta \|\prox _g^\eta (\by _k)-\prox _g^\eta (\by _*)\|^2\\ \leq & \|\by _k-\by _*\|^2,\end {align*}


\begin {equation*}\|\by _{k+1}-\by _* \|^2+4\mu \eta \| \bx _k-\bx _*\|^2 \leq \|\by _k-\by _*\|^2\end {equation*}


\begin {equation*}\sum _{k=0}^n 4\mu \eta \| \bx _k-\bx _*\|^2\leq \|\by _{0}-\by _* \|^2-\|\by _{n+1}-\by _* \|^2\leq \|\by _{0}-\by _* \|^2.\end {equation*}


$f: \mathbbm R^n\longrightarrow (-\infty , +\infty )$


$\mu $


$\nabla f$


\begin {equation*}\|\refl _f^\eta (\bx )-\refl _f^\eta (\by ) \|^2 \leq \left (1-\frac {4\mu \eta }{(1+\mu L)^2}\right )\|\bx -\by \|^2.\end {equation*}


\begin {align*}& \|[\id +\eta \nabla f](\bx )-[\id +\eta \nabla f](\by )\|^2\\ =&\|\bx -\by \|^2+\eta ^2\|\nabla f(\bx )-\nabla f(\by )\|^2+2\eta \langle \bx -\by , \nabla f(\bx )-\nabla f(\by )\rangle \\ \leq & \|\bx -\by \|^2+\eta ^2L^2\|\bx -\by \|^2 +2\eta \|\bx -\by \| \|\nabla f(\bx )-\nabla f(\by )\|\\ \leq & (1+\eta ^2L^2 +2\eta L)\|\bx -\by \|^2\end {align*}


\begin {equation*}\|\prox _f^\eta (\bu )-\prox _f^\eta (\bv )\|^2 \geq \frac {1}{[1+\eta L]^2} \|\bx -\by \|^2.\end {equation*}


$f: \mathbbm R^n\longrightarrow (-\infty , +\infty ]$


$g: \mathbbm R^n\longrightarrow (-\infty , +\infty )$


$\mu $


$\nabla g$


$L$


\begin {equation*}\begin {cases} \by _{k+1}&= \theta \id +(1-\theta )\refl _f^\eta \refl _g^\eta (\by _k)\\ \bx _{k}&=\prox _g^\eta (\by _{k}) \end {cases},\quad \theta \in (0,1], \quad \forall \eta >0,\end {equation*}


$\|\by _{k+1}-\by _*\|\leq \|\by _{k}-\by _*\|$


$\|\bx _{k+1}-\bx _*\|\leq \|\bx _{k}-\bx _*\|$


\begin {equation*}\|\bx _{k+1}-\bx _*\|^2\leq \|\by _{k+1}-\by _*\|^2\leq [\theta +(1-\theta )c]^{2k}\|\by _{0}-\by _*\|^2,\end {equation*}


\begin {equation*}c=\sqrt {1-\frac {4\mu \eta }{(1+\eta L)^2}}\geq \frac {1-\eta L}{1+\eta L}.\end {equation*}


$\theta $


$\theta =1$


$\theta =1$


$\|\refl _g^\eta (\bx )-\refl _g^\eta (\by )\|\leq c\|\bx -\by \|.$


$\refl _f^\eta $


\begin {equation*}\|\refl _f^\eta \refl _g^\eta (\bx )-\refl _f^\eta \refl _g^\eta (\by )\|\leq c\|\bx -\by \|,\end {equation*}


$T=\theta \id +(1-\theta )\refl _f^\eta \refl _g^\eta $


\begin {equation*}\|T(\bx )-T(\by )\|\leq [\theta +(1-\theta )c]\|\bx -\by \|\end {equation*}


\begin {equation*}\|\bx _k-\bx _*\|\leq \|\by _k-\by _*\|\leq [\theta +(1-\theta )c]^k\|\by _0-\by _*\|.\end {equation*}


$T$


$\mathbbm R^n$


$T(\bx )\subset \mathbbm R^n$


\begin {equation*}\dom (T)=\{\bx \in \mathbbm R^n: T(\bx )\neq \emptyset \}.\end {equation*}


$T$


\begin {equation*}\langle T(\bx )-T(\by ), \bx -\by \rangle ,\quad \forall \bx , \by \in \dom (T).\end {equation*}


\begin {equation*}Graph(T)=\{(\bx , \by )\in \mathbbm R^n\times \mathbbm R^n: \by \in T(\bx )\}.\end {equation*}


$T$


$S$


$T^{-1}(\bx )=\{\by : \bx \in T(\by )\}.$


$T$


$J_T=(\id +T)^{-1}.$


$T$


$R_T=2J_T-\id =2(\id +T)^{-1}-\id .$


$T$


$(1-\theta )\id +\theta T$


$\theta $


$\theta \in (0,1).$


$\theta $


$A$


$R_A$


$\dom (R_A) =\mathbbm R^n$


$J_A$


$\dom (J_A) =\mathbbm R^n$


$f(\bx )$


$\partial f$


$f(\bx )$


$\partial f$


$\prox _f^\eta $


$R_f^\eta $


$f(\bx )$


$g(\bx )$


\begin {equation*}R_f^\eta R_g^\eta \mbox { is nonexpansive}\Leftrightarrow \frac {\id +R_f^\eta R_g^\eta }{2} \mbox { is firmly nonexpansive}\end {equation*}


\begin {equation*}R_f^\eta R_g^\eta \mbox { is nonexpansive}\Rightarrow \frac {(1-\theta )\id +\theta R_f^\eta R_g^\eta }{2} \mbox { converges for any } \theta \in (0,1), \eta >0.\end {equation*}


\begin {equation*}\mbox {General Douglas-Rachford}: \begin {cases} \by _{k+1}& =[(1-\lambda )\id +\lambda \frac {\id +\refl _f^\eta \refl _g^\eta }{2}](\by _k),\quad \lambda \in (0,2)\\ & =\by _k- \lambda \bx _k+\lambda \prox _f^\eta (2\bx _k-\by _k)\\ \bx _{k}&=\prox _g^\eta (\by _{k}) \end {cases}\end {equation*}


\begin {equation*}\mbox {Douglas-Rachford}: \begin {cases} \by _{k+1}&=\frac {\id +\refl _f^\eta \refl _g^\eta }{2}(\by _k)=\by _k-\bx _k+\prox _f^\eta (2\bx _k-\by _k)\\ \bx _{k}&=\prox _g^\eta (\by _{k}) \end {cases}\end {equation*}


\begin {equation*}\mbox {Peaceman-Rachford}: \begin {cases} \by _{k+1}&= \refl _f^\eta \refl _g^\eta (\by _k)\\ \bx _{k}&=\prox _g^\eta (\by _{k}) \end {cases}.\end {equation*}


$\min _\bx f(\bx )+g(\bx )$


\begin {equation*}\begin {cases} \by _{k+1}&=\by _k-\bx _k+\prox _f^\eta (2\bx _k-\by _k)\\ \bx _{k}&=\prox _g^\eta (\by _{k}) \end {cases}.\end {equation*}


\begin {equation*}\min _\bx f(\bx )+g(\bx )+h(\bx ),\end {equation*}


\begin {equation*}\begin {cases} \bx _{k+\frac 12}&=\prox _g^\eta (\bz _k)\\ \bx _{k+1}&= \prox _f^\eta (2\bx _{k+\frac 12}-\bz _k-\eta \nabla h(\bx _{k+\frac 12}))\\ \bz _{k+1}&=\bz _k+\bx _{k+1}-\bx _{k+\frac 12} \end {cases},\end {equation*}


$f,g, h$


$\nabla h$


$L$


$\eta < \frac {2}{L}$


$h(\bx )\equiv 0$


$g(\bx )\equiv 0$


$f:\mathbbm R\longrightarrow [-\infty , +\infty ]$


\begin {equation*}f^*(\bx )=\max _\by \langle \bx , \by \rangle -f(\by ).\end {equation*}


$f:\mathbbm R\longrightarrow (-\infty , +\infty ]$


$f^*(\bx )$


$\dom (f^*)=\{\bx :f^*(\bx )<+\infty \}$


$f(\bx )$


$f:\mathbbm R\longrightarrow (-\infty , +\infty ]$


$f^*(\bx )$


$f(x)=e^x$


\begin {equation*}f^*(x)=\begin {cases} x\log x-x,& x>0\\ 0, & x=0\\ +\infty , & x<0 \end {cases}.\end {equation*}


$f(x)=ax+b$


\begin {equation*}f^*(x)=\begin {cases} -b, & x=a\\ +\infty , & x\neq a \end {cases}.\end {equation*}


$f:\mathbbm R\longrightarrow (-\infty , +\infty ]$


$f(\bx )+f^*(\by )\geq \langle \bx , \by \rangle , \quad \forall \bx , \by .$


$f:\mathbbm R\longrightarrow [-\infty , +\infty ]$


$f(\bx )\geq f^{**}(\bx ),\quad \forall \bx .$


$f$


$f(\bx )=f^{**}(\bx ),\quad \forall \bx .$


$f(\bx )=\|\bx \|$


\begin {equation*}f^*(\bx )=\begin {cases} 0,& \|\bx \|_*\leq 1\\ +\infty , & \|\bx \|_*> 1 \end {cases}.\end {equation*}


$\|\bx \|_2$


$\|\bx \|_*=\|\bx \|_2$


$\|\bx \|_1$


$\|\bx \|_*=\|\bx \|_\infty =\max _i|x_i|$


$\infty $


$\|\bx \|_\infty $


$\|\bx \|_*=\|\bx \|_1=\sum _i|x_i|$


$p$


$\|\bx \|_p$


$\|\bx \|_*=\|\bx \|_q$


\begin {equation*}\|\bx \|_p=\left [\sum _{i} |x_i|^p\right ]^{\frac {1}{p}},\quad \frac {1}{p}+\frac {1}{q}=1.\end {equation*}


$f$


$g$


$\dom (f)$


$\dom (g)$


\begin {equation*}\min _\bx [f(\bx )+g(\bx )] = -\min _\by [f^*(\by )+g^*(-\by )]\end {equation*}


$f$


$f(\bx )+f^*(\by )=\langle \bx , \by \rangle $


$\by \in \partial f(\bx )$


$\bx \in \partial f^*(\by )$


\begin {equation*}\by ^*=\argmin _\by f^*(\by )-\langle \bx ^*, \by \rangle \Leftrightarrow \bx ^*\in \partial f^*(\by ^*)\end {equation*}


\begin {equation*}\bx ^*=\argmin _\bx \langle \bx , \by ^*\rangle +g(\bx )\Leftrightarrow -\by ^*\in \partial g(\bx ^*).\end {equation*}


$f$


$\mu $


$\nabla f^*$


$L=\frac {1}{\mu }$


$f:\mathbbm R^n\longrightarrow \mathbbm R$


$f^*$


$\mu $


$\mu =\frac {1}{L}$


$\min _{\bx }f(\bx )+g(\bx ),$


$f(\bx )=\|\bx \|_1+\frac {1}{2\alpha } \|\bx \|^2, g(\bx )=\iota _{\{\bx :A\bx =b\}}(\bx )$


$f$


$\nabla f^*$


$L=\alpha $


$\nabla f^*$


$f^*$


\begin {equation*}\bx =\nabla f^*(\by )\Leftrightarrow \by \in \partial f(\bx )=\partial \|\bx \|_1+\frac {1}{\alpha }\bx \Leftrightarrow \bx =(\id +\alpha \partial \|\cdot \|_1)^{-1}(\alpha \by ).\end {equation*}


$f:\mathbbm R\longrightarrow (-\infty , +\infty ]$


$\bx $


$\eta >0$


\begin {equation*}\prox _f^\eta (\bx )+\eta \prox _{f^*}^{\frac {1}{\eta }}(\frac {\bx }{\eta })=\bx .\end {equation*}


$\prox _{f^*}$


$\prox _f$


$\alpha $


$\alpha $


\begin {equation*}\min _{\bx } \|\bx \|_1+\iota _{\{\bx :A\bx =b\}}(\bx )+\frac {1}{2\alpha }\|\bx \|^2\end {equation*}


$f(\bx )= \|\bx \|_1$


$g(\bx )=\iota _{\{\bx :A\bx =b\}}(\bx )+\frac {1}{2\alpha }\|\bx \|^2$


\begin {equation*}\min _\bx [f(\bx )+g(\bx )] = -\min _\by [f^*(\by )+g^*(-\by )],\end {equation*}


$\min _\by [f^*(\by )+g^*(-\by )]$


$\nabla g^*$


$g(\bx )$


$\alpha $


\begin {equation*}\min _\bx [f(\bx )+g(\bx )] = -\min _\by [f^*(\by )+g^*(-\by )],\end {equation*}


$f(\bx )= \|\bx \|_1$


$g(\bx )=\iota _{\{\bx :A\bx =b\}}(\bx )$


$\by _{k+1}=T(\by _{k})$


$T=\frac 12[\id +\refl _{f(\bx )} \refl _{g(\bx )}]$


$T=\frac 12[\id +\refl _{g(\bx )} \refl _{f(\bx )}]$


$T=\frac 12[\id +\refl _{f^*(\by )} \refl _{g^*(-\by )}]$


$T=\frac 12[\id + \refl _{g^*(-\by )}\refl _{f^*(\by )}]$


\begin {equation*}\begin {cases} \bz _{k+1}&=\refl _{g}^\eta \refl _{f}^\eta (\bz _{k})\\ \bx _{k}&= \refl _{f}^\eta (\bz _{k}) \end {cases},\quad \bz _0= \refl _{g}^\eta (\by _0),\end {equation*}


\begin {equation*}\begin {cases} \by _{k+1}&=\refl _{f}^\eta \refl _{g}^\eta (\by _{k})\\ \bx _{k}&= \refl _{g}^\eta (\by _{k}) \end {cases},\quad \forall \by _0.\end {equation*}


$f$


$g$


$\min _\bx [F(\bx )+G(\bx )]$


$\eta >0$


\begin {equation*}\mbox {General Douglas-Rachford}: \bv _{k+1} =[(1-\lambda )\id +\lambda \frac {\id +\refl _F^\eta \refl _G^\eta }{2}](\bv _k),\quad \lambda \in (0,2) .\end {equation*}


$\min _\bx [f(\bx )+g(\bx )]$


$G(\bx )=f(\bx )$


$F(\bx )=g(\bx )$


\begin {equation}\mbox { DR on (P)}: \begin {cases} \bv _{k+1}& =[(1-\lambda )\id +\lambda \frac {\id +\refl _g^\eta \refl _f^\eta }{2}](\bv _k),\quad \lambda \in (0,2)\\ & =\bv _k- \lambda \bx _k+\lambda \prox _f^\eta (2\bx _k-\bv _k)\\ \bx _{k}&=\prox _f^\eta (\bv _{k}) \end {cases}. \label {DR-primal}\end {equation}


$\min _\by [f^*(\by )+g^*(-\by )]$


$F(\by )=g^*(-\by )$


$G(\by )=f^*(\by )$


\begin {equation*}\prox _F^\eta (\bu )=-\prox _{g^*}^\eta (-\bu ).\end {equation*}


$\tau >0$


\begin {equation}\mbox { DR on (D)}: \begin {cases} \bu _{k+1}& =[(1-\lambda )\id +\lambda \frac {\id +\refl _F^\tau \refl _G^\tau }{2}](\bu _k),\quad \lambda \in (0,2)\\ & =\bu _k- \lambda \by _k-\lambda \prox _{g^*}^\tau (-2\by _k+\bu _k)\\ \by _{k}&=\prox _{f^*}^\tau (\bu _{k}) \end {cases}. \label {DR-dual}\end {equation}


$\eta =\frac {1}{\tau }$


$\bx _k\to \bx _*, \by _k\to \by _*$


\begin {equation*}\bu _k=\frac {\bv _k}{\eta },\quad \by _k=\frac {\bv _k-\bx _k}{\eta }.\end {equation*}


$\bx $


$\bu _k$


$\by _k$


\begin {align*}\mbox {Primal Problem (P)}:& \quad \min _\bx [f(\bx )+g(\bx )] \\ \mbox {Dual Problem (D)}:& -\min _\by [f^*(\by )+g^*(-\by )] \\ \mbox {Primal Dual (PD)}:& \min _\bx \max _\by [\langle \bx ,\by \rangle -f^*(\by )+g(\bx )]\\ \mbox {Primal Dual relation}: & \bx _*\in \partial f^*(\by _*), \quad \by _*\in -\partial g^*(\bx _*).\end {align*}


\begin {equation*}L(\bx , \by )=\langle \bx ,\by \rangle -f^*(\by )+g(\bx ),\end {equation*}


$\min _\bx \max _\by L(\bx , \by )$


\begin {align*}\frac {\bx _{k+1}-\bx _k}{\eta }&=-\frac {\partial L(\bx _{k+1},\by _k)}{\partial \bx }=-\by _k-\partial g(\bx _{k+1})\\ \frac {\by _{k+1}-\by _k}{\eta }&=\frac {\partial L(\bx _{k+1},\by _{k+1})}{\partial \by }=\bx _{k+1}-\partial f^*(\by _{k+1})\end {align*}


\begin {equation*}\mbox {Arrow-Hurwitz}:\quad \begin {cases} \bx _{k+1} &=\prox _g^\eta [\bx _k-\eta \by _k]\\ \by _{k+1} &=\prox _{f^*}^\tau [\by _k+\tau \bx _{k+1}] \end {cases},\quad \eta >0, \tau >0.\end {equation*}


\begin {equation*}\mbox {PDHG}:\quad \begin {cases} \bx _{k+1} &=\prox _g^\eta [\bx _k-\eta \by _k]\\ \by _{k+1} &=\prox _{f^*}^\tau [\by _k+\tau (2\bx _{k+1}-\bx _k)] \end {cases},\quad \eta >0, \tau >0,\eta \tau \leq 1.\end {equation*}


$\tau =\frac {1}{\eta }$


$\frac {\id +\refl _f \refl _g}{2}$


$\tau =\frac {1}{\eta }$


$\eta >0$


$f$


$g$


$\bv _k=\bx _k-\eta \by _k$


$\tau =\frac {1}{\eta }$


\begin {equation*}\begin {cases} \bx _{k+1} &=\prox _g^\eta [\bv _k]\\ \bv _{k+1} &=\bv _k-\bx _{k+1}+\prox _{f}^\eta [(2\bx _{k+1}-\bv _k)] \end {cases},\quad \eta >0.\end {equation*}


$\min _\bx f(\bx )+g(\bx )$


\begin {equation*}\min f(\bw )+g(\bz ),\quad \bw =\bz .\end {equation*}


\begin {equation*}L(\bw , \bz , \by )=f(\bx )+g(\bz )-\langle \by , \bw -\bz \rangle ,\end {equation*}


$\by $


\begin {equation*}\mathcal L(\bw , \bz , \by )=f(\bx )+g(\bz )-\langle \by , \bw -\bz \rangle +\frac {\tau }{2} \|\bw -\bz \|^2.\end {equation*}


$\tau >0$


$\sigma >0$


\begin {align*}\bz _{k+1}&=\argmin _\bz \mathcal L(\bw _k,\bz , \by _k)\\ \bw _{k+1}&=\argmin _\bw \mathcal L(\bw ,\bz _{k+1}, \by _k)\\ \by _{k+1}&=\by _k+\sigma \frac {\partial \mathcal L}{\partial y}(\bw _{k+1},\bz _{k+1}, \by _k)\end {align*}


\begin {align*}\bz _{k+1}&=\argmin _\bz g(\bz )-\langle \by _k, \bw _k-\bz \rangle +\frac {\tau }{2} \|\bw _k-\bz \|^2 \\ \mbox {(ADMM)}:\quad \bw _{k+1}&=\argmin _\bw f(\bw )-\langle \by _k, \bw -\bz _{k+1}\rangle +\frac {\tau }{2} \|\bw -\bz _{k+1}\|^2 \\ \by _{k+1}&=\by _k+\sigma (\bw _{k+1}-\bz _{k+1})\end {align*}


$\sigma =\tau =\eta $


$\frac {\id +\refl _F^\eta \refl _G^\eta }{2}$


$F=g^*(-\by )$


$G=f^*(\by )$


$\sigma =\tau >0$


$\bv _{k+1}=\frac {\id +\refl _F^\eta \refl ^\eta _G}{2}(\bv _k),\quad \by _k=\prox _G(\bv _k)$


$\frac {\bv _{k+1}-\by _k}{\eta }=\bz _{k+1}$


$\frac {\bv _{k}-\by _k}{\eta }=\bw _{k}$


$\bv _{k+1}=[(1-\lambda )\id +\lambda \frac {\id +\refl _F^\eta \refl ^\eta _G}{2}(\bv _k)],\quad \by _k=\prox _G(\bv _k)$


$\lambda \in (0,2)$


$f$


\begin {equation*}D_f(\bx , \by )=f(\bx )-f(\by )-\langle \partial f(\by ), \bx -\by \rangle .\end {equation*}


\begin {equation*}\min f(\bw )+g(\bz ),\quad \bw =\bz .\end {equation*}


\begin {equation*}\min _{\bw , \bz } f(\bw )+g(\bz )+\frac {\tau }{2}\|\bw -\bz \|^2,\end {equation*}


\begin {align*}\bz _{k+1}&=\argmin _\bz g(\bz )+\frac {\tau }{2} \|\bw _k-\bz -\bu _k\|^2 \\ \mbox {(Split Bregman)}:\quad \bw _{k+1}&=\argmin _\bw f(\bw )+\frac {\tau }{2} \|\bw -\bz _{k+1}-\bu _k\|^2 \\ \bu _{k+1}&=\bu _k+(\bw _{k+1}-\bz _{k+1})\end {align*}


$\bu =\frac {1}{\tau } \by $


\begin {align*}\bz _{k+1}&=\argmin _\bz g(\bz )-\langle \by _k, \bw _k-\bz \rangle +\frac {\tau }{2} \|\bw _k-\bz \|^2 \\ \mbox {(Split Bregman)}:\quad \bw _{k+1}&=\argmin _\bw f(\bw )-\langle \by _k, \bw -\bz _{k+1}\rangle +\frac {\tau }{2} \|\bw -\bz _{k+1}\|^2 \\ \by _{k+1}&=\by _k+ \tau (\bw _{k+1}-\bz _{k+1})\end {align*}


$\sigma =\tau $


\begin {align*}\mbox {Primal Problem (P)}:& \quad \min _\bx [f(\bx )+g(\bx )] \\ \mbox {Dual Problem (D)}:& -\min _\by [f^*(\by )+g^*(-\by )] \\ \mbox {Primal Dual (PD)}:& \min _\bx \max _\by [\langle \bx ,\by \rangle -f^*(\by )+g(\bx )],\end {align*}


$\tau =\frac {1}{\eta }$


${\eta }>0$


$\tau =\sigma = {\eta }$


$\tau = {\eta }$


$\frac {1}{\eta }>0$


$\tau =\sigma =\frac {1}{\eta }$


$\tau =\frac {1}{\eta }$


\begin {equation*}\min _{\bx } f(K\bx )+g(\bx ),\end {equation*}


$K$


$f(\by )$


$F(\bx )=f(K\bx )$


\begin {equation}\label {1d-tv} \min _{\bx \in \mathbbm R^n} \|D \bx \|_1+\frac {\alpha }{2}\|\bx -d\|^2,\end {equation}


$d\in \mathbbm R^n$


$D$


\begin {equation*}D= \begin {pmatrix} -1 & 1 & & & &\\ & -1 & 1 & & & \\ & & -1 & 1 & & \\ & & & \ddots & \ddots & \\ & & & & -1 &1 \\ & & & & & 0 \end {pmatrix}_{n\times n}.\end {equation*}


$K$


$K^*$


$D$


$D^*$


$D^T$


\begin {equation*}\min _{\bx , \by } f(\bx )+g(\by ),\quad A\bx +B\by =C,\end {equation*}


$A$


$B$


$\bx $


$\by $


$\min _\bx [f(K \bx )+g(\bx )]$


\begin {equation*}\min _{\bv ,\bx } [f(\bv )+g(\bx )], \quad \bv -K\bx =0.\end {equation*}


\begin {equation*}L(\bx , \by , \bz )=f(\bx )+g(\by )+\langle \bz , A\bx +B\by -C\rangle .\end {equation*}


$A$


$B$


$f$


$g$


\begin {align*}&\min _{\bx ,\by }\max _{\bz } [f(\bx )+g(\by )+\langle \bz , A\bx +B\by -C\rangle ]\\ =&\max _{\bz } \{\min _{\bx }[f(\bx )+\langle \bz , A\bx \rangle +\min _{\by }[g(\by )+\langle \bz , B\by \rangle ]+\langle \bz , -C\rangle \}\\ =&\max _{\bz } \{-\max _{\bx }[\langle \bx , -A^T \bz \rangle -f(\bx )] -\max _{\by }[\langle \by , -B^T \bz \rangle -g(\by ) ]+\langle \bz , -C\rangle \}\\ =&\max _{\bz } [-f^*(-A^T\bz ) -g^*( -B^T \bz ) +\langle \bz , -C\rangle ]\\ =&-\min _{\bz } [f^*(-A^T\bz ) +g^*( -B^T \bz ) +\langle \bz , C\rangle ],\end {align*}


\begin {align*}\mbox {Primal Problem (P)}:& \quad \min _\bx [f(K \bx )+g(\bx )] \\ \mbox {Dual Problem (D)}:& -\min _\by [f^*(\by )+g^*(-K^*\by )] \\ \mbox {Primal Dual (PD)}:& \min _\bx \max _\by [\langle K\bx ,\by \rangle -f^*(\by )+g(-K^*\bx )].\end {align*}


$f(\bx )=\|\bx \|_1$


$g(\bx )=\frac {\alpha }{2}\|\bx -d\|^2$


\begin {equation*}f^*(\by )=\iota \{\by :\|\by \|_\infty \leq 1\},\quad g^*(\by )=\frac {1}{2\alpha }\|\by +\alpha d\|^2-\frac {d^2}{2\alpha }.\end {equation*}


\begin {align*}\mbox {Primal Problem (P)}:& \min _{\bx }\|D \bx \|_1+\frac {\alpha }{2}\|\bx -d\|^2, \\ \mbox {Dual Problem (D)}:& -\min _\by [f^*(\by )+\frac {1}{2\alpha }\|D^T\by -\alpha d\|^2-\frac {d^2}{2\alpha }].\end {align*}


$\|D \bx \|_1$


$L(\bx , \by )=\langle \by , K\bx \rangle -f^*(\by )+g(\bx )$


$\min _\bx \max _\by L(\bx , \by )$


\begin {align*}\frac {\bx _{k+1}-\bx _k}{\eta }&=-\frac {\partial L(\bx _{k+1},\by _k)}{\partial \bx }=-K^*\by _k-\partial g(\bx _{k+1})\\ \frac {\by _{k+1}-\by _k}{\eta }&=\frac {\partial L(\bx _{k+1},\by _{k+1})}{\partial \by }=K\bx _{k+1}-\partial f^*(\by _{k+1})\end {align*}


\begin {equation*}\mbox {Arrow-Hurwitz}:\quad \begin {cases} \bx _{k+1} &=\prox _g^\eta [\bx _k-\eta K^* \by _k]\\ \by _{k+1} &=\prox _{f^*}^\tau [\by _k+\tau K \bx _{k+1}] \end {cases}.\end {equation*}


$g$


\begin {equation*}\mbox {PDHG}:\quad \begin {cases} \bx _{k+1} &=\prox _g^\eta [\bx _k-\eta K^* \by _k]\\ \by _{k+1} &=\prox _{f^*}^\tau [\by _k+\tau K (2\bx _{k+1}-\bx _k)] \end {cases},\quad \eta >0, \tau >0,\tau \eta <\frac {1}{\|K\|^2}.\end {equation*}


$\mathcal O(\frac {1}{k})$


$\tilde \bx _k=\frac {1}{k}\sum _{i=1}^k \bx _i$


$\tau \eta <\frac {1}{\|K\|^2}$


$f$


$g$


\begin {equation*}L(\tilde \bx _k,\by )-L(\bx , \tilde \by _k)\leq \frac {1}{k}[\frac {1}{\tau } \|\bx -\bx _0\|^2+\frac {1}{\sigma } \|\by -\by _0\|^2 ].\end {equation*}


$K=I$


$K$


$K$


\begin {equation*}\min _{\bu , \bv } f(K\bu +C\bv )+g(\bu )+\iota _{\bv =0},\end {equation*}


\begin {equation*}C=(\gamma ^{-2}\id -KK^T)^{\frac 12},\quad \gamma \|K\|\leq 1.\end {equation*}


\begin {equation*}\mbox {PDHG}:\quad \begin {cases} \by _{k+1} &=\prox _{f^*}^\tau [\by _k+\tau K \bar \bx _{k}]\\ \bx _{k+1} &=\prox _g^\eta [\bx _k-\eta K^* \by _{k+1}]]\\ \bar \bx _k&=\bx _{k+1}+\theta (\bx _{k+1}-\bx _{k}),\quad \theta =1 \end {cases}.\end {equation*}


$\mu $


$g$


\begin {equation*}\mbox {fast PDHG}:\quad \begin {cases} &\tau _0\eta _0\leq \frac {1}{\|K\|^2},\quad \bar \bx _0=\bx _0,\\ \by _{k+1} &=\prox _{f^*}^\tau [\by _k+\tau K \bar \bx _{k}]\\ \bx _{k+1} &=\prox _g^\eta [\bx _k-\eta K^* \by _{k+1}]]\\ \theta _k&=\frac {1}{\sqrt {1+2\mu \eta _k}},\quad \eta _{k+1}=\theta _k\eta _k, \tau _{k+1}=\frac {\tau _k}{\theta _k}\\ \bar \bx _k&=\bx _{k+1}+\theta _k (\bx _{k+1}-\bx _{k}) \end {cases}.\end {equation*}


$\mathcal O(\frac {1}{k^2})$


$\tilde \bx _k=\frac {1}{k}\sum _{i=1}^k \bx _i$


$\tau \eta <\frac {1}{\|K\|^2}$


$f$


$g$


\begin {equation*}0\leq \sup _{\by \in B_2} L(\tilde \bx _k,\by )-\inf _{\bx \in B_1} L(\bx , \tilde \by _k)\leq \sup _{\by \in B_2} \sup _{\by \in B_2} \frac {1}{k^2}[\frac {1}{\tau } \|\bx -\bx _0\|^2+\frac {1}{\sigma } \|\by -\by _0\|^2 ],\end {equation*}


$(B_1,B_2)$


$(\bx _k,\by _k)\to (\bx _*,\by _*)$


\begin {equation*}\min _{\bx , \by } f(\bx )+g(\by ),\quad A\bx +B\by =C,\end {equation*}


\begin {equation*}L(\bx , \by , \bz )=f(\bx )+g(\by )+\langle \bz , A\bx +B\by -C\rangle .\end {equation*}


$\sigma >0$


\begin {equation*}\mathcal L_\sigma (\bx , \by , \bz )=f(\bx )+g(\by )+\langle \bz , A\bx +B\by -C\rangle +\frac {\sigma }{2}\|A\bx +B\by -C\|^2.\end {equation*}


$\tau >0$


$\sigma >0$


\begin {align*}\bx _{k+1}&=\argmin _\bx \mathcal L_\sigma (\bx ,\by _{k}, \bz _k)\\ \by _{k+1}&=\argmin _\by \mathcal L_\sigma (\bx _{k+1},\by , \bz _k)\\ \bz _{k+1}&=\bz _k+\tau \frac {\partial \mathcal L_\sigma }{\partial z}(\bx _{k+1},\by _{k+1}, \bz _k)\end {align*}


\begin {align*}\bx _{k+1}&=\argmin _\bx f(\bx )+\langle \bz _k, A\bx +B\by _{k}-C\rangle +\frac {\sigma }{2} \|A\bx +B\by _{k}-C\|^2 \\ \mbox {(ADMM)}:\quad \by _{k+1}&=\argmin _\by g(\by )+\langle \bz _k, A\bx _{k+1}+B\by -C\rangle +\frac {\sigma }{2} \|A\bx _{k+1}+B\by -C\|^2 \\ \bz _{k+1}&=\bz _k+\tau (A\bx _{k+1}+B\by _{k+1}-C).\end {align*}


\begin {align*}\mbox {(P)}:\quad &\min _{\bx , \by } f(\bx )+g(\by ),\quad A\bx +B\by =C\\ \mbox {(D)}:\quad &-\min _{\bz } [f^*(-A^T\bz ) +g^*( -B^T \bz ) +\langle \bz , C\rangle ],\end {align*}


$A, B$


$f,g$


$(P)\Leftrightarrow (D)$


$F(\bz )=f^*(-A^T\bz )$


$G(\bz )=g^*( -B^T \bz ) +\langle \bz , C\rangle $


$\sigma =\tau =\eta $


$\frac {\id +\refl _F^\eta \refl _G^\eta }{2}$


$\sigma =\tau >0$


$(1-\lambda )\id + \lambda \frac {\id + \refl _F^\eta \refl _G^\eta }{2}$


$\lambda \in (0,2)$


$\lambda =2$


$\Omega =[0,1]\times [0,1]$


$u(x,y)\in H^1(\Omega )$


\begin {equation*}\|u\|_{TV}=\iint _{\Omega } |\nabla u| dx dy,\end {equation*}


$\nabla u=(u_x, u_y)$


$|\nabla u|=\sqrt {|u_x|^2+|u_y|^2}$


$L^2$


\begin {equation*}\|u\|_{L^2}=\sqrt {\iint _{\Omega } | u|^2 dx dy},\end {equation*}


$a(x,y)$


$u$


\begin {equation*}\|u\|_{TV}+\frac 12\lambda \|u-a\|_{L^2}^2,\end {equation*}


$\lambda $


$H^1 (\Omega )$


\begin {equation*}\mathcal H=\{u\in H^1(\Omega ): \nabla u\cdot \mathbf n|_{\partial \Omega }=0\},\end {equation*}


$\mathbf n$


$\partial \Omega $


$\nabla $


$\mathcal K=\nabla $


\begin {align*}\mathcal K=\nabla : \mathcal H &\longrightarrow \mathcal V=(L^2(\Omega ), L^2(\Omega )) \\ u &\longmapsto \nabla u=(u_x, u_y)\end {align*}


$\mathcal K=\nabla $


$H(div)$


\begin {equation*}H(div)=\{\mathbf q =(q^1,q^2)\in (L^2(\Omega ), L^2(\Omega )): \nabla \cdot (q^1,q^2)\in L^2(\Omega ) \}\subset \mathcal V.\end {equation*}


$H(div)$


$H^1(\Omega )$


$f(x)=\begin {cases}1, & x\geq 0\\ 0, & x<0\end {cases}$


$\mathbf q(x,y):=(0,f(x))$


$H(div)$


$f(x)\notin H^1(\Omega )$


$\nabla \cdot $


$H(div)$


$L^2(\Omega )$


$\mathbf q$


$\mathcal K^*=-\nabla \cdot $


$\mathcal K=\nabla $


\begin {equation*}\langle \mathcal K u,\mathbf q \rangle :=\iint _\Omega \nabla u\cdot \mathbf q dx dy=-\iint _\Omega u \nabla \cdot \mathbf q dx dy= \langle u, -\nabla \cdot \mathbf q \rangle ,\forall \mathbf q\in ( C_0^1(\Omega ), C_0^1(\Omega )).\end {equation*}


$n\times n$


$[0,1]\times [0,1]$


$x_i, y_j=(j-1)h,$


$j=1,\cdots ,n$


$h=\frac {1}{n-1}$


$[0,1]\times [0,1]$


$[0,1]\times [0,1]$


$D$


\begin {equation*}D^T= \begin {pmatrix} -1 & & & & &\\ 1 & -1 & & & & \\ & 1 & -1 & & & \\ & & \ddots & \ddots & & \\ & & & 1 & -1 & \\ & & & & 1 & 0 \end {pmatrix}_{n\times n}, D^T D= \begin {pmatrix} 1 & -1 & & & &\\ -1 & 2 & -1 & & & \\ & -1 & 2 & -1 & & \\ & & \ddots & \ddots & \ddots & \\ & & & -1 & 2 &-1 \\ & & & & -1 & 1 \end {pmatrix}.\end {equation*}


$u(x,y)$


$U$


$U(j, i)=u(x_i, y_j)$


\begin {equation*}U\approx u\Rightarrow \frac 1 h U D^T\approx u_x,\quad \frac 1 h D U \approx u_y.\end {equation*}


$U(i,j)=u(x_i, y_j)$


$\frac 1 h D U \approx u_x$


$u(x,y)$


$a(x,y)$


\begin {equation*}||u||_{TV} \approx \sum _i \sum _j h^2 \sqrt {|u_x(x_i, y_j)|^2+|u_y(x_i, y_j)|^2}\end {equation*}


\begin {equation*}||u-a||^2_{L^2} \approx \sum _i \sum _j h^2 |u(x_i, y_j)-a(x_i, y_j)|^2.\end {equation*}


$U_x:= \frac 1 h U D^T$


$U_y:= \frac 1 h D U.$


$A$


$A(j, i)=a(x_i, y_j)$


\begin {equation*}\min _{U\in \mathbbm R^{n\times n}} \sum _i \sum _j \left (h^2 \sqrt {U_x(j,i)^2+U_y(j,i)^2 }+h^2 \frac 12 \lambda |U(j,i)-A(j,i)|^2 \right )\end {equation*}


\begin {equation*}=\min _{U\in \mathbbm R^{n\times n}} \sum _i \sum _j \left ( h \sqrt {[UD^T](j,i)^2+[DU](j,i)^2 }+h^2 \frac 12\lambda |U(j,i)-A(j,i)|^2 \right ).\end {equation*}


$h$


$\lambda =\frac {C}{h}$


$C$


$h$


$\lambda =\frac {C}{h}$


$C=10$


\begin {equation}\label {ROF-discrete-primal} \min _{U\in \mathbbm R^{n\times n}} f(\mathcal K U)+g(U),\end {equation}


$\mathcal K=\nabla _h: \mathbbm R^{n\times n}\longrightarrow \mathbbm R^{2(n\times n)}$


\begin {equation}\mathcal K(U)=\nabla _h U=\frac {1}{h}(UD^T, DU),\end {equation}


\begin {equation}f(P,Q)=\sum _{i,j} h^2\sqrt {P^2(i,j)+Q^2(i,j)},\quad g(U)=\lambda \sum _{i,j} h^2 |U(i,j)-a(i,j)|^2.\end {equation}


$\mathcal K$


\begin {align*}\mathcal K^*=-\nabla _h\cdot : \mathbbm R^{2(n\times n)} &\longrightarrow \mathbbm R^{n\times n} \\ (P,Q) &\longmapsto \frac {1}{h} (P D+D^TQ)\end {align*}


\begin {equation}\label {ROF-discrete-dual} -\min _{\mathbf P\in \mathbbm R^{2(n\times n)}} f^*(\mathbf P)+g^*(-\mathcal K^* \mathbf P).\end {equation}


\begin {equation}\label {ROF-discrete-PD} \min _{U\in \mathbbm R^{n\times n}} \max _{\mathbf P\in \mathbbm R^{2(n\times n)}} \langle \mathcal K U, \mathbf P \rangle -f^*(\mathbf P)+g(U),\end {equation}


$U^*$


$\mathbf P^*$


$U$


$\mathbf P$


$g(U)$


\begin {equation*}0\in \mathcal K^*P+\partial g(U),\end {equation*}


\begin {equation*}0=\mathcal K^*P+\lambda (U-A)\Rightarrow U=A-\frac {1}{\lambda }\mathcal K^*P.\end {equation*}


\begin {equation*}\mbox {ADMM on primal}\Leftrightarrow \mbox {Douglas-Rachford on dual},\end {equation*}


\begin {equation*}\mbox {ADMM on dual}\Leftrightarrow \mbox {Douglas-Rachford on primal}.\end {equation*}


$A\bx +B\by =C$


$\mathcal \mathbf P-\mathcal K U=0$


$\tau =\sigma $


$f(\mathbf P)+g(U)$


\begin {align*}\mathbf P_{k+1}&=\mbox {argmin}_{\mathbf P} f(\mathbf P) +\langle \mathbf Q_k, \mathbf P-\mathcal K U_k\rangle +\frac {\sigma }{2} \|\mathbf P-\mathcal K U_k\|^2\\ \mbox {(ADMM)}:\quad U_{k+1}&=\mbox {argmin}_U g(U)+\langle \mathbf Q_k, \mathbf P_{k+1}-\mathcal K U\rangle +\frac {\sigma }{2} \|\mathbf P_{k+1}-\mathcal K U\|^2\\ \mathbf Q_{k+1}&=\mathbf Q_k+\sigma ( \mathbf P_{k+1}-\mathcal K U_{k+1}).\end {align*}


$f(\mathbf P)$


$\mathbf P=(P,Q)$


$(\mathbf V)=(U,V)$


\begin {align*}&\prox _f^\eta (\mathbf V) =\argmin _{\mathbf P} f(P,Q)+\frac {1}{2\eta } \|\mathbf P-\mathbf V \|^2\\ &=\argmin _{\mathbf P} \sum _{i,j}h^2 \sqrt {P(i,j)^2+Q^2(i,j)} +\frac {1}{2\eta } h^2 (|P(i,j)-U(i,j)|^2+|Q(i,j)-V(i,j)|^2) \\ &=\argmin _{\mathbf P} \sum _{i,j}h^2 [\sqrt {P(i,j)^2+Q^2(i,j)} +\frac {1}{2\eta } (|P(i,j)-U(i,j)|^2+|Q(i,j)-V(i,j)|^2)].\end {align*}


$f(x,y)=\sqrt {x^2+y^2}$


\begin {equation*}\partial f(x,y)=\begin {cases} \nabla f=(\frac {x}{\sqrt {x^2+y^2}}, \frac {y}{\sqrt {x^2+y^2}})&,\quad |x|+|y|>0\\ ([-\frac {\sqrt 2}{2}, \frac {\sqrt 2}{2}], [-\frac {\sqrt 2}{2}, \frac {\sqrt 2}{2}])&, \quad |x|+|y|=0 \end {cases}.\end {equation*}


\begin {equation*}f^*(x,y)=\iota _{\{(x,y): x^2+y^2\leq 1\}}(x,y).\end {equation*}


$\prox _f^\eta (\mathbf V)$


$\prox _f^\eta (x)+\eta \prox _{f^*}^{1/\eta }(x\eta )=x.$


\begin {equation*}U_{k+1}=\mbox {argmin}_U g(U)-\langle \mathbf Q_k, \mathcal K U\rangle +\frac {\tau }{2} \|\mathcal K U-\mathbf P_{k+1}\|^2.\end {equation*}


$g(U)$


$\|\mathcal K U-\mathbf P_{k+1}\|^2$


$U$


\begin {equation*}\frac {\partial }{\partial U} \langle \mathcal K U-\mathbf P_{k+1}, \mathcal K U-\mathbf P_{k+1}\rangle =h^2(2\mathcal K^* \mathcal K U-2\mathcal K^*\mathbf P_{k+1}).\end {equation*}


\begin {equation*}\lambda (U_{k+1}-A)-\mathcal K^*\mathbf Q_k +\tau \mathcal K^* \mathcal K U_{k+1}-\tau \mathcal K^*\mathbf P_{k+1}=0\end {equation*}


\begin {equation*}(\lambda I+\tau \mathcal K^* \mathcal K ) U_{k+1}=-\lambda A +\mathcal K^*\mathbf Q_k+\tau \mathcal K^*\mathbf P_{k+1}.\end {equation*}


$\mathcal K^* \mathcal K=-\Delta _h$


$\lambda I-\tau \Delta _h$


$B\in \mathbbm R^{n\times n}$


\begin {equation*}\min _{U\in \mathbbm R^{n\times n}} \|\mathcal K U \|_{1}+\frac {\lambda }{h}\|U-B\|_F^2,\end {equation*}


$\|\cdot \|_F$


$\|U-B\|_F=\sqrt { \sum _{i,j} |U(i,j)-a(i,j)|^2}$


$\mathbf V=(P,Q)$


\begin {equation*}F(\mathbf V)=\|(P,Q)\|_1=\sum _{i,j}\sqrt {P(i,j)^2+Q(i,j)^2}.\end {equation*}


$F(\mathbf V)$


\begin {equation*}F^*(\mathbf V)=\sum _{i,j} \iota _{\{P(i,j)^2+Q(i,j)^2\leq 1\}}.\end {equation*}


\begin {equation*}-\min F^*(\mathbf V)+\frac {h}{2\lambda }\|\mathcal K^* \mathbf V-\frac {\lambda }{h}B\|_F^2.\end {equation*}


$F^*$


$(i,j)$


\begin {equation*}G^*(\mathbf V)=\frac {h}{2\lambda }\|\mathcal K^* \mathbf V-\frac {\lambda }{h}B\|_F^2,\end {equation*}


\begin {equation*}\prox _{G^*}^\eta (\mathbf W)=\argmin _{\mathbf V}\frac {h}{2\lambda }\|\mathcal K^* \mathbf V-\frac {\lambda }{h}B\|_F^2+\frac {1}{2\eta } \|\mathbf V-\mathbf W\|_F^2.\end {equation*}


$\mathbf V=\argmin $


\begin {equation*}\frac {h}{\lambda } \mathcal K(\mathcal K^* \mathbf V-\frac {\lambda }{h}B)+\frac {1}{\eta }(\mathbf V-\mathbf W)=0\end {equation*}


\begin {equation*}\Rightarrow (\frac {1}{\eta }\id +\frac {h}{\lambda } \mathcal K\mathcal K^*)\mathbf V=\mathcal K B+\frac {1}{\eta }\mathbf W.\end {equation*}


$\mathbf V$


\begin {equation*}\mathcal K\mathcal K^*\mathbf V+\beta \mathbf V=\mathbf F\end {equation*}


$\beta =\frac {\lambda }{\eta h}$


$\mathbf F=\eta \mathcal K B+\mathbf W$


\begin {equation*}\nabla (-\nabla \cdot \vec p)+\beta \vec p=\vec f,\end {equation*}


$(-\Delta _h+\beta \id )^{-1}$


$(-\Delta _h)^{-1}$


$\mathcal K: \mathbbm R^{n\times n}\longrightarrow \mathbbm R^{2(n\times n)}$


$\mathcal K^* \mathcal K$


$(\mathcal K^* \mathcal K)^{-1}$


$\mathcal K\mathcal K^* \mathbf V+\beta \mathbf V=\mathbf F$


\begin {equation*}\mathbf V=\frac {1}{\beta }[\mathbf F-\mathcal K (\beta \id + \mathcal K^*\mathcal K)^{-1} \mathcal K^* \mathbf F].\end {equation*}


$\mathcal K^*$


$\mathcal K$


$K$


$K$


\begin {equation*}\mathbbm R^{2(n\times n)}=\mathrm {Kernel} (\mathcal K^*)\oplus \mathrm {Range}(\mathcal K),\end {equation*}


\begin {equation*}\mathbf V=\mathcal K W+\mathbf G=\nabla _h W+\mathbf G,\quad \mbox {where } \mathbf G\in \mathrm {Kernel} (\mathcal K^*), \mbox { i.e., } \nabla _h\cdot \mathbf G=0.\end {equation*}


$\mathcal K^*$


$W$


\begin {equation*}\mathcal K^* \mathcal K \mathcal K^* \mathbf V+\beta \mathcal K^T \mathbf V=K^*\mathbf F\Rightarrow \mathcal K^* \mathbf V =(\beta \id + \mathcal K^* \mathcal K)^{-1} \mathcal K^* \mathbf F,\end {equation*}


\begin {equation*}\mathbf V=\mathcal K W+\mathbf G\Rightarrow \mathcal K^* \mathbf V=\mathcal K^*(\mathcal KW+\mathbf G)\Rightarrow W=(\mathcal K^* \mathcal K)^{-1}\mathcal K^*\mathbf V=(\mathcal K^* \mathcal K)^{-1}(\beta \id + \mathcal K^* \mathcal K)^{-1} \mathcal K^*\mathbf F.\end {equation*}


$\mathbf G$


\begin {equation*}\mathcal K\mathcal K^* (\mathcal KW+\mathbf G)+\beta (\mathcal KW+\mathbf G)=\mathbf F \Rightarrow \mathbf G= \frac {1}{\beta }[\mathbf F-\mathcal K\mathcal K^* \mathcal KW]-\mathcal KW.\end {equation*}


\begin {equation*}\mathbf V=\mathcal KW+\mathbf G=\frac {1}{\beta }[\mathbf F-\mathcal K\mathcal K^* \mathcal KW]=\frac {1}{\beta }[\mathbf F-\mathcal K (\beta \id + \mathcal K^* \mathcal K)^{-1} \mathcal K^*\mathbf F].\end {equation*}


$\nabla (-\nabla \cdot \vec p)+\beta \vec p=\vec f$


$(-\Delta _h+\beta \id )^{-1}$


$(-\Delta _h+\beta \id )^{-1}$


\begin {equation*}f(x) = \frac {1}{2}\|Ax - b\|^2.\end {equation*}


\begin {equation*}\nabla f(x) = A^T(Ax - b).\end {equation*}


$\nabla f(x)^{(i)}$


$i$


$\nabla f(x)$


\begin {equation*}x_{k+1} = x_k - \eta \, \nabla f(x_k).\end {equation*}


$\nabla f(x) = \begin {bmatrix} \nabla f(x)^{(1)} \\ \vdots \\ \nabla f(x)^{(n)} \end {bmatrix}$


\begin {equation*}x_{k+1} = x_k - \eta \, \nabla f(x_k)^{i(k)}\end {equation*}


$i(1) = 1,\; i(2) = 2,\; \ldots $


$i(k)$


$x_k$


$\nabla f(x)^{(1)}$


$A^T$


$(Ax - b)$


\begin {equation*}x_{k+1} = x_k - \eta \, \nabla f(x_k)^{i(k)}\end {equation*}


$i(k) \sim \text {i.i.d.}$


$\{1, 2, \ldots , n\}$


$T : \mathbb {R}^n \longrightarrow \mathbb {R}^n$


$x \mapsto T(x)$


\begin {equation*}x_{k+1} = T(x_k).\end {equation*}


$S$


\begin {equation*}\|S(x) - S(y)\| \leq \|x - y\|.\end {equation*}


$\nabla f(x)$


$L$


$f(x)$


$S(x) = \bigl [I - \tfrac {2}{L}\nabla f\bigr ](x)$


\begin {align*}\|S(x) - S(y)\|^2 &= \left \| -\frac {2}{L}\bigl [\nabla f(x) - \nabla f(y)\bigr ] + (x - y) \right \|^2 \\ &= \|x - y\|^2 + \frac {4}{L^2}\|\nabla f(x) - \nabla f(y)\|^2 - \frac {4}{L}\langle x - y,\, \nabla f(x) - \nabla f(y)\rangle \\ &\leq \|x - y\|^2.\end {align*}


$\nabla f(\mathbf {x})$


$L$


$f(\mathbf {x}) : \mathbb {R}^n \longrightarrow \mathbb {R}$


$\mathbf {x}, \mathbf {y}$


$f(\mathbf {y}) \geq f(\mathbf {x}) + \langle \nabla f(\mathbf {x}),\, \mathbf {y} - \mathbf {x}\rangle + \dfrac {1}{2L}\|\nabla f(\mathbf {x}) - \nabla f(\mathbf {y})\|^2$


$\|\nabla f(\mathbf {x}) - \nabla f(\mathbf {y})\|^2 \leq L\langle \nabla f(\mathbf {x}) - \nabla f(\mathbf {y}),\, \mathbf {x} - \mathbf {y}\rangle $


$T = (1-\theta )I + \theta S$


$\theta \in (0,1)$


$\theta $


$S$


$S = \bigl [I - \tfrac {2}{L}\nabla f\bigr ]$


\begin {align*}T = I - \eta \,\nabla f &= (1-\theta )I + \theta \Bigl (I - \frac {2}{L}\nabla f\Bigr ), \\ \theta &= \frac {\eta L}{2} \in (0,1) \iff 0 < \eta < \frac {2}{L}.\end {align*}


$S$


$S$


$x_{k+1} = S(x_k)$


$x_*$


$S(x) = -x$


$x_* = 0$


$S : \mathbb {R}^n \to \mathbb {R}^n$


\begin {equation*}x_{k+1} = \theta \, x_k + (1-\theta )\, S(x_k), \qquad 0 < \theta < 1,\end {equation*}


$S(x)$


$\eta < \dfrac {2}{L}$


\begin {equation*}T(x) = \begin {bmatrix} [T(x)]_1 \\ [T(x)]_2 \\ \vdots \\ [T(x)]_n \end {bmatrix}, \qquad T_i(x) = \begin {bmatrix} x_1 \\ \vdots \\ x_{i-1} \\ [T(x)]_i \\ x_{i+1} \\ \vdots \\ x_n \end {bmatrix}.\end {equation*}


$x_{k+1} = x_k - \eta \,\nabla f(x_k) = T(x_k)$


\begin {equation*}x_{k+1} = x_k - \eta \,\nabla f(x_k)^{i(k)} \;\iff \; x_{k+1} = T_{i(k)}(x_k),\end {equation*}


$\nabla f(x_k)^{i(k)}$


$i(k)$


$\nabla f(x_k)$


$T$


$\theta $


$\bigl (\!\iff \eta < \frac {2}{L}$


$\bigr )$


$i(k) \in \{1, \ldots , n\}$


\begin {equation*}x_{k+1} = T_{i(k)}(x_k)\end {equation*}


$T(x)$


$1$


$R$


$R_i$


\begin {equation*}T = I - \theta R, \qquad T_i = I - \theta R_i.\end {equation*}


\begin {equation*}R_i(x) = \begin {bmatrix} 0 \\ \vdots \\ 0 \\ [R(x)]_i \\ 0 \\ \vdots \\ 0 \end {bmatrix}.\end {equation*}


\begin {equation*}x_{k+1} = T_{i(k)}(x_k) \;\iff \; x_{k+1} = x_k - \theta \, R_{i(k)}[x_k].\end {equation*}


$T$


$\theta $


$\iff T = (1-\theta )I + \theta S$


$S$


\begin {equation*}I - R = I - \frac {I - T}{\theta } = \Bigl (1 - \frac {1}{\theta }\Bigr )I + \frac {1}{\theta }T = S.\end {equation*}


\begin {alignat*}{2} &\iff \quad &&\tfrac {1}{\theta }\,T - \bigl (\tfrac {1}{\theta } - 1\bigr )I \text { is nonexpansive} \\ &\iff \quad &&I - R \text { is nonexpansive} \\ &\implies \quad &&\|x - Rx - y + Ry\|^2 \leq \|x - y\|^2 \\ &\iff \quad &&\tfrac {1}{2}\|Rx - Ry\|^2 \leq \langle x - y,\, Rx - Ry\rangle .\end {alignat*}


$T = I - \eta \,\nabla f$


$R = \dfrac {\eta }{\theta }\,\nabla f$


$T(x_*) = x_* \iff R(x_*) = 0$


$y = x_*$


\begin {equation*}\frac {1}{2}\|Rx\|^2 \leq \langle Rx,\, x - x_*\rangle .\end {equation*}


$\mathbb {E}$


$i(0), i(1), \ldots $


\begin {equation*}\begin {cases} x_{k+1} = x_k - \eta \,\nabla f(x_k)^{i(k)} \\[4pt] x_{k+1} = T_{i(k)}(x_k) \end {cases}\end {equation*}


$x_0$


$i(0), i(1), \ldots , i(N)$


$X_N$


$N+1$


$\mathbb {E}(X_N)$


$N+1$


$X$


$\{0,1\}$


\begin {equation*}P(X = 0) = \tfrac {1}{2}, \qquad P(X = 1) = \tfrac {1}{2}.\end {equation*}


\begin {align*}\mathbb {E}(X) &= 0 \cdot \tfrac {1}{2} + 1 \cdot \tfrac {1}{2} = \tfrac {1}{2}, \\ \mathbb {E}(X^2) &= 0^2 \cdot \tfrac {1}{2} + 1^2 \cdot \tfrac {1}{2} = \tfrac {1}{2}, \\ \mathbb {E}(f(X)) &= f(0) \cdot \tfrac {1}{2} + f(1) \cdot \tfrac {1}{2} = \tfrac {1}{2}f(1) + \tfrac {1}{2}f(0).\end {align*}


$X$


$\{x_1, x_2, \ldots , x_k\}$


$p_1, p_2, \ldots , p_k$


$\displaystyle \sum _{i=1}^{k} p_i = 1$


$p_i \geq 0$


\begin {align*}\mathbb {E}(X) &= x_1 p_1 + x_2 p_2 + \cdots + x_k p_k \quad \to \text {Convex combination}, \\ \mathbb {E}(f(X)) &= \sum _{i=1}^{k} f(x_i)\, p_i, \qquad \mathrm {Prob}(X = x_i) = p_i.\end {align*}


\begin {equation*}f\bigl (\mathbb {E}(X)\bigr ) \leq \mathbb {E}\bigl (f(X)\bigr ) \quad \text {if } f(x) \text { is convex}.\end {equation*}


$X, Y$


$\{x_1, x_2, \ldots , x_k\}$


$p_1, p_2, \ldots , p_k$


$\displaystyle \sum _{i=1}^{k} p_i = 1$


$p_i \geq 0$


$\implies P(X = x_i,\, Y = x_j) = P(X = x_i)\, P(Y = x_j)$


\begin {equation*}\mathbb {E}[f(X, Y)] = \sum _{i=1}^{k} \sum _{j=1}^{k} f(x_i, x_j)\, p_i\, p_j.\end {equation*}


$X$


$\{x_1, x_2, \ldots , x_k\}$


$p_1, p_2, \ldots , p_k$


$Y$


$\{y_1, y_2, \ldots , y_\ell \}$


$q_1, q_2, \ldots , q_\ell $


\begin {equation*}P(X = x_i \mid Y = y_j) = \frac {P(X = x_i,\, Y = y_j)}{P(Y = y_j)} \quad \leftarrow \text {joint prob.}\end {equation*}


\begin {align*}\mathbb {E}(X \mid Y = y_j) &= \sum _{i=1}^{k} x_i\, P(X = x_i \mid Y = y_j) \\ &= \sum _{i=1}^{k} x_i\, \frac {P(X = x_i,\, Y = y_j)}{P(Y = y_j)}.\end {align*}


\begin {align*}\mathbb {E}(f(X) \mid Y = y_j) &= \sum _{i=1}^{k} f(x_i) \cdot P(X = x_i \mid Y = y_j) \\ &= \sum _{i=1}^{k} f(x_i) \cdot \frac {P(X = x_i,\, Y = y_j)}{P(Y = y_j)}.\end {align*}


$\mathbb {E}_k$


$i(k)$


$i(k-1), i(k-2), \ldots , i(0)$


$\mathbb {E}_k(X_k) = X_k$


$X_k$


$i(k)$


$X$


$i(k)$


$k = 1, \ldots , N$


\begin {equation*}\mathbb {E}\bigl [\mathbb {E}_k(X)\bigr ] = \mathbb {E}[X].\end {equation*}


$\mathbb {E}(X \mid Y)$


$Y$


\begin {equation*}\mathbb {E}(X \mid Y) = \sum _{i=1}^{k} x_i\, P(X = x_i \mid Y).\end {equation*}


\begin {align*}\mathbb {E}\bigl [\mathbb {E}(X \mid Y)\bigr ] &= \mathbb {E}\left [\sum _{i=1}^{k} x_i\, P(X = x_i \mid Y)\right ] \\ &= \sum _{j=1}^{\ell } \left [\sum _{i=1}^{k} x_i\, P(X = x_i \mid Y = y_j)\right ] q_j \\ &= \sum _{j=1}^{\ell } \sum _{i=1}^{k} x_i\, P(X = x_i \mid Y = y_j) \cdot P(Y = y_j) \\ &= \sum _{j=1}^{\ell } \sum _{i=1}^{k} x_i\, P(X = x_i,\, Y = y_j) \\ &= \sum _{i=1}^{k} x_i \left [\sum _{j=1}^{\ell } P(X = x_i,\, Y = y_j)\right ] \\ &= \sum _{i=1}^{k} x_i\, P(X = x_i) \\ &= \mathbb {E}(X).\end {align*}


\begin {equation*}\min _{x \in \mathbb {R}^n} f(x)\end {equation*}


\begin {equation*}\nabla f(x)^{(i)} = \begin {bmatrix} 0 \\ \vdots \\ 0 \\ \nabla f(x)_i \\ 0 \\ \vdots \\ 0 \end {bmatrix}\end {equation*}


\begin {equation*}x_{k+1} = x_k - \eta \, \nabla f(x_k).\end {equation*}


\begin {equation*}x_{k+1} = x_k - \eta \, \nabla f(x_k)^{i(k)}\end {equation*}


$i(1) = 1,\; i(2) = 2,\; \ldots $


$i(k)$


$x_k$


\begin {equation*}x_{k+1} = x_k - \eta \, \nabla f(x_k)^{i(k)}\end {equation*}


$i(k) \sim \text {i.i.d.}$


$\{1, 2, \ldots , n\}$


\begin {equation*}\mathrm {Prob}(i(k) = i) = \frac {1}{n}.\end {equation*}


$T : \mathbb {R}^n \longrightarrow \mathbb {R}^n$


$x \mapsto T(x)$


\begin {equation*}x_{k+1} = T(x_k).\end {equation*}


$S$


\begin {equation*}\|S(x) - S(y)\| \leq \|x - y\|.\end {equation*}


$\nabla f(x)$


$L$


$f(x)$


$S(x) = \bigl [I - \tfrac {2}{L}\nabla f\bigr ](x)$


\begin {align*}\|S(x) - S(y)\|^2 &= \left \| -\frac {2}{L}\bigl [\nabla f(x) - \nabla f(y)\bigr ] + (x - y) \right \|^2 \\ &= \|x - y\|^2 + \frac {4}{L^2}\|\nabla f(x) - \nabla f(y)\|^2 - \frac {4}{L}\langle x - y,\, \nabla f(x) - \nabla f(y)\rangle \\ &\leq \|x - y\|^2.\end {align*}


$x_{k+1} = T(x_k)$


$T = \mathrm {Prox}_f = (I + \eta \,\partial f)^{-1}$


$\mathrm {Prox}_f = \dfrac {I + R_f}{2}$


$\nabla f(\mathbf {x})$


$L$


$f(\mathbf {x}) : \mathbb {R}^n \longrightarrow \mathbb {R}$


$\mathbf {x}, \mathbf {y}$


$f(\mathbf {y}) \geq f(\mathbf {x}) + \langle \nabla f(\mathbf {x}),\, \mathbf {y} - \mathbf {x}\rangle + \dfrac {1}{2L}\|\nabla f(\mathbf {x}) - \nabla f(\mathbf {y})\|^2$


$\|\nabla f(\mathbf {x}) - \nabla f(\mathbf {y})\|^2 \leq L\langle \nabla f(\mathbf {x}) - \nabla f(\mathbf {y}),\, \mathbf {x} - \mathbf {y}\rangle $


$T = (1-\theta )I + \theta S$


$\theta \in (0,1)$


$\theta $


$S$


$S = \bigl [I - \tfrac {2}{L}\nabla f\bigr ]$


\begin {align*}T = I - \eta \,\nabla f &= (1-\theta )I + \theta \Bigl (I - \frac {2}{L}\nabla f\Bigr ), \\ \theta &= \frac {\eta L}{2} \in (0,1) \iff 0 < \eta < \frac {2}{L}.\end {align*}


$S$


$x_{k+1} = S(x_k)$


$x_*$


$S(x) = -x$


$x_* = 0$


$S : \mathbb {R}^n \to \mathbb {R}^n$


\begin {equation*}x_{k+1} = (1-\theta )\, x_k + \theta \, S(x_k), \qquad 0 < \theta < 1,\end {equation*}


$S(x)$


$\eta < \dfrac {2}{L}$


\begin {equation*}T(x) = \begin {bmatrix} [T(x)]_1 \\ [T(x)]_2 \\ \vdots \\ [T(x)]_n \end {bmatrix}, \qquad T_i(x) = \begin {bmatrix} x_1 \\ \vdots \\ x_{i-1} \\ [T(x)]_i \\ x_{i+1} \\ \vdots \\ x_n \end {bmatrix}.\end {equation*}


$x_{k+1} = x_k - \eta \,\nabla f(x_k) = T(x_k)$


\begin {equation*}x_{k+1} = x_k - \eta \,\nabla f(x_k)^{i(k)} \;\iff \; x_{k+1} = T_{i(k)}(x_k).\end {equation*}


$T$


$\theta $


$i(k) \in \{1, \ldots , n\}$


\begin {equation*}x_{k+1} = T_{i(k)}(x_k)\end {equation*}


$T(x)$


$1$


$S = I - \tfrac {2}{L}\nabla f$


$f(x)$


\begin {align*}&\implies T = I - \eta \,\nabla f \\ &\phantom {\implies } = (1-\theta )I + \theta S \text {\; is $\theta $-averaged} \\ &\text {if } \theta = \frac {\eta L}{2} < 1 \iff \eta < \frac {2}{L}.\end {align*}


$R$


$R_i$


\begin {equation*}\begin {cases} T = I - \theta R \\ T_i = I - \theta R_i \end {cases}\end {equation*}


\begin {equation*}R_i(x) = \begin {bmatrix} 0 \\ \vdots \\ 0 \\ [R(x)]_i \\ 0 \\ \vdots \\ 0 \end {bmatrix}, \qquad R = \frac {\eta }{\theta }\,\nabla f = \frac {2}{L}\,\nabla f, \qquad T = I - \theta \cdot \frac {2}{L}\,\nabla f.\end {equation*}


\begin {equation*}x_{k+1} = T_{i(k)}(x_k) \;\iff \; x_{k+1} = x_k - \theta \, R_{i(k)}[x_k].\end {equation*}


$T$


$\theta $


$\iff T = (1-\theta )I + \theta S$


$S$


\begin {equation*}I - R = I - \frac {I - T}{\theta } = \Bigl (1 - \frac {1}{\theta }\Bigr )I + \frac {1}{\theta }T = S.\end {equation*}


\begin {alignat*}{2} &\iff \quad &&\tfrac {1}{\theta }\,T - \bigl (\tfrac {1}{\theta } - 1\bigr )I \text { is nonexpansive} \\ &\iff \quad &&I - R \text { is nonexpansive} \\ &\iff \quad &&\|x - Rx - y + Ry\|^2 \leq \|x - y\|^2 \\ &\iff \quad &&\tfrac {1}{2}\|Rx - Ry\|^2 \leq \langle x - y,\, Rx - Ry\rangle .\end {alignat*}


$T(x_*) = x_* \iff R(x_*) = 0$


$y = x_*$


\begin {equation*}\frac {1}{2}\|Rx\|^2 \leq \langle Rx,\, x - x_*\rangle .\end {equation*}


$R = \tfrac {2}{L}\nabla f$


\begin {equation*}\frac {1}{2}\left \|\frac {2}{L}\nabla f(x)\right \|^2 \leq \left \langle \frac {2}{L}\nabla f(x),\, x - x_*\right \rangle \;\iff \; \|\nabla f(x)\|^2 \leq L\langle \nabla f(x),\, x - x_*\rangle .\end {equation*}


$X$


$\{0,1\}$


\begin {equation*}P(X = 0) = \tfrac {1}{2}, \qquad P(X = 1) = \tfrac {1}{2}.\end {equation*}


\begin {align*}\mathbb {E}(X) &= 0 \cdot \tfrac {1}{2} + 1 \cdot \tfrac {1}{2} = \tfrac {1}{2}, \\ \mathbb {E}(X^2) &= 0^2 \cdot \tfrac {1}{2} + 1^2 \cdot \tfrac {1}{2} = \tfrac {1}{2}, \\ \mathbb {E}(f(X)) &= f(0) \cdot \tfrac {1}{2} + f(1) \cdot \tfrac {1}{2} = \tfrac {1}{2}f(1) + \tfrac {1}{2}f(0).\end {align*}


$\mathbb {E}$


$X$


$X$


$\{x_1, x_2, \ldots , x_k\}$


$p_1, p_2, \ldots , p_k$


$\displaystyle \sum _{i=1}^{k} p_i = 1$


$p_i \geq 0$


\begin {align*}\mathbb {E}(X) &= x_1 p_1 + x_2 p_2 + \cdots + x_k p_k \quad \to \text {Convex combination}, \\ \mathbb {E}(f(X)) &= \sum _{i=1}^{k} f(x_i)\, p_i, \qquad \mathrm {Prob}(X = x_i) = p_i.\end {align*}


