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Robustness of the Frank-Wolfe Method under
Inexact Oracles and the Cost of Linear Minimization

Tao Hu

Abstract We investigate the robustness of the Frank-Wolfe method when
gradients are computed inexactly and examine the relative computational cost
of the linear minimization oracle (LMO) versus projection. For smooth non-
convex functions, we establish a convergence guarantee of order O(1/

√
k + δ)

for Frank-Wolfe with a δ–oracle. Our results strengthen previous analyses for
convex objectives and show that the oracle errors do not accumulate asymp-
totically. We further prove that approximate projections cannot be computa-
tionally cheaper than accurate LMOs, thus extending to the case of inexact
projections. These findings reinforce the robustness and efficiency of the Frank-
Wolfe framework.

Keywords Frank-Wolfe method · Inexact oracle · Projection vs. LMO

1 Introduction

The Frank-Wolfe method is a projection-free method for constrained optimiza-
tion. At each iteration, Frank-Wolfe solves a linear minimization subproblem
instead of a projection, which can be advantageous on structured domains such
as simplices or spectrahedra. Classical analyses guarantee an O(1/k) conver-
gence rate for convex objectives [6,4] and O(1/

√
k) for nonconvex ones [7].

Despite its popularity, the robustness of Frank-Wolfe under inexact gradi-
ent information remains incompletely understood. In deterministic optimiza-
tion, the δ–oracle model [3] is used to bound the gradient error. We revisit
this framework and derive new nonaccumulation bounds for both convex and
nonconvex settings.
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Let Q ⊂ Rd be a compact convex set and f : Q → R be the objective
function. Denote ∥·∥ to be the l2 norm. We consider the minimization problem:

min
x

f(x)

s.t. x ∈ Q .

The Frank-Wolfe method, which has a linear minimization oracle as its
basic module, is an effective way to address this problem. At the iteration point
xk ∈ Q, the Frank-Wolfe method solves the linear minimization subproblem

x̃k ∈ argmin
x∈Q

{
f(xk) +∇f(xk)

⊤(x− xk)
}

and updates with xk+1 = (1− αk)xk + αkx̃k where αk ∈ [0, 1).
In the convergence analysis of the Frank–Wolfe method, the following aux-

iliary sequences are frequently used and will also appear in our proofs:

βk =
1∏k−1

j=0 (1− αj)
, αk =

βkαk

1− αk
, k ≥ 1. (1)

Here, {αk}+∞
k=0 denotes the sequence of step sizes used in our algorithm. We

follow the conventions
∏−1

j=0(·) := 1 and
∑−1

i=0(·) := 0.
We denote the Frank-Wolfe gap at the point x ∈ Q as

G(x) = sup
y∈Q

∇f(x)T (x− y).

Besides the convergence guarantee, robustness and the efficiency of the
Linear Minimization Oracle are also important aspects of the Frank-Wolfe
method.

The performance of Frank-Wolfe under inexact gradient is a very interest-
ing problem. With unbiased gradients and bounded variance (or sub-Gaussian
tails), Stochastic Frank-Wolfe variants achieve a Frank-Wolfe gap of O(ε) with
O(1/ε4) gradient evaluations, and variance reduction accelerates finite-sum
problems and can achieve the same Frank-Wolfe gap with O(1/ε3) gradient
evaluations [11,5,9,8,16,12]. For heavy-tailed noise, Stochastic Frank-Wolfe
with clipping or robust estimation achieves high-probability guarantees [14,
13].

In the deterministic setting, there is situation where the gradient error is
bounded by δ/D but can be arbitrarily chosen along the training trajectory.
This case is often relaxed and referred to as obtaining a δ-oracle:∣∣(gδ(x)−∇f(x))T (x− y)

∣∣ ≤ δ, ∀ y ∈ Q. (2)

If we use an increasingly accurate gradient along the iterates, like if∣∣(gδ(xk)−∇f(xk))
T (xk − y)

∣∣ ≤ 1

k + 1
δLD2, ∀ y ∈ Q,

then

G(xk) ≤
27LD2

4(k + 2)
(1 + δ).
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For the more common scenario, where the error does not decrease, Freund
and Grigas prove an O(1/k + δ) convergence of the Frank-Wolfe gap[4], and
we show an O(1/

√
k + δ) convergence for nonconvex functions in this paper.

