The Implicit Dual Newton Method:
Final Report

Chieh Lin Tzu-Ming Kuo
Machine Learning Department Language Technology Institute
Carnegie Mellon University Carnegie Mellon University
Pittsburgh, PA 15213 Pittsburgh, PA 15213
chiehll@cs.cmu.edu tzumingk@andrew.cmu.edu
Po-Wei Wang

Machine Learning Department
Carnegie Mellon University
Pittsburgh, PA 15213
poweiw@cs.cmu.edu

1 Introduction

Consider minimizing a general convex optimization problem

mini%lize f(x), subjectto gi(x) <0, Vi=1...m. (1)
xreR™

To solve this problem, we can apply the primal-dual interior point method, which approximates
the original objective f(x) and contraints g;(x) by second-order Taylor expansions, examines the
KKT condition of the approximation, and then solves the KKT system by Newton method. On the
other hand, we know that a dual problem corresponding to the prime problem exist. Assuming zero
duality gap, can we simply solve the primal-dual pair without approximation? Unfortunately, unlike
quadratic program or semi-definite program, there are no analytic dual problems for most convex
primal problems. This makes the optimization involving the dual problem harder. However, we
can show that, by implicit function theorem, there is a link between the primal and dual derivatives
(Dontchev and Rockafellar, 2009). We can actually derive the gradient and Hessian for the dual
problem from the proximal functions of f and g;, solving the dual optimization implicitly (Wang
et al.,[2016). This is called the implicit dual Newton method. In this project, we plan to apply the
implicit dual Newton method to different optimization problems, and think about the convergence
rate of the method when the proximal function is not solved exactly.

2 Implicit function theorem
Consider the dual of (),
L@, a) = fl@)+ 3 aigi(a). @)
i=1
The dual objective of (1)) can be written as
D(a) = m:gn L(z, ). 3)
While D(a) might not have an analytic form, minimizer x of need to satisfy the following

equality
VeL(x,a) = 0. )
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Figure 1: Illustration of the Lagrangian. The red curve corresponds to V, L(x, ) = 0.
See Figurefor illustration of the curve V,L(x, @) = 0. This means that  is actually a (general)

function of « in the dual problem. Thus, we can use the implicit function theorem to link the
derivatives between primal and dual variables. That is,

) ! ] ’
(ameL(w, a)) dx + (MVmL(x, a)) da = 0. ®)
This way, we can derive j—z and use the chain rule to find the derivatives of the dual objective (3).

This method can be further generalize to other implicit convex functions, for example the point-wise
maximum of convex functions, that have internal variables satisfying an equality like ().

To demonstrate the power of the implicit dual method, we consider the following applications.

3 Application: Epigraph Projection

The epigraph projection problem, which projects the pair of point « and function values v to the
epigraph set of the function epif(-), is a key ingredient in the operator splitting algorithms. It can
be cast to the following optimization problem,

min||(z,t) = (u,v)[*/2, st fl@) <t. (epi)

In particular, we can show that the problem is equivalent to the following dual problem
maxmin|[|(z,t) — (u,v)[*/2 + A(f(z) — 1), (6)
A>0 @t

which has only one variable \. However, because f(-) can be arbitrary convex function, the dual of

the epigraph projection problem cannot be expressed in an analytic form in general. For example,

consider the epigraph projection for the entropy function f(x) = >, ; log(x;), which is defined
on the probability simplex

A,={x>0 1"z=1, zcR"}. (7)
See Figure 2] for illustration. The optimization problem for the epigraph projection is
mitn I(x,t) — (w,v)|?/2, st axllog(x)<t, x;>0 Vi, 1Tz=1 (8)
x,
Deriving the dual epigraph projection problem of the entropy function f () requires solving an log-

linear equation similar to log(z) = z, which does not has an analytic solution. Now we show that
the implicit function theorem can be applied to solve the epigraph projection problem.

3.1 Implicit Dual Newton Method

If we fix the dual variable )\, we can observe that the solution of « is simply a proximal operator,

@ = prox, (u) = argmin ||z — w|*/2 + A f(x). )



Figure 2: Illustration of the entropy function on the probability simplex Aj.

Thus, x can be considered to be a “function” of the dual variable A, and we can applied the implicit
function theorem to obtain the derivatives between the primal and dual variables,

dz
o= U AV (@) 'V f (=), (10)
This way, we can derive the gradient and Hessian of the dual function implicitly as following.

dD(X\)  dL(xz()),t(A\), )

= 0 =flx)—v—2A (1D
2D\ df " d
dA(Q ) é (I + W%(m))‘% - (12)

With the derivatives, we can apply the Newton method on the dual epigraph projection problem. See
Algorithm [T] for details. The key for implicit dual Newton method to work in this case is that we
usually have an efficient proximal operator for the inner problem of (). In our experiment, we take

n
flx) = Z x;log x;, where x € the probability simplex A,,, (13)
i=1

and the inner problem of (6)) is equivalent to solving

n
3 — 2 . .
Inin |z — ul| /2+/\;xlloga:“ (14)
st. T'z=1, x>0. (15)

The proximal problem is easy to solve in parallel by Newton method if we do not have the constraint
1’z = 1. To solve this, we will apply the implicit function theorem again. The Lagrangian for the
proximal problem is

L(z,0,7) = ||l — u||*/2 + )\in logz; —0(1'x — 1) — ~'=. (16)
i=1
By inspection, z; = 0 is never reached, and all we need is to maintain the optimal condition:
VeL=2x—u+A1+logxz)—01=0. (17)
This means that & and 6 are implicit function, and
dCUi xZ;

a0~ TN (18)

To make x stay on 1’z = 1, we solve
min |172(0) — 1| (19)
by chain rule and do Newton method on (T4) without considering the equality constraint iteratively.

