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ARTICLE INFO ABSTRACT

Structural optimization in engineering has traditionally focused on minimizing material weight to enhance ef-
ficiency and performance. However, due to fabrication, transportation, and assembly requirements, minimizing
material consumption does not necessarily minimize total construction cost. Lightweight designs may involve
increased nodal connectivity, a higher diversity of cross-sections, or the use of oversized or overweight mem-
bers, thereby raising production effort, installation complexity, and logistical costs. To address this issue, three
dimensionless indices are proposed in this study, namely typological complexity, nodal complexity, and logistical
complexity. These indices enable a quantitative assessment of structural complexity to be performed alongside
material weight. When embedded into a multi-objective optimization framework, they allow structural designs to
be evaluated in terms of material efficiency, manufacturing standardization, topological simplicity, and logistical
convenience. In this way, trade-offs among these competing design aspects can be systematically explored. The
applicability of the proposed framework is demonstrated through three case studies: a planar cantilever truss, a
three-dimensional geodesic dome, and an industrial steel building. The results show that the proposed indices
can provide complementary information beyond material weight and enable a more comprehensive evaluation
of alternative structural designs. Consequently, the framework supports more informed decision-making during
early design stages.
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1. Introduction
1.1. Background and motivation

The structural design process is commonly divided into three major
stages: the conceptual design stage, the preliminary design stage, and the
detailed design stage, as shown in Fig. 1. Among these, the conceptual
design stage plays a dominant role, as it defines the fundamental struc-
tural scheme, including the global layout, load-transfer mechanisms, and
primary member arrangement (Ma et al., 2026). This stage is character-
ized by a high degree of design freedom, ranging from general topology
and geometry to member sizing. It allows substantial modifications to
the structural system, and has a profound and long-lasting influence on
fabrication, construction feasibility, and the total project cost (Evers &
Maatje, 2000).

Structural design optimization aims to improve structural perfor-
mance through systematic adjustments of design variables under pre-
scribed constraints, with the goal of achieving safe and economical

solutions. Structural optimization conducted at the conceptual design
stage is particularly effective in influencing the economic performance
of engineering structures, owing to its high flexibility in altering topol-
ogy and geometry (An et al., 2025; Ruy et al., 2001; Zhang et al., 2023),
as well as its decisive impact on downstream processes (Frangedaki et
al., 2021). Traditionally, such early-stage optimization has primarily
focused on minimizing material consumption, typically by minimizing
weight or volume (Erbatur & Al-Hussainy, 1992). Weight-based objec-
tives are attractive at this stage because they provide a simple and
intuitive metric for comparing alternative structural schemes.
However, the total installed cost of an engineering structure
is generally not a linear function of its material weight alone
(Ashworth & Skitmore, 1983). Fabrication, assembly, transportation,
and erection may contribute substantially to the overall cost (Ruby,
2008). This distinction is particularly important for steel structures.
Unlike concrete structures, whose costs is often strongly influenced
by concrete volume, reinforcement, and formwork-related expenses
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$C_{\text {tot}}$


\begin {align}\label {eq:comprehensive cost} C_{\text {tot}}=C_{\text {mat}}+C_{\text {typ}}+C_{\text {nd}}+C_{\text {log}}.\end {align}
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\begin {align}\label {eq:profile cost} C_{\text {typ}}=p_{\text {stl}}\sum _{i=1}^{n_\text {b}}\gamma _iw_i.\end {align}
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\begin {align}\label {eq:gamma} \gamma _{i}(n_{i})=\gamma _{\min }+\frac {\gamma _{\max }-\gamma _{\min }}{1+\exp (k(n_{i}-n^{*}))}.\end {align}
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\begin {align}\label {ieq1} C_{\text {nd}} =p_{\text {nd}}\rho _{\text {nd}}\sum _{i=1}^{n_\text {n}}v_{\text {n},i}=p_{\text {nd}}\rho _{\text {nd}}\sum _{i=1}^{n_\text {n}}\sum _{j=1}^{n_{\text {b},i}}a_{j,i}l_{\text {c},j,i}.\end {align}
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\begin {align}\label {eq:node cost} C_{\text {nd}} =p_{\text {stl}}\rho _{\text {stl}}\sum _{i=1}^{n_\text {n}}\sum _{j=1}^{n_{\text {b},i}}a_{j,i}l_{\text {c}} =p_{\text {stl}}\sum _{i=1}^{n_\text {n}}\sum _{j=1}^{n_{\text {b},i}}w_{j,i}\frac {l_{\text {c}}}{l_{j,i}}.\end {align}
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\begin {align}\label {eq:node cost simplified} C_{{\textrm {nd}}} = p_{{\textrm {stl}}} \sum _{i=1}^{n_\text {b}} 2\, w_i \frac {l_{{\textrm {c}}}}{l_i}.\end {align}


$C_{\text {log}}$


\begin {align}\label {eq:log cost} C_{\text {log}}=p_{\text {log}}\sum _{i=1}^{n_\text {b}}(1+\beta _\text {l}\delta _{\text {l},i}+\beta _\text {w}\delta _{\text {w},i})w_{i}.\end {align}
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\begin {align}\label {eq:material cost} C_{\text {mat}}=p_{\text {stl}}\sum _{i=1}^{n_\text {b}}w_i=p_{\text {stl}}\rho _{\text {stl}}\sum _{i=1}^{n_\text {b}}a_il_i.\end {align}


\begin {align}\label {ieq2} C_{\text {tot}}= p_{\text {stl}}\sum _{i=1}^{n_\text {b}}w_i+ p_{\text {stl}}\sum _{i=1}^{n_\text {b}}\gamma _iw_i+ p_{\text {stl}}\sum _{i=1}^{n_\text {b}} 2\, w_i \frac {l_{\text {c}}}{l_i}+ p_{\text {log}}\sum _{i=1}^{n_\text {b}}(1+\beta _\text {l}\delta _{\text {l},i}+\beta _\text {w}\delta _{\text {w},i})w_{i}.\end {align}


$w_{\text {tot}}=\sum _{i=1}^{n_\text {b}}w_i$


$r_i=\frac {w_i}{w_{\text {tot}}}$
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\begin {align}C_{\text {tot}}=p_{\text {stl}}w_{\text {tot}}\left (1+ \underbrace {\sum _{i=1}^{n_\text {b}}\gamma _ir_i}_{c_\text {t}}+ \underbrace {\sum _{i=1}^{n_\text {b}} 2\, r_i \frac {l_{\text {c}}}{l_i}}_{c_\text {n}}+ \underbrace {\frac {p_{\text {log}}}{p_{\text {stl}}}\sum _{i=1}^{n_\text {b}}(1+\beta _\text {l}\delta _{\text {l},i}+\beta _\text {w}\delta _{\text {w},i})r_i}_{c_\text {l}}\right ). \label {eq:ctcncl}\end {align}
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\begin {align}\label {ieq3} C_{\text {tot}}=p_{\text {stl}}w_{\text {tot}}(1+c).\end {align}
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\begin {align}\min _{\boldsymbol {x}}(w_{\text {tot}},c_{\text {t}},c_{\text {n}},c_{\text {l}}) \label {eq:mo_eq}\end {align}
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$g\leq 0$
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Fig. 1. Design stages.

(Sirca Jr & Adeli, 2005), steel structures are highly sensitive to fabrica-
tion complexity, cross-sectional diversity, joint detailing, and logistical
requirements. Published benchmarks consistently support this observa-
tion. Fig. 2 reports that raw materials and fabrication each typically
account for 30-40% of the cost of a steel frame, while on-site construc-
tion accounts for approximately 10-15%. Similarly, Carter and Schlafly
(2008) emphasize that fabrication and erection labour constitute a sub-
stantial share of steel construction costs and that minimum weight does
not necessarily correspond to minimum cost. This broader cost per-
spective is also adopted by Barg et al. (2018), who identify material,
fabrication, and erection as the principal components of the total in-
stalled cost of structural steel frames. Vares et al. (2019) reported cost
ranges of 600-750 £/t for raw materials, 325-455 £/t for fabrication,
120-167 £/t for construction, and 22-25 £/t for transportation of new
structural steelwork. Although these proportions vary with structural
type, location, market conditions, and project-specific factors (Rafiei
& Adeli, 2018), they demonstrate that weight alone is insufficient to
represent construction cost. In particular, cross-sectional diversity can
increase procurement, fabrication, and inventory demands (De Biagi et
al., 2024; Hayalioglu & Degertekin, 2005); complex nodes can increase
detailing and assembly effort; and large or heavy members may require
special transportation and lifting arrangements. These constructability-
related characteristics may increase cost, duration, and execution risk
even when a design is materially efficient (Arditi et al., 2002; Russell
et al., 1994), while highly fragmented layouts may also compromise
structural clarity and architectural coherence (Melchiorre et al., 2026).

