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Abstract

In this work, we present a novel Game Theoretic
Neural Ordinary Differential Equation (Neural
ODE) optimizer based on the minimax Differen-
tial Dynamic Programming paradigm. As neural
networks and neural ODEs tend to be vulnera-
ble to attacks, and their predictions are fragile in
the presence of adversarial examples, we aim to
design a robust game theoretic optimizer based
on principles of Min-Max Optimal Control. By
formulating Neural ODE optimization as a Min-
Max Optimal Control Problem, our proposed al-
gorithm aims to enhance the robustness of neu-
ral networks against adversarial attacks by find-
ing policies that perform well under worst-case
scenarios. Leveraging recent advances in the in-
terpretation of Neural ODE training through an
Optimal Control Problem perspective, we extend
recent second-order optimization techniques to
a game theoretic setting and adapt them to our
proposed method. This allows our optimizer to
efficiently handle the increased complexity stem-
ming from the computation of double the amount
of learnable parameters. The resulting optimizer,
Game Theoretic Second-Order Neural Optimizer
(GTSONO), enables more effective exploration of
the control policy space, leading to improved ro-
bustness against adversarial attacks. Experimental
evaluations on benchmark datasets demonstrate
the superiority of GTSONO compared to existing
state-of-the-art optimizers in terms of both per-
formance and efficiency against state-of-the-art
adversarial defense methods.

1. Introduction

Continuous deep learning architectures have recently gained
quite significant popularity. This genre of models, where
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the ODE of the state derivative is parameterized by an DNN
are called Neural ODEs (Chen et al., 2018) and concern the
following optimization

X(to) = X
ey

where in its general form x(t) € R™ is the state vector, and
(+,-,0) is the dynamics of the vector field of x parameterized
by § € R™.

Chen (2018) introduced the Adjoint Sensitivity Method
(ASM) as a first order method to perform reverse-
differentiation and train these models, which is based on
Pontryagin’s principle. Although the authors noted that it is
possible to compute higher order derivatives, this causes ac-
cumulation of the integration error. Motivated by this, (Liu
et al., 2021a) introduced a novel second-order framework.
Their approach involved recasting the Neural ODE formula-
tion, represented by equation 10, within the framework of
continuous time Differential Dynamic Programming (DDP),
which is a well-established second-order optimal control
method. By formulating the training process as an optimal
control problem, the authors successfully devised an effi-
cient second order optimizer for updating the parameters
of Neural ODEs. Intuitively, this extends the underlying
connection between OCP and the training of discrete NNs.
In (Liu et al., 2021b), a connection between the training
process of NNs and DDP was established and it was further
shown that the DDP update policy constitutes a general-
ization of Gradient Descent (GD) as the update rule of the
weights and biases in NNs under some assumptions.

d
meinﬁ(x(tf)),where d—)t( = F(t,x(t),0),

In their work to elucidate the underlying operations in Neu-
ral ODEs, (Massaroli et al., 2020) describe these continuous
models as the latest instance in the pursuit of robustness in
traditional neural networks. Machine learning (ML) models
are often vulnerable to adversarial examples, deliberately
perturbed inputs designed to mislead a model ((Tramer et al.,
2017), (Goodfellow et al., 2014)). Despite their superhuman
performance in many computer vision tasks, recent find-
ings demonstrate that deep neural networks tend to be more
fragile (Liu et al., 2020). Adversarial training in machine
learning aims to improve the robustness and generalization
of models by training a model that can withstand such at-
tacks on its input data. The robustness of Neural ODEs
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against adversarial examples is discussed showing great
performance against white box attacks (Chu et al., 2020),
(Carrara et al., 2019). (Huang et al., 2022) proposed that
the adversarial robustness in stabilized Neural ODEs might
stem from obfuscated gradients, as the adaptive stepsize
of numerical ODE solvers have a gradient masking effect
that causes the PGD attacks to fail. In this vein, to further
explore the robustness of Neural ODEs, (Liu et al., 2020)
examined how the injection of noise in Neural ODEs can
generate more stable predictions.

In the realm of OCP, it has been demonstrated that game-
theoretic formulation enables the model handling uncertain-
ties and external disturbances. The first min-max formula-
tion was introduced by (Sun et al., 2015). This algorithm has
been successfully tested in real-life robotic applications. For
instance, it was shown that it can handle the steering and sta-
bilization of a quadrotor subjected to external distrubances,
and come up with the control policy for a biped robot to
successfully walk under unknown disturbances (Sun et al.,
2018), (Morimoto et al., 2003).

In this work, drawing inspiration by the novel connection of
Neural ODE training and continuous time OCP, we adapt
the Min-Max OCP paradigm into the training of Neural
ODE:s and introduce a second order Game Theoretic Neu-
ral Optimizer. The resulting framework, called GTSONO,
based on the continuous time Min-Max DDP algorithm,
employing the ability of this algorithm to handle well un-
certainties and external disturbances. It is aimed to transfer
this ability into the Neural ODE training seeking a control
policy or equivalently a weight configuration that robustifies
the model and immunizes it to external disturbances. The
extension of the optimal control problem (OCP) perspec-
tive from discrete models, such as deep neural networks
(DNN5s), to continuous models like Neural ODEs necessi-
tates specialized treatment based on continuous-time OCP
theory (Todorov et al., 2006; Liu et al., 2021a), however
this fundamental connection motivates the development of
principled algorithms for the training of Neural ODEs.

The connection established between our methodology and
DDP, a second order OCP method, motivates the deriva-
tion of second-order derivatives and effectively optimize
the configuration for optimal performance. However, im-
plementing second-order methods can be computationally
intractable, especially for high-dimensional systems, such
neural networks. Additionally,our algorithm entails seeking
the optimal configuration of twice the number of weights,
and storing more second order matrices. As a result, it
becomes imperative to employ efficient second-order meth-
ods to effectively manage the heightened computational
complexity. In this vein, by incorporating Kronecker factor-
ization (Martens & Grosse, 2015), we are able to decompose
the second-order matrices into vectors, facilitating more ef-

ficient computations. Therefore, our second-order method
is found to come at no additional memory cost than coun-
terpart first order methods. After the derivation of efficient
preconditioning, we see that the resulting update law con-
stitutes an approximation of the Natural Gradient Descent,
as we approximate the Fischer Information Matrix through
Gauss-Newton method. Furthermore, we also examine a
generalization of this update law based on the open loop
Min-Max DDP.

2. Preliminaries
2.1. Min-Max Differential Dynamic Programming

The discussion on the Min-Max Differential Dynamic Pro-
gramming starts with the optimization problem.

m&n max J(u,v) )
where J(u,v) is the cost function defined as: J(u,v) =
d(x,t5) + [ L(x,u,v)dt. We denote as u, v the controls
applied by the two antagonizing players. It is assumed that
the player in control of the u variable wants to minimize the
cost function, whereas the other player wants to maximize
it. Consider the dynamics describing the aforementioned
OCP problem being given by the following ODE:

dx(t)
dt

where x(t) € X is the state of the dynamic system. We
proceed to define the value function for our problem as the
function expressing the minmax value of the cost function
attime ¢t = tg and x = xg.

