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ABSTRACT

Optimal transport and the Wasserstein distance have become indispensable build-
ing blocks of modern deep generative models, but their computational costs
greatly prohibit their applications in statistical machine learning models. Recently,
the Sinkhorn loss, as an approximation to the Wasserstein distance, has gained
massive popularity, and much work has been done for its theoretical properties.
To embed the Sinkhorn loss into gradient-based learning frameworks, efficient
algorithms for both the forward and backward passes of the Sinkhorn loss are re-
quired. In this article, we first demonstrate issues of the widely-used Sinkhorn’s
algorithm, and show that the L-BFGS algorithm is a potentially better candidate
for the forward pass. Then we derive an analytic form of the derivative of the
Sinkhorn loss with respect to the input cost matrix, which results in an efficient
backward algorithm. We rigorously analyze the convergence and stability proper-
ties of the advocated algorithms, and use various numerical experiments to vali-
date the performance of the proposed methods.

1 INTRODUCTION

Optimal transport (OT, |Villani, [2009) is a powerful tool to characterize the transformation of proba-
bility distributions, and has become an indispensable building block of generative modeling. At the
core of OT is the Wasserstein distance, which measures the difference between two distributions. For
example, the Wasserstein generative adversarial network (WGAN, |Arjovsky et al., |2017) uses the
1-Wasserstein distance as the loss function to minimize the difference between the data distribution
and the model distribution, and a huge number of related works emerge afterwards.

Despite the various appealing theoretical properties, one major barrier for the wide applications
of OT is the difficulty in computing the Wasserstein distance. For two discrete distributions, OT
solves a linear programming problem of nm variables, where n and m are the number of Diracs that
define the two distributions. Assuming n = m, standard linear programming solvers for OT have
a complexity of O(n3logn) (Pele & Werman|, [2009), which quickly becomes formidable as n gets
large, except for some special cases (Peyré et al., 2019).

To resolve this issue, many approximate solutions to OT have been proposed, among which the
Sinkhorn loss has gained massive popularity (Cuturi, 2013). The Sinkhorn loss can be viewed as
an entropic-regularized Wasserstein distance, which adds a smooth penalty term to the original ob-
jective function of OT. The Sinkhorn loss is attractive as its optimization problem can be efficiently
solved, at least in exact arithmetics, via Sinkhorn’s algorithm (Sinkhorn, |1964; Sinkhorn & Knopp,
1967), which merely involves matrix-vector multiplications and some minor operations. There-
fore, it is especially suited to modern computing hardware such as the graphics processing units
(GPUs). Recent theoretical results show that Sinkhorn’s algorithm has a computational complexity
of O(n?e~2) to output an e-approximation to the unregularized OT (Dvurechensky et al.,|[2018).

Many existing works on the Sinkhorn loss focus on its theoretical properties, for example Mena
& Niles-Weed| (2019) and |Genevay et al| (2019). In this article, we are mostly concerned with
the computational aspect. Since modern deep generative models mostly rely on the gradient-based
learning framework, it is crucial to use the Sinkhorn loss with differentiation support. One simple
and natural method to enable Sinkhorn loss in back-propagation is to unroll Sinkhorn’s algorithm,
adding every iteration to the auto-differentiation computing graph (Genevay et al.| 2018} (Cuturi
et al., 2019). However, this approach is typically costly when the number of iterations are large.



Instead, in this article we have derived an analytic expression for the derivative of Sinkhorn loss
based on quantities computed from the forward pass, which greatly simplifies the back-propagation
of the Sinkhorn loss.

More importantly, one critical pain point of the Sinkhorn loss, though typically ignored in theoretical
studies, is that Sinkhorn’s algorithm is numerically unstable (Peyré et al.,[2019). We show in numer-
ical experiments that even for very simple settings, Sinkhorn’s algorithm can quickly lose precision.
Various stabilized versions of Sinkhorn’s algorithm, though showing better stability, still suffer from
slow convergence in these cases. In this article, we have rigorously analyzed the solution to the
Sinkhorn optimization problem, and have designed both forward and backward algorithms that are
provably efficient and stable. The main contribution of this article is as follows:

* We have derived an analytic expression for the derivative of the Sinkhorn loss, which can
be efficiently computed in back-propagation.

* We have rigorously analyzed the advocated forward and backward algorithms for the
Sinkhorn loss, and show that they have desirable efficiency and stability properties.

* We have implemented the Sinkhorn loss as an auto-differentiable function in the PyTorch
and JAX frameworks, using the analytic derivative obtained in this article.

The code to reproduce the results in this article is available at https://ldrv.ms/u/s!
ArsORg8az24WmoF JNQt ZYE_BERzDOQL

2 THE (SHARP) SINKHORN LOSS AS APPROXIMATE OT

Throughout this article we focus on discrete OT problems. Denote by A, = {w € R} : w'l, =
1} the n-dimensional probability simplex, and let 1 = > i, a;d,, and v = 3777 b;d,; be two
discrete probability measures supported on data points {x;}7_; and {y; =1, respectively, where

a = (a,...,a,)T € Ay, b= (by,...,by)T € A,,, and &, is the Dirac at position . Define

I(a,b) ={T € RY*™ : T1,, = a,TT1,, = b}, and let M € R™*"™ be a cost matrix with entries

M;;,i=1,...,n,5 = 1,...,m. Without loss of generality we assume that n > m, as their roles
can be exchanged. Then OT can be characterized by the following optimization problem,

W(M,a,b) = i P, M 1

(M,a,0) =  min (P, M), €9)

where (A, B) = tr(A" B). An optimal solution to , denoted as P*, is typically called an optimal
transport plan, and can be viewed as a joint distribution whose marginals coincide with p and v. The
optimal value W (M, a,b) = (P*, M) is then called the Wasserstein distance between p and v if the
cost matrix M satisfies some suitable conditions (Proposition 2.2 of [Peyré et al.,[2019).

As is introduced in Section[I} solving the optimization problem (T)) can be difficult even for moderate
n and m. One approach to regularizing the optimization problem is to add an entropic penalty term
to the objective function, leading to the entropic-regularized OT problem (Cuturil, 2013):

Sx(M,a,b) = min S\(T):= min (T,M)—\""h(T 2
)\( y @y ) TGHI_}I(B,b) )\( ) Tenl}ll(g,b) < ’ > ( )a ( )
where h(T) = 377, 3770, T;;(1 — log T;;) is the entropy term. The new objective function Sx(7T)
is A~ !-strongly convex on II(a, b), so (2) has a unique global solution, denoted as T’;'. In this article,
TY is referred to as the Sinkhorn transport plan. The entropic-regularized Wasserstein distance, also
known as the Sinkhorn distance or Sinkhorn loss in the literature (Cuturil, [2013)), is then defined as
Sx(M,a,b) = (Tx,M).
To simplify the notation, we omit the subscript A in T} hereafter when no confusion is caused. It is
worth noting that in the literature, S and S are sometimes referred to as the sharp and regularized
Sinkhorn loss, respectively. The following proposition from [Luise et al|(2018) suggests that Sy
achieves a faster rate at approximating the Wasserstein distance than S. Due to this reason, in this
article we focus on the sharp version, and simply call S the Sinkhorn loss for brevity.
Proposition 1 (Luise et al.l [2018). There egcist constants C1,Cy > 0 such that for any A > 0,
|S\(M,a,b) — W (M, a,b)| < Cre~ and |Sx(M,a,b) — W (M, a,b)| < Co/\. The constants Cy
and Cy are independent of \, and depend on 1, and v.


https://1drv.ms/u/s!ArsORq8a24WmoFjNQtZYE_BERzDQ
https://1drv.ms/u/s!ArsORq8a24WmoFjNQtZYE_BERzDQ

3 DIFFERENTIATION OF THE SINKHORN LOSS

To use the Sinkhorn loss in deep neural networks or other machine learning tasks, it is also cru-
cial to obtain the derivative of Sy(M, a,b) with respect to its input parameters. Differentiating
the Sinkhorn loss typically involves two stages, the forward and backward passes. In the forward
pass, the Sinkhorn loss or the transport plan is computed using some optimization algorithm, and in
the backward pass the derivative is computed, using either an analytic expression or the automatic
differentiation technique. In this section we analyze both passes in details.

Throughout this article we use the following notations. For z,y € R, z A y means min{z, y}.
For a vector v = (vy,...,v) T, letv™ = (v, 0 )T, & = (v1,...,vp—1)7T, and denote by
diag(v) the diagonal matrix formed by v. Let u = (ug,...,u;)T be another vector, and denote
by u & v the [ x k matrix with entries (u; + v;). For a matrix A = (a;;) = (A41,..., A) with
column vectors A, ..., Ay, let A = (Ay,...,Ar_1), and ey [A] be the matrix with entries e*@.
The symbol ® denotes the elementwise multiplication operator between matrices or vectors. || - ||
and || - | 7 stand for the Euclidean norm for vectors and Frobenius norm for matrices, respectively.
Finally, we globally define n = A~ for simplicity.

3.1 ISSUES OF SINKHORN’S ALGORITHM

In the existing literature, one commonly-used method for the forward pass of the Sinkhorn loss
is Sinkhorn’s algorithm (Sinkhorn, |1964; Sinkhorn & Knoppl [1967). Unlike the original linear
programming problem (I)), the solution to the Sinkhorn problem has a special structure. [Cuturi
(2013)) shows that the optimal solution 7"* can be expressed as

T* = diag(u*)M.diag(v*) (3)

for some vectors u* and v*, where M, = (e*AMU). Sinkhorn’s algorithm starts from an initial

vector v(®) € R, and generates iterates u(*) € R and v(*) € R™" as follows:
uF Y 0o [M®]71 oEFD p o [MTu D)L 4)

It can be proved that u(*) — «* and v*) — »*, and then the Sinkhorn transport plan 7™ can be
recovered by (3).

Sinkhorn’s algorithm is very efficient, as it only involves matrix-vector multiplication and other
inexpensive operations. However, one major issue of Sinkhorn’s algorithm is that the entries of
M, = (e‘AMU) may easily underflow when \ is large, making some elements of the vectors M, v(*)

and M u*1 close to zero. As a result, some components of u(*+1) and v(*+1) would overflow.
Therefore, Sinkhorn’s algorithm in its original form is unstable, and in practice the iterations ()
are typically carried out in the logarithmic scale, which we call the Sinkhorn-log algorithm for
simplicity. Besides, there are some other works also attempting to improve the numerical stability
of Sinkhorn’s algorithm (Schmitzer, [2019; |Cuturi et al.| [2022).

