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Abstract

The transition towards sustainable energy systems presents significant analytical challenges. Urban
distribution networks are characterised by heterogeneous data sources, complex physical hierarchies,
and pronounced temporal variability in both demand and generation. Effective planning therefore
requires tools that can integrate diverse datasets, respect electrical constraints, and generate inter-
pretable results that are directly useful for decision-making.

This thesis develops a methodological framework that integrates knowledge graphs (KGs) and graph
neural networks (GNNSs) to identify and characterise energy communities in low-voltage urban net-
works. The KG provides a semantic backbone for representing buildings, grid hierarchies, and tem-
poral energy states in a physically faithful manner. The GNN builds on this representation through
constraint-aware learning, discovering communities that are both infrastructure-consistent and tempo-
rally complementary.

The research was guided by four questions. RQ1 investigated which nodes, attributes, and edges are
essential for energy network representation in a KG. The study identified buildings, LV cable groups,
transformers, and adjacency clusters as the core entities, enriched with both spatial and non-spatial
attributes. RQ2 examined how heterogeneous urban energy datasets can be integrated into a KG to
reflect system complexity. A unified data pipeline was developed, enabling automated construction and
updating of the KG from diverse sources while preserving grid topology and physical constraints. RQ3
explored how KGs and GNNs can be combined to enhance clustering and analysis of energy systems.

A complementarity-aware GNN architecture with custom loss functions was implemented, embedding
grid boundaries and load-balancing rules to ensure physically valid and interpretable clustering out-
comes. RQ4 focused on identifying suitable GNN approaches for time-based and dynamic clustering
and evaluating their performance. Temporal modules and constraint-aware pooling mechanisms were
applied, with performance assessed using metrics such as cluster cohesion, complementarity, and
self-sufficiency.

In conclusion, the integrated framework achieved composite community quality Qc = 0.623, temporal
stability St = 0.85, and LV compliance RLV = 0.92, meeting predefined performance targets. While the
KG construction pipeline demonstrated robust automation and scalability potential, the GNN compo-
nent delivered only modest performance gains over simpler clustering baselines at the tested scale,
while requiring substantially higher computational effort. The primary contribution therefore lies in
establishing a methodological foundation®automated graph construction and constraint-aware learn-
ing architecture®that provides scalability for future large-scale, heterogeneous urban energy systems
where GNNis representational capacity becomes essential.

Furthermore, the framework offers methodological innovation through automated KG construction and
constraint-aware GNN architecture, establishing a validated foundation for large-scale energy sys-
tem analysis. At the tested scale (63 buildings), simpler clustering methods may offer better cost-
effectiveness; the GNN componentis value emerges in complex scenarios (>500 buildings, dynamic
DER, multi-objective optimization) where architectural sophistication becomes necessity rather than
luxury.
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Abbreviation Definition

AC Alternating Current

ARI Adjusted Rand Index

BCE Binary Cross-Entropy

DER Distributed Energy Resources

DSO Distribution System Operator

ECE Expected Calibration Error

EV Electric Vehicle

GAT Graph Attention Network

GCN Graph Convolutional Network

GNN Graph Neural Network

GRU Gated Recurrent Unit

HCR Multi-hop Contribution Ratio

KG Knowledge Graph

LV Low Voltage

MV Medium Voltage

PV Photovoltaic

uQ Uncertainty Quantification

doodig
Symbol Definition Unit
G =(V;E) Graph with node set V (buildings) and edge set E (connec- [i]
tions)
A Adjacency matrix of G [1]
Xj (t) Time series signal of building i (e.g., net load) [kw]
Ci-t Standardized net-load time series of building i [
ij Correlation coefficient between buildings i and j [
Cij Complementarity score (1  ;)=2 between buildingsiand  [i]
Ck Set of buildings in cluster k [1]
c(i) Cluster assignment of building i [1]
K Number of clusters (global or per LV feeder) [
LV (i) LV group identifier of building i [i]
N (i) Neighborhood of node i (1-hop unless specified) [
dij Electrical or spatial distance between nodes i and j [m]or[i]
Fij Edge impedance/resistance proxy [
hj Node embedding in GNN layers [
ij Attention weight from node i to j [i]

M LV boundary mask applied to assignment logits [1]
S Soft cluster assignment matrix in pooling layers [1]
zieme Temporal embedding of building i [i]
r Average h-hop correlation of node embeddings [i]
HCR Multi-hop contribution ratio [i]
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v

Symbol Definition Unit
pi Soft assignment/probability vector for building i [1]
Wi Pseudo-label of building i [
i Fused confidence score for pseudo-label acceptance [i]
t Confidence threshold at training stage t [
min Minimum confidence threshold [
Threshold decay factor in curriculum schedule [
Regularization coefficient in semi-supervised objective [
Q Weight for cluster-quality loss component [i]
s Weight for cluster-size regularization [
LV Weight for LV-boundary violation penalty [1]
R Weight for embedding regularization term [
1fg Indicator function [1]
Qc Community quality score (complementarity + spatial coher- [i ]
ence)
St Temporal stability metric of cluster assignments [
Ryv LV-boundary compliance rate [
meanﬁw;f) Rolling average for feature f over window W [1]
std,ﬁw;f) Rolling standard deviation for feature ¥ over window W [
V) Hierarchical positional encoding of node v (building, feeder, [i]
transformer)
(v;t) Nodei time feature map after preprocessing [
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Introduction

(00t Doobooboon

The global energy sector is undergoing a profound transformation driven by the dramatic escalation
of energy demand and the depletion of fossil fuels becoming an undeniable trend, as surveyed by
Aniakor et al. (2024) [3] and Pritoni et al. (2021) [48]. This shift toward renewable energy integration
fundamentally alters the architecture of energy systems, moving from traditional centralized power
generation to increasingly decentralized networks of distributed energy resources, which introduces
unprecedented operational complexities in system coordination and management.

This structural transformation creates multifaceted challenges for modern energy infrastructure. Decen-
tralized energy systems must now coordinate diverse generation sources with varying output patterns,
manage bidirectional power flows, and accommodate real-time demand response mechanisms, a point
emphasized by Aniakor et al. (2024) [3] and Pritoni et al. (2021) [48]. These operational complexities are
further compounded by the need for more sophisticated monitoring, control, and optimization capabili-
ties across distributed networks, which require more flexible, data-driven decision-making capabilities
than traditional centralized systems can provide.

Among these emerging challenges, data management has become a critical bottleneck in the evolution
of intelligent energy systems. The transformation has resulted in the generation of vast amounts of
diverse and often unstructured data from multiple sources, posing significant challenges to traditional
energy management systems that are predicated on centralized control and structured data formats,
as documented by Aniakor et al. (2024) [3] and Pritoni et al. (2021) [48]. Popadil et al. (2023) [46]
emphasize the difficulties in managing the massive and heterogeneous data volumes in modern energy
systems, clearly demonstrating that traditional data processing methods are insufficient to address the
complexity of contemporary energy networks. Furthermore, the datasets storing energy data are often
incompatible with intelligent analysis applications due to differences in format and intelligent analysis
algorithms such as neural networks, which hinders the further intelligence of urban energy data and the
development of various intelligent analyses including neural network analysis and cluster analysis; this
concern is echoed by Guo (2024) [19] and Liu et al. (2023) [34]. This necessitates the establishment
of interconnected data structures capable of accommodating and uniformly managing diverse types
of energy data to support advanced analytics capabilities essential for next-generation energy system
optimization.

Local power grids face multifaceted challenges in energy management, with the most prominent issue
being the temporal and spatial misalignment in supply-demand matching. Due to the absence of effec-
tive intelligent scheduling mechanisms, local energy production and consumption often fail to achieve
dynamic equilibrium, resulting in suboptimal energy allocation efficiency. Temporal supply-demand
imbalances pose severe challenges, where buildings equipped with solar photovoltaic (PV) systems
generate substantial electricity during daylight hours when solar irradiance is abundant, yet their own
electricity consumption is relatively low. Conversely, commercial buildings or residential areas require
significant power supply during nighttime peak demand periods when solar generation capacity is lim-
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ited. This temporal mismatch leads to energy resource waste and supply-demand gaps; Murphy et
al. (2023) [39] further substantiate this phenomenon through their analysis of temporal complementar-
ity in variable renewable energy (VRE) resources, finding that individual types of renewable energy
generation exhibit distinct temporal variability characteristics.

Spatial distribution imbalances exacerbate allocation challenges, where different regions and building
types exhibit significant variations in energy production and consumption characteristics, yet existing
grid management systems lack sophisticated regional coordination mechanisms, preventing effective
cross-regional energy allocation and complementarity. From a geographical distribution perspective,
Murphy et al. (2023) [39] demonstrate that renewable energy resources in different regions exhibit dif-
ferentiated complementarity characteristics: in the western United States, wind and solar PV resources
show excellent co-located complementarity; in the wind belt and surrounding areas, co-located wind
and PV resources demonstrate high complementarity; while in the northeastern and southeastern re-
gions, the complementarity intensity among various renewable energy resources varies significantly
across regions. This spatial heterogeneity underscores both the importance and complexity of estab-
lishing cross-regional coordination mechanisms. Energy complementarity emerges as a fundamental
solution to these temporal and spatial misalignments, offering a pathway to optimize resource utilization
through intelligent clustering and coordination of complementary energy profiles.

Traditional correlation-based approaches for assessing energy complementarity have shown significant
limitations in capturing the true nature of temporal relationships between energy profiles, as argued by
Cantor et al. (2022) [10]. Beyond static correlation measures, advanced complementarity assessment
methods have demonstrated substantially improved accuracy in identifying optimal building clusters
that can achieve genuine load balancing and peak shaving effects. In particular, dynamic energy pro-
file analysis has proven essential for identifying truly complementary energy consumersdfor instance,
pairing industrial facilities with residential areas can achieve significant peak reduction with limited pop-
ulation participation, as illustrated by Xiao et al. (2023) [64].

Despite the theoretical promise of energy complementarity and advanced assessment approaches,
several critical implementation barriers prevent their widespread adoption in real-world energy sys-
tems. The widespread adoption of renewable energy systems (RES) introduces system-level grid
stability challenges. Barone et al. (2023) [6] indicate that large-scale RES integration leads to sig-
nificantly increased grid fluctuations, potentially triggering serious power quality issues such as voltage
and frequency imbalances. The inherent unpredictability characteristics of RES, combined with the de-
centralization trend in energy production, present unprecedented challenges to traditional centralized
grid management paradigms. This volatility stems not only from the intermittent nature of renewable
energy resources but is also closely related to their distributed deployment patterns, where dispersed
generation units significantly reduce overall system predictability and controllability.

From a data integration perspective, the datasets storing energy data are often incompatible with in-
telligent analysis applications due to differences in format and intelligent analysis algorithms such as
neural networks. This hinders the further intelligence of urban energy data and the development of var-
ious intelligent analyses including neural network analysis and cluster analysis, a gap also highlighted
by Guo (2024) [19] and Liu et al. (2023) [34]. The challenge of dynamic clustering represents a partic-
ularly complex barrier, as energy networks require continuous real-time restructuring under constantly
changing loads, generation, or policy constraints. Traditional clustering approaches lack the adaptabil-
ity required for such dynamic environments, where building energy clustering configurations must be
updated frequently to maintain optimal complementarity.

Current approaches fail to address these challenges due to fundamental limitations in their design
and implementation paradigms. The direct consequences of these failures are multifaceted: At the
technical level, grid systems not only bear additional power transmission losses, particularly during long-
distance transmission where energy loss rates increase significantly, but also face difficulties in voltage
regulation and frequency control caused by RES volatility. At the economic level, inefficient energy
allocation increases both temporal and economic costs of system operation, while grid fluctuations
require additional balancing services and reserve capacity, further escalating system operational costs.
At the equipment level, grid infrastructure faces congestion pressures, with critical equipment such as
transformers frequently experiencing overload conditions that not only affect power supply stability but
also accelerate equipment aging and increase maintenance costs. Additionally, Murphy et al. (2023)
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[39] emphasize that due to the lack of effective resource integration mechanisms, local grids cannot
fully utilize the synergistic effects of complementary resources to improve capacity factors, reduce
curtailment, and achieve cost synergies.

As Wang et al. (2016) [61], Vergados et al. (2016) [60], and Barone et al. (2023) [6] indicate in their
respective research, the root causes of these challenges lie in the limitations of traditional grid oper-
ation paradigms. Confronting the unpredictability of RES and the decentralization of energy produc-
tion, developing local energy communities represents a promising solution for minimizing power losses
and promoting sustainable energy practices [6]. This community-based energy management model
not only effectively addresses grid fluctuation issues caused by RES but also reduces long-distance
transmission losses through localized energy balancing mechanisms, thereby improving overall system
efficiency.

(i0i00 OO0 dooooooo oao

The primary research gap lies in the urgent need to address continuous real-time restructuring of energy
networks®dynamic clustering of buildings or resources under constantly changing loads, generation,
or policy constraints, as discussed by Hussain et al. (2019) [27]. While knowledge graphs provide
semantic clarity and graph neural networks offer advanced pattern recognition capabilities, maximiz-
ing the ontological consistency between knowledge graphs and GNNs for real-time clustering analysis
of energy systems remains inadequately explored. The complementary clustering problem holds sig-
nificant research value in urban energy networks as it can improve energy production and utilization
efficiency while optimizing power scheduling within the grid.

Key technical challenges that current implementations fail to address include: First, the standardiza-
tion of complementarity loss functions specifically tailored for energy applications, as existing general-
purpose GNN frameworks lack domain-specific optimization criteria (cf. Wu et al. 2021 [63]). Second,
the effective combination of Dynamic Time Warping (DTW) with GNN architectures for enhanced tem-
poral modeling in energy demand patterns, which is essential given the time-series nature of energy
consumption data (see also Zhang et al. 2021 [68]). Third, the development of standardized bench-
marks comparing complementarity metrics in energy contexts, as current evaluation frameworks do
not adequately capture the unique characteristics of energy system performance (related discussions
in Tsitsulin et al. 2023 [55] and Pelekis et al. 2023 [44]).

Additionally, physical grid constraints must be integrated into the clustering methodology. When build-
ings are powered by the same transformer, they should undergo complementary clustering while ad-
hering to real-world physical grid constraints. The clustering implementation must satisfy two critical
requirements: First, clustered buildings should be powered by the same transformer, ensuring compli-
ance with actual grid topology. Second, clustering should possess real-time characteristics, meaning
each time point in the time series should have different building energy clustering configurations®in
this research.

Furthermore, current research lacks physics-informed GNN architectures that incorporate sufficient
domain knowledge specific to energy systems, federated learning approaches for privacy-preserving
clustering across multiple utilities, and real-time adaptation mechanisms for dynamic grid conditions.
These limitations prevent the full realization of GNN potential in energy management applications (com-
pare Pagnier & Chertkov, 2021 [43]; Authier et al., 2024 [4]).