Accordingly, this research aims to extend conventional
material-based structural optimization frameworks by explicitly
incorporating construction-related cost components associated with
structural complexity, thereby providing a more realistic and practically
relevant basis for early design stages.

1.2. Literature review

Traditional structural optimization formulations that focus exclu-
sively on minimizing material consumption often produce designs with
a wide variety of cross-sectional profiles, numerous nodes, and many
small members (Melchiorre et al., 2025). This tendency is particularly
evident in topology optimization (Dorn et al., 1964), where members
are individually sized to reduce structural weight, and small members
are generated to improve the load-transfer efficiency. Although such
solutions may be materially efficient, their diverse sections and frag-
mented layouts can increase fabrication, connection, transportation, and
erection efforts.

Construction
10% ~ 15%

Fabrication
30% ~ 40%

Material
30% ~ 40%

Fig. 2. Cost components of a typical steel frame (SteelConstruction.info, 2024).

Grouping is a widely adopted strategy for improving the practicality
of optimized structures by assigning multiple members to common cross-
sectional profiles. Groups have been defined according to internal forces
(Krishnamoorthy et al., 2002), member lengths (Biedermann & Grierson,
1995), and sectional properties (van Woudenberg & van Der Meer, 2021;
Walls & Elvin, 2010), while clustering techniques such as K-means have
enabled more automated classification (Lu & Xie, 2023). For topology-
optimized structures, grouping is often combined with post-processing
or rationalization procedures. He and Gilbert (2015) simplified overly
complex truss layouts by merging nearby nodes and modifying member
intersections, while Lu and Xie (2023) combined clustering with geom-
etry optimization. A similar strategy was subsequently applied to frame
structures by Liu et al. (2023).

An alternative is to control complexity directly during optimization
through additional objectives, constraints, or cost terms. Early studies in-
troduced notional joint lengths (Parkes, 1975) or explicitly penalized the
number of members and nodes (Torii et al., 2016). More recent formula-
tions have considered the number of distinct profiles and member subdi-
visions (Cucuzza et al., 2024), connection costs (Asadpoure et al., 2015),
and fabrication-related penalties (Lai et al., 2025). Multi-objective ap-
proaches have also been used to expose the trade-offs between struc-
tural weight and profile diversity (Carvalho et al., 2024; Melchiorre
et al., 2025), constructability (Moroni & Forcael, 2026), and environ-
mental or project-level performance (Peng et al., 2023). These stud-
ies demonstrate the value of Pareto-based decision-making, although
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they generally consider only a limited subset of construction-related
attributes.

The economic consequences of complexity also depend on the
adopted manufacturing system. Modular production and robotic au-
tomation can reduce repetitive labour and production time, while re-
quiring additional investment in machinery, programming, and mainte-
nance (Ouda & Haggag, 2025). Additive manufacturing further changes
the cost structure of complex connections. In particular, Wire-and-Arc
Additive Manufacturing has been combined with structural optimization
to produce complex steel joints that would be difficult to manufacture
using conventional cutting and welding processes (Chen et al., 2024;
Laghi et al., 2024). Such technologies may reduce the conventional
penalty associated with nodal complexity, but introduce manufactur-
ing time, deposition, post-processing, and inspection requirements.
Complexity costs should therefore be regarded as dependent on the
available fabrication technology.

Several studies have demonstrated how construction-related costs
can be derived from measurable production information. Process-based
steel cost models calculate material, cutting, welding, assembly, and
erection costs from operation quantities and production rates (Pavlov¢i¢
et al., 2004). BIM-derived quantities and actual fabrication records have
also been used to estimate shop labour requirements and fabrication
costs (Hu et al., 2014; Mohsenijam & Lu, 2016). Barg et al. (2018)
automatically generated fabrication-level bills of quantities from struc-
tural models and combined them with supplier unit rates to estimate
material, fabrication, and erection costs during early design. These stud-
ies indicate that real project records, labour hours, supplier prices,
and contractor quotations can provide a practical basis for identifying
project-specific complexity parameters.

BIM provides an advanced information structure for linking struc-
tural geometry and detailing with quantities, schedules, and cost data.
Recent studies have extended this capability through 5D BIM for in-
tegrated cost estimation and control (Pishdad & Onungwa, 2024),
construction digital twins for incorporating site and production feed-
back (Saif et al., 2024), and machine-learning models that relate BIM
features to recorded fabrication and assembly performance (Karadimos
& Anthopoulos, 2024; Soh et al., 2022). These technologies support
the identification and updating of project-specific cost and productiv-
ity relationships, although the resulting models remain dependent on
the available project data.

The literature shows that structural weight alone does not ade-
quately represent construction complexity. Grouping and rationalization
methods primarily simplify structural configurations; penalty-based ap-
proaches often employ abstract complexity measures; and detailed cost-
estimation methods are rarely incorporated as separate objectives within
structural optimization. Moreover, recent developments in automa-
tion, BIM, and AI emphasize that complexity costs are measurable but
project-dependent. This motivates a unified formulation that separately
quantifies different complexities using physically interpretable, dimen-
sionless indices and examines their trade-offs with material consumption
within a multi-objective optimization framework.

1.3. Contribution of this work

This study incorporates a parametric criterion of structural complex-
ity intended to capture construction-related effects within structural
optimization, as illustrated in Fig. 3. The formulation extends beyond
material-based metrics by explicitly accounting for typological diversity,
nodal demand, and logistical requirements. These factors reflect fabrica-
tion effort, assembly operations, and transportation constraints, which
are not directly represented by structural weight alone.

The primary contribution of this work lies in the formulation of
three dimensionless and physically interpretable structural complexity
indices, namely typological complexity, nodal complexity, and logisti-
cal complexity. These indices are defined in normalized, dimensionless
form and are directly linked to measurable engineering quantities such
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as cross-section distribution, member connectivity, and component size.
The dimensionless definition expresses each complexity component
relative to the material cost and enables consistent comparison among
design alternatives evaluated under a common construction scenario.
In this way, structural complexity is quantified explicitly rather than
treated implicitly through empirical penalties.

To demonstrate their applicability, the proposed complexity indices
are embedded within a standard multi-objective optimization frame-
work together with material weight. This setting enables systematic
exploration of trade-offs between material efficiency and construction-
related attributes.

By integrating the dimensionless complexity indices into the multi-
objective optimization, the framework enables simultaneous assessment
and minimization of material consumption and construction-related
costs. It provides a quantitative basis for evaluating trade-offs among
material efficiency, fabrication standardization, topological simplicity,
and logistical convenience, thereby supporting designers’ decision-
making in early design stages.

1.4. Organization

The rest of the paper is organized as follows: Section 2 introduces the
comprehensive cost model. Section 3 illustrates the proposed approach
through three case studies: a planar truss cantilever, a three-dimensional
geodesic dome, and an industrial steel building. Conclusions are pre-
sented in Section 4.

2. Comprehensive cost model

This study focuses on steel structures and aims to establish a com-
prehensive cost model that explicitly accounts for both material-related
and complexity-related cost components. Accordingly, the total cost,
denoted as C,,, is decomposed into four parts, given by:

Ciot = Cpae + C[yp +Cya t Clog' (€}

where C,,, is the pure material cost, C,y,, is the fabrication and profile-
diversity cost, C,4 is the nodal connection cost, and Cy,, is the transport

and erection cost.
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2.1. Base cost: material consumption

Similar to how it is defined in the classical structural optimization
problem, the base material cost C,, is calculated by:

b 1
Cinat = Psu Z W; = PsiPstl Z al;. ©3)
i=1 i=1

where pg, is the unit price of steel, py, is the mass density of the steel,
ny, is the number of components in the structure, and w;, a;, [; are the
weight, cross-sectional area, and length of the i-th member, respectively.

2.2. Typological complexity: fabrication and profile surcharge

Typological complexity is introduced in this study to indirectly
account for a portion of the total construction cost associated with pro-
file diversity. The diversity of steel profiles is important in practical
engineering (Carvalho et al., 2024), as each distinct profile requires inde-
pendent procurement, dedicated workshop setup, separate cutting lists,
quality control procedures, and specific inventory management. As a
result, rarely used profiles (i.e., those adopted only once or twice) are
usually associated with higher unit costs, whereas widely used profiles
benefit from economies of scale (Stigler, 1958) and standardized produc-
tion (Azad et al., 2021). Therefore, in the proposed cost model, the unit
fabrication cost of each element is assumed to depend on the number of
elements sharing the same cross-sectional profile.

The underlying assumptions are as follows: (1) high initial unit costs
are incurred for low repetition levels due to setup, specialization, and
limited production efficiency; (2) increasing cost benefits are achieved as
the degree of standardization and production volume increase; and (3) a
lower bound of unit cost reduction is reached when the repetition level
becomes sufficiently large. These characteristics are typical of learning-
curve and mass-production effects in industrial manufacturing.

