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Boundary Knot Method: An Overview and Some Novel
Approaches

J.Y. Zhang' and F.Z. Wang?3

Abstract: The boundary knot method (BKM) is a kind of boundary-type mesh-
less method, only boundary points are needed in the solution process. Since the
BKM is mathematically simple and easy to implement, it is superior in dealing with
Helmbholtz problems with high wavenumbers and high dimensional problems. In
this paper, we give an overview of the traditional BKM with collocation approach
and provide three novel approaches for the BKM, as far as they are relevant for the
other boundary-type techniques. The promising research directions are expected
from an improved BKM aspect.

Keywords: Collocation; least-square; Galerkin; variational; Helmholtz equation;
non-singular general solution.

1 Introduction

The boundary knot method (BKM), named by Chen and Tanaka [Chen and Tanaka
(2000a);Chen and Tanaka (2000b)], was pioneered by Kang et al. [Kang, Lee, and
Kang (1996)] for the vibration analysis of arbitrarily shaped membranes. Since
only boundary points are needed in the solution procedure, the BKM belongs to
the category of boundary-type meshless methods which also include the method of
fundamental solutions [Fairweather and Karageorghis (1998);Chen, Karageorghis,
and Smyrlis (2008);Liu (2008);Lin, Chen, and Wang (2011);Wang, Chen, and Ling
(2012)] and regularized meshless method [ Young, Chen, and Lee (2005)] as typical
examples.

Compared with the method of fundamental solutions, the BKM do not need the
fictitious boundary since the basis functions used in the BKM has no singularity at
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the origin. In contrast with the regularized meshless method, the BKM has higher
accurate solutions. Meanwhile, the BKM is superior in dealing with Helmholtz
problems with high wavenumbers and high dimensional problems in terms of sta-
bility and solution accuracy [Chen and Hon (2003)].

Although the BKM has the above-mentioned various advantages, it is less popular
than traditional numerical methods such as the finite difference, finite element and
boundary element methods. The aim of this paper is to overview the traditional
BKM approach and provide three other new approaches for the BKM which is
shown in Section 2. Followed by Section 3, we review the development of the tra-
ditional BKM with collocation approach. In Section 4, we make some concluding
remarks and expect some research directions.

2 Boundary knot method

For brevity, we consider the Helmhotz equation

Viu(x) + Au(x) = f(x), xXeQ (1)
ux) = a(x), xelp 2
ag(nx) —qx) = G(x), xeTy 3)

where V2 = A is Laplace operator, Q € R?, d is the dimensionality, iZ(x) and §(x)
are known boundary conditions on the Dirichlet boundary I'p and Neumann bound-
ary Iy (0Q =T'pUTy), respectively. A = @/c represents the wavenumber, where
, ¢ and n are sound speed, frequency and normal dirivative, respectively.

The fundamental theory of the BKM is similar with the method of fundamental so-
lutions. However, the superiority of the BKM lies in that all collocation points and
source points can be located on the physical boundary simultaneously. This advan-
tage attributes to the use of non-singular general solutions which can circumvent
the singularity generated by the superposition of the source and collocation points.

By using the non-singular general solutions, we have the approximate solution
uy(x) in the form of [Chen and Tanaka (2000a)]

N
un(x) =Y ¢;0u(x,y;), y;€0Q “)
=

where y; are source points on the physical boundary, c; the unknown coefficients,
N the total number of source points,

A
On(x,y) = (Tm)(d/z)_lf(d/z)—l(lr)v d=>?2 &)
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the non-singular general solution for the Helmholtz equation, where J is the Bessel
function of the first kind, d the dimensionality, r =|| x —y || the distance between
points x and y with || - || denoting the Euclidean norm.

Especially, we have the following non-singular general solution

Qu(x,y) =Jo(Ar), x€R? (6)
for 2D Helmholtz equation, and

QH<x,y)=Si“(f”), xR’ 7

for 3D Helmholtz equation. Table 1 shows non-singular general solutions for the
other two types of commonly-used operators.

Table 1: Non-singular general solutions for general operators

Operator 2D 3D
A=2? LIo(Ar) Sh(ir)
DA+ vV —k AL e(=vn/@D) Iy (A7) e(fvr)/(2D)M

where D represents the diffusivity, K means the reaction coefficient, and v stands
for the velocity vector.