Despite the advancements of Sinkhorn’s algorithm, one critical issue observed in practice is that
Sinkhorn-type algorithms may be slow to converge, especially for small regularization parameters.
This would severely slow down the computation, and may even give misleading results when the
user sets a moderate limit on the total number of iterations. Below we show a motivating example to
highlight this issue. Consider a triplet (M, a, b) for the Sinkhorn problem, and fix the regularization
parameter 1) to be 0.001, where the detailed setting is provided in Appendix[B.1] The true 7* matrix
is visualized in Figure[I] along with the solutions given by various widely-used algorithms, including
Sinkhorn’s algorithm, Sinkhorn-log, the stabilized scaling algorithm (Stabilized, Algorithm 2 of
Schmitzer, [2019), and the Greenkhorn algorithm (Altschuler et al., [2017; [Lin et al., |2022). The
maximum number of iterations is 10000 for Greenkhorn and 1000 for other algorithms.

In Figure[T] it is clear that the plans given by Sinkhorn’s algorithm and Greenkhorn are farthest to
the true value, and Greenkhorn generates NaN values reflected by the white stripes in the plot. In
contrast, the stable algorithms Sinkhorn-log and Stabilized greatly improve them. Sinkhorn’s algo-
rithm and Sinkhorn-log are equivalent in exact arithmetics, so their numerical differences highlight
the need for numerically stable algorithms. However, Sinkhorn-log and Stabilized still have visible
inconsistencies with the truth even after 1000 iterations.
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Figure 1: Visualization of Sinkhorn plans computed by different algorithms.

3.2 THE ADVOCATED ALTERNATIVE FOR FORWARD PASS

To this end, we advocate an alternative scheme to solve the optimal plan 7%, and we show both
theoretically and empirically that this method enjoys great efficiency and stability. Consider the
dual problem of (2)), which has the following form (Proposition 4.4 of [Peyré et al.| 2019):

T Ty —A(M;;—a;—f5) n m
a +5°b g i e R*", g e R™. 5
max o a B TIE E e a B (5)

i=1 j=1

Let o = (af,...,a)T and B* = (Bf,...,%)T be one optimal solution to (5), and then the
Sinkhorn transport plan 7* can be recovered as T* = e) [a*@S* — M|. Remarkably, (5] is equivalent
to an unconstrained convex optimization problem, so a simple gradient ascent method suffices to
find its optimal solution. But in practice, quasi-Newton methods such as the limited memory BFGS
method (L-BFGS, [Liu & Nocedal, [1989) can significantly accelerate the convergence. Using L-
BFGS to solve @) is a known practice (Cuturt & Peyrél |2018}; |[Flamary et al., 2021), but little
is known about its stability in solving the regularized OT problem. We first briefly describe the
algorithm below, and in Section ff] we rigorously prove that L-BFGS converges fast and generates
stable iterates.

max L(a, ) :

a7

It is worth noting we can reduce the number of variables to be optimized in (5) based on the follow-
ing two findings. First, as pointed out by Cuturi et al.[(2019), the variables («, 3) have one redundant
degree of freedom: if (a*, 8*) is one solution to (5)), then so is (a*+c1,,, 8* —cl,, ) for any c. There-
fore, we globally set 5,,, = 0 without loss of generality. Second, let a*(8) = argmax, L(«, )
for a given 5 = (BT, Bm)t = (BT, 0)T, and define f(B8) = —L(a*(83), 3). Then we only need to
minimize f(3) with (m — 1) free variables to get 5*, and «* can be recovered as a* = o*(8*). In
the appendix we show that a*(8), f(5), and V 5 f have simple closed-form expressions:

f(B8)=—a*(8)Ta— BT+, a*(B)i = nloga; —nlog | > A= M) | (6)
j=1
Vil =T(8) "1, b, T(8) = ex[a”(8) & B — M].

With f(3) and Vf, the L-BFGS algorithm can be readily used to minimize f(3) and obtain

B*. Each gradient evaluation requires O(mn) exponentiation operations, which is comparable to
Sinkhorn-log. Although exponentiation is more expensive than matrix-vector multiplication as in
Sinkhorn’s algorithm, this extra cost can be greatly remedied by modern hardware such as GPUs.
On the other hand, we would show in Section [ that L-BFGS has a strong guarantee on numerical
stability, which is critical for many scientific computing problems.

For the motivating example in Section [3.1] we demonstrate the advantage of L-BFGS by showing
its transport plan in the rightmost plot of Figure |l We limit its maximum number of gradient eval-
uations to 1000, and hence comparable to other methods. Clearly, the L-BFGS solution is visually
identical to the ground truth. To study the difference between L-BFGS and Sinkhorn’s algorithm in
more depth, we compute the objective function value of the dual problem (6) at each iteration for
both Sinkhorn-log and L-BFGS. The results are visualized in Figure[2] with three different 7) values,
n = 0.1,0.01,0.001. Since each L-BFGS iteration may involve more than one gradient evaluation,
for L-BFGS we plot the values against both the outer iteration and gradient evaluation counts.



Al=01 A"1=0.01 A71=0.001

0.5 0.0

-057 -1 1 —— Sinkhorn-log
-15 -1.54 L-BFGS Gradient Eval.

—— L-BFGS Iteration
-2.0

-25 -2.54

30 -3.0

Objective Function Value
|

0 20 40 60 80 100 0 100 200 300 400 500 0 200 400 600 800 1000
Iteration Count

Figure 2: Comparing the convergence speed of Sinkhorn-log and L-BFGS.

Figure 2] gives a clear clue to the issue of Sinkhorn-log: it has a surprisingly slow convergence speed
compared to L-BFGS when 7 is small. Theoretically, Sinkhorn algorithms will eventually converge
with sufficient iterations, but in practice, a moderate limit on computational budget may prevent
them from generating accurate results. To this end, L-BFGS appears to be a better candidate when
one needs a small 7 for better approximation to the OT problem. In Appendix[B.2]we have designed
more experiments to study the forward pass stability and accuracy of different algorithms.

3.3 THE ANALYTIC BACKWARD PASS

For the backward pass, one commonly-used method is unrolled Sinkhorn’s algorithm, which is
based on the fact that Sinkhorn’s forward pass algorithm is differentiable with respect to a, b, and
M. Therefore, one can use automatic differentiation software to compute the corresponding deriva-
tives in the backward pass. This method is used in |Genevay et al.| (2018)) for learning generative
models with the Sinkhorn loss, but in practice it may be extremely slow if the forward pass takes a
large number of iterations. To avoid the excessive cost of unrolled algorithms, various implicit dif-
ferentiation methods have been developed for the Sinkhorn loss (Feydy et al., 2019;|Campbell et al.}
2020; Xie et al | [2020; Eisenberger et al.,[2022), but they still do not provide the most straightforward
way to compute the gradient.

To this end, we advocate the use of analytic derivatives of the Sinkhorn loss, which solves the
optimization problem (2)) in the forward pass, and use the optimal dual variables (a*, 5*) for the
backward pass. The analytic form for V,, ;,S) (M, a, b) has been studied in Luise et al.[(2018), and
to our best knowledge, few result has been presented for V ;.5\ (M, a, b). Our first main theorem,
given in Theorem fills this gap and derives the analytic form for V ;S\ (M, a, b).

Theorem 1. For a fixed A > 0,
VuSx(M,a,b) =T + A(sy, @ s, — M) 0T,
where T* = ex[a* @ B* — M], sy = a~ ' © (pr — T*5,), 5o = (35,0)T, g, = (M © T*)1,,

v

fie = (M © Ty, 5 = D7 [fio = T (@™} @ )|, and D = diag(b) - T diag(a™)7",
In addition, D is positive definite, and hence invertible, for any A > 0, a € A,, b € A,,, and M.

Assuming n > m, the main computational cost is in forming D, which requires O(m?n) operations
for matrix-matrix multiplication, and in computing 3,,, which costs O(m?) operations for solving a
positive definite linear system.

4 CONVERGENCE AND STABILITY ANALYSIS

In Sections [3.2) and [3.3] we have introduced the advocated forward and backward algorithms for
the Sinkhorn loss, respectively. In this section, we focus on the theoretical properties of these algo-
rithms, and show that they enjoy provable efficiency and stability. As a first step, we consider the
target of the optimization problem (@), and show that f(f) has a well-behaved minimizer, which
does not underflow or overflow.

Theorem 2. Denote by f* the minimum value of f(83) and 8* an optimal solution, and let o* =
a*(B*). Then f* > —oo, B* is unique, ||a*| < oo, and ||B*|| < oo. In particular, let I =




% i =

Lg, < B} < Usg, §Uﬁjf0ralli:1,...,nandj: 1,...,m, where
Ua, = Mim + 1 -log(a; Aby,), Us, = Mp;—Mpm+n [log(ar Abj) +c],
Lai =1n- log(ai/m) — max (UB]‘ _Mij)v Lﬁj =1n- IOg(bj/n) — max (Uai_M’ij)ﬂ
J K3

argmax; T}, Gmax = max; a;, and ¢ = log(n/by). Then L, < Lo, < af < U,, and

Ugj = max{M;;—M;n} + n [log(amax A bj) + ], L, =n: log(a;/m) — max (U g, —M;;).
. ; ¢ .

Theorem 2] shows that the optimal dual variables v* are bounded, and more importantly, the bounds
are roughly at the scale of the cost matrix entries M;; and the log-weights log(a;) and log(b;).
Therefore, at least the target of the optimization problem is well-behaved. Moreover, one useful
application of Theorem [2]is to impose a box constraint on the variables, adding further stability to
the optimization algorithm.

After verifying the properties of the optimal solution, a more interesting and critical problem is to
seek a stable algorithm to approach the optimal solution. Indeed, in Theorem [3| we prove that the
L-BFGS algorithm for minimizing (6) is one such method.