= F(X(t), ll(t), V(t), t)7 X(t()) = X0 (3)

Yu Yo

V(to,%0) = min max{¢(tf, x(tf))

+ /t ' E(x(t),u(t,x(t)),v(t,x(t)),t)dT}
@

Using the Bellman principle, we write (49), as follows:

u v

V(t,x(t)) = min maX{V(t + dt,x(t + dt)

t+dt
+ /t L(x(t),u(t,x(t)),v(t,x(t)), t)dT}
©)

The detailed derivation of the Bellman equation is left in the
Appendix B.2. From 5, we can derive the Hamilton-Jacobi-
Bellman-Isaacs (HIBI) PDE
ov
— :m&n max L(x(t),u(t),v(t), t)+ ©)
Vi(x,t)TF(x,u,v,t)



Game Theoretic Neural ODE Optimizer

¢(tha tf)

Subsequently, we define the Bellman objective function
Q(t,x,u,Vv) to be the optimization objective from 49. The
Bellman principle allows us to interpret the optimization
problem as a sequence of minimization over each u control
and maximization over each v (Liu et al., 2021b). However,
solving the Bellman equation for high-dimensional prob-
lems becomes infeasible. For this reason, given a nominal
trajectory at time t, (X¢, s, V), during the backward pass,
we approximate the Bellman equation locally around the
nominal trajectory through a second order Taylor expansion.
The goal of the min-max DDP is iteratively find the update
laws of the control variables that minimize and maximize J,
through the following minimization and maximizations

with boundary conditions V(x(t), t¢) =

(1770 @x Qu @][1]
* : oy Qx Quz Quu Quv 0%y

6 =
e ar%é{nn{ (511,5 Qu Qum Quu qu 5ut
_5vt _QV Qv:}c Qvu Q'uv_ _6Vt_
(7a)
(1770 @x Qu @][1]
* . 0x¢ Qx Qiz Qzu Quov 0xy

6 =
Vi argé\i’un{ 5[1,5 Qu Qum Quu qu 6ut
_5Vt_ _QV Qv:}c Qvu Q'uv_ _6Vt_
(7b)

Finally, the optimization problems in 7a have a closed form
solution, and can be compactly written as follows

[5ut

=[]+ [

v}

} 0x¢ (®)
where 0x; is the state differential, and the feed-forward
gains ly,, along with [, and the feedback gains K, K are
given by

la= Q;u(quvi Qv — Qu) and
- (9a)
u = Q:lu(qu quQ va)
= Q; (quQ - Qv) and (9b)
Kv = vi (va QUVQ va)

with Quu = (Quu QUUQUU Quu) and vi = (Q’uv -
QWQ;},QW). Substituting 23 into the Taylor expansion
of the Bellman function, we obtain the backward ODEs to
back-propagate Vi, and Vix. A detailed derivation of the
update laws and the backward ODEs of Min-Max DDP is
provided in the Appendix B.2.

2.2. Neural ODEs
In general, Neural ODEs concern the following optimization
over an objective function: L:

ngn L(x(t)(ty)), where dx _ F(t,x(t),0),

- x(t)(to) = xo

(10)

j

j

, where x(t) € R™, and F(-, -, 0) is a deep neural network
parameterized by § € R"™. Solving the ODE involves a
call of an ODE solver. In practice higher order integra-
tions methods such as Runge-Kutta, Dopri5 are employed
which provide with more accurate results than vanilla Euler
discretization (Liu et al., 2021a). Back propagation of Neu-
ral ODEs involves obtaining the gradient aL . Naively, one
could try to back-propagate through solving the ODE by call-
ing the same solver mentioned above, however this results
in intractable algorithms with very high memory complex-
ity, as the computation graph can grow arbitrarily large for
adaptive ODE solvers. For this reason, (Chen et al., 2018)
proposed the Adjoint Sensitivity Method, which enables
computing the gradient through the following integration

oL o OF(t,x,0)
— = t) —————=dt 11
R A S
where a(t) € R™ is the adjoint state, whose dynamics obey
the backward ODE
da(t) L OF(t,%,0)
— = R A A 12
gt o) (12)

with terminal condition a(t;) = %. These coupled

ODEs in 11, and 12 are the equivalent continuous-time
expression of the Back-propagation (Lecun, 1988). As men-
tioned in the 1, the authors mentioned that computation of
higher order derivatives is possible via this formulation, by

n—1 .
recursively calling 2 aen = grad(genif, however this causes
accumulation of the integration error as pointed out in (Liu
etal., 2021a).

3. Methodology

3.1. Training Neural Dynamics using Game Theoretic
Optimal Control Theory

Our proposed methodology , based on the continuous time
minmax DDP algorithm, leverages the ability of this algo-
rithm to handle well uncertainties and external disturbances
and rendering second order methods for Neural ODEs more
robust.

Converting (10) into an expression that is easier to imple-
ment through a min-max continuous time Optimal Control
perspective, we obtain:

t
<I>(xtf)—+-/ L(t,x,u,v)dt|,

min max
u v tO
o = F(t,x,u v) x(to) =xo (13
subjected to ¢ ¥ =0, u(ty) =
(}T\t, =0, v(t)=

where x = x(t) € R™, u = u(t) eR", andv =v(t) €
R™. Tt is clear that (27) describes (10) without loss of gener-
ality by taking (®,¢) = (£,0). The function F'(¢,x,u,Vv)
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characterizes the vector field and is parameterized by a
Deep Neural Network (DNN). We consider that the dynam-
ics of the system are symetric with respect to the two sets of
weights (u, v). The functions ®, and ¢ are known as the ter-
minal and running cost in the context of OCP. This problem
is understood as particular type of OCP that searches for
the optimal initial condition of the time-invariant controls
uy, v¢. In the DNN setting, the terminal cost is equivalent to
the loss function, for instance Categorical Cross Entropy for
multi-label classification, and the running cost is equivalent
to the weight decay, or some other regularization techniques
that acts on the weights of the intermediate hidden layers.
Next, the accumulated loss Q(¢, x, u, v) is defined as fol-
lows:

tf
Qtx u,v) = Blx(ty) + [ Hrox(r),ur),v(r)dr
t
(14)
From this definition of the accumulated loss implies that )
we can readily obtain:

dQ(ta X, U, V)

={(t
0 (t,x,u,v) + Tt

15)
At this point our goal is to compute higher-order derivatives
with respect to u, v. Under the OC formulation the gradient
of the loss function with respect to the parameters 6, and
L 9L AQ(to,Xtg,UtgVig)

50 o respectively are equivalent to Dury ,

9Q(to sXtg s UtgsVig )
vy,

and in the context of Neural ODEs. In

similar fashion, the hessian of the loss ‘327‘2: is identical to
62Q(to,xt07ut07‘/to)
aufo
with respect to ), and v (o). This is because we set u;, = 0,
and v(to) = n by construction. Intuitively, we can interpret
Q(to, X¢,, Uy, Vi,) as the accumulation of the loss over
the entire interval [to, ¢ f], thus it represents L satisfactorily.
Now, we frame the equation above along a nominal path to
derive the ODEs that will help us to compute the second
order derivatives at tg.