Let y; denote the typological-cost ratio relative to the base steel price.
The typological cost can then be expressed as:

N
Ctyp = Psu 2 Yil;. 3)
i=1

Here y; is is modeled using a logistic/sigmoid model, which has also
been adopted in the previous study (Lai et al., 2025) as a function to
penalize small cross-sectional areas. The curve is shown in Fig. 4. y; is
determined by the multiplicity number »; of elements using the same
profile, stated as:

Ymax ~ Ymin
4

7i(n) = Ynin + Jprpe——

where y,,.., is the highest cost factor for rare profiles, and y,;, is the min-
imal cost factor for widely used profiles. k is the learning factor, a rate
parameter controlling the steepness of the logistic decrease. n* is the
characteristic repetition level corresponding to the midpoint (inflection
point) of the transition, at which the second derivative is equal to zero. n*
can be calculated by a given repetition limit ), as n* = % The func-
tion mathematically satisfies lim,, __o, 7,(n;) = rmax lim, o 7;(n) =

k 'min +¥max *
Ymin>» Yi(n*) = %: and y,.”(n ) =0.

2.3. Nodal complexity: equivalent connection demand

The cost of nodes plays a critical role in the total structural cost,
and thus has received significant attention in existing studies (Ranalli et
al., 2018; Van Mellaert et al., 2016). In practical engineering, node cost
is primarily governed by the equivalent amount of connection-related
steel, including bolts, welds, gusset plates, and local stiffening compo-
nents (Havelia, 2016; Jarmai & Farkas, 1999; Pavlov¢ic et al., 2004), as
well as the local congestion level and construction accessibility at the
nodes.

For the purpose of preliminary structural optimization, this cost is
approximated using a simplified model that assumes: (1) the volume of
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a node is the sum of the connection volumes contributed by all mem-
bers connected to it, representing the material consumption associated
with bolts or welds; (2) each member’s connection volume is assumed to
be proportional to its cross-sectional size, implying that members with
larger cross-sections require proportionally more connecting bolts or
weld material. The corresponding proportional factor has the dimension
of length and is therefore called the equivalent connection length.

Based on these assumptions, the cost of the nodes C,4 can be stated
as:

n ny M

Chd = PndPnd Z Un,i = PndPnd Z 2 aj,ilcfj,i' (5)
i=1

i=1 j=1

where p,, is the unit price of the connection material, p,4 is its mass
density, n, is the number of nodes in the structure, v, ; is the equivalent
volume of the i-th node, n,; is the number of the elements meeting at the
i-th node, a;; is the cross-sectional area of the j-th member connected
to the i-th node, and [ ; ; is its equivalent connection length.

Suppose the node material is identical to the connected members
(i.e., structural steel), and the equivalent connection length is a constant
1. for all members. Then we obtain:

ny M iy Mo,

Cnd = PsuPstl Z Z ajv[lc = Psu Z Z wj’[%. (6)
Jsl

i=1 j=1 i=1 j=1

where w; ; is the weight of the j-th member connected to the i-th node,
and /;; is its length. Fig. 5 illustrates how the node cost is approximated.
I, can be estimated from the connection-material volume associated
with bolts, weld metal, etc., per unit member cross-sectional area. Note
that if the material of the connection and the member are not identi-
cal, /. should be adjusted according to the price and density difference.
Meanwhile, /. can also incorporate the effects of construction difficulty,
such as welding time and bolt installation effort, through an empirical
amplification factor.

For a truss structure where each member connects exactly two nodes
and the cross-section is uniform along its length, the double sum in
Eq. (6) can be simplified to a sum over members:

My
I}
Cna =pst122wil_c_' @
i=1 !

This expression explicitly shows that each member contributes at both
end nodes, thus increasing the number of members tends to increase the
nodal cost. Hence, minimizing node cost encourages fewer members,
promoting topological simplicity.

2.4. Logistical complexity: transportation and erection

The assembly of fabricated structural components on the con-
struction site is an important component of the total structural cost
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Fig. 5. Equivalent node volume.

(Sarma & Adeli, 2000). The length and weight of each structural element
determine the selection of transportation vehicles, lifting cranes, hoist-
ing techniques, and the associated assembly risks. The logistical cost is
therefore related not only to the total structural weight but also to the
distribution of member lengths and weights, particularly exceedances of
standard transportation and lifting thresholds. Elements with moderate
lengths and weights are easier to transport and assemble. In contrast, ex-
cessively long or heavy members usually require special transportation
arrangements and lifting methods, resulting in additional construction
costs.

The proposed logistical cost model is established under the follow-
ing assumptions: (1) the cost of transportation and on-site assembly is
assumed to be positively correlated with the total structural weight, re-
flecting the direct relationship between mass and logistical effort; (2)
oversized or overweight members that exceed standard transport or lift-
ing limits require special handling methods, such as dedicated vehicles
or cranes, resulting in additional costs.

Accordingly, the cost Gy, is stated as:

N
Clog = Plog 2(1 + ﬂl‘sl,i + ﬂwawﬁi)wi' ®

i=1

where p,,, is the construction price per kg of normal members. f; and
p,, are the oversized and overweight factors for specially long and
heavy members. é;; and 6, ; represent the normalized length and weight
exceedances of the i-th member, which can be calculated by:

I,
8, = max <0, — - 1>
lref

6, max | 0. | 1
L= X , — .
! Wref

where I+ and w, are the reference length and weight thresholds for
standard transportation and erection, which can be selected accord-
ing to national transportation regulations or standard heavy-duty truck
specifications.

9

2.5. Comprehensive cost and dimensionless complexity indices

In the context of this study, structural complexity is interpreted from
a construction-oriented perspective. A structure is considered complex if
itinvolves (i) a high diversity of cross-sectional types, leading to reduced
standardization; (ii) a large number of members and connections, or
intricate topological configurations, increasing assembly effort; and (iii)
components that are difficult to transport or lift, such as excessively long
or heavy members.
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Substituting Egs. (2), (3), (7), and (8) into Eq. (1) gives:

, , ny L ,
Ciot = Pa Z W; + Py Z YiW; + Py Z 2w, —L + Piog Z(l + Ridy + Byby wi
i=1 i=1 i=1 i i=1
(10

Let w, = X° w; be the total weight of the structure, and r, = ::n

be the relative weight of the i-th member to the structure, then the
comprehensive cost can be rewritten as:

ny, ny, ny,
] plog
Ciot = Psalpor | 1 + Z virit Z 2’1'1_C + 2(1 + B0y + Byby )i |-
p = P
M~ Y—— S -
o ¢y cl

(1D

where ¢, ¢, and ¢, are the dimensionless complexity indices related to
types, nodes and logistics, respectively. They represent the relative con-
tribution of each complexity component to the total cost, expressed as a
proportion of the pure material cost.

Let ¢ = ¢, + ¢, + ¢ represent the overall complexity of the structure.
The comprehensive cost can be expressed in a simple penalized format
as follows:

Clot = pstlwtol(l + C)' (12)

It is important to note that these complexity components are
not independent of structural weight, nor of each other. Reducing
material weight often requires increased structural refinement, such
as a larger number of members or greater cross-sectional diversity.
Conversely, simplifying fabrication, assembly, or logistical costs typ-
ically promotes standardization and modularization, which can lead
to heavier structural solutions. As a result, inherent conflicts arise be-
tween material efficiency and different aspects of construction-related
complexity.

2.6. Multi-objective optimization workflow

To capture the trade-off between structural weight and complex-
ity, a multi-objective optimization framework is established following
the workflow shown in Fig. 6. The process begins with a preliminary
analysis that considers market conditions, fabrication capability, labour
cost, site constraints, transport limits, and code regulations. Based on
this analysis, key parameters are assigned, including material type and
price, section catalog, and complexity-related parameters. The design
variables, covering topology, geometry, and sizing, are then defined
based on the design flexibility available at the current stage. The ob-
jective functions are formulated using the assigned parameters, while
structural verifications (strength, stiffness, stability) are imposed as con-
straints. Then, the total weight w,,, the typological complexity ¢, the
nodal complexity c,, and the logistical complexity ¢, are simultaneously
minimized:

min(twg, € €y €1) 13

The Genetic Algorithm (GA) is a well-established optimization
method capable of handling mixed discrete and continuous variables,
multiple local minima, and highly non-linear, non-convex objectives
(Holland, 1992; Rajeev & Krishnamoorthy, 1992). It has been demon-
strated that GA can optimize steel structures with respect to topology,
geometry, and sizing (Kociecki & Adeli, 2015; Zawidzki & Jankowski,
2019). In this study, a multi-objective Non-dominated Sorting Genetic
Algorithm II (NSGA-II) (Deb et al., 2002) is employed to investigate the
trade-offs among conflicting objectives.