Sometimes we consider objective functions that are convex but non-smooth
or the case when the gradients are computed at shifted points [2]. Those func-
tions may not obtain a gradient, but they can be equipped with a (δ, L) oracle
[3]:

0 ≤ f(x)− (fδ,L(y) + gδ,L(y)
T (x− y)) ≤ L

2
∥x− y∥2 + δ, ∀ x, y ∈ Q.

Since the first bound of the Frank-Wolfe gap under (δ, L)− oracle, which is
O(1/k + kδ), has been proposed[4], it has been an open problem for more
than ten years whether the final guarantee of the Frank-Wolfe gap is optimal
theoretically.

Besides robustness, the ease of computing the Linear Minimization Ora-
cle is widely considered another major advantage of the Frank–Wolfe method,
which makes it more prevalent than proximal gradient methods. However, this
belief is currently supported mainly by intuition and set-specific comparisons
[1,10]. Additionally, we address a recent question posed by Woodstock [15]
on whether linear minimization oracles are inherently cheaper than projection
operators. We show that even coarse, approximate projections cannot outper-
form accurate LMOs in computational complexity.

Our main contributions are as follows:

(i) Nonconvex Frank-Wolfe with a δ-oracle. We prove that for L-
smooth nonconvex objectives, Frank-Wolfe with a δ-oracle achieves

min
0≤k≤K

G(xk) ≤
√

2C (f(x0)− f∗)

K + 1
+ 2δ.

(ii) Projection vs. LMO. We prove that a K-approximate projection at a
scaled point −λx produces an ε-accurate LMO at x with ε = O((K +
D2)/λ), establishing that approximate projections can not be uniformly
easier than LMOs.

2 Frank-Wolfe with an Inexact Oracle

Let Q ⊂ Rd be compact and convex, and f : Q → R be convex with L-
Lipschitz gradient. The Frank-Wolfe update in Algorithm 1 uses the δ-oracle
gδ defined in (2).

Lemma 1 Under (2), for any xk ∈ Q,

f⋆ ≥ f(xk) + min
x∈Q

gδ(xk)
⊤(x− xk) − δ.
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Algorithm 1 Frank-Wolfe with a δ-oracle
1: Initialize x0 ∈ Q.
2: for k = 0, 1, 2, . . . do
3: Query gδ(xk).
4: Solve x̃k = argminx∈Q gδ(xk)

⊤(x− xk).
5: Set xk+1 = xk + αk(x̃k − xk), αk ∈ [0, 1).
6: end for

Proof By convexity, f(x) ≥ f(xk) + ∇f(xk)
⊤(x − xk) for any x ∈ Q. From

(2), ∇f(xk)
⊤(x− xk) ≥ gδ(xk)

⊤(x− xk)− δ. Therefore,

f(x) ≥ f(xk) + gδ(xk)
T (x− xk)− δ.

Taking minx∈Q on both sides yields the claim.

We also recall a subproblem-level accuracy transfer.

Proposition 2 ([4, Prop. 5.1]) Fix x ∈ Q and δ ≥ 0. If x̃ ∈ argminx∈Q gδ(x)
⊤x,

then
∇f(x)⊤x̃ ≤ min

x∈Q
∇f(x)⊤x + 2δ.

