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Abstract

This note derives fundamental tools for analytically minimizing f(z) € R over a feasible set P defined by
inequality and equality constraints. Under certain conditions, a local optimum is a KKT point: a stationary point
of the Lagrangian where the gradient of f balances the gradients of the active constraints (18). The Lagrangian
is naturally motivated as an adversarial enforcement of the constraints (31). Switching the order of the players
leads to the simple yet elegant theory of duality, which allows us to guarantee the existence and optimality of a
KKT point for convex problems holding strong duality (Section 6). The convex theory extends to generalized
inequalities and can handle structured constraints such as positive-definiteness of a matrix (Section 7). More
generally, we may examine the geometry of feasible directions (Figure 1). Under mild requirements, most usefully
LICQ (i.e., active constraints have linearly independent gradients), feasible directions form a linear cone and
a theorem of the alternative forces every local optimum to satisfy the KKT conditions. Thus convex or not,
one can enumerate all KKT points to obtain 100% recall on globally optimal solutions. This allows us to easily
analyze nonconvex problems. For instance, we discover that a quadratic objective with mixed eigenvalues may
be full of saddle points (Lemma 4.4) but exactly solvable—one of the small miracles in optimization.

Cheatsheet for practitioners

e If f and the inequality constraints are convex; the equality constraints are affine; and either
— f and the inequality constraints are also affine (linear program), or
— The interior of P is not empty (aka. Slater’s condition);
then strong duality holds; any KKT point is a global minimum.

e Otherwise, first make sure that LICQ holds at all x € P so that all local minima are KKT points. Then
find all KKT points z; ...z, € P and select * = argmin; f(z;).
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Figure 1: Linearizing the tangent cone allows for a simple geometric view in which feasible directions must move
“away” from the active constraint gradients (annotation in Appendix A.1).

1 Feasible Directions
Any hypothesis space P C R? can be expressed with m inequality and r equality constraints:
P={ze RY: h(z) <0, I(2) = 0} (1)

We assume that P is nonempty, and that h;(z) € R and [;(z) € R are continuously differentiable. P is not
necessarily closed, e.g., P = {x eR: % > O} = (0,00). The set of feasible directions at = € P is given by

T(z) = {t € R?: 3¢ > 0 such that z +nt € P Vn € (0,¢)} (2)

(2) is also called the tangent cone.! Note that T'(x) is nontrivial only at boundary points where some contraint
is “active” since T'(z) = R? at interior points. We will write

I(z)={i:hi(x) =0} C{l...m}

to denote the active inequality constraints at x € P.

1.1 Linearized Tangent Cone

We may define a first-order approximation Tiipear(2) & T'(x), aka. the linearized tangent cone (Figure 1):
Tiinear () 1= {t €R?: Vhi(x) t<0 Viel(x) )\ Vi@)t=0 w} (3)
(3) is a necessary condition for feasible directions since the first-order term dominates lower-order terms. If the

constraints happen to be locally so simple that they can be completely specified by the first-order information, (3)
is also a sufficient condition. All omitted proofs are in Appendix E unless said otherwise.

Lemma 1.1. At any z € P, we have T(z) C Tiinear(2)-

Lemma 1.2. Let & € P and suppose that in a neighborhood of z: (1) h; is concave for all ¢ € I(z) and (2)
l; is affine for all j. Then Tiinear(x) C T'(z).

However, Tiinear(2) may contain spurious directions if the first-order information is not enough. The quickest way
to see this is when all active constraints have zero gradients. Then Tjiear(z) = R9, but a nonlinear constraint may
still influence directions. Consider the example

P={zeR: 2’ <0} = (—00,0]

1 “Tangent” because it characterizes the surrounding topology at x, and “cone” because if ¢t € T'(x) then at € T'(z) for any a > 0.



At x = 0 (i.e., the saddle point of the inequality constraint h(z) = 2?), it is clear that T'(0) = (—oo,0] by the
original definition (2). But since h’(0) = 0, we have Tiiear(0) = (—00,00).? Thus we at least need active constraint
gradients to be nonzero at boundary points. However, this may not be enough if there are multiple active constraints.
Consider the example

Z2

P={zeR?: 2,>0, 25 >0, 20— (1 — 1) <0}

P

Z1

At the boundary point x = (1,0), it is clear that T'(1,0) = {(x1,0) : 21 <0}. The two inequality constraints
ho(z) = —x9 and hz(z) = x3 — (1 — 21)3 are active with gradients Vha(x) = (0, —1) and Vhz(z) = (3(1 — z1)%,1).
Since Vha(1,0) = (0,—1) and Vh3(1,0) = (0,1), we have the wrong tangent cone Tjipear(1,0) = {(21,0) : 1 € R}.
Intuitively, the gradients fail to characterize the interaction between the active constraints (despite being nonzero)
because their directions are redundant. This motivates LICQ.

Definition 1.1. We say linear independence constraint qualification (LICQ) holds at = € P if all
active constraint gradients are linearly independent.

Note that LICQ requires the active constraint gradients to be nonzero. It also implies that the number of active
constraints is at most d. This turns out to be a sufficient condition for every ¢ € Tiipear(2) to be a genuine feasible
direction.

Lemma 1.3. If LICQ holds at « € P, then Tiipear(z) C T'(x).

The proof is fairly sophisticated and relies on the implicit function theorem. It is given in Appendix E.

Summary. The linearized tangent cone overestimates the tangent cone. It is exact if active constraints are simple
(concave for inequality, affine for equality) or have linearly independent gradients.

1.2 Secant Cone
We may define the secant cone as the directions from = € P to all feasible points, more formally
Tiecant(z) = {a(z’ —z) eR?: ' € P, a € (0,00)} (4)

(“secant” because two points cut through P). It is intuitively clear that T(x) C Tysecant() with equality if P is
convex. See the proof by picture (or read the footnote).?

T
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2As an exercise, we can “fix” this example by using higher-order information. Since h/(0) = h’/(0) = 0 and h’”(0) = 6, we have

h(0 + nt) = h(0) + @h”’(O) + o(n3) and obtain a correct third-order characterization Teupic(0) = {t € R: t3 < 0} = T(0).
31f t € T(x), ' = 2 +nt € P for some small enough n > 0, thus t = %(93' — ) € Tsecant(x). Conversely, if ¢t = a(z’ — ) € Tsecant (),

then z + nt = (1 — na)z + nax’ is the step result. If P is convex, this is in P for all n € (0, é)



Summary. The secant cone overestimates the tangent cone. It is exact if the feasible set is convex.

2 Minimization
Let f : R? — R be continuously differentiable on P (1). We think of f as “loss” and solve

f*=min f(z) (5)

zEP

A feasible point * € P achieving f* = f(z*) is called a global minimum of (5). Equivalently,

fl@r) < flz) VeeP (6)

x* does not necessarily exist even if f is bounded below. For instance, 22 > 0 is not minimized by any x € (0, c0)
(we can encode (0,00) by the inequality h(z) = —1 < 0). To handle this in the literature, authors often define

fr=1inf f(z)

z€P

which always exists under mild assumptions (P is nonempty and f is bounded below on P, a consequence of the
completeness of the real numbers), then say no x € P may achieve f*. However, since we are almost always
interested in actually finding a minimum, we will avoid this treatment and simply say z* does not exist.*

2.1 Local Minimum

We say x € P is a (one-sided) local minimum of f if there is some € > 0 such that for all € (0, ¢)

fl@+nt) =z fx) VteT(z) (7)

That is, in every feasible direction f is either locally constant or locally increasing. If f is locally increasing in every
t € T(x), we call x a strict local minimum. It is clear from (6) that a global minimum is a local minimum. We
think of f(x + nt) as applying progressively small local corrections on f(x):

flx+nt) = Z
k=1

where V¥ f(z).contract(t) € R is a k-th order polynomial of t+ € R? obtained by contracting the tensor V¥ f(z)

(e.g., Vf(z)"t for k =1). We write Ryq1(z +nt) = Yo, 717, Vif(z).contract(t) to denote the remainder after k
expansions.

x).contract(t) (8)

w‘d

Fact 2.1. If f is locally constant in t € T(z), then V* f(z).contract(t) = 0 for all k € N.

Fact 2.2. If f is locally increasing in t € T'(z), there is some k € N with V* f(x).contract(t) > 0 such that for all
sufficiently small nn > 0

flx+nt) = f(z)+ ' ka( ).contract(t) + Ri11(z + nt) (9)

k!

2.2 Optimality Test

We obtain a K-th order polynomial approximation of f(xz + nt) around z by cutting off (8) after the first K
expansions:

x).contract(t) (10)

w‘d

K
FE (@ +nt) = Z
k=1

4To guarantee the existence of 2*, we need stronger assumptions (e.g., if P is compact and f is continuous, we can invoke the extreme
value theorem).


https://en.wikipedia.org/wiki/Extreme_value_theorem
https://en.wikipedia.org/wiki/Extreme_value_theorem

IsLocalMin
Input: x € P, K e N
Output: YES if z is a strict local minimum of f, NO if z is not a local minimum of f, MAYBE otherwise

e Initialize T'(z) + T(x). For k=1... K
(

— If V¥ f(z).contract(t) < 0 for some t € T'(z), return NO.
— If V¥ f(z).contract(t) > 0 for all t € T'(x), return YES.
— Update T'(z) < {t € T'(z) : V¥ f(z).contract(t) = 0}.

e Return MAYBE.

Figure 2: An iterative algorithm for analyzing the local minimality of a feasible point z up to the K-th order
test. With T'(z) = R? and K = 2, the algorithm reduces to the familiar unconstrained optimality test where we
first check if = is stationary, then check the eigenvalues of V2f(x) (if all positive, a strict local minimum; if all
nonnegative, possibly a local minimum; if some negative, not a local minimum).