, similarly for the hessians of the loss

Theorem 3.1. Consider nominal trajectory (X,Q, V), that
satisfies the ODEs in the constraints of (27) is considered.
Then, the function () along with its first and second deriva-
tives expanded locally around the nominal trajectory obey
the following backward ODEs:

dQx
- =F,Qy Em; 16
It Qs + (16a)
_d(éf;cx - gxx + FxQxx + QxxF;v (16b)
_d(ggu - gxu + Fxqu + QxxFJ (16C)
dQu
- = Fu x Eu» 16d
at Qx + (16d)
_dQuu = guu + Fuqu + quFlIv (166)

dt

_d(g,;w = Euv + Fuva + quFJ (16f)
B A o (169)
dt

- d(jg'v = Evv + Fvav + vaFJ (16h)

- d((?:v = Exv + Fxva + QXXFJ (161)
The terminal conditions are given by: Qx(tf) =
Dy, Qxx(tf) = Oy, and Qu(tf) = Qv (tf) =
Quu(tf) = vi(tf) = qu(tf) = qu(tf) =
Qxv(ty) =0.

Remark This theorem implies that the proposed frame-
work can obtain first and second order derivatives with a
single pass of an ODE solver, without any recursive compu-
tations. This contributes to avoiding accumulating integra-
tion errors, and increased runtimes.

3.2. Second-order Matrix Factorization

Theorem 1 indeeds set the foundations for an efficient sec-
ond order game theoretic framework. However, there is still
the issue of the dimensionality. The number of learnable
parameters in networks with highly complicated architec-
tures grows easily to an unfavorable number, especially in
our Game-Theoretic framework, dealing with two sets of
weights, and every operation takes place twice, rendering
the inversion of the Hessians intractable. Therefore, it is
vital to establish an efficient methodology to approximate
the second order matrices.

Theorem 3.2. We assume the matrix Q. (t1) to be a sym-
metric matrix of rank R < m, it may be represented as:
Qoo = Zil yiyl, where'y; € R™. ThenVt € [to,tf],
the second order matrices in (33) that contain derivative
with respect to the state can be decomposed as follows:

R R
Qux(t) =D aiau®)T,  Qxu(t) =D a@i(®)pi(t)T
i=1 i=1

R

R
Quu (t) = guu + Z Pi (t)pl (t)Ta qu (t) = Z Pi (t)sz (t)T’

R R

Quv(t) =D ai(B)si(t)T,  Quu(t) = Loy +
i=1 i=1
a7
where the vectors q; € R™, and p;(t), and s;(t) € R™
obey the following backward ODEs:

O pqn, - PO pg),
(18)
_dSi(t) —F (t)
dt - qu
with the terminal condition given by

(qi(ty), pi(ty),si(ty)) = (¥i,0,0).

si(t)si(t)7,
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Remark This theorem suggests that the coupled matrices
back propagated through (33) can be decomposed into a
set of vectors. As the number of vectors is dependent on
the rank of Q. (ts); lower rank matrices observed in many
Neural ODE applications (Chen et al., 2018) alleviate the
computational load and provide great memory efficiency.

Assumption We assume that the running cost / is twice
differentiable and only dependent quadratic with respect
to the antagonizing controls, namely: ¢ = /(u, V), with
lyw = Rul, and 4, = Ry I and ¢, = 0, where I is the
identity matrix, R, and R, are scalars, with R, being larger
than R,,. The intuition for this selection is that we wish to
penalize the disturbance more severely and prevent instabil-
ity. Based on the above, substituting (18) in (17), the second
order matrices can be formulated as follows:

Quu( ) - I(t - tf) (19a)
R t T
([ Faar) ([ Faaat)” aom
i=1 “Ytr te
vi( ) vI(t *tf) (190)
R
> ([ raa) (/ Foad) 90
i=1 “Ytr b
Quut) Fuadt) / vadt)” (19€)
l_l( | Fuadt) ([ Fuade)”aase
R T
qu = Z(/ xqz t)(/ uqidt) (19f)
11;1
va :Z /quzdt> / vqldt) (19g)

1

.

To avoid dimensionality issues and tensor representations,
the integrations in equations (39) are broken down into each
layer j of the network structure. We demonstrate the layer-
wise break down for the p;(¢) vector, the rest are shown in
detail in the Appendix.

/:( “q’)dt - /:) <Fujqi>dt,...}
{/: (Zj®(;iqi)>dt,.._}

We denote z/, h/, u/, and v/ as the activation, pre-
activation (linear combination), and the parameters of layer
j, respectively. We consider the the preactivation vector
h;(t), as an affine combination of the weights with the in-
put to the jM layer. At this point it is emphasized that we
considered symmetric dynamics with respect to u, and v,
resulting in that hy, = h? = z;, and hJ, = (u + v). This

(20)

implies that:

OF
F,di=2;® (8Tqi) for feed-forward layers (21a)
J
s OF,,
Fy,qi = z;%( 8h ;) for convolution layers ~ (21b)

where ® denotes the Kronecker product, and % denotes
the de-convolution operator. The partial derivatives of the
system dynamics with respect to the other variables (x, v),
are mentioned in the Appendix. Finally, the layer-wise
precondition matrices @y, Quv and @, at time ¢t = tg
can be approximated through the Kronecker factorization as
shown in (22). To derive these expressions, we first use the
Kronecker product property: (A®B)(C®D) = AC®BD,
and it is also assumed that z(t);, and g(t); = éT are
uncorrelated across time, and that z;(t), g; () are pair-wise
independent. A discussion over this assumptions takes place
in the Appendix.

Qu,u, (to) = R I(b‘ - tf)+
t“ OF T
/tf 2;2] dt®/ Z ol q7< qz)) dt
A (f) B, (t)
(22a)
Qv,v,(to) = RyI(t —ty) + A;(t) ® B;(t) (22b)
Qu,v, (to) = A;(t) ® B;(t) (22¢)

Our motivation to exploit Kronecker products is to uti-
lize product properties, such as: (A ® B)™! = A7l ®
B!, and (A ® B)vec(X) = vec(BX AT). Primarily, the
first property enables the efficient preconditioning, where in-
stead of inverting the Hessians @, and (),,,, of dimensions
mmn X mn, instead we can invert two matrices of dimensions
m X m,and n X n.

3.3. Efficient Approximation of Update Laws

Update Law from Min-Max DDP Recall that Neural
ODE analysis and OCP principles are deeply intertwined.
That motivates us to view the optimization process of the
Neural ODE:s as a trajectory optimization task. Following
this, we employ the control variable update laws derived in
the 2. The factorization from the previous section enable us
to derive tractable update expressions for the antagonizing
control variables, based on the min-max DDP update rule
introduced in (8).

