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The Hardy Cross method of moment distribution admits, for any problem, an entire family of distribution se-
quences. Intuitively, the method involves clamping the joints of beams and frames against rotation and balancing
moments iteratively, whether consecutively, simultaneously, or in some combination of the two. We present
common versions of the moment distribution algorithm and generalizations of them as both sequential and
multiprocess algorithms, with the latter exhibiting the full range of asynchronous behavior allowed by the meth-
od. We prove, in the limit, that processes so defined converge to the same unique solution regardless of the dis-
tribution sequence or interleaving of steps. In defining the algorithms, we avoid overspecifying the order of
computation initially using a sequential, nondeterministic process, and then more generally using concurrent
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1. Introduction

Moment distribution is a well-known iterative technique for analyz-
ing statically indeterminate beams and frames [1,2]. The method works
by “clamping” joints, applying external loads, and then successively
releasing them, allowing them to rotate, and reclamping them. Each
time, the internal moments at the joints are distributed based on the rel-
ative stiffnesses of the adjoining members. The method converges
under a variety of distribution sequences, e.g., varying the order in
which joints are unclamped. In addition, there is inherent concurrency
in the method—and hence internal nondeterminism—since moments
can be distributed simultaneously and summed.

The method was first published in 1930 by Professor Hardy Cross,
years after having taught it to his students at the University of Illinois
[12]. The calculations can easily be performed by hand, and the rapid
convergence of the method in practice made it possible for engineers
to estimate end moments in just a few iterations. Although the method
has largely been superseded by the convenience and availability of more
general computational approaches, for decades it was the primary tool
used to analyze reinforced concrete structures [5].

Conceived before the advent of computers, the Hardy Cross method
nevertheless displays features that are interesting from a computational
point of view. Its conventional, tabular layout suggests inherent
parallelism in the method, and hence internal nondeterminacy, since
moments can be distributed in different orders or even simultaneously.
In this paper we offer a general characterization of the method as
algorithms that are externally deterministic—in the limit the same
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input produces the same result—but internally the operations can be
performed in any number of different ways. The manner by which algo-
rithms can be so expressed to avoid overspecifying behavior, and
yet also sufficiently constrained to ensure correctness, motivates the
presentation and results that follow. Other aspects like data representa-
tion and the expression of concurrency share features with more com-
plex domain decomposition approaches and element-by-element
solvers used in finite element analysis, making the Hardy Cross method
an attractive vehicle for their exploration in the classroom.

In addition to its computational aspects, it should be noted that only
relatively recently have convergence proofs been published for the
method, and only for its two most common, and fixed, distribution
sequences. As the name implies, the simultaneous joint balancing ap-
proach balances all non-fixed joints at the same time, and then records
carry-over moments simultaneously. In 2002, Volokh [ 18] characterized
the Hardy Cross method as an incremental form of the Jacobi iterative
method [7], in which calculations of the current iteration use only
those from the prior iteration, and none from the current one. The
equations on which his procedure operates are derived from the
displacement method, and convergence guaranteed, he argues, since
the coefficient matrix corresponds to stiffness and is therefore diagonal-
ly dominant.

Not addressed by Volokh is the consecutive joint balancing
approach, in the terminology of Gere [6], which corresponds more di-
rectly to the intuitive idea of physically releasing and clamping joints
in turn. Based on this version, Guo [8] characterized the Hardy Cross
method in 1987 as an incremental form of the Gauss-Seidel method
[7], which uses the most recently updated estimates, including those
in the current iteration. Like Volokh, and apparently unknown to him,
Guo starts with the classical displacement method of structural analysis
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to derive his system of equations. He then argues that this form con-
verges due to the positive definiteness of the coefficient matrix.

In contrast with the work of both Volokh and Guo, our results show
that the Hardy Cross method is neither purely a Jacobi-like nor a Gauss—
Seidel-like iteration. Instead, it can be presented in a general form that
encompasses those as well as other joint balancing approaches. That
Cross himself viewed the method as being flexible in its application is
clear from his 1932 publication [2], where he describes variations that
allow for “abbreviated computations” using the method, that accommo-
date structures with several conditions of loading, and so on. Another
contrast with Volokh and Guo is that, instead of beginning with the
displacement method, we work directly with the Hardy Cross method
itself to construct corresponding iteration matrices. Proofs are then per-
formed by focusing on the mathematical properties of those matrices
without resorting to physical or structural analogies.

In the sections that follow, we introduce an approach for
representing continuous beams and frames, and use it to define algo-
rithms for both consecutive and simultaneous joint balancing. We
then present more general characterizations of the Hardy Cross method
as a) a sequential, nondeterministic algorithm, and b) a multiprocess al-
gorithm, and formalize them by showing their relationships to matrix
forms. The series of iteration matrices produced by the algorithms are
then shown to be equivalent.

2. Problem representation and basic algorithms

“The idea behind digital computers may be explained by saying that
these machines are intended to carry out any operations which could be
done by a human computer.” -Alan Turing [17]

Professor Cross defined moment distribution as a hand technique
well before Turing's seminal work and the modern notion of an algo-
rithm. Nevertheless, it is worth looking at the method as such and in a
modern context. Here, we formalize what that means and define the
conditions under which the method converges.

First, though, a note is in order about syntax of the pseudocode that
follows. We include the elements of conventional imperative program-
ming languages, along with common mathematical structures like sets
for convenience. In the presentation, a hash symbol (#) comments to
the end of line. For structuring data, compound items are represented
as objects with attributes. We employ the convention adopted by
many object-oriented languages, that of a dot followed by an attribute
name. For instance, attribute a of object x can be referred to as x.aq,
and it could be assigned a value of 5 as so: x.a=>5. For corresponding
implementations of the algorithms in the Python programming
language [14], please see Appendix A.

