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Abstract -
Structural Support Assemblies (SSAs) connect Mechan-

ical, Electrical, and Plumbing (MEP) services to building
structures under strict geometric, catalog-defined compati-
bility, and structural constraints. MEP systems account for
a substantial share of construction cost and project complex-
ity, yet SSA design remains largely manual even in BIM-
enabled workflows, driven by the combinatorial complexity
of catalog-constrained component selection and load-path
feasibility requirements. Existing tools verify or size sup-
port configurations after a topology has been fixed, leaving
the upstream synthesis problem, deciding which components
to use and in what sequence, handled through practitioner
heuristics and iterative manual revision. SSA synthesis is
strongly order-dependent: early selections restrict the future
design space by inducing geometric exclusions, redistribut-
ing loads, and activating catalog-specific compatibility con-
straints. Engineers frequently encounter situations where
locally constraint-valid decisions lead to a partial assembly
that cannot be completed. We refer to this irreversible loss
of solvability as feasibility collapse. This paper formulates
SSA synthesis as a constrained sequential decision-making
problem in which partial assemblies are states, component
placements are actions, and feasibility collapse is a struc-
tural property of the design space rather than a post hoc val-
idation outcome. Two ceiling-mounted examples illustrate
component-level branching and topology-level commitment,
including feasibility collapse induced by locally valid early
decisions. The contribution is conceptual and foundational:
no specific algorithm is proposed. Instead, the formulation
provides a canonical problem structure for feasibility-aware
automation of SSA design and a reusable abstraction for
heuristic search, constraint-aware planning, and reinforce-
ment learning methods in construction domains involving
sequential assembly decision processes.

Keywords -
Structural Support Assemblies; Sequential Decision Mak-
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1 Introduction
Structural Support Assemblies (SSAs) connect Me-

chanical, Electrical, and Plumbing (MEP) services such
as pipes, ducts, and cable trays to the primary building
structure [1, 2, 3, 4]. These assemblies form the critical
interface between service systems and structural elements,
as they must simultaneously satisfy constraints of differ-
ent natures: (i) geometric constraints, (ii) catalog-defined
compatibility rules and the availability of compatible con-
nection interfaces as an assembly is built, and (iii) struc-
tural requirements such as capacity limits and continuous
load-path connectivity.

MEP systems account for a substantial share of con-
struction cost and project complexity [5], and BIM-based
coordination has been shown to reduce clashes, rework,
and labor compared to traditional 2D practices [2, 6]. De-
spite these advances, SSA design in BIM-enabled work-
flows remains largely performed through manual engineer-
ing judgment, driven by the high combinatorial complexity
of catalog-constrained component selection and the strict
feasibility requirements of load-path construction [1, 7, 6].
While BIM provides accurate geometric representation
and clash detection [8], it does not automate the synthesis
of support assemblies: designers must still decide which
modular components to select and in what sequence to
place them to form valid load paths under the aforesaid
constraints [4, 9]. This process is time-consuming and
error-prone, particularly at scale, motivating the develop-
ment of automated synthesis methods.

Commercial tools such as Hilti PROFIS provide mature
support for structural validation, sizing, and code com-
pliance of support systems [4, 9]. Rule-based systems
verify geometric and code constraints, and optimization-
based tools refine capacities and dimensions for predefined
topologies [4]. However, these approaches assume that a
complete support topology has already been specified. As
a result, the upstream synthesis problem, deciding which
components to use and in what order to assemble them, re-
mains largely unsupported and is instead handled through
experience-driven heuristics and trial-and-error [1].
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An SSA is composed of modular components drawn
from a finite manufacturer catalog [10], including elements
such as connectors, hangers, threaded rods, channels, and
pipe clamps. Figure 1 provides a representative example
of a ceiling-mounted SSA, illustrating the modular com-
ponents and connection interfaces that form a load path
from supported services to the building structure.

Connector
(Hilti MT-B-GS 
O4U OG) 

Channel
(Hilti MT-80 OC) 

Channel
(Hilti MT 80 OC)

Concrete 
Base

Pipe

Connector
(Hilti MT-C-GSP L OC) 

Pipe Clamp
(Hilti MP-M-F)

N.T.S.
3 ELEVATIONFigure 1. Example ceiling-mounted SSA. Pipes and
concrete slab are given as input to the designer, while
modular catalog components are selected and as-
sembled to form a continuous load path.

