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Highlights

Please indicate how your work links to systems science via your contributions to systems
practice, theory, and/or methodology.

• The study treats a national smart port equipment programme not as a single-sector
engineering project but as an impulse propagating through a structured system of
interdependent industries, showing that the material, value, and employment conse-
quences of one intervention are borne by structurally different parts of the economy.

• It contributes a reproducible systems methodology for composite technology pro-
grammes: the programme is delineated by explicit membership at the level of the
380 basic sectors (disaggregation rather than aggregation of parent groups), exoge-
nously specified to exclude self-effects, and estimated on the total and domestic
transaction tables in parallel, in demand-driven and supply-driven form—a procedure
transferable to any programme whose activity is scattered across several industries.

What are the main findings and/or the implications of the main findings?

• A KRW 1 increase in programme output induces KRW 0.8358 of production and KRW
0.2958 of value added in other industries, and KRW 1 billion induces 2.9758 jobs; on
the domestic table these fall to KRW 0.5163, KRW 0.1872 and 1.9912 jobs, so roughly
two-fifths of the gross inducement leaks abroad—and that leakage is concentrated
in the upstream mineral and material supply chain, which is where a self-reliance
objective is most exposed.

• The three inducement channels diverge systematically: production inducement falls
upstream (chemicals, primary metals, mining) while value-added and employment
inducement fall downstream (wholesale and retail, business support services). Single-
channel appraisal therefore misstates where a programme’s effects land, and policies
seeking employment returns should attend to the deployment and service layer rather
than to equipment fabrication alone.

Abstract

Countries operating major container ports without a domestic equipment supply base are
pursuing self-reliance in smart port technology, but such programmes are hard to assess
because their effects diffuse across the economy through inter-industry linkages. This study
estimates inducement coefficients for the Korean Smart Port Technology Self-Reliance
Equipment Development Project. Using the 2023 Input–Output Tables of the Bank of Korea,
the programme is defined at the basic-sector level: 67 of the 380 basic sectors, spanning
port equipment manufacture, construction, logistics services, software, and R&D, are ex-
tracted from their parent groups and consolidated into one sector, leaving the unrelated
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residuals endogenous. That sector is exogenously specified, capturing only repercussions
on the remaining 33 sectors. A KRW 1 increase in programme output induces KRW 0.8358
of production and KRW 0.2958 of value added elsewhere, and KRW 1 billion induces
2.9758 jobs; on the domestic table these fall to KRW 0.5163, KRW 0.1872, and 1.9912 jobs,
so about two-fifths of the gross inducement leaks abroad through imports. Production
inducement falls upstream in materials, value-added, and employment inducement down-
stream in services. On the supply side, a KRW 1 shortfall in the sector’s domestic supply
disrupts KRW 0.4013 of production among its users, and the sector shows the highest
forward-linkage sensitivity of the 34-sector system. Eleven alternative delineations leave
the structural findings unchanged. The coefficient vector is reported in full, so the estimates
are reproducible.

Keywords: smart port; port logistics; input–output analysis; exogenous specification;
inducement coefficients; technology self-reliance; port equipment; supply shortage effect;
systems analysis

1. Introduction
Maritime ports occupy a structurally distinctive position in national economies [1,2].

They are not merely nodes at which cargo changes mode, but complex socio-technical
systems in which heavy capital equipment, civil infrastructure, information, and communi-
cation technology (ICT), logistics services, labour, and regulation are tightly coupled. Since
roughly four-fifths of global merchandise trade by volume moves by sea [3], the perfor-
mance of this system propagates into the competitiveness of the industries it serves [4–7].
Port modernisation programmes are therefore unlikely to be assessed adequately when
treated as isolated engineering projects, as their consequences are distributed across a wide
set of industries whose connections remain invisible in project-level accounting.

Over the past decade, the notion of the “smart port” has consolidated this systemic
view [8–12]. A smart port integrates automated container handling equipment—automated
stacking cranes, automated guided vehicles, and remote-controlled quay cranes—with
digital twins, terminal operating systems, sensor networks, and data-driven decision
support, so that the physical and informational layers of terminal operation are jointly
optimised [13]. The economic rationale is relatively direct: automation and digitalisation
raise berth productivity, shorten dwell times, reduce accident rates and lower emissions
per unit of throughput [14,15]. The systems rationale is subtler. Because the smart port
bundles equipment, construction, ICT, and services into a single technological package, an
intervention directed at one layer tends to mobilise the others.

For countries that operate globally significant container ports without a domestic sup-
ply base for the associated equipment, this coupling may constitute a strategic vulnerability.
The Republic of Korea is a salient case. Korean ports handle very large container volumes
and Korean shipbuilding retains internationally competitive capability, yet the core auto-
mated handling equipment installed in Korean terminals has been procured predominantly
from a small number of foreign suppliers. The resulting dependence is not solely a matter
of price. It may expose terminal operators to supply disruption, constrain the customisation
of equipment to domestic operating conditions, and create uncertainty over maintenance
and spare-part lifecycles, and because terminal operating systems and equipment control
systems exchange operational data continuously, it also raises questions of security and
data sovereignty. Against this background, the Korean government has pursued a Smart
Port Technology Self-Reliance Equipment Development Project [16], whose purpose is to
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establish domestic design, manufacturing, integration and operational capability for smart
port equipment.

Programmes of this kind pose a distinctive evaluation problem. Much of what such a
programme sets in motion lies not in the output of the funded sector itself but in the activity
that output induces elsewhere: the chemical and metal inputs drawn into equipment
fabrication, the engineering work required for installation, the distribution and business
services that accompany deployment, and the employment generated across all of these. An
assessment that counts only the direct output of the equipment sector is likely to understate
the programme; one that counts the sector’s own output as an induced benefit double-
counts it. What is required is a framework that traces the repercussions of the programme
through the structure of inter-industry transactions while explicitly excluding its self-effects.
The coefficients such a framework yields are per-unit measures: converting them into a
monetary benefit for a specific programme requires, in addition, that programme’s output
change, which is not estimated here.

Inter-industry analysis, developed by Leontief [17,18] and formalised for applied
policy work by Miller and Blair [19], provides such a framework. The input–output
table records, for a given period, the complete set of transactions through which each
industry purchases intermediate goods and services and sells its output to other industries
and to final demand. From this table, the Leontief inverse recovers the direct and indirect
production required throughout the economy to sustain a given change in output. Coupling
the inverse with value-added and employment coefficients extends the same logic to value
creation and job creation. Of particular relevance to the present problem, an industry of
interest can be exogenously specified—removed from the endogenous system and treated
as an external driver—so that the effects measured are those on other industries alone.

A substantial applied literature has used this framework to characterise the eco-
nomic role of maritime and technology-intensive industries [20–22]. For Korea, exogenous-
specification studies exist for the maritime industry [23] and for shipbuilding [24], together
with input–output assessments of port investment [25], and the same approach has re-
cently been applied to composite technology industries such as connected and autonomous
vehicles [26], smart farming [27], logistics [28] and smart tourism platforms [29]; in the
European context, input–output analysis has been used to assess the shipping industry
under the EU Green Deal [30]. Closest to the present study, Jun, Lee, and Choi [31] esti-
mated the economic impact of the Korean smart port industry by defining that industry
as a weighted combination of existing sectors, with the weights elicited through Delphi
surveys of experts. The present study addresses the same objective by a different route:
rather than weighting whole sectors by expert judgement, it defines the programme by
explicit membership at the level of the 380 basic sectors of the official classification, so that
the definition is reproducible from published data and the unrelated residuals of the parent
groups remain endogenous. In addition, where the earlier literature reports coefficients on
a single transaction table, the present study estimates them on the total and the domestic
tables in parallel, which is what allows the import content of the inducement to be mea-
sured. A further feature of this literature bears on the design of the present study: the
exogenous-specification tradition pairs the demand-driven inducement coefficients with
supply-driven shortage and price-side counterparts [23], and the fourth research question
below extends the present analysis to that fuller canon.

Applying this framework to a smart port equipment programme raises a defini-
tional difficulty that is easy to overlook. The programme spans ICT, electrical equipment,
machinery, transport equipment, construction, transportation services, information and
communication, and research and development. None of these major groups corresponds
to the programme, and each contains a great deal of activity that has nothing to do with
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ports: the computer and electronics group contains mobile phones and televisions, the
transport equipment group contains passenger cars, and the software group contains game
publishing. Defining the programme as the union of the parent groups would therefore con-
struct an aggregate several times the size of the programme and would, in effect, exogenise
a large part of Korean manufacturing. The present study avoids this by working at the
level of the 380 basic sectors of the input–output classification, extracting only those basic
sectors that correspond to port handling machinery, drive and control equipment, port civil
works, cargo handling and warehousing services, terminal software, and engineering R&D,
and leaving the unrelated residuals of the parent groups in the endogenous system.