To address these fundamental limitations, this research proposes a novel integration of knowledge
graphs (KG) and graph neural networks (GNN) for energy demand complementarity clustering. Knowl-
edge graphs provide a structured approach to representing and integrating complex and interconnected
data from diverse sources, offering a unified, semantically rich view of energy systems, as introduced
by Sajid (2023) [51]. They facilitate the integration of heterogeneous data and support advanced rea-
soning and query capabilities, which are crucial for managing the complexity of modern energy systems.
Knowledge graphs excel in managing dynamic heterogeneous data, capable of storing rich semantics
suitable for storing multi-level, multi-type energy network data, and can explicitly represent complex re-
lationships in urban energy systems, such as grid topological structures, supply-demand relationships,
and geographical adjacency relationships, according to Liu et al. (2023) [34] and Chen et al. (2022)
[11].
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Several studies have successfully utilized knowledge graphs and graph neural networks to enhance
energy systems. For example, Kimball (2024) [29] demonstrates how knowledge graphs can connect
different energy data sources, thereby improving interoperability. Furthermore, Fusco et al. (2020) [16]
discuss GNN frameworks for grid congestion prediction and market bidding services. These integra-
tions facilitate more intelligent and efficient energy management. GNNs are particularly suitable for
graph-based data and can perform complex tasks such as knowledge graph completion (KGC), pre-
dictive modeling, and real-time optimization. Liu (2024) [35] and Xu et al. (2023) [65] demonstrate
the effectiveness of GNNs in knowledge graph completion and real-time optimization, making them
powerful tools for addressing the dynamic characteristics of modern energy systems.

Knowledge Graphs (KGs) and Graph Neural Networks (GNNs) exhibit a fundamental ontological align-
ment in their representation of energy systems, as both paradigms are inherently predicated on the
graph-theoretic formalism. This ontological commitment manifests through their shared structural foun-
dation: energy networks are intrinsically modeled as graphs G = (V;E), where components (e.g.,
substations, generators, transformers) constitute vertices V and interconnections (e.g., transmission
lines, control relationships) form edges E.

As established by Liu et al. (2023) [34], KGs explicitly encode power systems as semantic graphs where
entities (nodes) and their relations (edges) incorporate domain-specific knowledge, operational con-
straints, and physical laws. Concurrently, Chen et al. (2022) [11] demonstrate that GNNs leverage this
identical topological structure to learn latent representations through message-passing mechanisms
across nodes and edges. This structural isomorphism enables direct mathematical compatibility:

A KGs formalize domain knowledge as structured triples (h;r;t) VRV (head, relation, tail),
capturing explicit semantics of power system entities and relationships (Liu et al., 2023 [34]).

A GNNs exploit the adjacency matrix A and node features X derived from G to perform feature
propagation via HI*D = AHOW® | |earning implicit patterns from connectivity and at-
tributes (Chen et al., 2022 [11]).

This ontological convergence creates a theoretically grounded foundation for integration: the KGis se-
mantic schema provides contextual constraints and reasoning rules, while GNNs offer inductive learn-
ing capabilities over the shared graph structure. Despite this intrinsic compatibility, current research
has not systematically unified KG-enhanced reasoning with GNN-based learning for complex energy
network tasks®a gap noted in both reviews by Liu et al. (2023) [34] and Chen et al. (2022) [11]. Fu-
ture work should exploit this ontological symmetry to develop hybrid architectures where symbolic KG
reasoning guides subsymbolic GNN learning within a unified graph representation of energy infrastruc-
tures.

According to Hofer et al. (2023) [22], machine learning can benefit from KG as labeled training data,
thereby improving the quality and interpretability of Al decision-making, which means KG can support
data-driven Al energy analysis. Due to ontological consistency, GNNs can directly learn features on
knowledge graph structures. Knowledge graphs can also provide GNNs with rich semantic information
details of urban energy networks, such as grid topological structures, supply-demand relationships, and
geographical adjacency relationships. Therefore, their combination can bring tremendous intelligent
empowerment to urban energy network analysis. GNNs excel in handling various graph structure
problems, including clustering problems (see also Bose, 2017 [8]).

This research aims to bridge these gaps by exploring the combined application of knowledge graphs
and graph neural networks to enhance the efficiency, reliability, and sustainability of energy manage-
ment systems. The study seeks to leverage the strengths of both technologies, combined with ad-
vanced complementarity assessment metrics and physics-informed constraints, to develop a compre-
hensive data-driven approach for managing the complexity of modern energy systems. By addressing
these research gaps, this work provides new optimization and adaptability opportunities to tackle the
increasingly complex and interconnected nature of the global energy sector, positioning GNN-based
energy demand complementarity clustering as a transformative technology for future energy systems.

This research makes several key contributions to the field of intelligent energy management through
the integration of Knowledge Graphs and Graph Neural Networks: First, we establish a unified knowl-
edge graph architecture for energy network representation, identifying essential nodes, attributes, and
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edges required for effective KG construction from heterogeneous urban building spatial and non-spatial
energy datasets, with an automated pipeline ensuring comprehensive integration that reflects energy
system complexities. Second, we design and implement a novel integration methodology between
Knowledge Graphs and Graph Neural Networks for enhanced energy system analysis, developing
complementarity-aware GNN models with custom loss functions optimized to minimize peak-to-average
ratio, maximize self-consumption, and balance load curves through clustering learning based on com-
plementarity rather than similarity. Third, we determine optimal GNN approaches for time-based and
dynamic clustering within the Knowledge Graph framework by embedding physical constraints into
learning through adaptive clustering mechanisms, specifically addressing dynamic energy production
and demand pattern analysis in regional energy systems. Fourth, we establish comprehensive vali-
dation and benchmarking frameworks with quantitative metrics for complementarity assessment and
performance measurement of the integrated KG-GNN approach in energy system clustering applica-
tions. Finally, we demonstrate significant improvements in data accessibility, interoperability, and rela-
tional analytics for regional energy system management, providing a scalable solution that enhances
decision-making capabilities through the synergistic combination of knowledge representation and neu-
ral network architectures.

In summary, the challenges of data heterogeneity, temporal imbalance, and physical constraint in-
tegration collectively motivate the need for a unified analytical framework that can bridge semantic
representation and predictive learning. These motivations directly lead to the research objectives and
guestions outlined in the following chapter.

This paper is organized as follows: Section 2 proposed research questions and research objectives.
Section 3 reviews related work in knowledge graph in energy systems, streaming data integration ar-
chitectures for knowledge graphs, machine learning on graphs, energy demand complementary, GNN-
based methods for dynamic clustering, and evaluation framework. Section 4 presents the methodology,
including the knowledge graph construction, GNN architecture design, and complementarity-aware
clustering algorithm. Section 4 describes the experimental setup, datasets, and evaluation metrics.
Section 5 presents and analyzes the experimental results, comparing our approach with current base-
lines. Section 6 discusses the implications of our findings, limitations, and future research directions.
Finally, Section 7 concludes the paper and summarizes the main contributions.



Research Objective

In this section, the research objective is claimed, the main research question and sub-questions are
defined, furthermore, the research scope (must, must not and could) is introduced.

This research addresses the fundamental challenge of improving data accessibility, interoperability,
and relational analytics in regional energy system management through the integration of Knowledge
Graphs (KG) and Graph Neural Networks (GNN). The research objectives encompass four primary
goals that directly correspond to the identified research questions.

First, to establish the foundational elements of energy network representation by identifying essential
nodes, attributes, and edges required for effective Knowledge Graph construction from urban building
spatial and non-spatial energy datasets. This involves developing a unified knowledge graph architec-
ture with an automated pipeline for constructing and updating knowledge graphs from heterogeneous
data sources, ensuring comprehensive integration that reflects energy system complexities.

Second, to design and implement the integration methodology between Knowledge Graphs and Graph

Neural Networks for enhanced energy system analysis and clustering. This includes developing complementarity-
aware GNN models with custom loss functions optimized to minimize peak-to-average ratio, maximize
self-consumption, and balance load curves, while creating a GNN architecture that performs clustering

learning based on complementarity rather than similarity.

Third, to determine optimal GNN approaches for time-based and dynamic clustering within the Knowl-
edge Graph framework by embedding physical constraints into learning through adaptive clustering
mechanisms, specifically focusing on dynamic energy production and demand pattern analysis.

Fourth, to establish comprehensive validation and benchmarking frameworks by developing quantita-
tive metrics for complementarity assessment and performance measurement of the integrated KG-GNN
approach in energy system clustering applications.

00l JooooooL booooog

Main Question: How can integrating a Knowledge Graph (KG) with a Graph Neural Network (GNN)
improve data accessibility, interoperability, and relational analytics (e.g., clustering, link prediction) for
the management of regional energy systems?

Sub-Questions:

1. What are the essential nodes, attributes, and edges to define in an energy network for effective
representation in a Knowledge Graph (KG)?

2. What is the process for constructing a Knowledge Graph (KG) based on urban building spatial and
non-spatial energy-related dataset, and how can the data be integrated to reflect the complexities
of the energy system?
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3. How can Knowledge Graphs (KGs) and Graph Neural Networks (GNNs) be combined to enhance
analysis and clustering in energy system models, including recommendations for optimal solar
panel deployment?

4. Which GNN approach best supports time-based or dynamic clustering in the KG, and how to
measure its performance?

000 J0DooooO boooa

This thesis is situated at the intersection of knowledge graph construction and graph neural network
modelling for urban energy systems. The scope of the research is defined by three dimensions: (i) the
system boundary, (ii) the methodological objectives, and (iii) the exclusions and potential extensions.

System boundary. The study focuses on abstracted representations of regional energy systems de-
rived from heterogeneous urban datasets. Entities such as buildings, low-voltage groups, solar panels,
and batteries are represented as nodes in a knowledge graph, while electrical or spatial relationships
(e.g., feeder membership, adjacency, transformer domain) are encoded as edges. The emphasis is
on the semantic and topological structure of the network rather than on hardware-level modelling of
physical circuits or devices.

Methodological objectives. The core deliverable is the integration of Knowledge Graphs (KGs)
with Graph Neural Networks (GNNSs) to support:

A Energy community discovery: identifying clusters of buildings that exhibit temporal complemen-
tarity in their demand and generation profiles while remaining consistent with LV feeder bound-
aries.

A Decision-support indicators: producing interpretable outputs (e.g., SSR, SCR, complementar-
ity indices, and uncertainty bounds) that inform energy planning and community-scale interven-
tions.

Exclusions. The research does not address hardware implementation, physical circuit modelling, or
operational control of real distribution grids. Energy conservation techniques and behavioural energy-
saving mechanisms are also out of scope. Furthermore, reinforcement learning (RL) is not explored,
as the methodological focus is restricted to KG construction and GNN-based clustering and prediction.

Potential extensions. Subject to time and resources, the framework could be extended to additional
GNN tasks such as link prediction (e.g., inferring missing relationships in the energy graph) and anomaly
detection (e.g., detecting inconsistent or unusual consumption profiles). These extensions would fur-
ther demonstrate the versatility of the KGi GNN architecture for energy system analysis and manage-
ment.

Having defined the research goals and scope, the next chapter reviews the state of the art in knowledge
graphs, graph neural networks, and energy clustering to identify existing solutions and methodological
gaps that inform the design of our framework.



Related Work

Knowledge graphs (KG) and graph neural networks (GNN), along with their integration, are receiving
widespread attention in the field of complex system analysis, as highlighted by Popadic et al. (2023)
[46], Li et al. (2023) [32], and Liu et al. (2024) [35]. These technologies provide innovative solutions
for managing the complex interconnected data characteristic of modern energy systems. However, the
effective integration of these technologies for energy system management requires a comprehensive
understanding of their individual capabilities, limitations, and synergistic potential. For example, KG-
based modules such as the LV-Group Boundary Enforcer explicitly guarantee that energy sharing does
not cross transformer boundaries, thereby embedding physical feasibility into the representation. In
contrast, GNN-based modules such as the Multi Hop Aggregator capture higher-order interactions by
propagating information across multiple hops, enabling the detection of demandi generation balancing
opportunities beyond immediate neighbors. When combined, as in the Temporal Evolution Predictor,
the KGi GNN integration allows long-term forecasting of community reorganization under staged solar
deployments, ensuring that predictions remain both physically consistent and dynamically adaptive to
new interventions.

This section systematically reviews the existing literature across six critical dimensions that directly ad-
dress the research questions posed in this study. First, we examine knowledge graph construction and
management approaches in energy systems to establish the foundation for addressing what essential
nodes, attributes, and edges are required for effective energy network representation. Second, we an-
alyze graph neural network applications in energy domains to understand which GNN approaches best
support time-based clustering and how their performance can be measured. Third, we investigate en-
ergy system clustering methodologies, with particular emphasis on complementarity-based approaches
versus traditional similarity-based methods, to inform the development of our complementarity-aware
clustering framework. Fourth, we explore the emerging field of KG-GNN integration to address the
central question of how these technologies can be combined to enhance analysis and clustering capa-
bilities. Fifth, we review approaches for incorporating physical constraints and real-world operational
requirements, as these directly impact the practical applicability of clustering solutions in actual grid in-
frastructures. Finally, we examine performance evaluation frameworks and benchmarking methodolo-
gies to establish appropriate metrics for assessing the effectiveness of integrated KG-GNN approaches.

00l Ooddoodbt Uiioo Oouooibonioo b bbb boo i ooooo booo
oo

00000 0O000O0000D 0oboo boddoooooo boo LoogoniQ 0ooioonoo

Knowledge graphs represent a fundamental paradigm shift in knowledge representation and manage-
ment, with their conceptual roots tracing back to ancient philosophical reasoning principles. As Chen
et al. (2020) [12] note, reasoning techniques have evolved from Aristotleis syllogism in ancient Greece
through Lambda Calculus to modern intelligent computing platforms, with knowledge graphs repre-
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VHQWLQJ D FRQWHPSRUDU\ PDQLIHVWDWLRQ RI WKLY HYROXWLRQDU\ W
NQRZOHGJH JUDSKV2XVLQJ NQRZQ NQRZOHGJH WR LQIHU QHZ NQRZOHGJ
FRQVLVWHQW ZLWK WKHVH KLVWRULFDO IRXQGDWLRQV

7KHPRGHUQ FRQFHSWLRQ RINQRZOHGJH JUDSKV ZKLOH EXLOGLQJXSRQ
WKH ODWH VDV GLVFXVVHG E\ &XHPHQHBOSURPLYHQFH IROORZLQJ *R
.QRZOHGJH *UDSK DQQRXQFHPHQW DFFRUGL@J "R V¥ ROIBX MW WDLD O DG RSV
DO\]JHG ZLGHVSUHDG GHYHORSPHQW DFURVV PDMRU WHFKQRORJ\ FRPSDQ
ERRN ,%0 /LQNHG,Q OLFURVRIW DQG8EHU GHPRQVWUDWLQJWKH SUDF)\
UHSUHVHQWDWLRQ LQ ODUJH VFDOH DSSOLFDWLRQV

'"HILQLWLRQDOO\ 6DM@GEHHWLDE® NQRZOHGJH JUDSKV DV LQWXLWLYH UHSU!
GDWD LQJUDSK IRUP ZKHUH QRGHVY UHSUHVHQW HOQOWLWLHV DQG HGJHV L
HIWHQGY WKH  FKDUDFWHUL]DWLR@ EZAKRBEHYHWLE® NQRZOHGJH JUDSKV D
VI\VWHPV WKDW LQWHJUDWH NQRZOHGJH DQG GDWD DW VFDOH HPSOR\LC
NQRZOHGJHLQ VFHQDULRVLQYROYLQIJWKHLQWHJUDWLRQ PDQDJHPHQW
VRXUFHV 7KLV LQWHIJUDWLRQ DGGUHVVHV WKH OLPLWDWLRQV RIWUDGL
OLHG KHDYLO\RQ PDQXDOO\ FUDIWHG UXOHV DQG H[SHUW N@&@RZIOHHGJH D'
WUDQVLWLRQ IURP H[SHUW GULYHQ WR GDWD GULYHQ PHWKRGRORJLHV
JURZWK RI ,QWHUQHW GDWD PDNLQJWUDGLWLRQDO PDQXDOO\FRQVWU)>
GDWD HQYLURQPHQWY DV VXPPDUL]H® E\ & KHQ HW DO >

