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ABSTRACT

The idea of embedding optimization problems into deep neural networks as
optimization layers to encode constraints and inductive priors has taken hold
in recent years. Most existing methods focus on implicitly differentiating
Karush—Kuhn—Tucker (KKT) conditions in a way that requires expensive compu-
tations on the Jacobian matrix, which can be slow and memory-intensive. In this
paper, we developed a new framework, named Alternating Differentiation (Alt-
Diff), that differentiates optimization problems (here, specifically in the form of
convex optimization problems with polyhedral constraints) in a fast and recursive
way. Alt-Diff decouples the differentiation procedure into a primal update and a
dual update in an alternating way. Accordingly, Alt-Diff substantially decreases
the dimensions of the Jacobian matrix especially for optimization with large-scale
constraints and thus increases the computational speed of implicit differentiation.
We show that the gradients obtained by Alt-Diff are consistent with those obtained
by differentiating KKT conditions. In addition, we propose to truncate Alt-Diff
to further accelerate the computational speed. Under some standard assumptions,
we show that the truncation error of gradients is upper bounded by the same or-
der of variables’ estimation error. Therefore, Alt-Diff can be truncated to further
increase computational speed without sacrificing much accuracy. A series of com-
prehensive experiments validate the superiority of Alt-Diff.

1 INTRODUCTION

Recent years have seen a variety of applications in machine learning that consider optimization as
a tool for inference learning |Belanger & McCallum! (2016)); |Belanger et al.| (2017); |[Diamond et al.
(2017); |/Amos et al.|(2017); /Amos & Kolter| (2017); |/Agrawal et al|(2019a). Embedding optimiza-
tion problems as optimization layers in deep neural networks can capture useful inductive bias, such
as domain-specific knowledge and priors. Unlike conventional neural networks, which are defined
by an explicit formulation in each layer, optimization layers are defined implicitly by solving opti-
mization problems. They can be treated as implicit functions where inputs are mapped to optimal
solutions. However, training optimization layers together with explicit layers is not easy since ex-
plicit closed-form solutions typically do not exist for the optimization layers.

Generally, computing the gradients of the optimization layers can be classified into two main cat-
egories: differentiating the optimality conditions implicitly and applying unrolling methods. The
ideas of differentiating optimality conditions have been used in bilevel optimization Kunisch &
Pock|(2013);|Gould et al.|(2016) and sensitivity analysis Bonnans & Shapiro| (2013). Recently, Opt-
Net|Amos & Kolter| (2017) and CvxpyLayer Agrawal et al.|(2019a)) have extended this method to
optimization layers so as to enable end-to-end learning within the deep learning structure. How-
ever, these methods inevitably require expensive computation on the Jacobian matrix. Thus they are
prone to instability and are often intractable, especially for large-scale optimization layers. Another
direction to obtain the gradients of optimization layers is based on the unrolling methods |Diamond
et al.[(2017); Zhang et al.|(2023)), where an iterative first-order gradient method is applied. However,
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they are memory-intensive since all the intermediate results have to be recorded. Besides, unrolling
methods are not quite suitable to constrained optimization problems as expensive projection opera-
tors are needed.

In this paper, we aim to develop a new method that significantly increases the computational speed
of the differentiation procedure for convex optimization problems with polyhedral constraints. Mo-
tivated by the scalability of the operator splitting method for optimization problem |Glowinski &
Le Tallec| (1989); Stellato et al| (2020), we developed a new framework, namely Alternating Dif-
ferentiation (Alt-Diff), that differentiates optimization layers in a fast and recursive way. Alt-Diff
first decouples the constrained optimization problem into multiple subproblems based on the well-
known alternating direction method of multipliers (ADMM) Boyd et al.|(2011). Then, the differen-
tiation operators for obtaining the derivatives of the primal and dual variables w.r.t the parameters
are implemented on these subproblems in an alternating manner. Accordingly, Alt-Diff substantially
decreases the dimensions of the Jacobian matrix, significantly increasing the computational speed
of implicit differentiation, especially for large-scale problems. Unlike most existing methods that
directly differentiate KKT conditions after obtaining the optimal solution for an optimization prob-
lem, Alt-Diff performs the forward and backward procedures simultaneously. Both the forward and
backward procedures can be truncated without sacrificing much accuracy in terms of the gradients
of optimization layers. Overall, our contributions are three-fold:

* We develop a new differentiation framework Alt-Diff that decouples the optimization layers
in an alternating way. Alt-Diff significantly reduces the dimension of the KKT matrix, es-
pecially for optimization with large-scale constraints and thus increases the computational
speed of implicit differentiation.

* We show that: 1) the gradient obtained by Alt-Diff are consistent with those obtained by
differentiating the KKT conditions; 2) the truncation error of gradients is upper bounded by
the same order of variables’ estimation error given some standard assumptions. Therefore,
Alt-Diff can be truncated to accelerate the computational speed without scarifying much
accuracy.

* We conduct a series of experiments and show that Alt-Diff can achieve results comparable
to state-of-the-art methods in much less time, especially for large-scale optimization prob-
lems. The fast performance of Alt-Diff comes from the dimension reduction of the KKT
matrix and the truncated capability of Alt-Diff.

2 RELATED WORK

Differentiation for optimization layers Embedding optimization problems into deep learning ar-
chitectures as optimization layers to integrate domain knowledge has received increasing attention
in recent years (Gould et al.| (2016); |]Amos & Kolter| (2017); |Agrawal et al.| (2019a)); \Gould et al.
(2021). For example, Gould et al.| (2016) collected some general techniques for differentiating
argmin and argmax optimization problems based on the Implicit Function Theorem, while|Amos &
Kolter (2017) proposed a network architecture, namely OptNet, that integrates quadratic optimiza-
tion into deep networks. This work was further extended for end-to-end learning with stochastic
programming Donti et al.| (2017). Recently, an efficient differentiable quadratic optimization layer
Butler & Kwonl| (2022) based on ADMM was proposed to accelerate the differentiation procedure.
However, these methods are only restricted to handling the differentiation of quadratic problems.
For more general convex optimization, Agrawal et al.| (2019b) proposed CvxpyLayer that differenti-
ates through disciplined convex programs and some sparse operations and LSQR [Paige & Saunders
(1982) to speed up the differentiation procedure. Although these have been worthwhile attempts to
accelerate the differentiation procedure, they still largely focus on implicitly differentiating the KKT
conditions in a way that requires expensive operations on a large-scale Jacobian matrix. Recently, a
differentiation solver named JaxOpt|Blondel et al.|(2021) has also been put forward that is based on
an implicit automatic differentiation mechanism under the Jax framework.