Lemma 2.3. A local minimum z € P of f is a local minimum of f(¥). More specifically,
e If f is locally constant in ¢t € T'(x), then f¥) is constant in ¢.

e If £ is locally increasing in ¢t € T'(x), then f5) is locally increasing in t.

The converse is not true because Fact 2.1 can only be used one way. If f(5) is locally constant in ¢t € T(z), it could
simply be that it does not have enough information rather than f being locally constant in ¢. If f “reveals” its true
local behavior in a higher order term as decreasing, not constant or increasing, x is not a local minimum.

Example 2.1. Let f(z) = 2% over € R. We have ) (z+a) = 234 3az?+3a%z with the remainder Rs(z+a) = a.
At z = 0, all expansion terms up to order K = 2 vanish, so f(0+a) = f*(0) = 0. In particular, f(?) is constant
in direction t = —1. However, f(0+nt) = —n® < 0 = f(0) for any n > 0, thus f is decreasing in t.

In contrast, Fact 2.2 can be used the other way and we have the following result.

Lemma 2.4. If f(5) is locally increasing in t € T'(z), then f is also locally increasing in ¢.

Corollary 2.5. If z is a strict local minimum of ) it is also a strict local minimum of f.

By Lemma 2.3, we can rule out € P from being a local minimum of f unless z is a local minimum of (%),
Checking the latter amounts to showing

K
k=1

for all small enough nn > 0. We can eliminate the dependence on 7 by progressively increasing K. When K =1,
(11) simplifies to

3

Tka(x).contract(t) >0 YteT(x) (11)

E'T‘

Vfx)"t>0 VteT(x) (first-order test) (12)

If T(z) = RY, it is equivalent to Vf(z) = 04 (i.e., = is stationary or critical). Since T(x) C Tsecant(7) (see (4)),
the following condition

Vi) (@' —2)>0 Va'eP (13)
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Figure 3: Minimizing f(x) = 21 + @2 (not strictly convex). On the nonconvex circle (left) it has a non-minimum
Zmax Passing the first-order test since the loss stays constant in feasible directions. Over the convex ball (right), it
fails the first-order test since it has a loss-reducing direction toward xyiy,.

implies (12). They are equivalent if P is convex (Section 1.2). If x fails the first-order test, it is definitely not a
local minimum. If it passes, we only need to check ¢ € T'(x) such that Vf(x) "t = 0 since f is locally increasing in
tif Vf(z)Tt > 0 (Lemma 2.4). For such directions, we have £ (z) = f(z) + éﬂva(x)t, thus (11) simplifies to
(with K = 2)

t'V2f(x)t >0 VteT(x): Vf(x)'t=0 (second-order test) (14)
If T(z) = R%, combined with the first-order test which ensures Vf(x) = 0g4, it is equivalent to V2f(x) = 0. We
continue until no feasible direction remains whose lower-order contractions vanish. At this point, every feasible

direction already yields a strictly positive leading derivative, thus  is a strict local minimum of f*) and must be
a strict local minimum of f. The verification algorithm is given in Figure 2.

2.2.1 Convex loss

If the loss f is convex and x € P passes the first-order test (i.e., V.f(x) "t > 0 for all t € T(z)), by the convexity of
f we have for all n > 0

fle+nt) > f(z) +nVf(z) 't > f(z) VteT(z) (15)

If f is strictly convex, the first inequality is strict and z is indeed a strict local minimum. Otherwise, it is possible
that f is just constant in all feasible directions ¢ € T'(x) unless the feasible set is also convex.

Lemma 2.6. If both f and P are convex, x € P is a global minimum iff it passes the first-order test.

Proof. One direction is given by the necessity of first-order optimality (i.e., if = is a global minimum, it has to
pass the first-order test). For the other direction, let 2’ € P be a different point with f(z’) < f(z) if there is any
(otherwise we are done). We will show that there is a decreasing feasible direction at 2/, thus it fails the first-order
test. Specifically, the direction is t = x — a’. To see feasibility, we note 2’ +nt = (1 —n)a’ +nx € P for all € [0, 1]
by the convexity of P. To see decreasing, we note

f@ +nt) = f(L=mn)a’+nz) < (1 =n)f@@) +nf(x) < f(z)
for all € (0, 1] by the convexity of f. O

See Figure 3 for an illustration. Since (13) and (12) are equivalent when P is convex, the lemma is often stated as:

,P
(f <c:o>nvex)

x* = argmin f(z) Vi) (x—2*)>0 VYzeP (16)

rEP

2.3 Local Maximum and Saddle Point

We may define a local maximum analogously. A point & € P that has both increasing and decreasing feasible
directions ¢,¢ € T'(x) is called a saddle point. In particular, if z is stationary and the Hessian has both postive
and negative eigenvalues, it is a saddle point. The different types of stationary points are illustrated in Figure 4.
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Figure 4: Optimality of f on various points over P € R (the blue interval). The superscript indicates if the minimum
or maximum can be identified by the first-order or the second-order test.

3 Lagrangian
Given a loss function f : R? — R over P = {z € R?: h(z) < 0, () =0, }, we first focus on identifying = € P
that passes the first-order test (12)

Vfx)'t>0 VteT(z)

upon which we may follow up with additional analysis (e.g., second-order test). Unless T'(z) = R?, we cannot just
hunt for € P that is stationary in f since it may pass the test with Vf(x) # 04. Instead, we define a helper
function L : R? x R™ x R” — R called the Lagrangian

L(x, p,\) := f(z) + p" hz) + AT I(x) (17)

Here, p € R™ and A € R" are called the Lagrangian multipliers corresponding to the m inequality and r equality
constraints.

3.1 KKT Conditions: Necessity

Definition 3.1. We say = € R? satisfies the KKT conditions if we can find p € R™ and A € R” such that
1. Primal feasibility: = € P
2. Dual feasibility: p > 0,,
3. Complementary slackness: p; = 0 whenever h;(z) <0

4. Stationarity: V,L(x,p,A) =04

Combined with primal feasibility, complementary slackness can be written in the product form: p;h;(z) = 0 for
each i = 1...m. Then the stationarity condition asserts that

Vi@ == Y piVhi(s) - AV (@) (18)
i€l (x) j=1

where I(z) = {i: hj(z) =0} C {1...m}. Geometrically, Vf(x) € R? must be “cancelled out” by some restricted
linear combination of Vh;(z), VI, (z) € R? where h;,l; are active constraints at 2. Another useful way to summarize

the KKT conditions is that V f(z) € R? must lie inside the cone spanned by active constraint gradients under dual
feasibility (“KKT cone”)

K(z) = {~Vh(z)p— Vi(x)A: X €R", p >0, with p; =0 for i ¢ I(z)} C R? (19)

where Vh(z) € R¥*™ and Vi(z) € R¥" are Jacobians.



-

"

Figure 5: We can visually verify Lemma 3.1 on the example in Figure 3 (annotation in Appendix A.2). The circle
P corresponds to an equality constraint {(z) = 0 and has two KKT points € P where V f(x) = :I:?Vl(x). The

ball P corresponds to an inequality constraint h(x) < 0 and has one KKT point € P where Vf(z) = 7§Vh(x).
Note that V f(x) and Vh(x) point in the opposite opposite directions by dual feasibility.

Lemma 3.1. If 2 € R? satisfies the KKT conditions, it passes the first-order test.

Proof. Pick any t € T(z). Since T(z) € Tinear(), we have Vh;(x) "t <0 for all i € I(x) and Vi;(x) "t = 0 for all
J (see (3)). From (18), we have

Vi) t== Y piVhi(x)"t— iAjvzj(x)Tt >0
j=1

i€l(x)

Thus any KKT point passes the first-order test. See Figure 5 for an illustration.

3.2 KKT Conditions: Sufficiency

The proof of Lemma 3.1 relies on the fact that T'(x) C Tlinear (%) to linearize a feasible direction (Section 1.1). Since
the converse does not hold, we should not be surprised that x € P may pass the first-order test but fail the KKT
conditions if T'(x) # Tinear(x). For instance, recall the example

P={zeR: 2’ <0} =(—00,0]
where T(0) = (—00,0] and Tinear(0) = (—00,00). If we minimize f(x) = —z over P, clearly x = 0 is a local

minimum and thus passes the first-order test. But since Vf(0) = —1 is not in the span of the active constraint
gradient VA(0) = 0, it cannot satisfy the KKT conditions. Similarly, recall the example

2

P:{IERQZ x1 >0, x0 >0, 932—(1—:1:1)3§0}

P

1

where T'(1,0) = {(z1,0) : 1 <0} and Tinear(1,0) = {(x1,0) : z; € R}. If we minimize f(x) = —x; over P,
x = (1,0) is a local minimum and thus passes the first-order test. But since V f(1,0) = (—1,0) is not in the span of
the two active constraint gradients Vhg(1,0) = (0, —1) and Vhg(1,0) = (0, 1), it cannot satisfy the KKT conditions.



3.2.1 Constraint qualifications (CQs)

Given the above cases of degeneracy, the following result is natural.

Lemma 3.2. If x € P is a local minimum of f and T'(x) = Tiinear(x), it satisfies the KKT conditions.

Proof. Tt is sufficient to show that V f(z) is inside the KKT cone (19). A classical theorem of the alternative gives
exactly this result (see Nocedal and Wright (1999) for a proof).

Farkas’ lemma Let K = {Bp+C\:p>0,,) € R"} C R? be a cone parameterized by any B € R¥™ and
C € R¥X", Given any g € R?, either g € K or there is some seperating hyperplane t € R? such that (i) gt < 0,
(ii) BTt > 0y, and (iii) CTt = 0,..