To see how problems can be represented for processing, we start
with the continuous beam shown in Fig. 1, which we refer to as our
model problem. Each end has a distribution factor (DF) and a fixed-
end moment from the applied load (FEM), a carry-over factor of 0.5,
and El is constant. Recalling that a graph can be defined as G= (V,E),

120 kN 50 kN/m
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10 m 10 m
Joint a b c
Member ab ba be ch
DF 0 0.5 0.5 1
FEM -172.8 115.2 —416.7 416.7

Fig. 1. Continuous beam with loading conditions and corresponding fixed-end moments.

with vertex set G.V and edge set G.E, we define the directed graph in
Fig. 2 to maintain the relevant beam properties.

We denote by e=(u,v) and e = (v, u) a pair of antiparallel directed
edges. Each member has two member ends, with edge (u,v) defined
to be the member end associated with joint u. We define for each
edge e€G.E attributes (d,c,m), where e.d is the distribution factor, e.c
is the carry-over factor, and e.m is the moment (initially defined to be
the fixed-end moment). For the model problem, for instance, we have

(a,b).m = —172.8

Since the carry-over factors are all 0.5, for all member ends e we have
e.c=05.

We define the notion of a member end set associated with each joint,
i.e., the set of member ends incident from joint u:

ends(G,u) £ {(w,v)|(w,v) EGEAW = u}
so for the model problem we have
ends(G,b) = {(b.a), (b.c)}

For any joint u we can find its unbalanced moment by summing the
moments of its member ends:

moment(G,u)2Y_ {e.m|e€ends(G,u)}

A non-fixed joint is eligible for unclamping if it has member ends
with positive distribution factors. We define a function active of joints
that are eligible:

active(G) £ {u|u€G.VAJe.(e €ends(G,u) Ae.d>0)}

For instance, for joint a we have only a single member end with
(a,b).d=0, so the only active joints are b and c:

active(G) = {b,c}

A basic step in the moment distribution method is that of
unclamping, or releasing a joint, and distributing its unbalanced moment
and the associated carry-over amounts. The algorithm RELEASE is shown
in Fig. 3, where —= is the infix decrement-by operator and x is scalar
multiplication. It operates on a joint u and distributes an unbalanced
moment x by updating its own moments on edges (u,v) and, for carry-
over amounts, edges (v,u).

We are now able to find a solution by repeatedly releasing eligible
joints until a desirable level of convergence has been obtained:

Release(G, b, moment(G, b))
Release(G, c, moment(G, c))
Release(G, b, moment(G, b))

Release(G, c, moment(G, c))

(0.5,0.5,115.2) (1,05, 416.7)

Fig. 2. Structure represented as a directed graph.

0,0.5,-172.8) (0.5,0.5, -416.7)
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1 RELEASE(G, u, z)

2 for each edge (u,v) € G.E

3 (u,v).m —= (u,v).d x

a (v,u).m —= (u,v).c X (u,v).d X z

Fig. 3. Algorithm for distributing at joint u an unbalanced moment x.

Such a process corresponds to a consecutive joint balancing scheme,
because the moments distributed in each call to RELEASE draw on the
most recently updated member end moments. When converged, the so-
lution is available in the edge attribute (u,v).m for all (u,v)€E€G.E.

2.1. Consecutive joint balancing

Putting consecutive releases into an iterative algorithm that tests for
convergence, as above, is straightforward. A consecutive joint balancing
algorithm, SoLve-co, is shown in Fig. 4. It is defined so that in one cycle,
each active joint is released and therefore balanced once, and the
corresponding carry-over amount is recorded immediately afterward,
yielding a Gauss-Seidel-like iteration. A tolerance tol is used to deter-
mine convergence. Once convergence is reached, as before, the solution
is available in the edge attribute (u,v).m for all (u,v) €G.E. Note that,
because the order in which joints are released is left undefined, the algo-
rithm displays a minor degree of internal nondeterminism, though this
leaves convergence unaffected [6].

2.2. Simultaneous joint balancing

Cross's initial approach using simultaneous balancing requires that
moments be “read” and cached, like the Jacobi iterative method,
which performs a cycle of updates exclusively from values obtained in
the prior cycle. The simultaneous joint balancing algorithm SoLvE-siv,
shown in Fig. 5, is thus defined so that member end moments calculated
in one cycle are used to determine moments in the next cycle. To do so,
we make use of an attribute (m) of vertex objects to store unbalanced
moments for each joint (lines 5 and 6), allowing updates to be simulta-
neously performed en masse (line 10). Again, a tolerance tol is used to
determine convergence, and on completion the solution is available in
the edge attribute (u,v).m for all (u,v)€G.E.

A characteristic of both algorithms, above, is that they complete one
cycle before moving to the next. Joints are released either simultaneous-
ly or one by one until all have been released, completing a cycle and
allowing the next round of releases to begin, though this is not strictly
required for convergence [6]. As we show in the following sections,
further abstraction of the consecutive and simultaneous joint balancing
algorithms is possible, resulting in a more general characterization of
the Hardy Cross method.

1 SOLVE-CON(G, tol)

2 converged = FALSE

3 while not converged

1 converged = TRUE

5 for each vertex v € active(G)

6 if |moment(G,v)| > tol

T converged = FALSE

8 RELEASE(G, v, moment(G, v))

Fig. 4. Moment distribution with consecutive joint balancing.

1 SowvE-sIM(G, tol)

2 converged = FALSE

3 while not converged

4 converged = TRUE

5 for each vertex v € active(G)
6 v.m = moment(G, v)

7 for each vertex v € active(G)
8 if [v.m| > tol

9 converged = FALSE
10 RELEASE(G, v, v.m)

Fig. 5. Moment distribution with simultaneous joint balancing.
3. Abstraction of the basic algorithms

“Nondeterminism plays an important role in the specification of
systems, since it enables underspecification, providing some flexibility
to the implementor and enabling some decisions to be deferred until
the appropriate time.” -Steve Schneider [16]

Abstraction is the process of ignoring details that are of no immedi-
ate concern: it is a many-to-one mapping that allows one to treat
different things as though they are the same. Here, those details are
the differences in an algorithm that might be viewed as incidental,
and we can use nondeterminism to abstract from them.

