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This article presents a review and outlook on system optimization, commemorating the 50th anniversary of
Korean Institute of Industrial Engineers. It provides a renewed perspective on the system optimization, which
has been regarded as the academic foundation in the industrial engineering discipline. Historical milestones in
optimization are addressed along with the contextual analyses of their implications. The current state of progress
in optimization is summarized and the current practices in industry are also reported. Furthermore, the prospects
on the system optimization are explored in the context of an emerging computing paradigm, specifically

quantum computing.
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Figure 1. Steiner Tree for Four Points(Wikipedia)
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Table 1. Classification Table of Optimization Problems Based on Changes in Function fand Set X

Optimization Problems Objective Function(f)

Constraint Set(X)

Convex Programming convex function

X: convex set

Linear Programming linear Function

X= {:UER” | Az < bx > ()}

2nd-order Cone Programming linear Function

X: Lorenz cone(ice cream cone)
X={z€R"IIA,, +b ], <dz+d}

Semi-definite Programming trace{C - Y} X={YEPSD| A, Y=b,i=1,---,m}
Conic Programming convex Function X={2ER" | 2E e, Fr = g}

Geometric Programming posi-nomial function X={z€R" | f,(x) =1 i€ Lg, () =1,j€5}

Integer Programming fiR"—R! X={eesc 2" | h(z) <041}
. . 1
Quadratic Programming flz)= ExTQr-i-ch X={zER" | Az <b}
. . h(x) . .

Fractional Programming fla)= () X={zESC R" | ¢(z) = 0.i€Lg(x) >0}
Nonlinear Programming fiR"—R! X={z€R" | g,(x) =0,i<1}

Stochastic Programming expectation function

X: stochastic constraints

Two-stage Stochastic Linear

flz)=g

(2) + B[Qa.)]

X={2€R" | 4z <b}

Programming Qa,8) = min {¢(&)'y | y = 0, Uz + V()y=5(9)}
Chance Constraint Programming Jf: R"—R" X= {:LESQ R" | Prh; (x,¢) < 0,i€1= o}

Robust Optimization f: R"—R" X={2e5C R" | g(2,8) <b, V¢ET)

Combinatorial Optimization f: BB X={s€B" | Az < bz >0,a,0,1}
S . , X=[zeR" | f(z) < 1icl
- . pn_, pk i 7. )
Multi-objective Optimization [ R"—>R { 5 (x)=1,j€]
Constraint Programming flz)=0"z X= {a;EZ’ l g, (z)= O,z‘EI}

— (. mn k
Bilevel Programming flz,y) X= {IESQ RER | hizy) < 0’}

y=argming(xz,y) | k(z,y) <0
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A EA A4 (L. Ford)9} E#A<(D. Fulkerson)©ll <3l 04‘7'% dgz gy

AA & Y9 2T FH  EQA SERY E4F o|F o]EV|WORE T o] ¥
ShA Aejsto g 7l A E A 2% HAS 52 AA o E BAd e HAHs} £
ol g9 3 AR oJojA AL tig ATVt ALHIL U} o] E 4

2o WEBAM = 58 T FEAHOE FAF H A (local optimizer) S FHe AL

Folfr = ERZ Jon, A A7t A HHrt He 24 5

Table 2. Impact of Optimization Research Achievements in the Modern and Contemporary Periods on the Future: The Five Most

