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1. Introduction

Time-varying distributed optimization (TVDO) has gained increasing attention due to its practical
advantages over time-invariant distributed optimization (TIDO) in dynamic environments where the
objective function or constraints may evolve over time. TVDO has been applied in various fields,
including power systems [1], traffic system [2], and robotics [3], with further applications in energy
management [4]. In TVDO, the optimal solution changes over time, making traditional algorithms
designed for TIDO, which aim to reach a static optimizer, unsuitable for direct application. To address
TVDO, several discrete-time algorithms (DTAs) have been developed [5—8]. For instance, prediction-
correction methods are employed in [6, 7] to solve TVDO with a specific sampling period, where the
tracking error is linked to the size of the sampling period. A comprehensive review of DTAs and related
work can be found in the survey [9]. However, due to factors like sampling period, step size, or errors
in local optimization, continuous-time algorithms (CTAs) generally face challenges in asymptotically
tracking the time-varying optimal trajectory.
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Given the extensive use of digital computing and sensing units [10, 11], we focus on a discrete-
time framework. Specifically, we sample the objective functions F(x;¢) at discrete time instances f,
where k = 0,1,2,... and the sampling period is defined as & = £, — ;. Instead of addressing the
time-varying problem directly, we solve a series of time-invariant problems. If the sampling period &
is made sufficiently small, the resulting solution trajectory F'(z;) can be obtained with high accuracy.
However, in most practical applications, solving these problems for each time sample is impractical,
as the computation time required to find each optimizer often surpasses the rate at which the solution
trajectory evolves, unless F(¢) remains nearly stationary.

The batch method is one traditional approach for addressing the problem sequence, where the
objective function is sampled at specified intervals, solving each resultant static problem within
given periods. However, this method often fails to align with real-time processing demands,
particularly when computational resources are limited and sampling intervals are short. This limitation
becomes more pronounced with larger problem sizes, preventing convergence within the required
timeframe [12]. Consequently, attention has shifted towards online optimization techniques. These
methods update the optimization problem continuously throughout the algorithm’s iterations, allowing
for the extraction of suboptimal solutions at any stage, regardless of convergence status [1, 13]. Over
time, these solutions increasingly approximate the optimal solution. In pursuit of improving this
approach, various strategies have been developed. For example, a method based solely on correction
operations was introduced, achieving an asymptotic error bound on the order of O(h) [14]. Another
strategy involves a prediction-correction algorithm tailored for time-varying parameter optimization,
though it requires an initial optimal solution, limiting its practical application [15]. Nonetheless, these
methods have facilitated some theoretical advances in reducing the computational load, especially
in convex optimization scenarios. Further, the interior point method has been applied to solve
constrained convex optimization problems characterized by time-varying elements, utilizing a log-
barrier penalty function and a dynamic system comprising predictive and corrective components
based on Newton’s method [16]. For unconstrained time-varying optimization, a suite of algorithms
deploying prediction-correction strategies has been proposed. These include Gradient Trajectory
Tracking (GTT) and Approximate Gradient Tracking (AGT), which achieve an O(h?) asymptotic error
range. Moreover, Newton Trajectory Tracking (NTT) and Approximate Newton Tracking (ANT) are
shown to offer superior error bounds [10]. Building on this framework, a decentralized prediction-
correction algorithm for time-varying network optimization challenges has been developed, employing
novel matrix splitting techniques and approximating matrix inverses using the Taylor series [6, 17].

Prediction-correction algorithms [18], utilizing nonstationary optimization techniques [15,19,20],
have been developed to iteratively solve convex programs that change over time. These algorithms
function by predicting, at time #;, the optimal solution for the next time step #,;, using an
approximation of how the objective function F varies during this interval. The initial prediction is
then refined through gradient or Newton descent methods. However, these algorithms are tailored
for centralized systems. In our work, we address time-varying convex programs in decentralized
environments, where nodes can communicate only with their immediate neighbors. Therefore, the
prediction-correction methods proposed in [18] are not directly applicable in this decentralized context.

In the discussed algorithms that incorporate a prediction step, while achieving tighter error
bounds, these methods necessitate the computation or approximation of the inverse of the Hessian
matrix. In certain scenarios, this process also involves calculating mixed partial derivatives. It is
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established that computing the inverse of a matrix is computationally intensive, with the complexity
typically represented as O(p?), where p is the matrix’s dimension. This complexity escalates further
for objective functions that are more intricate due to the requirement of mixed partial derivative
calculations. In this paper, we outline our major contributions as follows:

1) We introduce a backward Euler prediction step tailored for the unconstrained time-varying
optimization problem. This approach eliminates the need for calculating matrix inverses and
computing mixed partial derivatives, resulting in reduced computational complexity. The corrective
aspect of the algorithm is derived from a Newton step.

2) We establish the convergence of our proposed algorithm and detail its convergence rate. The
asymptotic error associated with our algorithm depends on the sampling period A, ranging from a
worst-case scenario of O(h?) to an optimal scenario of O(h%).

The structure of this paper is as follows: In Section II, we provide the mathematical foundations
essential for the development of the major results. In Section III, we detail the algorithms incorporating
the backward Euler prediction step. The performance of these algorithms is examined in Section IV. A
numerical example demonstrating the practical application of our theoretical findings is presented in
Section V. We conclude in Section VI.