Since z passes the first-order test and T'(z) = Tiinear (), every t € RY satisfying VhAactive(z) Tt < 0,,, and Vi(z) 't =
0, satisfies Vf(x) "t > 0. By Farkas’ lemma,

Vf(x) G {_Vhactive(x)pactive - vl(l‘))\ : pactive Z O»m7 )\ E RT-}

Pick any associated pactive, A and define p € R™ by p; = pactive,i if ¢ € I(z) and p; = 0 otherwise. Then V f(z)
—Vh(x)p — Vi(z)A € K(x).

O

The following corollaries are immediate from Lemma 1.2 and 1.3.

Corollary 3.3. If x € P is a local minimum of f and LICQ holds at x, it satisfies the KKT conditions.

Corollary 3.4. If € P is a local minimum of f and h; is locally concave for all ¢ € I(z) and [; is locally
affine for all j, it satisfies the KKT conditions.

Summary. KKT=first-order test requires no CQs. Locally optimal=KKT requires CQs. Beware that even with
CQs, not all KKT points are necessarily locally optimal; they are simply guaranteed to contain all locally optimal
solutions, and may contain non-solutions that pass the first-order test (e.g., saddle points).

3.2.2 Convex case

The following constraint qualification is central in convex analysis. While it is possible to prove this result without
relying on duality, the argument is simpler with it, so we defer the proof to Section 6.

Lemma 3.5. Suppose that f,hy...hy,l1 ..., are all affine, or
1. fand hy...h,, are convex; Iy ...l are affine, and

2. (Slater’s condition) There exists a strictly feasible point, namely # € R¢ such that h(z) < 0,, and
l(x) =0y,

Then = € P is a global minimum of f iff it satisfies the KKT conditions.

4 Ball Constraint
A common feasible set is a “ball” P = {x : h(z) < 0} where

hz) = ||lz|| = C (20)

10



||| : R — R is some norm (thus convex) and C' > 0 controls the radius. One class of norms is the “weighted”
Euclidean norm

2l 4 = VaTAz (4> 0) (21)

yielding a weighted Euclidean ball. Another class of norms is the l, norm
lell, = (el +--- + 2 (p21) (22)
yielding an [, ball.” Both classes include the standard Euclidean norm as a special case (with A = Iy and p = 2).

4.1 Linear Objective

Pick any A > 0 and a nonzero g € R% and consider

* = min (23)
weR: |[z]] , <C
Note that g = Vf(x). See Figure 5 right for an illustration.
Lemma 4.1. (23) is uniquely minimized by 2* = —pA~'g where n = C/||g|]|,-» > 0. The minimum value is

fr==Cllgll s

Example 4.1 (Steepest descent). Let [ : R? — R be a loss function differentiable at # € R? (and not flat). The
steepest descent step § € R? minimizes the linear approximation (8 + &) ~ () + VI(#) "6 around 6. Since this
approximation is only locally accurate, we limit the size of ¢ by ||§||, < 1. By Lemma 4.1, we have

1

R —
IVE(O)]] 41

ATIVI(0)
yielding the loss reduction (6 + &) ~ 1(0) — ||VZ(9)||124,1. Gradient descent, Newton’s method, and natural gradient
are special cases of this solution with A equal to the identity, Hessian, and Fisher information matrix.

Example 4.2 (Dual norm). For any norm ||-|| : V' — R on a vector space V, the dual norm |||, : V — R is
defined as ||v||, = maxy,ey. |jw||<1 v w. By Lemma 4.1, the dual norm of |||| , : R? — R is

ol 4 = [l0][a

4.2 Quadratic Objective

Pick any nonzero symmetric matrix H € R?*? (otherwise ' Hx may not be real) and consider®

* = min ' Hx (24)
z€R9: ||z|],<1

Note that H = V2 f(z).

Lemma 4.2. If H > 0, (24) is minimized by any z* € null (H) N{z : ||z||, < 1} (in particular, uniquely by z* = 0q
if H > 0). The minimum value is f* = 0.

Lemma 4.3. Suppose H # 0. Let v; ...vq € R? be orthonormal eigenvectors of H with eigenvalues A; > --- > \4.
Then (24) is minimized by 2* = v4. The minimum value is f* = A\g < 0.

Lemma 4.4. Suppose H # 0. Let vy...vq4 € R be orthonormal eigenvectors of H with eigenvalues \; > Ay >
- >MXg—1 > Ag. Then vy...v4_1 are saddle points of (24).

Lemma 4.4 holds because we can take a step in v; to increase the loss and in v4 to decrease the loss from any of
vg...vq_1. Remarkably, despite the saddle points, we can exactly solve (24) in O(d?) time (e.g., power iteration).

5(22) is convex for every p > 1 (including p = oo, i.e., the uniform norm ||z||,, = max&_; |=;|).
SWLOG we fix the ball’s shape A = I; and radius C = 1 (otherwise, use the substitution y = C'_lAl/Qx).
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Example 4.3 (Top eigenvector). While we use minimization in (24) to stay consistent with our loss-minimizing
approach, the typical variational characterization of eigenvectors uses maximization. But we can easily cover this
case by

= max z Hr = — ( min a:T(—H)x> (25)
zeRd: [la]l,<1 weRi: [lo]l,<1

It follows that f* =0 if H < 0 (achieved by any vector of length < 1 in the null space of H) and f* = Ay if H has
a positive eigenvalue (achieved by v1).

4.3 Convex Objective

Let f : R — R be any differentiable convex loss and ||-|| : R — R any norm. We deliberately keep the norm
general (e.g., weighted Euclidian norm, l, norm). The “hard” vs “soft” ball constraint is
ord = min x 26
fhard c€RY: [|z]|<C f( ) ( )
foor = min f(z) + D |[|z]] (27)
z€ER?

Lemma 4.5. If f, 4 = f(2*) in (26) is achieved “interestingly” by a boundary point ||z*|| = C with V f(z*) # 0q4,
then z* is also a minimizer of (27) for some D > 0 (with fZ, = fi .4+ DC).

Lemma 4.6. If X, = f(z*) in (27) is achieved “interestingly” by a nonzero z* € R?, then z* is also a (boundary-

point) minimizer of (26) with C' = ||z*|| (with i = fi.q + DO).

Nonconvex objective. The equivalence between (26) and (27) only holds for convex functions, but practitioners
often invoke this for nonconvex objectives as well (e.g., in deep learning). This is roughly justified if the region of
interest is “convex enough”, but in general there is no justification.

5 Other Applications

5.1 Scaling Law

The Chinchilla scaling law (Hoffmann et al., 2022) predicts the expected loss L(N, D) € R from the model and data
sizes N, D > 0 as

L(N,D):E+i+ b (28)

Ne ' DB

where E, A, B,a, 8 > 0 are estimated from samples of (N, D, L) (Approach 3, Appendix C). A compute budge
C' > 0 yields the feasible range of N, D by

P={(N,D)eR*: 6ND=C}

where we omit enforcing positivity since we can always filter out negative solutions later if we have any. LICQ holds
on all of P, thus any local optimum is a KKT point. The Lagrangian is

A B
L(N,D,\) = E+ =+ =5 + A(6ND — C)
Stationarity V(n pyL(N, D, ) = (0,0) gives us

OL(N,D,\) oA B ~aA
S = et TOAD =0 = A= =

OL(N,D,\) BB B BB
D __D5+1+6)‘N_0 & /\_76ND5+1
N® _ aA

&2 Primal feasibility (N, D) € P gives us D = % and N = %. Solving the equations,

from which we have 7 = 53

we get
c\’ c\® ad\ 757 a

N = el D=Gg1(=Z = = = =

G<6> ¢ (6) ¢ (ﬁB) “=arp  'Ta
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We see that N, D > 0, thus no need to worry about negative solutions.” Since the KKT point is unique, (29) must
be the global minimum. It also establishes a relation between the optimal model and data sizes as

B
a

N =G (GD) D=G"'(G'N)? (30)

Empirical fits show a & f (i.e., model and data should scale jointly). Practitioners often fix & = 3 and find that
D =G72N ~ 20N.

6 Duality
It is easy to see that primal feasibility P = {ac eR?: h(z) <0, I(z) = OT} can be enforced “softly” by
* = i = i L s My A 3]'
f7=min f(z)= min &H%i (0 A) (31)
€R"

where L(z,p,A) = f(z) + 32, pihi(z) + 32, A;lj(x) is the Lagrangian (17). This works because we propose z € RY
first; the “enemy” can send the loss to infinity if x violates any constraint. But suppose we let him attack first.
Specifically, the enemy mazimizes the dual function

g(p,A) := min L(z,p,\) (32)
zER?

For simple problems, (32) has a closed-form solution and is potentially easier to analyze than the primal objective
f. This yields the dual problem:

* = A) = in L(z,p, A 33
g" = max g(p, ) = max min L(z,p, A) (33)
AER” AER”

Intuitively, the dual problem gives us an upper hand since we get a chance to counter the enemy’s attack. Thus we
always have weak duality:

g < fr (34)

(34) may not hold with equality and f* — ¢* > 0 is called the duality gap. If f* = g¢*, we say strong duality
holds. There are known sufficient conditions for strong duality to hold: see the list on Wikipedia. We focus on two
simplest conditions.

Fact 6.1. Strong duality holds if any of the following holds.
e (Linear program) f,hy...hmy, 1 ...l are affine (Section 6.3).

e (Convex program + Slater’s condition) f, hy ... h,, are convex; [y ...l are affine; there is a strictly
feasible primal point Z, satisftying h;(Z) < 0 for all ¢ and I;(Z) = 0 for all j.