Unrolling methods Another direction for differentiating optimization problems is the unrolling
methods [Domke| (2012); Monga et al.| (2021)). These approximate the objective function with a
first-order gradient method and then incorporate the gradient of the inner loop optimization into the
training procedures |[Belanger & McCallum|(2016); Belanger et al.[(2017);/Amos et al.|(2017);|Metz
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et al.| (2019). This is an iterative procedure, which is usually truncated to a fixed number of itera-
tions. Although unrolling methods are easy to implement, most of their applications are limited to
unconstrained problems. If constraints are added, the unrolling solutions have to be projected into
the feasible region, significantly increasing the computational burdens. By contrast, Alt-Diff only
requires a very simple operation that projects the slack variable to the nonnegative orthant. This
substantially improves the efficiency of subsequent updates and reduces the method’s computational
complexity.

Implicit models There has been growing interest in implicit models in recent years J. Z. Kolter &
Johnson|(2020); Zhang et al.[(2020)); Bolte et al.|(2021)). Implicit layers replace the traditional feed-
forward layers of neural networks with fixed point iterations to compute inferences. They have been
responsible for substantial advances in many applications, including Neural ODE Chen et al.|(2018));
Dupont et al.| (2019), Deep Equilibrium Models Bai et al.| (2019; [2020); |Gurumurthy et al.| (2021),
nonconvex optimization problems Wang et al.|(2019) and implicit 3D surface layers Michalkiewicz
et al.| (2019); [Park et al.| (2019), etc. Implicit layers have a similar computational complexity to
optimization layers as they also requires solving a costly Jacobian-based equation based on the
Implicit Function Theorem. Recently, Fung et al.| (2021) proposed a Jacobian-free backpropagation
method to accelerate the speed of training implicit layers. However, this method is not suitable for
the optimization layers with complex constraints. In terms of training implicit models, |Geng et al.
(2021) also proposed a novel gradient estimate called phantom gradient which relies on fixed-point
unrolling and a Neumann series to provide a new update direction; computation of precise gradient
is forgone. Implicit models have also been extended to more complex learning frameworks, such as
attention mechanisms |Geng et al.| (2020) and Graph Neural Networks |Gu et al.| (2020).

3 PRELIMINARY: DIFFERENTIABLE OPTIMIZATION LAYERS

We consider a parameterized convex optimization problems with polyhedral constraints:
min f(z;0)
s.t. x €C(H)

where x € R" is the decision variable, the objective function f : R®™ — R is convex and the
constraint C(6) := {z|Ax = b, Gz < h} is a polyhedron. For simplification, we use 6 to collect
the parameters in the objective function and constraints. For any given 6, a solution of optimization
problem (1)) is z* € R"™ that minimizes f(x; §) while satisfying the constraints, i.e. * € C(6). Then
the optimization problem (1) can be viewed as a mapping that maps the parameters 6 to the solution
x*. Here, we focus on convex optimization with affine constraints due to its wide applications in
control systems |Guo & Wang| (2010), signal processing [Mattingley & Boyd! (2010), communication
networks |Luong et al.|(2017); Bui et al.| (2017), etc.

(D

Since optimization problems can capture well-defined specific domain knowledge in a model-driven
way, embedding such optimization problems into neural networks within an end-to-end learning
framework can simultaneously leverage the strengths of both the model-driven and the data-driven
methods. Unlike conventional neural networks, which are defined through explicit expressions of
each layer, an optimization layer embedded in optimization problem (1)) is defined as follows:

Definition 3.1. (Optimization Layer) A layer in a neural network is defined as an optimization layer
if its input is the optimization parameters § € R™ and its output * € R" is the solution of the
optimization problem (T).

The optimization layer can be treated as an implicit function F : R® xR™ — R"™ with F(z*,0) = 0.
In the deep learning architecture, optimization layers are implemented together with other explicit
layers in an end-to-end framework. During the training procedure, the chain rule is used to back
propagate the gradient through the optimization layer. Given a loss function R, the derivative of the
loss w.r.t the parameter 6 of the optimization layer is

OR _ OR da*
96 ~ 0x* 96
OR

Obviously, the derivative 5% can be easily obtained by automatic differentiation techniques on
explicit layers, such as fully connected layers and convolutional layers. However, since explicit

2
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closed-form solutions typically do not exist for optimization layers, this brings additional compu-
tational difficulties during implementation. Recent work, such as OptNet |Amos & Kolter (2017)
and CvxpyLayer|Agrawal et al. (2019a) have shown that the Jacobian % can be derived by differ-
entiating the KKT conditions of the optimization problem based on the Implicit Function Theorem
Krantz & Parks|(2002). This is briefly recalled in Lemma /(3.2

Lemma 3.2. (Implicit Function Theorem) Let F (x, ) denote a continuously differentiable function
with F(z*,0) = 0. Suppose the Jacobian of F(x, ) is invertible at (x*;0), then the derivative of
the solution x* with respect to 0 is

ox* _
;9 = — [Tral " Tro, 3)

where Jr., := V. F(x*,0) and Tr,p := VoF (x*,0) are respectively the Jacobian of F (x,0) w.r.t.
x and 0.

It is worth noting that the differentiation procedure needs to calculate the optimal value ™ in the
forward pass and involves solving a linear system with Jacobian matrix Jr,; in the backward pass.
Both the forward and backward pass are generally very computationally expensive, especially for
large-scale problems. This means that differentiating KKT conditions directly is not scalable to large
optimization problems. Existing solvers have made some attempts to alleviate this issue. Specifi-
cally, CvxpyLayer adopted an LSQR technique to accelerate implicit differentiation for sparse opti-
mization problems. However, the method is not necessarily efficient for more general cases, which
may not be sparse. Although OptNet uses a primal-dual interior point method in the forward pass
and its backward pass can be very easy but OptNet is suitable only for quadratic optimization prob-
lems. In this paper, our main target is to develop a new method that can increase the computational
speed of the differentiation procedure especially for large-scale constrained optimization problems.

4  ALTERNATING DIFFERENTIATION FOR OPTIMIZATION LAYERS

This section provides the details of the Alt-Diff algorithm for optimization layers. Alt-Diff decom-
poses the differentiation of a large-scale KKT system into a smaller problems that are solved in a
primal-dual alternating way (see Section 4.1). Alt-Diff reduces the computational complexity of the
model and significantly improves the computational efficiency of the optimization layers. In section
4.2, we theoretically analyze the truncated capability of Alt-Diff. Notably, Alt-Diff can be truncated
for inexact solutions to further increase computational speeds without sacrificing much accuracy.