YWHZERXEKIW SJ/RS[PIHKI+VETLW MR )RIVK] 7]WXIQ 1EREK
.QRZOHGJH JUDSKV UHSUHVHQW D SDUDGLJP VKLIW LQ PDQDJLQJ WKH FRI
FKDUDFWHULVWLF RI PRGHUQ HQHUJ\ VAIVWHPYV 7KHLU DGYDQWDJHV RY
SURDFKHY EHFRPH SDUWLFXODUO\ SURQRXQFHG ZKHQ DGGUHVVLQJ WKF
VRXUFHV KHWHURJHQHRXVY GDWD LQWHJUDWLRQ DQGUHDO WLPH RSHUI

7TKHIXQGDPHQWDO GLVWLQFWLRQ EHWZHHQ NQRZOHGJHJUDSKV DQG UHC
WR VFKHPD PDQDJHPHQWDQG GDWD UHSUHVHQWDWLRQ :KLOHUHODWLR
VFKHPDV RSWLPL]JHG IRU VWUXFWXUHG GDWD DV @LWYRRZ\OHG BEH 6JND ISEK W
SURYLGH G\QDPLF VFKHPD HYROXWLRQ WKDW DFFRPPRGDWHYV WKH FRQVYV
SRZHU JHQHUDWLRQ VWRUDJH DQG FRQVXPSWLRQ FRPSRQHQWYV 7KLV I
KHWHURJHQHLW\ FKDOOHQJHLQKHUHQW LQ UHJLRQDO HQHUJ\ VA\VWHP PD
PXVWEHLQWHJUDWHG ZLWKRXW H[WHQVLYH SUHSURFHVVLQJ

&RPSDUHG WR VWDWLF PRGHOLQJDSSURDFKHVY VXFKDV 80/ FODVV GLDJU
ULRUDGDSWDELOLW\IRUG\QDPLFRSHUDWLRQD@ &® P RQR/QFUHIMHW KOMNQ?
80/ IRFXVHV RQ SUHGHILQHG FODVVHVY DQG UHODWLRQVKLSV VXLWDEOH
JUDSKV VXSSRUW UHDO WLPH UHODWLRQVKLS HYROXWLRQ DQG G\QDPLF
ELOLW\HQDEOHYVY WKH LQWHJUDWLRQ RI UHDO WLPH VHQVRU GDWD ZLWK
HOKDQFHG SUHGLFWLYH PRGHOLQJRIHQHUJ\IORZV DQG VA\VWHP EHKDYL

7TKHUHODWLRQVKLS EHWZHHQ NQRZOHGJH JUDSKVDQGJUDSKGDWDEDVH
GDWDEDVHY SURYLGH WKH IRXQGDWLRQDO LQIUDVWUXFWXUH ZKLOH NQ
QRWHG E\ .LIlHW D@ 7KLV>FRPELQDWLRQ HQDEOHV HIILFLHQW UHODWLR
WLF UHDVRQLQJ FDSDELOLWLHVY VXSSRUWLQJFRPSOH[DQDO\WLFDO TXt
DQG WHPSRUDO GLPHQVLRQVY 7KH VHPDQWLF HQULFKPHQW GLVWLQJXLVI
GDWDEDVHVY E\HQDEOLQJRQWRORJLFDO UHDVRQLQJDQG LQIHUHQFH FD
V\VWHP PDQDJHPHQW DV HPSKDVL]HG E@+RJDQ HW DO >

7KH VIVWHPDWLF FRPSDULVRQ SGHIF/RIGQVWHEDMWHAMDWEWRH PXOWLGLPHQVLRQI
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7TDEOH &RPSDULVRQ RI 'DWD 5HSUHVHQWDWLRQV IRU (QHUJ\ 6\VWHP $SSOLFD

&KDUDFWHULVWLFYRZOHGJH *UDSKWHODWLRQDO 'DWDEHDGCHKVDWDEDVH

6FKHPD )OH[LELOLWDPLF RQWRORSJSLBWYBQHGHILQHGHM EBEBEBHVYUDSK| VFKHPD
VFEKHPD HYRO@W LRI NH\@ > HGJHV FDQ EH DGGHG ZLWK
RXWUHGH®LJQ >

5HODWLRQVKLS [56HBRMHYWDF UHODWORRGHBLWKD IRUHESQLNHW HGJIJHV ZLWK SURSH

WDWLRQ FRQWH[WXDO PHD@IQQG MRLQV WLHV EXW OLPLWHG VHPDQW
6HPDQWLF 5HDVRQQ@RORJ\ VXSSRUWQHLQIHU /JLPLWHG WR JUD$K WUDYHUYV
HQFH UXOHV DQG UHDVRQLQJ QR KLJKHU RUGHU LQIHUHQFF
HQJLQH® >
+HWHURJHQHRXYV IDWDY,® VXSSRUWS5HRIXLMWMWUVXE7/ SUREFHYVHMHVW GLYHUVH GDWE
WHJUDWLRQ WXUHG VHPL VWUKFWXAKHPD P®LIQENWYWDFNV VHPD|QWLF KDUPF
XQVWUXFWXUHG |GDWD IXVLRQ QL]DWLRQ
> @

5HDO WLPH $GDSWQEUPBPRPWQWDO X$6PBKHPD ZHWKO XW | R/ LIRWHWO\IRU UHDO WLPH
WHPSRUDO DQQ@ WDWE BQVWBWXSWLYH JUDSK XSGDWHV DQG TXHULH\

'RPDLQ .QRZOHGURBRD@GWHKUHY H[SHUWDWWKD FYV @PWOGLF RQOG6HODWLRQVKLS RHQWULF OI

JUDWLRQ RSHUDWLRQDO G@WD MRLQWO\ > GRPDLQ VHPDQWLFV
4XHU\ 6W\OH 63$54/ UHDVRQGBQUZLWK UHODWLRQBEMREQMPOLQ | IRU HIIL
HQDEOHG SDWK G|LVFRYHU\ FLHQW SDWK WUDYHUVDO

NQRZOHGJHJUDSKVDFURVVQLQHFULWLFDO FKDUDFWHULVWLFVIRUHQH
RIWKHVHLQGLYLGXDO FDSDELOLWLHV FUHDWHY VIQHUJLVWLF HIIHFWV W
WDEOLVKLQJNQRZOHGJH JUDSKV DV WKH RSWLPDO IRXQGDWLRQIRULQW

7TKUHH NH\IDFWRUV GLVWLQJXLVK NQRZOHGJH JUDSKV DV SDUWLFXODUO
J)LUVW WKHFRPELQDWLRQRIVFKHPDIOH[LELOLW\ZLWKVHPDQWLF UHDVI
LQJJULG WRSRORJLHV ZKLOH PDLQWDLQLQJ FRQWH[WXDO XQGHUVWDQG
FDSDELOLW\VXSSRUWV ERWKLPPHGLDWHRSHUDWLRQDO GHFLVLRQV DQC
DQDO\WLFDO IUDPHZRUNV 6HFRQG WKH GHPRQVWUDWHG SHUIRUPDQFF
IDVWHUDJJUHIJDWH  TXHU\SURFHVVLQJ DV@®@ HEIRIHFMDE D/G & HMVD/ONKH P >0
OHYHO UHVSRQVH UHTXLUHPHQWYV RI PRGHUQ JULG RSHUDWLRQV ZKLOH
PLIDWLRQ VFHQDULRYV 7KLUG WKHQDWLYHLQWHJUDWLRQ RIH[SHUW GR
KLIKOLIJKWHG E\ *XR H®& H@DEOHY K\EULG LQWHOOLJHQFH DSSURDFKHV \
PXODWHG HOHFWULFDO HQJLQHHULQJ H[SHUWLVHDQG UHDO WLPH V\VWE

7KHVH FRQYHUJLQJ DGYDQWDJHV SRVLWLRQ NQRZOHGJH JUDSKV DV HVYV
FRQWHPSRUDU\ HQHUJ\ VIVWHP FKDOOHQJHYV SDUWLFXODUO\LQ VFHQDL
VLV XQGHU SK\VLFDOJULG FRQVWUDLQWY 7KHDELOLW\WRVHDPOHVVO\
GHVFULEHG E\9DQ 2WWH®@ HHWW\WR VHPDOQWLF XQGHUVWDQGLQJRIGRPDLQ L
WKHIRXQGDWLRQDO FDSDELOLWLHVY QHFHVVDU\IRUGHYHORSLQJVRSKLYV
FDQDGDSWWR WKHLQFUHDVLQJ FRPSOH[LW\RIPRGHUQ SRZHU V\VWHPYV

/IRS[PIHKI +VETLW MR )RIVK] 7]WXIQ %TTPMGEXMSRW
7KHLQFUHDVLQJFRPSOH[LW\RIPRGHUQ SRZHU V\VWHPV GULYHQE\UDSL
ULVLQJ HQHUJ\ FRQVXPSWLRQ KDV FUHDWHG XQSUHFHGHQWHG FKDOOH
WURO $V *XR HW D@ QRWH>SRZHU VIVWHPVY HQFRPSDVV PXOWLSOH LQWH
LQFOXGLQJ JHQHUDWLRQ WUDQVPLVVLRQ GLVWULEXWLRQ DQG FRQVX
HQYLURQPHQWDO SURWHFWLRQ HQHUJ\ VHFXULW\ DQG HFRQRPLF HIILF
QDWXUH UHVXOWV LQ KLIKO\ FRPSOH[ VI\VWHP FKDUDFWHULVWLFV WKDW
DQG FRQWURO WHFKQRORJLHV

7KH XUJHQF\ IRU LQWHOOLJHQW WHFKQRORJLHV LQ SRZHU VA\VWHPV KDV
GUHVVLQJ FKDOOHQJHV VXFK DV GHPDQG IOXFWXDWLRQV HTXLSPHQW I
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DV KLIJIKOLJKWHG E\ *XR @WIR¥HU V\¥WHPV HQFRPSDVV VXEVWDQWLDO S|
JHQHUDWH HI WHQVLYH RSHUDWLRQDO DQG PDLQWHQDQFH GDWD \HW KL
EHHQ FKDOOHQJLQJWR XWLOL]JH HIIHFWLYHO\ $ FULWLFDO LVVXHLQDGY
OHYHUDJLQJ SULRUNQRZOHGJH WR LGHQWLI\LPSOLFLW RSHUDWLRQDO &
VXSSRUWLQJUHOLDEOH VI\VWHP RSHUDWLRQ

.QRZOHGJH JUDSKV KDYH EHHQ ZLGHO\UHFRJQL]HG DV D WUDQVIRUPDWL
FRPSOH[ GDWDVHWYV LQ WKHHQHUJ\ VHFAVRIUIKORERW QVKWILDJOUROH >Q DG
GDWD GHPDQGV RIWKHJOREDOHQHUJ\WUDQVLWLRQ HPSKDVL]LQJWKHL
OLQN GLYHUVH GDWDVHWY %\ KDUPRQL]JLQJVWUXFWXUHG DQG XQVWUXF
IDFLOLWDWHLQWHOOLJHQW HQHUJ\ PDQDJHPHQW HQDEOLQJPRUHUHOL

7KH DSSOLFDWLRQ SRWHQWLDO RI NQRZOHGJH JUDSKV LQ SRZHU V\VWHF
LQFOXGLQJ LQIRUPDWLRQ VLORV GDWD UHGXQGDQF\ DQG NQRZOHGJH I
*XRHW DO @ ¥KURXJK FRPSUHKHQVLYH PRGHOLQJ RI SRZHU V\VWHP F
JUDSKVY HQDEOH LPSURYHG V\VWHP YLVXDOL]DWLRQ DQG XQGHUVWDQGHI
PDNLQJ IRXQGDWLRQV IRURSHUDWLRQ DQG PDLQWHQDQFH SHUVRQQHO
HGJH JUDSKV IRUHTXLSPHQW PRQLWRULQJ IDXOW GLDJQRVLV DQG ORDC
FDQ HQKDQFH WKH DFFXUDF\ RI SRZHU VI\VWHP IDXOW LGHQWLILFDWLRQ
FDSDELOLWLHYV 7KHUHDVRQLQJFDSDELOLWLHVLQKHUHQW LQ NQRZOHG
SRZHU PDUNHWV HQDEOLQJRSWLPDO UHVRXUFH DOORFDWLRQDQG LPSU

.QRZOHGJH JUDSKV H[FHO LQ PDQDJLQJWKHLQWHUGHSHQGHQFLHV ZLWK
DUHLQKHUHQWO\FRPSOH[ LQYROYLQJPDQ\W\SHV RIGDWD WKDW QHHG"
VXSSO\ HQYLURQPHQWDO IDFWRUV DQG JULG SH U®RSPLOQIN IR X \DW RDWW H
LQWHJUDWH VWUXFWXUHG DQG XQVWUXFWXUHG GDWD WKURXJK VWDQGD
EHWWHU VHPDQWLF FODULW\DQG HOLPLQDWLQJLQFRQVLVWHQFLHV EHW
LVWLFDGGUHVVHVY WKHFULWLFDO FKDOOH®@ JHHUGH GWQ JLVHIGHEN FMHRE MAN YDHD X
RIKHWHURJHQHRXV GDWD LQ SRZHU VIVWHPV ZKHUH GDWD RIWHQ FRPH |
ZLWKRXW VHPDQWLF XQGHUVWDQGLQJFDQ OHDG WR HUURUV DQG LQHIILF
WKH GDWD PRUH DFWLRQDEOH IRUGHFLVLRQ PDNLQJ

BRSDGLFHWDO@ IXUWKHU GHPRQVWUDWH WKH XVHIXOQHVV Rl .*V LQ FU
KDQFHG YHUVLRQV RI .*VLQFRUSRUDWH PHWDGDWD DQG UHODWLRQDO V
WLRQDEOH LQVLIKWY 7KHVH DGYDQFHPHQWY VXSSRUW DXWRQRPRXV C
ILFLHQF\ OHYHUDJLQJ DFFXPXODWHG NQRZOHGJH LQ HOHFWULFDO VFLFE
WULEXWHG HQHUJ\ VRXUFHV DQG VPDUW GHYLFHV 7KLV DOLJQV ZLWK WK
> @ IRUDFKLHYLQJ PRUH HIILFLHQW VWDEOH DQG VXVWDLQDEOH SRZH
WHFKQRORJLHYV

