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Abstract

We propose an unconstrained optimization method based on the well-known primal-
dual hybrid gradient (PDHG) algorithm. We first formulate the optimality condition of
the unconstrained optimization problem as a saddle point problem. We then compute
the minimizer by applying generalized primal-dual hybrid gradient algorithms. The-
oretically, we demonstrate the continuous-time limit of the proposed algorithm forms
a class of second-order differential equations, which contains and extends the heavy
ball ODEs and Hessian-driven damping dynamics. Following the Lyapunov analysis of
the ODE system, we prove the linear convergence of the algorithm for strongly convex
functions. Experimentally, we showcase the advantage of algorithms on several convex
and non-convex optimization problems by comparing the performance with other well-
known algorithms, such as Nesterov’s accelerated gradient methods. In particular, we
demonstrate that our algorithm is efficient in training two-layer and convolution neural
networks in supervised learning problems.

Keywords— Optimization; Primal-dual hybrid gradient algorithms; Primal-dual damping
dynamics

1 Introduction

Optimization is one of the essential building blocks in many applications, including scientific com-
puting and machine learning problems. One of the classical algorithms for unconstrained opti-
mization problems is the gradient descent method, which updates the state variable in the negative
gradient direction at each step |[Boyd and Vandenberghe, [2004]. Nowadays, accelerated gradient de-
scent methods have been widely studied. Typical examples include Nesterov’s accelerated gradient
method |Nesterov, |[1983|, Polyak’s heavy ball method [Polyakl 1964|, and Hessian-driven damping
methods |[Chen and Luo, 2019, |Attouch et al., 2019, 2020}, [2021].

On the other hand, some first-order methods are introduced to solve linear-constrained opti-
mization problems. Typical examples include the primal-dual hybrid gradient (PDHG) method
[Chambolle and Pockl 2011] and the alternating direction method of multipliers (ADMM) |[Boyd
et al., 2011, |Gabay and Mercier), |1976]. They are designed to solve an inf-sup saddle point type
problem, which updates the gradient descent direction for the minimization variable and applies the
gradient ascent direction for the maximization variable. Both PDHG and ADMM are designed for
solving optimization problems with affine constraints. |Ouyang et al.|[2015] proposed accelerated
linearized ADMM, which incorporates a multi-step acceleration scheme into linearized ADMM.
Recently, the PDHG method has been extended into solving nonlinear-constrained minimization
problems [Valkonen, 2014].



In this paper, we study a general class of accelerated first-order methods for unconstrained
optimization problems. We reformulate the original optimization problem into an inf-sup type
saddle point problem, whose saddle point solves the optimality condition. We then apply a lin-
earized preconditioned primal-dual hybrid gradient algorithm to compute the proposed saddle point
problem.

The main description of the algorithm is as follows. Consider the following inf-sup problem for
a C? strongly convex function f over R?

inf sup (Vf(z),p)— 5 lIp|* . (1.1)
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where p is a constructed “dual variable”, e > 0 is a constant, (-, -) is an Euclidean inner product, and
| - || is an Euclidean norm. We later prove that the solution to the saddle point problem gives
the global minimum of f. We propose a linearized preconditioned PDHG algorithm for solving the
above inf-sup problem:

P =p 4o A@V (") — ocA(" )P, (1.20)
pn+1 _ pn+1 4 w(pn+1 _ pn) ; (12b)
" =" —rCa™)p" T, (1.2¢)
where n = 1,2, --- is the iteration step, 7, o > 0 are stepsizes for the updates of «, p, respectively,

and w > 0 is a parameter. In the above algorithm, C(z") = B(z™)V?f(z"), where A(z") € R**¢,
and B(x") € R%*? act as preconditioners on the updates of p"*™' and x"*!, respectively. This
paper will only focus on the simple case where A(x) = Al for some constant A > 0. Although there
is a second-order term V?f(z™) in the update of "' (hidden in C(x™)), our algorithm is still
a first-order algorithm by choosing B(z™)V?f(z™) = C(z™) for some C that is easy to compute.
For example, we test that C = I is a very good choice in most of our numerical examples. See
empirical choices of parameters in our numerical sections.

Our method forms a class of ordinary differential equation systems in terms of (x,p) in the
continuous limit 7, ¢ — 0. We call it the primal-dual damping (PDD) dynamics. We show that
the PDD dynamics form a class of second-order ODEs, which contains and extends the inertia
Hessian-driven damping dynamics [Chen and Luo, 2019} |Attouch et al., |2019|. Theoretically, we
analyze the convergence property of PDD dynamics. If f is a quadratic function of @, with constant
A, B, the PDD dynamic satisfies a linear ODE system. Under suitable choices of parameters, we
obtain a similar convergence acceleration in heavy ball ODE |[Siegel, [2019]. Moreover, for general
nonlinear function f, we have the following informal theorem characterizing the convergence speed
of our algorithm:

Theorem 1.1 (Informal). Let f : R* — R be a C* strongly convex function. Let &* be the global
minimum of f and p* = 0. Then, the iteration (x",p™) produced by converges to the saddle
point (x*,p*) if T, o, are small enough. Moreover,
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where 1 = Ming Amin (V2 f(2)C(x)), C(x) = B(x)V2f(x), § > 0 depends on the initial condition,
and M > 0 depends on C(z)" (V> f(z)V f(x) + (V’f(2))*)C(z), T, 0, A, €, and w. The detailed
version is given in Theorem[3.10

Numerically, we test the algorithms in both convex and non-convex optimization problems. In
convex optimization, we demonstrate the fast convergence results of the proposed algorithm with
selected preconditioners, compared with the gradient descent method, Nesterov accelerated gradient
method, and Heavy ball damping method. This justifies the convergence analysis. We also test
our algorithm for several well-known non-convex optimization problems. Some examples, such as



the Rosenbrock and Ackley functions, demonstrate the potential advantage of our algorithms in
converging to the global minimizer. In particular, we compare our algorithms with the stochastic
gradient descent method, Adam, for training two-layer and convolutional neural network functions
in supervised learning problems. This showcases the potential advantage of the proposed methods
in terms of convergence speed and test accuracy.

