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7.1 Last Time

Last class, we learnt about gradient descent. Given an unconstrained convex optimization problem: min f(x)
where f is convex and differentiable, dom(f) = R™, the gradient descent algorithm started by choosing an
initial point z(®) € R” and then took successive steps to move along the direction of the negative gradient
until convergence:

a® = gD 4, v f*FDY) k=1,2,3,...

We also learnt about “backtracking” which is a popular approach for selecting the step size. If Vf is
Lipschitz, we also saw that the gradient descent algorithm had a convergence rate (’)(%) While really simple
and intuitive, the gradient descent algorithm requires the objective f to be differentiable. This limits the
applicability of gradient descent. In this class we will study about subgradients, which is a generalization of
gradients and can be used when the objective is non-differentiable.

7.2 Subgradients

Subgradients are counterpart of gradients for non-differentiable functions. They are closely related to the
concept of convexity. Recall that a differentiable function f is said to be convex iff:

f) > f@)+ V@) (y—=) Vr,y € R"

In other words, a linear approximation always underestimates f. Subgradients are defined in a similar
manner.

Definition 7.1 A subgradient of a convex function f at a point x is any g € R™ such that:

fw) = fl@)+9"(y— =) vy

While gradients may not exist/be undefined for non-differentiable function, subgradients always exist. If
the function f is differentiable at the point x, then the subgradient ¢ is unique and g = Vf(x). This
definition works for non-convex functions also. However, subgradients sometimes may not exist for non-
convex functions.
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7.2.1 Examples of Subgradients:

Example 1: f(z) = |z|]. Wherever f is differentiable (i.e. x # 0), the subgradient is identical to the
gradient, sign(x). At the point = 0, anything in the range [1, 1] is a valid subgradient as any line passing
through x = 0 with a slope in this range will lower bound the function.

Example 2: f(z) = ||z||2. For z # 0, f is differentiable and the subgradient (also the gradient) is given
by g = m For x = 0, the subgradient is any vector whose 2 norm is at most 1. This holds because, by

definition, in order for g to be a subgradient of f we must have f(y) = ||y|l2 > f(z) + g7 (y — z) = g7y Vy.

In order for ||y||2 > g7y to hold, the only condition for g is ||g||]> < 1.

Example 3: f(z) = ||z|[1,2 € R™. Since ||z|]y = Y., |xi], we can consider each element g; of the
subgradient separately. The result is analogous to example 1. For x; = 0, g; = sign(x;). For z; = 0, g; is
any point in [1, 1].

Example 4: f(z) = max{fi(z), f2(x)}, where f; and f, are arbitrary convex and differentiable functions.
Here, we consider three cases. First, if fi(z) > fo(x), then f(z) = fi(x) and therefore the subgradient is
g = Vfi(z). Similarly, if fo(x) > fi(z), then f(z) = fo(x) and g = V fa(x). Finally, if fi(x) = f2(z), then
f may not be differentiable at  and anything on the line segment that joints V fi(z) and V fo(z) is a valid
subgradient.

7.3 Subdifferential

Definition 7.2 The subdifferential of a convex function f : R™ — R at some point x is the set of all
subgradients of f at x:
Of(x) ={g: g is a subgradient of f at x}

The subdifferential forms a closed and convex set. This holds even for non-convex functions. To verify this,
suppose we have two subgradients g1, go € (). We need to show that g = ag; + (1 — «)gs is also in df (x)
for arbitrary a € [0, 1]. Using the definition of subgradients, we can write the following inequalities:

f) > f@)+ 9] (y—z) Yy

f) > f(@)+ g3 (y—x) Yy

Now, multiplying the first with « and the second with 1 — « and adding them up leads to the result:

f) > f@)+agl(y—2)+ (1 —a)gs (y—z) = f(2) + 9" (y — x)

7.4 Connection to convex geometry

Consider the indicator function Io : R™ — R, defined on a convex set C"

0 ifeeC

]Ic(:t):]l(xEC):{oo ifrdC

For z € C, 9l¢(x) = Ne(x), the normal cone of C at x. Recall that the normal cone of C at x is defined as:

Ne(z) ={g eR": g"x > g"y for any y € C}
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This directly follows from the definition of subgradient:

Ie(y) > Io(x) + 9" (y—x) Yy

For y ¢ C, Io(y) = oo. For y € C, Io(y) = 0. This means 0 > g7 (y — z) which is the definition of the
normal cone.

The subgradients of indicator functions are important as any constrained coptimization problem Hli(Ijl f(z)
EAS

can be rewritten as min f(z) + I (z).
x

7.4.1 Subgradient Calculus

Subgradients for complex convex functions can be computed by knowing the subgradients for a basic set of
convex functions and then applying rules of subgradient calculus. Here are the set of rules:

Scaling: Jd(af) = adf

Addition: 9(f1 + fo) = 0f1 + 0f>

Affine composition: If g(z) = f(Ax) + b then dg(z) = ATOf(Azx +b).