For a given location, designers incrementally construct
an assembly that establishes a valid load path to the build-
ing structure while maintaining clearance from surround-
ing services and respecting catalog-defined compatibility
rules and the evolving availability of connection inter-
faces [4]. The design process is inherently sequential
and order-dependent: early decisions regarding connector
type, geometry, or channel length and orientation irre-
versibly restrict the set of admissible downstream connec-
tions. While such decisions may satisfy all immediately
applicable geometric, structural, and catalog-defined com-
patibility constraints when made, they can still preclude
completion of a valid load path at later stages. This irre-
versible loss of solvability, despite locally valid interme-
diate decisions, is referred to as feasibility collapse.

Static optimization approaches abstract away sequenc-
ing effects by assuming fixed topologies, while rule-based
systems act only as post hoc validators and cannot reason
about latent infeasibility caused by early design choices
[11]. Reinforcement Learning (RL) methods in construc-
tion planning have focused primarily on high-level task
sequencing or scheduling rather than the fine-grained syn-
thesis of physical support components under strict feasi-
bility constraints [12, 13, 14].

Consequently, SSA synthesis currently lacks any for-
mal abstraction within the existing literature. We there-
fore introduce a decision-theoretic formulation that models
SSA synthesis as a constrained sequential decision-making
problem [15]. Partial assemblies define the system state;
modular component placements define actions; and the
governing constraints determine the resulting state transi-
tions. Feasibility is treated as a first-class concern in the

state-space representation: certain sequences of locally
valid actions lead to states from which no feasible com-
plete assembly can be reached. Preserving the possibility
of feasibility throughout the decision sequence therefore
becomes a central concern of SSA synthesis.

The contribution of this work is conceptual and foun-
dational. We provide a formal problem formulation that
(i) models SSA construction as a sequential decision pro-
cess, (ii) explicitly represents feasibility collapse as an irre-
versible state-space phenomenon, and (iii) defines a canon-
ical abstraction suitable for heuristic search, constraint-
aware planning, and RL. No algorithms are presented;
rather, this work establishes, to our knowledge, the first
formal decision-theoretic formulation of SSA synthesis,
intended to serve as a rigorous foundation upon which
future optimization, search, and RL-based methods for
automated SSA design can be developed.

2 Related Work
BIM has transformed MEP coordination by enabling

3D visualization, automated clash detection, and multi-
disciplinary collaboration [6, 8]. Teo et al. [2] and Lee et
al. [7] show that BIM-based workflows significantly im-
prove coordination and clash resolution, but these meth-
ods focus on routing and layout of services rather than
the detailed synthesis of individual support assemblies.
The automated generation of support structures remains
a gap in current BIM workflows [3, 6]. Industrial sup-
port systems are assembled from standardized catalogs of
modular components governed by strict compatibility and
load-bearing rules [10]. Manufacturer software like Hilti
PROFIS Engineering enables engineers to validate and
optimize support configurations for predefined topologies
[9]. However, these tools assume that the designer has
already selected the assembly structure and connection se-
quence. The upstream synthesis problem, deciding which
components to use and in what order to assemble them,
remains largely unsupported.

From a formal perspective, SSA synthesis relates to se-
quential decision making, constraint satisfaction, and plan-
ning. Markov Decision Processes (MDPs) and absorbing
Markov chains model systems in which certain states, once
entered, cannot be left [16, 15], aligning with our notion
of feasibility collapse. Constraint satisfaction methods
use constraint propagation to maintain feasibility [17, 18],
but do not naturally capture irreversible, order-dependent
assembly sequences. Feasibility-aware decision-focused
learning [19] and constrained planning [20] similarly em-
phasize maintaining feasibility across decision horizons,
but have not been applied to catalog-driven support as-
sembly. Related problems have been studied in robotics
through Task and Motion Planning (TAMP) and Assem-
bly Sequence Planning (ASP). TAMP integrates sym-
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bolic task-level decisions with continuous motion plan-
ning [21, 22], and ASP searches for feasible component
assembly orders [23, 24, 25, 26]. These methods typi-
cally assume known assembly relationships or focus on
kinematic feasibility, whereas SSA synthesis requires rea-
soning over discrete, catalog-defined components whose
placement alters future compatibility and feasibility. Rein-
forcement Learning (RL) has been applied in construction
for resource allocation, equipment control, and structural
design [12, 13, 27], including crane planning [28] and
robotic assembly [29]. However, these applications do
not model the fine-grained, catalog-constrained synthesis
of support assemblies or the feasibility collapse induced
by irreversible design decisions. Taken together, existing
BIM tools, modular support software, planning methods,
and RL approaches excel at validating or optimizing prede-
fined structures, but do not address the upstream synthesis
problem in which topology itself emerges from a sequence
of constrained decisions. Our formulation bridges this gap
by modeling SSA synthesis as a feasibility-critical sequen-
tial decision process, in which irreversible loss of solvabil-
ity emerges as an intrinsic state-space property rather than
a post hoc validation outcome. Section 3 formalizes this
problem.