PDHG has been widely used in linear-constrained optimization problems [Chambolle and Pock|
. Recently, applied the PDHG for nonlinearly constrained optimization prob-
lems. They proved the asymptotic convergence for the nonlinear coupling saddle point problems.
It is different from our PDHG algorithm for computing unconstrained optimizations. And we show
the linear convergence for a particular nonlinear coupling saddle point problem. Meanwhile, Nes-
terov accelerated gradient methods and Hessian damping algorithms can also be formulated in
both discrete-time updates and continuous-time second-order ODEs. [Wibisono et al| [2016] also
introduced the idea of Bregman Lagrangian to study a family of accelerated methods in continuous
time limit. It forms a nonlinear second-order ODE. Compared to them, the PDD algorithm induces
a generalized second-order ODE system, which contains both heavy ball ODE and
Hessian damping dynamics [Chen and Luo, [2019} [Attouch et all 2019} [2020| 2021]. For example,
when C =1, algorithm Eq. [[.2] can be viewed as the other time discretization of Hessian damping
dynamics [Chen and Luol [2019] [Attouch et all] [2019]. It provides a different update in discrete
time update. We only evaluate the gradient of f once, whereas Attouch’s algorithm [Attouch et al.
evaluates the gradient of f twice. In numerical experiments, we demonstrate that the pro-
posed algorithm outperforms Nesterov accelerated methods and Hessian-driven damping methods
in some non-convex optimization problems, including supervised learning problems for training
neural network functions.

Our work is also related to preconditioning, an important technique in numerical linear alge-
bra |Trefethen and Bau| [2022] and numerical PDEs |Rees| [2010| [Park et al., 2021]. In general,
preconditioning aims to reduce the condition number of some operators to improve convergence
speed. One famous example would be preconditioning gradient descent by the inverse of the Hes-
sian matrix, which gives rise to Newton’s method. In recent years, preconditioning techniques have
also been developed in training neural networks [Osher et al.| [2022], [Kingma and Bal[2014]. Adam
|[Kingma and Bay, 2014] is arguably one of the most popular optimizers in training deep neural
networks. It can also be viewed as a preconditioned algorithm using a diagonal preconditioner that
approximates the diagonal of the Fisher information matrix |[Pascanu and Bengio, [2013]. Shortly
after |Chambolle and Pock| [2011] developed PDHG for constrained optimization, the same authors
also studied preconditioned PDHG method |Pock and Chambolle) [2011], in which they developed a
simple diagonal preconditioner that can guarantee convergence without the need to compute step
sizes. proposed non-diagonal preconditioners for PDHG and showed close con-
nections between preconditioned PDHG and ADMM. studied the preconditioned
Nesterov’s accelerated gradient method and proved convergence in the induced norm.
introduced a preconditioned norm in the primal update of the PDHG method and improved
the step size restriction of the PDHG method.

Our paper is organized as follows. In Section [2] we provide some background and derivations
of our algorithm. We also provide the ODE formulations for our primal-dual damping dynamics.
In Section [3} we prove our main convergence results for the algorithm. In Section [4] we showcase
the advantage of our algorithm through several convex and non-convex examples. In particular,
we show that our algorithm can train neural networks and is competitive with commonly used
optimizers, such as SGD with Nesterov’s momentum and Adam. We conclude in Section [5| with
more discussions and future directions.

2 Primal-dual damping algorithms for optimizations

In this section, we first review PDHG algorithms for constrained optimization problems. We then
construct a saddle point problem for the unconstrained optimization problem and apply the precon-



ditioned PDHG algorithm to compute the proposed saddle point problem. We last derive an ODE
system, which takes the limit of stepsizes in the PDHG algorithm. It forms a second-order ODE,
which generalizes the Hessian-driven damping dynamics. We analyze the convergence properties of
the ODE system for quadratic optimization problems.

2.1 Review PDHG for constrained optimization

In (Chambolle and Pock| [2011], the following saddle point problem was considered:

i K G(z) - F* 2.1

min max(Kx,y) + G(z) — F7(y), (2.1)
where X and Y are two finite-dimensional real vector spaces equipped with inner product (-, -) and
norm || - || = (-,-)*/2. The map K : X — Y is a continuous linear operator. G : X — [0, +oc] and
F* :Y — [0,+00] are proper, convex, lower semi-continuous (l.s.c.) functions. F* is the convex
conjugate of a convex l.s.c. function F. It is straightforward to verify that is the primal-dual
formulation of the nonlinear primal problem

min F(Kz) + G(z) .

reX

Then the PDHG algorithm for saddle point problem 23] is given by

YT = (I +0dF) (Y + o Ki"), (2.2a)
" = (I +70G)  (a" + 7Ky, (2.2b)
="M fw@™ — 2, (2.2¢)

where (I+00F) ™" is the resolvent operator, which is defined the same way as the proximal operator

2
(I +70F) " (y) = argmin % + F(z)

= prox, p(y)

When w = 1, [Chambolle and Pockl [2011] proved convergence if 7o ||K||> < 1, where || - || is the
induced operator norm. It is worth noting that the convergence analysis requires that K is a linear
operator.

2.2 Saddle point problem for unconstrained optimization

We consider the problem of minimizing a C? strongly convex function f : R — R over R%. Instead
of directly solving for V f(x*) = 0, we consider the following saddle point problem:

inf sup (Vf(x),p), (2.3)

xR peRd
due to the following proposition.

Proposition 2.1. Let f : R? — R be a C? strongly convex function. Then the saddle point to
is the unique global minimum of f.

Proof. Directly differentiating [2.3] and setting the derivatives to 0 yields

V(@) =0,
V2f(x")p*=0.
By the strong convexity of f, we obtain that * is the unique global minimum and p* = 0. O



Recall that p* = 0 by the optimality condition. Thus we make the following change to our
saddle point formulation. We add a regularization term in [2:3}

inf sup (Vf(@).p) 3 pl” . (2.4)

zcRd pERd

where € > 0 is a constant. This regularization term further drives p to 0. Similar to Proposition
we have the following proposition

Proposition 2.2. Let f: RY — R be a C? strongly convex function. Then the saddle point to
is the unique global minimum of f.

Proof. Directly differentiating [2.4] and setting derivatives to 0 yields
Vf(@") =ep”,
Vi f(z")p" =0.

Since f is strongly convex, we have VZf(2*) > 0 and the second equation implies p* = 0. Then the
first equation implies V f(2*) = 0. Since f is strongly convex, we conclude that & is the unique
global minimum. O

2.3 PDHG for unconstrained optimization

We apply the scheme given by to the saddle point problem (set F = G = 0 and identify
K =V f(x) in[2.1). Thus,

_ lp— pn”ix(wn)—l

€
p"T =argmax (Vf(x"),p) — 3 Il 3 , (2.5a)
p o
P =w@" T —p") +p" (2.5b)
n| 2
T—x ey
2" =argmin  (Vf(x),p"™") + M , (2.5¢)

= 2T

where we have added symmetric positive definite matrices A ("), B(a™) € R4*?, as preconditioners
for updates of p, x, respectively. We also denote the norm ||h||?4_1 as hT A=h, where h € R%.