TKHLQWHJUDWLRQRINQRZOHGJHJUDSKVLQ SRZHU VAI\VWHPV UHSUHVHQW
PDQDIJHPHQW DSSURDFKHV %\ SURYLGLQJFRPSUHKHQVLYH PRGHOLQJ FI
RI SULRUNQRZOHGJH DQG RSHUDWLRQDO GDWD JHQHUDWHG LQ SRZHU V
LGHOQWLILFDWLRQ RILPSOLFLW RSHUDWLRQDO SDWWHUQV DQG VXSSRUW
*XR HW DO @ ¥KLV FDSDELOLW\LV SDUWLFXODUO\FUXFLDO LQ WKH EL
SRZHU VA\VWHP GDWD LV H[SHULHQFLQJH[SORVLYH JURZWK

7KHVHPDQWLF HQULFKPHQW FDSDELOLWLHV RINQRZOHGJHJUDSKYVY DV G
ZRUN SURYLGH KLJK OHYHO RQWRORJLFDO VXSSRUW ZLWK LQIHUHQFH C
WKHP IURP WUDGLWLRQDO UHODWLRQDO GDWDEDVHV DQG SURSHUW\ JUL
DVH[SODLQHG E\6DMLG@HW BIOV VHPDQWLF ULFKQHVV LV SDUWLFXODUO\"
WHP DSSOLFDWLRQV ZKHUH XQGHUVWDQGLQJ WKH FRQWH[WXDO PHDQLQ
LVFUXFLDO IRUHIIHFWLYH VAIVWHP RSWLPLIDWLRQDQG FOXVWHULQJDQE
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7KH DSSOLFDWLRQ RI NQRZOHGJH JUDSKV LQ SRZHU VI\VWHP RSHUDWLRQ
LQJ YDOXH WKURXJK IXQFWLRQV VXFK DV NQRZOHGJH VHDUFK NQRZOHG.
DQG DX[LOLDU\ GHFLVLRQ PDNLQJ DV VXPPDQLJHG EM /ERXSDVE DAL W L H V >H
VXEVWDQWLDO UHGXFWLRQV LQ KXPDQ DQG PDWHULDO FRVWYV ZKLOH LPS
QDULRV LQFOXGLQJ SRZHU HTXLSPHQW RSHUDWLRQ DQG PDLQWHQDQFH
IDXOW PDQDJHPHQW 7KHHYROXWLRQ WRZDUG PRUH FRPSUHKHQVLYH SR
WKH UHVHDUFK REMHFWLYH Rl GHYHORSLQJ LQWHJUDWHG .*+*11 DSSURI
DQDO\VLV DQG FOXVWHULQJ SDUWLFXODUO\LQ DGGUHVVLQJ WKH FKDO
GHPDQG SDWWHUQ DQDO\VLV

(SQEMR /RS[PIHKI+VETL 'SRWXVYGXMSR MR 4S[IV 7]WXIQW
7KH WUDQVLWLRQ IURP JHQHUDO NQRZOHGJH JUDSKVY WR GRPDLQ VSHFL
FDQFH LQ WKH SRZHU VHFWR U@ /& X\ WML Q OXLVK BHWZHHQ JHQHUDO NQRZO
GRPDLQ NQRZOHGJH JUDSKV '.* QRWLQJ WKDW SRZHU GRPDLQ NQRZOHC
PLVVLRQRIVKLIWLQJIURP3GDWD GULYHQ SRZHUDXWRPDWLRQ  WR D 3:NQ
LPSRUWDQW WKHRUHWLFDO YDOXHDQG HQJLQHHULQJ VLJQLILFDQFH IRU

7TKH FRQVWUXFWLRQ RI SRZHU GRPDLQ NQRZOHGJH JUDSKV IROORZV D FF
GDWD FROOHFWLRQ JUDSKFRQVWUXFWLRQ DQGNQRZOHGJH ADOFXODW
7KLV VA\IVWHPDWLFDSSURDFKDGGUHVVHV WKH XQLTXH FKDUDFWHULVWLF
IHVVLRQDOLVP FRPSOLFDWHG GDWD VWUXFWXUHY DQG KLJKDFFXUDF\ L

'‘DWD $FTXLVLWLRQDQG 4XDOLW\ODQDJIJHPHQW

$VWKHIRXQGDWLRQDOVWHSLQNQRZOHGJH JUDSKFRQVWUXFWLRQ GDW
RIWKHUHVXOWLQJ.* /LO@QWWE WKDWSRZHU GRPDLQGDWDRULJLQDWH IL
W\SHV LQFOXGLQJVWUXFWXUHG GDWD IURP NQRZOHGJH HQJLQHHULQJ D
WKDWFDQ GLUHFWO\SDUWLFLSDWHLQ WRS GRZQ RQWRORJ\FRQVWUXFW
VLVW RI PDVVLYH RSHUDWLRQDO GDWD DQG H[SHUW H[SHULHQFH FKDUDF
GDWD GHQVLW\ 7KLVQHFHVVLWDWHV FRPSUHKHQVLYHQRLVH ILOWHULQ
LPSURYH GDWD TXDOLW\ EHIRUHNQRZOHGJH SURFHVVLQJ WUDQVIRUPLQC
FROQWDLQLQJ SRWHQWLDO NQRZOHGJHLQWR VWUXFWXUHG NQRZOHGJH L

+\EULG &RQVWUXFWLRQ OHWKRGRORJ\

*LYHQ WKH FKDUDFWHULVWLFV RIVWURQJ SURIHVVLRQDOLVP GDWD FRP!
SRZHUILHOG JUDSKFRQVWUXFWLRQ W\SLFDOO\DGRSWV DFRPELQDWLR(
SURFHVVHYV DV GLVFXVVHG EQWLXKIWBKOEULG DSSURDFKILUVW GHILQHV W
WKHQ HITWUDFWV NQRZOHGJH IURP WKH GDWD OD\HU WR XSGDWH WKH RQW
LVWLFV WKDW VXSSRUW UHDO WLPH XSGDWHV HVVHQWLDO IRU SRZHU V\\

7KH TXDOLWA\ RIH[WUDFWHG NQRZOHGJH GLUHFWO\ DIIHFWV§ RWKH \MKID/O .°
MRLQW PRGHOV IRUHQWLW\ HHTWUDFWLRQ DQG UHODWLRQVKLS HIWUDFW
FXUDWH UHVXOWY FRPSDUHG ZLWK SLSHOLQH HIWUDFWLRQ PHWKRGV D
HUURU DFFXPXODWLRQ DQG SURSDJDWLRQ )XUWKHUPRUH FRQVLGHULQ
WLRQVKLSY DQGDWWULEXWHV RULJLQDWHIURP GLITHUHQW JULGV DQG S
DUHHPSOR\HG WR HOLPLQDWH UHGXQGDQF\IURP GLITHUHQW VRXUFHYV DC
LVRODWHG SRZHU VA\VWHP NQRZOHGJH

.QRZOHGJH 5HDVRQLQJDQG 6WRUDJH 2SWLPL]DWLRQ

.QRZOHGJH UHDVRQLQJFDSDELOLWLHVHQDEOHWKHGLVFRYHU\RISRWH|
HGJHVHWY DV KLJKOLIKWHG@\ BSSHOWMPIDWLRQWLQFOXGH GHGXFWLYH UH|
UXOH EDVHG VFHQDULRY VXFKDV JULG GLVSDWFKLQJUHJXODWLRQV DQ
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DQG LQGXFWLYH UHDVRQLQJPHWKRGV LQFOXGLQJ FDVH EDVHG UHDVRQ]|
UHDVRQLQJIRUPRUH FRPSOH[RSHUDWLRQDO VFHQDULRY 5HFHQW GHYF
PRGHOV WKDW DGRSW 3PDVVLYH GDWD VHOI OHDUQLQJ DSSURDFKHV W
VWUXFWXUHV DQG XQSUHGLFWDEOH FXVWRPHU EHKDYLRU SDWWHUQV

JRUVWRUDJH RSWLPL]DWLR@ HGHKW DI®O JUDSK GDWDEDVHV2SDUWLFXOD
IHUOUHG RYHUWUDGLWLRQDO5') WDEOHIRUPDWVIRUSRZHU GRPDLQDSSC
VLIQLILFDQW SHUIRUPDQFH DGYDQWDJHV ZLWK TXHULHV WZR WR WKUHF
WHHQ WR VHYHQWHHQ WLPHVIDVWHU IRUDJJUHIJDWH TXHULHV ZLWK PXO\
VXSSRUW IRU FRPSOH[ SRZHU VA\VWHP VFHQDULRYV WKURXJK EXLOW LQ DW

SBHUFFXNXHWD@® DGGYUHVV WKHOLPLWDWLRQVRIWUDGLWLRQDO UHODWI
IURP SRZHU WUDQVPLVVLRQ JULG VXEVWDWLRQV ZKHUH GDWD YROXPHYV
GDWDEDVH SHUIRUPDQFH WKUHVKROGY 7KHLU1HR MLPSOHPHQWDWLRQ
ZLWK SRZHU WUDQVIRUPHUV DV FRQQHFWHG HQWLWLHY GHPRQVWUDWL
VLYH -2,1 RSHUDWLRQV WKURXJK QDWLYH UHODWLRQVKLS WUDYHUVDO
DUFKLWHFWXUH IRU UDSLG LQIUDVWUXFWXUH HYROXWLRQ?DGGLQJ QHZ
FUHDWLRQ UDWKHU WKDQ FRPSOH[ VFKHPD PRGLILFDWLRQV2PDLQWDLQL
OHVV RIGDWD YROXPH JURZWK

%YHZERGIH *VEQI[SVOJSVA4S[IV7IWXIQ (MWTEXGLMRK 3TIV
7KH PDWXUDWLRQ RI DUWLILFLDO LQWHOOLJHQFH WHFKQRORJLHV LQ SR
PRUH VRSKLVWLFDWHG NQRZOHGJH JUDSK D S@ QRAVDIVWRQW ZRHIHIDHHW \B B F
JLHV LQFOXGLQJ FRQYROXWLRQDO QHXUDO QHWZRUNV ORQJVKRUW WH
ZRUNV KDYH DFKLHYHG VDWLVIDFWRU\ UHVXOWV LQ ORDG IRUHFDVWLQJ
WKH\KDYHHQFRXQWHUHG ERWWOHQHFNVLQ GDWD SURFHVVLQJDQGPDQ
WKH FRUH RI WKH QHZ JHQHUDWLRQ GDWD V\VWHP DGGUHVVLQJWKHVH C
JUDWLRQ RI KHWHURJHQHRXV GDWD VRXUFHV

0OXOWL /HYHO .QRZOHGJH *UDSK $UFKLWHFWXUH
7TKHIUDPHZRUNIRUNQRZOHGJH JUDSKDSSOLFDWLRQVLQSRZHU V\VWHP
EDVLF GDWD GDWD SURFHVVLQJ NQRZOHGJH HI[WUDFWLRQ JUDSK FRQV
QHQWYV DV GHVFULEHG E\ &K@ Q7THKWVODDUFKLWHFWXUH UHTXLUHV VSHFLILF
LVWLFVHVVHQWLDO IRUODUJH VFDOH SRZHU VA\VWHPYV

6SDWLRWHPSRUDO '"\QD P L RQKKMWHIGRHIW HUDWGSW NVFVX VW LQFRUSRUDWH WLPH\
EDVLF DWWULEXWHY VXFK DV HQWLW\ LGHQWLILFDWLRQ DQG FKDUDFWH
IORZ DFFRPPRGDWLQJ WKH WLPH YDU\LQJ QDWXUH RI SRZHU VA\VWHPV !
GDWHV HQVXUH VIQFKURQRXV FLUFXODWLRQ EHWZHHQ WKH NQRZOHGJH
GLUHFWO\VXSSRUWLQJ WKH UHVHDUFK REMHFWLYH RI G\QDPLF FOXVWHL

OXOWLYDULDWH 3RYZBUYXVAVRMHP GLYVSDWFKLQJ LQYROYHY PDVVLYH GDWI
W\SHV DQG KLJK VSHHG GDWD SURFHVVLQJUHTXLUHPHQWY 7KHFRQVW
PXOWLSOH VRXUFHV LQFOXGLQJLPDJHUHFRJQLWLRQ VHPDQWLF DQDO\\
ULFKIRXQGDWLRQV IRUSRWHQWLDO UHODWLRQVKLS PLQLQJ WKDW VXSE¢
SUHKHQVLYH YDOLGDWLRQ IUDPHZRUNYV

7TKHPXOWL OHYHONQRZOHGJH JUDSKDUFKLWHFWXUHFRPSULVHVY WKUHH
DVWKHFRUHWKDWFRQVWUXFWY SRZHU VA\VWHP JUDSKVDFFRUGLQJWR U
UHVSRQGLQJWRDFWXDO RSHUDWLQJ FRQGLWLRQV WKDW ZRUNYV ZLWK W
G\QDPLF SRZHU GLVSDWFK NQRZOHGJHJUDSKY DQGDQDGYDQFHGDSSOL
QLFDOVXSSRUWLQFOXGLQJORDGIRUHFDVWLQJDQG GLVSDWF&LQJGHFL'
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(EXE -RXIKVEXMSR'LEPPIRKIW MR 4S[IV7]WXIQ /RS[PIHKI -
7KHVRSKLVWLFDWHG NQRZOHGJH JUDSKDUFKLWHFWXUHY GLVFXVVHG DI
GDWD LOWHJUDWLRQ IURP KHWHURJHQHRXYV V& XGHMR/Q V WLLUDHNV/H X HRV N TV
IRUPDQFHDGYDQWDJHVDQG YDOLGDWH VFKHPD OHVVHYROXWLRQ FDSDI
UHODWLYHO\VWDWLF GDWD LQWHJUDWLRQ SDWWHUQV +RZHYHU PRGHL
RIUHDO WLPH RSHUDWLRQDO GDWD WKDW PXVW EHFRQWLQXRXVO\LQWH

7KH FKDOOHQJH HIWHQGYV EH\RQG VLPSOH GDW @LQRWWWLRDW SRKREQ H W \V(
GLVSDWFKLQJ UHTXLUHV VSDWLRWHPSRUDO G\QDPLF FKDUDFWHULVWLF

> @HPSKDVLIHWKHQHHGWROHYHUDJH SULRUNQRZOHGJHIRULGHQ
LQVWUHDPLQJGDWD 7KLVFUHDWHVDIXQGDPHQWDO WHQVLRQ EHWZHH (
WLHV RINQRZOHGJH JUDSKV DQG WKH KLJK YHORFLW\ KLJK YROXPH FKD
GDWD

7TUDGLWLRQDO (7/ ([ WUDFWLRQ*7UDQVIRUPDWLRQ*/RDGLQJ DSSURDFKI
ZDUH V\VWHPV IRUPDQDJLQJ KHWHURJHQHRXVY GDWD VRXUFHV SUHVHQW
JUDSK FRQVWUXFWLRQ 9DVVE@OQALRPWHWHKWWQ@7/ SURFHVVHV DFFRXQW IRU
GDWD ZDUHKRXVH GHYHORSPHQW WLPH DQG UHSUHVHQW DW OHDVW RQF
WR WKH FRPSOH[LW\RIPDQDJLQJ GDWD KHWHURJHQHLW\DQG LPSOHPHQ\
ORUH FULWLFDOO\ EDWFK (7/ SURFHVVHV LOWURGXFH ODWHQF\ ERWWOH
TXLUHPHQWY RI G\QDPLF NQRZOHGJH JUDSK XSGDWHYV

