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Abstract

Kinematic stability of the truss topology design and sizing optimization (TTDSO) problems is a
crucial aspect which is often overlooked in the mathematical optimization models. In this paper, we
propose a novel mathematical optimization model for the discrete TTDSO problem with Euler buckling
constraints. Random perturbations of external forces are used to obtain kinematically stable structures.
We prove that by considering the perturbed external forces, the resulting structure is kinematically stable
with probability one. Furthermore, we show that necessary conditions for kinematic stability can be used
to speed up the solution of discrete TTDSO problem. While mixed integer linear optimization (MILO)
solvers for existing models are not able to even find a feasible solution for Michell trusses with more than
182 bars in a reasonable amount of time, our model provides high-quality solutions for those problems
in the same time window.

1 Introduction

The truss design problem is an important problem in the field of structural design optimization (Haftka
and Giirdal, 2012). In the past century, various formulations and solution methodologies for truss design
problems are developed (Arora and Wang, 2005; Rozvany, 2009; Stolpe, 2016). Dorn et al. (1964) considered
a ground structure framework for the truss design problem and used numerical optimization to solve the
problem. In a ground structure framework, the set of potential bars of a truss structure is given and the
optimal bar cross-sectional areas of the bars of the structure are to be determined.

Two objectives are commonly used in truss design problems.

Namely, a wide range of mathematical models for truss design problems consider the structure’s compli-
ance minimization as the objective (Ben-Tal and Bendsge, 1993; Bendsge et al., 1994; Stolpe, 2007). For this
problem, several second order cone optimization and semidefinite optimization models have been suggested
to address the non-linearity associated with the compliance objective (Kanno, 2016; Kanno and Fujita, 2018;
Ben-Tal and Bendsge, 1993; Kanno, 2018). Another frequently used objective in truss design problems is
weight minimization (Stolpe and Svanberg, 2004; Stolpe, 2004; Van Mellaert et al., 2015; Shahabsafa et al.,
2018). Minimizing the structure weight or fuel burn rate, which is closely correlated with weight, are com-
monly considered in aerospace engineering design problems (Brooks et al., 2018; Jasa et al., 2018; Chauhan
and Martins, 2018; Kennedy, 2016; Aage et al., 2017).

We focus on mixed integer linear optimization (MILO) modeling approaches which in theory leads to
global optimal solution of the TTDSO problem. Due to rapid improvement of MILO solvers, we can solve



large-scale problems to optimality in a reasonable time. There are two types of truss design problems: con-
tinuous and discrete design problems. In continuous problems, all the design variables are continuous, while
discrete problems involve discrete design variables. Discrete problems have three major categories: truss
topology design (TTD), truss sizing optimization (TSO), and truss topology design and sizing optimization
(TTDSO). Stolpe (2007) suggested a MILO model for compliance minimization of a TTD problem. In TSO,
the topology is given and the bar cross sectional areas of the optimal bars are to be determined. Van Mel-
laert et al. (2015) proposed a MILO model for TSO problems considering resistance and joint geometry
constraints. Shahabsafa et al. (2018) presented several MILO models for TSO problems considering Hooke’s
law, yield stress and Euler buckling constraints. In TTDSO, however, the topology and sizing of a truss are
simultaneously considered. Stolpe (2015) considered a mixed-integer nonlinear optimization model for the
TTDSO problem in which the structure maximum compliance is considered as a constraint of the model.
Stolpe (2016) presented a comprehensive survey of discrete truss design problems.

It is assumed in TSO problems that the given ground structure is kinematically stable, while kinematic
stability of the solution in TTD and TTDSO needs to be enforced. Enforcing stability in a truss structure
can make the problem significantly harder to solve and thus, it is often overlooked when tackling truss
design problems. Faustino et al. (2006) proposed a MILO model for the TTDSO problem. They considered
structure kinematic stability by using Grubler’s criterion (Ghosh and Mallik, 2002), which is a necessary
but not sufficient condition for having a stable structure. Faustino et al. (2006), additionally, proposed a
perturbation of the external forces to obtain kinematically stable structures, and without formal statement,
they argued intuitively that the perturbation should result in a stable structure.

However, they did not rigorously prove that the perturbation guarantees kinematic stability of the struc-
ture. Kanno and Guo (2010) considered an iterative external force perturbation method to obtain a kinemat-
ically stable structure for the TTDSO problem with discrete cross-sectional areas. However, their method
does not guarantee kinematic stability of the structure. Mela (2014) developed a MILO model for minimum
weight discrete TTDSO problems considering Euler buckling and displacement constraints. Mela (2014) also
considered the kinematic stability of the structure and the issue of overlapping bars in TTDSO problems.
To enforce kinematic stability of the structures, Mela (2014) used the external force perturbation approach
which was originally proposed by Faustino et al. (2006). Mela (2014) observed that the perturbation pro-
vided stable structures for all the cases considered, but did not prove that the approach always provides a
stable structure.