5ut o Zu Ku
LWJ - [lv} ™ {Kv} 0%y, (23)
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where:
= C?:lu(quvi Qv — Qu) and (24a)
- Q;u(qu quQ va)
= C’?;‘;(QUVQ - Qv) (24b)
= vi (va QUVQ va)
with: Quu = (Quu - ququleu)v and Qm) =
(vi - Qqu;ulqu)

At this point, we examine two cases for the update law. The
first one follows curvature approximation of the loss curve
using the factorizations showed above to efficiently invert
the Hessian. The second update rule constitutes a gener-
alization following open loop Min-Max DDP, for which
we will introduce two more propositions below in order to
efficiently and compactly represent the terms in 24.

Curvature Approximation Initially, setting the cross-
terms: Quu = Qvu = @Qxu = Qxv = 0, in 23 it is
easy to see that the update rule for the two control vari-
ables takes the following form: u + u — NQ;LlV.Q, and
v+ v+ nQylV,Q, where n € (0,1) is the step size or
learning rate of the optimizer. Note that our analysis, we
applied to the terminal Hessian Qxx (¢ ) the Gauss-Newton
approximation, enabling our the Hessians Qyy, and Q- to
be computed and approximated in a similar manner. This im-
plies that the resulting precondition matrices can be viewed
as an approximation of the Fisher Information Matrix, thus
the resulting update law can be thought as following the
Natural Gradient Descent (George et al., 2018).

Open-Loop DDP Update Law The second update rule
is a generalization of the first rule based on the open loop
update rule of Min-Max DDP. For this update law, we lift the
assumption of Qv to be equal to zero so the [,,, and [,, terms
become slightly more complex. Recall that by design we
impose that /,,, = 0, as suggested by OCP literature (Sun
et al., 2018). The role of the cross term @)+ is to capture
the implicit interaction of the two weights. It expresses the
coupling of the two control variables describing how the
two control variables of the system are coupled to each other
and how changes in one can affect the update of other.

Proposition 3.3. Using the property of the eigenvalue de-
composition of a Kronecker product: (A® B + \I)~! =
(Ua®Up)(Za®@Xp+N)"H(Ua®Up)T, to each of the ma-
trix terms in Quu, QW, we derive an equivalent expression
for their eigenvalue decomposition.

- Suvslesuv)(UA ® UB)T

- Squ;lsuv)(UA ® UB)T
(25)

C~2uu = (UA ® UB)(Su
vi = (UA & UB)(SV

The eigen-value decomposition in of Quu, QW help us
view the resulting Kronecker-factored preconditioning as
the scaled down by (¥4 ® X + ) projection of the corre-
sponding gradient vector (Qy, or Q) along the eigenbasis
(inner product with (U4 ® Ug), scaled down that basis by
((Ua ® Up)T) which finally returns to the initial parameter
space, as demonstrated in (George et al., 2018).

Proposition 3.4. After Eq. 25, the property: (A ®
B)vec(X) = vec(BXAT) allows us to rewrite the feed for-
ward and feedback gains in 24 more compactly

ly =vec(UgGuyU}) — vec(UpGuu U} ),
Ky = vec(UgYuyU}) — vec(UgYuu U})

Iy =vec(UgGyyuUY) — vec(UgGyy U} ),
Ky = vec(UgYyyuU} ) — vec(UgYyy, U})

(262)

(26b)

Following the property mentioned in the proposition , the
only matrix inversions taking place involve the inversion
of the diagonal matrices of the form S = (X4 ® X5 + A).
Therefore, the computation of the terms in 26 is computa-
tionally tractable. The detailed proof is left in the Appendix
A.l.

In this case, using the [ terms from Eq. 26, our update law
for the open-loop DDP GTSONO becomes u; < u; + 1ly,,
and v; < v¢+nly,, offering a generalization of the standard
training scheme. From a Game Theoretic standpoint, the
open loop information structure is equivalent to the two
players (i.e. weights) having minimal access and knowledge
to the game (i.e. network) structure.

4. Experiments

In this section, we assess the robustness of our suggested
architecture compared with other state-of-the-art adversarial
defense methods and the innate robustness of the continu-
ous models. These models are tested in the task of image
classification in 2 datasets. The tests performed examine
the accuracy each model in the clean test set, along with the
test set subjected to white box adversarial attacks and injec-
tion of Gaussian Noise. It is demonstrated that comparable
performance to state-of-the-art adversarial training methods
is achieved. We denote each model’s accuracy to the clean
test set (i.e. natural accuracy) with A,,4;.

4.1. Experimental Setup

First, we introduce the datasets, the architectures and the
white box attacks employed during our experiments. Note
that generalized update rule following open loop Min-Max
DDP is referred as DDP-GTSONO.

Attacks For the adversarial attacks, our emphasis lied
on white box /.,-norm Projected Gradient Descent (PGD)
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Table 1. Results on the MNIST. A, denotes each optimizer’s accuracy to the clean test set (i.e. natural accuracy). N/ (0, o) shows the
robust accuracy of the optimizers after gaussian noise injection in the test set. PG D¢ denotes the accuracy of the optimizers under PGD
attack in the test set with a perturbation distance e that takes s steps in the direction of the gradient. FG.SMS* describes the accuracy
under FGSM attack whose single step in the direction of the gradient is multiplied with constant a.

Method Apat  N(0,0.3) N(0,04) PGDY? PGDY? FGSMy, FGSMj-o
Adam 97.54 97.05 96.88 90.92 85.44 94.62 91.44
SGD 98.00 97.42 96.85 90.04 85.19 95.48 92.12
SNOpt (Liu et al., 2021a) 97.67 97.23 97.11 91.34 87.04 94.68 91.36
DDP GTSONO (Ours) 99.25 98091 98.67 93.88 93.26 95.38 91.33
GTSONO (Ours) 99.37 99.15 98.70 95.70 94.75 96.84 91.58
Table 2. Results on the SVHN
Method Anat N(O, 01) N(O, 015) PGD8001 PGD3002 FGSMOQQ FGSMO()g
Adam 87.35 91.02 89.52 73.48 68.18 77.04 72.08
SGD 9295 84.11 84.00 83.18 72.92 79.9 72.26
SNOpt (Liu et al., 2021a) 87.25 86.81 84.82 82.11 66.56 78.49 72.12
DDP GTSONO (Ours) 93.03 93.23 91.90 89.32 80.68 81.60 74.98
GTSONO (Ours) 94.17 93.41 92.39 92.92 82.08 82.72 74.64

(Madry et al., 2017) and Fast Gradient Sign Method (FGSM)
(Goodfellow et al., 2014) to assess the robustness of our
models. PGD attacks are an optimization-based attack used
to undermine the estimations and predictions of machine
learning models. It involves iteratively perturbing input
data in the direction of the gradient, while constraining the
perturbations to stay within a predefined projection set deter-
mined by parameter €. For £, PGD attack, the update rule
is defined as x' + Ip__ (x' + ny sign(V L(F(X),1))).
We denote PG Dy the PGD attack with a perturbation dis-
tance e that takes s steps in the direction of the gradient.
Additionally, FGSM is another popular and computationally
efficient attack technique. As opposed to taking multiple
steps like PGD, FGSM operates by taking a single step in
the direction of the gradient of the loss function with respect
to the input. FGSM generates attacked sample through
x' <+ x + e sign(VxL(F(x),y))). We denote FGSM
the FGSM attack whose single step in the direction of the
gradient is multiplied with constant «. Finally, we also ex-
amined the robustness of our models, when Gaussian Noise
was injected in the image. The perturbation of the images
was carried out as follows: x’ + x + N(0,0).