\begin {equation*}f\bigl (\mathbb {E}(X)\bigr ) \leq \mathbb {E}\bigl (f(X)\bigr ) \quad \text {if } f(x) \text { is convex}.\end {equation*}


$f(x) = x^2$


$\implies $


$\bigl [\mathbb {E}(X)\bigr ]^2 \leq \mathbb {E}(X^2)$


$X, Y$


$\{a_1, a_2, \ldots , a_k\}$


$p_1, p_2, \ldots , p_k$


$\displaystyle \sum _{i=1}^{k} p_i = 1$


$p_i \geq 0$


$P(X = a_i,\, Y = a_j)$


$X$


$Y$


$\implies P(X = a_i,\, Y = a_j) = P(X = a_i)\, P(Y = a_j)$


\begin {align*}\mathbb {E}[f(X, Y)] &= \sum _{i=1}^{k} \sum _{j=1}^{k} f(a_i, a_j)\, P(X = a_i,\, Y = a_j) \\ &= \sum _{i=1}^{k} \sum _{j=1}^{k} f(a_i, a_j)\, p_i\, p_j.\end {align*}


$x_{k+1} = T_{i(k)}(x_k)$


$x_{k+1} = x_k - \eta \,\nabla f(x_k)^{i(k)}$


$x_0$


$i(0), i(1), \ldots , i(N)$


$X_N$


$N+1$


$\mathbb {E}(X_N)$


$N+1$


$X$


$\{x_1, x_2, \ldots , x_k\}$


$p_1, p_2, \ldots , p_k$


$Y$


$\{y_1, y_2, \ldots , y_\ell \}$


$q_1, q_2, \ldots , q_\ell $


$X = x_i$


$Y = y_j$


\begin {equation*}P(X = x_i \mid Y = y_j) = \frac {P(X = x_i,\, Y = y_j)}{P(Y = y_j)} \quad \leftarrow \text {joint prob.}\end {equation*}


$X$


$Y = y_j$


\begin {align*}\mathbb {E}(X \mid Y = y_j) &= \sum _{i=1}^{k} x_i\, P(X = x_i \mid Y = y_j) \\ &= \sum _{i=1}^{k} x_i\, \frac {P(X = x_i,\, Y = y_j)}{P(Y = y_j)}.\end {align*}


\begin {equation*}g(y) = \mathbb {E}(X \mid Y = y) = \sum _{i=1}^{k} x_i\, P(X = x_i \mid Y = y)\end {equation*}


$y$


$g(Y) = \mathbb {E}(X \mid Y)$


$\mathbb {E}(X \mid Y)$


\begin {equation*}\mathbb {E}_k = \mathbb {E}\bigl [\,\cdot \mid i(k\!-\!1),\, i(k\!-\!2),\, \ldots ,\, i(0)\bigr ].\end {equation*}


$\mathbb {E}_k$


$i(k)$


$i(k-1), i(k-2), \ldots , i(0)$


\begin {equation*}x_{k+1} = T_{i(k)}(x_k), \qquad x_{k+1} = x_k - \eta \,\nabla f(x_k)^{i(k)}.\end {equation*}


$\mathbb {E}_k(X_k) = X_k$


$X_k$


$i(k)$


$X$


$i(k), i(k-1), i(k-2), \ldots , i(0)$


\begin {equation*}\mathbb {E}\bigl [\mathbb {E}_k(X)\bigr ] = \mathbb {E}[X].\end {equation*}


$\mathbb {E}\bigl [\mathbb {E}(X \mid Y)\bigr ] = \mathbb {E}(X)$


$\mathbb {E}(X \mid Y)$


$Y$


\begin {equation*}\mathbb {E}(X \mid Y) = \sum _{i=1}^{k} x_i\, P(X = x_i \mid Y).\end {equation*}


\begin {align*}\mathbb {E}\bigl [\mathbb {E}(X \mid Y)\bigr ] &= \mathbb {E}\left [\sum _{i=1}^{k} x_i\, P(X = x_i \mid Y)\right ] \\ &= \sum _{j=1}^{\ell } \left [\sum _{i=1}^{k} x_i\, P(X = x_i \mid Y = y_j)\right ] \cdot P(Y = y_j) \\ &= \sum _{j=1}^{\ell } \sum _{i=1}^{k} x_i\, P(X = x_i \mid Y = y_j) \cdot P(Y = y_j) \\ &= \sum _{j=1}^{\ell } \sum _{i=1}^{k} x_i\, P(X = x_i,\, Y = y_j) \\ &= \sum _{i=1}^{k} x_i \left [\sum _{j=1}^{\ell } P(X = x_i,\, Y = y_j)\right ] \\ &= \sum _{i=1}^{k} x_i\, P(X = x_i) \\ &= \mathbb {E}(X).\end {align*}


\begin {equation*}\mathbb {E}_k\bigl [R_{i(k)}(X_k)\bigr ] = \frac {1}{n}\, R(X_k).\end {equation*}


$R = \tfrac {2}{L}\nabla f$


$R_i(x) = \tfrac {2}{L}\begin {bmatrix} 0 \\ \vdots \\ 0 \\ \nabla f(x)_i \\ 0 \\ \vdots \\ 0 \end {bmatrix}$


$\mathbb {E}_k$


$i(k)$


\begin {equation*}P(i(k) = 1) = \frac {1}{n}, \quad P(i(k) = 2) = \frac {1}{n}, \quad \ldots , \quad P(i(k) = n) = \frac {1}{n}.\end {equation*}


\begin {align*}\implies \mathbb {E}_k\bigl [R_{i(k)}(X_k)\bigr ] &= \sum _{j=1}^{n} P[i(k) = j] \cdot R_j(X_k) \\ &= \frac {1}{n} \sum _{j=1}^{n} R_j(X_k) = \frac {1}{n}\, R(X_k).\end {align*}


\begin {equation*}\mathbb {E}_k\, \|R_{i(k)}(X_k)\|^2 = \frac {1}{n}\|R(X_k)\|^2.\end {equation*}


$\|R_{i(k)}(X_k)\|^2 = \bigl ([R(X_k)]_{i(k)}\bigr )^2$


\begin {align*}\mathbb {E}_k\bigl ([R(X_k)]_{i(k)}\bigr )^2 &= \sum _{j=1}^{n} P[i(k) = j] \cdot \bigl (R_j(X_k)\bigr )^2 \\ &= \frac {1}{n} \sum _{j=1}^{n} \bigl (R_j(X_k)\bigr )^2 = \frac {1}{n}\|R(X_k)\|^2.\end {align*}


$x_*$


$x_* = T(x_*)$


\begin {align*}\|x_{k+1} - x_*\|^2 &= \|x_k - \theta \, R_{i(k)}(X_k) - x_*\|^2 \\ &= \|x_k - x_*\|^2 - 2\theta \,\langle R_{i(k)} X_k,\, x_k - x_*\rangle + \theta ^2 \|R_{i(k)}(X_k)\|^2.\end {align*}


$\mathbb {E}_k$


$i(k)$


\begin {align*}\mathbb {E}_k\|x_{k+1} - x_*\|^2 &= \mathbb {E}_k\|x_k - x_*\|^2 - 2\theta \,\mathbb {E}_k\langle R_{i(k)} X_k,\, x_k - x_*\rangle + \theta ^2\,\mathbb {E}_k\|R_{i(k)}(X_k)\|^2 \\ &= \|x_k - x_*\|^2 - 2\theta \,\bigl \langle \mathbb {E}_k[R_{i(k)}(X_k)],\, x_k - x_*\bigr \rangle + \theta ^2 \cdot \frac {1}{n}\|R(X_k)\|^2 \\ &= \|x_k - x_*\|^2 - \frac {2\theta }{n}\,\langle R(X_k),\, x_k - x_*\rangle + \frac {\theta ^2}{n}\|R(X_k)\|^2.\end {align*}


$\tfrac {1}{2}\|Rx\|^2 \leq \langle Rx,\, x - x_*\rangle $


\begin {equation*}\leq \|x_k - x_*\|^2 - \frac {\theta }{n}\|R(X_k)\|^2 + \frac {\theta ^2}{n}\|R(X_k)\|^2.\end {equation*}


$\mathbb {E}$


\begin {equation*}\implies \mathbb {E}\|x_{k+1} - x_*\|^2 \leq \mathbb {E}\|x_k - x_*\|^2 - (1-\theta )\frac {\theta }{n}\,\mathbb {E}\|R(X_k)\|^2.\end {equation*}


\begin {equation*}\implies \bigl \{\mathbb {E}\|x_k - x_*\|^2\bigr \} \text { is decreasing.}\end {equation*}


$X_1, X_2, X_3, \ldots $


$\mathbb {E}(|X_n|) < +\infty $


$\mathbb {E}(X_{n+1} \mid X_1, \ldots , X_n) = X_n$


$X_0 = 0$


\begin {equation*}X_{k+1} = \begin {cases} X_k + 1 & \text {with prob.\ } \tfrac {1}{2} \\ X_k - 1 & \text {with prob.\ } \tfrac {1}{2} \end {cases}\end {equation*}


$\mathbb {E}(|X_n|) \leq n$


$X_1, \ldots , X_n$


$X_{n+1}$


$X_n$


\begin {equation*}\mathbb {E}(X_{n+1} \mid X_1, \ldots , X_n) = X_n.\end {equation*}


$\mathbb {E}(X_{n+1} \mid X_1, \ldots , X_n) \leq X_n$


$\mathbb {E}(X_{n+1} \mid X_1, \ldots , X_n) \geq X_n$


$X_k, Y_k$


$X_k \geq 0$


$Y_k \geq 0$


$\mathbb {E}[X_{k+1} \mid X_1, \ldots , X_k] \leq X_k - Y_k$


$1$


$X_k$


$X_\infty $


$k \to \infty $


$\displaystyle \sum _{k=0}^{\infty } Y_k < +\infty $


$X_\infty $


\begin {equation*}\mathbb {E}_k\|x_{k+1} - x_*\|^2 \leq \|x_k - x_*\|^2 - (1-\theta )\frac {\theta }{n}\,\|R(X_k)\|^2,\end {equation*}


$1$


\begin {equation*}\implies \sum _{k=0}^{\infty } \|R(X_k)\|^2 < \infty \implies \|R(X_k)\| \to 0,\end {equation*}


\begin {equation*}\lim _{k \to \infty } \|x_k - x_*\|^2 \text { exists.}\end {equation*}


$\mathrm {Fix}(T)$


$T$


$\forall \, x_* \in \mathrm {Fix}(T)$


$\bigl [\lim _{k \to \infty } \|x_k - x_*\|$


$1\bigr ]$


$\implies $


$1$


$\bigl [\forall \, x_* \in \mathrm {Fix}(T),\; \lim _{k \to \infty } \|x_k - x_*\|$


$\bigr ]$


$\to $


$1$


$\{x_k\}$


$\{x_{k_j}\} \to z$


$\|R(x_k)\| \to 0$


\begin {align*}&\implies \left \|\frac {1}{\theta }(I - T)(x_k)\right \| \to 0 \\ &\implies \|(I - T) x_k\| \to 0.\end {align*}


$T$


$\theta $


\begin {align*}&\implies \|T(x) - T(y)\| \leq \|x - y\| \\ &\implies T \text { is continuous} \\ &\implies I - T \text { is continuous.}\end {align*}


\begin {align*}\|(I - T) x_{k_j}\| \to 0 \quad &\implies \quad \|z - T(z)\| = 0 \\ &\implies \quad z - T(z) = 0 \\ &\implies \quad z \in \mathrm {Fix}(T).\end {align*}


\begin {equation*}\|x_{k+1} - x_*\|^2 = \|x_k - x_*\|^2 - 2\theta \,\langle R_{i(k)} X_k,\, x_k - x_*\rangle + \theta ^2\|R_{i(k)}(X_k)\|^2.\end {equation*}


$\|R(x_k)\| \to 0$


$x_* = z$


$\implies $


$\{x_k\}$


$x_{k_j}$


$x_k \to z \in \mathrm {Fix}(T)$


$\{X_k\}_{k=1}^{\infty }$


$X_k$


$\mathbb {E}(|X_k|) < +\infty $


$\forall k$


$\mathbb {E}(X_{k+1} \mid X_k, X_{k-1}, \ldots , X_1) = X_k$


$\{X_k\}_{k=1}^{\infty }$


$X_k$


$\mathrm {Prob}(X_{k+1} = x \mid X_k = x_k,\, X_{k-1} = x_{k-1},\, \ldots ,\, X_1 = x_1)$


\begin {equation*}= \mathrm {Prob}(X_{k+1} = x \mid X_k = x_k) \quad \text {(forgetting history)},\end {equation*}


$(m\,\Delta x,\; n\,\Delta t)$


$-2\Delta x, -\Delta x, 0, \Delta x, 2\Delta x, 3\Delta x, 4\Delta x$


$0, \Delta t, 2\Delta t, 3\Delta t$


$x = 0$


$t = 0$


$n$


$X_n$


\begin {equation*}X_{n+1} = \begin {cases} X_n - \Delta x, & \text {with probability } \tfrac {1}{2}, \\ X_n + \Delta x, & \text {with probability } \tfrac {1}{2}. \end {cases}\end {equation*}


$Y_0, Y_1, Y_2, Y_3, \ldots $


$N(0,1)$


\begin {equation*}\mathbb {E}(Y_i) = 0.\end {equation*}


$\{X_n\}_{n \geq 0}$


\begin {equation*}X_{k+1} = X_k + Y_{k+1} \cdot X_0, \quad \text {with } X_0 \text { independent of } Y_i.\end {equation*}


\begin {align*}\mathbb {E}(X_{k+1} \mid X_k, X_{k-1}, \ldots , X_0) &= \mathbb {E}(X_k + Y_{k+1}\, X_0 \mid X_k, X_{k-1}, \ldots , X_0) \\ &= X_k + X_0\, \mathbb {E}(Y_{k+1}) = X_k.\end {align*}


$\{X_n\}_{n \geq 0}$


$\{X_n\}_{n \geq 0}$


\begin {equation*}P(X_{k+1} = x \mid X_k = x_k) \neq P(X_{k+1} = x \mid X_k = x_k,\, \ldots ,\, X_0 = x_0).\end {equation*}


\begin {equation*}\min _{x \in \mathbb {R}^n} \frac {1}{N} \sum _{i=1}^{N} f_i(x).\end {equation*}


$(x_i, y_i)_{i=1}^{N}$


$\phi _j(x)$


$j = 1, 2, \ldots , n$


\begin {equation*}\underbrace {c_1 \phi _1(x_i) + c_2 \phi _2(x_i) + \cdots + c_n \phi _n(x_i)}_{g(x_i,\, c)} = y_i, \quad i = 1, \ldots , N.\end {equation*}


\begin {equation*}\min _{c \in \mathbb {R}^n} \frac {1}{N} \sum _{i=1}^{N} \|g(x_i, c) - y_i\|^2.\end {equation*}


\begin {equation*}x_{k+1} = x_k - \eta \left [\frac {1}{N} \sum _{i=1}^{N} \nabla f_i(x_k)\right ].\end {equation*}


\begin {equation*}x_{k+1} = x_k - \eta _k\, \nabla f_{i(k)}(x_k),\end {equation*}


$i(k) \in \{1, \ldots , N\}$


$\displaystyle f(x) = \sum _{j=1}^{n} f_j(x) = \sum _{i=1}^{N} F_i(x)$


$\dfrac {n}{N} = m$


\begin {equation*}F_i = \sum _{j=m(i-1)+1}^{m \cdot i} f_j(x).\end {equation*}


\begin {equation*}\min _{x \in \mathbb {R}^n} f(x) = \frac {1}{2}\|Ax - b\|^2, \qquad A \in \mathbb {R}^{m \times n},\; b \in \mathbb {R}^m.\end {equation*}


$a_i^T$


$i$


$A$


$A$


$a_1^T, a_2^T, \ldots , a_m^T$


\begin {align*}f(x) &= \frac {1}{2}\|Ax - b\|^2 \\ &= \frac {1}{2}\sum _{i=1}^{m} \bigl (\langle a_i, x\rangle - b_i\bigr )^2 \\ &= \frac {1}{m}\left (\frac {m}{2}\sum _{i=1}^{m} \bigl (\langle a_i, x\rangle - b_i\bigr )^2\right ).\end {align*}


$x_{k+1} = x_k - \eta \,\nabla f(x_k)$


\begin {align*}x_{k+1} &= x_k - \eta \, A^T(Ax_k - b) \\ &= x_k - \eta \sum _{i=1}^{m} a_i\bigl (\langle a_i, x_k\rangle - b_i\bigr ).\end {align*}


$A^T(Ax_k - b)$


\begin {equation*}\nabla f(x) = \sum _{i=1}^{m} a_i(a_i^T x - b_i).\end {equation*}


\begin {equation*}\nabla f = \begin {pmatrix} \nabla f^1 \\ \nabla f^2 \\ \vdots \\ \nabla f^n \end {pmatrix}, \qquad \nabla f^{(j)} = \begin {pmatrix} 0 \\ \vdots \\ 0 \\ \nabla f^j \\ 0 \\ \vdots \\ 0 \end {pmatrix}.\end {equation*}


$\nabla f(x) = A^T(Ax - b)$


$\nabla f(x)^{(j)}$


$j$


$A^T$


$(Ax - b)$


$x_{k+1} = x_k - \eta \,\nabla f(x_k)$


$x_{k+1} = x_k - \eta \,\nabla f(x_k)^{(j)}$


$j$


$\displaystyle \sum _{i=1}^{m} a_i(a_i^T x_k - b_i)$


$f = \dfrac {1}{m}\displaystyle \sum _{i=1}^{m} f_i$


$f(x) = \dfrac {1}{m}\left (\dfrac {m}{2}\displaystyle \sum _{i=1}^{m}\bigl (\langle a_i, x\rangle - b_i\bigr )^2\right )$


\begin {equation*}x_{k+1} = x_k - \eta \,\nabla f_i(x_k),\end {equation*}


$\nabla f_i(x_k) = m\, a_i(a_i^T x_k - b_i)$


$i$


\begin {equation*}x_{k+1} = x_k - \eta \sum _{i \in S} \nabla f_i(x_k).\end {equation*}


\begin {equation*}\min _x \frac {1}{2}\|Ax - b\|^2.\end {equation*}


$\eta $


\begin {equation*}x_{k+1} = x_k - \frac {a_i^T x_k - b_i}{\|a_i\|_2^2}\, a_i,\end {equation*}


$a_i^T x - b_i = 0$


$i = 1, \ldots , m$


$\dfrac {1}{\|a_i\|_2^2}$


\begin {equation*}\min _{x \in \mathbb {R}^n} \frac {1}{N}\sum _{i=1}^{N} f_i(x).\end {equation*}


$(x_i, y_i)_{i=1}^{N}$


$\phi _j(x)$


$j = 1, 2, \ldots , n$


\begin {equation*}\underbrace {c_1 \phi _1(x_i) + c_2 \phi _2(x_i) + \cdots + c_n \phi _n(x_i)}_{g(x_i,\, c)} = y_i, \quad i = 1, \ldots , N.\end {equation*}


\begin {equation*}\min _{c \in \mathbb {R}^n} \frac {1}{N}\sum _{i=1}^{N} \|g(x_i, c) - y_i\|^2.\end {equation*}


\begin {equation*}x_{k+1} = x_k - \eta \left [\frac {1}{N}\sum _{i=1}^{N} \nabla f_i(x_k)\right ].\end {equation*}


\begin {equation*}x_{k+1} = x_k - \eta _k\, \nabla f_{i(k)}(x_k),\end {equation*}


$i(k) \in \{1, \ldots , N\}$


\begin {equation*}\begin {cases} x_{k+1} = x_k - \eta _k\, A(x_k) \\[4pt] x_{k+1} = x_k - \eta _k\, A_{i(k)}(x_k) \end {cases}\end {equation*}


$A_i = \nabla f_i$


$A = \dfrac {1}{N}\displaystyle \sum _{i=1}^{N} \nabla f_i$


$T : \mathbb {R}^n \to \mathbb {R}^n$


\begin {equation*}\langle Tx - Ty,\, x - y\rangle \geq 0.\end {equation*}


$f(x)$


$\partial f$


\begin {equation*}\begin {cases} f(y) \geq f(x) + \langle \partial f(x),\, y - x\rangle \\ f(x) \geq f(y) + \langle \partial f(y),\, x - y\rangle \end {cases} \;\implies \; \langle \partial f(x) - \partial f(y),\, x - y\rangle \geq 0.\end {equation*}


$T$


$\{(x, T(x)),\; \forall \, x\}$


$T$


$S$


$f(x)$


$\partial f$


$A_i(x)$


$C_1, C_2$


\begin {equation*}\frac {1}{N}\sum _{i=1}^{N} \|A_i(x)\|^2 \leq \frac {C_1}{2}\|x\|^2 + C_2.\end {equation*}


$\nabla f_i$


$L$


\begin {equation*}\|\nabla f_i(x) - \nabla f_i(0)\| \leq L\|x\| \quad \implies \quad \|\nabla f_i(x)\| \leq L\|x\| + \|\nabla f_i(0)\|.\end {equation*}


$i(0), i(1), \ldots , i(k), \ldots $


$\{1, \ldots , N\}$


$\displaystyle \sum _{k=0}^{\infty } \eta _k = \infty $


$\displaystyle \sum _{k=0}^{\infty } \eta _k^2 < \infty $


$\eta _k = \dfrac {C}{(k+1)^p}$


$k = 0, 1, 2, \ldots $


$\dfrac {1}{2} < p \leq 1$


$\displaystyle \sum _{n=1}^{\infty } \tfrac {1}{n} = +\infty $


$\eta _k = \dfrac {1}{(k+1)^{1/2+\varepsilon }}$


$A$


$x_*$


$0 \in A(x_*)$


\begin {equation*}\langle A(x),\, x - x_*\rangle > 0, \quad \forall \, x \text { such that } A(x) \text { does NOT include } 0.\end {equation*}


$\nabla f(\mathbf {x})$


$L$


$f(\mathbf {x}) : \mathbb {R}^n \longrightarrow \mathbb {R}$


$\mathbf {x}, \mathbf {y}$


$f(\mathbf {y}) \geq f(\mathbf {x}) + \langle \nabla f(\mathbf {x}),\, \mathbf {y} - \mathbf {x}\rangle + \dfrac {1}{2L}\|\nabla f(\mathbf {x}) - \nabla f(\mathbf {y})\|^2$


$\|\nabla f(\mathbf {x}) - \nabla f(\mathbf {y})\|^2 \leq L\langle \nabla f(\mathbf {x}) - \nabla f(\mathbf {y}),\, \mathbf {x} - \mathbf {y}\rangle $


$f = \tfrac {1}{N}\sum f_i(x)$


$A = \nabla f$


$L$


\begin {align*}\langle \nabla f(x),\, x - x_*\rangle &\geq f(x) - f(x_*) + \frac {1}{2L}\|\nabla f(x)\|^2 \\ &\geq \frac {1}{2L}\|\nabla f(x)\|^2 > 0.\end {align*}


$f(x)$


$A = \partial f$


\begin {align*}f(y) &\geq f(x) + \langle \partial f(x),\, y - x\rangle \\ \implies f(x_*) &\geq f(x) + \langle \partial f(x),\, x_* - x\rangle \\ \implies \langle \partial f(x),\, x - x_*\rangle &\geq f(x) - f(x_*) > 0.\end {align*}


\begin {equation*}x_{k+1} = x_k - \eta _k\, A_{i(k)}(x_k),\end {equation*}


$x_0$


\begin {equation*}x_k \to x_* \quad \text {with probability } 1.\end {equation*}


$x_{k+1} = x_k - \eta _k\, A_{i(k)}(x_k)$


\begin {equation*}\bar {x}_k = \frac {\displaystyle \sum _{j=0}^{k} \eta _j\, x_j}{\displaystyle \sum _{j=0}^{k} \eta _j}.\end {equation*}


$x_{k+1} = x_k - \eta _k\, A_{i(k)}(x_k)$


$x_0$


\begin {equation*}\bar {x}_k \to x_* \quad \text {with probability } 1,\end {equation*}


$0 \in A(x_*)$


$A = \partial f$


\begin {equation*}x_{k+1} = x_k - \eta _k\, A_{i(k)}(x_k).\end {equation*}


\begin {align*}\|x_{k+1} - x_*\|^2 &= \|x_k - x_*\|^2 + \eta _k^2\|A_{i(k)}(x_k)\|^2 \\ &\quad - 2\eta _k\,\langle A_{i(k)}(x_k),\, x_k - x_*\rangle .\end {align*}


$\;\dfrac {1}{N}\displaystyle \sum _{i=1}^{N}\|A_i(x)\|^2 \leq \dfrac {C_1}{2}\|x\|^2 + C_2$


$\nabla f_i$


$L$


$|a + b|^2 \leq 2|a|^2 + 2|b|^2$


\begin {equation*}\|A_{i(k)}(x_k)\|^2 \leq 2C_1\bigl (\|x_k\|^2 + \|x_*\|^2\bigr ) + 4C_2.\end {equation*}


\begin {equation*}\|x_{k+1} - x_*\|^2 \leq \|x_k - x_*\|^2 + \eta _k^2\bigl [2C_1\bigl (\|x_k\|^2 + \|x_*\|^2\bigr ) + 4C_2\bigr ] - 2\eta _k\,\langle A_{i(k)}(x_k),\, x_k - x_*\rangle .\end {equation*}


$\mathbb {E}_k$


$i(k)$


\begin {align*}\mathbb {E}_k\|x_{k+1} - x_*\|^2 &\leq \|x_k - x_*\|^2 + \eta _k^2\bigl [2C_1\bigl (\|x_k\|^2 + \|x_*\|^2\bigr ) + 4C_2\bigr ] \\ &\quad - 2\eta _k\,\bigl \langle \mathbb {E}_k[A_{i(k)}(x_k)],\, x_k - x_*\bigr \rangle .\end {align*}


\begin {equation*}\mathbb {E}_k[A_{i(k)}(x_k)] = \frac {1}{N}\sum _{i=1}^{N} A_i(x_k) = A(x_k),\end {equation*}


\begin {align*}\mathbb {E}_k\|x_{k+1} - x_*\|^2 &\leq \|x_k - x_*\|^2 + \eta _k^2\bigl [2C_1\bigl (\|x_k\|^2 + \|x_*\|^2\bigr ) + 4C_2\bigr ] \\ &\quad - 2\eta _k\,\langle A(x_k),\, x_k - x_*\rangle .\end {align*}


$\|x_k\|^2 + \|x_*\|^2 \leq 2\|x_k - x_*\|^2 + 3\|x_*\|^2$


\begin {equation*}\mathbb {E}_k\|x_{k+1} - x_*\|^2 \leq (1 + 4C_1\eta _k^2)\|x_k - x_*\|^2 + \eta _k^2\bigl (6C_1\|x_*\|^2 + 4C_2\bigr ) - 2\eta _k\,\underbrace {\langle A(x_k),\, x_k - x_*\rangle }_{\geq \, 0 \;\text {(demipositivity)}}.\end {equation*}


$V_k \geq 0$


$S_k \geq 0$


$U_k \geq 0$


$\displaystyle \sum _{k=0}^{\infty } \beta _k < \infty $


$\beta _k \geq 0$


$\mathbb {E}_k[V_{k+1}] \leq (1 + \beta _k)\,V_k - S_k + U_k$


$\displaystyle \sum _{i=1}^{\infty } U_i < +\infty $


$1$


$V_k \to V_\infty $


$\displaystyle \sum _{k=0}^{\infty } S_k < +\infty $


$\displaystyle \sum _{k=0}^{\infty } \eta _k^2 < +\infty $


$1$


$V_k = \|x_k - x_*\|^2$


$\beta _k = 4C_1\eta _k^2$


$S_k = 2\eta _k\langle A(x_k), x_k - x_*\rangle $


$U_k = \eta _k^2(6C_1\|x_*\|^2 + 4C_2)$


$\displaystyle \sum _{k=0}^{\infty } \eta _k\,\langle A(x_k),\, x_k - x_*\rangle < \infty $


$\displaystyle \sum _{k=0}^{\infty } \eta _k = +\infty $


$\langle A(x_k),\, x_k - x_*\rangle \geq 0$


$\displaystyle \liminf _{k}\, \langle A(x_k),\, x_k - x_*\rangle = 0$


$\displaystyle \liminf _{k}\, \langle A(x_k),\, x_k - x_*\rangle = C > 0$


$\displaystyle \sum \eta _k\,\langle A(x_k),\, x_k - x_*\rangle $


$\displaystyle \sum _{k=M}^{\infty } \eta _k\, C = +\infty $


$\|x_k - x_*\|$


$\implies $


$\{x_k\}$


$A(x_k)$


$\|\nabla f(x_k) - \nabla f(x_*)\| \leq L\|x_k - x_*\|$


$\implies $


$x_{k_j}$


\begin {equation*}x_{k_j} \to x_\infty , \qquad A(x_{k_j}) \to a_\infty , \qquad \langle A(x_{k_j}),\, x_{k_j} - x_*\rangle \to 0.\end {equation*}


$\displaystyle \liminf _{k}\, \langle A(x_k),\, x_k - x_*\rangle = 0$


$\implies $


$x_{k_n}$


$\langle A(x_{k_n}),\, x_{k_n} - x_*\rangle \to 0$


$x_{k_{n_i}}$


$x_{k_n}$


$A(x_{k_{n_i}}) \to a_\infty $


$x_{k_{n_{i_j}}}$


$x_{k_{n_i}}$


$x_{k_{n_{i_j}}} \to x_\infty $


$A$


$\implies a_\infty \in A(x_\infty )$


\begin {equation*}\langle a_\infty ,\, x_\infty - x_*\rangle = 0.\end {equation*}


$\implies 0 \in \langle A(x_\infty ),\, x_\infty - x_*\rangle $


$\implies x_\infty $


$A$


$A = \nabla f$


$\displaystyle \lim _j \nabla f(x_{k_j}) = \nabla f\!\left (\lim _j x_{k_j}\right )$


$\nabla f$


$\bigl \langle \displaystyle \lim _j \nabla f(x_{k_j}),\, \lim _j x_{k_j} - x_*\bigr \rangle = 0$


$\langle \nabla f(x_\infty ),\, x_\infty - x_*\rangle = 0$


$f(x)$


$L$


$\nabla f$


\begin {equation*}\langle \nabla f(x),\, x - x_*\rangle \geq \frac {1}{2L}\|\nabla f(x)\|^2.\end {equation*}


$\langle \nabla f(x_\infty ),\, x_\infty - x_*\rangle = 0 \implies \|\nabla f(x_\infty )\| = 0 \implies x_\infty $


$F(\bx _k)-F(\bx _*)$


$F(\bx )=f(\bx )+g(\bx )$


$f(\bx )$


$g(\bx )$


$\mu $


$g$


$L$


$\nabla g$


$\mathcal O(\frac {1}{\sqrt k})$


$\mathcal O(\frac {1}{ k})$


$\eta _n\equiv \frac {1}{\sqrt {k}}$


$\mathcal O(\frac {1}{ k})$


$\mathcal O(\left (\frac {1}{1+\eta \mu }\right )^{2k})$


$\forall \eta >0$


$\mathcal O(\frac {1}{ k})$


$\mathcal O(\left (1-\frac {\mu }{ L}\right )^k)$


$\eta \leq \frac {1}{L}$


$\mathcal O(\frac {1}{ k^2})$


$\mathcal O(\left (1-\sqrt {\frac {\mu }{ L}}\right )^k)$


$\eta \leq \frac {1}{L}$


$f(\bx _k)-f(\bx _*)$


$f(\bx )$


$f(\bx )$


$\mu $


$f$


$L$


$\nabla f$


$1-\sqrt {\frac {\mu }{ L}}<\left (\frac { L/\mu -1 }{L/\mu +1}\right )^{2}$


$\mu /L\leq 0.085.$


$\eta <\frac {2}{L}$


$\mathcal O(\frac {1}{k})$


$\eta =\frac {1}{L}$


$\mathcal O(\frac {1}{k^2})$


$\eta \leq \frac {2}{L+\mu }$


$\mathcal O(\left (1-\frac {2\eta \mu L }{L+\mu }\right )^{2k})$


$\eta =\frac {2}{L+\mu }$


$\mathcal O(\left (\frac { L/\mu -1 }{L/\mu +1}\right )^{2k})$


$\eta =\frac {1}{L}$


$\mathcal O(\left (1-\sqrt {\frac {\mu }{ L}}\right )^k)$


$f(\bx )$


$f(\bx )$


$\bx _*$


$\mu $


$f$


$M$


$\nabla ^2 f$


$\|\bx _0-\bx _*\|\leq \frac {2\mu }{M}$


$\eta =\frac {2}{L+\mu }$


$\frac {\|\bx _{k+1}-\bx _*\|}{\|\bx _{k}-\bx _*\|}\leq 1-\frac {2\mu }{L+3\mu }$


$\|\bx _0-\bx _*\|\leq \frac {2\mu }{3M}$


$\frac {\|\bx _{k+1}-\bx _*\|}{\|\bx _{k}-\bx _*\|^2}\leq \frac {3M}{2\mu }$


$x$


$\mathbf x$


$\mathbf x^T$


$\mathbf x$


$f(\mathbf x)$


$\nabla f(\mathbf x)$


$A\in \mathbbm R^{n\times n}$


$\|A\|$


$\sigma _i(A)$


$\lambda _i(A)$


$\forall $


$\exists $


$C^k$


$k$


$\langle \mathbf a, \mathbf b \rangle $


$\ell ^1$


$\displaystyle \min _{x \in C} f(x)$


$C$


$x(t) : \mathbb {R} \to \mathbb {R}^3$


$x'(t)$


$z = f(x,y)$


$z = x^2 + y^2$


$x,y,z$


$F(x,y,z) = C$


$x^2 + y^2 + z^2 = 1$


$M$


$n$


$M$


$\begin {cases}\text {matrices}\\\text {functions}\\\text {mappings}\end {cases}$


$M$


$M$


$\tau $


$X$


$\tau $


$\emptyset \in \tau $


$X \in \tau $


$\tau $


$\tau $


$\tau $


$\tau $


$\tau $


$X = \mathbb {R}$


$\tau = \{\text {any open interval in } \mathbb {R}\} \cup \{\emptyset \}$


$X = \mathbb {R}^2$


$\tau = \{\text {any open sets in } \mathbb {R}^2\} \cup \{\emptyset \}$


$M$


\begin {equation*}\forall \, x, y \in M, \;\exists \; \text {open subsets } U, V \subset M \;\text {s.t.}\; x \in U,\; y \in V,\; U \cap V = \emptyset .\end {equation*}


$U$


$V$


$x$


$y$


$S$


$S = \{x_1, x_2, x_3, \ldots , x_n, \ldots \}$


$M$


$\tau $


$U_1, U_2, U_3, \ldots , U_n, \ldots $


$V$


$U_i$


$X = \mathbb {R}$


$B(x_0, r)$


$x_0$


$r$


$\Rightarrow $


$(a,b)$


\begin {equation*}(a,b) = \bigcup _{\substack {x_0 \in \mathbb {Q} \\ r \in \mathbb {Q},\; r > 0 \\ B(x_0,r) \subset (a,b)}} B(x_0, r), \qquad B(x_0, r) = (x_0 - r,\, x_0 + r).\end {equation*}


$M$


$n$


$\forall \, x \in M$


$\exists $


$U \subset M$


$x \in U$


$x$


$U$


$\mathbb {R}^n$


$\varphi $


$M$


$U$


$x$


$\varphi $


$\widetilde {U}$


$\mathbb {R}^2$


$\varphi ^{-1}$


$M$


$n$


$M$


$x \in M$


$\mathbb {R}^n$


$M$


$U$


$\varphi $


$\widetilde {U}$


$M$


$n$


$M$


$(U, \varphi )$


$U$


$\varphi : U \to \widetilde {U} \subset \mathbb {R}^n$


$U$


$\varphi $


$M = S^2 = \bigl \{\begin {pmatrix} x_1 \\ x_2 \\ x_3 \end {pmatrix} \in \mathbb {R}^3 : x_1^2 + x_2^2 + x_3^2 = 1 \bigr \}$


$S^2$


$x_1, x_2, x_3$


$U_3^+$


$U_3^-$


\begin {align*}U_i^+ &= \{(x_1, x_2, x_3) \in S^2 : x_i > 0\} \\ U_i^- &= \{(x_1, x_2, x_3) \in S^2 : x_i < 0\}\end {align*}


$\varphi _3^+(x_1, x_2, x_3) = (x_1, x_2)$


$\varphi _3^-(x_1, x_2, x_3) = (x_1, x_2)$


$\varphi _3^\pm : S^2 \to B^2 = \bigl \{\begin {pmatrix} x \\ y \end {pmatrix} \in \mathbb {R}^2 : x^2 + y^2 \leq 1\bigr \}$


$\varphi _i^\pm $


$i = 1, 2$


$\forall \, \vec {p} \in S^2$


$\exists \; U_i^+$


$U_i^-$


$\vec {p} \in U_i^+$


$U_i^-$


$M$


$(U, \varphi )$


$(V, \psi )$


$U \cap V \neq \emptyset $


$\psi \circ \varphi ^{-1} : \varphi (U \cap V) \to \psi (U \cap V)$


$U$


$V$


$\varphi $


$\psi $


$\widetilde {U}$


$\widetilde {V}$


$\psi \circ \varphi ^{-1}$


$(U, \varphi )$


$(V, \psi )$


\begin {equation*}\text {either } U \cap V = \emptyset \quad \text {or} \quad \psi \circ \varphi ^{-1} \text { is \textbf {smooth}}\end {equation*}


$M$


$A \in \mathbb {R}^{n \times n}$


$\lambda $


$\vec {v}$


$A\vec {v} = \lambda \vec {v}$


$A = \begin {pmatrix} 5 & 2 & 0 \\ 2 & 5 & 0 \\ -3 & 4 & 6 \end {pmatrix}$


\begin {equation*}|A - \lambda I| = -(\lambda - 6)(\lambda - 7)(\lambda - 3) = 0\end {equation*}


\begin {equation*}\Rightarrow \quad \lambda _1 = 6,\quad \lambda _2 = 7,\quad \lambda _3 = 3.\end {equation*}


$A \in \mathbb {R}^{n \times n}$


$|A - \lambda I|$


$n$


$\displaystyle \int _a^b f'(x)\,dx = f(b) - f(a)$


$n$


$n$


\begin {equation*}p(t) = t^n + a_{n-1}\,t^{n-1} + a_{n-2}\,t^{n-2} + \cdots + a_1\,t + a_0,\end {equation*}


\begin {equation*}A = \begin {bmatrix} 0 & 0 & \cdots & 0 & -a_0 \\ 1 & 0 & \cdots & 0 & -a_1 \\ 0 & 1 & \cdots & 0 & -a_2 \\ \vdots & \vdots & \ddots & \vdots & \vdots \\ 0 & 0 & \cdots & 1 & -a_{n-1} \end {bmatrix}\end {equation*}


$|A - tI| = p(t)$


$|A - \lambda I|$


$A \in \mathbb {R}^{n \times n}$


$\lambda _1$


$\lambda _n$


$A$


$x \in \mathbb {C}^n$


\begin {equation*}\lambda _n \leq \frac {x^* A x}{x^* x} \leq \lambda _1.\end {equation*}


\begin {equation*}\min _{x \in \mathbb {R}^n} \frac {x^T A x}{x^T x} \quad \begin {cases} \text {minimizer is } \vec {v}_n \\ \text {minimum value is } \lambda _n \end {cases}\end {equation*}


$f(x) = \dfrac {x^T A x}{x^T x}$


$\nabla f(x) = \dfrac {2}{x^T x}(Ax - f(x)\,x)$


\begin {equation*}\nabla ^2 f(x)\, z = \frac {2}{x^T x}\bigl (Az - f(x)\,z\bigr ) - \frac {4}{(x^T x)^2}\bigl [x^T A z\, x + x^T z\, Ax - 2f(x)\,x^T z\, x\bigr ].\end {equation*}


$\Rightarrow $


$x_{k+1} = 2x_k$


$x_k$


$f(x) = f(ax)$


$\forall \, a \in \mathbb {R}$


$f(x)$


$S^{n-1} = \{x \in \mathbb {R}^n : x^T x = 1\}$


$f(x)$


$S^{n-1}$


$n$


$n \times n$


$A$


$i$


$j$


$A_{ij} = 1$


$A_{ij} = 0$


$5 \times 5$


\begin {align*}x_1 &= \rho (x_{14} + x_{79} + x_{785}) \\ x_2 &= \rho (x_{1002} + x_{3225} + x_{9883} + x_{30027}) \\ &\;\;\vdots \\ \text {Solve}\quad x_i &= \rho \sum _{j=1}^{n} a_{ij}\, x_j \quad \text {for } \mathbf {x} = (x_1, x_2, \ldots , x_n)\end {align*}


\begin {equation*}\boxed {\mathbf {x} = \rho \, A\, \mathbf {x}}, \qquad A = [a_{ij}]_{n \times n}.\end {equation*}


$F = ma$


$\mathbf {x} = (x, y, z)$


$t$


$\Psi (\mathbf {x}, t)$


$|\Psi (\mathbf {x}, t)|^2$


$\mathbf {x}$


$t$


$\displaystyle i\,\frac {\partial \Psi }{\partial t} = -\frac {\partial ^2 \Psi }{\partial x^2} + V(x)\Psi $


$V(x)$


$\dfrac {d^2}{dx^2}$


$u(r)$


$\lambda $


\begin {equation*}-\frac {d^2 u}{dr^2} = \lambda u.\end {equation*}


$r$


$N=1,2,3$


$u(r)$


$\lambda $


$\displaystyle -\frac {d^2 u}{dr^2} = \lambda u$


$r$


$u(r)$


$u(0) = 0$


$\dfrac {d^2}{dx^2}$


$e^{ax}$


$\cos (ax)$


$\sin (ax)$


$ax + b$


$a, b \in \mathbb {C}$


$a, b$


$u(0) = 0$


$u(r) = \cos \bigl [(n + \tfrac {1}{2})\pi r\bigr ]$


$\lambda = (n + \tfrac {1}{2})^2 \pi ^2$


$u(r) = \sin (n\pi r)$


$\lambda = n^2 \pi ^2$


$n$


$\lambda $


$M$


$U$


$x$


$\varphi $


$\widetilde {U}$


$\mathbb {R}^2$


$\varphi ^{-1}$


$\varphi $


$\begin {cases} \varphi \text { is cont.} \\ \varphi ^{-1} \text { is cont.}\end {cases}$


$U$


\begin {equation*}\varphi : U \to \widetilde {U}, \qquad \varphi ^{-1} : \widetilde {U} \to U.\end {equation*}


$M$


$n$


$M$


$x \in M$


$U$


$\widetilde {U}$


$\mathbb {R}^n$


$(U, \varphi )$


$(U, \varphi )$


$(V, \psi )$


\begin {equation*}\begin {cases} \text {either } U \cap V = \emptyset \\ \text {or } \psi \circ \varphi ^{-1} \text { is \textbf {smooth}} \quad \text {(derivatives of any order exists)} \end {cases}\end {equation*}


$\psi \circ \varphi ^{-1} : \varphi (U \cap V) \to \psi (U \cap V)$


$U$


$V$


$\varphi $


$\psi $


$\widetilde {U}$


$\widetilde {V}$


$\psi \circ \varphi ^{-1}$


$M = S^2 = \bigl \{\begin {pmatrix} x_1 \\ x_2 \\ x_3 \end {pmatrix} \in \mathbb {R}^3 : x_1^2 + x_2^2 + x_3^2 = 1\bigr \}$


$S^2$


$x_1, x_2$


$U_3^+$


$U_3^-$


\begin {align*}U_i^+ &= \{(x_1, x_2, x_3) \in S^2 : x_i > 0\} \\ U_i^- &= \{(x_1, x_2, x_3) \in S^2 : x_i < 0\}\end {align*}


$\varphi _3^+(x_1, x_2, x_3) = (x_1, x_2)$


$\varphi _3^-(x_1, x_2, x_3) = (x_1, x_2)$


$\varphi _3^\pm : S^2 \to B^2 = \bigl \{\begin {pmatrix} x \\ y \end {pmatrix} \in \mathbb {R}^2 : x^2 + y^2 \leq 1\bigr \}$


$\varphi _i^\pm $


$i = 1, 2$


$\mathbb {R}^n$


$n$


$2$


$\mathbb {R}^n$


\begin {equation*}S^{n-1} = \{x \in \mathbb {R}^n : x_1^2 + x_2^2 + \cdots + x_n^2 = 1\} = \{x \in \mathbb {R}^n : x^T x = 1\}.\end {equation*}


$A \in \mathbb {R}^{n \times n}$


$A^T = A$


\begin {equation*}\min _{\substack {x \in \mathbb {R}^n \\ x \neq 0}} f(x) = \frac {x^T A x}{x^T x} \quad \begin {cases} \text {minimizer is eigenvector } \vec {v}_n \\ \text {minimum is eigenvalue } \lambda _n \end {cases}\end {equation*}


\begin {equation*}\lambda _n \leq \lambda _{n-1} \leq \cdots \leq \lambda _1.\end {equation*}


$\forall \, a \in \mathbb {R}$


$f(x) = f(ax)$


$\Rightarrow $


$f(x)$


$\displaystyle \min _{x \in S^{n-1}} f(x)$


$n \geq p$


$U$


$n \times p$


\begin {align*}\mathbb {R}_*^{n \times p} &= \{U \in \mathbb {R}^{n \times p} : \text {columns of } U \text { are linearly independent}\} \\ &= \{U \in \mathbb {R}^{n \times p} : UU^T \text { is a rank } p \text { matrix}\} \\ &= \{U \in \mathbb {R}^{n \times p} : U^T U \text { is invertible}\}\end {align*}


\begin {align*}\mathrm {St}(n, p) &= \{U \in \mathbb {R}^{n \times p} : \text {columns of } U \text { are orthonormal}\} \\ &= \{U \in \mathbb {R}^{n \times p} : U^T U = I_p\}\end {align*}


$\lambda _1$


$\lambda _n$


$A$


$x \in \mathbb {C}^n$


\begin {equation*}\lambda _n \leq \frac {x^* A x}{x^* x} \leq \lambda _1.\end {equation*}


$A\vec {v}_i = \lambda _i \vec {v}_i$


$A$


\begin {align*}\vec {v}_n &= \operatorname *{arg\,min}_{\substack {x \in \mathbb {R}^n \\ \|x\| = 1}} \frac {x^T A x}{x^T x} \\[6pt] \vec {v}_{n-1} &= \operatorname *{arg\,min}_{\substack {x \perp \vec {v}_n \\ \|x\| = 1}} \frac {x^T A x}{x^T x} \\[6pt] \vec {v}_{n-2} &= \operatorname *{arg\,min}_{\substack {x \perp \vec {v}_n \\ x \perp \vec {v}_{n-1} \\ \|x\| = 1}} \frac {x^T A x}{x^T x}\end {align*}


\begin {equation*}\Rightarrow \quad \min _{\substack {U \in \mathbb {R}^{n \times p} \\ U^T U = I_p}} \mathrm {tr}(U^T A U) = \lambda _n + \lambda _{n-1} + \cdots + \lambda _{n-p+1}.\end {equation*}


\begin {equation*}SO_3 = \{R \in \mathbb {R}^{3 \times 3} : R^T R = I, \;\det (R) = 1\}\end {equation*}


$R = \begin {bmatrix} \cos \theta & -\sin \theta & 0 \\ \sin \theta & \cos \theta & 0 \\ 0 & 0 & 1 \end {bmatrix}$


$\phi $


$P_i$


$R_i = \begin {pmatrix} R_i^1 & R_i^2 & R_i^3 \end {pmatrix} \in SO(3)$


\begin {equation*}\min _R \|AR - B\|^2\end {equation*}


\begin {equation*}\min _{x \in S^{n-1}} \frac {1}{2}\,\frac {x^T A x}{x^T x} = \min _{x \in S^{n-1}} \underbrace {\frac {1}{2}\,x^T A x}_{f(x)}\end {equation*}


\begin {equation*}\iff \quad \min _{x \in \mathbb {R}^n} f(x) \quad \text {s.t.}\quad x^T x = 1.\end {equation*}


\begin {equation*}L(x, \lambda ) = f(x) - \frac {\lambda }{2}(x^T x - 1).\end {equation*}


\begin {equation*}\begin {cases} \dfrac {\partial L}{\partial x} = \nabla f(x) - \lambda x = 0 & \textcircled {1} \quad (\nabla f(x) = Ax) \\[10pt] \dfrac {\partial L}{\partial \lambda } = \dfrac {1}{2}(x^T x - 1) = 0 & \textcircled {2} \end {cases}\end {equation*}


$x^T$


\begin {equation*}x^T A x - \lambda \, x^T x = 0 \quad \Rightarrow \quad \lambda = x^T A x = x^T \nabla f(x).\end {equation*}


\begin {equation*}\Rightarrow \quad \frac {\partial L}{\partial x} = \nabla f(x) - \langle x, \nabla f(x)\rangle \, x.\end {equation*}


\begin {equation*}\begin {cases} \widetilde {x}_{k+1} = x_k - \eta \bigl [\nabla f(x_k) - \langle x_k,\, \nabla f(x_k)\rangle \, x_k\bigr ] \\[6pt] x_{k+1} = \dfrac {\widetilde {x}_{k+1}}{\|\widetilde {x}_{k+1}\|} \end {cases} \qquad P_{S^{n-1}}(x_k - \eta \,\nabla f(x_k))\end {equation*}


$x$


$\nabla f(x)$


$T_x S^{n-1}$


$\nabla f(x)$


$\frac {\langle \nabla f(x), x\rangle }{\langle x, x\rangle }\,x$


$\nabla f(x) - \langle x, \nabla f(x)\rangle \, x$


$\begin {cases} \text {is the projection to tangent plane} \\ \text {is the Riemannian gradient on } S^{n-1}\end {cases}$


$\begin {cases} \bullet \;\text {Tangent Space} \\ \bullet \;\text {Riemannian Metric} \\ \bullet \;\text {Riemannian gradient} \end {cases}$


$M$


$n$


$x \in M$


$U$


$\widetilde {U}$


$\mathbb {R}^n$


$\varphi $


$\varphi ^{-1}$


$M$


$U$


$x$


$\varphi $


$\widetilde {U}$


$\mathbb {R}^2$


$\varphi ^{-1}$


$U$


$(U, \varphi )$


$\mathbb {R}^n$


$n$


$2$


$(U, \varphi )$


$U$


$x$


$\to $


$\psi \circ \varphi ^{-1}$


$U$


$V$


$\varphi $


$\psi $


$\widetilde {U}$


$\widetilde {V}$


$\psi \circ \varphi ^{-1}$


$\mathbb {R}^n$


\begin {equation*}S^{n-1} = \{x \in \mathbb {R}^n : x_1^2 + x_2^2 + \cdots + x_n^2 = 1\} = \{x \in \mathbb {R}^n : x^T x = 1\}.\end {equation*}


\begin {align*}\mathrm {St}(n, p) &= \{U \in \mathbb {R}^{n \times p} : \text {columns of } U \text { are orthonormal}\} \\ &= \{U \in \mathbb {R}^{n \times p} : U^T U = I_p\}\end {align*}


\begin {equation*}S_+^{n,p} = \{X \in \mathbb {R}^{n \times n} : X^T = X,\; X \succeq 0,\; \mathrm {rank}(X) = p\}\end {equation*}


$p$


\begin {equation*}\{X \in \mathbb {R}^{n \times n} : X^T = X,\; X \succeq 0,\; \mathrm {rank}(X) \leq p\}\end {equation*}


\begin {equation*}S = \{\vec {x} = (x, y, z) : z = g(x, y)\}.\end {equation*}


$\displaystyle \min _{\vec {x} \in S} f(\vec {x})$


$L(\vec {x}, \lambda ) = f(\vec {x}) - \lambda \bigl (g(x,y) - z\bigr )$


\begin {equation*}\frac {\partial L}{\partial \vec {x}} = \begin {pmatrix} f_x - \lambda g_x \\ f_y - \lambda g_y \\ f_z + \lambda \end {pmatrix} = \nabla f - \lambda \begin {pmatrix} g_x \\ g_y \\ -1 \end {pmatrix} = 0 \qquad \textcircled {1}\end {equation*}


\begin {equation*}\frac {\partial L}{\partial \lambda } = g(x,y) - z = 0 \qquad \textcircled {2}\end {equation*}


$\Rightarrow $


$\nabla f \;\|\; \begin {pmatrix} g_x \\ g_y \\ -1 \end {pmatrix}$


$z = g(x,y)$


$\vec {x}_0$


$(g_x, g_y, -1)$


$\nabla f$


$P_T(\nabla f)$


$\vec {x}_0$


\begin {equation*}g_x(x - x_0) + g_y(y - y_0) - (z - z_0) = 0\end {equation*}


\begin {equation*}\Updownarrow \end {equation*}


\begin {equation*}z = g(x_0, y_0) + g_x(x - x_0) + g_y(y - y_0).\end {equation*}


$\nabla f$


$\Rightarrow $


$\nabla f$


$0$


$P_T(\nabla f)$


$\Rightarrow $


$P_T(\nabla f) = 0$


$\nabla f$


$\mathcal {E}$


$M$


$\mathcal {E} = \mathbb {R}^n$


$M = S^{n-1} = \{x \in \mathbb {R}^n : x^T x = 1\}$


$p \leq n$


$\mathcal {E} = \mathbb {R}^{n \times p}$


$M = \mathrm {St}(n, p) = \{X \in \mathbb {R}^{n \times p} : X^T X = I_p\}$


$\mathcal {E}$


$M \subset \mathcal {E}$


$\mathcal {E}$


$\forall \, u, v, w \in \mathcal {E}$


$\forall \, a, b \in \mathbb {R}$


$\langle u, v \rangle = \langle v, u \rangle $


$\langle au + bv,\, w \rangle = a\langle u, w \rangle + b\langle v, w \rangle $


$\langle u, u \rangle \geq 0$


$\langle u, u \rangle = 0 \iff u = 0$


$\|u\| = \sqrt {\langle u, u \rangle }$


$\mathcal {E} = \mathbb {R}^{n \times p}$


\begin {equation*}\langle U, V \rangle = \sum _{i=1}^{n} \sum _{j=1}^{p} U_{ij}\, V_{ij} = \mathrm {tr}(V^T U) = \mathrm {tr}(U^T V).\end {equation*}


\begin {equation*}\|U\|_F = \sqrt {\langle U, U \rangle } = \sqrt {\sigma _1^2 + \cdots + \sigma _p^2}\end {equation*}


$u, v$


$\langle u, v \rangle = 0$


$x_0$


$R$


\begin {equation*}B(x_0, R) = \{x \in \mathcal {E} : \|x - x_0\| < R\}.\end {equation*}


$S \subset \mathcal {E}$


$\forall \, x_0 \in S$


$\exists \, R > 0$


$B(x_0, R) \subset S$


$\mathcal {E}$


$\bar {\mathcal {F}}$


$U$


$\mathcal {E}$


$V$


$\bar {\mathcal {F}}$


$F : U \to V$


$F$


$x_0 \in U$


\begin {equation*}DF(x_0) : \mathcal {E} \to \bar {\mathcal {F}}\end {equation*}


$\forall \, u \in \mathcal {E}$


\begin {equation*}DF(x_0)[u] = \frac {d}{dt} F(x_0 + tu)\Big |_{t=0} = \lim _{t \to 0} \frac {F(x_0 + tu) - F(x_0)}{t}.\end {equation*}


$c : \mathbb {R} \to \mathcal {E}$


\begin {equation*}c'(t) = \frac {d}{dt}\, c(t) \quad \text {is the velocity.}\end {equation*}


$f : \mathcal {E} \to \mathbb {R}$


$\mathrm {grad}\, f : \mathcal {E} \to \mathcal {E}$


\begin {equation*}\langle \mathrm {grad}\, f(x),\, v \rangle = Df(x)[v] \qquad \forall \, x, v \in \mathcal {E}.\end {equation*}


$\mathcal {E} = \mathbb {R}^{n \times p}$


\begin {equation*}f(X) = \langle X, X \rangle = \|X\|_F^2 = \sum _{i=1}^{n} \sum _{j=1}^{p} X_{ij}^2.\end {equation*}


\begin {align*}Df(X)[U] &= \lim _{t \to 0} \frac {f(X + tU) - f(X)}{t} \\ &= \lim _{t \to 0} \sum _{i=1}^{n} \sum _{j=1}^{p} \frac {|X_{ij} + tU_{ij}|^2 - |X_{ij}|^2}{t} \\ &= 2 \sum _{i=1}^{n} \sum _{j=1}^{p} X_{ij} \cdot U_{ij} = \langle 2X,\, U \rangle .\end {align*}


\begin {equation*}\Rightarrow \quad \mathrm {grad}\, f(X) = 2X.\end {equation*}


$\mathcal {E}$


$\mathcal {E}$


$d$


$M$


$M$


$\mathcal {E}$


$n$


$\forall \, x \in M$


$\exists $


$U$


$\mathcal {E}$


$x \in U$


$h : U \to \mathbb {R}^k$


$n = d - k$


$\forall \, y \in U$


$h(y) = 0 \iff y \in M$


$\mathrm {Rank}\bigl [Dh(x)\bigr ] = k$


$\forall \, x \in M$


$\mathbb {R}^3$


$U$


$F$


$x_0$


$DF(x_0) : \mathcal {E} \to \bar {\mathcal {F}}$


$DF(x_0)[u] = \lim _{t \to 0} \dfrac {F(x_0 + tu) - F(x_0)}{t}$


$\mathcal {E} = \mathbb {R}^d$


$M = S^{d-1} = \{x^T x = 1\}$


$h : \mathcal {E} \to \mathbb {R}^1$


$h(y) = y^T y - 1$


$\Rightarrow \begin {cases} k = 1 \\ n = d - 1\end {cases}$


$Dh(y) : \mathcal {E} \to \mathbb {R}$


\begin {equation*}u \mapsto \lim _{t \to 0} \frac {h(y + tu) - h(y)}{t} = \langle 2y,\, u \rangle .\end {equation*}


$L : \mathcal {E} \to \bar {\mathcal {F}}$


$\dim n \to \dim m$


$m \times n$


$[2y]^T$


$1 \times n$


$\mathcal {E} = \mathbb {R}^3$


$S = \bigl \{\vec {x} = \begin {pmatrix} x \\ y \\ z \end {pmatrix} : F(x,y,z) = C\bigr \}$


$h(\vec {x}) = F(x,y,z) - C$


$\mathcal {E} = \mathbb {R}^{n \times p}$


$\mathrm {St}(n, p) = \{X \in \mathbb {R}^{n \times p} : X^T X = I_p\}$


$\dim = n \times p - p(p+1)/2$


$h(X) = X^T X - I$


\begin {align*}Dh(X)[U] &= \lim _{t \to 0} \frac {[X + tU]^T[X + tU] - X^T X}{t} \\ &= \lim _{t \to 0} \frac {t\, U^T X + t\, X^T U + t^2\, U^T U}{t} \\ &= U^T X + X^T U.\end {align*}


$Dh(X) : \mathbb {R}^{n \times p} \to \mathbb {R}^{p \times p}$


\begin {equation*}Dh(X)\bigl [\tfrac {1}{2} X U\bigr ] = \bigl (\tfrac {1}{2} X U\bigr )^T X + X^T\bigl (\tfrac {1}{2} X U\bigr ) = \tfrac {1}{2} U^T X^T X + \tfrac {1}{2} X^T X\, U = U.\end {equation*}


$\Rightarrow $


$Dh(X)$


$U \in \mathbb {R}^{p \times p}$


$U^T = U$


$\Rightarrow $


$Dh(X)$


$\dfrac {(p+1)p}{2}$


$p \leq n$


$L_A : \mathbb {R}^n \to \mathbb {R}^m$


$x \mapsto Ax$


$A$


$m \times n$


$\forall \, y \in \mathbb {R}^m$


$\exists \, x \in \mathbb {R}^n$


$Ax = y$


$\{Ax : x \in \mathbb {R}^n\} = \mathbb {R}^m$


$A$


$\dim $


$\begin {cases} \text {Embedded Submanifold in a linear space} \\ \text {Tangent vector of a manifold} \\ \text {Riemannian Metric} \end {cases}$


$\mathbb {R}$


$\mathcal {E}$


$\mathcal {E}$


$\forall \, u, v \in \mathcal {E}$


$u + v \in \mathcal {E}$


$\forall \, a \in \mathbb {R}$


$\forall \, u \in \mathcal {E}$


$a \cdot u \in \mathcal {E}$


$\mathcal {E} = \mathbb {R}^n$


$\mathcal {E} = \mathbb {R}^{n \times p}$


$\mathcal {E} = L^2(\Omega ) = \{f(x) : \int _\Omega |f(x)|^2\,dx < \infty \}$


$\mathcal {E}$


$\langle u, v \rangle $


$\mathcal {E} = \mathbb {R}^{n \times p}$


$\langle U, V \rangle = \mathrm {tr}(V^T U) = \mathrm {tr}(U^T V) = \displaystyle \sum _{i=1}^{n} \sum _{j=1}^{p} U_{ij}\, V_{ij}$


$\|U\|_F = \sqrt {\langle U, U \rangle } = \sqrt {\mathrm {tr}(U^T U)} = \sqrt {\sigma _1^2 + \cdots + \sigma _p^2}$


$\mathcal {E}$


$\bar {\mathcal {F}}$


$U \subset \mathcal {E}$


$V \subset \bar {\mathcal {F}}$


$F : U \to V$


$x_0 \in U$


$DF(x_0) : \mathcal {E} \to \bar {\mathcal {F}}$


$\forall \, u \in \mathcal {E}$


\begin {equation*}DF(x_0)[u] = \frac {d}{dt} F[x_0 + tu]\Big |_{t=0} = \lim _{t \to 0} \frac {F(x_0 + tu) - F(x_0)}{t}.\end {equation*}


$DF(x_0)$


$\mathcal {E} = \mathbb {R}^2$


$\bar {\mathcal {F}} = \mathbb {R}$


$F : U \subset \mathbb {R}^2 \to V \subset \mathbb {R}$


$DF(x_0)(u)$


$DF(x_0)$


$u$


$DF(x_0)[u]$


$\mathcal {E} = \mathbb {R}^{n \times p}$


$\bar {\mathcal {F}} = \mathbb {R}^{p \times p}$


$h : \mathcal {E} \to \bar {\mathcal {F}}$


$X \mapsto X^T X - I_p$


\begin {align*}Dh(X)[U] &= \lim _{t \to 0} \frac {([X + tU]^T[X + tU] - I) - (X^T X - I)}{t} \\ &= \lim _{t \to 0} \frac {t\, U^T X + t\, X^T U + t^2\, U^T U}{t} \\ &= U^T X + X^T U.\end {align*}


$f : \mathcal {E} \to \mathbb {R}$


$\mathrm {grad}\, f : \mathcal {E} \to \mathcal {E}$


\begin {equation*}\langle \mathrm {grad}\, f(x),\, v \rangle = Df(x)[v] \qquad \forall \, x, v \in \mathcal {E}.\end {equation*}


$\mathcal {E} = \mathbb {R}^2$


$\bar {\mathcal {F}} = \mathbb {R}$


$F : U \subset \mathbb {R}^2 \to V \subset \mathbb {R}$


$DF(x_0)(u)$


$\Rightarrow $


$\mathrm {grad}\, F(x_0) = \nabla F(x_0)$


$\mathcal {E} = \mathbb {R}^{n \times p}$


\begin {equation*}f(X) = \langle X, X \rangle = \|X\|_F^2 = \sum _{i=1}^{n} \sum _{j=1}^{p} X_{ij}^2.\end {equation*}


\begin {align*}Df(X)[V] &= \lim _{t \to 0} \frac {f(X + tV) - f(X)}{t} \\ &= \lim _{t \to 0} \sum _{i=1}^{n} \sum _{j=1}^{p} \frac {|X_{ij} + tV_{ij}|^2 - |X_{ij}|^2}{t} \\ &= 2 \sum _{i=1}^{n} \sum _{j=1}^{p} X_{ij} \cdot V_{ij} = \langle 2X,\, V \rangle .\end {align*}


\begin {equation*}\Rightarrow \quad \mathrm {grad}\, f(X) = 2X.\end {equation*}


$\mathcal {E}$


$\bar {\mathcal {F}}$


$\mathcal {E}$


$\bar {\mathcal {F}}$


\begin {equation*}L_A : \mathbb {R}^n \to \mathbb {R}^m, \qquad x \mapsto Ax\end {equation*}


$A$


$m \times n$


$\mathcal {E}$


$\bar {\mathcal {F}}$


$A$


$\mathrm {Rank}(A)$


$\mathbb {R}^n$


$\mathbb {R}^m$


$m$


\begin {equation*}L_A : \mathbb {R}^n \to \mathbb {R}^m, \qquad x \mapsto Ax\end {equation*}


$\Rightarrow $


$\mathbb {R}^m = \{Ax : x \in \mathbb {R}^n\}$


$A$


$\Rightarrow $


$m$


$h : \mathbb {R}^{n \times p} \to \mathbb {R}^{p \times p}$


$p \leq n$


\begin {equation*}X \mapsto X^T X - I_p\end {equation*}


$Dh(X) : \mathbb {R}^{n \times p} \to \mathbb {R}^{p \times p}$


$Dh(X)[V] = V^T X + X^T V$


$\forall \, V \in \mathbb {R}^{n \times p}$


\begin {equation*}Dh(X)\bigl [\tfrac {1}{2} X U\bigr ] = \bigl (\tfrac {1}{2} X U\bigr )^T X + X^T\bigl (\tfrac {1}{2} X U\bigr ) = \tfrac {1}{2} U^T X^T X + \tfrac {1}{2} X^T X\, U \stackrel {\text {if } X^TX=I}{=} U, \quad U \in \mathbb {R}^{p \times p},\; U^T = U.\end {equation*}


$X$


$U$


$\frac {1}{2}XU$


$\forall \, U \in S_{p \times p} = \{Y \in \mathbb {R}^{p \times p} : Y^T = Y\}$


$\forall \, X \in \mathrm {St}(n, p) = \{X \in \mathbb {R}^{n \times p} : X^T X = I_p\}$


$p \leq n$


$\Rightarrow $


$Dh(X) : \mathbb {R}^{n \times p} \to \mathbb {R}^{p \times p}$


$S_{p \times p}$


$\Rightarrow $


$Dh(X) : \mathbb {R}^{n \times p} \to S_{p \times p} \subset \mathbb {R}^{p \times p}$


$X \in \mathrm {St}(n, p)$


$\Rightarrow $


$Dh(X)$


$\dfrac {p(p+1)}{2}$


$X \in \mathrm {St}(n, p)$


$Dh(X)$


$S_{p \times p}$


$\mathcal {E}$


$d$


$M$


$\bar {\mathcal {F}}$


$\forall \, x \in M$


$U$


$\mathcal {E}$


$x \in U$


$h : U \to \bar {\mathcal {F}}$


$\forall \, y \in U$


$h(y) = 0 \iff y \in M$


$\mathrm {Rank}\bigl [Dh(x)\bigr ] = k$


$\forall \, x \in M$


$M$


$\mathcal {E}$


$d - k$


$\mathbb {R}^3$


$U$


$L_A : \mathbb {R}^d \to \mathbb {R}^m$


$x \mapsto Ax$


$A$


$m \times d$


$\mathrm {Nullity}(A) + \mathrm {Rank}(A) = d$


$Dh(x) : \mathbb {R}^d \to \mathbb {R}^k$


\begin {equation*}\mathrm {Rank}\bigl [Dh(x)\bigr ] = k \quad \Rightarrow \quad \dim \bigl (\mathrm {Ker}[Dh(x)]\bigr ) = d - k \quad \text {(dimension of submanifold)}.\end {equation*}


$S$


$h(x, y, z) = 0$


$h(x, y, z) = x^2 + y^2 - z$


\begin {equation*}Dh(\vec {x})[\vec {u}] = \begin {pmatrix} h_x \\ h_y \\ h_z \end {pmatrix} \cdot \begin {pmatrix} u \\ v \\ w \end {pmatrix}.\end {equation*}