Moving in the other direction is refinement, the opposite of abstraction.
If algorithm Prefines S, then we view S as being less prescriptive than P, and
we write SCP. The algorithms SoLve-coN and SoLve-siM are refinements of
the sequential and multiprocess algorithms presented in this section.

3.1. A sequential algorithm

First, we present a sequential abstraction of SoLve-coN and SOLVE-SIM.
The algorithm SoLve-seqQ, shown in Fig. 6, makes use of a nondeterministic
subset operator that, as the name implies, yields an arbitrary subset of
another set. It is implicitly defined as:

VXx.(x € subset(B)=x € B)

and with the mild fairness constraint that, in the limit, an element of the
set is produced infinitely often.

The algorithm is defined so that in one iteration of the while loop, a
subset of active joints is released simultaneously. Since those being
released are chosen arbitrarily at each iteration, some joints may be
balanced more frequently than others. In other words, it is not necessary

1+ SOLVE-SEQ(G, tol)

2 converged = FALSE

3 while not converged

a converged = TRUE

5 s = subset(active(Q))

6 for each vertex v € active(G)
7 v.m = moment(G, v)

8 for each vertex v € active(G)
0 if |v.m| > tol

10 converged = FALSE
11 ifves

12 RELEASE(G, v, v.m)

Fig. 6. Generalized moment distribution as a sequential algorithm.
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to complete a full cycle before moving on to the next cycle. In the limit,
joints are balanced infinitely often and none is left unbalanced. We
prove the algorithm is correct in Section 5 by showing it is functionally
equivalent to SOLVE-CON and SOLVE-SIM.

That SoLve-SEQ is an abstraction of the basic algorithms should be
clear. For instance,

SOLVE - SEQ C SOLVE - CON.

since we can imagine subset(active(G)) on line 5 always returning a
single, different element of active(G) until the set is exhausted, and
then repeating, yielding the behavior of the joint balancing approach
of SoLve-coN. Also,

SOLVE - SEQ C SOLVE - SIM

since we can imagine subset(active(G)) always returning the full set
active(G) at each iteration, yielding the behavior of SoLvE-sim.

3.2. A multiprocess algorithm

Sometimes it is more natural to specify the behavior of a system in
terms of multiple, concurrent processes. A multiprocess algorithm is a
nondeterministic composition of program components, or processes,
that work independently but share state and coordinate updates as nec-
essary. Such an approach can be used to define a fully asynchronous ver-
sion of the Hardy Cross method that allows releases to be performed
simultaneously, consecutively, and in combination, as before, but also
interleaved arbitrarily, down to the statement level.

The multiprocess algorithm SoLve-muL, shown in Fig. 7, defines pro-
cesses that evolve concurrently for each active joint, i.e., for each vertex
i€active(G). The processes share access to G, the structure being
analyzed. Thus, the process associated with joint u has access to its
own moments (u,v).m for any v, as well as a moment of joint v,
i.e., (v,u).m, when carry-over moments are written. Each joint process
then responds when its moment is unbalanced, which can be induced
by moments being carried over from one or more adjacent joints.

Several aspects of the algorithm warrant comment. Generally speak-
ing, because sharing state between processes can result in conflicts, we
may specify some steps to be performed atomically, such as assignment
statements, tests in a loop or a conditional, and decrement-by opera-
tions. A statement is atomic if it appears to other processes to occur in-
stantaneously, so that no intermediate states are visible. Atomicity, in
our algorithm, must be guaranteed by the decrement-by operation
within RELEASE to sidestep the so-called lost update problem.!

Guarding each joint release is an await statement, which is success-
ful only when the joint's unbalanced moment exceeds a specified
tolerance. That is, the process cannot advance beyond the statement
when its moments balance: it blocks until the condition becomes true.
Numerically there is no harm in balancing joints that are already bal-
anced, but there is the potential danger that, in real implementations,
the process will otherwise get away from us and take over the
computer's CPU.2

! In our multiprocess algorithm, when one joint carries over a moment to an adjacent
joint, the adjacent joint may also be distributing a moment to the same member end, cre-
ating a potential conflict. If the decrement-by operation is non-atomic, one of the updates
could be lost. Consider, for instance, the following scenario. A variable x with a value of 10
is shared by two processes, and one of them executes the statement x =x-7 while the oth-
er executes x =x-2. If the statements are performed atomically, executing them in either
order results in x having a final value of 1. If they are not performed atomically, however,
and both statements simultaneously “read” the initial value of x (accessing its value on the
their right-hand sides), and then perform their updates, the final value of x will be either 3
or 8. In other words, one of the updates is lost.

2 There is no counterpart to await in sequential languages. Instead, it corresponds to the
well-known wait/notify pattern of process communication, with condition variables and
locks, in multithreaded languages like Python and Java. Here, the await statement is
modeled after the construct of the same name in the algorithm language PlusCal [9].

1 SOLVE-MUL(G, tol)
2 for each vertex v € active(G)
3 run PROCESS(G, v, tol)

5 PROCESS(G, v, tol)

6 while TRUE
7 await [moment(G, v)| > tol
8 RELEASE(G, v, moment(G, v))

Fig. 7. Generalized moment distribution as a multiprocess algorithm.

When converged, all joint processes block on their await statements,
since all joints are balanced, and the solution is available in the edge at-
tribute (u,v).m for all (u,v) €G.E, as before. In contrast with sequential
programs, however, a multiprocess implementation would ideally de-
tect this state of termination using a separate, lower-priority process,
quiescence detection [19], or more general techniques like Dijkstra's
ring-based termination detection algorithm [3]. See Liu's thesis [10]
for additional details.

It should be clear that SoLve-MUL is an abstraction of the sequential
algorithm, so we have

SOLVE - MUL C SOLVE - SEQ

Since this is so, SoLvE-MUL is also an abstraction of SoLve-coN and
SoLve-sim. For instance, a multiprocess scheduler could choose to exe-
cute the joint processes sequentially, one after another, to yield the be-
havior of SoLve-con. Alternatively, it might schedule them concurrently
so that line 8 of each process causes the unbalanced moments,
moment(G,i), to be read concurrently, after which releases are simulta-
neously performed, to yield the behavior of SoLve-sim.