2. Preliminaries

We focus on a connected, undirected graph G = (V, E), where the vertex set V consists of n nodes,
and the edge set E consists of m edges. Distributed optimization algorithms are employed to address the
problem of minimizing a global smooth, strongly convex cost function across a set of nodes, where the
objective function is expressed as a sum of local functions. We intend to solve the following problem
raised in [6]

X'(1): =argmin F(x;1): = f(x;1) + g(x;1), t >0, (2.1)

xeR"P
where x € R"? represents the stacked vector of decision variables for all nodes, and X’ € R” denotes
the decision variable for node i, and x = (x'';...;x" ). The function f(x;1): = Y fi(x';7) is the
i€V
sum of the locally available functions at each node, while g(x;7): = Y, g"(x';0) + Y g™(x,x/;1)
iev (ir))eE

incorporates terms induced by the network structure G, necessitating coordination and information
exchange across the network. Before introducing distributed protocols to solve the problem in (2.1),
we present an example to clarify the problem setting.

For example, in a wireless sensor network, each sensor node must adhere to channel capacity
and interference constraints, which can be formulated as a resource allocation problem. The time-
varying utility function for sensor i is defined as f’ : R” x R, — R, with the decision variable x' € R”
representing the resources allocated to node i in a network G consisting of n sensors. This leads to the

formulation of the time-varying resource allocation problem.

xieRP,.. x"€RP

min " fi(x'1) subjectto Ax = b(). (2.2)
i€V

where the matrix A € R'” is the augmented graph edge incidence matrix. This matrix is composed
of [ X n square blocks, each of dimension p. For an edge e = (j, k), where j < k, that connects node j
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to node k, the block (e, j) in A is given by [A],; = I,,, and the block [A], = —I,,, where I, denotes the
identity matrix of dimension p. All other blocks in A are zeros. The time-varying vectors b(¢) € R”?
are determined by channel capacity and rate transmission constraints.

In our work, we consider the nodes to be consumer devices aiming to solve decentralized
approximations of the problem defined in (2.2). Specifically, we explore the approximate augmented
Lagrangian relaxation of (2.2), and solve

XIcRP,.. x"€RP

. 1
min Z Fix 0+ ﬁ—zlle —b@)IP, (2.3)
1%

where the parameter 8 > 0 acts as a regularization term, encouraging consistency among all nodes.
In (2.3), the matrix A € R/P"? is the graph edge incidence matrix. It is straightforward to observe
that the first term in (2.3) is identical to the first term in (2.1). Moreover, given the definition
of the augmented graph edge incidence matrix A, we can simplify the second term in (2.3) to
||(x,- - X;) - bl-(t)||2, which corresponds to the functions g"/(x;, X;; 7) in (2.1).

Notation: Let || - || represent the Euclidean norm. The gradient of the function F(x; ) with respect
to x is denoted by V,F(x;t). The partial derivatives of V4 F(x; ) with respect to x and ¢ are indicated
by Vi F(X;1) and V4 F(x;1t), respectively. The third-order derivative of F(x;t) with respect to X is
denoted as (Vi F(X; 1). The time derivative of the Hessian of F(x;) with respect to ¢ is expressed as
VaxF(X; 1) = Vi F(X; £). Finally, the second derivative of Vi F(X; f) with respect to ¢ is represented by
Vi F'(X; ).

3. Algorithm

3.1. The dynamical system

If x* represents the optimal solution for the objective function F(x; ), then the gradient of F(X;¢)
with respect to X must satisfy

ViF(x;1)=0, VYt>0. 3.1

As a consequence, the time derivative of this expression must also be zero, leading to

AV F(xX"; 1) )
— L =V FX"; D)X (1) + Vi F(X*; 1
7 x5 0X (1) + Vi F(X75 1) (3.2)
=0,

where X*(¢) represents the time derivative of x*(¢). If the Hessian of F(X;?) is invertible, we can deduce
from the above equation that

X'(1) = =V (X5 1) Vi F(X5 ). (3.3)

We can apply either the gradient descent method or the Newton method to optimize F(X;1),
leading to the formulation of a continuous-time dynamical system as follows:

X(f) = =YV F(x; )7 V4 F(x; 1), (3.4)
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where y represents a control gain with the constraint O < y < 1. When y = @V F(X; 1), where a > 0 is
a constant, this corresponds to the gradient term in Eq (8). Conversely, when y = 1, Eq (8) represents
the Newton term. The trajectory x(¢) generated by Eq (8) will approach a vicinity of x*(¢), but due to
the time-varying nature of the solution, it does not converge precisely to x*(#) [21].

If the optimal solution x*(¢) was known for some 7, > 0, the system (3.3) could be used to track the
evolution of x*(¢), since (3.3) guarantees the optimality condition VyF(x*;¢) = O for all # > #y. If x*(¢)
is not accessible at any time, we can combine the dynamics (3.3) and (3.4) and devise the following
dynamical system:

x(1) = F(x;1), (3.5)
where ¥ (x; 1) is defined as
F(x;1) = — Ve F(X; 1) Vi F(X; 1) — YV F (X3 1) Vi F (X3 0). (3.6)

The dynamics described in (3.6) consist of two components: A prediction component and a correction
component. The prediction component, given by -V F(X; 1)V, F(X; ), aims to forecast the change
in the optimal solution (refer to (3.3)). The correction component, —yV F~!(x; 1)V F(x; 1), serves to
steer x(¢) toward the optimum.