Theorem 3. Ler { B (’i)} be a sequence of iterates generated by the L-BFGS algorithm starting from
a fixed initial value (0, and define 3% = (BT 0)T, T®) = e\[a* (") @ %) — M), and
f) = f(B(k)). Then there exist constants 0 < r < 1 and C1, Cy > 0 such that for each k > 0:

(a) fO) — f* <pk(fO) — fr) = k), (Linear convergence for the objective value)
(b) ||ﬂ(k) - B < Cie®. (Linear convergence for the iterates)

(c) T7*) 1,,=a,

VBf(,B(k))H2:||T(k)T1n — b||2 < Coe®).  (Exponential decay of the gradient)
(d) Ti(jk) < min{a;,b; + /Coe®} 1 <j<m-—1 (T™) does not overflow)

(e) max; Ti(jk)>ai/m, max; Ti(jk)>(bj—\/026(k))/n, 1< j<m—1 (T%® does not underflow)
The explicit expressions for the constants Cy, Ca, r are given in Appendix A}

Theorem 3| reveals some important information. First, both the objective function value and the iter-
ates have linear convergence speed, so the forward pass using L-BFGS takes O(log(1/¢)) iterations
to obtain an e-optimal solution. Second, the marginal error for j, measured by |T7*)1,, — a], is
exactly zero due to the partial optimization on «. The other marginal error ||T*)T1,, — b||, which is
equal to the gradient norm, is also bounded at any iteration, and decays exponentially fast to zero.
This validates the numerical stability of the L-BFGS algorithm. Third, the estimated transport plan
at any iteration k, TF), is also bounded and stable. This result can be compared with the formulation
in @]): it is not hard to find that u*, v*, and M., when computed individually, can all be unstable due
to the exponentiation operations, especially when 7 is small. In contrast, 7* and 7*), thanks to the
results in Theorem[3] do not suffer from this issue.

We emphasize that Theorem 3|provides novel results that are not direct consequences of the L-BFGS
convergence theorem given in [Liu & Nocedal| (1989)). First, classical theorems only guarantee the
convergence of objective function values and iterates as in (a) and (b), whereas we provide richer
information such as the marginal errors and transport plans specific to OT problems. More impor-
tantly, our results are all nonasymptotic with computable constants. To achieve this, we carefully
analyze the eigenvalue structure of the dual Hessian matrix, which is of interest by itself.

Likewise, we show that the derivative of V ;S5 (M, a, b) as in Theoremcan also be computed in a
numerically stable way. Let V ;.S be the k-step approximation to V ;S = VSx (M, a,b) using

the L-BFGS algorithm, i.e., replacing every 7% in V.5 by T(*). Then we show that the error on
gradient also decays exponentially fast.

Theorem 4. Using the symbols defined in Theorems and let 0 = 1/0min(D), where omin(D)
is the smallest eigenvalue of D. Assume that for some kg,
. 112
min{L, (60(|D|r)""}
4 ’

E(ko) < C;l



and then for every k > ko, HV/M\S —VuS|r < CsVe®) = Cs\/fO — f*.rk/2 where the ex-
plicit expression for Cg is given in Appendix|Al ko always exists as %) decays to zero exponentially
fast as ensured by Theorem[3(a).

5 APPLICATION: SINKHORN GENERATIVE MODELING

The Sinkhorn loss is useful in unsupervised learning tasks that attempt to match two distributions pg
and p*, where p* stands for the data distribution, and py is the model distribution. If py and p* can
be represented or approximated by two discrete measures jg and v, respectively, then one would
wish to minimize the Sinkhorn loss Sy (Mpy, ag, bg) between pg and v, where the cost matrix M and
weights a, b may depend on learnable parameters 6. In gradient-based learning frameworks, the key
step of seeking the optimal parameter 6 that minimizes Sy (My, ag, bg) is to compute the gradient
VoSx(Mp, ag, bg), which further reduces to evaluating V, 55\ (M, a, b) and V 3,5\ (M, a,b).

Luise et al.[(2018) assumes that M is fixed, and studies the gradients V, ;S (M, a,b). However,
in many generative models it is more important to derive V ;Sx (M, a,b), as the weights a and b
are typically fixed, whereas the cost matrix M is computed from the output of some parameterized
layers. Consider a data set X1, ..., X, that follows the distribution p*, X; € RP, and our target
is to fit a deep neural network gy : R” — RP? such that gy(Z) approximately follows p*, where
Z ~ N(0,I,). To this end, we first generate random variates 21, ..., Zy, ~ N(0,I,), and let
Y; = go(Z;). The two weight vectors are simply taken to be a = n~11,,b=m"11,,, and the cost
matrix between X; and Y is given by My € R™*™, where (My);; = || X; — go(Z;)|*>. Then we
learn the network parameter 6 by minimizing the Sinkhorn loss £(6) = S\(My,n"'1,,m~'1,,).
We show such applications in Section[7]

6 RELATED WORK

In Table E] we list some related work on the differentiation of the Sinkhorn loss, and provide a brief
summary of the contribution and limitation of each work. The target of our work is closest to that
of|Genevay et al.| (2018)), i.e., to differentiate the Sinkhorn loss with respect to the input cost matrix.
However, they use unrolled Sinkhorn’s algorithm, so there is no analytic form for V ;5. Our work
is mostly motivated by|Luise et al.|(2018), but they consider the derivative with respect to the weights
instead of the cost matrix. Similarly, Cuturi et al.|(2019) and |Cuturi et al.| (2020) consider gradients
on weights and data points, but not the general cost matrix. (Campbell et al.| (2020); Xie et al.
(2020); [Eisenberger et al.| (2022)) all consider the derivative of the transport plan 7™ using implicit
differentiation. Although this is a more general problem than computing V5, S}, it loses the special
structure of the Sinkhorn loss. As a result, the compact matrix form of the derivative presented in
Theoremis unique. Furthermore, the storage requirement for our result is O(nm), whereas some
existing works need to store much larger matrices. Finally, very few work has rigorously analyzed
the stability of the algorithm, in both the forward and backward passes.

7 NUMERICAL EXPERIMENTS

7.1 RUNNING TIME OF FORWARD AND BACKWARD PASSES

In our subsequent experiments, we compare three algorithms for differentiating the Sinkhorn loss:
the proposed method (“Analytic”) using L-BFGS for the forward pass and the analytic derivative for
backward pass, the implicit differentiation method (“Implicit”), and the unrolled Sinkhorn algorithm
(“Unroll”). Both Implicit and Unroll use Sinkhorn-log for the forward pass, and are implemented in
the OTT-JAX library (Cuturi et al., [2022).

We simulate cost matrices of different dimensions, and compare the forward time and total time
of different algorithms with both 7 = 0.1 and n = 0.01. The detailed experiment setting and
results are given in Appendix Table[2} and Table 3] The main conclusion is that under the same
accuracy level, the forward pass of Analytic is typically faster than those of the other two algorithms,
and the backward time is significantly faster. Overall, the proposed analytic differentiation method
demonstrates visible advantages on computational efficiency.



Table 1: A brief summary of existing literature on differentiation of Sinkhorn loss.

. Derivative Minimum -
Analytic Compact Stability
Reference Target . w.r.t. the . storage .
solution . matrix form . analysis
cost matrix requirement

Genevay et al{(2018) Vs S\ X v X X X
Luise et al.{(2018) Vb5 v X — v X
Cuturi et al.|(2019) Va1 X X — X v
Cuturi et al.| (2020) V1™ v X — v X
Campbell et al.{(2020) VT v v X v X
Xie et al.[(2020) VuT* v v X v X
Eisenberger et al.|(2022) VT v v X X X
This article VmSx v v v v v

7.2 GENERATIVE MODELS ON TOY DATA SETS

In this section we apply the Sinkhorn loss to generative modeling, and test the accuracy and effi-
ciency of the proposed algorithm. Following the methods in Section [5] we consider a toy data set
with n = 1000 and p = 2 (shown in Figure [3)), and we attempt to learn a neural network g such
that go approximately pushes forward Z1, ..., Z,, ~ N(0,1,) to the data distribution. In our ex-
periments, gy is a fully-connected ReLU neural network with input dimension » = 5 and hidden
dimensions 64-128-64. The number of latent data points is m = 1000.

In the first setting, we intentionally keep both the observed data and the latent points Z1, ..., Z,,
fixed, so that the optimization of gy is a deterministic process without randomness, and the optimiza-
tion variable obtained from each forward pass is used as the warm start for the next training iteration.
At every ten iterations, we compute the 2-Wasserstein distance between the observed data and the
pushforward points {gg(Z;)}, and we train gy for 2000 iterations using the Adam optimizer with a
learning rate of 0.001. This setting, though not common in generative modeling, helps us to monitor
the computation of gradients without the impact of random sampling. Moreover, the Wasserstein
distance has an achievable lower bound of zero if gy is sufficiently expressive, so we can study the
accuracy and efficiency of gradient computation by plotting the metric against running time.

The comparison results for the three algorithms are shown in the second and third plots of Figure
E[, from which we have the following findings. First, when n = 0.5, the 2-Wasserstein distance
will increase after certain number of iterations, indicating that the Sinkhorn loss is not an accu-
rate approximation to the Wasserstein distance when 7 is large. Second, it is clear that the Unroll
method has the slowest computation, as it needs to unroll a potentially large computational graph in
automatic differentiation. Third, the proposed analytic differentiation shows visible advantages on
computational efficiency, thanks to the closed-form expression for the derivative.

Finally, to examine the performance of differentiation methods in a genuine generative modeling
setting, we use a regular training scheme that randomly samples the observed data and latent points
at each iteration. Due to the first finding above, we choose the smaller n value for the Sinkhorn
loss, and use a mini-batch of size n = m = 256 for training. We run 5000 iterations in total, and
the metric curves are shown in the last plot of Figure 3] It can be found that the performance of
the three algorithms are similar to the fixed-Z case: all three methods properly reduce the Wasser-
stein distance over time, but the proposed algorithm uses less time to accomplish the computation.
Additional experiments on simulated data sets are given in Appendix [B.4]

7.3 DEEP GENERATIVE MODELS

Finally, we use the Sinkhorn loss to train larger and deeper generative models on the MNIST (Le-
Cun et al.| [1998)) and Fashion-MNIST (Xiao et al., 2017) data sets. In this experiment, we do not
pursue training the best possible generative model; instead, we primarily validate our claims on the
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efficiency of the proposed analytic differentiation method. The architecture of neural networks and
details of the training process are given in Appendix [B.5] During the training process, we com-
pute the Sinkhorn divergence (Feydy et al., [2019) and 2-Wasserstein distance between randomly
sampled test data and model-generated images over iterations, and Figure [] show the results of
Analytic, Implicit, and Unroll algorithms. The conclusion is similar: the proposed analytic differ-
entiation method achieves the same learning performance as existing methods, but is able to reduce
the overall computing time. This once again demonstrates the value of the proposed method.

