5 Conclusions 1 Introduction

This paper introduces the velocity-dependent friction with the A general formulation for the transient analysis of locally non-
Stribeck effect into the moving load model for the vibration of dinear structures was presented in Gordis and Rad\dk re-
car disc brake. By solving its corresponding eigenvalue problefierred to as transient structural synthesis. The synthesis provides
a bounded region of instability is obtained for the rotating speddr the direct calculation of transient response resulting from
of the disc versus the friction coefficient at the disc/pads interfacgructural modificationglinear or nonlineg; substructure cou-
which is compatible with observed squeal phenomenon of a galing, and the application of base excitation through linear or
disc brake. nonlinear elements. The formulation is independent of model size,
in that only those physical coordinates directly subjected to forces
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and we note thaH(t=0)=0, yielding the correct series for the
Beny Neta rectangular rule. It is important to recognize that the bracketed
Department of Mathematics, Naval Postgraduate Schoolterms in Eqs(3), (4), and(5) are equivalent to those produced by
Monterey, CA 93943-5146 the discrete convolution. To state this generally, a discrete convo-

lution produces a result identical to that produced by the rectan-
gular rule applied to a convolution-type integral.

The transient analysis of large structural systems with localized
nonlinearities is a computationally demanding process, inhibiting
dynamic redesign and optimization. A previously developed int8- Recursive Block-by-Block Convolution Algorithm

gral equation formulation for transient structural synthesis has While the iterative solution defined by E) was shown to be
demonstrated the ability to solve large locally nonlinear transmq;ery fast in comparison with a standard direct transient analysis

problems in a fraction of the time required by traditional direcle]' further significant reduction in solution time can be obtained

integration methods, with equivalent or better accuracy. A recu jy use of the following recursive, block-by-block convolution al-

sive block-by-block convolution algorithm is developed for the i m “This algorithm reduces compute times by dividing the
solution of the governing integral equation that further reduc

th luti i ired. A i i . tal time interval into sub-intervalgblocks” ). To facilitate this,
1€ solution tme required. A computing Uime companson Qf pock-by-block convolution algorithm is developed, which does
single-block versus multiple-block solutions is provided.

) not require data overlap or zero-padding. Theiteration for the
[DOI: 10.1115/1.1389083 response of th&th block is
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whereH,, is the kth-block IRF filter matrix(to be defined be- The product of the matrix with a vectorx is the subvector ok

low), and the converged forces of prior blocks 3,2,. k—1 are consisting of the rowgsampleg of the Kth block, i.e.,r-x=x

used. wherexK=[xJ(K_1)+l~-~xn_lxn]T. Using the delay matriD, we
In order to make use of E@6), the block IRF filter matrixH,,, can define a matrix which extracts the rows of tkié block,

needs to be developed, which is central to the algorithm. We fitgherek=1,2, . . . K.

recognize that the convolution of two vectdnsand f can be

written as a matrix-vector product, 0 - 010 0
. : : 01 0 :
) re=r-Dk= 0 1 0
. : 0O 1 0 :
N h2 hl 0 e
x=h*f=d(h).f=| . . I 0 010 -0
: : e (11)
hhor hpo - o hy O The matrix equation, Ed7), can be written in a block-partitioned
h h h -« h, h form as follows. We can write thkth subvector ok, i.e., x, as
n n—-1 n-2 2 1]
( fl \ k T
f szz IN=ka®P ()P gl N-maf (12)
.2 m=1
: @ Therefore, the IRF block filter matrix of E@6) is
X , 7
: Him="n- g ® (NI (13)
fro1 It is important to note that the block filter matricét,, need
L fn ) never be formed, as the appropriate subvectors eind f (as

defined by Eq(13)) can be convolved directly.
where® (h) is a filter matrix[3] constructed from the elements of

the vectorh. We define a delay matri® where the dimension of 4 Performance Comparison—Standard and Block-by-
D is consistent with the length of the vector on which it operateg|gck Convolution
The matrixD produces a delay in time by one sample. For ex-

ample, consider the 3 by 1 vectoy A traditional (single-block convolution, for sufficiently long
records of length, is most efficiently computed using the FFT,
0 0 O hy 0 yielding a total number of floating point operatioffl.OP9 pro-