Datasets and training settings We carry out our experi-
ments on two datasets the MNIST (Lecun et al., 1998), the
SVHN (Netzer et al., 2011), with both datasets having 10
label classes. MNIST consists of 28 x28 gray-scale images,
while SVHN consists of 3x32x32 colour images.

The baseline optimizers used for our experiments are state-
of-the-art optimizers widely used in Neural ODE applica-

tions. In particular, we consider Adam and SGD with mo-
mentum as first order benchmark optimizers, and SNOpt
(Liu et al., 2021a) as a second order baseline. For training
process of our proposed models, the training was carried
out using only non-perturbed images for all optimizers. Ad-
ditionally, the structure of the networks was identical for all
experiments across all datasets and among every tested opti-
mizer, with a batch size of 128 used for the training on both
datasets. The networks trained on MNIST was trained for 5
epochs, while the network trained on SVHN was trained for
10 epochs. The ODE solver we used is the standard Runge-
Kutta 4(5) adaptive solver (dopri5; (Dormand & Prince,
1980)) implemented by the torchdiffeq package, with the nu-
merical tolerance set to 1e-3. All experiments are conducted
on a TITAN RTX.

4.2. Results

Table 1 and 2 demonstrate the performance of our two
methodologies compared with the benchmark optimizers on
the two aforementioned datasets. In each Table, the perfor-
mance of each optimizer in the clean test set is mentioned,
along with the robust accuracy of each method under various
attacks. Table 1 shows that all optimizers achieve near per-
fect accuracy on the MNIST clean test set, while our method
outperforms the baseline optimizers under every attack and
for all disturbances in the PGD attacks. We observe robust
accuracy up to 94.75% for our optimizers under attacks with
significant perturbation such as PG'D;*. However, we can
see that in the case of the FGSM attacks all classifiers have
nearly identical performance. This could attributed to the
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Figure 1. Robust Accuracy (%) of GTSONO and DDP-GTSONO
for varying standard deviation of the injected Gaussian noise

fact that while FGSM is a single step attack method not as
potent as the iterative PGD, failing to effectively mislead
the optimizers. Finally, regarding the efficiency of each opti-
mizer their run-times per epoch on the MNIST dataset were
comparable. More specifically, Adam and SGD completed
an epoch in 13.6 and 12.2 seconds respectively. SNOpt
required 15.5 seconds per epoch, while GTSONO required
15.7 seconds per epoch.

Similarly, we see that our proposed robust optimizers can
significantly improve the robust accuracy of the model on
the SVHN dataset. We observe robust accuracy up to almost
93% for PGD with ¢ = 0.02, which is an outperforms al-
most by 10% the Adam optimizer, which is the more robust
of the benchmark optimizers. It is shown that the perfor-
mance gap widens as the disturbance in the test set increases
under the PGD attack. Conversely for the FGSM attacks, we
see that all optimizers have similar performance, verifying
our comment about FGSM failing to generate perturbations
that fool the optimizers. However, it is demonstrated that
our optimizer still edges the rest optimizers delivering the
best robust accuracy. Regarding the efficiency of each opti-
mizer, it was observed that the run-times for each optimizer
were comparable. Adam and SGD completed an epoch in
33.8 and 29.9 seconds respectively. SNOpt required 37.6
seconds per epoch, while GTSONO required 41.1 seconds
per epoch.

4.3. Comparison between Open Loop and Vanilla
GTSONO

We explore the robustness offered by the different update
schemes of our methodology. Figures 1 and 2 demonstrate

FGSM
100 1 —— vanilla GTSONO
open loop GTSONO
90 +
80 4
3 70
©
—_
st
60 +
Q
<
50 4
40 4
30 1
T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
a

Figure 2. Robust Accuracy (%) of GTSONO and DDP-GTSONO
for varying degree of pertubation generated from the FGSM attack

the accuracy of our methodology for varying degree of at-
tack, under noise injection and FGSM attack on the MNIST
dataset. We can see that for no-pertubation GTSONO edges
DDP-GTSONO, which is aligned with what is demonstrated
in Table 1, while this is also true for relatively small distur-
bances. However, we see that for large perturbations and
severe noise injection, DDP-GTSONO is able to outperform
its counterpart with a significant margin especially under
the FGSM attack.

5. Conclusion

In this paper, we introduce a Game Theoretic Second Or-
der Neural Optimizer. Drawing inspriration from OCP
paradigms, such as min-max Differential Dynamic Program-
ming, GTSONO showcases significant robustness against
adversarial attacks, surpassing the performance of well-
established optimizers like SGD and Adam. Experimental
evaluations conducted in this study demonstrate the robust-
ness of GTSONO against adversarial attacks, achieving
higher accuracy rates and maintaining higher performance
even when exposed to sophisticated adversarial techniques.
Finally, two update rules are introduced for our optimizer.
The first constitutes an approximation of Natural Gradient
Descent, and a secondly a generalization of this update law
based on the open loop Min-Max DDP. Our experiments
showed that the additional terms in the latter capturing the
interaction of the two control variables render the model
more robust against large pertubations.
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A. Appendix
A.1. Missing Derivations from Section 3

We recall the formulation of the objective of the Neural ODE framework expressd in a fashion easily interpretable through
the prism of game theoretic OCP.

4 CC%‘ = F(t,x,u,v), x(ty) =z
m&n max O(x¢;) + L(t, x,u, v)dt] ,subjected to ¢ 4 =0, u(ty) =6 (27)
fo % = 07 V(to) =7

,where x = x(t) € R™, u=u(t) € R", and v = v(t) € R™. It is clear that (27) describes (10) without loss of generality
by taking (®, ¢) = (£, 0). The function F'(¢,x, u, v) characterizes the vector field and is parameterized by a Deep Neural
Network (DNN). We consider that the dynamics of the system are symetric with respect to the two sets of weights (u, v).
The functions ¢, and ¢ are known as the terminal and running cost in the context of OCP. This problem is understood as
particular type of OCP that searches for the optimal initial condition of the time-invariant controls uy, v;. In the DNN setting,
the terminal cost is equivalent to the loss function, for instance Categorical Cross Entropy for multi-label classification, and
the running cost is equivalent to the weight decay, or some other regularization techniques that acts on the weights of the
intermediate hidden layers. Next, the accumulated loss Q(¢,x, u, v) is defined as follows:

Q(t,x,u,v) = &(x(ty)) + t ’ L, x(7),u(r),v(T))dr (28)