As mentioned, the convergence analysis of PDHG relies on the assumption that K is a linear
operator. So we can not apply the same convergence analysis to since V f(x) is not necessarily
linear in . By taking the optimality conditions of we find that p"*! and 2" *! solves

p" foeA(zM)p" T —p" — 0 A(x")V(x") =
B(x" )V’ f(x" ) ((1 + w)oA(x™)Vf(x") +p") + ("' — z")

0, (2.6a)
0, (2.6b)

where we substitute the update Eq. 2.5 into update Eq. 2-:6b

Note that the update for ™" in Eq. is implicit, unless V2 f(x) does not depend on x.
We also remark that the update for "+ in Eq. will be explicit if we perform a gradient step
instead of a proximal step in Eq. To be more precise, when B = I, the linearized version of

Eq. can be written as
" = prox, v s oy (@)

Taking a gradient step instead of proximal step yields
2"t =" — 7'V2f(ar:")f)ﬂ'*'1 (2.7)
For general choice of preconditioner B(x"), the linearized version of Eq. satisfies

2"t =" — 7'B(a:n)V%"(:z:")ifn"'1 =" — TC(Jcn)ﬁ'H'l.



Here we always denote a matrix function C, such that
C(z") := B(x")V>f(z").

For simplicity of presentation, we only consider the simple case where A(z™) = Al for some A > 0.
We now summarize the linearized update Eq. 2:6] into the following algorithm.

Algorithm 1 Linearized Primal-Dual Damping Algorithm

Require: Initial guesses 2 € R?, p° € RY; Stepsizes 7 > 0, o > 0; Parameters 4 > 0,
e>0,w>0,C 0.
while n =1,2,--- | not converge do
A .

anrl = 1+r176Apn + 1-&l—jasAvf(mn)’

Pt =p" Tt w(pttt - p");

w7z+1 =" — TC((L‘")ﬁ”J'_l;
end while

We note that Algorithm [1I] and update Eq. are different methods for solving saddle point
problem Eq.[2:3] In this paper, we focus on the computation and analysis of Algorithm [T}

2.4 PDD dynamics

An approach for analyzing optimization algorithms is by first studying the continuous limit of the
algorithm using ODEs [Su et al., 2015] |Siegel| 2019 |Attouch et al. [2019]. The advantage of doing
so is that ODEs provide insights into the convergence property of the algorithm.

We first reformulate the proposed algorithm Eq. into a first-order ODE system.

Proposition 2.3. As 7,0 — 0 and ow — v, both updates in[2.6 and Algorithm[] can be formulated
as a discrete-time update of the following ODE system.

p=A)Vf(z)-cA(z)p, (2.8a)
& =—C(z)(p+(A@)Vf(z) —cA(z)p)), (2.8b)

where C(x) = B(x)V2f(x) and the initial condition satisfies x(0) = x°, p(0) = p°. Suppose that
V f is Lispchitz continuous and each index in matriz A, C is continuous and bounded. Then, there
exists a unique solution for the ODE system Eq. A stationary state (x*,p*) of ODE system
Eq. [23 satisfies

Vf(x")=0, p"=0.

Proof. Rearranging Eq. and Eq. we have

PP A)VSG) - cAE e
mn+l mn n 2 n+1 n n 7n
- =—-B@" )V f(z")((1+w)cA(x")Vf(z") +p").

Taking the limit as 7,0 — 0 and ow — 7, we obtain
p=A)Vf(x)—eA(z)p,
&= —B(@)Vf(x)(p+7(A@@)V[(z) - cA(2)p)).

Similarly, the update in AlgorithmT]also converges to the ODE system Eq.[2.8] Clearly, a stationary
state satisfies p* =0, Vf(x*) = 0. O



Proposition 2.4 (Primal-dual damping second order ODE). The ODE system Eq. satisfies
the following second-order ODE

&+ [cA+~yCAV’f(z) - CC'|& + CAVf(z) =0. (2.9)
Here C = LC(x(t)).

The proof follows by direct calculations and can be found in Appendix [C] We note that the
formulation given by Eq. [2.] includes several important special cases in the literature. In a word,
we view Eq. 24 as a preconditioned accelerated gradient flow.

Example 2.1. Let C = A =1 and v # 0. Then equation Eq. 2.4 satisfies
&+ ex+yV2f(x)e + Vf(x) =0, (2.10)
which is an inertial system with Hessian-driven damping |Attouch et al.l [2020].

Remark 2.5. In the case of C = A =1, although the derived second order ODE Eq. is the same
as the one in [Attouch et al.|[2020] at a continuous time level, our algorithm [I| provides a different
time discretization from the one in [Attouch et al.| [2020].

Example 2.2. Let C = A =1, y(¢t) = 0. Then equation Eq. satisfies the heavy ball ODE
[Siegell |2019]
T+ex+Vf(x)=0. (2.11)

Example 2.3. Let C = A =1 ~() =0, et) = % Then equation Eq. satisfies the Nesterov
ODE |Su et al. [2015]:
.3
a:—&—zar:—l—Vf(:c):O. (2.12)
We next provide a convergence analysis of ODE Eq. 2:8] for quadratic optimization problems.

We demonstrate the importance of preconditioners in characterizing the convergence speed of ODE

Eq.

Theorem 2.6. Suppose f(x) = %mTQm for some symmetric positive definite matriz Q € R¥*?,
Assume A, B are constant matrices. In this case, equation Eq. satisfies the linear ODE system:

z\ (—YBQAQ -—-BQ(—~necA)\ (=

p) AQ —cA p)’
Suppose that A commutes with Q, such that AQ = QA. Suppose A and BQAQ are simultaneously
diagonalizable and have positive eigenvalues. Let p1 > ... > pn > 0 be the eigenvalues of BQAQ

and a; the i-th eigenvalue of A (not necessarily in descending order) in the same basis. Then
(a) The solution of ODE system [2.§ converges to (x*,p*) = (0,0):

[(@(®), ()] < l|(z0, po) | exp(at),

where 1
o =maxg [ — i —ea; + S‘E( (ypi +¢€)2 — 4;@)} .
(b) When A = I,e = 0, the optimal convergence rate is achieved at v* = B /NP

Vi (2u1—pn)
—VEn
1 7
V23—

(c) Moreover, when v =€ = 0, the system will not converge for any initial data (o, po) # (0,0).
(d) IfA=1,~< \/}TU e =2/ —yu for some p’ < pn, then

corresponding rate is o =

where kK = p1/pun > 1.




We defer the proof to Appendix

Remark 2.7. If w is bounded, then we have v = O(o). Then, in the limit as ¢ — 0, we also have
that v — 0. By Theorem (c), the ODE system does not converge for any initial data.

Remark 2.8. If y/ is an estimate of the smallest eigenvalue p,, then the convergence speed for
the solution of heavy ball ODE is exp(—+/¢/t). In Theorem ﬁ (d), if v = 0 and p' = pn, then
a = —,/fin which is the same as the convergence rate of the heavy ball ODE [Siegel, [2019]. However,
if v >0 and p' < pn, then we have a = —/p/ — y(un — p1') < —+/1/, which converges faster than
the heavy ball ODE.