These questions, and the framework that answers them, admit an explicitly systems-
theoretic reading, which the paper develops as its point of connection to systems science.
An input–output table is among the oldest formal representations of a national economy as
a system: a set of interdependent components whose collective behaviour is governed by
the structure of their connections rather than by the properties of any component taken
alone [17,19], which is the founding concern of general system theory [32]. Read in this way,
the analytical devices employed below are systems operations. Exogenous specification
redraws the boundary of the system: the programme sector is moved outside it, acts as an
environment-side driver, and the measured response is wholly internal to the remaining
structure. The Leontief inverse is the closed-loop operator of that structure: it resolves a
boundary-crossing impulse into an infinite regress of inter-industry feedback rounds, and
Section 4.2 makes the propagation visible round by round. Estimating on the total and the
domestic transaction tables in parallel treats the economy as an open system and measures
what crosses its outer boundary as import leakage. The divergence of the production,
value-added, and employment channels examined in Section 4.1 is a structure–function
relation: one impulse, three functionally distinct responses of the same structure.

The delineation of the programme sector is itself grounded in a systems principle.
Simon’s account of near-decomposability [33] cautions that the apparent blocks of a
classification—here, the major industry groups—are aggregates of subsystems whose
internal couplings differ from their external ones; a programme that cuts across eight such
groups is misrepresented by every one of them, and must be delineated at the level of the
elementary components, which is what the basic-sector construction of Section 2.2 does.
The same structural view of production has re-entered economics through the literature
on production networks, in which sectoral shocks propagate along input–output linkages
into aggregate outcomes [34,35], and supply chains have long been read in operations
research as complex adaptive systems whose behaviour is dominated by connectivity [36];
recent work in this journal traces exactly such propagation of disruption through mul-
tilayer supply networks [37]. Along this line, the present study contributes the case of
a deliberately constructed composite sector, observed in official transaction data, whose
demand-side, supply-side, and boundary-crossing behaviour are measured on one and the
same structure.

Four research questions guide the analysis. RQ1: What are the production-inducing,
value-added-inducing, and employment-inducing coefficients of the smart port equipment
technology sector, measured on other industries with self-effects excluded? RQ2: How
much of that inducement is retained within the domestic economy, and in which industries
is the import leakage concentrated? RQ3: How are the three inducement channels dis-
tributed across upstream and downstream parts of the economy? RQ4: How exposed are
other industries to the sector itself—what production losses does a shortfall in its supply
impose on them, what cost pressure does a change in its price transmit, and where does the
sector stand in the backward and forward linkage structure of the economy?
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This study applies the exogenous-specification framework to the Korean Smart Port
Technology Self-Reliance Equipment Development Project, estimating the inducement
coefficients associated with its sectoral composition rather than valuing the programme
itself. With respect to systems research, the contribution lies in treating the programme
not as a single-sector intervention but as an impulse propagating through a structured
system of interdependent industries, and in quantifying how that structure distributes the
programme’s material, value and employment consequences across parts of the economy
that behave very differently. The methodological contribution is fourfold, corresponding to
the four research questions. First, the programme sector is constructed by disaggregation
rather than by aggregation of whole major groups, so that the residual activity of the parent
groups remains a recipient of inducement rather than part of the exogenous block. Second,
the coefficients are estimated on both the total and the domestic transaction tables, which
separates gross inducement from the part retained domestically—a distinction that matters
directly for a programme whose rationale is import substitution. Third, the constructed
input coefficient vector is reported in full, so that every estimate can be reproduced from the
published tables. Fourth, the demand-side coefficients are complemented by supply-driven
shortage, price-side and linkage estimates, and the stability of the structural findings is
established over eleven alternative delineations of the programme sector.

The remainder of the paper is organised as follows. Section 2 defines the scope of
the programme and describes the data, the construction of the programme sector, the
input–output framework, and the exogenous specification procedure. Section 3 presents
the estimation results, on the demand side and on the supply side. Section 4 examines the
propagation structure of the estimates, their robustness to the delineation of the sector and
to the employment-coefficient year, their comparison with adjacent industries, and their
policy and systems implications, together with limitations. Section 5 concludes.

2. Materials and Methods
2.1. Data

The primary data are the 2023 Input–Output Tables published by the Bank of
Korea [38], used at the level of the 380 basic sectors of the 2020 benchmark-year com-
modity classification. The 2020 benchmark year refers to the classification and compilation
framework, not to the vintage of the transactions: the 2023 extension tables record transac-
tion values, total inputs and value added as observed in 2023, so that the input coefficients
estimated here embody the 2023 production structure rather than that of the pandemic year.
Two transaction tables are used in parallel: the total transaction table at producers’ prices,
which is inclusive of imported intermediates, and the domestic transaction table, which
records only domestically produced intermediates. Total input and value added by sector
are taken from the total table. Estimating on both tables separates gross inducement on
domestic industries from the part of that inducement which is actually retained within the
national economy.

Employment coefficients are taken from the employment tables that accompany the
Bank of Korea’s Input–Output Tables [38]. These are published for benchmark and ex-
tension years up to 2022, and no 2023 vector is available at the time of writing; the 2022
coefficients are therefore applied to the 2023 transaction structure. The employed-persons
concept is used, comprising employees together with the self-employed and unpaid fam-
ily workers, and coefficients are expressed as persons per KRW 1 billion of output. The
sensitivity of the employment estimates to the choice of coefficient year is examined in
Section 4.6, and the one-year mismatch is noted among the limitations in Section 4.9.
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2.2. Scope Definition

The Smart Port Technology Self-Reliance Equipment Development Project is not
confined to equipment manufacture. Its technological content spans automated handling
machinery, the electrical drive and control systems that operate it, the civil works in which
it is installed, the cargo handling and warehousing services it performs, the software and
communications that coordinate it, and the engineering research and development that
underpins it. These activities are distributed across eight major groups of the input–output
classification, but they do not exhaust those groups.

Membership of the programme sector was therefore determined at the level of the
basic sectors, by three explicit criteria applied in sequence. First (C1), the technological
content of the programme was mapped onto six functional areas—handling machinery;
electrical drive and control equipment; port civil works; cargo handling, storage and related
transport services; software, communications and information services; and engineering
research and development—which identify 38 small sectors distributed across eight parent
groups. Second (C2), every basic sector belonging to those 38 small sectors was taken as a
candidate, yielding 78 basic sectors. Third (C3), candidate basic sectors whose output is
oriented to final consumers or to passenger transport, and which therefore have no plausible
role as inputs to or outputs of port automation, were excluded: mobile phones, televisions,
video equipment, audio equipment, watches and clocks, passenger cars, electric passenger
cars, buses, motorcycles, game software publishing, and road passenger transport services.
Sixty-seven basic sectors remain and constitute the programme sector; Table 1 reports the
composition. Conversely, candidate sectors that supply intermediate technological content
to port automation were retained in their entirety even where their output also serves other
uses—semiconductors, trucks and special-purpose vehicles are the principal cases—and
the resulting breadth of the definition is acknowledged among the limitations in Section 4.9.
The residual activity of each parent group—for example, the part of the semiconductor
and electronics group not extracted—continues to appear in the endogenous system as a
recipient of inducement rather than as part of the exogenous block.

Table 1. Composition of the reconstructed programme sector.

Parent Group Parent Group Name Small Sectors Extracted
Share of
Programme Total
Input (%)

C09 Computer, electronic and
optical equipment

310 Semiconductors; 320 Electronic display
devices; 339 Other electronic components;
340 Computers and peripherals;
351 Communication and broadcasting
equipment; 369 Other precision instruments

18.92

C10 Electrical equipment
371 Generators and electric motors;
372 Electricity conversion and supply
control devices; 373 Batteries

7.98

C11 Machinery and equipment

381 Internal combustion engines and
turbines; 382 Pumps and compressors;
383 General-purpose machinery parts;
384 Industrial handling machinery;
385 Air and liquid control devices;
392 Metal-working machinery; 393 Moulds
and dies; 394 Semiconductor and display
manufacturing machinery

11.04
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Table 1. Cont.

Parent Group Parent Group Name Small Sectors Extracted
Share of
Programme Total
Input (%)

C12 Transport equipment

401 Motor vehicles; 402 Special-purpose
vehicles and trailers; 403 Motor vehicle
parts; 410 Ships; 429 Other
transport equipment

15.60

F Construction

503 Building repair; 511 Transport facility
construction; 512 General civil engineering
construction; 513 Industrial
facility construction

8.29

H Transportation services

532 Road transport services; 540 Water
transport services; 562 Cargo handling
services; 563 Storage and
warehousing services

8.70

J
Information,
communication and
broadcasting services

591 Wired, wireless and satellite
communication services; 610 Information
services; 621 Software development and
supply; 629 Other IT services

12.19

M Professional, scientific and
technical services

700 Research and development;
721 Architectural and civil engineering
related services; 729 Other scientific,
technical and professional services

17.27

Total (67 basic sectors) 100.00

Note: Small sector codes follow the 2020 benchmark-year commodity classification. Shares are each
parent group’s contribution to the total input of the consolidated programme sector and arise from
consolidation at the level of transaction values rather than from an externally imposed weighting
scheme. Shares may not sum exactly to 100.00 owing to rounding.

2.3. Construction of the Programme Sector

The programme sector was constructed by withdrawing the 67 basic sectors of Table 1
from the 380-sector transaction table and consolidating them into a single sector. Its
intermediate purchases from each remaining part of the economy are the sums of the
corresponding purchases of the 67 constituent basic sectors, and its total input is the sum of
their total inputs. Because consolidation is performed on transaction values rather than on
coefficients, the constituent sectors enter the composite in proportion to their total inputs;
the resulting implicit shares by parent group are reported in Table 1.