From this definition of the accumulated loss implies that () we can readily obtain:

dQ(t’ X’ u’ v)

0=4{(t,x,u,v) + o

(29)

Proof of Theorem 3.1 Considering the nominal trajectory (X, @, V), that satisfies the ODEs in the constraints of (27), we
take the Taylor expansion of the terms in Eq.29 keeping up to second order terms:

6Xt T grmc Ea:u Ezv (;Xt
U(x,u,v) =0(X,Q,V) + lx0x; + Lydu + £,0v + = | duy e Luw Luu!| 0w (30a)
2
6Vt éva: gvu EUU 6vt

5Xt T sz Qmu sz 5Xt

1
Q(X7 u, V) = Q(iy ﬁ7 ‘7) + Qxéxt + Quau + Qvév + 5 6ut Quz Quu qu (;ut (30b)
6Vt va Q'uu vi 5Vt
We differentiate 30b, in order to utilize Eq. 29, and taking into account that dg—t“ = (jT‘t, = 0, we obtain:
dQ dQ(x,u,v) dQx dox dQu déu dQ dov
— ~ 5 x 5 u—, 5 v
dt g g 0% Qu ) T (T m0ud Quegs) + (pm0v 4 Qv )t
r 7 rd XX d TU TV X¢ T
1 5Xt T zit %7,5 QdT 5Xt 1 % sz Qzu va 6Xt
+ 5 5ut d ;I % Qi?; 5ut + a 0 Qu:z: Quu qu (51115
_5Vt_ L d%# le%u dw 5vt 0 va Qvu vi 5vt (3 1)

1 _5Xt_ T _me Qmu sz %
+ 5 6ut Qua: Quu Qu’u 0
6Vt_ _va Qvu vi 0

ox.
dt*

déx dx X
— _ - 32
o i Fox + Fyou + F ov (32)

Next, we need to compute the term

The second equation comes from the fact that the time derivative evaluated for fixed x yields the dynamics F'(x,q, V),
whereas for the first time derivative we take the Taylor expansion around the nominal trajectory. Finally, substituting Eq. 32
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into Eq. 31, and back into 29, we obtain the following ODE for Q and its derivatives

_de = Fwa + Ea:» _dew = Kx:r + F, Qa::v + Qa:a: i deu

Fr, ——xam F FI
dt dt T T dt qu"" xqu+Qxx u

- dQu = FuQx + €u> _dQuu = Kuu + F qu + qu i dqu

FI, - = luv + FuQxv <FJ
dt dt u u’ dt u + uQ +Qu v

W R, T g R Qe - T

:ng Fx 'Y xxFT
5t BQu + Q]

(33a)
(33b)

(33¢)

Proof Theorem 3.2 We recall 3.2, where it was assumed the matrix Q. (t1) to be a symmetric matrix of rank R < m, it

may be represented as: Q. = 25{:1 yiyl, where y; € R™. Additionally, we had that Q. (t;) = 0, Quu(ty) = 0. Then
Vt € [to, t¢], the second order matrices in (33) that contain derivative with respect to the state can be decomposed as follows:

Qxx(t) Zqz )ai(t)T, Qxu(t) qu Pi(t)T,  Qxv(t) ZQz )si(t

Quu = guu + sz pz t T7 qu sz Sz t T7 vi(ﬁ) = E’U’U + Zsi(t)si(t)T7

Taking the ODEs from 33, and substituting in 34, we yield:

_d uu

t _dQ t
/ dtuu (t)dr = / [I + FyQuu + QuIFJ]dT Eo
ty

ty

ly i= 1
_dQuu

t _dQ t
/ Tuu(t)dT :/ I+ FuQuu + Qua Fl|dT =
ty

ty

fll

Therefore, we define @, (t) =

dpi(t) _ Tq.
dt - Fuql(t)

Similarly, we define Q,, = R, I(t —tf) + ZZ 1 Si ® s, we obtain for dsl( ).

dSZ' (t) T
dt - FV i (t)

RJI(t—tf)+ 2511 pi ® p;, from which we can readily obtain that:

?

(34)

(35)

(36)

37

(38)
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The second order matrices can be rewritten as follows:

=

Quult) = Rul(t—t) + > /t t Faaidt) /t t Fuidt)' (392)
1=1 f f

Que(t) = RyI(t—ty) + i(/j Fuaydt) (/t: Foaidt)’ (39b)
Quv (t XR: / Foaadt) / quzdt (39¢)
Qutt =3 ( [ meat) ([ uqidt)i@vx@i( [ maa)([ Rad) oo

We denote z7, h7, u’, and v/ as the activation, pre-activation (linear combination), and the parameters of layer 7, respectively.
Furthermore, we consider the the preactivation vector h;(¢), as an affine combination of the weights with the input to the

 Jayer. We recall the symmetricity of our dynamics with respect to u, and v, resulting in the partial derivatives of the
preactivation vector at the 5™ layer with respect to the control variables: hy, = hJ, = z;, and hJ, = (u + v). This implies
that:

oF
Fy,qi = (u+ v)T(aTqZ-) for Feed Forward layers (40a)
J
OF OF
Fy,q; = 3h (z; ® Iq; <8leq2) for Feed Forward layers (40b)
., OF .
Fye,qi = (u+ v)*(aqu) for the Convolution layers (40¢)
J
. OF,. .
Fy,qi =z j*(aT]qi) for the Convolution layers (40d)
J

where ® denotes the Kronecker product, and % denotes the de-convolution operator. The layer-wise notation used above
was adopted as a manner to circumvent dimensionality and tensor representations issues. In this vein, the integrations in
equations (39) are broken down into each layer j of the network structure, where using the expression from 40, we obtain

to - to - - to aF
/ <qui>dt - / <Fani>dt, ] = / ((u + v)T(qi)>dt7 N } (41a)
ty - ty - - ty ah]
to - to - - to
ty - ty - - ty ah]
to - to - - to aF
/ (quZ)dt = 7/ (Fﬂnqi)dt, = ,/ <Zj ® (qi)>dt, .. ] (41¢c)
ty - ty - - ty ahJ

Derivation of Equation 22 Following the layer-wise representation, We recall that to derive 22 these expressions, we first

use the Kronecker product property: (A ® B)(C ® D) = AC' ® BD. Additionally, during the process of this derivation

some approximations are necessary. First it is assumed that z(t);, and g(t); = % are uncorrelated across time, which
J

is a rather strong assumption. Secondly, the last of our derivation entails an approximation that z;(t), g; () are pair-wise
independent (Liu et al. 2021 NIPS). For the sake of brevity we demonstrate the analytic proof only for the Hessian @y, the
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others follow similarly.