8 CONCLUSION

In this article we study the differentiation of the Sinkhorn loss with respect to its cost matrix, and
have derived an analytic form of the derivative, which makes the backward pass of the differentiation
easy to implement. Moreover, we study the numerical stability of the forward pass, and rigorously
prove that L-BFGS is a stable and efficient algorithm that complements the widely-used Sinkhorn’s
algorithm and its stabilized versions. In particular, L-BFGS typically converges faster for Sinkhorn
problems with a weak regularization. It is worth noting that the proposed analytic differentiation
method can be combined with different forward algorithms, and a reasonable scheme is to use L-
BFGS for weakly regularized OT problems, and to choose Sinkhorn’s algorithm otherwise. The
differentiable Sinkhorn loss has many potential applications in generative modeling and permutation
learning (Mena et al., |2018), and we anticipate that the technique developed in this article would
boost future research on those directions.
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A EXPLICIT EXPRESSIONS FOR CONSTANTS

We first define a few user constants for the L-BFGS algorithm. Let mg be the maximum number of
correction vectors used to construct the BFGS matrix By, and ¢; € (0,1/2), c2 € (¢1,1) are two
constants related to the Wolfe condition: we assume the L-BFGS algorithm uses some line search
algorithm to select the step sizes o, that satisfy:

flan + ardy) < f(zr) + crowgy di,
gz + ardy)Tdy > cagidy,

where f(-) and g(-) stand for the objective function and gradient function, respectively, x is the
k-th iterate, g, = g(zx), dp = —B,, gk is the search direction, and By, is the BFGS matrix that
approximates the Hessian matrix. myg, c1, and cq are selected by the user.

For Theorem let B(O) be the initial value, and let © = M7Tq and u; = max; M;,i=1,...,n
Then we define the following constants:

U.=b,}! [( max Mj>+nzai10gai—n+f(5(o)>]

1<j<m-—1 pat
m—1
A; =nloga; — U, — nlog e A Mim+Ue) 4 e S
j=1
— n—m + 2 1 A(A’i_A{%WL) - A(‘A Mzm)
Ml_)\.Q(nfm+1)'1I<nilgne ’ =A Ze

M3 = M2 — IOng — 1, M4 =m-1+ moMg — my [10gM1 - lOg(l + mOMQ)}
Cy =2/My,  Cy=2M;"'M;]
T = 1 — 61(1 — C2)M1/M267(M3+M4).

For Theorem 4]
Cs = A/CL IV uSle + 20T p(Co + Cu)]
Cy = 20(laell + 3IT*T (@ © )| + 31D ellsoll)
Cu = ||| + 20, ||diag(a™)T*||p + [la™ © (T"s)].

B ADDITIONAL EXPERIMENT DETAILS

B.1 SETTINGS OF THE MOTIVATING EXAMPLE

Consider a small problem of n = 90 and m = 60. Let z; = 5(: — 1)/(n — 1), ¢ = 1,...,n be
equally-spaced points on [0, 5], and similarly define y; = 5(5 —1)/(m — 1), j = 1,...,m. The
cost matrix is set to M;; = (z; — y;)?, and the weights a and b are specified as follows. Let f; be
the density function of an exponential distribution with mean 1, and f5 be the density function of a
mixture of two normal distributions, 0.2- N (1, 0. 04)+0 8-N(3,0.25). And then we set a; = f1(z;),

b = fa(y), az—az/Zk 1 Ak, and b; _b/Zk 1 b

We fix the regularization parameter 7 to be 0.001. This value is selected such that the resulting
Sinkhorn plan T is visually close to the OT plan P*. In Figure E], we show the Wasserstein and
Sinkhorn transport plans under different values of 7). It can be seen that when n < 0.001, 7% is
visually indistinguishable from P*.

We compute the true T using the e-scaling algorithm (Algorithm 3 of |Schmitzer, 2019). This
algorithm is typically accurate, but it requires solving a sequence of Sinkhorn problems with in-
creasing \’s, where the solution corresponding to the previous \ is used as a warm start for the
next one. Therefore, its computational cost is typically large, and it does not compare fairly with
other methods. Due to this reason, in this article we mainly use the -scaling algorithm to compute
high-precision reference values, and do not include it for method comparison.
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Figure 5: Visualization of Sinkhorn plans with different 7 values.

B.2 FORWARD PASS STABILITY AND ACCURACY

To further compare the numerical stability and accuracy of different algorithms for computing the
Sinkhorn loss, we consider the following experiment. First, we simulate data X1, ..., X, ~ fi(x)
and Y7,...,Y,, ~ fa(y) from some specific distributions fi(x) and f>(y), ,y € RP, and construct
the cost matrix as M = (M;;), where M;; = || X; — Y;||?. The weights are fixed asa =n~'1,, and
b = m~'1,,. For each of the five methods compared in the motivating example in Section let
T = (T;;) be the computed Sinkhorn transport plan and T™* be the true value (computed using the
e-scaling algorithm), and then we compute two types of errors: the error on the transport plan,

Ertpian(T) = | (Ti; — Tj)?,
4,7
and the error on the Sinkhorn loss value,
Errjoss(T) = (T, M) — (T*,M)| = (T = T*,M)]|.
For each configuration of the experiment, we simulate the data 100 times, and visualize the distribu-
tion of the errors using boxplots.

In our experiment, we fix n = 150, m = 200, and consider varying dimensions p = 1,10, 50. The
Sinkhorn regularization parameters compared are 7 = 0.01,0.001, and for each 1 we set a specific
maximum number of iterations for all algorithms. Two data generation models are considered:

(a) Both fi(x) and f>(y) are multivariate normal distributions N (0, I,,);

(b) Both f1(z) and f>(y) have independent components. Each marginal distribution of f; is an
exponential distribution with mean 1, and each marginal distribution of f is a mixture of two
normal distributions, 0.2 - N(1,0.04) + 0.8 - N(3,0.25).

The final results are demonstrated in Figure[6] where all the errors are shown in the log-scale.

In Figure [6] many boxplots for the Stabilized and Greenkhorn algorithms are missing, since they
produce all NaN values in the 100 simulations due to numerical overflows. For Sinkhorn, even if it
generates no NaNs values explicitly for n = 0.001, it does not give any meaningful results either.
This implies that numerical stability is a critical issue in computing the Sinkhorn loss.

For Sinkhorn-log, it gives reasonably small errors when the regularization is large (n = 0.01) with
sufficient number of iterations, but its accuracy quickly deteriorates when 7 decreases to 0.001.
Moreover, we can find that Sinkhorn-log is sensitive to the limits on number of iterations. For
example, when p = 1 and = 0.01, the loss value error can be as small as 1075 given 1000
maximum number of iterations, but if we restrict the limit to 200, the error can be as large as 1072
or even 10°, depending on the data distribution.

In contrast, the difference on maximum number of iterations has a minor effect on the L-BFGS
algorithm, indicating that it converges fast, and additional iterations are not needed. These find-
ings demonstrate the advantage of the advocated L-BFGS method in both numerical stability and
accuracy.
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Figure 6: Comparing different algorithms on the errors of Sinkhorn transport plan and loss value.
The missing boxplots indicate that the corresponding results are NaNs.

B.3 RUNNING TIME OF FORWARD AND BACKWARD PASSES
In this section we compare the running time of three algorithms on differentiating the Sinkhorn loss.

(a) The proposed algorithm “Analytic”’: L-BFGS in the forward pass, and analytic differentiation
in the backward pass.

(b) “Implicit” implemented in the OTT-JAX library (Cuturi et al.,[2022)): Sinkhorn-log in the for-
ward pass, and implicit differentiation in the backward pass.

(c) “Unroll” implemented in the OTT-JAX library: Sinkhorn-log in the forward pass, and unrolled
automatic differentiation in the backward pass.

We use the second data generation model in Section [B.2]to simulate data points, and use the three
algorithms above to compute the Sinkhorn loss and its derivative with respect to the cost matrix.
For each configuration, we randomly generate the data 100 times, and compute their mean forward
time and mean total time. The stopping rule implemented in the OTT-JAX library is ||T1,, — al| +
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|TT1, — b|| < €011, and one of the terms would be exactly zero in the last iteration. The stopping
rule for L-BFGS is ||[771,, — b||cc < 15145 To account for such a difference, we set e 45 = 1076,
andlet e,y = y/max{n, m}-e;s45. In fact, this setting favors the competing method, as its stopping
criterion is strictly weaker than the proposed one. To test whether the algorithms actually converge
under the given criteria, we also report the number of converging cases within the 100 repetitions.

Results for different data dimensions and regularization parameters are given in Table 2] and Table
E[, where the former uses 1000 maximum number of iterations, and the latter uses 10000.

Table 2: Running time of three algorithms for differentiating the Sinkhorn loss, with maximum 1000
iterations.

Mean forward Std. of Mean total Std. of total

time (ms) forward time  time (ms) time Converged

- Analytic 1907 211 19.33 2.13 100
m=n =64
p=28 Implicit ~ 27.77 0.69 39.66 3.41
n=0.1 Unroll 2753 0.13 101.30 036

- Analytic 2321 345 23.48 3.46 100
m=n =64
p=28 Implicit  27.33 0.05 50.52 5.19
n=0.01 Unroll 27.39 0.12 100.66 0.39
o 1og Analytic  23.79 2.96 24.19 2.96 100
p=16 Implicit  29.81 0.61 5821 491 0
n=0.1 Unroll 2975 0.06 107.18 0.19 0
m—n—1928 Analytic 32.24 4.99 32.68 5.00 100
p=16 Implicit  29.73 0.05 85.56 748 0
n=0.01 Unroll 29.65 0.08 106.66 0.46 0
95 Analytic  28.60 3.82 29.40 385 100
p =32 Implicit ~ 33.69 032 82.53 421 0
n=0.1 Unroll 33.60 0.23 123.25 0.07 0
o _osg Amalytic 4394 6.08 44.86 6.12 100
p =32 Implicit  33.75 0.20 137.46 11.66 0
n=0.01 Unroll 3378 0.10 122.99 027 0
o _spp Analytic 4135 5.64 43.05 553 100
p =64 Implicit  46.06 0.05 130.96 11.97
n=0.1 Unroll 46.02 0.04 167.64 022
o _s1p Analytic  67.76 9.65 69.42 9.65 100
p =64 Implicit  46.08 0.05 23034 11.72 0
n=0.01 Unroll 46.09 0.05 167.68 0.20 0

B.4 MORE EXPERIMENTS ON SIMULATED DATA

We experiment on more simulated data to compare the computational efficiency of Analytic and
Implicit. We do not include Unroll since it is too time-consuming. The results are given in Figure
[7l as analogues of Figure [3] Three more simulated data sets are studied, and we also include the
Sinkhorn loss as a metric to evaluate the model performance over time.
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Table 3: Running time of three algorithms for differentiating the Sinkhorn loss, with maximum
10000 iterations.