The remaining 313 basic sectors were then aggregated to the 33 major groups of the
classification for reporting. Where a major group contributed basic sectors to the pro-
gramme, the group survives in the endogenous system in residual form, comprising only
those of its basic sectors that were not extracted. The system on which the analysis oper-
ates therefore comprises 33 endogenous groups together with the exogenously specified
programme sector.

2.4. Inter-Industry Analysis

Inter-industry analysis, also known as input–output analysis, is a method for identify-
ing quantitatively the interdependencies among industries that arise through production
activity. In a national economy, each industry forms relationships with the others by
purchasing goods and services and selling its own output to other industries. These rela-
tionships are captured by the input–output table, which organises into a single statistical
table the economic transactions describing how the goods and services produced by each
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industry over a given period—normally one year—are distributed among industries and to
final demand components such as exports and consumption. In Korea, the table is compiled
and published by the Bank of Korea [38,39]. Because inter-industry analysis reaches the
industry-to-industry relationships that macroeconomic analysis cannot resolve, it is widely
used to characterise detailed economic structure.

The input coefficient matrix is obtained by dividing each column of the transaction
matrix by the total input of the corresponding sector, and expresses how much of each
sector’s output is used as input by every other sector. It thus quantifies the interdependence
structure among industries and provides the basis for the Leontief inverse [18,19]; a supply-
driven counterpart based on allocation coefficients [40] exists and is employed here for RQ4,
subject to the interpretive caution that attaches to it [41]: where the demand-driven model
traces the purchases a sector’s expansion requires from others, the allocation-coefficient
model traces the deliveries its supply makes possible for others, which is the relevant
direction for a question about supply disruption (Section 2.5).

The input–output framework was preferred over computable general equilibrium
(CGE) and network-analytic alternatives for reasons that follow from the object of the
study. The quantities sought here are per-unit inducement coefficients attached to a newly
constructed composite sector, and the input–output model delivers them directly from
officially published transaction data, with no behavioural parameters to calibrate; every
figure reported below is reproducible by a third party from the Bank of Korea tables
together with the membership list of Table 1. A CGE treatment would additionally represent
price adjustment, input substitution and factor reallocation, but at the cost of elasticity
assumptions and calibration choices that would place the results beyond independent
reproduction, and its comparative advantage lies in valuing a specified shock rather than in
characterising per-unit linkage structure. Network-analytic methods describe the topology
of inter-industry connections but do not yield the demand-driven inducement magnitudes
that the research questions require. The two approaches are complements rather than
substitutes: the coefficients estimated here are the kind of structural input on which a
subsequent CGE valuation of the programme could draw, and this extension is identified
in Section 4.9.

The price of this transparency is a set of known restrictions—fixed input coefficients,
constant returns to scale, and the absence of supply constraints—whose implications in
the present setting, including the substitution pressures created by recent geopolitical
disruption of energy and materials supply chains, are discussed in Section 4.9 rather than
assumed away. One restriction can, however, be relaxed within the framework itself:
because the total and the domestic transaction tables are used in parallel, the import content
of every inducement channel is measured rather than assumed, which is precisely the
margin along which supply-chain reconfiguration operates.

2.5. Exogenous Specification

To analyse the programme itself, rather than the industries in which it is embedded, the
corresponding sector must be treated by exogenous specification. Under the conventional
final-demand-driven approach, the effects received by industries other than the sector
whose activity changes are difficult to examine adequately, because that sector’s own effects
are entangled with the rest of the system. In inter-industry analysis, where endogenous
and exogenous variables are mixed, the exogenous variable is separated out, and the
influence it exerts on the endogenous part of the economy is examined; this procedure is
termed exogenous specification [21–24]. Through it, the self-effects of a specific industry
are excluded, and the repercussions on other industries can be identified more clearly.
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Let the programme sector be denoted the K sector. In the demand-driven model with
the K sector exogenously specified, the production-inducing effect is written as

∆Xe = (I − Ae)
−1 Ak∆Xk, (1)

where ∆Xe is the vector of output changes in the 33 endogenous groups; (I − Ae)−1 is the
Leontief inverse of the endogenous block; Ak is the column vector of input coefficients of
the programme sector over the endogenous groups; and ∆Xk is the change in the output of
the programme sector.

The existence of the Leontief inverse in Equation (1) requires that the spectral radius
of the endogenous coefficient matrix satisfy ρ(Ae) < 1, which is equivalent to the Hawkins–
Simon condition for a productive system. Both estimated matrices satisfy the condition
comfortably: ρ(Ae) = 0.5596 on the total transaction table and 0.4097 on the domestic
transaction table. A sufficient condition is also met directly, since every column sum of
the endogenous coefficient matrix is strictly below unity (the maximum is 0.9446): each
endogenous group’s total input is partly absorbed by value added or by purchases from the
exogenously specified sector, neither of which appears in Ae. The inverse is therefore well
defined, and the Neumann series of inter-industry rounds converges; Section 4.2 reports
how quickly.

The elements of Ak follow from the construction described in Section 2.3: for each
endogenous group i, the coefficient is the consolidated intermediate purchase from i divided
by the consolidated total input, that is

ak,i =
∑ zi,b

∑ xb
, b ∈ B , (2)

where B denotes the set of 67 basic sectors listed in Table 1, zi,b the intermediate purchase
of basic sector b from endogenous group i, and xb the total input of basic sector b. The
resulting 33-element vector is reported in full in Table A1 of Appendix A, for both the total
and the domestic transaction tables.

Equation (1) yields the production-inducing effect centred on the programme and
indicates its direct and indirect effects on other sectors. Investment in the programme
therefore does not stop at its own output effect: through linkage effects [42–44] it
induces production in other industries and thereby stimulates production across the
industrial system.

Second, the value added generated in domestic production activity can likewise be
regarded as induced. To derive the value-added-inducing effect of an increase in the output
of the programme sector on other sectors, the sector is exogenously specified under the
assumption of no change in final demand, giving

∆Ve = Be(I − Ae)
−1 Ak∆Xk , (3)

where Be is the (33 × 33) diagonal matrix of value-added coefficients of the endogenous
groups, each element being that group’s value added divided by its total input.

Third, because the production induced in turn induces labour demand, the employment-
inducing effect is computed by combining the employment coefficient with the production-
inducing effect. The employment coefficient ni is the amount of labour Ni used in produc-
tion activity over a given period divided by total output Xi, that is, ni = Ni/Xi. With the
programme sector exogenously specified, the employment-inducing effect is

∆Ne = ne(I − Ae)
−1 Ak∆Xk , (4)
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where ∆Ne is the change in the number of employed persons in each endogenous group
and ne is the (33 × 33) diagonal matrix of employment coefficients.

Equations (1), (3), and (4) are estimated twice: once on the total transaction table and
once on the domestic transaction table. In the latter case, the coefficient matrix, the Leontief
inverse, and the programme column are all constructed from domestically produced
intermediates alone, so that the resulting coefficients measure inducement retained within
the national economy.

The demand-driven model traces what an expansion of the programme sector draws
from other industries. RQ4 poses the converse question—what the rest of the economy
stands to lose when the sector’s own supply falls short—and is answered in the supply-
driven model of Ghosh [40], with the programme sector again exogenously specified. On
the domestic transaction table, on which each row allocates exactly the domestically pro-
duced output of its sector, the allocation coefficient rij = zij/Xi expresses the share of sector
i’s output delivered to sector j, with Xi taken as total output. The supply-shortage effect
of a KRW 1 shortfall in the domestic supply of the programme sector on the endogenous
groups is then

∆Xs
e = ∆Xkrk(I − Re)

−1 , (5)

where rk is the (1 × 33) row vector of allocation coefficients of the programme sector over the
endogenous groups and Re the (33 × 33) allocation-coefficient matrix of the endogenous block.
The effect is measured symmetrically with Equations (1), (3), and (4), on industries other
than the programme sector itself; it characterises forward transmission, complementing the
backward transmission of Equation (1). Following the critique of the supply-driven model [41],
the estimate is read as a measure of short-run exposure—the production put at risk while
input proportions cannot yet adjust—rather than as a prediction of equilibrium reallocation.