Proof sketch. Let C = {(f(z),h(z),l(z)) : x € RY} C R¥™F" For any a < f*, y = (a,0,,,0,) is outside C.
e (Linear) C is an affine image of R?, so Farkas’ lemma yields a separating hyperplane through y.

o (Convex+Slater) C is convex and contains (f(Z), h(Z),1(Z)) in its interior, so the supporting-hyperplane the-
orem provides the separation.

In either case we obtain a normal (6, p, \) with @ > 0, p > 0, and fa < 0f(x) +p " h(z) +ATi(x) for all z. Rescaling
by 6 (set 8 = 1) gives a < g(p, A) < g* < f*. Letting o 1 f* forces g* = f*. O

"The paper estimates A &~ B but a = 0.46 and b = 0.54. This marginally disagrees with Approach 1 and 2 where a = b = 0.5. The
paper explains this is due to larger residuals on smaller models which are treated as outliers in Approach 3 with the Huber loss.
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Example 6.1 (Revisiting (23)). Pick any A = 0, nonzero g € R?, C > 0 and consider
¥ = min T
wER: [[a]| ,<C

We can easily derive the dual function and the dual optimum:

o(p) = {—ipgTA_lg —pC? ifp>0

* = —Clgll4-
T i g = ~Cllglla-

achieved by p* = ||g|| 4-1 /(2C) > 0. Since [|04]| 4, = 0 < C, Slater’s condition holds and we know off the bat that
strong duality holds, thus f* = g* = —C'||g|| 41 consistently with Lemma 4.1.

Example 6.2 (Exercise 5.21 of Boyd and Vandenberghe (2014)). Consider
ff = min e *=1 (35)

z,y>0: £2<0

(achieved by z* = 0). Treating y > 0 as a domain restriction, we consider only the inequality constraint h(x,y) = o
which is convex over z € R and y > 0. For all p > 0, the dual function is

1’2
— inf e T4+p_—infe *=0
g(p) = nf ‘e tpo s =infe

(the infimum is achieved in the limit z,y — oo and not attained). Thus ¢* = 0 < 1 = f* and strong duality fails,
even though (35) is convex.

A central result is the following:
Lemma 6.2. If z € P, p > 0,,,, and X € R” satisfy f(x) = g(p, A), then f(z) = f* = g* = g(p, A).
Proof. The statement follows from weak duality g(p, A) < g* < f* < f(x) and the premise f(z) = g(p, A). O

Thus if we find any feasible points x, p, A holding the “certificate of optimality” f(z) = g(p,A), strong duality
holds—with them being solutions. This makes them a saddle point of the Lagrangian (assuming suitable constraint
qualifications).®

6.1 KKT Conditions and Strong Duality

Lemma 6.3. The KKT conditions (Definition 3.1) are necessary for strong duality.

Proof. Suppose strong duality f(z*) = f* = ¢* = g(p*, \*) holds for some z* € P and p* > 0,,, \* € R". The
primal and dual feasibility conditions are immediately satisfied. We observe

m

Fa) = (", A7) = min, @)+ 3 pihi(e) + 3 Xl(@) < F@7) + 3 pihilat) + 3o XL6) < )

z€RC

The last inequality follows from the feasibility of x*, p*, A*. Therefore the inequalities are equalities. To check
stationarity, we write the first inequality as

L(z*, p*, \*) = min L(zx, p*, \*)
zERY

which shows that © = z* is a stationary point of L(x, p*, A*), thus 04 € 9, L(x*, p*, \*). To check complementary
slackness, we write the last inequality as

S pihi(at) = 0
i=1
Since prh;(z*) < 0 for all 4, it must be that prh;(z*) = 0 for all 7. O

8More specifically, since the KKT conditions must hold at z, p, \, they are stationary points of the Lagrangian L. From here, we can
increase L along z and decrease L along p, A.
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Lemma 6.4. If f and h; ... h,, are convex, and [; ...[, are affine, then the KKT conditions are sufficient
for strong duality.

Proof. By premise, the Lagrangian
L(z,p,A) = f(2) + Y pihi(a) + Y Ajlj(x) (36)
i=1 j=1

is convex in x € R? for any p > 0,,, and A € R” (the unrestricted sign of A; requires /; to be affine so that A;l; ()
is affine and preserves convexity). Let z* € P be a KKT point with Lagrangian multipliers p* > 0,,,, \* € R".
By complementary slackness and primal feasibility, we have L(x*, p*, \*) = f(z*). By stationarity of z* and the
convexity of (36), L(z*, p*, \*) = g(p*, A*). Since the two values match, z*, p*, \* hold the certificate of optimality
(Lemma 6.2) and it must be that f(a*) = f* = g* = g(p*, \*). O

Lemma 6.4 does not guarantee that if the problem is convex (with affine equality), strong duality holds. This is
because there may be no KKT point: (35) is an example. However, if we do have strong duality, the convexity
assumption guarantees that an optimal solution is equivalent to a KKT point.

Lemma 6.5. Suppose strong duality holds: f* =g¢*. If f and h; ...h,, are convex, [; ...[, are affine, then
x* € P, p* > 0y, and A* € R" attain the optimum f(z*) = f* = g* = g(p*, \*) iff they satisfy the KKT
conditions.

Proof. (optimum = KKT) The primal and dual feasibility conditions are satisfied by premise. From g(p*, \*) :=
mingcrae L(z, p*, \*) and strong duality g(p*, A*) = f(z*), it follows that z* is an unrestricted minimum and
must satisfy the stationarity condition 0 € 9,L(z*, p*, A*). From the implied equality L(z*, p*, \*) = f(2*) and
feasibility, we must have the complementary slackness condition: pfh;(x*) = 0 for all i. (KKT = optimum) This
is Lemma 6.4. O

Combining Lemma 6.5 and Fact 6.1, we obtain Lemma 3.5, which we restate below as a corollary.

Corollary 6.6. Suppose that (1) f,hy ...kl ... 1. are all affine, or (2) f and hy ... A, are convex; Iy ...,
are affine; and there exists a strictly feasible point. Then z* € P is a global minimum of f and p* > 0,,,
A* € R are a global maximum of ¢ iff they satisfies the KKT conditions.

6.2 SVM Dual

Let X € RV*? and y € {:l:l}N where the i-th row z; € R? of X represents a d-dimensional input vector and y; is
the corresponding binary label. Given some C > 0, the primal SVM problem is

. 1
w*, £ = arg min S wlls + C (1, &)
weERE, EERN: yOXw>1n—€, £>0N 2

Thanks to the slack variables, the primal problem is strictly feasible and strong duality holds. The Lagrangian is

Lw,€,p,0) = 5 Iholl3 + C (L ) + o, Ly — €~y © Xw) — ()

Since L is convex in w € R? and linear in £ € RY, and

VwL(w,& p, ) = 0g © w=X"(poy)
VeL(w, &, p, ) = O0n & p=Cly—p
the Lagrangian dual function is
1
9(p, 1) = (p, 1n) = 5(pOY) XX T (pOY)
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While g is just a function of p, the constraint u = C'ly — p > 0 must be enforced. This creates the box constraint
Oy < p < Cly as part of dual feasibility, and the dual problem is

1
p* = argmax (p,1n)—=(pOy) XX (pOy)

On<p<Cln 2
where XX T € RV*Y ig the kernel matrix that enables kernelized SVMs. By complementary slackness,
pi (1 =& —yi{w", @) =0 < pi =0 vV oy (wha) =1-&

Thus pf > 0 implies y; (w*,x;) < 1: in this case z; is called a support vector since w* = Zi\;l: pE>0 PiYiTs.
Furthermore, suppose p; < C. Note again by complementary slackness,

pi&i =0 & pi =0 v &=0

K2

Thus pf = C—pF > 0 implies & = 0. Combining these observations, we see that if 0 < pf < C, then y; (w*, z;) = 1.

6.3 Linear Programs

If the objective f and the constraints hy ... h,,l; ...l are all affine, we may standardize the problem as follows:
1. Write each variable as z; =z — x; where 27,2, > 0.
2. Write each equality constraint a2 +8=0asa'2+>0and —a'xz — 3> 0.
3. Write each inequality constraint a2+ <0 as a'x 4+ s = 0 where s > 0.

As a result, we can always write a linear program in the so-called canonical form:

f*= clx ceRY AeR™? pheR™ (37)

min

x>04: Az>b
The Lagrangian and the Lagrangian dual function are

Lz, p,p)=c z4+p (b—Az) —pu'z Yz eRY, p>0,,, u> 04

g(p, ) = mir}i cle+pT(b—Az)—pu'z Vp > 0,,, 1> 0g4
zeR
Given any p > 0,, and g > 04, a minimizer 2 € R? of the Lagrangian must satisfy
va:L(aj?palu/) =Cc— ATP — = 10qg

Thus by fixing ¢ = AT p + p in the dual function, we have the dual problem

gt = max bTp= max b'p (38)
p>0m, p>0q: c=AT p+p p>0m: AT p<c

where the last equality follows by treating p > 04 as a slack variable. Strong duality always holds in linear programs,
so (37) and (38) are equivalent. This has a natural interpretation.

e In the primal (37), we buy d raw ingredients x; ... x4 > 0 to minimize the total cost ¢’z € R, while meeting
minimum production bars Az > b in m products.

e In the dual (38), we assign prices p; ... pm > 0 to m products to maximize the total profit b p, while staying
within our budget AT p < ¢ when purchasing d raw ingredients.