3 Problem Definition
We consider the synthesis of a single SSA at a fixed

spatial location, given a predefined local MEP configura-
tion. The objective is to determine a sequence of compo-
nent placements, drawn from a finite manufacturer catalog,
that constructs a complete and feasible support assembly.
Feasibility requires satisfaction of geometric constraints,
catalog-defined compatibility and interface rules, struc-
tural capacity limits, and continuous load-path connectiv-
ity from the supported services to the building structure.

The problem inputs are: (i) a local MEP cross-section
describing service geometries, (ii) the supporting struc-
tural element (e.g., slab, beam, or wall), (iii) a finite set of
allowable attachment locations, and (iv) a manufacturer-
specific catalog of modular components with prescribed
geometry, capacities, and compatibility rules. Clearance
requirements, spacing rules, load transfer behavior, ser-
vice loads, and structural properties are treated as deter-
ministic. A single SSA may support multiple MEP ser-
vices; however, global MEP routing, interactions between
distinct supports, cost optimization, uncertainty, and site-
level scheduling are outside the scope of this work.

Synthesis proceeds incrementally: at each step, a cat-
alog component is placed and connected relative to the
existing partial assembly, the MEP services, and the sup-
porting structure. These placements are irreversible and
restrict future actions through induced geometric, inter-
face, and structural constraints.

We distinguish three related concepts over partial and
complete assemblies. Let F (𝑠) denote the set of com-
plete assemblies reachable from partial assembly 𝑠 via
sequences of constraint-valid placements. A partial as-
sembly is constraint-valid if all immediately applicable
geometric, compatibility, and structural constraints are
satisfied at the current construction stage. It is solvable if
F (𝑠) ≠ ∅, i.e., at least one such sequence yields a com-
plete feasible assembly. A complete assembly is feasible
if it is constraint-valid and establishes a continuous valid
load path to the supporting structure. Feasibility implies
solvability, and solvability implies constraint-validity, but
neither converse holds in general. Because placements
are irreversible, a sequence of individually constraint-valid
decisions may nonetheless render the partial assembly un-
solvable. We refer to this transition, from a state that is both
constraint-valid and solvable to one that is constraint-valid
but unsolvable, as feasibility collapse. Table 1 summarizes
these concepts, and Section 4 formalizes the resulting de-
cision process.

Table 1. Key concepts in SSA synthesis. Feasi-
bility implies solvability, and solvability implies
constraint-validity, but not vice versa.

Concept Applies to Condition
Constraint
validity

State 𝑠 (any) All geometric, catalog, and
structural constraints satisfied

Solvability State 𝑠 (non-
terminal)

F (𝑠) ≠ ∅: at least one
feasible completion reachable

Feasibility State 𝑠
(terminal)

Constraint-valid with a
continuous load path to the

supporting structure
Feasibility
collapse

Transition
𝑠 → 𝑠′

𝑠 solvable; 𝑠′ constraint-valid
but F (𝑠′) = ∅

4 Canonical Formulation of SSA Synthesis
We formalize SSA synthesis as a constrained sequen-

tial decision-making problem in which partial assemblies
define states, component placements define actions, and
feasibility collapse is explicitly represented as an absorb-
ing terminal set. The concepts introduced in Table 1 are
carried through this formulation.

4.1 State Space

Let S denote the set of all possible assembly config-
urations. Each state 𝑠𝑡 ∈ S represents the assembly at
decision step 𝑡 and encodes: (i) the decision step index 𝑡,
(ii) the set of installed components, (iii) their geometric
placement and orientation, (iv) component connectivity
and induced load-transfer relationships, and (v) all con-
straints on future placements activated by prior decisions.