4. Iteration matrices for consecutive and simultaneous approaches

“The inherent simplicity of the moment-distribution method can be
combined with the matrix methods to give a practical method of
analysis.” -Ralph Mozingo [13]

In 1968, Mozingo published a matrix formulation for simultaneous
joint balancing that results in a geometric series whose sum can be
expressed in closed form. Terms in the series are the sums and products
of matrices that encode distribution and carry-over factors. We make
use of this basic formulation, elaborating on matrix properties needed
for the proofs that follow, and extending the approach so that it applies
to generalized distribution sequences.

Edge indices. To allow assembly into a system of equations, we
define an edge index function, a bijection that maps from M edges, or
member ends, to indices:

f:GE-{1,...M}

Antiparallel mates. Each member has two member ends, so we
denote by e=(u,v) and e = (v, u) a pair of antiparallel directed edges,
and define a function p that maps an edge index to the index of its anti-
parallel mate:

forall ein G.E. Since an antiparallel edge is its own mate's mate, we have
i=p(p(i)) foralli€l..M.

Member end sets. Recall that we have a member end set ends(G,u)
associated with each joint u, i.e., the set of member ends incident from
joint u. An analogous notion can be defined for the indices associated
with those member ends.
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LetsetS;,i=1,2,...,M, be a set containing all member ends, includ-
ing i itself, incident from a common joint. In other words,

Si2{f(u,v)|(u,v) EGEAIW.(f(u,w) = 1)}

For instance, our model problem has ends (a,b), (b,a), (b,c), and
(c,b), which we index from 1 through 4. Then S,={2,3} since
f(b,a)=2, edge (b,a) is incident from joint b, and the set of edges
incident from b is {(b,a),(b,c)}

Since a member end can only be incident from a single joint,

SiNS; = if and only if ends i and j are not incident from the same joint
Si = S; otherwise.
(1)
At times we use the condition S;=S; idiomatically to establish that
ends i and j are incident from the same joint, i.e., are in the same
member end set.

4.1. Distribution matrix

Let K; be the stiffness of the member containing end i, recognizing that,
in general, K; is not necessarily equivalent to K,;). Then let matrix D be an
Mx M distribution matrix, where D; is the i column of D, and where dj; is
the ratio between the increment of the moment at end i due to the mo-
ment at end j during the distribution process. In other words:

0 if S;=S; or end i is fixed
K; .
di = { — =" otherwise , 2
v > Ky ’ @
kes;

which gives D some special properties:

1. D has multiple identical columns. In particular, if S;= S5, then D; is
equivalent to Dy, so

dij = dy if Sj = Sy 3)
Thus there are at least |S;| columns identical to column D, including

itself. Also, because of Eq. (1), there is at most one distinct negative
value in each row.

2. Dis singular.
3. The elements of D are in the range

~1<d;<0. “4)

Moreover, an element of D is strictly less than zero (-1<d;<0) if and
only if S;=S; and the corresponding joint is not fixed. This implies

=0 if end i is fixed
d””{ <0 otherwise (5)
4. The sum of any column Dj is 0 if end j is fixed, or -1 otherwise:
M M . .
_ ~_J 0 if end j is fixed
Zdij a Z dj = { -1 otherwise (6)

I
—_

i=1
Si=S;

The added condition on the second summation, S;=S5;, follows
from above, i.e., that an element of D is strictly less than zero if and
only if S;=S; and the corresponding joint is not fixed.

5. Due to Egs. (1) and (2),

dij<0=>dp(i),j = 07 (7)

meaning that a particular end is unaffected by the other end of the same
member during the redistribution process.

4.2. Carry-over matrix

Let matrix C be the matrix of carry-over factors. Because the carry-
over moments are only transferred between the two ends of a member,

{0<cij<1

if j=p(i)
o ®

otherwise -

Matrix product CD, then, represents the ratio of the carry-over mo-
ment on one end and the calculated unbalanced moment on the other
end of the same member. Matrix CD essentially swaps any two rows
in D that correspond to the two ends of a member, and then multiplies
each row by the corresponding carry-over factor. Also due to Eq. (7), D
and CD cannot both have negative elements at the same position,
ie, dU(CD)U =0.

4.3. E matrix

For the iteration matrices that follow, it is helpful to define a matrix E
as follows

E=D+(CD (9)
which also has special properties similar to, but in some cases distinct

from, D:

1. Like D, matrix E has multiple identical columns, and if S; =5, then E;
is equivalent to Ey, so

€ij = €jk if S]* = Sk. (10)
Thus there are at least |S;| columns identical to Ej, including itself.

Also, because of Eq. (1), there are at most two distinct negative values
in each row.

2. Also, like D, matrix E is singular.
3. The elements of E are again in the range

~1<¢;<0. (11)
An element of E is strictly less than zero (-1<e;<0) ifand only if S;=
S; and the corresponding joint is not fixed, or, in the case of E, any end j

associated with the joint at the opposite end of end i. This again implies

if end i is fixed

=0
& = d“{ <0 otherwise (12)
and if S;=S§;, then
€p(i).j = Cp(i.J€i- (13)

4. When limited to elements i,j satisfying S;=;, the sums of columns
D; and E; are equivalent:

M M . ..
L ~_J 0 if end j is fixed
Z %= Z dj = { -1 otherwise (14)
i=1 i=1
Si= S]' Si= Sj

4.4. Iteration matrix for simultaneous joint balancing

The simultaneous joint balancing algorithm in Section 2.2, SOLVE-SIM,
is akin to an incremental form of the Jacobi iterative method, in which
calculations of the current iteration use only those from the prior
iteration, so the order in which the equations are solved is irrelevant.
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The corresponding iteration matrix, Bg;,,, can be defined as
Bin=1+D+CD=I1+E (15)

and the iteration can be written as

M) = B M© (16)

where M® is a vector representing moments at each member end at
step k. The limit of Eq. (16) for simultaneous joint balancing” is

M) = B5 MO, (17)
4.5, Iteration matrix for consecutive joint balancing

The consecutive joint balancing algorithm in Section 2.1, SOLVE-CON,
corresponds to an incremental form of the Gauss-Seidel method, which
uses the most recently updated estimates in each iteration. Consequently,
the equations at each iteration cannot be evaluated independently, and
the order in which they are taken affects the intermediate results.