The normal derivative of Eq. (4) leads to

N o 4d
an(x) = 2200 = G xeon ®)

Generally speaking, the approximate solution uy(x) can not match the boundary
conditions Egs. (2)-(3) exactly. Therefore, some residuals will appear

N
x; el Z cjOn(x,y;) —i(x) = ol i(x) — a(x), )
1

]:
N aQHX)’)
-y j

xely: cj——a—" —g(x) = a’ §(x) — g(x), (10)

j=1
where a = (c1,¢2,...,en)T, @(x) = (Qu(x,y,), Qu(X,y ), L 0r(x,yy))T with 7
denoting the transpose of a matrix or vector, G(X) = M , R and R; represent
residuals on boundary I'; and I';, respectively.
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2.1 Traditional approach: collocation

So far, all researches related to the BKM is based on the collocation approach, that
is, the residuals on points {X,'HV: | are forced to vanish. More specifically, Egs.
(9)-(10) leads to
N
xi €T :Ri(x) = Y ¢;0u(xiy;)—i(x) =0,i=1,...,N (11)
j=1

N 90u(xx,y;)

el iR(x) = Y ¢ —g(x¢)=0,k=1,....N> (12)
j=1

on

where N and N, are numbers of collocation points on boundary I'p and I'y (N; +
N, = N), respectively.

Egs. (11)-(12) can be rewritten in the following matrix system

Qo =0b, (13)
where
[ 011 Q12 ... Qv |
Ov,i Owv2 - Own
0= 901, 9301, d0I N (14)
on on T on
I0N, 1 90wy2 ION, N
L on on e on
is a (N x N) coefficient matrix, & = (c1,ca,...,cy)7 is a (N x 1) coefficient vector
to be determined, b = (i, ... iy, ,G1,---,qn,) " is a (N x 1) vector composed by

boundary conditions.

The collocation approach has the following characters. For each point, only shape
functions and their derivations are needed, while integration is excluded during
the whole solution procedure. This can be easily implemented and has high com-
putation efficiency. No need to worry about the boundary conditions that can be
implemented freely. However, the coefficient matrix is non-symmetric, and some-
times is ill-conditioned which will lead to the instability of the numerical solution
[Wang, Chen, and Jiang (2010)].

As is known to all, there are several approaches for numerical methods [Kita and
Kamiya (1995)]. In addition to the collocation approach, we provide three other
approaches for the BKM, i.e., the least-square approach, Galerkin approach and
variational approach. Detailed expressions are given in the remaining part.
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2.2 Least-square approach

Here, we define a function

Fla) = i Ridl +7 g R3dT
1 2

— / (i & — it)2dT + T/ (" — )T,
I I
where 7 is an weight parameter which is used to balance the numerical value be-
tween the first and second terms in right-hand of the above equation. In the least-
square approach, we impose the derivative related to ¢ to 0.

9F 9 [ om0 7 o — )
= aa[/rl(u(x u)drﬂ/rz(qa 7)2d]
= 2 a(@a—a)dl+2t | ¢ (§"a—g)dT
I I
= 0.

Rearrange the above equation, we have

[ / i’ dr+ 7 / gq" dT o / gadT+7 | Ggar, (15)
I I I
or
where
Qi = /ﬁiﬁjdr+f/ gig;dr, (17)
I I
b = / gadr+7 | Gqdr. (18)
I I

It should be noted that it is difficult to pre-define a proper weight parameter 7 in the
least-square approach [Kita and Kamiya (1995)].