A price-side counterpart traces the cost pressure that a change in the programme
sector’s price transmits to the prices of the endogenous groups. In the Leontief price model
with the K sector exogenously specified, computed on domestic input coefficients so that
import prices are held fixed,

∆Pe = (I − Ad′
e )

−1ad
k∆Pk , (6)

where Ad
e is the domestic input-coefficient matrix of the endogenous block (the prime in

Equation (6) denoting transposition), ak
d the (33 × 1) vector of domestic input coefficients

of the programme sector’s output in the cost structures of the endogenous groups, and ∆Pk

the exogenous change in the programme sector’s price, set at 10 per cent in Section 3.4.
Finally, the sector’s position within the linkage structure as a whole is summarised

by the Rasmussen–Hirschman indices [42,43], computed on the full 34-sector system—the
33 residual groups together with the programme sector treated endogenously—so that
the sector’s own row and column participate. With lij the elements of the Leontief inverse
of that system on the domestic transaction table and n = 34, the index of the power of
dispersion (backward linkage) of sector j and the index of the sensitivity of dispersion
(forward linkage) of sector i are

uj =
n ∑i lij

∑i ∑j lij
, vi =

n ∑j lij
∑i ∑j lij

, (7)

values above unity marking sectors whose backward pull on, or forward exposure to,
the rest of the system exceeds the system average. Figure 1 summarises the analytical
framework assembled in this section.
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Figure 1. Analytical framework. The programme sector (67 basic sectors from eight parent groups) is
exogenously specified. On the demand side, its input requirements Ak drive the endogenous system
of 33 residual groups, whose internal feedback (I − Ae)−1 resolves the impulse into production, value-
added and employment inducement (Equations (1), (3) and (4)); on the supply side, its allocation
vector rk transmits a supply shortfall, and its cost share ak

d a price change, forward through the
same structure (Equations (5) and (6)). Estimation on the total and the domestic transaction tables in
parallel measures the part of every effect that crosses the system boundary as import leakage. The
dashed line marks the system boundary; arrows indicate the direction of transmission.

3. Results
The production-inducing, value-added-inducing and employment-inducing effects of

the programme sector were estimated on the 2023 Input–Output Tables, on both the total
and the domestic transaction tables. The demand-side results are reported in Table 2; the
supply-shortage, price, and linkage estimates follow in Sections 3.4 and 3.5.

Table 2. Estimated inducement coefficients of the smart port logistics equipment technology sector
on other industries.

# Code Sector Prod.
(KRW) R VA

(KRW) R Emp.
(Persons) R Prod.

Dom. VA Dom. Emp.
Dom.

1 A Agriculture, forestry and fishery products 0.0065 24 0.0031 23 0.1272 9 0.0032 0.0015 0.0628
2 B Mining and quarrying products 0.0647 3 0.0262 3 0.1412 7 0.0014 0.0005 0.0030
3 C01 Food, beverages and tobacco products 0.0149 17 0.0035 21 0.0293 19 0.0083 0.0020 0.0163
4 C02 Textile and leather products 0.0100 21 0.0018 25 0.0226 24 0.0055 0.0010 0.0125
5 C03 Wood, paper and printing 0.0133 19 0.0039 19 0.0364 17 0.0088 0.0026 0.0239
6 C04 Coal and petroleum products 0.0392 10 0.0073 14 0.0023 31 0.0190 0.0036 0.0011
7 C05 Chemical products 0.1048 1 0.0253 4 0.1201 10 0.0531 0.0128 0.0608
8 C06 Non-metallic mineral products 0.0169 16 0.0045 17 0.0374 16 0.0126 0.0033 0.0279
9 C07 Primary metal products 0.0867 2 0.0169 7 0.0572 13 0.0538 0.0105 0.0355
10 C08 Fabricated metal products 0.0492 6 0.0160 10 0.1317 8 0.0407 0.0132 0.1090

11 C09 Computer, electronic and optical
equipment (residual) 0.0213 14 0.0055 15 0.0228 23 0.0126 0.0033 0.0134

12 C10 Electrical equipment (residual) 0.0190 15 0.0040 18 0.0276 21 0.0144 0.0031 0.0210
13 C11 Machinery and equipment (residual) 0.0020 29 0.0005 31 0.0046 29 0.0008 0.0002 0.0018
14 C12 Transport equipment (residual) 0.0030 26 0.0007 30 0.0039 30 0.0013 0.0003 0.0017
15 C13 Other manufactured products 0.0030 27 0.0008 28 0.0143 26 0.0021 0.0006 0.0099

16 C14 Manufacturing services and repair of
industrial equipment 0.0470 7 0.0222 5 0.2232 5 0.0349 0.0164 0.1656

17 D Electricity, gas and steam 0.0470 8 0.0096 12 0.0239 22 0.0340 0.0070 0.0173

18 E Water supply, waste treatment and
recycling services 0.0085 22 0.0038 20 0.0377 15 0.0060 0.0027 0.0267

19 F Construction (residual) 0.0000 33 0.0000 32 0.0000 32 0.0000 0.0000 0.0000

20 G Wholesale, retail and commodity
brokerage services 0.0598 4 0.0320 1 0.4529 1 0.0482 0.0258 0.3651

21 H Transportation services (residual) 0.0323 11 0.0161 9 0.2353 4 0.0199 0.0099 0.1447
22 I Food services and accommodation 0.0236 13 0.0077 13 0.2050 6 0.0175 0.0057 0.1519
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Table 2. Cont.

# Code Sector Prod.
(KRW) R VA

(KRW) R Emp.
(Persons) R Prod.

Dom. VA Dom. Emp.
Dom.

23 J Information, communication and
broadcasting services (residual) 0.0107 20 0.0049 16 0.0412 14 0.0087 0.0040 0.0334

24 K Financial and insurance services 0.0261 12 0.0163 8 0.0768 12 0.0206 0.0129 0.0606
25 L Real estate services 0.0138 18 0.0097 11 0.0289 20 0.0111 0.0078 0.0232

26 M Professional, scientific and technical
services (residual) 0.0502 5 0.0174 6 0.2688 3 0.0357 0.0124 0.1909

27 N Business support services 0.0446 9 0.0272 2 0.4283 2 0.0291 0.0178 0.2795

28 O Public administration, defence and
social security 0.0017 31 0.0012 27 0.0130 27 0.0011 0.0008 0.0084

29 P Education services 0.0011 32 0.0008 29 0.0118 28 0.0010 0.0006 0.0100
30 Q Health and social welfare services 0.0022 28 0.0013 26 0.0217 25 0.0017 0.0010 0.0170

31 R Arts, sports, and recreation-
related services 0.0040 25 0.0022 24 0.0298 18 0.0030 0.0017 0.0220

32 S Other services 0.0070 23 0.0031 22 0.0993 11 0.0052 0.0024 0.0743
33 T Others 0.0017 30 0.0000 33 0.0000 33 0.0012 0.0000 0.0000
Total 0.8358 0.2958 2.9758 0.5163 0.1872 1.9912

Notes: Effects are measured on industries other than the programme sector, which is exogenously
specified. Production- and value-added-inducing effects are expressed per KRW 1 of output increase
in the programme sector; employment-inducing effects are persons per KRW 1 billion of output
increase. The first six numeric columns are estimated on the total transaction table and the last three
on the domestic transaction table; ranks (R) refer to the total-table estimates. “Residual” denotes the
part of a parent group not extracted into the programme sector. Construction shows zero inducement
because the residual construction sectors (residential and non-residential building, other construction)
supply final demand rather than intermediate input. Totals are the column sums of the unrounded
coefficients, rounded to four decimal places (the unrounded totals on the total table are 0.835826,
0.295770 and 2.975804, and on the domestic table 0.516253, 0.187207 and 1.991229); entries are likewise
reported to four decimal places and may not sum exactly to the reported total. Ranks are assigned
on unrounded coefficients, so entries coinciding at four decimal places may receive adjacent ranks;
differences within the fourth decimal place are not interpreted as substantive.

3.1. Production-Inducing Effect

Estimated on the total transaction table, a KRW 1 increase in the output of the smart
port logistics equipment technology sector induces KRW 0.8358 of production in other
industries. On the domestic transaction table, the corresponding figure is KRW 0.5163, so
that approximately 38 per cent of the gross production inducement is met by imported
intermediates rather than by domestic production.

By industry, the largest production-inducing effects on the total table arise in
[7. Chemical products] (0.1048) and [9. Primary metal products] (0.0867), followed by
[2. Mining and quarrying products] (0.0647). The prominence of chemicals and primary
metals is consistent with the material composition of port handling equipment, in which
synthetic resins, industrial rubber products, primary steel, and metal castings are used
intensively in structures, drives, and running gear. On the domestic table, the ordering of
the first two reverses: primary metals (0.0538) exceeds chemicals (0.0531), and mining falls
from 0.0647 to 0.0014, effectively disappearing from the domestic ranking. This contrast
reflects the import dependence of the sectors concerned rather than any difference in the
programme’s requirements: Korea imports the great majority of its mineral raw materials,
so that the inducement transmitted to mining is realised almost entirely abroad, whereas
primary metals retain a substantially larger domestic component.

The residual parts of the parent groups also receive inducement. The residual of
[11. Computer, electronic and optical equipment] records 0.0213 and the residual of
[12. Electrical equipment] 0.0190, indicating that the extracted programme activities draw
on electronics and electrical products that were not themselves classified as part of the
programme. By contrast, [29. Education services] (0.0011) and [33. Others] (0.0017) show
the smallest inducement, and [19. Construction] shows none, for the reason given in the
note to Table 2.
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3.2. Value-Added-Inducing Effect

A KRW 1 increase in the output of the programme sector induces KRW 0.2958 of value
added in other industries on the total table, and KRW 0.1872 on the domestic table.