=y

Qujuj (tO) = Rul(t - tf Z / Fuqzdt / Fqudt

s t oF T
= R,I(t — tf Z / 8h ql dt) (/t Z; ® (Thjqi)dt)
im1 f -
R OF
~ RuI(t—ty) Z/ 3h qi)) (zj ® (Thjqi)dt)T )

= Rul(t—tg) + XR:/ sz® )(gf )7)at

~ Rol(t—ty) + /(Z]j)d@/ ;((S}iqﬂ(;i%f)

B;(t)

Remark The first assumption while maybe deemed as a strong assumption is almost essential in order to yield Kronecker
factorized matrices (Liu et al. 2021). While relaxation of this assumption is possible via graphical models at the expense
of computational cost (Martens et al. 2018), empirically the uncorrelated assumption has been shown to yield better
performance (Laurent et al. 2018). The second approximation has been verified in (Wu et al. 2020) through an empirical
study and can be made exact under certain conditions (Martens & Grosse 2015).

Derivation of Proposition 3.3 We begin by trying to simplifying the expressions for Q.,,,, and Q. Setting: (X4 ®@Xp5) =
Suvs (B4 ®Xp+ Ay) =Sy, and (X4 ® ¥ + A\,) = 5,, we obtain:

Quu = (Quu quQ Qvu)
= (UA@UB)S (UA@UB)T — (UA@UB)SM,(UA@UB)T

(Ua®@Up)S, " (Ua@Up)T(Ua @ Up)Suu(Ua @ Up)T 43)
= (Us®@Up)Su(Usa@Up)T — (Us @ Up)(SuvSy 1Sus)(Ua @ Up)T
= (Ua ®@Up)(Su — SuvSy ' Suw)(Ua @ Up)T

Similarly, for Qyy = (Ua @ U)(Sy — SuvS; 1Suu)(Ua ® Ug)T. At this point, using the following properties of the
Kronecker product, based on the eigenvalue decomposition:

(ARB4+AN)=(Usa@Up)(Za®@Xp+AN)(Ua@Up)T (44)
(A®B+)\I)71:(UA®UB)(EA®EB+)\)71(UA®UB)T (45)

we can easily obtain the inverse of the matrices in 43 as follows:

Qg& == (UA ® UB)(Su - SquqTISuv)il(UA ® UB)T7
Qus = (Us @ Up)(Sy = SuwSy Suw) " (Ua @ Up)T.

Derivation of Proposition 3.4 Now, substituting into 23 the expression for 25, this formulation along with the property in
(A ® B)vec(X) = vec(BX AT), and setting for brevity: Quxdx: = dQu, Qvx0x: = dqy, the feed-forward and feedback
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gains in (24) can be compactly rewritten as follows

la=(Us®Up) (Su — SMS;lSW)‘l(SWS;l)vec(UgQVUA)
gu‘l)
— (Ua®@Ug) (Su — SuvSy HSuw) " tvec(ULQuUa) (46a)

Suu

=vec(UpGy,U)) — vec(UpGy U})

(46b)
Iy =(Ua ®@Ug) (Sy — SuvSy  Suv) ™ (SuwSy ) vec(ULQuUa)
Buu
— (Ua ®@Up) (Su — SuvSy 1 Suv) " tvec(ULQVUA) (46¢)
Buv
=vec(UpGy,U)) — vec(UpGyuU]))
(46d)
Ky =(Ua®Ug) (Su — SuvSy " Suv) " (SuwS; H)day
Yovu
—(Ua ®@UB) (Su — SuuS; ' Sus)  Hoqu (46e)
Yvou
=vec(UpYyuwUJ) — vec(UpYyuuU))
(46f)
Ky =(Ua @ Up) (Su = SuvSy " Suw) ™ (SunSy )6
NATY
— (Ua®Up) (Su — SuuSy " Suw) " 0qy (462)
You

=vec(UpY,,U)) — vec(UpY,, U})

where vec1(Q;) = Q;, vec'(gij) = Gy, and vec '(y;;) =Yi; i = {u,v}, denote the inverse of the vectoriza-
tion operation of the corresponding vectors. Inverting the diagonal S matrices is tractable, rendering the computation of the
terms in 46 tractable to compute.

B. Differential Dynamic Programming in Continuous Time
B.1. Problem Formulation

Consider a min-max game problem, with dynamics described the following ODE:

dx(t
% = F(x(t),u(t),v(t),t), x(to) = zo 47
where z(t) € X is the state of the dynamic system at t € [to,ts], and u(t) € Uy C U and v(¢t) € Us C V denote conflicting
controls, with U; and U, are convex sets containing all admissible controls of u and v respectively. Our goal is to find
non-anticipating strategies for both players, namely we wish to maps: v, : [to,tf] x X = Uy and vy, : [to, tf] x X = Us
for the two players respectively. Additionally, we define the cost function as follows:

ty

J(’Yu;')‘u) = d)(tf’x(tf)) + / E(X(t)v’Yu(tvx(t))v’Yv(tax(t))vt)dr (48)
to

where ¢ : [to,ts] x X — R is the terminal cost, and £ : X x U x V X [tg,ty] — Ry is the running cost incorporating the

state and the control cost for both players. The conflict between the two players enters in our problem formulation as one

tries through control u to minimize the above cost function, whereas the other one tries to maximize it through control v.
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We proceed to define the value function for our problem as the function expressing the minmax value of the cost function at
time t = tg and = = xg.
ty

Yu Yo to

V(t(),{L‘o) = minmax{¢(tf7x(tf)) + ’C(X(t)a’yu(tvx(t))77v(t7x(t))7t)dT} (49)

Using the Bellman principle, we write (49), as follows:

t+dt
V(t,z(t)) = min  max {d)(tf,x(tf)) —I—/ L(x(t), vu(t,x(8)), v (t, x(t)), t)dr

Yu(t—rts) yo(t—ty) t

+ / T L), X)), o x (1 }

+dt
ty
= i i te,x(t L(x(t), yu(t,x(t)), Yo (t, t)d 50
'y1L(tIIIJtrl+dt) 71,(£at)idt){ 'yu(t%tn*)tf)'yq,(tglg‘.)i}tf){(b( £ x(bs)) + /H_dt (3e(), 7 3(8)) o (£ T} (50)
t+dt
+/ L(x(t), 72 (t,x()), 70 (¢, x(t }
t
t+dt
= i L(x(t), vu(t, x(1)), 7o (1, t)dr + V (t + dt, x(t + dt)
L(nin x| /t (x(t), yu(t, x(1)), y0 (£, %()), t)dT + V(t + dt, x(t +
Then we can readily obtain:
0 = min max | £(x(t), 7u (£ X(1)), 70t X(1)), £) + 4 51)
Yu (t) Yo () dt
We can express dV as follows:
aV oYT oV oyT
dV =~ —dt+ — dxy = —dt+ — Fdt 52
o™ o T Y o 62)
This form enables us to obtain the min-max Hamilton Jacobi Bellman through substitution to (51):
0 ovT
0 = min max[ﬁ(x(t),’yu(t7x(t)),%(t,x( ), t) + v + v F}
Yu(t) 7o (1) ot Oxy (53)

% ovT
5 = min max [ £0e(t), 7 (6 x(0), (1 x(0), 1) + 5= F)

with its terminal condition being: V (tf,x(t¢)) = &(tr, x(t5)).