A linear program is a special case of semidefinite program (Section 7.1).
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7 Matrix Extensions

Conic optimization generalizes convex analysis to structured inequalities (Appendix D). In this section, we focus on
the special case of the Loewner order on symmetric matrices. We denote

Sd .= {X e R4 X = XT} (vector space of symmetric matrices)

S¢ .= {X €8 X - O} (convex cone of PSD matrices)

To impose structured inequality constraints, we assume hj ... h,, : sd — g4 defining some transformation of X
inside S and assert h;(X) < 0. We assume 7 equality constraints I;(X) = 0 defined by I;...l, : 8% — R. The
hypothesis space is

P = {X € 8% h(X) =0, I(X)= Or} (39)

where < is applied to each of the m matrices. Note that (39) is lacking scalar inequalities, but they add no modeling
power and are thus often omitted from the standard form. Specifically, if ¢ : S — R enforces a scalar inequality,
we may write

t(X)<0 & tX)+s=0,s>0
where s can be absorbed into the system.’ The primal problem is

*:= min f(X)= mi L(X,p, A 40
f7=min f(X) = min . (X, p, ) (40)

where the min-max formulation uses the Lagrangian

L(X,p,A) = f(X) + D {pis (X)) + Y Al (X) (41)
j=1

i=1

where (A, B) := tr (ATB) is the matrix inner product. Prominently, each p; € Si is itself a PSD matrix. To see
why we may restrict the dual space to PSD matrices, note that

e If B <0, then (A, B) <0 for all A > 0.1°
e If B =0, then (A, B) > 0 for some A = 0.!!

Thus if any inequality constraint is violated, the enemy can send the loss to infinity. The dual function and the
dual problem are

g(p,A) := min L(X,p, \) (42)
Xesd
g = max g(p,A) = max min L(X,p,\) < f* (43)
pE(SE)™, AeR" pe(SL)™, AeR" XeS

where weak duality g* < f* always holds. As before (Fact 6.1), strong duality holds under convexity + Slater (the
same supporting-hyperplane argument goes through). Recall a matrix-valued function h(X) € S 4 is convex iff

hMaX +(1—a)Y) X ah(X)+ (1 —a)h(Y)

for all X,Y € 8% and « € [0,1]. However, linearity alone is no longer sufficient for strong duality (Section 7.1), so
we only state the following.

9 Alternatively, we may choose to keep it separate as usual (i-e., introduce a scalar Lagrangian multipler p > 0 for that inequality
and add pt(X) to the Lagrangian).

0Given 4,C = 0, we have (4, C) = tr (AY/2CAY/2) = ||[AY/2C1/2||, > 0. Set C = —B.

HNE.g., take A=ovv' where A =" Bv > 0 is a positive eigenvalue of B.
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Fact 7.1. Strong duality holds in (43) if
e fand hy...h,, are convex; I ...[, are affine, and

e (Slater for generalized inequalities) There exists a strictly primal feasible point, namely X € S such

that h(X) < 0., and I(X) = 0,..

The new KKT conditions mirror the usual ones (Definition 3.1):

Definition 7.1. We say X € R%*? satisfies the KKT conditions if we can find p € (R¥*?)™ and A € R" such
that

1. Primal feasibility: X € P (39)
2. Dual feasibility: p; € S¢
3. Complementary slackness: (p;, h;(X)) = 0 (equivalently, p; = 04xq whenever h;(X) < 0)

4. Stationarity: VxL(X,p,\) = 04xa

Analogously as in Lemma 6.5, if strong duality holds, convexity guarantees that an optimal solution is equivalent
to a KKT point. Combining this with Fact 7.1, we summarize the result below:

Corollary 7.2. If (1) f and Ay ...h,, are convex; [ ...l are affine, (2) there exists a strictly primal feasible
point, then strong duality holds g* = f* and attained by a KKT point (X*, p*, \*) € 8¢ x (Si)m x R”.

7.1 Semidefinite Programs (SDP)

A semidefinite program (SDP) generalizes a linear program (Section 6.3) from R? to S Given C,A;... A, € 8¢
and b € R", it solves

*

= min (C, X) (44)
d .
Xe8%: (A;,X)=b; Vj

The Lagrangian is
L(X,p.A) = (C. X) = (p, X) + > Aj (b — (4, X)) (45)
j=1

Stationarity requires p = C — Z;Zl AjA;, implying the dual function

BTN ifp=C—=S"_, \A,
g(p,»:{ 9 =025 A (46)
—oo  otherwise

Folding in the dual feasibility p > 0, we have the dual problem

* = max bTA
XER™: 37| A;A;<C
which is also an SDP.'? Strong duality holds if (44) or (47) has a strictly feasible point (Slater’s condition for
the PSD cone). An SDP can be solved efficiently in practice, approximately in polynomial time (e.g., by the
ellipsoid /interior-point methods).

12This uses an equivalent definition of SDP
min c'x (47)
zeRK:
Bo+wx1B1+ 4z Bk =0

where By, B1,...,Brx € 8% and ¢ € RE. It can be shown that (47) can be written as (44) by setting X = Bgo +x1B1 + -+ + ¢k Bg
and taking ¢y = (C, Bg).
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7.2 AdaGrad Lemma

We use the following fact without proof.

Fact 7.3. If P = 0, f(X) = tr (X~'P) is convex over X - 0; strictly convex if P > 0.
Lemma 7.4 (Duchi et al. (2011), Lemma 15). Pick P = 0 and ¢ > 0. Let

= min tr (X~'P) (48)
XESi: tr(X)<c

If P > 0, the unique solution and its objective are as follows:

* _ c 1/2 1 ( 1/2)2
X 7tr(P1/2)P / 7ctr P

If P is rank-deficient, (48) admits the same infimum f* = ¢~ ltr (P1/2) but it is not attained by any X > 0.

Proof. We may assume X > 0 since the objective is undefined otherwise. Given Fact 7.3, clearly Corollary 7.2 holds
(i.e., convex + Slater). The Lagrangian is

L(X, p,p) = tr (X7'P) — {p, X) + p(tr (X) —¢)

Since X > 0, we immediately get p = Ogxq by complementary slackness. Stationarity —X 'PX ! — ul; = Ogxq
(and feasibility) then enforces that the solution and its objective must have the form

X\/]"EPI/Q f(X):\/ﬁtI‘ <P1/2>

which is unique since the PSD square root is unique. Since we want to minimize f(X), we seek the smallest feasible
o > 0. The constraint tr (X) < ¢ implies /i > (1/c)tr (P1/2). This yields the statement. For the rank-deficient
case, we refer to the paper. O
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A Illustrations

A.1 Linearized Feasible Directions (Section 1.1)

Ball. The inequality constraint h(z) = 23 + 23 — 1 < 0 yields P = {x € R%: z is inside the unit ball}. At
x = (1,0) € P, the constraint is active (i.e., h(1,0) = 0). Since VA(1,0) = (2,0), the linearized tangent cone is
Thinear(1,0) = {t € R? : t; <0} (i.e., the left half-plane). In contrast, the contraint is inactive at z = (0,0) € P
(i.e., h(0,0) = —1 < 0), thus 7'(0,0) = R%.

Circle. The equality constraint I(z) = 2% + 23 — 1 = 0 yields P = {x € R? : z lies on the unit circle}. At
z = (1,0) € P, we have VI(1,0) = (2,0), thus Tiinear(1,0) = {t € R? : t; =0} (i.e., all vertical vectors).

Line. The equality constraint {(z) = x1 + 22 = 0 yields P = {x € R? : z lies on the main diagonal line}. At any
x € P, we have Vi(z) = (1,1), thus Tiinear(z) = {t € R? 1 1 + 12 =0} = P.

A.2 KKT Conditions: Necessity (Section 3.1)

The loss to minimize is the linear plane f(x) = x1 + x2. The unit circle can be specified with the single equality
constraint [(z) = x 'z — 1 = 0. The Lagrangian is

Lz, \) =12+ Nz 'z —1)
For € R? to be a KKT point, it must be feasible (i.e., "2 = 1) and have some A € R such that
VIL(.’E, )\) = 12 + 2 x = 02

We see that A = 0 fails, thus we may assume that A # 0 and rewrite the stationarity condition as x = (—%, —%)

To = ﬁ =lor = ig. Thus there are two KKT points:

o) — (_ﬁ _ﬁ> o) — (ﬁ ﬁ)
=

Then since x must be feasible, we must have x

2
Now consider the unit ball, i.e., x € R? satisfying h(z) = 2" — 1 < 0. The Lagrangian is
L(z,p) =1gz+plz'z —1)
For x € R? to be a KKT point, it must be feasible (i.e., z "2 < 1) and have some p > 0 such that
ViL(z,\) =13 + 2pz = 09

Again, we rule out p = 0 and assume that p > 0. Then by complementary slackness, the constraint must be active.