$\forall \, \vec {x} \in S$


$\begin {pmatrix} h_x \\ h_y \\ h_z \end {pmatrix} \neq \vec {0}$


$\mathrm {Rank}\bigl [Dh(\vec {x})\bigr ] = 1$


$Dh(\vec {x}) : \mathbb {R}^3 \to \mathbb {R}$


$\begin {bmatrix} h_x & h_y & h_z \end {bmatrix}$


$Dh(\vec {x}_0)$


\begin {equation*}\mathrm {Ker}\bigl [Dh(\vec {x}_0)\bigr ] = \left \{\begin {pmatrix} u \\ v \\ w \end {pmatrix} \in \mathbb {R}^3 : \begin {pmatrix} h_x \\ h_y \\ h_z \end {pmatrix} \cdot \begin {pmatrix} u \\ v \\ w \end {pmatrix} = 0 \right \}.\end {equation*}


$h(\vec {x}) = 0$


$\vec {x}_0$


$\nabla h$


$\vec {x}_0$


\begin {equation*}\begin {pmatrix} h_x(\vec {x}_0) \\ h_y(\vec {x}_0) \\ h_z(\vec {x}_0) \end {pmatrix} \cdot \begin {pmatrix} u - x_0 \\ v - y_0 \\ w - z_0 \end {pmatrix} = 0.\end {equation*}


$\mathrm {Ker}\bigl [Dh(\vec {x}_0)\bigr ] + \vec {x}_0$


$\mathrm {Ker}\bigl [Dh(\vec {x}_0)\bigr ]$


$M$


$\mathcal {E}$


$x \in M$


$T_x M = \mathrm {Ker}\bigl [Dh(\vec {x})\bigr ]$


$M$


$x$


$T_x M$


$T_x M = \mathrm {Ker}\bigl [Dh(\vec {x})\bigr ]$


$\mathrm {Ker}\bigl [Dh(\vec {x})\bigr ] + \vec {x}$


\begin {equation*}\mathrm {St}(n, p) = \{X \in \mathbb {R}^{n \times p} : X^T X = I_p\}, \quad p \leq n.\end {equation*}


$p = 1$


$\mathrm {St}(n, 1) = S^{n-1} = \{x \in \mathbb {R}^n : x^T x = 1\}$


$p = n$


$\mathrm {St}(n, n) = O(n) = \{X \in \mathbb {R}^{n \times n} : X^T X = I\}$


$\begin {cases} \textcircled {1}\;\text {Verify it's an embedded submanifold in } \mathbb {R}^{n \times p} \\ \textcircled {2}\;\text {Calculate its dimension} \\ \textcircled {3}\;\text {Derive its tangent space} \end {cases}$


$\mathcal {E} = \mathbb {R}^{n \times p}$


$M = \mathrm {St}(n, p) \subset \mathcal {E}$


$\bar {\mathcal {F}} = S_{p \times p}$


$h : \mathcal {E} \to \bar {\mathcal {F}}$


$X \mapsto X^T X - I_p$


$h(X) = 0 \iff X \in \mathrm {St}(n, p)$


$Dh(X) : \mathcal {E} \to \bar {\mathcal {F}}$


$V \mapsto V^T X + X^T V$


$X \in \mathrm {St}(n, p)$


$Dh(X)(\tfrac {1}{2} X U) = U$


$\forall \, U \in \bar {\mathcal {F}}$


$\Rightarrow $


$Dh(X)$


$X \in \mathrm {St}(n, p)$


$\Rightarrow $


$Dh(X)$


$\dfrac {p(p+1)}{2}$


$X \in \mathrm {St}(n, p)$


$h(X) = 0 \iff X \in M$


$\mathrm {Ker}(h) = M$


$\Rightarrow $


$M$


$np - \dfrac {p(p+1)}{2}$


$\mathcal {E} = \mathbb {R}^{n \times p}$


$O(n) = \{X \in \mathbb {R}^{n \times n} : X^T X = I\}$


$\dfrac {n(n-1)}{2}$


$\mathbb {R}^{n \times n}$


$Dh(X) : \mathcal {E} \to \bar {\mathcal {F}}$


$V \mapsto V^T X + X^T V$


$\Rightarrow $


$T_X M = \{V \in \mathbb {R}^{n \times p} : V^T X + X^T V = 0\}$


$S^{n-1}$


$T_x S^{n-1} = \{V \in \mathbb {R}^n : V^T x + x^T V = 0\} = \{V \in \mathbb {R}^n : V^T x = 0\}$


$T_x M$


$M$


$h(x)$


$\begin {cases} \mathrm {Ker}(h) = M \\ \mathrm {Ker}(Dh(x)) = T_x M \end {cases}$


$T_x M$


$g_x$


$\forall \, u, v \in T_x M$


$g_x(u, v) = g_x(v, u)$


$\forall \, a, b \in \mathbb {R}$


$g_x(au + bv,\, w) = a\, g_x(u, w) + b\, g_x(v, w)$


$g_x(u, u) \geq 0$


$g_x(u, u) = 0 \iff u = 0$


$g_x$


$x$


$\to $


$M$


$g$


$(M, g)$


$M \subset \mathcal {E}$


$\mathcal {E}$


$g$


$\mathcal {E}$


$g$


$x$


$M$


$\mathcal {E}$


$M = S^{n-1}$


$g_x(u, v) = u^T v$


$(S^{n-1}, g)$


$\mathbb {R}^n$


$M = S^{n-1}$


$g_x(u, v) = u^T(xx^T + I)v$


$(S^{n-1}, g)$


$M$


$(M, g)$


$(M, \tilde {g})$


$\tilde {g}_x$


$\forall \, u, v \in T_x M$


$\tilde {g}_x(u, v) = \tilde {g}_x(v, u)$


$\forall \, a, b \in \mathbb {R}$


$\tilde {g}_x(au + bv,\, w) = a\,\tilde {g}_x(u, w) + b\,\tilde {g}_x(v, w)$


$\tilde {g}_x(u, u) \geq 0$


$\tilde {g}_x(u, u) = 0 \iff u = 0$


$M$


$M$


$U$


$V$


$(\varphi , U)$


$(\psi , V)$


$\varphi $


$\psi $


$\mathbb {R}^d$


$\psi \circ \varphi ^{-1}$


$\varphi \circ \psi ^{-1}$


$\varphi (U \cap V)$


$\psi (U \cap V)$


$h(x)$


$\mathcal {E}$


$d$


$M \subseteq \mathcal {E}$


$\forall \, x \in \mathcal {E}$


$h(x) = 0 \iff x \in M$


$\mathrm {Rank}\bigl [Dh(x)\bigr ] = k$


$\forall \, x \in M$


$\begin {cases} M \text { is an embedded submanifold of dim } d - k \\ T_x M = \mathrm {Ker}\bigl [Dh(x)\bigr ] \text { is the tangent space at } x \\ T_x M \text { is a linear space of dim } d - k \end {cases}$


$M \subseteq \mathcal {E}$


\begin {equation*}T_x M = \{c'(0) \mid c : (-\varepsilon , \varepsilon ) \to M \text { is smooth \& } c(0) = x\}\end {equation*}


$c(t)$


$M$


$c'(t)$


$c(t)$


$M$


$c'(t)$


$M \subseteq \mathcal {E}$


$h(x) = 0$


\begin {equation*}\mathrm {Ker}\bigl [Dh(x)\bigr ] = T_x M.\end {equation*}


$\forall \, v \in T_x M$


$\exists $


$c : (-\varepsilon , \varepsilon ) \to M$


$\begin {cases} c(0) = x \\ c'(0) = v \end {cases}$


$c(t) \in M$


$\forall \, t$


$h(c(t)) = 0$


\begin {equation*}\Rightarrow \quad 0 = \frac {d}{dt} h(c(t)) = \langle \mathrm {grad}\, h(c(t)),\, c'(t) \rangle = Dh(c(t))\bigl [c'(t)\bigr ]\end {equation*}


\begin {equation*}\left (\; Dh(c(t))\bigl [c'(t)\bigr ] = \lim _{s \to 0} \frac {h(c(t) + s\,c'(t)) - h(c(t))}{s} \;\right )\end {equation*}


$\Rightarrow $


$v = c'(0) \in \mathrm {Ker}\bigl [Dh(x)\bigr ]$


$\Rightarrow $


$T_x M \subseteq \mathrm {Ker}\bigl [Dh(x)\bigr ]$


$T_x M$


$n - k$


$\Rightarrow $


$T_x M = \mathrm {Ker}\bigl [Dh(x)\bigr ]$


$M$


$T_x M$


$M$


$x$


$T_x M$


$x$


$TM$


\begin {equation*}TM = \{v_x \in T_x M : \forall \, x \in M\} = \bigcup _{x \in M} T_x M.\end {equation*}


$x$


$x$


$M$


\begin {equation*}V : M \to TM\end {equation*}


$V(x) \in T_x M$


$x \in M$


$M$


\begin {equation*}R : TM \to M, \qquad v_x \mapsto R_x(v)\end {equation*}


$c(t) = R_x(tv)$


\begin {equation*}\begin {cases} c(0) = x \\ c'(0) = v \end {cases}\end {equation*}


$M$


$T_x M$


$x$


$\xi \in T_x M$


$x$


$R_x(\xi )$


$M$


$R : TM \to M$


$v_x \mapsto R_x(v_x)$


$c(t) = R_x(t\xi )$


$c(0) = x$


$c'(0) = \xi $


$S^{n-1}$


$x$


$v$


$R_x(v)$


$R_x(v) = \dfrac {x + v}{\|x + v\|} = \dfrac {x + v}{\sqrt {\|x + v\|^2}} = \dfrac {x + v}{\sqrt {1 + \|v\|^2}}$


$R_x(v) = \cos (\|v\|)\, x + \dfrac {\sin (\|v\|)}{\|v\|}\, v$


$c(t) = R_x(tv)$


$x$


$c'(0) = v$


$\langle \cdot ,\, \cdot \rangle _x$


$T_x M$


$x \in M$


$\langle \cdot ,\, \cdot \rangle _x$


$x$


$\langle V(x),\, W(x) \rangle _x$


$V, W$


$g_x(\cdot ,\, \cdot ) = \langle \cdot ,\, \cdot \rangle _x$


$(M, g)$


$\langle \,,\,\rangle $


$\mathcal {E}$


$M$


$\mathcal {E}$


$\langle \,,\,\rangle $


$M$


$\mathcal {E}$


$F : M \to M'$


$M, M'$


\begin {equation*}DF(x) : T_x M \to T_{F(x)} M'\end {equation*}


\begin {equation*}DF(x)[v] = \frac {d}{dt} F(c(t))\Big |_{t=0} = (F \circ c)'(0)\end {equation*}


$c(t)$


$M$


$\begin {cases} c(0) = x \\ c'(0) = v \end {cases}$


$M$


$c(t)$


$x$


$v$


$F$


$M'$


$F(c(t))$


$F(x)$


$DF(x)[v]$


$DF(x)[v]$


$c(t)$


$DF(x)$


$M \subset \mathcal {E}$


$M' \subset \mathcal {E}'$


$\mathcal {E}$


$\mathcal {E}'$


$F : M \to M'$


$\bar {F} : \mathcal {E} \to \mathcal {E}'$


$\displaystyle \min _{x \in S^{n-1}} f(x) = x^T A x$


$f : S^{n-1} \to \mathbb {R}$


$\bar {f} : \mathbb {R}^n \to \mathbb {R}$


$F(c(t)) = \bar {F}(c(t))$


$c(t)$


$M$


\begin {equation*}\frac {d}{dt} \bar {F}(c(t))\Big |_{t=0} = D\bar {F}(c(0))\bigl [c'(0)\bigr ] = D\bar {F}(x)[v]\end {equation*}


\begin {equation*}\|\end {equation*}


\begin {equation*}\frac {d}{dt} F(c(t))\Big |_{t=0} = DF(x)[v]\end {equation*}


$\bar {F} : \mathcal {E} \to \bar {\mathcal {F}}$


$x_0 \in U$


$D\bar {F}(x_0) : \mathcal {E} \to \bar {\mathcal {F}}$


$\forall \, u \in \mathcal {E}$


$D\bar {F}(x_0)[u] = \dfrac {d}{dt} \bar {F}[x_0 + tu]\Big |_{t=0} = \displaystyle \lim _{t \to 0} \dfrac {\bar {F}(x_0 + tu) - \bar {F}(x_0)}{t}$


$\bar {f}(x) = x^T A x$


$\Rightarrow $


$D\bar {f}(x)[v] = 2x^T A v$


$\begin {cases} f : S^{n-1} \to \mathbb {R} \\ \bar {f} : \mathbb {R}^n \to \mathbb {R}\end {cases}$


$\Rightarrow $


$Df(x)[v] = 2x^T A v$


$\forall \, v \in T_x S^{n-1} = \{v \in \mathbb {R}^n : x^T v = 0\}$


$D\bar {f}(x) : \mathbb {R}^n \to \mathbb {R}$


$Df(x) : T_x S^{n-1} \to \mathbb {R}$


$f : M \to \mathbb {R}$


$(M, g)$


$f$


$\mathrm {grad}\, f$


\begin {equation*}g_x\bigl (\mathrm {grad}\, f(x),\, v_x\bigr ) = Df(x)[v_x], \qquad \forall \, x \in M,\;\; \forall \, v_x \in T_x M.\end {equation*}


$\mathrm {grad}\, f(x)$


$\bar {f} : \mathcal {E} \to \mathbb {R}$


$\nabla \bar {f} : \mathcal {E} \to \mathcal {E}$


\begin {equation*}\langle \nabla \bar {f}(x),\, v \rangle = D\bar {f}(x)[v], \qquad \forall \, x, v \in \mathcal {E}.\end {equation*}


$f : M \to \mathbb {R}$


$\bar {f} : \mathcal {E} \to \mathbb {R}$


$\nabla \bar {f}$


$\bar {f}$


$\mathrm {grad}\, f$


$f$


$\forall \, v \in T_x M$


\begin {equation*}g_x\bigl (\mathrm {grad}\, f(x),\, v\bigr ) = Df(x)[v] = D\bar {f}(x)[v] = \langle \nabla \bar {f}(x),\, v \rangle .\end {equation*}


$g_x$


$\langle \,,\,\rangle $


$\mathcal {E}$


$\langle \,,\,\rangle $


$\mathcal {E}$


\begin {equation*}\langle \mathrm {grad}\, f(x),\, v \rangle = g_x\bigl (\mathrm {grad}\, f(x),\, v\bigr ) = \langle \nabla \bar {f}(x),\, v \rangle \end {equation*}


$\Rightarrow $


$\mathrm {grad}\, f(x)$


$\nabla \bar {f}(x)$


$T_x M$


$M$


$\mathcal {E}$


$T_x M$


$\nabla \bar {f}(x)$


$\mathrm {grad}\, f(x)$


$T_x M$


\begin {equation*}\langle \nabla \bar {f}(x) - \mathrm {grad}\, f(x),\; v \rangle = 0, \qquad \forall \, v \in T_x M\end {equation*}


\begin {equation*}\Rightarrow \quad \bigl [\nabla \bar {f}(x) - \mathrm {grad}\, f(x)\bigr ] \perp T_x M\end {equation*}


\begin {equation*}\Updownarrow \end {equation*}


\begin {equation*}\bigl [\nabla \bar {f}(x) - w\bigr ] \perp T_x M \quad \Updownarrow \quad \text {critical point}\end {equation*}


\begin {equation*}w = \operatorname *{arg\,min}_{v \in T_x M} \|\nabla \bar {f}(x) - v\|^2 = \operatorname *{arg\,min}_{v \in T_x M} \langle \nabla \bar {f}(x) - v,\; \nabla \bar {f}(x) - v \rangle .\end {equation*}


$S^{n-1}$


$\mathbb {R}^n$


$f(x) = \tfrac {1}{2} x^T A x$


$S^{n-1}$


$A^T = A$


$\bar {f}(x) = \tfrac {1}{2} x^T A x$


$\mathbb {R}^n$


$\nabla \bar {f}(x) = Ax$


$u$


$T_x S^{n-1}$


$x$


$T_x S^{n-1}$


$u$


\begin {equation*}P_{T_x S^{n-1}}(u) = u - \frac {\langle x, u \rangle }{\langle x, x \rangle }\, x, \qquad x \in S^{n-1}\end {equation*}


\begin {equation*}= u - \langle x, u \rangle \, x = (I - xx^T)\, u.\end {equation*}


$xx^T u$


\begin {align*}\mathrm {grad}\, f(x) &= P_{T_x S^{n-1}}(\nabla \bar {f}(x)) \\ &= (I - xx^T)\, Ax = Ax - (x^T Ax)\, x.\end {align*}


$\mathrm {grad}\, f(x) = 0$


$\iff $


$Ax = \underbrace {(x^T Ax)}_{\text {scalar}}\, x$


$S^{n-1}$


$\iff $


$M = \Delta _+^{n-1} = \{x \in \mathbb {R}^n : x_i > 0,\; \displaystyle \sum _{i=1}^{n} x_i = 1\}$


$M$


$\mathbb {R}^n$


$T_x M = \{v \in \mathbb {R}^n : \displaystyle \sum _{i=1}^{n} v_i = 0\}$


\begin {equation*}g_x(u, v) = \sum _{i=1}^{n} \frac {u_i\, v_i}{x_i}.\end {equation*}


$f : M \to \mathbb {R}$


$\bar {f} : \mathbb {R}^n \to \mathbb {R}$


$\nabla \bar {f}(x)$


\begin {equation*}g_x\bigl (\mathrm {grad}\, f(x),\, v\bigr ) = \langle \nabla \bar {f}(x),\, v \rangle = v^T \cdot \nabla \bar {f}(x).\end {equation*}


$\mathrm {grad}\, f(x) = u \in T_x M$


$\dfrac {u}{x}$


$\bigl [\tfrac {u_1}{x_1}\;\cdots \;\tfrac {u_n}{x_n}\bigr ]^T$


\begin {equation*}v^T \cdot \frac {\mathrm {grad}\, f(x)}{x} = v^T \cdot \nabla \bar {f}(x), \qquad \forall \, v \in T_x M.\end {equation*}


$w \in \mathbb {R}^n$


$v^T u = v^T w$


$\forall \, v \in T_x M$


\begin {align*}&\Rightarrow \quad v^T(u - w) = 0 \\ &\Rightarrow \quad P_{T_x M}(u - w) = 0 \\ &\Rightarrow \quad u - w \;\|\; \mathbf {1} \quad \text {(vector of ones)} \\ &\Rightarrow \quad u = w + \lambda \, \mathbf {1}, \quad \lambda \in \mathbb {R}.\end {align*}


\begin {equation*}\Rightarrow \quad \frac {\mathrm {grad}\, f(x)}{x} = \nabla \bar {f}(x) + \lambda \, \mathbf {1}\end {equation*}


\begin {equation*}\Rightarrow \quad \mathrm {grad}\, f(x) = x \circ \nabla \bar {f}(x) + \lambda \, x \quad \text {(entry-wise product)}\end {equation*}


$\mathrm {grad}\, f(x) \in T_x M$


\begin {equation*}\Rightarrow \quad \sum _{i=1}^{n} \bigl (x_i\, [\nabla \bar {f}(x)]_i + \lambda \, x_i\bigr ) = 0 \quad \Rightarrow \quad \lambda = -\sum _{i=1}^{n} x_i\, [\nabla \bar {f}(x)]_i = -\langle x,\, \nabla \bar {f}(x) \rangle .\end {equation*}


\begin {equation*}\Rightarrow \quad \boxed {\mathrm {grad}\, f(x) = x \circ \nabla \bar {f}(x) - \langle x,\, \nabla \bar {f}(x) \rangle \, x}\end {equation*}


$\mathcal {E}$


$\langle \,,\,\rangle $


$M \subseteq \mathcal {E}$


$\mathcal {E}$


$M \subseteq \mathcal {E}$


\begin {equation*}T_x M = \{c'(0) \mid c : (-\varepsilon , \varepsilon ) \to M \text { is smooth \& } c(0) = x\}\end {equation*}


$c(t)$


$M$


$c'(t)$


$c(t)$


$M$


$c'(t)$


$M \subseteq \mathcal {E}$


$h(x) = 0$


$\mathrm {Ker}\bigl [Dh(x)\bigr ] = T_x M$


$T_x M$


$x$


$TM = \{v_x \in T_x M : \forall \, x \in M\} = \displaystyle \bigcup _{x \in M} T_x M$


$x$


$x$


$M$


$V : M \to TM$


$V(x) \in T_x M$


$x \in M$


$\langle \cdot ,\, \cdot \rangle _x$


$T_x M$


$x \in M$


$\langle \cdot ,\, \cdot \rangle _x$


$x$


$\langle V(x),\, W(x) \rangle _x$


$V, W$


$g_x(\cdot ,\, \cdot ) = \langle \cdot ,\, \cdot \rangle _x$


$(M, g)$


$M = \Delta _+^{n-1} = \{x \in \mathbb {R}^n : x_i > 0,\; \displaystyle \sum _{i=1}^{n} x_i = 1\}$


$\Delta _+^2$


$\mathbb {R}^3$


$M$


$\mathbb {R}^n$


$T_x M = \{v \in \mathbb {R}^n : \displaystyle \sum _{i=1}^{n} v_i = 0\}$


$(M, g)$


\begin {equation*}g_x(u, v) = \sum _{i=1}^{n} \frac {u_i\, v_i}{x_i}.\end {equation*}


$F : M \to M'$


$M, M'$


$DF(x) : T_x M \to T_{F(x)} M'$


\begin {equation*}DF(x)[v] = \frac {d}{dt} F(c(t))\Big |_{t=0} = (F \circ c)'(0)\end {equation*}


$c(t)$


$M$


$\begin {cases} c(0) = x \\ c'(0) = v \end {cases}$


$M$


$c(t)$


$x$


$v$


$F$


$M'$


$F(c(t))$


$F(x)$


$DF(x)[v]$


$f : M \to \mathbb {R}$


$Df(x) : T_x M \to \mathbb {R}$


$v \mapsto Df(x)[v] = \dfrac {d}{dt} f(c(t))\Big |_{t=0}$


$\leftarrow $


$M \subset \mathcal {E}$


$M' \subset \mathcal {E}'$


$\mathcal {E}$


$\mathcal {E}'$


$F : M \to M'$


$\bar {F} : \mathcal {E} \to \mathcal {E}'$


$F(c(t)) = \bar {F}(c(t))$


$c(t) \in M$


\begin {equation*}\frac {d}{dt} \bar {F}(c(t))\Big |_{t=0} = D\bar {F}(c(0))\bigl [c'(0)\bigr ] = D\bar {F}(x)[v]\end {equation*}


\begin {equation*}\|\end {equation*}


\begin {equation*}\frac {d}{dt} F(c(t))\Big |_{t=0} = DF(x)[v]\end {equation*}


\begin {equation*}\Rightarrow \quad DF(x)[v] = D\bar {F}(x)[v].\end {equation*}


$\mathrm {St}(n, p) = \{X \in \mathbb {R}^{n \times p} : X^T X = I_p\}$


$p \leq n$


$f : \mathrm {St}(n, p) \to \mathbb {R}$


$X \mapsto \mathrm {tr}(X^T A X) = \langle X, AX \rangle $


$\boxed {A^T = A}$


$\langle U, V \rangle = \mathrm {tr}(U^T V) = \displaystyle \sum _{i=1}^{n} \sum _{j=1}^{p} U_{ij}\, V_{ij}$


$\bar {f} : \mathbb {R}^{n \times p} \to \mathbb {R}$


$X \mapsto \mathrm {tr}(X^T AX) = \langle X, AX \rangle $


$\forall \, V \in \mathbb {R}^{n \times p}$


\begin {align*}D\bar {f}(X)[V] &= \lim _{t \to 0} \frac {\bar {f}(X + tV) - \bar {f}(X)}{t} \\ &= \lim _{t \to 0} \frac {\langle X + tV,\, A(X + tV) \rangle - \langle X,\, AX \rangle }{t} \\ &= \lim _{t \to 0} \frac {t\langle V, AX \rangle + t\langle X, AV \rangle + t^2 \langle V, AV \rangle }{t} \\ &= \langle 2AX,\, V \rangle .\end {align*}


$\forall \, X \in \mathrm {St}(n, p)$


$\forall \, V \in T_X\, \mathrm {St}(n, p) = \{V \in \mathbb {R}^{n \times p} : X^T V + V^T X = 0\} \subseteq \mathbb {R}^{n \times p}$


\begin {equation*}Df(X)[V] = D\bar {f}(X)[V] = \langle 2AX,\, V \rangle .\end {equation*}


$f : M \to \mathbb {R}$


$(M, g)$


$f$


$\mathrm {grad}\, f$


\begin {equation*}g_x\bigl (\mathrm {grad}\, f(x),\, v_x\bigr ) = Df(x)[v_x], \qquad \forall \, x \in M,\;\; \forall \, v_x \in T_x M.\end {equation*}


$\mathrm {grad}\, f(x)$


$T_x M$


$f : \mathrm {St}(n, p) \to \mathbb {R}$


$X \mapsto \mathrm {tr}(X^T AX) = \langle X, AX \rangle $


$\bar {f} : \mathbb {R}^{n \times p} \to \mathbb {R}$


$X \mapsto \mathrm {tr}(X^T AX) = \langle X, AX \rangle $


$Df(X)[V] = D\bar {f}(X)[V] = \langle 2AX,\, V \rangle $


$\bar {f}$


$\mathbb {R}^{n \times p}$


\begin {equation*}\langle \nabla \bar {f}(X),\, V \rangle = D\bar {f}(X)[V], \quad \forall \, V \in \mathbb {R}^{n \times p} \qquad \Rightarrow \quad \nabla \bar {f}(X) = 2AX.\end {equation*}


$f$


$(M, g)$


\begin {equation*}g_X\bigl (\mathrm {grad}\, f(X),\, V\bigr ) = Df(X)[V], \quad \forall \, V \in T_X M \subseteq \mathbb {R}^{n \times p}.\end {equation*}


$g_X(U, V) = \langle U, V \rangle $


\begin {equation*}\langle \mathrm {grad}\, f(X),\, V \rangle = \langle \nabla \bar {f}(X),\, V \rangle , \quad \forall \, V \in T_X M\end {equation*}


\begin {equation*}\Rightarrow \quad \langle \mathrm {grad}\, f(X) - \nabla \bar {f}(X),\, V \rangle = 0, \quad \forall \, V \in T_X M.\end {equation*}


$M$


$\mathcal {E}$


$T_X M$


$\nabla \bar {f}(X)$


$\mathrm {grad}\, f(X)$


$\Rightarrow $


$\mathrm {grad}\, f(X)$


$\nabla \bar {f}(X)$


$T_X M$


$T_X\, \mathrm {St}(n, p) = \{V \in \mathbb {R}^{n \times p} : X^T V + V^T X = 0\} = S_1$


$X_\perp \in \mathbb {R}^{n \times (n-p)}$


$X_\perp $


$X \in \mathbb {R}^{n \times p}$


\begin {equation*}T_X\, \mathrm {St}(n, p) = \{X\Omega + X_\perp K : \Omega ^T = -\Omega \in \mathbb {R}^{p \times p},\; K \in \mathbb {R}^{(n-p) \times p}\} = S_2.\end {equation*}


$X_\perp $


$X_\perp $


$[X \;\; X_\perp ] \in \mathbb {R}^{n \times n}$


$S_2 \subseteq S_1$


\begin {align*}(X\Omega + X_\perp K)^T X + X^T(X\Omega + X_\perp K) &= \Omega ^T X^T X + K^T X_\perp ^T X + X^T X\,\Omega + X^T X_\perp K \\ &= 0.\end {align*}


$S_2$


$S_1$


$\Rightarrow $


$S_2 = S_1$


$N_x M$


$T_x M$


$\mathcal {E}$


$M$


$T_x M$


$N_x M$


$N_X\, \mathrm {St}(n, p) = \{XS : S^T = S,\; S \in \mathbb {R}^{p \times p}\}$


\begin {align*}\langle XS,\; X\Omega + X_\perp K \rangle &= \mathrm {tr}\bigl (S X^T(X\Omega + X_\perp K)\bigr ) \\ &= \mathrm {tr}(S\Omega ) \\ &= \langle S,\, \Omega \rangle = 0\end {align*}


$S^T = S$


$\Omega ^T = -\Omega $


$N_X\, \mathrm {St}(n, p)$


$P_X^\perp $


$T_X\, \mathrm {St}(n, p)$


$P_X$


$P_X(Y) = Y - P_X^\perp (Y) = (I - P_X^\perp )\, Y$


\begin {equation*}P_X^\perp (Y) = X\, \mathrm {sym}(X^T Y) = X\,\frac {X^T Y + Y^T X}{2}, \qquad \mathrm {sym}(B) = \frac {B^T + B}{2}.\end {equation*}


\begin {equation*}P_X(Y) = (I - XX^T)\, Y + \mathrm {skew}(X^T Y), \qquad \mathrm {skew}(B) = \frac {1}{2}(B - B^T).\end {equation*}


\begin {equation*}\Rightarrow \quad \mathrm {grad}\, f(X) = P_X\bigl [\nabla \bar {f}(X)\bigr ] = (I - XX^T)\,\nabla \bar {f}(X) + \mathrm {skew}\bigl (X^T \nabla \bar {f}(X)\bigr ).\end {equation*}


$p = 1$


$\mathrm {St}(n, p) = S^{n-1}$


\begin {equation*}P_x(Y) = (I - xx^T)\, Y + \mathrm {skew}(x^T Y) = (I - xx^T)\, Y.\end {equation*}


\begin {equation*}\mathrm {grad}\, f(x) = (I - xx^T)\,\nabla \bar {f}(x).\end {equation*}


$p = n$


$\mathrm {St}(n, p) = O(n) = \{X \in \mathbb {R}^{n \times n} : X^T X = I\}$


$f(X) = \tfrac {1}{2}\,\mathrm {tr}(X^T AX)$


$A^T = A$


$\nabla \bar {f}(X) = AX$


$\Rightarrow $


$\mathrm {skew}(X^T \nabla \bar {f}(X)) = \mathrm {skew}(X^T AX) = 0$


$\Rightarrow $


$\mathrm {grad}\, f(X) = (I - XX^T)\, AX$


$S^{n-1}$


$\mathbb {R}^n$


$f(x) = \tfrac {1}{2} x^T Ax$


$S^{n-1}$


$A^T = A$


$\bar {f}(x) = \tfrac {1}{2} x^T Ax$


$\mathbb {R}^n$


$\nabla \bar {f}(x) = Ax$


$u$


$T_x S^{n-1}$


$x$


$T_x S^{n-1}$


\begin {equation*}P_{T_x S^{n-1}}(u) = u - \frac {\langle x, u \rangle }{\langle x, x \rangle }\, x, \qquad x \in S^{n-1}\end {equation*}


\begin {equation*}= u - \langle x, u \rangle \, x = (I - xx^T)\, u.\end {equation*}


$xx^T u$


\begin {align*}\mathrm {grad}\, f(x) &= P_{T_x S^{n-1}}(\nabla \bar {f}(x)) \\ &= (I - xx^T)\, Ax = Ax - (x^T Ax)\, x.\end {align*}


$\mathrm {grad}\, f(x) = 0$


$\iff $


$Ax = \underbrace {(x^T Ax)}_{\text {scalar}}\, x$


$S^{n-1}$


$\iff $


$M = \Delta _+^{n-1} = \{x \in \mathbb {R}^n : x_i > 0,\; \displaystyle \sum _{i=1}^{n} x_i = 1\}$


$M$


$\mathbb {R}^n$


$T_x M = \{v \in \mathbb {R}^n : \displaystyle \sum _{i=1}^{n} v_i = 0\}$


$g_x(u, v) = \displaystyle \sum _{i=1}^{n} \frac {u_i\, v_i}{x_i}$


$f : M \to \mathbb {R}$


$\bar {f} : \mathbb {R}^n \to \mathbb {R}$


$\nabla \bar {f}(x)$


\begin {equation*}g_x\bigl (\mathrm {grad}\, f(x),\, v\bigr ) = Df(x)[v] = D\bar {f}(x)[v] = \langle \nabla \bar {f}(x),\, v \rangle = v^T \cdot \nabla \bar {f}(x).\end {equation*}


$\mathrm {grad}\, f(x) = u \in T_x M$


$\dfrac {u}{x}$


$\bigl [\tfrac {u_1}{x_1}\;\cdots \;\tfrac {u_n}{x_n}\bigr ]^T$


\begin {equation*}v^T \cdot \frac {\mathrm {grad}\, f(x)}{x} = v^T \cdot \nabla \bar {f}(x), \qquad \forall \, v \in T_x M.\end {equation*}


$w \in \mathbb {R}^n$


$u \in T_x M$


$v^T u = v^T w$


$\forall \, v \in T_x M$


\begin {align*}&\Rightarrow \quad v^T(u - w) = 0 \\ &\Rightarrow \quad P_{T_x M}(u - w) = 0 \\ &\Rightarrow \quad u - w \;\|\; \mathbf {1} \\ &\Rightarrow \quad u = w + \lambda \,\mathbf {1}, \quad \lambda \in \mathbb {R}.\end {align*}


\begin {equation*}\Rightarrow \quad \frac {\mathrm {grad}\, f(x)}{x} = \nabla \bar {f}(x) + \lambda \,\mathbf {1}\end {equation*}


\begin {equation*}\Rightarrow \quad \mathrm {grad}\, f(x) = x \circ \nabla \bar {f}(x) + \lambda \, x \quad \text {(entry-wise product)}\end {equation*}


$\mathrm {grad}\, f(x) \in T_x M$


\begin {equation*}\Rightarrow \quad \sum _{i=1}^{n} \bigl (x_i\,[\nabla \bar {f}(x)]_i + \lambda \, x_i\bigr ) = 0 \quad \Rightarrow \quad \lambda = -\sum _{i=1}^{n} x_i\,[\nabla \bar {f}(x)]_i = -\langle x,\, \nabla \bar {f}(x) \rangle .\end {equation*}


\begin {equation*}\Rightarrow \quad \boxed {\mathrm {grad}\, f(x) = x \circ \nabla \bar {f}(x) - \langle x,\, \nabla \bar {f}(x) \rangle \, x}\end {equation*}


$M$


\begin {equation*}R : TM \to M, \qquad v_x \mapsto R_x(v)\end {equation*}


$c(t) = R_x(tv)$


\begin {equation*}\begin {cases} c(0) = x \\ c'(0) = v \end {cases}\end {equation*}


$M$


$T_x M$


$x$


$\xi \in T_x M$


$x$


$R_x(\xi )$


$M$


$R : TM \to M$


$v_x \mapsto R_x(v_x)$


$c(t) = R_x(t\xi )$


$c(0) = x$


$c'(0) = \xi $


$(M, g)$


$M \subseteq E$


$f : M \to \mathbb {R}$


$\bar {f} : E \to \mathbb {R}$


\begin {equation*}g_x(\operatorname {grad} f(x),\, v) = Df(x)[v] = D\bar {f}(x)[v] = \langle \nabla \bar {f}(x),\, v \rangle .\end {equation*}


$g_x$


$\langle \cdot , \cdot \rangle $


\begin {equation*}\operatorname {grad} f(x) = P_{T_x M}\bigl (\nabla \bar {f}(x)\bigr ).\end {equation*}


$M = \mathrm {St}(n, p)$


\begin {equation*}P_{T_x M}(Y) = (I - X X^T) Y + X \operatorname {skew}(X^T Y).\end {equation*}


$x \in M$


\begin {equation*}R_x : T_x M \to M, \qquad \xi \mapsto R_x(\xi ).\end {equation*}


$\xi $


$x + \xi \in E$


$0 \in T_x M$


$x \in M \subseteq E$


$T_x M$


$x$


$M$


$t\xi $


$R_x$


$t\xi $


$c(t) = R_x(t\xi ) \in M$


$c(t) = R_x(t\xi )$


$c(0) = x$


$c'(0) = \xi $


$R_x(0) = x$


$DR_x(0)$


$T_x M$


$T_x M$


$DR_x(0)$


$R_x : T_x M \to M$


$T = T_x M$


$E$


\begin {equation*}DR_x(\xi ) : T_\xi T \to T_{R_x(\xi )} M.\end {equation*}


$T = T_x M \subseteq E$


$M \subseteq E$


$R_x$


$\bar {R}_x : E \to E$


\begin {equation*}DR_x(\xi )[v] = D\bar {R}_x(\xi )[v].\end {equation*}


$\xi = 0$


\begin {equation*}DR_x(0) : T_0 T \to T_{R_x(0)} M = T_x M.\end {equation*}


$T$


$T_0 T \cong T_x M$


\begin {equation*}DR_x(0) : T_x M \to T_x M, \qquad v \mapsto DR_x(0)[v] = v \quad \text {(requirement of retraction)}.\end {equation*}


$\forall \, v \in T_x M \cong T_\xi T$


\begin {equation*}DR_x(\xi )[v] = D\bar {R}_x(\xi )[v] = \lim _{t \to 0} \frac {\bar {R}_x(\xi + tv) - \bar {R}_x(\xi )}{t}.\end {equation*}


$\xi = 0$


\begin {align*}DR_x(0)[v] &= D\bar {R}_x(0)[v] = \lim _{t \to 0} \frac {\bar {R}_x(0 + tv) - \bar {R}_x(0)}{t} \\ &= \lim _{t \to 0} \frac {R_x(tv) - R_x(0)}{t} = \lim _{t \to 0} \frac {c(t) - c(0)}{t} = c'(0).\end {align*}


$c(t)$


$c(0) = x$


$c'(0) = v$


$\iff $


$R_x$


$R_x(0) = x$


$DR_x(0)[v] = v$


$E$


\begin {equation*}P_M(y) = \operatorname *{arg\,min}_{x \in M} \|x - y\|^2.\end {equation*}


$P_M(y)$


$M \subseteq E$


$R_x : T_x M \to M$


$\xi \mapsto P_M(x + \xi )$


$g$


$g$


$\langle \cdot , \cdot \rangle $


$\operatorname {grad} f(x)$


$\nabla \bar {f}(x)$


$T_x M$


$P_M(x + \xi )$


$R_x$


$c(t) = R_x(t\xi )$


$c''(0) = 0$


$P_M(x + \xi )$


$M$


$x$


$y$


$\operatorname {Exp}(x) : T_x M \to M$


\begin {equation*}c(t) = \operatorname {Exp}(x)[t\xi ]\end {equation*}


$c(0) = x$


$c'(0) = \xi $


$\operatorname {Exp}(x)$


$\operatorname {Exp}(x)$


$P_M(x + \xi )$


$\operatorname {Exp}(x)[\xi ]$


$S^{n-1}$


\begin {equation*}R_x(v) = \frac {x + v}{\|x + v\|} = \frac {x + v}{\sqrt {1 + \|v\|^2}}\end {equation*}


\begin {equation*}\operatorname {Exp}[x](v) = \cos (\|v\|)\, x + \frac {\sin (\|v\|)}{\|v\|}\, v.\end {equation*}


$c(t) = \operatorname {Exp}[x](tv)$


$x$


$c'(0) = v$


$M$


$T_x M$


$x$


$\nabla \bar {f}(x)$


$\operatorname {grad} f(x)$


$T_x M$


\begin {equation*}x_{k+1} = \operatorname {Exp}(x_k)\bigl [-\eta _k \operatorname {grad} f(x_k)\bigr ].\end {equation*}


$T_{x_k} M$


$x_k$


$M$


$-\eta \,\operatorname {grad} f(x_k)$


$x_k$


$x_{k+1}$


$M$


\begin {equation*}x_{k+1} = R_{x_k}\bigl [-\eta _k \operatorname {grad} f(x_k)\bigr ].\end {equation*}


$R_x$


\begin {equation*}x_{k+1} = P_M\bigl (x_k - \eta _k \operatorname {grad} f(x_k)\bigr ).\end {equation*}


\begin {equation*}\textcircled {1} \quad \begin {cases} \displaystyle \min _{X \in \mathbb {R}^{n \times p}} f(X) = \mathrm {tr}(X^T A X) \qquad A^T = A \in \mathbb {R}^{n \times n} \\[6pt] \text {s.t.}\quad X^T X = I \end {cases}\end {equation*}


\begin {equation*}\iff \quad \textcircled {2} \quad \min _{X \in M} f(X), \qquad M = \mathrm {St}(n, p) = \{X \in \mathbb {R}^{n \times p} : X^T X = I\}.\end {equation*}


\begin {equation*}L(X, \Lambda ) = f(X) - \langle \Lambda ,\, X^T X - I \rangle ,\end {equation*}


$X \in \mathbb {R}^{n \times p}$


$\Lambda \in \mathbb {R}^{p \times p}$


$\langle U, V \rangle = \sum _i \sum _j U_{ij} V_{ij}$


$f(X)$


$\mathbb {R}^{n \times p}$


\begin {align*}\frac {\partial L}{\partial X} &= \frac {\partial }{\partial X} f(X) - \frac {\partial }{\partial X} \langle \Lambda ,\, X^T X - I \rangle \\ &= \frac {\partial }{\partial X} \langle X, AX \rangle - \frac {\partial }{\partial X} \langle \Lambda ,\, X^T X \rangle \\ &= 2AX - (X\Lambda + X\Lambda ^T).\end {align*}


$\tfrac {\partial }{\partial X}\langle \Lambda , X^T X \rangle $


$\langle \Lambda , Y^T X \rangle = \mathrm {tr}(\Lambda ^T Y^T X) = \mathrm {tr}((Y\Lambda )^T X) = \langle Y\Lambda , X \rangle $


\begin {equation*}\Rightarrow \quad \frac {\partial }{\partial X} \langle \Lambda , Y^T X \rangle = Y\Lambda .\end {equation*}


$\langle \Lambda , Y^T X \rangle = \mathrm {tr}(X^T Y \Lambda ) \overset {\mathrm {tr}(ABC) = \mathrm {tr}(CAB)}{=} \mathrm {tr}(\Lambda X^T Y) = \langle X\Lambda ^T, Y \rangle $


\begin {equation*}\Rightarrow \quad \frac {\partial }{\partial Y} \langle \Lambda , Y^T X \rangle = X\Lambda ^T.\end {equation*}


$\dfrac {\partial }{\partial X}\langle \Lambda , X^T X \rangle = \dfrac {\partial }{\partial X}\langle \Lambda , Y^T X \rangle \Big |_{Y=X} + \dfrac {\partial }{\partial Y}\langle \Lambda , Y^T X \rangle \Big |_{Y=X} = X\Lambda + X\Lambda ^T$


\begin {equation*}\mathrm {tr}(A^T B) = \langle A, B \rangle .\end {equation*}


$L(X, \Lambda ) = f(X) - \langle \Lambda ,\, X^T X - I \rangle $


\begin {equation*}\begin {cases} \dfrac {\partial L}{\partial X} = \dfrac {\partial }{\partial X} f(X) - (X\Lambda + X\Lambda ^T) = 0 \\[10pt] \dfrac {\partial L}{\partial \Lambda } = X^T X - I = 0 \end {cases}\end {equation*}


$M \subseteq \mathcal {E}$


$M = \mathrm {St}(n,p)$


$\mathcal {E} = \mathbb {R}^{n \times p}$


$c : (-\varepsilon , \varepsilon ) \to M$


$t \mapsto c(t)$


$c'(t)$


$c : \mathbb {R} \to \mathcal {E}$


$t \mapsto c(t)$


$x_* \in M$


$f(x)$


$M$


$c(t)$


$M$


$c(0) = x_*$


$M$


$x^*$


$c(t)$


$x^*$


$f \circ c(t)$


$t = 0$


\begin {equation*}\Rightarrow \quad \frac {d}{dt}\bigl [f \circ c\bigr ]\bigg |_{t=0} = 0.\end {equation*}


$f : M \to \mathbb {R}$


\begin {equation*}Df(x) : T_x M \to \mathbb {R}, \qquad v \mapsto Df(x)[v] \overset {\mathrm {def}}{=} \frac {d}{dt} f(\gamma (t))\bigg |_{t=0}\end {equation*}


$\gamma (t)$


$M$


$\begin {cases} \gamma (0) = x \\ \gamma '(0) = v \end {cases}$


$M$


$\dfrac {d}{dt}\bigl [f \circ c\bigr ]\Big |_{t=0} = 0$


$c(t)$


$M$


$c(0) = x_*$


$\iff $


$Df(x_*)[v] = 0$


$\forall \, v \in T_{x_*} M$


$\iff $


$\operatorname {grad} f(x_*) = 0$


$\Leftrightarrow $


\begin {equation*}g_{x_*}\bigl (\operatorname {grad} f(x_*),\, v\bigr ) = Df(x_*)[v], \qquad \forall \, v \in T_{x_*} M.\end {equation*}


$\operatorname {grad} f(x_*) \in T_{x_*} M$


$v = \operatorname {grad} f(x_*)$


\begin {equation*}g_{x_*}\bigl (\operatorname {grad} f(x_*),\, \operatorname {grad} f(x_*)\bigr ) = 0 \quad \Rightarrow \quad \operatorname {grad} f(x_*) = 0\end {equation*}


$\Leftrightarrow $


$\dfrac {d}{dt}[f \circ c]\Big |_{t=0} = 0$


$c(t)$


$M$


$c(0) = x_*$


$M \subseteq \mathcal {E}$


\begin {equation*}T_x M = \bigl \{c'(0) \;\big |\; c : (-\varepsilon , \varepsilon ) \to M \text { is smooth and } c(0) = x\bigr \}.\end {equation*}


$\gamma (t)$


$\gamma (0) = x_*$


$v = \gamma '(0)$


\begin {equation*}Df(x)[v] \overset {\mathrm {def}}{=} \frac {d}{dt} f(\gamma (t))\bigg |_{t=0} = 0.\end {equation*}


$\iff $


$\forall \, v \in T_{x_*} M$


$M$


$\operatorname {grad} f(x_*) = 0$


\begin {equation*}g_{x_*}\bigl (\operatorname {grad} f(x_*),\, v\bigr ) = Df(x_*)[v] = D\bar {f}(x_*)[v] = \langle \nabla \bar {f}(x_*),\, v \rangle .\end {equation*}


$f : M \to \mathbb {R}$


$x \mapsto \mathrm {tr}(X^T A X)$


$\bar {f} : \mathbb {R}^{n \times p} \to \mathbb {R}$


$X \mapsto \mathrm {tr}(X^T A X)$


$g_x(\cdot , \cdot )$


$\langle \cdot , \cdot \rangle $


$\operatorname {grad} f(x_*)$


$\nabla \bar {f}(x_*)$


$T_{x_*} M$


$\forall \, Y \in \mathbb {R}^{n \times p}$


\begin {equation*}P_{T_X M}(Y) = (I - X X^T) Y + X\operatorname {skew}(X^T Y).\end {equation*}


$T_X \mathrm {St}(n,p) = \{V \in \mathbb {R}^{n \times p} : X^T V + V^T X = 0\} \subseteq \mathbb {R}^{n \times p}$


\begin {align*}\operatorname {grad} f(X) &= (I - X X^T)\,\nabla \bar {f}(X) + X\,\frac {X^T \nabla \bar {f}(X) - \nabla \bar {f}(X)^T X}{2} \\ &= (I - X X^T)\,2AX + X^T A X - X^T A X \\ &= (I - X X^T)\,2AX. \qquad \textcircled {2}\end {align*}


$L(X, \Lambda ) = f(X) - \langle \Lambda ,\, X^T X - I \rangle $


$\begin {cases} \dfrac {\partial L}{\partial X} = \dfrac {\partial }{\partial X} f(X) - (X\Lambda + X\Lambda ^T) = 0 \\[8pt] \dfrac {\partial L}{\partial \Lambda } = X^T X - I = 0 \end {cases}$


$\iff $


$\bigl (\operatorname {grad} f(X) = P_{T_X M}(\nabla \bar {f}(X)) = 0\bigr )$


\begin {equation*}N_X \mathrm {St}(n,p) = \{XS : S^T = S,\; S \in \mathbb {R}^{p \times p}\}.\end {equation*}


$T_X M$


$\mathcal {E}$


$N_X M$


$T_X M$


$\mathcal {E} = T_X M \oplus N_X M$


$T_X M$


$N_X M$


\begin {equation*}\frac {\partial }{\partial X} f(X) - (X\Lambda + X\Lambda ^T) = 0\end {equation*}


\begin {equation*}\iff \quad \frac {\partial }{\partial X} f(X) = X\underbrace {(\Lambda + \Lambda ^T)}_{S} \in N_X \mathrm {St}(n,p)\end {equation*}


\begin {equation*}\iff \quad \text {Proj of } \frac {\partial }{\partial X} f(X) \text { onto } T_X M \text { is } 0\end {equation*}


\begin {equation*}\iff \quad \textcircled {2} \qquad \text {because } \frac {\partial }{\partial X} f(X) \text { in \textcircled {1} is } \nabla \bar {f}(X) \text { in \textcircled {2}}.\end {equation*}


$g_x(\cdot ,\cdot ) = \langle \cdot , \cdot \rangle $


$\operatorname {grad} f(X) = P_{T_X M}\bigl (\tfrac {\partial }{\partial X} f(X)\bigr )$


$\iff $


$g$


$\operatorname {grad} f(X) \neq P_{T_X M}\bigl (\tfrac {\partial }{\partial X} f(X)\bigr )$


$\operatorname {grad} f(X) \neq P_{T_X M}\bigl (\tfrac {\partial }{\partial X} f(X)\bigr )$


$\iff $


\begin {align*}&\textcircled {1} \iff P_{T_X M}\Bigl (\frac {\partial }{\partial X} f(X)\Bigr ) = 0 \iff \frac {\partial }{\partial X} f(X) \in N_X M. \\ &\textcircled {2} \iff \operatorname {grad} f(X) = 0.\end {align*}


$\Rightarrow $


$g_x\bigl (\operatorname {grad} f(X),\, v\bigr ) = \langle \nabla \bar {f}(X),\, v \rangle = 0$


$\forall \, v \in T_X M$


\begin {equation*}\Rightarrow \quad g_x\bigl (\operatorname {grad} f(X),\, v\bigr ) = 0 \quad \Rightarrow \quad g_x\bigl (\operatorname {grad} f(X),\, \operatorname {grad} f(X)\bigr ) = 0 \quad \Rightarrow \quad \operatorname {grad} f(X) = 0.\end {equation*}


$\Rightarrow $


$\forall \, v \in T_X M$


$g_x\bigl (\operatorname {grad} f(X),\, v\bigr ) = 0$


\begin {equation*}\Rightarrow \quad \langle \nabla \bar {f}(X),\, v \rangle = g_x\bigl (\operatorname {grad} f(X),\, v\bigr ) = 0\end {equation*}


\begin {equation*}\Rightarrow \quad \nabla \bar {f}(X) \in N_X M \quad \Rightarrow \quad \text {Proj of } \nabla \bar {f}(X) \text { onto } T_X M \text { is } 0.\end {equation*}


$\displaystyle \min _{X \in M} f(X)$


\begin {equation*}X_{k+1} = R_{X_k}\bigl (-\eta _k \operatorname {grad} f(X_k)\bigr ).\end {equation*}


$X_k$


$X_*$


$\operatorname {grad} f(X_*) = 0$


$\eta _k = \eta $


\begin {equation*}\eta _k = \operatorname *{arg\,min}_{t}\; h(t) = f\bigl (R_{X_k}(-t\,\operatorname {grad} f(X_k))\bigr ).\end {equation*}


$t_0$


$t_i = \rho \, t_{i-1}$


$\rho \in (0, 1)$


$f(X) \geq D$


$\forall \, X \in M$


\begin {equation*}f(X_k) - f(X_{k+1}) \geq c\,\|\operatorname {grad} f(X_k)\|^2.\end {equation*}


$f$


$(M, g)$


$\displaystyle \lim _{k \to \infty } \|\operatorname {grad} f(X_k)\| = 0$


\begin {equation*}0 \leq \sum _{k=0}^{N} \bigl [f(X_k) - f(X_{k+1})\bigr ] = f(X_0) - f(X_N) \leq f(X_0) - D.\end {equation*}


\begin {equation*}\Rightarrow \quad \sum _{k=0}^{\infty } \bigl [f(X_k) - f(X_{k+1})\bigr ] \text { is finite}\end {equation*}


\begin {equation*}\Rightarrow \quad c\,\|\operatorname {grad} f(X_k)\|^2 \leq f(X_k) - f(X_{k+1}) \to 0, \qquad k \to \infty .\end {equation*}


$M = \mathbb {R}^n$


$\forall \, x \in M$


$T_x M = \mathbb {R}^n$


$M \subseteq \mathcal {E} = \mathbb {R}^n$


$f : M \to \mathbb {R}$


$\bar {f} : \mathbb {R}^n \to \mathbb {R}$


$g$


$g_x(\cdot , \cdot )$


$\langle \cdot , \cdot \rangle $


$f$


$(M, g)$


$\forall \, v \in T_x M = \mathbb {R}^n$


\begin {equation*}g_x\bigl (\operatorname {grad} f(x),\, v\bigr ) = Df(x)[v] = D\bar {f}(x)[v] = \langle \nabla \bar {f}(x),\, v \rangle .\end {equation*}


$R_x$


$R_x(v) = x + v$


$g_x(\cdot , \cdot )$


$\langle \cdot , \cdot \rangle $


$\operatorname {grad} f(x) \in T_x M = \mathbb {R}^n$


\begin {equation*}\langle \operatorname {grad} f(x),\, v \rangle = \langle \nabla \bar {f}(x),\, v \rangle , \qquad \forall \, v \in T_x M = \mathbb {R}^n\end {equation*}


\begin {equation*}\Rightarrow \quad \operatorname {grad} f(x) = \nabla \bar {f}(x) \quad \text {which is } \nabla f(x).\end {equation*}


\begin {equation*}X_{k+1} = R_{X_k}\bigl (-\eta \,\operatorname {grad} f(X_k)\bigr ) = X_k - \eta \,\nabla f(X_k).\end {equation*}


$g_x(u, v) = v^T G\, u = \langle G u,\, v \rangle $


$G \in \mathbb {R}^{n \times n}$


$G^T = G$


$G > 0$


$g_x\bigl (\operatorname {grad} f(x),\, v\bigr ) = \langle \nabla \bar {f}(x),\, v \rangle $


\begin {align*}&\Rightarrow \quad \langle G\,\operatorname {grad} f(x),\, v \rangle = \langle \nabla \bar {f}(x),\, v \rangle \qquad \forall \, v \in \mathbb {R}^n \\ &\Rightarrow \quad \langle G\,\operatorname {grad} f(x) - \nabla \bar {f}(x),\, v \rangle = 0 \\ &\Rightarrow \quad \operatorname {grad} f(x) = G^{-1} \nabla \bar {f}(x) = G^{-1} \nabla f(x).\end {align*}


\begin {equation*}X_{k+1} = R_{X_k}\bigl (-\eta \,\operatorname {grad} f(X_k)\bigr ) = X_k - \eta \,\underbrace {G^{-1} \nabla f(X_k)}_{\text {preconditioned gradient}}.\end {equation*}


$-G^{-1} \nabla f(x)$


\begin {equation*}G > 0 \;\Rightarrow \; G^{-1} > 0 \;\Rightarrow \; \langle \nabla f(x),\, G^{-1} \nabla f(x) \rangle = \nabla f(x)^T G^{-1} \nabla f(x) > 0.\end {equation*}


$g_x(u, v) = v^T G(x)\, u = \langle G(x)\, u,\, v \rangle $


$G(x) = \nabla ^2 f(x)$


\begin {equation*}X_{k+1} = R_{X_k}\bigl (-\eta \,\operatorname {grad} f(X_k)\bigr ) = X_k - \eta \,\bigl [\nabla ^2 f(X_k)\bigr ]^{-1} \nabla f(X_k).\end {equation*}


$M$


$\mathcal {E}$


$M \subseteq \mathcal {E}$


$f : M \to \mathbb {R}$


$\bar {f} : \mathcal {E} \to \mathbb {R}$


$T_x M$


$\mathcal {E}$


$g_x\bigl (\operatorname {grad} f(x),\, v\bigr ) = \langle \nabla \bar {f}(x),\, v \rangle $


$M$


$(\bar {M}, \bar {g})$


$\bar {M}$


$\bar {g}$


$M \subset \bar {M}$


$\bar {M}$


$M$


$\bar {M}$


$f : M \to \mathbb {R}$


$\bar {f} : \bar {M} \to \mathbb {R}$


$T_x M$


$T_x \bar {M}$


$\forall \, x \in M \subset \bar {M}$


$M$


$\bar {g}$


$v \in T_x M$


$v \in T_x \bar {M}$


\begin {equation*}g_x(v, w) = \bar {g}_x(v, w), \qquad \forall \, v, w \in T_x M.\end {equation*}


$(M, g)$


$(\bar {M}, \bar {g})$


$\bar {f} : \bar {M} \to \mathbb {R}$


$\operatorname {grad} \bar {f}$


$f : M \to \mathbb {R}$


\begin {equation*}g_x\bigl (\underbrace {\operatorname {grad} f(x)}_{\in T_x M},\, v\bigr ) = \bar {g}_x\bigl (\underbrace {\operatorname {grad} \bar {f}(x)}_{\in T_x \bar {M}},\, v\bigr ), \qquad \forall \, v \in T_x M.\end {equation*}


$x \in \mathbb {R}^n$


$A \in \mathbb {R}^{n \times n}$


$A^T = A$


$A > 0$


\begin {equation*}f(x) = \tfrac {1}{2}\,x^T A x + \tfrac {\beta }{4} \sum _{i=1}^{n} x_i^4, \qquad \beta \geq 0 \text { is a constant}.\end {equation*}


$\displaystyle \min _{x \in S^{n-1}} f(x)$


\begin {equation*}\frac {\partial }{\partial x} f(x) = Ax + \beta x^3 \quad \text {(componentwise)}, \qquad \frac {\partial ^2}{\partial x^2} f(x) = A + 3\beta \begin {pmatrix} x_1^2 & & \\ & \ddots & \\ & & x_n^2 \end {pmatrix}.\end {equation*}


$\bar {M} = \mathbb {R}^n$


$\bar {f} : \bar {M} \to \mathbb {R}$


$x \mapsto \tfrac {1}{2}\,x^T A x + \tfrac {\beta }{4} \sum _{i=1}^{n} x_i^4$


$T_x \bar {M} = \mathbb {R}^n$


$\bar {g}_x(u, v) = v^T G(x)\, u$


\begin {equation*}\bar {g}_x\bigl (\operatorname {grad} \bar {f}(x),\, v\bigr ) = \Bigl \langle \frac {\partial }{\partial x} f(x),\, v \Bigr \rangle , \qquad \forall \, v \in T_x \bar {M} = \mathbb {R}^n.\end {equation*}


\begin {equation*}\Rightarrow \quad G(x)\,\operatorname {grad} \bar {f}(x) = \frac {\partial }{\partial x} f(x) \quad \Rightarrow \quad \operatorname {grad} \bar {f}(x) = G(x)^{-1}\bigl [Ax + \beta x^3\bigr ].\end {equation*}


$M = S^{n-1}$


$(M, g)$


$(\bar {M}, \bar {g})$


$f : M \to \mathbb {R}$


$x \mapsto \tfrac {1}{2}\,x^T A x + \tfrac {\beta }{4} \sum _{i=1}^{n} x_i^4$


\begin {equation*}g_x\bigl (\operatorname {grad} f(x),\, v\bigr ) = \bar {g}_x\bigl (\operatorname {grad} \bar {f}(x),\, v\bigr ), \qquad \forall \, v \in T_x M.\end {equation*}


$\operatorname {grad} f(x) \in T_x M \subseteq T_x \bar {M} = \mathbb {R}^n$


$\operatorname {grad} f(x)$


$v$


$T_x \bar {M}$


\begin {align*}&\Rightarrow \quad \bar {g}_x\bigl (\operatorname {grad} f(x),\, v\bigr ) = \bar {g}_x\bigl (\operatorname {grad} \bar {f}(x),\, v\bigr ), \qquad \forall \, v \in T_x M \\ &\Rightarrow \quad \bar {g}_x\bigl (\operatorname {grad} f(x) - \operatorname {grad} \bar {f}(x),\, v\bigr ) = 0, \qquad \forall \, v \in T_x M.\end {align*}


$T_x \bar {M}$


$T_x M \oplus (T_x M)^\perp $


$T_x \bar {M} = T_x M \oplus (T_x M)^\perp $


$\Rightarrow $


$\operatorname {grad} f(x) - \operatorname {grad} \bar {f}(x) \perp T_x M$


$T_x \bar {M}$


$\Rightarrow $


$\operatorname {grad} f(x)$


$\operatorname {grad} \bar {f}(x)$


$T_x M$


$\perp $


$\bar {g}_x$


$M = S^{n-1}$


$T_x M = \{v \in \mathbb {R}^n : x^T v = 0\}$


$\to $


$g$


$w \in (T_x M)^\perp $


$\forall \, v \in T_x M$


$\bar {g}_x(w, v) = 0$


$v^T G(x)\, w = 0$


$\Rightarrow $


$G(x)\, w \parallel x$


\begin {equation*}\Rightarrow \quad (T_x M)^\perp = \{a\, G(x)^{-1} x,\; a \in \mathbb {R}\}.\end {equation*}


$\operatorname {grad} \bar {f}(x)$


$(T_x M)^\perp $


\begin {equation*}\frac {\bar {g}_x\bigl (\operatorname {grad} \bar {f}(x),\, G(x)^{-1} x\bigr )} {\bar {g}_x\bigl (G(x)^{-1} x,\, G(x)^{-1} x\bigr )}\, G(x)^{-1} x.\end {equation*}


$\operatorname {grad} \bar {f}(x)$


$T_x M$


\begin {align*}\operatorname {grad} f(x) &= \operatorname {grad} \bar {f}(x) - \frac {\bar {g}_x\bigl (\operatorname {grad} \bar {f}(x),\, G(x)^{-1} x\bigr )} {\bar {g}_x\bigl (G(x)^{-1} x,\, G(x)^{-1} x\bigr )}\, G(x)^{-1} x \\ &= G(x)^{-1}\bigl [Ax + \beta x^3\bigr ] - \frac {\langle \operatorname {grad} \bar {f}(x),\, x \rangle } {\langle G(x)^{-1} x,\, x \rangle }\, G(x)^{-1} x.\end {align*}


$G(x)$


$G(x) = I$


$S^{n-1}$


$g = \langle \cdot , \cdot \rangle $


$G(x) = A$


\begin {equation*}\operatorname {grad} \bar {f}(x) = x + \beta A^{-1} x^3.\end {equation*}


$G(x) = A + \beta \begin {pmatrix} x_1^2 & & \\ & \ddots & \\ & & x_n^2 \end {pmatrix}$


\begin {equation*}\operatorname {grad} \bar {f}(x) = x \quad \Rightarrow \quad \operatorname {grad} f(x) = x - \frac {\langle x, x \rangle }{\langle G(x)^{-1} x,\, x \rangle }\, G(x)^{-1} x.\end {equation*}


$A = -\Delta + V$


$\operatorname {grad} f$


\begin {equation*}\bar {g}_x\bigl (\operatorname {grad} f(x) - \operatorname {grad} \bar {f}(x),\, v\bigr ) = 0, \qquad \forall \, v \in T_x M.\end {equation*}


\begin {equation*}v^T G(x)\,\operatorname {grad} f(x) = v^T G(x)\,\operatorname {grad} \bar {f}(x), \qquad \forall \, v \in T_x M.\end {equation*}


\begin {equation*}\Rightarrow \quad v^T\bigl [G(x)\,\operatorname {grad} f(x) - G(x)\,\operatorname {grad} \bar {f}(x)\bigr ] = 0\end {equation*}


\begin {equation*}\Rightarrow \quad G(x)\,\operatorname {grad} f(x) \text { is Proj of } G(x)\,\operatorname {grad} \bar {f}(x) \text { onto } T_x M\end {equation*}


\begin {equation*}\Rightarrow \quad G(x)\,\operatorname {grad} f(x) = P_{T_x M}\bigl [G(x)\,\operatorname {grad} \bar {f}(x)\bigr ].\end {equation*}


$M$


$U$


$V$


$(\varphi , U)$


$(\psi , V)$


$\mathbb {R}^d$


$\varphi (U)$


$\psi (V)$


$\varphi (U \cap V)$


$\psi (U \cap V)$


$\psi \circ \varphi ^{-1}$


$\varphi \circ \psi ^{-1}$


$T_x M$


$M \subseteq \mathcal {E}$


\begin {equation*}T_x M = \bigl \{c'(0) \;\big |\; c : (-\varepsilon , \varepsilon ) \to M \text { is smooth and } c(0) = x\bigr \}.\end {equation*}


$M$


$x$


$c(t)$


$M$


$x$


$c'(t)$


$x$


$c(t)$


$M$


$c'(t)$


$M \subseteq \mathcal {E}$


$T_x M$


$\mathcal {E}$


$g$


$x \in M$


$g_x(u, v)$


$T_x M$


$T_x M$


$g$


$\operatorname {grad} f(x) \in T_x M$


$M$


$\mathcal {E}$


$T_x M$


$\nabla \bar {f}(x)$


$\mathcal {E}$


$\operatorname {grad} f(x)$


$T_x M$


$M \subset \mathcal {E}$


$f : M \to \mathbb {R}$


$\bar {f} : \mathcal {E} \to \mathbb {R}$


\begin {equation*}g_x\bigl (\operatorname {grad} f(x),\, v\bigr ) = \langle \nabla \bar {f},\, v \rangle , \qquad \forall \, v \in T_x M.\end {equation*}


$(M, g)$


$(\bar {M}, \bar {g})$


$T_x M$


$\operatorname {grad} \bar {f}(x)$


$T_x \bar {M}$


$\operatorname {grad} f(x)$


$T_x M$


$M \subset \mathcal {E}$


$f : M \to \mathbb {R}$


$\bar {f} : \bar {M} \to \mathbb {R}$


\begin {equation*}g_x\bigl (\operatorname {grad} f(x),\, v\bigr ) = \bar {g}_x\bigl (\operatorname {grad} \bar {f}(x),\, v\bigr ), \qquad \forall \, v \in T_x M.\end {equation*}


$S^{n-1}$


$\mathbb {R}^n$


$f(x)=x^TAx$


$x\in S^{n-1}$


$\bar {f}(x)=x^TAx$


$x\in \mathbb {R}^n$


$\bar {g}(\xi ,\zeta )=\xi ^T\zeta $


$\xi \in \mathbb {R}^n:x^T\xi =0$


$\mathbb {R}^n$


$\xi \in \mathbb {R}^n:\xi =\alpha x$


$\emptyset $


$P_x\xi =(I-xx^T)\xi $


$\operatorname {grad}f(x)=P_x\operatorname {grad}\bar {f}(x)$


$\operatorname {grad}\bar {f}(x)=2Ax$


$R_x(\xi )=\dfrac {x + \xi }{\|x + \xi \|}$


$R_x(\xi )=x+\xi $


$x$


$R_x : T_x M \to M$


$A\in \mathbbm C^{m\times n}$


$A^*$


$A$


$A^* A$


$AA^*$


$\lambda _i(A^*A)$


$\lambda _i(AA^*)$


$A$


$l=\min \{m, n\}$


\begin {equation*}\sigma _i(A)=\sqrt {\lambda _i(A^*A)}=\sqrt {\lambda _i(AA^*)}.\end {equation*}


$A$


$x=\begin {bmatrix} x_1 & x_2 & \cdots & x_n\end {bmatrix}^T$


$\|x\|=\sqrt {\sum \limits _{j=1}^n |x|^2_j}$


$\|x\|_1=\sum \limits _{j=1}^n |x|_j$


$\infty $


$\|x\|_\infty =\max _j |x|_j$


$k$


$A=(a_{ij})$


$m\times n$


$A=U\Sigma V$


$\sigma _1\geq \sigma _2\geq \cdots \geq \sigma _k.$


$\boldsymbol {\sigma }=\begin {bmatrix} \sigma _1 & \sigma _2 & \cdots & \sigma _k\end {bmatrix}^T$


$\|A\|$


$\|A\|=\max \limits _{x\in \mathbbm C^n} \frac {\|Ax\|}{\|x\|}$


$x\in \mathbbm R^n$


$\|A\|$


$A$


\begin {equation*}\frac {\|Ax\|}{\|x\|}=\sqrt {\frac {\|Ax\|^2}{\|x\|^2}}=\sqrt {\frac {x^* A^* A x}{x^* x}}\leq \sqrt {\lambda _1(A^* A)}.\end {equation*}