The largest value-added-inducing effects arise in [20. Wholesale, retail and commodity
brokerage services] (0.0320) and [27. Business support services] (0.0272), followed by
[2. Mining and quarrying products] (0.0262) and [7. Chemical products] (0.0253). The
ordering differs markedly from that of production inducement: chemicals and primary
metals, which absorb the largest volumes of induced production, rank fourth and seventh
in value added, whereas distribution and business services, which absorb considerably less
production, rank first and second. The pattern is stable on the domestic table for the service
sectors—wholesale and retail (0.0258) and business support services (0.0178) remain first
and second—while mining again falls away. The lowest value-added inducement arises in
[28. Public administration, defence and social security] (0.0012) and [29. Education services]
(0.0008), sectors whose output is public-good in character rather than production-oriented,
so that expansion of the programme does not translate into value creation within them.

3.3. Employment-Inducing Effect

A KRW 1 billion increase in the output of the programme sector induces 2.9758 jobs in
other industries on the total table, and 1.9912 jobs on the domestic table.

The largest employment-inducing effects arise in [20. Wholesale, retail and commodity
brokerage services] (0.4529 persons) and [27. Business support services] (0.4283), followed
by [26. Professional, scientific and technical services (residual)] (0.2688) and [21. Transporta-
tion services (residual)] (0.2353). Together, the first two account for roughly 30 per cent of
the total employment inducement. The concentration mirrors the value-added result and
reflects the labour intensity of distribution, facility management, and manpower supply
activities that accompany the deployment and operation of equipment. The smallest effects
arise in [6. Coal and petroleum products] (0.0023) and in [19. Construction] and [33. Others]
(zero); the coal and petroleum sector is capital- and facility-intensive, so that expansion of
its production does not translate into a proportionate increase in employment.

3.4. Supply-Shortage and Price Effects

This subsection addresses RQ4. Estimated by Equation (5) on the domestic transaction
table, a KRW 1 shortfall in the domestic supply of the programme sector disrupts KRW
0.4013 of production in other industries. The estimate is not sensitive to the convention
chosen for the allocation coefficients: re-estimating on the total transaction table, with
each row normalised by total supply, yields 0.3944. Table 3 reports the sectoral incidence,
together with the price effects of Equation (6).

Table 3. Supply-shortage and price effects of the programme sector on other industries.

# Code Sector Supply Shortage (KRW) R Price Effect (%) R

1 A Agriculture, forestry, and fishery products 0.0042 29 0.68 27
2 B Mining and quarrying products 0.0009 32 2.11 2
3 C01 Food, beverages, and tobacco products 0.0129 9 0.85 19
4 C02 Textile and leather products 0.0045 28 0.78 22
5 C03 Wood, paper, and printing 0.0050 27 1.08 15
6 C04 Coal and petroleum products 0.0056 25 0.38 33
7 C05 Chemical products 0.0216 5 0.69 25
8 C06 Non-metallic mineral products 0.0076 22 1.81 5
9 C07 Primary metal products 0.0125 11 0.79 21

10 C08 Fabricated metal products 0.0127 10 1.12 14
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Table 3. Cont.

# Code Sector Supply Shortage (KRW) R Price Effect (%) R

11 C09 Computer, electronic, and optical
equipment (residual) 0.0140 8 1.84 4

12 C10 Electrical equipment (residual) 0.0120 13 1.89 3
13 C11 Machinery and equipment (residual) 0.0078 21 1.78 7
14 C12 Transport equipment (residual) 0.0498 1 4.02 1
15 C13 Other manufactured products 0.0025 31 1.04 16

16 C14 Manufacturing services and repair of
industrial equipment 0.0118 14 1.47 12

17 D Electricity, gas, and steam 0.0053 26 0.42 32

18 E Water supply, waste treatment, and
recycling services 0.0061 24 1.76 8

19 F Construction (residual) 0.0348 2 1.73 9

20 G Wholesale, retail, and commodity
brokerage services 0.0318 3 0.97 18

21 H Transportation services (residual) 0.0074 23 0.76 23
22 I Food services and accommodation 0.0154 7 0.83 20

23 J Information, communication, and
broadcasting services (residual) 0.0089 18 1.51 11

24 K Financial and insurance services 0.0118 15 0.62 30
25 L Real estate services 0.0222 4 0.98 17

26 M Professional, scientific, and technical
services (residual) 0.0191 6 1.56 10

27 N Business support services 0.0091 17 0.76 24

28 O Public administration, defence, and
social security 0.0109 16 0.65 29

29 P Education services 0.0086 19 0.67 28
30 Q Health and social welfare services 0.0080 20 0.44 31
31 R Arts, sports, and recreation-related services 0.0037 30 0.69 26
32 S Other services 0.0121 12 1.79 6
33 T Others 0.0005 33 1.19 13

Total 0.4013 —

Notes: Supply-shortage effects are estimated by Equation (5) on the domestic transaction table and
are expressed as KRW of production disrupted in each industry per KRW 1 shortfall in the domestic
supply of the programme sector; the total is the column sum of the unrounded coefficients. Price
effects are estimated by Equation (6) and are expressed as the percentage increase in each industry’s
price induced by a 10 per cent increase in the price of the programme sector; their mean over the
33 groups, weighted by total input, is 1.06 per cent. Ranks (R) are assigned on unrounded values.
“Residual” denotes the part of a parent group not extracted into the programme sector.

The incidence of the supply-shortage effect is concentrated downstream, among the
industries the programme sector supplies. The largest disruption falls on the residual
of [14. Transport equipment] (0.0498)—the passenger-vehicle industries, which draw
engines, parts, semiconductors and batteries from basic sectors inside the programme
composite—followed by the residual of [19. Construction] (0.0348), whose building activity
depends on the engineering and civil-works services extracted into the composite, and
by [20. Wholesale, retail and commodity brokerage services] (0.0318). The price effects
are distributed in much the same way: a 10 per cent rise in the programme sector’s price
raises the price level of the residual transport-equipment group by 4.02 per cent, and those
of [2. Mining and quarrying products] and the residual of [12. Electrical equipment] by
about 2 per cent, with an output-weighted mean of 1.06 per cent across the endogenous
system. Both channels tell one story from the supply side: the programme sector is not only
a purchaser whose expansion stimulates upstream industries, but an embedded supplier
whose failure or cost inflation would propagate widely—which is the systemic content of
the self-reliance rationale.
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3.5. Position in the Linkage Structure

Table 4 places the programme sector within the linkage structure of the full 34-sector
system by Equation (7). Its index of the power of dispersion is 0.9748 on the domestic
table—backward pull close to the system average, consistent with the high value-added
share and internalised intra-composite purchases discussed in Section 4.4—while its index
of the sensitivity of dispersion is 3.1935, the highest of all 34 sectors, ahead of chemical
products (1.8435) and wholesale and retail trade (1.7163). The prominence is not an artefact
of any single constituent: removing semiconductors from the composite lowers the index
to 3.1184, and removing semiconductors and ships together to 3.0562, in both cases still the
highest in the system. The composite is, in short, the sector to whose supply the rest of the
economy is most sensitive—a structural restatement of the exposure that RQ4 quantifies
and that a self-reliance programme is intended to reduce.

Table 4. Rasmussen–Hirschman linkage indices in the 34-sector system, domestic transaction table.

Sector Power of Dispersion Sensitivity of Dispersion Rank (Sensitivity)

Programme sector (baseline) 0.9748 3.1935 1
Programme sector,
excluding semiconductors 0.9995 3.1184 1

Programme sector, excluding
semiconductors and ships 0.9932 3.0562 1

Chemical products 0.9958 1.8435 2
Wholesale, retail and
commodity brokerage services 0.9292 1.7163 3

Electricity, gas and steam 0.7971 1.3954 4
Professional, scientific and
technical services (residual) 1.1164 1.3483 5

Note: Indices are computed by Equation (7) on the Leontief inverse of the full 34-sector domestic
system (33 residual groups plus the programme sector, all endogenous); values above unity indicate
above-average linkage, and ranks are by sensitivity of dispersion among the 34 sectors. On the
total transaction table, the programme sector’s indices are 1.0200 (power) and 3.8950 (sensitivity),
likewise the highest sensitivity in the system. The variant rows re-estimate the full system with the
named basic sectors returned to the endogenous side. Because the indices compare the composite
as constituted with the residual groups as constituted, part of its sensitivity reflects its breadth; the
variant rows indicate that the ranking does not depend on the broadest constituents.

4. Discussion
4.1. Divergence Between the Three Channels

This subsection addresses RQ3. The three inducement channels do not terminate in
the same place. Production inducement runs upstream, concentrating in chemical products,
primary metals, and mining—the material base from which cranes, vehicles, and structures
are built. Value-added and employment inducement run downstream, concentrating in
wholesale and retail and in business support services. The sectors absorbing the greatest
volume of induced production are therefore not those capturing the greatest induced value
or employment.

The direction of this divergence is not specific to the smart port case. Upstream
material sectors are capital-intensive, process-based, and highly productive per worker,
converting large monetary flows into modest labour requirements and thin margins per
unit; downstream distribution and support services are labour-intensive and margin-
bearing, converting smaller monetary flows into large labour requirements and substantial
value added. Because value-added and employment coefficients differ systematically
between manufacturing and services in this way, a divergence of this kind is expected
for any exogenously specified manufacturing sector, and the present results should be
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read as quantifying its magnitude in this particular case rather than as establishing the
pattern itself. The contrast is clearest between chemical products, ranked first in production
inducement but tenth in employment, and wholesale and retail, ranked fourth in production
but first in both value added and employment. A programme justified on production
volume alone would therefore prioritise substantially different industries from one justified
on employment.