3.2. Discretization calculation

For any time interval [#y, fy + T'], where 0 < T < +oo, we can partition the interval into N sub-

intervals such that #,. = t; + h, for k = 0,1,2,..., N — 1, where A is the discretization step size. Let
x(#;) represent the solution of F(X;¢) at time #,. For simplicity, we may denote x(#;) as X; throughout
this paper.

A numerical method for approximating (3.5) is considered a one-step method if, for all k > 0, x4
depends solely on x;. Two examples of such one-step methods are presented in [22].
(1) The forward Euler calculation method
Xir1 ® Xg + hF (X, 1y). (3.7)
(2) The backward Euler calculation method

X & X1 — hF (Xpy1, firn). (3-8)

The primary distinction between the forward and backward methods is found in their treatment of
the first-order approximation term for F(x;¢). It follows from (3.8) that

Xi—1 ® Xg — hF(Xg, 1), (3.9)
yielding
F(Xp, 1) ~ % (3.10)
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Substituting (3.10) into (3.7) gives
Xpul ~ X + h%

According to (3.11), we formulate the prediction step as follows:

= 2Xk—Xk_1. (311)

Xi+1lk = 2Xg — Xp—1.- (3.12)

The prediction step can be computed only depend on the state information at time k and
k — 1. Compared with the prediction step in [6, 17], the prediction step in our algorithm can reduce
the computation complexity significantly.

To address the time-varying optimization problem in (2.1), we sample the continuous time-
varying objective function F(x;?) at discrete times f;, where k = 0,1,2,.... This transformation
turns the continuous time-varying optimization problem into a sequence of time-invariant
optimization problems.

X'(ty): =argmin F(x;1;), k=>0. (3.13)
xeRP

In network, the prediction step can be written as (3.12). For node i, the predicted variable xf( A 18
just upon the information of the node itself which given by

X2+1|k = 2X;< - X;c—l’ (3.14)

the X;{ Tk is computed through local operations, but for the correction step in our algorithm, the Newton
term involving the calculate of the inverse of the matrix, which requires the global communication.
To develop a decentralized protocol to correct the prediction variable X, [18], here we apply the
decentralized Newton method proposed by [6]. The decentralized Newton method is formulated

as follow

Xi+1 = Xir1lk = YCh+1,(K)» (3.15)

where ¢1 k) € R" is called correction direction, its definition is

K
_1 _1 _1 T _1
Cr+1,k) = Dk-fllk Z (Dkf1|kBk+l|ka_f1|k) Dk-fllk X VXI:(XI(+1|/<; tk+1)- (316)
=0

-1

-1 K O N . _ .
ForD, 7, E‘o (ijllkBkHlka-fuk) D, /iy itis the K-th order approximate of Vi F(Xps1t fx+1) ! which

is derived from truncations of the series [6,21]
NS -4 \pt
VXXF‘(XI(+1|k; tk+l) = Dk+1|k Z (Dk+1|kBk+1|ka+1|k) Dk+l|k’ (317)
=0
where matrices Dy, and By, are defined as

Disipk 1= Ve f Kies 1165 tee1) + diag[Vix8(Xir 165 te1) 1

. (3.18)
Biiij = diag[Vix8Xir1ik; ter1)] — Vax& Xk 11k5 s 1)
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where the diag[V«g(Xk+14; tk+1)] denotes the block diagonal matrix, which contains the diagonal blocks
of the matrix Vyyg(Xpr1p; tx+1). The matrix

DZ+1|/< = foxifl(x;<+1|k; tk+1) + Vx"x"gl’l(xz+1|k; Z‘k+1) + Z Vx"xigw(x;ﬁ”k, Xi+1|k; tk+l) (319)
JEN!

is computed at node i. The second term in (3.19) links the decisions of node i with those of its
neighboring nodes j € N'. The structure of the matrix By, is determined by the graph topology,
with null diagonal blocks B;<J+1|k and non-zero off-diagonal blocks BZiuk given by Vg™ (x', x/; 1)
ij

whenever nodes i and j are connected. The calculation of B} 1 18 as follows:

ijo _ i,J (¢l i
B, = Va8 (X X fer). (3.20)

Lemma 1. According to [21], as per the definition of the correction direction in (3.16) the sequence
of correction directions satisfies

_1 .
Crrtre) = Dy BraipCrrr o) + Vol K1 1111)) 5 (3.21)

define cj{ LK) and Vi F'(Xg, 1ks tee1) as the i-th component of the vector €y k) and Vi F (Xii1p; tis1), the
recursion of (3.21) can be decomposed into local components

Crtreny = ~ D)™ ( Z Bij;llkc£+l,(r) + V' (R tk“))' (3.22)

jeN?
The gradient component in (3.22)

VxFi(XkHlk; tk+1) = infi(X2+1|k; tk+1) + Vx"gi’i(xjﬁuk; tk+1) + Z ingi’j(x;.ﬁ”k, Xi+1|k; tk+1) (323)
JEN!
is also computed at node i, Lemma 1 asserts that the component cjC 11k can indeed be calculated using
local operations, which means that the iterative application of (3.15) can be executed in a distributed
fashion. Consequently, node i computes X, , by implementing the following local descent:

Xis1 = Xpstk — Va1 (K- (3.24)

We call DeNSP as the decentralized Newton method with a backward Euler prediction that uses
descent method [cf.,(3.24)] and the prediction step [cf.,(3.14)]. The algorithm is summarized as
Algorithm 1.
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Algorithm 1: Decentralized newton method with a simple prediction (DeNSP) at node i.