The convergence theorem of Frank-Wolfe with a δ- oracle on convex objec-
tives is given by Freund and Grigas as follows (one can actually show that the
result of Freund and Grigas actually applies to the widest range of step-sizes):

Theorem 3 (Nonaccumulation under δ-oracle, convex case[4]) Let Q
be compact convex with diameter D, and f be convex with L-Lipschitz gradient
on Q. Let gδ satisfy (2). For the Frank-Wolfe iterates of Algorithm 1 with
stepsize satisfying

∑+∞
k=0 αk = ∞,

∑+∞
k=0 α

2
k < ∞ and αk ↓ 0, then

f(xk+1)− f∗ ≤ (1− αk)
(
f(xk)− f∗)+ 2αkδ +

1
2LD

2α2
k, (3)

and hence lim sup
k→∞

(f(xk)− f⋆) ≤ 2δ.

Example 4 (Tightness up to constants) Let Q = [−1, 1], f(x) = 1
2x

2

(convex, L = 1, D = 2). Define a δ-oracle by gδ(x) = ∇f(x) − δ
D sign(x).

Frank-Wolfe with αk = 2/(k + 2) converges to a neighborhood whose size is
proportional to δ.

3 Nonconvex Frank-Wolfe with an Inexact Oracle

We now consider nonconvex minimization over a compact convex set S ⊂ Rd:

min
x∈S

f(x),

where f is differentiable and has L-Lipschitz gradient on S. Denote D :=
Diam(S) and set

C ≜ max{LD2, GD } with G := sup
x∈S

∥∇f(x)∥ < ∞.
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The Frank-Wolfe gap at x is

G(x) ≜ max
s∈S

⟨∇f(x), x− s⟩.

We assume access to a δ-oracle for the gradient, i.e., for every x ∈ S there
exists gδ(x) such that∣∣⟨∇f(x)− gδ(x), s− x⟩

∣∣ ≤ δ ∀ s ∈ S. (4)

Define the approximate Frank-Wolfe gap

G̃(x) ≜ max
s∈S

⟨gδ(x), x− s⟩.

From (4) it follows that

|G(x)− G̃(x) | ≤ δ. (5)

Algorithm 2 Nonconvex Frank-Wolfe with a δ-oracle

1: Input: x0 ∈ S, curvature constant C ≥ max{LD2, GD}, error level δ ≥ 0.
2: for k = 0, 1, 2, . . . do
3: Query gδ(x

k) that satisfies (4).
4: Solve sk = argmins∈S⟨gδ(xk), s− xk⟩; g̃k := G̃(xk) = ⟨gδ(xk), xk − sk⟩.
5: Set xk+1 = xk + αk(s

k − xk), αk :=
(g̃k−δ)+

C
, where (u)+ := max{u, 0}.

6: end for

Lemma 5 (One-step decrease) The iterates of Algorithm 2 satisfy

f(xk+1) ≤ f(xk) −
(g̃k − δ)2+

2C
. (6)

Proof L-smoothness gives

f(xk+1) ≤ f(xk) + αk⟨∇f(xk), sk − xk⟩+ L
2 α

2
k∥sk − xk∥2

≤ f(xk) + αk⟨gδ(xk), sk − xk⟩+ αkδ +
C

2
α2
k

= f(xk)− αkg̃(x
k) + αkδ +

C

2
α2
k

= f(xk)− αk(g̃k − δ) +
C

2
α2
k

using (5) and ∥sk − xk∥ ≤ D.
With αk = (g̃k − δ)+/C,

f(xk+1) ≤ f(xk)− 1

2C
(g̃k − δ)2+,

since αk = 0 if g̃k − δ ≤ 0.
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Theorem 6 (Nonconvex Frank-Wolfe with a δ-oracle) Let f be L-
smooth on a compact convex set S of diameter D. Suppose the δ-oracle con-
dition (4) holds. With curvature constant C ≥ max{LD2, GD} and step size
αk = (g̃k − δ)+/C, the iterates of Algorithm 2 satisfy

min
0≤k≤K

G(xk) ≤
√

2C (f(x0)− f∗)

K + 1
+ 2δ, (7)

where f∗ := infx∈S f(x). In particular, to reach a Frank-Wolfe gap at most
ε > 2δ, it suffices to take

K + 1 ≥ 2C (f(x0)− f∗)

(ε− 2δ)2
.