Rewriting the stationarity condition as z = (fi, *ﬁ) and solving for p € R such that "2 = 1, we conclude that

p= ig. By dual feasibility, we conclude p = g Thus there is one KKT point:

o) — <_\/5 _\/5>

27 2
B Approximation Error of a Two-Layer Regressor

We consider regression f : RY — R with squared loss I(f(x),y) = (f(z) — y)?. Let f*(z) = E[Y|X = x| denote the
Bayes-optimal regressor. Let

N
Hy = {hN(x) => wola]z+b): ar...ay €RY bue RN} (49)
i=1
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denote the hypothesis class of two-layer networks with N hidden units and activation o (total N(d+2) parameters).
For a random unbiased predictor h (i.e., random weights), its approximation error can be written as

E[L(h)] - L(f*) = B[(A(X) — f*(X))?] = Var (h) (50)

by the property of squared loss. Under mild boundedness assumptions, we can write f* as an integral of single-
neuron network (“Barron form”):

ff(x) = /Rd . s(a,b)o(a’ x + b)d(a,b) (51)

with a finite “Barron norm” B =[5, |s(a,b)| d(a,b) > 0. (49) is viewed as a discrete version of (51). We craft a
random hypothesis hy € Hy as follows:

_Jsta.b)] B

p(a,b) = B u; = ngn(s(a“bl))
N

(a1,b1)...(an,bn) ~p hn(z) zz:uia(ajx—i—bi)
i=1

This construction gives
E[hy(z)] = BE[sign(s(a,b))o(a z + b)]
=B </]Rd><]R [5(a, b)| sign(s(a, b)) x o(az+ b)d(a,b))

B
_ / s(a,b)o(a’ z + b)d(a, b)
R4 xR
= [*(x)
Assuming Var (o(a'z + b)) < C, for (a,b) ~p

B2C,
N

C
Var (hy(z)) < = Var (hy) < ¥ (C = B’E[Cx))
Thus hy — f* is a Monte-Carlo estimator of the Bayes-optimal regressor, getting more accurate with a wider
width. Plugging it in (50) as an inferior to the best hypothesis h} = argmin, 4, L(hx), we have

* * * O C
L) = L(F*) < BlLhw)] - L) € 5 < o (52)

Note that we actually have a stronger upper bound O(N~!). But the weaker inverse square-root bound O(N G 2)
(which is valid) is often invoked instead for convenience. The latter also appears when we analyze the nonasymptotic
risk, e.g., by Chebyshev, defining the random excess Z = L(hy) — L(f*),

C Bz _ CON 1
PY(Z>\/N><CNNSC/\/N_\/N

C Chinchilla Approaches

The pioneering work of Chinchilla explores three approaches to modeling the relationship between the loss L, model
size N, data size D, and compute budget C. A quick summary is

1. Create an envelop of loss curves across model/data sizes and predict the optimal N oc C® and D o C®.

2. Create isoFLOP curves across compute budgets (only using the final losses), use their minima to predict the
optimal N oc C® and D o C°.

3. Directly model L = O(N~% 4 D~#), which is fit on the training runs from Approach 1 and 2. This yields the
optimal N oc C* and D oc C? subject to C = FLOP(N, D) (Section 5.1).
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C.1 Approach 1
We first obtain 28 FLOP-to-loss curves ¢ ... ¢2g : R — R by running the following 28 workloads:

e For 7 model sizes N € {0.075B, 0.25B, 0.5B, 1B, 2.5B, 5B, 10B}:

— For 4 data sizes D € {Dyin(N), 163 Dpyin(N), 16273 Dpyin(N), 16Dyin (N) }:
* Train a N-parameter model on D tokens (cosine decay to 0.1 of the peak LR).
% Smooth the resulting FLOP-to-loss curve to obtain ¢ : [0, C] — R where C'= FLOP(N, D).

The compute-optimal envelope is then

28

$(C) = ming,(C)

We specify a data schedule that satisfies Ciax(N) = FLOP(N, Diax(N)) > Cmin(N’) = FLOP(N', Dypin(N'))
where N’ > N is the next model size. Since every loss curve starts from the same (untrained) loss at C' = 0, this
ensures that the envelope never has a “vertical gap”. (It is still possible to have a change of slope at points where
argmin changes.) Setting Dpin(75M) = 7B as the smallest data size, and using a generous overlap Crax(N) =
6Cmin (N') with the heuristic C' = 6N.D, we can replicate the data points in the paper’s plot (Figure 2, note the
log-log scale):

-10B
N Dy Dy, Dj Dy \ N\ [
0075 | 7 18 44 112 ' \ \ 258
025 | 6 14 36 90 j
05 | 7 19 47 119 o 500M
1 10 25 63 159 = 250M
25 | 11 27 67 170 '
5 14 36 90 227 . N, M

10 19 48 120 302
(in billions)

o

1017 1018 1019 1020 1021 1022
FLOPS
The workloads can be executed in a reasonably quick period of time. Concretely, the largest workload would take
roughly 2-3 days on a v5p-512 TPU cluster (assuming 170 TFLOP /s per core). Let N(C), D(C) denote the optimal
model and data size for compute C. We prepare 1500 labeled data points (C;, N(C;), D(C;)) where C; is log-spaced
between 6 x 10'® and 2 x 10*? (corresponding to the gray dots in the plot), and fit

1500 1500
A* a* = argmin Z (log N(C;) — log A — alog C’l-)2 B*,b* = argmin Z (log D(C;) — log B — blog Ci)2
AacR BbeR 5

Then for any new compute C, we predict the optimal model and data sizes as N* = A*C®" and D* = B*C?".
The paper estimates a* = b* = 0.5, suggesting that both the model and data sizes should grow at equal rate in
compute, proportionally to v/C. While the paper does not reveal the slopes A*, B*, it reveals the prediction for
their compute budget C' = 5.76 x 10%* as N* = 67B and D* = 1.5T (22.4 tokens per parameter), establishing the
famous Chinchilla-optimal rule of thumb D* ~ 20N*.!3

C.2 Approach 2
We first obtain losses(C') per compute budget C' by running the following ~99-135 workloads:
e For 9 FLOP budgets C € {6, 10, 30, 60, 100, 300, 600, 1000, 3000} x 10'8:

— losses(C) =[]

— For ~11-15 model sizes N € {0.07B, 0.22B, 0.7B, 1.5B, 2.2B, 3.5B, 5B, 7B, 10B, 12B, 16B} (hypothet-
ical):

13From the prediction, we can actually infer A* ~ 0.088 and B* ~ 1.98.
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% Train a N-parameter model on D = C/(6N) tokens (cosine decay to 0.1 of the peak LR).
* Take the final loss Lana (after smoothing).
* losses(C).append(Linal)

The FLOP range is similar to Approach 1 (10'¥-10%2). 3.2

The model sizes are hypothetical as the paper does not

reveal their values (other than they go up to 16B). We 30

assume that they range from 70M to 16B in half-decade 958 cors
(v/10, or 1-step in log space) to ensure even spacing while 3 lel9 - 1)
having enough samples, and that they are adjusted as _52,6 3el9 '\"./. '
needed to ensure practicality (e.g., skip if D = C/(6N) is ® o 6eld e o
too small/large) and clear visibility of a compute-optimal T 24 : ;:;g w )
size (e.g., add a few fine-grained points around the pre- —e— 6e20 b—o*"
dicted optimal N* from Approach 1). These experiments 22 —e— le2l

yield iSoFLOP curves as shown to the right (from the pa- 20 e Zent

per). 100M 300M 1B 3B 6B 308

Parameters

Since each isSoFLOP curve looks like a parabola in log space, we fit L ~ fc(log N — ac)? + v¢ for each C and
use the minimum N* = 10*¢ and the corresponding data size D* = C/(6N*) to create 9 labeled data points
(C,N*, D*). On these data points, we again fit power laws N* oc C® and D* < C®. The paper estimates a* = 0.49
and b* = 0.51. The paper again reveals the prediction for their compute budget: N* = 63B and D* = 1.4T (22.2
tokens per parameter).

C.3 Approach 3

Let [ : AY=1 x V — R denote the next-word cross-entropy loss. Let pop denote a population distribution over
context-word pairs (X,Y) € VT x V defining the true risk of a language model f : VT — AVl as L(f) =
E[l(f(X),Y)] € R. Let Hx denote the hypothesis class of N-parameter transformers following a fixed blueprint.
Let (z1,y1)...(2p,yp) ~ pop denote D iid samples defining the empirical risk E(f) = (1/D) Zil W f (i), y5)-
We have the usual players

f*=argmin L(f) (Bayes optimal)
f
h* = argmin L(h) (best transformer)
heHn
h = argmin L(h) (best finite-sample transformer)
heHn

plus the actual h € Hy we train in practice which has optimization flaws so that Z(ﬁ) > E(ﬁ) We have the error
decomposition
L(h)=  L(f*) + L(h*) = L(f*) +L(h) = L(h*) + L(h) - L(h)
~——

irreducible error  approximation error estimation error optimization error

Research on the universality of neural networks gives some guidance on the approximation error. For instance,
optimal width-N two-layer regressors reduce the approximation error at a dimension-free rate of O(N -1/ 2) (Barron,
1993), see Appendix B for a proof sketch. The estimation error is the expected regret (of a single hypothesis rather
than an online learning algorithm), which has the well-known lower bound of O(D~1/2). Thus Chinchilla defines

A B

LIN,D)=F+ —+ — 53
(N.D)= B+ o+ = (53)
to predict the risk of an N-parameter transformer trained on D tokens. The parameters «, 3,4, B, E € R are
regressed on the training runs from Approach 1 and 2 (total n ~ 130-160 labeled points). To combat outliers,
Chinchilla uses the Huber loss (i.e., squared loss for residuals < §, appropriately scaled absolute loss for larger
residuals); tiny ¢ = 0.001 is found to be necessary to handle sensitive residuals. Since N, D are large values, (53) is
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computed in log space for numerical stability using the log-sum-exp trick: define e = log F/, a = log A, and b = log B
and write

log L(N, D) = log (exp(e) + exp(a — alog N) + exp(b — Blog D))
= p+log (exp(e — p) + exp(a — alog N — 1) + exp(b — Blog D — p))
= LSE(e,a — alog N,b — Blog D)

where p = max(e,a — alog N,b — Blog D). Thus the optimization problem is

o, %, a*,b*, e* = argmin Z Hubers—¢.001(log L; — LSE(e, a — alog N;, b — Blog D;)) (54)
a,B,a,b,e€R i—1

where we can recover E* = exp(e*), A* = exp(a*), and B* = exp(b*). Since this is a 5-dimensional problem on
a couple hundred points, we can use computationally costly algorithms (the paper uses LBFGS, but even that is
not necessary, e.g., we can use exact Newton). The problem is nonconvex, so Chinchilla sweeps a grid of values for
initialization that is large enough to strictly contain the optimal initialization inside the grid. Chinchilla reports
E* =1.69, A* = 406.4, B* = 410.7, o* = 0.34, and p* = 0.28. The finding 5* < 0.5 is consistent with the estimation
error lower bound (i.e., the risk decays slower than what is possible). The finding a* < 0.5 is inconsistent with the
approximation upper bound, but the theorem applies to a different architecture and loss.