Influential Papers by Decades

Decad
ceades Author Title Venue Citations
Year
. . ) Naval research
1956 | M Frank; P Wolfe An algorithm for quadratic programming . 4,546
logistics quarterly
1957 A Charnes; Management models and industr.ial applications of linear Management science 4114
WW Cooper programming
1950 HM W ;
1958 ag.n.er, Dynamic version of the economic lot size model Management science 3,966
TM Whitin
GB Dantzig; . . .
1954 anzig Solution of a large-scale traveling-salesman problem Operations research 3,676
R Fulkerson
1955 GB Dantzig Linear programming under uncertainty Management science 2,740
1964 G Claﬁke; Scheduling of vehicles from a ce@al depot to a number of delivery Operations research 6.743
JW Wright points
GB Dantzig; .. o . .
1960 P\;;llfzelg Decomposition principle for linear programs Operations research 3,873
1960 | 1964 SL Hakimi Optimum locations of switch?ng centers and the absolute centers Operations research 3,699
and medians of a graph
PC Gilmore; . . . .
1961 A linear programming approach to the cutting-stock problem | Operations research 2913
RE Gomory
EL Lawler; .
1966 awiet Branch-and-bound methods: A survey Operations research 2,774
DE Wood
A Charnes;
1978 WW Cooper; Measuring the efficiency of decision making units EJOR 49,785
E Rhodes
1978 | H Sakoe: S Chiba Dynamic programming algorithm' ?ptimization for spoken word IEEE'trans. on 8,939
recognition acoustics speech
1970 Optimization and approximation in deterministic sequencing and| Ann. of discrete
1979 | RL Grahameral, | P o pproximaton 1 {MISHe sequencing - oF diser 8,198
scheduling: a survey optimization
S Lin; . - . . .
1973 1.n An effective heuristic algorithm for the traveling-salesman problem| Operations research 5,757
B Kernighan
1976 | MR Garey et al. The complexity of flowshop and jobshop scheduling The journal of OR 3,817
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Table 2. Impact of Optimization Research Achievements in the Modern and Contemporary Periods on the Future: The Five Most
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Influential Papers by Decades (Continued)

Decades Author Title Venue Citations
Year
1989 | DC Liu; J Nocedal |On the limited memory BFGS method for large scale optimization Mathematl.cal 9,961
programming
1981 RB Myerson Optimal auction design Mathematics of OR 8,547
1986 F Glover Future paths for integer programming and links to artificial Computers & OR 7.038
1980 intelligence
1987 MM Solomon Algorithms for the Vf:hlcle routing and schedulmg problems with Operations research 6,089
time window constraints
1987 M Fredman; Fibonacci heaps and their uses ir_l improved network optimization JACM 4314
RE Tarjan algorithms
. L Proceedings of
1995 | I Kennedy et al. Particle swarm optimization ICNN'95 89,125
1997 | R Stom: K Price Differential evolu_tlo_n-a_ simple and efﬁment heuristic for global Journgl Qf global 36,883
optimization over continuous spaces optimization
1990 | 1996 | M Dorigo et al. Ant system: optimization by a colony of cooperating agents IEEE tz;a/rslts;zt;ons on 17,876
1998 | F Glover; M Laguna Tabu Search Handbook of comb. | 5,
optimization
1994 | N Srinivas: K Deb Muiltiobjective optimization using nondominated sorting in genetic Evolutlongry 10,246
algorithms computation
2006 | M Dorigo et al. Ant colony optimization IEEE computatlonal 17,972
intelligence
2002 | CW Hsu; CJLin |A comparison of methods for multiclass support vector machines IEEE trizrtl\j/.ofl?s neural 10,546
2000 2007 Q Zhang: H Li MOEA/D: A multIObJGC(;IVC evolqt}onary algorithm based on | [EEE trans. on evol. 9.528
ecomposition computation
2007 D Karaboga; A powerful and efficient algorithm for numerical function Journal of global 8.892
B Basturk optimization: artificial bee colony (ABC) algorithm optimization ’
2001 | ZW Geem et al. A new heuristic optimization algorithm: harmony search Simulation 7,733
2014 | DP Kingma;J Ba Adam: A method for stochastic optimization ICLR 195,261
2016 | M Abadiet al. {TensorFlow}: a system for {Large-Scale} machine learning 12th Symp. on 0s. 26,405
design & impl.
Distributed optimization and statistical learning via the alternating|Foundation and trends
2010 2011 S Boyd et al. direction method of multipliers in ml 23,690
2016 | M Abadief al Tensorflow: Large-sca}e machlne learning on heterogeneous 0SDI'16 12,584
distributed systems
2016 | S Mirjalili;A Lewis The whale optimization algorithm Advances in eng. 12,006
software
2021 S Katoch et al. A review on genetic algorithm: past, present, and future Multlmed}a t.OOIS and 3,519
applications
2020 A Khan ef al. A survey of the recent architectures of deep convolutional neural Al review 3.153
networks
2020 12022 | N Christofides Worst-case analysis of a new heuristic for the travelling salesman| Operations research 2,893
problem forum
2020 | L Yang; A Shami On hyperparameter optimization of mac_hme learning algorithms: Neurocomputing 2312
Theory and practice
2021 | L Abualigah et al. The arithmetic optimization algorithm Computer methods in 2,201
appl. mech. & eng.
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Citation Trends of Top 10 Books in Industrial Engineering Optimization (1950s-2010s)
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1959 1960s 1969 1970s 1979 1980s 1989 1990s 1999 2000s 2009  2010s 2019
Decade
Books