4 A stronger guarantee under a directionally relative δ-oracle

In this section we strengthen Section 3 by replacing the additive inexactness
assumption with a directionally relative one:∣∣⟨∇f(x)− gδ(x), s− x⟩

∣∣ ≤ δ ∥∇f(x)∥ ∀ s ∈ S, ∀x ∈ S. (8)

Define the approximate Frank–Wolfe gap G̃(x) := maxs∈S⟨gδ(x), x − s⟩ and
the true gap G(x) := maxs∈S⟨∇f(x), x− s⟩. From (8),

|G(x)− G̃(x) | ≤ δ ∥∇f(x)∥ ∀x ∈ S. (9)

We analyze the same update as Algorithm 2 but with a stepsize that reflects
the new assumption:

xk+1 = xk + αk(s
k − xk), αk :=

(
G̃(xk)− δ∥∇f(xk)∥

)
+

C
, (10)

where sk ∈ argmins∈S⟨gδ(xk), s − xk⟩ and C ≥ max{LD2, GD} as in Sec-
tion 3.

Lemma 7 (One-step decrease under (8)) For the iterates (10),

f(xk+1) ≤ f(xk) −
(
G̃(xk)− δ∥∇f(xk)∥

)2
+

2C
.

Proof L-smoothness and ∥sk − xk∥ ≤ D give

f(xk+1) ≤ f(xk)+αk⟨∇f(xk), sk−xk⟩+L
2 α

2
k∥sk−xk∥2 ≤ f(xk)+αk⟨∇f(xk), sk−xk⟩+C

2 α
2
k.

By (8) and the choice of sk, ⟨∇f(xk), sk−xk⟩ ≤ ⟨gδ(xk), sk−xk⟩+δ∥∇f(xk)∥ =
−G̃(xk) + δ∥∇f(xk)∥. Plugging this in and minimizing the quadratic upper
bound over αk ≥ 0 yields the claim with the choice (10).
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Theorem 8 (Relative oracle: residual scales with ∥∇f∥) Let f be L-
smooth on compact convex S of diameter D and suppose (8) holds. With the
stepsize (10),

min
0≤k≤K

(
G(xk)− 2δ∥∇f(xk)∥

)
+

≤
√

2C (f(x0)− f∗)

K + 1
. (11)

Proof Summing Lemma 7 for k = 0, . . . ,K gives

K∑
k=0

(
G̃(xk)− δ∥∇f(xk)∥

)2
+
≤ 2C

(
f(x0)− f(xK+1)

)
≤ 2C(f(x0)− f∗).

Hence

min
0≤k≤K

(
G̃(xk)− δ∥∇f(xk)∥

)
+
≤

√
2C(f(x0)− f∗)/(K + 1).

Using (9) yields(
G(xk)− 2δ∥∇f(xk)∥

)
+
≤

(
G̃(xk)− δ∥∇f(xk)∥

)
+
,

which implies (11).

The bound (11) is strictly stronger than Theorem 6 whenever the gradients
encountered along the trajectory are small, since the residual term vanishes
proportionally to ∥∇f(xk)∥. In particular, one obtains asymptotically exact
Frank–Wolfe stationarity whenever ∥∇f(xk)∥ → 0.

We now show that a purely gap-only rate with no additive residual follows
if the iterates remain at a positive distance from the boundary.

Corollary 9 (Residual-free rate under an interior margin) Suppose there
exists r > 0 such that dist(xk, ∂S) ≥ r for all k. Then for all x ∈ S,
G(x) ≥ r∥∇f(x)∥, and if additionally δ < r/2,

min
0≤k≤K

G(xk) ≤ 1

1− 2δ
r

√
2C (f(x0)− f∗)

K + 1
. (12)

Consequently, min0≤k≤K G(xk) = O(1/
√
K) with no additive residual, and

lim infk→∞ G(xk) = 0.