Guaranteed stability of the structure is a fundamentally important problem and has remained an open
question in the mathematical optimization modeling framework. In this paper, we focus on the minimum-
weight discrete truss topology design and sizing optimization (TTDSO) problem. We propose a novel mixed
integer linear optimization (MILO) model for discrete TTDSO problems. Our models consider force balance
equations, Hooke’s law, yield stress, Fuler buckling constraints, and bounds on the nodal displacements.
We also propose a modeling approach that ensures the kinematic stability of the structure. Furthermore,
we show that the necessary conditions for kinematic stability can be used to speed-up the solution time of
TTDSO problem.

The paper is structured as follows. In Section 2 we overview the TTDSO problem. In Section 3, we
propose a novel mathematical model for the discrete TTDSO problem, and in Section 4, we propose a
method to enforce the kinematic stability of the structure, and prove that, with probability one, the optimal
structure is kinematically stable. In Section 5, we demonstrate that the proposed mathematical model can
be solved significantly faster than other proposed discrete TTDSO models. Finally, our conclusions are
presented in Section 6.

2 Problem description

A truss design problem is concerned with the optimal selection of the geometry, topology, and sizing of a
truss structure (Haftka and Giirdal, 2012). In this article, we focus on topology and sizing optimization of
a truss. Consider a truss structure in a d-dimensional space (d = 2,3). Let m and n denote the number
of the bars and the degrees of freedom of the ground structure, respectively. For ease of presentation, we



assume that each node of the ground structure is either fixed in all directions or pinned. Let Z = {1,...,m}

be the index set of the bars of the ground structure and let J denote the index set of the pinned nodes of

the ground structure. Vector z € R denotes the cross-sectional areas of the bars, where R’ is the set of

m-dimensional non-negative vectors. A truss structure is specified when the bars and their cross-sectional

areas are determined. As a result, the cross-sectional areas are the main design variables of the problem.
The force balance equations on the nodes of the truss are defined as

where R € R™ ™ is the topology matrix of the truss, ¢ € R™ is the vector of the internal forces acting on
the bars, and f € R™ is the vector of the external forces exerted on the nodes. Stress on bar i, for ¢ € Z, is
defined as

i .
;i, if xT; > 0, (2)

0, otherwise.

g; —

The nodal displacements and the elongation of the bars are denoted by u € R™ and Al € R™. The
relationship between the nodal displacement and the elongation of the bars is as follows:

Al = RTw. (3)

We define \; = E;/1;, for i € T, where E; and [; are the Young’s modulus and the length of bar i € Z. We
consider Hooke’s law, which is enforced by considering constraints (1), (2), and (3) along with the following
set of constraints (Zienkiewicz and Taylor, 2005):

g; = )\iAli, 1€ (4)
From equations (1), (2), (3), and (4), it follows that
K(z)u=f,

where K(z) = ZZ’;I Nixirirl is the stiffness matrix of the structure, and r;, for i € Z, is the i-th column of
the topology matrix R.

Let c™® € R™ and 0™ € R™ be the lower and upper bounds on the stress of the bars, where o™ <
0 < o™2*. The stress on bars should satisfy the following constraints

a.min S o S gmax

We assume that bars’ cross-sections are circular. Thus, by letting v, = 7F; /4li2 for all i € Z, the Euler
buckling constraints are written as

oi+vr; >0, i€l x; #0.

For a discussion on the value of v;, i € Z, for more general cross-sectional areas of bars see our previous
work (Shahabsafa et al., 2018). Let £ denote the index set of the coordinates of the pinned nodes of the
ground structure, noting that |£| = |J|d = n, where d is the space dimension. The nodal displacement
bound constraints are written as

uPin < up < uPsx L e L. (5)

3 Mathematical optimization model

In this section, we present mathematical optimization models for the discrete TTDSO problem, where bars
takes zero or discrete valued cross-sectional areas. In other words, in the TTDSO, we allows the bars to



vanish in the final structure. These models are based on he works by Shahabsafa et al. (2018) for the discrete
TSO problem.
Define § as the set of candidate nonzero cross-sectional areas of bars:

S = {817327"'780}7

where 0 < 51 < 89 < ... < 8, and v is the cardinality of set S. Without loss of generality, we may assume
that the number of candidate sizes is the same for all the bars. Furthermore, for ease of presentation, we
assume that all the bars have the same set S of potential cross-sectional areas. We use K = {1,...,v} to
denote the set of indices corresponding to the discrete set S. The cross-sectional area of bar i, for i € Z,
takes values from the set {0} US in the discrete TTDSO problem. We define binary decision variable y;, for
1 €1, as

1, ifx; >0,
Yi = { (6)

0, otherwise.