7KH SDUDGLJP VKLIW WRZDUG VWUHDPLQJ DUFKLWHFWXUHV KDV EHHQ G
SURFHVVLQJDQG LPPHGLDWH LQVLJKW JHQH@ BWRGBH 0HBKDNDUH\D BLOQ J (7
FKLWHFWXUHV E\LQWHJUDWLQJPHVVDJH TXHXLQJV\VWHPV $SDFKH .DIN
GDWDEDVH V\VWHPV DGGUHVVLQJWKHIXQGDPHQWDO OLPLWDWLRQRIRY
LQJ GHSHQGHQF\ UHVROXWLRQ 7KLV DUFKLWHFWXUDO HYROXWLRQ GHF
GDWD IUHVKQHVY UHGXFLQJHQG WR HQG ODWHQF\ IURP KRXUV WR PLQ>
WLPH XSGDWH UHTXLUHPHQWYV LGHQW® IIIRHGSR ZKH G \WW BP NQRZOHGJIH JL

+RZHYHU H[LVWLQJ VWUHDPLQJ (7/ IUDPHZRUNV UHPDLQ FRQVWUDLQHG
WLRQV ODFNLQJWKHDUFKLWHFWXUDO IOH[LELOLW\WR RSWLPL]H IRU EF
O\WLFV VLPXOWDQHRXVO\ 7KLV OLPLWDWLRQ EHFRPHY SDUWLFXODUO\
PHOQWVIRU .*+*11 LQWHJUDWLRQ ZKHUHJUDSKQHXUDO QHWZRUNV UHTXL
UHODWLRQVKLSVDQG WHPSRUDO IHDWXUH YHFWRUV

7XVIEQMRK (EXE -RXIKVEXMSR %VGLMXIGXYVIWJ

7KH VFDOHDQG YHORFLW\ FRQVWUDLQWYV RI PRGHUQ SRZHU VA\VWHPV ZK|
FROQWLQXRXVPRQLWRULQJRIHOHFWULFDO SDUDPHWHUV FUHDWHIXQGD
HOLQJ DQG WHPSRUDO DQDO\WLFV ORGHUQ LQGXVWULDO DSSOLFDWLRC
JHQHUDWH PDVVLYH YROXPHV RI KLIJK TUHTXHQF\ VHQVRU GDWD UHTXLU
WLHV 3RZHU JULG LQIUDVWUXFWXUH GHPDQGYV UHDO WLPH PRQLWRULQJ
E\OHHKDQ HW DO @ >

7TXVIEQMRK (EXE -RXIKVEXMSR 11XLSH
7KHLQWHJIJUDWLRQ RIPHVVDJH TXHXLQJ V\VWHPV $SDFKH .DIND VWUHD
JORWGDWDEDVH VA\VWHPVDGGUHVVHV WKHVH FKDOOHQJHV WKURXJK VW
HQWLDOLQWHIJULW\FRQVWUDLQWY DV GHP ®&Q V WINMNSG5Q& R DIAHKHK@EEDVA 1 (
PHQWDO GDWD WUDQVIRUPDWLRQ ZLWK PLOQXWH OHYHO PLFUR EDWFKLQ.
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VXSSRUWLQJ WKH VSDWLRWHPSRUDO G\QDPLF FKDUDFWHULVWLFV UHTXL

+DQAHO HW DO @ KLJKOLJKW WKH HFRQRPLF LPSUDFWLFDOLW\ RI IXOO U
FRQVXPSWLRQ VWRUDJH DGYRFDWLQJIRUVSHFLDOL]J]HG WLPH VHULHV H
JUHIJDWLRQ FDSDELOLWLHYV 7KHLUILQGLQJV HPSKDVL]HWKH QHFHVVLW)
VXVWDLQHG KLIJK WKURXJKSXW ZULWH RSHUDWLRQV ZKLOHVLPXOWDQH
LOWHJUDWLRQ FDSDELOLWLHVY WKURXJK5') UHSUHVHQWDWLRQV DQG 63%

7KH VHPDQWLF LQWHJUDWLRQ DSSURDFK GHPR Q®WWUKURKG KE X © D (L4530 PHK\
UHJLRQDO HOHFWULFLW\ FRQVXPSWLRQ NQRZOHGJH JUDSKV OLQNV KRX
DQG FDUERQ HPLVVLRQ GDWD ZLWK H[WHUQDO RQWRORJ\ DOLJQPHQW :1
FDSDFLW\ IRU FURVV GRPDLQ NQRZOHGJH LQWHJUDWLRQ ZKLOH KLJKOL
GDWDEDVH VROXWLRQV LQ PDQDJLQJ ERWK WHPSRUDO DQG UHODWLRQVK

&XUUHQWDSSURDFKHV GHPRQVWUDWHFOHDUOLPLWDWLRQVLQDGGUHV\
OLNH1HR MH[FHODW UHODWLRQVKLSWUDYHUVDODQG SURYLGH VXSHULI
FRPSDUHGWRPXOWL PRGHODOWHUQDWLYHY EXWODFNRSWLPL]HG WHP.
WLRQV DQG WUHQG DQDO\VLY &RQYHUVHO\ SXUSRVH EXLOW WHPSRUDO
FKDUDFWHULVWLFV WKURXJK DUFKLWHFWXUHV VSHFLILFDOO\GHVLJQHG
WRULQJ

,QIOX["% UHSUHVHQWYV D SDUDGLJPDWLF HI[DPSOH RIVSHFLDOL]J]HG WHPSR
VRXUFH GLVWULEXWHG WLPH VHULHY GDWDEDVH FUHDWHG E\ ,QIOX['DW
JUDPPLQJ ODQJXDJH ,QIOX['% DGGUHVVHV WKH IXQGDPHQWDO FKDOOH(
WKURXJKLWVGHSHQGHQF\RQ/HYHO % IRUNH\*YDOXHVWRUDJHRSHUDW
>@ 7"KHGDWDEDVHYVDUFKLWHFWXUH GHPRQVWUDWHY WKH QHFHVVLW\ |
OD\HU 7,&. VWDFN 7HOHJUDIIRU VHUYHU GULYHQ PHWULF FROOHFWLRQ
FDSDEOH RI KDQGOLQJKHDY\ZULWHDQG TXHU\ ORDGYV &KURQRJUDIIRU .
DQG DOHUWPDQDJHPHQW DQG .DSDFLWRU IRUUHDO WLPH GDWD SURFHYV

7KH SULPDU\ DUFKLWHFWXUDO DGYDQWDJH RI ,QIOX['"% OLHV LQ LWV DEL
YDOXHV LQWR WLPH EXFNHWY ZLWKRXW PDQXDO LQWHUYHQWLRQ DGGUF
ILHG LQ VPDUW JULG DSSOLFDWLRQV 7KLV FDSDELOLW\SURYHV HVVHQW
VHQVRU GDWD UHTXLUHY UHDO WLPH SURFHVVLQJ DQG VWRUDJH RSWLP

>@ 7KH GDWDEDVHYVY GDWD VWUXFWXUH FRPSULVLQJPHDVXUHPHQ
FLHQW RUJDQL]DWLRQ ZKHUH HDFK SRLQW FRQWDLQV NH\+YDOXH ILHOG !
LOQWHJIJHUV ELW IORDWLQJ SRLQWY %RROHDQV DQG VWULQJV 3RLQW
IDFLOLWDWLQJUDSLG WHPSRUDO TXHULHVY WKURXJK +773 $3,DQG FOLHQ!
YLVXDOL]DWLRQ WRROV OLNH *UDIDQD

7TKHVWUHDPLQJ (7/ DUFKLWHFWXUH SURSR®@H® R\YOHHKDRUKWLID LQV LI KW
SXUSRVH EXLOW WHPSRUDO V\VWHPVFDQEHLQWHJUDWHG ZLWK EURDGH
GHPRQVWUDWH WKDW WUDGLWLRQDO (7/ EDWFK SURFHVVLQJ FUHDWHYV I
VHQVLWLYH DSSOLFDWLRQV SDUWLFXODUO\LQ ,R7 GHSOR\PHQWYV ZKHU|
RYHUWLPH 7KHVWUHDPLQJDSSURDFKHQDEOHVY UHDO WLPH GDWD WUDC
FRUH FKDOOHQJH RI PDLQWDLQLQJ WHPSRUDO GDWD IUHVKQHVYV ZKLOH F
7KLV LV SDUWLFXODUO\UHOHYDQW IRU SRZHU JULG DSSOLFDWLRQV ZKHL
WHU GDWD FDQ FRPSURPLVH UHDO WLPH GHFLVLRQ PDNLQJFDSDELOLWL

7TKHLQWHJUDWLRQ RI $SDFKH .DIND DV D PHVVDJLQJLQIUDVWUXFWXUH IR
FLDOL]JHG WLPH VHULHY VWRUDJH OLNH ,QIOX['% DGGUHVVHV WKH VFDOTL
HW DO @ PRUKDQGOLQIJWKRXVDQGV RIVLPXOWDQHRXV GDWD VRXUFH\
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73& ', GHPRQVWUDWH WKDW I[UHTXHQW VPDOO EDWFK PLJUDWLRQV =+ V
IRUPDQFH DFURVV GDWD IUHVKQHVYV TXHU\ UXQWLPH DQG LQJHVWLRQ (
VXSSRUWYVY WKHDUFKLWHFWXUDO DSSURDFK RIFRPELQLQJKLJK WKURXJK
WHPSRUDO GDWDEDVHV IRU VPDUW JULG PRQLWRULQJDSSOLFDWLRQV

+RZHYHU WKH VSHFLDOL]J]HG WHPSRUDO IRFXV RI ,QIOX['% ZKLOH SURY
PHWULF EDVHG TXHULHV FDQQRW HIILFLHQWO\ PRGHO WKH FRPSOH[ HQ
WXDO XQGHUVWDQGLQJ RI HOHFWULFDO JULG WRSRORJ\ 7KH GDWDEDV
WLPH RULHQWHG GDWD VWUXFWXUHVY RSWLPL]HGIRUDJJUHJDWLRQDQG
HOLQJFDSDELOLWLHVQHFHVVDU\IRUUHSUHVHQWLQJWKHLQWULFDWH L
KRXVHKROG FKDUDFWHULVWLFVY DQG HQHUJ\ FRQVXPSWLRQ SDWWHUQV
IUDVWUXFWXUHV )XUWKHUPRUH@OHRWB QVKWVDOHODWERQDO (7/ VIVWHP\
WUDQVDFWLRQV DQG XSGDWH LQ SODFHIXQFWLRQDOLW\ ZKLOH WLPH V
KHDY\ VXJJHVWLQJ WKDW GLITHUHQW DUFKLWHFWXUDO DSSURDFKHV DUFL
ZLWKLQ WKH VDPHDSSOLFDWLRQ GRPDLQ

7KLV DQDO\WLVY UHYHDOV WKDW QHLWKHU 1HR M QRU ,QIOX['% DORQH FDC(
PHQWV RIWHPSRUDO NQRZOHGJH JUDSK DSSOLFDWLRQV LQ SRZHU V\VWH
DK\EULG DUFKLWHFWXUH WKDW OHYHUDJHV WKHFRPSOHPHQWDU\ VWUHC
ODWLRQVKLS PRGHOLQJDQG WUDYHUVDO FDSDELOLWLHVIRUUHSUHVHQ'
FRPELQHG ZLWK ,QIOX['%fV VSHFLDOL]HG WHPSRUDO DQDO\WLFV IRU KL1J
WLPH ZLQGRZHG DJJUHIJDWLRQV 7KH VWUHDPLQJ (7/ SDWWHU@ GHPRQV
SURYLGH WKHDUFKLWHFWXUDO IRXQGDWLRQ IRUVXFKLQWHIJUDWLRQ H
PDLOWDLQLQJ ERWK WHPSRUDO SHUIRUPDQFH DQG VHPDQWLF FRQVLVW
HOQDEOH FRQWH[WXDO WHPSRUDO TXHULHVY WKDW FDQ WUDYHUVH FRPSO}
SHUIRUPLQJ HIILFLHQW WHPSRUDO DQDO\WLFV RQ DVVRFLDWHG WLPH VF
PHOQOWDO DUFKLWHFWXUDO OLPLWDWLRQVLGHQWLILHGLQ FXUUHQW VLQJ
JUDSKDSSOLFDWLRQV

-RXIKVEXMSR *VEQI[SVO 6IUYMVIQIRXWJSV /+ +22 %TTP M
7TKHFRQYHUJHQFH RINQRZOHGJH JUDSKV ZLWK JUDSK QHXUDO QHWZRUN
TXLUHPHQWY WKDW HIWHQG EH\RQG WUDGLWLRQDO .* VWRUDJH DQG TXI
TXLUHV HIILFLHQW DFFHVV WR ERWK WRSRORJLFDO UHODWLRQVKLSV IRU
IHDWXUH YHFWRUV IRUWLPH VHULHV DQDO\VLY FUHDWLQJ GHPDQGV WKI
VHULHY GDWDEDVHV FDQ IXOO\DGGUHVV LQGHSHQGHQWO\

1R PDWXUH IUDPHZRUN FXUUHQWO\ H[LVWV IRU GHHS FRXSOLQJ RI JUDSk
UDO VWRUDJH PHWULFV QHFHVVLWDWLQJ D XQLILHG TXHU\ OD\HU WKD
WLRQV 7KLV LQWHJUDWLRQ FKDOOHQJH EHFRPHV SDUWLFXODUO\ DFXW
FRPSOHPHQWDULW\ EDVHG FOXVWHULQJ ZKHUH *11 DOJRULWKPV PXVW S
WZHHQ HQHUJ\ VA\VWHP FRPSRQHQWY DQG WHPSRUDO SDWWHUQV LQ FRQ\

7KH UHVHDUFK JDS LQ LQWHJUDWHG DSSURDFKHVY WKDW OHYHUDJH FRPS
PRGHOV GLUHFWO\ LPSDFWV WKH IHDVLELOLW\ RI VRSKLVWLFDWHG .*x*]
WDWLRQV LQ WHPSRUDO DQDO\WLFV SUHYHQW HIILFLHQW LPSOHPHQWDYV
WLPH VHULHVY GDWDEDVH FRQVWUDLQWV LQ UHODWLRQVKLS PRGHOLQJO
IRUHQHUJ\ VIVWHP WRSRORJ\DQDO\VLV



*VSQ/RS[PIHKI+VETL XS 10 6IEH] +VETLW

*VSQ/RS[PIHKI+VETL XS 10 6lEH] +VETLW

'SQTPIQIRXEV]-RXIKVEXMSR SJ/+W ERH +22W
7KH LQWHJUDWLRQ RI .QRZOHGJH *UDSKV .*V DQG *UDSK 1HXUDO 1HWZR
IRUPDWLYHDSSURDFKLQ HQHUJ\ VIVWHPVY PDQDJHPHQW FRPELQLQJWKF
SUHGLFWLYHFDSDELOLWLHVRI*11V 7KHFRPELQDWLRQRI.*VDQG *11VH
ODUJH VFDOH G\QDPLFHQHUJ\GDWDVHWYV E\ XQLWLQJVHPDQWLF GDWD |
GLFWLYH PRGHOLQJDQG UHDO WLPH RSWLPL]DWLRQ RIIHULQJ D UREXV\
"KLOH .*V SURYLGH D ULFK VHPDQWLF VWUXFWXUH WR UHSUHVHQW UHOD
JHQHUDOL]HDFURVV XQVHHQ GDWD RUDGDSW WR FKDQJHV LQ UHDO WLPF
GLPHQVLRQDO UHSUHVHQWDWLRQV RI HQWLWLHY DQG WKHLU UHODWLRQ
UHDVRQLQJDQG SUHGLFWLYH PRGBSO D/ILY WWIDD*11V H{FHO LQ FDSWX
WLRQDO DQG VWUXFWXUDO QXDQFHV RI JUDSK VWUXFWXUHG GDWD PDNI
DVNQRZOHGJH JUDSK FRPSOHWLRQ DQG VHPDQWLF DQDO\VLYV 7KHLU DE|
ODUJH VFDOH JUDSKV DOORZV IRUVRSKLVWLFDWHG UHDVRQLQJDFURVYV
LV FULWLFDO LQ HQHUJ\ VAVWHPY FKDUDFWHUL]HG E\IOXFWXDWLQJ VXSS