$x=v_1$


$A^*A$


$\lambda _1(A^* A)$


$\|A\|=\sqrt {\lambda _1(A^* A)}=\sigma _1$


$\|A\|_F=\sqrt {tr(A^*A)}=\sqrt {\sum \limits _{i=1}^m\sum \limits _{j=1}^n |a_{ij}|^2}.$


$\|A\|_F=\|\boldsymbol {\sigma }\|$


\begin {equation*}\|A\|_F=\sqrt {tr(V^* \Sigma U^*U\Sigma V)}=\sqrt {tr(V^* \Sigma ^2 V)}=\sqrt {tr(VV^* \Sigma ^2)}=\sqrt {\sum _j \sigma _j^2},\end {equation*}


$tr(ABC)=tr(CAB)$


$A,B,C$


$\|A\|_*=\sigma _1+\sigma _2+\cdots \sigma _k.$


$A$


$\|\boldsymbol {\sigma }\|_1.$


$\|A\|_1=\max \limits _{x\in \mathbbm C^n} \frac {\|Ax\|_1}{\|x\|_1}$


$x\in \mathbbm R^n$


$Ax$


$A$


$\|Ax\|_1$


$\|x\|_1=1$


$A$


$\|A\|_1=\max \limits _j \sum \limits _{i=1}^m |a_{ij}|$


$\infty $


$\|A\|_\infty =\max \limits _{x\in \mathbbm C^n} \frac {\|Ax\|_\infty }{\|x\|_\infty }$


$x\in \mathbbm R^n$


$\|A\|_\infty =\max \limits _i \sum \limits _{j=1}^n |a_{ij}|$


$\vertiii {A}$


$1-norm$


$\infty $


\begin {equation*}\vertiii {Ax}\leq \vertiii {A}\cdot \vertiii {x}.\end {equation*}


$\vertiii {ABx}\leq \vertiii {A}\cdot \vertiii {Bx}\leq \vertiii {A}\cdot \vertiii {B}\cdot \vertiii {x}$


\begin {equation*}\vertiii {AB}\leq \vertiii {A}\cdot \vertiii {B}.\end {equation*}


$\vertiii {A}$


$T$


$S$


$\vertiii {A}=\vertiii {TAS}$


$TAS=(TU)\Sigma (V^*S)$


$TAS$


$TAS$


$A$


$A$


$A^*A=AA^*$


$A^*A=AA^*$


$\sigma _i(A)=|\lambda _i(A)|$


$A$


$A=U\Lambda U^*$


$\Lambda $


$A=U\Lambda U^*$


$A$


$\Lambda $


$A=U\Lambda U^*$


$A=U|\Lambda | V^*$


$|\Lambda |$


$|\lambda _i|$


$A$


$A^*=-A$


$u(x)$


$u'(x)$


$\bar x$


$\quad D_{+} u(\bar x)=\frac {u(\bar x+h)-u(\bar x)}{h}$


$\quad D_{-} u(\bar x)=\frac {u(\bar x)-u(\bar x-h)}{h}$


$\quad D_{0} u(\bar x)=\frac {u(\bar x+h)-u(\bar x-h)}{2h}$


\begin {equation*}D_{\pm } u(\bar x)=u'(\bar x)+\mathcal {O}(h), \quad D_{0} u(\bar x)=u'(\bar x)+\mathcal {O}(h^2).\end {equation*}


$\hat D_{0} u(\bar x)=\frac {u(\bar x+h/2)-u(\bar x-h/2)}{h}$


$u''(x)$


$\bar x$


$D^2$


\begin {equation*}D^2 u(\bar x)=D_{+}D_{-}u(\bar x)=\hat D_{0}\hat D_{0} u(\bar x)=\frac {u(\bar x+h)-2u(\bar x)+u(\bar x-h)}{h^2}=u''(\bar x)+\mathcal {O}(h^2).\end {equation*}


$u''(x)=f(x)$


$\Delta u(x,y)=u_{xx}+u_{yy}=f(x,y)$


$\Delta u(x,y,z)=f(x,y,z)$


\begin {equation}\left \{ \begin {array}{ll} -u''(x)=f(x), & x\in (0,1), \\ u(0)=0, \,\, u(1)=0. \end {array} \right . \label {Poisson-homo-Dirichlet-1D}\end {equation}


$[0,1]$


$h=\frac {1}{n+1}$


$n$


$x_j=jh$


$j=1,2,\cdots ,n$


$u(x)$


$f_j=f(x_j)$


$x_0=0$


$x_{n+1}=1$


$u_j$


$x_j$


$u(0)=0, u(1)=0$


$u_j (j=1,\cdots ,n)$


$\frac {d^2}{dx^2}$


$D^2$


\begin {equation}\label {fd-poisson-1d} -D^2 u_j=\frac {-u_{j-1}+2u_j-u_{j+1}}{h^2}=f_j, \quad j=1,2,\cdots , n\end {equation}


\begin {equation*}U_h=\begin {bmatrix} u_1 \\ u_2 \\ \vdots \\ u_n \end {bmatrix},\quad F=\begin {bmatrix} f_1 \\ f_2 \\ \vdots \\ f_n \end {bmatrix},\quad \quad K= \frac {1}{h^2}\begin {pmatrix} 2 & -1 & & & &\\ -1 & 2 & -1 & & & \\ & -1 & 2 & -1 & & \\ & & \ddots & \ddots & \ddots & \\ & & & -1 & 2 &-1 \\ & & & & -1 & 2 \\ \end {pmatrix}.\end {equation*}


$u_0=0$


$u_{n+1}=0$


\begin {equation*}K U_h =F.\end {equation*}


$K$


$K$


$U$


$KU=\lambda U$


\begin {equation}\label {eigenfunc} -u''=\lambda u, \qquad u(0)=u(1)=0.\end {equation}


$\sin (m\pi x)$


$\lambda _m=m^2\pi ^2$


$m=1,2, \cdots $


$K$


$\sin (m\pi x)$


$h$


\begin {equation*}\sin (m\pi x_{j+1})=\sin (m\pi (x_{j}+h))=\sin (m\pi x_j)\cos (m\pi h)+\cos (m\pi x_j)\sin (m\pi h),\end {equation*}


\begin {equation*}\sin (m\pi x_{j-1})=\sin (m\pi (x_{j}-h))=\sin (m\pi x_j)\cos (m\pi h)-\cos (m\pi x_j)\sin (m\pi h),\end {equation*}


\begin {equation*}-\sin (m\pi x_{j-1})+2\sin (m\pi x_{j})-\sin (m\pi x_{j+1})=(2-2\cos (m\pi h))\sin (m\pi x_j).\end {equation*}


$\sin (m\pi x_{0})=0$


$\sin (m\pi x_{n+1})=0$


\begin {equation*}2\sin (m\pi x_{1})-\sin (m\pi x_{2})=(2-2\cos (m\pi h))\sin (m\pi x_1),\end {equation*}


\begin {equation*}-\sin (m\pi x_{n-1})+2\sin (m\pi x_{n})=(2-2\cos (m\pi h))\sin (m\pi x_n).\end {equation*}


$\mathbf {x}=[x_1,x_2,\cdots , x_n]^T$


$K$


$\mathbf v_m=\sin (m\pi \mathbf {x})$


\begin {equation*}K\sin (m\pi \mathbf {x})=\frac {1}{h^2}(2-2\cos (m\pi h))\sin (m\pi \mathbf {x}),\quad m=1,2,\cdots , n,\end {equation*}


\begin {equation*}\lambda _m=\frac {1}{h^2}[2-2\cos (m\pi h)]=4\frac {1}{h^2}\sin ^2(m\frac {\pi }{2}h).\end {equation*}


$K$


\begin {equation*}\|K\|=\sigma _1=\max _m 4\sin ^2(m\frac {\pi }{2}h)=4\frac {1}{h^2} \sin ^2(\frac {\pi }{2}\frac {n}{n+1})\leq 4\frac {1}{h^2},\end {equation*}


\begin {equation*}\min _m 4\sin ^2(m\frac {\pi }{2}h)=4\frac {1}{h^2} \sin ^2(\frac {\pi }{2}\frac {1}{n+1})\end {equation*}


\begin {equation*}4\frac {1}{h^2} \sin ^2(\frac {\pi }{2}h) I\leq K<\frac {4}{h^2} I\end {equation*}


$n$


$h=\frac {1}{n+1}$


$S=[\sin (\pi \mathbf {x}) \quad \sin (2 \pi \mathbf {x}) \quad \cdots \quad \sin (n \pi \mathbf {x})]$


$\Lambda $


$\frac {2-2\cos (m\pi h)}{h^2}, m=1,\cdots , n$


$K=S\Lambda S^{-1}$


$K^{-1}=S\Lambda ^{-1} S^{-1}$


\begin {equation*}\frac 14h^2 I \leq K^{-1}<\frac {h^2}{4\sin ^2(\frac {\pi }{2}h)} I.\end {equation*}


$4\frac {1}{h^2} \sin ^2(\frac {\pi }{2}h)$


$h$


$4\frac {1}{h^2} \sin ^2(\frac {\pi }{2}h)\to \pi ^2$


$h\to 0$


\begin {equation*}\frac 14 h^2 I \leq K^{-1}<\frac {1}{\pi ^2} I,\end {equation*}


$\|K^{-1}\|\leq \frac {1}{\pi ^2}$


$K$


$f: \mathbbm R^n\rightarrow \mathbbm R$


$\mathbf x, \mathbf y\in \mathbbm R^n$


$\lambda \in (0,1)$


$f(\mathbf x)$


$f(\lambda \mathbf x+(1-\lambda ) \mathbf y)\leq \lambda f(\mathbf x)+(1-\lambda )f(\mathbf y)$


$f(\mathbf x)$


$f(\lambda \mathbf x+(1-\lambda )\mathbf y)< \lambda f(\mathbf x)+(1-\lambda )f(\mathbf y)$


$\mathbf x\neq \mathbf y$


$\mathbf x\neq \mathbf y$


$\mathbf x=\mathbf y$


$f(\mathbf x)$


$\mu >0$


\begin {equation*}f(\lambda \mathbf x+(1-\lambda )\mathbf y)\leq \lambda f(\mathbf x)+(1-\lambda )f(\mathbf y)-\frac {\mu }{2}\lambda (1-\lambda )\|\mathbf x-\mathbf y\|^2.\end {equation*}


$f(\mathbf x)$


$-f(\mathbf x)$


$f(\mathbf x)$


$\mu >0$


$f(\mathbf x)-\frac {\mu }{2}\|\mathbf x\|^2$


$\mu >0$


\begin {equation*}\text {strong convexity}\Rightarrow \text {strict convexity}\Rightarrow \text {convexity}.\end {equation*}


$\mu =0$


$\mu =0$


$f(x)=|x|$


$X, Y\in \mathbbm R^{n\times n}$


$\lambda \in (0,1)$


\begin {equation*}\|\lambda X+(1-\lambda )Y\|\leq \|\lambda X\|+\|(1-\lambda )Y\|=\lambda \| X\|+(1-\lambda )\|Y\|.\end {equation*}


$f'( x)$


$[f'(y)-f'( x)](y-x)\geq 0$


$f'(x)$


$f''(x)\geq 0$


$f''(x)\geq \mu >0.$


$f(x) \geq f(y)+f'(y)(x-y).$


$f: \mathbbm R^n\rightarrow \mathbbm R$


$f(\mathbf x)$


$f(\mathbf x)\geq f(\mathbf y)+\langle \nabla f(\mathbf y),\mathbf x-\mathbf y\rangle ,\quad \forall \mathbf x, \mathbf y$


$\langle \nabla f(\mathbf y)-\nabla f(\mathbf x),\mathbf y-\mathbf x\rangle \geq 0,\quad \forall \mathbf x, \mathbf y$


$\geq $


$>$


$\mathbf x\neq \mathbf y$


$\mu >0$


$f(\mathbf x)\geq f(\mathbf y)+\langle \nabla f(\mathbf y),\mathbf x-\mathbf y\rangle +\frac {\mu }{2}\|\mathbf x-\mathbf y\|^2,\quad \forall \mathbf x, \mathbf y$


$\langle \nabla f(\mathbf y)-\nabla f(\mathbf x),\mathbf y-\mathbf x\rangle \geq \mu \|\mathbf x-\mathbf y\|^2,\quad \forall \mathbf x,\mathbf y$


$\mu =0$


$\Rightarrow $


$\Rightarrow $


$\Rightarrow $


$\Rightarrow $


$\Rightarrow $


$f(\mathbf x)$


\begin {equation*}f(\lambda \mathbf x+(1-\lambda )\mathbf y)\leq \lambda f(\mathbf x)+(1-\lambda )f(\mathbf y)-\frac {\mu }{2}\lambda (1-\lambda )\|\mathbf x-\mathbf y\|^2\end {equation*}


\begin {equation*}\Rightarrow \frac {f(\lambda \mathbf x+(1-\lambda )\mathbf y)-f(\mathbf y)}{\lambda }\leq f(\mathbf x)-f(\mathbf y)-\frac {\mu }{2}(1-\lambda )\|\mathbf x-\mathbf y\|^2.\end {equation*}


$g(t)=f(t\mathbf x+(1-t)\mathbf y)$


$g(0)=f(\mathbf y)$


\begin {equation*}g'(t)=\nabla f(t\mathbf x+(1-t)\mathbf y)^T (\mathbf x-\mathbf y)=\langle \nabla f(t\mathbf x+(1-t)\mathbf y), \mathbf x-\mathbf y\rangle .\end {equation*}


$g(t)$


$s\in (0,t)$


$g'(s)=\frac {g(t)-g(0)}{t}$


\begin {equation*}\frac {f(t\mathbf x+(1-t)\mathbf y)-f(\mathbf y)}{t}=\frac {g(t)-g(0)}{t}=g'(s)=\langle \nabla f(s\mathbf x+(1-s)\mathbf y), \mathbf x-\mathbf y\rangle ,\end {equation*}


\begin {equation*}\langle \nabla f(s\mathbf x+(1-s)\mathbf y),\mathbf x-\mathbf y\rangle \leq f(\mathbf x)-f(\mathbf y)-\frac {\mu }{2}(1-t)\|\mathbf x-\mathbf y\|^2.\end {equation*}


$t\rightarrow 0$


$s\rightarrow 0$


$f(\mathbf x)\geq f(\mathbf y)+\langle \nabla f(\mathbf y),\mathbf x-\mathbf y\rangle +\frac {\mu }{2}\|\mathbf x-\mathbf y\|^2$


$\Rightarrow $


\begin {equation*}f(\mathbf x)\geq f(\mathbf y)+\langle \nabla f(\mathbf y),\mathbf x-\mathbf y\rangle +\frac {\mu }{2}\|\mathbf x-\mathbf y\|^2.\end {equation*}


\begin {equation*}f(\mathbf y)\geq f(\mathbf x)+\langle \nabla f(\mathbf x),\mathbf y-\mathbf x\rangle +\frac {\mu }{2}\|\mathbf x-\mathbf y\|^2,\end {equation*}


$\langle \nabla f(\mathbf y)-\nabla f(\mathbf x),\mathbf y-\mathbf x\rangle \geq \mu \|\mathbf x-\mathbf y\|^2$


$\Rightarrow $


$\langle \nabla f(\mathbf y)-\nabla f(\mathbf x),\mathbf y-\mathbf x\rangle \geq \mu \|\mathbf x-\mathbf y\|^2$


$\mathbf x_t=t\mathbf x+(1-t)\mathbf y$


\begin {equation*}\langle \nabla f(\mathbf x_t)-\nabla f(\mathbf y),\mathbf x_t-\mathbf y\rangle \geq \mu \|\mathbf x_t-\mathbf y\|^2,\end {equation*}


\begin {equation*}\langle \nabla f(t\mathbf x+(1-t)\mathbf y)-\nabla f(\mathbf y), t(\mathbf x-\mathbf y)\rangle \geq \mu t^2\|\mathbf x-\mathbf y\|^2,\end {equation*}


\begin {equation*}\langle \nabla f(t\mathbf x+(1-t)\mathbf y), \mathbf x-\mathbf y\rangle \geq \langle \nabla f(\mathbf y), \mathbf x-\mathbf y\rangle + \mu t\|\mathbf x-\mathbf y\|^2.\end {equation*}


$g(t)=f(t\mathbf x+(1-t)\mathbf y)$


\begin {equation*}\int _0^1 g'(t) dt=\int _0^1 \langle \nabla f(t \mathbf x+(1-t)\mathbf y), \mathbf x-\mathbf y\rangle dt\geq \int _0^1 (\langle \nabla f(\mathbf y), \mathbf x-\mathbf y\rangle +\mu t\|\mathbf x-\mathbf y\|^2)dt\end {equation*}


\begin {equation*}=\langle \nabla f(\mathbf y), \mathbf x-\mathbf y\rangle +\frac {\mu }{2}\|\mathbf x-\mathbf y\|^2.\end {equation*}


\begin {equation*}f(\mathbf x)-f(\mathbf y)=g(1)-g(0)\geq \langle \nabla f(\mathbf y), \mathbf x-\mathbf y\rangle +\frac {\mu }{2}\|\mathbf x-\mathbf y\|^2.\end {equation*}


$\Rightarrow $


\begin {equation*}f(\mathbf x)\geq f(\mathbf y)+\langle \nabla f(\mathbf y),\mathbf x-\mathbf y\rangle +\frac {\mu }{2}\|\mathbf x-\mathbf y\|^2,\quad \forall \mathbf x, \mathbf y.\end {equation*}


$\mathbf x_t=t\mathbf x+(1-t)\mathbf y$


\begin {equation*}f(\mathbf x)\geq f(\mathbf x_t)+\langle \nabla f(\mathbf x_t),\mathbf x-\mathbf x_t\rangle +\frac {\mu }{2}\|\mathbf x-\mathbf x_t\|^2,\end {equation*}


\begin {equation*}f(\mathbf y)\geq f(\mathbf x_t)+\langle \nabla f(\mathbf x_t), \mathbf y-\mathbf x_t\rangle +\frac {\mu }{2}\|\mathbf y-\mathbf x_t\|^2.\end {equation*}


$t$


$1-t$


$\mathbf x-\mathbf x_t=(1-t)(\mathbf x-\mathbf y)$


$\mathbf y-\mathbf x_t=(-t)(\mathbf x-\mathbf y)$


\begin {equation*}t\langle \nabla f(\mathbf x_t),\mathbf x-\mathbf x_t\rangle +(1-t)\langle \nabla f(\mathbf x_t),\mathbf y-\mathbf x_t\rangle =\langle \nabla f(\mathbf x_t), t\mathbf x+(1-t)\mathbf y-\mathbf x_t\rangle =0,\end {equation*}


\begin {equation*}t\|\mathbf x-\mathbf x_t\|^2+(1-t)\|\mathbf y-\mathbf x_t\|^2=[t(1-t)^2+(1-t)t^2]\|\mathbf x-\mathbf y\|^2=t(1-t)\|\mathbf x-\mathbf y\|^2.\end {equation*}


\begin {equation*}f(t\mathbf x+(1-t)\mathbf y)\leq t f(\mathbf x)+(1-t)f(\mathbf y)-\frac {\mu }{2}t(1-t)\|\mathbf x-\mathbf y\|^2.\end {equation*}


$A$


$B$


$A\geq B$


$A-B$


$\mathbf x^T(A-B)\mathbf x\geq 0$


$\mathbf x$


$A> B$


$A-B$


$\mathbf x^T(A-B)\mathbf x> 0$


$\mathbf x\neq \mathbf 0$


$A\geq 0$


$A$


$A\geq \mu I$


$A$


$\mu $


$A$


$B$


$f: \mathbbm R^n\rightarrow \mathbbm R$


$f(\mathbf x)$


$\nabla ^2 f(\mathbf x)\geq 0$


$\mathbf x$


$f(\mathbf x)$


$\nabla ^2 f(\mathbf x)\geq \mu I$


$\mathbf x$


$f(\mathbf x)$


$\nabla ^2 f(\mathbf x)> 0$


$\mathbf x$


$f(x)=x^4$


$f''( x)>0$


$x=0$


\begin {equation*}f(\mathbf x)=f(\mathbf y)+\nabla f(\mathbf y)^T(\mathbf x-\mathbf y)+\frac 12 (\mathbf x-\mathbf y)^T \nabla ^2 f[\mathbf y+\theta ( \mathbf x-\mathbf y) ] (\mathbf x-\mathbf y), \theta \in (0,1).\end {equation*}


\begin {equation*}\nabla ^2 f \geq \mu I \Rightarrow \frac 12 (\mathbf x-\mathbf y)^T \nabla ^2 f[\mathbf y+\theta ( \mathbf x-\mathbf y) ] (\mathbf x-\mathbf y)\geq \frac {\mu }{2} \|\mathbf x-\mathbf y\|^2.\end {equation*}


$f(\mathbf x)$


\begin {equation*}\forall t>0, \forall \mathbf p, \mathbf x\in \mathbbm R^n, f(\mathbf x+t\mathbf p)\geq f(\mathbf x)+\langle \nabla f(\mathbf x),t\mathbf p\rangle +\frac {\mu }{2}\|t\mathbf p\|^2.\end {equation*}


\begin {equation*}\exists \theta \in (0,t), f(\mathbf x+t\mathbf p)=f(\mathbf x)+t \nabla f(\mathbf x)^T\mathbf p+\frac 12 t^2\mathbf p^T \nabla ^2 f[\mathbf x+\theta \mathbf p ] \mathbf p\end {equation*}


\begin {equation*}\frac 12 t^2\mathbf p^T \nabla ^2 f[\mathbf x+\theta \mathbf p ] \mathbf p\geq \frac {\mu }{2}\|t\mathbf p\|^2\Rightarrow \frac {\mathbf p^T \nabla ^2 f[\mathbf x+\theta \mathbf p]\mathbf p}{\|\mathbf p\|^2}\geq \mu .\end {equation*}


$t\to 0$


$\theta \to 0$


\begin {equation*}\frac {\mathbf p^T \nabla ^2 f[\mathbf x] \mathbf p}{\|\mathbf p\|^2}\geq \mu ,\quad \forall \mathbf p\in \mathbbm R^n, \mathbf p\neq \mathbf 0.\end {equation*}


$\nabla ^2 f[\mathbf x] \geq \mu I.$


$\mu =0$


$\rho $


$\mathbf m=(m_x, m_y, m_z)$


$E$


$p=(\gamma -1)(E-\frac 12\frac {\|\mathbf m\|^2}{\rho })$


$\gamma >1$


$\gamma =1.4$


$p$


$\rho , m_x, m_y, m_z, E$


$p(\rho , \mathbf m, E)$


$\rho >0$


\begin {equation*}p\left (a_1 \begin {bmatrix}\rho _1 \\ \mathbf m_1 \\ E_1 \end {bmatrix}+a_2 \begin {bmatrix}\rho _2 \\ \mathbf m_2 \\ E_2 \end {bmatrix}\right )\geq a_1 p\left (\begin {bmatrix}\rho _1 \\ \mathbf m_1 \\ E_1 \end {bmatrix}\right )+a_2p\left ( \begin {bmatrix}\rho _2 \\ \mathbf m_2 \\ E_2 \end {bmatrix}\right ),\end {equation*}


\begin {equation*}\forall \rho _1, \rho _2>0,\quad a_1, a_2>0, \quad a_1+a_2=1.\end {equation*}


$p$


$E$


$E$


$p=(\gamma -1)(E-\frac 12\frac {m^2}{\rho })$


$m$


\begin {equation*}\forall \mathbf x, \mathbf y, \quad f(a_1 \mathbf x+a_2 \mathbf y)\leq a_1 f(\mathbf x)+a_2f(\mathbf y), \quad \forall a_1, a_2\geq 0, a_1+a_2=1.\end {equation*}


$n$


\begin {equation*}\forall \mathbf x_i, \quad f\left (\sum _{i=1}^n a_i \mathbf x_i\right )\leq \sum _{i=1}^n a_i f(\mathbf x_i), \quad \forall a_i\geq 0, \sum _{i=1}^n a_i=1.\end {equation*}


$f(\mathbf x)=\|\mathbf x\|^2=\sum _i x_i^2$


$\mathbf x=\begin {bmatrix} x_1 & \cdots & x_N \end {bmatrix}^T$


$\nabla ^2 f(\mathbf x)=2I$


$f(\mathbf x)=\|\mathbf x\|^2$


\begin {equation*}\|a \mathbf x+(1-a)\mathbf y\|^2\leq a \|\mathbf x\|^2+(1-a)\|\mathbf y\|^2,\quad \forall a\in (0,1), \forall \mathbf x, \mathbf y\in \mathbbm R^N.\end {equation*}


\begin {equation*}\|a \mathbf x+b\mathbf y\|\leq a \|\mathbf x\|+b\|\mathbf y\|,\quad \forall a, b>0,\quad \forall \mathbf x, \mathbf y\in \mathbbm R^N.\end {equation*}


$g(\mathbf x)=\|\mathbf x\|$


$\phi :\mathbbm R\longrightarrow \mathbbm R$


$a<b$


$\int _a^b g(x)dx$


$\int _a^b \phi [g(x)]dx$


\begin {equation*}\phi \left (\frac {1}{b-a}\int _a^b g(x)dx\right )\leq \frac {1}{b-a}\int _a^b \phi [g(x)]dx.\end {equation*}


$\phi '(x)$


\begin {equation}\label {convex-subline} \phi (t)\geq \phi (t_0)+\phi '(t_0)(t-t_0).\end {equation}


$t_0=\frac {1}{b-a}\int _a^b g(x)dx$


$t=g(x)$


\begin {equation*}\phi [g(x)]\geq \phi \left (\frac {1}{b-a}\int _a^b g(x)dx\right )+\phi '(t_0)\left (g(x)-\frac {1}{b-a}\int _a^b g(x)dx\right ).\end {equation*}


$x$


\begin {equation*}\frac {1}{b-a}\int _a^b \phi [g(x)]dx\geq \phi \left (\frac {1}{b-a}\int _a^b g(x)dx\right ).\end {equation*}


$S_{t_0}$


$t_0\in \mathbbm R$


\begin {equation*}\phi (t)\geq \phi (t_0)+S_{t_0}(t-t_0).\end {equation*}


$\phi (t)=|t|$


$t_0=0$


\begin {equation*}|t|\geq |t_0|+S_{t_0}(t-t_0)\end {equation*}


$S_{t_0}=\begin {cases} 1, & t_0\geq 0\\ -1, & t_0<0 \end {cases}$


$\mathbf g: \mathbbm R\rightarrow \mathbbm R^n$


$[a, b]$


$\mathbf g$


$\phi :\mathbbm R^n\longrightarrow \mathbbm R$


$a<b$


$\int _a^b \phi [\mathbf g(x)]dx$


\begin {equation*}\phi \left (\frac {1}{b-a}\int _a^b \mathbf g(x)dx\right )\leq \frac {1}{b-a}\int _a^b \phi [\mathbf g(x)]dx.\end {equation*}


$\nabla \phi $


\begin {equation}\label {convex-subline-vector} \phi (\mathbf t)\geq \phi (\mathbf t_0)+\langle \nabla \phi (\mathbf t_0), \mathbf t-\mathbf t_0\rangle .\end {equation}


$\mathbf t_0=\frac {1}{b-a}\int _a^b \mathbf g(x)dx$


$\mathbf t=\mathbf g(x)$


\begin {equation*}\phi [\mathbf g(x)]\geq \phi \left (\frac {1}{b-a}\int _a^b \mathbf g(x)dx\right )+\langle \nabla \phi (\mathbf t_0),\mathbf g(x)-\frac {1}{b-a}\int _a^b \mathbf g(x)dx\rangle .\end {equation*}


$x$


\begin {equation*}\frac {1}{b-a}\int _a^b \phi [\mathbf g(x)]dx\geq \phi \left (\frac {1}{b-a}\int _a^b \mathbf g(x)dx\right ).\end {equation*}


$X$


$\mathbf g: \mathbbm R\rightarrow \mathbbm R^n$


$[a, b]$


\begin {equation*}\left \| \int _a^b \mathbf g(x) dx\right \| \leq \int _a^b \left \| \mathbf g(x)\right \| dx.\end {equation*}


$\mathbf v=\int _a^b \mathbf g(x) dx$


\begin {equation*}\|\mathbf v\|^2= \sum _{i=1}^n v_i \int _a^b g_i(x) dx= \int _a^b \left [\sum _{i=1}^n v_i g_i(x) \right ]dx=\int _a^b \langle \mathbf v, \mathbf g(x)\rangle dx.\end {equation*}


$\mathbf v=\mathbf 0$


$\mathbf v\neq \mathbf 0$


$\langle \mathbf v, \mathbf g(x)\rangle \leq \|\mathbf v\| \|\mathbf g(x)\|$


\begin {equation*}\|\mathbf v\|^2 \leq \int _a^ b\|\mathbf v\| \|\mathbf g(x)\| dx =\|\mathbf v\| \int _a^ b \|\mathbf g(x)\| dx \Rightarrow \|\mathbf v\| \leq \int _a^ b \|\mathbf g(x)\| dx.\end {equation*}


$A(t)$


$\mf v$


$\int _0^1 A(t)dt$


$\lambda $


\begin {equation*}\int _0^1 A(t)dt \mf v=\lambda \mf v,\quad |\lambda |=\left \| \int _0^1 A(t)dt \right \|.\end {equation*}


$\|\mf v\|=1$


\begin {equation*}\|\lambda \mf v\|= \left \| \int _0^1 A(t)dt \mf v\right \| \leq \int _0^1 \| A(t)\mf v\| dt \leq \int _0^1 \|A(t)\| \|\mf v\| dt=\int _0^1 \|A(t)\| dt.\end {equation*}


\begin {equation*}\|\lambda \mf v\|=|\lambda | \|\mf v\|=|\lambda |=\left \| \int _0^1 A(t)dt \right \|.\end {equation*}


$f: \mathbbm R^n\rightarrow \mathbbm R$


$L$


$f(x)$


$\frac {|f(x)-f(y)|}{|x-y|}=|f'(x+\theta (y-x))|$


$\theta \in (0,1)$


$|f'(x)|$


$L$


$x$


$y\to x$


$|f'(x)|\leq L$


$\|\nabla f(\mathbf x)\|\leq L,\forall \mathbf x$


$f(\mathbf x)$


$L$


$g(t)=f(\mathbf y+t(\mathbf x-\mathbf y))$


$|\langle \mathbf a, \mathbf b \rangle |\leq \|\mathbf a\| \|\mathbf b\|$


$f(\mathbf x)=\frac 12 \mathbf x^T K \mathbf x-\mathbf x^T\mathbf b$


$\mathbf b$


$-K$


$\nabla ^2 f=K$


$\|\nabla ^2 f\|< 4(n+1)^2$


$g(t)=\nabla f(\mathbf x+t\mathbf h)$


$g(1)-g(0)=\int _0^1 g'(t)dt$


$\|A\mathbf x\|\leq \|A\| \|\mathbf x\|$


$\mathbf h=\mathbf y-\mathbf x$


$\nabla f(\mathbf x)$


$f(\mathbf x)$


$L$


$\{a_n\}\subset \mathbbm R$


$S\subset \mathbbm R$


$S$


$\mathbbm R^n$


$\{a_n\}\subseteq S$


$\{a_{n_i}\}$


$S$


$S$


$\mathbbm R^n$


$\mathbbm R^n$


$f(\mathbf x)$


$\mathbbm R^n$


$\{\mathbf x_k\}\subset \mathbbm R^n$


\begin {equation*}\forall \varepsilon >0, \exists N, \forall m, n\geq N, \|\mathbf x_m-\mathbf x_n\|<\varepsilon .\end {equation*}


$\{\mathbf x_k\}\subset \mathbbm R^n$


$\sum \limits _{n=0}^\infty a_n$


$\lim \limits _{n\to \infty }a_n=0.$


$f(x)$


$\sum \limits _{n=1}^\infty f(n)$


$\int _N^\infty f(x) dx$


$N>0$


$\sum \limits _{n=1}^\infty \frac {1}{n^2}$


$\sum \limits _{n=1}^\infty \frac {1}{n}=+\infty $


$f: \mathbbm R^n\rightarrow \mathbbm R$


$\| \nabla ^2f(\mathbf x)\|$


$\nabla f(\mathbf x)$


$L$


\begin {equation*}\forall \mathbf x, \mathbf y\in \mathbbm R^n, \quad |f(\mathbf x)-f(\mathbf y)|\leq L \|\mathbf x-\mathbf y\|.\end {equation*}


$f(x)=|x|$


$L=1$


\begin {equation*}|g(1)-g(0)|=|g'(\theta )|, \quad \theta \in (0,1)\Rightarrow |f(\mathbf x)-f(\mathbf y)|=|\langle \nabla f(\mathbf y+\theta (\mathbf x-\mathbf y)) , \mathbf x-\mathbf y\rangle |.\end {equation*}


\begin {equation*}|f(\mathbf x)-f(\mathbf y)|=|\langle \nabla f(\mathbf y+\theta (\mathbf x-\mathbf y)) , \mathbf x-\mathbf y\rangle |\leq \|\nabla f(\mathbf y+\theta (\mathbf x-\mathbf y)) \| \| \mathbf x-\mathbf y \|\leq L \| \mathbf x-\mathbf y \|.\end {equation*}


\begin {align*}\nabla f(\mathbf x+\mathbf h)-\nabla f(\mathbf x)& =\int _0^1 \nabla ^2 f(\mathbf x+t\mathbf h) \mathbf h dt.\end {align*}


\begin {align*}\| \nabla f(\mathbf x+\mathbf h)-\nabla f(\mathbf x)\| &= \left \| \int _0^1 \nabla ^2 f(\mathbf x+t\mathbf h) \mathbf h dt \right \| \\ &\leq \int _0^1 \left \| \nabla ^2 f(\mathbf x+t\mathbf h) \mathbf h \right \| dt \\ &\leq \int _0^1 \left \| \nabla ^2 f(\mathbf x+t\mathbf h) \right \| \|\mathbf h\| dt \\ &= \int _0^1 \left \| \nabla ^2 f(\mathbf x+t\mathbf h) \right \| dt \|\mathbf h \| =L\|\mathbf h \|.\end {align*}


\begin {align*}\nabla f(\mathbf x+\mathbf h)-\nabla f(\mathbf x)& =\int _0^1 \nabla ^2 f(\mathbf x+t\mathbf h) \mathbf h dt\\ &=\left (\int _0^1 \nabla ^2 f(\mathbf x+t\mathbf h) dt \right ) \mathbf h.\end {align*}


\begin {align*}\| \nabla f(\mathbf x+\mathbf h)-\nabla f(\mathbf x)\| &\leq \left \| \int _0^1 \nabla ^2 f(\mathbf x+t\mathbf h) dt \right \| \|\mathbf h\| \\ &\leq \int _0^1 \left \| \nabla ^2 f(\mathbf x+t\mathbf h) \right \| dt \|\mathbf h\| \\ &\leq \int _0^1 L dt \|\mathbf h\|=L\|\mathbf h \|.\end {align*}
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Preface

These notes are supposed to be self-content. The main focus is currently the
classical analysis of popular gradient based algorithms. Typos are inevitable.
Use with caution.
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Notation

Unless specified otherwise:

1.

2.

3.

x denotes a single variable, and x denotes a column vector.
x! is the transpose of x, thus a row vector.

f(x) is a scalar-valued multi-variable function.

. Vf(x) is a column vector.

. For a matrix A € R" ", ||A]| is the spectral norm; o;(A) and \;(A)

denote its singular values and eigenvalues respectively.
VY means for any, and 3 means there exists.

CF* functions: the partial derivatives up to k-th order exist and are
continuous.

(a,b) denotes the dot product of two vectors.
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Smooth problems






1

Prerequisites

In this chapter, we first introduce some tools that will be needed for analyz-
ing the simplest gradient descent method. It is convenient to know where
each tool will be used. The Taylor’s Theorems in Section 1.1 are what we use
to derive the optimality conditions in Section 1.4. The equivalent conditions
of convexity in Lemma 1.10 will be used in almost every convergence proof
later, so it is worth reading that lemma carefully. The Lipschitz continuity
of V f(x) in Section 1.3 is the key assumption for the Descent Lemma in the
next chapter.

1.1 Multi-variable Taylor’s Theorems

We first start with the well-known mean value theorem in calculus without
proof:

Theorem 1.1. If a function f(x) is continuous on the closed interval [a, b
and differentiable on the open interval (a,b), then there exists ¢ € (a,b) s.t.

f®) = fa) = f'(e)(b - a).

Remark 1.2. The geometrical meaning of this theorem is simply saying

that there is a point ¢ where the tangent line (with slope f'(c)) is parallel to
1b)-1(a) )

the secant line passing two end points at a and b (with slope ==~

Theorem 1.3 (Single variable Taylor’s Theorem). Suppose that I C R is
an open interval and that f(x) is a function of class C? (f"(x) ewists and
is continuous) on I. For any a € I and h such that a + h € I, there exists
some 0 € (0,1) such that

2
fla+h) = f(a)+ hf'(a) + %f”(a—i— Oh).
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Proof. Consider
g1(x) = f(z) = fla) — (z — a)f'(a)
then ¢1(a) = g (a) = 0. Define

r—a

o) =0~ (550) aasm,

then g(a) = ¢'(a) = g(a + h) = 0. By Mean Value Theorem on g(z), we
have
gla)=gla+h)=0=g¢'(a+ah)=0, ac(0,1).

Use Mean Value Theorem again on ¢'(z):
da)=¢g(a+ah)=0= g¢"(a+0h)=0, 6 (0,a).

Since g"(x) = f"(z) — Z&gi(a+ h), g"(a+ 6h) = 0 implies that we get
the explicit remainder for the second order Taylor expansion as gi(a + h) =
%2f”(a + 60h). Finally, notice that gi(a + h) = f(a+ h) — f(a) — hf'(a) by
the definition of g1 (z), thus

h2
Flath) = (@) + hf'(a) + o f"(a -+ 6h),
which completes the proof. O

Theorem 1.4 (Multivariate First Order Taylor’s Theorem). Suppose that
S C R™ is an open set and that f : S — R is a function of class C* on
S (first order partial derivatives exist and are continuous). Then for any
a € S and h € R" such that the line segment connecting a and a + h is
contained in S, there exists 0 € (0,1) such that

f(a+h)=f(a)+Vf(a+6h)-h.

Proof. Define g(t) = f(a + th). By Mean Value Theorem on g(t), there
is 0 € (0,1) s.t.
9(1) = 9(0) + ¢'(9).

By chain rule, we have ¢’(0) = V f(a+6h)-h, which completes the proof. ]

Theorem 1.5 (Multivariate Quadratic Taylor’s Theorem). Suppose that
S C R™ is an open set and that f : S — R is a function of class C? on
S (second order partial derivatives exist and are continuous). Then for any
a € S and h € R" such that the line segment connecting a and a + h is
contained in S, there exists 0 € (0,1) such that

fla+h)=f(a)+Vf(a) -h+ %hTV2f(a + 6h)h.
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Proof. Define ¢g(t) = f(a + th). By Theorem 1.3 on g(t), there is 6 €
(0,1) s.t.

9(1) = 9(0) + ¢/ (0) + "),

By chain rule, we have ¢'(0) = Vf(a)-h and ¢”(f) = hTV2f(a + 6h)h,
which completes the proof. O

We need to be careful that these Taylor’s Theorems may not hold for a
vector-valued function. For instance, consider a smooth scalar-valued func-
tion

f:R" —R,
its gradient is a vector-valued function
Vf:R" — R".

One might presume a formula like Vf(a +h) = Vf(a) + V2f(a + 6h)h,
which could be wrong! The reason is that each entry of V f has its own 6
from the Mean Value Theorem, and there is no reason for these 8 to be the
same one.

For instance, consider the smooth function f(z,y) = 5= sin(27rz) +
ysin(27x), for which

Vi(z,y) = [(1 + zgly();g:)(%x)l . V2 f(zy) = l—2ﬂ(12;—027;z;2);;r;(27m) 2 Coz(27r:n)] '

Take a = lg] and h = [(1)], then Vf(a+h) = Vf(a) = [é] thus the left

hand side of the presumed formula is 0. On the other hand, a + 6h = [g]

gives

—27 sin(276)

Vif(a+ohh = [ 27 cos(270)

], Hv2f(a+9h)hH:2w, Vo € (0, 1),

which is never 0. So the presumed formula fails for every 6.

The correct replacement is to use an integral rather than a single point
0:

1
Vf(a+h)—Vfa) :/ V2f(a + th)hdt, (1.1)
0
which is simply the Fundamental Theorem of Calculus applied to g(t) =

Vf(a + th) entry by entry. We will use (1.1) in Theorem 1.24. For the
example above, both sides of (1.1) are indeed O.
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1.2 Convex functions

1.2.1 Definition

Definition 1.6. Consider a function f : R" — R and any x,y € R" and
any A € (0,1).

1. f(x) is called convex if f(Ax+ (1 —AN)y) < Af(x)+ (1 =N f(y).

2. f(x) is called strictly convez if f(Ax+(1=N)y) < Af(x)+(1—=X)f(y)
whenever x # y. The restriction x # 'y is necessary: for x =y the
two sides are equal.

3. f(x) is called strongly convex with a constant parameter p > 0 if

O (1= N)y) < AF() + (1= NI (y) = GA0 = V]~ v

. f(x) is (strictly or strongly) concave if — f(x) is (strictly or strongly) convez.

Remark 1.7. Two easy consequences of the definition above are worth
recording. First, f(x) is strongly convex with u > 0 if and only if f(x) —
Blx|1? is conves. Second, for p >0,

strong convexity = strict converity = convexity.

It is convenient to allow pu = 0 in the inequality defining strong convexity, in
which case it simply reduces to convexity. With this convention, statements
below about strong convexity include convexity as the special case p =0, and
we do not need to prove the two cases separately.

A convex function does not need to be differentiable, e.g., the single
variable absolute value function f(z) = |z| is convex.

Example 1.8. Any norm of a matrix is convex due to the triangle inequality
of norms: for any X, Y € R™"™ and any A € (0,1),

IAX + (1 = VY[ < [IAX] + [(1 = VY[ = A[X + (1 = MY
See Appendixz A.6 for examples of matriz norms.
It is straightforward to verify the following from the definition:
Theorem 1.9. Let f(x) and g(x) be two convex functions. Then
1. f(x)+ g(x) is convex;

2. If g(x) is strictly convez, so is f(x)+ g(x);
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3. If g(x) is strongly convex, so is f(x) + g(x).

If a single variable function is continuously differentiable, then being
convex simply means that the derivative f/(z) is non-decreasing, i.e., [f’(y)—
f'(x)](y — ) > 0. Notice that it is non-decreasing rather than strictly
increasing; strictly increasing f’(z) corresponds to strict convexity. If twice
continuously differentiable, then convexity simply means f”(z) > 0, and
strong convexity means f”(z) > p > 0. The following subsections provide
justifications.

1.2.2 Equivalent conditions
Geometrically convexity also means that function graph is always above any

tangent line: £(z) > £(y) + f/(4)(z — ).

Lemma 1.10. Assume f : R" — R is continuously differentiable. Then the
following are equivalent definitions of f(x) being conve:

1 f(x) > f(y) +(Vf(y),x—y), V¥xy.
2. (Vf(y) = Vf(x),y —x) >0, Vx,y.

If replacing > with > above and restricting to x # 'y, then we get equivalent
definitions for strict convexity. For strong convexity with parameter u > 0,
the following are equivalent definitions:

1L f(x)> fly) +(Vfly),x—y)+ 5lx—yl?, vxy.
2. (Vf(y) = Vix),y —x) > pllx—yl>, Vx,y.

Proof. We only prove the equivalency for strong convexity, since convex-
ity is simply strong convexity with © = 0 and discussion for strict convexity
is similar to convexity. Denote the definition of strong convexity by (SC),
and the two conditions in the statement by (1) and (2). We show (SC) =
(1) = (2) = (1) = (SC), which gives the equivalency of all three.

First, we show (SC) = (1). Assume f(x) is strongly convex, then

O (1= N)y) < AF() + (1= NF(y) = A0 = Vlfx — v

| fOxt( —)\)\)Y) — ) p) - ) — 5(1 —Nx —yl*

Let g(t) = f(tx + (1 — t)y) then g(0) = f(y) and

gt =Vfitx+ 1 -t)y) (x—y) = (Vflx+ (1-t)y),x—y).
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By the Mean Value Theorem on ¢(t), there exists s € (0,¢) such that ¢'(s) =
g(t);g(o)’ thus

Fltx+ (1 —tt)y) —fy) _ 9 ;9(0) = g'(s) = (Vf(sx+(1—5)y),x—y),

and

(Vi(sx+ (1= s)y),x—¥) < f(x) = £(v) = S0 = D)lIx — v

Let t — 0 then s — 0, we get f(x) > f(y) + (Vf(y).x—y) + §lx — y|*

Second, we show (1) = (2). Assume

F60) 2 F(y) + (V). x = ) + Slx — ]

Then combining with
F(9) = () + (VF(x),y = x) + Slx — ]

we get (Vf(y) — Vf(x),y —x) > pllx —y|*.

Third, we show (2) = (1). Assume (Vf(y) - Vf(x),y—x) > ul|x -yl
Let x; = tx + (1 —t)y, then

(Vi) = V) xe —y) > plx — v,

thus
(Vftx+ (1 —t)y) = VIy), tx—y)) > pt’llx -yl

and
(Vitx+ (1 -t)y),x—y) > (VF(y),x —y) + ut]x — y||.

Consider g(t) = f(tx+ (1 —t)y), then

1 1 1
/g/(t)dtZ/ <Vf(tX+(1—t)y),x—Y>dt2/ (VF(y), x—y)+putl|x—y|/*)dt
0 0 0

= (V(y)x—y) + Slx =yl

So
F60) = £(y) = 9(1) = 9(0) = (VF(y), x = ¥) + Slx —yII”.

Finally, we show (1) = (SC), which closes the loop. Assume

) = £(3) + (VF)x =) + Slx=yIP, vy,
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Let x; = tx + (1 — t)y, then we have

FO0) 2 Fx0) + (V) x = x0) + 5 x = ],

F(9) 2 fx0) + (VF ),y = i) + S lly = il

Combining the two inequalities with coefficients ¢t and 1 — ¢, notice that
x—x¢ = (1—t)(x—y) and y —x; = (—t)(x —y), thus the two inner product
terms cancel:

HVf(xe), x =) +(1=t)(Vf(x), y —x¢) = (Vf(x), tx+ (1 - t)y —x4) = 0,
and the two quadratic terms combine as
tlx—xi|>+ (1=t |y =%l = [t(1=)*+ (1= )¢*] | x—y|* = t(1 =) [ x —y]*.

So we get

J(tx+ (1=0)y) < t7(x) + (1= D (y) = Ht1 = Dllx — v

O]

Remark 1.11. We will compare symmetric matrices frequently, so we fix
the notation here. For two real symmetric matrices A and B, A > B means
that A — B is positive semi-definite, i.e., x' (A — B)x > 0 for any X, and
A > B means that A — B is positive definite, i.e., x! (A — B)x > 0 for any
x # 0. In particular, A > 0 simply means A is positive semi-definite, and
A > pl simply means all eigenvalues of A are no less than u. Notice that
this is not the same as comparing the entries of A and B.

Lemma 1.12. Assume f : R™ — R is twice continuously differentiable
(second order partial derivatives exist and are continuous).

1. f(x) is convex if and only if V2 f(x) > 0 (Hessian matriz is positive
semi-definite) for all x.

2. f(x) is strongly conver if and only if V> f(x) > pl for all x.

3. f(x) is strictly convex if V2f(x) > 0 for all x. This is not necessary
even for single variable functions: f(x) = x* is strictly convex but
" (x) >0 is not true at x = 0.

Proof. First, we show assumptions on the Hessian are sufficient for con-
vexity, strict convexity and strong convexity. Apply Multivariate Quadratic
Taylor’s Theorem (Theorem 1.5), we get

F) = F9)+ V1) (- y) 5 (x—3) V2 Ty +x—y)](x—y).0 € (0, 1)
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Strong convexity is proven by Lemma 1.10 and the fact that

V2 >l = s (x—y) VA fly 00— y(x - y) > Allx - 2
Convexity and strict convexity are similarly proven.

Second, we show the assumptions on the Hessian are also necessary.
Assume f(x) is strongly convex. By Lemma 1.10, we have

vVt > 0,Vp,x € R", f(x +tp) > f(x) + (Vf(x),tp) + gHtPHQ-

With the Quadratic Taylor’s Theorem we get

30 € (0,1), f(x+tp) = f(x) +tVf(x)p + %tQpTVQf[x + 6plp

thus
p’ V2f[x + 6p]p

IplI?

1 %
St VAl + 0plp > S tpll* =

Let ¢ — 0, then 8 — 0, we get

p'V?fx]p

T >p, VpeR",p#0.

By the Courant-Fischer-Weyl min- max principle in Appendix A.1, we get
V2f[x] > ul. Repeat the same argument for u = 0, we prove the Hessian
condition is necessary for the convexity. O

Problem 1.13. In gas dynamics, governing hydrodynamics equations are
defined by conservation of mass p, momentum m = (mg, my, m,) and total

energy E. The pressure is defined as p = (v — 1)(E — %W) in equation
of state for ideal gas where v > 1 is a constant parameter, e.g., v = 1.4 for
air. Regard p as a function of conservative variables p, my, my, m., E, verify
that p(p,m, E) is a concave function for p > 0 thus satisfies the Jensen’s

inequality (note that the inequality for a concave function is reversed):

£1 P2 P1 P2
plar |my| +az |my Zaip | |my +ap| Mm2| |,
Eq Es Eq Es

Vp1,p2 >0, ai,a2 >0, a+ay=1

Hint: show the Hessian matriz is negative semi-definite. It cannot be
negative definite: p is affine in E, so the row and column of the Hessian
for E wvanish. Start with an easier problem by considering 1D case: p =

(v—1)(E - %m?z) where m is scalar.
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1.2.3 Jensen’s inequality
A convex function by definition satisfies the Jensen’s inequality:
Vx,y, flaix+ay) <aif(x) +af(y), Vai,az>0,a1 +az =1

It is straightforward to extend it to m terms by induction, i.e., Jensen’s
inequality also implies

vxi, f (Z aixi> <> aif(xi), Va; >0, a;=1.
i=1 i=1

=1

T
Example 1.14. Consider f(x) = ||x||? = 3 ;27 for x = [xl a;N} ,
then V2 f(x) = 2I is positive definite thus f(x) = ||x||? is convex and satisfies
the Jensen’s inequality:

lax + (1 = a)y[* < allx|* + (1 —a)llyl]*, Vae€(0,1),Vx,y € RY.

Notice that this is similar to but different from the triangle inequality for the
norm function:

lax +byll < allx|| +bllyl, Va,b>0, ¥xyeRY.

In particular, the function g(x) = ||x|| s also convex due to the triangle
inequality above.

Theorem 1.15 (Jensen’s inequality in integral form). If a single variable
function ¢ : R — R is convez, a < b, and both f(fg(x)dx and ff olg(x)]dx

exist, then
1t 1t
0 (b_a / g(m)dx) <5 | olota)da.

Proof. First of all, this result can be proven without assuming the differ-
entiability of the convex function. But for convenience, assume ¢'(x) exists,
then Lemma 1.10 implies

¢(t) > ¢(to) + ¢'(to)(t — to). (1.2)
Plug in tg = ;- f;g(:z:)d:x and t = g(x) we get

b b
Plg(z)] > ¢ <b1a/a g(ﬂf)dﬂ«"> + ¢'(to) (g(fv) 3 E a/a g(x)d$> :

Integrate both sides for variable z, we get

b i a /ab¢[9(x)]dx > ¢ <b_1a /abg(x)dx> .
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Remark 1.16. The proof above can be easily extended to a nondifferentiable
convex function which is bounded from below by a linear function, e.g., the
proof still holds if assuming there is a slope Sy, for any to € R such that

o(t) = ¢(to) + Sty (t — to).
For instance, ¢(t) = |t| is not differentiable at to = 0, but we have
[t = lto| + Sty (£ —to)

1, to>0

’LU?:thStO:{ 1 ¢ <0.
5 0

It can also be extended to a vector valued function:

Theorem 1.17 (Jensen’s inequality in integral form for a vector-valued
function). Let g : R — R™ be a single variable vector-valued function, which
is integrable on [a,b] in the sense that integral exists for each entry of the
vector g. If ¢ : R™ — R is convez, a < b, and f(f olg(z)|dx exists, then

b b
0 (bl / g(az)dx) < [ olela)dz.

Proof. As in previous theorem, this result can be proven without assum-
ing the differentiability of the convex function. For convenience, assume V¢
exists, then Lemma 1.10 implies

P(t) = d(to) + (Vo(to), t — to). (1.3)

Plug in to = ;1 f; g(z)dr and t = g(z) we get

1
b—a

o)) 2 0 ( / bg(az)dm) +(V0(t0),82) [ gla)da).

Integrate both sides for variable z, we get

b i a /ab¢[g(:v)}da: > ¢ (b—la /ab g(w)dx) .

O]

Recall that the spectral norm of a matrix X is a convex function due
to the triangle inequality. Next, we prove a Jensen’s inequality about the
spectral norm.
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Lemma 1.18. Let g : R — R"™ be a single variable vector-valued function,
which is integrable on [a,b]. Then

‘ /abg(x)dx

Proof. If we apply the previous theorem to the norm function, which is
convex due to triangle inequality, then we get this inequality. We give a
different proof here. Let v = ffg(x)dx, then

[v]|2 = iilfui /abgi(a;)dq: = /ab Lil vigi(x)] dx = /ab<v, g(z))dx.

If v = 0 the claimed inequality is trivial, so assume v # 0. With Cauchy-
Schwarz inequality (v, g(x)) < ||v||||g(x)]|, we get

< [ lg@)a

b b b
IvIZ < [ Ivlle@)lide = vl [ lg@lde = vl < [ lg@)lds.
U

Theorem 1.19 (Jensen’s inequality of the spectral norm). Let A(t) : R —

R™™ be a real symmetric matriz valued function. Assume it is integrable
on [0,1]. Then

1 1
H/ A(t)dtH g/ AL dt.
0 0
Remark 1.20. The integral of a matriz-valued function A(t) is called the
Bochner integral (for functions mapping to any Banach space). And the

inequality above can be regarded as Jensen’s inequality applying to the spectral
norm, at least for Hermitian matrices, see [18, 6]

Proof. For real symmetric matrices, the singular values are the absolute
value of eigenvalues. Let v be the unit eigenvector of the matrix fol A(t)dt
for the extreme eigenvalue A such that

1 1
/ At)div = \v, | = H/ A(t)dtH.
0 0
Lemma 1.18 and ||v|| = 1 imply
1 1 1 1
vl = | [ Awdes| < [ 1acvlae < [ jawiivide= [ @
The left hand side is

1
vl = Wllvll =13 = | [ At
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1.3 Lipschitz continuous functions

Definition 1.21. A function f : R™ — R is called Lipschitz continuous
with Lipschitz constant L if

vx,y € R",  [f(x) = f(y)l < Llx -yl

We can easily verify that f(z) = |z| is Lipschitz continuous with L = 1.

Remark 1.22. For a continuously differentiable function f(z), by the Mean

Value Theorem, we have % =|f'(x+0(y — x))| for some 6 € (0,1).

Assume |f'(x)| is bounded by L for any x, we obtain Lipschitz continuity.
Assume Lipschitz continuity, and take the limit y — x, we get |f'(z)] <
L. Thus for a continuously differentiable function, Lipschitz continuity is
equivalent to boundedness of first order derivative.

Lemma 1.23. Assume ||V f(x)|| < L,Vx, then f(x) is Lipschitz continuous
with Lipschitz constant L.

Proof. Apply the Mean Value Theorem to g(t) = f(y+t(x—y)), we get
19(1)—g(0)] = |g'()], 0 €(0,1) = [f(x)—f¥)] = Vf(y+0(x—y)),x=¥)|.

With the Cauchy-Schwarz inequality for two vectors |(a,b)| < |la||||b]|, we
get

[f(x)=F¥) = (VF(y+0(x=y)), x=y)| < [V (y+0(x=y))[[[x=y] < Lllx=yll
O

Theorem 1.24. For a twice continuously differentiable function (second-
order derivatives exist and are continuous) f : R™ — R, if

IV2f)l <L, wx,

where |V2f(x)| denotes the spectral norm, then V f(x) is Lipschitz contin-
uous with Lipschitz constant L.

Example 1.25. Let f(x) = %XTKX — xTb where b is a given vector and
—K s the discrete Laplacian matriz as in Appendiz B. Then V2f = K and
we have ||[V2f|| < 4(n +1)2. See Appendiz B.

Proof. By Fundamental Theorem of Calculus on a vector-valued single
variable function g(t) = Vf(x + th), g(1) — ¢g(0) = 01 g (t)dt gives

Vf(x+h) - V/(x) = /01 V2f(x + th)hdt.



1.4. OPTIMALITY CONDITIONS 19

The definition of spectral norm (See Appendix A.6) gives ||Ax|| < || A]|||x].
With Lemma 1.18, we have

IV F(x +h) — VFx)| = H/Ol sz(erth)hdtH
g/ol V2f(x + thh]| dt

< [0 am)

0
1
/0 V2 f(x+ )| e [ = Lijn].
Finally, let h =y — x, we get the Lipschitz continuity. O

Remark 1.26. Notice that it is V f(x) rather than f(x) that is assumed
to be Lipschitz continuous in Theorem 1.2/. In the optimization literature,
such a function is usually called L-smooth, and this is the assumption we
will use most often. It is the key assumption for the Descent Lemma in the
next chapter, which is the starting point of almost every convergence proof
for gradient based methods.

Remark 1.27. The proof above can be also be done as the following by
Theorem 1.19:

Vf(x+h)-Vf(x)= /01 V2 f(x + th)hdt
_ (/01 V2f(x+th)dt) h.
thus
1
IVt ) = G < | [ 926+ ] ]
< /01 |92 e+ em) |

1
< [ Lat|n| = Lin].

1.4 Optimality conditions

Definition 1.28. For f : R" — R, x* is a global minimizer if f(x*) <
f(x),¥x € R™. x* is a local minimizer of f(x) if there is a ball B C R"
centered at x* on which x* is the global minimizer of f(x) restricted on B.

We review the well-known optimality conditions.
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Theorem 1.29 (First Order Necessary Conditions). For a C! function (first
order derivatives exist and are continuous) f(x) : R" — R, if x* is a local
minimizer, then V f(x*) = 0.

Proof. Assume Vf(x*) # 0. Let p = —Vf(x*), then g(t) = p! Vf(x* +
tp) is a continuous function, thus

g(0) = —||Vf(x")|I? < 0= 3T > 0,Yt € [0,T],9(t) < 0.
For any fixed t € (0,T], by Theorem 1.4, there is 6 € (0,t) s.t.

F(x* +tp) = f(x*) +tp" VF(x" +6p) < f(x*).

So along the line segment connecting x* and x* + tp for arbitrarily small %,
f(x*) is not the smallest function value, which is a contradiction to the fact
that x* is a local minimizer. O

Definition 1.30. x* is called a stationary point or a critical point of the

function f(x) if Vf(x*)=0.

Theorem 1.31 (Second Order Necessary Conditions). For a C? function
(second order derivatives exist and are continuous) f(x) : R" — R, if x*
is a local minimizer, then V f(x*) = 0 and V2 f(x*) > 0 (Hessian matriz is
positive semi-definite).

Proof. Assume V2f(x*) is not positive semi-definite, then there exists
p € R" sit. p!'V2f(x*)p < 0. The continuity of the function g(t) =
p!'V2f(x* + tp)p implies that

37 > 0,Vt € [0, 7], p? V2f(x* + tp)p < 0.

For any fixed t € (0,7], by Theorem 1.5, there is 6 € (0,1) s.t.

1
FO"41p) = f(x") +tp" VF(x") + St°p VA f(x" + 0p)p < f(x7),
where we have used Theorem 1.29. So along the line segment connecting x*
and x* + tp for arbitrarily small ¢, f(x*) is not the smallest function value,
which is a contradiction to the fact that x* is a local minimizer. O

Theorem 1.32 (Second Order Sufficient Conditions). For a C? function
(second order derivatives exist and are continuous) f(x) : R" — R, if
Vf(x*) =0 and V2f(x*) > 0 (Hessian matriz is positive definite), then x*
is a strict local minimizer.

Proof. First of all, for the real symmetric Hessian matrix V2 f(x), posi-
tive definiteness means that all eigenvalues are positive.
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Second, eigenvalues are continuous functions of matrix entries because
polynomial roots are continuous functions of coefficients, thus the smallest
eigenvalue of V2f(x) is a continuous function of x. Thus, V2f(x*) > 0
implies that there is an open ball centered at x* with radius r > 0:

B={xeR":||x—x"|| <r}

such that V2f(x) > 0,Vx € B.
For any y € B, we have y = x* + p where p € R" with 0 < ||p|| < r.
By Theorem 1.5, there is § € (0,1) s.t.

PO+ p) = F() + BTV () + 50T VS + 0p)p > (),

which is due to the positive definiteness of V2 f(x* 4 6p) (because x* +60p €
B). Tt implies x* is a strict local minimizer on the ball B. O

Theorem 1.33. Assume f(x): R" — R is convex.
1. Any local minimizer is also a global minimizer.

2. If f(x) is also continuously differentiable (the same as C* functions),
then x* is a global minimizer if and only if V f(x*) = 0.

Remark 1.34. A convex function may not have any minimizer at all, e.g.,

f(x) = .
Proof. Let x* be a local minimizer. For any y, there exists T" > 0 s.t.
vt e (0,T), f(x*+t(y —x%)) > f(x*),
because x* is a local minimizer. The convexity implies
S +ty —x7) = fF(A-t)x" +ty) < (1 - 0)f(x") + tf(y)

thus we get f(x*) < f(y).
Next, assume x* is a global minimizer thus also a local one, then Theorem
1.29 implies V f(x*) = 0. If assuming V f(x*) = 0, then Lemma 1.10 implies
fx) 2 F(XT) +(VF(x),x = x7) = f(x7).

O
Theorem 1.35. Assume f(x) : R — R is strongly convex and also

continuously differentiable (the same as C' functions). Then f(x) has a
unique global minimizer X*, which is the only critical point of the function.
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Proof. By Theorem 1.33, we only need to show f(x) has a global mini-
mum and the minimizer is unique.
By Lemma 1.10, we have

60 2 £(3) + (VI x =) + Slx =3P, vy,
Plug in y = 0, we get
F(x) = £(0) + (V£(0), %) + FIx|%,

which implies f(x) — 400 as [|x|| = oo. Thus for any fixed number M,
there is R > 0 s.t.,

f(x) > M, Vx satisfying ||x|| > R.
In particular, consider the R > 0 for M = f(0), and the closed ball
B={xeR":|x| <R}

The closed ball B is a compact set thus f(x) attains its minimum on B,
see Appendix C. Let x* be one minimizer of f(x) on B, then since 0 € B,
we have f(x*) < f(0) = M. For any x ¢ B, ie., x| > R, we have
f(x) > M > f(x*). Thus x* is the global minimizer.

Let x*, y* be two global minimizers, then

) 2 V) X =y )+ A =y 2 = Byt P <0 = x =y,
where we have used Vf(y*) =0 and f(x*) = f(y"). O

For a strictly convex function the term & ||x — y]||? is no longer available,
so the argument above does not carry over word for word. The uniqueness
instead comes from the strict inequality in Lemma 1.10.

Theorem 1.36. Assume f(x) : R™ — R is strictly convex and also con-
tinuously differentiable. If f(x) has a global minimizer x*, then it is unique
and also the only critical point.

Proof. Assume x* # y* are two global minimizers, then f(x*) = f(y™).
A strictly convex function is convex, so Theorem 1.33 implies V f(y*) = 0.
Since x* # y*, the strict version of Lemma 1.10 gives

fX) > fy") (V). x" —y) = f(¥y"),

which is a contradiction. Thus the global minimizer is unique. By Theorem
1.33, any critical point is a global minimizer, thus it is also the only critical
point. ]

Remark 1.37. Strict convexity is not enough to ensure the existence of a
minimizer. For instance, f(x) = e* is strictly convex.
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The gradient descent method

In this chapter, we consider the unconstrained smooth optimization, i.e.,
minimizing f(x) for x € R".

The gradient descent method with a constant step size n > 0 is the most
popular and also the simplest algorithm for minimizing f(x):

Xk+1 =Xk — NV f(xg), n>0. (2.1)

In this section, we need to assume the gradient V f(x) is Lipschitz contin-
uous, which however does not necessarily imply f(x) is Lipschitz continuous.
For example, f(z) = x? is not Lipschitz continuous because f’(z) = 2z is
not a bounded function (see Remark 1.22), but f’(z) = 2x is Lipschitz
continuous because its derivative is a constant.

2.1 Stable step sizes

Lemma 2.1 (Descent Lemma). Assume V f(x) is Lipschitz-continuous with
Lipschitz constant L, then

F¥) < £+ (V) y =) + 2 lx— v,

F¥) > F() + (V) y =) — olx— v

Remark 2.2. Notice that there is no assumption on the existence of Hessian.
But if assuming |[V2f|| < L, then by Theorem 1.5,

F(¥) = 700+ (VI ),y %)+ 5 (x ~ ) V[ (#) (x )

which implies
F(¥) < F) + (V) y =) + 2 x — v

F¥) > F) + (V) y = %) — 2 lx— v,

23
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where the spectral norm ||V2f| is the largest singular value thus also the
largest magnitude of eigenvalue for a real symmetric matrix, and we have
used the Courant-Fischer-Weyl min-mazx inequality, see Appendiz A.1.

Remark 2.3. Notice that there is no assumption on convexity. But if
assuming strong convexity of f(x), by Lemma 1.10,

F(9) 2 J() + (VF(x),y =) + S x — ]

Proof. Let g(t) = f(x+t(y —x)). The fundamental theorem of calculus
gives

thus
1
0
Let z(t) = x + t(y — x). Then by subtracting (Vf(x),y — x) from both
sides, we get

F) = 1) = [ (VIGc+ tly = X))y — Xt

56 = 160 = (V50 y = )| = | [ (VS0 = V7). = i
< [ 19 5a(0) - 9500,y - xl
(Cauchy-Schwarz inequality) < /0 NIV () — V)l — x|dt
= [F19 56+ 1ty = 30) - V760l — x|
< ([ 2ty = xlat) ly =<l = G lly = =l
The proof also implies
F3) 2 J69) + (V1695 %) — 2 x vl
O]

Lemma 2.4 (Sufficient Decrease Lemma). Assume V f(x) is Lipschitz-
continuous with Lipschitz constant L, then the gradient descent method (2.1)
satisfies

£ — Fx—aVF6) = n(1 = SV, ¥ > 0.
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Proof. Lemma 2.1 gives

Flox = VI () < F00)+ (V<) VT () + 5 IV T o)
O

Lemma 2.4 implies that the gradient descent method (2.1) decreases the
cost function, i.e., f(xp1) < f(xx) for any n € (0, ).

In practice, it is difficult to obtain the exact value of L. But any small
enough positive step size 1 can make the iteration (2.1) stable in the sense
of not blowing up, e.g., f(xk+1) < f(Xk)-

Consider an ordinary differential equation (ODE) system:

d
%u(t) = F(u(t)), u(0)=uy,

T
where u = {ul (t) wa(t) --- un(t)} . The simplest forward Euler scheme
for this ODE system is

Ug41 = Uy + AtF(uk). (2.2)

If setting F' = —V f and At = 7, then the gradient descent method (2.1) can
be regarded as the forward Euler scheme above. However, usually (2.2) is
used for approximating the time-dependent solution u(t), whereas the (2.1)
is used for finding the minimizer ( the steady state ODE solution F'(u) = 0).

Nonetheless, since (2.2) is exactly the same as (2.1), the stability re-
quirement from numerically solving ODE should give the same result as
n< %

Example 2.5. Consider solving the initial boundary value problem for the
one-dimensional heat equation

ut(z,t) = ugz(x,t), x€(0,1)
u(z,0) = up(z), =€ (0,1)
u(0,t) = u(l,t) =0

With the second order discrete Laplacian in Appendiz B, a semi-discrete
scheme defined on a uniform grid x; = iAz with Ax = —— can be written

n+1
as an ordinary differential equation (ODE) system:
d
—u(t) = —Ku(t), u(0)=uy,
dt
T
where u = {ul(t) ug(t) --- un(t)} and u;(t) approzimates u(x;,t). No-

tice the minus sign: with the convention of Appendix B, —u" is discretized
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as Ku, thus uz, is discretized as —Ku. The simplest forward Euler scheme
for this ODE system is

Ug+1 = U — AtKuk (23)

The linear ODE solver stability requirement ||ugi1]| < ||ug|| gives At <
%Aaz2 by using eigenvalues of K given in Appendix B.