If y; = 1, then bar ¢ gets a nonzero cross-sectional area, and if y; = 0, then bar ¢ has a zero cross-sectional
area and disappears from the structure. Let oy, for i € 7 and k € K, be defined as

(7)

Oik

o {)\ZAl“ if i = Sk,

0, otherwise.

Variable o;; represents the stress on bar ¢ if its cross-sectional area is equal to sg; otherwise, o is zero.
Thus we have that
g; = E Oik-

ke

Additionally, we define ¢ as
d_ AlAl“ if T; = '0, (8)
0, otherwise.

Variable O';-i, for ¢ € Z, is a dummy variable and is equal to zero if bar i takes a nonzero cross-sectional area.
However, if z; = 0, then o¢ takes a nonzero value. Then, from equations (7) and (8), we have that

ke

Sved and Ginos (1968) demonstrated that when a bar has a zero cross-sectional area, the Euler buckling and
yield stress constraints must become inactive for that bar. As in equation (9), all variables oy, for k € K,
can be equal to zero by introducing variable J?. Thus, introducing dummy stress variables ensures that the
Euler buckling and yield stress constraints become inactive if the cross-sectional area of a bar is zero.

To enforce that z; € {0} US, for all i € Z, we use the incremental model proposed by Shahabsafa et al.
(2018, Section 2.2). Let K = {1,...,v — 1} and 0}, = sg1 — s for k € K. In the incremental model of the
discrete TTDSO problem, the cross-sectional areas of the bars are given as:

zi=s1y;+ > Opzin, €T,

ke
Yi 2 Zit, 1€Z, B (10)
Zi k=1 2 Zik, i€, ke K\ {1},
Y; € {O, 1}, 1t €L,
zir € {0,1}, i€, kek.

If yy =1 and z;; =0, then z; = s1. If 2, ,_1 =1 and z;; =0, then 2; = 5. If 2, ,_1 =1, then z; = s,,.



The following set of constraints are needed to enforce yield stress and Euler buckling constraints

max (—%SlaU;m.n) (ys — zi1) < o1 < o™ (y; — 2i1)
max (—7;Sk, Uszn) (zih—1 — 2ik) < ok < O (25 -1 — Zik)
max (—'yisv, of‘m) Ziw—1 J O L 072 41,

(1—y)od <o <(1—y)7d,

1€Z,
i€I, kek\{1},
1€,
1€XZ.

(11)

From constraints (11), it follows that if y; = 0, then o;x = 0, for all k € K, and ¢ < 0 <7, where

Equations (12) are obtained from (3), (4), and (5). If y; = 1, which implies that z; > 0, then of
addition, if z; ;_; = 1 and z;z = 0, then 0y = 0, for all k # k and max(—;sg, o}"") < o7, < 0}

Q?:)\i E riouy ™ + E Tiwznin )

Llrie<0 Llrie>0

—d __ min max

oy =\ g Ty + E TieUyp .
L|rig<0 L|rig>0

The incremental model for the TTDSO problem is as follows:

min

s.t.

Zpli$i7

i€z

Rg=f,

R'u=Al,

i — S1Yi — Z dkzik = 0,
kel

NiAl; — Z Oik — U? =0,
ke

qi — Z skoik = 0,

ke

ax

max (—’Yisl,tﬁnm) (yi — zi1) < oi1 < 07 (ys — 2i1)

max (—'yismzﬁ“i") (Zik—1 — zik) < o < 07" (Zip—1 — Zik)
max (—%sv,af‘in) Ziw—1 < 0w < 07 Ziw_1,

(1—yi)af <of < (1—y)as,

uf™ < up < up,

zi1 < Vi,

Zik < Zik—1,

Yi € {07 1}7
Zik € {O, 1},

d

max

i€,
i€,
i€,

i€,
i€, ke K\ {1},
1€,

1€,

le L,

i€,

i€, ke K\ {1},
i€,

ieZ, kek.

(12)

=0. In

(13)

An alternative to model (13) for the discrete TTDSO problem can be obtained by considering, instead
of e sequential binary variables (10), a basic choice of binary variables (as in Shahabsafa et al. (2018)). The
model is presented in Appendix 6.

Let N, for £ € L, be the set of the bars of the ground structure that are connected to the node
corresponding to the /-th coordinate of the displacement vector. The following constraints enforce that if no
bar is connected to a node, then the displacement of that node is zero.

uPm Yy <up SuPY g, L€ L
€N, 1€EN,

(14)



Adding constraints (14) to (13) increases the solution time of the problem, but if not added, the displacements
of the nodes with no bars connected to them may be nonzero. However, the optimal cross-sectional areas
of the problem do not change, i.e., the optimal structure still satisfies all the constraints of the problem
even if constraints (14) are not added. Thus, in what follows, instead of adding constraints (14) to the
model, as a post-processing step, we set the displacements of the nodes with no bars connected to them to
zero. Model (13) can be extended, as done by Mela (2014), to account for multi-scenario discrete TTDSO
problems.