Mean forward Std. of Mean total Std. of total

time (ms) forward time  time (ms) time Converged
- Analytic  19.01 2.10 19.27 2.10 100
m=n =64
p=28 Implicit  267.95 2457 277.86 24.58 12
n=0.1 Unroll 269.49 24.76 986.46 90.67 12
- Analytic  23.28 3.46 23.54 3.48 100
m=n =64
p=28 Implicit  275.42 034 284.84 474 0
n=0.01 Unroll 275.54 0.49 1011.70 0.75 0
m=n— 198 Analytic 23.76 2.92 24.16 2.90 100
p=16 Implicit  297.36 0.34 32029 432 0
n=0.1 Unroll 297.93 0.63 1074.47 133 0
o log Analyic 3221 5.00 32.68 5.01 100
p=16 Implicit  297.79 0.30 324.95 9.99 0
n=0.01 Unroll 297.90 032 1073.24 0.84 0
o _osg Amlytic 2872 384 29.57 3.83 100
p =32 Implicit  342.23 1.53 386.80 9.22 0
n=0.1 Unroll 343.18 0.70 1256.10 2.94 0
o _osg Anmalytic 4445 6.14 45.32 6.18 100
p =32 Implicit  343.57 201 411.12 18.92
n=0.01 Unroll 341.00 2.02 1253.67 333
. _s1p Analytic 4150 5.60 43.27 553 100
p =64 Implicit  469.04 0.77 552.64 15.31
n=0.1 Unroll 465.03 1.82 1705.51 6.36
sy Amalytic 6797 9.69 69.68 9.67 100
p =64 Implicit  464.59 1.04 624.28 2648 0
n=0.01 Unroll 464.16 0.55 1707.04 331 0

B.5 ARCHITECTURES FOR DEEP GENERATIVE MODELS

For the deep generative models on MNIST and Fashion-MNIST data in Section 7.4, the architectures
of the generators are given in Table [ where FC; stands for a fully-connected layer with d output
dimensions, and Conve i s pin,pout 1S the transposed convolutional layer with ¢ output channels,
kernel size k, stride s, input padding pin, and output padding pout.

Both models are trained using the Adam optimizer with learning rate 0.0001, on mini-batches of
size 600. The Sinkhorn regularization parameter is set to = 0.1, and the training process consists
of two stages. In the first stage, we use the squared L? distance to construct the cost matrix, and
in the second stage we switch to the L! distance. The intuition is that the squared L? distance has
smoother derivatives, thereby making the training more stable in early steps; on the other hand, the
L' distance makes the generated images sharper. The two stages are run for 20 and 30 epochs,
respectively. The Wasserstein distances values in Figure ] are computed in the first stage.
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Figure 7: More experiments on simulated data. The plots are analogues of Figure |3} with three
additional data sets and the extra Sinkhorn divergence metric to evaluate model performance.

B.6 APPLYING THE SINKHORN LOSS TO WASSERSTEIN AUTO-ENCODER

Finally, we illustrate the application of the Sinkhorn loss in an Wasserstein auto-encoder (WAE,

Tolstikhin et al.| 2018)) generative model, based on the CelebA data set 2015). The

training data consist of 20000 human face images, each of size 64 x 64. The WAE model learns
an encoder ) : R — R" and a decoder G : R"™ — RP as a solution to the following optimization
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Table 4: Architectures of the neural networks for MNIST and Fashion-MNIST data.

MNIST Fashion-MNIST
Layer Output shape Layer Output shape
Input 2 16 Input 2 32
FCs136 + ReLU 3136 FCeg272 + ReLU 6272
Reshape 64 x7x7 Reshape 128 x 7 x 7

Convsa 42,10 + ReLU 32 x 14 x 14  Conveaa2,1,0 + ReLU 64 x 14 x 14
Convss 4.9 1,1+ ReLU 32 x 29 x 29 CODV6474,27171 + ReLU 64 x 29 x 29

Y Ey 4y

COHV1’4717270 1 x 28 x 28 COHV1’4717270 1 x 28 x 28

problem:

min B, || X — GQEO)I +€- Doz, pacx)). ™)

where px, pg(x). and pz are the distribution of data points X, the distribution of Q(X), and a
pre-specified latent distribution, respectively, and £ is a regularization parameter to balance the two
terms. The first term in (7)) is the reconstruction error, and the second term quantifies the divergence
of the distribution of Q(X) to the latent distribution pz. We simply take p; to be a multivariate
standard normal distribution, and use the Sinkhorn divergence (Genevay et al.,[2018) to define D(-):

1 1
D(p,v) = Sx(p,v) — 553(#7#) - 55&(1/, v),

where p and v are two discrete distributions, and with slight abuse of notation, Sy (u,v) is the
Sinkhorn loss studied in this article. In actual implementation, p and v are Diracs of data points
from pz and pg(x), respectively. To generate new images, we sample latent data points Z1, . . ., Z,
from the latent distribution pz, and then pass them to the generator to obtain images Y; = G(Z;),
1=1,...,n.

Since the focus of this article is on the computation and differentiation of the Sinkhorn loss, we do
not attempt to build and train the model with full complexity. Instead, to compare computing time,
we only run 10 epochs for illustration purpose. The architectures of the encoder and the decoder are
given in Table 5] and we set the latent dimension to r = 64, the WAE regularization parameter to
¢ = 1, and the Sinkhorn loss parameter to = 0.1. We use the Adam optimizer with a learning
rate of 0.001 and a mini-batch size of 500. We have found that the Implicit method generates NaNs
after 72 mini-batch iterations, so we only show the results for the proposed Analytic algorithm and
the existing Unroll method. Figure [§(a) shows the training process of the WAE model based on the
Sinkhorn divergence for 10 epochs, and Figure[§[b) shows the randomly generated images using the
Analytic method after 50 epochs. It is clear that the proposed Analytic method is more efficient than
the Unroll method in training.

Table 5: Architectures of the neural networks for CelebA data.

Encoder Decoder

Layer Output shape Layer Output shape

Input 3 x 64 x 64 Input 2 64
COHV32,47271’0 + ReLU 32 x 32 x 32 CODV25674,170,0 + ReLU 256 x4 x 4
COHV64T4’2_’170 + ReLU 64 x 16 x 16 CODV1287472,1,0 + ReLU 128 x 8 x 8
COHV12874)27170 + ReLU 128 x 8 x 8 COI’IV64)4,271’0 + ReLLU 64 x 16 x 16
COHV25674,27170 + ReLU 256 x4 x 4 COHV3274,27170 + ReLU 32 x 32 x 32

COHV64’47270’0 64x1x1 COHV3’472’1,0 3 X 64 x 64
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Training Process of WAE using the Sinkhorn Divergence

62 ‘ —— Analytic

Unroll

Loss Function Value
4 8 3

ﬁ
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L"r»rw
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0

Figure 8: (a) Training process of WAE for the CelebA data for 10 epochs, based on the Sinkhorn
divergence. (b) Randomly generated images using the Analytic method after 50 epochs of training.

B.7 COMPUTING ENVIRONMENT

All of the experiments in this article were conducted on a personal computer with an Intel 19-11900K
CPU and an Nvidia RTX 3090 GPU.

For the motivating example in Section[3.T]and the experiments in Section[B.2] results for Sinkhorn’s
algorithm, Sinkhorn-log, Stabilized, and Greenkhorn are computed using the Python Optimal Trans-

port (POT) library (Flamary et al.l 202T). For the experiments in Sections[7.2] [7.3] [B.3] [B-4] and[B.6}
the Implicit and Unroll algorithms are implemented in the OTT-JAX library (Cuturi et al.,[2022).

C PROOFS OF THEOREMS

C.1 TECHNICAL LEMMAS

In this section we state a few technical lemmas that are used to prove our main theorems. Lemmal]
to Lemma[3|below are standard conclusions in vector calculus, Lemmaf]and Lemma (5) are derived
from the eigenvalue theory, and Lemma (7)) and Lemma (8) are related to the Sinkhorn problem.

We first introduce the following notations. For any z € R, let [z]; = max{z,0}. For a matrix
A = (a;5) € R™™™, the vectorization operator, vec(A), creates a vector by stacking the column
vectors of A together, i.e.,

vec(A) = (an, ey Q1,120 o s A2y ooy A1y - - .,anm)T.

For two matrices A = (a;;) € R™*™ and B € RP*9, the Kronecker product of A and B is defined
as
anB s almB

AR B = : ) :
anlB ant

For a differentiable vector-valued function f : R™ — R™, the partial derivative of f with respect to
x is defined as

5)51 (=) .. 3({;1(1)
of(x) . o
T . . .
O fm(z) . Ofm(x)
oz Oxy,

We use I, to denote the n x n identity matrix, and oax () and opmin(-) stand for the largest and
smallest eigenvalues of some symmetric matrix, respectively.

Lemma 1. Given two matrices A € R™*"™ and B € R"*",

vec(AB) = (I, ® A)vec(B) = (BT ® I,,,)vec(A).
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Lemma 2. Let f : R™ — R" and g : R™ — R"™ be two vector-valued differentiable functions of

x € R™. Then
D 1) (@) = gl Ty pyr )

Lemma 3. Let f : R™ — Rl and g : R™ — R” be two vector-valued differentiable functions of
x € R™. Then

aaTvec(f(m)g(x)T) = (g9(z) ® Iz)aafx(? + (I, ® f(m))ag:lc‘)

Lemma 4. Let A and B be two n X n positive definite matrices, and let oy > -+ > a,, > 0 and
B1 >+ > Bn > 0 be the ordered eigenvalues of A and B, respectively. Then for any x € R",

sTAYV2BAY2y < oy By |22

Proof. Let Uiy, = xTAY?, and then u = UUT = 2TAz < oy|z||?, and UBUT =
T AY2BAY/?2. By Theorem A.4 in page 788 of Marshall et al[(2011), we immediately get