Proof If dist(x, ∂S) ≥ r, then for the unit vector u = ∇f(x)/∥∇f(x)∥ the
point x − ru ∈ S, which yields G(x) ≥ ⟨∇f(x), x − (x − ru)⟩ = r∥∇f(x)∥.
Using this in (11) gives (1 − 2δ/r)mink G(xk) ≤

√
2C(f(x0)− f∗)/(K + 1),

and (12) follows because δ < r/2.

Remark 10 (Implementability) The step (10) uses ∥∇f(xk)∥ only in the
analysis. A standard backtracking line-search based on the smoothness upper
model φ(α) = f(xk)+α⟨gδ(xk), sk−xk⟩+L

2 α
2∥sk−xk∥2 (which uses only gδ, L,

and ∥sk − xk∥) produces a stepsize α̂k satisfying the same decrease inequality
as in Lemma 7 up to a harmless constant factor in C, so Theorem 8 and
Corollary 9 continue to hold with possibly larger C.
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5 Projection vs. Linear Minimization Oracle

Let (·, ·) and ∥ · ∥ denote the Euclidean inner product and its norm. For a
nonempty compact convex set C ⊂ Rd, define projection ProjC(x) = argminc∈C

1
2∥c−

x∥2 and linear minimization oracle LMOC(z) = argminc∈C(c, z). p
′ ∈ C is a

K-approximate projection of x onto C if

1
2∥p

′ − x∥2 ≤ min
c∈C

1
2∥c− x∥2 +K.

Proposition 11 Let p′ ∈ C be a K-approximate projection of x onto C, then
for all c ∈ C,

(c− p′, x− p′) ≤ K + 1
2∥c− p′∥2.

Proof From the definition of p′, 1
2∥p

′ − x∥2 ≤ 1
2∥c − x∥2 + K for all c ∈ C.

Expanding the squares and simplifying gives (c− p′, x− p′) ≤ K+ 1
2∥c− p′∥2.

The following theorem establishes an equivalence in computational effort
between approximate projections and LMOs.

Theorem 12 (From K-projection to ε-LMO) Let C ⊂ Rd be a nonempty
compact convex set with diameter δC := supc1,c2∈C ∥c1− c2∥ and radius µC :=

supc∈C ∥c∥. x ∈ Rd. Let v ∈ LMOC(x) and p′ ∈ C be a K-approximate
projection of −λx onto C for some λ > 0. Then

0 ≤ (p′, x)− (v, x) ≤
K + 1

2δ
2
C + µCδC

λ
.

In particular, choosing λ ≥
(
K+1

2δ
2
C+µCδC

)
/ε ensures (p′, x) ≤ minc∈C(c, x)+

ε, i.e., p′ ∈ ε-LMOC(x).

Discussion. This extends the exact-projection implication of [15] to inexact
projections: one K-projection at a scaled point yields an ε-accurate LMO. In
particular, accurate linear minimization is no slower than coarse projection,
uniformly over compact convex sets.

6 Conclusion

We have established tight robustness guarantees for the Frank-Wolfe method
under inexact gradient oracles and extended recent insights on the relation-
ship between projection and linear minimization. The results confirm that
oracle errors do not accumulate and that approximate projections cannot be
computationally superior to accurate LMOs.
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Appendix A. Proof of Theorem 3

Let D = Diam(Q). Lipschitz smoothness of f and (2) yield, for the Frank-Wolfe step xk+1 =
xk + αk(x̃k − xk),

f(xk+1) ≤ f(xk) +∇f(xk)
⊤(xk+1 − xk) +

L

2
∥xk+1 − xk∥2

= f(xk) + αk ∇f(xk)
⊤(x̃k − xk) +

L

2
α2
k∥x̃k − xk∥2

≤ f(xk) + αkgδ(xk)
T (x̃k − xk) + αkδ +

L

2
α2
k∥x̃k − xk∥2

≤ (1− αk)f(xk) + αk

(
f(xk) + gδ(xk)

⊤(x̃k − xk)− δ
)
+ 2αkδ +

L
2
D2α2

k

≤ (1− αk)f(xk) + αkf
⋆ + 2αkδ +

L
2
D2α2

k,

where the third line uses ∥x̃k − xk∥ ≤ D and the last line uses Lemma 1. Subtracting both
sides from f⋆ gives (3).