Model (13) differs from the model proposed by Mela (2014) in three aspects: first, the model proposed
by Mela (2014) introduces a binary variable for each possible cross-sectional area of a bar, but in model (13)
binary variables represent the increments in the cross-sectional areas of the bars. Second, in contrast to the
model proposed by Mela (2014), we do not need to introduce binary variables for the nodes of the truss
structure in model (13). Third, variables 0?7 for i € Z, are introduced to ensure that yield stress and Euler
buckling constraints are not enforced when a bar vanishes from the structure. In Section 5, we demonstrate
that model (13) is solved significantly faster than the model proposed by Mela (2014).

4 Structure stability

In this section, we first propose necessary conditions for the kinematic stability of a truss structure. Then,
we propose a method to avoid kinematically unstable structures. While our method is new, it is similar in a
spirit to the methods proposed by Faustino et al. (2006) and Mela (2014). Most importantly, we prove that,
with probability one, the truss structures obtained by our method are kinematically stable. In what follows,
we refer to the truss corresponding to cross-sectional areas given by x € R™ as structure x. We need the
following definitions to present the results.

Definition 4.1 (Active bars). Active bars of structure x are the bars whose cross-sectional area is greater
than zero. The index set of the active bars of structure x is denoted by I%.

Definition 4.2 (Active nodes). An active node in structure x is a pinned node, which is connected to at
least one active bar. The index set of active nodes of structure x is denoted by J*.

Definition 4.3 (Active coordinates). The set of active coordinates in structure x is the set of the coordinates
corresponding to active nodes in structure x. The index set of the active coordinates is denoted by L*.

In what follows, vectors and matrices are defined in the reduced space of the active nodes and active bars.
Let m” and n® denote the number of active bars and the degrees of freedom of active nodes of structure =z,
respectively, i.e., m* = [Z*| and n® = |J*| x d.

Definition 4.4 (Reduced topology matrix). The reduced topology matriz of structure x, denoted by R* €
R™ X" s the topology matriz corresponding to active nodes and active bars.

Definition 4.5 (Reduced stiffness matrix). The reduced stiffness matriz of structure x, denoted by K*(x) €
R™ *"" s the stiffness matriz corresponding to the set of active nodes J*:

K*(@) =Y whrf ()", (15)
i€ZL™

where r{ € R™ s the topology vector corresponding to the i-th bar (i.e. i-th column of topology matriz R*)
in the lower dimensional space of the active nodes of structure x.

The reduced nodal displacements and reduced external force vector of structure x, respectively denoted
by u® and f¥, are the vectors of the nodal displacements and external forces in the lower-dimensional space
of the active nodes.

Definition 4.6 (Kinematic stability). A truss structure with cross-sectional area © € R™ is kinematically
stable if (R“‘)T u® =0 implies u* = 0 (Hajela and Lin, 1992; Rajasekaran and Sankarasubramanian, 2001).



Remark 4.7. Given that matriz K*(x) is positive semi-definite, the stability condition of Definition 4.6 is
equivalent to each of the following conditions:

o rank(R”) =n”
o det(K?(x)) > 0; hence, K*(x) is positive definite.

If structure x is not stable, then it is called an unstable structure.

4.1 Necessary conditions for truss kinematic stability

We propose necessary conditions for the stability of a truss structure and derive a set of constraints based
on those necessary conditions that are used to strengthen formulation (13) to reduce the solution time of
discrete TTDSO problems. To derive the necessary conditions, we need the following definition:

Definition 4.8 (Orientation vector). The orientation vector of a bar with respect to one of its end nodes is
the unit vector, which starts from that node pointing to the other node in the direction of the bar.

Suppose the coordinate system is specified. The coordinates of the topology vector r;, for i € Z, corre-
sponding to one of the end nodes of bar i are equal to the negative of the orientation vector of bar ¢ with
respect to that end node. The coordinates of the topology vector corresponding to the nodes that are not
connected to bar i are zero.

Proposition 4.9. If a truss structure is stable, for any active node, the orientation vectors connected to
that node span the space R?.

Proof. Suppose that we have a stable structure . We prove the result by contradiction. We assume that
there exists an active node in the structure whose set of orientation vectors, corresponding to the active bars
connected to that node, do not span the space R?.

Let R € R¥*™" be the sub-matrix formed by taking the rows of matrix R* corresponding to the degrees of
freedom of that node. The nonzero columns of matrix R are multiples of the respective orientation vectors of
the active bars connected to that node. Since the set of the orientation vectors do not span the space, we have

rank(R) < d, which implies that matrix R” is not full row rank. Hence, we conclude that rank(R*) < n”.
This contradicts the stability condition, as noted in Remark 4.7. O O

Remark 4.10. In a two-dimensional space, an active node in a stable structure has to be connected to at
least two bars that are not on one line.