States are assumed Markov and fully observable: each
𝑠𝑡 contains all information required to evaluate the
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constraint-validity and solvability of any candidate place-
ment. The initial state 𝑠0 corresponds to the empty as-
sembly at 𝑡 = 0, which is trivially constraint-valid and
solvable. S is partitioned into three disjoint classes:

• Svalid ⊂ S: non-terminal states representing incom-
plete assemblies in which all geometric, catalog, and
structural constraints induced by prior placements are
satisfied and at least one action remains available.
The initial state 𝑠0 ∈ Svalid. A valid state may or may
not admit a feasible completion; this distinction is a
property of the state rather than a class boundary, and
is discussed further in Sections 4.3 and 4.4.

• Ssuccess ⊂ S: terminal states representing complete,
feasible assemblies in which all supported services
are connected to the building structure through a con-
tinuous valid load path. These states are absorbing
under 𝑇 , as no further placements are required.

• Sfail ⊂ S: terminal states from which no successful
completion is possible. This class subsumes two dis-
tinct failure modes: (a) constraint violation, in which
a placement action violates one or more geometric,
interface, or structural constraints, rendering the state
invalid; and (b) feasibility collapse, in which the state
is constraint-valid but no feasible completion exists,
i.e., F (𝑠) = ∅. Both failure modes are absorbing un-
der 𝑇 . Constraint violations are detectable via local
checks; feasibility collapse requires global reasoning
over F (𝑠) and is the central planning challenge of
SSA synthesis.

4.2 Action Space

Let C denote the finite manufacturer catalog of modu-
lar support components. An action consists of selecting
a component together with a discrete, catalog-consistent
placement parameterization (e.g., location, orientation,
and interface), such that A ⊆ C × P, where P is a fi-
nite set of allowable placement parameterizations.For a
given state 𝑠 ∈ Svalid, the available action set A(𝑠) ⊆ A
is the subset of actions not eliminated by deterministic
local checks, including geometric clash detection, inter-
face compatibility, and load capacity verification. Once a
terminal state 𝑠 ∈ Sfail ∪Ssuccess is reached, no further ac-
tions are considered. Above all, A(𝑠) is not guaranteed to
contain only safe actions: a locally admissible action may
still induce feasibility collapse, transitioning the assembly
to Sfail for reasons undetectable by local checks alone.

4.3 Transition Dynamics

The system evolves deterministically according to a
transition function 𝑇 : Svalid × A → S. For any action
𝑎𝑡 ∈ A(𝑠𝑡 ), the successor state 𝑠𝑡+1 = 𝑇 (𝑠𝑡 , 𝑎𝑡 ) augments
the partial assembly and updates all induced constraints.
Transitions are irreversible: once a component is placed,

its geometry, connectivity, and load-transfer relationships
persist, and component removal or modification is not
permitted. A successor state 𝑠𝑡+1 may belong to any of
the three classes: Svalid if the assembly remains incom-
plete and constraint-valid, Ssuccess if a complete valid load
path has been established, or Sfail if feasibility collapse
has occurred, i.e., F (𝑠𝑡+1) = ∅. Note that A(𝑠𝑡 ) does not
guard against feasibility collapse: an action may be locally
constraint-valid yet render the assembly globally unsolv-
able. This failure mode is undetectable by local constraint
checking alone and constitutes the central planning chal-
lenge of SSA synthesis.

4.4 Objective
The objective is to identify a sequence of actions

(𝑎0, . . . , 𝑎𝑁−1) that transitions the system from 𝑠0 ∈ Svalid
to a terminal state 𝑠𝑁 ∈ Ssuccess while avoiding Sfail. This
objective may be expressed without an explicit reward
function, focusing solely on feasibility preservation, or
equivalently through a sparse reward formulation in which
success yields a positive reward and entry into Sfail yields
a penalty. The magnitude of the penalty may differentiate
between constraint violation and feasibility collapse if the
distinction is relevant to the solution method. The specific
representation is left open, as the purpose of this formula-
tion is to define the problem structure rather than prescribe
a solution method.

5 Illustrative Examples
This section presents illustrative examples of SSA syn-

thesis for ceiling-mounted MEP supports using com-
ponents from the Hilti Modular Support Systems cata-
log [10]; all loads, dimensions, and capacities are illustra-
tive and not design-approved. The examples illustrate how
catalog-defined compatibility constraints, geometry, and
irreversible sequencing shape the feasible assembly space.
Example 1 illustrates component-level branching within a
fixed topology, while Example 2 illustrates multiple fea-
sible topologies and irreversible topology commitments
induced by early decisions.