UBUT = tr(UBU") < Biu < oy B ||

O
Lemma 5. Let A and B be two symmetric matrices of the same size. Then
Jmin(AA) + Umin(B) S Umin(A + B) S Umax(A + B) S Umax(A) + Umax(B)-
Proof. Using the well-known identity omax(A) = max; =1 2T Az, we have
Omax(A+ B) = HmHax 2T (A+ B)zx < HmHax xT Az + Hm‘iax 2T Bx = opax(A) + Omax(B).
z||=1 z|[=1 z||=1
Applying the inequality above to —(A + B), we get the result on the opposite direction. O
Lemma 6. Let x = (21,...,7,)" and y = (y1,...,yn)" be two vectors. Define LSE(z) =
log >, €%, and then for any z,y € R",
—llz = ylloo < min (z; —y;) < LSE(x) — LSE(y) < max (z; — ;) < [|2 = ¢lloc-
Proof. Tt is easy to find that V,LSE(z) = softmax(z) = (s1,...,5,)" is the softmax function,
where s; = ¢/ >/, €** € (0,1). By the mean value theorem, we have
LSE(z) — LSE(y) = softmax(wz + (1 — w)y)* (z — )
for some 0 < w < 1. Let z = softmax(wz + (1 — w)y), and then
LSE(z) — LSE(y Zzl ) < {max } Zzl = max —4i) < ||z = Yl oo,
i=1
and similarly, LSE(z) — LSE(y) > min;(z; — y;) > —|| — ¥/ co- O

Lemma 7. Let f(3) be defined as in @, and let n = M"a and v; = max; M;;, i = 1,...,n. If
f(B) < ¢, then we have max; 3; < U, and min; 8; > L., where

_ -1 . L
U.=b,, [(K?}aﬁ 1u]) —|—77Z:azlogaZ n+c )
i=1 +
n n
L.=— (1§jr%l£_1 bj) z; a;u; +n z; a;loga; —n+c 9)
1= 1= +
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Proof. By definition,

m

(B) = ﬂzn:ai log Ze/\(ﬁij“) —niai loga; — ﬂTb+77.
i=1

j=1 i=1
If f(B8) < ¢, then

m

co:=c+ nZai loga; —n > nZai log Ze’\(ﬁj’MU) — BTh.
i=1 i= j=

By definition we have 3,,, = 0, and let J = arg max;<j<m—1 3;. Then

n n m—1
co > nzai lOg |:6/\(BJ*M7LJ):| o ﬂTb _ Zai(ﬂJ - MiJ) - ijj
i=1 i=1 j=1
m—1
> By~ Zal i = B D by = bmBy = g 2 by — | max .
= Jj=1

which verifies (8] by noting that max; 8; = [8]+

Next, let K = arg mini<;j<m—1 ;. We can assume that Sx < 0, since otherwise the trivial bound
min; 8; = B, = 0 is already met. Consider the sets Sy = {j : 3; > 0} and S_ = {j : §; < 0}.
Then clearly,

BT = Brcbc+ > Bibj+ > Bib; < Brbr + (B4 Y bj+0 < Brebrc + [Bs](1—by).

JFK JEK JFK
JESH JES- JjESY
Also note that log(3_7", %) > max; x; for any z1,...,z, € R, s0
n m n m n m
nZai log Ze)‘(ﬁij“) > nZai log Ze’\(ﬁj’“i) = nzai log Ze’\ﬁf — A,
i=1 j=1 i=1 j=1 i=1 j=1
m n n
=nlog Z eMi | — Z a;u; > n-max (A\G;) — a;u;
J=1 =1 =1

As a result,

co=nY a;log | > AETMIN — 8Th > (8], = " au; — Brbi — [Bs]4+ (1 — b)
i= j=1 i=1

n

=bm[Bs]4 — Y aiu; — Brbix > — > aju; — Brbr,

i=1 i=1
and then

3

n —1 n
-1 .
Br > —by lg 1 a;u; +co| > — (1<jné121b‘]) [g 1 a;u; + co
1= + 1= +

which verifies (). O

Lemma 8. Let T be an n x m matrix with strictly positive entries, and suppose that n > m. Define
w=T1,,v= TT1,, and

_ (diag(p) T — diao() — TTds —1F
H—( 7T diag(7)) D = diag(v) — T diag(n)~ " T.
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Then

Omax(D) < max v,
1<j<m—1

— 2
Umin(D)ZUmin(H)> n mt

T min T
- 2(n—m+1) 1Sitn

n
omin(D) > min ZD]— min Z“;IT’?T’W'
1

1<i<m-—1 1<j<m—1+4
1=

Proof. Consider the matrix S = H — sJ, where J is an (n +m — 1) X (n +m — 1) matrix filled
of ones, and s is a positive scalar. Let

Rk:Z\SkH» k=1,...,n+m—1

J#k
Suppose s < mini<;<n,1<j<m—1 1ij,and then for k = 1,...,n, itis easy to find that
m—1
Ri=(n—1)s+ 3 (T —s) = (n— 1)s + i — Ty — (m— 1) = (n — m)s + it — Thom,
j=1

andfork=n+1,...,n4+m—1,

Ry =(m—2)s+ Z(Ti,k,n —s)=(m—2)s+vp_p—ns=(m—n—2)s+ vp_p.
i=1
Then it is easy to see that

S~ R — wr— Ry =Tgm — (n—m)s, k=1,...,n
ok k Veen—Rey=Mn+2-m)s, k=n+1,....n+m—-1"

Let
121;1717},” —(n—m)s=(n+2-—m)s,
and then s = min; <;<y, Tjm/(2n — 2m + 2), and

nomE2 i Ty, >0

2(n—=m+1) 1<i<n

for all k. By the Gershgorin circle theorem, every eigenvalue of S must be greater than L. Since
H = S + sJ and J is nonnegative definite, we also have o, (H) > L > 0, implying that H is
positive definite.

Sk — R > L=

For the second formula, it is easy to find that the D matrix is the Schur complement of the block
diag(p) of the H matrix. So by Theorem 3.1 of [Fan| (2002), we have opin(D) > omin(H) and
Omax (D) < Omax(diag(?)) = maxi<j<m—1 V5.

Finally, let ¢ = max;<;j<m—1 ¥, and then D can be expressed as D = cl,,,_1 — B, where B =

TTdiag(u) T + diag(cl,,_, — ») is a matrix that have nonnegative entries. In addition, we have
proved that D is positive definite, so D is a nonsingular M -matrix by the definition in Tian & Huang
(2010). Then Theorem 3.2 of |Tian & Huang| (2010) shows that

Omin(D) > min ZD”

1<i<m—1

Let § = D1,,_1, and then clearly min; <;<m—1 ijl ;; = min; ¢;. Note that
6 =D1,,_1 =v— T diag(p) " 'T1,,_1 = v — T diag(u) 1 (T1,, — T)n)
=i — TVdiag(p) ' (u — Trn) = # — T 1, + T diag(p) "' Tr, = TT diag () ' Thn,

where T, stands for the m-th column of 7". Therefore,

min  J; E ,u_lT iTim
1<i<m—1 1<]<m 1
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C.2  PROOF OF ([6))

Let T = e)[a® 5 — M], and then it is easy to find that V,£L(«, 5) = a — T'1,,, and Vgﬁ(a, B) =

b—T7"1,. Since o*(3) = argmax, L(a, ), we find that a; = a*(8); is the solution to the
equation a — T'1,, = 0. By definition, we have

m m
= E eMeitBi=Mij) — e E ABi=Mig) =1 n,
j=1 j=1

so the solution is o; = nloga; — nlog (2311 e/\(ﬁf_M“)). Since T'1,, = a, we immediately get
171, =1,s0
L(a*(B),8) = a*(B)Ta+ 70 =11, T1,, = a*(8)Ta+ 870 1,
and we get the expression for f ( )= —L(a*(B), ). Fmally,
. 9o (B)]"
v/@ﬁ(a (ﬂ)7ﬁ) = aBT vaﬁ(a7ﬁ)|o¢:a*(ﬁ) + Véﬁ(aaﬂ) a:a*(ﬁ) .
Since o*(8) = argmaxq L(, ) implies that VoL(a,B)[,_o-5 = 0. we have

Vgﬁ(a*(ﬁ)aﬁ) = V@ﬁ(mﬂ) e
Vif(B) = =V;L(a"(B),8) =T(8)"1, —b.

. and hence

C.3 PROOF OF THEOREM[I]

By definition we have
S\(M,a,b) = (T*, M) = vec(T*) vec(M),
so Lemma 2] gives
0S\(M,a,b) T Ovec(T™)
dvec(M)T dvec(M)T
Obviously, dvec(M)/dvec(M )™ is the (nm) x (nm) identity matrix I(,,,,,), so the second term of
(10) is essentially vec(7T*)"T, and the remaining task is to derive Ovec(T™)/dvec(M)™.

Let R =a*® 3" — M = a*1} + 1,87 — M, and then T* = e,[R]. Using the chain rule of
derivatives, we have

= vec(M) (10)

Ovec(T*)  Ovec(T*) Ovec(R) (11
dvec(M)T — dvec(R)T Ovec(M)T’
It is easy to find that dvec(T*)/Ovec(R)T is an (nm) x (nm) diagonal matrix with diagonal
elements vec(AT™), so

vec(M)Tm = Avec(M & T*)T. (12)
Furthermore,
dvec(R)  Ovec(a*1}, + 1,87 — M)
ovec(M)T dvec(M)T

oa* ap*

Im®1n)m = I(nm), (13)

where the second identity is an application of Lemma 3] Combine (TI)), (T2) and (T3)), and then we
get

ovec(T™*) Ovec(R)
T YYE\-s _ «\T Y VYERSY)
vec(M) vec(M)T Avec(M ©T%) vec(M)T
Oao*
_ *\T
=Avec(M oT*) (1, ® In)@vec( T
+Avec(M o T*)"(I,, ®1 )L
T Ovee(M)T

— Avec(M o T*)T,
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which is the first term of (T0).