5HFHQW ZRUN E\ )XVFR H& GBPRQVWUDWHY WKH SUDFWLFDO EHQHILWYV R
5HVHDUFK{V K\EULG IUDPHZRUN VXFFHVVIXOO\ FRPELQHY VHPDQWLF NQ
UHDO WLPH QXPHULFDO GDWD WR VXSSRUW VHUYLFHV OLNHFRQJHVWLRQ
UHVXOWYV LQ RYHU SDUDPHWHU UHGXFWLRQ FRPSDUHG WR WUDGLWLR!
PDLQWDLQLQJDFFXUDF\ VKRZFDVLQJWKHHIILFLHQF\JDLQV SRVVLEOH YV

ORUHRYHU G\QDPLFLQWHJUDWLRQDSSURDFKHV VXFK DV VWUHDPLQJ *11
DV QHZ VHQVRU GDWD DUULYH )RU H[DP®OSURBDRVHGV' (6T *11 D>VSDWL
WHPSRUDO *11 WKDW LQWHJUDWHY VSDUVH DWWHQWLRQ DQG DGDSWLY|
FXUDWH PXOWL VLWH SKRWRYROWDLF SRZHU IRUHFDVWLQJ ZLWK PHDQ I

DQG + TIDVWHULQIHUHQFH VSHHGY FRPSDUHG ZLWK FRQYHQWLRQT
WKHU KLJKOLJKW KRZ *11VFDQ HQKDQFH WHPSRUDO UHVSRQVLYHQHVV DC
IRUHFDVWLQJ WDVNV

7TKHLQWHJUDWLRQRI .*VDQG *11VOHYHUDJHVY WKHVWUHQJWKYV RI ERWK!
DQG FRQWH[WXDO FODULW\ RI .*V DQG WKH SUHGLFWLYH DQG DQDO\WLF
HOFRGLQJGRPDLQ VSHFLILFUHODWLRQVKLSYVDQG FRPSOH[LQWHUGHSH
SURYLGH UREXVW PHWKRGV IRU HIWUDFWLQJ DQG OHDUQLQJ SDWWHUQ\
WKH\ HQDEOH DGYDQFHG DSSOLFDWLRQV VXFK DV UHDO WLPH RSWLPL]D
NQRZOHGJH JUDSK FRPSOHWLRQ GULYLQJVLIQLILFDQWDGYDQFHPHQW\
ZD\IRU WKH IXWXUH RIVPDUW UHVLOLHQW DQG VXVWDLQDEOH HQHUJ\V

‘"\QDPLF &O0XVWHULQJDQG 5HDO WLPH $SSOLFDWLRQV

$PRQIJWKHDGYDQFHG *11 DSSOLFDWLRQVLQ HQHUJ\ VAVWHPV G\QDPLFF
KDV HPHUJHG DV D FUXFLDO WHFKQLTXH %\ FRQWLQXDOO\ XSGDWLQJ Q
SURILOHV '(5 VWDWHV ZLWKLQD .* *11 EDVHG PHWKRGVY FDQ GLVFRYHU"
WLHY WKDW VKDUH FRQVWUDLQW\GRUYV R 8 WHRWIHGVH B U R\DUIMWA RBHUWMHRY ' (5 )\
GHFHQWUDOL]JHG VPDOO VFDOH XQLWYV RIHOHFWULFLW\A\JHQHUDWLRQ R
ZLQG WXUELQHY EDWWHULHY DQG FRQWUROODEOH ORDGVY WKDW DUH FI
FRQVXPHDQG SURGXFH HOHFWULFLW\ DV GHVFJLEKLG/ B\WV+XMVWILEO XWD DO
YDQW IRU PLFURJULG IRUPDWLRQ SHDN ORDG PDQDJHPHQW DQG ORFDO
VZLIWO\WR FKDQJHV H J VKLIWV LQ VRODU JHQHUDWLRQ RURFFXSDQW
IRUVHPDQWLF VWUXFWXUH DQG *11V IRURQ WKH IO\HPEHGGLQJV WK)>
QRGHYVY HQDEOLQJPRUHLQWHOOLJHQW UHVRXUFH DOORFDWLRQDQG RS

7KH FRPSOHPHQWDU\ QDWXUH Rl .*V DQG *11V WKXV DGGUHVVHV D FULWI
WHPVY WKHDELOLW\WR FRPELQH KLJK OHYHO VHPDQWLF UHDVRQLQJ ZLYV
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HQFRGH VHPDQWLF UHODWLRQVKLSVY EHWZHHQ HQHUJ\ HQWLWLHV EXLO
WKHVH UHODWLRQVKLSV IRUWDVNV OLNH FOXVWHULQJ DQRPDO\ GHWHF
DGDSWDWLRQ WR FKDQJHV LQ WKH .* DV @ RWHEUE\G LXQHWIEKBG VH WZR DSSU
UHVHDUFKHUV DQG SUDFWLWLRQHUV FDQ XQORFN QHZ SRVVLELOLWLHV I
HQDEOLQJDGDSWLYH HIILFLHQW DQG VXVWDLQDEOH RSHUDWLRQ RI UH.

6IKMSREP )RIVK] +VMH3TXMQM*"EXMSR %TTPMGEXMSRW

ORUHRYHU WKHLQWHIJUDWLRQ RI *11V ZLWK .*V KDV SURIRXQG LPSOLFDYV
JULGYV %\OHYHUDJLQJ *11VY FDSDELOLW\WR HQFRGH WRSRORJLFDO IHD
FRPELQHG IUDPHZRUN FDQ SHUIRUP WDVNV VXFK DV UHDO WLPH FOXVWH
ZLWKLQ DJULG )RULQVWDQF® KILXKKDWJIKA KRZ =11V ZKHQ DSSOLHG WR W
VWUXFWXUHV RI .*V FDQ XQFRYHU ODWHQW UHODWLRQVKLSV DQG GHSHQ
SUHFLVH HQHUJ\ IORZ DQDO\VLV DQG SUHGLFWLYH PDLQWHQDQFH 7KLYV
LIHG HQHUJ\ VAIVWHPYV ZKHUH UHDO WLPH GHFLVLRQ PDNLQJLV FUXFLDO
VWRUDJH DQG FRQVXPSWLRQ

6LPLODUO\ +XR HW@GHPRQ¥WUDWH WKH DSSOLFDWLRQ RI *11V LQ PLFUI
PDQDIJHPHQW ZKHUH WKH\ DQDO\]H SRZHU GLVWULEXWLRQ UHODWLRQV
VFKHPHY 7KLVFDSDELOLW\HQVXUHV UHDO WLPHRSWLPL]DWLRQ UHGXF
WDWLRQDO HIILFLHQF\ J)RUUHJLRQDO HQHUJ\JULGY WKHVHWHFKQLTXH
VXFK DV FOXVWHULQJ FRQVXPHUVY EDVHG RQ HQHUJ\ XVDJH SDWWHUQV C
FRPPRGDWH UHQHZDEOH HQHUJ\ YDULDELOLW\ DQG HQVXULQJ VA\VWHP V
RUIDLOXUHV

'SQTEVEXMZI %Y REP]WMW SJ/+W ERH +22W
.QRZOHGJH *UDSKV .*V DQG*UDSK 1HXUDO 1HWZRUNYV *11V DUH QRW FR
SbuUbGLJPV .*V H[FHO DW SURYLGLQJ VHPDQWLF FODULW\ RQWRORJ\ ED
RILQIUDVWUXFWXUH KLHUDUFKLHYVY ZKLOH *11VFRQWULEXWH SUHGLFWL
WR XQFRYHU KLGGHQ SDWWHUQV EH\RQG UXOH EDVHG DQDO\VLV ,Q HQH
FULWLFDO .*VHQVXUHSK\WVLFDODQGUHJXODWRU\FRQVLVWHQF\ ZKHUH
IRUHFDVWLQJ RSWLPL]DWLRQ DQG GHFLVLRQ VXSSRUW
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SVSHFW "QRZOHGJH *UDSKV .*V | *UDSK 1IHXUDO 1HWZRUNN *11V

&RUH )XQFWBERGDGIVHQW GRPDLQ VSHADUS SOMODMUGRWQIURP JUDSK GD\

LW\ VKLSV VHPDQWLF LQIREARBWLEQOV DINEBGPHVVDJH SDVVLQ
KLHUDUFKLFDO VWUXFW XD B ILQJH BSJH.GILAWIWRIS KRSWLPL]C
IRUPV DGDSWLYHDQDO\VLV

6WUHQJWKY 3URYLGH VHPDQWLF FOBDDQWOH FRPSOHW SDWWHUQV JH
GRPDLQ VSHFLILF UHDVRWRQXQVIHI® HRGHV DGDSW WR
FRGH SK\VLFDO HOHFWULED®W BRXQ®DDDKBVYXSSRUW VSDWI
SUHGLFWLRQ

/LPLWDWLRQVWUXJJOH ZLWK G\QDPLF RUSHLQ/G/ IRZY GDBHOHG GDWD IRU \
UHDVRQLQJFDQEHFRPHFEPSX\WRWLERDDMRDQWLFILQWHUS!
H[SHQVLYH DW VFDOH LQJHPEHGGLQJ

"KDW .*V 3UBHPDQWLF FROQWH[W GR|PPLQ FRQVWUDLQWYV
YLGH WR *11WQG SK\VLFDO IHDVLELOLW\ UXOHV H J

WUDQVIRUPHU ERXQGDULHV UHJXODWRU\
FRQVWUDLQWYV

"KDW *11V $G6 "\QDPLF DGDSWDELOLW\|SUHGLFV
WR .*V NQRZQ EXLOGLQJV QHWZRUN HIIl
LQJ DQG KLGGHQ SDWWHUQ GLVF

$SSOLFDWLRQ@QWRGH JULG WRSRORJ\ |[LYRUDNIMWMIXEGWRDB GKLSUHIGLFW LQ\
LQ (QHUJ\ |IHWDUFK\ DQG '(5 DWWULERWBIFWV XBSWUWL]H EDWWHU\ VL
ZRUNYV UXOH EDVHG DQDO\VLYV RIQUHWH RIRQWPVRGDWBR VKDULQJ [
WHQWLDO DQG HOHFWULWEDWMRQLMBNVHBHGGLIW\

7DEOH &RPSOHPHQWDU\ UROHV RI .*VDQG *11VLQHQHUJ\ QHWZRUN DQD@ \YLXY HWMWEBQGHG |
> @ DQG ;X HW DO@ >

7KLY FRPSDULVRQ KLIJKOLJKWYV WKDW ZKLOH WKH .* DOUHDG\ SURYLGHYV
GDWHLGHQWLILFDWLRQ VRODUVLWLQJ DQG HOHFWULILFDWLRQIHDVLE
IRUHFDVWLQJ RSWLPL]DWLRQ DQG WKHGLVFRYHU\RIHPHUJHQW FRPSO
GHPRQVWUDWHG EM/LX@WEP® ;X HWBDO @ >

8IGLRMGEP 'LEPPIRKIWERHGBGIWIEVGL (MVIGXMSRW
'"HVSLWH WKH SURPLVLQJDSSOLFDWAaRGM Q&KIHOQWHW@OLFDQW WHFKQLFDC
DOLJQ ZLWK FXUUHQW UHVHDUFK REMHFWLYHYV

.QRZOHGJH $FTXLKHWDRYLYH KHWHURJHQHRXVY GDWD LQ SRZHU VA\VWHPV
RSHUDWLRQDO GDWD SUHVHQWYVY VXEVWDQWLDO FKDOOHQJHV LQ GDWD D
WR WKHUHVHDUFK JRDO RIDXWRPDWHG SLSHOLQH FRQVWUXFWLRQ IURP

.QRZOHGJH 5HSUHVHMHMIWUR@HO\ FRPSOH[ PXOWL OD\HU LQWHUVHFWL
WXUHRISRZHU V\VWHPV UHTXLUHV VRSKLVWLFDWHG GDWD IXVLRQ DSSUR
WLRQ LQFOXGLQJ VRXUFH QHWZRUN ORDG DQG VWRUDJH HOHPHQWYV LQ
WKH UHVHDUFK REMHFWLYH RI HVYWDEOLVKLQJIRXQGDWLRQDO HOHPHQW

.QRZOHGJH $SSOLFDPNIRYPLQJI GDWD LQWR DFWLRQDEOH NQRZOHGJH U}t
PDWLRQ H[WUDFWLRQ IURP H[LVWLQJJUDSKV DQG RSWLPL]DWLRQ VSDFH
GLUHFWO\VXSSRUWLQJWKHUHVHDUFKJRDOV RIFRPSUHKHQVLYHYDOLG!
DQDO\WLFV LQ HQHUJ\ VIVWHP PDQDJHPHQW

&RQWHPSRUDU\NQRZOHGJH JUDSK UHVHDUFK HQFRPSDVVHVY WKUHH SUL
VHQWDWLRQ NQRZOHGJH JUDSK FRQVWUXFWLRQ DQG NQRZOHGJH JUDS
IURP FRIQLWLYH FRPSXWLQJ NQRZOHGJH UHSUHVHQWDWLRQ DQG UHDVF
JXDJH SURFHVVLQJ DQG GDWD PLQLQJ DV VXPP@ULIKIGVER X&W QGLW BLCS O |



JRIVK] (IQERH 'SQTPIQIRXEVMX] 'SRGITXW 1IXVMGW ERH 'PYWXIVMREK

DSSURDFK SRVLWLRQV NQRZOHGJH JUDSKVY DV SDUWLFXODUO\VXLWDEO
FRQQHFWHG GDWD FKDUDFWHULVWLF RI PRGHUQ HQHUJ\ VAIVWHPYVY GLUH|
RI HVWDEOLVKLQJ XQLILHG NQRZOHGJH JUDSK DUFKLWHFWXUHY DQG HQ
UHJLRQDO HQHUJ\ VI\VWHP PDQDJHPHQW

7KLV WUDQVIRUPDWLYH SRWHQWLDO XQGHUVFRUHV WKH LPSRUWDQFH R
*DQG*11 LQWHJUDWLRQLQHQHUJ\DSSOLFDWLRQV HQDEOLQJDGDSWLY
RIUHJLRQDO HQHUJ\JULGV