C.3.1 Data-constrained extension

Chinchilla assumes that the D tokens carry the same amount of information (i.e., they are iid samples). Muennighoff
et al. (2023) propose to model data epoching by assuming that

D=U+1-8U+0-0)>*U+---+(1-§8FU (55)
where U is the number of “unique” tokens, Rp the number of epochs, and § € (0,1) a discount factor.'* We express
(55) as D = U + aU for interpretability. Taking the geometric sum and defining R$ := %, we have

D=U+Ry (1-(1-6")U (56)

where D = U + RFU in the limit Rp — oo (i.e., the most we can “squeeze out” of U tokens by epoching is RFU
additional tokens). The authors further simplify the form as a function of % by assuming that § ~ 0. In this case,
D

§= ﬁ ~ % and 1 — 0 ~ e~%, which imply

R
D~U+R% <1e‘R§)U (57)

Similarly, Chinchilla assumes that the N parameters are equally valuable, but in practice they have decreasing
marginal utility. For instance, with U = 10 tokens, increasing the model size from from 1 to 10 parameters
reduces the loss much faster than from 101 to 110. The authors use a symmetric parameterization to model excess
parameters:

Ry

N~ N(U) + R% (1 - e‘R?v") N(U) (58)

where N(U) = G(UG)*/# is the Chinchilla-optimal model size for U unique tokens (30) and Ry is the “model
epochs”, yielding N = N(U) + R¥N(U) in the limit Ry — co. Plugging these in the Chinchilla loss (53), we have

A B
(v +ry (1-¢ ) vwn) ' (v (1 7) U)ﬁ

14Note that even this is a vast simplification of the real-world setting where we use a data mixture with different epoching specifications
(e.g., 20 epochs on Wikipedia, but 0.3 epoch on Common Crawl). Since real pretraining does not neatly decompose into epoching over
U tokens, it is not entirely clear how to use this extension for practical purposes. The paper addresses this point by empirically showing
that inherent duplication in U does not change the optimal epoch. Note also that a major “bug” in this formulation is that epoching
can only further reduce the loss, which fails to model overfitting. The paper addresses this point by decaying the exponent 3 instead
of increasing D, but it results in a poor fit

L(U,Rp,RNy)=E +
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which can be used to predict losses corresponding to unique data, data epochs, and model epochs. We fit (59)
in two steps. First, a = f3,a,b,e are learned by (54) on the U unique tokens, resulting in N(U) = 0.051U (or
U =19.6N(U)). Then RY, RY are learned over n = 182 samples of (U;, Rp i, Rn i, L;) where the unique tokens U
and the data/model epochs Rp, Ry are varied (1-500 epochs) covering model sizes (58) from 7M to 9B:

n

min Huber5:0,001 log L;—

R3S, RTER Z - g Li
1=

BN _

LSE <e,a — alog (N(Ui) +RY <1 - eR?VO) N(Ui)) b Blog <Ui LR <1 e 1;%”) U)) > (60)

Given the flawed formulation that does not allow for nonmonotonic loss reduction, the samples are noisy (e.g.,
double descent with data epoching). The authors nonetheless fit R = 15.4 and RY = 5.3, suggesting that we
squeeze out more from data epoching than model epoching. Here is a plot from the paper:

Empirical IsoLoss Contours Predicted IsoLoss Contours
7098M
4.65
2129M
709M
4
3
2 Jom
© )
1%
& 70M i
™
1 10 30 59100 300 1000 1 10 30 59100 300 1000 3.95
Epochs Epochs
* Compute-optimal model for 100M tokens and one epoch == Chinchilla scaling laws efficient frontier e Models trained
5’3 Lowest loss for 100M tokens mmms  Data-constrained scaling laws efficient frontier

The data points correspond to training on U = 100M unique tokens with epoching (N(U) = 5.1M). The isoloss
contours are interpolated from the data points on the left and predicted by (59) on the right; in the latter case, the
convex shape is because epoching cannot increase the loss. Both (53) and (59) reasonably predict the location of
optimal model-data without epoching (black star), but the latter becomes more accurate with epoching (white star)
because it models diminishing returns. A limitation is that it does not give a closed-form solution for compute-
optimal U, Rp, Ry, unlike Chinchilla which gives a closed-form solution for compute-optimal N, D (the above
frontier is drawn by plotting), but one may consider numerically minimizing (59) subject to compute constraints
(e.g., grid search). The paper finds that for fixed U, the loss predicted by (59) closely matches the Chinchilla loss
up to Rp = 4 data epochs across different model sizes (i.e., up to 4 epochs, the repeated data is as good as new for
the purpose of reducing the test loss).

D Conic Optimization

D.1 Convex Cones and Generalized Inequality

A cone K CV is a subset of an inner product vector space V such that x € K implies ax € K for all & > 0. The
dual cone of K is K*:={y € V: (z,y) > 0Vz € K}. A cone K is convex if every conic (i.e., nonnegative linear)
combination is contained in K. A cone K is proper if convex, closed, int(K) # &, and “pointed” (—z,z € K
implies = 0). A proper cone K defines a generalized inequality by

rgys=y-—rek
T <gy<=y—x€int(K)
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It preserves most properties of ordinary inequality (e.g., transitive), but it is a partial ordering over V (e.g., not
every pair is comparable). This makes the notion of minimum and maximum subtle (e.g., minimum # minimal, no
least upper bounds). Given a proper cone K C V', a function f : X — V is called K-convex if f(az+(1—a)y) <x
af(z)+ (1 —a)f(y) for all z,y € X and « € [0,1].

Examples
e A subspace S C R? is a cone. Its dual cone is the orthogonal complement S+ (why?).

e The nonnegative orthant Réo C R? is a proper cone. Its dual cone is itself (“self-dual”). The associated
inequality is componentwise inequality.

e The set of PSD matrices Si c S% is a proper cone. Its dual cone is itself (again, self-dual)—we leave the
proof as a quick exercise. The associated generalized inequality is Loewner order. Section 7 focuses on this
special case.

D.2 Generalized KKT Conditions

Assume an objective function f : X — R for some vector space X, h; : X — V; corresponding to a proper cone
K;CVifori=1...m,and[; : X - Rfor j=1...r. Consider

*x L :
= min f(@) (61)
hi(z)=k,0 Vi=1...m
lj(’E)=O Vj:l...r
The corresponding Lagrangian is

m T

Lia,p={pi}ily s N) = f@) + > (pis hi()) + Y \jly(x) (62)

i=1 j=1

where p; € V.

Definition D.1. If (z*, p*, A*) € X x ()(;i1 V) x R" satisfy
1. Primal feasibility: h;(z*) <k, 0 for all  and [(z*) = 0,
2. Dual feasibility: p} > K 0 for all 4
3. Stationarity: V,L(z*, p*,\*) =0
4. Complementary slackness: (p;, hij(z)) =0foralli=1...m

then we say (z*, p*, \*) satisfy the KKT conditions.

D.3 Generalized Duality

For the dual function is g(p, \) := mingex L(z, p, A), the dual problem is

*Z: 7)\ 63
g pievﬁpgi?o%w g(p,\) (63)

where weak duality g* < f* holds.

Lemma D.1. If
1. f: X - Ris convex, h; : X — V; is K;-convex for ¢ =1...m; [y ...l are affine, and
2. There exists a strictly primal feasible point, namely = € X such that h;(x) <k, 0 and () = 0,

then strong duality holds ¢g* = f* and the dual optimum is attained.
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E Proofs and Lemmas

Proof of Lemma 1.1. Pick any t € T'(x).
1. Pick any ¢ € I(z). The definition (2) implies that for all sufficiently small 7 > 0

hi(z +nt) = hi(z) + nVhi(z) Tt + o(n) <0 (64)

Since h;(x) = 0, (64) is equivalent to Vh;(z) "t + O(n") < 0. Thus we must have

lim Vh(z) "t + oln) = Vhi(z) Tt <0
n

n—0+

2. Pick any j. Similarly by definition, ¢ € T'(x) satisfies for all sufficiently small n > 0
Li(z +nt) =1(z) + nVij(z) Tt +o(n) =0 (65)

Since [j(z) = 0, (65) is equivalent to Vi;(x) Tt + # = 0. Thus we must have
lim VI;(z) "t + oln) =Vi(z)'t=0
n—0F n

In conclusion, t € Tiipear (). O
Proof of Lemma 1.2. Pick any t € Tiipear ().
1. Pick any ¢ € I(x). Then h;(z + nt) = h;(z) + O(n) < 0 for all small enough 1 > 0 since h;(z) < 0.

2. Pick any i € I(z). Then h;(z + nt) < hi(x) + nVhi(x) "t < nVh;(x) "t <0 for all small enough 1 > 0. The
first inequality is because h; is locally concave, the second 7 € I(x), and the third ¢ € Tipear(x).

3. Pick any j. Then ;(z+nt) = l;(z) +1Vi;(x) "t = 0 for all small enough n > 0. The first inequality is because
l; is locally affine, and the second equality is because x € P and t € Tjinear().