- Genetic algorithms+ data structures= evolution programs (1999) by Z Michaelewicz
Nonlinear Programming (1995) by DP Bertsekas

—¥— Practical methods of optimization (1987) by R Fletcher

—& Network flows (1988) by RK Ahuja, TL Magnanti & JB Orlin

~»- Linear and nonlinear programming (1973) by DG Luenberger & Y Ye

Combinatorial optimization: algorithms and complexity (1982) by CH Papadimitriou & K Steiglitz
—+— Integer and combinatorial optimization (1999) by LA Wolsey & GL Nemhauser
—& Theory of linear and integer programming (1986) by A Schrijver
=-@- Computers and intractability (1979) by MR Garey & DS Johnson
=@- Convex Optimization (2004) by S Boyd & L Vandenberghe

Figure 2. An Analysis of the Citation Counts and Trends in Interest over the Decades for the top 10 Most Cited Publications in the Field

of Optimization
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CPLEX %} Gurobi 22 AP () A9 23 W8 E17} AHRE
=3 443} A7) 197080 & 7kx ]%(L Khachiyan)©] A1
Ag FAE e o] 24 tha}k A7 &are] F(ellipsoid algorithm)
& Bk, 2 o]o] 74l E(N. Karmarkar)7F W54 s &
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Table 3. Classification of Metaheuristic Update Mechanisms

Methodology Search | Solution Representation Search Directions Search Length(\) Update Characteristics
) o Adjustment Adding specific search
Tabu search |z <—x+As|z: current solution a ‘move’ direction L .
parameters directions to a Tabu list
) o Adjusting search Gradual reduction of
Simulated . probabilistically selected ! & « ” .
x <—x+As|z: current solution range based on | “Temperature” over time to

annealing direction
temperature | decrease random search range

S: a vector of directions

obtained through crossover Updating the population with
Genetic X: a vector of encoded 5 P & pop

. Adjusting

. X—X+AS . . and mutation . .
algorithm strings of solutions . . population size
Retaining top individuals progress

top individuals as generations

through selection

.. |8t a vector of particle
X: a vector of position L
directions, calculated as a

Particle swarm vectors representing o L Adjusting velocity | Controlling particle velocity
optimization Kxwas potential solutions comt?lflatlon of mt?rtla, parameter and position
of particles cognitive, and social
components
X: a vector of paths |S: a vector of ant directions, Adjusting
Ant colony XX+ AS representing determined by pheromone pheromone Updating pheromone levels
optimization potential solutions concentration and heuristic | evaporation rate based on path quality
constructed by ants information and update levels
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2000 o] & 8] FIFskE FAE AW, 20189% 3 #¥ 557} 5453 SUketh 20201300 o] 2 7
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Yearly Frequency of "Optimization" Related Patents by IPC Code (Abbreviated)