Remark 4.11. In a three-dimensional space, an active node in a stable structure has to be connected to at
least three bars that are not in one plane.

Let the sets B; and B, for j € J, be the set of bar indices connected to node j in the ground structure
and in structure x, respectively. From Proposition 4.9, we know that the number of active bars connected
to a node should be more than or equal to the dimension of the space. The following constraints ensure this
necessary condition:

yid< > yn, i€BjEJ. (16)
hEBj

Let_set Q; contain the sets Qj of bar indices of the ground structure that are connected to node j such
that |Qj\_2 d and the orientation vectors of the respective bars do not span the space R?. In other words,
if B;C = Qj, for node j € J7, and for Q; € Q;, then structure z is not stable.

Fr(.)m Pro.p(.)siti.on 4.9, we know th.at, for all Q; € Q;, if Zie_Qj y; = |Q,|, then we must have Ziij\Qj Yi >
1. This condition is enforced by adding the following constraints:

iGQj ’iij\Qj



Figure 1 shows a simple instance in a three-dimensional space where five bars are connected to node j. In
that case, set @; is defined as:

Q; = {{1,2,3},{1,2,4},{1,3,4},{2,3,4},{1,2,3,4}},

where none of the sets included in @; span the three-dimensional space.

Figure 1: A simple instance of bars connected to a given node j with d = 3.

4.2 Enforcing kinematic stability by external force perturbation

In this section, we propose a method that enforces all the solutions of the discrete TTDSO problem to be
kinematically stable structures. The method is similar to the ones proposed by Faustino et al. (2006) and by
Mela (2014) in that it is based on perturbing the external forces of the truss. Faustino et al. (2006) developed
an optimization model based on a perturbation of the external forces and provided the intuition of why their
proposed perturbation results in a stable structure. However, they did not specify the characteristics of their
proposed random perturbation, which are necessary to ensure kinematically stable trusses. Mela (2014)
employed a predefined perturbation, which resembles the perturbation proposed by Faustino et al. (2006).
Empirically, Mela (2014) observed that for all the considered discrete TTDSO problem instances, solving
the perturbation model gave a kinematically stable structure. Neither Faustino et al. (2006) nor Mela (2014)
proved that their proposed perturbation methodology is guaranteed to eliminate unstable structures. Here,
we modify the perturbation methodology that proposed by the two articles cited above and rigorously prove
that the truss structures obtained by our perturbation method are kinematically stable.

Let N7, for £ € L, be the set of the bars of structure z with nonzero cross-sectional area that are connected
to the node corresponding to the ¢-th coordinate of the external force. We assume that the perturbation
vector of the external forces, denoted by p € R™, is randomly generated as follows:

De = Z peili, L€ L, (18)
i€EN,

where py;, for £ € L,i € T, are independent random variables with normal distribution with mean zero and
variance €2 where € is a small positive real number. If € is a large number, then the perturbation of the
external forces may potentially change the optimal solution of the problem. On the other hand, if € is too
small, it may lead to numerical instability when solving the problem. Notice that as defined by equation (18),
the random vector p is a function of the decision variable y € R™. Let p®, for structure x € R™, be the
reduced perturbation vector in the lower dimensional space of the active nodes.

Proposition 4.12. The reduced vector p*, for a given x € R™, has an n*-variate normal distribution.



Proof. Let x € R™ be given. From the set of constraints (6), we know that y; = 0, for ¢ € Z, if ; = 0. So
we rewrite the perturbation vector p for the given z as

> pu iflece,

Do = { ieENT leLl. (19)
0 otherwise,
We know that |£¥| = n?; thus, the perturbation vector p for given x has n” nonzero coordinates, each

of which is a sum of independent normally distributed random variables. Thus, for ¢ € L%, p, has a
normal distribution with mean zero and variance |J\/'f|62. Additionally, the coordinates of the vector p* are
independent from each other. Thus, vector p® has a multivariate normal distribution. O O

The perturbed external force f € R” is defined as:

f=r+p (20)

We prove that if the perturbed external force f is considered, with probability one, any feasible solution of
the incremental model (13) is stable. Let f*, for structure z € R™, be the reduced vector of the perturbed
external force f in the lower-dimensional space of the active nodes.

Lemma 4.13. Let structure x € R™ be unstable. Then the probability that the system of equations
K®(x)u® = f* has a solution for u* € R™ is zero.

Proof. Let x € R™ be given. Next, we compute the probability that the following equations hold for structure
x:

K*(z)u® = f* = f* +p". (21)

From this equation, we have f* +p” € col (K*(z)), where col(K”(z)) is the column space of matrix K ().
Thus, p® € col (K*(xz)) — {f*}.
Since structure z is kinematically unstable, from Definition 4.6, it follows that det(K*(z)) = 0. Therefore,
dim (col(K*(z))) < n”, and thus,
dim (col(K*(z)) — {f}) < n".

