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Abstract Collaborative simulation is an effective approach to performing simulation analysis for complex
systems by integrating models developed for different engineering disciplines. Collaborative simulation issues
include the modeling of coupled multidisciplinary systems, and the simulation running time integration of these
models that are solved parallelly. Estimation of the local truncation error of coupling models is the key to solve
multidisciplinary collaborative simulation problem, which is actually used to restrict the simulation step. This
paper presents a variable-step method based on Richardson extrapolation for calculating the local truncation
error to solve collaborative simulation problem of multidisciplinary coupling models. Formulas for estimating the
local truncation error are derived through theoretical analysis by using integration methods and interpolation
technologies, respectively. The simulation experiments are illustrated to validate the accuracy and efficiency of

proposed collaborative simulation algorithm in comparison with the usual combinative algorithm.
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1 Introduction

Collaborative simulation is becoming a popular approach to modeling and simulation of complex systems.
It aims to achieve optimal solutions of complex systems by taking into account the coupling problems
between multidisciplinary subsystems, and has been widely used in engineering domains [1-3]. The
challenges for collaborative simulation include the multidisciplinary modeling, collaborative interaction,
time-synchronized running and simulation platform, where a variety of disciplinary simulation tools are
handled dynamically in a distributed environment [4]. Some researches have been done with focuses on
the model-driven modeling approach [5, 6], the distributed interaction mechanisms between simulation
models [7], and the development of collaborative simulation platform [8, 9]. Essentially, distributed
collaborative simulation can be viewed as a process of parallelly solving equations of subsystems and
synchronously exchanging run-time data with an appropriate time step. The main concerns include
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stability, accuracy, or the combination of both [10]. Shome et al. [11] proposed a partitioned Runge-
Kutta method by combining a multi-rate integration method with partitioned integration. Arnold [12, 13]
studied the numerical methods for simulation and multi-rate integration in applied dynamics. The issues
addressed in their works include the selection and control of step size, the processing of exchanged data,
and the computation of ill-structured models. In numerical calculation, large-scale ordinary differential
equations are often solved by dividing them into several subsystems with moderate scale. The classical
algorithms for such division include the multi-rate method by Gear et al. [14] and the combinative
algorithm by Fei et al. [15]. These algorithms provide a theoretical basis for the numerical solving of
large-scale complex models, and their convergence has been proved [16]. However, the coupling vectors
between subsystems in collaborative simulation are usually complex; thus it is urgent to develop efficient
and accurate algorithms.

The algorithms currently available for collaborative simulation mainly fall into the category of com-
binative algorithms with a fixed united step; that is, a fixed global step is used throughout the whole
simulation process, whereas each subsystem is simulated by its internal variable-step integration algo-
rithms [17]. Actually, some efficient variable-step algorithms have been developed for, and applied in,
the solving of a single system model [18], though similar algorithms have not been developed for col-
laborative simulation. The core of such algorithms is to determine the variable step size by estimating
the calculation errors. Some researchers investigated this field. For example, Schiehlen et al. [19] pro-
posed a variable-step algorithm for collaborative simulation based on Richardson extrapolation and the
embedding method, using an iterative way to estimate the errors of each subsystem and then determine
the step size. In order to address the issue of calculation divergence caused by the algebraic loops in the
coupling models, Kiibler et al. [20] developed a method to improve the stability of the algorithm based
on united step by using the quasi-Newton iteration method or adding filters in the models to eliminate
the algebraic loops. However, such iterative algorithms have high computational complexity, and fail to
satisfy the requirements for real-time simulation.

The paper presents our research on developing a variable-step collaborative simulation algorithm which
is based on the idea of Richardson extrapolation in the simulation of a single system. Some theoretical
foundations are given first. Then the analysis and calculation of truncation error in solving collaborative
simulation problems are investigated by extending and utilizing the current methods to multidisciplinary
coupling systems, the truncation error formulas of the coupling models are derived, with different con-
ditions taken into account, such as the different orders of integration methods and the interpolation
methods. Finally, simulation experiments are demonstrated to present efficiency and accuracy of pro-
posed algorithm comparing with combinative algorithm in [17].

The remaining part of this paper is arranged as follows. Section 2 introduces the basic theory of the
algorithm. Section 3 presents a collaborative computing method for coupling systems. Section 4 develops
calculation methods for local truncation error of the collaborative simulation system. Section 5 derives
the estimation formulas of the local truncation error for a coupling system model. Section 6 implements
the simulation experiments for evaluation of the proposed method. Section 7 gives conclusions of the

paper.