Using the identities in Lemmal|[I] we have

vec(M © T*) (1, ® I,) = [(1y ® I)Tvec(M & T*)]" = [} ® I,,)vec(M © T*)] "

= [vec((M 0 T*)1)]" =/,

vec(M O T*) (I, ® 1,) = [(I, ® 1,) T vec(M © T*)]T = [(In ® 1, )vec(M & T*)]T
= [vec(lE(M@T*))]T =
Since we have set (3, = 0, (T0) simplifies to

05\(M, a,b) _ T Oo" r OB N T
“ovec(M)T =A NTW-FMCW vec(M ©T*)" | +vec(T*)". (14)

Let w* = (a*T, 3*T)T, and then the main challenge is to calculate dw* /Ovec(M)T
First, note that the optimality condition for (a*, 8*) = argmax, g L(«, 3) is

VoL, B)l(a,p)=(axp) =0, V8L(B)|(y g)=(ax,5+) = O- (15)
Sectionhas shown that V,£L(a, 8) = a — T1,, and Vgﬁ(oz, B8) = b—T7T1,,. Moreover,

Viﬁ(a, 6) = 7)‘d1ag(T1m)
ViL(a, B) = —Adiag(T"1,)

V5 (VaL(a,B)) = =AT.
Define the function

F(w, M) = ( VoL(a,B) ) _ ( a—T1, ) (16)

Vﬁﬁ(OQﬂ) B_TTln

where w = (aT, 5T)T, and then &* satisfies the equation F'(w*, M) = 0, indicating that w* is
implicitly a function of M, written as w* = w(M ). By the implicit function theorem,

ow(M)  [OF(w,M) 1 OF (w, M) g
dvec(M)T owt |- ovec(M)™ | _.- w S
Note that
2 : .
YT TV (VaL(en8)] VEL(e,B) BT D
Then by the inversion formula for block matrices, we have
s i A BN __ i AT+ ATBATBTAT AT BAT
v BT D N —~A71BTA! At ’
where A = D — BTA™'B. For g = (uF, iF)7T, the vector 5 = (sT,5T)T = —AF; ' has the
following expression:

§,=—-AT'BTA u + AT,
$u=A"u + A'BAT BTA  y, — AT'BA 1,
= A"y, — A7'B5,.
After some simplification, we obtain

A = diag(T"1,,) — T diag((T1,,)”)T
5, = A", — ATV ((T1,,)” © py)
Su=(T1yn)~ © py — (T1,,)~ © (T5,).
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Next, partition Fiy as Fyy = ( gM ), where Gy € R (") and H,; € R(m-1x(m) By
M
definition,
__0Gy
Ovec(M)T m m
GM - ) G’L - - ZTZ] = — Ze)‘(o‘ijLBj*]\/[ij),
G, = p
Ovec(M)T
SO

oG; [0, i £k

oMy \ M, i=k'

This indicates that Gy = A (diag(Ty), .. .,diag(T,,)), where T4, . .., T}, are the column vectors
of T'. Similarly, for H; = — Y | Tj;,

OH) __
ovec(M
P aHj_{o, j#1
. o, | OMu T M =1
Ovec(M)T
implying that
Iy
Hy = A\
7T | oF
As aresult,
da* ap*
T ~T
Hr dvec(M)T e Ovec(M)T
ow*
T ~T T ~T\p—1
= — = — F_'F
(K s Fe )avec(M)T (ks e )y Fur
T -1 -1
g1 B A6y _ 1 oery (A G
- |: AF, < /10 >:| ( AilH}W ) - (Suﬂsv) < >\le1\/[
=((su @T)", ... (50 ©T)") + (50117 -, Fom—1Toh_1,00)
= [vec (diag(s, )T + Tdiag(s,))]" . (17)
Finally, substitute (T7) into (T4), and we have
OS\(M,a,b
5‘\;\(3(0(]7\;)711) = \[vec (diag(s,)T* + T*diag(s,)) — vec(M © T)]" + vec(T)"
Transforming back to the matrix form, and we obtain
0S\(M,a,b
% = A5u @Sy~ M)OT +T.

Replacing 7" with 7™ and noting that a = T%1,,, b= T*T1,, we get the stated result. The positive
definiteness of the A matrix is a direct consequence of Lemma

C.4 PROOF OF THEOREM[Z]

In the proof of Theorem [I] we have already shown that

2 . [diag(T1,,) j:
Vayﬁll(a,ﬁ) =—-)\H = )\( T diag(T71,)) "

where T' = ey[a &  — M|. Plugging o* () into L(e, ), and then V%E(a*(ﬂ),ﬁ) is the Schur
complement of the top left block of Vi Bﬁ(a, B), given by

V3L(0"(B), B) = —A [diag(TTln) - TTdiag(T1m)*1T} .
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Since f(8) = —L(a*(B), ), by Lemma (8 we find that V%f(ﬁ) is positive definite, so f(5) is
strictly convex on $, and hence 8* is unique.
The optimality conditions for (a*, 3*) are T*1,, = a and T*T1,, = b, where T* = e [a* ® 5* —
M]. Since Tj; = exp{\(af + 85 — M;;)} > 0and a; = 37", T}, by = S2;1, T, we have
T} < min{a;, b;} for all i and j, implying that

O[;k + B]* S Uij = Mij + )\71 min{log(ai), IOg(bJ)}

Since 3, = 0 by design, we have af < U,, < 4+00,% = 1,...,n, where Uy, = Uy, = My, +
A~ ! min{log(a;),log(b,,)}. This indicates that o is upper bounded.

Next, let I = arg max; T};,. Since T*T1,, = b implies that b,, = > | T7;,, < nT7,,, we have
Tt = exp{Mar — Mim)} = b /1,
and hence af > My, + A~ log(by, /n). Again, since o + B3 < Usj for all i and j, it holds that
B; <Urj— a7 <Urj — Mpy, — A" Hog(b,, /n)
= My; + A ' min{log(as),log(b;)} — M1, — A~ log(by,/n)
=M; — My, + A7t min{log(nar/by,),log(nb; /by )}
=Ug, <400, j=1,...,m. (18)

On the other hand, 7*"1,, = b implies that b; = 7" | T} = M3 eMei=Mi) for any 4, so

n n
3 0] 5+ g[S 0]

i=1 i=1

logb; = AB; + log

It is well-known that

n

max{zy,...,z,} < log (Z e“) < max{z1,...,x,} + logn

i=1

forany z1,...,x, € R, so

B; > A log b — A 1log lz e’\(Uai—Mu)]

i=1

> A "tlog b; —max (Uy, — M;;) — A tlogn

>\t log(b;/n) — max (Us, — Myj) == Lg, > —co, j=1,...,m. (19)
Then and (19) together show that |5¥| < oc.
Similarly, T*1,, = a, so

m
IOgai < /\Oé;k + log Ze)‘(Uﬁijij) ,
j=1

af > X" tog(a;/m) — Hl]&X(Ug], — M;j) =Ly, >—00, i=1,...,n.

The trivial bounds L, and Ugj are obtained by removing the unknown index I.

The results above verify that |of| < oo and [3}| < oo, and hence [[a*| < oo and [|3*| < oo.
Finally, plugging in 5* to the objective function, and we immediately get f* > —oo.

C.5 PROOF OF THEOREM[3]
Claims (a) and (b) are direct consequences of the convergence property of the L-BFGS algorithm

(Theorem 7.1, [Liu & Nocedal, [1989), and we only need to verify its three assumptions. The new
results here are explicit expressions for the constants Cy, C, and 7.
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First, f is twice continuously differentiable, so Assumption 7.1(1) of [Liu & Nocedal (1989) is
verified. Second, f is a closed convex function, and we define the level set of f as L, = {B €
R™=1: f(B) < c}. Theoremhas shown that f* > —o0, and when ¢ = f*, obviously L. = {3*}
is non-empty and bounded. Then Corollary 8.7.1 of |Rockafellar| (1970) shows that L. is bounded
for every c. In particular, for a fixed initial value 5 (0) define L = {ﬁ fB) < f (5(0))}, and then
L is a bounded, closed, and convex set, which verifies Assumption 7.1(2) of |Liu & Nocedal| (1989).
Third, let H(f3) := V% f(B), and then in the proof of Theoremwe have already shown that

H(B) = \ |diag(T71,) - T diag(T1,,) 7],
where T = ex[a*(8) ® 8 — M]. Lemmal§] verifies that

— 2
omn(HB) 2 A "2 in Ty, omac(H(B) < A max v,

2(n—m+1) 1<i<n 1<j<m—1

where v = TT1,,. On the L set, Lemma [7| shows that max; 3; < U, and min; 8; > L., with
c = f(B©). Therefore,

m m—1
a; = nloga; —nlog Z M= Mig) | > nloga; —nlog | e Mim 4 Z eMUe=Mij)
j=1 j=1
m—1 N
=nloga; — U, — nlog [ e AMim+Ue) 4 Z e 7| =4,
j=1

Tim — e)\(aifMim) > e)\(Aifl\/[im).

On the other hand, T;; must satisfy T;; > 0 and Z;”:l T;; = a; for any 7 and j, so for j =
1,...,m—1, we have T};; < a; — Tj,. Therefore,

v = ZTij < Z(ai —Tim) =1~ ZTim <1- Ze’\(A”M“"), j=1,...,m—1.
i=1 i=1 i=1 i=1
This implies that there exist constants M7, My > 0 such that
M x| < 2T H(B)x < Mo|x|®

forall z € R™! and B € L, with

My =M\ 7n—m+2 - min e’\(Ai_M'im),
2(n—m+1) 1<i<n

My =\ [1 -y eMAi—Mw] .
=1

This verifies Assumption 7.1(3) of |Liu & Nocedal| (1989).

Next, we derive the explicit constants in the theorem. Following the notations in equation (7.3) of
Liu & Nocedal|(1989), the BEGS matrix By, for the L-BFGS algorithm has the following expression
a B(l)slslTB(l) iyt

B,=B"™,  BWHD _pB ,
F ’ s BUs y'si

where 7 = min{k + 1,mo}, my is a user-defined constant explained in Section [A] and {y;} and
{s;} are two sequences of vectors. We also choose B(®) = T to be the identity matrix.

Fix [ = m, and let cos 0, = slTB(l)sl/(HslH . ||B(l)sl|\), Pk = lesl/||sl||2, T = HylHQ/lesl, and
qr = sf BWs;/||s;]|%. Then it can be verified that

BUsi|* | |wl? Tk

(B = (W) — 1B = tr(B®) — 20
1"( ) r( ) S?B(l)sl y;rsl r( ) cos? Oy, + Tk, (20)
det(BUY) = det(BY) pr. /i (21)
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Define ¢(B) = tr(B) — log det(B), and it is known that ¢)(B) > 0 for any positive definite matrix
B. Equation (6.50) of [Nocedal & Wright (2006) shows that

0 < (BHY) = tr(BYW) — T 4 o log det(BM) —log py, + log qi
cos? 0y,
= (BY —logpr— 1)+ (1— — 4 1og L log cos? 0.
Y(BY) + (1p —log pr — 1) + cos20, 108 oz g, ) logeos O

Under the assumptions verified above, equations (7.8) and (7.9) of [Liu & Nocedal| (1989) show that
My < ylsi/||si]|> < My and |ly||?/yfsi < My for every I, so My < p, < My and 71, < M.
Since h(x) =1 — x + log(z) < 0 for all z > 0, we have

0 < ¥(By) + (My —log My — 1) + log cos? 8, = ¢(By) + Ms + log cos® 6},. (22)
Now we show that ¢)(By,) can be upper bounded. First, Lemmaimplies thatfor! =0,...,m—1,
UmaX(B(Hl)) < UmaX(B(l)) +0+ ||yl||2/leSl < UmaX(B(l)) + Ma,

SO Omax(Bk) < 1 4+ moMs. This also implies that ¢, < 1 4 moMs. Next, (20) shows that
tr(Bg) < m — 1+ mgMa, and gives

log det(B(l‘H)) = log det(B(l)) + log pr. — log g, > log det(B(l)) + log M7 — log(1 + moMs),
implying that log det(By) > mg [log M7 — log(1 + moMs)]. As a result, we get
P(Bg) < My :=m — 1+ moMs — mg [log My — log(1 + moMs)] . (23)
Combining and , we have cos? 6), > e~ (Ms+My)
Finally, using the argument in Byrd et al[(1987), we have f(*+1) — f* < r(f*) — f*), where
r=1—c1(1—cy)My/Mycos? 0, <1 —ci(1—co)My/Moe™ MatMa),

and ¢y, co are two constants for the Wolfe condition as explained in Section @r The constant C is
simply 2/Mj.