Finite pointwise maximum: If f(x) = max f;(z) then df(z) = conv (Ui:fi(z):f(z) afz(x)>

i=1,....,m
Generalized pointwise maximum: If f(z) = max fs(x) then 0f(x) 2 ¢l (conv (Us:fs(z):f(z) 8f5(x)>)

L, Norm: f(x) = ||x||,. Let ¢ be such that % + % = 1, then, ||z||, = max].)|,<; 2" 2. By duality theory,

this leads to df(z) = argmax 27

l1=llg<1

T = ||9CHq

7.4.2 Why Subgradients?

Subgradients are important for two reasons. First, subgradients are useful for convex analysis - we can often
give the optimality characterization via subgradients, monotonicity, relationship to duality. Second, if one
can compute subgradients, then one can minimize (almost) any convex function.

7.4.2.1 Optimality condition

The optimality condition relates the minimizer of a function with the subgradient at the point. For any f
(convex or not),

f(@") = min f(z) <= 0€df(z)

In other words, if * is a minimizer if and only if 0 is a subgradient of f at x. This is called the subgradient
optimality condition. This is because g = 0 being a subgradient means that for all y

fly) = f@) + 0" (y —a) = f(z")
7.4.2.2 Derivation of first order optimality

Recall that for f convex and differentiable, the problem mig f(z)issolved at z iff Vf(z)T (y—x) >0 Vy € C.
rEe

In other words, the gradient increases as we move away from x. This can be seen by recasting the problem
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as min, f(z) + Iz (z). Now, from the subgradient optimality condition 0 € 9(f(z) + Io(x)). Also:

0 € d(f(x) +Ic(x)) 0€{Vf(x)}+Nc(x)
~Vf(x) € No(z)
~Vf(@) Tz >-Vf@)Ty VyeC

Vi@ ' (y—2)>0 el

1ot

Example 1 - Lasso optimality conditions: Consider the following lasso problem (y € R", X € R"*P):

1
in =||ly — X812+ A
érel%gblly Bl + Bl

where, A > 0. The subgradient optimality condition is:
1
0co(Gly-XBB+MBlh) = 0€-XT(y-X5)+ a3l
—= XT(y—-Xp)=X

for some v € 9|B||1. From Example 1 in Section 7.2.1,

1 if B; >0
v; =4 —1 Zfﬁz <0
[-1,1]  ifpi=0

Let Xi,..., X, be the columns of X. Then, the subgradient optimality condition is:

X (y— XB) = X sign(Bi) if Bi #0
(XT(y—XB) <A if B; =0

Note that this is not an expression for a lasso solution. However, it does provide a way to check lasso
optimality and to understand the lasso estimator: | X (y — X3)| < A, then, 8; = 0.

Example 2 - Soft Thresholding: Consider the simplfied lasso problem with X = I:

1 2
in = ||y — by
toin o ly = Bll2 + AllAIh

We can solve this problem directly using subgradient optimality. The solution is 8 = S\ (y), where S) is the
soft-thresholding operator:

Yi — A if yi > A
[Sx(y)]i =40 if =A<y <A
yi + A if y; < =X

Similar to the previous example, the subgradient optimality conditions are:

yi — Bi = X sign(B;) if Bi # 0
lyi — Bil <A if B =0

We can now plug in 8 = S\ (y) and check that these are satisfied:

e Wheny; >\, Bi =y, —A>0,s0y; —3; = A=Al
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e When y; < A, the argument is similar

e When |y;| < A, 5; =0, and |y; — 5| = |ys| < A

Example 3 - Distance to a Convex set: Now, we consider the distance function to a convex set C"

dist = mi —
ist(a,C) = min ly — o]

It is easy to see that this is a convex function. Let us now derive its subgradients. We can rewrite dist(z, C') =
||z — Po(z)||2, where Po(x) is the projection of z onto C. Then when dist(z, C') > 0:

x — Pe(x)

———— = Jdist(x,C
o= Pl (=.0)

Since there is only one element in the subgradient, this implies that dist(z,C) is indeed differentiable. We

will only show one direction, i.e:
x — Po(x)

|z = Po(z)]|2

Let u = Po(x). Then, by first-order optimality conditions for a projection:

€ ddist(x,C)

(u—2)(y—u)>0 VyeC
Hence,
CCH={y:(u—-x)"(y—u) >0}

Claim: for any y, ( v )
r—u) (y—u
|z — ull2

dist(y, C) >

Note that for y € H, the right-hand side is < 0. For y ¢ H, we have (x —u)T (y—u) = ||z —ul|2||y — u||2 cos(#)
where 6 is the angle between x — v and y — u. Thus:

(z —uw)"(y —u)

||$ . qu = Hy - UHQCOS(Q) = dZSt(y,H) S dZSt(y,C)

as desired.

Using the claim, we have for any y,

disty.c) > F-W W-—rtr—u
= ol
X u T
= o=+ (7o) -

T—u
[lz—ull2

Hence g = is a subgradient of dist(x,C) at .