2 Basic theory of the algorithm

2.1 Richardson extrapolation

Assume that a system can be described by

= f(Z(t),t), Z(to) =2zp, RE RM+N, (1)

where t is time, and z(¢) is the state vector in the (M + N)-dimensional space.
To perform numerical integration for such a system, Richardson developed simple formula to estimate
local truncation errors using extrapolation. The calculation procedures are shown in Figure 1 [17].
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Figure 1 Richardson extrapolation.

¥(z,t,h) is the increment function of the integration algorithm, and zj is the value of function z(t)
calculated at ti. The step size is h, and the result at tx + h is z,[fj]_l which can be given by

Zl[c}il =2k + hd](’zka tkv h) (2)

Then by using step size h/2, the result of zk +1 can be calculated in two steps as follows:

I[C]:_/Q] zk + ¢(Zlmtk7 2)

(3)
s h 3 h h
21[9}4{12] = o/} + ZZJ( [h/2) k+ >

et T2V Crep 2’2

When the order of the integration algorithm is p (this means that the order of the local truncation
error is p + 1), from (2) and (3), we have

e = 2(thy1) — 2L = 2(tk11) — 20 — Wbz, try B) = c(ty) WP+ O(hP+2), (4)

such that z(tpyq1) = z,[:]H + c(tg)hPTE + O(hPT2),

h h h h h h h
el = sttun) = 48 = e == o (s §) = o (L7 5. 5)

h h h h h

=c (t,ﬁ%) (;)pH + c(ty) <Z)p+1 +O(hP+?)

h+l
= c(tg)

2p +O(hP*?). (5)

So, z(tk+1) = z,[ﬁ_/f] + (tk)hf”r + O(hP+2).
As 2(teg1) = 2y + c(te) BPH+ O(hP+2), there holds c(t) & rrri—g=r; (2111 — Zhi1)-
The formulas to estimate local truncation error for a single system can then be derived as

h 1 h/2 h
e~ o= (A = Al (6)
h)2 1 h/2 h
en’ ~ = (L - 2. (7)

Therefore, the local truncation error in each single step can be estimated in the calculation at steps
h and h/2. By comparing the error estimated and the control error that is set to ensure the accuracy
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of calculation, the step size can be controlled and the variable-step algorithm can be enabled. However,
Richardson extrapolation method cannot be simply used in the collaborative simulation with multiple
coupling models.

2.2 Lagrange interpolation polynomial

Assume the values of function f(¢) at the different nodes tg,1,...,t, in interval [a,b] are yo, y1,. .., Yn.
Then an n-order Lagrange interpolation polynomial L, (t) can be formulated as follows.

Lo(t) = yolo(£) + y1li(8) + -+ + yaln(£) = D 9ali(1), (8)
i=0

t—to) (b=t1) - (b—ti 1) (t—tis1) - (t—tn .
where [;(t) = (ti(—to)o()t(q‘,—tl))“‘((tq‘,—ti—1))((ti—£:+)1)"('(ti—1)sn,). lo(t),l1(t),...,1,(t) are termed the n-order interpo-
lation basis function at nodes tg,t1, ..., t,.

Obviously, L,(t) is a polynomial and its order is no more than n, and satisfies L,(t;) = y;,i =

0,1,...,n.

3 Collaborative computing method for coupling systems

3.1 Description of a coupling system model

Generally, a complex engineering system involves a number of disciplinary domains, e.g. kinematics and
multi-body dynamics, which can be modeled as a set of continuous differential equations. Moreover, a
complex system needs to be divided into several coupling subsystems, and is then analyzed by taking
into account the cooperation between them.

Simply, a system with two coupling subsystems is analyzed in this section, and characteristics of more
complex system can be identified similarly. For the system model described in (1), the state vector z(t)
is divided into two subsystem state vectors z;(t) and z5(¢). Likely, the system function f(z(t),t) is also
replaced by two functions and each of which represents a subsystem, expressed as

dzcllt(t) = fl(Zl(t),Yzl(t),t), Zl(to) = 210,21 € RJW,
Yia(t) = y1(21(t), Yo1 (1), 1), Y12 € RS,
dz;t(t) = fo(22(t), Yi2(t), 1), 22(to) = 220,22 € RY,

YQl(t) = y2(z2(t)a YlQ(t); t)a Yél S RT?