Like the simultaneous approach, however, the consecutive joint
balancing algorithm can also be represented as a simple iteration but
with a different iteration matrix, B.,,. We begin by decomposing matrix
E based on joint contributions as follows

E (18)

M=

E=

I
—_

where N is the number of joints, and E; is a square matrix that contains
the columns of E corresponding to all ends connected to joint [, while

the other columns of E; are zero. The matrix representing the process
of releasing a joint I once, then, can be expressed as

B =I1+E (19)

and the iteration matrix for consecutive joint balancing, B.,,, can be
expressed as

N . N N
Beon = [1B1 = T1(I+E1) (20)
1=1 =1

The corresponding iteration can be written as
MED Z B M (21)
and, in the limit, for consecutive joint balancing we have
M =B MO, (22)

Theorem 1. Let BL be tI}e matrix representing the process of releasing a
joint 1 once, then B; = B;. Proof. Due to Eqs. (2), (3), (13), and (14),

N M A A A M A
<E12>ij - ; (El>ik (E’>kj - (E'> u; Dy =~ (E')ij’ (23)
implying that
E+E =0 (24)

which holds even even when members are not symmetric, i.e., when
Ki#Kpi). Then
~ 2 ~
2E +E =E
I+ 2B+ B =1+ E
N2 .
$<I+El) :I+El

#Blz = B[

(25)

3 The equivalent closed-form solution given by Mozingo [13], though not used here, is
M = (I 4+ D)(I - D) MO,

The physical interpretation of Theorem 1 is that releasing a particu-
lar joint twice consecutively is the same as doing so only once. This
makes sense because, as we saw with algorithm SoLve-mut, there will
be a zero unbalanced moment left after any release.

5. Correctness of the sequential algorithm

The sequential algorithm defined in Section 3.1 can be shown to be
functionally equivalent to the consecutive and simultaneous joint
balancing algorithms presented in Sections 2.1 and 2.2. The computa-
tions performed are analogous to Eq. (16) but with a generalized itera-
tion matrix, B), that depends on k, the index of iteration, and where
k=0 corresponds to the initial state ngg =1. It can be written as

ng]:]—‘rZEh k:]7273,... (26)

lev®

where V® is a schedule set containing all joints to be released simulta-
neously at the k™ iteration. The iteration can be written as

MUY = Bl m®). (27)
The limit of Eq. (27) for generalized sequential iteration is

M = kl:lo Bl,M©. (28)

As one would expect, both simultaneous and consecutive iterations
are special cases that can be accommodated by choosing an appropriate
schedule set V¥, For simultaneous joint balancing, each V*) may be
chosen to include all joints, so we have

N
B, =1+ E =1+E=Bgpn. (29)
=1

For consecutive joint balancing, each V' may be chosen to be a sin-
gle joint (k- 1modN) + 1, so every N iterations we build up a sequence of
products

N 0 N R
118 = 1 (1+Er) = Beon. (30)

Example. Consider a structure with three joints, so we have E;, E»,

and E3, and schedule sets whose first few values are arbitrarily chosen
as follows:

VO — B VO = By 4 By VO = By VO = By By VO =

Using the schedule sets, we show that the product of the first k itera-
tion matrices in the sequence, defined as G, can be expanded as a sum
of matrix products

k
; ,
GY = T1 B, (31)
ko
so that G¥M© = [] BY M is the moment vector after the k™ itera-
=0

tion. During the expansion, we perform simplifications such as gather-
ing and canceling terms, yielding the following:

1 . N
G — I Bl =1+E
i=0
G? = 180 = (1+E) (1 + > + E3)
=1+E +E)+E3+EEy + E1E5
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¥ = f[B;Qq <I+E1> (1+E2 +E3) (1+El)

=1+Ey +Ey + E3 + EEy + E1E5 + EoEy + EsEq + EyE>Eq + EE5E4

nBseq (I+E1)(I+Ez+E3)(1+E1>(1+E1+E3)
= I+ Er + B + By + ErEp + ExEs + Eofly + Esky + ErEEy + ExEsky
+ E9E3 + E1E3E3 + EoE1E3 + E3E{E5 + E{EyEE3 + E1E3E(E3
And so on. Terms in the simplified series, e.g., matrix products like
E,E3E;, are unique: even when subsequent iterations produce a dupli-
cate term, they also simultaneously produce a corresponding canceling
soa s aa a2 . .2
term, e.g., E1E3Eq + E1E3E;, whose sum is zero due to Eq. (24), since E; +
= 0. We show this below.
Theorem 2. For an arbitrary series of schedule sets V¥, k=1,2,3,..., if

each joint is balanced infinitely often, then generalized sequential itera-
tion is equivalent to the following sum:

B, Z Un, (32)
where
Up =1 (33)
and
N e
m=l 2 o X1 2y 2 g EwBuEuB, (34)
L#l L=l In#lm—1)

Proof. The left-hand side of Eq. (32) accommodates an arbitrary se-
ries of schedule sets and is equivalent to the constant right-hand side
expression, which depends only on the properties and layout of a
structure.

Recalling that G is the product of the first k iteration matrices in
the sequence, let

AGH =GR Gk k=123, ... (35)

and

AGO =GO = 1. (36)
Since GY M@ and GV MO are the moment vectors after the

k™ and (k—l)f“ iterations, respectively, the physical interpretation
of AGY MO =GP M@ — G*D A js the increment of the moment
vector in the k™ iteration.