4.1 ALTERNATING DIFFERENTIATION

Motivated by the scalability of the operator splitting method \Glowinski & Le Tallec| (1989); |Stellato
et al.|(2020), Alt-Diff first decouples a constrained optimization problem into multiple subproblems
based on ADMM. Each splitted operator is then differentiated to establish the derivatives of the
primal and dual variables w.r.t the parameters in an alternating fashion. The augmented Lagrange
function of problem (I)) with a quadratic penalty term is:

max min £(z, s, A\, v;0)
Av x,s20

4
=f(z;0)+ N\, Ax —b) + (v,Gx + s — h) + g(HAx — bH2 + |Gz + s — h||2)7

where s > 0 is a non-negative slack variable, and p > 0 is a hyperparameter associated with the
penalty term. Accordingly, the following ADMM procedures are used to alternatively update the
primary, slack and dual variables:

ZTp1 = argmin L(z, Sk, Ak, Vi; 0), (5a)
Sk+1 = al"glgiglﬁ(ﬂka?S,)\k?Vk;e), (5b)
A1 = Ak + p(Azp 1 — D), (5¢)
Vi1 = Vg + p(GTpyr + Spg1 — D). (5d)
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Note that the primal variable x; is updated by solving an unconstrained optimization problem.
The update of the slack variable sj; is easily obtained by a closed-form solution via a Rectified
Linear Unit (ReLU) as

1
sk+1 = ReLU <,0Vk — (Gzrpyr — h)> . (6)

The differentiations for the slack and dual variables are trivial and can be done using an automatic
differentiation technique. Therefore, the computational difficulty is now concentrated around differ-
entiating the primal variables, which can be done using the Implicit Function Theorem. Applying a
differentiation technique to procedure () leads to:

0 _

g’“;l = — (V2L(zr1)) " VaoLl(@rir), (Ta)
Ospy1 1 T Oy O(Gxpy1 — h)

0 psgn($k+1) o ( 2w TP 0 ) (7b)
8)\k+1 o 8)\k 8(Axk+1 — b)

0 90 20 (7e)
81/k+1 _ % 8(G$k+1 + Sk4+1 — h) (7d)

06 00 00 ’

where V2L(zp41) = V2f(zrs1)” + pATA + pGTG, © represents Hadamard production,
sgn(sg41) denotes a function such that sgn(s; ;) = 1if sj,; > 0 and sgn(s},;) = 0 vice
versa.

We summarize the procedure of Alt-Diff
in Algorithm 1 and provide a framework

Algorithm 1 Alt-Diff

of Alt-Diff in Appendix [A] The conver-
gence behavior of Alt-Diff can be in-
spected by checking || zi+1 — i ||/ ||zk] <
€, where € is a predefined threshold.

Notably, Alt-Diff is somehow similar to
unrolling methods as in [Foo et al.| (2007);
Domke| (2012). However, these unrolling
methods were designed for unconstrained
optimization. If constraints are added, the

Parameter: 0 from the previous layer
Initialize slack variable and dual variables
while ||x+1 — zi||/||zk] > e do
Forward update by (3)

amk+1

Primal update =55~ by (7a

Osk11

Slack update —;= by l)
Dual update 8)‘8’“9“ and =3 by and
k=k+1

end while

unrolling solutions have to be projected
into a feasible region. Generally this pro-
jector operators are very computationally expensive. By contrast, Alt-Diff can decouple constraints
from the optimization and only involves a very simple operation that projects the slack variable s to
the nonnegative orthant s > 0. This significantly improves the efficiency of subsequent updates and
reduces the overall computational complexity of Alt-Diff. Besides, conventional unrolling methods
usually need more memory consumption as all the intermediate computational results have to be
recorded. However, when updating continuously, Alt-Diff does not need to save the results of
the previous round. Instead, it only saves the results of the last round, that is, the previous % is
replaced by the d%%“ iteratively. Besides, we show that the gradient obtained by Alt-Diff is consis-
tent with the one obtained by the gradient of the optimality conditions implicitly. A detailed proof
as well as the procedure for differentiating the KKT conditions is presented in the Appendix

return x* and its gradient %

For more clarity, we take several optimization layers for examples to show the implementation of
Alt-Diff, including Quadratic Layer Amos & Kolter|(2017), constrained Sparsemax Layer Malaviya
et al.|(2018) and constrained Softmax Layer Martins & Astudillo|(2016). These optimization layers
were proposed to integrate specific domain knowledge in the learning procedure. Detailed deriva-
tions for the primal differentiation procedure (7a) are provided in the Appendix [B.2]

In the forward pass, the unconstrained optimization problem (5a) can be easily solved by Newton’s
methods where the inverse of Hessian, i.e. (V2£(xy41)) ! is needed. It can be directly used in the
backward pass to accelerate the computation after the forward pass. The computation is even
more efficient in the case of quadratic programmings, where (V2L£(xy41)) " is constant and only
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needs to be computed once. More details are referred to Appendix [B.1] As Alt-Diff decouples the
objective function and constraints, it is obviously that the dimension of Hessian matrix V2L (zx11)
is reduced to the number of variables n. Therefore, the complexity for Alt-Diff becomes O(n3),
which differs from directly differentiating the KKT conditions with complexity of O((n + nc)g).
This also validates the superiority of Alt-Diff for optimization problem with many constraints. To

further accelerate Alt-Diff, we propose to truncate its iterations and analyze the effects of truncated
Alt-Diff.

4.2 TRUNCATED CAPABILITY OF ALT-DIFF

As shown in recent work Fung et al.|(2021); Geng et al.| (2021)), exact gradients are not necessary
during the learning process of neural networks. Therefore, we can truncate the iterative procedure of
Alt-Diff given some threshold values €. The truncation in existing methods (OptNet and CvxpyLay-
ers) that are based on interior point methods often does not offer significant improvements. This is
because the interior point methods often converge fast whereas the computational bottleneck comes
from the high dimension of the KKT matrix instead of the number of iterations of the interior points
methods. However, the iteration truncation can benefit Alt-Diff more as the iteration of Alt-Diff is
more related to the tolerance due to the sublinear convergence of ADMM. Our simulation results
in Section [5.1]and Appendix [F.I]also verify this phenomenon. Next, we give theoretical analysis to
show the influence of truncated Alt-Diff.

