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1 Overview

In this lecture we focus on how to solve the optimization problem. Firstly we will introduce a
time-continuous method called gradient flow, and analyze its efficiency. Then we turn our sight
on a time-discrete method — gradient descent, and analyze the efficiency of gradient descent and
compare it with gradient flow.

The following lemma known as Gronwall lemma will be useful in our analysis

Lemma 1 (Gronwall lemma). For a time-continuous non-negative process (or a path, for short)
ug, suppose that iy < ayuy. Then we have

T
up < U exp </ atdt>.
0

Remark 1. The path w; satisfying u; = Au; is called a linear system. Its solution is up =
ug exp(AT). Tts discrete version is the sequence {uy}; oy satisfying

Uk1 — U = Auy,Vk € N.

Then uy = uo(1 + A)k . This means the exponential growth/decreasing rate.

2 Gradient Flow

Now we introduce the method called gradient flow to solve the optimization problem.



Definition 2 (gradient flow (GF)). For a function f € C*(R?), we define the gradient flow of f
with initial point & € RY as the solution to the initial value problem:

.%"t = —Vf(l't),l'() = Z.

Remark 2. By the chain rule,

d .
@) =V f(2e), ie) = —[IVf)|?* <o0.
This means f(z;) is not increasing.

Now we show that, the gradient flow will converge to the minimizer if f is strongly convex. The
following proposition shows strong convexity implies linear convergence rate.

Proposition 3. Suppose that the function f : R? — R is a C*(RY), u-strongly convex function.
Let x, = argmingcga f(z), x; be the gradient flow of f. For all € > 0, we have

lor — 24)ly < e,¥T > ptlog (M> .
g

Proof. Consider the function ¢ — ||z; — z.||3. Then, by the chain rule,

d ) d
EH:L} — 253 =2 <xt — Ty, dt:rt>
= —2(xy — x4, Vf(24))
= =2(w¢ — ., V(1) = Vf(24))
< =2l — .

where the last inequality holds from the strong convexity. Then by Lemma 1, it holds that

lor — 2412 < o — .3 exp (~2uT)

If f is not necessarily strongly convex, for f(x;) we also have the following approximation.

Proposition 4. Let f € CY(RY) be a convex function, (xt), be the gradient flow of f and x, =
argmingpa f(z) be the minimizer. Then,

2
Flor) < o)+ 102l

Proof. Since f is convex, by lower linear bound, we have

(Vf(x), & —z.) = f(x) = fl2)

which implies

d
illm = wls = =2 (m — 2, V()
< =2(f(me) — flzw)).



Integrating both sides, we obtain

T
WT—ﬁd?ﬁwmﬂM@S—QA fae) dt + 2T f (2s) < 2T(f(24) — f (7))

where the last inequality holds since f is not increasing. Rearranging terms, we conclude

- 2
flar) < fa) + 102l

O]

Remark 3. The above proposition illustrates a phenomenon that, when f is almost flat, although
the movement of x; is slow, since f is convex, f(zr) is near f(x,) in those regions. Thus we can
track f(z7) as an approximation of f(z.).

2.1 Polyak-Lojasiewicz condition

Surprisingly, when f is not necessarily convex, gradient flow might be efficient when f meets some
regular conditions.

Definition 5 (Polyak-Lojasiewicz condition). For a function f € C*(R?) (not necessarily convezx),
let fo =inf pa f(x). We say f satisfies the Polyak-Lojasivewicz (PL) condition with PL constant

u >0 af
SIVF@IP 2 w(f(@) - £2)

Remark 4. Note that, since - f(z;) = — ||V £ ()|, PL condition implies the linear convergence.
Also, it gives the message that, to get the rate of convergence, it suffices to lower bound ||V f(z)]|.
Then another strategy is picking a descent direction u

IV @)l = (Vf (), uf||ul]) -

Lemma 6. For a u-strongly convex function f, it also satisfies PL condition with wu.

Proof. Suppose f is p-strongly convex. Then we have
I
fy) = f@) + (Vf(2),y —2) + Sy — =]
This means

min, f(y) > min, { f(e) +(Vf(2), 0 =) + 5l — 2}

which is exactly the following inequality:

1 2
* > - v .
.2 fla) - 5 IV (@)
Rearranging the inequality we prove what we desire. O



3 Gradient Descent

Although the gradient flow is efficient (under some regular conditions), it is hard to implement it
since it is a time-continuous path. Now we introduce its discrete version — gradient descent.

Definition 7 (gradient descent (GD)). Given a function f € CY(RY), the gradient descent of f
with starting point T and a step size ) > 0 is the sequence {xy} o satisfying:

Tpg1 = 2 — NV f(21), 20 = T.

We compare the gradient descent with the gradient flow. For the gradient descent,

(k+1)n
Thyl = Tl — / V f(xy) dt.
kn

For the gradient flow,

(k+1)n

w(k+1)77 = Tgn — /k Vf(.%'t) dt.
n

Directly from the comparison, intuitively we observe that, if Vf doesn’t change too fast, then
GD =~ GF.