B.2. Backwards Propagation

First, we consider equation function Q as: Q(x,u,v,t) = L(x(t),vu(t,x(t)), 1 (t,x(t)), ) + 9¥. We set v, (¢, x(t) =
u(t), and v, (¢, x(t) = v(¢) and expand the terms inside the minimization in (51) along with function Q up to second order

terms, with respect to the nomimal trajectory (X(t), u(t), v(¢)) and we obtain:

L(x(t) + 0x¢,u(t) + dug, v+ 0vy) =

5xt T ﬁzx ﬁa:u £:cv 5Xt (54)
L(x(t),u(t),v(t)) + LIox + LTou+ LTov, + 3 ouy Lyz Lyuw Luyy| |6ue
5vt £vm £vu ‘C'Uv 6Vt

1
V(t + dt, x(t) + 0x¢) = V(t,x(t) + Vo (¢, x(t))ox; + §5xtTVm5xt (55)
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At this point, we take the derivative with respect to time, of the expanded expression of the value function from (23). We
note that V, V,., V,., are only functions of time, since they are expanded with respect to the nominal X(¢). Additionally,
we also notice that from the system dynamics the infinitesimal perturbation around the nominal trajectory dx; are also a
function of time, so the differentiation of the second and third term below follow the product differentiation rule.

ayv dy d d /1
_ = — = — g X —oxTV...
at a0 T g (V”(t’x(t))6xt) t (25x Vwixt)
u=1(t)
v=v(t) (56)
dy dyT dox; 1 /déxT AVps dox;
_av . rav T 1 [aox T Ty GOXt
dt +( a Xt Viy ) ( g V0% 0X) T 0% 4 0%y Vg =0 )
Returning to the system dynamics, we can write dg—tx, as follows:
déx d _ _ _ _
T = 2 (x(0) = x()) = Fix(®),u(t), v(0),6)) ~ F(x(t), u(t), (), 1)
= F(R(t), 0(t), 9(t), t) + FLox, + Fydu, + F,ov, — F(R(), at), 9(t), 1) (57)

= F_Iéxt + Fuéut + Fvévt

where F,, I, F, stands for F, (X, 1, V), F,(X,1, V), F, (X, 0, V) respectively. If we substitute (57) in (56), we obtain:

av  dy

dvT B} _ _
=== t)+(7 5%, + VI (Eyox, + Fuou, + Fvévt)>

dt

t) (58)

AWVaoa
dt

1 _ _ _
+ = (((Fméxt + Fyouy + Fy0vy)) T Ver0x4 + 0x]

5 0% + 6X] Voo (Fpoxy + Fyéuy + F_vévt)))

Now, if we substitute (58) and (54) in (51), separate the terms that differentiate with respect to time the value function or any
of its derivatives with respect to the state, we obtain:

v odv,T. 1. dV,
T oxy — §5xt 7 oxy =
1 0xy T Loz Lazuw Lo 0Xy
= min max [E()‘c(t), a(t),v(t)) + LIox + LTou+ LTov + = [duy Luwe Luw Luvl [0
Sult) ov() 2 5Vt ['v:r »Cvu »va 5Vt
6Xt T F‘g-;rvx:v + Vmem waFu waFv 6Xt
S VIE,6%, + VIF.6u, + VIF,6v, + = | ou, FTV,, 0 0 | |6u,
2 6w FIV,, 0 0 | |ov, (59)

= min max [c(x(t), U(t) + (LT + VIF,)6x, + (L] + VIF,)ou; + (L] + VIF,)dv,

5Xt T ‘Cw:r + ngwir + Vma:F:c Emu + Va::rFu Va::r:Fv (Sxt
+ 5 51175 Euw + EJ VIZD £uu £uv 5ut
5Vt L"UJ, + FJ ‘/QLJ, ‘Cvu Ev'u 5vt

Following the definition of Q and (51), we can expand Q up to second order terms as following:

1 5Xt T Q’I"I‘ Qmu Qrv 6xt
0 = min max [Q(j7 u, v, t) + Q;(SX + QL(Sut + Ql(svt + 5 5ut Qum Quu qu 5ut (60)
Yult) 70 (8) 2 5Vt sz Q'uu vi 6Vt

Therefore, we can equate the terms from (59) with the terms of the quadratic expansion of (60), and yield the following:
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Qo(t) = L(x(t),u(t),t)
Quz(t) = (LT +VIF)T = Lo + F]V,
Qu(t) = (LY +VIF)T =Ly + F]V,
Qu(t) = (LT +VIF)T = Ly + FJV,
Quz(t) = Loz + VeaFy + F] Vs (61)
Quu(t) = Low + Vau Fu = Q1
Quo(t) = Loy + Via Fy = Q7
Quu(t) = Lo
Quu(t) = Loy

Additionally, taking the derivative in (60) with respect to du; and dv; and setting them equal to 0, yields:

du” = _Q;i (QuadxXt + Quudvy + Qu)

u (62)
vt = _vi (QU&L‘(SXt + qu(su: + QU)

However, we notice that the optimal control of the opponent is present in the expression of the optimal control of each
player, so we try to eliminate this dependency:

ou* = _QEI}(QWE(SXT/ + qu<_Q;U1(Qva:6Xt + quéu: + Qv)) + Qu)
:>(Quu - quQ;levu)(;u* = 7(Qum - quQ;ulem)éxt + quQ;lev - Qu

:611* = (Quu - quQ;levu)_l(quQ;lev - Qv - (Quw - quQ;leva;)(SXt)
=ou* =1, + K, 0%

(63)

where lu = (Quu - quQ;levu)il (quQ;Ul Qv - Qu)7 and Ku = (Quu - quQ;rUl Qvu)il ((Qu:c - quQ&}va)éXt)-

Similarly we can express év* = [, + K,0x;, where equivalently the coefficients [,, and K, are defined as: [, =
(vi - Qqu;&qu)il(QuuQ;ul Qu - Qv)a Ku = (vi - Qqu;&qu)il((va - quQ;levx))' From (59) and
(60), the value function and its first and second order derivatives with respect to x are expressed through the following
backward ordinary differential equations:

v dv,T 1 dV,,
dt  dt 0%y — §5Xt dt

(SXt =

6Xt T sz Qa:u Q:Ev 6Xt
= min max Q(Z,w, v,t) + QTox + QT duy + QT v, + 3 ouy Quz Quu Quol| |ouy

e 5vt Qv.'c Qvu Qm} 6Vt (64)
= Q(Z,u,0,t) + QLox + QI (I, + Kuox¢) + QT (L, + K, 0%x¢)+
1 0Xy T Que Quu Quv 0Xy

(lu + Kv(sxt) sz Qvu vi (lv + Kv(sxt)

— = L4 1IQu+1IQu + AIQuuly + 3TQuuls + 1 Quuls

D = Qo+ KIQu+ KIQu + QT + QTly + KIQuulu+
= +K’IQUUZU + KJQvulu + KJQ’U’UZU (65)

+K’IQ’UA}KU + K{[QuuKu + Kvava
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under terminal conditions:

Vx(tf) Zd)l(.f(tf),tf) (66)