-0 Q0@O00O -

DPNN 5
S AFMS - oo 00 @O0@o0o0
2
2 Hus oo 00000000 0OoOo 20
o
EAMDP— e 0.0 0 0 O o OO0 OO0 O
T FBM A o000 Q0 00@o =
=1 15 ©
2 MCHS A <} o 00 000 --B---0--G---0-0 g
[l o
5 EOSS A Q--0---0-- 0BG -0--0--O--@-o-O- @-O-@--o L
-EOPS— o 0 o0 P OO@oo s o 10
8 DoPa o0 e 0o 0 00Q@ o0 -
g TMs R S o--0--0--0-0-0-8 0060 5
nan{ o c 0o e 0o@o o POOOOOODBGOC OO

6 O NP DO A BDON DO O N

PFEI PRI TR P DA P

P AT AR A AR R AR AR AR AR AR AR AR AR AR AR R AP

Year

DPNN: Data Processing Using Neural Networks
TMS: Transportation Management Systems

OPS: Optical and Photolithography Systems
EQSS: E-commerce and Online Shopping Systems
HMS: Healthcare and Medical Systems

DDPA: Digital Data Processing and Algorithms

FBM: Financial and Business Management Systems
AFMS: Asset and Financial Management Systems
AMDP: Advertising and Marketing Data Processing
MCHS: Mobile Communication Handover Systems
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LP: linear programming

CVP: convex programming

DP: dynamic programming

MILP: mixed integer linear programming
IP: integer programming

COM: combinatorial optimization
CTP: constraint programming

NLP: nonlinear programming

QP: quadratic programming

SP: stochastic programming

ROB: robust optimization

FRP: fractional programming

MOOp: multi-objective programming
BLP: bilevel programming

BNB: branch and bound algorithm
BNC: branch and cut method

HEU: heuristic

MH: metaheuristics

ML: machine learning

QA: quantum algorithm

EOOp: energy optimization

HCOp: healthcare optimization

MCOp: manufacturing eptimization
OMp: operation management

SCOp: supply chain optimization

S10p: service optimization

TCO: telecommunications optimization
TOOp: transportation optimization

Figure 6. Decadal Trends in Application Areas and Methodologies of Optimization
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Table 4. A Case Study of a Leading Domestic Optimization Consulting Firm