Input: The local variable x}, the approximation level K, the step size .
1: for ,(k=0,1,2,...) do

2:  Predict the next trajectory using the prior information
3: ifk>0
Xeoix = 2%, — X
else
Xeetie = X0
4:  end if
5:  Initialize the sequence of corrected variables ﬁ;{g 1= X, Tk
6:  Exchange the variable %7, with neighbors j € N’
7. Observe F'(.; fr1), compute Vi F'(Xp 15t + 1) [cf.,(3.23)]
8: Comppte matrices DZ_+1|/< and B;cj+1|k’ j€ N as
DZ+1|k = Vx"xifl(xé_'_wf; fre1)
+Vx"x"gl’l(x;(._'_.1|k;.tk+l) .
+ Z ) inxigl’j(xjﬁ_”k’ X£+1|k; Z‘k+l)
.. ]ENI .
ijo_ b (xi o
By = — Va8 (G 1o Xy 1y o)
9: Compute:
c;c+1,(0) = _(DZ_'_”]{)_IVXFL(XkHIk; +1)
10: fort=0,1,2,...K—-1do
11: Exchange correction step ¢ (r With neighboring nodes j € N'
: — _(Di ! i : :
c;<+1,(‘r+l) - _(DZ+1|1<) ‘ZN,Bk+1|kck+l,(T) + Vi F (Xt 1165 1)
JeN'!
12:  end for
13:  Correct the trajectory prediction
Xir1 = Kot + YC1x0)
14: end for

15: Output: The corrected variable x| |

4. Convergence analysis

In this section, we examine the convergence of the algorithms introduced in Section III. Our
convergence analysis demonstrates that the discrepancy between the optimal solution x*(#;) and the
computed solution x; is ultimately upper bounded. Specifically, the error is predominantly influenced
by the sampling time 4. Throughout this paper, we adopt the following assumption regarding the
objective function:

Assumption 1. Each node’s own function f' is twice differentiable, and the eigenvalues of the local

AIMS Mathematics
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Hessians matrix Vi f(x'; t) are bounded with positive constants [m,, M], i.e.,
mil < Vg £1(X'56) < M1 4.1)

Assumption 2. Functions g"(x';t) and g™/ (x', x/; t) are twice differentiable and the eigenvalues of the
aggregate function Hessian are bounded |0, L], the constant L; < oo,

0 =< Vng(x;1) < Ly1. 4.2)

Assumption 3. The function F(X;t) regarding all the derivatives of x € R"’ and t > 0 are bounded,

IV FX DIl < Do, |IVaxF (X5 DIl < Dy,

(4.3)
IV F (3Dl < Do, [[VixFX5 DI < D3, [[VxF| < Ds.

From the abounds of Hessians Vy f(X; 7) and Vi g(X;f) in Assumptions 1 and 2 respectively, the
Hessian of global cost Vi F(X; f) uniformly satisfies

ml < VXXF(X; f) < (Ll + M])I (44)

These conditions ensure that the problem formulated in (2.1) is strongly convex, and they also ensure
the invertibility of the Hessian matrix. To refine the contribution of our paper, we impose bounds on
the higher-order derivatives of F, as stated in Assumption 3. A similar assumption has been utilized in
previous works [6, 10, 18].

We turn to analyzing the DeNSP algorithm. As per the definition of Dy and By, in (3.18), the
matrix D'/ Bk+1|kD_1/ > is positive semidefinite, and its eigenvalues are upper-bounded by a constant

K+ 1k k+11k
p < 1, as shown in Proposition 2 of [17].

0= D;ﬁ{BmukD,:{fk <pl, 4.5)
where p = (1 + %')-1 < 1.

In the following theorem, we establish that the sequence generated by the DeNSP algorithm
asymptotically converges to a neighborhood of the optimal trajectory whose radius depends on the
sampling period A.

Proposition 1. The norm of the difference between prediction Xy, and the optimal solution X; , is
upper bounded by

%16 = X Il < 6Slixe = ;1| + A2A, (4.6)

where § = 1 + h(Dl(Donr)’th) + D2+7(L1+M1))’ and A = Dl(Do+7D4)+(l3)o+7(L1+M1)) + (D0+7D4)(§D2+7m1) yDo+D3

mi m mi

1 1 1

Proof. See Supplementary A. m|

Theorem 1. Under Assumptions 1-3, fixing K as the level of Hessian inverse approximation for the
correction step, there exist bounds K, h, and R, such that if the sampling period h is selected to satisfy
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h < h, K is chosen to be K > K, and the initial optimality gap fulfills |[Xo — X*(to)|| < R, then X,
converges to the optimal trajectory X*(t,,) within a bounded error.

lim sup [[xe.1 = X' (te)ll = OR°p"* (1 = ) + OCY), @4.7)
specially, when approximation level K is chosen sufficiently large and y = 1, then the
lim sup [Ixc.1 = X" (f)ll = OCHY). (4.8)