Assumption A (L-smooth) The first order derivatives of loss function R and the second derivatives
of the augmented Lagrange function £ are L-Lipschitz. For V1, 22 € R",

|VeR(0;21) — VaR(0; 22)|| < La|lzy — 2], (8a)
IV2f(x1) — V2f(z2)|| < Lallz1 — 22|, (8b)
VL o(x1) = VL g(z2)|| < Lalz1 — 22| (8c)

Assumption B (Bound of gradients) The first and second order derivative of function £ and R are
bounded as follows:

VoR(O;2) = unl,  V2L(x) = pol,  VueL(x) < psl, ©)
where 111, 1o and pg are positive constants. The above inequalities hold for Vo € R”.

Assumption C (Nonsingular Hessian) Function f(z) is twice differentiable. The Hessian matrix of
augmented Lagrange function £ is invertiable at any point x € R".
Theorem 4.1. (Error of gradient obtained by truncated Alt-Diff) Suppose xy, is the truncated solu-
tion at the k-th iteration, the error between the gradient % obtained by the truncated Alt-Diff and
the real gradient %—"g is bounded as follows,

8xk
1%

is a constant.

ox*
" |l < — *
50 H < Chllzg — 2|, (10)

L L
where C7 = = ,u322

K2 Ha

Please refer to Appendix [C|for our proof. The theorem has shown that the primal differentiation
obtained by Alt-Diff has the same order of error brought by the truncated iterations of (5a). Besides,
this theorem also illustrates the convergence of Alt-Diff. By the convergence of ADMM itself, zy,
will converge to 2*. The convergence of the Jacobian is established accordingly and the results from
the computational perspective are shown in Appendix [E.2] Moreover, we can derive the following
corollary with respect to the general loss function R accordingly.

Corollary 4.2. (Error of the inexact gradient in terms of loss function) Followed by TheoremH. 1
the error of the gradient w.r.t. 0 in loss function R is bounded as follows:

[VR(0; xx) — VR(8; 2%)|| < Caf|zg — z*]], (11)

Li+ L L

+M31 H1 3+M1/~L32
H2 M2

is a constant.

where Cy = L

Please refer to Appendix [D] for our proof. Truncating the iterative process in advance will result
in fewer steps and higher computational efficiency without sacrificing much accuracy. In the next
section, we will show the truncated capability of Alt-Diff by several numerical experiments.
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5 EXPERIMENTAL RESULTS

In this section, we evaluate Alt-Diff over a series of experiments to demonstrate its performance in
terms of computational speed as well as accuracy. First, we implemented Alt-Diff over several opti-
mization layers, including the sparse and dense constrained quadratic layers and constrained softmax
layers. In addition, we applied the Alt-Diff to the real-world task of energy generation scheduling
under a predict-then-optimize framework. Moreover, we also tested Alt-Diff with a quadratic layer
in an image classification task on the MNIST dataset. To verify the truncated capability of Alt-Diff,
we also implemented Alt-Diff with different values of tolerance. All the experiments were imple-
mented on a Core Intel(R) i7-10700 CPU @ 2.90GHz with 16 GB of memory. Our source code for
these experiments is available at https://github.com/HxSun08/Alt-Diff.

5.1 NUMERICAL EXPERIMENTS ON SEVERAL OPTIMIZATION LAYERS

In this section, we compare Alt-Diff with OptNet and CvxpyLayer on several optimization layers,
including the constrained Sparsemax layer, the dense Quadratic layer and the constrained Softmax
layer which are referred to typical cases of sparse, dense quadratic problems and problems with
general convex objective function, respectively.

In the dense quadratic layer, with the objective function as f(z) = %xTP:c + q"'z, the parameters
P, q, A, b, G, h were randomly generated from the same random seed with P = 0. The tolerance € is
set as 1072 for OptNet, CvxpyLayer and Alt-Diff. As the parameters in optimization problems are
generated randomly, we compared Alt-Diff with the ”dense” mode in CvxpyLayer. All the numerical
experiments were executed 5 times with the average times reported as the results in Table|l| It can
be seen that OptNet runs much faster than CvxpyLayer for the dense quadratic layer, while our Alt-
Diff outperforms both the two counterparts. Additionally, the superiority of Alt-Diff becomes more
evident with the increase of problem size. We also plot the trend of Jacobian % with iterations
in primal update in Figure[I] As shown in Theorem [4.1] the gradient obtained by Alt-Diff can
gradually converge to the results obtained by KKT derivative as the number of iterations increases.
The results in Figure|l|also validate this theorem.

Table 1: Comparison of running time (s) and cosine distances of gradients in dense quadratic layers
with tolerance e = 10~5.

Tiny Small Medium Large
Num of variable n 1500 3000 5000 10000
Num of ineq. m 500 1000 2000 5000
Num of eq. p 200 500 1000 2000
Num of elements 484 %10 203x107 6.4x107 2.89 x 108
OptNet (total) 0.81 9.48 40.72 317.78
Forward 0.77 9.29 40.19 315.21
Backward 0.04 0.19 0.53 2.57
CvxpyLayer (total) 25.34 212.86 1056.18 -
Initialization 1.86 10.51 38.73 -
Canonicalization 0.37 1.47 4.40 -
Forward 14.00 117.06 572.24 -
Backward 9.11 83.82 440.80 -
Alt-Diff (total) 0.71 5.75 20.20 154.52
Inversion 0.11 0.91 3.03 21.12
Forward and backward 0.60 4.84 17.17 133.40
Cosine Dist. 0.999 0.999 0.999 0.998

D)

represents that the solver cannot generate the gradients.

Further, we conduct experiments to compare the truncated performance among Alt-Diff, OptNet and
CvxpyLayer under different tolerance levels e. As shown in Table [2] we can find that the truncated
operation will not significantly improve the computational speed for existing methods but does have
significant improvements for Alt-Diff. The detailed results of other optimization layers are provided

in Appendix
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Table 2: Comparison of running time (s) under different tolerances for a dense quadratic layer with
n = 3000, m = 1000 and p = 500.
Tolerancee | 10~ 1072 102 10°% 10°°
OptNet 8.58 9.32 9.48 9.59 10.13
CvxpyLayer | 212.34 216.66 212.86 215.75 213.08
Alt-Diff 1.18 3.50 5.75 8.04 10.76

S 1.00
1.4 0.95
1.2 -
— 58 0.90
3810 =
0.8 [ g oss
0.6
--- CvxpylLayer 0.80
0.4 Alt-diff
0.75
0 10 20 30 40 0 10 20 30 40
Iteration Iteration
(a) The norm variation trends. (Blue dotted line is (b) The cosine distance of the obtained gradient between
the gradient 22~ obtained by CvxpyLayer). Alt-Diff and CvxpyLayer.