Field Case Problem Approach Solution/Implementation Outcome/Result Year
. Cost optimization while| Data analysis-based N . . Improved service
Diet CE . . Optimization engine for diet . .
..~ .| maintaining customer combinatorial : satisfaction and reduced |[2015
optimization - - TR planning :
satisfaction optimization operational costs
Smart court case| Need for balanced Combinatorial Workload distribution Enhanced work efficiency 2019
Service/ | distribution | workload distribution optimization optimization engine and faster processing speed
Operations|  Search Advertising budget Data-driven Algorithm for keyword - .
management| keyword bid | optimization with bid combinatorial evaluation and optimal bid Maximized ad cffectiveness 2020
M A N . within the budget
optimization analysis optimization model determination
Telecom | Lack of personalized | Data analysis and | Interest index maximization | Improved advertising
SMS customer data combinatorial model based on customer impact and automated |2021
optimization utilization optimization fatigue marketing
Fulfillment |Identifying appropriate Combinatorial Algorithm for automated Reduced equipment
center scale for new center optimization and equipment operations and | requirements and picking | 2016
automation equipment simulation analysis | simulation of environment inefficiency
Air cargo Coordinate and weight . . . . . .
loading Dead space caused by based combinatorial Optimal loading planning |Established optimal loading 2018
e complex loading L model and simulation solution|plans for operational stages
optimization optimization
Logistics/ :
Transport | Transportatio Manual dependency Mode-specific Mixed-transportation On-time delivery and
ation n planning leading to quality combinatorial planning engine reduced transport costs 2018
N degradation optimization
optimization
Reverse Increased logistics Simulation-based Depot consolidation Identified optimal location
logistics  |costs and depots due to . e potL . and number of logistics |2021
" scenario optimization simulation
network reverse logistics center
§ Container | Increased number of Simulation-based Simulation-based carrier |Integrated decision-making
reight carrier|required transport lanes . e . . 2023
. scenario optimization selection engine framework
selection and networks
Material | Reduced productivity |Mixed integer programming| Decision-support system for | Increased productivity and
. h 5 . . X ! 2015
cutting | due to material waste | and simulation analysis material cutting reduced waste
Battery Stable recipe Matrix dimension Iterative convex hull Enhanced recipe
recipe management for reduction and convex |algorithm with superior group| management and yield |2016
optimization improved yield optimization inclusion expectations
Factory Weekly production Mixed integer Weekly equipment production Improved on-time delivery
production . programming and . . rate and reduced preliminary| 2019
: scheduling system P scheduling engine .
planning heuristics production
Production | Difficulty handling Simulation-based  |Simulator engine for capacity| Reduced investment costs
i capacity high variability in scenario optimization lannin and shortened planning time 2021
P/r}())ductlon planning production plans p p g p g
rocess
optimization| Operator Dependency on staff | Standard operations Optimized operator Improved equipment 2022
assignment |leading to inefficiency| based optimization assignment algorithm utilization and overtime
Increased risk from . Demand forecasting model Improved demand
Demand Iy-d d Data analysis and based on i | and | d 2023
forecasting supply-deman machine learning ased on internal and externa management an
imbalance data operational efficiency
s Integer programming . . Improved vehicle, crane
Yard crane | Inability to assess and constraint Slab stacking and scheduling operations, and yard 2024
scheduling | rule-based operations . optimization engine o !
programming utilization metrics
Cathode |Increased risk from raw|Machine learning and | Cost optimization engine | Reduced cathode material
material material price combinatorial incorporating raw material costs and improved 2024
procurement fluctuations optimization price predictions operational efficiency
Branch cash Need for liquidity Combinatorial Algorithm for determining Reduced average cash
reserve optimization and optimal cash reserve levels 2020
DA management h : . X reserves
optimization simulation analysis and delivery schedules
Inventory | Increased overstock distfirl)oL?t?(l))Illl-ll?;se d Inventory model to respond to ﬂugsgtuigig ;I;l\éerggga e 12021
optimization |due to data limitations . inventory quantile levels . &
Inventory optimization inventory levels
managy Annual Increased logistics Combinatorial Optimization engine for Reduced logistics costs and
warehouse | costs requiring rental optimization and warehouse allocation and L 2021
X h : . ) . planning time
planning warehouses simulation analysis operations planning
Need for inventory Data-driven L . . .
Spare parts management for combinatorial Minimum target inventory |[Reduced inventory holding 2024

ordering

intermittent demand

optimization

engine

costs
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Figure 7. Transformative Events and Evolutionary Trends in Optimization, Computing, and Industrial Engineering over Time
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Table 5. Description of IBMQ Roadmap for Optimization

Roadmap Stages Focus

Optimization Applications Technological Advancements

2020-2022: NISQ
Era and Noise

Addressing small-scale optimization
problems using noise mitigation and hybrid

Mitigation quantum-classical approaches

optimization and logistics problems

Solving small-scale combinatorial | Improving noise mitigation,
hybrid frameworks, and error

with VQA with classical methods correction technologies

2023-2025: Scaling Leveraging more qubits to solve larger

and Enhanced
Scalability

combinatorial problems with advanced
optimization algorithms like VQA and
QAOA

Tackling larger problems in portfolio
optimization, supply chain logistics,

Greater qubit scalability (e.g.,
Eagle, Condor processors),
and dynamic scheduling using improved algorithmic

expanded qubit systems precision

2025 and Beyond:
Fault-Tolerant

Transitioning to error-corrected qubits,
enabling accurate solutions for more

Quantum Computing complex optimization problems

Solving large-scale industrial problems
such as resource scheduling, production
optimization, and complex logistics

Realizing fault-tolerant
quantum systems, providing
precise and practical solutions

across industries
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How to Solve Optimization Problems on D-Wave