JRIVK](IQERH 'SQTPIQIRXEVMX] '"SRGITXW 1IXVN\

XIVMRK 3FNIGXMZIW

7KH GHYHORSPHQW RI HITHFWLYH HQHUJ\ VA\VWHP PDQDJHPHQW VWUDWF
VWDQGLQJRIGHPDQG FRPSOHPHQWDULW\SDWWHUQVDQG WKHLU TXDQW
NHV\VFRQFHSWV PHWULFV DQGFOXVWHULQJDSSURDFKHVWKDW IRUP WKH
DZDUH DQDO\WLV LQ HQHUJ\ VIVWHPY LQWHJUDWLQJ UHFHQW V\VWHPDW
UHVHDUFK SUHVHQWHG E\ . XVE®PD HW DO >

'SQTPIQIRXEVMX] %WWIWWQIRX 1IXVMGW
5HFHQWDGYDQFHVLQ FRPSOHPHQWDULW\PHDVXUHPHQWDGGUHVYVY OLPL
DSSURDFKHVY 7KH7RWDO 9DULDWLRQ &RPSOHPHQWDULW®,QGRYEGR8RVFE
DPDWKHPDWLFDOO\ULJRURXV IUDPHZRUN

L, TVitg
- TV(f)+TV( g)
6LPXOWDQHRXWBLWKW\ KBWHPHUHAGW DV D FULWLFDO PHWULFIRU WHPSR
DVVHVVPHQW TXDQWLI\LQJWKHUHGXFWLRQLQ YDULDELOLW\ ZKHQ FRP|
VI\VWHPYV LW PHDVXUHV WKH VPRRWKLQJ HIITHFW RQ FRPELQHG RXWSXW |
> @
Cuwsd CCV;K\EULG

v, EDVHOLQH
ZKHGHGHQRWHY WKH FRHIILFLHQW RI YDULDWLRQ 7KLV PHWULF UDQJH\
SHUIHFW FRPSOHPHQWDULW\ DQG GHPRQVWUDWHY VXSHULRU SHUIRUPL
DVYDOLGDWHG E\OXUSK@HWPBQULFDO YDOLGDWLRQ VKRZV VWDELOLW\ F

LQGLFDWH VLJQLILFDQW FRPSOHPHQWDULW\ UHGXFLQJ YDULDELOLW
UHVRXURMNHV >

%H\RQG VWDWLF PHWULFV G\QDPLF FRPSOHPHgWDWR QD OYGAFIIDMR RD K X
\WLV UHYHDOV WKDW FRPSOHPHQWDULW\ VWUHQJWK IOXFWXDWHV DQQX
ZLQWHU PRQWKY VWDELOLW\ FRHIILFLHQW % EXW GLPLQLVKHV GXU
ZLQG FDSDFLW\ IDFWRUV DV VKRZQ E\@XWYSKYRIABDPRPSOHPHQWDULW\ |
LQYHUVH VHDVRQDOLW\ SHDNLQJGXULQJVSULQJVQRZPHOWDQG VXPPH
DWLRQ EHVW FRPSHQVDWHYV IR@VRODU LQWHUPLWWHQF\ >

OSEH4VShPMRK ERH 'PYWXIVMRK *YRHEQIRXEPW
/IRDG SURILOLQJ GHILQHGDVWKHDQDO\WLVRIHOHFWULFLW\FRQVXPSWL
DVDFRUQHUVWRQHIRUXQGHUVWDQGLQIJHQHUJ\ XWLOL]DWLRQ SDWWHU
JLHV 6\WVWHPDWLFDQDO\VLV RI PDMRU VWXGLHYV + UHYHDOV WKI
IRU(OHFWULFDO /RDG 3URILOHV (/3V XWLOL]JHD SUHGHWHUPLQHG QXPEH}
)X]]\ & OHDQV )&0 EHLQJWKH PRVW SUHYDOHQW DV VXPP@UJL]HG E\ .X
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7KH FKDOOHQJHVLQ UHVLGHQWLDO FXVWRPHU ORDG SURILOLQJDUH SDU\
DQG YDULDELOLW\RIFRQVXPSWLRQ SDWWHUQV 8QOLNHLQGXVWULDO R
H[KLELW JUHDWHU UHJXODULW\ UHVLGHQWLDO SDWWHUQV UHTXLUH ILQI
LEDOO\ FKDQJLQJ IUDJPHQWYV 7KLV QHFHVVLWDWHY H[SORUDWLRQ RI G
VZLWFKLQJ DQG PDLQWHQDQFH SUREDELOLWLHV LQ FRQVXPSWLRQ EHKE
> @ ZLWK3ULQFLSDO &RPSRQHQW $QDO\VLV 3&$ HPHUJLQJDV WKH GRP
IRUGLPHQVLRQDOLW\UHGXFW@®RQ LQ (/3 FOXVWHULQJ >

7TKHHPHUJHQFHRIELJ GDWDFKDOOHQJHVLQVPDUW PHWHUGHSOR\PHQW
VFDOHYVY UHTXLUHVDGYDQFHG FOXVWHULQJWHFKQLTXHV FDSDEOH RI KD
GDWD HIILFLHQWO\ 7UDGLWLRQDO FOXVWHULQJ PHWKRGV LQFOXGLQJ .
WHULQJ DQG VHOI RUJDQLILQJPDSVUHTXLUHDGDSWDWLRQIRUWKHVH C
HW DO @ >SDUWLFXODUO\VJLYHQ WKDW WKH 6LOKRXHWWH ,QGH] Dt
UHPDLQ WKH SULPDU\HYDOXDWLRQ PHWULFV IRUFOXVWHUL@J TXDOLW\

4VSWYQIV &EWIH )RIVK] 3 TXMQMA"EXMSR ERH 'SQTPIQIRXE
7TKHHYROXWLRQ WRZDUG SURVXPHU FHQWULFHQHUJ\ VA\VWHPV KDV LQWU
WDULW\DVVHVVPHQW ZKHUH HQWLWLHY ERWK FRQVXPHDQG ®RGXFH H
GHPRQVWUDWH WKDW VPDUW FRPPXQLW\V\JULGVY FRQQHFWLQJPXOWLSOH
WLRQDSSURDFKHVWRDFKLHYHFRPSOHPHQWDU\HQHUJ\ VKDULQJSDWW
DQG FRPIRUW OHYHOV

7KH FRQFHSW Rl SURVXPHU FRPSOHPHQWDULW\ H{WHQGV EH\RQG VLPSO
JHQHUDWLRQ+FRQVXPSWLRQV\QFKURQL]DWLRQ ,Q SURVXPHUFRPPXQLYV
WHPSRUDO DOLJQPHQW ZKHUH VXUSOXV JHQHUDWLRQ IURP RQH SURVXF
RWKHUV 8U HW D@ VKRZ WKDW JHQHWLF DOJRULWKP EDVHG RSWLPL]DW
LPSURYHPHQWY LQ HQHUJ\ XWLOL]DWLRQ HIILFLHQF\ ZLWK UHVXOWV LQ
QLWLHV FDQ UHGXFH JULG GHSHQGHQF\ ZKLOH PDLQWDLQLQJ XVHU VDWL

8VHU SUHIHUHQFH PRGHOLQJ EHFRPHYVY FULWLFDO LQ SURVXPHU FRPSOH|I
HQFHVY DUH FDOFXODWHG EDVHG RQ KLVWRULFDO FRQVXPSWLRQ SDWWH|
7KH SUHIHUHQFH ZH LWJBW WRIR A PRV GHILQHG DV

h
| h — dit

- dt . h ...,
max[ h; Boiiin Bpl

ZKHUQI’j UHSUHVHQWY WKH FRQ VXD 8/WN\IRFH I QBBRWLWHKH WRWDO QXPEHU RI
VORWY DV SUHVHQWHG E@UTKWWSOUHIHUMQFH EDVHG DSSURDFK HQDEOH
DVVHVVPHQW WKDW DFFRXQWV IRU XVHU EHKDYLRU SDWWHUQV DQG FRPI

(IREQMG )RIVK] 7LEVMRK ERH 'SQQYRMX] &EWIH 'SQTPIQIF
7KH LPSOHPHQWDWLRQ RI FRPPXQLW\ EDVHG HQHUJ\ VKDULQJ V\VWHPV
G\QDPLFV WKDW H[WHQG EH\RQG LQGLYLGXDO K R BVEHRROEYIADWDWHHUD K/D 8/
VXPHUFRPPXQLWLHY FDQDFKLHYHVXEVWDQWLDOLPSURYHPHQWVLQHQ
VKDULQJ PHFKDQLVPV ZLWK H[SHULPHQWDO UHVXOWVY VKRZLQJLQFUHD)
WHUPV RI WRWDO SRZHU DQG QXPEHU RI WLPH VORWYV ZLWK SRVLWLYH FRH

7KH ILWQHVV IXQFWLRQ IRU FRPPXQLW\ OHYHO FRPSOHPHQWDULW\ RSW|
HQFHV DQG HQHUJ\ EDODQFH FRQVWUDLQWYV
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1 RWKHUZLVH

ZKHYHJHSUHVHQWY WKH GHYLHH GR /R WHW IGHRDWBSMIGIG HQWY JHQHUDW
DV IRUPXODWHG E\ 8U K@V DO >

7KLY DSSURDFK GHPRQVWUDWHY WKDW FRPSOHPHQWDULW\ DZDUH RSWL
XVHU FRPIRUW WKURXJK SUHIHUHQFH VDWLVIDFWLRQ ZKLOH PLQLPL]JLQJ
DFKLHYLQJ WKH GXDO REMHFWLYHV RILQGLYLGXDO VDWLVIDFWLRQDQG |

'SQTPIQIRXEVMX] MR6IGSQQIRHEXMSR 7]WXIQW
7TKHWKHRUHWLFDO XQGHUVWDQGLQJRIFRPSOHPHQWDULW\H[WHQGV EH\
V\VWHPV ZKHUH FRPSOHPHQWDULW\UHODWLRQVKLSVY DUH FKDUDFWHUL
GLVVLPLODULW\ DV GHVFULEH@ ETKXR BWID®MQDWXUEH SUHVHQWYV D IXQGD
FKDOOHQJH 2 H[FHVVLYH HPSKDVLV RQ UHOHYDQFH OHDGV WR VXEVWLW
RYHUHPSKDVLV RQ GLVVLPLODULW\UHVXOWYV LQ XQUHODWHG LWHP VXJJI

5SHFHQWDGYDQFHV GHPRQVWUDWH WKDW *UDSK 1HXUDO 1HWZRUNV FDQ F
GLVVLPLODULW\AIURP WKH VSHFWUDO GRPDLQ SURYLGLQJ SURPLVLQJ Gl
ODWLRQVKLSY DVGHPRQVWUDW®# GFRZHKRHW DOEDSWDWLRQ WR HQHUJ\ V\
UHTXLUHVY DGGUHVVLQJ WKH ODFN RI GHHS XQGHUVWDQGLQJ RI FRPSOHI
SHUVSHFWLYHDQG GHYHORSLQJ PHWKRGV WR EDODQFH WKHUHOHYDQFH

"MVXYEP 4S[IV4APERX 3TXMQMA"EXMSR ERH 'PYWXIVMRK
7KHO9LUWXDO 3RZHU 30DQW 933 FRQFHSW UHSUHVHQWY D VLIQLILFDQW
HQHUJ\UHVRXUFHV WKURXJKDJJUHJDWLRQDQG FRRUGLQDWH@PDUNHW
GHPRQVWUDWH KRZ 933V LQWHIJUDWH GLVSHUVHG VPDOO VFDOH UHQHZI
HOQDEOLQJ SDUWLFLSDWLRQLQ HOHFWULFLW\PDUNHWY ZKLOHDGGUHVV|

7TKHRSWLPDO VFKHGXOLQJRI933VUHTXLUHVY VRSKLVWLFDWHG FRQVLGHL
PDUNHWYV ZLWK (QHUJ\6WRUDJH 6\VWHPV (66 SOD\LQJFUXFLDO UROHV I
UHVHUYHV WKURXJK PXOWLSOH RSHUDWLRQDO PRGHV LQFOXGLQJ FKDUJ
PRGLILFDWLRQ DQG RSHUDWLRQDO VWDWH VZLWFKLQ® DWVKEVWVWRFP/ VHG |
SOH[LWN\QHFHVVLWDWHY WZR VWDJH VWRFKDVWLF RSWLPL]DWLRQ DSSU
XQFHUWDLQW\DQG GHPDQG YDULDELOLW\

&SYRHIH6EXMSREPMX] MR (MWXVMFYXIH )RIVK] 7]WXIQW
7KH DJJUHIJDWLRQ RI GLVWULEXWHG HQHUJ\ UHVRXUFHYV ZLWKLQ 933V LC
YHUVHLQWHUHVWVDQGREMHFWLYHYV OHDGLQJWRFRPSHWLWLYHG\QDP
IDLO WR FDSWXUH DGHTXDWHQ@\LQWKUHRW XFOH WKH *FRQFHSW RI ERXQGHG
WULEXWHG (QHUJ\ 5HVRXUFH '(5 DJHQW EHKDYLRU UHFRJQL]LQJ WKDW
LQIRUPDWLRQDYDLODELOLW\ WLPHFRQVWUDLQWY DQG FRJQLWLYH FDS?S

7KLY ERXQGHG UDWLRQDOLW\IUDPHZRUN SURYLGHVY D PRUHUHDOLVWLF
FRPSDUHGWRDVVXPSWLRQVRISHUIHFWUDWLRQDOLW\ 7KHLQFRUSRUD
XODUO\1DVK+t6WDFNHOEHUJ PRGHOV DQG QRQ FRRSHUDWLYHJDPHV HQ
JLFLOQWHUDFWLRQVDPRQJ'(5DJHQWY ZKLOHDFFRXQWLQJIRUWKHLU LQ



+22 &EWIH 1IXLSHWJSV (JREQMG 'PYWXIVMRK

DO @

-RXIKVEXMSR [MXL/RS[PIHKI+VETL*VEQI[SVOW
7TKHLQWHIJUDWLRQ RI FRPSOHPHQWDULW\DVVHVVPHQW ZLWK .QRZOHGJ}
HUDWLRQ RI ERWK VWDWLF UHODWLRQVKLS PRGHOLQJDQG G\QDPLF WHF
LQGLFDWHYVY WKDW HIITHFWLYH FRPSOHPHQWDULW\ DZDUH FOXVWHULQJ P>
ILQH JUDLQHG LQWUDGD\ SDWWHUQV WR VHDVRQDO YDULDWLRQV ZKLO
ODUJH VFDOH LPSOHPHQWDWLRQV

7KH GHYHORSPHQW RI *11 EDVHG DSSURDFKHV IRUFRPSOHPHQWDULW\ D'
PXVWDGGUHVV WKH IXQGDPHQWDO FKDOOHQJH RIOHDUQLQJ FRPSOHPHC
UHTXLUHV FXVWRP ORVV IXQFWLRQV WKDW RSWLPL]JHIRU SHDN WR DYHU
PD[LPLIDWLRQ DQG ORDG FXUYHEDODQFLQJ DVLGHQWLILHGLQ WKH UH
RSWLPLIDWLRQ UHVXOWYV IUBRBBRHWBAHPSLUBGFDO HYLGHQFH WKDW VXF
DZDUH DSSURDFKHYVY FDQ DFKLHYH VLIJQLILFDQW LPSURYHPHQWYV LQ HQH!
WDLQLQJ XVHU VDWLVIDFWLRQ VXSSRUWLQJWKHYLDELOLW\RIWKH SUR

6IWIEVGL +ETW MR 'SQTPIQIRXEVMX] 'PYWXIVMRK
'"HVSLWH DGYDQFHV LQ FOXVWHULQJ WHFKQLTXHV IRU HQHUJ\ ORDG SUR
FRPSOHPHQWDULW\ IRFXVHG DSSURDFKHNVG HOMPID VRWBHOQ DO FULWLFDO O
FROQWLQXH WR KLQGHU WKH VFDODELOLWA\DQG SK\VLFDO DSSOLFDELOLW!