Figure 1: The variation of primal variable gradient of dense quadratic layers. (The threshold of
iteration is set as 1073)

5.2 ENERGY GENERATION SCHEDULING

In order to test the accuracy of sparse layers, we applied the Alt-Diff to the real-world task of energy
generation scheduling |Donti et al.[(2017) under a predict-then-optimize framework Elmachtoub &
Grigas| (2021); Mandi et al.[(2020); [Mandi & Guns|(2020). Predict-then-optimize is an end-to-end
learning model, in which some unknown variables are first predicted by some machine learning
methods and are then successively optimized. The main idea of predict-then-optimize is to use the
optimization loss to guide the prediction, rather than use the prediction loss as in the normal
learning style.

L(6.0) = Z(x:@ — }(0))? (12)

DN |

We consider the energy generation scheduling task based on the actual power demand for electricity
in a certain region jwebl In this setting, a power system operator must decide the electricity genera-
tion to schedule for the next 24 hours based on some historical electricity demand information. In
this paper, we used the hourly electricity demand data over the past 72 hours to predict the real power
demand in the next 24 hours. The predicted electricity demand was then input into the following
optimization problem to schedule the power generation:

24
min llzr — Py, |2

s.t. g1 — x| <7, k=1,2,---,23

where Py, and z; denote the power demand and power generation at time slot &k respectively. Due
to physical limitations, the variation of power generation during a single time slot is not allowed to
exceed a certain threshold value r. During training procedures, we use a neural network with two
hidden layers to predict the electricity demand of the next 24 hours based on the data of the previous
72 hours. All the P, have been normalized into the [0, 100] interval.

The optimization problem in this task can be treated like the optimization layer previously consid-
ered. As shown in Table[d] since the constraints are sparse, OptNet runs much slower than the “Isqr”
mode in CvxpyLayer. Therefore, we respectively implemented Alt-Diff and CvxpyLayer to obtain
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the gradient of power generation with respect to the power demand. During the training procedure,
we used the Adam optimizer [Kingma & Bal (2014) to update the parameter. Once complete, we
compared the results obtained from CvxpyLayer (with tolerance 10~2) and those from Alt-Diff un-
der different levels of truncated thresholds, varying from 1071, 1072 to 102 The results are shown
in Figure[2] We can see that the losses for CvxpyLayer and Alt-Diff with different truncated thresh-
old values are almost the same, but the running time of Alt-Diff is much smaller than CvxpyLayer
especially in the truncated cases.

2400 4 —— Cvxpylayer, e =103
Alt-Diff, e =101

22001 —— AIt-Diff, e =102 35
— AIt-Diff, e =102 l

-
ol
—

2000 -

1800 -

loss

1600 -

running time (s)

1400 -

1200
7 . 05

1000

0 50 100 150 200 250 300 350 400 CuxpyLayer, =103 ADIff, e =101 AI-Dff, = 10-2 Alt-DIff, e =10~
20 del
iterations mocels

(a) The convergence behaviors. (b) The average running time.

Figure 2: The experimental results of Alt-diff and CvxpyLayer for energy generation scheduling.

5.3 IMAGE CLASSIFICATION

We follow similar experimental settings in OptNet/Amos & Kolter|(2017) to embed the optimization
layer into the neural networks for image classification task on MNIST dataset. A layer in the neural
networks is replaced by a dense quadratic optimization layer. Then we compare the computational
speed and accuracy between Alt-Diff and OptNet. As the experiment results shown in Appendix[F.2]
we can see Alt-Diff runs much faster and yields similar accuracy compared to OptNet. Since OptNet
runs much faster than CvxpyLayer in dense quadratic layers (as shown in Section[5.T)), therefore we
only compare Alt-Diff with OptNet here. More details are provided in the Appendix [F2]due to page
limitation.

6 CONCLUSION

In this paper, we have proposed Alt-Diff for computationally efficient differentiation on optimization
layers associated with convex objective functions and polyhedral constraints. Alt-Diff differentiates
the optimization layers in a fast and recursive way. Unlike differentiation on the KKT conditions of
optimization problem, Alt-Diff decouples the differentiation procedure into a primal update and a
dual update by an alternating way. Accordingly, Alt-Diff substantially decreases the dimensions of
the Jacobian matrix especially for large-scale constrained optimization problems and thus increases
the computational speed. We have also showed the convergence of Alt-Diff and the truncated er-
ror of Alt-Diff given some general assumptions. Notably, we have also shown that the iteration
truncation can accelerate Alt-Diff more than existing methods. Comprehensive experiments have
demonstrated the efficiency of Alt-Diff compared to the state-of-the-art. Apart from the superiority
of Alt-Diff, we also want to highlight its potential drawbacks. One issue is that the forward pass of
Alt-Diff is based on ADMM, which does not necessarily always outperform the interior point meth-
ods. In addition, Alt-Diff is currently designed only for specific optimization layers in the form of
convex objective functions with polyhedral constraints. Extending Alt-Diff to more general convex
optimization layers and nonconvex optimization layers is under consideration in our future work.
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Appendix
We present some details for the proposed Alt-Diff algorithm, including the framework of Alt-Diff,

the derivation of some specific layers, the proof of theorems, detailed experimental results and im-
plementation notes.

A  FRAMEWORK OF ALT-DIFF

The Alt-Diff framework for optimization layers within an end-to-end learning architecture is illus-
trated in Figure 3]

Input 0 Optimization layer x> forward
E—— . ) E— _—
G =~ E min fla;0) - R
iyt A st AB)T=b6) e PR
Ox* Gl < h(o) OR backward
06 oxr*
Alt-Diff

T

until convergence
(or truncation)

primal update

Figure 3: The model architecture of Alt-Diff for optimization layers.

B PRIMAL DIFFERENTIATION

B.1 INHERITANCE OF HESSIAN MATRIX

According to the first-order optimality condition in forward pass (5a)), we have

VL(xpe1) = V(zprr) + AT N + GTop + pAT (Azp oy — b) + pGT (Gzpyr + si — h) = 0.

(14)
Generally, the equation (T4) can be efficiently solved by iterative methods such as Newton’s methods
as follows:

ﬁcﬂ = 332111 - a(viﬁ(mZJrll)) V‘C(karl)

15)
= ka - oz(V2f(xk+1) +pATA + pGTG) Vﬁ(xkﬂ)

where 9:}C 11 denotes the value of x5, at the i-th Newton’s iteration and « is the step size. Therefore,

when 41 converges at its optimal value zj1, i.e., after the forward pass, the inverse of Hessian
—1 . .