If regarding (2.3) as the gradient descent method, then f(u) = %uTK u,
and ||[V2f| = | K| < x> as in Appendix B. This implies the gradient V f
is Lipschitz-continuous with L = ﬁ, thus n < % gives 1 < %AmQ, which is
the same as the ODE stability requirement above.

2.2 Convergence for Lipschitz continuous gradient

Theorem 2.6. Assume V f(x) is Lipschitz-continuous with Lipschitz con-
stant L, and assume f(x) has a global minimizer: f(x) > f(x«),Vx. Then
for the gradient descent method (2.1) with a constant step size n € (0, %),
the following holds:

Fxin) = Fx) < =11~ Em)IVF(x0)| < 0. (2.4

and lim ||V f(xg)|| =0 with
k—o0

max ||V f(xp)]| <

1 1
0<k<n \/m\/n(l . [f(x0) — f(xx)]-

Remark 2.7. Notice that none of the conclusions can imply the sequence
{xr} converges to a critical point. As a matter of fact, {x;} may not have
a limit. See an example below.

Proof. First of all, by plugging y = xx — nV f(x}) into Lemma 2.4, we
get

Floien) = Fx) < =01~ £n) V£ eu)|*

Second, since n € (0, %), we have f(xy+1) < f(xx) thus {f(xx)} is a
decreasing sequence. Moreover, f(xj) has a lower bound f(xx) > f(xx).
Thus, the sequence {f(xx)} is bounded from below and decreasing, thus it
has a limit (a bounded monotone sequence has a limit, see Appendix C).

Let w=n(1 — %n), then w > 0. By summing up (2.4), we get

= £ = pim o]

N
S IV AP < = [f6x0) = Fxen)] <

k=0
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because {—f(xx)} is an increasing sequence.
N
So 3 |IVf(xx)|? is an increasing and bounded above sequence, thus it
k=

converges, which implies the convergence of the infinite series

[e's) N
DIV = lim >V Al
k=0 k=0

The convergence of the series further implies (see Appendix C.4)
lim [|Vf(x)|[* = 0= lim |V f(xz)] = 0.
k—o0 k—o0

Let gn = max [[Vf(x)l|, then

[f(x0) = f(x)],

€|~

<3 IvIGIP < L [0~ Flxnan)] <

O

Next, in order to understand the convergence of {x;}, we discuss suf-

o0
ficient conditions for its convergence. For example, assume > ||V f(xg)]|
k=

converges, then we can prove the convergence of {xx} as the following.

Define y,, = Z (Xpr1 — X)) = —0 Z V f(xx), then for any m > n

i Vf(xk)

k=n+1

<n Y Vi)l

k=n+1

lyn —ymll=n

We need to use the notion of Cauchy sequence (see Appendix C.3). The con-
[e.°] n

vergence of Y ||V f(xg)| implies a, = Y ||V f(xx)| is a Cauchy sequence,
k=0 k=0

thus
Ve > 0,3dN,Vm,n > N, |ay, — a| < e.

So y,, is also a Cauchy sequence, because
Ve > 0,3N,Vm,n > N, |yn — ymll < nlam — an| < ne.

Therefore, y,, has a limit, which further implies the convergence of x;,. How-

o0
ever, the assumption of convergence of Y ||V f(xy)| is in general
k=0

not true. By the proof of the theorem above, we only have the convergence
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> IV f(xx)||?, which does not imply the convergence of > ||V f(xx)|. A
k=0 k=0
quick counter-example would be ||V f(xy)|| = + (see Appendix C on why

[e.°] o0
> 1%2 converges but > % diverges).
k=0 k=0

Example 2.8. We construct an example for which the gradient descent

method produces almost ||V f(xx)|| = 1. Consider the following function
e, <0
flx) = :
g(z), >0

where we pick a function g(x) such that
1. f(z) is very smooth;
2. |f"(x)] <1 for any x, which implies f'(x) is L-continuous with L = 1;

3. f(x) has a global minimizer x..

b
— /
NI

For instance, see the plotted function f(x), which can satisfy all the
assumptions of Theorem 2.6, with Lipschitz constant L = 1 for the derivative
function f'(x).

So a stable step size can be chosen as any positive n < 2. We consider
the following gradient descent iteration with n = 1:

{Ik+1 =z — f'(xk)

o = 0
Notice that all iterates xi, stays non-positive, it can also be written as
Tpyr1 =T — €%, xo=0.

One can easily implement this on MATLAB to verify that numerically we
have | f'(zy)| &~ ¢ for this iteration.
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1 % A MATLAB code of an example for Gradient Descent

2 % producing non—convergent x_k, which goes to infinity.
3 % The cost function f(x)=e"x if x<0.

4 % Must use zero initial guess and step size eta=l.

5 x=0;

6 eta=1;

7 figure;

g8 for k=0:10000000

9 x=x—etax*exp(x); % simple Gradient Descent

10 if (mod(k,10000)==0 | k<100)

11 % plot the iterates (x_k, f(x_k)) the first 100
12 % then every 10,000 iterations

13

14 semilogy (x,exp(x),'0"');

15 xlabel ('x_ k')

16 ylabel ('log[f(x k)] ")

17 hold all

18 drawnow

19

20 end

21 % print values of [|f'(x_k)|—1/k](1/k): an indicator
22 % of how close |f'(x k)| is to 1/k

23 fprintf('%d %d \n', k, abs(exp(x)—1/k)xk)

24 end

More importantly, Theorem 2.6 implies that e** = |f'(xy)] — 0 thus
rr — —oo. FEwven though we can informally write it as xp — —oo, the
sequence {xy} diverges because it is not Cauchy (see Appendiz C.3), e.g., it
does not have any cluster point.

So in the example above, we can see that Lipschitz-continuity of V f may
not ensure the convergence of the gradient descent to even a critical point!

2.3 Convergence for convex functions

Theorem 2.9. Assume V f(x) is Lipschitz-continuous with Lipschitz con-
stant L and f(x) : R" — R is convex. Then for any X,y:

1 fly) > f(x) +(VI(x),y —x) + 3£ [V f(x) = Vf(y)|?
2. |[Vf(x) = Vi(y)l? < L(Vf(x) - V(y),x—y).

Remark 2.10. Without convezity, by the proof of Lemma 2.1, we only have

F¥) < £+ (V) y =) + 2 lx— v,

F¥) > £+ (V) y =) — wlx— vl
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With strong convezity, we can have

F(9) 2 F(0) + (V0,5 =) + S x — ]

Proof. Define ¢(x) = f(x) — (Vf(x0),x). Then ¢(x) also has Lipschitz

continuous gradient:

IVo(x) = Vo)l = [VF(x) = V)l < Lix -yl
Apply Lemma 2.1 to ¢(x):

6(x) < 6(y) + (V6(y). x —y) + 2 lx— vl

By Theorem 1.9, ¢(x) is also convex because —(V f(x¢), x) is convex. More-
over, Vo (xg) = 0, thus by Theorem 1.33, x¢ is a global minimizer of ¢(x).

Notice that it does not help to bound (Vé(y),x — y) from above by
|IVo(y)|lllx — yl|: such an upper bound is an increasing function of ||x — y/|
thus minimized at x =y, which only gives the trivial ¢(xg) < ¢(y). Since
we only need one convenient x, we instead take x on the ray starting from y
along the direction —V¢(y). Assume V¢(y) # 0, otherwise the conclusion
below is trivially true, and let

Voly)

X = y_TW7 r>0= (Voé(y),x~-y) = —r|[Voy)ll, lx-yll=r

So we get
H(x0) = min §(x) < min | 6(y) — Vo)l + 572
1
= 6(y) - 57 IV,

where the minimum is attained at r = HV(ﬁL(y)H. Thus ¢(x0) < o(y) —
37 IVé(y)||? implies

f(x0) = (Vf(x0),x0) < f(y) = (Vf(x0),¥) — %va(}’) — V£ (xo)l*.

Since xg,y are arbitrary, we can also write it as
£~ (VF(x),%) < 13) ~ (VF(x).3) = 5= V7 y) = VI,

F69) + (T F6),y = %) + 595 (v) = VG < 7).
Switching x and y, we get

F) + (V)%= 3) + 5195 (v) = VIGIIP < 70)
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and adding two we get

IVf(x) = VIi)I® < LVIx) - Vi(y).x—y).
O

Theorem 2.11. Assume f(x) : R" — R is convex and V f(x) is Lipschitz-
continuous with Lipschitz constant L, and assume f(x) has a global mini-
mizer: f(x) > f(x«),Vx. Then for the gradient descent method (2.1) with
a constant step size n € (0, %), in addition to conclusions in Theorem 2.6,
the following holds:

L
Foou) = ) < oo =Py wn=n (1= ).

Remark 2.12. Two different constants show up in the proof and it is con-
venient to name both:

L 2 2
w1 =1 1—571 ; wp=m\7 =N =7wn

where w1 comes from the decrease of the cost function and wo from the
decrease of the distance to a minimizer. Both are positive for n € (0, %)

From the proof, we will see
L1 = x:? < llxe = x)? = w2l V)P s0 e = lxk — x| ds
decreasing but ||x; — X«|| — 0 is wrong because x, may not be unique.

2. The theorem implies Ryt1 = f(Xpy1) — f(xs) < w%r,%, thus f(x) —
f(xx) goes to zero much faster than ||x; — X.|| if X — Xx.

We obtain convergence rate (’)(%), assuming only convezity of the cost func-
tion and Lipschitz-continuity of its gradient. We cannot expect convergence
of Xi. to X4 because a convex function may have multiple global minimizers,

e.g., f(x) =0.
Proof. Define 1, = ||xi — x«||. With Vf(x.) = 0, we get
i1 =[xk —xf?
= |lxk =V f(xn) —x.]?
= || = x|+ 17V F (e 1P + 200 — x5, =0V f (%)
= |k = x.l* + 72 IV )7 = 20(xp — %, V.f (xk) = V£ (%)
2

< ek = %l + 0?1V o)1 = 20l VF (k) = VF (2]
=1} — w2V f (xi)II%,
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where we have used Theorem 2.9 in the last inequality, and wy = 77(% —n) =
7n—n.

Define Ry, = f(xx) — f(x4). By Lemma 1.10, we have

f(X) > f(xk‘) + <Vf(Xk),X - Xk?>7 VX,
thus
J(xe) = f(xk) + (Vf(xk), X — xp).
With Cauchy-Schwarz inequality,
J&xR) = F(x0) < =(VF(xk), % = x) < [V () |1 = %]l

which can be written as

Ry <[V f(xi)]|

thus R
k
—[IVf(xp) < ——.

Tk

Recall Theorem 2.6 gives
(k1) < f(xr) = wr [V f ()17,

thus
Fig1) = f(x) < F(xp) = (%) = w1V f(x)]1%,
2
0 < Ryt < Ry — w1||Vf(xx)||> < Ry, — w1%-
i

Multiplying both sides by m, we get

1 1 1 R
< Wiy
R = Ry i Re11
Lol VR 1
Z 5 TWls 5 2 5 TWl5-.
Rry1 = Ry r2 Ryt — Ry r2

Summing it up for all k =0,1,--- , N, we get

1 1 N o 1 1 1
> = > N+ 1= >w (N +1)—=
e R0+mk§)r£ _R0+w1( + )Tg > wi (N + )Tg,

which gives the conclusion

1 ) 1
T =
wi(N+1)° " wi(N+1)

Ry < 1o — x>

O]

Example 2.13. Consider minimizing f(z) = ta*. Its derivative f'(z) = 23

is NOT Lipschitz continuous because f"(x) = 3z? is not bounded. Theorem
2.11 in this section can still apply, because f'(x) = x® is Lipschitz continuous
with L = 3a® on the interval x € [—a, a], and the gradient descent with xg = a
and sufficiently small step size satisfies xy, € [—a,al.
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2.4 Convergence for strongly convex functions

Now we consider a strongly convex function f(x) : R” — R with parameter
p > 0, and assume V f(x) is Lipschitz continuous with Lipschitz constant
L. Then Lemma 1.10 gives

(VI(x) = Vf(y),x—y) > pulx—yl,

and Lipschitz continuity with Cauchy-Schwarz inequality gives

(Vf(x) = VI).x—y) < [VFx) = Vi@)llx -yl < Llx - y]*

Thus 4 < L and Qf = % can be called the condition number of the function

f(x).

Example 2.14. Consider a quadratic function f(x) = %XTKX —xTb with
the negative discrete Laplacian matriz K, then V2f(x) = K > 0. Let oy
and o, be the largest and the smallest singular values of K, respectively.
Then by Appendixz B, we have

ond < K <011,

which implies that the Lipschitz constant L for NV f (see Theorem 1.24) is
01. By Lemma 1.12, the strong convexity parameter u = o,. The number

2L s also called the condition number of the matriz K. So the condition

number of a strongly convex function with Lipschitz continuous gradient, is
also the condition number of the Hessian matriz, if the Hessian matrix is a
constant matriz.

Theorem 2.15. For a function f(x) : R™ — R with continuous gradi-
ent Vf(x), the assumptions that f(x) is conver and V f(x) is Lipschitz-
continuous with Lipschitz constant L are equivalent to the following for any

X,y:
0< )~ 100~ (VCy —x) < Slx—yl’. (25)
FO0) + (VI(x)y — ) + 5o VA6~ VAP < fy). (26)

TIVI6) = VI < (V56 - Viw)x—y).  (@7)
0< (V100 V() x—y) < L~ I (2.9

Proof. The proof is done by the following steps:

1. convexity of f(x) and Lipschitz continuity of V f(x) imply (2.5);
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. (2.5) implies (2.6);
. (2.6) implies (2.7);
4. (2.7) implies convexity of f(x) and Lipschitz continuity of V f(x);
5. (2.8) is equivalent to (2.5).

First of all, assume f(x) is convex and V f(x) is Lipschitz-continuous
with Lipschitz constant L, then (2.5) holds because of the first order condi-
tion of convexity (Lemma 1.10) and descent lemma (Lemma 2.1).

Second, assume (2.5) holds, then (2.5) implies ¢(x) = f(x) —(V f(x0), x)
satisfies

0<o(x) = ¢(y) = (Vo(y), x —y)
and
L 2
¢(x) < o(y) +(Vo(y), x —y) + 5 lx = y]"
By Lemma 1.10, ¢(x) is also convex. Moreover, Vo(xg) = 0, thus by

Theorem 1.33, xq is a global minimizer of ¢(x). Exactly as in the proof of

Theorem 2.9, assume V¢(y) # 0 and restrict x to the ray x =y — o LOY)

Vo)l
with » > 0, so that (Vé(y),x —y) = —r||Veé(y)|| and [|x —y| = r. So we

get
6(x0) = min () < min [ 6(y) ~ |V (y) I + =1
_ 1 2
=0(y) = 57 IVeII™.
Thus ¢(x0) < ¢(y) — 5|V (y)[|* implies
F(x0) — (T (x0),30) < F(3) — (VS (x0).3) = 5 IV () — V(o)
Since xg,y are arbitrary, we can also write it as
F) — (VF(x),%) < 1)~ (VF(x),3) — 5= IV7y) = VI
which implies
F69 + (T F6,y = %) + 595 (v) = VIGIP < 7).
Switching x and y, we get

F) + (V)%= 3) + 5195 (v) = VIGIIP < 70)
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and adding two we get (2.7).

Third, assume (2.7) holds, then (Vf(x) — Vf(y),x —y) > 0 implies the
convexity by Lemma 1.10, and Cauchy-Schwarz inequality gives Lipschitz
continuity by

%IIVJ"(X)—Vf(y)II2 <(Vfx)=-Vfy),x—y) < [[Vfx) -VI¥llx-yl

Finally, we want to show (2.8) is equivalent to (2.5). Assume (2.5) holds,
we get (2.8) by adding the following two:

0< Fly)— 70 ~ (VI y ) < wlx— vl

0< 1(x) ~ J(y) — (VF(y)x —y) < Elly — x|

Assume (2.8) holds, we get (2.5) by Fundamental Theorem of Calculus on
9(t) = flx+tly —x)):

1
fy) - fx) = /0 (VF(x+tly — %)),y — x)dt

= £~ )~ (V50 =) = [ (VS tly =) = V(). — xh
= [V tly =)~ VS0 ty )
1
(2:8) < [ Lty = xlPde = Sy - xI*
]

Theorem 2.16. Assume V f(x) is Lipschitz-continuous with Lipschitz con-
stant L and f(x) : R™ — R is strongly convex with pn > 0. Then for any

X,y:

pL 2 1 2
(Vi) = VI)x—y) =2 Fplx = yllP+ 227 IV ) = VI

Remark 2.17. Plug in p =0 and compare it with Theorem 2.9.

Proof. We prove it by discussing two cases.
First, if 4 = L, then we need to show

(V500 = VI)x—3) 2 5 lx =yl + 5 IV F6) - VI
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Theorem 2.9 gives

(Vf(x)=Vf(y),x—y)

N

S IV ()~ V)| <

and Lemma 1.10 gives

VIV (y)x-y) > pllxyll? = SVF)- () %) > ¢ lx-yl

Thus adding two gives the desired inequality.
Second, if 1 # L, define ¢(x) = f(x)—4|x||?, then Vo (x) = V f(x)—
So ¢(x) is a convex function, thus

0 < (Vo(y)=Vo(x),y—x) = (Vf(y)=V[(x),y—x)—ply—x|? < (L-p) [y —x]*.
By (2.8), V¢ is Lipschitz continuous with the Lipschitz constant L — p.
Thus by using (2.7) on ¢(x), we get

(Voly) = Vo). = ) = 7 [V6(y) - Vo)

(V1) = Ty =) = ullx = Y| = 72—V F(3) = V() = uly = )|

(Vf(y) = V(x),y —x) = pllx —y]* > %va(}’) ~ Vi)
2

+L

<Vf( )= Vi), y —x)
) = V@I +

Ly = x|+ =

L
L+u

m(vf(}’) - Vf(x),y —x)>

Ly
L—

Ly —x 1.

O]

Theorem 2.18 (Global linear rate of gradient descent). Assume f(x) :
R™ — R is strongly convex with u > 0 and V f(x) is Lipschitz-continuous
with Lipschitz constant L. Then f(x) has a unique global minimizer: f(x) >
f(x4),¥x. The gradient descent method (2.1) with a constant step size

n € (0, Li-w] satisfies
27],uL>k
2 2
X< 1= — — X4||°.
I = < (1= 725 o =
In particular, if n = ﬁ, then we have

Ea

[ = x| <

||X0 - X*”7

2k

1
) %0 — x|
+1

Sl R
— FlIE
= = + | |
‘ = =
N——

f(xk) = f(

ol
N
IN
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Remark 2.19. For any n € (0, LL‘HLL the convergence rate for the error
X — Xy|| has a linear convergence rate O(cF) with ¢ = /1 — 208L s hich
g L+p

s a decreasing function of n. The best rate is achieved at n = L%ru with
L_4
c= z+1 which is an increasing function of the condition number % This

m
implies that the best convergence rate will be worse for a larger condition
number.

Proof. Define rp = ||xx — x«||. With V f(x.) = 0 and Theorem 2.16, we
get
T = %1 — x|
= llxk =V f(xx) = x.]?
= [l = %1+ [0V (e 12 + 205 — %0, =0V f ()
= llxk — x| + [V () [1? = 200k — %0, V. f (xk) = V f (1))

L
<x—x*2+2Vx2—2'u Xp — Xq |2
< ek = x| IV F Gee) 7 = 2 == Hk = x|

1
— |V f(xx) — Vf(x:)]?
1170 = V)]
277NL> 2 2 2 2
=(1——— )+ (" — ——n)|Vf(xe)]*
(1= 222 ) 1k + 0 = o976
Thus for anynE(O,Li_HL],
2WL> 2, 2 ( 2WL> 2
<(1- 2222 < (1= 2B
Tk+1_< ) kT Tk u+ 1) 0

With descent lemma (Lemma 2.1) and V f(x.) = 0, we get

L L L 2npuL\*
o) =) < (V). x4 I = G < 5 (1= 227 )
— 2 .
In particular, with n = L%r“ we have 1 — % =1- % = (%ﬁ) , which
gives the last two conclusions of the theorem. O

2.5 Convergence under the Polyak-Lojasiewicz in-
equality

The Polyak-Lojasiewicz (PL) inequality or condition is given as

%IIVf(X)II2 > p(f(x) = f(x4)), >0, (2.9)

where x, is one of the global minimizers to f(x). Note that this inequality
implies that every critical point is a global minimizer.
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Lemma 2.20. A strongly conver function satisfies the Polyak-Lojasiewicz
inequality (2.9).

Proof. A strongly convex function satisfies
L
Fy) 2 F6) +(VF(x)y =) + S x =yl

By a minimization w.r.t. y, we get f(xx) > f(x) — i”Vf(X)HQ O

There are interesting problems such as certain machine learning mod-
els, which satisfy the Polyak-Lojasiewicz inequality but are not necessarily
strongly convex.

Example 2.21. Consider f(x) = 3||Ax — b[|> with x € R", b € R™ and
A€ R™". Then V2f = AT A, and f(x) is strongly convez if and only if
VAf > pl.

In general, ATA > ul is not true for pn > 0. For example, the smallest
eigenvalue of ATA is zero if A € R™*", m < n. By Theorem 2.23 below,
(2.9) still holds even if A € R"™ ™ m < n. For simplicity, assume b is in

the column space of A, then f(x.) = 0.

Example 2.22. The logistic regression cost function
n

F(x) = 3" log[1 + exp(bal x)]
i=1

can be written as f(x) = g(Ax), with g(y) being only strictly convex but not
strongly convex. For example g(x) =log(1+expx) has ¢"(z) = ﬁ —0
as © — 00. So Theorem 2.23 below does not apply but f(x) satisfies the
Polyak-Lojasiewicz inequality on a compact set.

Theorem 2.23. f(x) = g(Ax) with A € R™*™ satisfies the Polyak-Lojasiewicz
inequality if g(x) is strongly convez.

Proof. Strong convexity of g(x) gives
1
9(v) 2 g(w) +(Vg(u),v —w) + Sjv - ul®
thus

9(Ay) > g(Ax) + (Vg(Ax), Ay — Ax) + £ ]| Ay — Ax|]?

9(Ax) + (ATVg(Ax),y —x) + 5| Ay - Ax|?

9(Ax) + (V(x).y = x) + 5| Ay - Ax]?
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and
F(9) 2 )+ (VF(x)y = x) + Sl Ay — Ax]P”

There might be multiple global minimizers to f(x). Let x, be the pro-
jection of x to the set of global minimizers to f(x), then

F) = F0) + (VI (x),%, = x) + 5| Ax, — Ax|P

0.2
F ) 2 () + (VI (00,35 = x) + =l = xIP,

where o is the smallest nonzero singular value of A and we used the linear
algebra fact that ||Ax, — Ax||?> > ¢?||x, — x||?, which will be proven at the
end. So we get

0.2

Fx) 2 F(00) + (VI (), 35 = %) + -1, = I

po®
> f(x) + min <<Vf<x>, y=x)+ 5 ly - x|!2>

2
1 2
= f(x) - 2107 IV
where the minimum is attained at y —x = — -1,V f(x), thus (2.9) is satisfied

po
with a parameter po? > 0.

Finally, we discuss why [|Ax, — Ax||? > 0?|x, — x||>. Let the compact
SVD (see Appendix A.3) of A be

01
A:E, s=| | ezozo=os0
Ok
In general, we can only have W > 0,Vy # 0, e.g., simply take y as the

right singular vector for zero singular value of A. However, x, — x cannot
be the zero singular vector to A if x is not a minimizer, because otherwise
A(xp—x) = 0= g(Ax,) = g(Ax), which means x is also a global minimizer.

Now let vq,---, vy be the right singular vectors of A with nonzero sin-
gular values o;,i = 1,--- k. Let vg41,---, vy be the right singular vectors
of A with zero singular values. Then vy, --- , v, form an orthonormal basis

n
of R", and we have x, —x = > x;v;. Since x,, is the projection of x to the
i=1
set of global minimizers, i.e., there is no other minimizer that is closer to x,
we must have ; = 0 for i = k+1,--- ,n. Assume z; # 0 for some j > k,
let y = x, — z;v;, then Ay = Ax, = g(Ay) = g(Ax,) implies y is another
minimizer and ||y — x|| < ||x, — x|| since

n
Yy X= Z TiVi.

i=1ji
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k
Therefore, we must have x, — x = Elgvzvz thus ||x, — x||> = 2% + - + 232,
1=
Moreover,

I

1
A@fmuzllqlnlll ; :IIE | = 1461 = olx,—x.
),

Ty
O

Theorem 2.24. Let f(x) satisfy the Polyak-Lojasiewicz inequality (2.9)
with p > 0 and V f(x) is Lipschitz-continuous with Lipschitz constant L.
The gradient method with a step-size of 1/L, X411 = X§ — %Vf(xk) has a
global linear convergence rate

k
Foa) = £ < (1= 2) (0x0) = Fx.),

Remark 2.25. Once again, X — X, cannot be true in general since X,
may not be unique.

Proof. The Descent Lemma (Lemma 2.1) gives

F&ig1) < f(xn) + V(%) X1 — xx) + ngkH —xi?,

which becomes the following after using xx1 = X — %Vf(xk) and (2.9) ,
Flosen) < k) = 57 IV £GP < F) = 5 (k) = £0x)),
= floxirn) = () < (1= D)) = F(x.)).

2.6 Steepest descent

We can consider a variable step size ni > 0 in the gradient descent method

Xg+1 = Xk — eV [ (Xk) (2.10a)
where 7 can be taken as the best step size in the following sense
N, = argmin f(x; — aVf(xk)). (2.10b)
a>0

Such an optimal step size is also called full relazation. The method (2.10)
is often called the steepest descent, which is rarely used in practice unless
(2.10b) can be easily computed. Nonetheless, analyzing its convergence rate
is a starting point for understanding practical algorithms.
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Theorem 2.26. For a twice continuously differentiable function f : R™ —
R, assume pul < V2f(x) < LI where L > pu > 0 are constants (eigenvalues
of Hessian have uniform positive bounds), thus f(x) is strongly convex and
has a unique minimizer x,.. Then the steepest descent method (2.10) satisfies

k
o) = £ < (1= 1) [£6x0) = )L,

Remark 2.27. The rate (1 — %) is not sharp and in general we have

2
(f—;ﬁ) < 1— %, eg., the provable fastest rate in Theorem 2.18 for a

constant step size n is better than the provable rate of steepest descent.

Proof. For convenience, let hy = V f(x;). By Multivariate Quadratic
Taylor’s Theorem (Theorem 1.5), for any « > 0, there exists 6 € (0,1) and
z), = X3, — Oahy, such that

f(xp —ahy) = f(xi) — ahIVf(xp) + %oﬁh{v?f(zk)hk.

The assumption V2f(x) < LI,Vx and the Courant-Fischer-Weyl min-max
principle (Appendix A.1) implies

ot~ aby) < f00) — ab] V7 () + 5 Lo [y

The minimum of the left hand side with respect to « is f(xgy1). The
right hand side is a quadratic function of a. The inequality above still holds
if minimizing both sides with respect to a:

Floks1) = min flx — ohg) < F(xi) — 0hEV f(xi) + 5 Lo [y

fGxien) < minlf (i) — b V() + 5 L 2] = £ ) — 5 195G P,
thus 1
f(xpr1) = f(x0) < fxp) — fxe) — ﬁ\lvf(Xk)HZ- (2.11)

Similarly, by Multivariate Quadratic Taylor’s Theorem, and lower bound
assumption pul < V2 f(x) with the Courant-Fischer-Weyl min-max principle
(Appendix A.1), we get

F60) = f) + VG (¢ = i) + Sl — x|

Minimizing first the right hand side then the left hand side w.r.t. x, we get

fx) > f(x) - 21M|Nf<xk>u?,

F(x2) > ) — Q;Wﬂxk)r?,

thus —||Vf(xx)||? < 2u[f(x«) — f(xx)]. Plugging it into (2.11), we get the
convergence rate. ]
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2.7 Quadratic functions

2
The better convergence rate (i—;ﬁ) can be proven for the steepest descent
method (2.10) for a quadratic function

flx) = %XTAX —xIb,

where A is a positive definite matrix with eigenvalues
O< A <A< <\,

Since V2f(x) = A > ul, f(x) is strongly convex thus has a unique
minimizer x, satisfying V f(x.) = 0 & Ax, = b. Define

B(x) = %(x —x) T A% — ).

Notice that

thus

For convenience, let hy = V f(xy) = Axy — b, then

f(xg —nhy) = %(Xk — nhy)T A(xy, — nhy) — (x5 — 7hg)"b.

hTh,

The quadratic function of 1 above is minimized at n, = 7 by Thus (2.10)
k
becomes .
Xg+1 = Xk — hy.
hl Ah,
So

1
E(Xp41) = §(Xk: — x, — mehy) T A(xg — % — mihy)

1
= E(Xk) — nkh{A(Xk — X*) + inzthhk,

E(xg) = B(x41) _ mhi A(xi — x,) — gnghi Ahy

E(Xk) %(Xk - X*)TA(Xk - X*)
Notice that A — Axg — b = hy, and 7y, = 2k ¢
otice that A(xy — x«) = Axy — b = hy an nk—m,wege
E(xk) = E(Xpe1) _ 2nphi{ by, — nghf Ahy, [ *

E(Xk) thilhk (h%Ahk)(thflhk) ’
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We have proved that

e *
(thhk) (thilhk)

E(xXp41) = (1 - ) E(xz),

or equivalently

[ *
(hif Ahg)(hf A~1hy)

f(Xky1) = f(x) = <1 - ) [f (k) — f(x)]-

By the min-max principle (Theorem A.1), we can only get

T

WA b _ 1 I S
T2 =

S < —=1- ,
HthQ -\ (thhk)(th_lhk) - An

which is the same rate as in Theorem 2.26. In order to get a better rate, we
can use the Kantorovich inequality in Theorem A.2:

(T Ab) (0T A Thy) = (u+ A O/ + D7

4 _1\2
Hth <1 A\ A\, _(/\n/)‘l 1)

2.8 Accelerated gradient method

The accelerated gradient descent method is a very popular class of first order
methods for large scale minimization problems. The original accelerated
gradient method [9] proposed by Nesterov in 1983 takes the following form:

Xpr1 =Yk — V(Y

tht1 :%(1—1—1/42524—1) X0 = Yyo,to = 1.

— te—1 —
Vit = Xpp1 + F (Kp1 — %)

For convenience, we can take n, = % where L is Lipschitz constant of the

gradient V f(x), and use a slightly different ¢;, = %, which still gives tg = 1,

then we have a slightly different version of Nesterov’s accelerated gradient
method:

{Xk+1 =yi— +Vf(yk)

X0 = Yo-
k
Yit1 = Xkl + pyg (Xet1 — Xx)
=1 _ 21 k
3 R — 2 —
The momentum coefficient comes from AR == e e E
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This method requires only one evaluation of the gradient per iteration,
yet a global O(k—lg) convergence rate can be proven for a convex function
f(x) with a Lipschitz continuous gradient. Recall that the gradient descent
method has a global O(%) convergence rate for the same function as proven
in Theorem 2.11.

However, the provable rate O(7) or O(k%) usually represents the worst
case scenario of all iterates in an iterative algorithm. The worst case may
or may not happen in practice. Thus the accelerated gradient method is
not necessarily faster than the gradient descent method for a given convex
function f(x) with Lipschitz continuous gradient, even though it is indeed
better in many applications.

Recall that we get the stable step size n € (0, %) for the gradient descent
method by requiring cost function to decrease in each iteration f(xgi1) <
f(xx). But in the accelerated gradient method, there is no monotonicity
guarantee on the sequences {f(xy)} and {f(yx)}.

2.9 Convergence rate of the accelerated gradient
method

To prove the convergence rate O(k%) and also to see how the sequence
and step sizes 7 should be chosen, we consider the following method for
a convex function f(x) with Lipschitz continuous gradient (with Lipschitz
constant L):

X0 = Yo-

{Xk+1 =yt — MV f(yr)

_ tp—1 _
Vi1 = Xpp1 + - (Ker1 — %)

Apply the descent lemma (Lemma 2.1) to y = xj41 and x = y:

L
Jf&rg1) < flyw) + (VI (Yr), X1 — yi) + §HYk - Xk+1H2~ (2.12)
The convexity implies

fx) > fly) +{x-y,VIy),

thus
f(xk) = f(yr) + Xk — ¥&, VI(YE))-
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Subtracting two inequalities, we get

£O9) = F0en) 2 =5 Ik = xpaa P+ st = 11, V1)

L

1
= —§H)’k — g1 ||? 4 (% — Xpet1, — (Vr — Xk41))
Nk

= —EHW; — Xpp1l|” + (X — Yi + Y — Xit1, %(Yk — Xp11))

1 L 1
=(——)llyr — Xk+1H2 + — (Y& — Xkt1, Xk — Yk)-
Me 2 U

Thus

L
nelf (k) — f(xkp41)] > (1 - 771@5)”}% = Xpt1|* 4 Yk — X1 Xk — Vi)
Similarly, convexity implies

f(x) = f(yr) + (X — Y& VI (Y1)

Subtract it with (2.12), we get

f() = f(Kk41)

Y

L
—§||Yk — i1l + (%o — Xp41, VI (ye))

L 1
= —§|’Yk — Xpop1||? 4 (% — Xpt1, — (Vi — Xkt1))
Nk

_§||Yk — Xpp1]]” + (X — Yk + Vi — Xit1, %(Yk — Xpt1))

1 L , 1
= = 3)IYE — Xk + Yk — X1, X6 — Vi)
(77k 5l 1] 77k< +1 )

Now assume 7 = %, then we have
L 2
F(xi) = f(xpt1) = = lye — X1l + LYk — X1, Xk — Vi),
L
Fx) = F&ig1) > = llye — X1 I + LYk — X1, X — Yi)-

Next, let Ry = f(xx) — f(x«) where x, is a global minimizer. Then
multiplying the first inequality by tx — 1 and add it the second one, we get

L
(te—1)Rp—tr Rpy1 > §7fk|b’k—Xk+1H2+L<Yk—Xk+17 (tk— )X — tpYr +Xx).
Multiply it by tg:

L
ti(t—1)Ry—t3 R > 5Htk(yls_xk—&-l)H2+L<tk(}’kz_xk+l)> (th—1)Xp—tkyr+Xs).
(2.13)
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Assume we have
2 2
U1 — le1 < tg,
then

L
th 1 Ry—ti Ryp1 > 5Ht/c(}’k—xkﬂ)||2+L<tk(yzc—Xk+1), (tr—1)xp—tryr+Xs).
(2.14)
For the right hand side dot product, let

a= tkyka b = thkJrl’ c= (tk - 1)Xk + Xy,
then the right hand side can be written as
L L
5 (la=bl*+2(c—a,a=b)) = 2 (Ib—c|* ~ a—cl’).

It can be written as

B Rt R > 5 (ks — [(te = Dxe+ x| = [y — [ = Dxi +x.][12) -

N

Let ugi1 = txXpr1 —[(tr —1)Xk + %], then with the index-shifted relation

tr—1—1
Ve =X+ T(Xk — Xp1) = teyr = texp + (te—1 — 1) (x5 — Xp—1),

we get
LYk — [(tk — 1)Xk + X*] =t _1Xk — [(tk—l — 1)Xk_1 + X*] = ug.

So
BBy~ BBt > 2 (] — s )

thus
BBio+ Sl | < By Rt s

which implies
2R < 2R £ 2< 2R £ 2
lieRev1 < tp Rp1 + 5 el <R+ 5 a7

and ) I
Riy1 < ?[t%Rl + 5“‘11”2]-
k

So in order to obtain (’)(k%), we should use tj satisfying ¢, = O(k).
For instance, assume ti —t = t%q with t9p = 1, then we can easily show
t), > 2 by induction.

All the discussions can be summarized as:



2.9. CONVERGENCE RATE OF THE ACCELERATED GRADIENT METHODAT7

Theorem 2.28. Assume the function f(x) : R® — R is convex with a
global minimizer x,. Assume V f(x) is Lipschitz continuous with constant
L. Assume t; —t, = t3_, with to = 1. Then the following accelerated
gradient method

X0 =Yo,

tp—1
Yi+1 = Xg41+ t]11+1 (X1 — Xk)

{Xk—H =yi— +Vf(yr)

satisfies

F00) = 76 < 25 (F000) = 1) + Sl = xR

Remark 2.29. The proof above only used tiH — g1 < ti with to = 1 and

tr > k—g?, thus the theorem still holds if we plug in t; = %, for which

(k+3a‘(k+1) < (kT)Q = t%. Then the algorithm is simplified to

2 _
toy1 — tht1 =

{Xk-H =yi— +tVf(yk) X0 = Yo

k
YE+1 = Xk+1 t 5y3 (Xet1 — Xx)

To consider a variable step size, now assume 7, = é% < L1 with

(at+3) L
a > 0, then
1 L 1 1
———=2>al, —=bL, b>a+;
e 2 U 2
we have
f(xk) — f(x

k1) > aLllyr — Xp [|? + 0k L(yr — Xk+1, Xk — k),
F(xi) = F(xk+1) > aLllyr — X1 ]|® + 0k L(YE — X1, X5 — Yi)-

Multiplying the first one by (tx — 1) and add it to the second one, we get
(th—1)Rp—tx Ry1 > aLty||yi—xps1 || +os L{Ys—Xpt1, (b —1)Xp—t Y5+
Multiply it by t:
ti(tr—1)Re—t3 Ris1 > aL|[ty(yr—Xps1) |2 HbpL{ti (Yr—Xrr1), (Bh—1)Xp—tpyr+Xs).

(2.15)

Assume we have
2 2
tht1 = te1 < 1,
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then

t3_Ri—t2Ri1 > aL ||tk (yr—Xpr1) 1P +br Ltk (Yi—Xk41), (te— 1) X~k Y5+
(2.16)
For the right hand side dot product, let

a=1yyr, b=1Xp+1, €= (tk — 1)xg + X

Assume b < 2a, which implies a > %, then the right hand side can be

written as

b L
f1Be — R = 757 (la = bl + 2(c - a2 b))
bL
> h (|| ~b|* +2(c —a,a b))
bkL
o (I —cl* ~lla—c|?).

Notice that we cannot replace the coefficient & 5= by a constant here, because
b —c|?> - |la —c||? = |[ug;1]|?> — ||[uz]|> may be negative. Instead, denote
L = %, then

th 1Ry — i Riy1 > cpl||ugsa ] = Jlugll®)

thus
tiRir + crlluga||? < 65_q Ry, + o g,

For this to telescope, we further assume that 7 is non-decreasing in k, which
is the same as b, being non-increasing, thus ¢; < cx_1 and

te Ry + cullwppa[* < 65 Ry + cp f|ug]”.
So the sequence t7_| Ry, + c—1//ug||? is non-increasing, which implies
teRis1 < i Riir + cplup|” < (R + collwil® < (R + aLfua %,

where we used ¢y = % < % =alL, and

1
R < 22 [toRl +aL|uy?].

Theorem 2.30. Assume the function f(x) : R" — R is conver with a
global minimizer x,. Assume V f(x) is Lipschitz continuous with constant
L. Assume t; —tp, = ti_, with to = 1. Consider the following accelerated
gradient method

X0 = Yo-

Vil = Xt + EH (X1 — Xy)

{Xk-i-l =yi— Uka(Yk)
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If

11 1
2aL = =G 1T

1
> =, Vk
a—27 Y

and g is non-decreasing in k, then

Floi) = Fx) < 1y (F001) = Flo) +aLr — .12

Remark 2.31. Notice that we only have m, < % Even though it may

converge with a slightly larger ny, in practice, the accelerated gradient method

might blow up for a step size like n = %, which is however a stable one for

the gradient descent method.
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The line search method

Now we consider a more general method for minimizing f(x):

Xk+1 = Xk + NkPk,

where 7, > 0 is a step size and p; € R" is a search direction. Examples of
the search direction include:

1. Gradient method pr = —V f(xg).
2. Newton’s method pj = —[V2f(x)] 'V f(x).
3. Quasi Newton’s method py = — BV f(xy), where By, ~ [V2f(x;)] L.

4. Conjugate Gradient Method — pr = —V f(xx) + Br(Xk — Xk—1), where
B is designed such that py and x; — x;_1 are conjugate (orthogonal
in some sense).

The search direction py is a descent direction if (pg, —V f(xx)) > 0, i.e.,
Pr pointing to the negative gradient direction.

3.1 The step size

To find a proper step size ng, it is natural to ask for a sufficient decrease in
the cost function:

f(xx +mepr) < f(xk) +am(Vf(xk),Pr), ¢ € (0,1). (3.1a)

The constant ¢; is usually taken as a small number such as 1074, and (3.1a)
is called the Armijo condition. To avoid unacceptably small step sizes, the
curvature condition requires

(Vf(xr+mPpr); Pr) = c2(Vf(xk),Pr), c2 € (c1,1). (3.1b)

o1
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Define ¢(n) = f(xi + npk), then ¢'(n) = (Vf(xx + nPk), P), thus (3.1b)
simply requires ¢'(ng) > c2¢’(0), where ¢'(0) = (Vf(xk),pr) < 0 for a
descent direction pg. Usually, co is taken as 0.9 for Newton and quasi-
Newton methods, and 0.1 in conjugate gradient methods.

The two conditions in (3.1) with 0 < ¢; < ¢o < 1 are called the Wolfe
conditions.

The following are called the strong Wolfe conditions.

f(xk + nkpk) < f(xk) + Clnk<vf(xk)v pk>7 € (07 1)' (3.2&)

(Vf(xk +m6Pk), Pr)| < 2V f(xk), Pr)|, 2 € (c1,1). (3.2b)

Lemma 3.1. Assume f: R"™ — R is continuously differentiable and has a
lower bound, and px is a descent direction. Then for any 0 < ¢1 < co < 1,
there are intervals of n satisfying the Wolfe conditions (3.1) and the strong
Wolfe conditions (3.2).

Proof. The line £(n) = f(xx)+nci(V f(xk), px) has a negative slope with
0 < ¢1 < 1. So the line must intersect with the graph of ¢(n) = f(xx + npk)
at least once for n > 0, because 0 > ¢/(0) > ¢'(0), £(0) = ¢(0) and ¢(n) is
bounded below for all 7.

Let 1 > 0 be the smallest such intersection point. Then

f&k +mpr) = f(xr) +me(Vf(xk), Pr),

and (3.1a) holds for any n € (0,7;) because ; > 0 is the smallest intersection
point.

By the Mean Value Theorem on ¢(n) = f(xx+npk), there is 72 € (0,71)
such that

f(xk +mpr) — f(xx) = (Vf(xk + n2Pk), mPk)-

By the two equations above, we have

(Vf(xx +m2Pr), Pr) = c1{V f(Xx),Pr) > c2{V f(Xk), Pk)-

So no satisfies (3.1b). Since Vf is continuous, there is a small interval
containing 79, in which 7 satisfies (3.1b). Notice that the left hand side of
the inequality above is negative, thus the strong Wolfe conditions also hold
at o and in a small interval containing ns. O

In practice, a step size satisfying the Armijo condition (3.1a) can be
found by backtracking, e.g., use n <— ¢n with ¢ € (0,1) until (3.1a) holds.
Notice that backtracking alone does not give the curvature condition (3.1b),
which is a lower bound on 7: shrinking 7 is exactly what violates it. En-
forcing both Wolfe conditions requires a bracketing (or zoom) line search.
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Example 3.2. For the gradient descent method py = —V f(xx) with a fived
step size n < %, where L is the Lipschitz constant for the gradient V f(x),
the descent lemma (Lemma 2.1) and sufficient decrease lemma (Lemma 2./)
gives

FOw) = Fk1) = n(1 — Sn) V70|

st 7)< F00k) + (1 = SV S (k). o

Son < % satisfies (3.1a) with c; =1 — %n.
If we further assume f(x) is strongly conver with p > 0. Then Lemma
1.10 gives

(Vf(xk41) = V(X)) Xpo1 — Xp) = pil| X — %1%,

thus
(Vf(xx +npr) — VI(xk), =0V f(x)) = plnV f ()]

So we get
(Vf(ex +mpx), =V (x1)) = (= DV f ()|,

which can be written as

(Vf(xk +mpr) Pr) = c2(Vf(xk), Pr)

with co = 1 — un. By requiring c1 < ca < 1. So if assuming L > 2u, which
is usually satisfied in practice, then any stable step size n < % satisfies the
Wolfe condition (3.1).

3.2 The convergence

We consider the angle 6; between the negative gradient and the search di-

rection:
(=Vf(xx), Pr)

cos ;. = .
V) px]

Theorem 3.3 (Zoutendijk’s Theorem). Assume f : R" — R is continu-
ously differentiable with Lipschitz continuous gradient V f(x), and f(x) is
bounded from below. Consider a line search method Xg+1 = X+ NPk, where
Pk s a descent direction and ny satisfies the Wolfe conditions (3.1). Then

Z cos? O, ||V f (x3) ||> < 400.
k=0



54 3. THE LINE SEARCH METHOD

Proof. By (3.1b), we have
(Vf(xk+1) = VI(xR): Pr) = (c2 — DV f(x), Pr)-
The Lipschitz continuity and Cauchy-Schwarz inequality give

(Vf(&nr1) = VI&R) Pre) < IV (xk1) = VIR IPll < Llinkpell[[prl]-

Combining the two inequalities, we get

co — 1(Vf(xx),pr)
> .
T T el

Plugging it into (3.1a), we get

1— s [V (x5), P)|?
L Pk l|?

J(xk +mepr) < f(xx) — a1

which can be written as

Fxien) < F0w) —weos O T Gxu) P, w0 = et 2.
Summing it up, since f(x) > C, we get
N
> cos® 0V 1 (x> < [ (x0) — Fxnen)] < [ (xo) — ).

k=0

N
So ay = Y cos? 0|V f(xx)||? is a bounded and increasing sequence, thus
k=0

the infinite series converges. O

The convergence of the series in Zoutendijk’s Theorem gives cos? 0|V f (xx)||* —
0. Thus if cos? 0, > § > 0,Vk, then ||V f(xx)|| — 0.

Example 3.4. Consider Newton’s method with pj, = —[V2f(xx)] 1V f(xx)-
Assume the Hessian has some uniform positive bounds for eigenvalues (i.e.,

the Hessian is positive definite with a uniformly bounded condition num-
ber):
pl <V?f(x) < LI, L>p>0Vx,

then we have (eigenvalues of A are reciprocals of eigenvalues of A~1)
LTSIV S L Lz 0%
L
For convenience, let B, = [V2f(x;)]”! and hy = Vf(x}). Since By is

positive definite, its eigenvalues are also singular values. By the definition
of spectral norm, we get

1 1
Ipwll = I1BrV f(xe)ll < | BellllVf(xx)ll < ;va(xk)“ = ;Hhsz-
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By the Courant-Fischer-Weyl min-mazx principle (Appendiz A.1), we have

cosf, = (=V (k) Pr) _ h! Byhy, >0 h] Byhy
IVfxe)pell  helllpell = " |||l

where || By||||B; || < L/u, and ||Bi||||By || is the condition number of the
Hessian. With Theorem 3.3, we get |V f(x)|| — 0. Recall that a strongly
convex function has a unique critical point which is the global minimizer. So
the Newton’s method with a step size satisfying the Wolfe conditions (3.1)

converges to the unique minimizer X, for a strongly convex function f(x) if
V2£(x)|| has a uniform upper bound, see the problem below.

p_ 1
L L/

v

Problem 3.5. Recall that ||V f(x1)|| — 0 may not even imply xj converges
to a critical point, see Example 2.8. Prove that ||V f(xy)|| — 0 implies xy,
converges to the global minimizer under the assumption

pl <V%f(x) < LI, L>pu>0,Vx.

3.3 Local convergence rate

So far we have only discussed the global convergence, e.g., the convergence
for arbitrary initial guess xg in an iterative method. If the initial guess is
very close to a minimizer, we can discuss the local convergence.

We will make the following assumptions:

1. The Hessian exists and is Lipschitz continuous with parameter M > 0:
IV2f(x) = V2l < Mlx =y, ¥x,y,
where the left hand side is the matrix spectral norm.

2. There exists a local minimum x,, and the Hessian V2 f(x,) is posi-
tive definite:
pl <V2f(x,) < LI, L>pu>0.

Notice that this does not imply the function is strongly convex.

3.3.1 Gradient descent
Consider the gradient descent method
X1 = X — NV f(Xk).

By Fundamental Theorem of Calculus on the single variable vector-
valued function g(t) = Vf(xx + t(xr — X)), we get

Vf(xk) =V [f(xr)—-Vf(x:) = /01 V2 f (et (xp—x.)) (k=% ) dE = Gr(xp—X.),
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where

G = /01 V2 (x, + t(xp — x.))dt.
Then
Xp1 — Xo = X — Xo — NG (X — %) = (I = nGy) (X — %)
= (k41 — x| < [T = 0Gaellllxp — %]
Lemma 3.6. If V2f(x) is Lipschitz continuous with parameter M > 0 and
|x —y|l =7, then

V2f(x) — Mrl < V?f(y) < V2f(x) + MrI.

Proof. Let H = V2f(y)—V?f(x). Since H is real symmetric, its singular
values are absolute values of its eigenvalues, Lipschitz continuity gives ||H|| <
M|x —y| = Mr = |Xi(H)| < Mr, where \;(H) denotes the eigenvalue. So
—Mr < X\(H) < Mr for every i, i.e., \i(H) — Mr < 0and \;(H)+ Mr >0,
which is exactly —Mrl < H < Mrl. O

Theorem 3.7 (Local linear rate of gradient descent). Let f(x) satisfy the
assumptions in this section. Let xq be close enough to a strict local minimizer
Xy:

2
ro = flxo — x| <7 = 77
Then the gradient descent method with a fized step size 0 < n < L%ru satisfies
[xrg1 = x| < crllxi — %]
where

1 1
e = max{[l —n(p — 5 Ml — 3], |1 = n(L + 5 Mllxi — x|} < 1.

In particular, if n = Liﬂ“

= k
T 20 _ 2u
%k — x| < F— (1— LJFSM) , T=gp 1o =[x - %

Remark 3.8. The numbers i and L in this local convergence rate theorem
are eigenvalues bounds of the Hesstan at only X, rather than uniform bounds
for the Hessian at all x.
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Proof. Let r; = ||xx — X4/, by the lemma above, we have
V2f(x4) — tMrl < V2 f(xe + t(xp — X4)) < V2F(x4) + tMrp I

thus
(b — tMr)T < V2 f (% 4 t(xp — i) < (L4 tMry)1

Notice that the inequalities still hold after integration. For instance,
(u=tMri)I < V2 f (bt (xp—%0)) & V2 f (3t (xp—%0)) = (u—tMry,) I > 0,

and
/Ol[VQf(x* +t(xp — X)) — (0 — tMryg)I]dt > 0

because

Vz, 2l [V2f(xe 4+ t(xp — x4)) — (0 — tMr) 1)z > 0

=zl /01[V2f(x* +t(xg — %)) — (0 — tMr)I]dtz > 0.

So after integration we get

1 1
(n— §Mrk)l <Gp<(L+ §Mrk)l,

1 1
1= n(L+ gMro)ll < T =G < [ =l — 5Mry))I.

So
11 = nGll < max{[ax(n)], [bx(n)[}
where
1 1
ag(n) =1 —=n(p—5Mry), bi(n) =1—n(L+ 5Mry).
Notice that a;x(0) = 1 and aj(n) = —(u — $Mry) < 0, if assuming
rg < % And b,(0) = 1 and b,(n) = —(L + %M?“k) < 0. For small

enough 7, ||[I — nGy|| < 1, which can ensure 11 < 7 since ||xpr1 — X <
1 = nGrllix .

In particular, under the assumption r; < 7, it is straightforward to check
that

2
n < ; = |ak(77)| < 17

n < = |be(n)| < 1.

L+p
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Now set n = LLW, then bi(n) < 0 and ag(n) > 0. In this case, with

n= LLW it is straightforward to check that

L—p
— b Lys
lar(n)| = [br(n)| = L+ + g Mry.

Therefore, 141 < ||[I — NG|y gives

L—p n M
r Tk T
k1 S L+yu L+p F
Let ax = + ——71 and ¢ = T < 1, then it is equivalent to
1— (ax —q)? 1 ay
ap1 < (1—q)ap+ai = ag[l+(ag—q)] = ai < ag =
+ ( ) k [ ( )] 1_(ak_q> 1—(Gk—Q) 1+q—ay
1 1+ 1+
= S I RPN (G ) SRS S A
Ak+1 ar ak+1 a ak
So we get B
q ko4 kT
4 1>q L _1n=q — 1
ar (1+a)* (o )=01+4q) (o=
thus
a qro < 4o 1
ro+ (1+q)k(T—r9) — 7—19(1+q)F
Finally, ax = %rk and %q = QM“ =7 give
L+p qrog 1 o ( 1 )’f
Tk S — = = )
M 7—rg(1+q* 7—ro\1+gq
and +q = LL:?)’L =1- L-QkMSu’ which is the conclusion of the theorem. O

3.3.2 Newton’s method

Newton’s method is the most well-known method to approximately solve a
nonlinear equation F(x) = 0 where F': R"™ — R” is a smooth function:

X1 = Xk — VF(xk)_lF(xk),

where VI is the Jacobian matrix.

The Babylonian method for finding square roots, especially the root of 2,
has been known since the ancient Babylon period around the 17th century
BC. It is precisely Newton’s method applying to the function F(z) = 22 —2:

Tp1 = ap — F(ag) [ F' () = o, — (a2 — 2)/(20x) = 2x/2 + 1/,

If zg = 1, then z3 = 1.41421568627 and |z5 — /2| = 2.12F — 6.
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When applying the Newton’s method to V f(x) = 0 for finding minimiz-
ers of f(x), we obtain the Newton’s method for finding critical points:

Xpp1 = Xp, — [V2f(x%)] 7'V F(x).

Another way to derive the simplest Newton’s method is to consider a
quadratic function:

Bx) = Fx0) + (x = 1) 006) + 5 0c = x0T V27 i) (x = )

Assume the Hessian is positive definite, define x;1 as the minimizer of ¢(x).
Then

0 = Vo (xpr1) = VF(xi) + V2 F(xp) (X1 — X5)

gives the Newton’s method.

Theorem 3.9 (Local quadratic rate of Newton’s method). Let f(x) satisfy
the assumptions in this section. Let xqg be close enough to a strict local
MINIMIzZer Xy
_ Y
ro = ||x0 — Xu|| < 7 = YR

Notice that this threshold 7 is not the same as the © = QM” used for the
gradient descent above; Newton’s method needs the initial guess to be three
times closer. Then 1 = ||xx — x| < 7, and Newton’s method converges

quadratically,

M||xp, — x.|? 3M 2.
2(p — Mxx —x.[) = 2u

[%h41 = %] <

Proof.
Xpt1 — %o = Xp, — X — [V2F(x3)] T [V (38) = V()]
= x; — X — [V2f(x)] 7" /01 V2 f (3 A+ (xp, — %)) (%5 — X.)dt
= [V2f(x)] " Grlxp — %)
where
1
Gr= [ V2 (xa) = V2 o + o =) et

By Theorem 1.19 and Lipschitz continuity of the Hessian,
1
Gkl < /O IV f () = V2 f (% + t(3xp — %)) || dt

1
< [ M= 0l - x|
0

1
— Zp M.
9"k
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With Lemma 3.6, We also have
V2f(xp) > VAf(xe) = Mrpl > (n— Mry)IL
So if r, < £, V2 f(xx) > 0 and
I1V2 £ e < (= M) ™

Thus if r;, < 3271\}27 we get

e < | [V2F )] TG (e —x) || < V2 f ()] T I Grllre <

2
M

_ e <
2(p— Mry)
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Nonsmooth problems
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4

Introduction and extended
convex functions

4.1 Motivation and examples

Let A € R™" b€ R™and x € R™. If m < n, then Ax = b can have
multiple solutions. In many applications such as compressing data, a sparse
solution is often needed.

(a) MRI Image (b) Finger Print

Figure 4.1: Many images (or data) have sparsity, e.g., it seems unnecessary
to store all pixels in an image to store all the information it contains.

Consider the images in Figure 4.1 as an example. The most intuitive
Euclidean basis for representing the images is highly redundant, i.e., it is
unnecessary to store all pixels in an image to store all the information the
image contains. If there is a sparse representation of the data under cer-
tain transform, then advantages are gained in compression (e.g., JPEG),
interpolation, computation and etc.

For compressing an image b € R™, we consider a frame of R™, which is
defined as any spanning set of R"". For instance, a basis is always a frame,
but a frame may not be a basis. In particular, we consider the following
setup:

63



64 4. INTRODUCTION AND EXTENDED CONVEX FUNCTIONS

o A redundant frame {¢; € R™ :i=1,--- ,n} with n > m, consists of
many sets of different bases (e.g., from computational harmonic anal-
ysis) such as Discrete Fourier Transform, Wavelets, Wavelet Packets,
Gabor Transforms, etc. The elements in the frame are also called
atoms.

e Any vector y € R™ can be spanned by the atoms ¢;:

m
y = oir; = Px,
i=1
where x = (21, -+ ,2,)7 is a coefficient and ® = (¢y,--- , dn).

i %ﬂj g

e The coefficient x is not unique because the linear system is underde-
termined. Ideally, we want to find the coefficient with the smallest
lIx|[o (the number of nonzero entries) for compression.

So it motivates the following /°-minimization

min |[x|[p, x satisfies Ax =, (4.1)

which is unfortunately an NP-hard problem due to the nonconvexity of ||x|]o.

4.1.1 ('-norm minimization
The basis pursuit [4] solves the following convex minimization problem:

(Basis Pursuit) mxionHl, x satisfles Ax =0b. (4.2)

The ¢!-minimization (4.2) is the convex relaxation of (4.1) and it can be
proven to have the same minimizer as the NP-hard ¢%-minimization (4.1)
for very special problems, e.g., A is a Gaussian random matrix with suitable
scaling for n w.r.t. m, see [1]. In applications, the ¢'-minimization (4.2)
produces sparse minimizers, which are quite useful, even if they are different
from the true minimizer of ¢°-minimization (4.1), e.g., a good compression
does not have to be the best possible compression.

In this chapter, we will use the hard-constrained ¢!-minimization (4.2)
as an example for discussing optimization algorithms, we will also consider
two easier problems:

1
(LASSO)  min ullxl)s + 5|4 — bl 3 (4.3)
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and 1
min l|x|]1 + %HXH%, x satisfles Ax =0b. (4.4)

The LASSO problem (4.3) was introduced in [17]. It is proven in [19]
that the minimizer (4.4) for large enough « minimizes (4.2).

4.1.2 Total variation minimization

The total variation (TV) norm minimization represents a similar yet more
chanllenging nonsmooth convex minimization problem. As an example, we
will consider the TV norm minimization for image denoising [14, 16].

For simplicity, here we first describe it for a continuum setup. Consider
a rectangular domain Q = [0,1] x [0,1], and a function u(x,y) € H*(Q)
(differentiable functions), which represents an image with infinite resolution.
Then its total variation norm can be defined as

e isotropic TV-norm: ||ullrv = [fo 1/|ue|? + |uy|?dzdy.

o anisotroric TV-norm: ||ul|7y = [[q |ue| + |uy|dzdy

With L%norm as ||ullp2 = /[[q|u|2dzdy, for a given a(z,y), the ROF
(Rudin, Osher, and Fatemi, 1992) model [14] is to minimize (over u in a
proper function space)

1
lullry + 5 Al = a3,

where X is a fixed parameter.

Notice that the TV-norm contains the absolute value function thus it
is similar to the ¢!-minimization. For certain noisy images, e.g., Gaussian
noise, with suitable A\, the ROF model using isotropic TV-norm can work
well, see Figure 8.2 and Figure 8.3.

4.1.3 Constrained minimization

Consider a constrained minimization

min f(x),
where C'is a convex, e.g., a plane S = {x € R" : Ax = b}, or a simplex S =
{xeR":x; >0, ;2 <1}, oracone S={x=(z,y,2):2>Va?+y?%},
etc.
The indicator function for a set S is defined as

b5 (x) = 0, xeS
ST +00, x¢ S
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Then the constrained minimization is equivalent to an unconstrained prob-
lem

min f(x) + ts(x).

Such an unconstrained problem is not easier to solve due to the discontinuity
of the indicator function, but it is another example of nonsmooth convex
minimization.

4.2 More on convex functions

We include some useful properties about convex functions, with some proof.
The other omiited proof can be found in classical references such as [13].

4.2.1 Epigraph and continuity

Recall that a function is convex if and only if f((1 —a)x +ay) < (1 —
a)f(x) +af(y) for any a € [0, 1].

Definition 4.1. The epigraph of a function f: R™ — R is defined as the
set {(x,y) e R" xR :y > f(x)}.

Definition 4.2. A set S € R" is convex if (1—a)x+y € S for any a € [0, 1]
and any x,y € S.

Theorem 4.3. For a function f: R®™ — R, it is convex if and only if its
epigraph is a convezx set.

Theorem 4.4. If f : R" — R and f; : R" — R fori=1,--- N are
convex, then

1. g = f(Ax +b) is conver where A is a matriz.

o8

l
—

2. g=7Y fi(x) is convez.

7
3. g = max; f;(x) is convez.

Proof. The first two can be checked by the definition of a convex func-
tion. The last one can be verified via the epigraph. ]

Theorem 4.5. If f : R™ — R is convex, then f is continuous. Moreover,
it 1s also locally Lipschitz continuous, which means that for any xq, there
is ball centered at x¢ with radius § > 0, such that for any x in this ball,
|f(x) — f(x0)| < L|x — x| for some constant L.
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Proof. We only consider the proof of continuity for the single variable
case. See Corollary 10.1.1 in [13] for the general case.

So for a convex function f(z), we want to show |f(z) — f(a)] — 0 as
x — a. We discuss it for two cases: z > a and z < a.

J

(osfep ( b;fu,))

® > ><
First, assume x > a, then consider b, c such that ¢ < a < x < b. The

convexity implies that the point (z, f(x)) is below the segment connecting
(a, f(a)) and (b, f(b)) thus the slopes of two segments give

f@) = fla) _ f(b) — fla)

T —a b—a

Similarly, we get

f@) = fla) , flo) = fla)
thus )
(x — a)f(cz : Z:(a) < f(z) = fla) < (z - a)if( I)) : (J;(a).

By fixing b, ¢, letting = — a, we get f(z) — f(a).
The second case of x < a can be similarly shown, thus f is continuous
at a. O

4.2.2 Subgradient and subdifferential

Definition 4.6. For a function f : R — R, a vector v. € R" is a
subgradient (or subderivative) of f(x) at x if

fly)> f(x)+ (v,y —x), VyecR"

The derivative of a smooth f(x) is the slope of the tangent line The
definition simply means that the subderivative is the slope of a line which
lies below the function graph. For example, for f(z) = |z|, at = = 0, any
line passing (0,0) with a slope between —1 and 1 lies below the function
graph, thus any number in [—1, 1] is a subderivative.
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Definition 4.7. The set of all subderivatives of a function f at x is called
the subdifferential of f at x, denoted as Of(x):

Of(x)={veR": fly) = f(x) + (v,y —=x), Vy € R"}.
Theorem 4.8. A function f : R"™ — R is convex if and only if it has a
subderivative at any x € R™.

Proof. We only prove the only if direction. Let z = (1 — a)x + ay with
a € [0,1]. Let v be a subderivative at x, then

fx) = f(z) +{v,x—2) = f(z) —a(v,y —x),
F(¥) 2 f(@) + v,y —2) = f(z) + (1 a)(v,y — )
Adding them, we get
(1—a)f(x)+af(y) = f(z) = f(1 - a)x + ay).
O
If a function has subderivatives at x, it is called subdifferentiable at x.
Theorem 4.9. For convex functions f: R" — R and g : R — R,
1. f is differentiable implies f is subdifferentiable and 0f(x) = {V f(x)}.
2. If the Of(x) contains only one element, then f is differentiable at x.
3. dlaf] = al0f], a€R.
4. Olf +gl=0f + 0g.

So the subderivative is natural generalization of the derivative. Be aware
that the subderivative is NOT the weak derivative defined in Sobolev spaces.

Example 4.10. For f(z) = |z|,

{1}, x>0
of(x)={{-1}, x<0.
[—1,1], =0
For () = x| = 3 .
{1}, xT; > 0

Vv edf(x), vi=<{-1}, x;<0.
[—1,1], IZZO
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4.3 Extended real-valued functions

Notice that the indicator function (4.5) is NOT a function f : R” — R thus
the results in the previous subsection may not apply to (4.5). To this end, we
define an extended real-valued function as a mapping f : R" — RU{£o00}.

4.3.1 Proper, convex, and closed functions

Definition 4.11. An ezstended real-valued function f : R" — R U {£o0}
1s called convex if its epigraph is a convex set.

Definition 4.12. Define the domain of an extended function f : R" —
RU{£o0} as
dom(f) ={x e R": f(x) € R}.

Definition 4.13. An extended function f : R" — R U {£oo} is called
proper if it does not attain the value —oo and there exists at least one x such
that f(x) is a real number, i.e., its domain dom(f) is nonempty.

Definition 4.14. An estended function f : R™ — R U {£oo} is called
closed if its epigraph is a closed set.

A closed function is also lower semicontinuous:

Theorem 4.15. For an extended real-valued function f : R™ — RU{+o0},
the following are equivalent:

1. f is a closed function.
2. The level set {x : f(x) < a} is a closed set for any a € .

3. f is lower semicontinuous: for any x, for any sequence x, — X,

J(x) < liminf f(x,).

Theorem 4.16. A proper (extended) function f : R" — R U {400} is
convez if and only if dom(f) is conver and

FOx+ (1 =Ny) <A X))+ (1 =N)f(y), Vxyedom(f),Ae(0,1).

A proper convex function can also be equivalently defined as:

Definition 4.17. A proper convez function f : R" — ( — 00,400 is a
function defined for any x € R", not identically +o00, satisfying dom(f) is
conver and

fOx+ (1 =Ny) <Af(x)+ (1 =AN)f(y), Vx,y€dom(f),\e(0,1).
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For example, an indicator function tg(x) = is convex

0, xeS

+00, x ¢S
if S is a convex set. And tg is a closed function if and only if S is a closed
set. So tg is lower semicontinuous if and only if S is a convex set.

4.3.2 Existence and boundness of subderivatives

All results in this subsection can be found in [3, Chapter 3].

Theorem 4.18. For a proper extended function f : R" — ( — 00, 400,
for any x, 0f(x) is either a closed and conver set or an empty set.

Theorem 4.19. Consider a proper extended function f : R" — ( —
00, 400|. Assume its domain dom(f) is a convex set, then

1. Ezistence of subderivatives at any x € dom(f) implies converity of

f(x).

2. Convexity of f implies that subderivative exists at any X in the interior
of dom(f), denoted as int(dom(f)) and Of(x) is bounded:

Vv € df(x),||v|| < C  for some C.

. If U C int(dom(f)) is a nonempty compact set (bounded and closed set in
R™), then convexity of f implies Uycyy Of (x) is bounded (all subderivatives
in U have a uniform bound).

. For boundary points of dom(f) of a convex function, subderivatives exist at
the relative interior of dom(f) but they can be unbounded.

Remark 4.20.

The subdifferential can be extended to functions defined on infinite-
dimensional Banach space [12]. See also [2, Chapter 16] for subdifferentials
of a lower semicontinuous proper convex function.

4.3.3 Strong convexity

Definition 4.21. An extended function f: R™ — RU {400} is u-strongly
convez if dom(f) is convexr and the following holds for any X € (0,1):

FOH(1=2)y) < M )+1-NF(¥) = SAL-N)[x=y[%  ¥x,y € dom(f).

Theorem 4.22. An extended function f : R"™ — R U {400} is u-strongly
convez if and only if f(x) — &||x[? is convez.
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Even though 0f(x) denotes a set, for simplicity, we often abuse
the notation by using it to denote any element in this set. Lemma
1.10 can be extended as (see [3, Theorem 5.24] for the proof):

Lemma 4.23. For a proper function f(x) : R — (—o0,+0o0], assume
dom(f) is convex, then the following are equivalent:

Lo fOx+(1=Ny) SAf(x)+(1=N)f(y), Vx,y€dom(f),\€(0,1).
2. f(x) = f(y) +(0f(y),x—y), Vx,y€dom(f).
3. (0f(y) = 0f(x),y —x) 20, Vx,y € dom(f).