Definition 8. A function f € C'(R?) is said to be L-smooth for L > 0 if its gradient is L-Lipschitz,
i.e.,

IVf(@) = Vi)l < Lllz =yl Va,y € RY.
Remark 5. For L-smoothness, we have the reverse PL conditions, i.e.,
LIVF@I? < LU@) ~ £,
Lemma 9 (equivalent definitions). For a function f € C*(R?), the followings are equivalent:
(a) f is L-smooth.

) IV @I, < L.

(c) (Two-sided) f has upper quadratic bound, i.e., for all x,y € RY,
L 2 L 2
fly) € |f@) + (Vi(@)y —2) = Sllz = yl% fl@) +{Vf(z),y = 2) + Slle —yl7| -

Now we focus on the efficiency of the gradient descent.

Lemma 10 (descent lemma). For an L-smooth function f € CY(R?) (not necessarily convez), and
n <1/L, we have

Feee) < Flan) = 211V Flaw)]”



Proof. Since f is L-smooth, by the upper quadratic bound, we have
fra) < flan) +(Vf(@k), D1 — zn) + g”xk-&-l -y ?
= Jwn) =l F @I + 219 @)l
= fax) — (1= L9 f ) P
< Jex) = S IV @)

O]

Remark 6. Note that if we only want to make f(zj) not increasing, then 7 < 2/L is enough.
Additionally, this lemma might be meaningless in non-convex optimization because of the existence
of the EoS phenomenon.

The following corollary comes immediately from Lemma 10 by summing over both sides and rear-
ranging terms.

Corollary 11. Within %(f(mo) — f(zy)) iterations, GD with n < 1/L can find a point x with
IVf(2)]* <e.

Remark 7. For a p-strongly convex function f, since it also satisfies u-PL condition, then the
condition ||V f(z)||* < e implies f(zy) — fi < &/p.

Then for strongly convex functions, we have the following convergence rate.

Proposition 12. For a p-strongly conver, L-smooth function f € CY(RY), Let the minimizer
Ty = argming,cpa f(x) and n <1/L. Then we have

g, — 2 ]|* < (1= np)*||zo — 4.

Proof. By definition,
loksr = 2all® = llan — 09 () = 2.
= ok — 2> = 20 (Vf (2x), 2 — 22) + 2|V £ (o) I
< Nlow = 2> = 20 (Flae) = (@) + Sllaw = 2.”) + 02V (@)
< llow = 2> = 20 (Fl@e) = () + Sllan — @l ) + 202L(f (i) = £2)

where the first inequality comes from the lower linear bound, and the second inequality comes from
the reverse PL condition of L-smoothness. Rearranging terms, we obtain

|z = 2 < (L= mp)la — 2l|* = 20(1 = L) (f (2r) = f2) < (1= )l — 2],
U

Remark 8. Note that this bound is dimension-free. This bound is also tighter than the one deduced
from descent lemma with PL condition. Consider the function = — %HmHz This proposition means
we only need to choose a proper step size.



3.1 Convergence of gradient descent without strong convexity

Now we establish the convergence of gradient descent without strong convexity. Firstly we introduce
some basic lemmas.

Lemma 13 (law of cosines). For all z,y,z € R, it holds that

1 2 2 2
(z—zy—a) =5 (ly—al + 1z =l =y —=I).

Lemma 14 (basic mirror descent lemma). For a C' convex function f:R? = R, for all y € R?,

1
Flan) < Fw) + 50 (ly = 2l =y = el + llowsr = 2al).

Proof. By the lower linear bound, it holds that
fy) = flar) + (V) y — o)

1
= f(zg) + 5 (Tf — Tpy1,y — Tp)

1
= n) = 50 (ly = 2all* =y = 2|+ llown = 2l”)

Remark 9. When ||z, — xg4+1] is small and y = z,, the lemma shows

1
Fla) = fo 5 5 (e = 2l = s = 2 ?)
Namely, we lower bound the distance xr moves within one step by the suboptimality.

Now we establish the convergence rate.

Proposition 15. For an L-smooth C' convex function f : R* = R, choosen < 1/L. Then it holds
that

, lao —a.?

flor) < fla) + 02

Proof. By Lemma 14, choose y = x4,
1
Flan) < fe) & g (e =2l = o =zl + s = al).

Summing over from 0 to T — 1, we obtain

T—1 T—1
1
flzg) STf(ze) + o (H&?o —z)? = llor — 2P+ ok — mk\l2>

k=0 20 k=0
1 =

< Tf(xa) + — w0 — 24> + = Try1 — x|

(#2) 4 ggllro =l + 7 3 s =il
T-1

1 1
=Tf(@) + gollwo =@l + 30 > IV @)l
k=0

< Tf(e) + ;nnxo — 22+ (f(wo) — flar))



where the last inequality holds by Lemma 10. Then

1 T-1
flar) < 7 ) flaw)
k=0
< (@) + oo =+ (Fao) = for))
14+nL 9
< @) + Sl — |
2
< Jea + 02l

where the third inequality comes from f is L-smooth.
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