The proximal runs in O(n) and usually converges in 5 iterations to 107!°. The resulting implicit
dual Newton method usually converges in 10 iterations to 10719,



Algorithm 1 Implicit dual newton method for epigraph projection
A=1
while not yet converged do
T 1= prox, s (v);
DO — fla)— A= s
ddDA(ﬁ) =-Vf(z ) (I+AV2f(2) "'V (@) -
if |dD()‘ | < e then break;
A= max(0, A — dD(A) /dde/\gA) );
end while
return (prox, f(v),s+ A).

3.2 Barrier Method

Barrier method is another well-known way to solve (I). The inequality constraints are put into log
barrier functions so that the problem is transformed to the following unconstrained convex optimiza-
tion problem

min  Af(@) =) _log(gi(x)). (20)

The A is initially set to be a small number, and we iteratively solve (20) by Newton method and
increase A by a factor p until f(x) converges.

Consider the epigraph of the entropy function f(z) = >, ; log(x;) mentioned above.

The problem to be solved in each iteration of barrier method is

min  g(z,t) = M|(x,t) — (u,v)||*/2 — log(t — =’ log(x Zlog (x3) (21)
x,t

st. 1Tz =1.

The gradient and Hessian of g are, respectively,

M@ =) + = (los(a) + 1)
g(z,1) ( At =) = T oa@) -
VZg(m,t) = Ay1 + ! aa’ + ! diag(b) (23)
gl@,t) = Alpa (t _ 2T log(m))2 t—xT 108;(33) =
(24)
where a = (log(z1) +1,...,log(x,) +1,—1) and b = <:711’ T %",O).

We solve by Newton method, where Newton direction v is obtained by solving the following

linear system
Vg(x,t) 1 v Vg(x,t >
( 1(7 : U)(w) (17331))' (25)

3.3 Primal-Dual Interior Point Method

Like barrier method, primal-dual interior point method (Wright, |1997) can also be applied to solve
the epigraph projection problem. It is usually more efficient than barrier method. In primal-dual
interior point method we derive the Lagrangian of as follows

L(x,t, A\ ~,0) = %H(m — u)H2 + v)2 + )\(acT log(x) —t) + 0(1Tac -1) - ~Tx  (26)

2~
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Figure 3: Illustration of a 2-player matrix game. Player A controls strategy w and want the cost to
be minimized. Player B controls strategy v and want the cost to be maximized.

Where A, 6, and -y are the dual variables for the constraints zT log(x) < t, 1Tz =1,and z > 0
respectively. We can write the KKT conditions for both primal and dual problems as follows.

Val = (x —u) + ANlog(z) + 1) + 01 —~ 27
ViL=(t—v)— A (28)
A>0, v>0, >0, 1Txz=1 (29)
Mt -z log(z)) =7, vixi=7 Vi (30)
To satisfy all the KKT conditions, we need to make the residual 7(x, t, A, v, 8) to be zero, where
T dual x—u+ Aog(x)+A\1+601—~
Tdual,t (t - U) —A
T‘(.’I},t,)\,'}’,o) = Tcent,\ = T = )\(t—.’BT lOg(:B)) €2y
Tcent,~ (T - 'szz)z
T'prime, 0 1T$ -1

To zero out the residual, we take the first-order Taylor’s expansion
r(z + Az) = r(z) + Dr(z)Az =0, where z = (x,t, A\, 7, 0). (32)

We use Newton’s method with backtracking to solve Az for our update in each iteration.

4 Application: Convex-Concave Game

To demonstrate that the implicit dual Newton method can also be generalized beyond convex op-
timization, we consider the convex-concave matrix game, which is important in game theory. Let
A € R™*™ be the payoff matrix of a two-player game. In this game, one player controlling the
probability vector u € A,,, wishes to minimize the expected payoff, and the other player control-
ling v € A,, wishes to maximize the expected payoff. See Figure 3] for illustration. The matrix
game can be formalized as the following minimax optimization problem.

min max u' Av. (33)
UEA,, vEA,
To make the problem simpler, we add the entropy barrier and to create a more well-conditioned
problem

3 T — . .
urénAnm feli)i, u Av—p <logm + zi:v, 1og(vz)> . (34)

We can observe that the above problem is convex in « and concave in v. Further, the addition
term in the formulation (34) is indeed a entropy-barrier of the original problem (33). Because the
convex-concave matrix game is not simply a convex optimization problem, the usual tools in convex
optimization cannot be applied. However, we will show that the implicit dual Newton method still
works on this problem.