(Viﬁ(karl)) can be directly used to accelerate the computation of the backward pass ||

Especially, when f(z) is quadratic, i.e. f(z) = %SL’TP,T + g%z, and P is a symmetric matrix, the
inverse of Hessian becomes constant as:

13
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(V2L(2r11)) " = (P+ pAT A+ pGTG) . (16)

B.2 SPECIAL LAYERS

We take Quadratic Layer |Amos & Kolter| (2017), constrained Sparsemax Layer Malaviya et al.
(2018)) and constrained Softmax Layer Martins & Astudillo|(2016) as special cases in order to show
the computation of backward pass (7). The details of these layers are provided in the first two
columns of Table 3] The differentiation procedure (7b) - for these layers are exactly the same.
The only difference relies on the primal differentiation procedure (7a), which is listed in the last
column of Table

Table 3: The primal differentiation procedure of Alt-Diff for several optimization layers.

Layers Optimization problems Primal differentiation (7a}

Constrained Sparsemax Layer min ||z —y|3 st.1Te=1,0<z<u Bag‘;l =—((2+2p)I+p1- lT)71 Lao(Trt1)
x

. . o dxy, . o

Quadratic Layer min %x’ Pr+q'x st. Az =b, Gx < h J$0+1 =— (P +pATA+ pG* G) Loo(Trt1)
x
. 0: —
Constrained Softmax Layer | min —y"z + H(z) st. 1Tz =1,0<z<u ?gﬂ =— (diag’l(r) +2pI +pl- lT) ! Lo(Trt1)
z

In Table Loo(Try1) = %Vmﬁ(xmh Sky Ak, Vi3 0), P = 0 in the Quadratic layer and H(z) =

>~ x;log(z;) is the negative entropy in the constrained Softmax layer. We next give the detailed
i=1
derivation for the last column of Table[3l

Proof. For the Quadratic layer and the contrained Sparsemax layer, we substitute V f(zxy1) =
Pxp41 + qinto (@) and calculate the derivative with respect to 6, i.e.

or 0 OAT ) Gy, OAT (Azpyq — b OGT (Grypyr + s, —h

pYrrtl gq L k—!—p (Azp )—|-p (Gt k )

20 00 o0 00 00 o0 =0

a7)

Therefore we can derive the formulation of primal gradient update:
~1(9q 0ATN,  0GTy, I(ATb — GT (s — h))
= —(P+pATA T A —
(P+pATA+pGIG) g0+ =55 * g5 P 06

= —(P+pATA+ pGTG) ™" Log(wrsr). (18)

OTp41
a0

Compared with (T6), we can find that the forward pass and backward pass in quadratic layers shared
the same Hessian matrix, which significantly reduces the computational complexity.

The constrained Sparsemax Layer is a special quadratic layer that with sparse constraints, where
P =21, A=1" and G = [-1,I]T. Therefore the primal differentiation becomes

Oxp41

00 =~ (2+20)+p1- 17) " Lag(wirn)- (19)

For constrained Softmax layer, the augmented Lagrange function is:

L=—y"z+) zilog(z;) + \T(1"z — 1)+ v(Gz + 5 — h)
i=1 (20)

+ 2 (12— 12 + |G + 5 — hl1?)
where G = [—1,1]T and h = [0,u]”. Taking the gradient of the first-order optimality condition
(T4, can be replaced by

Orisr | 017\, LGy p@l(lTxk_H —1)  OGT (G + sk — h)

. —1
diag™ (z) =55 o0 96 90 p 06

=0. 1)

14
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Similarly, the formulation of primal gradient update of the constrained Softmax layer is:

Okt "N, | G v 0G" (51— h))
(22)

o0

-1
=— (diagfl(x)+pGTG+p1-lT) ( 50 50 p 50

-1
=— (diag_l(x) +2pI 4 p1- lT) Lro(Thy1)-
O

From Table[3] we can see the implementation of primal differentiation for the constrained Sparsemax
layers |Malaviya et al.|(2018) and the quadratic optimization layers Amos & Kolter| (2017) are quite
simple. The Jacobian matrix involved in the primal update keeps the same during the iteration.

C ERROR OF THE TRUNCATED ALT-DIFF

Theorem 4.1. (Error of gradient obtained by truncated Alt Diff) Suppose xj, is the truncated solu-
tion at the k-th zteratlon the error between the gradient 2 %4 obtained by the truncated Alt-Diff and

the real gradient 2 69 is bounded as follows,

Haxk —% | < Cullzi — 271, (23)

L- L
where C; = =4 Hal2

2 13

is a constant.

Proof. In the differentiation procedure of Alt-Diff, we have our primal update procedure (7a)), so
that
0 ox*
% - 373; = —ViL (@) Voo Llxr) + VELT (2") Vo pL(z")
= —Viﬁ_l(l‘wvxﬂﬂ(.’l}k) + Vi[,_l(l‘k)vwﬁgﬂ(l‘*)
— V2L N an)VaoL(z*) + ViL (2" Ve o L(z)

= V2L () (Vi £(") = VaoLlwr) ) (24)

Ay

+ (vi,c—l(x*) - Vilj_l(ack)) VaoLl(z).

Az
By Assumption (8c), we can obtain that
[ALll = IVLs 0(2z") = VLap(x1)l| < Lsflz™ — ] (25)

Since we have computed the closed form of the Hessian of augmented Lagrange function
V2L(xy) = V2f(zp)T + pATA + pGTG, by assumption (9) and Cauchy-Schwartz inequalities,

we have
[Ag]| = V2L (2) — (xk)ll
= [|ViL™ (xk)( — V2L(z"))VEL™ (2|
<VELT () - ||V2 ( k) = VaL(@)|| - VL™ @) (26)
< 2||V2 (%) = V2 f(ax)|-

Therefore the difference of Jacobians is

0
|G = S| = 1937 ) - s+ Ao Vo))

1
< IVELTHaw)ll - 1A + AT%IIVZ,eC(x)II AIVEF*) = Vif@ol @7

L L
< (22 + B2 e - all
K2 15
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D ERROR OF THE GRADIENT OF LOSS FUNCTION

Corollary 4.2. (Error of the inexact gradient in terms of loss function) Followed by Theorem
the error of the gradient w.r.t. 0 in loss function R is bounded as follows:

IVR(6; ) = VR(6; 27)|| < Callwx — 27|, (28)

where Cy = L1 + is a constant.