From Proposition 4.12, the random vector p® has an n®-variate normal distribution. Therefore, we conclude
that the probability that p* € col (K“’(x) — {fx}), i.e., that p® is in a subspace with dimension less than n*,
is zero. Thus, the probability that the set of equations (21) holds for an unstable structure is zero. [ [

Corollary 4.14. The probability that an unstable structure x € R™ is feasible for problem (13) with perturbed
external force f is zero.

Proof. Let x € R™ be given. If K(x)u = f holds then K?(z)u® = f7 is satisfied for structure z. Thus, from
Lemma 4.13, we conclude that equations K (z)u = f hold for unstable structure x with probability zero.
Additionally, we know that the equation system K (x)u = f is equivalent to the following set of constraints
Shahabsafa et al. (2018):

Rq=f,
RTu = Al,
Al = o,

q; = L;04, 1€ T.
Thus, the probability that an unstable solution z is feasible is zero. O O

Theorem 4.15. The probability that the feasible set of problem (13) with perturbed external force f, as
defined in (20), includes a kinematically unstable structure is zero.
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Proof. In the discrete TTDSO problem (13), cross-sectional area x;, for i € Z, takes values from discrete
set SU{0}. So the set of possible structures in problem (13) is finite, and thus, the set of possible unstable
structures is finite. Suppose set X = {x!,22,... 27} is the set of unstable structures that are feasible for
problem (13), where z* € R™ for k = 1,...,7 are the cross-sectional area vectors corresponding to each of
the unstable problem solutions. Let &, for k = 1,...,7, denote the event that structure z* is infeasible for
problem (13) with perturbed external force f, and let F be the complement of &, that is, F is the event
that structure x* is feasible for the perturbed version of problem (13). Next, we calculate the probability of
T

the event that all the structures from set X are infeasible. That is, we compute Pr( (] &). Notice that
k=1

C C

gl ={U7x
1 k=1

T

M-
k=1 k

T

From Lemma 4.13, it follows that Pr(Fy) =0 for k = 1,...,7. Thus, Pr( |J Fr) = 0, or equivalently
k=1

Pr ﬁ gk =1.
k=1

Therefore, the probability that all the unstable structures are infeasible is one, i.e., the probability that the
feasible set of the problem with perturbation (20) includes a kinematically unstable structure is zero. [ [

5 Numerical results

In this section, we present our numerical results. First, we compare model (13) with and without random
perturbation of the external forces to demonstrate the impact of the perturbation on the stability of the struc-
ture obtained from model (13). Moreover, we demonstrate the impact of adding necessary constraints (16)
and (17) on the solution time of model (13). Finally, we compare the solution time and weight of the solution
obtained from model (13) with those of the model proposed by Mela (2014).

The numerical results are run on a machine with Dual Intel Xeon@® CPU 4114 @ 2.20 GHz (20 cores)
and 128 GB of RAM. GuRoBi 8.1.1 (2019) is used to solve the MILO models, which has the capability of
using multiple threads in solving a MILO problem with the branch and bound algorithm and is set to use
10 threads in solving the MILO models. Since GuRoBi exhausts memory in solving the MILO models, the
NodefileStart parameter is set to 64 GB, which limits the memory to that amount. When the memory is
at the limit, the nodes are compressed and written to a local disk. The maximum solution time is set to one
day. Other GuRoBi parameters remain at the default values.

5.1 Michell Structure

Michell trusses (Sokét, 2011), which are widely used scalable two-dimensional truss problems, are used to
obtain the numerical results. A Michell truss is defined by four parameters: ng,n,,de,dy,. The first two
stand for the number of blocks in the ¢ and 7 directions and the last two describe the connectivity of diagonal
bars in the ground structure, respectively. The Michell truss has (ne + 1) x (n, + 1) nodes. Node (i, j), for
0 <i<mngand 0 <j<n,,is connected to node (¢, ;") in the ground structure, if i — d¢ < i’ < i+ de and
j—dy, <j < j+d, and there is no overlapping bar in the middle. If two bars overlap, we eliminate the
longest bar from the ground structure (Sokdl, 2011). If overlapping bars are allowed in the ground structure,
then chain eliminating constraints must be added (Mela, 2014). In a Michell truss, bars can cross each other,
but one can add constraints to the model to avoid crossing bars in a feasible structure. Nodes (0, n,/4)
and (0, 3n,,/4) are fixed. A downward external force fy is exerted on node (ng,n,/2). In Figure 2, Michell
ground structure 8-4-2-2 with its associated external force is demonstrated.
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Figure 2: Michell truss ground structure 8-4-2-2.

The discrete set of candidate radii of the cross-sectional areas of the bars in the Michell trussis {2,2.5,3,...,8} cm,
and 7w = 3.14. In Table 1, parameters of the Michell trusses are given. The data of the Michell trusses that
are solved in this study are made publicly available®.