Y. Ma, C. Song, L. Sardone et al.

Computer-Aided Civil and Infrastructure Engineering 51 (2026) 100186

Preliminary analysis
Marketing, fabrication capability, labor cost, site conditions, transport limits, code regulations...

I

Parameter assignment
Material type and price, section catalog, and complexity parameters

!
Design variables

* Topology
*  Geometric
e Section Size

I

Parametric truss model

I

Finite element model

Variables

Objectives

Constraints

Multi-objective optimization
global search: NSGA-II NATTAR
(optional) local refinement: &-constraint

1_l c

Pareto front solutions

I

Representative solutions

1
Load responses
!
Structural verifications
» Strength
«  Stiffness

» Stability

Evaluation and decision
by designers

Fig. 6. Workflow.

Table 1

Physical interpretation and required information for identifying the complexity parameters.

Index  Parameter  Meaning Unit Required information

- Psa Unit material price of structural steel currency/kg  Steel supplier quotations or procurement records

¢ Yimax Fabrication-cost ratio for rarely used profiles - Normal fabrication cost and rare-profile surcharge per unit mass
¢ Ymin Standard fabrication-cost ratio for highly repeated profiles - Normal fabrication labour or cost per unit mass

¢ My Repetition level beyond which additional savings are limited  — Profile repetition and corresponding fabrication labour or cost
¢ k Rate of unit-cost reduction with increasing repetition - Fabrication labour or cost at different repetition levels

Cn I Connection cost expressed as an equivalent member length m Connection materials and connection-specific fabrication and erection costs
o Plog Baseline transport and erection cost per unit steel mass currency/kg  Normal transport, lifting, handling, and erection costs

Q Lees Length threshold for standard transport and erection m Vehicle, route, fabrication, lifting, and site length limits

Q Weet Weight threshold for standard transport and erection kg Vehicle payload, crane capacity, and site handling limits

q B Additional cost factor for members exceeding /. - Additional transport and erection costs for long members

Q P Additional cost factor for members exceeding w,.¢ - Additional transport and erection costs for heavy members

To improve the local accuracy of the Pareto front obtained by
NSGA-II, e-constraint (EC) method (Haimes, 1971; Mavrotas, 2009) can
subsequently be employed to refine the continuous cross-section vari-
ables. In each EC subproblem, one objective is minimized while the
other is imposed as an inequality constraint with a prescribed upper
bound. The resulting scalar problems are solved using a gradient-based
Sequential Quadratic Programming (SQP) algorithm (Nocedal & Wright,
1999) with analytical derivatives. The original definitions of ¢, and ¢ are
non-differentiable because they involve a discrete multiplicity count and
max operators. To enable gradient-based local refinement, differentiable
approximations are introduced in Appendix B, and the corresponding
analytical gradients are derived in Appendix C. Nevertheless, NSGA-II
remains the appropriate optimization method where the cross-sectional
design variables are fully discrete and gradient-based local refinement
is not directly applicable.

The Pareto front of the problem provides a set of non-dominated
solutions that represent optimal trade-offs among material usage and
construction complexity. Finally, designers can select a compromise so-
lution from the Pareto set based on additional considerations, including
safety requirements, constructability constraints, and project-specific
cost priorities.

2.7. Parameter identification and applicability

The parameters of the proposed cost model are scenario-dependent
inputs. The information required to identify each parameter is summa-
rized in Table 1.

The steel price py; can be obtained directly from supplier quotations
or procurement records.

The lower limit y,,;, corresponds to the normal fabrication cost of
standardized profiles produced with sufficient repetition. This cost in-
cludes routine operations such as material handling, machine setup,
cutting, surface treatment, and inspection (Pavlovc¢ic et al., 2004). The
upper limit y,,. represents the fabrication cost of rarely used profiles,
including the additional effort associated with separate procurement,
dedicated setup, cutting lists, production changeovers, and quality con-
trol. The parameters can be identified from fabrication labour hours or
costs per unit mass recorded at different profile-repetition levels. The
normal fabrication rate determines y,,;,, while the additional effort for
small production batches determines y,,,,. The variation of these records
with repetition is then used to determine ny;;, and k.

The equivalent connection length /. represents the material and
work associated with each member end as an equivalent length of
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Fig. 7. Case 1: a planar cantilever. P = 40 kN.

Table 2
Design variables of case 1.

Design Variables x Type Symbol Format Bounds

number of subdivisions topology N,
height-span ratio shape %

cross-sectional area (cluster = 4)"  size A Ay

discrete integer 5-9
continuous float 0.15-0.30
continuous float 1-80 cm?

* the detailed clustering strategy is presented in Appendix A.

structural steel. It can be estimated from representative joints by ac-
counting for plates, bolts, weld consumables, cutting, drilling, fitting,
shop welding, and field installation. The resulting connection cost is
then converted into an equivalent steel quantity using pgy;. A single
value represents an average connection assumption at the conceptual
design stage, while separate values should be appropriately calibrated
for alternative solutions involving substantially different connection
systems.

The logistical parameters describe the baseline transport and erec-
tion scenario. The price pj,, can be obtained from contractor quotations
or historical records of freight, lifting, handling, equipment, and erection
labour. The reference values /.. and w,¢ represent the largest members
handled without special measures and may be selected from vehicle,
route, fabrication, crane, and site limits. The factors f and g, may
then be estimated from the additional costs of special transport, permits,
larger cranes, or modified erection procedures.

3. Case studies

Three steel structures are tested in this section to demonstrate the
effect of the proposed cost model. The material is structural steel S235,
with a Young’s modulus of E = 2.1 x 10'! Pa and a density of p = 7850
kg/m3. The baseline complexity parameters are ¥, = 2, Ypn = 1> k =
0.5, njp, =200, f =, = 1, Ic =1m, I,y =5 m, wyr = 100 kg, Plog/pstl =
0.5.

For each case, we used the ga function in MATLAB to obtain the
single-objective optima and the gamultiobj function in MATLAB to ob-
tain the Pareto front. The single-objective GA was repeated 5 times
with different random seeds and the best results served as the initial
population in the subsequent multi-objective NSGA optimization. The
population size was set to 80 for the single-objective case and to 300 for
the multi-objective case, with a maximum of 500 generations. All other
hyperparameters were kept at their default values in MATLAB.

3.1. Case 1: a planar cantilever truss

Consider ten cantilever trusses arranged in parallel with a span of
L =30 m, as illustrated in Fig. 7. For each truss, the structure is fixed at
its left boundary and subjected to vertically applied nodal loads, which
are distributed over the nodes located along the top edge. The design
variables are listed in Table 2. Since the cross-sectional area variables
are continuous, the Pareto solutions obtained by NSGA-II can be further
refined using the EC method while keeping the discrete topology and
geometry variables fixed.

Computer-Aided Civil and Infrastructure Engineering 51 (2026) 100186

The corresponding constraint functions (with g < 0 defining feasibil-
ity) are defined as follows:

N; .
81 = Tf’y -LVie{l,2,...,n,}
N; .
8= =5 ~LVie(L.2...m) a4
— _Wot  _
&= 3Wioy ref !

where N; is the axial force in member i (positive in tension), 4; is the
cross-sectional area, and f, is the yield strength of steel. g5 is set to
prevent material overuse in reported solutions and w;y f = 10* kg.

Fig. 8 presents the trade-offs between the normalized structural
weight and the three individual complexity components, together with
the overall complexity. All four objective pairs exhibit a clear trade-
off between material efficiency and construction-related complexity:
reducing structural weight generally increases complexity, while lower-
complexity solutions require additional material. The w,—c, front is
smooth and monotonic, whereas the w,—c, and w,—c; fronts con-
tain distinct branches caused by changes in section repetition and the
activation of member-length or member-weight penalties. These dis-
continuities are also reflected in the overall w,,—c front, showing that
designs with similar weights may have substantially different construc-
tion complexities. The combined non-dominated set therefore provides
a more complete representation of the achievable trade-offs.

A sensitivity analysis is then performed to examine the influence
of the parameters selected through engineering judgment. The results
are shown in Fig. 9. Three bi-objective formulations were considered
separately: wy—¢;, Wior—Cp, and wyy—c;. For the typological index, the
investigated levels were y,.,, = {1.5,2.0,2.5}, ¥in = {0.5,1.0,1.5}, k =
{0.25,0.50,0.75}, and ny;;, = {100,200,300}. The nodal parameter was var-
iedas!. = {0.5,1.0, 1.5} m. For the logistical index, § and f,, were varied
jointly as {0.5,1.0, 1.5}, while the reference limits were varied jointly as
(e Wrep) = {(2.5m, 50kg), (5m, 100kg), (7.5 m, 150kg)}.