In order to continue, we multiply βk+1 by both sides of Equation (3); using Equations
(1), we get that

βk+1(f(xk+1)− f∗) ≤ βk(f(xk)− f∗) + 2αkβk+1δ +
L

2
D2α2

kβk+1.

By taking the summation, we get that

βk+1(f(xk+1)− f∗) ≤ (f(x0)− f∗) + 2δ
k∑

j=0

αjβj+1 +
L

2
D2

k∑
j=0

α2
jβj+1

≤ (f(x0)− f∗) + 2δ
k∑

j=0

(βj+1 − βj) +
L

2
D2

k∑
j=0

α2
jβj+1,

since βk+1 − βk = αkβk+1. The summation term telescopes as

k∑
j=0

(βj+1 − βj) = βk+1 − 1.
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Substituting this back, we obtain

βk+1(f(xk+1)− f∗) ≤ (f(x0)− f∗) + 2δ(βk+1 − 1) +
L

2
D2

k∑
j=0

α2
jβj+1.

Dividing both sides by βk+1 yields

f(xk+1)− f∗ ≤
f(x0)− f∗

βk+1
+ 2δ

(
1−

1

βk+1

)
+

L

2
D2

∑k
j=0 α

2
jβj+1

βk+1
.

Take any 1 < J < k,

∑k
j=0 α

2
jβJ+1

βk+1
=

J∑
j=0

α2
j

k∏
t=J+1

(1− αt) +

k∑
j=J+1

α2
j

k∏
t=j+1

(1− αt)

≤
J∑

j=0

α2
j

k∏
t=J+1

(1− αt) +

k∑
j=J+1

α2
j .

Therefore,

lim sup
k→+∞

∑k
j=0 α

2
jβj+1

βk+1
≤

+∞∑
j=J+1

α2
j , ∀J > 1.

Hence,

lim sup
k→+∞

∑k
j=0 α

2
jβj+1

βk+1
= 0.

Hence

lim sup
k→∞

(f(xk)− f∗) ≤ 2δ.

This completes the proof.

Appendix B. Proof of Theorem 6

By Lemma 5 we have

f(xk+1) ≤ f(xk)−
(g̃k − δ)2+

2C
.

Summing from k = 0 to K yields

K∑
k=0

(g̃k − δ)2+ ≤ 2C(f(x0)− f(xK+1)) ≤ 2C(f(x0)− f∗).

Therefore

min
0≤k≤K

(G(xk)− 2δ)+ ≤ min
0≤k≤K

(g̃k − δ)+ ≤
√

2C(f(x0)− f∗)/(K + 1).

⊓⊔
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Appendix C. Proof of Theorem 12

Proof By proposition 11, we have that

(c− p′,−λx− p′) ≤ K +
1

2
∥c− p′∥2,∀ c ∈ C.

Then, and take c = v,

λ(p′, x)− λ(v, x) ≤ K +
1

2
∥v − p′∥2 + (p′, v − p′).

Next,

λ(p′ − v, x) ≤ K +
1

2
∥v − p′∥2 + (p′, v − p′)

= K +
1

2
∥v − p′∥2 + ((v, p′)− (p′, p′))

≤ K +
1

2
∥v − p′∥2 + ∥p′∥(∥v∥ − ∥p′∥)

≤ K +
1

2
∥v − p′∥2 + ∥p′∥∥v − p′∥.

Therefore,

λ(p′ − v, x) ≤ K +
1

2
δ2C + µCδC .

Hence,

0 ≤ (p′, x)− (v, x) ≤
K + 1

2
δ2C + µCδC

λ
,

where the first inequality is from the fact that v ∈ LMOC(x). ⊓⊔
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