5.1 Example 1: Component-Level Branching
A single pipe is to be supported from a concrete ceil-

ing using components drawn from a finite catalog. The
pipe carries a vertical load 𝑃 = 200 lbf and is lo-
cated at a vertical offset ℎ below the ceiling, with a
single ceiling attachment location 𝑥𝑐. The catalog is
CEx1 = {𝑐rod, 𝑐hanger, 𝑐

clamp
250 , 𝑐

clamp
150 }, where each compo-

nent may be placed at most once. Feasible assemblies
must respect interface compatibility and capacity limits
while preserving valid load transfer. Figure 2 shows the
feasibility-pruned state–action tree; branches terminate
upon constraint violation. Feasibility collapse is illus-
trated in Example 2.
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𝑠0 ∈ Svalid
∅

𝑥𝑐

ℎ

𝑠𝐴1 ∈ Sfail
constraint violation

𝑠𝐵1 ∈ Svalid
{𝑐hanger }

𝑠𝐶1 ∈ Sfail
constraint violation

𝑠𝐷1 ∈ Sfail
constraint violation

𝑠𝐵𝐴
2 ∈ Svalid
{𝑐hanger , 𝑐rod }

𝑠𝐵𝐶
2 ∈ Sfail

constraint violation
𝑠𝐵𝐷

2 ∈ Sfail
constraint violation

𝑠𝐵𝐴𝐶
3 ∈ Ssuccess

{𝑐hanger , 𝑐rod , 𝑐
clamp
250 }

𝑃=200 < 250 lbf

𝑠𝐵𝐴𝐷
3 ∈ Sfail

constraint violation

𝑃=200 > 150 lbf

Legend

Interface violation
Capacity violation

Transition to Svalid

Transition to Sfail

Transition to Ssuccess

𝑎𝐵
0 : 𝑐hanger𝑎𝐴

0 : 𝑐rod 𝑎𝐶0 : 𝑐
clamp
250 𝑎𝐷

0 : 𝑐
clamp
150

𝑎𝐴
1 : 𝑐rod 𝑎𝐶1 : 𝑐

clamp
250 𝑎𝐷

1 : 𝑐
clamp
150

𝑎𝐶2 : 𝑐
clamp
250 𝑎𝐷

2 : 𝑐
clamp
150

Figure 2. Feasibility-pruned state–action tree for Example 1. Each state represents a partial assembly classified
as valid (blue), fail (red), or success (green), where fail states indicate violations of interface compatibility or
capacity constraints. Actions 𝑎 correspond to component placements, and arrows indicate transitions to the
next state obtained by taking an action. The superscripts (A, B, C, D) denote the component selected at each
step, while subscripts indicate the step index. Any infeasible configuration terminates immediately. Only one
sequence yields a complete feasible assembly, while all others end in fail states.

The process begins at 𝑠0 ∈ Svalid, corresponding to
the empty assembly, and at each step an action selects a
previously unused component and places it in a catalog-
consistent configuration at 𝑥𝑐. Several actions lead to
immediate failure due to interface incompatibility, transi-
tioning directly to Sfail. Only one sequence yields a com-
plete assembly that satisfies all constraints and establishes
a valid load path, reaching a terminal state in Ssuccess.

This example illustrates how feasibility constraints dras-
tically reduce the effective search space. Although multi-
ple catalog actions are nominally available at early stages,
most are eliminated either by immediate interface infeasi-
bility or by capacity violations encountered when loads
are finally transferred to the clamp. In this example
all failures are detected immediately via local constraint
checks, so the feasibility-pruned tree coincides with the
constraint-violation-pruned tree; the distinction between

local constraint-validity and global solvability becomes
consequential in Example 2.

Because each component is used at most once, the num-
ber of nominal length-𝑘 ordered sequences is the falling
factorial

(
|CEx1 |

)
𝑘
. In this example, a complete single-

rod assembly requires three components (hanger, rod, and
clamp), so 𝑘 = 3. For |CEx1 | = 4, this yields 24 nomi-
nal sequences, yet only one reaches Ssuccess, eliminating
95.8% of the search space by feasibility alone.