3 Lyapunov Analysis

In this section, we present the main theoretical result of this paper. We provide the convergence
analysis for general objective functions in both continuous-time ODEs Eq. [2:8] and discrete-time
Algorithm [I} From now on, we make the following two assumptions for the convergence analysis.

Assumption 3.1. There exists two constants L > p > 0 such that ul < Co(x) < LI for all x,
where Co(x) = V> f(x)B(z)V?f(x), and pu < 1.

Assumption 3.2. There exists a constant L’ > 0 such that

C(z)" (V2 f(x)Vf(x)+ (Vf(z)?)C(x) 2 L' (3.1)

for all &, where C(x) = B(x)V?f(x).

3.1 Continuous time Lyapunov analysis

In this subsection, we establish convergence results of the ODE system Eq. [2:8]

Theorem 3.3. Consider the ODE system Eq. with an initial condition (2(0),p(0)) € R,
Define the functional

1
I(z,p) = g(HPH2 + Vi) (3:2)

Suppose Assumption[5]] holds, we have

I(=(t), p(t)) < Z(x(0),p(0)) exp(—2At) , (3:3)
where

. 1 1
A = min {WA —5lA—u(l —eyA)|, LyA = S|A - L(1 — eyA)],
cA - %\A—p(l — ey A)|,eA - %|A— L(1 - ey4)]}

In particular, when v = i,s =1,A= %, then A = &.

Proof. 1t is straightforward to compute the following

O = i) + (VS V)

=-VfT'CoyAVf —p"cAp+ V[T (A~ Co(1-eyA))p (3.4)

We shall find A such that % +2AZ < 0. Then we obtain the exponential convergence by Gronwall’s
inequality, i.e.,
Z(z(t),p(t)) < Z((0), p(0)) exp(=2At) .



We can compute

de+2)\I:VfT(—CO’yA+/\]I)Vf+pT(—sA+)\]I)p

dt
+ V(A - Co(I-evA))p. (3.5)

By Lemma we obtain the following sufficient conditions for % +2)\7 <0

1
—cA+ A+ 5\&(1 —evA)— Al <0 (3.6a)
1
A—=&vA+ 5\&(1 —eyA)— Al <0 (3.6b)
where & () is the eigenvalue of Co(x). By our assumptions, we have L > &1 (x) > ... > &n(x) > 1
Eq. give two upper bounds on A. Define gi(§) = eA + $|¢(1 — eyA) — A|, and g2(§) = &vA —
1[£(1 — evA) — Al on the interval [, L]. Then Eq. implies that
A<g;(&), (3.7)
foralli =1,...,n and j = 1,2. Since each g;(§) is a piece-wise linear in £, it is not hard to see
that
min _g;(§) = min{g;(n), 9;(L)},
€€lp, L]
for j = 1,2. This proves the formula for . When A = %, we have g1 (i) = g1(L), and
w(l—eyA)—A=—-L(1—eyA)+ A.
Further, requiring g1 (u) = g2(u) yields € = py. And we obtain
1
A=pyA = SlA-pl - eyA)|
1
= A = 5 (A= p(l —eva))
.y Ll 1
=5 A= 57v = 3)
w A 2
B2 — 12 :
5~ (m—1) (3.8)
We note that A is maximized when taking v = p . We obtain A = g,
O

3.2 Discrete time Lyapunov analysis

In this subsection, we study the convergence criterion for the discretized linearized PDHG flow
given by Eq.[I-2) and Algorithm [T}

From now on, we assume that f is a C* strongly convex function.

We can rewrite the iterations as

1 oA
n+l n n
P T 1 sea? + 1+0eA vi@"), (3.92)
+1 _ _ 2
" =z —7tB(x")V° f(x )(1+05Ap + 1+U€AVf(.7: )) , (3.9b)
where v = ow. We define the following notations which will be used later.
w_ 1 (B@)Vf(a")(cA+yA) B(a")Vf(a")(1—=vA)
N@") = 1+o0eA ( —ZA ZeA ’ (3.10)



@) s (VI 0) N@n)

Remark 3.4. The matrix N (") and H (") also depends on the 7, 0, A, € and w.

Define the Lyapunov functional in discrete time as
n n 1 ny 12 1 n |2
(", p") = SV L") + 51"

Theorem 3.5. Suppose that there exists positive constants A, M1 € Ry, such that
H(z) = L,
N(z)"V’Z(z,p)N(z) < Mil,
for all x,& € R™. If 7 = a2 for some a € (0,2), then the functional Z(x™,p"™) decreases geomet-

M
rically, i.e.
A2

nopny < 0o 0 2 n .
T(@",p") < T ") (14 (0 ~ 20) ) )
Proof. Tt follows from our definition of N (z™) that
"t — a:") <Vf(m")>
) ) = —rN(@" A 3.11
(e @) (Y .11

By the mean-value theorem, we obtain
I(z"",p"") ~ I(",p")
N n n n\ T n n
~(at) Grasi)+3 G 25) Tren (e 230)
where (&, p) is in between ("™, p"*!) and (z™,p™). And
VaI(z",p") =V f(a")Vf(z"),
VpI(z",p")=p",

Then using Eq. and definition of H (™), we obtain

2\ p p"
() e ()
+ T; (VJ;ET?’“)) ' N(z")'V*Z(z, p)N(z") (pr(fn)> : (3.12)
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From Eq. and our assumption on N (z) and H (x), we obtain
2

T°M; n o
5 )" p")

My A, ¥

2
> (= 3p) M2
2

2M,

I(wn+1’pn+1) _I(wn’pn) S (—T)\+

)Z(z",p")

= (a® — 2a) I(x",p"), (3.13)

where we used 7 = aﬁ. Hence,

A2 A2
n+1 n+1 n n 2 0 0 2 n+1
Z(@"",p"") < (", p") (14 (" — 20) 577) S Z(a", p) (L + (a” —2a) 5=)™"

When 0 < a < 2, we have a® — 2a < 0. Thus we obtain the desired convergence result. O

Theorem 3.6. Let f: R* - R be a C* strongly convex function. Suppose (x°,p°) satisfies

(@’ p") P <

= Tl IN(@)[E o

for some 6§ > 0 and all . Here

Do = sup

p
z,p,x’,p’ '
pl

Suppose further that there exists positive constants A\, Ma € Ry such that

H(z) = M,
N(z)"V*Z(x,p)N(x) < Ml

forallxe e R™. If 7 = aﬁ for some a € (0,2), then the functional Z(x™,p"™) decreases geomet-
rically, i.e.
a’—2a \? )n

2 Mx+467

Remark 3.7. Note that the constant M> in Theorem can be better than the constant M; in
Theorem 3.5 because N and V2T are evaluated at the same @« in Theorem [3.6]