This implies when k>1 that

AG B(k) G (k—1) G(k—])

seq

_ £\ k=1 _ k=1)
= (1+ > E,)G G (37)

ley®

Y

lev®

which is central to the proof that follows.
The left-hand side products of Eq. (32) can now be rewritten as the
summation

Seq ZAG (38)

Then it can be proved by induction on m that

i: AGY = i Un (39)
k=0 m=0

by first showing that the left-hand side contains Uy and U; exactly once,
and then showing that if it contains U, exactly once, it likewise contains
Un +1 exactly once. It can likewise be shown that there are no duplicate
terms on the left-hand side after simplification. In addition, due to the
nature of B{¥), i.e., that it consists only of I and E; terms, no other forms
can be present.

Basis. For m =0, we know from Eq. (37) that I will not appear as a
term in AG®) when k>1. Thus the limit contains AG'®) = Uy =1 exactly
once. For m= 1,if B{) is the first By, term that contains E;, then because
of Eq. (37) and the fact that ¥V = 3"k} AG™ has the term AG® =1,
AG® is also the first AG term that contains E,. Because all joints get up-
dated infinitely often, for eachE), I = 1,2, ..., N, there exists a k such that
B§eq contains that E, Thus the limit contalns all E4 , Ez, ...JEN. In addition,

AGW™ is the only AG term that contains E, after simplification. The reason
is that if AGY for j> k also contains E;, then BY), must contain £ Since GU)
contains bOEl‘zl Iand E, exactly once, from Eq. (37) we know AGY contains
both E; and E; exactly once, which cancel each other due to Eq. (24). Thus,
all terms in Uy, ie., Eq, E,, ..., En, occur exactly once.

Hypothesis. Assume that the left-hand side contains U, exactly
once.

Inductive step. Show that the left-hand side contains U,, ,  exactly
once.

If G is the first G term that contains a particular term u of U, after
simplification, say u = Ejw that leads with E;, then B} must contain E;.

1. Let BY),j>k be the next By, term that contains E;, i#1, then E;u first
appears in AGY due to Eq. (37). Moreover, AGY is the only AG term
that contains E;u after simplification. The reason is that, if AG®,q>j
also contains E;u, then B{) must contain E;. Since G“~!) contains
both u and E;u exactly once, AG® contains both E;u and f:“i u exactly
once, which cancel each other due to Eq. (24). Thus, together with
the fact that all joints get updated infinitely often, the above state-
ments prove that the limit contains U, ; ; exactly once.

2. Let BY),,j>k be the next By, term that contains ;. Since GU™") con-
tains both w and E;w exactly once, from Eq. (37) AGY contains
both E;w and I:I, w exactly once, which cancel each other due to
Eq. (24) Hence, the limit cannot have terms with the same index in
any two consecutive E; terms after simplification.

As a result, the left-hand side contains Uy, , ; exactly once, and there
are no extraneous terms.

Hence Theorem 2 is true, proving that the sequential algorithm is
functionally equivalent to its consecutive and simultaneous joint
balancing refinements.

6. Correctness of the multiprocess algorithm

Further generalizing the sequential algorithm is the multiprocess ab-
straction defined in Section 3.2, which can be shown to be equivalent,
while offering the full range of asynchronous behavior allowed by the
Hardy Cross method. To accommodate the arbitrary interleaving of re-
leases, we further decompose matrix E and again prove equivalence
by induction.

6.1. Further decomposition of E matrix

The matrix E can be further decomposed in two dimensions. In other
words, instead of Eq. (18), E can be defined as

N

>l (40)

j=1

Mz

Il
—_

i



J. Baugh, S. Liu / Structures 6 (2016) 170-181 177

where N is the number of joints. Recalling that M is the number of mem-
ber ends, we adopt the unconventional but serviceable notation [i,j] to
denote an M x M square matrix such that

li.jly = Ey <0 if ends k and | are connected to joints i and j, respectively
Ja =10 otherwise ’

(41)

Matrix [i,j] contains some elements of E whose rows correspond to
all ends connected to joint i, and whose columns correspond to all
ends connected to joint j. The other elements of matrix [i,j] are zero.
Due to the properties of matrix D, we see that

.. Dy <0 if end [ is connected to join i

[ = {Okl otherwise : (42)
and the column sum of matrix [i,i] is
.. —1 if end [ is connected to joint i

>t ={ o ks connected to joint I 3)

The physical interpretation of [i,j] is how the moments at joint i are
affected by joint j. Thus, when i =j, [i, jJM ¥ is the redistribution step for
the unbalanced moment at joint i. When i#j, [i, jjM® is the action of
joint j carrying over a moment to a particular end of joint i. Although
[i,j] is zero if joints i and j are not connected, or if joint j is fixed, this
case need not be addressed separately for purposes of the proof.

There are two important properties of matrix [i,j] that are required
for proofs later in this section. Due to Eqgs. (41), (42) and (43),

[*‘J] Uv]] = _[*J] (44)
and
[x,1][k, j] = 0, i#k. (45)

where the following wildcard notation is adopted:

1. Let [*,j] stand for any matrix in the set {[i,k]|i€1..NAj=k}.
2. Let [?,j] stand for any matrix in the set {[i,k]|i€1..NAj=kAi#j}.
3. Let Y [*,j] be the sum of the set {[i,k]|i€1..NAj=k]}, so clearly

Sl =Ej. (46)

4. Let Y [?,j] be the sum of the set {[i,k]|i€1..NAj=kAi=j}.

6.2. Elementary operations

The multiprocess algorithm can be represented as a series of ele-
mentary operations, i.e., as a series of [i,j] matrices. Here, an elementary
operation is defined to be atomic, i.e., it is not interfered with by other
elementary operations. The action of releasing a joint j, then, can be de-
scribed as follows:

1. Start by taking a “snapshot,” say M’, of the current member end
moments.

2. Calculate the increments of moments based on M’ without making
any updates. The increments need not be immediately added to M,
and their application order is arbitrary, so we can imagine their
being kept in a pending operation set, O.

3. Pick one of the increments from operation set O and add it to M.

4. Ensure that increments within jointj, [j, jJM’, are added to M before
releasing joint j again.

Commentary. Since any matrix |?,j] has at most one row containing
non-zero elements, it only updates one value of the moment vector.