(9)

(10)

where z1(t) is the state vector of M-dimensional space of subsystem Si; z2(t) is the state vector of N-
dimensional space of subsystem So; Y12(t), Ya1(t) are a pair of coupling vectors, representing the output
vectors of subsystem models and the input vectors of subsystem models, respectively.

3.2 Collaborative computing method for a coupling system model

For the coupling model in (9) and (10), collaborative computing needs to be utilized, and variable-step
integration algorithm can improve the efficiency of collaborative simulation. As shown in Figure 2, H;
is the step size of two coupling subsystems involved in collaborative simulation, and the value of H; is
determined by the local truncation error of the coupling system. For each H;, the start and end points of
this simulation step are taken as two endpoints of the interval [¢;, ¢;1+1], and data exchange takes place by
assigning value of Y15(t), Ya1(¢) at these points. Denote the time interval of whole collaborative simulation
by [to, tn]. Then time points t;11 = t;+ H;, i =0,1,2,..., N —1 are the endpoints of the N sub-intervals.
Inside each H;, integration is performed for subsystems S; and S, by using (9) and (10).

For the numerical calculation of (9) and (10), the input of each subsystem model is obtained via
interpolation on the output of another subsystem model. The interpolation methods such as Lagrange
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Figure 2 Collaborative computing for a coupling system model.

polynomial or Hermite polynomial can be applied to solve this problem. Assume that the calcula-
tion values of Yio(t), Y21 (t) at each H; are Yioy, Yo1r,k = 0,1,...,i. Let T; = (to,t1,...,t;)T, Y1; =
(Yiho, Yibi, .., Y50 T and Yoy = (Y3, Yaiqs - -+, Yor,)T. Then the Lagrange interpolation function Iy,
(}/11,1_'7)(15) and Iygz(YQi,Ti)(t) can be obtained by pairs (Yh,n) and (Y27,E) Mark ?12(25) = Iyu(Yli,
T;)(t), }721(1&) = Iy9;(Y2;,T;)(t). Then for the computation going progressively from ¢; to ¢; 11, we need to
determine a proper length of H; i.e. the step size for collaborative simulation based on local truncation
error.

4 Calculation of local truncation error

4.1 Method of calculation

Now, the subsystem S; is used as an example to illustrate the calculation method for local truncation
error of a coupling system represented in (9) and (10).

The difference in methods for calculating the local truncation error between subsystem S; in (9) and
a single system in (1) is that input vector Ya1; from subsystem Sy to subsystem S; at time ¢; cannot be
yielded accurately because there exists the coupling vector Y21 (t). As the value }721(ti) of interpolation
function }721(15) at time point t¢; is used to replace Ys;, interpolation error occurs when data exchange
takes place between subsystem models.

Denote Yay; = 1721( ti), f’gliﬂ = }721( tiy1)--+. Other symbols are also denoted in the same way.
Assuming Ay (z1(t;), Yo1(ti), t;, H;) is the theoretical increment of the integration algorithm used for
subsystem (9), we get z1(t;41) = 21(¢;) + H; Afl(zl( i), Ya1(t;),t;, H;). Denote by v, (zll,th,tl,Hz) the
increment function, i.e. zgﬁ]_l = z1; + Hig, (214, Ygu, t;, H;). Simply, the increment function of one-step
integration algorithm is used here. zj; and e€;; are the corresponding calculated value and calculation
error of state vector z1(t;) at time ¢;; z1;41 and 1,41 are the calculated value and calculation error of
state vector zi(tj1) at time t,11; ey, is the integration error of subsystem S; in united step H; from t¢;
to t;41; €int2 is the interpolation error of input vector 1721 from subsystem Sy to S;. In order to derive
the local truncation error from ¢; to ¢;41, cumulated errors are not considered here for convenience. So,
we get z1; = 21(t;i), Yo, = Ya1(ti), Y1, = Yai(ts).

There are a number of different situations for the local truncation error calculation.

(I) The simplest case: The integral method is the Euler method, i.e. 0-order one step method. The
input vector of increment function includes only }7211'. Since }7211- = Y21(¢;), the interpolation error is 0
and the Richardson extrapolation method can be used directly. This simple case is not considered in this
paper.

(IT) A more complex case: The integral method is the improved Euler method, i.e. 1-order one step
method or a multi-step method with any order. The input vector of increment function includes YQMH
and Ya1; at the points ¢+ 1, 7, and even Yori_ 1, Yori_ 2, .. th natpointsi—1,i—2,...,7—n is used in
the multi-step method. So, the interpolation error is mainly caused by ?21i+17 which is an extrapolated
polynomial using the interpolation data before time t;.