4.1 Implicit Dual Proximal Method

Thanks to the entropy barrier function, we can see that there is a closed-form solution for v given a
fixed u by inspecting:

exp(z;)

Zi exp(z;)’

This way, v in the minimax problem can be regarded as a function of u, and we can apply the
implicit function theorem to obtain the relation between the u and v,

V; =

where z = A'u/p. (35)

dv 1, . exp(z;)
— = —Ad = -
= 0 (ot eo
Let the objective function be f. The gradient of w with regard to the optimal v(u) is
_df du df
Vau Toax flu,v) = T (u,v(u)) + To do (u,v(u)) 37
1. exp(z;) > ,
= Av + —Adia, ( A'u — pu(1 4 logwv)) . (38)
A diae (S~ ( o gv))

Then we can apply projected gradient method on w.

4.2 Primal-Dual Interior Point Method

Primal-dual interior method can also be applied to convex-concave problems. We can derive the
Lagrangian and write the KKT conditions for both the primal and the dual problems. The Lagrangian

for is
L(v,u,y,2,0,\) =u' Av—plogm—pv’ log(v)+yv—axTu+0(1Tv—1)-A1Tu—1) (39)

Where y, «, 6, and ) are the dual variables for the constraints v > 0, u > 0, 1Ty =1,and 1Tu =1
respectively. We write the KKT conditions for both primal and dual problems as follows.

VoL = ATu — p(log(v) +1) +y + 6 (40)
Vol =Av —x — A 41
x>0, y>0, v>0, >0 1Tv=1 1Tu=1 (42)
Y, v, =T, TU =71 Vi 43)

Similar to section [3.3] we derive the following residual with regard to the primal and dual KKT
conditions:

Tdual,v ATU‘ - /J(lOg(’U) + 1) + Yy + 0

Tdual,u Av—x — )\

o | = T - @
Tprim, 0 1Ty —1

Tprim, A ].TU —1

Then we can derive the first-order Taylor expansion to annihilate the residual. We apply the New-
ton’s method with backtracking to solve this problem.

4.3 Accelerated Proximal Gradient Method

In addition to primal-dual interior point method, we can also apply the accelerated proximal gradient
method (Tsengl |2008) to solve the convex-concave matrix game. The method extends Nemirovski’s
prox-type method in (Nemirovski, [2004) to solve convex-concave problem as follows.



Algorithm 2 Accelerated Projected Gradient Method

Assume [y is L-Lipschitz continous
while not converges do
Choose v > 0, € R™, and v € R" satisfying

. o L o
uER™ ek {Zf(u,v;u,v) + %D(u,v; uk,vk)} > ly(w,v;u,v) 45)
Let w1, Vg1 attain the minimum in @3). k <+ k + 1.
end
Note that

lp(u,v;4,0) =] u v ] [ 1_4;2 ] +da,, (u) +0a, (v),

D(u,v;uy,vi) = Z (ui log u; — up; log ug; — (log s + 1) (u; — u;ﬂ)>
i=1

3

+ Z (vi log v; — vg; log vk — (log vk + 1) (v; — U]ﬂ‘)).
i=1
To choose appropriate @, U, and 7y, we simply let v, = 1 and u, ¥ to be the optimal solution of the
following problem, which admits a close form solution,

L
i l ; —D ; . 46
uGRI}:}}BER" { f('UJ,'U,'Ll;k;,'Uk;) + - (U,U,Uk,'l)k)} ( )
Replacing the probability simplex indicator functions da, (u) and da,, (v) to equality and inequality
constraints, we can derive the KKT conditions for @I), which leads to the optimal solution

u” x exp (%Ar"jv;c + log(uk)) ,
v* x exp (—%Auk + 1og(1jk)) .

For the cases where Lipschitz constant L is unknown beforehand, we can have a initial guess of L
and check if the solution of (@6) satisfies (@3). If not, we keep increasing L by a factor of 2 until the
solution of (@6) satisfies (@3)). In fact, the accelerated proximal gradient on matrix game is equivalent
to Korpelevich’s extragradient method (Korpelevich| (1976))) with a Bregman function.

5 Experiments

In the experiment, we compare the benchmark method on random-generated dataset. For the epi-
graph projection problem, we generate the u € R°% vector from a normalized uniform distribution,
and set the value of ¢ = 4 f (u) to make the initial (u, v) pair infeasible to the epigraph set (so that the
problem is non-trivial). For the matrix game problem, we generate the payoff matrix A € R>00x500
from uniform distribution of [—1, 1] plus some rank-one Bernoulli tensor. For epigraph projection
algorithm, we plot the function difference to the optimal value versus the iterations. For the convex-
concave game problem, we plot the absolute value to the optimal solution versus the iterations. Note
that the convex-concave game problem is a minimax problem. That is, the objective may not be
strictly decreasing.

For the epigraph projection, we can see that the implicit Newton method did converges faster than
the other method, possibly because we are able to get the proximal is cheap. For convex-concave
game, the implicit proximal gradient method converges slower than other second-order methods,
because it is only has first-order convergence.
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(a) Epigraph Projection (b) Convex-concave Game
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