It shows that the general trade-off between structural weight and
construction complexity is retained under the investigated parameter
variations, although the position and spread of the Pareto fronts change.
The typological results are most sensitive to ny;,, followed by y,,,, and
Ymin» Whereas variations in k produce comparatively limited changes.
Changing /. primarily rescales the nodal-complexity objective and does
not change the ordering of the candidate designs. For logistical complex-
ity, the joint variation of g and g, causes moderate changes, while the
reference limits /¢ and w, have a stronger influence because they de-
termine which members are treated as exceeding the baseline transport
and erection capacity.

3.2. Case 2: a three-dimensional geodesic dome

The dome has a radius of R = 20 m, as illustrated in Fig. 10. The trun-
cation ratio is 0.5. A non-structural roof covering load ¢ = 0.5 kN/m? is
applied along with structural self-weight (¢ = 9.8 m/s?). Partial safety
factor y; = 1.35 is applied to both dead-load components. The dis-
tributed g is transformed into uniform concentrated vertical nodal loads
at the nodes. The design variables are listed in Table 3.

The corresponding constraint functions are defined as follows:

&= ALfy —1LVie{1,2,...,n,}, ULS
gz,,:—%}y—l,\ﬁ'e {1,2,....m,}, ULS as)
g3’[:_lij:iify - LVie{1,2,...n,}, ULS

where N; is the axial force in member i (positive in tension), A; is the
cross-sectional area, and f, is the yield strength of steel. The reduction
factor y; accounts for member buckling according to Eurocode 3 and is
determined as a function of the non-dimensional slenderness. g, is set
to prevent material overuse in reported solutions and w;y f = 10* kg.
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Fig. 8. Bi-objective Pareto fronts for Case 1. XGA and XEC denote the feasible solutions generated by global search (NSGA) and local refinement (EC), respectively,

while XND denotes the non-dominated solutions extracted from their union.

Table 4 and Fig. 11 present the results of the single-objective
optimization. All results reported in the table are feasible.

The results reveal distinct conflicts among the material and com-
plexity objectives. As shown in Fig. 11(a), minimizing structural weight
requires a relatively large variety of cross-section profiles, resulting
in high typological complexity. Conversely, the minimum-c¢; design in
Fig. 11(b) uses fewer section profiles but contains substantially more
members and a greater structural weight. The minimum-c, design in
Fig. 11(c) has a much simpler topology, although its members are con-
siderably longer and heavier, thereby increasing transportation and
erection demands. In contrast, minimizing logistical complexity pro-
duces the highly subdivided design shown in Fig. 11(d), in which
the individual members are shorter and lighter but the numbers of
members and nodes increase. Finally, Fig. 11(e) presents a compro-
mise between material efficiency and the different complexity com-
ponents, as obtained by minimizing the comprehensive cost defined
in Eq. (1).

The Pareto front is further examined for Case 2. A total of 105
non-dominated solutions were obtained by simultaneously minimizing
the normalized structural weight, typological complexity, and nodal
complexity. The resulting three-dimensional Pareto front is shown in
Fig. 12.

The Pareto solutions cover a wide range of structural weights,
0.799 < Wyor/ Wiot rer < 4.357, demonstrating substantial conflicts among
the three objectives. The minimum-weight solution has wyy /Wyt rer =
0.799, but its typological complexity approaches the upper limit

(¢; = 1.997). Conversely, the minimum-¢; solution achieves ¢, = 1.000
through extensive section standardization, while its normalized weight
increases to 4.309 and its nodal complexity increases to ¢, = 0.666.
The minimum-c, solution exhibits a simpler structural topology, with
en = 0.160 and wyo/Wiorrer = 1.346, but retains a high typological
complexity of ¢, = 2.000.

The results show that in this case structural weight is negatively
correlated with typological complexity but positively correlated with
nodal complexity. The front also contains several distinct branches,
reflecting transitions between discrete topological configurations and
section assignments. Although logistical complexity is not included
as an objective axis in this analysis, the minimum-c; region also ap-
proaches the minimum logistical complexity, whereas the minimum-c,
solution contains substantially longer and heavier members. These
trends are consistent with the single-objective results presented
in Table 4.

Table 5 further compares the proposed formulation with two
literature-based cost objectives under the same design space and struc-
tural constraints. The reference formulations produce lightweight solu-
tions, only 2.3% and 3.2% heavier than the minimum-weight design,
while using 4 and 3 section profiles, respectively. However, this simpli-
fication is achieved through substantially longer and heavier members:
the maximum member length reaches 13.43 m and the maximum mem-
ber weight reaches 269.91 kg, compared with 6.50 m and 50.49 kg
for the proposed solutions. This demonstrates that reducing mem-
ber or profile-related fabrication complexity may transfer complexity
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Fig. 9. Sensitivity of the Pareto fronts for Case 1: effects of (a) 7,ax> (b) Ymin» (©) k, and (d) ny,, on the w,—c, problem; (e) /. on the w,,—c, problem; (f) the joint
variation of § and f,; and (g) the joint variation of /.. and w, on the w,—c; problem.

to transportation and erection. The comprehensive-cost formulation 3.3. Case 3: an industrial steel building
increases structural weight by 12.2%, but achieves greater section
repetition while retaining considerably smaller individual members. Lo . - X
The multi-objective optimization framework Eq. (13) can also provide district, southwest of Turin, Italy. It occupies a site that was formerly

other intermediate alternatives such as the MO low-weight compromise parF of the well-known FIAT company’s operations, with construction
in Table 5 dating back to the early 1960s.

The building under investigation is located in the Mirafiori industrial
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Fig. 10. Case 2: a three-dimensional geodesic dome.

Table 3

Design variables of case 2.
Design Variables x Type Symbol Format  Bounds
base polyhedron topology B integer 1-3
frequency topology  f integer 3-8
cross section indexes” (cluster = 5)  size A—Ay integer  1-50

* circular hollow steel (CHS) section profiles defined in Eurocode 3, Sections
6.2 and 6.3.

The structure has a span of L, =20 m and L, = 60 m, and a height of
H =5 m, as illustrated in Fig. 13. The structural system consists of roof
trusses spanning in the y-direction, supported by columns. Purlins are ar-
ranged along the longitudinal x-direction to support the roof cladding,
while longitudinal and roof bracings are provided to ensure global sta-
bility. The structure is analyzed using a parametric modeling approach
in this case.

The design variables and the loads are listed in Tables 6 and 7,
respectively.

The adopted load combinations for the ultimate limit state (ULS) and
serviceability limit state (SLS) are expressed as:

ULS: 716G +70,1Qk1 +702%02C0k2 + -
SLS: G+ Q1 +wp 0k + -

(16)

where G denotes the permanent structural and non-structural loads,
while Q, ; and Q,, represent the characteristic variable actions. The
coefficients y are the partial safety factors associated with each type of
load, and y is the combination factor accounting for the reduced prob-
ability of simultaneous occurrence of variable actions. In the present
study, the most critical load combination is considered.

The safety constraints are formulated in accordance with Eurocode 3
(European Committee for Standardization, 2005). Columns and purlins,
modelled as beam members, are verified for cross-section resistance un-
der combined axial force and biaxial bending as well as for member

10

Table 4
Comparison of optimization results under different single objectives in
Case 2.

Objective Run wy, (10*kg) ¢ N o ¢ Wigr(1+¢)
(10*kg)
min wy,, 1 0.799 1.997 0.334 0.601 2.933 3.140
2 0.841 2.000 0.213 1.117 3.330 3.641
3 0.858 2.000 0.213 1.115 3.328 3.714
4 0.835 2.000 0.319 0.647 2.967 3.312
5 0.837 2.000 0.164 1.813 3.977 4.163
min ¢, 1 1.394 1.000 0.665 0.500 2.165 4.413
2 4.915 1.000 0.666 0.500 2.166 15.564
3 4.199 1.000 0.665 0.500 2.165 13.288
4 4.599 1.000 0.666 0.500 2.166 14.561
5 4.633 1.000 0.666 0.500 2.166 14.666
min ¢, 1 1.396 2.000 0.160 2.246 4.406 7.549
2 1.286 2.000 0.160 2.186 4.346 6.876
3 1.385 2.000 0.160 2.260 4.420 7.508
4 1.346 2.000 0.160 2.224 4.384 7.248
5 1.422 2.000 0.160 2.299 4.459 7.764
min ¢ 1 3.486 1.261 0.665 0.500 2.426 11.944
2 3.074 1.185 0.667 0.500 2.352 10.305
3 2.775 1.279 0.664 0.500 2.443 9.553
4 4.406 1.159 0.663 0.500 2.323 14.638
5 3.264 1.201 0.666 0.500 2.367 10.993
minfwe(1+¢)] 1 0.922 1.208 0.336 0599 2142 2.898
2 0.955 1.093 0.334 0.601 2.029 2.893
3 0.896 1.099 0.337 0.598 2.033 2.717
4 0.871 1.354 0.369 0.573 2.296 2.871
5 0.915 1.202 0.335 0.600 2.137 2.871

stability at the ultimate limit state (ULS). Bracing and truss members,
modelled as axially loaded bar elements, are assumed to carry axial
force only; therefore, only axial resistance and buckling checks are
considered. In addition, serviceability limit state (SLS) requirements
are imposed by limiting the nodal displacements. The corresponding
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where N; is the axial force, M,; and M,; are the bending moments
about the principal axes, U, is the magnitude of the relevant nodal dis-
placement, Ny ra; = Aify, Mpiray: = Wyify, and Mygaz = Wyify
are the plastic resistances, y,; and yr, are the buckling and lateral-
torsional reduction factors, k,y; and k,; are the interaction factors
according to Eurocode 3, A; is the cross-sectional area, W,; and W,;
are the plastic section moduli, f, is the yield strength, and L, is the
truss span. g, is set to prevent material overuse in reported solutions
and Weotref = 10* kg.