(ITI) A much more general case: The integral method is one step method of higher order like Runge-
Kutta. The input vector of increment function includes not only Y21z’+1 and }7211- at points i + 1,4, but
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also 1721i+1/2, }721i+1/3, ...at points i+ 1/2,i+1/3,..., and so on. So the interpolation error comes from
multiple sources. This case is also not considered in this paper.

This paper will only consider the calculation of local truncation error in case (II) i.e. improved Euler
method. Without loss of generality, the increment of error for input vectors YQMH, YQM, YQM Tye- th n
at the input points i +1,4,4 — 1,...,7 — n can be calculated as follows:

H H
5[1211 = 21 (tit1) — ZLL

= z21(t:) + HilAp, (21(t), Yar (ti), ti, H;) — (21 + Hitog, (210, - -, 21imn, Yo1i1s - - -, Yorion, ti, H;))
= Hi(Ap, (21(t:), Yor (t:), ti, Hi) — g, (2105 -+ -5 20imn, Yor (Fi1)s - -5 Yor (tion), ti, Hy))

+ H; (Y, (214, - -, Z1imn, Y21 (Bit1)s - - -, Ya1 (tizn), ti, H)

— g (210 s 2limns Yori41s - - -, Yorion, ti, Hy))
= H;(Af, (z1(t:), Yo1(ts), ti, Hi) — ¥, (214, - -, Z1ien, Y21 (tig1), - - -, Y1 (tizn), ti, H;))

+ i ;’ifil Foreer (V21 (tis1) = Yorirn) + Hi - O((Yar (fir1) = Yarit1)?). (11)
Denote
el = HilAp, (21(t), Yor (8), ti, Hi) = G, (216, 210, Yor (b ), Yo (b ) i, H)),
= H; 3}8/2[}1];1 Fonnr (Va1 (1) = Yarigr) + Hi - O((Yar (fig1) — Yari11)?).

Using (11), we can get
[H] (H] [H]
€lit1 = €ypy T Einta (12)
The local truncation error in (12) of the subsystem S; includes two parts: the cumulative integration
error €y ¢, caused by the integration algorithm for S;, and the interpolation error €jns2 of the input vector

Y51; caused by transferring from subsystem S to subsystem Sj.
4.2 Integration error

From the Richardson extrapolation in (4), the calculation error caused by the integration algorithm for
subsystem S; by the collaboration simulation step H; can be calculated as follows:

5%]1 = H;(Ap (21(t), Yar (ts), tis Hi) — ¥y, (2105 - -+, 215—n, Yor (tig1), - Yor (Lin), iy Hi))

= z1(tiv1) — 21(ti) — Hatby, (2145 - -, 21imns Yor (Lig1), - - -, Yor (tion), i, Hy)

_ C$;+1)Z(P1+1)Hp1+1 + O(Hp1+2)

—_ Cl( )le-l-l + O(Hp1+2) (13)
(p1+1)

where p; is the order of increment function vy, of the integration method, Cyp, 18 the error constant

determined by the order p; and integration method together, z(p 1+

at time ¢; with order p; + 1, and Cy(t;) = cgfflﬂ)zglﬂ).

is the derivative of state vector z;

4.3 Interpolation error

To get the interpolation error i, caused by the input vector 3721(t) = Iy9;(Ya;, T;)(t) from subsystem
So to S1, assume that the coupling vector Ys1(t) in (10) has the following property: YQ({D) (t) is continuous
in [ti_g,,ti+1] and Y2(1q2+1)(t) exists in (t;_qy,ti+1). Iy2i(t) is a polynomial satisfying above Lagrange
interpolation conditions, ¢, is the order of the interpolation formula Iy ;. Denote R(t) = Ya1(t) —Yor (t) =
Y01(t) — Iv2i(Y2:, T;)(t), where t € [ti_g,,tit1]. Based on the remainder term theorem of Lagrange
interpolation polynomial, we have

R(t) = (t—t:)(t —ti1) - (t—tig)Yar2 ™ /(ge + 1)l = wepia (1) - o270 /(g2 + 1)1,
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where wg,+1(tiv1) = (tig1 — ti)(tig1 —tic1) -+~ (tigr —tieg,) = Hi(Hi + Hi—1)---(Hy + Hi—1 + -+
Hi_y,), 2(1‘1;“) is the (g2 + 1)th order derivative of output vector Y51 (¢) at t,. So, we have