11 0 ollmt_ln portional ton* log,(n). The computing language MATLAB pro-
D-h= 207 1 (8)  vides a built-in function for convolution that uses FIR filters for
0 1 oflhs h, the calculation, and yields total FLOPS proportionahto As we
. . . are here interested in comparing the performance of the BBB
where the produddh is equivalent to the vectdr shifted forward  a1gorithm with the traditional single-block convolution, the use of
in time (delayed by one sample. We can introduce delays ofhe MATLAB function will provide much convenience with no

arbitrary samples a®’. The productD'h produces a vector |oss in the ability to compare algorithms. The number of FLOPS
equivalent to the vectdn but delayed by samples. for the BBB algorithm is given by:

The filter matrix® is equal to the summation of powers of the
delay matrix multiplied by the filter weights; . Alternatively, the
columns of the filter matrixp are each products of powers of the
delay matrixD and the vectoh, i.e., thejth column ofh is given
by D'h. The filter matrix of a vectoh of lengthn is therefore,

1
FLOPS<K(2J%2—J)+ E(KZ— K)(4J%2—4J+1)

which yields an optimum number of blocks greater than the total
number of samplell, and is a noninteger number of blocks. What
n-1 is useful about this solution is that is indicates that the FLOPS

®(h)=>, h;xD*=[D° D'h -~ D""2h D" th] (9)
i=o

1 2 R} T

We now construct the block-by-blodiBBB) convolution of two 1

vectors,h andf, i.e., h*f. We subdivide the entire time record of Conv. :
durationT seconds, consisting &f sample points&t=T/N) into o - 1Block [ 7" BR feeeed
a number of equally sized blocks, or subintervals, i.e., each sub 4 Blocks .

interval contains the same number of sample points. We will sub- 8 Blocks
divide the entire record intoK” blocks, where each block con- :

sists of J=N/K samples, and the duration of each blocklist 16 Blocks
seconds. It is important to emphasize that there is a delay of (] 32 Blocks
samples between blocks. For the purpose of developing the BBE
algorithm, we will need to extract those rows of a vector corre-
sponding to a particular block. To this end, we define the row 4|,
extraction matrix:

R}

o - 0 1 0 S T M A
: 0O 1 O
r= 0O 1 0 (10) 0 3 s
. 0 1 0 1024 2048 4096 8192 16384
0 0 1 Fig. 1 FLOPS(X10%) vs record length
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25 Table 1 Solution times vs. number of blocks

No. of Blocks | Time for Synthesis (sec)
Conv.
Wh. . 1 Block
1 145.56
4 Blocks
8 Blocks
4 24.83
i o 16 Blocks
32 Blocks 8 15.56

5 Conclusions

A U R S . A new recursive block-by-block convolution algorithm has

; : been developed for the solution of the governing nonlinear \Volt-
erra integral equation for locally nonlinear structural synthesis.
The new algorithm is extremely fast, as compared with direct
integration, and is also much faster than the previously reported

1024 2048 4096 8192 16384 algorithm[1]. The algorithm lends itself for use in nonlinear struc-
) ) tural dynamic optimization. The algorithm can be used whenever
Fig. 2 Compute time (sec) vs record length the convolution of long time records is required.
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volution for varying total number of samplel, and for different
numbers of blocks. However, if we compare actual compute tilédomenclature
(using MATLAB), we see that there is a point at which increasing ~ _ :

L . D = delay matrix
the number of blocks results in increased compute times, as thef — excitations
computing “overhead” associated with increased block number h = impulse response function
outweighs the decrease in computing time due to the reduction in, _ impulse response function matrix
FLOPS required. This is shown in Fig. 2, and eight blocks yieldsq) P P

the minimum time for this particular calculation = filter matrix
part . X . r = row extraction matrix
To evaluate the BBB algorithm in the context of a transient 7 = time

analysis, _tht_a struc_tura_l system of Gordis and Radyigkwill be w = quadrature weights
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