5.2 Example 2: Topology-Level Branching

As in Example 1, a single pipe carries a vertical load
𝑃 = 200 lbf and is to be supported from a concrete ceil-
ing at a vertical offset ℎ. Here, however, three candidate
ceiling attachment points are given, X = {𝑥1, 𝑥2, 𝑥3} with
𝑥1 < 𝑥2 < 𝑥3, where 𝑥2 = 𝑥𝑐 coincides with the pipe cen-
terline projection and 𝑥1, 𝑥3 are exterior points enabling a
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trapeze-type support. Only ceiling-mounted threaded rod
hangers may be installed at locations in X. We restrict the
available catalog to one representative component from
each family, CEx2 = {𝑐hanger, 𝑐rod

sr , 𝑐rod
tr , 𝑐tr, 𝑐cl

sr, 𝑐
cl
tr }. Here,

𝑐hanger denotes a ceiling-mounted threaded rod hanger; 𝑐rod
sr

and 𝑐rod
tr are threaded rods used in single-rod and trapeze

configurations; 𝑐tr is a trapeze channel; and 𝑐cl
sr, 𝑐cl

tr are
clamps attaching the pipe to a rod or trapeze channel, re-
spectively. Each element represents a component family:
unlike Example 1, where each catalog entry is a unique
component, here each entry represents a family and multi-
ple units may be placed at distinct locations. Two feasible
backbone support topologies exist for this configuration,
whose spatial layouts are shown in Figure 3.

(a) Single-rod

0 𝑥

a

b

c

𝑃=200 lbf

ℎ

𝑥1 𝑥2 𝑥3

(b) Trapeze

0 𝑥

a a

b bc

d

𝑃=200 lbf

ℎ

𝑥1 𝑥2 𝑥3

a: 𝑐hanger (𝑥2 ); b: 𝑐rod
sr (𝑥2 )

c: 𝑐cl
sr

a: 𝑐hanger (𝑥1,3 ); b: 𝑐rod
tr (𝑥1,3 )

c: 𝑐tr (𝑥1 , 𝑥3 ); d: 𝑐cl
tr

Figure 3. Spatial layout for Example 2. (a) Single-
rod (teal): hanger, rod, and clamp at 𝑥2 form a direct
vertical load path. (b) Trapeze (orange): hangers
and rods at 𝑥1 and 𝑥3 suspend a channel from which
the pipe is clamped at mid-span. Both topologies
are feasible from 𝑠0; early placement decisions irre-
versibly commit to one, and constraint-valid actions
may silently eliminate both (feasibility collapse).

Two feasible backbone topologies exist, each reached
by a distinct feasibility-preserving action sequence sum-
marized in Table 2. Both sequences terminate in Ssuccess.

Table 2. Action sequences for Example 2.

Step Action Component placed
Single-rod topology (𝑠0 → 𝑠3 ∈ Ssuccess)

0 𝑎0 𝑐hanger at 𝑥2
1 𝑎1 𝑐rod

sr at 𝑥2
2 𝑎2 𝑐cl

sr on rod; transfers 𝑃
Trapeze topology (𝑠0 → 𝑠′6 ∈ Ssuccess)

0 𝑎′0 𝑐hanger at 𝑥1
1 𝑎′1 𝑐rod

tr at 𝑥1
2 𝑎′2 𝑐hanger at 𝑥3
3 𝑎′3 𝑐rod

tr at 𝑥3
4 𝑎′4 𝑐tr spanning (𝑥1, 𝑥3)
5 𝑎′5 𝑐cl

tr on channel; transfers 𝑃

Topology commitment emerges from early constraint-
valid actions and is irreversible. Suppose 𝑐hanger is placed
at 𝑥2 followed by 𝑐rod

tr at 𝑥2: both actions satisfy all lo-
cal interface and geometric constraints, yet the resulting
state 𝑠∗2 = {𝑐hanger (𝑥2), 𝑐rod

tr (𝑥2)} has F (𝑠∗2) = ∅. The
single-rod topology requires 𝑐rod

sr at 𝑥2, now blocked by
an incompatible type; the trapeze topology requires 𝑐rod

tr
at 𝑥1 and 𝑥3, rendering the placement at 𝑥2 structurally
irrelevant. Neither topology can be completed: feasibility
collapse has occurred through a locally valid action se-
quence. More generally, once 𝑐hanger and 𝑐rod

sr are placed at
𝑥2 (state 𝑠2), F (𝑠2) ≠ ∅ but trapeze completions are per-
manently excluded: 𝑐rod

sr occupies 𝑥2 and is incompatible
with the trapeze channel interface 𝑐tr, which requires 𝑐rod

tr
at both 𝑥1 and 𝑥3. Conversely, after the trapeze backbone is
installed at 𝑠′5, only trapeze completions remain in F (𝑠′5);
any attempt to realize the single-rod topology transitions
to Sfail under 𝑇 .