Proof. See Appendix B. O

Theorem 1 indicates that the error bound described in (4.7) for the DeNSP algorithm is primarily
influenced by the sampling period 4. In the worst-case scenario, the asymptotic error floor is expected
to be on the order of O(h?). However, according to the result limy_,o, Sup ||Xe,; — X" (1)l = O(hY),
it is evident that under certain conditions, the error bound can be further improved. Specifically, if
the approximation level K is chosen to be sufficiently large, the DeNSP algorithm has the potential to
achieve a much tighter tracking performance, reducing the asymptotic error to the order of O(h*).
This suggests that by carefully selecting the parameter K, the algorithm can provide significantly
better accuracy in tracking the optimal solution over time. Meanwhile, reducing the sampling interval
provides greater assistance in improving convergence accuracy. Furthermore, since the DeNSP
algorithm omits the calculation of the Hessian matrix inverse in the prediction step, the computational
complexity of the prediction step is O(p), while other algorithms such as DPC-N and DAPC-N require
the calculation of the Hessian inverse in the prediction step, ignoring the complexity of gradient
calculation, resulting in a computational complexity of O(p?). In the correction step, the computational
complexity of several algorithms is consistent.

5. Simulation

In this section, we provide a numerical example to demonstrate the effectiveness of the DeNSP
algorithm. We consider a resource allocation problem in a network of interconnected devices, as
discussed in Section II.

We solve the problem described by (2.2) using an approximate augmented Lagrangian method, as
outlined in (2.3). The local objective functions associated with sensor i are defined as follows:

p
fix's ) = %(xi — cos (wt))2 +k ; log[1 + exp b"'(x* — d(£))]. (5.1)

In our simulation, we consider the case where decisions are the variables x' € R”, p = 10, and set the
scalar parameters as w = 0.2mr, k = 0.1, b ~ (Ll[l_z’z] and d(r) = cos(wt). We consider there are n = 50
nodes in a wireless network which the nodes are randomly distributed in the square [—1, 1]* and they
can only communicate with each other if they are closer than a range of r = 2.5V2/+/n. Then the
nodes generate a network with / links. We set the b = 0 in (2.3) and the tuning parameter 8 = V20.
We compare the DeNSP algorithm with DPC-N algorithm and DAPC-N algorithm mentioned in [6].
The constant step size of DPC-N and DAPC-N algorithm is setto y = 1.
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From convergence result (4.7), it can be seen that the convergence accuracy is affected by the
number of iterations and sampling intervals in the correction step. In order to compare the advantages
with other algorithms, we set a fixed and commonly used sampling interval 7 = 0.1. Further observe the
impact of the number of iterations in the calibration process on convergence accuracy. In Figure 1, we
run different algorithms and show the convergence performance between different algorithms. When
the approximation level or the number of communication rounds K is set to 3, the tracking performance
of these algorithms is comparable, showing little to no significant difference in their effectiveness.
However, as K is increased to 5, the DeNSP algorithm demonstrates a clear advantage, achieving
superior tracking accuracy and responsiveness. This suggests that the DeNSP algorithm benefits more
from additional communication rounds, which enhances its ability to track the time-varying optimal
solution more precisely, making it particularly effective in scenarios where higher precision is required.
Further more, the DPC-N algorithm and the DAPC-N algorithm need to calculate of the inverse of the
Hessian matrix, with the complexity typically represented as O(p?), where p is the matrix’s dimension,
and calculate mixed partial derivatives in the prediction step by communicating with neighbor nodes. In

contrast, our algorithm can simply complete the prediction step using the previous information which
can reduce computation time greatly.

10°
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Figure 1. Error with respect to the sampling time #; for different algorithms.

Although the prediction correction algorithm proposed in this article simplifies the prediction
steps, the correction steps still require a large amount of computation on Hessian matrix. Furthermore,

for some optimization problems involving integer decision variables, the algorithm proposed in this
paper is difficult to solve and requires further research.

6. Conclusions

In this paper, we propose the backward Euler prediction step for the problem of the unconstrained
distributed optimization. Though the theoretical analysis , the convergence accuracy of the proposed
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algorithm can reach O(h*) ~ O(h*). And compared with the DPC-N algorithm and DAPC-N algorithm,
our algorithm need not compute the inverse of the Hessian of the cost function, which can save
computing time. Finally, we verify the theoretical results via a numerical example. In future research,
we will further simplify the calculation of the Hessian matrix in the calibration step.
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Supplementary

6.1. Proof of Prosition 1

In order to facilitate the presentation in the proof process, we define the following abbreviations

ViF = Vi F(Xkr1p ter1)s VxE" = Vi F (X015 tes1),
VXXF = VXXF(Xk+1|k;tk+1)7 VXXF* = VXXF(XZ+1;tk+1)’ (61)
VixF = Ve F Xk tir1)s - Ve = VF(Xp, 15 tee)-

We define the dynamical system x(7) = ¥ (x;t), observing the continuous dynamical system in (3.6),
we know that # (x; 1) is given by

F(x:1) = =V F(X: 1) Vi F(X; 1) = Y Vox F (X3 1)~ Vi F (X5 1). (6.2)

For x;_;, use Taylor expansion at x;

h* d
X1 = Xg — hF (X5 1) + 5d—t¢(x, $1), 81 € [tic1, L. (6.3)
According to (6.3), we have
Xy — Xi—1 hd
) = ————— + = — 3 851). 4
F(X; 1) PR dtT(X, 51) (6.4)
According to (6.4), the prediction step (3.12) can be written as
h? dF (x; s1)
Xes 1k = Xi + AF (X3 1) — 771, (6.5)
Taylor expansion of x; |, have
h2 d *;
X =%+ O + = T ) (6.6)