The practical significance of the divergence lies in assessment rather than in theory.
The three channels transmit the same impulse to structurally different parts of the econ-
omy, so an assessment reporting only one of them—as project-level appraisals commonly
do—conveys a partial picture of where the programme’s effects are borne. This is a
limitation of single-channel reporting rather than a property of the smart port system
as such.

4.2. Propagation Rounds and Mediated Inducement

The Leontief inverse compresses an infinite sequence of inter-industry rounds into
one operator; expanding it as the Neumann series (I − Ae)−1Ak = Ak + AeAk + Ae

2Ak + · · ·
shows how much of the inducement each round carries, and thereby how deep into the
system the programme’s impulse travels. Figure 2a reports the cumulative shares. On the
total transaction table, the direct requirement Ak accounts for 43.1 per cent of the production-
inducing effect; two rounds accumulate 67.8 per cent and four rounds 89.9 per cent. On the
domestic table, convergence is faster—59.0, 83.4, and 97.3 per cent respectively—because
import leakage drains each successive round of domestic re-spending. The systemic content
of the coefficients is therefore substantial: more than half of the gross inducement, and
about two-fifths of the domestic, arises not from what the programme buys, but from what
its suppliers, and theirs in turn, must buy.

Figure 2. Round-by-round decomposition of the production-inducing effect (Neumann series of the
Leontief inverse). (a) Cumulative share of the total effect by inter-industry round, total and domestic
transaction tables. (b) Cumulative share of the inducement received by mining and quarrying (total
table), whose direct coefficient is close to zero: the effect is almost entirely mediated through the
second and higher rounds.

The decomposition also identifies where inducement is mediated rather than direct,
and mining and quarrying is the clearest case (Figure 2b). The programme sector purchases
almost nothing from it directly—a direct coefficient of 0.0002—yet mining ranks third in
total production inducement (0.0647). Only 0.3 per cent of that inducement arrives in the
first round; 39.1 per cent has accumulated by the second round and 66.0 per cent by the

https://doi.org/10.3390/systems14091143

https://doi.org/10.3390/systems14091143


Systems 2026, 14, 1143 17 of 27

third, as the impulse passes through chemicals and primary metals and only then reaches
their mineral inputs. The programme’s largest upstream consequence is thus invisible to
any project-level account of its procurement and exists only by virtue of the structure of the
system—the concrete sense in which the programme is an impulse propagating through
interdependent industries rather than a set of transactions between identifiable parties.
Read together with Section 4.3, the decomposition also explains why import leakage is so
uneven: effects that arrive through long mediated chains are exposed at every link to the
import content of the intervening sectors, which is why mining—reached almost entirely
through mediated rounds, and itself supplied almost entirely from abroad—retains barely
2 per cent of its gross inducement domestically.

4.3. Gross and Domestic Inducement

This subsection addresses RQ2. Estimating on both transaction tables makes the
import content of the inducement visible. For each channel c ∈ {production, value added,
employment}, the import-leakage ratio is defined as

λc = 1 −
1′ ∆Xdom

e,c

1′ ∆Xtot
e,c

, (8)

the complement of the ratio of the domestic-table to the total-table column sums of the
channel in question, where 1′ denotes summation over the 33 endogenous groups. The
estimated ratios are λprod = 0.382, λva = 0.367, and λemp = 0.331: the domestic production-
inducing coefficient (0.5163) is approximately 62 per cent of the gross coefficient (0.8358),
and the corresponding retention ratios are 63 per cent for value added and 67 per cent
for employment. Roughly two-fifths of the gross production inducement generated by
the programme is therefore satisfied by imported intermediates and does not accrue to
domestic industries.

The incidence of this leakage is uneven (Figure 3), and its pattern is informative for a
programme whose rationale is import substitution. Mining and quarrying illustrates the
extreme case: it ranks third in gross production inducement (0.0647) but falls to 0.0014 on
the domestic table, because Korea imports nearly all of its mineral raw materials. Chemical
products retain 51 per cent and primary metals 62 per cent of their gross production
inducement, whereas the service sectors retain most of theirs: wholesale and retail retain
81 per cent of both their production and their employment inducement. Import leakage
is thus concentrated in precisely the upstream material sectors that dominate the gross
production ranking, while the downstream services that dominate the value-added and
employment rankings are largely insulated from it.

This has a direct bearing on how the self-reliance rationale should be understood.
The programme’s domestic recirculation is smaller than the gross figures suggest, and the
difference is not a uniform discount but is concentrated in the material supply chain. An
argument for the programme framed in terms of retaining expenditure within the national
economy is better supported by the domestic estimates than by the gross ones, and the
gap between the two indicates where domestic capability would have to deepen for the
self-reliance objective to be realised in full.
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Figure 3. Gross and domestic production inducement by industry. Each pair of markers connects the
total-table (gross) and domestic-table estimates for one endogenous group; the gap between them is
the part of the inducement met by imports. Import leakage is concentrated in the upstream material
sectors—mining and quarrying all but disappear from the domestic ranking—while downstream
services retain most of their inducement. “res.” denotes the residual of a parent group.

4.4. Comparison with an Undisaggregated Definition and with Adjacent Industries

Defining the programme as the union of the eight parent groups—rather than extract-
ing the relevant basic sectors from them—would construct an exogenous aggregate whose
total input is roughly 1.8 times that of the sector used here and would remove from the
endogenous system the whole of Korean semiconductor, shipbuilding, and construction
activity. Two consequences follow, and both can now be quantified because the undisag-
gregated variant has been re-estimated on the same data and by the same procedure; its
coefficients are reported in the final row of Table 5. First, the resulting coefficients would
not describe the programme but a synthetic aggregate approximating a large part of Korean
advanced manufacturing. Second, the estimated inducement would be lower rather than
higher: on the total table the undisaggregated definition yields a production-inducing
coefficient of 0.6383 against 0.8358, an understatement of 24 per cent, with value added
understated by a similar margin (0.2263 against 0.2958) and employment by 26 per cent
(2.1931 against 2.9758). The mechanism is that the high-linkage manufacturing groups
sit inside the exogenous block, so the transactions between them are internalised and
can no longer register as inducement on other industries. The disaggregated definition
adopted here therefore yields both a more interpretable and a larger set of coefficients, and
it preserves the residual activity of the parent groups as recipients of inducement, which is
where they belong.
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Table 5. Inducement and supply-shortage coefficients of the programme sector and of adjacent
industries under identical exogenous specification.

Exogenously Specified Sector Prod. (Total) VA (Total) Emp. (Total) Prod.
(Dom.) VA (Dom.) Emp.

(Dom.)

Supply
Shortage
(Dom.)

Total Input
(KRW tn)

Smart port programme sector
(67 basic sectors) 0.8358 0.2958 2.9758 0.5163 0.1872 1.9912 0.4013 1205.0

Ships (small sector 410) 1.9026 0.6690 6.3035 0.9525 0.3536 3.5385 0.1255 44.1
Motor vehicles
(small sectors 401–403) 1.4318 0.4888 4.4545 0.7773 0.2661 2.5136 0.1490 278.2

Water transport services (540) 1.3307 0.5239 6.0336 0.1725 0.0699 0.7852 0.1553 33.5
Cargo handling and warehousing
(562–563) 1.5084 0.5908 6.3021 1.0154 0.4133 4.5521 1.5638 30.7

Semiconductors (310) 1.0242 0.3623 3.3335 0.4445 0.1616 1.5417 0.1979 119.7
Undisaggregated composite
(eight whole parent groups) 0.6383 0.2263 2.1931 0.4159 0.1519 1.5729 0.2428 2152.6

Note: Each row is produced by exogenously specifying the named sector, defined at the basic-
sector level, within the 2023 total and domestic transaction tables, with all remaining basic sectors
aggregated to major groups and the 2022 employment coefficients applied throughout. Production
and value added are per KRW 1 of output increase in the specified sector; employment is persons per
KRW 1 billion. Total input is stated in trillion KRW at 2023 producers’ prices. The supply-shortage
column applies Equation (5) to the domestic transaction table for each specified sector.

To place the magnitudes in context, Table 5 also reports the coefficients obtained
when adjacent industries are exogenously specified one at a time, using the identical
data year, aggregation procedure, and employment vector. The comparison set comprises
ships, motor vehicles, water transport services, cargo handling and warehousing, and
semiconductors—industries that either supply, operate within, or technologically neighbour
the port system.