6 Discussion
The canonical formulation presented in this paper ex-

poses the core difficulty of SSA synthesis: feasibility is not
a property of individual component choices but of action
sequences. The examples in Section 5 demonstrate how
feasibility constraints shape the decision space in practice:
Example 1 shows how local constraint violations drasti-
cally prune the feasible action space, while Example 2
shows how locally constraint-valid placements can irre-
versibly eliminate all feasible completions, a failure mode
that neither rule-based validation nor topology-fixed opti-
mization can anticipate.

This explains why existing approaches are structurally
misaligned with the upstream synthesis problem. Rule-
based systems verify constraints against a fixed topology
but cannot detect feasibility collapse, since no local con-
straint is violated at the point of introduction. Static op-
timization methods assume a fixed topology and abstract
away sequencing effects, and are therefore unable to de-
tect feasibility collapse arising from the order in which
components are placed. Experience-driven heuristics are
likewise inadequate, as they offer no guarantee of preserv-
ing solvability across the decision sequence. The proposed
formulation resolves this misalignment by treating topol-
ogy as an emergent property of the decision sequence
rather than a design input.

The formulation is agnostic to representational choices.
Partial assemblies may be encoded as graphs whose nodes
correspond to components or interfaces and whose edges
encode geometric or load-transfer relationships, as com-
monly done in assembly and planning formulations [24].
Catalog compatibility rules, geometric constraints, and
structural checks can be implemented as state-dependent
action masks or feasibility filters [17], allowing rule-based,
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geometric, and learned components to coexist within a uni-
fied decision-making framework.

Although no algorithms are proposed in this work,
the formulation naturally supports multiple computational
paradigms. Heuristic search can prioritize states that pre-
serve future solvability [11], constraint-aware planning can
propagate catalog and geometric constraints to prune in-
feasible branches [21, 17], and RL can learn feasibility-
preserving policies through interaction with a catalog-
based simulator [12, 13]. Hybrid symbolic-learning meth-
ods are natural extensions, since the formulation already
accommodates symbolic components via action masks and
feasibility filters alongside learned policies via RL. Al-
though the theoretical state space is combinatorial, most
partial assemblies are eliminated by local constraint viola-
tions; sparse representations with dynamic action masking
make feasibility filtering tractable even for industrial cat-
alogs [10].

The formulation also provides a foundation for bench-
marking future methods. Because the problem structure
is now precisely defined, researchers can assess solvers on
feasibility success rate, solvability preservation, and so-
lution quality, and can narrow or extend the formulation
to specific catalog families, load conditions, or assembly
scales without losing the core sequential decision struc-
ture. This extensibility is not specific to SSA synthesis:
the formulation applies to any sequential design or as-
sembly problem with irreversible feasibility loss, includ-
ing modular product configuration, robotic assembly, and
spatial layout synthesis [30]. In all such domains, feasibil-
ity is path-dependent rather than state-local and cannot be
captured by static optimization, post hoc rule checking, or
experience-driven heuristics.

7 Conclusion
This paper introduces, to our knowledge, the first canon-

ical formulation of SSA synthesis as a constrained sequen-
tial decision process with absorbing unsolvable states. By
representing partial assemblies as states, catalog compo-
nent placements as actions, and feasibility collapse as
an intrinsic state-space property, the formulation cap-
tures why early irreversible decisions can silently elim-
inate all feasible completions, a failure mode invisible to
static optimization, post hoc rule-based validation, and
experience-driven heuristics. The formal distinction be-
tween constraint-validity, solvability, and feasibility, illus-
trated through two ceiling-mounted single-pipe examples
examining component-level and topology-level branching,
clarifies why SSA synthesis cannot be reduced to topology-
fixed optimization or post hoc constraint checking. The
result is a canonical problem structure that unifies heuris-
tic search, constraint-aware planning, and reinforcement
learning under a common abstraction. The formulation

is theoretical and proposes no algorithms; computational
validation and solver development remain open. Future
work includes developing RL solvers that learn feasibility-
preserving policies from catalog-based simulation, con-
structing standardized SSA benchmarks that capture the
combinatorial and topological diversity of industrial MEP
installations, characterizing how feasibility collapse scales
with catalog size and support complexity, and validating
automated designs against expert solutions in practice.
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