Subtracting (6.6) from (6.5) yields

. i i h? dF (x*;s1)  dF(X*;s5)
11 = Xl = = X5l + AP (s 1) = F 673 10) = (=== + =) (67)
Applying the triangle inequality to (6.7) gives
. . . R ||dF (x*;51)  dF (X";5,)
e = Xl < lixe = X311+ 21T (x5 1) = F (3 2011 + = — + = 68
2 dt dt
For the second term of (6.8), combined with the formula (6.2), we have
IF 1) = F& 30l = | = VixF ' ViF = YV F ' Vi F = (< [V T Vi F* = Y[V T V) |
< ||[VXXF*]_1VIXF* - VXXF_IV[XF” "'’y”[VXXF*]_IVxF>k - VXXF_IVXF”

(6.9)
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For the first term of (6.9), add and subtract [V F*]"'V4F at the same time, and use the triangle

inequality that

||[VXXF*]_1VIXF* - VXXF_lthF” < ||VXXF_1VIXF - [VxxF*]_lvth”
+||[VXXF*]_]VIXF - [VXXF*]_IVIXF*”.

The RHS of (6.10) can be bounded as
1
||[VXXF*]_1VIXF* - VXXF_IV[XF” < DOHVXXF_l - [VXXF*]_IH + _”Vth - VIXF*”’
ny

where Assumption 3 is used.
Additionally, the bound on ||V F~' — [V F*]7!|| can be given as

||VXXF_1 - [VXXF*]_IH = ”[VXXF*]_I(VXXF - VXXF*)VXXF_ln
1
< _zllvxxF - VXXF*”
m
For the second term of (6.11) and (6.12), applying the mean value theorem gives

IVF = Vix F'l| = IVa F (X1 1) Xk = X
< Vi F (X1 2l — Xl

< Ds|Ixx — xll,

_ - 1 - ;
||VXXF T- [VXXF ] 1” < _QllvxxxF(X2;tk) (Xk - Xk) ”
my

1 = *
< — Vi F (Xa3 10)lll1x5 — Xl
my
D, .
< —lixe = x;ll,
n

where X, and X, are variables between x; and x;.
Substituting (6.13) and (6.14) into (6.11), get

. DyD, D
Va1 VirF” = ViV Fll < (=5 + == il = xl.
1

1

For the second term of (6.9), add and subtract [V, F*]"!V,F at the same time, get
||[VXXF*]_1VXF* - [VXXF*]_IVXF + [VXXF*]_lvxF - VxxF_lv}i(F”

1 .
< —|[ViF* = ViF|l + Dall[VauF*1™" = Vi F 7'l
ny

For the first term of (6.16), apply the mean value theorem gives
IVxF" = VxFll = IV F (X33 (X — Xl

< NIV F (X35 DI]]1x5 — X |
< (Ly + M)lIx — x ]l

(6.10)

(6.11)

(6.12)

(6.13)

(6.14)

(6.15)

(6.16)

(6.17)
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where X3 is a variable between x; and x;.
Substituting (6.14) and (6.17) into (6.16) gives

Ly+M, DD
VP17 Vi F* = Vi F Vi FI| < (Z—— + == )il - Xl (6.18)
nmq I”I’l1

Substituting (6.15) and (6.18) into (6.9) gives

. Di(Dy +vyDy) Dy +vy(Li + M) .
I 1) = F s 1) < (g T + E i - xlL (6.19)
1 1
Substituting (6.19) into (6.8) leads to
. Di(Dy +yDs) | Dy +y(Li + M) o, P AF(Css)  dF (X5 s))
e = Xl = [ 1+ A ot p_ Y = xill+ = || ==+ — .
(6.20)
For the second term of (6.20), applying the triangle inequality, leads to
|| d d || d || d
1Y i 4 = ix < 2 L Fxt N EFxt . 6.21
2 dt¢(X,S1)+ dtf(X,Sz) ) dtT(X ;s + > dtf(x 3 52) (6.21)
The derivative of F (x; ) is given by
df (x(0); 1) :
—— =V 3D+ [V F (x5t
7 F x50 + [VF (xn)]% 6.22)

= ViF (x:0) + [ViF (X D]F (x5 0).
Applying the triangle inequality to (6.2) yields

IF (% DI < IV F (% D] IV F (5 I+ YV F 65 D] IV F (5 0|

< Dy + ’)/D4 (6.23)
—_— ml 9
and to (6.22) yields
dfr (x;t
H fl’t‘ M < 19,7 (0 + 19T (x: DIF (x: 1. 6.24)
It follows from (6.2) that
V() = V[~V Fx: 1) Vo F(x: 1) = Ve F(x: 1) Vi (x: 1), 6.25)

where

Vi [~V 7 VR F(6; 1) = YV F O D)7 Vi F (x5 1) |
= VP (X; ) Vi F(; DV F (X 1) = Vi F (X3 1) Vi F (X3 1) (6.26)
+ YV F (%3 1) Vi F(X; )V F(X: 1) = YV F(X: 1) Vi F(X3 1),
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Using the triangle inequality for (6.26)