Although [j,j] could update multiple values of the moment vector be-
cause it could have multiple rows that contain non-zero elements, [j,j]
can still be considered an elementary operation due to item 4 above.
Thus, from a computational point of view, if updates are performed
atomically, then the multiprocess algorithm can be viewed as interleav-
ing elementary operations arbitrarily. An available elementary operation
then is either 1) a joint taking a snapshot and calculating increments of
moments if no balancing moment for that joint is pending in operation
set 0, or 2) moving a matrix multiplication result from O to M.

This arbitrary interleaving can also be shown in mathematical form:

M(k+1) — W(I<+1)M(k)

M if an arbitrary joint takes a snapshot and

calculates increments of moments
if an arbitrary matrix products is moved

(k) i 1m0
ME + [, M from O to M

(47)

where W* 1 s a function that performs an arbitrary available elemen-
tary operation on M) at step k 4 1, as long as every joint is updated in-
finitely often and each joint finishes updating itself before it is released
again.

The limit of Eq. (47) for generalized multiprocess iteration is

M = (W WOWEWD) MmO, (48)

By placing restrictions on W in choosing the order of the elementary
operations, one may obtain the more specialized behavior of the se-
quential algorithm. Specifically, to mimic the sequential refinement,
once operations in O begin to be executed, all operations in O must be
executed before moving on to other joints and taking snapshots.

Theorem 3. For an arbitrary series of elementary operations W, k=
1,2,3,..., if each joint is balanced infinitely often, then generalized
multiprocess iteration is equivalent to the following sum:

o

wE L wOwWAwm = ,;)zm, (49)
where
Zo=1 (50)
and

n = (}Z Z[*Jﬂ) (ij Z[*Jz]) (,; [*Jm]) (51)

Proof. The left-hand side of Eq. (49) accommodates an arbitrary series
of elementary operations and is equivalent to the constant right-hand
side expression, which, again, depends only on the properties and layout
of a structure. And, of course, due to Eq. (46), the right-hand sides of
Egs. (32) and (49) must be identical.

We begin by defining P, a partial series of elementary operations, as:

MK — (W(’()...W(3>W(2)W(1)>M(O) = p 740 (52)

with P9 =1, Using this notation, the basic steps of the multiprocess al-
gorithm can be described as follows:

1. When releasing a joint j at step k, the snapshot taken is the current P®,
Then, an elementary operation set containing all [*,j]P® is added to O.

2. In an arbitrary order, elementary operations are drawn from O and
added to P.

3. We require that [j,j]P® be executed before releasing joint j again.
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4, All joints must be released infinitely often. Thus an elementary
operation set containing all [*,j]P® is added to O infinitely often.

In the limit, we have

M= (WO WOWRWD) A (53)

To assist in carrying out the proof, we add a final piece to the
notation:

#i Ja%h Jm*Jm—1

= (Z Z[*Jd) (Z Z[*Jﬂ)---( > Z[*JM) (54)

The relationship between Z and Z is
25
Zp = Z Z[*J]mel' (56)
J
Then it can be proved by induction on m that

we . weOwewm =

Zz (57)

by first showing that the left-hand side contains Zy and Z; exactly once,
and then showing that if it contains Z,,, exactly once, it likewise contains
Zm+1 exactly once, and that there are no extraneous terms.

Basis. For m =0, we know that I appears exactly once in the left-
hand side. For m=1, Z; appears exactly once when each joint is first
released.

Hypothesis. Assume that the left-hand side contains Z,, exactly once.

Inductive step. Show that the left-hand side contains Z,, , ; exactly
once.

1. Since all joints will be released infinitely often, all terms in Z,, will be
pre-multiplied by Z [, ]], SO0 Zm +1 appears in the left-hand side.
j
2. Because of Eq. (56), the only possible extra terms that may be created
in thls process are [, j][j, ]]Zn1 ; Or [*, J][’ ']Am ;- The existence of

[+, 12 m_1 implies the existence of Zm ; that will also get pre-
multlplled by [*,j] at the same time, which results in a duplicat-

ed [x, ]]Zm ;. Since [, j[j, ]}Z
above, [, j][j, ]]qu gets canceled by the duplicated [+, j]Z ,,H. Mean-

—[*, ]]Zm 1 accordmg to Eq. (44)

m-1—

while, [x, j][?, j]Z{,H is always zero due to Eq. (45) above. As a result,

the left-hand side has no extraneous terms.

3. Obviously, adding any term from Z,, 1 1, say [*, j]Zin, the first time will
not create a duplicate term. Because [j,j]P” must be executed before
releasing joint j again, when [x, j]an gets created again, [j, j]an must
exist and [«, j][j, JZ), = — [+ jlZ), must also be created at the same
time. Hence the duplicate [x, ]]Zin will be canceled.

The duplicated [x, j]ZL and its corresponding extra term [«, j][J, ﬂZf;1
will always be moved from O to P®¥) at the same time, due to the fact
that an and [, ﬂan are in the same snapshot.

As aresult, the left-hand side contains Z,, , ; exactly once, and there
are no extraneous terms.

Hence Theorem 3 is true, proving that the multiprocess algorithm is
functionally equivalent to its sequential refinement. O

We note that, in both theorems, the fact that the column sum of
matrix D is -1 for non-fixed joints plays a central role in simplifying
and eliminating terms.

7. Conclusion

Despite its age, the Hardy Cross method has been the subject of the
occasional publication over the years. Beyond the already cited work
of Volokh, Guo, and Mozingo, in 2009 Dowell [4] found closed-form so-
lutions for regular continuous beams and bridge structures with any
number of spans. His method is based on the consecutive joint
balancing approach, and is derived by taking the limit of infinite geo-
metric series. Presaging his work are the formulas presented by
Mawby [11] in 1968 for two- and three-span continuous beams, who
likewise recognized the fact that “the process of Moment Distribution
is merely an approximate method for finding the sum of several series
that converge at infinity.” Earlier publications looking into computa-
tional aspects of the method, including tables and formulas for fixed-
end moments, symmetry and anti-symmetry considerations, and others
are cited in Gere's extensive bibliography [6].