For a proper closed and convex function, the following are equivalent:
1. f is p-strongly convegity
2. f(x) > f(y) +{0f(y),x —y) + §lIx—y[? Vx,y € dom(f).
3. (0f(y) = 0f(x),y —x) > pllx —y[?, Vx,y € dom(f).

An example is that tg + §[|x||? is p-strongly convex for a convex set S.

4.4 Optimality conditions

For a function f : R®™ — R, we have:

Theorem 4.24. For a convez function f : R" — R, x, minimizes f(x) if
and only if 0 € Of(xx).

Proof. f(x) = f(x) = (%) +(0,x = x,) & 0 € Of (x4). o

For a proper extended function such as tg(x) + 4|/x[|? (4.5), we have

Theorem 4.25. For a proper convex function f : R" — R U {400}, x.
minimizes f(x) if and only if 0 € Of (X4).

Proof. f(x) > f(x) = f(xe) +(0,x —x4) & 0 € Of(x4), Vx €
dom(f). O

Theorem 4.26. For a proper closed function f: R" — R U {+o0}, if
it is p-strongly convex, then it has a unique minimizer X,.

For the indicator function vg, its subdifferential is given as
Ou(x) = Ng(x), x€S,

where Ng is the normal cone of S:
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Definition 4.27. For a set S C R™ and x € S, the normal cone of S at x
18
Ns(x) ={y: (y,z—x) <0,vVz € S},

and Ng(x) is an empty set for x ¢ S.

For example, for the basis pursuit problem (4.4), it can be written as
. 1 2
min ||x[[1 + 5l + ¢ ax=p}- (4.6)

The subdifferentials of the first two terms have been given in previous
sections. For the affine set S = {x : Ax = b} with A = R"™*", the normal
cone is simply Ng(x) = {ATy : Vy € R™}, which is the row space of the
matrix A.

The function in (4.6) is a proper convex function since the affine set
S = {x: Ax = b} is convex. Notice that S = {x : Ax = b} is also a closed
set, thus the function is also a proper closed (also lower semicontinuous)
convex function, and by Theorem 4.22, it is also +-strongly convex. Thus it

[0
has a unique minimizer.

Problem 4.28. Derive the subdifferential for the indicator function of a
closed unit ball S = {x € R" : (x,x) = 1}.
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Subgradient and proximal
gradient methods

In this chapter, we introduce some basic algorithms. A suitable application
would be the ¢!-minimization problem (4.3):

. 1
min p[x[1 + 5[] Ax = b] 3.

5.1 Subgradient method

Now consider minimizing a convex function which is only subdifferentiable
but not differentiable. By Theorem 4.24, to find a minimizer of a convex
functin f(x), we only need to find a critical point by solving an inclusion
equation:

0¢ af(x*)v

which can be approximated by various iterative schemes.
The simplest method is to use the subgradient method:

Xkl = Xk — NkVk, Vi € Of (Xk), (5.1)
where 1 > 0 is some step size and vi can be chosen as any subderivative

in the set Of (xx).

5.1.1 Convergence of subgradient method
Theorem 5.1. For the subgradient method

Vi
X1 = Xk — nkm, some vy € Of(xx,)

73
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assume the boundedness of subderivatives |vg| < M,Vk. Define

Xj, = argmin f(xg).
1<i<k

For a proper convex function f(x) with at least one global minimizer X, the
following holds:

1 If 3 mp =400 and Y ni < +oo, then f(Xx) — f(x+) — 0 as k — .
k=0 k=0

2. With a step size n = \/% fork=20,1,---,n, then

f&Xe) = f(x:) = O

Sl-

EREEH

(vl

. With the Polyak’s step size n =

3kt — %] < 136 — %) ﬂm%ﬁ@uzajy

If further assuming f(x) is p-strongly convex and closed (or equivalently
lower semicontinuous), then with the step size rule n = ﬁ”vk\\,

4o f(x) = f(x2) = O(3) and |xx — x| = O( 7).

Proof. Step I: By the definition of the subderivative v, we have
f(Xk) < f(X*) + <Xk‘ - X*7Vk’>7
thus for k =0,1,--- ,n,

Vi
Xk — 77k||7 -

X

— 2:
ks = = o= e

2
= [|xp — Xu||? — M (Xk — X, Vi) + 17

Tval
< i — % l? = e (F (o) — F(0)) + 72
Vel

2

< ek = %l = 3 (F (k) = () + 7

Summing for £k =0,1,--- ,n, we get

2

enn = 3l < o = [ = 7 (F (k) = F(2)) Do+ D i
k=0 k=0
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Step II: To obtain f(xx) — f(x4) as k — oo, we need > nx = +oo and
k=0

[&.°] e8] o0
S nE=+00, e.g., N = % gives > k% < 400 and Y % = +-o00.
k=0 k=0 k=0

Step III: Plugging in n, = \/T% for k=0,1,--- ,n, we have

L S e 24 3 O
%0 — % [I* 4+ 3= mj; %0 — x:[I* + > 773

F(56) — Fx) < M——— —
2k§077k 2> il

_aplxo =% 2+ C?
20yn+1

J (%)= (%)

Ivell

Step IV: For the Polyak’s step size n =

2
1 — ] < [l — x* = 77km(f<xk) — f(x2)) + 7k

||2 . ‘f(xk) — f(x*)|2

V&l

|f (i) — f ()2
M? '

= lIxk — x.

<l —xul|* =

Summing for k =0,1,--- ,n, we get
1 n
e Do 1Fk) = F)P < o = %l = %41 = xul* < llx0 — x4,
k=0

M
n—+1

= (k) = (%) <

Ixo — x|

Step V: Now assume f(x) is strongly convex, by Lemma 4.23, the strong
convexity gives

F06) 2 Jxa) + (0 (o), 30 =368+ & [ = ]

thus
—(0F (i), 3 = %) < F3x) = F0x) = e =]
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and
s~ = [ e 2
- %
* : v
2 2 2
= ka - X*H - 77k7<xk - X*7Vk> + N
Vil

2
= |lxx — X*H2 - ﬁkm@%vxk — X4) + 771%

I 2 1 2
< (1= 25 ) I = P = 20 = Fx)]+
Vel 2 vl g
We get
[Vl 2 (HVkH 2) 2, |l
- «) < T R - — X Y
f(xx) — f(xi) < o [l — x| + ST Pekr1 = x|+ =
k-1, o pkt1) T 1 2
== lxk =l 1 e —x7 Gt 1) [Vl
and
uk(k—1 wk(k+1 k
bl x)] < HHEE D e P P e P P
Summing it for k =0,1,--- ,n, we get
“ un(n + 1) , M? I~ k M?* &Lk
DR )—f (%)) € — KX P — ) —— < —
k=0 4 poi k41 pok+1
n(n +1) M*& k_ M?

5 Lf(k) = f(x)] = ];)k[f(ik)—f(x*)] S g P

which gives f(Xy) — f(x,) < 242 _1_

n n+l-°
. Filnally we also have 5% — x| < f(Xg) — f(x4), thus || — x| <
Rk -

5.1.2 Polyak’s step size and Fejér monotonicity

In Theorem 5.1, without the strong convexity, the Polyak’s step size ensures
|xk+1 — X«|| < ||xx — x4|| for one global minimizer x,, which is called Fejér
momnotonicity:

Definition 5.2. A sequence {x;}72, is called Fejér monotone w.r.t. a set
S if there is one 'y € S such that |xg+1 — y|| < ||xx — y|| for any y.

Let X, be the set of all global minimizers of the convex function in
Theorem 5.1, then {x;}}2, is Fejér monotone w.r.t. X,, which does not
imply xp — X, since x4, € X, may not be unique. On the other hand, we
have (see [3, Theorem 8.17]):
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Theorem 5.3. For subgradient method with the Polyak’s step size for a
proper convez function in Theorem 5.1, X, converges to one global minimizer

of f(%).

5.2 Proximal point method

For solving 0 € 0f(x.), instead of using Jf(xy), if using the subderivative
at xp+1, then the method is called prozimal point method:

Xp4l = Xk — MVitl,  Viel € Of (Xpg1)- (5.2)

For readers who are familiar with ordinary differential equations (ODEs),
consider approximating u'(t) = F(u), then the explicit forward Euler method
is

Uk4+1 = Uk + AtF(uk),

and implicit backward Euler method is
Uk+1 = Uk + AtF(uk+1).

Notice that subgradient method (5.1) is similar to the forward Euler method
and the proximal point method (5.2) is similar to the backward Euler method,
if we set F'=—Vf.

For simplicity, consider a constant step size 7 in (5.2). For implementa-
tion, we rewrite it as

X1 +NOf (Xpt1) = Xk & Xp1 = ([ + Waf)_l(xk)-

By Theorem 4.25, (I +n0f)~! is equivalent to the following proximal oper-
ator:

Definition 5.4. The proximal operator of a convex function f(x) with a
parameter v > 0 is defined as the following function:

1
Prox’(x) = aremin f(u) + — |[u — x/||°.
}(x) = awgmin £ () + 5-[u —x|

The proximal operator Prox} (x) is a well defined for the following:

: . RN 1 2
1. For a convex function f: R" — R, f(u) + 5-[lu —x|[* is a strongly
convex function, so it has a unique minimizer.

2. For a proper closed convex function f : R" — R U {+o0}, f(u) +
%Hu —x||? is a proper closed strongly convex function, so it has a
unique minimizer (Theorem 4.26).
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In general the function Prox}(x) does not have an explicit formula. But
for special functions, explicit formulae are available:

r—7, x> 17
1. For f(z) = |z, Prox}(x) =qzr+y, x<-1,
0, x € [-1,1].

Ti—"7, Ti> 17
2. For f(x) = [|x]|1, Prox}(x) =V, Vi=sx;+7y, x<-1,
0, x; € [—1,1].

3. For an indicator function (4.5) of a convex closed set 5, Prox}(x) is
the Euclidean projection of x to S.

Problem 5.5. Derive the explicit proximal formulae in the examples above.

5.2.1 The Moreau-Yosida regularization

By Theorem 4.26, we have

Definition 5.6. The Moreau-Yosida regularization (a.k.a. Moreau enve-
lope) of a function f(x) is

Fofo) = mnl () + - a = x]]

which is well defined if f : R" — R U {+oc} is a closed (or equivalently
lower semicontinuous) proper convex function.

Recall that the proximal operator is given as

1
Prox'}(x) = argmi + —lu—x|,
rox(}(e) = axgminf () + 5[~ x|}

which is an operator thus different from the function f,(x).

Theorem 5.7. For a closed (or equivalently lower semicontinuous) proper
convex function f(x), its Moreau-Yosida regqularization (a.k.a. Moreau en-
velope) satisfies

1. fy(x) is convex and differentiable.
2. Viy(x) = %[x — Prox}(x)], Prox}(x) =x —nV fy(x).
3. V fy(x) is Lipschitz-continuous with L = %

Remark 5.8. It can be proven that f is strongly convex if and only f, is
strongly convex, see [11].
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Problem 5.9. Prove that f,(x) is convez.

Proof. See [3, Theorem 6.60] for the differentiability. We give a brief
proof of 2 and 3. Let u = Prox}(x) and v = Prox}(y). Since u is the
minimizer to ¢g(z) = f(z) + %Hz — x|, we have

9(v) > g(u) + (0, v — u) + ;nnv— ul?

1 1
= f(v)+ %Hv —x[2 > f(u) + fn\lu —x[>+ =

2

n n
Step I: by throwing away the last quadratic term, we obtain

7y_X>+7

X—u on—y u—v
2

X—u

fo(y) = fo(x) + <T,y - x)

thus *-% =V fn(x) due to the differentiability of f,,.
Step II: the inequality above gives

Xx—u nlx—y u—v
fa(y) 2 (%) +(—— vy —x) + 5 -
1) 2 fil) + R
By switching x and y, we also have
2
y—vVv nllx—y u-—-v
fa(x) > fo(y) + ¢ ,x—y)+§ 1 - 1

Adding them, we get

X—u y-—V x—u y-v|?

- 7 7 )
(VI (x) = VI(y),x —y) = 0|V f(x) = Vi)l

With Cauchy-Schwartz inequality (V f,(x) — Vf,(y),x —y) < |V fy(x) —
V fo(y)|l|x — y|, we get the Lipschitz continuity. O

)

7X—Y>Z77H
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5.2.2 The first convergence proof of the proximal point method

Assume x, minimized a closed convex function f(x), the Moreau-Yosida
regularized function f,(x) has the same minimizer x,:

. . 1
i f,(x) = mipl () + 5 x =
where the equal sign attains if u = x = x,.
Due to the Prox?(x) = x — nV fy(x), the proximal point method for
minimizing f(x) is simply the gradient descent method minimizing f,(x):

X1 = Prox?(xk) =xp, — NV fp(xk).

Recall that V f;, is Lipschitz continuous with Lipschitz constant L = %, thus

the (’)(%) convergence rate theorem for gradient descent (Theorem 2.11)
immediately applies to the proximal point method, which is however in the
form of f,(xx) — fy(x:) = O(3).

If assuming strong convexity of f(x), the linear convergence rate theo-
rem (Theorem 2.18) for gradient descent gives a convergence rate for small
enough step size.

In Section 5.4, we will prove a better result

1
14+ 2nu

k
=%l < (g0 ) e = x>0

5.3 The proximal gradient method

Now we consider the composite optimization problem
min /() + 9(x).

where f is a closed (or equivalently lower semicontinous) proper convex
function, and ¢ is a differentiable convex function with Lipschitz continuous
gradient.

Now we consider the following proximal gradient method by using the
proximal operator of f and the gradient of g:

Xpr1 = (I +ndf) "' pxx = nVg(xx)] = Prox[xy — nVg(xx)).

Notice that the discussion in this section applies to both gra-
dient descent method (if f(x) = 0) and the proximal point method

(if g(x) = 0).
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5.3.1 Forward-backward splitting

The proximal operator is the simple forward-backward splitting. For in-
stance, consider solving the (or inclusion) equation for two vector valued (or
set-valued) operators A and B:

0= A(x)+ B(x) (or0e€ A(x)+ B(x)),
The forward-backward splitting is given as
Xpe1 = (or €) xp+ T[A(xk) + B(Xk+1)]-
Examples:

1. Plugin 7 = —n, A(x) = dg(x) = {Vg(x)} and B(x) = Jdf(x), then
we obtain the proximal gradient method.

2. In particular, if f(x) is an indicator function of a closed convex set S,
then its proximal operator (I+ndf)~!(x) = Prox?(x) is the Euclidean
projection to S, denoted as Ps(x). In this case, the forward-backward
splitting or the proximal gradient method is also called the projected
gradient method:

Xp+1 = Ps[xp — nVg(xy)],

which is an intuitive method for migl g(x).
XE

3. Consider solving the ODE x/(¢t) = A(x) + B(x), then the implicit-
explicit (IMEX) scheme is precisely the forward-backward splitting:

Xpi1 = X + At[A(xg) + B(xg41)]-

For example, for the convection diffusion equation u; = u, + uz,x, the
IMEX method is a popular choice for the time discretization:

™ =" 4 Atu? 4l

Notice that the gradient descent method for minimizing a function g(x)
is the same as the forward Euler method x;1 = x; — AtVg(xy) for approx-
imating ODE x/(t) = —Vg(x). Similarly, the proximal gradient method for
composite optimization is the same as the IMEX method for ODE. Though
such a connection between optimization and ODE solvers is often used to
construct new methods for either optimizaiton or ODE solvers, there is a
significant difference between the gradient descent method and the forward
Euler method: a ODE solver is used to approximate and capture time dy-
namics, yet the gradient descent is to find only the minimizer, which is the
equilibrium solution to the ODE x'(t) = —Vg(x).
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5.3.2 Properties of the proximal operator

Theorem 5.10. For a proper closed (or equivalently lower semicontinuous)
convez function f : R™ — R, then following are equivalent:

1. u = Prox}(x) = (I +79f) ' (x).
2. x—u€~yif(u).

3. %<X —wy—u) < f(y) — f(u),Yy or equivalently

Fy) > flu) + <i<x —u)y-—u), vy

Proof. The equivalence between 1 and 2 is implied by Theorem 4.25. For
3, it simply means that %(X — u) is the slope of a subtangent line. ]

5.3.3 Convergence under convexity

Theorem 5.11 (Sufficient Decrease Lemma). Assume f : R" — RU{+o0}
is a closed (or equivalently lower semicontinous) proper convex function, and
g : R" — R is a differentiable convex function with Vg being Lipschitz
continuous with Lipschitz constant L. Let F = f + g, and X = Prox? [x —
nVg(x)], then
P - F) > (5= 3 ) %= x>
n 2

Remark 5.12. By setting g(x) = 0, we get the unconditional stability of
the prozimal point method Xj11 = (I +n0f)~(xx) for minimizing f(x):

—

Hf(k — Xk+1H2, vn > 0.

fk) = f (K1) 2

=

Proof. By Theorem 5.10, we have

% = Prox!|[x — nVg(x)] = }7<x V(%) - %x — %) < f(x) — f(),

= (Vg(x), x — %) < —}7ux — x|+ f(x) - f(®)

= f(%) < f(x) - (Vg(x),x — %) - 717||x x|

We get the desired result after combining it with the Descent Lemma (Lemma
2.1) on g:

0() < 9() + (Vg(x), % — %) + & |x — %[
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Theorem 5.13 (Prox-Grad Inequality). Assume f: R"™ — R U {400} is
a closed (or equivalently lower semicontinous) proper convex function, and
g : R" — R is a differentiable convex function with Vg being Lipschitz
continuous with Lipschitz constant L. Let ' = f + g, and y = Prox? ly —

nVyg(y)], with step size n < %, then

1
o lx =%

1 )
ol 91— 5

F(x) = F(y) 2 g(x) = g(y) = (Vg(y),x —y) + 2

In particular, with n = %, we have

F(x) ~ F(3) > 9(x) — g(y) — {Valy).x —y) + =l 5> = 5 x — v

Remark 5.14. Let g(x) = 0, then we get the following inequality for the
prozimal operator:

1 1
_ n > _ n 2 - _ 2
f(x) = f(Prox}(y)) = 277||X Prox’ (y) || 277Hx yll“,Vn > 0.

Remark 5.15. By setting y = x = X, we get the following property of the
proximal gradient method:

1 1
F(xg) — F(xg41) 2 %ka —xp1?, W < T

Proof.  Define ¢(u) = g(y)+(Vg(y),u—y)+f(u)+ 5 |[u—y|? then it is
a proper closed %—strongly convex function. By Theorem 4.25 and Theorem
4.26, ¢ has a unique minimizer u, and it satisfies

0eVy(y)+0f(us) + 717(11* -y)

s u, = +n0f) y —nVy(y)),

which means ¥y = u, is the mimizer to ¢(u).
By Lemma 4.23, we have

6(x) > Bly) + (06(y), x — y) + ;nux “yIP. ¥x,y € dom(g).

Plugging in y = y (recall y is the minimizer of ¢) and d¢(y) > 0, we
have

b(x) — 6(3) > ;nuxyﬁ
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By the Descent Lemma (Lemma 2.1), we have

9(y) < g(y)+<Vg(Y),S'—Y>+§Hy—5'||2 < g(y)+<Vg(Y),y—y>+21n\|y—y|!2.

_ _ 1, _ _ _ _ _
6(9) = 9(9) +(Vo(¥). ¥ =) + Iy - ylI?+ f(3) > 9(¥) + f(¥) = F(5).
Combine the two inequalities above, we have
6(x) — F(§) > o |x — ¥
y) = 2 yYil s
which is the desired result. O

Theorem 5.16. (Fejér monotonicity and O(%) convergence rate.) Assume
f:R" — R U {+o0} is a closed (or equivalently lower semicontinous)
proper convex function, and g : R™ — R is a differentiable convex function
with Vg being Lipschitz continuous with Lipschitz constant L. Assume the
existence of global minimizers of F(x) = f(x)+ g(x). With step size n < %,
the iterates of the proxzimal gradient method satisfies

I — x| < xi = x. ], Yk,

where X, is any global minimizer to f(x) + g(x). With step size n = %, the
iterates of the proximal gradient method satisfies

L 1
F(xp41) — F(x) < EHXO - X*HEv Vk.

Proof. Step I: By the Prox-Grad inequality above, we have

Fx) — F(§) = g(x) — g(y) — (Va(y),x — y) + ;nnx N L——

2n

Convexity gives g(x) — g(y) — (Vg(y),x —y) > 0, thus

1 1
F(x)—F(y) > —|x—y|>— —|x—y|>*
(9~ F(5) 2 gollx =51 - -l -]
Plug in x = x4, y = X = ¥ = Xk4+1, then
02 29[F(x.) — F(x11)] = %511 — x| — 6 = ..

Step II: Sum up the inequality above, we have

92 n—1
7 Y OIF(xe) = F(xap1)] = [0 — %l = [lx0 = x:[] = —lx0 — x.]]-
k=0
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By Theorem 5.11

—

Sufficient Decrease Lemma), we have

P~ F(R) > 5 lx — %) = Fix) — Flxiin) > ol — xunl]
thus
n—1
Flxi) > Flxiern) = n[Flea)—Fx)] > 5 3 [Flegin)—Fx)] > [xo—x.
k=0

O]

The Fejér monotonicity and F(x;) — F(x.) does imply convergence
to some global minimizer, which is not necessarily x.. See [3] for general
statements. For simplicity, we give a proof for a well defined function F' =
f + g on the whole space R":

Theorem 5.17. Assume f : R™ — R is a convex function, and g : R" —
R is a differentiable convex function with Vg being Lipschitz continuous
with Lipschitz constant L. Assume the existence of global minimizers of
F(x) = f(x) + g(x). With step size n < 1, the iterates x of the prozimal
gradient method converges to one of the global minimizers as k — oo.

Remark 5.18. By setting g(x) = 0, we get the convergence of the proximal
point method for minimizing f(x).

Proof. The Fejér monotonicity in the previous theorem implies the bound-
edness of the sequence {x;}32, C R", thus there is a convergent subsequence
Xg; — Y« a8 j — 00.

By Theorem 4.5, the convexity implies the continuity of F', thus F' (ij) —
F(y.).

The convergence rate theorem above also gives F(xg;) — F(xs) for
any global minimizer x,, thus F(y.) = F(x.). So y. is one of the global
minimizers.

So the Fejér monotonicity also applies to y.:

%41 = yell < e =yl

which forces xi — . O

5.3.4 Convergence under strong convexity

Theorem 5.19. (Linear convergence rate.) Assume f: R" — R U {+o0}
is a closed (or equivalently lower semicontinous) proper convex function,
and g : R" — R is a p-strongly convex function with Vg being Lipschitz
continuous with Lipschitz constant L. Then F(x) = f(x)+ g(x) is a proper
lower semicontinous p-strongly convex function, thus it has a unique global
minimizer X.. With step size n = %, the iterates of the proximal gradient
method satisfies
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k
L =3 < (V1= 4) lxo = %]l
k
2. F(xp) = F(x) < § (1= 5)" [Ixo — x>
Proof. The Prox-Grad inequality gives
L 2 L 2
F(x) = F(xp41) 2 9(3) =g (3x0) = (Vg (k) X =p) 5 130 =X | = 5 3=k ]|
Strong convexity gives
7
9(x2) = 9(xk) = (Vg (xk), %0 = xi) + 3 %0 =
thus
L L
0> F(x) = Flxin) > 5 e —xinlP = (5 = 5)lbes =il

So

I
kgn =%l < (1= )l = x|

and
L pu L L u
F(p 1) = Fx) < (5= 5)Ie =3l = S e =xpa [* < (5 = 5) o= [1*

O

5.4 The second convergence proof of proximal point
method

We now reconsider the proximal point method for minimizing f(x):
Xpr1 = (I +n0f)(xp) = Prox?(xk).

By letting g(x) = 0 in theorems for the proximal gradient method, we
can get the following theorem:

Theorem 5.20. (Fejér monotonicity and O(3) convergence rate.) Assume
f i R" — R U {400} is a closed (or equivalently lower semicontinous)
proper convex function. Assume the existence of global minimizers of f(x).
For any positive step size n > 0, the iterates of the proximal point method
satisfies

b1 — % < e = %l Y,

1 1
J(Xrg1) — f(x4) < %on - X*HE, vk,

where X, is any global minimizer to f(x).
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Theorem 5.21. (Linear convergence rate under strong convexity.) Assume
f:R" — R U {400} is a closed (or equivalently lower semicontinous)
proper p-strongly convex function, then it has a unique global minimizers
x,. For any positive step size n > 0, the iterates of the proximal point
method satisfies

k
Lk =%l < (/i) k0 — %]l

k
2. Flxi) — floe) < B2 () g — x|

Remark 5.22. The proximal point method is unconditionally stable, i.e.,
f(xx) is under control for any step size. With strong convezity, faster rate
s achieved for larger step size 7.

Proof. For the proximal point method, there is some subderivative vi; €
Of (Xk+1) such that

Xk = Xp+1 + V41
Xfp — Xo = X1 — Xs + NVE41

Ik = % 1? = %41 = X +1vepa [
By Lemma 4.23, we have

Itk = Xall2 = 1 — %2 201 — Xer 1V51) + Vs |2
> e g1 — Xul” 4+ 20(Xpg1 — Xe, Vig)
= [I%h41 — X ||* 4 20(Xpp1 — X, Of (Xp1) — Of (Xpet1))
> [Ixpg1 = %l + 2np|xp 1 — x|

thus we obtain

1 k
2 2 2 2
X —X«||? > (14 2nu)||x — X |7 = |Ixp — x4 |]7 < ( ) X0 — Xy |-
H k H —( )H k+1 || H k H 1 92 || 0 H

Let g(x) = 0 in the Prox-Grad Inequality, then we get the following inequal-
ity for the proximal operator:

1 1
f) = f(Xpg1) 2 %HX* — x| — %HX* — x|, ¥ > 0.

Thus

1 2 1+277M< 1 )kH 2
~f(x) < —|x, — < x|
o) = ) < 5o =l < 2 () o x|

O
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5.5 The fast proximal gradient method

The proximal gradient method can be accelerated by combining with Nes-
terov’s acceleration method in Section 2.8. The vanilla version of the fast
proximal gradient method can be written as

Xpr1 =T +00f) yr — mValyr)]

tk+1 :%(1+\/4t%+1> X():yO,tO:l.

_ tp—1 _
Vi1 = Xpp1 + F (Ker1 — %)

The sequence tj, should satisfy ti — 1 < t%fl, for which we can simply use

k+1.
tk:%.

{xkﬂ = +00f) yr — mVy(yr)] X0 = Yo,

_ k—1
Ye+1l = Xkt1 + 1rp (Xkt1 — Xk)

5.5.1 Convergence rate under convexity

Theorem 5.23 (O(;%) convergence rate). Assume f: R" — R U {+o0}
is a closed (or equivalently lower semicontinous) proper convex function,
and g : R" — R is a differentiable convex function with Vg being Lips-
chitz continuous with Lipschitz constant L. Assume the existence of global
minimizers of F(x) = f(x) + g(x). With step size n = +, the iterates of
the fast proximal gradient method with tz —tp < t%_l (e.g., ti, = k—;l or

tht1 = 3 (1 + (/482 + 1)) satisfies

1
Plxisn) — F(x,) < 2L]Jx0 — x|

ﬁa Vka

where x, s any global minimizer to f(x) + g(x).

Remark 5.24. By letting f(x) = 0, this is the same result as Theorem
2.28.

Proof. The Prox-Grad inequality

F(x)— F(3) > g(x) — g(y) — (Va(y),x —y) + 2lnux — 312 - S x -y,

2n

L 12 L 2
> Zx -y - =|Ix - y|*
> ZJx - 3 - Slx -yl
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Plugging x = ix* +(1- i)xk and y =y (then y = x;41) into we get

k k

1 1 L 1 1 L 1 1
F (X* +(1- )Xk) —F(xp41) > =l =%t (1= —)xp—Xpp1 | P = S | - %+ (1= = )xp =y ||
t t 2 t 2t 123

tx,

L L
Sl + (b — Dxp — x> — =5 1% + (b — Dxp — trysll>.
212 212

Convexity of F' gives

1 1 1 1
F (th* . tk)xk> < P () (1= )F ().

Let Ry = F'(x) — F(x4), then

F (e (1= 0 ) ~Ftii) < (1= I (00)=F o)1= 1F ()= P )

1
k

Combining two inequalities, we get

1 L L
(1= =)Rp—Rps1 > = [1xat (te—1)xp—tixXpei1]1> = 5 [ %t (te— D xi—teysl|*.
tr 2tk: th

If we define uy = x, + (tx—1 — 1)X_1 — tp_1Xx, then
||X* + (tk - 1)sz - thk+1||2 = ||11k+1H2

Next, by plugging in

tr— 1
l+1

V41 = Xpt1 + (X1 — X)),

we get

% + (tr — D)xg — trywl? = [ + (te — D)xg — trxp — (b1 — 1) (x5 — xp-1)]|?
=[x 4 (te—1 — Dxpo1 — tpaxi]|? = [Jug] >
So we get

1 L L
1— )R — Rpp1 > — 7
( tk) k k+1 = QtiHuk—&-IH 27%”1114“

L L
(t7 — tx) Ry — ti Ry > §||Ulk+1||2 - §||11/<:||2

L L
(tz — te) Ry, + §Huk||2 > tiRy1 + §||U-k+1H2
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L L
th_q Ry + §|!Ulk||2 > (E Ry + §\|uk+1H2-
So with tg = 1, we have
L L L
ARk + 5 ol < B8R+ 5w = Fix) — FGe) + 5 x —
Plugging x = x, and y = y (then y = x1) into the Prox-Grad inequality
_ 1 _ 1
F(x) = F(y) =2 g(x) —g(y) = (Vg(y),x —y) + %IIX -y? - %IIX -yl
L L
> Zlx 317 - Flx -yl
so with xg = yo, we get
L L
F(x) = F(x1) 2 S llxe = x| = =[x« = yoll?
L L
= Fla) — Flx) + 2 %~ 3 < 2 e — xol
Thus

1

L
Rir1 < =|x0 — x4||?=.
k1 < 5 llxo = %] 2

Finally, the k:% rate is obtained from the rate ¢, = O(4). For instance,

%. We can also take

1 k+2
_ 2
tk+1—2<1+\/4tk+1>:>tk2 5

which can be verified by induction.

we can take t =

5.5.2 Convergence rate under strong convexity

If g(x) is also p-strongly convex, then o = £ denotes its condition number.
See [3, Theorem 10.42] for the convergence rate of a modified fast proximal
gradient method:

Theorem 5.25. Assume f: R" — R U {400} is a closed (or equivalently
lower semicontinous) proper convex function, and g : R" — R is a p-
strongly convex function with Vg being Lipschitz continuous with Lipschitz
constant L. Then F(x) = f(x) + g(x) is a proper lower semicontinous -
strongly convex function, thus it has a unique global minimizer x,. With
step size n = %, the iterates of the following modified fast proximal gradient
method

{Xk—i-l =T +70f) ' [ye —mVg(y)] X0 = Yo-

o—1
Yetl = Xpg1+ %(Xk—&-l — Xy)
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satisfies

k
Fox) — P < (147 [Fo0) = o) + 57 o = . P

5.5.3 Restarted fast proximal gradient method

For f(x) = ||x|1, the proximal gradient method is often called ISTA (it-
erative shrinkage/thresholding algorithm), and the fast proximal gradient
method is called FISTA.

The performance of the fast proximal gradient method can be signifi-
cantly improved if using a restarted version (reset ty = 1,yny = Xy every
N iterations):

xpr1 = I +19f) Lyr — mVa(yr)]

the1 = % (1 + \/4t% + 1) , if % is an integer, set yp = xp,tp = 1.
Yol = Xpp1 + EL (X1 — Xp)

5.6 Comparison and examples

So we can summarize all the global convergence rate results so far in this
chapter as follows (see Section 6.2 for the linear rate of the proximal point
method):

Assumptions Convexity | Strong Convexity Step Size
Subgradient Method O(ﬁ) O(z) N = ﬁ or Polyak step size
Proximal Point Method O(3) O((ﬁ)%) V>0

Proximal Gradient Method O(3) O((1 - %)k) n<i

Fast Proximal Gradient O(7z) (9((1 - %)k) n<t

Table 5.1: The convergence rate for F(x;) — F(x,) of different algorithms
minimizing F(x) = f(x) + g(x), where f(x) and g(x) are convex, u is the
strong convexity parameter of g, and L is the Lipschitz constant of Vg.

As a comparison, we also recall the global and local convergence rates
proven for the smooth problems

Finally we take look at how slow/fast these methods can be for mini-
mizing ||x||; + |[|Ax — b||?. See Figure 5.1. We remark that monotone decay
for F'(xj) — F(x4) can be proven for the subgradient method and the prox-
imal gradient method, but for the fast proximal gradient method. We can
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Assumptions Convexity | Strong Convexity
Gradient Descent with n < 2 0(3)
Fast Gradient Descent, n = 1 (’)(k%)

2k
Gradient Descent with 7 < Liﬂb (’)(( - %) )

. . 2 L/pu—1 2k

Gradient Descent with 1 = 75— O((L/HJrl) )

k
Fast Gradient Descent, n = + (’)((1 - %) )

Table 5.2: The global convergence rate for f(xy)— f(x.) of minimizing f(x),
where f(x) is convex, p is the strong convexity parameter of f, and L is the

. . . i L/p—1 2,
Lipschitz constant of Vf. Remark: 1 — /% < ( ) if u/L < 0.085.

L L/u+1
Assumptions ‘ Rate
: - _ 20 _ 2 Xkt 1 =Xl _ 2
Gradient Descent with |[xg — x.|| < 7 and n = yoy ”xﬁ_x*” §H -5
’ ; _ 2p X1~ X 3M
Newton’s method with [|xg — x.|| < 577 2 < 2

Table 5.3: The local convergence rate for minimizing f(x), where f(x) is
not necessarily convex, x, is a local minimizer, p is the strong convexity
parameter of f, and M is the Lipschitz constant of the Hessian V?2f.

observe that indeed F'(xj) — F(x4) is not monotone for the fast proximal
gradient method, but obviously the fast proximal gradient method is much
better.
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min, ||z]; + [[Az — b||*

o Subgradient Method with O(1/v/k)
+ ISTA (Proximal Gradient) with O(1/k)
FISTA (Fast Proximal Gradient) with O(1/k?)

44

0 20 40 60 80 100
Iteration number

(a) Provable rates are the worst case rates, which are usually
observed in the beginning.
min, |l2]], + || Az — b]]

. Subgradient Metﬁod with O(l /Vk) ‘
+ ISTA (Proximal Gradient) with O(1/k)
FISTA (Fast Proximal Gradient) with O(1/k?)
£ 10° 1
Ry
\
/-'&\ /
o) This is the local
a linear rate
107 .
0 50 100 150 200 250 300

Iteration number

(b) Even if the function has no strong convexity nor smooth-
ness, a local linear rate may be observed: for large k, the it-
erates x; stay on a lower dimensional set, and the function
becomes smooth on this set. Such a set is often called active

set.
010 min, [l + || Az — b]?
o Subgradient Method with O(1/v/k)
+ ISTA (Proximal Gradient) with O(1/k)
FISTA (Fast Proximal Gradient) with O(1/k?*)
Py o restarted FISTA
Ry
I
=2
&
h‘ -

0 100 200 300 400 500 600
Iteration number

(c) For ¢ problem, restarted FISTA can perform extremely
well.

Figure 5.1: A LASSO problem (4.3) with A € R49X1900 The cost function
F(x) = ||x||1 + ||Ax — b||? is neither smooth nor strongly convex.
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6

Fixed point iteration and
Douglas-Rachford splitting

In this chapter, we consider some more sophisticated splitting algorithms to
solve a more chanllenging ¢!-minimization problem (4.2):

m)%n ||XH1 + Ux: Ax=b}-

6.1 Nonexpansive operators
Definition 6.1. An operator T : R" — R" is called
o contractive if |[T(x) —T(y)|| < [lx—yl|, Vx,y.
o nonexpansive if |T(x) —T(y)|| < [lx—yl, Vx,y.
e firmly nonexpansive if |T(x)—T(y)|? < (T(x)-T(y),x—-y), Vx,y.
With the Cauchy-Schwartz inequality
(T(x) - T(y),x — y) < |ITx) - T)llIx — vl
we can see that a firmly nonexpansive operator must be nonexpansive.

Theorem 6.2. For an operator T : R™ — R™ and the identity operator
I:R™ — R", the following are equivalent:

1. T is firmly nonexpansive.

2. I =T is firmly nonexpansive.

3. 2T — I is nonexpansive.

4o IT(x) = TOI?+ I = T)(x) = (I =T)YX)? < [Ix - y?

95
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Proof. For 1 and 2:
IT(x) = T(y)|* < (T(x) = T(y),x ~y)
I =T(x) = [y =TW)]I* = [Ix =yII* +T(x) = T(y)|* ~ (T(x) = T(y), x~y)
<lx=yl? = (T(x) - T(y),x —y) = (x = T(x)] = [y - T(y)l,. x ~y)-
For 1 and 3: let R = 2T — I, then
IR(x) = R(y)II” = [|12[T'(x) - T(y)] - (x —y)|?
=4|T(x) = T)|* + Ix —y|* = 4T (x) = T(y), x —y) < [Ix —y]?
& |T(x) = T)|* <(T(x) = T(y),x —y)
For 1 and 4: it can be similarly shown. O

Example 6.3. Let T(x) = nVf(x), 0<n< % where V f is Lipschitz
continuous with Lipschitz constant L:

1. T is nonexpansive.
2. By Theorem 2.9, if f is convex, then T is firmly nonexpansive.

3. If f is convex, the gradient descent operator operator I — T is also
firmly nonexpansive.

6.2 The third convergence rate of proximal point
method

One important example of firmly nonexpansive and contractive operators is
the proximal operator:

Theorem 6.4. For a proper closed convex function f: R" — (—o0, +00],
its proximal operator Prox? s firmly nonexpansive:

|| Prox’;(x) — Prox}(y) 12 < (Prox}(x) — Prox}(y),x —y).
If f is also u-strongly convex, then
(1 + )| Prox’(x) — Prox}(y)|? < (Prox’(x) — Prox(y), x — y).
Remark 6.5. With the Cauchy-Schwartz inequality (T (x) —T(y),x —y) <

1T (x) — T(y)||[[x — yll, the prozimal operator is contractive for a strongly
convex f.
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Proof. Let

X—u

u = Prox}(x) = (I +10f) "' (x) = =2 € 0f(u),

v=Prox(y) = (I +0)) ! (y) = >~ € 9f(v).

For a p-strongly convex function (u = 0 for a convex function), by Lemma
4.23, we have

(0f(a) = 0f(v),u—v) > plu—v|?

thus
X—u y-—
n n

v
Ju—v) > pllu— v,

{

(x =y, u=v) > (1+nu)lu— v

We now reconsider the proximal point method for minimizing f(x):

X1 = (I +ndf) " (x) = Prox}(xy).

Theorem 6.6. (Linear convergence rate under strong convexity.) Assume
f:R" — R U {400} is a closed (or equivalently lower semicontinous)
proper p-strongly convex function, then it has a unique global minimizers
X.. The iterates of the proximal point method satisfies

Y
Lk =%l < (55) o =%l ¥ >0.

L (1 2 2
2. f(xi) = f(xi) < 55 (m) %0 —x.[[%,  Vn>0.

Remark 6.7. This is a better rate than the linear rate in Section 5.4 since

1 2 1
< S 1+29u < 1+ 2nu + n’u?.
(HW) Trom N N+ n°p

Proof. By Theorem 6.4, the proximal operator is contractive

I Prox’}(x) — Prox(y)|| < Ix =yl

L+ pm
Notice that we have x, = Prox?(x*). Plugging in x = x; and y = X,, we

k
get [xrin — x| < (ks ) I — x| thus [xx =) < (55) %o = ..
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Let g(x) = 0 in the Prox-Grad Inequality (Theorem 5.13), then we get
the following inequality for the proximal operator:

1 1
f(xe) = f(Xpg1) > %HX* — Xpp1]* — %HX* —xy||%,¥n > 0.

Thus

1 2 _ 14+np ( 1 )kH 2
—flx) < — % — < —x,|2
f(xpg1) — f(x4) < 277\\X xi||* < 2 \ 15 lIx0 — X ||

O

6.3 Fixed point iteration

We now consider iterative schemes in the form xj; = T'(xj). There are
many fixed point theorems and we list a few.

Theorem 6.8 (Banach Fixed Point Theorem). Let T' : R" — R" be a
contractive operator/mapping, then T' has a unique fized point T'(X.) = Xs.

In the Banach Fixed Point Theorem (1922), the Euclidean space R™ can
be replaced by a non-empty complete metric space.

Theorem 6.9 (Brouwer Fixed Point Theorem). Let S™ be the unit ball in
R™ IfT :S™ — S™ is continuous, then T has at least one fixed point
T(X4) = Xs.

In the Brouwer Fixed Point Theorem (1911), the unit ball can be re-
placed by a nonempty compact convex set.

Theorem 6.10 (Browder-Gohde-Kirk Fixed Point Theorem). Let X be a
uniformly convex Banach space. Let'Y be a non-empty, bounded, closed and
convex subset of X. If T : Y — Y is an nonexpansive operator, then it has
a fixed point.

A few quick examples:

1. If T : R®™ — R" is nonexpansive, then T" may not have a fixed point.

cosf —sind)\ (x 0
Counter example, T'(z,y) = < 0 0 ) <y> + <1>

2. If T: S™ — S™ is nonexpansive, then T' has at least one fixed point
but x;4+1 = T'(xx) may not converge. Counter example: T'(x) = —x.

For the counter example above, even though the iterative scheme for the
operator X;11 = T'(xx) = —xj, does not converge, the relaxation scheme

Xp41 = Oxp + (1 — 0)T(x)

always converges. Such a fact still holds for a general setup:
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Theorem 6.11. Assume T : R™ — R"™ is nonexpansive and T has at least
one fixed point X.. Then the iteration scheme

Xkl = Sg(xk) = 0%y + (1 — G)T(Xk), RS (O, 1)
satisfies:

1. X3 converges to ys, one of fized points of T'.

2. %1 — xk)1? < 75 = Dllxo — yl*.

Proof. Step I

k1 = % |? = [10[xk — %] + (1 = O)[T(x) — x|
= Ollxk — x[? + (1 = )| T(xx) — x| = 0(1 — )| T(xx) — x|
< Ollxk — x|+ (1= )13k — xu]|* = 0(1 = 0)[| T (xx) — x|
0
= [lxr — x.|* - T g% (xk) x?

Step II: we first get || xp11 — X«||? < [|xx — X4]|?. Sum it up, we get

n

1-6
(n+ Dl =xall* < 3 nr =30 ]* < == {0 =3l = 1 =),
k=0

where the first inequality is implied by

k1 = xall? < Ol — x| + (1= O T(xx) = T(xp-1)|| < [k = xp1]-

Step 1L |xpr1 — X«||> < ||xr — x| implies that {x;} is a bounded

sequence thus it has a convergent subsequence Xk, — V- | %pq1 — Xk||2 <
T}—l(% —1)|lx0 — x|* implies

41 = x5l = 0 = [[So(x) = xull = 0= (1 = )T (xx) — x| = 0

thus || T'(xg;) — x| — 0.
Since ||T(x) —x — [T'(y) = ylll < 2||lx —y|, T — I is continuous, thus
IT(y+«) — y«|| = 0, which implies y. is a fixed point.
Finally, ||Xp41 — X«||? < ||xx — X4]|? for any fixed point x, forces the
whole sequence converging to y..
0

6.4 Douglas-Rachford splitting

Now we consider a composite optimization problem

min £ (x) + g(x),
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where both f(x) and g(x) are convex but not differentiable. We assume
that the proximal operators for f(x) and g(x) are available. Consider the
basis pursuit problem (4.2) as an example:

m)zn HXHI + L{X:AX:b}?

we have f(x) = ||x|[1 and g(x) = t{x.ax=p}. Assume AR™ " with m < n
has linearly independent rows so that AA” is invertiable.
For the ¢! function, its proximal operator is called Shrinkage operator:

Ti—"7, Tp> ]-a
PrOX’}(X> =V, Vv = Ty +f)/7 z; < _17
0, x; € [—1, 1].

For the indicator function, the proximal operator is the Euclidean pro-
jection:

Prox](x) = x + AT(AAT) "' (b — Ax),

where AT(AAT)~! is also called pseudoinverse of A, see Appendix A 4.

So for the problem (4.2), we have proximal operators for f and g, but
not for f 4 g. The divide and concur approach is to do a splitting by using
Prox; and Prox,. And the most robust splitting method is called Douglas-
Rachford splitting introduced by Lions and Mercier in 1979:

1. The same splitting was used for solving the heat equation by Peaceman
and Rachford in 1955 and Douglas and Rachford in 1956. Such an ap-
proach is under the name alternating-direction implicit (ADI) methods
for solving PDEs. It is for solving equations like 0 = Ax 4+ Bx

2. Lions and Mercier in 1979 extended it for solving inclusion equations
like 0 € Of(x) + Jg(x).

3. It is exactly equivalent to the very popular ADMM (Alternating Direc-
tion Method of Multipliers) method and some special version of split
Bregman method, which are widely used for problems in nonlinear
mechanics and image processing.

Definition 6.12. For minimizing f(x)+g(x), the simplest Douglas-Rachford
splitting is given as

I+R}Ry

Yer1 =

where 1 is the identity operator, R? = 2Pr0x? —I and R} = 2Prox] -1
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The sequence y; does NOT converge to x, and the variable y is only an
auxiliary variable. Instead, xx = Prox](yx) will converge to x.. So a more
explicit expression of the simplest Douglas-Rachford splitting is

]H—R? Rg n
Douglas-Rachford : Yk+1 = 2 (yk) =YL —Xg + PrOXf(2Xk - Yk)
Xk = Prox](yx)

The Douglas-Rachford splitting is robust in the sense that the convergence
is true for any convex functions f and g with any step size n > 0:

Theorem 6.13. If f : R — (—o0,+00] and g : R — (—o0, +00] are
proper closed convex functions, assume f(x)+ g(x) has at least one mini-
mizer, then the general Douglas-Rachford splitting converges to a fized point

Yl
Yi1 = [01+ (1 - 0)RIR{I(yx), 0 € (0,1),

and x = Prox](yy) converges to x., one of the minimizers of f(x) + g(y)
with

Lolyker =yl < llyw =yl But [[xp41 — x| < llxp = x| is not true.

2.
— Dllyo —yl*

SR

(

T =

[xk+1 — %kl < [[yesr — yel? <

Remark 6.14. If we take § = 0, we get the Peaceman-Rachford splitting:

Yi+1 = RERY(yx)

Peaceman-Rachford : ,
X = Prox(yx)

which however does not converge unless at least one of the two functions is
strongly convex. For example, if f and g are indicator functions of two lines
passing the origin in R2, then the double reflection iteration will diverge.

Proof. Step I: existence of minimizers implies that 7' = 01+ (1—6) R;Z Ry
has fixed points:

& Prox}(2z —y.) =z ((I+109)z =y.)
& 2= (T+n99f)"" 2z — (T +19g)2]
< 0€0f(z) + 9g(z).
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Step II: by Theorem 6.4, Prox is firmly nonexpansive, thus R = 2 Prox —1
is nonexpansive (Theorem 6.2). So T' = 01+ (1 —0) R? Ry is also nonexpan-
sive since it is a convex combinatin of I and R? Ry.

Step III: by Theorem 6.11, y; converges to one fixed point y,. Thus
x = Prox](yx) converges to one minimizer x., due to the fact we have
shown in Step I:

T(y.) =y« 0€0f(z) +9g(z), z=Prox)(yx).

Theorem 6.11 also implies

(7 = Dllyo = yl*.

lye = y:|* <

> =
|

6.5 Examples and comparison

Sometimes the general or relaxed Douglas-Rachford splitting is also written
in the form of

n
2

See Figure 6.1 for a numerical example.

Yit1 = [(1 =ML+ A I(yr), A€(0,2). (6.1)

6.5.1 A special fast solver for LASSO and Basis Pursuit
Recall the Basis Pursuit problem (4.2) and the LASSO (4.3) from Chapter 4.
Following Langlois & Darbon [7], write the LASSO as
. 1 2
min [xll + o 1A% — b3 (62)

where t > 0 is the regularization parameter (¢ = p in (4.3)). Setting ¢ = 0
recovers Basis Pursuit (4.2).

ISTA, FISTA, and Douglas—Rachford all produce approximate solutions.
Langlois & Darbon [7] give an exact, finite-time solver for (6.2) (including
BP).

The dual problem. Strong duality holds for (6.2). The dual problem is

t
min V(p; £,0) = 5 [[plI* + (p, b) subject to [|A'ple <1.  (6.3)
p m

The primal-dual pair (x®, p*) satisfies the KKT conditions:
—tp*=Ax*—b, —A'p*ed| |L(x°).

So x§ # 0 implies |[A"p*];| = 1.



6.5. EXAMPLES AND COMPARISON 103

min, o] + [ Az — b

102 E
Q‘t
! e ———
_ 100} \’\____\/\A 1
= EEAY
= ¥ Y V\/\‘\/\‘\/\‘
l 1072 .
=
)
a 1074E° Subgradient Method with O(1/v/k) ]
+ ISTA (Proximal Gradient) with O(1/k)
FISTA (Fast Proximal Gradient) with O(1/k?)
+ Douglas-Rachford n=0.1, A =1
10 -6 ; ; I

0 50 100 150 200 250 300
Iteration number

(a) Douglas-Rachford splitting converges for any step size n > 0

but proximal operator for g(x) = ||Ax — b||? requires (I +
n2AT A)~L.
. min, [Jo; + | Az — b|?
10 E ‘ ‘ ‘

L

v S ————m—
_10° 3
5
K
l 1072 ]
g
= 1

1| ° Subgradient Method with O(1/ Vk)
+ ISTA (Proximal Gradient) with O(1/k)
FISTA (Fast Proximal Gradient) with O(1/k?)
+ Douglas-Rachford n=0.1, A = 2 (reduces to Peaceman-Rachford)

0 50 100 150 200 250 300
Iteration number

10

(b) If A = 2 in (6.1), then it does not converge. For this
example A € R**1000 thyg no strong convexity for g(x).

min, ||z]; + [ Az — b||*

12
o

o
A ——)
0L ]
" \A‘
FPaves
W™

e

3
3

2 "A‘A‘A

20 LAY 4
10 R ATaY

1074 | ° Subgradient Method with O(1/Vk)

+ ISTA (Proximal Gradient) with O(1/k)
FISTA (Fast Proximal Gradient) with O(1/k?)

+ Douglas-Rachford n=0.03, A\ = 1.5

0 50 100 150 200 250 300
Iteration number

1076

(¢c) If tuning parameters, Douglas-Rachford splitting can be
faster than FISTA or restarted FISTA for certain accuracy
threshold.

Figure 6.1: A LASSO problem (4.3) with A € R*1000 The cost function
F(x) = ||x||1 + ||Ax — b||? is neither smooth nor strongly convex.
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Definition 6.15 (Equicorrelation set and sign matrix). For a dual-feasible
p (i.e. |[ATplloo < 1), define

Ep):={je{l,....n}: H—ATp]j\ =1}, D(p) := diag(sign(—ATp)).

The support of any primal solution x° is contained in E(p®).

A dynamical systems approach. Instead of an iterative scheme, con-
sider the gradient flow

p(r) € =9, V(p(1); t,b),  p(0) =p?, (6.4)

which is a differential inclusion. By the minimal selection principle, the
trajectory follows the element of 0, V' with smallest norm:

p(r) = —d(p(7)),  d(p):= fg;lélén) [[o]]-

Computing the descent direction via NNLS. Let A¢ be the columns

of A indexed by £ = £(p) and Dg the corresponding submatrix of D(p).

d(p) is the residual of a Non-Negative Least Squares (NNLS) problem:
Ug € arg min |Ae Deug — (b+tp)||",  d(p) = Ae Detie — (b +tp).

(6.5)
d(p) = 0 means p is already optimal.

Exact integration. Between consecutive changes of £, the descent direc-
tion scales linearly:

dp® +Ad(p™)) = (1—tA)d(p™), A co,A).
Thus the flow has the closed-form local solution

T t=20,
p(r) =p® + f(r,)dp™),  f(r,t) =41 _
¢

The maximal step A, before £ changes is determined by a ratio test:

t > 0.

. sign(q;) — r;
A= min SEBIZT L pgyaTe = D(p) AT,
7j=1,..,n q;
4570
Since £ can only grow, the algorithm terminates in at most m = rank(A)
iterations.

Algorithm (Exact LASSO/BP solver [7]).
Input: A € R™*" b€ Image(A), t > 0.
Initialize: p(®©) = —b/||A7b||s.
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1. Compute E®) = {j: [[-ATp®)];| = 1} and D*) = diag(sign(—ATp*))).
2. Solve the NNLS sub-problem (6.5) on £%) to get ().

3. Compute d®) = Az Doy a™® — (b +tp®)).

4. If t > 0 and t A, > 1: return x° = DX ak) ps = pk) 4 qk) /¢,

5. If t = 0 and d®) = 0: return x* = D®ak) ps = pk),

6. Compute A, via the ratio test; update p**h = p*) 1 A, g%,

7. Go to step 1.

Remark 6.16. The output satisfies KKT to machine precision, the algo-
rithm terminates in at most m iterations, and no uniqueness or “one-at-a-
time” assumptions on A are needed.

See Figures 6.2 and 6.3 for a comparison against iterative methods.

min ||x[|; + [| Ax — b||? min ||x[|; + [| Ax — b||?
x x
ISTA (Proximal Gradient) ISTA (Proximal Gradient)
1010 > FISTA (Fast Proximal Gradient) 1010 FISTA (Fast Proximal Gradient)
FISTA w/ restarts FISTA w/ restarts
— + Douglas-Rachford on primal (ADMM on dual) - + Douglas-Rachford on primal (ADMM on dual)
By o3 -+ Differential inclusions (Langlois-Darbon)
= 100 K100 |
| |
3 3
= qo10 = qot0
1020 1020
0 100 200 300 400 0 0.01 002 0.03 0.04 005 0.06
Iteration number CPU time (seconds)

Figure 6.2: LASSO with A € RA0x1090: obhjective error F(x;) — F(x*) vs.
iteration count (left) and CPU time (right). The differential-inclusions solver
reaches machine precision in 2 iterations.

6.6 Convergence under strong convexity

Lemma 6.17. If f : R" — (—o00, +00] is a proper closed p-strongly convex
function, its prozimal and reflection operators satisfy

IR (x) = RF()IZ + dpanl| Prox (x) — Prox(y)|* < [lx — y|*.

Remark 6.18. With only convexity u = 0, the reflection is only nonexpan-
sive | R}(x) = RY(y)[I” < [[x -y
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Basis Pursuit: min ||x||; s.t. Ax=5b Basis Pursuit: min ||x||; s.t. Ax=25b
1010 * 1010 x
—PDHG —PDHG
+ Douglas-Rachford (ADMM on dual) + Douglas-Rachford (ADMM on dual)
-+ Differential inclusions (Langlois-Darbon) -+ Differential inclusions (Langlois-Darbon)
= 10° = 100'\7*_'.7‘_**77——7%,,,\
El El ”*
| |
E 10710 E 10710
1020 1020
0 100 200 300 400 0 0.02 0.04 0.06 0.08
Iteration number CPU time (seconds)

Figure 6.3: Basis Pursuit (t = 0) with A € RA*1900; |1x, ||y — ||x*||; vs.
iteration count (left) and CPU time (right). The differential-inclusions solver
terminates in a handful of iterations at machine precision.

Proof. By Theorem 6.4, we have

IR} (x) = R}(y)|* = [|2 Prox}(x) — x — (2Prox}(y) — y)|
=4m|| Prox}(x) — Prox}(y)[* + [|lx — y||* — 4(Prox}(x) — Prox}(y),x — y)
< —4pm||RY(x) — R} (y )H2+HX ylI?

) —
= || R}(x) = RE)II* + 4pn| Prox(x) — Prox(y)|* < [|x — y|*

R(
) -

O]

Theorem 6.19 (Convergence of Peaceman-Rachford under strong convex-
ity.). If f : R"™ — (—o00,4+00] is a proper closed convexr function and
g : R" — (—o0,+00] is a proper closed u-strongly convex function, then
f(x) + g(x) has a unique minimizer X,.. The iteration

=RTR"
Yi+1 } g(yzc)’ 0 >0
xi = Prox](yx)
converges and
otk — [ <~ [lyo — ¥l
0r<r}€1£1 X — Xy n+14l“7 Yo — ¥«

Remark 6.20. Notice that we can switch f and g in the Peaceman-Rachford
splitting

Z =R"R'N(z
{kH g {;(k), Vn >0
Xk = Prox}(zy)
and the same results apply, because it is the same iteration as above if we

set zp = yo-
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Proof.

IRF R (yx) — R} Ry (y:)[I* + 4pam]| Proxg (yx,) — Prox) (y.)|*
<[[Rg(yx) — Rg(y:)lI” + 4pn|| Proxg (yx) — Proxg (y )|
<llyx — vl

thus

I? I

yet1 — vl 2+ dpmllxe — %] < [lyk — v

n
> Aunllxr — x| < llyo — yel” = [lynt1 — v+l < llyo — yII*.
k=0

O]

Lemma 6.21. If f : R" — (—o00, +00) is a pu-strongly convez function and
V f is Lipschitz continuous, its reflection operator is a contraction:

IR60 ~RY0)I < (1= s ) I =y

Proof.

T+ 0V f(x) — [T+ 0V Fy)?
=[x = yI*+ 7’V (x) = VF@)I* + 2n(x =y, Vf(x) = VI(y))
<|lx —yl* + 7* L[ x — y[I> + 2nlx — yllIVf(x) = Vf(y)]]
<(L+7n*L*+2nL)|x — y|?

thus
| Prox’}(u) — Prox}(v)[* > m”x -yl
Plug it into Lemma 6.17, we get the desired result. O

Theorem 6.22. (Linear rate of general Douglas-Rachford splitting.) As-
sume f: R"™ — (=00, 400] is a proper closed conver function, g : R" —
(—00,4+00) is a p-strongly convex function and Vg is Lipschitz continuous
with Lipschitz constant L. Then the general Douglas-Rachford

=01+ (1-0)RIR!

xp = Prox}(y)
satisfies

Lolyker =yl < llyw =yl But [[xp41 — x| < lxp = x| is not true.
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k1 = % < lyrer — yal? < [0+ (1= 0)* [lyo — vl
where
4un S 1—nL
(14+nL)2 — 1+nL’

c=4/1—

Remark 6.23. The best provable rate w.r.t. 6 would be @ =1 (Peaceman-
Rachford). On the other hand, such a provable rate is usually much slower
than the actual convergence rate, thus the fastest parameter may not be 0 = 1

in practice.
1. Proof. Lemma 6.21 implies || RJ(x) — Rj(y)[| < c[lx —y|.

2. R} is nonexpansive, so

| RRI(x) ~ RIRY)]| < cllx— vl

3. Let T'= 01+ (1 - 0)R}RY, then

IT(x) =TIl <10+ (1 =0)d[[x -yl

thus
Ik — x| < Iy — ol < [0+ (1 = 0)c¥llyo — v

6.7 Maximal monotone operators

We summarize the main results in this chapter by considering set valued
operators:

1. An operator T is a set-valued mapping or multi-valued function on R"
if T'(x) C R"™, and its domain is defined as

dom(T) = {x € R": T'(x) # 0}.

2. An operator T is called monotone if

(T(x)—T(y),x—y), Vx,y € dom(T).

3. The graph of an operator is defined as

Graph(T) ={(x,y) e R" xR" : y € T(x)}.
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4. A monotone operator T is called maxzimal monotone if there is no
other monotone operator S such that Graph(T) is a proper subset of
Graph(S).

5. The inverse operator is defined as T71(x) = {y : x € T(y)}.
6. The resolvent of an operator T is defined as Jp = (I + T)~L.

7. The reflection of an operator T' is defined as Ry = 2Jp — 1 = 2(1 +
T~ -1

8. If T is nonexpansive, then (1—0)I+607 is called #-averaged operator for
6 € (0,1). By Theorem 6.11, the fixed point iteration of any 6-averaged
operator always converges.

Lemma 6.24. If A is mazximal monotone, R4 is a nonerpansive (single-
valued) operator with dom(Ra) = R"™ , and Ja is a (1/2)-averaged with
dom(J4) =R"

Examples:
1. If f(x) is a proper convex function, then Jf is a monotone operator.

2. If f(x) is a proper closed convex function, then Jf is a maximal mono-
tone operator, thus Prox? is (1/2)-averaged and R? is nonexpansive.

3. If f(x) and g(x) are proper closed convex functions, then

[+ R}R]

R;ZRZ is nonexpansive < is firmly nonexpansive

1-0)I+6R]R]
R}R] is nonexpansive = ( ) 5 f7g

converges for any 0 € (0,1),n > 0.

We list the algorithms as follows:

I+R} Ry

Ye+1 = [(1 - )‘)]I + A 2 ](Yk)v A€ (07 2)
General Douglas-Rachford : =yp — X + A Prox?(ka —vr)
Xk = Prox](y)
I+R7 Ry
_ +R; Ry v " _
Douglas-Rachford : Yert =5 (V&) =¥k =X+ Prox (2xk — 1)
X = Prox](yx)

yir1 = R}R)(yx)

Peaceman-Rachford : .
Xk = Prox(y)
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6.8 Davis-Yin splitting
For a composite problem of two functions ming f(x) + g(x), the Douglas-

Rachfording splitting is given as

Yit1 = Yk — X + Prox}(2x; — yy)
X = Prox](y&)

To extend it to three functions
min £(x) + g(x) + h(x),

the Davis-Yin splitting [5] is given as

X1 = Prox](z)

2
Xpp1 = Prox?(2xk+% -z — th(kar%)) ,
Zg+1 = Zk + Xpy1 — Xpyl

which can be proven convergent for convex functions f, g, h with Vh being
Lipschitz continuous with Lipschitz L, and n < %

Remark 6.25. When h(x) = 0, Davis-Yin splitting reduces to Douglas-
Rachford splitting.  When g(x) = 0, Davis-Yin splitting reduces to the
forward-backward splitting.

Remark 6.26. The Davis-Yin splitting is equivalent to a 3-block ADMM
method (for a dual problem), which however is slightly different from the
popular version of 3-block ADMM method.
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Fenchel duality and primal
dual methods

7.1 Convex conjugate

The convex conjugate is also called Legendre Transform, Fenchel Transform
and Fenchel dual:

Definition 7.1. For an extended function f: R — [—00,+o0], its convex
conjugate is defined as

Fr(x) = max(x,y) = f(y).

Theorem 7.2. For any proper function f : R — (—o0,+0o0], f*(x) is a
closed convex function on its domain dom(f*) = {x: f*(x) < 400} even if
f(x) is not convewx.

Theorem 7.3. For any proper convex function f : R — (—o0, +0o0], f*(x)
s a proper closed convex function.

Example 7.4. By solving the critical point equation, we can find that

1. For f(x) = e”,
xlogxr —x, >0
ff(xz) =10, z=0.
400, x <0

2. For f(z) = ax + b,

F(@) = {_b’ T

+o00, z#a

111
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Theorem 7.5. The convexr conjugate satisfies:
« Forany f: R — (=00, +00], f(x)+ f*(y) = (x.¥), ¥x,y.
o Forany f:R — [—o0,+00], f(x)> f*(x), Vx.
o For any proper closed convex function f, f(x) = f**(x), Vx.

Example 7.6. If f(x) = ||x]|| for some norm, then the convex conjugate is
the indicator function of the dual norm unit ball

+oo, lxfl>1"

1. For the vector 2-norm ||x||2, ||x||« = ||x]|2.

2. For the vector 1-norm ||x||1, [|X]|« = [|X]lcc = max; |x;|.
3. For the vector co-norm ||X||ec, ||X|[« = |Ix|]1 = >2; |4l
4. For the vector p-norm ||x||p, ||x||« = [|x]lq, where

1
p 1 1
x|, = P, —-+-=1L
1l l;l | ] i
7.1.1 Fenchel Duality Theorem

Theorem 7.7. Let f and g be two proper convex functions. Assume the
intersection of relative interior of dom(f) and relative interior of dom(g) is
not empty, then

min(f(x) + g(x)] = —min[f*(y) + g"(~y)]

Theorem 7.8. For a proper closed convexr function f, the following are
equivalent:

L fx)+f(y) = xy)-
2. y € 0f(x).
3. xe€df(y).

Therefore, for two proper closed convex functions, we have the following
primal dual relation:

y = arg;nin ffly) - (x"y) ex €df (y)

x" = argmin(x,y") + g(x) & —y" € 9g(x").
X
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7.1.2 Strong convexity and smoothness

Theorem 7.9 (Conjugate Correspondence.). Strong convexity is equivalent
to smoothness of the conjugate function:

1. If f is proper closed p-strongly convex, then V f* is Lipschitz contin-
wous with L = i

2. If f : R®™ — R has Lipschitz continuous gradient, then f* is -

strongly convexr with u = %

Example 7.10. Consider the problem minyg f(x) + g(x), where f(x) =
lIx||1 + inHz,g(x) = t{x:ax=b}(X). Then the strong convezity of f implies
V f* is Lipschitz-continuous with L = «. For finding V f*, there is no need
to evaluate f*:

x=Vf*(y) &y € 0f(x) =l + x & x = (T+ad] - 1) (ay)

7.1.3 Moreau-Decomposition

Theorem 7.11 (Moreau-Decomposition). For any proper closed convex
function f: R — (—o0,+0o0], for any x and n > 0,

1

Proxt(x) + 17 Prox?* (%) = X.

Thus by Moreau-Decomposition, we have Prox s« whenver we have Prox .

Example 7.12. Now consider solving the basis pursuit problem (4.2). It
is proven in [19] that the minimizer (4.4) for large enough o minimizes
(4.2). So assume we use a large enough o, we consider (4.4) written in the
following form

. 1
m)gn HXHl + L{x:szb}(X) + %”X’P

Let f(x) = [x|1 and g(x) = t{x.ax=p}(X) + 5=|1x[|?, then we have both
proxzimal operators. Among all methods introduced so far, we can use only
Douglas-Rachford splitting to solve it. But if we consider the Fenchel’s dual
formulation:

min[f(x) + g(x)] = —min[f*(y) + 9" (=y)];

then for solving miny[f*(y) + ¢*(—y)|, we may use Fast Proximal Gradient
method since Vg* is Lipschitz continuous due to the strong convexity of
g(x). On the other hand, this may not be a good choice since the Lipschtiz
constant is exactly .
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7.2 How many different Douglas-Rachford split-
tings?

Now consider solving
min[f(x) + g(x)] = —min[f*(y) + g"(~y)];

with f(x) = [x|1 and g(x) = t{x.ax=p} (X). To apply the Douglas-Rachford
splitting, it seems that there are at least four choices to do fixed point
iteration yx4+1 = T'(yx):

L T = $[I+ Ry Ry
2. T = 5[+ Ry(x) Ry
3. T =3[+ Rps(y) Rge (—y))-
4 T = 5[T+ Ry () Ry v

For the first two choices, for the Peaceman-Rachford splitting, it can be
easily proven that they are the same if using special intial guess:

Theorem 7.13. The sequence produced by

Zj, =R" Rn Zj,

{ i Z f( ) y 40 = RZ(yO)a
X = Rf(zk)

is the same as the sequence produced by
{Yk—H = RIRI(yk) ¥yo
xr  =Rlyr)

Remark 7.14. For general Douglas-Rachford splitting, though the same
result cannot be shown, in practice the difference in numerical performance
between two different versions caused by switching f and g is marginal and
minimal.

Now the question is, does it make a difference if using Douglas-Rachford
splitting on the Fenchel’s dual problem? It turns out that they is still no
difference.