The resulting Pareto set is presented using parallel coordinates in
Fig. 14. Representative Pareto solutions are shown in Fig. 15. Table 8
presents the features of the representative solutions. The results clearly
illustrate how emphasizing different objectives leads to fundamentally
different structural configurations.

The minimum-weight solution (min w,,) achieves the lowest struc-
tural mass (3.36 x 10* kg), thereby minimizing material consump-
tion and associated material cost. This configuration represents the
most material-efficient design among all candidates. However, its

11
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11. Optimal dome designs obtained under different single objectives.
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Fig. 12. Three-objective Pareto front for Case 2, including the representa-
tive minimum-weight, minimum-typological-complexity, and minimum-nodal-
complexity designs.

average profile multiplicity (61) remains moderate, implying limited
standardization benefits in fabrication. The relatively large maximum
deflection (77.9 mm) also indicates that material savings are obtained
at the expense of structural stiffness.

The typological-complexity-oriented solution (minc) adopts only
four section profiles and achieves an exceptionally high average
multiplicity (345). Such intensive reuse of section types maximizes



Y. Ma, C. Song, L. Sardone et al.

Table 5
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Comparison of the proposed framework with existing cost-based optimization approaches.

Objective function Wi (kg) Awyy, (%) N, [ Tbar,max (M) Whar,max (Kg)
Minimum weight: min wy, 7985.7 0.0 8 31.2  6.50 50.49
Asadpoure et al. (2015):min % 8168.9 2.3 4 15.0 13.43 269.91
Cucuzza et al. (2024): min w“l;'”‘ef On, s 8242.5 3.2 3 20.0 13.43 269.91
Proposed Eq. (11): min “el*eteta) 8958.3 12.2 5 50.0  6.50 50.49

MO low-weight compromisezo‘;;:inxeplw (cc+c,+¢) 84745 6.1 7 35.7  6.50 50.49

N, is the number of distinct section profiles, and 7, =

m/ N, is the average number of members assigned to each

profile. Py denotes the feasible Pareto subset with no more than a 10% increase in w,,, and no more than a 2%
increase in either ¢, or ¢, relative to the minimum-weight Pareto solution.

the
= Column
= Purlin
Truss
= Bracing
Fig. 13. Case 3: an industrial steel building.
Table 6 b
Design variables of case 3. Table 7 L
Loads and combinations of case 3.
Design Variabl T Symbol F t Bound:
esign variab'es x ype ymbo orma ounds Load Name Symbol  Load Value Partial Combination
truss topology topology T discrete integer 1-4 Factor y Factor y
truss subdivisions (half) topology N, d%screte %nteger 2-8 structural weight G, 2= 9.8 m/s2 1.35 -
truss modules number topology N discrete integer 6-12 )
) X n . non-structural G, 0.05 kKN/m 1.35 -
truss height-to-span ratio geometry - continuous float  0.03-0.1 .
) . . b . roof weight

tru§s side-to-mid-height geometry ’TT continuous float  0.5-1 maintenance 0, 0.4 kN/m2 1.5 0.7
ratio snow 0, 1.23 kN/m? 1.5 0.5
truss cross section (CHS) sizing A—Ag discrete integer 1-50 wind” 0, g, = 0.6 kN /m?2 1.5 0.6
indexes (cluster = 3)
column cross section (HEA)  sizing A, discrete integer ~ 1-24 pressure factor ¢ = 1,-0.7,—1.1,-0.7 for the windward wall, leeward
index wall, windward roof, and leeward roof, respectively.
purlin cross section (IPE) sizing Ag discrete integer 1-18
index
bracing cross section (CHS) sizing Ay discrete integer 1-25

index

standardization and enables strong economies of scale in manufacturing,
procurement, and quality control. Although the total structural weight
increases significantly, the reduction in profile variety lowers production
complexity and unit fabrication cost. From an industrialized construc-
tion perspective, this solution prioritizes manufacturing efficiency over
material minimization.

The nodal-complexity-oriented solution (minc,) achieves the mini-
mum number of nodes (96), resulting in the simplest structural topology
and the smallest number of members. This reduction in joints simplifies
fabrication detailing and on-site assembly, and leads to a topologi-
cally simpler configuration. However, the simplification of topology is

12
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Fig. 14. Parallel coordinates Pareto front.
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(c¢) Minimizing nodal complexity c,.
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(e) Minimizing comprehensive cost w,, (1 + ¢).

Fig. 15. Representative Pareto solutions obtained through multi-objective optimization.

Table 8
Quantitative metrics of representative Pareto solutions for Case 3.
Representative W (10* kg) N, figep N, Whar,max (Kg) Ipar,max (M) Uppax (mm)
solution
min Wy, 3.36 9 61 176 105.53 8.98 77.9
min ¢ 10.00 4 345 432 122.18 7.40 43.3
minc, 8.81 8 36 96 1468.80 13.73 65.1
min ¢ 7.04 8 173 432 78.35 7.40 43.1
min [w(1+0¢)]  4.24 7 124 308  90.58 7.82 59.6

Note: N, is the number of distinct section profiles, 7, is the average profile multiplicity, N, is
the number of nodes, and U,,,, is the maximum nodal displacement.

accompanied by substantially heavier and longer members (maximum
bar weight 1468.8 kg; maximum length 13.73 m), which may increase
transportation and lifting demands. Thus, while joint complexity is min-
imized, transportation and lifting demands associated with individual
members increase.

The logistical-complexity-oriented solution (minc;) produces the
lightest individual members (maximum bar weight 78.35 kg) and rel-
atively short maximum bar lengths. Such characteristics facilitate trans-
portation, handling, and installation, making this configuration partic-
ularly favorable from a construction logistics standpoint. Nevertheless,

13
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Table 9

Computer-Aided Civil and Infrastructure Engineering 51 (2026) 100186

Cross-case comparison between the minimum-weight and minimum-comprehensive-cost solutions.

Case Wi/ Wit ref ! Wi/ Wiog ref ¢ Aw,y, (%) € min vy, Clminc,, Ac (%) I, (%) 1, (%) I, (%) Dominant MO generations
0N 1 min Cior index
Case 1 1.282 1.282 0.0 3.162 3.162 0.0 - - - - 178-242
Case 2 0.799 0.896 12.2 2.933 2.033 -30.7 99.4 | 03 1 04| ¢ 102
Case 3 3.363 4.237 26.0 2.526 1.769 —-30.0 83.6 | 11.6 1 49 ] [N 111
Note: The arrows indicate whether each complexity component decreases (|) or increases (1).
Table 10
Changes in construction-related quantitative metrics for representative solutions in the three case studies.
Case Representative comparison  w,, (10° kg) N, firep N, Ipar,max (M) Wharmax (k)
Case 1 minw,, — minc 12.82 — 24.09 (+87.9%) 8 — 4 (-50.0%) 22.5 — 75.0 (+233.3%) 110 - 170 (+54.5%) 9.99 — 7.15 (-28.4%) 150.42 — 154.50 (+2.7%)
Case 2 minw,, — min[w, (1 +¢)] 7.986 — 8.958 (+12.2%) 8 — 5(-37.5%) 31.25 — 50.00 (+60.0%) 91 — 91 (0.0%) 6.50 — 6.50 (0.0%) 50.49 — 50.49 (0.0%)
Case 3 minw, — min[wy,(1+c)] 33.63 — 42.37 (+26.0%) 9 — 7 (-22.2%) 60.8 — 124.4 (+104.7%) 176 — 308 (+75.0%) 8.98 — 7.82 (—=12.9%) 105.53 — 90.58 (—14.2%)
Note: N, is the number of section profiles, 7, is the average profile multiplicity, and N, is the number of nodes. For Case 1, the solutions minimizing wy, and

Wi (1 + ¢) coincide; therefore, the minimum-c solution is used to provide a meaningful comparison.

this benefit is achieved with a high number of nodes (432), implying
increased joint fabrication effort.