1) Initial mathematical 2) Transformation into 3) Solving problem on D-Wave servers
formulation of the » QUBO/I P lati - Parameter tuning
problem sing formulation - Pure quantum/hybrid solvers

| Embedding & Mapping on |
| D-Wave Network i

D-Wave qubit network topologies:

A S v Release: ) v Release: : A v Release:
Y 2017 2020 N N 2023
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Chimera qubit: 6 Pegasus qubit: 15 Zephyr qubit: 20

Figure 10. Illustration of the D-Wave Application Process and Method (Ziyaei et al., 2022)

Table 6. The Industrial Applications of D-Wave

Field Customer Applications

Optimization of consumer loyalty and reward programs, cross-border payment challenges, and

Finance MasterCard
fraud management
. . Optimization of public sector infrastructure and transportation, improving ener: rid reliability,
Consulting Deloitte P P ) P P & &g Y
and enhancing emergency response systems
Davidson . . . .
Defense ) Applications in national defense and security
Technologies
Healthcare Siemense Medial imaging processing and analysis
Steel ArcelorMittal Optimization of production process efficiency
IT Unisys Security solutions
Improvement in disaster resource mobilization and response time for national emergencies, as
Technology NEC i ..
well as enhancing port cargo transfer efficiency
. Optimization of AGV (Automated Guided Vehicle) factory routes, IoT traffic data analysis, and
Automotive DENSO

delivery vehicle scheduling and route optimization

Aerospace Lockheed Martin Analysis and optimization of complex systems related to aerospace and defense
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Table 7. Research Cases from Domestic Quantum Computing System Optimization Laboratories

Trends Research Topics Research Content Year
Quantum System Optimization Integer programming model for optimal qubit allocation 2021
Foundation Quantum Circuit Optimization Multi-c?ntrolled .Toffoli gatf: combina.tions for binar}f rf:ve.rsible 2001
i unctions applied to multi-commodity network optimization
Research in funct lied t It dity network opt t
Quar?tum Quantum Circuit Optimization Improvement of the HHL algorithr.n quantum circuit using Grover’s 2021
Computing and algorithm
Optimization uantum Computing Applications in
Problem Solving Q OptimizztiongPr:kf)lems Application of quantum annealing to vehicle routing problem 2021
Quantum Computing Research Basics | 3D Bloch sphere visualization modeling with global phase information | 2021
Quantum Optimization Problem Applications | Quantum-inspired genetic algorithm for the binary knapsack problem | 2022
Algorithms and | Quantum Optimization Algorithms Reinforcement learning using quantum circuit parameters 2022
Machine Applicati i inci i isti
. ) pplication of quantum computing principles in metaheuristic
: uantum Optimization Algorithms 2022
Learning Q P & algorithms
Quantum Computing Applications in | Lagrangian genetic algorithm based on quantum annealing for solvin
a ¢ £ 2022
Optimization Problems QAP
Development of t ti imulator fi t
Quantum Computing Research Basics velop of @ quanfum compu .lng smutator for quantumm 2023
methodologies
Quantum Circuit Optimization Optimization of multi-controlled Toffoli gate circuits 2023
Quantum Circuit . . . . . .
Ovtimizai Quantum Computing Research Basics | Development of a quantum machine learning simulation system | 2023
ptimization ; . .
and Large-Scale | Quantum Computing Rescarch Basics Development of an accelerated algor?thm for quantum simulator circuit 2003
Problem Solving operations
Quantum Circuit Optimization Circuit optimization using ZX-Calculus 2023
Quantum Computing Applications in | Experimental study on the limitations of D-Wave for solving large-scale 2003
Optimization Problems TSP
Quantum Computing Applications in|  Application of quantum annealers to violation value selection 2003
Optimization Problems methodologies
Quantum-Hybri Quantum Circuit Optimization Hybrid circuit cofactor optimization for quantum algorithms 2024
d Solutions for c e Aot )
uantum Computin 1cations 1n
NP-Complete Q puting App ' Cofactor Grover algorithm for solving 3-SAT problems 2024
g p

Problems

Optimization Problems
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