Four observations follow. First, the programme’s coefficients are of the same order of
magnitude as those of its industrial neighbours, which supports their economic plausibility.
Second, the programme’s levels are lower than those of any single adjacent industry,
and the gap is explained by composition rather than by weak linkages. The programme
composite carries a value-added share of total input of 38 per cent—reflecting its R&D,
engineering, and software content—against 21 per cent for ships, so less of each won of
output takes the form of intermediate purchases at all; and 26 percentage points of its
input are purchases within the composite itself, which exogenous specification removes
from the measured inducement, against 12 percentage points of intra-sector purchases
for ships. The comparison thus illustrates empirically the property already visible in the
undisaggregated row: the larger and more internally connected the exogenous block, the
more of its supply chain is internalised and the lower the measured inducement on others.
Third, the domestic columns reveal how sharply import dependence differs across the
comparison set: water transport services retain barely an eighth of their gross production
inducement, reflecting imported vessels and bunker fuel, whereas cargo handling and
warehousing retain about two-thirds; the programme’s retention ratio of 62 per cent places
it in the upper part of this range. Fourth, the supply-shortage column orders the comparison
set quite differently from the demand-side columns: cargo handling and warehousing, a
modest demand-side inducer, is by far the most supply-critical sector of the set (1.5638), the
programme composite is second (0.4013), and shipbuilding—the strongest demand-side
inducer—is the least (0.1255), selling as it does into final demand rather than into other
industries’ production. Backward and forward importance are different properties of a
sector’s position in the system, and a programme rationale that rests on supply security is
properly assessed by the latter.

https://doi.org/10.3390/systems14091143

https://doi.org/10.3390/systems14091143


Systems 2026, 14, 1143 20 of 27

4.5. Sensitivity to the Delineation of the Programme Sector

The delineation of Section 2.2 rests on judgement, and Section 4.4 has shown
that the coarsest alternative—the undisaggregated composite—understates the coeffi-
cients substantially. This subsection quantifies the sensitivity systematically. Eleven
variants of the programme sector were re-estimated by the identical procedure of
Sections 2.3 and 2.5: eight leave-one-group-out variants, each returning to the en-
dogenous system the basic sectors that one parent group contributes to the composite,
and three narrow variants removing the constituents acknowledged in Section 2.2 as
broadest—semiconductors, ships, and the two together. Table 6 reports the totals.

Table 6. Inducement coefficients under eleven alternative delineations of the programme sector.

Variant n Prod. (Total) VA (Total) Emp. (Total) Prod.
(Dom.) VA (Dom.) Emp.

(Dom.)
Total Input
(KRW tn)

Baseline (all 67 basic sectors) 67 0.8358 0.2958 2.9758 0.5163 0.1872 1.9912 1205.0
Minus C09 computer, electronic
and optical 55 0.9555 0.3369 3.2995 0.5826 0.2101 2.1930 977.0

Minus C10 electrical equipment 61 0.8819 0.3095 3.1106 0.5422 0.1950 2.0698 1108.9
Minus C11 machinery and equipment 56 0.8505 0.2997 3.0264 0.5101 0.1845 1.9757 1072.0
Minus C12 transport equipment 58 0.8064 0.2871 2.9369 0.4940 0.1809 1.9605 1017.0
Minus F construction 56 0.8211 0.2924 2.9645 0.4985 0.1828 1.9644 1105.1
Minus H transportation services 62 0.8793 0.3099 3.1864 0.5390 0.1947 2.0990 1100.1
Minus J information and communication 62 0.9131 0.3224 3.1585 0.5540 0.1995 2.0611 1058.1
Minus M professional, scientific
and technical 59 0.9392 0.3437 3.3118 0.5704 0.2141 2.1646 996.9

Narrow: excluding semiconductors 65 0.9046 0.3214 3.1618 0.5467 0.1990 2.0966 1085.3
Narrow: excluding ships 64 0.8253 0.2919 2.9406 0.5097 0.1845 1.9639 1160.9
Narrow: excluding semiconductors
and ships 62 0.8950 0.3178 3.1295 0.5407 0.1964 2.0711 1041.2

Note: Each variant re-runs the full construction—consolidation of the reduced membership,
exogenous specification, and estimation on both transaction tables with the 2022 employment
coefficients—so that the endogenous residual groups change accordingly. n is the number of basic
sectors retained in the composite; total input is stated in trillion KRW at 2023 producers’ prices.
Production and value added are per KRW 1 of output increase; employment is persons per KRW
1 billion.

Two regularities emerge. First, the magnitudes move within a moderate band: the
production-inducing coefficient ranges from 0.8064 to 0.9555 on the total table around
the baseline 0.8358, and from 0.4940 to 0.5826 on the domestic table, with value added
and employment moving in proportion. Removals more often raise the coefficients
than lower them, because a smaller composite internalises fewer of its own supply
linkages—the mechanism of Section 4.4 operating in reverse. Second, and more impor-
tantly, the structural findings are invariant: chemical products and primary metals are the
two largest recipients of production inducement in all twelve estimations, wholesale and
retail is the largest recipient of employment inducement in all twelve, and the upstream–
downstream divergence of Section 4.1 appears in every one. The conclusions of the paper
are therefore properties not of one contestable membership list but of the region of plausible
delineations around it.

4.6. Robustness of the Employment Estimates

Because the employment coefficients are those of 2022 applied to the 2023 transaction
structure, the employment estimates were re-computed with the 2020 and 2021 coefficient
vectors from the same employment tables, holding everything else fixed. Table 7 reports
the totals.
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Table 7. Employment-inducing effect under alternative employment-coefficient years.

Coefficient Year Total Transaction Table
(Persons per KRW 1 bn)

Domestic Transaction
Table (Persons per

KRW 1 bn)

2020 3.5766 2.3756
2021 3.2201 2.1594
2022 2.9758 1.9912

Note: All entries apply the stated year’s employment coefficients to the 2023 production-inducing
vectors; the transaction structure, the programme definition, and Equation (4) are held fixed. The
2022 row corresponds to the estimates reported in Table 2.

The totals decline monotonically across coefficient years—from 3.5766 (2020) through
3.2201 (2021) to 2.9758 (2022) on the total table, and correspondingly on the domestic
table—consistent with rising nominal labour productivity, which mechanically lowers
persons employed per KRW 1 billion of output. Two points follow for the interpretation
of the headline estimate. First, the structural findings are insensitive to the choice of
year: wholesale and retail and business support services rank first and second in every
variant, and the upstream–downstream divergence of Section 4.1 is unchanged. Second,
the estimates reported in Table 2 use the most recent available vector and are therefore
the most conservative of the three; had labour productivity continued to rise into 2023,
the true employment inducement would be somewhat lower still, and the adjacent-year
comparison brackets the plausible magnitude of that adjustment at roughly eight per cent,
the gap between the 2021 and 2022 variants.

4.7. Policy Implications

Four implications may be drawn. First, the estimates are relevant to programme
assessment, but their admissible role is doubly circumscribed. They are per-unit coefficients,
so any monetary statement would require the programme’s output change in addition;
and inducement coefficients are gross of opportunity cost and presuppose unemployed
resources, so the KDI General Guidelines [45] treat inter-industry inducement effects as
inputs to policy and regional balanced-development analysis rather than as components of
the benefit–cost ratio. The estimates reported here accordingly inform the policy analysis
component of an assessment, not a B/C calculation.

Second, for industrial strategy, the concentration of value added and employment
in distribution and business support services suggests that policies seeking to max-
imise the programme’s employment return might attend to the deployment and service
layer—maintenance regimes, operations support, and manpower supply—rather than
to equipment fabrication alone, even though fabrication is where the programme’s ex-
penditure nominally sits. This reading is consistent with recent empirical evidence that
automation investment does not translate into performance gains unless it is integrated
with operations, training, and service capabilities [14,46].

Third, the divergence between the gross and domestic estimates identifies where a
self-reliance objective is most exposed. The leakage is concentrated in mineral raw materials
and, to a lesser extent, in chemicals and primary metals. Domestic equipment development
will not by itself alter the import dependence of the mineral base, and claims that the
programme recirculates expenditure within the national economy should be calibrated to
the domestic coefficients rather than the gross ones.

Fourth, the supply-side estimates give the self-reliance rationale its sharpest formula-
tion. The programme sector carries the highest forward-linkage sensitivity in the 34-sector
system (Section 3.5), and a KRW 1 shortfall in its domestic supply disrupts KRW 0.4013
of production among its users, with the incidence concentrated in vehicle manufacturing,
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construction, and distribution (Section 3.4). The case for domestic capability in smart port
equipment therefore does not rest only on what the programme’s expansion would stimu-
late; it rests equally on what the economy already stands to lose through the sector’s supply
and cost channels, and that exposure is now measured on the structure of the domestic
economy itself rather than asserted from the foreign origin of installed equipment.

4.8. Implications for Systems Research and Practice

For systems research, the findings are instances of general propositions about struc-
tured systems, observed here in official transaction data. The three inducement channels
exhibit a structure–function relation: a single impulse, entering at a single boundary point,
produces functionally distinct responses whose maxima lie in different parts of the struc-
ture (Section 4.1). The round decomposition exhibits mediated causation: the system’s
third-largest material consequence arises in a sector with which the programme barely
transacts (Section 4.2). The total–domestic comparison measures the openness of the
system and shows that boundary-crossing flows are concentrated at specific structural
locations rather than spread as a uniform discount (Section 4.3). The supply-side estimates
show that the same node can be unremarkable as a purchaser yet critical as a supplier
(Sections 3.4 and 3.5)—backward and forward embeddedness are separate coordinates of
systemic position, as the production-network literature emphasises [34,35]. Additionally,
the delineation analysis illustrates near-decomposability in Simon’s sense [33]: conclu-
sions drawn at the level of the elementary components survive perturbation of the block
boundaries, where conclusions drawn from the parent groups themselves would not
(Sections 4.4 and 4.5).