Oy 5
H, Ll (Yar(tier) — Youu
0Ya1i41 Y2““( (i) 214+1)
oY +1
= H 81/21]11 Vo Hi(Hi + Hio1) - (Hi + Hioy 4o+ Hi—g) Va2 (t,) /(g2 + 1)!
(q2+1)
0 Y, 1 1 1
_ ¢f1 o 21n (1+>(1+++> H;]2+2
Iariq1 |2 (g2 + 1)! S Si Sic - Sicget1
= Cy(tipr, Hiy Hi_1, Hi_a,.. )HPZ T
The interpolation error El[i]Q can be represented as follows:
g OUR |y ) — Vanser) + Hi - O((Yar (tis1) — Vo )2)
int2 — 18Y211‘+1 Ya1i41 21\li+1 2141 i 21\(li41 21i+1
= Co(tip1, Hiy Hi1, Hi—o, .. )HPH? + O(H?T?), (14)
where S; = %, T % These variables denote the ratio of the simulation step H; at a

specific time point to the simulation s%ep H;_1 at previous time points, and their coefficients are known.
4.4 Local truncation error at step H;

With formulas (13) and (14), the local truncation error in subsystem S; can be represented as below:

H H H
5[11‘-}]-1 = E’[lﬂf]l + 5i[nt]2
= Cy(t;)HP' ™ 4 Co(tigr, Hiy Hi1, Hi_a, .. JHE > + O(HP'T?) + O(H 1), (15)
H H
21(tiy1) = Zgz—i]-l + 5[11'4]-1

=AM Ol HP Y 4 Coltin, Hiy Hoyy Hio, .. JHE Y2 4 O(HP' ™) + O(H?T%). (16)
5 Derivation of local truncation error

5.1 A two-step calculation method

According to the Richardson extrapolation method, the calculation of (16) goes as follows: calculating
the value of zgi/f] at the point ¢; + H; by calculating two smaller steps with a step H;/2, i.e.

H/2 H; - - . H.
ZLJZ%] =215 + 711/% <Z1i, s Zlieny Yorip 15 Yatis - oo Yotiom, Ui, ;) .
H/2 H; - - . H,
Z£1J,{1] = Z14 + #w‘fl <21i7 vy Rli—n, }/2114»% ) }/211'7 L] 7Y21’L'7’r7,7 tiv 21)
H; H/2 > > > H;
+ ?wal (Zgij{;]azlia <oy Rli—n+1 )/211'—1-17 YQM—&-%?YZM; ceey }f21i—n+17 ti—&—%a 2Z> ) (17)
where z1; = 21(ti), 21i-1 = 21(ti—1),- ... Y311 (t) can be calculated either by using the extrapolation

[H/2]
Y21i+%

the first step H;/2; Y2151 (t) is an extrapolation function constructed by Yoriq1 (), Yor(ti); Yar(tiz1), - - -
So, we have

function Yy, 1(t) or by using (t), calculated by subsystem Sy after integration calculation with

H/2 H/2
5[1i+/1] = 21(tiv1) — Zgill]

H; H; o; H;
= 2a(ti) + 5 An (Zl(ti)va(ti)vtia 2) +5An (Zl(tur;)a Yor(tips) tiys, 2)
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H; - - - H.
- <2’11 =, <Zl7,7 : 721¢—n,Y2u+;,Y21i7---,Y21i—n,ti722>

H/2 ° ~ ~ H;
by, <Z£if;,21i, s Zlicnd 1, Y21it 1, Yoriq 10 Y216, -0 Yoriong 1, tig 1, 2))

=5 AR (Zl(ti)aym(ti)ati,2> — Yy (211'7---,211'n,Y21i+é7Y21i,-~-7Yzlimti, 2))

2 (s (3t ) Yttty )
1

H/2 > > > H;
i+l 1], 21iy- -+ Zlimntl, Y21it1, 1/21i+%,Y21i, ooy Yo1ionga, tH_%, 2)>

==

== 7 (Afl <Z1(ti)7 }él(ti)a ti) ) - /l/}f1 (Zl’ia ce ey Rli—n, YZl(tiJ,-%)v }/21(t1)7 e 7Y21(ti—n)7 t’i? 2))
H
2

H;
(%ﬁ (Zlu-- ) Z1i— mYzl(lJr ), Yai(ts), - -7Yzl(ti—n),ti,2)

H;
¢ (lew- y Zli— naY'212+17YV2127'- Yv211 n 272>>
H; H;
Q(Ah( Y21( )ati+§a2)
H;
Zlitds is -5 Alimnt 1, Y2u (t 7+1>7Y21(ti+%)7}/21(ti)7~~~7Y21(ti—n+1)7tia?