Table 1: Parameters used in Michell trusses.

Property Value
fo 8 x 10°N
€ 4.61 x 102N
p 27.68kg/m”
E 69 GPa
umex 2n¢ cm
ymin —2n¢ cm
gmax 172.36 MPa
omin —172.36 MPa

5.2 Impact of external force perturbation and necessary conditions

In this section, we examine the impact of adding constraints (16) and (17) and the external force perturba-
tion (18) to model (13).

The optimal structure of the Michell truss 2-4-1-1 is shown in Figure 3. Figure 3a is the optimal structure
obtained by solving model (13) without constraints (16) and (17) and without the external force perturba-
tion. The solution is not stable. Figure 3b is the optimal structure obtained by solving model (13) with
constraints (16) and (17). The structure is still unstable, which demonstrates that constraints (16) and (17)
are not sufficient to obtain a kinematically stable structure. However, the structure shown in Figure 3c,
which is obtained by adding the external force perturbation to model (13) is stable. The reduced stiffness
matrices of the structures in Figure 3a and 3b are singular, while the reduced stiffness matrix of structure
in Figures 3c is positive definite and thus non-singular.

Lhttps://github.com/shahabsafa/truss-data.git
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a) Without constraints (16) b) With constraints (16) c¢) Without constraints (16)
and (17) and without pertur- and (17), but without pertur- and (17), but with perturba-
bation (20). The structure is  bation (20). The structure is tion (20). The structure is
unstable. unstable. stable.

Figure 3: Impact of adding constraints (16) and (17) and external force perturbation to model (13) on the
kinematic stability of Michell truss 2-4-1-1.

We now compare the solution time and the weight of the structures obtained from model (13) with
and without external force perturbation. Additionally, we analyze the impact of adding constraints (16)
and (17) on the solution time and weights of the structures obtained from model (13) with the external
force perturbation. As shown in Table 2, the solutions of model (13) without adding an external force
perturbation are not stable, which demonstrates the need for adding a perturbation to ensure structure
stability. Moreover, adding constraints (16) and (17) to model (13) with the external force perturbation
helps to significantly reduce the solution time for many of the Michell truss instances.

Figure 4 shows the Michell truss 7-4-1-1 obtained by solving model (13) with constraints (16) and (17)
and external force perturbation (20) with 24 hours solution time budget. The blue bars are under tension
while the red bars are under compression. We show the distribution of yield stress and Euler buckling
stress in Figures 4a and 4b, respectively. If we ignore Euler buckling constraints, the structure would
become symmetric. However, because of the Fuler buckling constraints and discrete cross sectional areas,
the optimal structure is not necessarily symmetric.

5.3 Comparison of the incremental model with the Mela’s model

In this section, we compare model (13), with constraints (16) and (17) added, with the model proposed by
Mela (2014). In both models perturbations of the external forces are considered, though perturbation in
the two models are different. In Table 3, ¢ and w denote the solution time and the weight of the structure
obtained from the model proposed by Mela (2014), respectively; and ¢’ and w’ denote the solution time and
the weight of the structure obtained from model (13), respectively.
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Table 2: Weights (kg) and solution times (s) for the proposed model with and without external force
perturbation (20) and constraints (16) and (17).

w/o perturbation (20) w/ perturbation (20) w/ perturbation (20)

Problem and w/o constrs. (16, 17) |and w/o constrs. (16, 17)|and w/ constrs. (16, 17)
(ng-ny-dg-dy) sol. time weight stable [sol. time weight sol. time weight
1-4-1-1 0.04 33.87 1 0.11 33.87 0.09 33.87
2-4-1-1 2.49 98.26 1 2.26 98.26 2.35 98.26
3-4-1-1 3.61 154.86 0 13.17 162.65 7.91 162.65
4-4-1-1 165.35 239.01 0 48862.00 253.07| 8574.00 253.07
5-4-1-1 1062.44 326.20 0 86400.00 339.76 | 28389.00 339.76
6-4-1-1 86400.00 433.34 0 86400.00 461.04 | 86400.00 457.32
7-4-1-1 86400.00 552.35 0 86400.00 584.60 | 86400.00 585.22
8-4-1-1 86400.00 662.81 0 86400.00 724.32|86400.00 719.77
2-4-2-2 0.88 84.29 1 0.88 84.29 0.91 84.29
3-4-2-2 8.68 149.30 0 103.65 157.50 31.36 157.50
4-4-2-2 129.42 222.66 0 46992.00 235.85| 6122.00 235.85
5-4-2-2 3271.16 311.10 0 86400.00 325.23 | 86400.00 325.23
6-4-2-2 86400.00 407.62 0 86400.00 430.87|86400.00 436.50

Table 3: Weights (kg) and the solution times (s) for proposed model and Mela (2014) model.