Z(z™,p") < I(a:o,po) (1 +

Proof. We will prove it by induction. Using the mean-value theorem, we have

Z(z"",p"") — (2", p")
va(a}n pn))T (mn+l o mn) 1 (mn+1 o wn)T 5 n n (mn+1 o mn)

= n, n n n + 5 n n VI(x ) n n
<Vp1(w p")) \p" -p 2 \p"' —p @2 (prtt

1 [Tt _ a:n)T ( o (mn+1 _ mn)) (wn+1 . wn)
+ = n n v 7z mn’ " n n n n ) 3.15
6(p+1—p ( p") p"t —p p"t —p ( )
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where (£",p") is in between (2", p" ") and (2", p™). By Eq.[3.15|and Eq. [3 we can bound

( > N(a:O)TVQI(w°7P°>N(“J'O)<
N 3 (Vf(gvo))T (DO”N(mO) 3 (VJ;(SEO)) 2) (VJ;(E;EO))

. (Vf(;‘))) H") (Vﬂgc“))

p

~

) v
Dol|N () 2 (o, po)/2 ( /(@)
) (%)

p
e

P
() Netyreet pne (Y1)

L) C5)

where the last inequality is by our assumption on (mo,pO). Using our assumptions on the lower
bound of H and the upper bound of N7 . V2Z . N, we obtain

( 26 T2M2

I(z',p') — Z(z°, p°) < —T/\+7+ )Z(x’, p°)

7I(w07p0) , (3.17)

where we used 7 = a7~ for some a € (0,2). Hence,

Mo +6

a’>—2a M2 )
2 My+6§"

I(ml,pl) < I(mo,po)(l +
This proves the base case. Now suppose it holds that

a’> —2a A?

LIPS AP 0o, 0 n
I(a"p") < 2. p") (1 + S5 )

12



for some n > 1. In particular, this implies that
I(z",p") < Z(z’,p°),

which yields ) ]
7Do|| N (@)|3Z(=", p")"/* < 7Do|| N (@)[3Z(=°, p°)"/* < 6.
Then, repeating the derivation of Eq. and Eq. yields
a’—2a A\ )
2 Mo+ 6 ’

(™ p" ") < (2", p")(1+

Combining with our induction hypothesis, we conclude that

a®—2a N? )n+1

I n+1 n+1 <I 0 01
(@ p") < I(2",p") (1 + — YA

The proof is complete by induction. O

Corollary 3.8. Suppose Assumption and Assumption hold. When o =7, v = 1=2 ¢ =

o
_ p+L
1, A= ST Giriyey We have

I
= ZIL
H(x) = 4]1
Proof. By definition of H, we can compute
. _ Co(x)(cA+~vA) 1C(x)(1 —evA) — InA
(1+o24) - H(z) = (%Co(w)(l —evd) - 1gA neA :

where n = o/7 = 1, Co(x) = V> f(x)B(x)V?f(x). We want to find some constant A > 0, such

that )
(Z) H(z) (fu) > (2] + ).

(Z)TH<w> (j,) — (121 + [w]?)

=2"(Co(y+0)A/(1 + oeA) = N)z +w" (eA/(1 + 0cA) — N)w
+ 2" (= A+ Co(I — evA))w/(1 + geA), (3.18)

Observe that

which is almost the same as Eq. [3.5] Thus, following a similar procedure in Theorem [3.3| with the
provided parameters, we obtain that

Ao
1+ 42
1+0A

f p
A>E >k
-2 — 4

This implies

H(z) =

N3

I. (3.19)

O

Corollary 3.9. Let f : R — R be a C* strongly convex function. Suppose Assumption and

As(sz)tmptian hold. If o =7, v= 1_:“,5 =1,A= %, we have
1

max{L,1} - (A(U +2y+2)+ 1)
(1+0A)

[N (@)]]2 <

13



(2)
(3+ A+ 2A4)?

N(2)"V?*Z(z,p)N(z) < 1+ 0A)2

~max{L’,1} - T.
Proof. We can decompose
(1+0A)- N(z) = (B(-"U)V f (@) 0) ((U+’Y)A (I- ’YA)) ’

0 I —-A A
Observe that

(T2 )= )6 8) 6 o)

|22 )AL )

((a + )1 f'y]l) 41
—1 L/,
<A(c+2y+2)+1. (3.20)

Therefore,

<4

To get the last inequality, we consider (z,w) such that ||z||* 4 ||w||* = 1. Thus

| D)L=
(&)

<o+2y+2.

<0

Tz —wl + [z - w]

We now have
(1+0A)|N(x H( (@) g) ((UtX)A (H—AVA)>

< max{L, 1} . (A(U +2y+2)+ 1) .

2

This proves part (1) of our Corollary. It follows that
N(z)"V*Z(x, p)N ()

_ 1 ((a+w)A fA),(C(w)T(VSf(w)Vf(w)+(V2f(w))2)0(w) 0)
(1+oAZ \(I-74) A 0 I

(le+mA (I-~A)
( ).

“ i (3.21)

where we recall C(x) = B(z)V>f(x).
By assumption, there exists L’ > 0, such that
C(z)" (Vf(2)Vf(z)+ (Vf(2)*)Clz) < LT,
for all &. Then, combining Eq. and Eq. [3.20] we obtain that
Ao +2v+2) +1)°
T2 < (
IN@)" VI PN @) < = o

< (B+0A+24)%
= (1+0A)?

where we have used vA < 1 to derive the last inequality. O

max{L’, 1}

max{L’, 1}, (3.22)
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Theorem 3.10 (Restatement of Theorem. Suppose Assumption and Assumption hold.

Leto=71,~v= 17:”,5 =1,A= % And suppose holds for some § > 0 and all . If
1
T=1 6+36m§x{L’,1}’ then
2
Z(z™,p") < I(a:o,po)(l — M—/?)Q)n .

0 + 36max{L’,1}

Proof. By Assumption and Assumption we have y < L < L'. Thus p/L' <land o =7 <
1/36. Moreover,

1 1 35
7:;—021—%:%.
And
__ kL 1 _36
2+ (u+L)ey ~ v~ 35
Then it follows
%§3+UA+2A<6.

By Corollary [3:9] we have
[N (2)" V?Z(x, p) N ()| < 36 max{L’,1}.

Combining this with Theorem [3.6] and Corollary [3.8] we finish the proof.
O

Remark 3.11. The choice of parameters in Theorem [3.10] may not be optimal. The main purpose
of Theorem [3:10] is to show the existence of geometric convergence in Algorithm [I}

4 Numerical experiment

We test our PDD algorithm using several convex and non-convex functions and compare the results
with other commonly used optimizers, such as gradient descent, Nesterov’s accelerated gradient
(NAG), IGAHD (inertial gradient algorithm with Hessian damping) |[Attouch et all 2020|, and
IGAHD-SC (inertial gradient algorithm with Hessian damping for strongly convex functions) |At-
touch et al.| |2020].