2.3 Galerkin approach

In this approach, gy and —uy are chosen as the weight function for residuals R
and R;, respectively [Nguyen, Rabczuk, Bordas, and Duflot (2008)]. Under such
condition, we can get the following weight residual equation

/ gyRdT — / uyRodT" = 0. (19)
Iy I,
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Substitute Egs. (4) and (8) into the above equation, we have

/ Gla(@ o—a)dl— | i a(g' o—qg)dT =0, (20)
B F| rZ
ocT[/ g (@ o —a)dl — | i’ (G'a—q)dT] = 0. Q1)
1"1 FZ
Therefore,
/ Ga' a—a)dl — | (" o —g)dT = 0. (22)
F] FZ

Rearrange the above equation lead to

[| ga'dU— | ig"dl)a = / Giadl' — | igdT, (23)
F] FZ 1—‘l r‘2
or
Qo =b, (24)
where
0j = | @iwdr- [ agar, 25)
I I
b = / giiidl" — / 7;gdr. (26)
I I

Motivated by the work of Cheung and his coworkers [Jin, Cheung, and Zienkiewicz
(1993)], we can prove that the coefficient matrix Q, generated by the BKM with
Galerkin approach, is symmetric. Subtracting the element Q;; from the element Q j;
results in

Qij—Qji = /1_1 qiﬁjdr—/r2 ﬁi@jdr—(/rl qjﬁidr—/l_2 ijq;dl’)
= / Giujdl" — / i;q;dl’
INES P +I
or
Qij = Qji- 27)

Note that the Galerkin approach ensures that the coefficient matrix is symmetric.
For this reason, the corresponding solution accuracy and computational efficiency
is higher than the other approaches.
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Furthermore, we can propose another Galerkin approach based on the research of
Hochard and Proslier [Hochard and Proslier (1992)]. The weight function gy and
uy are considered for the residual R; and R, which generates

/ qNRldF—i—/ unRodI' = 0. (28)
T I,

Hochard and Proslier proved that this approach can ensure the uniqueness of solu-
tion.

2.4 Variational formulation

Based on the energy functional [Zienkiewicz, Kelly, and Bettes (1979)], we can
propose the variational formulation

1
b = / —gnundl — / ungdl’ — / (MN — ﬁ)q‘dF 29)
r2 I, I
Substituting Egs. (4) and (8) into the above equation gives rise to

1
P = /*(aTé)T(aTﬁ)dr— (a’@)"gar — | (a'a—a)" (a g)dT
r2 I I
1 1
— aof fQﬁTdFOC — aT/ 7ﬁqur(X —a’ qiudl" + aT/ ugdrl.
T, 2 I 2 I, I

Vanishing the first variation of this equation gives

8P =3da’| / Giil dT o — / agrdlo — / qidT + / i#Gdl) =0, (30)
I, I I, I
or
[| ga"dl — / igrdl)a = / gidl' — | @gdr. (31)
I T I, T

This equation is identical with Eq. (23) in the Galerkin formulation.

Once the coefficient & is derived, we can calculate the value of each point on the
whole physical domain Q through Egs. (4) and (8).

3 Overview of the BKM with collocation approach

Up to now, all BKM-related literatures, mainly focused on numerical algorithms
and practical applications, are based on the traditional collocation approach.

Chen and He [Chen and He (2001)] introduced a new scheme employing the BKM
to deal with nonlinear convection-diffusion problem. Chen and Tanaka [Chen
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and Tanaka (2002)] extends the BKM to general problems such as Laplace and
convection-diffusion problems by a combined use of the dual reciprocity method
[Patridge, Brebbia, and Wrobel (1992)]. Furthermore, Chen proposed the symmet-
ric BKM [Chen (2002)] to deal with boundary value problems with mixed boundary
conditions where the coefficient matrix is non-symmetric. Hon and Chen [Hon and
Chen (2003)] extended the BKM to solve 2D Helmholtz and convection-diffusion
problems under rather complicated irregular geometry. They also applied the BKM
to 3D problems for the first time and found that some inner points are necessary to
guarantee accuracy and stability for inhomogeneous cases. Chen and Hon [Chen
and Hon (2003)] made a numerical study of convergence properties of the BKM by
solving 2D and 3D homogeneous Helmholtz, modified Helmholtz, and convection-
diffusion problems. Since there is no non-singular general solutions for the Laplace
equation, Chen and his coworkers [Hon and Chen (2003)] used the high-order gen-
eral solutions of the Helmholtz and modified Helmholtz equations to evaluate the
particular solution for the Laplacian equation.