Thus ¢ € T(x). O

Proof of Lemma 1.3. Pick any t € Tiinear(z). We want to show the existence of a limiting sequence

2(n) =z +nt + o(n) (66)
where z(0) = z. Then since z("%_z =t+0(1),
lim 2(77)7_95 =t
n—0t Ui

This validates ¢ € Tlipear () as a genuine feasible direction, i.e., t € T'(z). Let m, = |I(x)| < m denote the number
of active inequality constraints at * (WLOG, we assume the first m, are active). Let ¢, : R? — R™+*" evaluate
these constraints and A, € R("=+7)xd denote the gradients. Specifically,

[ hl(Z) 1 B Vhl(x)T T
Cm(Z) — hlwlzzi')z) c RMmatr A, = VVI’LZEQ(;?-?—T c R(matr)xd (67)
L lr(.Z) i i v[r&x)T |

where ¢, (7) = 0,,, +, and Ve, (x) = A, by definition. Now we define a helper function R, : R x R — R by

¢z (2)

z—(z+nt)) € R (68)

RI(Z777) = VT(
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where z — (z + nt) € R? is the correction needed for z to match x + nt (see (66)) and V € R (d=ma=7) jg an
orthonormal basis of null (A,) C R?. Note that

Rﬂ?(zan) = Od

enforces two conditions. First, z is feasible (since ¢;(z) = Opm,4r). Second, z — (x + nt) € row (A;) (since
null (4,) L row (A;)). Intuitively, the second condition allows for a “wiggle room” for the correction to achieve its
goal. At any 7, the Jacobian of R, with respect to z is

Vo) = | VoA | e (69)
Evaluating the Jacobian at z = z and n = 0, we have
— AI dxd
V.R;(x,0) = vl € R (70)

By LICQ at 2, A, € R("=+7)%d ig fyll-rank (see (67)). By definition, the columns of V' € R?*(d=m==7) are linearly
independent of the rows of A,. Therefore, (70) is an invertible d x d matrix. Now we invoke the implicit function
theorem: since

e R,(z,7n) is continuously differentiable.
o R,(x,0) =04
e V.R,(z,0) € R¥4 is invertible.
there exists a smooth sequence z(n) € R? in 7 around 0 such that
1. 2(0) ==z
2. Ry(2(n),n) = 04 for all n sufficiently close to 0
The final step is to show that this sequence satisfies (66). Since z : R — R? is elementwise smooth in 7 € R, let

2" : R — RY denote the Jacobian (i.e., 2/(n) = 828"77(7")).

Lemma. 2/(0)=t

(66) follows from the lemma since

z(n) = 2(0) + 12 (0) + o(n) = = + nt + o(n)

Proof of the lemma. Denote the Jacobian of R, (z(n),n) € R? with respect to € R by

J(n) = V.Ru(2(n),m)2' (n) + VyRe(2(n),m)

which uses the chain rule. We have V. R, (2(n),n) = (Veo(2(n)), V") € R4 from (69). For the second term, we
see VR (2(1),1) = (O, +r, —V 't) € R? from (68). Thus at n = 0, since z(0) = x by Condition 1,

A2 (0)
— / _ x
I0) = VoR0),0)20) + Vo (:(0).0) = | (e
At the same time, since R,(z(n),n) = 04 for n sufficiently close to 0 by Condition 2, we must have J(n) = Oq
(differentiate both sides with respect to n) identically for that neighborhood. This implies J(0) = 04. This
condition states that (i) 2’(0) € null (4,), and (ii) 2/(0) — ¢ € row (A;). The only way to satisfy this is 2/(0) = ¢
since null (A,) L row (4,). O

Proof of Fact 2.1 and 2.2. Fact 2.1 has to be true if we were to have f(z +nt) = f(x) for arbitrarily small > 0 in
(8). To see Fact 2.2, by premise there is some € > 0 such that f(z +nt) — f(z) = 3220, 2V f(z).contract(t) > 0

g i=1 71
for all € (0,€). This implies that it cannot be V*f(z).contract(t) = 0 for all i € N. Let k be the index of the
first nonzero term. Then f(z + nt) — f(z) = %ka(x).contract(t) + Rpq1(z + nt) for all n € (0,€). Since this
must stay positive and Ryy1(x + nt) = o(n*), we must have V* f(z).contract(t) > 0. O
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Proof of Lemma 2.3. Pick any t € T'(x). If f is locally constant in ¢, from Fact 2.1 we trivially have fU(z +nt) =
fU)(z) for all n € R. Now assume f is locally increasing in t. Since f(z + nt) = f5) (x +nt) + Ry1(z +nt) and
RK+1($) = 0,

FE (@ +nt) — f5(2) = (flz +nt) — f(2)) — Ris1(z +7t) (71)

By Fact 2.2, there is some k € N such that f(z + nt) — f(x) =

”k—kaf(x).contract(t) + Ryy1(x + nt) for all small
enough 1 > 0 where V* f(z).contract(t) > 0. Plugging this in (71),

we have
k
FIO (@ 4+ nt) — fEO(z) = %ka(x).contract(t) >0

for all small enough 1 > 0. O

Proof of Lemma 2.4. Rearranging (71), we have
f@+nt) = @) = (5@ +mt) = F9 (@) + Ricoa (@ +nt)

Applying Fact 2.2 to f5), there is some k < K such that f5(z 4 nt) — fF)(z) = ”k—’:ka(x).contract(t) +
Ryy1(z + nt) for all small enough 7 > 0 where V¥ f(z).contract(t) > 0. Thus

k
flx+nt)— flz) = %ka(x).contract(t) + Rit1(z +nt) + Rx41(x + nt)

for all small enough 1 > 0. Since the remainder terms are o(n*) and the non-remainder term is "¢ for some ¢ > 0,
the RHS is eventually positive (equivalently f(z + nt) > f(x)) for all small enough n > 0. O

Proof of Corollary 2.5. Since x € P is a strict local minimum of f) over P, there exist €1,d > 0 such that for all
ne (Oa 61)

f(K)(J: +nt) > f(K)(x) +46 VieT(x)

Since ’f(a: +nt) — fE) (z + nt)‘ = o(n¥), we can find some €5 > 0 small enough to ensure that for all € (0, €3)
1
FE @ 4 nt) = fz+nt) < 3

Let € = min(eq, €2). Then for all n € (0,¢),

5 )
flatnt) > O +at) — 5 > f52) + 5 > f @) = f(a)  VEeT(2)
Thus z is a strict local minimum of f over P. O

Proof of Lemma 4.1. Since C' > 0, the origin is strictly feasible, thus Slater’s condition holds (Lemma 3.5). The
Lagrangian is

L(z,p) =g &+ p(x" Az — C?)

where p > 0. Stationarity gives us g + 2pAxz = 0. Since g # 04, we cannot have p = 0, thus it must be that p > 0
and we can write
1 e

*% g (72)

€r =

Since p > 0, by complementary slackness = must be on the boundary. Solving for p > 0 in " Az = C? gives us

Mgl 4
P="5¢

Plugging it in (72), we have the statement.
(An alternative proof is to first argue that (23) is achieved at the boundary ||z||, = C and convert the inequality
constraint to equality without changing the problem. While it simplifies the problem to solving a system of d + 1

equalities, the feasible set is now a (nonconvex) circle and we have to demonstrate the sufficiency of KKT (e.g., by
LICQ) and collect the minimum from the two resulting KKT points (Figure 5 left).) O
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Proof of Lemma 4.2. The objective is convex and Slater’s condition holds. The Lagrangian is
L(z,p) =2 Hx + p(z"z — 1)

Stationarity gives us (H + plq)z = 04. If p > 0, it requires the boundary condition ||z||, = 1, but H + pl; is
invertible so that x = 04 (i.e., p > 0 is impossible). If p = 0, we have Hx = 04, thus any = € null (H) with ||z||, <1
satisfies the condition and is a global minimum. The achieved objective is f* = 0. O

Proof of Lemma 4.3. Since f* < Ay < 0, the solution must lie on the boundary. Thus we can write (24) as

= min ' Hx 73
z€R?: |[z|[,=1 ( )

The equality constraint [(z) = x"x — 1 has the gradient VI(x) = 2z, which is nonzero on the whole feasible set
S41 (unit sphere), thus LICQ holds and all local minima of (73) are KKT points. The Lagrangian is

Lz, \) =z "Hz + X1 —2z'x)

Stationarity gives us Hx = Az. By primal feasibility € S?~!, we have that x is a KKT point iff 2 is a unit-length
eigenvector of H with an eigenvalue A € R. Thus vy must be a global minimum in (73) (hence (24)), achieving
fF=xa<0. O

Proof of Lemma 4.4. Since LICQ holds, the feasible directions at v; are given by the linearized tangent cone
Tinear (vi) = {u eRe: ylo = O}, which includes v; for all j # i. Taking a step n > 0 from v; in v; takes us
to

o(n) = v; + Nv; :vi—i—nvj d-1
llvi +nvslly /1472

It is easy to verify that ¢(0) = v; and ¢/(0) = v;. The loss at ¢(n) is

> f(’l)z) if >‘j > N\
fle(n)) = e(m) " He(n) = Xi + 17 (%) = Xi) + O() = lim  fe(n) 4 = f(vi) i A5 =\
! < f(Ul) if )\j <\

That is, an infinitesimal feasible step from v; in v; can increase, decrease, or untouch the objective depending on
the gap A; — A;. O

Proof of Lemma 4.5. Since (26) is convex and satisfies Slater’s condition, any minimizer x satisfies stationarity
04 € Vf(x)+ pd||z|| for some multiplier p > 0. Since the minimizer z* is nonstationary and nonzero, its associated
multiplier p* > 0 must be positive. On the other hand, a minimizer of (27) is any stationary point x € R? satisfying
04 € Vf(z)+ DO ||x||. Setting D = p* gives the statement. O

Proof of Lemma 4.6. We know 04 € V f(2*) 4+ DO ||z*||. Since z* is nonzero, V f(z*) # 04. Since (26) is convex
and satisfies Slater’s condition, x is a minimizer iff it satisfies 04 € V f(z) + pd ||z|| for some multiplier p > 0 such
that p(||z|| — C) = 0. Setting p = D and C = ||z*||, we conclude that z* is a minimizer. O
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