psLy + piLs n p1p3Lo
M2 13

Proof. Firstly, optimization layer can be reformulated as the following bilevel optimization prob-
lems |Ghadimi & Wang|(2018)):

min R(6; z*(0))
’ (29)

t. 2*(0) = i .0

st. a”(0) argmrerg(%)f(w, )

where R denotes the loss function, therefore we can derive the following conclusions by Implicit
Function Theorem. In outer optimization problems, we have

VR(6;%) = VoR(0;Z) + V. R(6; j)% (30)
Therefore,
A =VR(O;z) — VR(O; 2*)
- (vm(e; ) — V@R(G;x*)) + (VR0 2% — v m0:2925) . (1)
00 00
As Ay
The second term is:
oxy, o 0™
A4 = VIR(G, x‘k)m V‘LR(Q, x ) 0
oxy or*
= VJR(G,m‘k)W V_LR(Q,JTA;) 89
N 0z (32)
+ V. R(0; xy) 50 — V. R(0; %) 50
o o0z* . Oz,  Oz*
- (vm(e,xk) ~V,R(0;z )) i Jrv%.R(e,/J:k)(W -5 )

As

Combining the results in (32)), assumption and Theorem {.1] we can obtain that the differences
of truncated gradient with optimal gradients is

IA[| = [|[VR(0; zx) — VR(6; ™) ||

< N8sl+ ol - [ 2] 4 19 e: - | S - O
< L (14 2 o= 0 g (2 4 22— ) (3

L L L
_ <L1+M3 1+ 3+H1M2 2)||xkfx*||.
K2 Ha

Therefore, the gradient of loss function R(6; z},) shares the same order of error as the truncated
solution x. L]
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E ALT-DIFF AND DIFFERENTIATING KKT

We first consider the gradient obtained by differentiating KKT conditions implicitly, and then show
that it is the same as the result obtained by Alt-Diff.

E.1 DIFFERENTIATION OF KKT CONDITIONS

In convex optimization problem (), the optimal solution is implicitly defined by the following KKT
conditions:
Vi) + ATON+GT 0w =0
A(0)z — b(8) = 0 (34)
diag(v)(G(0)z — h(0)) = 0

where A and v are the dual variables, diag(-) creates a diagonal matrix from a vector. Suppose &
collects the optimal solutions [z*, A*, v*], in order to obtain the derivative of the solution & w.r.t.
the parameters A(#), b(0), G(8), h(#), we need to calculate Jr.; and Jr.¢ by differentiating KKT
conditions @I} as follows |/Amos & Kolter| (2017));|/Agrawal et al.|(2019a); Zhang et al.[ (2020):

fia(@®) AT(0) BT (0)
[ jf;at* \7]-—;)\ ‘ j]:;l/ ]: A(Q) 0 0 (353-)
diag(v)G(0) | diag(G(0)x — h(0)) 0
[ VTeI |0 Mol 0
[ Tra | Trp | Trg | Trn 1= | 1@ (@) | =1 0 0 (35b)
i 0 0 | diag\\)I ® (z*)T | -1

where f,.(z) := V2 f(z), ® denotes the Kronecker product.

E.2 ILLUSTRATION OF EQUIVALENCE

In this section, we show the equivalence of the Jacobian obtained by differentiating KKT conditions
and by Alt-Diff from the computational perspective. As we have shown in Theorem 4.1} this section
is a further complement of the equivalence. Here we show that the results obtained by Alt-Diff is
equal to differentiating KKT conditions. Note the alternating procedure of (3)) is based on ADMM,
which is convergent for convex optimization problems. Assuming the optimal solutions by the
alternating procedure of (5) are [x%,, Sk;, Aajes VA, we can derive the following results after the
forward ADMM pass (B)) converges:

* _ 3 * * *
Tpp = arg mwm L(z, 71 Mt VA 0)

* 1 *
sae = ReLU <_pVXh — (G — h)) ) (36)

M = M+ p(Azyy = b),
V;,lt = V;,lt + p(szlt + SZn - h)

Taking the derivative with respect to the parameters 6 in (36), the differentiation procedure
becomes

% = — (fl(zx) + pATA+ ,OGTG)_1 Lag(2h), (37a)
8;?“ = —%sgn(szn) 17 (agé“ + pa(Gx(’;*g — h)) : (37b)
8231[ - agéh e 8<Ax§§ = (370)
85?1; _ 3g§h + p@(Gw}f\h gesj\h — h)' 370
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Recall that the differentiation through KKT conditions on the optimal solution [z*, \*, v*] are as

follows,
ox*  9AT N OGTv* B

T *
@) gt =gt g =0
oAzt —b)
a0
o LOGa —h)

(38a)
(38b)

(38c)

By the convergence of ADMM, it is known that [z}, AX,,, ¥A] is equal to [z*, \*, v*]. Since in
convex optimization problems, the KKT condition (34) and its derivative (38) have unique solutions,

therefore we only need to show that (38)) can be directly derived by (37).

@7a)—(@38a):

(FE i) + A" A 4 pC" G) P2
_ _8AT)‘21t _ 8GTV1§1t + pa(ATb - GT(SXM —h))
00 00 00 ’
Therefore,
oxy OAT X} oGT v
T (o Alt Alt Al
oxx O(ATh — GT(sx, — h))
— (AT T Alt Alt
= —(pATA+pGTG) SR 1 p i
_ _p3(AT(A$*An —b) pﬁ(GT(Gm*An + s — 1))
a0 o0
= 0.
Clearly, is exactly the same as (38a).
(37¢)—(38b): By (37c), we can obtain
a0 ’

which is exactly the same as (38D).

(37b) and 37d)—(38¢): By (37b) and (37d), we can obtain:

pa(zelt —h) _ s

a0 P50

~ sgn(si) 170 (

vy a(Gl’Xn —h)
20 P o0

(39)

(40)

(41)

(42)

We discuss this issue in two situations. Since the equality Gz}, + si;; — i = 0 holds by optimality,

we have (V},, sh;,) = 0 using the complementary slackness condition.

o If s}, ; > 0, then vy, ; = 0, we obtain

3(GZ‘IX“ — hqj) o * T a’//:lt,i a(Gi‘T;h — hz)
0 sgn(siy,;) 17 © 90 +p 90
Wi O(Gixk, — hi)
—-1. 1T Alt,e 1ALt 1 )
© ( 20 T o6
aVXn,i
Therefore, 0 - 0 and
Oy Gz — hi)

=0.