Jin and Yao [Jin and Zheng (2005a);Jin and Zheng (2005b)] applied the BKM to
the solution of some inverse problems for the homogeneous and inhomogeneous
Helmbholtz equation, including the highly ill-posed Cauchy problem. Since the
resulting matrix equation is badly ill-conditioned, they employed the truncated
singular value decomposition under parameter choice of L-curve method to get
a regularized solution. Zhang and Tan [Zhang and Tan (2005)] solved homoge-
neous and nonhomogeneous partial differential equations using BKM combined
with overlapped DDM which is a good choice to avoid singular fundamental so-
lution and ill-conditioned coefficient matrix. Jin and Chen [Jin and Chen (2006)]
made the first attempt to use the geodesic distance with the BKM to solve 2D and
3D anisotropic Helmholtz-type and convection-diffusion problems.

Recently, Shi ef al. [Shi, Chen, and Wang (2009)] used the BKM to calculate the
free vibration of free and simply-supported thin plates of complex shape subjected
to different boundary conditions. Canelas and Sensale [Canelas and Berardi (2010)]
derived specialized radial basis function for harmonic elastic and viscoelastic prob-
lems, and proposed a boundary knot method for the solution of these problems.
They also discussed the completeness issue regarding the proposed set of radial ba-
sis functions, and presented a formal proof of incompleteness for the circular ring
problem.

Wang et al. [Wang, Chen, and Jiang (2010)] used the BKM, together with three
regularization techniques [Hansen (1994);Tikhonov, Goncharsky, Stepanov, and
Yagola (1995);Liu (2007);Liu, Hong, and Atluri (2010); Liu and Kuo (2011);Liu,
Kuo, and Liu (2011)] and two algorithms for selecting regularization parameters, to
investigate the numerical instability induced from highly dense and ill-conditioned
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BKM interpolation matrix. On the other hand, the effective condition number
[Drombosky, Meyer, and Ling (2009);Wang (2011)] is considered to be a supe-
rior indicator, to the traditional L? condition number, to scale the ill-conditioned
interpolation system. Wang et al. [Wang, Ling, and Chen (2009)] also pointed that
the ECN is roughly inversely proportional to the solution accuracy. And one can
fine-tune the user-defined parameters (without the knowledge of exact solution) to
ensure high numerical accuracy from the BKM. Dehghan and Salehi [Dehghan and
Salehi (2011)] successfully used the analog equation method [Katsikadelis (1994)]
accompanied with the BKM to solve the Eikonal equation. Recently, Zheng et
al. [Zheng and Ma (in press)] used an improved the analogy equation method to-
gether with the BKM to the nonlinear problems. Fu et al. [Fu, Chen, and Qin
(2011)] firstly derived the nonsingular general solution of heat conduction in non-
linear functionally graded materials(FGMs), and then presents the BKM in con-
junction with Kirchhoff transformation and various variable transformations in the
solution of nonlinear FGM problem:s.

4 Conclusions

In this paper, we have presented an overview of the BKM focusing on the collo-
cation approach. Meanwhile, three novel approaches, which are promising for the
future investigations, are proposed for the BKM. Compared to the traditional fi-
nite and boundary element methods, the advantages of the BKM is that there’s no
need to worry about the mesh-generation and the solution accuracy is very high.
On the other hand, the BKM has great challenges in developing the theory, speed
and robustness. Details include the adaptivity for choosing the optimal location
and number of collocation points, the theoretical investigation on the error analysis
and efficient algorithms for high-dimensional or large-scale problems [Liu (2009)].
Breakthroughs in these directions will have considerable impact on the BKM.

Acknowledgement: The work described in this paper was supported by a re-
search project funded by Huaibei Normal University (Project No. 600571).

References

Canelas, A.; Berardi, S. (2010): A boundary knot method for harmonic elastic
and viscoelastic problems using single-domain approach. Engineering Analysis
with Boundary Elements, vol. 34, pp. 845-855.

Chen, C. S.; Karageorghis, A.; Smyrlis, Y. S. (2008):  The Method of Funda-
mental Solutions — A Meshless Method. Southampton: Dynamic Publishers.



150 Copyright © 2012 Tech Science Press ~ CMES, vol.88, no.2, pp.141-152, 2012

Chen, W. (2002): Symmetric boundary knot method. Engineering Analysis with
Boundary Elements, vol. 26, pp. 489—494.