IV F X DNl = IV [=Vax F(X; )7 Vi F (X3 1) = YV F (%3 1) Vi F(x3 D]
< IV F(X3 ) Vi F (X3 )V F (5 1|
+ [V F(X; 7' Vi F (X3 Dl
+ VI Vax F(X; 1) 2V g F (%3 )V F (x5 1) (6.27)
+ VIV F (X3 1) Vi F(x; 1))

< Dy(D, +27D4) N YDy + D; ’

n mi

and we also can get

09706 D1F (5 Dl = (= VaF 65 Vi Fx31) = 3
+ Vi F (%3 1) Vo F(X; DV F (X3 1)
YV 1) 2V F 6 DV F (6 0)F (0 1) (6.28)

< (DI(DO +y(Ly + My)) N D, +ym, )(Do + )’D4)'

m? m m

It follows from (6.27) and (6.28), the (6.24) can be written as

dF (x;
” 7’6(;; t)” < IV, F (X Il + [V F (x; DIF (x; 1)
< Dy(Dg +yDyg) + (Do + y(L1 + My)) = (Do +yDs)(2Dy +ymy)  yDy + D5 (6.29)
- m? + m% + ml .

According to the (6.20) and (6.29), the (6.30) follows

. Di(Do+yDs) Dy +y(Li + M)
||Xk+1|k—Xk+1||S[l+h( ! (,)nzy 4 2TV 1
1

s (Dl(Do +vDy) + (Do + y(Ly + My)) N (Do +yD4)(2D, + ymy) N vDy + D;

X 1)k — Xg
- )|l = X

)

m m3 m

(6.30)

which can be written as

X1 = X[l < 6lI%e = X1 + A2A, (6.31)

where § := 1 + h(Dl(D0;7D4) + Dz+)’(L1+M1))’ and A = Dy (Do+yDy)+(Do+y(L1+M1)) + (D0+7D4)(3D2+7m1) + yDo+D3

3
my mi my my my

The proof is completed.

6.2. Proof of Theorem 1

According to the Proposition 1, the norm of the difference between prediction Xy and optimal
solution x;_, is upper bounded by

X1 = X[l < 6lI%e = X1 + A2A, (6.32)
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D (D D, D Li+M D (D D. D, Li+M D D4)(2D Do+D
where § = 1 +h( 1( 1(1);7 1) + 2+7£n1+ 1)), and A = 1(Do+y 4)+rfl30+7( 1+M1)) +( 0+y 4’)7([2 2+ymy) + 2 l(q): 3

For |[Xz41 — X741, accorlding to (3.15), get

IIXpes1 — Xz+1|| = [|Xks 1k = Y€1, k) — XZ+1||~ (6.33)
For convenience, we define
K
o =D Y (D BiwD; ) D 6.34
Hk+1|k,(K) - Dk+1|kz ke 1k kA 11k k+ 11k (6.34)
=0

According to the definition of ¢4 k) in (3.16), and substitute (6.34) into (6.33), (6.33) can be
rewritten as

||Xk+1 - X]Z.]” = ||Xk+1|k - ')’H/:”k,(K)VxF - XZ+1”- (635)
Add and subtract YV F~!'V F at the same time and use the triangle inequality, obtained

-1
X1 = Xl < IXes1x = Xy — ¥V ViF|

Vo F'-H! V.F (6.36)
+7’||( XX k+l|k,(K)) X ”

For the first term on the RHS of (6.36), left multiply by VF and its inverse, and left factor out the
Hessian inverse V,, F~'. Making use of the Cauchy-Schwartz inequality, the first term of RHS of (6.36)
is bounded above as

Xt 15 — Xy — ¥V VR F|

. 1 . (6.37)
< (1 =YVIXer1ik = Xy [+ VNV F Vs Kierrpe = Xpip) = Vi Fl.

From Assumption 3, we know the upper bound of ||V F~!|| is 1/m,. Additionally, according to the

optimal condition V,F;,, = 0, then the (6.37) can be written as

IXes 1k = Xy — YV F VA FI < (1 = )Xpes i — Xy

# LT (R = Xi1) = (TuF = TuF )l (038)
Defining ryy; = Xpy i — X, ; and make x := £(7) = X}, | + T(Xg 10 — X}, ), then
mllnvxxF(ka —X;,) = (ViF = V. Fp )
:mllnvxxFrkH — (VoF =V FL ) (6.39)

Y .
=m—IIV§(r>§<r)F Tl — (Very F = Ve Fr)Il-
1

Because

Xkt 1]k
Ve F = Ve Fryy = f o Ve F(E(@); 11)dé(T)
Vet (6.40)

1
= f Ve F(ET); ter 1 i1 dr.
0
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Substituting (6.40) into (6.39), derive

y £ £
m—1||V§(r)§(r>F XKir1ie = X)) = (Ve F = Ve Fiiy )l

1
= ml“Vf(‘r)f(‘r)F Fiy1 — f Vg(r)g(r)F (&(T); tis )Tk dl|
1
° (6.41)

1
Y
= m—||1'k+1 f Vg(r)g(r)F - Vf(‘r)f(r)F (&(T); tir)dTl|
1 0

1
Y
< m—||l'k+1||f IVemen F — Vemen F(E); t)lldT.
i 0

For |[VgF — VgF(E(T);ti)ll, applying the mean value theorem and according to the
assumption 1, derive