In this study, we extend the work of both Volokh and Guo by show-
ing that arbitrary distribution sequences and further generalizations
leave the method sound and intact, and we formalize those abstractions
as nondeterministic sequential and multiprocess algorithms. To the au-
thors' knowledge, this is the first endeavor at a treatment of this kind.

In some ways, our proofs are unconventional. We take the tradition-
al statement of the moment distribution method—formalized by SoLve-
sim and SoLve-con—as being correct, and prove that SoLve-sEQ and SOLVE-

MUL are correct by showing equivalence. We could contrast this ap-
proach with the tools and techniques more commonly found in both
numerical analysis and software engineering. Regarding the former,
for instance, convergence as a property is already established for
SoLve-sim and SoLve-coN due to the work of Volokh and Guo. Buttressing
their arguments, we have observed that the eigenvalues of the iteration
matrix for simultaneous joint balancing lie between — 0.5 and 1, inclu-
sive, by making use of the Gershgorin circle theorem. Regarding the lat-
ter, in contrast with studies on software engineering techniques, ours
does not start with the kind of specification that would enable a
straightforward syntactic proof. For sequential programs, however, we
now know as a result that the simultaneous release of an arbitrary sub-
set of joints can be used as a loop invariant for partial correctness proofs.

Also on the topic of proofs, we make the observation that the prop-
erty of a matrix A in Eq. (24), i.e, A>+A=0, plays an important role in
proving equivalence and is therefore one of the sufficient and possibly
necessary conditions for correctness, and might find a similar role if
generalized and applied to other iterative problems in numerical linear
algebra.

Finally, about implementations, our rationale for presenting Python
code in Appendix A is not because we expect to improve performance
by distributing computation across multiple processors, but rather to
present the algorithms in executable form and in the context of a popu-
lar programming language with multithreading support. Although
problems typically addressed by moment distribution are small enough
to avoid any concern at all about computation time, we imagine that
performance gains for problems of modest size could be obtained
through parallelization if one employs red-black ordering, block relaxa-
tion schemes, or other techniques for reducing synchronization costs in
the iterative solution of sparse linear systems [15].
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Appendix A. Program Listings
Implementation of the basic and sequential algorithms
# A direct translation of the algorithms into Python 3
from random import sample, randint
# Represent member ends and vertices as classes, and graphs as dictionaries
class End(object):

def __init__(self, d, c, m):
self.d, self.c, self.m=d, c, m

def __repr__(self):
return repr([self.d, self.c, self.m])

class Vertex(object):

def __init__(self, name):
self.name = name

def __repr__(self):
return repr(self.name)

def model_problem():
a, b, ¢ = Vertex('a'), Vertex('b'), Vertex('c')

G =d{a: {}, b: {}, c: {}}

G[a] [b] = End(0.0, 0.5, -172.8)
G[b] [a] = End(0.5, 0.5, 115.2)
G[b]l [c] = End(0.5, 0.5, -416.7)
G[c][b] = End(1.0, 0.5, 416.7)
return G

# Basic functions for working with graphs

def ends(G, u):
return G[u].values()

def moment (G, u):
return sum([e.m for e in ends(G, w)])

def active(G):
return {u: G[u] for u in G if any(e.d > O for e in ends(G, w)}

# Release a joint

def release(G, u, x):
for v in G[u]:
Glul[v].m -= G[ul [v].d * x
GIvl[ul.m -= Glul [vl.c * Glul[v].d * x

# The moment distribution algorithms

def solve_con(G, tol):
converged = False
while not converged:
converged = True
for v in active(G):
if abs(moment(G, v)) > tol:
converged = False
release(G, v, moment(G, v))

def solve_sim(G, tol):
converged = False
while not converged:
converged = True
for v in active(G): # cache unbalanced moments
v.m = moment (G, v) # of active joints
for v in active(G):
if abs(v.m) > tol:
converged = False
release(G, v, v.m)
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def subset(G):
return sample(G.keys(), randint(0, len(G)))

def solve_seq(G, tol):
converged = False
while not converged:
converged = True
s = subset(active(G))
for v in active(G): # cache unbalanced moments
v.m = moment (G, v) # of active joints
for v in active(®):
if abs(v.m) > tol:
converged = False
if v in s: # release a subset of joints
release(G, v, v.m)

# Use all three algorithms to solve the model problem

def moments(G):
return {u.name + v.name: G[u] [v].m for u in G for v in G[ul}

def main():
for solve in [solve_sim, solve_con, solve_seq]:
G = model_problem()
solve(G, 0.001)
print (moments (G))

if __name == '__main__

main()

Implementation of the multiprocess algorithm
from threading import Condition, Lock, Thread
# Extend classes to incorporate locks and conditions needed for concurrency

class End(object):

def __init__(self, d, c, m):
self.d, self.c, self.m =d, c, m

self.lock = Lock() # Lock is used only by make decr_moment.
def decr_moment (self, by): # In Python, a lock is needed to make
with self.lock: # this atomic. Let each end have its
self.m -= by # own to avoid limiting concurrency.

def __repr__(self):
return repr([self.d, self.c, self.m])

class Vertex(object):

def __init__(self, name): # Let each joint have its own condition
self.name = name # for process communication using
self.cond = Condition(Lock()) # wait/notify instead of spinning.

def __repr__(self):
return repr(self.name)

# Redefine release so that it performs process communication

def release(G, u, x):
for v in G[ul:
G[ul [v] .decr_moment (G[ul [v].d * x)
G[v] [ul] .decr_moment (G[u] [v].c * G[ul[v].d * x)
with v.cond: # Notify neighboring joint that it may
v.cond.notify() # now have an unbalanced moment.

# The multiprocess algorithm

def solve_mul(G, tol):
for v in active(G):
Thread(target=process, args=(G, v, tol)).start()

def process(G, v, tol):
while True:
with v.cond: # Block until moment becomes unbalanced.
while abs(moment(G, v)) <= tol:
v.cond.wait ()
release(G, v, moment(G, v))
print (moments(G))
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