Chen, W.; He, W. (2001): A note on radial basis function computing. Interna-
tional Journal of Nonlinear Sciences and Numerical Simulation, vol. 1, pp. 59-65.

Chen, W.; Hon, Y. C. (2003): Numerical investigation on convergence of bound-
ary knot method in the analysis of homogeneous helmholtz, modified helmholtz
and convection-diffusion problems. Computer Methods in Applied Mechanics and
Engineering, vol. 192, no. 15, pp. 1859-1875.

Chen, W.; Tanaka, M. (2000): New advances in dual reciprocity and boundary-
only RBF methods, pp. 17-22. Proceeding of BEM technique conference, Tokyo,
2000a.

Chen, W.; Tanaka, M. (2000):  New insights in boundary-only and domain-
type rbf methods. International Journal of Nonlinear Sciences and Numerical
Simulation, vol. 1, pp. 145-152.

Chen, W.; Tanaka, M. (2002): A meshless, exponential convergence, integration-
free, and boundary-only rbf technique. Computers and Mathematics with Appli-
cations, vol. 43, pp. 379-391.

Dehghan, M.; Salehi, R. (2011): A boundary-only meshless method for nu-
merical solution of the eikonal equation. Computational Mechanics, vol. 47, pp.
283-294.

Drombosky, T. W.; Meyer, A. L.; Ling, L. (2009): Applicability of the method
of fundamental solutions. Engineering Analysis with Boundary Elements, vol. 33,
pp. 637-643.

Fairweather, G.; Karageorghis, A. (1998): The method of fundamental solutions
for elliptic boundary value problems. Advances in Computational Mathematics,
vol. 9, no. 1, pp. 69-95.

Fu, Z. J.; Chen, W.; Qin, Q. H. (2011): Boundary knot method for heat conduc-
tion in nonlinear functionally graded material. Engineering Analysis with Bound-
ary Elements, vol. 35, pp. 729-734.

Hansen, P. C. (1994): Regularization tools: a matlab package for analysis and
solution of discrete ill-posed problems. Numerical Algorithms, vol. 6, pp. 1-35.

Hochard, C.; Proslier, L. (1992): A Trefftz method for a simplified analysis of
elastic structures, pp. 375-382. Elsevier, 1992.

Hon, Y. C.; Chen, W. (2003): Boundary knot method for 2d and 3d helmholtz and
convection-diffusion problems under complicated geometry. International Journal
for Numerical Methods in Engineering, vol. 56, pp. 1931-1948.



Boundary Knot Method: An Overview and Some Novel Approaches 151

Jin, B. T.; Chen, W. (2006): Boundary knot method based on geodesic distance
for anisotropic problems. Journal of Computational Physics, vol. 215, pp. 614—
629.

Jin, B. T.; Zheng, Y. (2005): Boundary knot method for some inverse prob-
lems associated with the helmholtz equation. International Journal for Numerical
Methods in Engineering, vol. 62, no. 12, pp. 1636-1651.

Jin, B. T.; Zheng, Y. (2005): Boundary knot method for the cauchy problem
associated with the inhomogeneous helmholtz equation.  Engineering Analysis
with Boundary Elements, vol. 29, no. 10, pp. 925-935.

Jin, W. G.; Cheung, Y. K.; Zienkiewicz, O. C. (1993):  Trefftz method for
kirchhoff plate bending problems. International Journal for Numerical Methods
in Engineering, vol. 36, pp. 765-781.

Kang, S. W.; Lee, J. M.; Kang, Y. J. (1996): Vibration analysis of arbitrarily
shaped membranes using non-dimensional dynamic influence function. Journal of
Sound and Vibration, vol. 221, pp. 117-132.

Katsikadelis, J. T. (1994): The analog equation method-a powerful BEM-based
solution technique for solving linear and nonlinear engineering problems, pp. 167—
182. Southampton: Computational Mechanics Publications, 1994.

Kita, E.; Kamiya, N. (1995): Trefftz method: an overview. Advances in Engi-
neering Software.