=(Gixpy — hi) + Va

00 00
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o If sjy, ; = 0, then G;z3y — h; = 0 and

O(Gixyy — hi) N T Wi Gixyy — hi)
20 =sgn(spy,) 1" © 20 +p 90
vk (G, — hi) (45)
_ 1T Alt,? 2V Alt v
=01 e ( 20 P o0 )
=0.
Therefore,
OVAL s N . O0(Gizx, —hi
81? (Gizpy — hq) + VAlt,i% = 0. (46)

Therefore, and show (38d) holds.

F EXPERIMENTAL DETAILS
In this section, we give more simulation results as well as some implementation details.

F.1 ADDITIONAL NUMERICAL EXPERIMENTS

In constrained Sparsemax layer, the “Isqr” mode of CvxpyLayer is applied for fair comparison.
The total running time of CvxpyLayer includes the canonicalization, forward and backward pass,
retrieval and initialization. The comparison results are provided in Table[d] Alt-Diff can obtain the
competitive results as OptNet and CvxpyLayer with lower executing time. The tolerances of the
gradient are all set as 10~2 for OptNet, CvxpyLayer and Alt-Diff. Besides, we conduct experiments
to compare the running time among Alt-Diff, OptNet and CvxpyLayer using different tolerances
from 10! to 107° in OptNet, CvxpyLayer and Alt-Diff. The results in Table |5| shows that the
truncated operation will not significantly improve the computational speed for existing methods but
does offer significant improvements for Alt-Diff. All the numerical experiments were executed 5
times with the average times reported as the results.

Table 4: Comparison of running time (s) and cosine distances of gradients in constrained Sparsemax
layers with tolerance € = 1073,

Small Medium Large  Large+
Num of variable n 3000 5000 10000 20000
Num of constraints . | 6000 10000 20000 40000
OptNet 18.46 77.87 834.59 -
Forward 16.61 71.45 779.00 -
Backward 1.85 6.42 55.59 -
CvxpyLayer (total) 3.61 18.14 123.79  1024.69
Initialization 3.50 17.79 122.61 1020.41
Canonicalization 0.00 0.00 0.01 0.02
Forward 0.07 0.27 0.44 1.35
Backward 0.03 0.07 0.73 2.91
Alt-Diff (total) 3.16 9.96 58.51 539.19
Inversion 1.21 4.71 34.35 287.83
Forward and backward | 1.95 5.25 24.15 251.36
Cos Dist. 0.999 0.998 0.997 0.998

EDIED)

represents that the solver cannot generate the gradients.

From Table[] we can find that OptNet is much slower than CvxpyLayer in solving sparse Quadratic
programmings. CvxpyLayer requires a lot of time in the initialization procedure, but once the ini-
tialization procedure completed, calling CvxpyLayer is very fast. However, Alt-Diff only needs to
compute the inverse matrix once, significantly reducing the computational speed.

As a special case for general convex objective functions, we adopted f(r) = —ylz +
>, x;log(z;), which is not a quadratic programming problem. Thus we can only compare Alt-
Diff with CvxpyLayer. The constraints Az = b and Gx < h are randomly generated with dense
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Table 5: Comparison of running time (s) for constrained Sparsemax layers with n = 10000 and
n. = 20000 under different tolerances.

Tolerance e | 107! 1072 1073 10~ 1% 107?
OptNet 768.01 808.81 834.59 880.27 1026.85

CvxpyLayer | 121.99 121.84 123.79 123.02 129.80
Alt-Diff 47.31 57.46 58.51 71.18 81.99

coefficients. In Alt-Diff, each primal update x4 in (5a) is carried out by Newton’s methods with
the tolerance set as 10~%. The comparison of cosine distance and running time is in Table@ We can
find that Alt-Diff significantly outperforms in all these cases especially for optimization problems
with large size.

Table 6: Comparison of running time (s) and cosine distances of gradients in constrained Softmax
layers. Since OptNet only works for quadratic optimization problems, thus we cannot compare Alt-
Diff with it for the constrained Softmax layers.

tiny small medium large
Num of ineq. m 100 300 500 1000
Num of ineq. m 30 100 200 500
Num of eq. p 10 20 20 200
Elements 1.96 x 10*  1.76 x 10° 5.18 x 10°  2.89 x 106
CvxpyLayer, total 0.11 0.97 2.09 9.67
Initialization 0.01 0.04 0.08 0.29
Canonicalization 0.00 0.00 0.01 0.05
Forward 0.07 0.34 0.73 2.76
Backward 0.03 0.59 1.36 6.56
Alt-Diff, total 0.03 0.33 1.10 5.02
Cosine Dist. 0.999 0.996 0.999 0.999

55 99

represents that the solver cannot generate the gradients.

F.2 IMAGE CLASSIFICATION

All neural networks are implemented using PyTorch with Adam optimizer Kingma & Bal (2014).
We replaced a layer as optimization layer in the neural networks, and compared the running time
and test accuracy in MNIST dataset using OptNet and Alt-Diff. The batch size is set as 64 and the
learning rate is set as 1073. We ran 30 epoches and provided the running time and test accuracy
in Tabel [/] As we have shown that OptNet runs much faster than CvxpyLayer in dense quadratic
layers, therefore we only compare Alt-Diff with OptNet.

Table 7: Comparison of OptNet and Alt-Diff on MNIST with tolerance € = 1073,

models | Test accuracy (%) Time per epoch (s)
OptNet 98.95+ 0.25 307.16 + 18.21
Alt-Diff 98.97 £0.17 167.66 4+ 4.40

We used two convolutional layers followed by ReLLU activation functions and max pooling for fea-
ture extraction. After that, we added two fully connected layers with 200 and 10 neurons, both using
the ReLU activation function. Among them, an optimization layer with an input of 200 dimensions
and an output of 200 dimensions is added. We set the dimension of the inequality and equality con-
straints both as 50. Following similar settings in OptNet, we used the quadratic objective function
f(z) = %xTPx + g* x here, while taking ¢ as the input of the optimization layer and the optimal z*
as the output. Finally, the 10 neurons obtained by the fully connected layer were input into Softmax
layer, and the nonnegative log likelihood was used as the loss function here.

The experiment results are as follows, we can see Alt-Diff runs much faster and yields similar
accuracy compared to OptNet.
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Figure 4: The training and testing performance of Alt-Diff and OptNet on MNIST.

Moreover, we show the training and testing performance of Alt-Diff and OptNet on MNIST in
Figure @] Obviously, Alt-Diff have similar performance under different tolerance values. Also,
we can find that using a truncated threshold with low-accuracy in Alt-Diff will not sacrifice much
accuracy, further validating the truncated capability of Alt-Diff as claimed in Corollary .2
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