4.1 Summary of algorithms

For reference, we write down the iterations of gradient descent, NAG, IGAHD-SC, and IGAHD for
better comparison.

Gradient descent:
wn+l — .’13” _ ngvf(wn) ,

where 7,4 > 0 is a stepsize.
NAG:

Yy = 2" V"),
" =y Baaa (Y — YY),

where Thag > 0 is a stepsize, and Pnag > 0 is a parameter.
IGAHD: Suppose Vf is Li-Lipschitz.

M Tatt _
Y =" (e 2" - BOER(V ) - Vi) - DYy e

wn+1 _ yn _ Tattvf(yn) )
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Here o, =1 — = for some a > 3. BD needs to satisfy

0<8M < 2y/Tare -

And 7.t > 0 is a stepsize, which needs to satisfy
Tatt < —
att > Ll

Remark 4.1. As mentioned earlier, in each iteration of IGAHD, V f() is evaluated twice: at ™ and
at y". This differs from one gradient evaluation in gradient descent, NAG, and our method Eq.
Chen and Luo| [2021] proposed a slightly different algorithm from IGAHD that only requires one
gradient evaluation in each iteration.

IGHD-SC: Suppose f is mq-strongly convex and V f is Li-Lipschitz.

1 — /Mm1Tatt _ ,6( )\ /Tate _ Tatt
n+1 n n n—1 n n—1 n
xr =r +— (T —x —Vf(x -V f(x .
T Ty e (V@) =V (") fla")

Here 8 and L; need to satisfy

N
6(2) < L I < mln{ 7 2Tatt + Tan } (4.1)
Vi 86<2) 28@my +

V Tatt

4.2 regularized log-sum-exp

Consider the regularized log-sum-exp function

- 1
= log (Z exp(q?:z:)) + inQa:,
i=1

where n = 100, Q = QT > 0 and g7 is the ith row of Q. Q is chosen to be diagonally dominant, i.e.
Qii > >, |Qi ;|- In this case, we may choose the diagonal preconditioner C(z) = (diag(Q)) ~
We compare the performance of gradient descent, preconditioned gradient descent, PDD with
C(x) = I, PDD with diagonal preconditioner, NAG, and IGAHD-SC (inertial gradient algorithm
with Hessian damping for strongly convex functions) by |Attouch et al.|[2020] methods for minimiz-
ing f. The stepsize of gradient descent is determined by 7gq = ﬁ, where A1 and )\, are the
maximum and minimum eigenvalues of Q, respectively For a pure quadratic objective function,
2T Qx, the optimal stepsize of gradient descent is e +A However, since our objective function
also contains a log-sum-exp term, we slightly change the stepsize. Otherwise, gradient descent
will not converge. Similarly, when deciding the parameters for NAG, we choose Thag = 4

30%A1+Apn
and Bnag = \/7?':/1 Tr2 where " = 10A\1 /A, which is slightly smaller than the optimal parameters

of NAG for a purely quadratic function to guarantee convergence. For PDD with C(x) = I, we

choose Tpad = Opdd = e =1, A =10, w = 1. For PDD with diagonal preconditioner

C(x) = (diag(Q))_l, we choose Tpad = 0paa = 0.5, ¢ = 1, A =1, w = 1. We use the same
C(z) = (diag(Q))71 as a preconditioner for gradient descent. The stepsize for preconditioned
gradient descent is chosen to be the same as 7,94 = 0.5. For IGAHD-SC (‘att’), we need m; as
the smallest eigenvalue of V2 f (). In this example, we may estimate m; as the smallest eigenvalue
of Q. And Tatt = 0.0016 via grid search. 5(2) in IGAHD-SC is found by solving (see Theorem 11
Eq. (26) of |Attouch et al.| [2020])

Vvm1 vm1
vmi 2Tatt V/Tatt

862 28(2)

Tatt
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5 s-40{ %
3 3 — nag
—0| — pdd
— att
0 2 4 6 0 1 2 3 4
log(t) log(t)
(a) Regularized log-sum-exp (b) Qudratic minus cosine

Figure 1: Comparison of gradient descent, NAG, PDD, and IGAHD-SC (we use ‘att’ as a
shorthand for this method) on minimizing (a) the regularized log-sum-exp function and (b)
the quadratic minus cosine function. The y-axis represents the 2-norm of the gradient of the
objective function on a logarithmic scale. The x-axis represents the number of iterations on
a logarithmic scale.

which gives

6(2) . \/Tatt + Tater/m1/2 (4.2)
T 4+ 8/ y/Tatt — 2MTatt | '

The initial condition is 2° = np.ones(n) * 0.1. The result is presented in Fig.

4.3 Quadratic minus cosine function

Consider the function

f(@) = |lz||* = cos(c @),
where ¢ is a vector in R' with ||c||* = 1.9. Then a direct calculation shows that 0.11 < V?f(x) <
3.91 for any x. This allows us to choose the optimal stepsize for gradient descent and NAG. When
minimizing f using gradient descent, we can choose 7zq = ﬁ = 0.5. Meanwhile, for NAG, we

may choose Thag = m, and = ﬁm’ where k = 3.9/0.1. For PDD with C(x) = I, we
choose Tpda = opaa = 0.5, e =1, A = 1, w = 1. For IGAHD-SC (‘att’), we choose m; = 0.1,
Tatt = 0.55 via grid search and 8® is given by Eq. The initial condition is ° = np.ones(n) * 5.

The result is presented in Fig.

4.4 Rosenbrock function
4.4.1 2-dimension

The 2-dimensional Rosenbrock function is defined as

fz,y) = (a— x)2 + by — :102)2

’

where a common choice of parameters is a = 1, b = 100. This is a non-convex function with a
global minimum of (z*,y*) = (a,a®). The global minimum is inside a long, narrow, parabolic-
shaped flat valley. To find the valley is trivial. To converge to the global minimum, however, is
difficult. We compare the performance of gradient descent, NAG, PDD with C(x) = I and IGAHD
(inertia gradient algorithm with Hessian damping) by |Attouch et al.[2020] when minimizing the
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gd
nag
pdd
att

log(|x — x*|2)

0 2 4 6 8
log(t)

(a) Convergence comparison (b) Optimization trajectories

Figure 2: Minimizing the Rosenbrock function with gradient descent, NAG, PDD with
C(z) =1 and IGAHD (‘att’). The left panel shows the convergence speed of each method.
The right panel shows the optimization trajectories of each method.