IVemen F = Vemen FET); tir)l
< D|[Xgz1e — E@I

. (6.42)
< Di|I(T = D) Xew1ie — X, DI
< Di(1 = DlIrgall.
Substituting (6.42) into (6.41), we have
LV F (i = 01) = (VoF = VaFy )l
1
y 1
< gl f Di(1 = D)||rgelldT (6.43)
ny 0
D, )
<
= 2m1 ||rk+1|| 5
substituting (6.43) into (6.37), we have
* -1 Dl * 2
IXps 1k — Xpp — ¥V ™ Vi F|| < z—ml”XkJruk . I [ (6.44)

For ||(ViF~! = H,:i”k’( K))VXF || which the second term in (6.36), we extract the Hessian inverse

from it and use the triangle inequality, resulting in

”(VxxF_1 - H/:i”k’(K))VxF” < ”VxxF_l(I - VXXFH/:”/C,(K))VXF”

1 . (6.45)
< m_”I - VxxFHk+1|k’(K)””VxF”-
1

According the Assumption 3, the norm ||V F|| < D, but we further reduce the upper bound of the
norm, according to the optimality condition V4 F* = 0, get

IVxFIl = [[VxF — Vi F|

" (6.46)
< (Ly + M)|IXgr1x — Xl

where we have used the Lipschitz property of the gradients.
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According the Lemma 3 in [17], the matrix I — Vi F' H;! can be simplified as

k+11k,(K)
-1 _ -1 K+1

- VFH ) = BrekDig )™ - (6.47)

Since matrices D +1|kBk+1|ka Tk and Bk+1|kD/:1|k are similar, the sets of eigenvalues of these two

matrices are identical. Therefore, according to (4.5), we can get
0 < ByuDi) e < pl. (6.48)
The bound of (6.47) is
I = Ve FH ol < 054 (6.49)
Substitute the (6.46) and (6.49) into (6.45), we can derive the (6.45) is bounded as

(L + Ml)PK+1
my

Applying the bounds (6.44) and (6.50) to the RHS of (6.36), get

||(VXXF_1 - H/:i”k’(K))VxF” < ||Xk+1|k - XZ+1”' (650)

2
[IXps1 — Xyl < ||Xk+1|k X 17+ UliXerie — Xy lIn (6.51)

2

K+1
where i = %+ 1-y.

Substituting the (6.32) into the (6.51) yields

2
IXer1 = Xy Il < ol X — X117 + ailixie — Xl + aon (6.52)

D, 6> Di6A D A?
where apy = y2rr111 , ] = hzr;_f + lﬂé, oy = h421_ml + hzlﬂA

Let 0 < 71 < 1 be a positive scalar such that
2 *
allx, — X117 + aqllxe — X1l + 2o < 7ilXp — Xl + @o. (6.53)

To guarantee the convergence of the error [[x; — X;|| and (6.53) holds true for all k we require

a; <Ty, (6.54a)
X0 — X5l < (11 — a1)/az = R, (6.54b)
Ti(T1 —a)/ar + @ < (71 — @) /as. (6.54c¢)

We proceed to check the validity of (6.52). When k = 0, and condition (6.54a), (6.54b) is satisfied, we
multiply ||xo — X;|| on both sides of (6.54b), we have

T —

(04
Lixo — x5 (6.55)

112
Ixo — XpllI” <
s
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Multiplying both sides of (6.55) by a, and add «, get

2
@lIxXo — XplI° + aillxo — Xl + @ < 711X — Xgll + @

(6.56)
<7i(11 — @)/ + .
Combining (6.52) and (6.56), get
||X1 —XT” < Tl(T—a’l)/a/z + . (657)
When condition (6.54¢) is met, we have
Ix; = xjll < (71 — a1)/az. (6.58)
Repeating the above process [cf.,(6.55)—(6.58)], we can derive
lIxx = ;1| < (71 — 1)/, (6.59)

multiplying |[x; — X;|| on both sides of (6.59) and adding a, , we can derive (6.53).

Therefore, when (6.54a)—(6.54c¢) is satisfied, the (6.53) is hold true for all k. The terms a( and a;
are polynomial functions of sampling period / and the approximation levels K of the inverse of Hessian.
Specially, when 4 — 0 and K — oo, @, a; and @, can be made 0, 1 —y and ;’—lz:, respectively. Formally

}llg(l) ap =0, Igg{; a=1-v, }}gg a = 2, (6.60)
then conditions (6.54b) and (6.54c) hold with 1=t = 2mOHD gpd D-ew — 2mnlo=l)

According (6.52) and (6.53), the upper bound of [|x;,; — X; || can be rewritten as
k1 — X Il < T1llX5 — X1 + . (6.61)

By recursively applying (6.61) backward in time, we obtain

1 -7k
lIx — x;1l < 7hlIxo — Xl + o (1 Tl ) (6.62)
- T

which 7, < 1, after the expansion of the coeflicients, we can derive

1 -7\ ( , DA
% = x| < TilI%o — xll + ( i ) (h4 21 + hzwA), (6.63)

1—T1 ny

K+1 .
where i = % +1—1v, when K — oo, we can derive (4.7).

Due to 0 < p < 1, then when the approximate level K of the inverse Hessian matrix is chosen
sufficiently large, i.e., K — oo, then the pX — 0, result y = 0, when K — oo, derive

2

. . DA
lim sup [IXs 1 — X (te)l = h* s=————— + F2(1 = YA, (6.64)
K> 2m(1 —71y)

The proof is completed.
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