For solving miny[F'(x) + G(x)], with step size > 0, it can be written
as

I+RLRL

General Douglas-Rachford : v = [(1-A)I+A 1(ve), Ae(0,2).
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For the primal problem ming[f(x) + g(x)], we take G(x) = f(x) and
F(x) = g(x), then

I+R7R"
Vier = [(1= NI+ A—2L)(vg), A€ (0,2)
DR on (P) : =V — X} + )\Prox?(2xk — Vi) . (71

Xg = Prox}(v)

For the dual problem miny[f*(y) + ¢*(—y)], we take F(y) = ¢*(—y) and

G(y) = f*(y), then

Proxj.(u) = — Prox/.(—u).

Using step size 7 > 0, we have

we = [(1- NI ATRE S (), A e (0,2)
DR on (D) : = ug — Ay — A Proxg. (—2yy + ug) . (7.2)
Yk = Prox}. (uy)

Theorem 7.15. The general Douglas-Rachford splitting on the primal prob-
lem (7.1) is exactly the same as general Douglas-Rachford splitting on the
dual problem (7.2) if n = % In particular, X;, — X4, yYr — Y+ and

Vi Vi — Xj
U =—, Ye=——"
n n

Problem 7.16. Prove the two theorems in this section. If using (7.2), how
to recover the physcial variable x from its iterate ug or yi ?

7.3 Primal Dual Hybrid Gradient (PDHG) method

For a given composite problem in Theorem 7.7, we have the following three
equivalent formulation:

Primal Problem (P) : m}gn[f(X) + g(x)]

Dual Problem (D) : — m}}n[f*(y) + 9" (—y)]

Primal Dual (PD) : min max[{x,y) — f*(y) + g(x)]
Primal Dual relation :x, € f*(y«), ¥« € —0g"(xx).

In (PD), the cost function is

L(x,y) = (x,y) — f*(y) + 9(x),
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and for finding the saddle point miny maxy L(x,y), a simple method is to
use implicit gradient descent/ascent:

Xp+1 — Xp OL(Xp41,Yk)
= — = — — 6
; B Vi — 09(Xk41)
Vil —Yre  OL(Xpi1,Yii1) .
e g — a
7 By Xk+1 f (Yk+1)

which gives the Arrow-Hurwitz method (1958):

Xpp1 = Prox)[xy — ny&]

- , n>0,7>0.
Yit1 = Proxj.[yr + 7Xp41]

Arrow-Hurwitz : {

For the Arrow-Hurwitz method to converge, the step sizes must be small
enough. A better method is the Primal Dual Hybrid Gradient (PDHG)
method introduced around 2010:

Xpr1 = Prox)[xy — ny]

- , n>0,7>0,nT <1.
Yit1 = Proxjulyy + 7(2x541 — X))

PDHG : {

Theorem 7.17. The PDHG method with T = % is equivalent to the Douglas-

Rachford splitting %. Thus the PDHG method with T = % converges

for any n >0 if f and g are two convex functions satisying assumptions in
the Fenchel’s duality Theorem.

Proof. Define v = x; — nyg, then the PDHG method above with 7 = %
becomes

= Prox"
{XkJrl rox/[vi] >0

Vil = Vi — Xpy1 + PTOX?[(QXkH — V)]

7.4 A simple version of ADMM

The Alternating Direction Method of Multipliers (ADMM) introduced in
1970s is a widely use propular method. We first consider its simplest version.
For solving miny f(x) + g(x), we rewrite it as

min f(w) + g(z), w=z.
For such a constrained minimization, the Lagrangian is defined as

L(W,Z,y) - f(X) —|—g(Z) - <Y7W - Z>7
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where y is the Lagrangian multiplier. For finding a saddle point to the
Lagrangian, the Augmented Lagrangian is given as

L(w,z.y) = f(x) +g(z) = {y,w — z) + _[|w — 2]

The ADMM method with step sizes 7 > 0 and o > 0 is given as

Zt1 = arg;nin L(Wg,Z, V)

Wit1 = al"gvlvnin L(W,Zk41,Yk)

Yit+1 =Yk + U(gj(wk+1, Zk+1,Yk)
which is equivalent to

211 = argmin g(z) — (yi, Wi — ) + [ wi — 2]
(ADMM) : Wiy = argmin f(w) = (e, W = z4) + 3 [w — 2

Vit+1 =Yk + 0(Wit1 — Zky1)

Theorem 7.18. The ADMM method with 0 = T = 1 is equivalent to the
n n

Douglas-Rachford splitting % on the dual problem with F' = g*(—y)

and G = f*(y). Thus the ADMM method converges for any two convex

functions if using step size 0 =1 > 0.

s I+R7RL
Proof. For the DR splitting vi41 = —&—%(vg), yx = Proxg(vy),
define w = 7)1 and V’“;y’“ = wy, then it can be verified. O

Problem 7.19. Finish the proof above.

Problem 7.20. Start with the general DR splitting on the dual problem
n n
vier = [(1 =MD+ )\%(V;ﬂ)], vk = Proxg(vy) to derive a general

ADMM method with a relazation parameter A € (0, 2).

7.5 Split Bregman method
The Bregman distance for a convex function f is defined as

Dy(x,y) = f(x) — f(y) = (0f(¥),x — ).

The Bregman distance was used for the original Bregman iteration for
minimization. The split Bregman method by Goldstein and Osher in 2009
is also a very popular method. For simplicity, we first consider it for solving

min f(w) +g(z), w=z.



118 7. FENCHEL DUALITY AND PRIMAL DUAL METHODS

Consider an unconstrained problem
min f(w +g(z) + 5 Ilw — 2|,

for which the Bregman iteration is given as

. T 2
1 = angming(2) + 1wy 2w
z
(Split Bregman) : w41 = argmin f(w) + gHw — Zpyq — ug?
W

Uyl = Ui + (Wil — Zg41)

Plug in u = %y, then it can be written as

) T
Zpt1 = argmin g(z) — (yr, Wi — 2) + §Hwk — zH2
VA
. . T
(Split Bregman) :  wi. = argmin f(w) — (yi,w — zi41) + 5w — 21?
W

Vit1 =Yk +7(Wei1 — Zp11)

So this version of split Bregman method is equivalent to ADMM with
o = T, thus also equivalent to the DR spliting on the dual.

7.6 Equivalence of popular algorithms

Now consider popular algorithms for solving
Primal Problem (P) : m)gn[f(x) + g(x)]
Dual Problem (D) : — m)}n[f*(y) + 9" (—y)]
Primal Dual (PD) smin m}a}x[(x, y)— [(y) + 9(x)],
the following are exactly equivalent:
1. PDHG on (PD) with step size choice 7 = %
2. Simple Douglas-Rachford splitting on (P) with step size n > 0.
3. ADMM on (D) with step size 7 = o = .
4. Split Bregman on (D) with parameter 7 = 7.
5. Simple Douglas-Rachford splitting on (D) with step size % > 0.

6. ADMM on (P) with step size 7 =0 =

S

7. Split Bregman on (P) with parameter 7 = %
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Splitting methods for TV
norm minimization and
similar problems

In this chapter, we consider solving a problem in the form
min f(Kx) + g(x).

where K is a matrix or a linear transformation, and we have the proximal
operator for f(y) but not for F(x) = f(Kx). One example is the ROF
model for TV-norm denoising in Section 4.1.2. We may consider the TV-
norm denoising for a one-dimensional signal as an example:

(8]
in |[|D —llx — d||?, 8.1
)gg]llgll x|[)1 + 2||X | (8.1)

where d € R" is a given 1D noisy signal and D is the finite difference matrix
for approximating first order derivatives:

-1 1

nxn

8.1 Lagrangian and the dual problem

For a linear operator K, let K* denote its adjoint operator. For a real matrix
D, its adjoint D* is simply the transpose matrix D?. We also consider a

119
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more general problem in the following form

min f(x) +9(y), Ax+DBy=C,

where A and B are matrices. Notice that x and y may not have the same
size. For example, for miny|[f(Kx) + g(x)], we can rewrite it as

min[f(v) + g(x)], v Kx=0.
For a constrained problem, the Lagrangian is given as
L(x,y,z) = f(x) + g(y) + (2, Ax + By — C).

Under some technical assumptions (see [13, 15]) for the matrices A and
B and convex functions f and ¢ for ensuring regularity and total duality,
we have

min max[f(x) + g(y) + (2, Ax + By — C)]
= max{min(f(x) + (z, Ax) + min[g(y) + (2, By)] + (2, ~C)}
= max{— max[(x, ~A"z) - f(x)] - max[{y, ~=B"z) - g(y)] + (2, ~C)}
=max[—f*(~A"z) - g*(~B"2) + (2, ~C)]
= — min[f*(~A"z) + ¢"(~B"2) + (2,C)],
which implies the following problems are equivalent:
Primal Problem (P):  min[f(Kx) + g(x)]
Dual Problem (D) : — min[f*(y) + g"(~K"y)]
Primal Dual (PD) : min max[(Kx,y) — f*(y) + g(~K"x)].

8.2 The dual proximal gradient method

a

For the example (8.1), we have f(x) = [x||; and g(x) = $[|x — d|/?, and
their conjugate functions are computable:

1 d?

* - : <1 * = — 2 a5 -
) =dy: Iyllo <1}, g*(y) 2aHy+adH 5

So we have

Primal Problem (P) : min || Dx||; + %HX —d|?,
X

1 d?
Dual Problem (D) : — m}}n[f*(y) + %HDT}/ —ad|?® - %]
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For the primal problem (P), we can apply the subgradient method which
is however as slow as not converging in practice. We cannot use the prox-
imal gradient method for (P) since the proximal operator to || Dx||; is not
available. But it is quite straightforward to use the (fast) proximal gradient
method on (D), which is also called the dual prozimal gradient method.

8.3 The PDHG method

For the Lagrangian L(x,y) = (y, Kx) — f*(y) + g(x), to find the saddle
point miny maxy L(x,y), the Arrow-Hurwitz method (1958) is to use im-
plicit gradient descent/ascent:

— _ = — - 8
- = K*yr — 09(Xk41)
— OL(Xp41, *
y}c-s—l77 Yk _ ( kg; Yit1) = Kxpp1 — 0" (Yit1)

which gives :

= P n _ K*
Arrow-Hurwitz : {Xk“ roxi [xx — nK*yg] _
Ye+1 = PrOXf* [Yk +TKXk+1]

The convergence of the Arrow-Hurwitz method can be proven if g is strongly
convex, and the step sizes must be small enough. A better method is the
Primal Dual Hybrid Gradient (PDHG) method:

— Prox![x; — nK* 1
PDHG : Fht1 rOXf_[Xk K] y 1>0,7>0,m < s
Ye+1 = Proxj. [y + 7K (2xg41 — X)) 1K

Theorem 8.1. (O(3) convergence rate.) Let Xy = %Zi-“:l x;, the PDHG

method with ™y < W for convex functions f and g satisfies

[

L(Xg,y) — L(x,¥%) <

SN

1
Ix — xo|* + ;Hy —yol*.

| =

Recall that the PDHG method is equivalent to Douglas-Rachford split-
ting solving the primal problem, if K = I. For a general linear operator K,
this equivalence is no longer true. However, the PDHG method for a general
linear operator K is still equivalent to Douglas-Rachford splitting solving a
different problem [10]:

min f(Ku+Cv) + g(a) + tv=o,

where )
C=(n"I-KK")2, A|K|<1.
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8.4 The accelerated PDHG method

The accelerated PDHG method introduced by Chambolle and Pock around
2010 is a very popular and easy-to-implement method. The PDHG can be
equivalently written as

Ye+1 = Proxf[yr + 7KX]
PDHG :  {xj41 = Prox][x; — nK"yj41]]
Xk = Xpy1 +0(Xpp1 —xx), 0=1

The accelerated PDHG method by Chambolle and Pock is for a p-strongly
convex function g:

1 T —
Tomo < Tk X0 = X0,

Yer1 = Proxj.[yg + TKXg]

fast PDHG : X1 = Prox][x; — nK*yji1]]
O = e Mt = kK, Thr1 = gE

Xp = X1 T Op(Xpp1 — Xp)

Theorem 8.2. (O(;;) convergence rate.) Let X = %Ef;l x;, the fast
PDHG method with ™ < W for a convexr function f and a strongly
convex function g satisfies

N . ~ 1.1 1
0 < sup L(Xp,y)— inf L(x,§%) < sup sup —[=[x—xol*+ =y —yol],
yEB2 x€B1 yeBayeBy k° T o

where (B, Ba) is a closed bounded set containing a saddle point. If there is
only one saddle point, then (Xk,yr) — (Xu, Yu)-

8.5 ADMM

For a more general problem

min f(x) +9(y), Ax+ By =C,

recall that the Lagrangian is given as
L(x,y,z) = f(x) + g(y) + (z, Ax + By = C).
The augmented Lagrangian with a parameter ¢ > 0 is given as

Lo(x,¥:2) = [(x) + g(y) + (2, Ax+ By = C) + 7| Ax + By — C||*.
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The ADMM method with step sizes 7 > 0 and ¢ > 0 is given as

Xg+1 = argmin L, (X, Yk, Zk)
x

Vi1 = argmin Ea’ (xk‘+17 Yy, Zk)
y

0L,
Zjy1 = Z) + T@(Xk+17 Yi+1,2k)

which is equivalent to
Xj.41 = argmin f(x) + (z, Ax + Byx — C) + 2| Ax + By, — C|
(ADMM) @ yp41 = al"gbflniﬂg(Y) + (2zk, AXpy1 + By — C) + %HAXkH + By — C|?
Zit1 = Z + T(AXgy1 + Byr11 — O).
From the Lagrangian, we can derive the dual problem:

(P): minf(x)+g(y), Ax+By=C

(D):  —min[f*(~A"2) + g*(~B"2) + (2.C)],

Theorem 8.3. Assume some technical conditions for matrices A, B and
convex functions f, g so that (P) < (D) and F(z) = f*(—ATz) and G(z) =
g*(—B1z) + (z,C) are well defined, then the ADMM method with o = 7 =1
1s equivalent to the Douglas-Rachford splitting % on the dual problem.
Thus the ADMM method converges for any two convex functions if using

step size 0 =1 > 0.

Problem 8.4. Start from the general Douglas-Rachford splitting (1 — X\)I +
n RN

)\% to derive a general ADMM method with an additional relaxation

parameter X € (0,2). What assumptions do we need so that the limiting

Peaceman-Rachford splitting for A = 2 will converge?

8.6 Implementation of TV norm minimization

The TV norm minimization for image denoising has been proposed since
early 1990s [14, 16].

8.6.1 Continuum ROF image denoising model

The discussion of a continuum setup only serves as an intuitional guide
for us to derive the discrete analog later. Consider a rectangular domain
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Q = [0,1] x [0,1], and a function u(x,y) € H'(Q), which represents an
image with infinite resolution. Then its total variation is defined as

fullry = || 1Vuldzy,

where Vu = (ug,uy) and |Vu| = y/|ug|? + |uy|2. With L?-norm as

fullee =/ [ 1uPdady,

for a given a(z,y), the ROF (Rudin, Osher, and Fatemi, 1992) model [14]
is to minimize (over u in a proper function space)

1
lullry + Al all3

where A is a fixed parameter.

Figure 8.1: Periodic or zero bounary conditions are suitable for MRI images,
but not for a generic image.

The function space that the minimizer should belong to, is a subspace of
H'(Q) with suitable boundary conditions. For instance, periodic or homo-
geneous Dirichlet boundary conditions make sense for MRI images, but not
for a generic image. For convenience, for a generic image, we just consider
homogeneous Neumann boundary conditions, which will naturally emerge
in the discrete setup as will be seen in the following subsections. See Figure
8.1.

To this end, we define

H={uec H(Q): Vu-n|sg =0},

where n is the unit normal vector of the boundary 0f2.
The gradient operator V is a linear mappping, and we use an abstract
name for it = V:
K=V:H —V=(L*2),L*N)
u— Vu = (Ug, Uy)
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To understand the adjoint operator of K = V, we need the H (div)-space:

H(div) = {a = (¢",¢°) € (L*(Q), L*()) : V- (¢",¢°) € L*(Q)} C V.

Remark 8.5. Elements in H(div) are not necessarily in H*(Q). For in-
1 >0
stance, let f(x) = { e 0’ then q(z,y) = (0, f(x)) is in H(div) but
T <
f(x) ¢ HY(Q).

The divergence operator V- is a linear mapping from H (div) to L*(Q).
If we assume suitable boundary conditions for smooth q so that boundary
terms in the integration-by-parts vanish, then K* = —V. is the adjoint
operator of L = V since

I

(Ku,q) := //Q Vu-qdxdy = — //Q uV-qdzdy = (u, —V-q),¥q € (C}(Q),CH(Q)).

8.6.2 Discrete ROF model

Consider an image of size n x n, corresponding to domain [0,1] x [0, 1]
and a uniform grid x;,y; = (j —1)h, j = 1,--- ,n with h = nil. Notice
that an image does not have any necessary association of a domain of size
[0,1] x [0, 1], and this assumption of domain [0, 1] x [0, 1] should not affect
the final implementation.

Recall that D is the finite difference matrix approximating first order

derivative, then we have

Now for a bivariate function u(x,y), let U be a 2D array with U(j,i) =
u(z4,y;), then

1 1
Ur~u= -UD" ~u,, =

N hDU R Uy.

Remark 8.6. We may also choose the notation U(i,j) = u(xi,y;), then
+DU =~ ug.
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For function u(z,y) and a(zx,y), we have

ullry & 32 3 02 (972 + Juy (22,97)
(]

lu—allfz = D W2 lulwi y;) — ali, y;)|*.
i g

Introduce U, = %UDT and U, = LDU. Let A be a 2D array with
A(j,1) = a(xs, y;), then the discrete ROF model is

min ZZ(h2\/U G2 1 U, ()2 +h2;>\|U(j,i)—A(j,z’)|2)

UERan

~ min ZZ(h\/[UDT](j,i)2+[DU](j,i)2+h2;>\|U(j,i)—A(j,i)|2)~

UcRnxn

Notice that its minimizer does not depend on the choice of h if A = h

for some constant C'. An image has no physical grid spacing anyway, so h

should be arbitrary, for which we should take A = % In practice, C' = 10

usually produces a reasonable result. See Figure 8.2 and Figure 8.3.

8.6.3 Primal, dual and primal-dual forms

Using all notation above, the discrete ROF model can be written as

min f(KU) + 9(0). (3.22)

where K = Vj, : R — R2("*") ig a linear mapping
1
KWU)=V,U = E(UDT,DU), (8.2b)

and

= Y2\ P2ig) + Qi d), g(U) =AY AU, ) — ali,j)I*.
i, i,
(8.2¢c)
It is straightforward to verify that the adjoint operator of K is given by

j B v RQ(nxn) s RXN
1
(P.Q)— 7 (PD+ D'Q)

The convex minimization (8.2a) is called primal form. To solve (8.2a),
equivalently we can solve its dual form

— min f*(P)+g¢"(-K*P). (8.3)
PcR2(nxn)
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(a) Noisy Image

() C=8 ) C =12

Figure 8.2: ROF solutions using isotropic TV-norm with different A = %

Both (8.2a) and (8.3) are also equivalent to the primal-dual form:

: KU,P) — f*(P) + g(U 8.4
Uénﬁilgxnpeg%)an)( ’ > f( )+g( )a ( )

Recall that the minimizer U* to (8.2a) and the minimizer P* to (8.3) are
related via the optimality condition in the primal-dual form in the previous
chapter. To recover the physical image U from P, we need the relation
obtained from the Legendre transform of g(U):

0e K*P+9g(U),
which gives

1
0=K"P+\U ~4)=U=A4- kP
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(a) Noisy Image

Figure 8.3: ROF solutions using isotropic TV-norm with different A = %
8.6.4 ADMM on the primal problem

Both alternating direction method of multipliers (ADMM) (Glowenski and
Marrocco 75) and Douglas-Rachford splitting (Lions and Mercier 79) are
popular and successful splitting convex minimization algorithms, and we
have seen that they are equivalent in the following sense:

ADMM on primal < Douglas-Rachford on dual,

ADMM on dual < Douglas-Rachford on primal.

By plugging in the linear constraint Ax+By = C as P—KU = 0, ADMM
with 7 = o applied on f(P) + g(U) in the primal form (8.2a) becomes

g
Py, = argming f(P) + (Qi, P — KUL) + §||P — KU |?
. g
(ADMM) :  Ugyq = argmingg(U) + (Qp, Prr1 — KU) + §||Pk+1 - KU|?
Qi+1 = Qr + 0(Pry1 — KUj41).
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For f(P) where P = (P,Q), its proximal operator for (V) = (U,V) is
defined as

1
Prox}(V) = argmin f(P.Q) + 5P - V]|

= argmin ) | B2\ P, §)2 + Q2(i. ) + ;T]h?(rPu,j) = Ui, ) + QG 5) = Vi, ))I*)

6]
= argmin 3~ W7 /P(i, 2 + Q2. 5) + 2177(113(1'7]') — UG )P +1QG,5) = V(. )IP)]

Example 8.7. Consider f(x,y) = /22 + y?, its subdifferential can be com-
puted as

Vf= J— ’ 0
3f(x,y)={ f = o) o lelH el >0

With the subdifferential, we can compute the conjugate function as an indi-
cator of the unit ball:

I (J:a y) = L{(z,y):x2+y2§1}(ma y)

Problem 8.8. Derive the formula for Prox?(V) using Moreau’s formula
Proxt(z) +1 Prox%n (xn) = z.
To implement the second line in ADMM, by ignoring constants, we con-
sider _
Uky1 = argmingg(U) — (Qg, KU) + §HICU — P

Notice that ¢g(U) is a simple quadratic function, thus the minimizer is ob-
tained by finding critical point, for which we need to take derivative of
IKU — Ppyq|? wrt. U:

0

50 (KU = Ppy1, KU — Pry1) = B2(2K*KU — 2K*Pjp1).

So the second line can be equivalently written as
AUg+1 — A) = K*Qp + 7TK*KUg 41 — TK*Ppy1 = 0

which is
()\I + T’C*IC)Uk_H = - M+K'Qp + T’C*P/H_l.
Notice that K* = —Ay is precisely the discrete Laplacian with purely

Neumann boundary conditions, and Al — 7Ajp can be inverted efficiently in
a simple way, see Appendix B.3.
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8.6.5 Douglas-Rachford splitting on the dual problem
Using notation in this section, for the TV-norm denoising problem of a 2D

image B € R™* "™, the primal problem is equivalently written as

| A )
Jmin KU+ 20 - Bl

where ||| p is the Frobenius norm for a matrix |[U—B||r = \/Z” \U(i,7) — a(i,j)|?
and the 1-norm for a pair of matrices V = (P, Q) is

F(V) = [(P,Q)lh = 3. \/P(i.)? + Qi j)2.

i?j
The convex conjugate of F(V) is

F*(V) =Y 4p(ij)+QG.0)1<1}-
i

Up to a constant shift, the dual problem can be written as

B ho o A
—min F*(V) + ﬁﬂlC V- EBH%

Problem 8.9. Derive the dual problem.

The proximal operator of F* can be easily computed as the projection to
the unit ball for each entry (i, j).
Now consider the proximal operator of the function

* _ h * A 2
(V) = LKV — 2Bl
which is written as
Prox’. (W) = argmin —= [ K"V — 2 B|% + ||V — W][2
X o = — - = —V = .
G &N noNET o F

Let V = argmin, then the critical point equation gives

h A 1
i V_LB)4+ = (V-W)=
VKTV = 5B) + (V= W) =0
1 1
=y Py = kB 4w
noA n

We need to solve V in an equation in the form

KK*V + BV = F
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where § = nih and F = n B+ W is some known vector field. At first glance,
this corresponds to an equation

V(-V-§)+ 85 = .

which is a harder equation to solve due to the mixed second order derivatives,
compared to the Poisson equation.

However, to solve this seemingly difficult equation, we can just compute
(—Ap + BI)~Y, which can be computed similarly for computing (—Ap)~!
(see Appendix B.3), mainly due to a simple linear algebra fact:

Lemma 8.10. For a linear operator K : R™*" — R2("*")  gssume K*K
has an inverse or a right pseudo-inverse (K*K)~1, then the solution to the
equation KK*V + 8V = F can be written as

V= ;[F _ K(BT+ K*K) U F.

Proof. The kernal of * is orthogonal to the range of K (column space
of a matrix K is orthogonal to the left null space of K), thus

R ™™ = Kernel(K*) & Range(K),

which implies a very useful fact (corresponding to Helmholtz decomposition
for suitable vector fields):

V=KW+G=V,W+ G, where G € Kernel(K*), i.e., Vj -G =0.

Apply K* to both sides of the equation, we can first solve for W as
follows

K*KK*V + KTV = K*F = K*V = (T + K*K) 'K*F
V=KW+G = £*V = K*(KW+G) = W = (K*K)1K*V = (K*K) "} (BI+K*K) LK*F.

Then we can solve G by
1
KK (KW +G)+B(KW+G)=F =G = B[F — KK*KW]| — KW.

Finally we get
1

V=KW+G =
B

[F — KK*KW] = < [F — K(BT + K*K) L K*F).

S

O]

Remark 8.11. [t is not a surprise that the seemingly more difficult equation
V(=V-p)+6p = f can actually be solved by computing (—Ap+BI)7L, since
the Douglas-Rachford splitting on the dual problem is equivalent to ADMM
on the primal problem, which involves solving (—Ay, + 1)~
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8.7 Comparisons and concluding remarks

So for the TV norm minimization problem in this chapter, we have consid-
ered three algorithms:

1. The (fast) proximal gradient method on the dual problem (D).
2. The (fast) PDHG method by Chambolle and Pock.
3. The ADMM method on (P) (Douglas-Rachford splitting on (D)).

In terms of implementation, the first two methods do not involve inverting
big matrices, e.g., solving a Poisson equation, which is however needed in
ADMM. On the other hand, ADMM may converge faster than the first two
methods in terms of iteration numbers, though each iteration of ADMM
is more expensive. Moreover, in practice, one may use an inaccurate ap-
proximation to the solution of the Poisson equation in ADMM and its per-
formance is often quite satisfying. For instance, for solving the Poisson
equation, a few iterations of conjugate gradient method can be used as a
(very inaccurate) approximation. See [20] for examples and justifications.
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9

Randomized Algorithms

9.1 Lecture 1: Stochastic Gradient Descent and
Gradient Estimators

Randomized /Stochastic Methods

Consider .
f(@) = 34z — b,

Vf(x) = AT(Azx —b).
Vf(x)® denotes the i-th entry of Vf(xz).
@ Gradient Descent is

Tpt1 = 2k — NV f(2k).

V)™
Here Vf(x) = : .
V()

@) Coordinate Descent
Tpr1 = x — 1V f (1))
i(1) =1, i(2) =2, ... Only the i(k)-th entry of xj is updated.
[Diagram: illustration of V f(z)(!) as selecting a single row from
AT applied to (Az — b)]
® Randomized Coordinate Descent
1 = ok — 0V f(ax) ™

i(k) ~ i.i.d., uniform distribution in {1,2,...,n}.

135
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(i.i.d. = identically, independently distributed)

Consider an operator 7' : R” — R", x — T(z), and a fixed point
iteration
zp1 = T(zp).

@ An operator S is nonexpansive if

15(z) = S < llz —yll.
Example: If Vf(x) is L-continuous and f(z) is convex, then S(z) =
I — 2V f](z) is nonexpansive.
L

2
() = SWI? = |- 7 (V4@ - V)] + (o~ v

= e~ ol + 75 VS (@) = VI~ 7w~y Vi) - V()

< lz —yll.

2.2.3 Convergence for convex functions

Theorem 9.1.1 (2.8). Assume V f(x) is Lipschitz-continuous with Lipschitz
constant L and f(x) : R — R is convex. Then for any X,y:

1) > FG) + (VI y %)+ |95~ VI
2 V() ~ VI < L{VIG) ~ Vi(y), x ~ ).

@ T=(1-6)I+060S with 8 € (0,1) is called f-averaged if S is nonexpan-
sive.

Example: S =[I—2Vf].

T:J_Wf:u—e)ue(f—%w),

nL 2
0_—7 1 .
26@,)¢$0<W<L

@ Assume S is nonexpansive and S has at least one fixed point.
Zp+1 = S(z) may not converge to .
Example: S(z)=—z, xz,=0.

Theorem 9.1.2. If S : R™ — R" is nonexpansive, and there is at least one
fized point, then

$k+1=9$k+(1—9)5<$k), 0<9<1,

converges to one fized point of S(x).
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2
Example: This implies GD converges if < I

@ Define _ _
T
(@) )

rw =" nw = |z

(@) i

If 11 =2 —nVf(zr) = T(xg) is GD, then

Tkl = Tk — ﬁvf(fﬂk)i(k) = Tpt1 = Ty (@),
where V f(z1,)"*) denotes the i(k)-th entry of V f(zy).

Theorem 9.1.3. Assume:
1. T is G-averaged (<= n < % in GD).
2. i(k) € {1,...,n} is i.9.d. with uniform probability.

Then
Tr1 = Ty (zk)

converges to one fized point of T'(x) with probability 1.
Proof. Define R and R; by
T=1-0R, T, =1-06R;.

Then
S
0
Ri(z) = |[R(2)]:
0
L 0
We have

Ter1 = Tigy(zk) == g1 = o — 0 Ry [k

T is f-averaged <= T = (1 —0)I + S with S nonexpansive.
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Note that
I-T 1 1
I-R=1——=(1—--\)I+-T=6.
= (1=g)+5
Therefore:
< T — (4 —1)I is nonexpansive
<= I — R is nonexpansive
—  |o— Rz —y+ Ry|* < |z —y
— %HRQ? — Ry|* < (z —y, Rz — Ry).

Note that T =1 —nV [ gives R = gi.
Since T'(x,) =z, <= R(x,) =0, setting y = x,:

1
§HR90H2 < (Rzx, x — x4).

E denotes expectation w.r.t. random variables: i(0),4(1),...
In the iteration

Thy1 = 2 — 0V f ()"
Tr1 = Ty (1)

xo is deterministic and i(0),4(1),...,4(N) are random.
Xy is a function of N + 1 random variables.
E(Xy) denotes expectation w.r.t. N 4+ 1 random variables.

Example: ) X is arandom variable taking values in {0, 1} with equal
probability.

E(X?) =075 +1%- 5 =3,
E(f(X)) = f(0) 5+ f(1) -3 = 3f(1) + 5£(0).
@ X is a random variable taking values in {1, 9, ...,z } with proba-
k
blhty b1,P2,- .-, Pk, sz = 17 Di > 0.
i=1

E(X) = zip1 + xap2 + - - + xkpr,  — Convex combination,

k
E(f(X)) = Zf(%)pz, Prob(X = x;) = p;.
i=1
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F(E(X)) <E(f(X)) if f(z) is convex.
@ X,Y arei.i.d. random variables taking values in {1, z2, ...,z } with
k

probablhty P1,D2, -, Dk, sz == 17 Di 2 0.
i=1
Joint probability:
Independence = P(X =ux;, Y =z;) = P(X = ;) P(Y = z;).

k k

E[f (X, V)] =YY" fxi z;) pip;.

i=1j=1

@ Conditional Probability & Expectation
X is a random variable taking values in {z1,x2, ...,z } with probability

b1,pP2,-- -, Pk-
Y is a random variable taking values in {y1,ya,...,y¢} with probability

q1,42,---,4y.

P(X:SL‘Z,Y:y])

e

< joint prob.

k
EX|Y =y)=) 2 P(X=u|Y =y;)
=1

B Xk:x P(X =i, Y =)
- (A
i=1 PY = y;)

S, P(X =3, Y =)
=2 TRy )

Ej denotes the conditional expectation w.r.t. i(k), conditioned on the
past random variables i(k — 1),i(k — 2),...,4(0).
Then:

1. Ex(Xg) = X because Xy does NOT depend on i(k).

2. Let X be something depending on all i(k) for k =1,...,N. Then

E[Ex(X)] = E[X].
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Law of Total Expectation
E(X |Y) is a function of Y.

k
EX|Y)=) & P(X=2;|Y).
i=1

k
E[E(X |Y)] =E [inP(X = | Y)l
=1
¢ k
::2{3l?{:J%JDLX'::xi]1’2235)]<U
j=1 Li=1
{ k
=3 Y 2 P(X =z;|Y =y;)- P(Y =y,)
j=1i=1
JE k
j=li=1
k l
= Za:z ZP(X =24 Y :yj)]
i=1 j=1
k
::EE:JQJDQX-—-xJ
=1
=E(X).

9.2 Lecture 2: Convergence Analysis of SGD

Randomized Coordinate Descent

min f(z)

reR”™

-0 T

Vi) = | Vi)

@ Gradient Descent is

Tpy1 =z — NV f(xg).
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@) Coordinate Descent

Try1 =z — 0V f(zp) P
i(1) =1, i(2) =2, ... Only the i(k)-th entry of xj is updated.
® Randomized Coordinate Descent

Tpy1 =z — 0V f(zp) P

i(k) ~ ii.d., uniform distribution in {1,2,...,n}.
(i.i.d. = identically, independently distributed)

Prob(i(k) = i) = %

Consider an operator 7' : R* — R", = — T(x), and a fixed point
iteration

1 =T ().

@ An operator S is nonexpansive if

15(z) = Sl < llz - yll

Example: If Vf(x) is L-continuous and f(z) is convex, then S(z) =
[I — 2V f](z) is nonexpansive.

2
IS(2) = S = |~ [V7(2) = V7)) + @~ v
= e~ 9l + 75V S (@) = VI~ 7w~y V(@) - V)
<l = yl*.

Proximal Point Method: zy1 = T'(z)), T = Prox; = (I+ndf)~",

I+ R
Proxy = +2 f.

2.2.3 Convergence for convex functions

Theorem 9.2.1 (2.8). Assume V f(x) is Lipschitz-continuous with Lipschitz
constant L and f(x) : R™ — R is convex. Then for any x,y:

1) 2 100+ (V6 y =) + 5 V100 = V()]

2. |Vf(x) = VI < LV(x) = VI(y), x—¥).
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@ T=(1-60)I+0S with 6 € (0,1) is called f-averaged if S is nonexpan-
sive.
Example: S = [I— %Vﬂ

T:I—an:(l—e)IJre(I—%Vf),

nL 2
0=— 1) <= —.
26(0,) O<n<L

@ If S is nonexpansive with at least one fixed point,
T+l = S(xk) may not converge to .
Example: S(z)=—z, xz,=0.
Theorem 9.2.2. If §: R®™ — R"™ is nonexpansive, then
Tpr1 = (1 —0)x + 60 .S(xy), 0<o<1,

converges to one fized point of S(x).

2
Example: This implies GD converges if n < I

@ Define
1
()]

rw)= " e = |re)

on i

If 241 = 2 —n Vf(z) = T'(zk) is GD, then

Tht1 = Tk — an(wk)i(k) — 1 = Ly (7).

Theorem 9.2.3. Assume:
1. T is 0-averaged with at least one fixed point.
2. i(k) € {1,...,n} is i.i.d. with uniform probability.

Then
Try1 = Tiry (1)

converges to one fized point of T'(x) with probability 1.
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Example: S =1 — 2V f is nonexpansive if f(z) is convex.
= T=1-nVf
=(1—-6)I+0S is f-averaged

. nL 2
fo=—<1 —.
if 0 5 < <:>77<L
Proof. Define R and R; by
T=1-6R
T,=1—-0R;
Then
S
0
n 2 2
Ri(z) = |[R@@));|, R=1Vf=25Vf T=I-0--VF.
0 0 L L
L 0 ]
We have

ey = Ty (zr) <= Tpy1 = o — 0 R[]
T is f-averaged <= T = (1 —0)I + S with S nonexpansive.
Note that

I-R=]——=

I1-T
7=

1
1- VI +-T=5.
9) +5T=5

Therefore:

5T — (§ — 1)1 is nonexpansive

I — R is nonexpansive

|z — Re —y+ Ry|* < [l — y|”
5l|Rz — Ry||*> < (z —y, Rz — Ry).

[

Since T'(z,) = z» <= R(z.) =0, setting y = x,:
1
§HRCU||2 < (Rzx, x — ).

Substituting R = %Vf:

5 |2vr@ 2

< (Vi@ a-a) = |VI@I < LVS@), 0o,
O
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Definition of Expectation & more

Example: (D X is a random variable taking values in {0,1} with equal
probability.

Definition:

E denotes expectation w.r.t. random variable X.
Expectation for discrete random variables are defined as above.

@ X is a random variable taking values in {1, 9, ..., z;} with proba-
k
bﬂit},plap?a"',pka Zplzlaplzo
i=1
Definition:

E(X) = zip1 + xap2 + - - + xkpr,  — Convex combination,
k
E(f(X)) =Y f(z:)pi, Prob(X = z;) = p;.
i=1
Jensen’s inequality:
F(E(X)) <E(f(X)) if f(z) is convex.

Example: f(r)=21?> = [E(X)]2 <E(X?).

@ X,Y arei.i.d. random variables taking values in {aq, as, ..., axr} with
k
probablhty b1,p2,---, Pk, sz = 17 Dbi > 0.
i=1

Joint probability: P(X =a;, Y = q;).
X & Y are independent = P(X =q;, Y =a;) = P(X =a;) P(Y =

CL]').

f(ai, aj) P(X = Qy, Y = aj)

=
/&:
Is
-
I
M-
M=

&
Il
—
<.
Il
—

|
M=

&
Il
—_
<.
Il
—

f(ai, a;) pi pj.

In the iteration xy,1 = Tj)(Tk), The1 = Tk — 0V f(z)"*):
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xo is deterministic and i(0),4(1),...,4(N) are random.
Xy is a function of these N + 1 random variables.
E(Xn) denotes expectation w.r.t. N + 1 i.i.d. random variables.

@ Conditional Probability & Expectation
X is a random variable taking values in {z1,x2, ..., 2} with probability

b1,pP2,- .-, Pk-
Y is a random variable taking values in {y1,ya,...,y¢} with probability

q1,492, - - -, q¢-
Probability of event X = x; given the knowledge Y = y;:

P(X:l‘Z,Y:y])

e

< joint prob.
The conditional expectation w.r.t. X given Y = y;:
k
EX|Y=y)=) o P(X=x]Y =y)

=Xk:x' P(X =z, Y = y;)
: ’ P(Y:yj)

Define
k
g =EX |Y=y)=) 2 P(X=ux;|Y =y)
=1

is a function of y, a random variable. We can also write it as g(Y) = E(X |
Y).
So E(X | Y) is a random variable.

Ep = E[-|i(k—1), i(k—=2), ..., i(0)].

Ex denotes the conditional expectation w.r.t. i(k), conditioned on the past
random variables i(k — 1),i(k — 2),...,4(0).
In the iteration:

wpe1 = Ty (1), @1 = 2 — 0V f () P,

Then:

1. Ex(Xk) = Xi (random variable) because X} does NOT depend on
2. Let X be something depending on all i(k),i(k —1),i(k — 2),...,i(0).
Then
E[Ex(X)] = E[X].
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Law of Total Expectation
E[E(X | V)] = E(X).
E(X |Y) is a function of Y (random variable).

k
EX|Y)=) ;P(X =2;]Y).
=1

k
E[E(X |Y) =E [Zﬂfi P(X =u; | Y)]
i=1
0Tk
:Z [inP(X:xi \ Y:yj)] - P(Y =y;)
i=1 Li=1
Je k
=YY i P(X =z; |Y =y;)- P(Y =y,)
i=1i=1
Je k
=YY 4, P(X =2, Y =y)
j=li=1
k ‘
:in ZP(X:@’Z‘, Y:yj)]
i=1 j=1
k
:inP(X:x,)
=1
=E(X).

Proof of the convergence theorem (continued)

© 1
© 0 A
0
Recall R = 2V f, Ri(z)= % |V f(z)].
0
[ o
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Ey is expectation w.r.t. i(k):

= LS Ry = L Rex).
=1

Next,
1
Ek | Ry (Xe)[1* = EHR(X,{;)HZ.

Indeed, || R (Xx)|?> = ([R(Xk)}i(k))Q’ 50

@ Let z, be a fixed point: x, = T(zx).
k1 = 2:l* = [l — 0 Rigy (Xi) — 2l
= |lwx — @o||” — 20 (Ry() X, T — 2) + 0% || Rigry (X312
Take Ej, (conditional expectation w.r.t. i(k)). Expectation is linear:
Eill @it — 2> = Eglloe — 24])® — 20 B (Rigy Xy o — ) + 0% B || Ry (X)) |1?
= i — el = 26 (BrlRigsy (X)) 71 — ) + 6+ | ROX)P

20 62
= ||z — z]|? = . (R(X%), xp — z4) + gHR(Xk:)HQ-

Using the key inequality 3||Rz|? < (R, z — x.):
< o=l = Dprexo + Syrcore.
Take E for both sides:
= Elzps1 — 24l? < Ellzy — z.]* — (1 - 9)%EHR(X1<)H?-
= {E||zy — 2.} is decreasing.
® Discrete Martingale

A martingale is a sequence of random variables X1, Xo, X3, ... satisfy-
ing:
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1. E(|X,]) < 40
2. E(Xnp1 | X1, ., Xn) = Xn

Example: Positions of a 1D random walk.
Integer grid; Xg = 0;

Xl X+ 1 with prob.
A X, — 1 with prob.

D= D=

E(|X,|) < n. Given Xi,..., X,, the expected value of X, 11 is X,,:
E(Xpi1 | Xiv-..\ Xp) = Xy,

Supermartingale if E(X,,+1 | X1,...,X,) < X,,.
Submartingale if E(X,, 1 | X1,...,X,) > X,,.

Theorem 9.2.4 (Supermartingale Convergence Theorem). Let X, Yy be
random variables satisfying:

1. X >0, Y >0 almost surely.

2. B[Xp1 | X1, Xp) £ X — Y3
Then almost surely (with probability 1):
1. X} converges to Xo,, k — o0.

oo
2. 3 Y < +oo.
k=0

Remark 9.2.5. X, is a random variable.

Applying the supermartingale convergence theorem to
0
ik — @l < fla = zl* = (1= ) [|R(X5)[1%,
we obtain, with probability 1:
o0
= Y IR(Xp)| <o = [|R(Xp)| — 0,

k=0
lim ||z}, — 2.]|* exists.
k—o00

Let Fix(T) be the set of all fixed points of 7T'.

V. € Fix(T), [limg_oo |2k — || exists with prob. 1].

= With prob. 1, [Va, € Fix(T), limg_eo |2k — 24| exists].
— Nontrivial, skipped; see last reference book.

® With probability 1, we have:
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1. {z1} is a bounded sequence, thus has a convergent subsequence {zy, } —
z.

2. [|[R(zp)|| — 0

. H;(I — ()| = 0

= ||({ = T)zg| — 0.

T is f-averaged

= [|T(z) =T < llz -yl
— T is continuous

— [ — T is continuous.

Therefore:

(I =Tz, =0 = [z=T(z)|=0
= 2-T(2)=0
= zeFix(T).

Recall:

21 — z))® = [lon — 2 ||* = 20 (Riy X, @1 — @) + 0% Ry (X ||

Since ||R(zg)|| — 0, set zy = 2:
= {71} has the same limit as zy, i.e., vx — 2z € Fix(T).

9.3 Lecture 3: Randomized Coordinate Descent
and Sketching Methods

Markov Chain V.S. Martingale
o Martingale is a sequence {X}}?°, satisfying:
@O Xj is a R.V. (random variable).
@ E(|Xg|) < 400, Vk.
A E(Xgt1 | Xk, Xg—1,...,X1) = X (forgetting history).

« Markov Chain is a sequence {X}}?° satisfying:
@O X is a R.V. (random variable).
@ Prob(Xpi1 =z | X =xk, Xp—1 = T—1, ..., X1 = 21)
= Prob(Xy41 =z | Xy = xx) (forgetting history),
if both are well defined.
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Random walk is both a martingale and a Markov chain.

Example: Random Walk
2D rectangular lattice defined by (m Az, n At).
[Diagram: 2D rectangular lattice with horizontal axis —2Ax, —Ax,0, Az, 2Ax,3Ax, ¢
and vertical axis 0, At, 2At, 3At, showing grid points and a random
walk path]

1. A particle starts at = 0 at time t = 0.

2. At time step n, the position is X,,;:

Xy = {Xn — Ax, w%th probab%l%ty %,
Xy + Az, with probability 3.
Example: Assume Yy, Y], Yo, Ys, ... are i.i.d. Gaussian N(0,1).
E(Y;) = 0.
Define {X,, }n>0 by
X1 = X+ Yey1 - Xo, with Xg independent of Y.
Then

E(Xp1 | X, X1, -+, Xo) = E(Xp + Yiy1 Xo | Xy, Xp—1,- -+, Xo)
= Xy + XoE(Yiy1) = X

So { Xy }n>0 is a martingale.
But {X,,}n>0 is not a Markov chain, because

P(Xpp1 =2 | X =ap) # P(Xp1 =2 | X = 2, ..., Xo = 20)-

Stochastic Gradient Descent

Stochastic Gradient Descent for

N

1

min — ; fi(=).

Example: Linear Regression for given data (z;, ;)Y .
¢j(z), 7 =1,2,...,n, are some model basis.
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Want to solve the equation in least square sense:

c101(z) + cado(xi) + -+ cndn(ri) =i, i=1,...,N.

g(xivc)

R
i v 2 llo(es ) - will*.

(Full batch) Gradient Descent:
| N
Thy1 = Tp — 1 [N vai(fﬂk)] :
i=1

Stochastic Gradient Descent:

Try1 = Tk — M V fiy (Th),

i(k) € {1,..., N} are i.i.d. random variables with uniform distribution.
n N n
flw)=)_filx) =) Fi(z), =m
J=1 =1 N
Fy = Z fi(z)
j=m(i—1)+1

Two Randomized/Stochastic Methods

I. Randomized Coordinate Descent

II. Stochastic Gradient Descent

Example:

. _1 2 mxn m
;Iel]%%f(l')—2”x4$ blI%, AeR™" beR™.

al is the i-th row of A.
[Diagram: A shown as a matrix with rows a!,al,... al]
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fla) = Az —b|?

= 5> (fas ) — by
i=1

Gradient Descent: zy.1 = 2 — nVf(z1).
Tpr1 = T — nAT(Axk —b)

=2 — niai(<ai7$k> - bi)'

i=1

[Diagram: illustration of A”(Az; —b) as matrix multiplication]
m
Z a;( a x —b;)
=1

The gradient has the structure:

0
\V4 1 .
vj; . 0
vi=| | vW=|vp
: 0
ok :
0

[Diagram: Vf(z) = AT(Az —b) and Vf(2)U) selects the j-th row
of AT applied to (Az —b), with other rows zeroed out]

Gradient Descent: xy1 = xp — nVf(xg).

Coordinate Descent: xy.1 = x — an(wk)(j) — a sparse vector with
m

only one nonzero entry: the j-th entry of Z ai(a;fp:ck —b;).
i=1

SGD: [ = %Zfi, flz) = L <ZL > ({ai,z) - bz’)2>-
i=1

m i1

Tpy1 = ok — 1V fi(xg),
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where V f;(zy) = mai(aiTxk —b;).
7 can be taken sequentially or randomly, or in a mini-batch:

Thy1 =T — 0 YV fi(ap).
ies

Kaczmarz Method (1937)

Kaczmarz Method for solving a least square problem:
in L) Az — bl
min 3 Az — b1
[Diagram: zigzag convergence path illustrating alternating pro-

jections]
If we take some special n, SGD becomes

aZTa:k — bi
Tp+1 =Tk — —7 5 4y
ladll3
which solves the system aZTx —b;=0,1=1,...,m.

This is the Kaczmarz Method.

1
The normalization factor —— corresponds to Importance Sampling in

llaill3
SGD.
Code demo for:

(D Coordinate Descent for {GD, Proximal Gradient}.

@ TV minimization.

9.4 Lecture 4: Randomized Linear Algebra and
Johnson-Lindenstrauss Lemma

Stochastic Optimization

Consider
| N
min — ; fi(z).
Example: Linear Regression for given data (z;, ;)Y
¢j(z), 7=1,2,...,n, are some model basis.
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Want to solve the equation in least square sense:

Cl(bl(xi) + 62¢2($i) +-+ Cnflsn(wz) = Yi, 1= 17 sy N.

g(zivc)

N

1
min ; lg i, €) — will

(Full batch) Gradient Descent:

N
1
Tppr =2k — 1 | 2 Vilze) | -
N i=1
Stochastic Gradient Descent:

Try1 = Tk — M V fiy (Th),

i(k) € {1,...,N} are i.i.d. random variables with uniform distribution.

Now consider
{ﬂfk+1 =z — N A(zy)

Tp1 = T — Mk Ai) (1)

1 N
Example: A4; =V/f; (SGD) and A:N;Vﬁ (GD).

Definition 9.4.1. Monotone Operator. 7T : R” — R" is monotone if

(Tz =Ty, z —y) > 0.

Example: f(z) is convex, 0f is monotone.

{
{

f(@), y —x)

+ (0
W)+ Ofw), z—y) (0f(x) = 0f(y), x —y) > 0.

Definition 9.4.2. The graph of T is {(z,T(x)), Yx}.

Definition 9.4.3. T is maximal monotone if its graph is not a strict
subset of the graph of a monotone operator S.
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If f(x) is a proper closed convex function, df is maximal monotone.

Assumptions:
© A;(x) are maximal monotone.

@D There are constants C, Cy s.t.
C1
*ZIIA ()] < H33H2+Cz.

Assume V f; are L-continuous:

IVfi(x) =VLEQO) < Liz| = [[Vfi(x)| < Lijzll + [V fi(0)]-
@ i(0),i(1),...,i(k),...areiid. R.V. with uniform distribution in {1,..., N }.

o0 oo
@ Y m=o00, Y mi<oc.
k=0

k=0
C 1
Example: nk:m, k:0,1,2,..., §<p§1

1
(Note: Z % = +00.)  Another example: n; =

(k + 1)1/24—6'

@ Assume A is demipositive:
For any x, satisfying 0 € A(x,),

(A(x), z — ) >0, Va such that A(x) does NOT include 0.

2.2.3 Convergence for convex functions

Theorem 9.4.4 (2.8). Assume V f(x) is Lipschitz-continuous with Lipschitz
constant L and f(x) : R — R is convex. Then for any x,y:

1 fly) > f(x) +(Vf(x), y —x)+ %IIW(X) —Vfy)l?
2. |[Vf(x)=ViyI? < L{Vf(x) - Vf(y), x—y).

Examples of demipositivity:

1) Assume f = % > fi(z) is convex and A = V f is L-continuous.

| \%

1
f@) = f@) + 5 V@)

1 2
> VI@)P >0

(Vi(@), v — )
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2) Assume f(x) is closed, convex, proper. Then A = Jf is demipositive.

Theorem 9.4.5 (1). Under assumptions @, O, @, @), and demipositivity
@, for

Tpy1 = T — Mk Aiy (1),

and any o,
Tp — Ty with probability 1.

Polyak—Ruppert Averaging:
For zp41 = ok — Mk Ajk) (7k), define the averaged iterate

k
Z nj Zj
=0
=T
>
=0

Tk

Theorem 9.4.6 (2 — Convergence with averaging). Under assumptions (0),
D, @, @, without demipositivity, for xiy1 = xx — K Aiy (k) and any xo,

T — Ts  with probability 1,

where 0 € A(x,).

Proof of Theorem 1
We make this general by also including A = 0f, which is set-valued.

Try1 = Tp — M Agry (Th).

w1 = @all® = llow — 2ll® + nE [l Aigy (@)1

= 21 (Aiy (T1)5 T — T4)-
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Using Assumption (D: ]17% A4 (2)))? < %HxHQ + Cy, and the fact that
V fi are L-continuous, togetlljér with |a + b|? < 2al? + 2b|?:
iy (@) < 20 (e + 1)) + 4.
Therefore:
1= < Naw—aelP+07 201 (lowl® + 2 ]?) +4C2) =20k (Aigy (@), x—2.)-
Take conditional expectation Ej w.r.t. i(k) for both sides:

Epllenir — zll? < og — 2 + 0 201 (lawl* + [[2.]|?) + 4C2]
— 2, <Ek[Ai(k)(xk)]v Tf — T ).

Since
1N
Er[Aigr) (21)] = & > Ai(ar) = Axy),
i=1
we obtain

Eillzksr — zll? < ok — zall® + 07 [2C1 (2 ])® + [l2]|?) + 4C2]
— 2 (A(xg), Tk — Tx).

Using ||z [® + [la])? < 2llw — 21 + 3]l

Exl|zri1—a? < (1+4CR) lzg—o. ] +ng (6CL | 2| *+4C2) —2my (A(an), @ — 2. .

>0 (demipositivity)

Theorem 9.4.7 (Robbins & Siegmund Quasi-Martingale Convergence The-
orem). If

D Vp>0,5>0,Ux>0are R.V.
@ i Br < 00, B, > 0 are numbers.
k=0
@ Ex[Vir] < 1+ Br) Vi — Sk + Uk
@ iUi < +00.
i=1

Then with probability 1:

1. Vk — V.
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o0
2. Z Si < +00.
k=0

oo

To apply this Quasi-Martingale Theorem, we need Z nt < 400 (Assump-
k=0

tion 3)). Everything below is under probability 1.

Applying the theorem with Vi, = ||z —z.||?, Br = 4C1n3, Sk = 2nk(A(zk), T —
x*>7 Up = 7]]%(601”1'*"2 + 402):

k=0

Since an = 400 and (A(zg), vx — x4) > 0,
k=0
this implies limkinf (A(zg), o — x4) = 0.
(If limkinf (A(zk), xp—x4) = C > 0, then Z Mk (A(zg), T, —24) is essentially

o0
at least Z n C = 400, a contradiction.)
k=M

@ ||zk — x| has a limit.

— {x1} is bounded (thus A(xy) is bounded, since ||V f(zg)—V f(z.)|| <
Lljzg — a))-

= There is a subsequence xy; s.t.

Th; — Too, A(zg;) = Goos (A(wk;), o, — 20) — 0.

@ More precisely:
1. limkinf (A(xg), ok —x4) =0
= There is a subsequence xy, s.t. (A(zg,), T, — <) — 0.
2. Pick another subsequence zy,  from zy, s.t. A(zy, ) = aoo.

3. Pick a subsequence xj, from zy, s.t. 2k, — ZToo.
Zj K 'Lj
Since A is maximal monotone = ao, € A(Zoo).

(oo, Too — T4) = 0.

= 0€ (A(Txo), Too — Tu).
Demipositivity = o, is a zero point of A.

Example: (For the case A= Vf)
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O HmVf(zg,) =Vf <lim :ij) (by continuity of V f).
j j
@ (limVf(xy,), imzg, — z4) = 0.
J J

B (V (o), Too — x4y = 0.
Assuming convexity of f(z) and L-continuity of V f:

(Vf@), 2 —2) > = Vf(2)]*

1
2L

S0 (Vf(Zoo), Too —Tx) =0 = ||V f(2so)|| =0 = 2z is a minimizer.
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Part 1V

Riemannian optimization
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10

A Brief Introduction to
Riemannian Optimization

10.1 Lecture 1: Manifolds, Charts, and Smooth
Structures

e A rough example:

Consider constrained minimization mig f(x).
Te

When C is a Riemannian manifold,
e.g. a surface like sphere

the minimization algorithm defined via geometry is called Riemannian
Optimization.
e What is a manifold?

The concept of manifold is an extension of surfaces to higher dimension
and also more abstract sets.

@ Curve: z(t):R — R3 is a smooth mapping.
[Diagram: a smooth curve in space]
2/(t) is tangent to the curve.

[Diagram: curve with tangent arrow]

2 Surface:
a) z= f(z,y)
z=a+y?

[Diagram: paraboloid surface in z,y, z coordinates]

163
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b) F(z,y,z) =C
[Diagram: sphere]

® Definition of a topological manifold M of dimension n:

matrices
1. M isaset (can be any set, such as set of ¢ functions )

mappings
2. M is a topological space (M has a topology 7)

A topological space is a set X with a collection of its subsets 7 satis-
fying:

DO ber

@ Xer

@ Intersection of finitely many sets in 7 is in 7
@ Union of arbitrary number of sets in 7 is in 7

and sets in 7 are called open sets.

Example: 1) X =R, 7 = {any open interval in R} U {0}
2) X = R2, 7 = {any open sets in R?} U {0}

3) M is a Hausdorff space:

Va,y € M, Fopen subsets U,V C Mst.x e U, yeV, UNV =.

[Diagram: two disjoint open sets U and V containing z and y
respectively]

S is countable if S = {z1,z9,x3,...,Tpn,...}.

4) M is second countable:
there is a countable basis for topology T,
meaning that there are open sets Uy,Us, Us, ..., U,,...
s.t. any open set V can be generated by U; via either intersection or
union.

Example: For X = R, basis consists of open balls B(x,r) centered at
rational number xy with rational radius r.
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Rational numbers are countable = the basis is countable.
An open interval (a,b) can be generated by

(a,b) = U B(xg, ), B(zg,7r) = (xg — 1, 0 + 7).

z0€Q
reQ, r>0
B(zo,r)C(a,b)

5) M is locally Euclidean of dimension n:
Ve e M,Jopenset U C M s.t.z €U (neighborhood of x)
and U is homeomorphic to an open set in R™:
a bijective continuous function ¢ and its inverse function is also contin-
uous.
[Diagram: manifold M with open set U containing point z, map
¢ going down to U in R2, and ¢~ ! going back up]

Definition 10.1.1. M is a topological manifold of dimension n if M
is a second countable Hausdorff topological space and any x € M has a
neighborhood that is homeomorphic to an open set in R".

@ Coordinate Charts of M

[Diagram: manifold with open set U mapped via ¢ to U in
coordinate plane]

Let M be a topological manifold of dim n.

A coordinate chart on M is a pair (U, ¢):

1. U is an open set
2. p:U — U C R™ is a homeomorphism

U is called coordinate domain/neighborhood.
¢ is a (local) coordinate map.

x1
Example: M =S*={|a2y | e R3: 2} + 23 +23 =1}
3
[Diagram: sphere S? with coordinate axes 1,2, 23 and hemi-
spheres U;", U; indicated]

Ui+ = {(w1,22,73) € 52 cx; > 0}
U = {(z1,22,73) € S* : 7, < 0}

()

Define Sog(xlvaa'T?)) - (xlva)v @g(xl,IEQ,Ig) — (l‘laxQ)-
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Then go? 082 5 B2 = {(;j) ER?: 22+ 9% < 1} is homeomorphism.

Define %;t for i = 1,2 similarly.
VpeS? 3 U;r or U st.pe Uf or U;".

® Smooth Manifolds
Let M be a topological manifold.
Let (U, ) and (V,) be two charts s.t. U NV # ().

Yo t:ipUNV)—y(UNV)is also homeomorphic.
This is called a transition map.

[Diagram: manifold with overlapping charts U and V, maps
¢ and ¢ going to U and V in the plane, with transition map
Yo p~! between them|]

(U, ) and (V,1) are smoothly compatible if

either UNV =0 or 1o !issmooth
(derivatives of any order exist).
An atlas of M is a collection of all charts.

A smooth atlas means that any two charts are smoothly compatible.

Some quick examples of Riemannian optimization

D Let A € R™*™,
Want to find eigenvalues & eigenvectors A & ¥ s.t. AV = Av.

5
Your Linear Algebra Class: A= | 2

e SA RN )
o O O

-3
A= M| =-(A—6)(A=T)(A=3) =0
= A =6, =7 A3=3.

A e R™™ |A — \| is a polynomial of degree n.

Just find all its roots.

b
Fundamental Theorem of Calculus | / F(x)dz = f(b) — f(a)
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Theorem 10.1.2 (Fundamental Theorem of Algebra). A polynomial
of degree n with real or complex coefficients always has n complex roots.

e But how exactly can we find all the roots?

1) [Abel Theorem] No root formula for polynomial of degree 5 and
higher.

2) “roots” function in MATLAB can easily find accurate approxi-
mations to roots.

3) For any polynomial
p(t) =t" +an 1 t" Pt ap ot" 2+ +art+ ap,

it has a companion matrix

0 0 - 0 —ag

1 0 - 0 —ai
A= o1 - 0 —as

0 0 1 —ap—1

s.t. |[A—tI| = p(t).

The “roots” function obtains approximation to roots by finding
approximations to eigenvalues of its companion matrix via nu-
merical linear algebra solvers, e.g., direct or iterative methods.

Remark 10.1.3. Eigenvalues are defined as roots of |A — AI|. But roots of
single variable polynomial are numerically computed as eigenvalues of the
companion matrix.

@ Consider a real symmetric A € R"*"™,

Theorem 10.1.4 (A.1 (Courant—Fischer-Weyl min-max principle)). Let A\
and A\, be the largest and the smallest eigenvalues of a Hermitian matrix A,
then for any vector x € C",

¥ Ax

An < po

<A1

min
rxeR" JJTLU

T Az minimizer is ¥,
minimum value is A,

This is the Rayleigh Quotient.
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o Let f(z) = x;;f, then Vf(z) = %(Ax — f(z)x).

2 4

V2f(x)z (Az—f(z) z)— @T2)? (2T Az z4aT 2 Az—2f(2) 27 2 2].

2Ty
= Newton’s method produces x4+ = 2z as long as xy is NOT an

eigenvector.

So always diverges.
o The key issue is f(z) = f(ax), Va € R.

e A remedy is to constrain f(z) to S" 7! = {z € R" : 272 = 1}.

The Rayleigh quotient f(z) on S"~! is well-behaved and has isolated
minimizers.

@ Examples of Eigenvalues
Graph Adjacency Matrix (printed slide)

o A graph with n nodes can be represented as a n x n matrix A. If there
is any edge from node i to node j, then A;; = 1. Otherwise A;; = 0.

[Diagram: graph with 5 nodes A, B, C, D, E and correspond-
ing 5 x 5 adjacency matrix]

o This matrix is called Graph Adjacency Matrix, which can quantify
everything about graph. This is Spectral Graph Theory.

o Example: if graph is connected (there is a path between any two
nodes), then the smallest eigenvalue of Graph Laplacian Matrix has
algebraic multiplicity one.

o Example: in our social media network, is anyone a friend of friends of
any other one?

Google’s PageRank (Brin & Page, "98) is a “random walk on graph” method
to approximate eigenvectors “locally.”

(printed content)
The “importance” of a website is proportional to the sum of the impor-
tance of all the sites that link to it.
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A solution for the “importance” of a website:

x1 = p(x14 + 79 + T785)

w2 = p(z1002 + 3225 + Togs3 + T30027)

n
Solve x; = pZaij xzj for x = (z1,22,...,2y)
=1

(x=pAx]  A=lagln

Two-Slide Course of Quantum Mechanics (printed slides)

e Everything in physics is model but not necessarily truth. Example:
F = ma, general relativity (for very large scales), quantum mechanics
(for very small scales) are successful models/theories because they fit
our observations well.

Classical/Newtonian Mechanics Model: a particle (e.g., electron in
Hydrogen atom), is located at some coordinate x = (x,y, z) at a given
time £.

e Quantum Mechanics Model: we look for a complex valued wave func-
tion W(x,t) for this particle and |¥(x,)|? is the probability of finding
the particle at location x and time t.

oV O*w
e In 1D, wave function satisfies Schrodinger equation za = "2
z

V(x)¥ where V(x) is an external potential (e.g., from proton).

When solving this Schrédinger equation, one step is to find eigenvec-
2

tors for the linear operator gzt e want to find u(r) and A satisfying
x

d?u

[Diagram: Rutherford—Bohr Atom Model with electron or-
biting proton at distance r, and Bohr Model energy levels
N =1,2,3]

d2u

o We want to find u(r) and X satisfying 2= Au.
r

o Here r is the distance between electron and proton: so wu(r) should
also satisfy u(0) = 0.
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2
o If we only want eigenvectors of gt then eigenvectors include e%*,
x

cos(ax), sin(azx), ax + b for any a,b € C: the eigenvalues can be any
number since a, b are arbitrary.

o Here we also need eigenvector to satisfy u(0) = 0: eigenvectors can
only be u(r) = cos[(n + §)nr] with eigenvalue A = (n + )?r? (or
u(r) = sin(n7r) with A\ = n?72), where n is integer.

¢ In Quantum Mechanics, eigenvalue A is defined as the energy of par-
ticle.

e This perfectly explains Rutherford—Bohr Atom Model: electron has
only discretized energy.

10.2 Lecture 2: Manifold Examples and Optimiza-
tion on Spheres

Definition of topological manifold, charts, smooth manifold

[Diagrami manifold M with open set U containing point x, map ¢
going to U in R?, and ¢~ ! going back]
@ is cont.

¢~ ! is cont.

Open set U is called neighborhood.

 is homeomorphic: {

0:U—=U, o ':U=U.

Definition 10.2.1. M is a topological manifold of dimension n if M
is a second countable Hausdorff topological space and any = € M has a
neighborhood U that is homeomorphic to an open set U in R"”.

Definition 10.2.2. (U, ¢) is called a (coordinate) chart.

Definition 10.2.3. A topological manifold is smooth if any two charts are
smoothly compatible:
(U, ) & (V1)) are smoothly compatible if

{either unv =1

or 1o~ !is smooth (derivatives of any order exists)

pop lipUNV)—=y(UNV) (transition map)
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[Diagram: manifold with overlapping charts U and V, maps ¢
and ¢ going to U and V in the plane, with transition map v o p!
between them)]

T
Example: M =S%={|a2y | eR3: 2} + 23 +23 =1}
x3
[Diagram: sphere S? with coordinate axes x1,72 and hemi-
spheres U;", U; indicated]

Ut ={(z1,72,73) € 5%z >0}
U = {(z1,22,73) € S* : 7; < 0}

Define ¢ (21,22, 23) = (z1,22), 3 (x1, 22, 23) = (z1,22).
Then ¢f : S — B? = {<§> € R? : 22 + y? < 1} is homeomorphism.

Define gpzi for i« = 1,2 similarly.

Examples & Applications of Minimization over a Manifold
Constraint

I. Examples of manifolds

@ Euclidean space R™ is a manifold of dim n.
@ Any surface such as paraboloid is a manifold of dim 2.
@ Sphere in R™:
STl eR a4 i+l =1} ={zcR": 2Tz =1}
Ac R AT = A,

. T Az minimizer is eigenvector v,
min f(z) = —7— . o
minimum is eigenvalue A,

)\ng)\nflgg)\l

Va€R, f(z) = f(ax) = minimizers of f(x) are not isolated.
Instead, we should consider rréin ¥ (x).
reS™™

@ Noncompact Stiefel manifold n >p
[Diagram: tall thin matrix U of size n x p]
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R?*P = {U € R™™P : columns of U are linearly independent }
= {U e R™? . UUT is a rank p matrix}
= {U e R™? . UTU is invertible}

Guest Lecture on Nov 1st (last Friday): Low-rank approximation to
Semi-Definite Programming for K-means.

® (Compact) Stiefel manifold

St(n,p) = {U € R™? : columuns of U are orthonormal}
={UeR™ . UTU =I,}

Theorem 10.2.4 (A.1 (Courant—Fischer—Weyl min-max principle)). Let A\
and A\, be the largest and the smallest eigenvalues of a Hermitian matriz A,
then for any vector x € C",

¥ Ax

Ap < po

< A1

Facts for a real symmetric A:

2T Ax
Up = argmin —
reR™ =T
[|lz][=1

T Ax
Up—1 = argmin —
1 Uy, =T
llzll=1

Up—g = argmin T
1V, - x
xlUn_1
[|lz[|=1

= min tr(UTAU) =Xy + Aot + - + An—pt1-
UERTLXP
vtu=I,

Eigenvalue problems are everywhere, see Monday’s notes.

® 3D Rotation Group

SO3={RecR¥>3: RTR=1, det(R) = 1}
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cosf —sinf 0
e.g., R= |sinf «cosf O
0 0 1

Cryo-EM (Cryogenic electron microscopy):

Uses electron microscope to study samples to find (bio)molecular struc-
tures.

[Printed figure: Cryo-EM setup showing molecule ¢, projec-
tion P;, rotation matrices R; = (Rzl R? Rf’) € SO(3), and electron
source. Caption: “Recover the 3-D structure from 2-D projec-
tions”]

min ||AR — B|?
R

Next, will introduce Riemannian metric and first order geometry such
as Riemannian gradient.
Let us first consider the eigenvalue example.

1 2T Ax o1

. T
min — ———— = min - Ax
zesSn—1 2 T xeSn—1 2
f(=)
— min f(z) st. azlz=1
reR”

Define Lagrangian as
A
L(z,\) = f(x) — §(xTa: —1).

KKT system for saddle points:

gizw@—m:o O (Vf(z) = Ax)
oL 1
525(3;:5—1):0 @

Multiply @ by =7
tTAzr —AaTz =0 = MN=zTAz=2"Vf(x).