7 [H/2]

H;
Hz vy (Z1Z+1 yZliy -+ vy Zlimnt1, Yo1 (tigy1), You (tH%) JYor (i), Yor (tiny1) Ly 5 )
N N N .
wﬁ STISRIURE <5 Zlimnt 1, Yariv1, Yorip 15 Yatis oo Yoriong1, iy 1 7’)

H\P H; H,\ 212

2) + O HP1+2) + Cy ( i+ 5 H; 1,H; o,.. > <2) + O(H?Q2+3)

+ Cl z+
H; Hj; o\ 212

+Cy <ti+1721,2Z,Hi_1,...) <2z> +0 ( 2!12+3)

+(OHP) + O(H ™)) + (O(H[* %) + O(HFT7)). (18)

Nl

)( ):D1+1 O(Hfl""?)+(O(Hip1+2)+O(Hiqz+3))

Using Taylor expansion, the calculation procedures can be analyzed as follows.
Firstly, in (18), replacing zgi/?
(O(H]'?) + O(HE*?)).
Secondly, replacing Yoy, 1 by the approximation value Yai(t;, 1 ), the error for approximation is
(O(HP'2) + O(H®?)), provided all of the following three conditions are satisfied.
a) Yy1,41 (t) is assigned as the value Yz[f fl (t), which is the numerical solution of Sa, i.e. two subsystems
exchange endpoints data after integration calculation with the first step H;/2.

by the approximation value 21 (t;, 1 ), the error for approximation is

b) The progress of integration calculation with the first step H;/2 is successive as in [17]. For example,
subsystem S; goes progressively with step H;/2 by using extrapolation function, and then subsystem S
goes progressively with step H;/2 by using interpolation calculation, which takes the final output of Sy
as its input.

¢) The system satisfies the stability condition in [20]; that is, algebraic loops do not exist between the
outputs in (9), (10), i.e. there exists at least one subsystem, whose output does not depend on the input
from another subsystem.

Thirdly, the next approximation can be made as follows: replacing the extrapolation function )7211-+1by
using estimation values Y211+1 ,Yo1 (1), Ya1(ti—1), ... with YQMH by precise values Y21(ti+%)7 Y1 (1),
Ya1(ti_1), ... The error for this approximation is O(H"'*?) + O(H®1?).
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Lastly, C1(t;4.1) can be approximated as C1(t;) with an error O(HP*™). Then (18) can be represented

as
5[1?1?] =201 (t;) (f;‘)plﬂ + (02 (tw;’ Z JH 1 Hy 2,...)
+ Cy (ti.ﬂ,—l, %, %, H; 1,... ) (Z’)qﬁz + O(Hp1+2) n O(qu+3)
So, we get

H/2 H/2
z1(tip1) = Zgz-&{l] + 5[11'-&{1]

H/2) H P1+1 Hi
£z+/1 +2C( (2 ti+%777Hi717Hi727-~-

H; H; Hp\ %"
Ot g Gt )) (5) romr o). o)

To analyze terms Cg(ti+ 1, %,Hi,l,Hi,g,...) and Co(tiy1, %, %7Hi,1, ...) in (18), letting S} =
2

Hi 751 l/iHi Hii
> /Hi =5, 8] = 5t /5 =1, we have

H;
(o (Zu, ey Rlion, Y21(ti+%), Yoi(ti), ..., Yor(ti—n), ti, 2)

3 3 3 H;
— by, <Zu, coos Zlieny Yoriq 15 Yo1is - 5 Yotiom, ti, -5

Oy, -
N m Y/211‘,+% (El(ti"‘%) - Y21i+%)

aw Hi Hi HZ
= Wlf:—l Y2u+l 7 (2 + Hi1> ‘.. <2 +H, 1+ + Hiq2> Y2(1qz+1) (tﬁ’) / <q2 + 1)!
(o | Y L VAU B S 1

OVorier |Y2r+3 (g2 + 1) S; S SIS SIS 1 Si—got1

H; H, q2+1
:02 (ti+§727Hi—1,H¢_2,...) <2> .