Finally, the composite objective minw(l1 + ¢) yields a compro-
mise solution. The structural weight increases by 26.0% relative to the
minimum-weight design, while remaining substantially below that of
the extreme complexity-minimizing solutions. Profile multiplicity (124)
is substantially improved relative to min w,,, indicating enhanced stan-
dardization. Node count and member sizes are also maintained within
intermediate ranges. This demonstrates that incorporating complexity-
related terms effectively moderates extreme structural tendencies and
promotes solutions that balance material efficiency, manufacturing
rationality, and constructability.

Overall, each representative solution corresponds to a distinct
preference-dominated region: material efficiency (min w,,), manufactur-
ing standardization (min ¢,), topological simplicity (min ¢, ), and logistical
convenience (minc;). This clear separation of optima across differ-
ent criteria highlights the effectiveness of the proposed dimensionless
complexity indices in capturing complementary construction-related at-
tributes beyond material weight. The composite formulation shifts the
solution toward a more balanced region of the Pareto set, providing
competitive candidates for further project-specific evaluation.

3.4. Summary and cross-case comparison

To provide a consistent cross-case comparison, the minimum-weight
solution is compared with the solution minimizing the overall complex-
ity objective ¢ or the comprehensive objective w, (1 + ¢) for all three
cases. The impact share I; measures the relative contribution of each
complexity component to the change between the two representative
solutions:

‘C(min Ciot) _ C(min Wiot)
J J

x100%,  je{tnl}. (18)

i (min Cyqp) (min wyg)
Z Ck ~ %

ke{tn]l}

Table 9 shows that the effect of the comprehensive objective de-
pends on the structural system. For the planar truss in Case 1, the
minimum-weight solution also minimizes the comprehensive cost, in-
dicating that the attainable complexity reductions are insufficient to
justify additional material under the adopted parameters. In Cases 2
and 3, the comprehensive objective increases structural weight by 12.2%
and 26.0%, respectively, while reducing overall complexity by 30.7%
and 30.0%. Typological complexity is the dominant component in
both cases, whereas nodal complexity increases slightly, indicating that
improved section standardization may be accompanied by a more sub-
divided topology. The Case 1 bi-objective searches required 178-242
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generations with local refinement. The Pareto searches in Cases 2 and 3
converged after 102 and 111 generations, respectively.

Table 10 demonstrates that the complexity-oriented solutions pro-
duce measurable changes in the physical drivers of fabrication, assem-
bly, and logistics. In Case 1, the number of section profiles is reduced
from 8 to 4 and the average profile multiplicity increases from 22.5 to
75.0, while the maximum member length decreases by 28.4%. These
benefits are accompanied by increases in structural weight and node
count. In Case 2, the minimum-comprehensive-cost solution reduces the
number of section profiles from 8 to 5 and increases the average mul-
tiplicity from 31.25 to 50.00 without increasing the number of nodes
or the maximum member length and weight. In Case 3, the number of
section profiles decreases from 9 to 7, the average multiplicity approxi-
mately doubles, and the maximum member length and weight decrease
by 12.9% and 14.2%, respectively, although the structural weight
and number of nodes increase. These results provide indirect quanti-
tative evidence of improved fabrication standardization and reduced
member-handling demands; however, directly quantifying labour-hour
reductions or shorter construction durations would require additional
process-specific information and a detailed fabrication and construction
scheduling model.

4, Conclusion

Material weight alone does not fully reflect the total construction cost
of steel structures, as fabrication, assembly, and transportation require-
ments introduce additional construction-related implications that are
not captured in conventional weight-driven optimization. Addressing
this limitation requires structural complexity to be treated as an explicit
and quantifiable design attribute.

In this study, three dimensionless and physically interpretable struc-
tural complexity indices, namely typological, nodal, and logistical, are
formulated to characterize construction-related attributes beyond ma-
terial consumption. The proposed indices are incorporated alongside
material weight within a multi-objective optimization setting, allowing
systematic exploration of trade-offs between structural efficiency and
constructability-related considerations.

The effectiveness of the proposed complexity indices is evaluated
through three representative test cases: a planar cantilever truss, a
three-dimensional geodesic dome, and an industrial steel building. In
all cases, incorporating complexity measures produces Pareto-optimal
solutions that differ from those obtained by weight-only optimization.
Consistent trade-offs are observed: lightweight designs tend to exhibit
higher typological diversity, whereas reduced construction-related com-
plexity generally requires additional material. The indices show stable
and physically interpretable trends across different structural systems,
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supporting their role as a complementary design dimension at the
conceptual stage.

While the results highlight the potential of incorporating dimension-
less complexity measures into structural optimization, the present study
remains subject to certain assumptions and scope limitations. It should
be noted that the proposed complexity indices are indirect measures
intended to capture generalized construction-related tendencies at the
conceptual design stage. Accurate prediction of actual construction costs
would require BIM quantities, fabrication records, labour productivity,
supplier prices, contractor quotations, and erection records, which vary
significantly across projects.

Accordingly, the present framework is positioned as a decision-
support tool for early-stage structural design, where relative comparison
among alternative configurations is more critical than precise cost quan-
tification. Future work may focus on calibrating the proposed indices
against real construction data, integrating project-specific parameters,
and extending the methodology toward more detailed design and cost
assessment scenarios.

CRediT authorship contribution statement

Yuan Ma: Writing — original draft, Visualization, Methodology,
Formal analysis. Chaolin Song: Writing - review & editing,
Methodology, Investigation. Laura Sardone: Writing — review & edit-
ing, Formal analysis. Rucheng Xiao: Supervision, Funding acquisition.
Giuseppe Carlo Marano: Supervision, Resources.

Funding

This research was funded by National Natural Science Foundation
of China, grant number 52308196. The first author acknowledges the

(a) Case 1: cantilever truss

AN

Tension 1 (2) === 7 ero-force (20)

Compression 1 (2)
=== Tension 2 (2) === Compression 2 (2)
=== Tension 3 (2) === Compression 3 (2)

== Tension 4 (3) === Compression 4 (3)

Fig. 16.

Tension 1 (15) =
Tension 2 (10) === Compression 3 (50)

(b) Case 2: geodesic dome

*Compression 2 (25)

e Tension 3 (10) === Compression 4 (35)
=== Tension 5 (20) === Compression 5 (55)

Compression 1 (10)

Computer-Aided Civil and Infrastructure Engineering 51 (2026) 100186

support of the China Scholarship Council (202406260131) during his
study at Politecnico di Torino. The opinions and statements do not
necessarily represent those of the sponsors.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Appendix A. Cross-section clustering

In all three case studies, topology and member sizing are optimized
simultaneously. Since different topological configurations generally con-
tain different numbers of physical members, a direct member-wise
definition of cross-sectional areas would lead to a high-dimensional
design space and, more importantly, to an inconsistent number of de-
sign variables across candidate topologies. To address this issue, a
response-based clustering strategy is adopted.

For each candidate topology, the clusterable members are first
assigned a uniform reference cross-section, and a preliminary finite-
element analysis is carried out under the prescribed load case or
reference load combination. The resulting axial-force responses are then
used as clustering features. Both the sign and the magnitude of the axial
force are considered, so that tension- and compression-dominated mem-
bers are classified separately, while members with similar force levels
are grouped into the same cluster. All members within one cluster share
a common cross-sectional design variable.

This strategy is used throughout Cases 1-3, as illustrated in Fig. 16.
In Cases 1 and 2, clustering is applied to all structural members. In
Case 3, clustering is applied to the roof-truss members, whereas the

(c) Case 3: roof structure

Tension 1 (92) === Compression 3 (28)

s Tension 2 (16) s Purlin (308)

=== Tension 3 (28) Column (32)
Compression 1 (132) === Bracing (112)

=== Compression 2 (16)

Representative clustering results for the three case studies. Members are grouped according to the axial-force responses obtained from a preliminary

finite-element analysis with uniform reference sections under the prescribed reference loading.
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purlins, columns, and bracings are represented by separate sizing vari-
ables. In this way, the clustering strategy reduces the number of sizing
variables and, more importantly, preserves a compact and consistent
design-variable structure across different topological configurations.

Appendix B. Differentiable approximation

For problems involving continuous design variables, the availability
of analytical derivatives can reduce computational costs and improve the
efficiency and accuracy. To enable such gradient information, the cost
model must be continuously differentiable with respect to the design
variables. However, the typological complexity ¢, and logistical com-
plexity ¢, as originally defined in Section 2, involve discrete counting
and non-differentiable max functions, respectively. These features pre-
vent the use of gradient-based optimization methods. To address this,
we introduce smooth approximations that render both cost components
continuously differentiable with respect to the cross-sectional areas q;,
while preserving their essential physical and economic meanings.