For (c), we follow the analysis in|[Nocedal et al.| (2002). Let g(8) = V[;f(ﬁ), and then g(5*) = 0.
By Taylor’s theorem we have

FB)~ 1" = 53— B)TH(3 ~ ), @4

where Hy = H (&) for some ¢ in the line segment connecting B and 3*. Also,

9(8) = 9(8*) = g(B) = Ha(B = §*), Hy= /O H(3 + (6" — §))dt. (25)

Combining (24) and (23), we get

lg(B)II* = (B — B*)TH3 (5 — 5*) =

forany 8 € L. Letz = Hll/Z(B — f3*), and then

2 TH V22 H Yy

It is easy to find that

UmaX(Hfl) - [O—min(Hl)]71 S M;17 Jmax(Hg) = [Jmax(HQ)]z é M22
By Lemma we have xTHfl/Q{J%Hflﬂx < M;'M2||z||? for any 2 € R™!, and hence
lg(B)[I> < Co(f(B) — f*) forall § € L, where Cy = 2M[ M. Since f*) < f(0) due to claim
(a), we find that 3*) ¢ L for all k£ > 0. Therefore,

gy "N < Co(f*) — f*) < Cork (£ — %),
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and claim (c) is proved.

Claims (d) and (e) can be verified as follows. For any B € L, recall that T = ey [a*(8) @ 8 — M],
and then 7'1,,, — a = 0 and

1T 1, = blloe < 1T 10 = b)) = |V 5/ (B);

indicating that

<|IV5f@B)l, j=1,...,m—1. (26)

> Ty b
1=1

Then 0 < Tij < ZTzl Tij = q; and 0 < Tij < Z?:l Tij < bj + ||V6~f(ﬁ)|| The gradient
1A E; f(B)]| can be bounded using claim (c), so (d) is also proved. On the other hand, shows that

m

a; = E T;; < m-maxT;j,
N J
Jj=1

and similarly we have

by = IV (B) <D Tiy < n-maxTy.
i=1
Replacing ||V 5 f(3)|| by its upper bound, and claim (e) is verified.
C.6 PROOF OF THEOREM ]

For matrix A,,»,n, = (ai;), define ||Al|oc = max; ; |a;;|, and the notation A > 0 means a;; > 0 for
all ¢ and j. First, it is easy to show that ||A ® B||r < ||A||cc|| Bl F, since

lA©Bllr = [> (aybi? <[> 1412035 = [All|Bllr-
7 %7

Next, we show that if By, x,, > 0, Cpxyp, > 0, and v > 0, where v is a vector, then ||C'(A ® B)v|| <
[All o |C Bl

Proof. Let u; be the i-th element of (A @ B)v, and then

m m
u; = Z(Zijbij@j, |ul| < ||A||OO Zbijvj-
Jj=1 j=1

Consequently,
p n 2 P n 2 P n m
e Bl = |3 e < z(z%—w) Al 0[S [ S,
k=1 |i=1 k=1 =1 k=1 | =1 7j=1
= ||Al|||CBv||.

Similarly, if A > 0 and v > 0, then

2 2

n

Ao o) = | D 1D aguvs| < lullso [ Y[ D aivi | = lullllAv].
i=1 :

i=1 i=1 \j=1

Moreover, for matrices By, xm > 0, and C,y,xp > 0, let C; be the j-th column of C, and then

p
> IBGil? = | Al || BO| r-

Jj=1

p
I(A@B)Cllr = | >_I(A®B)Ci|* < Al

Jj=1
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Leta = a*+ f and 3 = §*+g for some perturbation vectors f and g, and define T' = ey [a®S— M].
Then it is easy to find that

T-T =e\[@®f" —M+(fog)|-T =elfogoT -T".
Let Er =e)\[f®g] —1,1,,,50T — T* = Er ® T*. Since | — 1| < 2|z| for |z| < 1, we have
(Br)igl = eX049) — 1] < 20/ + ]
as long as A| f; + g;| < 1. This can be achieved by assuming ¢ := 2\(|| f||oc + [|¢]loc) < 1, since in

this case Al fi + g5 < A([[flloo + [19lloc) < 1/2. Then clearly |[Er|lo <e.

Consider §,, = s, + 6, and §, = s, + 6, for some perturbation vectors ¢,, and d,,, and let

VS =T+ A3 @8, — M)OT
= ViS4 Br @ VarS + A6y @ 80) © (T* + Ep & T7).

Then we have

I¥345 = VarSlle < B © VasS|le + [AGu @ 6) © (I° + Br 0 T°) |
SNET oo [VarSlle + Allou @ 6o || T + Ex © T||p
<eVuSlr + AMldu © ol 1n1y, + Erlleol| T F
< el VSl + AMldu @ duloo (1 + [|1ET o) I T || £
<elVaSlr + A1+ e)[[0u @ dulloc [T || F
< el[VarSle + 2T £ ([0ulloo + 1100]l)-
Therefore, we just need to show proper bounds for ||, ||cc and ||dy || cc-

Consider i, = (M ® T)1,, and fi. = (M ® T)T1,,, and then

[y = (M O] (T* +E7r© T*))lm = Uy + (ET OMO T*)lm =y Ors
fe=MO(T*+Er TN, = pe + (Er © M 0 T*) 1, == pe + .

It can be easily verified that

lo= © 6, = || diag(a™) (Er © M & T*) Lyl < Byl |idiag(a™) (M © T*) 1| < ],
IT* (@™ ©6,)|| = | 7" diag(a™ ) (Br © M © T*) 1|l < [|Br ||| T diag(a™)(M © T*) 1|
<7 (@™ © p)l,
16c] = I(Br © M o T*) "L || < [ Erlloo | (M © T*) "Ly || < elpic]-
Define b, = 1. — T*T(a~ ® p,) and b, = ji. — TT(a~ ® fi,), and we have
by = pe + 0 — (T* + Er @ T*)" (¢~ © (pr +,))
=pie + 6 — T (@™ © (pr +6,)) — (Er 0T (a™ ® (s +6,))
=pe =T (@ Op) + 6. =T (a” ©6,) = (Br ©T*) (a” ® (ur +6,))
As aresult,
oo = bull = 6. = T (¢~ © ) = (Br © T) (0™ © (ur +6,))]
<Ie] + 17" (@™ © 8ol + | B lloo 1T (a™ © (17 + 6,))|
<ellpell +ell T (@™ © po)ll + €l T (@™ © p) || + €| T (a™ @ 6,

<ellpell +ellT* (@™ © po)ll + €l T (@™ © pr) | + 2T (@™ © pur)|
< ellpell + 3T (o™ @ pr)-
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On the other hand, let #;; be the (i, 5) element of the matrix 7" diag(a~)T, and t;; be the (4, j)
element of T*Tdiag(a~)T™*. Then

n

tij =Y TeiTrs/ax = > _[1+ (Br)wil[1+ (Br)i) 13T /ax,
k=1 k=1

tij — tij| = Z (Er)ki + (Er)kj + (B1)ki(Br)ii | T3 T /ax

< (2e + (—;2) Z |T,:iT,:‘j/ak| < 3etyj.
k=1

This implies that

1D = D¢ = | T* diag(a™)T* — T"diag(a )T |lr = |> |t — tij|* < 3¢l D] .
i

Then by Theorem 7.2 of [Higham| (2002), if 3ec||D||r < 1, we have

[|6,]] eo (Iucll + 3|7 (a™ © p,)|
< +3||D||F )
[so]] = 1= 3ea||D|F (A

where 0 = || D7 |op = 1/0min(D). Assume that e < min{1,1/(60||D| )}, then with slight
simplification, we have ||, |00 < ||0y]] < Cye, where

Oy = 20(||pell + 31T (a™ © )l + 3| Dl o).

On the other hand,
[0ulloc < [|0ull < [[a™ @ 6r[| + la™ © (T8, — T™s,)||

<ellpell + lla” © (T8, + (Er ©T%)5, = T7s,)|
<elpell+lla™ © (T76)[ + lla™ © ((Br © T7)30) ||
<elprll +lla” © (T78,)| + [|diag(a™) (Er © T7)3, |
<elpell +lla” © (T76,) | + ¢l|diag(a™)T™5, |

ellprll + lla™ © (T76,) || + el|diag(a™) T (sy + 6u)||
ellprll + (1 +e)lla” © (T76,)]| + ¢l|diag(a™ )T s, ||
< ellprll + (1 +¢)[|diag(a™) T || p[|0u]| + lla™ © (T7s)|
< e(llpell + 26, ||diag(a™)T™||F + [[a™ © (T"s0)]]).
Combining the results together, we get
IV368 = VarSlle < eIVarS |l + 20T | (Cy + Cu)l,
where C,, = ||| + 2C, || diag(a™)T*||r + |la~ @ (T™*s,)]|.

Finally, Theoremb) shows that ||g||oo < [lg]| = [|B%) — 8*|| < v/C1®). In addition, by (@) we
have

AN

= (*)
az(k) = O[* (ﬁ(k)))l = nlog a; — nlog Z e)\(,Bjk *]Wij)
j=1
Then using Lemma (6), we obtain

(k) _ i *_ M. k *
al® —a*| =y [log Ze B =) | —log |37 XM | < ALY = 8) oo = llglloos
j=1

implying that || f|joc = [[@*(B®) — a*|lee < [l9lle < VCie®). As aresult, ¢ = 2X(||flloo +

lgllo) < 4Ay/Creth).
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