Lin, J.; Chen, W.; Wang, F. Z. (2011): A new investigation into regularization
techniques for the method of fundamental solutions. Mathematics and Computers
in Simulation, vol. 81, pp. 1144-1152.

Liu, C. S. (2007): A meshless regularized integral equation method for laplace
equation in arbitrary interior or exterior plane domains. CMES-Computer Model-
ing in Engineering & Sciences, vol. 19, pp. 99-109.

Liu, C. S. (2008): Improving the ill-conditioning of the method of fundamental
solutions for 2d laplace equation. CMES: Computer Modeling in Engineering &
Sciences, vol. 28, pp. 77-93.

Liu, C. S.; Hong, H. K.; Atluri, S. N. (2010): Novel algorithms based on the
conjugate gradient method for inverting ill-conditioned matrices, and a new regu-
larization method to solve ill-posed linear systems. CMES: Computer Modeling in
Engineering & Sciences, vol. 60, pp. 279-308.

Liu, C. S.; Kuo, C. L. (2011): A dynamical tikhonov regularization method for
solving nonlinear ill-posed problems. CMES: Computer Modeling in Engineering
& Sciences, vol. 76, pp. 109-132.



152 Copyright © 2012 Tech Science Press ~ CMES, vol.88, no.2, pp.141-152, 2012

Liu, C. S.; Kuo, C. L.; Liu, D. J. (2011): The spring-damping regularization
method and the lie-group shooting method for inverse cauchy problems. CMC:
Computers, Materials & Continua, vol. 24, pp. 105-123.

Liu, Y. J. (2009):  Fast Multipole Boundary Element Method Theory and Appli-
cations in Engineering. Cambridge: Cambridge University Press.

Nguyen, V. P.; Rabczuk, T.; Bordas, S.; Duflot, M. (2008): Meshless methods:
A review and computer implementation aspects. Mathematics and Computers in
Simulation, vol. 79, no. 3, pp. 763-813.

Patridge, P. W.; Brebbia, C. A.; Wrobel, L. W. (1992):  The dual reciprocity
boundary element method. Computational Mechanics Publication.

Shi, J. S.; Chen, W.; Wang, C. Y. (2009): Free vibration analysis of arbitrary
shaped plates by boundary knot method. Acta Mechanica Solida Sinica, vol. 22,
pp- 328-336.

Tikhonov, A. N.; Goncharsky, A. V.; Stepanov, V. V.; Yagola, A. G. (1995):
Numerical Methods for the Solution of Ill-posed Problems. Kluwer: Boston, MA.

Wang, F. Z. (2011):  Applicability of the boundary particle method. CMES-
Computer Modeling in Engineering & Sciences, vol. 80, pp. 201-217.

Wang, F. Z.; Chen, W.; Jiang, X. R. (2010): Investigation of regularized tech-
niques for boundary knot method. International Journal for Numerical Methods
in Biomedical Engineering.

Wang, F. Z.; Chen, W.; Ling, L. (2012): Combinations of the method of fun-
damental solutions for general inverse source identification problems. Applied
Mathematics and Computation, vol. 219, no. 3, pp. 1173-1182.

Wang, F. Z.; Ling, L.; Chen, W. (2009): Effective condition number for bound-
ary knot method. CMC: Computers, Materials, & Continua, vol. 12, pp. 57-70.

Young, D. L.; Chen, H. K.; Lee, C. W. (2005): Novel meshless method for
solving the potential problems with arbitrary domains. Journal of Computational
Physics, vol. 209, pp. 290-321.

Zhang, Y. X.; Tan, Y. J. (2005): Solving partial differential equations by bkm
combined with ddm. Applied Mathematics and Computation, vol. 171, pp. 1004—
1015.

Zheng, K. H.; Ma, H. W. (in press): Combinations of the boundary knot method
with the analogy equation method for nonlinear problems. CMES: Computer Mod-
eling in Engineering & Sciences.



Boundary Knot Method: An Overview and Some Novel Approaches 153

Zienkiewicz, O. C.; Kelly, D. W.; Bettes, P. (1979): Marriage all mode - the best
of both worlds (finite elements and boundary integrals), pp. 82-107. Manhattan:
John Wiley & Sons, 1979.