N gi; — Vf(x) - (&, V(z)) 2.

To use @ & @), we get an algorithm:
Tha1 = x — [V f (k) — (2k, Vf(2k)) zi]

Th1
[y

Pgn-1(xr, =1V f(zk))

Tkl
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[Diagram: sphere with point z, Euclidean gradient Vf(x), tan-
gent plane 7,5"!, and the projected gradient on the tangent
plane]

[Diagram: detail of tangent plane showing decomposition of
(Vf(z),z)

V f(z) into normal component “ea * and tangential component]
Remark 10.2.5.

is the projection to tangent plane

O V() = (2, Vf(z))z {

is the Riemannian gradient on ™!
@ For general surfaces, Lagrangian may not give Riemannian gradient.

@ For surfaces, Riemannian gradient can be thought as projection to
tangent plane.

@ Advantage of manifold: a solid framework for convergence analysis.

10.3 Lecture 3: First-Order Geometry, Differen-
tial, and Embedded Submanifolds

Plan First Order Geometry of Manifolds

e Tangent Space
Definition & Examples: < e Riemannian Metric

e Riemannian gradient

Review of a smooth manifold:

e A topological manifold M of dimension n is a second countable Haus-
dorfl topological space and any x € M has a neighborhood U that is
homeomorphic to an open set U in R®. (¢ and ¢! are continuous)

[Diagram: manifold M with open set U containing point z,
map ¢ going to U in R?, and ¢! going back]

Open set U is called neighborhood.

(U, @) is called a (coordinate) chart.

Examples: (D R” is a manifold of dimension n.

@ Any surface is a manifold of dim 2.
(U, ) can be obtained by mapping U to tangent plane at .
[Diagram: surface with point and tangent plane]
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¢ A smooth manifold is a topological manifold with a smooth struc-
ture, i.e., any two charts must be smoothly compatible.

1

— transition map 1 o ¢~ is smooth.

[Diagram: manifold with overlapping charts U and V', maps ¢
and 1 going to U and V, with transition map 1o p~! between
them]

Examples:
@D Sphere in R™:

Sl —freR i das+---+a2=1}={zcR": 2Tz =1}.
@ (Compact) Stiefel manifold:

St(n,p) = {U € R™P? : columns of U are orthonormal}
={UeR™.UTU =1,

® Fixed Rank positive semi-definite (PSD) matrices form a manifold:
STP ={X eR™": X1 = X, X » 0, rank(X) = p}
@ PSD matrices of rank at most p do NOT form a manifold:
(X eR": XT = X, X =0, rank(X) < p}

is not a manifold but an Algebraic Variety.

Heuristics: derivatives along a surface

Consider a surface described by
S = {f: (xaya Z) PR= g(fC,y)}

Consider min f(Z)
zes

Lagrangian: L(Z,\) = f(Z) — Mg(z,y) — 2)

KKT system:
z )\gx 9z
or (7
% fy_>\9y =Vf-2A 9y =0 D
fo+A —1
oL
= 9(y) —z= @
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Iz
O=VIl|gy
—1
[Diagram: surface z = g(x,y) with point Zj;, normal vector

(92, 9y, —1), gradient V f, and projection Pr(V f) onto tangent plane]
Tangent Plane Equation at Ty:

9o (x — 20) + 9y (¥ — yo) — (2 — 20) =0

i
z = g(zo,y0) + gz(x — z0) + g4 (¥ — v0)-

So V f is parallel to normal vector.

= Projection of V f to tangent space should be 0.
Pr(Vf) is the gradient along the surface.

= At minimizer, Pr(Vf) =0 (Vf can be nonzero).

@D Next, want to extend it to manifolds.

@ Need to define “tangent vectors” for manifolds, which however are
abstract sets. So in general tangent vector of a manifold has an abstract
definition.

@ To make it easier, for now, we only consider a linear space £ and its
subset M.

Examples: 1) E=R", M =S"1={zeR": 272 =1}

p<n: 2)E=R"P M =St(n,p)={X e R XTX =1}

Let &€ be a real linear space, M C £ be a manifold.

@D An inner product on £ is defined by requiring Vu,v,w € £, Va,b €
R:

1) Symmetric: (u,v) = (v,u)

2) Linearity: (au + bv, w) = a{u, w) + b(v, w)

3) Positive: (u,u) >0 & (u,u) =0 <= u=0
@ Euclidean distance: |u|| = /(u,u)

Example: & = R"*P, Frobenius inner product is

n p
U V)= > Uy Vij=te(VTU) = tx(U"V).
i=1j=1

® wu,v are orthogonal if (u,v) = 0.
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@ Open ball centered at zg with radius R:
B(zo,R) ={z € & : ||z — zo| < R}.

Open sets can be defined as:
Sc€&isopenif Vg e S, IR > 0s.t. B(xg,R) C S.

® Smooth map & differential

Consider two vector spaces £ and F.

U is an open set in £, V is an open set in F.
Consider a smooth map F : U —» V.
Differential of F' at x¢p € U is the linear map

DF(z0): & = F

defined by: Vu € &,

d  F(azg+tu) — F
DF(xo)[u] = ﬁF(ﬂco + tu)‘tzo = lim (0 ? (-TL'O).

For a curve c: R — €&,

d(t) = —c(t) is the velocity.

©® Gradient
For a smooth function f : £ — R, the Euclidean gradient grad f : £ — &
is defined by
(grad f(z), v) = Df(z)[v] Va,vel.

Example: & = R"*P,

n p
FX) = (X, X) = | X|F=D_> X5

i=1j=1

X +tU) — f(X)
t—0 t

Cim Y zp: | Xij + U5 — | X5
t—0“— 4 t
i=17=1
n p
=23 > Xj;- Uy = (2X,U)
i=1j=1

(0 Embedded submanifold of £
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Definition 10.3.1. Let £ be a vector space of dim d and M be a non-empty
subset. M is an embedded submanifold of £ of dim n if Vo € M, J an
open set U in &, z € U, and a smooth h : U — R¥ such that:

DO n=d-—k
@ VyeU,h(y) =0 < ye M
@ Rank[Dh(z)] =k, Vz e M (regard it as a matrix)

[Diagram: small figure of embedded submanifold in R® with
open set U]

Recall: differential of F at x¢ is the linear map DF(xg) : £ — F defined

by DF(a0)u] = limg o - 20+ 10 = T 0]

Example: 1) £ =R? M = S = {zT2 = 1}.

k=1
h:&—=RY hy) =yTy—1 :>{
n=d-1
Dh(y): € — R:
u — lim My +tu) —hly) _ (2y, u).

t—0 t

The matrix representation of L : £ — F (dimn — dimm) is m x n
matrix.

The matrix representation is [2y]7 of size 1 x n.

2) E=R3 S={7 :F(z,y,2)=C}

I
[N

hZ) = F(z,y,z) — C.

3) £€=R"P, St(n,p) ={X e RP: XTX =[,}
dim=nxp—p(p+1)/2

h(X)=XTX -1

(X +tUT[X +tU]) - XTX

Dh(X)[U] = lim

t—0 t

CtUTX ++ XTUu +t2UTU
= lim

t—0 t
=UTx + XTU.

Dh(X) : Rn*P — RPXP,
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To find the rank:
Dh(X)[3XU] = AXU)" X + XT(AXU) = W0"XTX + 1XTXU = U.
= Dh(X) can map to any U € RP*?, UT = U,

1
= Dh(X) has rank (pz Jp (p <n).

Ly :R*" - R™ z+— Ax.

[Diagram: matrix A of size m x n]

IfVy e R™, dz € R", Az =y,

then {Az : x € R"} = R™ = Column Space of A.
dim of Col Space is rank.

Read Chapter 3 in Reference Book 6.

10.4 Lecture 4: Tangent Spaces, Stiefel Manifold,
and Riemannian Metrics

Today’s Plan:

Embedded Submanifold in a linear space
Introduction/Definition of { Tangent vector of a manifold

Riemannian Metric

o A real linear space (a.k.a. an abstract vector space over R) is a set £
with addition and scalar multiplication defined and £ is closed under
these two operations:

DO VYu,vel, ut+tveék
@ VaeR, Vuel, a-uel

Examples: @O & =R"
@ &=R"P
@ £=L*Q) ={f(2): Jo|f(2)]*dz < oo}

o Let & be a linear space. Let (u,v) be an inner product. With an inner
product, we can define distance and open balls, and also open sets.

n p
E=R"P (U, V)=te(VIU) =tx(UTV) =D Ui; Vi
i=1j=1

Frobenius Norm: ||U||p = /(U,U) = \/tr(UTU) — \/o'% N 012)
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o Let £ and F “be two linear spaces with inner products defined. Let
U Cé&,V CF be open sets.

For a smooth map F': U -V, B
its differential at xg € U is DF(xg) : £ — F defined by
Yué€e¢€,

d . F(zo + tu) — F(zg)
DF (x0)[u] = - Fleo + tu]‘tzo = lim ; :

Facts: DF(x¢) is a linear map.
Example ) £=R? F=R, F:UCR?=>V CR

DF(x)(u) is the directional derivative.
DF(xg) is the mapping from u to DF(zq)[ul.

@ &=R"P F=RPP
h:&—F, X—XTX -1,

Dh(X)[U] = lim (IX + tU)7[X 4 tU] — I) — (XTX — I)

t—0 t
CtUTX v+t XTUu +t2UTU
= lim
t—0 t
=Ur'x + x'U.

e For a smooth function f : £ — R, the Euclidean gradient grad f : £ —
£ is defined by

(grad f(x), v) = Df(x)[v] Vz,vel.

Example: £E=R? F=R, F:UCR?-V CR
DF(xz)(u) is the directional derivative.
= grad F(zg) = VF(xo).

Example: & = R"*P,

FX) = (X, X) = | X]F=D_> X5

i=1j=1

fX+tV) = [(X)

Df(X)[V] = lim

t—0

= lim
t—0

¢
ii | X5 + tVig |2 — | Xi5)?
i=1j—1 ¢
p

=233 Xi;-Vij = (2X, V).

i=1j=1
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= grad f(X) = 2X.

« Rank of a linear map
Let £ & F be finite dimensional linear spaces.

For a linear map from & to F, it can be expressed as
Ly:R" —R™, r— Ax

[Diagram: matrix A of size m x n]
under some bases for £ & F.

The matrix A is different for different bases. But Rank(A) is the same.
e A surjective linear map from R" to R™ has rank m.
Ly:R" —R™, x— Ax

Surjectivity = R™ = {Az : © € R"} = Col Space of A

= dim of Col Space is m.

e Rank of the differential
Example: h:R"™P - RP*P. p<n

XXX 1,

Dh(X) : R™P s RP*P DR(X)[V] =VTX + XTV, VV € Rv*P,

if XTX=1I

Dh(X)[1XU] = AXxU)" X+XxT(AxU) = L0TXTX+1xTX U U UeRr? Ul =0U.

[Diagram: matrix X with U appended, showing %XU]

VU € Spwp ={Y e RP*?P: YT =Y}

VX eSt(n,p) ={XeR>?: XTX =L}, p<n

= Dh(X) : R"*P — RP*P

can be regarded as a surjective linear map to Spxp.

= Dh(X) : R"™P — S, C RPXP

is surjective if X € St(n,p).

pp+1)
2

= Rank of Dh(X) is if X € St(n,p).
In other words, “Col Space” of Dh(X) is Spxp.
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e The generic definition of a manifold and embedded submanifold can
be very abstract. To have an easier and quicker understanding of an
embedded submanifold in a linear space, we consider the following
definition/theorem/fact:

Definition 10.4.1 (or Theorem). Let £ be a linear space of dim d and M
be a non-empty subset. Let F be another linear space. If Va € M, there
exist an open set U in £, z € U, and a smooth h : U — F such that:

DO VyeU,h(y) =0 <= yeM
@ Rank[Dh(z)] =k, Ve e M
then M is an embedded submanifold of £ of dimension d — k.

[Diagram: embedded submanifold in R® with open set U]

Remark 10.4.2. L, :RY = R™, 2 +— Ax.
[Diagram: matrix A of size m x d]
Nullity(A) + Rank(A) = d.

Dh(z) : R — RF:

Rank[Dh(z)] =k = dim(Ker[Dh(z)]) =d—k (dimension of submanifold).

Remark 10.4.3. This is a straightforward extension of definition of sur-
faces.

Example: Any surface S described by h(x,y, z) = 0, such as h(z,y, z) =
22 + y2 — Z.

hy U
Dh(Z)[d@] = | hy v
h, w
hy
VZ#e S, | hy | #0, so Rank[Dh(%)] = 1.
h

Dh(%) : R® - R, matrix is {hz hy hz}.
Kernel or Null space of Dh(Zy) is

U hy Uu
Ker[Dh(ip)] = [v | €eR®: [, | - |v | =0
w h, w
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[Diagram: surface h(Z) = 0 with point Zj;, normal vector Vh,
and tangent plane]
The tangent plane at Ty has equation

hx(£0) U —To
hy(f()) : UV — Yo =0.
h (7o) w — 20

—

So the tangent plane of surfaces can be understood as Ker[Dh(Z)] + 7o,
or simply Ker[Dh(Z))].

Definition 10.4.4 (Tangent Space). Let M be an embedded submanifold
of £.
At z € M, the tangent space is T, M = Ker[Dh(Z)].

[Diagram: manifold M with point x and tangent space T, M]

Remark 10.4.5.
@ T,M = Ker[Dh(Z)] is a linear space.

@ Ker[Dh(Z)] 4+ # is NOT a linear space.

Example: Stiefel Manifold
St(n,p) = {X e R”P: XTX =1}, p<n.

Special Cases:
p=1: St(n,1)=8S""!={x cR": 272 =1}
p=mn: St(n,n) =0(n) ={X e R": XTX =} Orthogonal Group

(D Verity it’s an embedded submanifold in R™*P
Want to: ¢ @ Calculate its dimension

@ Derive its tangent space
E=R"P M =St(n,p) CE, F=Spxp (symmetric matrices)
h:€—F, X XT'X -1, h(X)=0 < X €St(n,p).
Dh(X): &€= F, V=VTX 4+ XTV.
At X € St(n,p), Dh(X)(3XU)=U, VU € F.
= Dh(X) is surjective, X € St(n,p).
= Dh(X) has Rank pp+1) at X € St(n,p).
Also, h(X) =0 < X € M (Ker(h) = M).

1
= M is an embedded submanifold of dim np — p(p;— ) in & = R"*P,
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Orthogonal Group O(n) = {X € R™" : XTX = [}

n(n—1)

is an embedded submanifold of dim in R®*",

Dh(X):£E—=F, Ve VIX 4+ XTV.

= Tangent Space is Tx M = {V ¢ R™? . VT X + XTV =0}.

Sphere S"~1: T,8" ! ={V e R* : VIx + 2TV = 0} = {V € R" :
Vg =0}.

Remark 10.4.6. For an abstract manifold in a generic definition:
(D Tangent Space T, M is always a linear space of the same dim as M.
@ The map h(x) may not exist.

Ker(h) =M

@ When we have such a map,
Ker(Dh(z)) = T, M

Definition of Metric and Riemannian Manifold

D If each tangent space T, M has an inner product, we call it metric,
denoted as g,:

1) Yu,v € T,M, g.(u,v) = gz(v,u)
2) Va,beR, gzlau+bv, w) = agz(u,w) + bgy(v,w)
3) gz(u,u) >0 & gz(u,u) =0 <= u=0

@ gs is smooth w.r.t. x — we say it’s Riemannian.

@ A smooth manifold M with a Riemannian metric g is called Rieman-
nian manifold ()M, g).

@ If M C &€ is an embedded submanifold in £ and g is the inner product

in £ (g does not depend on x), then we say M is a Riemannian
submanifold of £.

Example: @ M = S""1 g.(u,v) = ulv.
Then (S"7!, g) is a Riemannian submanifold of R™.

@ M =5""1 g.(u,v) =u (zz? + I)v.
(8"71, g) is a Riemannian manifold.
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Layers of concepts for an abstract set M
D A not too crazy set (second countable Hausdorff)
@ A topology (has a notion of open sets)
® A topological manifold (locally Euclidean)
@ A smooth manifold (transition map is smooth)
® A Riemannian manifold (M, g)

©® A pseudo-Riemannian manifold (M, g)

pseudo-Riemannian metric, denoted as g,:
1) Vu,ve T, M, gx(u7v) = gz(vau)
2) Va,beR, gy(au+bv, w) = agz(u, w) + b gz (v, w)

3) ‘f]z(u,u) >0 & go(u,u) =0 <= u= O‘ (Remark: this con-
dition is relaxed)

10.5 Lecture 5: Tangent Bundle, Vector Fields,
Retraction, and Riemannian Gradient

¢ Recall that the generic definition of a smooth manifold M can be very
abstract.

[Diagram: manifold M with overlapping open sets U and V,
coordinate charts (¢,U) and (¢, V), maps ¢ and ¢ to R?, tran-
sition maps 1o~ ! and ot~ between p(UNV) and Y»(UNV)]

e For simplicity, we have consider a manifold that can be described as a
level set of some h(x):

1) € is d-dim linear space
2) MCE& and Ve €&, h(z) =0 <= ze€ M
3) Rank[Dh(z)] =k, Ve e M

M is an embedded submanifold of dim d — k
Then { T, M = Ker|[Dh(z)] is the tangent space at
T, M is a linear space of dim d — k

e The general definition of tangent space of a manifold M C &:

T.M = {c(0) | c: (—&,&) = M is smooth & c(0) = =}
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[Diagram: curve ¢(t) on manifold M with tangent vector ¢/(t)]
c(t) is a curve on M.
d(t) is tangent to the curve.

Theorem 10.5.1. If M C & is describable by h(x) = 0, then

Ker[Dh(z)] = T, M.

Proof. D VYveT,M,Jacurve c: (—e,e) > M s.t. {

Since ¢(t) € M, Vt, we have h(c(t)) = 0.

= 0= %h(c(t)) — (grad h(c(t)), ¢(t)) = Dh(c(t))[¢ (1)]
( Dhtetap (o] = tim M 2O ZHAD) )

= v = (0) € Ker[Dh(x)] = T,M C Ker[Dh(x)].

@ We can show T, M contains a linear subspace of dimension n — k
(skipped, see book B6).
= T, M = Ker[Dh(z)]. O

o Definition/Notation
M is a manifold.
T, M is the tangent space of M at x.

Any element in T, M is a tangent vector at x.

Tangent Bundle T'M:

TM = {v, € T,M :Va e M} = | T, M.
zeM

Subscript « denotes it’s a tangent vector at x. For convenience, we some-
times ignore the subscript.

A vector field on M is a map
VieM—TM

s.t. V(z) € TyM for any v € M.
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A Retraction on M is a smooth map
R:TM — M, vy > Ry (v)

such that each curve ¢(t) = R, (tv) satisfies

[Diagram: manifold M with tangent plane T, M at point z, vec-
tor £ € T, M, curve from z to R;({) on M]
R:TM — M, vy — Ry(vg). c(t) = Ry(t§), ¢(0) ==z, ¢(0) =¢.

Examples of Retraction on S"!

[Diagram: sphere with point z, tangent vector v, and retraction

point R;(v)]
xr+ v xr+v r+v

O Bl) = 3ol = Vet ol ~ VIE ol
@ Rufo) = cos(lul)a +

c(t) = Ry(tv) is the great circle passing x with ¢/(0) = v.

Definition 10.5.2. A metric is a choice of inner product (-, -), for T, M
at each z € M.

Definition 10.5.3. A metric is Riemannian if (-, -), is smooth w.r.t. z,
ie. (V(x), W(x))z is smooth for smooth vector fields V, W.

Definition 10.5.4. Let g, (-, -) = (-, -)» be a Riemannian metric. (M, g) is
a Riemannian manifold.

Example: (, ) is the inner product in £. M is an embedded submani-
fold in €. Then (, ) is a Riemannian metric of M.
Example: €& is also a manifold.
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Differential of a map

o F': M — M’ is smooth function where M, M’ are manifolds.

The differential is the linear map

DF(z) : TyM — Ty M’

defined by
d /
DF(@)[o] = ZF(e(t))| _ = (Foc)(0)
where ¢(t) is a smooth curve on M, «(0) =z
d0)=wv

[Diagram: manifold M with curve c¢(t) through = with tangent
v, map F to manifold M’ with image curve F(c(t)) through F(z)
with tangent DF(x)[v]]

Facts: (D DF(z)[v] is unique, regardless of choice of ¢(t).

@ DF(x) is a linear map.

o Let M C £ and M’ C &£ be embedded submanifolds in £ and &'
Then a smooth map F : M — M’ has a smooth extension F : £ — &'.

Example: rréin1 flz) = zT Az, f: 8" 1 — R can be regarded as
xeS™™
f:R" >R i
Notice that F'(c(t)) = F(c(t)) for a curve c(t) in M.

SFe()|_, = DFO)[/(0)] = DF(@)
||
d
ZF(e®)| = DF(@)]

For a smooth map F : £ — ]?L B
its differential at xg € U is DF(z¢) : £ — F defined by B

2 d = F tu) — F
Vu €€, DF(xo)lu] = = Flvo + t“]’t:o ~ lim (w0 + t;) (o)

f:8"1 SR
f:R*" =R

= Df(z)[v] =227 Av, VoeT,5" ' ={veR":zTv=0}
Df(z):R* <R but Df(z):T,S" ' —R.

f(z) = 2T Az = Df(x)[v] = 227 Av. {
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Riemannian Gradient

For a smooth f: M — R on a Riemannian manifold (M, g), the Rieman-
nian gradient of f is the vector field grad f defined by

gz (grad f(z), vy) = D f(z)[vg], Vo e M, Vv, € T, M.

Remark 10.5.5. grad f(x) is a tangent vector.

For a smooth function f : £ — R, the Euclidean gradient Vf : £ — £ is

defined by
(Vf(z),v) = Df(x)[v],  Vz,vel.

If f: M — R can be extended to f : £ — R, then
V£ is the Euclidean gradient of f
grad f is the Riemannian gradient of f

and Vv € T, M:

9o (grad f(2), v) = Df(2)lv] = Df(x)[v] = (Vf(2), v).

Notice that the metric g, does not need to be the same as (, ).

Riemannian Gradient of a Riemannian submanifold of £

(meaning metric is (, ) in &)

(grad f(x), v) = gz (grad f(z), v) = (Vf(z), v)
= grad f(z) is the projection of V f(z) onto T, M.
[Diagﬁram: manifold M in &, tangent plane T, M, Euclidean gra-
dient Vf(z) and its projection grad f(z) onto T,M]
(Vf(x) — grad f(x), v) =0, VveT,M
= [Vf(z)—grad f(z)] L T.M
)
[Vf(z) —w] LT,M { ecritical point
w = argmin |V f(z) — v||? = argmin(V f(z) — v, Vf(z) —v).

vely vEly

Example ) Regard S"! as a Riemannian submanifold of R”™.
f(z) = 2T Az defined on S"7!, AT = A.
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f(z) = 22T Az defined on R™.

Vf(z) = Ax.

Projection of u onto 7,81

[Diagram: sphere with point z, tangent plane 7,5"!, vector u,
and its projection]

Pr gn-1(u) =u— x, e st

=u— (z,u)x = (I —zz")u.

T

[Diagram: matrix product zz* u as outer product projection]

grad f(z) = Pr,sn-1(Vf(2))
= (I —z2T) Az = Az — (2T Az) .

Remark 10.5.6. grad f(z) =0 <= Az = (27 Az) z.

——
scalar

So critical point on S"~! <= eigenvectors.

n
@ M=A7"'={zeR": 2 >0, inzl}
i=1
relative interior of the simplex or probability manifold.
M is an embeddednmanifold of R™.

T,M ={veR": > v; =0}
i=1
The Fisher—Rao metric:

9o (grad f(z), v) = (Vf(z), v) = v" - Vf(2).

To find an expression:
Let grad f(x) =u e T, M.
Ul Un, } T.

U
— denotes the vector [H e Un
T n

o7 8@ o Gry eeTM
xT
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Given w € R”, solve vTu = vTw, Yv € T, M:

vl (u—w) =0
PTIM(U — w) =0
u—w |1 (vector of ones)

u=w+ A1, AeR.

L

igradxf @) _ 9f@) + a1
= grad f(z) =20V f(z)+ Az (entry-wise product)
grad f(x) € T, M:

n

= Z(l’l [Vf(I)]H—)\ :L'l) =0 = A=- sz [Vf(l’)]z = —<l’, Vf(:v))
=1

=1

= [grad f() = 20 Vf(2) - (x, Vi(2) @

10.6 Lecture 6: Fisher-Rao Metric, Projection For-
mula, and Retraction

Setup
o & is a linear space with inner product (, ).
e M C £ is a submanifold in £.

e The general definition of tangent space of a manifold M C &:

T.M = {c(0) | c: (—&,e) = M is smooth & ¢(0) = =}

[Diagram: curve c(t) on manifold M, with tangent vector ¢/(t)]

c(t) is a curve on M.  (/(t) is tangent to the curve.

Theorem 10.6.1. If M C £ is describable by h(x) = 0, then Ker[Dh(z)] =
T.M.

Any element in T, M is a tangent vector at x.

« Tangent Bundle TM = {v, € T,M :Vaz € M} = | ] T.M.
zeM
Subscript = denotes it’s a tangent vector at x. For convenience, we
sometimes ignore the subscript.
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o A vector field on M isamap V : M — TM, s.t. V(z) € T, M for
any x € M.

o A metric is a choice of inner product (-, -), for T, M at each x € M.

o A metric is Riemannian if (-, -), is smooth w.r.t. z, i.e. (V(z), W(z)),
is smooth for smooth vector fields V, W.

o Let gz(+, -) = (-, -)z be a Riemannian metric. (M, g) is a Riemannian
manifold.

Example:
n
M=A"'={zeR":2; >0, Za:izl}
i=1
[Diagram: simplex AEL in R
relative interior of the simplex or probability manifold.
M is an embeddednmanifold of R™.
T,M ={veR": ) v; =0}

i=1
The Fisher—-Rao metric (M, g):

9z (u,v) = Z —.

o F: M — M’ is smooth map where M, M’ are manifolds.
The differential is the linear map DF(z) : TuM — Tp(y) M’ defined by

DF(x)[v] = - F(c(t)| = (Foc)(0)

[Diagram: manifold M with curve c(t) through = with tangent
v, map F to manifold M’ with image curve F(c(t)) through F(x)
with tangent DF(x)[v]]

Example: f: M — R
Df(z) : T,M — R, v — Df(x)[v] = %f(c(t))‘ + not easy to

t=0
compute

o Let M C £ and M' C &' be embedded submanifolds in £ and &’.

Then a smooth map F : M — M’ has a smooth extension F : £ — &'
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Notice that F(c(t)) = F(c(t)) because c(t) € M.

CF((t)],_, = DF(e(0))[¢(0)] = DF()]
||
9 pet)| = DF@)]
dt =0

= DF(z)[v] = DF(x)[v].

Example: St(n,p) ={X e R™?: XTX =1}, p<n.
f:St(n,p) =R, X —tr(XTAX)=(X,AX), |[AT=A

<U, V> = tl"(UTV) = zn: Xp: Uij Vij

i=1j=1
Can be extended to f: R™? - R, X — tr(XTAX) = (X, AX).
VV e R™*P:
—0 t
— lim (X +tV, A(X +tV)) — (X, AX)
t—0 t
— lim tH{V,AX) + t{X, AV) + t3(V, AV)
t—0 t
= (2AX, V).

VX € St(n,p), YV € Tx St(n,p) = {V e R*P . XTV + VTX =0} C
RP*P;
Df(X)[V] = Df(X)[V] = 24X, V).

¢ Riemannian Gradient

For a smooth f : M — R on a Riemannian manifold (M, g), the
Riemannian gradient of f is the vector field grad f defined by

gz (grad f(x), vy) = D f(z)[vg], Vee M, Vv, € T, M.

Remark: grad f(z) is a tangent vector in T, M.

Example: f:St(n,p) = R, X — tr(XTAX) = (X, AX).
fiRPP SR, X tr(XTAX) = (X, AX).
Df(X)[V] = Df(X)[V] = 24X, V).
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@ Euclidean Gradient of f in R™*P is defined by
(VF(X), V) =DFf(X)[V], YV cR™P = V/f(X)=24X.
@ Riemannian Gradient of f on (M, g) is defined by
gx (grad f(X), V) = DF(X)[V], YV €TxM CR"™,
Suppose we choose gx (U, V) = (U, V), then
(grad f(X), V) = (Vf(X), V), VV e&TxM

= (grad f(X) - Vf(X), V) =0, VVe&TxM.
[Diagrarzl: manifold M in &, tangent plane Tx M, Euclidean
gradient Vf(X) and projection grad f(X)]
= grad f(X) is Euclidean Projection of V f(X) onto Tx M.

@ TxSt(n,p) ={VeR¥P: XTV +VTX =0} = 5.
X € R™("=P) i3 a matrix s.t. Col Space of X | is orthogonal comple-
ment to Col Space of X € R"*P,

Tx St(n,p) = {XQ+ X, K : QT = —~Q e RP*?| K ¢ R"P)XP} = G

Pick X s.t. X has orthonormal columns. The matrix [X X, ] & R"*"
has orthonormal columns.

This can be proven by counting dimensions:

1) Sy € S because

(XQ+ X K)"X+XT(XQ+ X, K)=QTXTX + KTXTX + XTX Q0+ XTX K
=0.

2) Sy has the same dim as S; = Sy = 5.

Normal Space N, M is the orthogonal complement of T, M in £.
[Diagram: manifold M with tangent plane 7, M and normal space
N, M]

® NxSt(n,p)={XS:57 =S, §eRP*P},

(XS, XQ+ X, K) =tr(SXT(XQ + X, K))
= tr(SQ)
=(S,0) =0

because ST = S, Q1 = —Q.
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@ Projection onto Ny St(n,p) is Ps.
Projection onto T'x St(n,p) is Px.
Then Px(Y)=Y — P¢(Y)=(I - P§)Y.

XTy +vTx BT +B
P)%(Y):Xsym(XTY):X+, sym(B) = 2+

Px(Y)=(I-XXT)Y +skew(XTY),  skew(B)= %(B — BT).

= grad f(X) = Px[Vf(X)] = (I - XXT) Vf(X) + skew(XTVf(X)).

Special Examples:
D p=1, St(n,p) =851

Po(Y)= (I —xz")Y +skew(z'Y) = (I — z2?) Y.

grad f(z) = (I — z2T) Vf(2).

@ p=mn, St(n,p) =0(n) ={X eR™": XTX =T}
f(X)=1tr(XTAX), AT = A.

Vi(X)=AX = skew(XTVf(X)) = skew(XTAX) = 0.
= grad f(X) = (I - XXT) AX.

Example ) Regard S"! as a Riemannian submanifold of R™.
f(z) = 327 Az defined on S"71, AT = A.

f(z) = 22T Az defined on R™.

Vf(x) = Ax.

Projection of u onto 7,5"!:

[Diagram: sphere with point z, tangent plane 7,5" ]

<(I?, ’LL> 1
P n— = n
rsn-1(u) = u — (a:,ac) xes

T

—u—(ruwyz=(-2T)u.
[Diagram: matrix product zz” u]

grad f(z) = Pp,gn-1(Vf(2))
={- x:zT) Ax = Ax — (xTAa:) T
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Remark 10.6.2. grad f(z) = 0 <= Az = (2T Az) x.

——
scalar

So critical point on S"~! <= eigenvectors.

n
@ M:Aﬁ_lz{xeanxi>0, inzl}
i=1
relative interior of the simplex or probability manifold.
M is an embeddednmanifold of R™.

T,M ={veR": > v; =0}
The Fisher—Rao metric: g,(u,v) =»  ——.
i=1 T

f:M—=R, f:R* =R, Vf(z).

9z (grad f(2), v) = Df(2)[v] = Df(2)[v] = (Vf(z), v) = 0" - Vf(2).

To find an expression:
Let grad f(z) = u € T, M.

u T
— denotes the vector [% ... o],
x z1 Tn

UT'MZUT'VfT(l’), Vv e T, M.

Given w € R”, solve u € T, M satisfying vu = vTw, Vv € T, M:

= vl(u—w)=0

= PTIM(U—’LU):O

= u—wl|1l

= wu=w+Al, AeER.
grad f(x)

- =Vf(z)+ A1

= grad f(z) =2z o Vf(z) + Az (entry-wise product)
grad f(z) € T, M:

n

= > (@[V@))iAAz) =0 = A== z[Vf(x)i=—(z, Vf(z)).
i=1

i=1

= |grad f(z) =20 Vf(z) — (&, Vf(2))x
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A Retraction on M is a smooth map
R:TM — M, vy — Ry (v)

such that each curve ¢(t) = R, (tv) satisfies

[Diagram: manifold M with tangent plane 7, M at point z, vec-
tor £ € T, M, curve from z to R;({) on M]
R:TM — M, vy — Ry(vg). ¢(t) = Ry(t§), ¢(0) ==z, ¢(0) =¢.

10.7 Lecture 7: Retraction, Exponential Map, and
Riemannian Gradient Descent

Riemannian Gradient Descent

Given Riemannian manifold (M, g) with M C E, f: M — R extended to
f:+E—R

@ Riemannian gradient:

gz(grad f(z), v) = Df(z)[v] = Df(z)[v] = (Vf(2), v).
Example: If g, is (-, -), then
grad f(z) = PTxM(Vf(:L‘)).
Example: M = St(n,p),

Pro(Y)= (I - XXT)Y 4 X skew(XTY).

@ Retraction at x € M:
R, :T,M — M, & Ry (8).

We perceive £ as © + £ € F since we identify 0 € T, M with x € M C F.

[Diagram: tangent plane 7, M at point z on manifold M, with
tangent vector £ on the tangent plane, retraction R, mapping the
line segment t{ to a curve c¢(t) = R;(t§) € M on the manifold]

Definition 10.7.1 (Requirement of retraction). Define ¢(t) = R (t£), then:

1. ¢(0) ==
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2. J(0)=¢
Equivalently:
1. Ry(0) ==
2. DR,(0) is the identity map from T, M to T, M

Understanding DR, (0):
R,:T,M — M, T=1T,M is also an embedded manifold in F.

DRy (&) : TeT — T,y M.
Since T =T,M C E, M C E, R, can be extended to R.:E— E.
DRy(&)v] = DRx(€)[v].
Now set £ = 0:
DR:(0) : ToT — Tr, )M = T M.
Since T is a linear space, ToT = T, M, so

DR,(0): T, M — T, M, v+ DR,;(0)[v] =v (requirement of retraction).

Verification: Vv e T, M =TT,

At £=0:

i
t—0 t t—0 t

So ¢(t) satisfying ¢(0) = z, d(0) = v <= R, satisfying R,(0) = z,
DR, (0)[v] = v.

® Projection in E:

Definition 10.7.2.
Py(y) = argmin ||z — y||°.
xeM
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Remark 10.7.3. Py/(y) can be a single point, multiple points, or may not
exist.

Theorem 10.7.4. For embedded manifold M C E, R, : T,M — M defined
by & — Py(x 4+ &) is a retraction.

Remark 10.7.5.
I) Projection-defined retraction is the most intuitive.
IT) Retraction has no dependence on the metric g.

III) When g is not (-,-), grad f(z) is NOT the projection of V f(x) onto
T, M, but Py(z +§) is still a retraction.

IV) Retraction is NOT unique.

@ Second Order Retraction.
Definition 10.7.6. R, is second order if ¢(t) = R, (t&) satisfies ¢ (0) = 0.

Theorem 10.7.7. Py(xz + &) is a second order retraction.

® Exponential Map.

Rough definition of geodesic: a curve on M connecting z and y with
the shortest length.

Example: Great circle on a sphere.

Definition 10.7.8 (Exponential Map). Exp(z) : T, M — M.
c(t) = Exp(x)[t¢]
is a geodesic, ¢(0) =z, ¢(0) = &.
Facts:
1. Exp(z) is a second-order retraction.
2. A second order retraction is usually NOT Exp(z).

3. Py(x + &) is often easier to compute than Exp(z)[¢].
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Examples of retraction on S"!:

(D Normalization (projection):
T+ v T+v

Ro(v) = -
©) = il = T

is projection, thus second order.

@ Exponential map:

Bxplal(v) = cos(ul) 2 +

c(t) = Exp[z](tv) is a great circle passing through x with ¢/(0) = v.

® What is Riemannian Gradient Descent (RGD)?
[Diagram: manifold M with tangent plane 7,M at point =z,
showing Euclidean gradient V f(x) and Riemannian gradient grad f(z)

as its projection onto 7, M]

Version I:
Tr+1 = Exp(zg) [—nr grad f(zy)].

[Diagram: tangent plane T,, M at z; on manifold M, tangent
vector —n grad f(xy), geodesic curve from z; to xp41 on M]

Version I1:
Tkt1 = Rzk [—Uk: grad f(fﬂk)]

If R, is projection-defined:

Tpt1 = Par(zg — ng grad f(zy)).

10.8 Lecture 8: Optimality Conditions and Con-
vergence of RGD

Optimality Condition on a Manifold & Convergence of Rie-
mannian GD

Plan

¢ Optimality condition on a manifold

e Convergence of Riemannian GD
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We discuss optimality using an example:

i X)=tr(XTAX AT = A e R
Jain f(X) = tr( ) €

st. XTx =1

< @ min f(X),

— - nxp . yTy —
Inin M = St(n,p) ={X e RV : X' X =T}.

I. Necessary but not sufficient optimality condition for @D

Can be derived from saddle point of Lagrangian:

L(X,A) = f(X) = (A, XTX ~I),
X € Rnxp7 = Rpo, <U, V> = Zz Zj UijVij.
Regard f(X) as a function on R"*P:
oL 0 0 T
ax ~ax/X) - axih XX 1)
_ 0 0 T

= a—X<X,AX> — 8—X<A, X' X)
=2AX — (XA + XAT).

How to calculate %(A,XTX>:

1) (A YTX) = tr(ATYTX) = tr(YA)TX) = (YA, X)
)

—(AYTX) = YA.

2) (A, YTX) = tr(XTyA) "D (A XTY) = (XAT,Y)
0 T _ T
= oy (A YTX) = xAT.
8 T _ a T
3) oM XTX) = SZAY X)‘Y
XAT.

Ty = XA+

+ i<A,YTX>)

tr(ATB) = (A, B).
LIX,A) = f(X)— (A, XTX —I).
Saddle point:
oL 0 ™
X = 9% (X)— (XA+XAT)=0

oL  p
Sr=XTX—1=0
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II. Necessary but not sufficient optimality condition for 2
e A manifold M C &, where M = St(n,p) and & = R"*P.
o Acurve c: (—¢g,e) = M, t— c(t).
To understand/calculate ¢/(t), we identify it with a natural extension
c:R—= & twct).
o If 2, € M is the minimizer of f(z) on M, then consider any curve ¢(t)
on M with ¢(0) = ..

[Diagram: manifold M with minimizer z*, curve c(t) passing
through z*]

f oc(t) has a minimizer at ¢t = 0

d
= i[foc} tzo—o.

¢ Recall the definition of differential of f: M — R: it is a linear map

Df(z) : T,M — R, v Df(x)[v] def if('y(t))
dt —0
where 7(t) is any curve on M with {’Y/(O) =z
7'(0) = v

e Theorem (Necessary Optimality Condition on M):

(a) %[f ) c]‘ - 0 for any curve ¢(t) on M with ¢(0) = z,
t=

< (b) Df(zs)[v]=0,YVveT, M

<= (c) grad f(z.) =0

Proof: (b) < (c): By definition of Riemannian gradient,
gs. (grad f(z.), v) = Df(xs)[v], Vo e Ty, M.
Since grad f(z.) € Ty, M, we pick v = grad f(z.), then
9o (grad f(2.), grad f(2.)) =0 = grad f(z.) =0
by positive-definiteness of the metric.

d
(a) & (b): (a) states %[f o C]’t—o = 0 for any curve c¢(t) on M with
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The general definition of tangent space of a manifold M C &:
T, M = {c(0) ’ c¢:(—e,e) = M is smooth and ¢(0) = z}.

For any curve () with v(0) = z,, let v = +/(0), then

9o <o

Di@l) & Grew)|

Arbitrariness of such a curve <— Vv e T, M.

So the optimality condition on M is grad f(z.) = 0.

Jo. (grad f(.), v) = Df (w.)[v] = Df(z:)[v] = (Vf(@s), v).

f:M =R,z tr(XTAX) has an extension f:R™P 5 R, X — tr(XTAX)

In particular, if we choose g.(-,-) to be (-,-), then grad f(z.) is the
projection of V f(x,) onto T, M.
Previously, we have computed: VY € R"*P,

Proy(Y)= (T - XX)Y + X skew(XTY).

TxSt(n,p) = {V e RP: XTV + VT X = 0} C R™<P

So

grad f(X) = (I—XXT)vf(X)+XXva(X);Vf(X)TX

=T -XX")2AX + XTAX - xTAX
=(I-xx124x. @

Let’s compare it to:

Optimality via L(X,A) = f(X) — (A, XTX — 1)

gf{ _ a(?x (X) — (XA + XAT) =0
@ Saddle point: oL
=XTX-I=0

A
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Claim: @ <= @ (grad f(X) = Pr,u(Vf(X))=0).

Proof: Previously we derived the normal space
NxSt(n,p) = {XS:8T =8, S € RP*P}.

Tx M is a subspace in £, Nx M is the orthogonal complement of T'x M,
and E=TxM & Nx M.

[Diagram: direct sum decomposition showing Tx M and NxM
as complementary subspaces|

9 Ty _
o (X) = (XA + XAT) =0

= 2 (X) = X (A+ AT) € NxSt(n, p)
8X ——

S

<=  Projof ;;( (X) onto Tx M is 0

= because (‘)i(ﬂX) in @ is Vf(X) in @.

Remark & Observation:

1. When using Euclidean metric g,.(-,-) = (-, -), grad f(X) = PTXM(a%f(X)),
so) = @.

2. If using a generic metric g, then grad f(X) # PTXM(%f(X)).

3. Intuitively, optimality conditions ) & @) should be equivalent, re-
gardless of metric. But if grad f(X) # PTXM(ain(X)), why @ —
@7

Answer:
D PTXM((fo(X)) =0 < ;X (X) € NxM.
@ <= grad f(X)=0.
D =: gu(grad f(X), v) = (Vf(X), v) =0, Vv € Tx M.
=  gu(grad f(X),v) =0 = gy(grad f(X), grad f(X)) =0 = grad f(X)=0.
@ =: YveTxM, gy(grad f(X), v) =0
= (VF(X), v) = gz(grad f(X), v) =0

= Vf(X)e NxM = Projof Vf(X) onto TxM is 0.
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Convergence of Riemannian Gradient Descent

Riemannian Gradient Descent for )1(111}\14 f(X):
€

X1 = Rx, (—ni grad f(Xg)).

We expect X}, to converge to X, s.t. grad f(X,) = 0 (just a critical point,
not necessarily a minimizer).

Step size rule/method:
1. A constant step size i = 7.
2. “Optimal” step size:

e = argtmin h(t) = f(Rx,(—t grad f(Xj)))-

3. Line search by backtracking: start with step size tg, iteratively reduce
it to t; = pt;—1 for some p € (0, 1) until some conditions are satisfied.

Ideas/Steps to show the convergence:

@ Assume f(X)>D,VX € M.

@ Show sufficient decrease:
F(Xk) = f(Xk41) > el grad f(X)|*.

Only possible with certain step sizes, assumptions on f and (M, g).

® Then we can show klim || grad f(X)|| = O:
—00

N
0 <> [f(Xk) = f(Xks1)] = f(Xo) — f(Xn) < f(Xo) — D.
k=0

o0

= [f(Xk) — f(X)y1)] is finite
k=0

= cllgrad f(Xi)|* < f(Xk) = f(Xi41) =0, &k — oo.
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10.9 Lecture 9: Examples and Summary of Rie-
mannian Gradient Descent

Examples and Summary of Riemannian Optimization

Example: M = R" is a manifold.
Vee M, T,M=R" MCE=R"
Given f : M — R, we still use f : R® — R.
Let g be a metric and g (-, ) may not be (-, ).

o Then the Riemannian Gradient of f on (M, g) is
Vo e T,M =R",

gz(grad f(z), v) = Df(z)[v] = Df(z)[v] = (Vf(x), v).

o Retraction R, can be taken as R,(v) =z + v.

D If g(-,-) is (-, ), then grad f(z) € T, M = R" satisfies
(grad f(z), v) = (Vf(z), v), VveT,M=R"
= grad f(z) = Vf(z) whichis Vf(z).
Riemannian Gradient Descent is

Xi+1 = Rx, (—n grad f(Xy)) = X — 0V f(Xy).

@ If g (u,v) = v Gu = (Gu,v), GeR™ GT'=aG, G >0,
then gy (grad f (), v) = (V.f(x), v)

= (G grad f(x), >*< f@), > Vo eR"

= (G gradf(fﬂ) V@), v)

= gradf(z) =G7'Vf(z) =G 1Vf(ﬂﬁ)-

Riemannian Gradient Descent is

X1 = Ry, (—n grad f(Xp)) = Xy —n  G'Vf(Xy)

preconditioned gradient

—G~ 'V f(x) is a descent direction because

G>0= G '1>0= (Vf), G'Vf(x) =Vix) G 'Vfz)>0
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@ If gz (u,v) = v G(2) u = (G(x) u, v) with G(z) = V2f(x), then
Riemannian Gradient Descent is Newton’s method:

Xpt1 = R, (—n grad £(X3)) = Xi — 0 [V2F(Xi)] VF(Xe).

Previously, we considered an embedded submanifold M in &:
« M CE
e f:M — Risextended to f: £ - R

e T,.M is a subspace in &
o g:(grad f(z), v) = (Vf(z), v)

We extend it to an embedded submanifold M in (M, g), where M is
a manifold with a metric g.

e M CM (example: M is sphere, M is a circle on M)
e f:M — Risextended to f: M - R
e T, M is a subspace of T,M,Yz e M C M

» We can define the metric of M as the one induced by g: if v € T, M,
then v € T, M,

9z (v, w) = gz (v, w), Vo, we T, M.

(M, g) is called an embedded Riemannian submanifold of (M, 7).

e f: M — R has a Riemannian gradient grad f.

e f: M — R, its Riemannian gradient can be computed by

gz (grad f(z), v) = gx(gradf(x), v), Yov e T,M.
———— ————
€T M €Ty M

Example: z € R", Ac R™" AT = A A >0.

n
flz) = %mTAg: + QZ:,:;‘, B > 0 is a constant.
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Want to solve min f(x).

zesSn—1
2
x
0 . , o2 !
— f(z) = Ax+pPx° (componentwise), — f(z) = A+30
Ox 0z )
xn
« M =R", f:M%R,xH%ITAZ‘—I-%Z?:lJJZl
T, M = R, pick a metric g,(u,v) = vT G(x) u.
Gz (grad f(z), v) = <2f(x) v> Vv e T,M=R"
Y aw 9 Y
_ 9 _
= G(z) grad f(z) = %f(x) = grad f(z) = G(x)"[Azx+B2?].
e M = S™! consider the embedded Riemannian submanifold (M, g) in

(M, g).
f:M—>R x— %xTAx—i—gZ?:l:c‘l

go(grad £(z), 0) = Gu(grad f(2), v), Vo€ M.
To find grad f(z) € T.M C T,M = R", we regard grad f(z), v as
elements in T, M:
= gz(grad f(z), v) = g (grad f(x), v), VoveT,M
= gz(grad f(x) — grad f(z), v) =0, Vv e T, M.
[Diagram: T, M decomposed as T,M @ (T,M)"*]
T,M = T, M & (T, M)*. )
= grad f(z) — grad f(z) L Ty M in T, M.
= grad f(x) is “Proj” of grad f(z) onto T, M (in the sense of L using
Gx)-
M = SnL:
@ T.M = {veR": 2"y =0} — independent of g.
€ (T,M)*: Yo € T,M, g,(w,v) =0, ie., vIG(z)w =0. = G(z)w ||

[Diagram: sphere with tangent plane and normal direction]
= (T.M)* ={aG( ) 'z, a € R}.
@ “Proj” of grad f(z) onto (T, M)+

f(z
g:(grad f(x) (:1:)_133)
gm(G( )~ 13:, G(z) 1)

G(z) a.
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@ “Proj” of grad f(z) onto T, M is

e a{ed @), G )
grad f(z) = grad /() = =T, Glo) 1)
CORE

G(z) lz

= G(x) Az + Bx®] —

Choices of G(z):
D G(z) =1 meaning S ! with g = (-,-).

@ G(x)=A:
grad f(z) =z + A" 5.
ot
@ Gz)=A+p
7,
grad f(z) =2 = gradf(z)=2— __lwx) G(x) a.

A numerical example: A =—-A+V.

Remark 10.9.1. An alternative way to compute grad f:
g (grad f(z) — grad f(x), v) =0, Yo e T, M.
vIG(x) grad f(z) = vI G(x) grad f(z),  Yv & TyM.
= v"[G(x) grad f(z) — G(x) grad f(z)] =0
=  G(x) grad f(z) is Proj of G(x) grad f(x) onto T, M
= G(z) grad f(z) = Pr,u[G(z) grad f(z)].

Summary of Some Concepts for Riemannian Optimization

e Manifold, charts, smooth manifold.

[Diagram: manifold M with overlapping open sets U and V,
coordinate charts (p,U) and (¢, V) mapping to R%, with images
o(U), w(V), p(UNV), »(UNV), and transition maps ) o ¢!
and ¢ o1
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o« Tangent Space T, M.

The general definition of tangent space of a manifold M C &:

T, M = {c(0) ’ ¢:(—e,e) = M is smooth and ¢(0) = z}.

[Diagram: manifold M with point z, curve c¢(t) on M passing
through z, and tangent vector ¢/(¢) at z]

c(t) is a curve on M; ¢/(t) is tangent to the curve.

If M C&, T, M is a subspace in £.

Riemannian Metric g.
At x € M, g,(u,v) is an inner product for T, M.
T, M stays the same for different choices of g.

Riemannian Gradient grad f(z) € T, M.

[Diagram: manifold M embedded in & with tangent plane
T.M, showing V f(z) in £ and grad f(z) on T, M]

McCE&, f: M — Risextended to f: £ = R:

gz (grad f(z), v) = (Vf,v),  Vve&T,M.

[Diagram: manifold (M, g) embedded in (M,g) with tangent
plane T, M, showing grad f(z) in T, M and grad f(z) on T, M]

M CE, f: M —Ris extended to f : M — R:

gz (grad f(x), v) = g (grad f(z), v), Vo e T, M.

Manifold (S™~1) Embedding space (R")

cost flz) =2t Az, 2z € S" 1 | f(x) =2l Az, 2 € R"
metric induced metric g(&,¢) =¢€7¢
tangent space EeR: 2T¢ =0 R"™

normal space EeR": E=ax 0
projection onto P& = (I —zaT)¢ identity

tangent space
gradient

retraction

grad f(z) = P, grad f(x)

RS
RO = org

e Retraction at x isa map R, : T, M — M.

grad f(z) = 2Ax
Ry(§) =z +¢
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Appendix A

Linear algebra

A.1 Eigenvalues and Courant-Fischer-Weyl min-
max principle
Notations and quick facts:
o AT denote the transpose. A* denote the conjugate transpose of A.

e A matrix A € C™*" is called Hermitian if A* = A. Any Hermitian
matrix A has real eigenvalues A\ > Ay > --- > )\, with a complete set
of orthonormal eigenvectors.

e Any real symmetric matrix has real eigenvalues A\; > Ao > --- > A,
with a complete set of real orthonormal eigenvectors.

For a Hermitian matrix A, Rayleigh-Ritz quotient is defined as

z*Ax

x*x

Ra(x) , reC™

Let {v; € C": j =1,--- ,n} be orthonormal eigenvectors of A then they

n
form a basis. Thus any vector = can be expressed as x = ) a;v;. Let V be

7j=1
a matrix with columns as v; and a be a column vector with entries a;. Then

n
z=Vaand z*z = a*V*Va = a*a = . |a;|>. Let A be a diagonal matrix

7j=1

n
with diagonal entries A\;. We have Av; = A\jv; thus Az = ) ajAv; =
j=1

> ajAjvj = VAa. Thus 2* Az = a*V*VAa = a*Aa = Y A\jla;|?. So we get
j=1 j=1

n n n
A Y lai? <D Nlai <A eyl
j=1 j=1 j=1
which is the min-max principle.

213
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Theorem A.1 (Courant-Fischer-Weyl min-max principle). Let A\ and A,
be the largest and the smallest eigenvalues of a Hermitian matriz A, then
for any vector x € C™,

x*Ax

x*x

An < < A1

Next, we consider a positive definite matrix A, i.e., the eigenvalues are
positive:
A > A > >0, > 0.

Then A is invertible and A~! has the same eigenvectors v; with eigenvalues

AL

Theorem A.2 (Kantorovich inequality). Let A € C"*" be a positive definite
matriz, then

el AAAn
> , VxeC".
(T Ax) (" A1) = g + A2
Proof. With similar discussions as before, we get
2
> Jaj?
[Edls 3 = 1 1

* A * A-1 T a n - ¢ ’
(zvAz)(a~A~lr) l Aj|aj|2] [ |aj|2/)\j] 2 Aibi 2 i/
i=1 i=1 =t 5=l

2
where b; = —-—. We can rewrite it as

I e0)
(x*Az)(x*A~1z) ()’

where ¢(b) = 1 and ¥(b) = 3. bj/A;.
Z: Ajbj J=1

Consider the convex function g(\) = 1, then ¢(b) = g(A.) with a specific
point A\, = > A;b;.
j=1

Consider a line segment connecting (A1, )\—11) and (A, ﬁ) in the same
plane where the graph of g(\) lies. Then this line segment intersects with
the vertical line A = A, at some point (A, /\—Cl + )\%) where ¢ +d = 1 and
c,d > 0.

Notice that all the b; form a set of convex combination coefficients, thus
the value of ¢(b) can be regarded as a convex combination of points (\;, )\—1])
for all j, which is a point in the same plane. In particular, this point is on
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the vertical line A = A, and lower than the intersection point (A, & +
1
A

and higher than (A, )\—1*) due to the convexity of the function g(\) =
So we have
o) _ 1/
— c d "
) T £+ L
Notice that A* can also be written as \* = cAy + d\,. Since ¢ = 1 — d and
d=1-—c, we get

c d chpt+dy (I—=d)d+ (1 —c)Ad1 A+ A — A

NONT T Ak A
Hhus s(b) 1/ 1/ 1/
00~ % +*% = S ) T
1 n )\1)\71 )\1)\n
The minimum value is achieved at A = (A1 + Ay,)/2. Plug it in, the proof is
concluded. O

A.2 Singular values

For a matrix A € C™*", let A* denote the conjugate transpose of A. Then
A*A and AA* are both positive semi-definite (or definite) Hermitian matri-
ces thus have real non-negative eigenvalues, denoted as \;(A*A) and \;(AA™)
ordering by magnitudes.

The matrix A has [ = min{m, n} singular values, defined as

0i(A4) = \JAi(A*A) = (A4,

The singular values are defined for any matrix A and are always real non-
negative. Eigenvalues are defined for square matrices and are not necessarily
real.

A.3 Singular value decomposition

Theorem A.3. Let | < min{m,n}. Any matric A € C™*" of rank k has a
decomposition A = UXV* (singular value decomposition (SVD) where
U of size m X1 and V' of size n x | have orthonormal columns and X of
size | x | is diagonal matriz with singular values of A. It also has a compact
decomposition A = U1X1V) (compact SVD) where where U of size m X k
and V of size n X k have orthonormal columns and %1 of size k X k s
diagonal matriz with nonzero singular values of A.

Proof. Assume n < m, we consider the matrix A*A (if n > m, similar
procedure for AA*). The matrix A*A is positive semi-definite Hermitian
thus has non-negative real eigenvalues with a complete set of orthonormal
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eigenvectors. And A*A has the same rank as A (why? good excercise to

figure it out), thus A* A has k nonzero eigenvalues. Let D be a k x k diagonal

matrix with all nonzero eigenvalues of A*A as diagonal entries, and V be a
n X n matrix with orthonormal eigenvectors as columns. Then

D 0

TATAV = .

raw-[2

Let V = [V} V3] corresponding to nonzero and zero eigenvalues, then
|7 . _|D 0
lV;] AAV | = [0 0].
By multiplying matrices in the left hand side above, we get
VI'A*AV, = D, VyA*AV, = 0.

Recall V' = [V} V3] has orthonormal columns thus VV* = I, which implies
VvE+ Wiy =1.

Next, since V5 consists of eigenvectors to zero eigenvalue of A*A, we
get A*AV, = 0 thus V5A*AV, = 0. So we must have AVy = 0 because it
contradicts with Vy*A* AV, = 0 otherwise.

Let Uy = AV; D~ where D2 is defined as taking square root for diagonal
entries of D. Then

UiD2Vy = AViVY = A(I = VaVy) = A — (AV)V5 = A.

The decomposition A = UlDéVf“ is exactly the compact SVD. Pick any U,
of size n x (n — k) such that U = [U; Uy is a unitary matrix and define ¥

of size n X n as
5_|D? o
0 O

then A = UX.V is the full SVD. O
From the proof above, we get the following facts:
o The columns of V (right-singular vectors) are eigenvectors of A*A.
e The columns of U (left-singular vectors) are eigenvectors of AAx.
e A real matrix A has real singular vectors.

e Let u; and v; be i-th columns of U and V corresponding i-th singular
value o;(A), then

Av; = oguy, A*u; = ojv;.
A Ty T Y
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e The rank of A is also the number of nonzero singular values of A.

e The compact SVD of A looks like this:

A= zﬂ{j

g1
¥ =

with

Ok

It is a convention to order o; in decreasing order: o1 > 09 > - -+ > 0.

o For a Hermitian (or real symmetric) positive semi-definite (PSD) ma-
trix A and its SVD A = UXV* we must have U = V, thus its SVD
A = UXU* is also its eigenvalue decomposition. Therefore, singular
values are also eigenvalues for PSD matrices.

A.4 Pseudoinverse

Let the compact SVD of A € C™*™ be

A= z@{j

01
Y1 = , o; > 0.

with

ok
The pseudoinverse AT € C™*™ is defined as AT = V121_1Uf. Special cases:

1. A has linearly independent columns, then AT = (A*A)~'A* and ATA =
I, xn. In this case, AT is also called left inverse of A.

2. A has linearly independent rows, then AT = A*(AA*)~! and AAT =
I,,xm. In this case, Al is also called right inverse of A.

A.5 Vector norms

T
Forx:[xl Ty - xn} :

n
o 2-norm: x| = |3
\/i=1

n
o I-norm: ||z|| = Z1|x|]
‘]:

o 00-norm: ||z||e = max; |x|;.
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A.6 Matrix norms

For a rank k matrix A = (a;;) of size mxn, assume its SVD is A = UXV with

T
nonzero singular values o1 > 09 > --- > 0. Let 0 = {01 oy -+ Ok
There are many norms of matrices. The following are a few important ones:

o Spectral norm: ||A|| is defined as ||A| = max ”Hf”” (r € R"™ for real
€

matrices) and ||A|| is equal to the largest singular value of A. By
Courant-Fischer-Weyl min-max principle Theorem A.1,

[Az] _ [lAz]? _ *A*Afﬂ
] 2

By taking x = v;, the eigenvector of A*A corresponding to \j(A*A),
we get || Al = /A (A*A) = 01

o Frobenius norm: ||A|p = tr(A*A) =

||| because

|Allp = \/tr(V=EUAUSY) = \/tr(V*£2V) = \tr(VV*52) = /Z o2,

where we have used the property of trace function tr(ABC) = tr(C AB) for
three matrices A, B, C' of proper sizes.

n
Z laij|2. We have ||A| p =

_7:

MS

Il
—

7

Nuclear norm: ||A||x = 01+02+- - 0k. Then the nuclear norm of A is simply
lofl1-

Matriz 1-norm: ||A|; = max [EEF
cgn llzlly

is a linear combination of columns of A, therefore ||Ax||; for ||z]; = 1 is
less than or equal to a convex combination of 1-norm of columns of A thus

m
[A[lr = max 37 |ag;|.
J =1

(x € R™ for real matrices). Since Az

Matriz co-norm: || Al|c = max HIII%\:\[:O (x € R™ for real matrices). It is easy

cC

to show ||A|lec = max Z laj].
7=1

Useful facts:

o For a matrix norm ||A]| induced by vector norms such as spectral
norm, 1 — norm and oco-norm, by definition we have

Azl < LA - [l
Since [[ABzl|| < |[A[l - [[B|l < [[LA[l- I Bl - [[]l, we also have
ABIF < [IAIl - [I1B1]-
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For a matrix norm ||A]| defined through singular values such as spectral
norm, Frobenius norm and nuclear norm, it is invariant after unitary trans-
formation: let 7" and S be unitary matrices, then [|A|| = ||T’AS|||. Notice
that TAS = (TU)X(V*S) is the SVD of TAS, so T AS has the same singular
values as A.

A.7 Normal matrices

A matrix A is normal if A*A = AA*. The following are equivalent:
o A*A=AA*
e oi(4) = (A,

e A is diagonalizable by unitary matrix: A = UAU* where A is diago-
nal. (Obviously, A = UAU* is also its eigenvalue decomposition. In
other words, A has a complete set of orthonormal eigenvectors (but
eigenvalues could be negative, could be complex). If A has negative
or complex diagonal entries, then A = UAU™* is not SVD and its SVD
has the form A = U|A|V* where |A] is a diagonal matrix with diagonal
entries |A;|. )

The equivalency can be easily established by SVD. All Hermitian matrices
including PSD matrices are normal. Here is one non-Hermitian normal
matrix example: a matrix A is skew-Hermitian if A* = —A. Skew-Hermitian
matrices are normal and always have purely imaginary eigenvalues.
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Appendix B

Discrete Laplacian

B.1 Finite difference approximations

For a smooth function u(z), define the following finite difference operators
approximating u'(z) at the point z:

o Forward Difference:  Dyu(Z) = w

o Backward Difference: D_u(z) = w

u(z+h)—u(Z—h) .

o Centered Difference:  Dyu(x) = o

By Taylor expansion, the truncation errors of these operators are

Diu(z) = u/'(z) + O(h), Dou(z) =/'(z) + O(h?).

Define Dyu(z) = “(£+h/2);u(i_h/2), then a classial second order finite
difference approximation to «”(z) at Z is given by (denoted by D?):
(T4 h) —2u(z) + u(x — h)
2

D>u(z) = Do D_u(z) = DoDou(z) = = = (Z)+O(h2).

The Poisson’s equations are

o 1D: v (z) = f(x)

o 2D: Au(z,y) = Ugy + uyy = f(2,9).
o 3D: Au(z,y,z2) = f(x,y, 2).

B.2 1D BVP: Dirichlet b.c.

Consider solving the 1D Poisson’s equation with homogeneous Dirichlet
boundary conditions:

—u"(z) = f(z), z € (0,1),
{ w(0) = 0, u(1) = 0. (B.1)

221
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Discretize the domain [0, 1] by a uniform grid with spacing h = %H and
n interior nodes: z; = jh, j = 1,2,--- ,n. See Figure B.1. Let u(z) denote
the true solution and f; = f(x;). For convenience, define two ghost points
zo = 0 and zp41 = 1. Let u; be the value of the numerical solution at x;.
Since two end values are given as u(0) = 0,u(1) = 0, only the interior point
values u;(j = 1,--- ,n) are unknowns. After approximating % by D?, we
get a finite difference scheme

—uj_1 + 2uj; —ujqq _
_D2’U,]’ — J hz] J :fj> ji=12,---,n (BQ)
® o o D)--------( ®-------- o
0 T ) T3 x]‘ = ]h, Tp—1 T
Figure B.1: An illustration of the discretized domain.
Define
2 -1
u1 fi -1 2 -1
Uz f2 1 -1 2 -1
Un fn -1 2 -1

With the boundary values ug = 0 and 4,11 = 0 from the boundary condi-
tion, we can rewrite the finite difference scheme in the matrix vector form:

KU, = F.

B.2.1 Eigenvalues of K

In general it is difficult to find exact eigenvalues of a large matrix. For
the K matrix, if U is an eigenvector, then KU = AU approximates the
eigenfunction problem:

—u" = Au, u(0) =u(1) = 0. (B.3)

This is standard knowledge in an ordinary differential equation course to
find such eigenfunctions as sin(mmz) with eigenvalues \,, = m?x? for m =
1,2,---. So we expect that the eigenvectors of K would look like sin(mmrz)
for small h. With the following trigonometric formulas,

sin(mnzji1) = sin(mm(xj+h)) = sin(mnz;) cos(mmh)+cos(mnx;) sin(mnh),
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sin(mmxj_1) = sin(mm(x;—h)) = sin(mnz;) cos(mmh)—cos(mmnx;) sin(mmh),

thus,

—sin(mnrxj_1) + 2sin(mnx;) — sin(mnzji1) = (2 — 2 cos(mmh)) sin(mnx;).

Notice the facts that sin(mmzg) = 0 and sin(mnx,+1) = 0, we also have
2sin(mmzy) — sin(mmzg) = (2 — 2cos(mmh)) sin(mnxy),

—sin(mnx,—1) + 2sin(mnrzy,) = (2 — 2 cos(mmh)) sin(mnz,).

Let x = [x1, 22, -+ , 2], then the eigenvectors of K are v,, = sin(mnx):
1
K sin(mnx) = ﬁ@ — 2cos(mmh))sin(mrx), m=1,2---n,

with eigenvalues

1 1
Am = ﬁ[2 — 2cos(mmh)] = 4? sin2(mgh).
Since all eigenvalues are positive, K is a positive definite matrix, thus
singular values are also eigenvalues. We have

1 1
|K|| =01 = mT%xélsinQ(mgh) = 4? Sin?(gni 1) < 4?’
and 1 1
rr}rilnélsinz(m%h) = 4? sinQ(gm)
Thus we have 1 4
.9,

4? sin (gh)l <K< ﬁj

for any n where h = %H
Define the eigenvector matrix as S = [sin(rx) sin(27x) --- sin(n7x)]

and consider the diagonal matrix A with diagonal entries H#SW, m =
1,---,n. Then K = SAS™! and K~! = SA~1S~!. Therefore we get

1 h?

SRAII<K'< —— I

4 - 4sin?(h)

We can check that 4% sin?(Zh) is a decreasing function of h, and 4,712 sin?(Sh) —
72 as h — 0 L’Hospital’s rule.
Thus we also have

1 1
SRAI<K'< =T
4~ <mh

and |[K71| < W—IQ

B.3 Efficient inversion of discrete Laplacian

See Section 2.8 in MA/CS 615 notes.


https://www.math.purdue.edu/%7Ezhan1966/teaching/615/MA615_notes.pdf
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Appendix C

Basic Theorems in Analysis

The following results are standard in many real analysis books, e.g. [8].

C.1 Completeness of Real Numbers

Theorem C.1 (Completeness Theorem for Sequences). If a sequence of real
numbers {a,} C R is monotone and bounded, then it converges.

Theorem C.2 (Completeness Theorem for Sets). If a set of real numbers
S C R is bounded, then its supremum and infimum exist.
C.2 Compactness

Definition C.3. A subset S in R" is called compact if any sequence {a,} C
S has a convergent subsequence {ay,} with limit point in S.

Theorem C.4 (Heine-Borel). A subset S in R™ is compact if and only if
it is closed and bounded.

Theorem C.5 (Bolzano-Weierstrass). Any bounded sequence in R™ has a
convergent subsequence.

Using Theorems above and proof by contradiction, we can show
Theorem C.6. A continuous function f(x) attains its maximum and min-
imum on a compact set in R™.

C.3 Cauchy Sequence

Definition C.7. A sequence {x;} C R" is Cauchy if

Ve > 0,3N,Vm,n > N, ||x, — x,|| < e.

225
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Theorem C.8. A sequence {xp} C R™ converges if and only if it is a
Cauchy sequence.

C.4 Infinite Series

o0
Theorem C.9. If > a, converges, then lim a, = 0.
n=0 n—oo

[e.e]
Theorem C.10. For a decreasing function f(x), > f(n) converges if and
n=1

only if [ f(z)dz is finite for some N > 0.
[e.e]
The theorem above implies > # converges and the Harmonic Sum
n=1

= +o0.

M2
S|=
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