Rosenbrock function starting from (—3, —4). The stepsize of gradient descent is 7zq4 = 0.0002. The
stepsize of NAG is Thag = 0.0002, Snag = 0.9. The parameters of PDD are 7pqa = 0paa = 0.005,
€ =1, w =1, A=5. The stepsize of the PDD method is larger than 7zq and Tnag because gradient
descent and NAG do not allow larger stepsizes for convergence. For IGAHD (‘att’), we choose
Tatt = 0.00045, o = 3, 5(1> = \/m/lél. The convergence result and the optimization trajectories
are shown in Fig.

4.4.2 N-dimension

The N-dimensional coupled Rosenbrock function is defined as
N-1
f(x) = Z ((a—2i)® + b(ziz1 — 27)?),
i=1

where we choose a = 1 and b = 100 as in the 2-dimensioal case and we set N = 100. The global
minimum is at £* = (1,1,...,1). Using the same stepsizes as in the 2-dimensional case, we compare
the performance of the three algorithms starting from xo = (0,...,0). The stepsize of gradient
descent is 7zq = 0.001. The stepsize of NAG is Thag = 0.0008, 8 = 0.95. The parameters of PDD
are Tpdd = 0pdd = 0.01, ¢ = 0.5, w = 1, A = 5. The stepsize of the PDD method is larger than
Tgd and Tnag because gradient descent and NAG do not allow larger stepsizes for convergence. For
IGAHD (‘att’), we choose Tatt = 0.0002, v = 3, ﬁ“) = 2% 4/Tatt. The result is summarized in Fig.

4.5 Ackley function

We consider minimizing the two-dimensional Ackley function given by
f(z,y) = —20exp (— 0.24/0.5(x2 + y2)) — exp [0.5( cos(2mz) + cos(2my))] + e + 20,

which has many local minima. The unique global minimum is located at (z*,y*) = (0,0). We
compare the performance of gradient descent, NAG, PDD, and IGAHD (‘att’) for minimizing the
two-dimensional Ackley function starting from (xo,yo) = (2.5,4). The stepsize of gradient descent
is 7za = 0.002. The stepsize of NAG is Thag = 0.002, Bnag = 0.9. The parameters of PDD are
Tpdd = Opad = 0.002, e = 1, w =1, A = 1. For IGAHD (‘att’), we choose Tatt = 0.01, o = 3,
BY = 2% \/Tarr. The results are summarized in Fig.
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~ -301 pad
— att
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log(t)

Figure 3: Comparison of gradient descent, NAG, PDD with C(z) = I and IGAHD (‘att’)
on minimizing the 100-dimensional coupled Rosenbrock function. The y-axis represents the
distance between the current iterate and the global minimum on a logarithmic scale. The
x-axis represents the number of iterations on a logarithmic scale.

o 4
% 77
| — qad gd

X —101 9 nag
> —— hag pdd
L —15- pdd att

— att

0 2 4 6 8 : , ,

log(t) -1 0 1 2
(a) Convergence comparison (b) Optimization trajectories

Figure 4: Minimizing the Ackley function with gradient descent, NAG, PDD and IGAHD
(‘att’). The left panel shows the convergence speed of each method. The right panel shows
the optimization trajectories of each method.
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Algorithm | SGD NAG PDD Adam Att
train loss | 2.223 4+ 0.034 | 0.964 + 0.244 | 0.433 + 0.270 | 0.589 + 0.282 | 0.591 + 0.288
test acc 203 +83% | 71.24+94% | 85.4+104% | 79.1+11.3% | 80.8 £11.4 %

Table 1: Average training loss and test accuracy of different algorithms for MNIST hand-
written digit recognition over 60 random seeds.

—4— sgd % nag 3+ pdd —k adam —f att
1.0
* ———= o
2.0 0.8
1.5 0.6 1
1.01 0.4
0.5 1 0.2
0 100 200 300 400 500 600 0 100 200 300 400 500 600

Figure 5: Training a two-layer neural network with the MNIST data set using gradient
descent, NAG, PDD, Adam, and IGAHD (‘att’). The left panel shows the convergence
speed of training loss. The right panel shows the test accuracy of each method. The x-axis
represents the number of iterations in terms of mini-batches.

Remark 4.2. We remark that our algorithm has no stochasticity. It will not always converge to
the global minimum for non-convex functions in general. For example, it will not converge for the
Griewank, Drop-Wave, and Rastrigin functions.

4.6 Neural Networks training
4.6.1 MNIST with Two-layer neural network

We consider the classification problem using the MNIST handwritten digit data set with a two-layer
neural network. The neural network has an input layer of size 784 = 28 x 28, a hidden layer of
size 32 followed by another hidden layer of size 32, and an output layer of size 10. We use ReLLU
activation function across the layers, and the loss is evaluated using the cross-entropy loss. We use
a batch size of 200 for all the algorithms. The stepsize of gradient descent is 7,a = 0.001. The
stepsize of NAG is Tuag = 0.001, momentum = 0.9. The parameters of PDD are 1,44 = 0.001,
Opdd = 5, € = 0.005, w =1, A = 1. For IGAHD (‘att’), we choose Tatt = 0.001, @ = 3, B =0.01.
For Adam, we choose Tadam = 0.001, 81 = 0.9, 82 = 0.999.

4.6.2 CIFAR10 with CNN

We train a convolutional neural network using the CIFAR10 datasets with SGD, Nesterov, PDD,
Adam, and IGAHD (‘Att’). The architecture of the network is described as follows. The network
consists of two convolutional layers. The first convolutional layer has 32 output channels, and the
filter size is 3 x 3. The second convolutional layer has 64 output channels, and the filter size is
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—4— sgd 4 nag —* pdd —k adam I+ att

2.251 0.71
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0 200 400 600 800 0 200 400 600 800

Figure 6: Training loss (left panel) and test accuracy (right panel) of a convolutional neural
network on the CIFAR10 data set. The x-axis represents the number of iterations in terms
of mini-batches.

Algorithm | SGD NAG PDD Adam Att

train loss | 2.038 4+ 0.070 | 1.347 & 0.100 | 0.697 £ 0.077 | 0.927 + 0.128 | 0.879 £ 0.092

test acc 275 +£22% |51.2+07% | 70.3+05% |644+£27% | 66.8+0.6%

Table 2: Average training loss and test accuracy of different algorithms for CIFAR10 data
set over 60 random seeds.

4 x 4. Each convolutional layer is followed by a ReLU activation and then a 2 X 2 max-pooling
layer. Lastly, we have 3 fully connected layers of size (64 -4 - 4,120), (120, 84), and (84,10). The
loss is evaluated using the cross-entropy loss. The stepsize of gradient descent is 7gq = 0.01. The
stepsize of NAG is Tnag = 0.005, momentum = 0.9. The parameters of PDD are 1,44 = 0.005,
Opaa =5, € = 0.005, w = 1, A = 1. For IGAHD (‘att’), we choose Tat; = 0.005, a = 3, SV = 0.01.
For Adam, we choose Tadam = 0.005, 51 = 0.9, 82 = 0.999.