Problem Mela (2014) model Model (13) Yoo wf
(ng-ny-de-dy) t w t w’ ! fe
1-4-1-1 0.25 33.87 0.09  33.87 | 3.57 1.000
2-4-1-1 7.58 98.26 2.35  98.26 3.23  1.000
3-4-1-1 453.13 162.65 791 162.65 | 57.29 1.000
4-4-1-1 86400 253.07 8574 253.07 | 10.07 1.000
5-4-1-1 86400 346.65 | 28389 339.76 | 3.03 1.020
6-4-1-1 86400 464.53 | 86400 457.32 1.00 1.016
7-4-1-1 86400 621.94 | 86400 585.22 1.00 1.063
8-4-1-1 86400 — | 86400 719.77 1.00 00
9-4-1-1 86400 — | 86400 846.60 1.00 00
2-4-2-2 1.19 84.29 0.91 84.29 1.31 1.000
3-4-2-2 282.33 157.50 | 31.36 157.50 | 9.00 1.000
4-4-2-2 86400 236.04 6122 235.85 | 14.11 1.000
5-4-2-2 86400 330.56 | 86400 325.23 1.00 1.016
6-4-2-2 86400 446.32 | 86400 436.50 1.00 1.022
7-4-2-2 86400 — | 86400 560.02 1.00 ()
8-4-2-2 86400 — | 86400 683.23 1.00 ()
9-4-2-2 86400 — | 86400 879.08 1.00 00
6-4-3-3 86400 — | 86400 447.38 1.00 00
7-4-3-3 86400 — | 86400 590.47 1.00 00
8-4-3-3 86400 — | 86400 691.29 1.00 00

From Table 3, the proposed model (13) is significantly faster and provides lighter feasible solutions than
the model proposed by Mela (2014) (up to 57 times) in the instances that are solved to the global optimality.
As the problem size grows, the model proposed by Mela (2014) fails to provide a feasible solution in the
one-day time limit, while our proposed model provides a relatively good solution in the 24-hour time limit.
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a) Yield stress constraint plot, we have o™ = gy,c™™ = —gy. A bar in blue

indicates it under tension and a bar in red indicates it is under compression.
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buckling

b) Buckling constraint plot. A bar under compression is shown in red and a bar
in tension is masked with grey.

Figure 4: Stress and buckling of the proposed model’s solution for the Michell truss 7-4-1-1. The undeformed
structure is shown in gray in the background. For better visibility, the displacements are magnified.
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6 Conclusions

In this paper, we developed a novel MILO model for the discrete TTDSO problem. We introduced necessary
conditions that are required for a truss structure to be kinematically stable. Moreover, by introducing a novel
way to handle an external force perturbation, we formally proved that, with probability one, the solutions
of the MILO model are kinematically stable. We presented numerical results to demonstrate the efficacy
of the proposed MILO model with external force perturbation in providing kinematically stable structures.
Compared to the model proposed by Mela (2014), we demonstrated that our MILO model is up to 57 times
faster in proving the optimality of the Michell trusses, and is significantly faster in achieving the optimal
solution of discrete TTDSO problems when optimality is proved and reached, respectively. With our new
model, we have obtained high quality solutions for Michell trusses with up to 388 potential bars, while we
could not get even a feasible solution with the 24-hour time budget for Mela’s model for large structures.
These results indicate that our methodology can be applied to other truss design problems and with other
objectives.

It is worth mentioning that standard MILO solvers are used in this paper to solve the TTDSO problems.
Special purpose solution methodologies (see e.g., Shahabsafa et al. (2018)) can be developed in the future
to solve larger scale TTDSO problems.
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Appendix
In the basic discrete model, the choice constraints for the TTDSO problem are defined as:

a:izg SkZik, €T,

ke
kex
Yi € {07 1}7 (&S Iv

zi, € {0,1}, i€Z,keKuU{0}.

If y; = 1, then bar i takes value from the discrete set S, while y; = 0 enforces x; = 0 vanishes from the
structure. In addition, to enforce equalities (7) and (8), the following set of constraints are needed:

(1-wy)ad < of

< (1 -7y, i€,
max (—7v;sg, o) 2z, < o < o

X ik 1€Z, keK. (23)

The Euler buckling constraints are incorporated in the set of constraints (23) as well. The basic MILO
model for topology design and sizing optimization is defined as

min Zplixi’

€L
s.t.Rq = f,
RTu = Al,
xi—Zskzikzo, 1€,
keKxK
ANAL =Y o — o =0, i€T,
ke
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Qi_zskaik:()a i€,

ke

> ik =vi, i €1,
kek

max (—’yisk, af“i“) Zikk < o < 07 2 1€, kek,
u?ﬂn <up < u;lla)c’ leL,
(1—y)of <of <(1-w:)77, i€l
y; € {0,1}, i€,
zik € {0,1}, i€I, kek.

If y; = 1, for ¢ € Z, then the problem reduces to a truss sizing optimization problem.
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