In addition, we have

H:
Y <Z1i+;,zh‘, oo Pt 1, You (tin), Yar (B 1), Yor () 5 - - Yor (Bing1) S s ;)

_ N . N H;
— g (ler;,zu, coos Zlient 1, Y2rit 1, Yorip L) Yori o Yationg1s tig 1 -5

Oy i
- 5Y21i:_1 Yorit1 (Ya1(tit1) — Ya1i41)

a,(/)fl H H H H H

8Y2h-+1 Yo1i41 9 9 + 5 5 + 5 Y H,

H; H;
(2 + 5 +Hi 1+ + H¢q2+1> yz(lflerl) (tyr) ] (a2 +1)!
(q2+1)

= ) Yoryr (1,1 1y o
<6Ym“ e g+ I\ 87 U TS tytegt Y es s

H, H, H\ 2T
=Cy | tig1, —, = Hi_q,... | [ =
2(z+17 27 25 1—1 ><2 )

where )721”% = l/gl(ti+%),)721¢ = Yo1(t;), ..., and }721i+1(t) is the extrapolation function constructed by
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using Ygl(ti_,'_%), Yél(ti), Ygl(ti_l), ...,and letting

Sa = Cy (tiv1, Hiyy, Hi—1, Hi—2, .. .) ~ (1+%><1+é++m> ’
o (tix1, Hiy Hi—1, Hi—o,...) (14.%2)...(1%_52_%...+>§;:£t;:T>

In above formulas S, and S, replacing ' and 1” by the approximation value 7, and replacing

oy : 9y
8Y21J;-1}—1 |}~,m+% by the approximated value BYMJ:A |¥31,4,» from (16) and (19), we have

el =2 (tin) — 2 = CL ) HP T 4 O (tiga, Hy, Hioa Hi o, ) HEP?

o) Hp1+2 10} H2Q2+3
OUHP) + O ), )

L pitl
5[111@] =21 (tit1) — Zfﬁ] =201 (t;) (%)pl + (Sq + Sp) Caltiy1, Hi,

Hi_1,H; »,...) (gi)qzﬂ + O(HP*?) 4 O(H®T3),

where s[l?ﬁ] is yielded by using Taylor expansion. Considering the above approximations in S, and S,

the errors for both approximations in (20) are O(H#?).
5.2 Local truncation error

Cy(t;) and Co(t;y1, Hyy Hi—1, H;_2,...) can be calculated by using (20). From (20), we can also obtain
the estimation expression of the local truncation error for subsystem S; in (9). This can be discussed in
the following cases:

1) When p; < g2 + 1 such that Co(t;41, H;, Hi—1, Hi—2, .. .)Hf2+2 = O(Hfl"rz)7 the errors caused by
the interpolations of the coupling vectors can be omitted; thus we get

1 (H/2] _[H]
H;_D1+1(1 _ 2_[)1) (Z -z ) (21)

Ci(t;) = Lit1 lit1

Then, estimation formula of the local truncation error for subsystem S; is as follows:
H 1 H/2 H
5[11'-5]-1 ~ d—27) (Zgi-i{l] - ZEHJ-l) )

H/2
5[1i+/1]

1 (22)
~ [H/2] _ [H]
T(2m - 1) Flit1 T Alitl) -

2) When p; > g2 + 1 such that C, (ti)HflJrl = O(Hfz+3), this term can be omitted. And the local
truncation error of subsystem S; is mainly dominated by the interpolation error caused by the coupling
vector Ya;(t). So, we get

1

o /2
T HETI (L (S + 5y)2-(@+2) (=11 = #1i)- (23)

Cotivr, Hi, Hi—1, Hi—o, . ..)

Then the estimation formula of local truncation error for subsystem S; is as follows:

(H] 1 (H/2]  _[H]

S ¥ (1= (Sa +Sp) 2 (a242)) (Z““ Z““) ’ (24)
[H/2] 1 (H/2] __[H]

Elit1 = ((Sq + Sp)~1202%2 — 1) 2141 T Rlitl )

3) When p; = ¢ + 1 with S, + S, = 2 (this condition can be permitted if using 0-order interpolation
method and 1-order integration calculation, i.e., when g3 =0, S, =1, S, = 1), we have

1 (H/2) _ [H]
Ci(ti) + Co(tivr, His Hi1, Hi—a,...) = HP (1= ) (2141 — 21i41)- (25)
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So the estimation formula of local truncation error for subsystem S; is as follows:

H 1 H/2 H
5[1i4]rl ~ (1—2-m) (Zgi-i{l] - ZLJ]rl) ; -
26
Ja2 1 ( (/2] _ [H] )
1i+1 (2p1 o 1) li+1 1i+1 ) -

4) When p; = ¢2 + 1, and S, + Sp # 2 (this condition can be permitted if interpolation method has
an order larger than 0), the two equations in (20) can be combined to form a linear equation with two
unknowns related to Cy(t;) and Co(t;y1, Hi, Hi—1, H;—a,...). So, C1(t;) and Co(t;y1, Hiy Hi—1, Hi—o,...)
cannot be solved. Therefore the Richardson extrapolation method needs to be extended according to
one of the following two methods: one of integration calculation for (17) is also to divide the second step
H;/2 into two step sizes (H,;/4, H;/4), and the other is to make integration calculation for (17) by using
two step sizes (3H;/4, H;/4). Then by combining (20), the estimation formula of local truncation error
for subsystem S; can be obtained.

The above estimation formula of the local truncation error for state vector z; in subsystem S; is also
appropriate for state vector z in subsystem Ss.

6 Simulation experiments for the evaluation

To evaluate the validity of the proposed method, collaborative simulation is performed for a coupled
system using the variable-step algorithm. The equations for the two sub-system models are shown in egs.
(27) and (28) respectively.

d(L‘l
— =z — X,
dt 1Y3 2
d(L‘Q
o = izt (27)
Y1 = T2Y3,
Yo = 3x1T2 + Y3Ya.

d

% = 3x4y1 + 3,

d(E4

T 20324 — Y2, (28)
Y3 = 4wz + T4,

Yqg = T3 — 2564.

For the three different situations (egs. (22), (24) and (26) respectively) discussed above for controlling
the truncation error, simulations are performed by using different integration algorithms, as well different
interpolation algorithms. To evaluate the performance of the simulations performed, the results obtained
are compared with those obtained from simulations that utilize the interfaces between simulation tools,
as well as those obtained from the simulations that utilize constant simulation step size [17]. The settings
for the simulation are as follows:

Initial values: 1 = -1, 2o =1, 23 = -1, 24 =1, y1 = =3, y2 =6, y3 = =3, y4 = —3.
Time period: 0~2 seconds; controlled accuracy of truncation error: 0.01; minimum simulation step:
0.001 second.

The simulation computations of variables and truncation errors for (27) and (28) are archived respec-
tively. Due to the limitation of the space, only the simulation results of variable z; are given in the
figures. The simulation results of 1 under three different situations as above formulas of local truncation
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Figure 3 Variable x1 and truncation ez over time. (a) Situation 1 (p = 1,q = 1); (b) situation 2 (p = 4,9 = 1);
(c) situation 3 (p = 1,9 = 0).

error, and the changes of truncation error e;; on the simulation time period are shown in Figures 3(a),
(b) and (¢). As shown in the figures, the variable-step simulations based on the proposed method for
truncation error calculation have better performance in both efficiency and accuracy than those by using
constant step-size simulation of usual combinative algorithm [17].

7 Conclusions

Collaborative simulation is a popular and effective approach for modeling and simulation of complex
systems. It aims to achieve the multidisciplinary simulation and optimization of complex engineering
systems, by taking into account the coupling modeling and collaborative computation between multidis-
ciplinary physical systems. For the simulation of a single system without interaction with others, the
variable-step algorithm is designed to restrict the step size based on error estimation, and it is becoming
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increasingly mature in terms of both theoretical investigations and practical applications. However, no
mature methods are available up to now to solve the issues of variable-step computation and error es-
timation in multidisciplinary collaborative simulation. This work is motivated to develop variable-step
algorithms for the collaborative simulation of multidisciplinary coupling systems.

Based on the analysis of variable-step algorithms for single-system simulation, a variable-step algorithm
is proposed based on Richardson extrapolation for the collaborative simulation of multidisciplinary cou-
pling systems. The calculation method for local truncation error of the collaborative simulation system
is also developed, and formulas for estimating the local truncation error are derived through theoretical
analysis in the different cases by using integration methods and interpolation technologies, respectively.
This research provides a new way for solving calculation and estimation problems of the local trunca-
tion errors of multidisciplinary coupling systems, which lays the foundation of variable-step collaborative
simulation.
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