5 Discussion

This paper presents primal-dual hybrid gradient algorithms for solving unconstrained optimization
problems. We reformulate the optimality condition of the optimization problem as a saddle-point
problem and then compute the proposed saddle-point problem by a preconditioned PDHG method.
We present the geometric convergence analysis for the strongly convex objective functions. In
numerical experiments, we demonstrate that the proposed method works efficiently in non-convex
optimization problems, at least in some examples, such as Rosenbrock and Ackley functions. In
particular, it could efficiently train two-layer and convolution neural networks in supervised learning
problems.

So far, our convergence study is limited to strongly convex objective functions, not convex
ones. Meanwhile, the choice of preconditioners and stepsizes are independent of time. We also have
not discussed the optimal choices of parameters or general proximal operators in the updates of
algorithms. These generalized choices of functions, parameters, and their convergence properties
have been intensively studied in Nesterov accelerated gradient methods and Attouch’s Hessian-
driven damping methods. In future work, we shall explore the convergence property of PDHG
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methods for convex functions with time-dependent parameters. We also investigate the convergence
of similar algorithms in scientific computing problems of implicit time updates of partial differential
equations |Li et al.l 2022, [2023} [Liu et al.| [2023].
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Appendix A Matrix lemma

Lemma A.1. Let A, B,C € R" be real symmetric matrices that are simultaneously diagonalizable.

Then for any x,y € R"™, if

|Ac.il
2

|Ac.i]

2
for all i, where Aa,i, AB,i, Ac,i are the ith eigenvalues of A, B,C respectively in the same basis.

Then

Aayi + <0

AB,i + <0

2’ Az +y" By + 2 Cy <0,
for all x,y € R".
Proof. Let &,y € R". By our assumption, there exists @ unitary such that A, B, C are simulta-
neously diagonalizable by Q. Set & = Qx and y = Qy. Then we can compute

2’ Az +y' By + 2 Cy = Z Eihai 4GP + Eide,ili

i=1

<> FE (Aai+ %) + 572 (Api + 'A%)
=1

<0,

where the first inequality follows from azy < (2® + y?)|a|/2 for any a, 2,y € R. O

Appendix B Proof of Theorem 2.6

B.1 Part (a)
We have the following system of ODE:

(5) - (T5e B (7). (B.1)

Let us compute the eigenvalues of the above system. Let o be an eigenvalue, then « satisfies

det —vBQAQ — ol —BQI—~eA)\ _ 0
¢ AQ —cA—al )~
det((—yBQAQ — al)(—eA — o) + BQ(I — 7eA)AQ) =0
det (a2]1 + a(eA+vBQAQ) + veBQAQA + BQAQ — veBQAAQ) =0
det(@’I + a(¢A +vBQAQ) + BQAQ) =0.
The late equality is because A commutes with Q. We assume that A and BQAQ are simultane-
ously diagonalizable. Thus,
0=0+ alea; + ypi) + i,

—ga; — ypi + /(€ + ypi)® — dpa
5 .

o =

If v > 0 and € > 0, then the real part of the eigenvalues are negative, and the system will converge.
The convergence rate depends on the largest real part of the eigenvalues, which is

mzax%[— i — eai + R(V (ypi + €)% — 4pi)]
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B.2 Part (c)

When v = ¢ = 0, we see that « is purely imaginary. Thus solutions to Eq. will be oscillatory
and will not converge.

B.3 Part (b)
Let us define

(=74 R )

g(7) = max { . b

Essentially, we would like to find v* = argmin_, g(y). We then define
—v+R(/2 -4
v(p) := arg min m=n el /1)

; 2
2

NI
Observe that if ¥ > 2/,/n, then v — 4/u; > 0 for all 4. Thus

(= V)
/ |

9(7) = max

K3

For pu € [pin, pa] and v > 2/,/fin, one can check that the function p(—~+ /72 — 4/p) is increasing
in p by computing the partial derivative with respect to . Then we get

(=472 — 4/ ) > of
5 >

9(v) = 2/\im) = Vin(Ve = 1= V) = /i /2,

where kK = p1/pn > 1. The last approximation is valid for p1/p, > 1. This shows that v* < 2/, /i,
Similarly, if v < 2/./p1, then 4% — 4/p; < 0 for all 4. Thus

9(7) = max { =57}
_ THnY
2
> —% = 9(2/v/m).

This shows that v* > 2/,/u1. Combining with our previous observation, we get v* € [2/\/p1, 2/\/tn]-
Now let us fix some 7' € [2/\/f1,2/+/fin). Let j = inf{i : 1 < i < n,¥* —4/u; < 0}. By our
assumption on v, we know that 1 < j < n. Now for 1 < i < j — 1, we have

pi( =7 ARV = 4/w)) (= VA=A ) (= VAP = )
2 2 = 2 ‘

And for j < k < n, we have

(= + ROV =4 ) ey =g

2 2 - 2
It is thus clear that for 7' € [2//i1,2/\/fin],

(=7 +V1?—4/m) _Mn’}/}
2 ) ’

9(7') = max {2

25



It is straightforward to calculate that for v € [—2 2/ ], we have

VI \fin (201 —pn)
—pny o (= v+ VP — 4 m)
z 5 .

K

2
% N Nin
_ —HUnY H1 _ —VHn )
a(7) 5 2 g(\/un(2u1 = un)) \/2 —

And for v € [L), 2//tin] we have

VHn(2p1—pn
—HnY pr (= + /2 —4/m)
2 2 ’

This implies

() 2y
9(v) = 2 =l . |
\/,Un(QI“ — fin) \/ - %
This shows v* = \/%
B.4 Part (d)

Define A, (u,e) = (v + €)® — 4p. Also define g4 (p) = 2/ — ypu. Then for g > 0, we have
Ay (p,e) <0 if and only if e < g,(i). Note that g, (1) = % —~ >0 for u < py if y < 2. Then

N
Ay(p,e) <O0forall p <ppify< \/% and € < gy (pin). In particular, Ay (u,e) <0 for all p < pq if

e = g,(1") for some p’ < pn,. We have

1
a:miax§[—'ypi—8+§ﬁ( (Vpi + €)% — 4pi) |

— max £ [~y — €]
ml 3

1
= max o[ — yui — 2/ + ]

_ o (e — )
=~ - W it)

Appendix C Proof of Proposition

We directly compute

& =—-C((Il-veA)p+v1AV’f(z)x) — C((I — veA)p + YAV f(z))
= —C((I - veA)(AVf(z) — eAp) + YAV’ f(z)2)
— C((I—veA)p +~vAV f(z))
= —C|[(I-~eA)AVf(z) +cA(C™'& + AV f(z)) + YAV’ f(z)z] + CC'&
=-C[AVf(z) +cAC '& + yAV’f(z)&] + CC ' .
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