B.1. Typological complexity: kernel density estimation

The exact calculation of profile multiplicity »n;, which underpins the
typological complexity ¢, is inherently discrete:

N
n=Y la; =a), (19)
j=1
where 1(-) is the indicator function:
1, a;,=aq
1(a; = a;) = J . (20)
0, a;#gq

This definition leads to a piecewise-constant and non-differentiable de-
pendence of n; on the design variables. To enable gradient computation,
kernel density estimation (KDE) (Terrell & Scott, 1992) is employed to
provide a smooth approximation of the discrete counting:

ny (ai _a_)2>
~ J
ii; = E exp[ ————— |,
j= < 2h2

where h is the bandwidth parameter (Chiu, 1991) controlling the
smoothness. As h — 0, the KDE estimate converges to the exact discrete
multiplicity; in practice, 4 may be calibrated based on the spacing of
available commercial profiles or fabrication tolerances. The price scal-
ing factor y; is then computed using 7; via the logistic function (Eq. (4))
introduced in Section 2.

(2D

B.2. Logistical complexity: softplus approximation

The logistical complexity ¢, originally involves non-differentiable
max functions through the penalty terms §,; and 6, ; (Eq. (9)). To enable
gradient computation while preserving the threshold behavior, these
terms are replaced with a smooth softplus approximation. For member
i, define:

/
- Ay
o = lln<1 +e )>,
? K

- 1 (L 1)
wi = ;ln<1+e ref ),

where x > 0 is a smoothness parameter; as x — oo, these expressions
converge to the original max(0, -) functions.

With these modifications, both ¢, and ¢, together with the already
linear w, and ¢, become continuously differentiable with respect to all
cross-sectional areas a;. Fig. 17 plots the approximation functions and
their derivatives.

(22)

>
|
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Appendix C. Gradient derivation

Building upon the differentiable approximations established above,
we now derive the analytical gradients of each cost component with
respect to the cross-sectional areas a;.

C.1. Gradient of structural weight w,,,

Since the structural weight w,, is linear in each g;, its partial
derivative is straightforward:

Wy |
o T Pstlic

da; 23)

C.2. Gradient of typological complexity ¢,

The typological complexity ¢, defined in Eq. (11) depends on g;
through both y; (via the KDE-smoothed multiplicities 7; from Eq. (21))
and the relative weights r;. Applying the chain rule:

(24

The derivative of the relative weight r; = w; /w, with respect to g;
is:

.
pml(l—l‘,-), =i
i _ ) Wrot (25)
dg _ Psali S
Bdi, #i

Wiot
The derivative of the logistic function (Eq. (4)) is:

ayj _ (ymax - }/min)k exp(k(ﬁj - nx))

L = - 26)
oi; (1+exp(k(; —n*)))

The derivative of the KDE estimate (Eq. (21)) with respect to g; is:

—q. L= 2
B & za' exp(—(a' Zk) > i=i
on, |& 2h

= . 27)

da; a; —a; (a; —q) o
exp —T N j:,él

J
C.3. Gradient of nodal complexity c,

h2

The nodal complexity ¢, defined in Eq. (11) can be expressed as

b
c,,:er,.l—f‘, (28)
i=1 i

since each member contributes to the node cost at its two end nodes. It
depends on ¢; through the relative weights r;. Using the chain rule,

dcy _ I arj

— = 2= — 29

da; Z l; da; (29)
Jj=1 J !

Substituting dr; /da; from Eq. (25) and simplifying yields

0& _ psali % —c ). (30)

da; W \ I;
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(a) KDE function
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(b) KDE derivative
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Fig. 17. Differentiable approximation functions: (a) KDE approximation function; (b) derivative of the KDE approximation; (c) Softplus approximation function; and

(d) derivative of the Softplus approximation.

C.4. Gradient of logistical complexity ¢;

The logistical complexity ¢, defined in Eq. (11) incorporates the
smooth approximations ,; and §,,; introduced in Section B.2. Since /; is
constant, §;; is independent of a;, and its derivative vanishes. For §,,;,
using w; = pgyl;a;, the derivative is:

d,,
i -l @1)

aai Wref

1+e_'{(£;f_l)

Applying the chain rule and using dr; /da; from Eq. (25), the gradient of
q is:

e Dlog < <\ 0r; 5y i - N

— = 14 pi6,; + By 04;) — + .—'+§1+ O i +Pyoy i) — |-

dlli Pat ( ﬂl Li ﬂw w,!) aai ﬂwrx Bai j#( ﬂl Lj ﬁw w./) aa’_
(32)

C.5. Verification and comparison

To evaluate the practical value of the analytical derivatives, a con-
trolled continuous version of Case 1 (Section 3.1) is considered. The
topology and geometry are fixed at N, = 5 and H/L = 0.2. The
eight clustered cross-sectional areas remain continuous design variables.
Since the structure is statically determinate and self-weight is omit-
ted, the member forces are independent of the cross-sectional areas.
Consequently, the stress constraints are expressed as area lower bounds
and the weight constraint is linear, so that the comparison primarily
reflects the treatment of the objective derivatives.

Three bi-objective problems are considered by minimizing the
normalized structural weight 0 = Wy /Wiorrer, together with c,
¢y, or ¢. The gradient-based Pareto fronts are generated using the
e-constraint method (EC) (Haimes, 1971; Mavrotas, 2009), with each
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resulting continuous scalar problem solved by Sequential Quadratic
Programming (SQP) (Nocedal & Wright, 1999). Two otherwise identical
SQP implementations are compared: EC-SQP-ANA uses the analyti-
cal gradients derived in the preceding appendices, whereas EC-SQP-
FD approximates the same derivatives using finite differences. Both
implementations use identical weight budgets, initial designs, con-
straints, variable scaling, and stopping tolerances. NSGA-II (Deb et al.,
2002) is applied to the same continuous problems as a derivative-free
reference.

The results are shown in Fig. 18 and Table 11.

EC-SQP-ANA and EC-SQP-FD produce virtually identical Pareto
fronts for all three complexity indices. This optimization-level agree-
ment supports the correctness of the analytical derivatives. Compared
with EC-SQP-FD, supplying the analytical gradients reduces the number
of objective evaluations by approximately 70.8%, 75.5%, and 76.0% for
¢, ¢n, and ¢, respectively. The corresponding computational times are
reduced by approximately 35.4%, 14.1%, and 38.8%.

The analytical gradient-based method also obtains comparable or
higher hypervolume values than NSGA-II with substantially fewer
objective evaluations. NSGA-II nevertheless returns a denser set of
non-dominated solutions because its population-based search gener-
ates multiple Pareto solutions concurrently (Deb et al., 2002). More
importantly, the complete case studies in the main text contain dis-
crete topological and cross-sectional decisions, for which derivatives
with respect to the continuous member properties alone are insufficient.
NSGA-II is therefore retained as the principal optimizer for the complete
mixed-discrete problems, whereas the analytical framework provides an
efficient basis for continuous subproblems, local refinement, and future
hybrid global-local optimization procedures.

All computations were performed in MATLAB R2024a on a personal
laptop equipped with an i9-14900HX processor and 16 GB of memory.
The reported values are wall-clock times for a single serial run.
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(a) Pareto front: wiot/Wiotrer VS. ¢

(b) Pareto front: wiet/Wiotrer VS. €n

(c) Pareto front: Wi /Wiotrer VS. €1
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Fig. 18. Pareto fronts obtained using NSGA-II, analytical-gradient SQP (EC-SQP-ANA), and finite-difference SQP (EC-SQP-FD) for: (a) w—c;; (b) w-c,; and (c) iw—¢.

Table 11

Comparison of NSGA-II and the gradient-based multi-objective procedures for
the continuous Case 1 subproblem. The hypervolume indicator (Zitzler &
Thiele, 1999) is evaluated after a common normalization of the combined
non-dominated solutions.

Objective pair ~ Method Npz  Hypervolume  Objective Solver
evaluations time (s)
w—c, NSGA-II 97 0.6097 46,800 33.16
EC-SQP-ANA 78 0.7422 22,862 1.67
EC-SQP-FD 78 0.7421 78,382 2.58
w—c, NSGA-II 104  0.8415 32,700 32.60
EC-SQP-ANA 101  0.8462 3074 0.42
EC-SQP-FD 101  0.8462 12,549 0.49
w—c| NSGA-II 104  0.7284 31,800 32.71
EC-SQP-ANA 101  0.7423 12,295 0.83
EC-SQP-FD 101  0.7423 51,311 1.35

Data availability

Data will be made available upon request.
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