For systems practice, the transferable object is the procedure rather than the Korean
coefficients: delineate a composite intervention by explicit membership over the elementary
sectors of an official classification; specify it exogenously, so that the system boundary
coincides with the object of assessment; estimate demand-driven, supply-driven and price-
side responses on the total and domestic tables in parallel; decompose the propagation into
rounds; and stress the delineation. Any technology programme whose activity is scattered
across the blocks of an industrial classification—connected and autonomous vehicles, smart
farming, and smart tourism platforms among recent examples [26,27,29]—can be assessed
by this sequence from published data alone, and disruption-oriented studies of supply
networks [36,37] gain from it a transaction-table counterpart in which the magnitudes of
propagation, and not only its topology, are measured.

4.9. Limitations and Future Research

Several limitations qualify these findings. The definition of the programme sector rests
on a judgement as to which of the 380 basic sectors are implicated in port automation. That
judgement is stated as explicit criteria (C1–C3) in Section 2.2, its composition is documented
in Table 1, and Section 4.5 now quantifies its consequences: eleven alternative delineations
move the totals within a moderate band and leave the structural findings unchanged. What
remains is that the programme sector is broader than the funded project, since basic sectors
such as semiconductors or ships are retained in their entirety once selected; the narrow
variants of Section 4.5 bound the effect of the two broadest inclusions, but no weighting by
the share of each basic sector plausibly attributable to port applications is applied.

The employment coefficients are those of 2022, the most recent published vector,
applied to the 2023 transaction structure; Section 4.6 shows that the resulting uncertainty
is of the order of eight per cent on the totals and does not affect the sectoral rankings.
The robustness analyses of the paper are discrete—alternative delineations, employment-
coefficient years, and allocation-coefficient conventions—and no stochastic uncertainty
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analysis, such as simulation over perturbed coefficients, accompanies the point estimates.
The coefficients are per-unit measures and are not converted into a monetary benefit, which
would require an estimate of the programme’s output change.

Further limitations are inherent to the method. Input–output analysis assumes fixed
input coefficients, constant returns to scale and an absence of supply constraints, so the es-
timates describe a demand-driven short-run response rather than an equilibrium outcome.
These restrictions bind with particular force in the present period, in which geopolitical
disruption has forced rapid substitution among suppliers of energy carriers and critical
materials and has rerouted maritime flows; the fixed-coefficient model cannot represent
such substitution, and a computable general equilibrium treatment—for which the coeffi-
cients estimated here would serve as structural inputs—would allow for price adjustment
and factor reallocation. The coefficients embed the technology of the base year, whereas a
self-reliance programme is intended precisely to alter the underlying input structure over
time—a tension inherent in applying input–output methods to technology development
programmes. Against these restrictions should be set the corresponding strength of the
data: the 2023 extension tables are the most recent official record of the Korean transaction
structure, so the estimates rest on the most current and credible factual approximation
available rather than on calibrated or projected structures. Finally, the analysis is silent on
the environmental and safety benefits of port automation, on the distributional incidence
of the induced employment, and on the displacement of incumbent port labour [15,47].
Extending the framework to an environmentally extended or multi-regional input–output
model, and complementing it with stated-preference estimates of the public’s willingness to
pay for domestic technology sovereignty, would together afford a more complete account
of the programme’s socioeconomic value.

5. Conclusions
This study estimated inter-industry inducement coefficients for the Korean Smart Port

Technology Self-Reliance Equipment Development Project using input–output analysis
with exogenous specification. The programme was defined at the level of the 380 basic
sectors of the 2023 Input–Output Tables: 67 basic sectors spanning port handling machinery,
drive and control equipment, port civil works, cargo handling and warehousing services,
terminal software, and engineering R&D were extracted from their parent groups and
consolidated into a single sector, which was then removed from the endogenous system so
that only its repercussions on other industries were measured.

In answer to RQ1, a KRW 1 increase in the sector’s output is estimated to induce
KRW 0.8358 of production and KRW 0.2958 of value added in other industries, and KRW
1 billion of output to induce 2.9758 jobs. In answer to RQ2, the corresponding figures on
the domestic transaction table are KRW 0.5163, KRW 0.1872, and 1.9912 jobs, indicating
that roughly two-fifths of the gross inducement is met by imported intermediates. The
leakage is concentrated in the upstream material sectors—most acutely in mining, which all
but disappears from the domestic ranking—while downstream distribution and business
services retain the greater part of their inducement.

In answer to RQ4, the dependence also runs the other way. A KRW 1 shortfall in
the domestic supply of the sector disrupts KRW 0.4013 of production among its users,
concentrated in vehicle manufacturing, construction and distribution; a 10 per cent rise in
its price raises other industries’ prices by 1.06 per cent on average; and the sector carries
the highest forward-linkage sensitivity of the 34-sector system, a position that survives
substantial narrowing of the composite. Eleven alternative delineations of the sector move
the totals only moderately and leave the structural findings unchanged.
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In answer to RQ3, and beyond these magnitudes, the analysis shows that the pro-
gramme’s effects travel along channels that diverge structurally: production inducement
falls upstream in chemicals, primary metals, and mining, whereas value-added and employ-
ment inducement fall downstream in wholesale and retail and in business support services.
A smart port equipment programme may therefore be regarded as an intervention whose
material, value, and employment consequences are borne by different parts of the economy,
and one unlikely to be assessed adequately through the output of the equipment sector
alone. Subject to the limitations set out in Section 4.9, the estimates offer a quantitative
point of reference for the policy analysis component of a programme assessment, on the
understanding that they are per-unit coefficients rather than a monetary valuation.

The framework itself travels beyond the port case. Any technology programme whose
activity is scattered across the basic sectors of several parent groups—connected and
autonomous vehicles, smart farming, and smart tourism platforms are recent examples
analysed by related means [26,27,29]—can be delineated by explicit basic-sector member-
ship, exogenously specified, estimated on the total and domestic tables in parallel and in
demand-driven and supply-driven form, and stressed over alternative delineations; the
procedure requires nothing beyond the published tables and a documented membership
list. Future research should extend the present estimates in three directions: a computable
general equilibrium treatment using these coefficients as structural inputs, to admit price
adjustment and input substitution; an environmentally extended or multi-regional formu-
lation, to capture emissions and regional incidence; and stated-preference valuation of the
public’s willingness to pay for technology sovereignty, to complement the linkage evidence
with demand-side welfare measures.
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Appendix A
Table A1 reports the input coefficient vector of the constructed programme sector,

computed as set out in Equation (2), on both the total and the domestic transaction tables.
This vector is the sole analyst-constructed input to Equations (1), (3), and (4); together with
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the published Bank of Korea tables, it is sufficient to reproduce every coefficient reported
in Table 2.

Table A1. Input coefficient vector of the constructed programme sector.

# Code Endogenous Group Total Table Domestic Table

1 A Agriculture, forestry and fishery products 0.000135 0.000130
2 B Mining and quarrying products 0.000216 0.000184
3 C01 Food, beverages and tobacco products 0.000890 0.000839
4 C02 Textile and leather products 0.002908 0.002531
5 C03 Wood, paper and printing 0.003545 0.003228
6 C04 Coal and petroleum products 0.012747 0.010138
7 C05 Chemical products 0.046726 0.030759
8 C06 Non-metallic mineral products 0.011374 0.009595
9 C07 Primary metal products 0.043494 0.035008
10 C08 Fabricated metal products 0.033852 0.031541
11 C09 Computer, electronic and optical equipment (residual) 0.013625 0.009268
12 C10 Electrical equipment (residual) 0.012827 0.010686
13 C11 Machinery and equipment (residual) 0.000853 0.000496
14 C12 Transport equipment (residual) 0.001123 0.001021
15 C13 Other manufactured products 0.000842 0.000762
16 C14 Manufacturing services and repair of industrial equipment 0.026212 0.023105
17 D Electricity, gas and steam 0.016517 0.016516
18 E Water supply, waste treatment and recycling services 0.002019 0.002014
19 F Construction (residual) 0.000000 0.000000
20 G Wholesale, retail and commodity brokerage services 0.032747 0.031566
21 H Transportation services (residual) 0.017980 0.012997
22 I Food services and accommodation 0.009547 0.008859
23 J Information, communication and broadcasting services (residual) 0.003989 0.003978
24 K Financial and insurance services 0.010620 0.010381
25 L Real estate services 0.003957 0.003914
26 M Professional, scientific and technical services (residual) 0.024330 0.021724
27 N Business support services 0.020423 0.016754
28 O Public administration, defence and social security 0.000000 0.000000
29 P Education services 0.000534 0.000533
30 Q Health and social welfare services 0.000950 0.000950
31 R Arts, sports and recreation-related services 0.001741 0.001733
32 S Other services 0.003037 0.002862
33 T Others 0.000543 0.000543

Total intermediate input coefficient 0.360302 0.304616

Note: Coefficients are reported to six decimal places and follow the sector numbering of Table 2.
“Residual” denotes the part of a parent group not extracted into the programme sector. The reported
totals are the sums of the 33 coefficients and represent intermediate input drawn from the endogenous
groups per unit of programme-sector output; the balance comprises value added and the programme
sector’s intermediate purchases from itself, both of which are excluded from the endogenous system
by exogenous specification.
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