$'LPHQVLRQDOLW)\ &XGXHQYWRBE&S$ GRPLQDWHG PHWKRGV XVDJH VWU
UDO FRPSOHPHQWDULW\ SDWWHUQV DV QBWHG E\ .XVXPD HW DO

I1'\QDPLF DGDSWOWLRQRI PHWKRGV VXSSRUW DXWRPDWLF FOXVWHU C
OLPLWLQJUHDO WLPHFRPSOHPHQWDULW\RSWLPL]DWLR@® DV HPSKD

ftOXOWL VFDOHLOQWHUDDMURF@O FRPSOHPHQWDULW\ EXLOGLQJxWUDQ
XQGHUH[SORUHG GHVSLWH LWV SRWHQWLDO IRUJULG RSWLPL]DWLRQ

$3K\WWLFDO FRQVWUDLQW DQWIHRIWPHVULRRSDFLW\ OLPLWY DQG JHRJUDS|
UDUHO\LQFRUSRUDWHG LQWR FOXVWHULQJ REMHFWLYHV

7TKHVHJDSV KLIKOLJKW WKHQHHGIRULQWHJUDWHG .*+*11IUDPHZRUNV W
WHPSRUDO DQG SK\VLFDO FRQVWUDLQWY ZKLOH RSWLPL]JLQJIRU FRPSO'

+22 &EWIH 1IXLSHW JSV (]JREQMG 'PYWXIVMRK

*SYRHEXMSREP +22 %VGLMXIGXYVIW
7TKHGHYHORSPHQWRI*UDSK1HXUDO 1HWZRUNV *11V UHSUHVHQWYV D SD|
VWUXFWXUHG GDWD GLUHFWO\DGGUHVVLQIJWKHIXQGDPHQWDO FKDOOH
UHJDUGLQJ HIITHFWLYH HQHUJ\ QHWZRUN UHSUHVHQWDWLRQ *11V DUH D
VSHFLILFDOO\ GHVLJQHG WR KDQGOH JUDSK VWUXFWXUHG GDWD SURYL
VDUVIRUWKH . QRZOHGJH *UDSK+*11 LQWHJUDWLRQ SURSRVHG LQ WKLV Ul
WKHPHVVDJH SDVVLQJPHFKDQLVP ZKLFKHQDEOHV QRGHUHSUHVHQWDYV
WLRQ IURP QHLJKERULQJ QRGHV2D FDSDELOLW\HVVHQWLDO IRU XQGHUV!
LQKHUHQW LQ UHJLRQDO HQHUJ\ VA\VWHPYV

7TKHWKHRUHWLFDOIRXQGDWLRQVRI*11VZHUHIRUPDOO@HYXKMPEQWWVIRHG |
GXFHG WKH XVH RITUHFXUVLYH QHXUDO QHWZRUNV WR SURSDJDWH QHLJK
ODLG WKH JURXQGZRUN IRUVXEVHTXHQW GHYHORSPHQWYV WKDW ZRXOG
VLV %XLOGLQJ XSRQ WKHVH IRXQGDWLEQRS RWHK® WKW IDOVW *UBSK &RQ
1IHWZRUN *&1 EDVHG RQ VSHFWUDO JUDSK WKHRU\ LOQWURGXFLQJ WKH >
FRQYROXWLRQ RSHUDWLRQV +RZHYHU WKH FRPSXWDWLRQDO FRPSOH]JL
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WKHU LQQRYDWLRQ

7KH EUHDNWKURXJK WKDW HQDEOHG SUDFWLFDO GHSOR\PHQW Rl *&1V LC
ZRUNRI.LSIDQG :HOO®@QIKR GHYHORSHG D VLPSOLILHG YHUVLRQRI*&1 E\IL
DSSUR[LPDWLRQ WR DFKLHYH HIILFLHQW VSDWLDO FRQYROXWLRQV

H= D :AD zX

ZKHAH A+ LVWKHDGMDFHQF\PDWUL[ ZDWKW&B IFE8 VBV SRRREM?J GHIJUH|
X GHQRWHV WKH QRGH IHDWMXNSHHWPDODMQNLY WREB WUDLQDEOH ZHLJKW PDWUI
7DP HW DO @ >

7KLY LQQRYDWLRQ VLIQLILFDQWO\LPSURYHG WKH FRPSXWDWLRQDO HII
PHQW LQ YDULRXV LQGXVWULDO DSSOLFDWLRQV DQG HVWDEOLVKLQJ Wi
UHVHDUFK REMHFWLYH RILPSURYLQJ GDWD DFFHVVLELOLW\DQG LQWHUR

+22 TTPMGEXMSRW MR )RIVK] 7]WXIQ %REP]WMW
7KHDSSOLFDWLRQRI *11VWRHQHUJ\ VIVWHPY GLUHFWO\DGGUHVVHV WK
WKH WKLUG UHVHDUFK VXE TXHVWLRQ GHPRQVWUDWLQJKRZ .QRZOHGJ!
FDQ EH FRPELQHG WR HQKDQFH DQDO\VLY DQG FOXVWHULQJ LQ HQHUJ\ \
*11V KDYH SURYHQ SDUWLFXODUO\ YDOXDEOH IRUDGGUHVVLQJ FKDOOH(
UHDO WLPHRSWLPL]DWLRQ?2FDSDELOLWLHY WKDW DOLJQ SUHFLVHO\ ZLW

JXVFRHW DO @ KLIKOLIKW WKH WUDQVIRUPDWLYHUROHRI*11 EDVHG P
SRUDWLQJJULG WRSRORJ\DQG SK\VLFDO FRQVWUDLQWY HQKDQFLQJ PR
HWHU FRPSOH[LW\ 7KHVH IUDPHZRUNV DGGUHVYV WKH LQHIILFLHQFLHV D
PDFKLQH OHDUQLQJPHWKRGY PHHWLQJWKHGHPDQGV RIFRPSOH[ GLVW
WHUL]H PRGHUQ UHJLRQDO HQHUJ\ QHWZRUNYVY 7KLV FDSDELOLW\LV SDU\
LQJFRPSUHKHQVLYHYDOLGDWLRQDQGEHQFKPDUNLQJIUDPHZRUNV IRUFE

7KHIXQGDPHQWDO DGYDQWDJHRI *11VLQ HQHUJ\ VIVWHP FRQWH[WV VWF
(XFOLGHDQ VSDWLDO UHODWLRQVKLSY 7UDGLWLRQDO (XFOLGHDQ VSDW
UHO\RQ UHJXODU VWUXFWXUHV RIIL[HG GLPHQVLRQV HJ LPDJHJULGV
HUJ\ QHWZRUNV SRZHU JULGV JDV JULGV FKDQJHV G\QDPLFDOO\DQG W
/LDQJ HW DO @ H[SODLQ WKDW *11V LPSOHPHQW FRQYROXWLRQ RSHUDW
WKURXJK PHVVDJH SDVVLQJPHFKDQLVPV FRQYHUWLQJWKH SK\VLFDO FF
MDFHQF\ PDWULFHV DQG VXSSRUWLQJ G\QDPLF WRSRORJLFDO PRGHOLQ.
REMHFWLYH RI GHYHORSLQJ D XQLILHG NQRZOHGJH JUDSK DUFKLWHFWX
QHRXV QDWXUH RI XUEDQ EXLOGLQJVSDWLDO DQG QRQ VSDWLDO HQHUJ\

,QWKHFRQWH[WRIWKLY UHVHDUFK IUDPHZRUN HQHUJ\V\VWHPV SUHVHQ
QRGHV FDQ UHSUHVHQW SRZHU JHQHUDWLRQ ORDG HTXLSPHQW EXLOGL
FDQ UHSUHVHQW HOHFWULFDO FRQQHFWLRQV OLQHV WUDQVIRUPHUV C
PDSSLQJEHWZHHQ SK\VLFDO HQHUJ\LQIUDVWUXFWXUHDQG JUDSK UHSUF
DGGUHVVLQJ WKH ILUVW UHVHDUFK VXE TXHVWLRQ UHJDUGLQJ HVVHQWL
WLYH .QRZOHGJH *UDSK FRQVWUXFWLRQ

+22ZW %PXIVREXMZI %TTVSEGLIW
7KH FRPSDUDWLYH DGYDQWDJHV RI *11V RYHU DOWHUQDWLYH DSSURDF
WKHLU VHOHFWLRQ LQ WKH LQWHJUDWHG .*+*11 IUDPHZRUN ,Q FRPSDU
ZRUNV &11V ZKLFKDUHGHVLIJQHG IRU (XFOLGHDQ GDWD VXFKDV LPDJH?
VWUXFWXUHG GDWD ZKHUH WKH FRQQHFWLRQV EHWZHHQ QRGHYV DUH QF
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> @ 7KLVGLVWLQFWLRQLVIXQGDPHQWDO WR WKHUHVHDUFK DSSUF
OHQJHRIUHSUHVHQWLQJFRPSOH[HQHUJ\ VIVWHP UHODWLRQVKLSV WKD\
WUDGLWLRQDO JULG EDVHG QHXUDO DUFKLWHFWXUHV

JLHWDO @ SRLQW RXW WKDW &11VIDLOWRLQFRUSRUDWHWKHXQGHUO
WDWLRQ ZKHUHDV *11V QDWXUDOO\HQFRGH WRSRORJLFDO IHDWXUHV W|
ERULQJQRGHV 7KLV FDSDELOLW\PDNHV *11V SDUWLFXODUO\SRZHUIXO |
GHWHFWLRQ DQG G\QDPLFRSWLPL]DWLRQLQ HQHUJ\JULGV ZKHUH WKH
DSSOLFDWLRQV WKDW GLUHFWO\ VXSSRUW WKH UHVHDUFK REMHFWLYH F
HQHUJ\ VIVWHP PDQDJHPHQW

7TKHPHVVDJH SDVVLQJSURFHVV LGEBRRWVYDWWHWHY KIRRXIUGHIRUPDWLRQ SU
DGMDFHQW QRGHVWRWDUJHW QRGHV WKURXJKDJJUHIJDWLRQIXQFWLRQ\
7TKLVPHFKDQLVPHQDEOHV *11VWRFDSWXUHERWKORFDO QHLJKERUKRRZC
SURYLGLQJ WKH DQDO\WLFDO GHSWK QHFHVVDU\ IRU FRPSOHPHQWDULW
WKLY UHVHDUFK PHWKRGRORJ\

JLIXUH 7KH YLVXDOL]DWLRQ RIPHVVDJH SDVVLQJ LQIRUPDWLRQ SURSDJDWLRQ IURP D
1HLIJKERUKRRG LQWHJUDWLRQ LV W\SLFDOO\UHDOL]HG YLD DJJUHIJDWLRQ IXQFWLRQV VXF
> @

*11V] LQYDULDQFH WR SHUPXWDWLRQV DQG WKHLU DELOLW\ WR PRGHO |
GDWD SURYLGH D VLIJQLILFDQW DGYDQWDJH LQ DQDO\]LQJ HQHUJ\ JULGYV
LRUV DUH G\QDPLF DQG FRQWLQXRXVO\ HYROYL@J KL QR W B GQ\EXWLX B WHV
HPSKDVL]H IRUHFDVWLQJRU VXSSO\+tGHPDQG EDODQFLQJ WKLV UHVHDU
RI .*V DQG *11V IRU WDVNV OLNH G\QDPLF FOXVWHULQJ DQRPDO\ GHWHF
DSSOLFDWLRQV WKDW GLUHFWO\DGGUHVV WKH IRXUWK UHVHDUFK VXE T
IRUWLPH EDVHG DQG G\QDPLF FOXVWHULQJ

7TKHVH FRPSOHPHQWDU\DSSURDFKHV RUJDQL]IJHDQG DQDO\]HHQHUJ\ GDV
SDWWHUQVDQG VXSSRUWLQJDGYDQFHG FRQWURO VWUDWHJILHV LQ IXWX
SDUDWLYHDQDO\VLV SUIBHPIPRWM& UQ WIHEVFOMKH VXSHULRU FDSDELOLWLHV
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GLPHQVLRQVUHOHYDQW WR WKHUHVHDUFK REMHFWLYHY LQFOXGLQJWR
LW\ DQG UHDO WLPH GHFLVLRQ PDNLQJFDSDELOLWLHYV

YHDW X UH

*11 *UDSK 1HXUDO 1

HYZIRUBRQYROXWLRQ
IHWZRUN

DO 1HXUDC(

'DWD 6 WUXFWXU

H+DQGOHV JUDSK VW
QRQ (XFOLGHDQ Z
DQG HGJHV UHSUHYV
VKLSV

UXIWLIQHG IBDWDLG V|

WUXFWXUH

KHQIHG RG HA/DWD VXEK DV LPDJH

HUQHA) XIDHDQDIW L R Y

7TRSRORJ\ $ZDUH

OQHMWXUDOO\ HQFRGH
IHDWXUHV WKURXJK
LQJEHWZHHQ QRGHYV

1 VR WWR ROR HIBEDOFLW
PHYV®OPK WBBRORJ\ DV
JULG VWUXFWXUH

O\ DFFRXQV
VXPHV D IL]

$SSOLFDWLRQV
IHWZRUNYV

L®QRADIN GHWHFWLR
WLRQ G\QDPLF RSW

ORDG SUHGLFWLRQ |

Q/ L PLX\OHVE GVHRWM-BFD W L D

L BILM)MRLQR QD HDWQ/GH | | H F
QHHEZHUGIV\VGWH P V

O SDWWHU
WLYH IRU L(

"\QDPLF
DELOLW\

'‘DWD $

GBSV LQWHJUDWH W
VSDWLDO G\QDPLFV

HHSTKULDEB VD QGGLWLRQDO DUFK

WXUH&SDHVLR 511V

WR KDQGO|

7HPSRUDO *11V
6XSSRUWV HGJH IHD
LWO\ DOORZLQJ PR
WLRQVKLSYV H J SR
WDQFHYV
"HFCLMDRQVXLWHG IRU
GHFLVLRQ PDNLQJ
QHFWHG V\VWHPYV

WHPSRUDO G\QDPLFV
WRKHW ) R\VSOQODWLYHO\
G HHDWDX URIIV U H O D

ZHU OLQHV GLV

(GJH )HDWXUHV VXSSRUW F

5HDO 7LPH
ODNLQJ

/LPH DGl GVDRID SWD E L
LOLNIQ WHDGRDLPH VF

OLW\ IRU J
HQDULRYV

7DEOH &RPSDULVRQRI*11DQG &11IRU (QHUJ\ 1HWZRUN $QDO\VL® DGDSWHG IURP /L

6IWIEVGL +ET ERH1IXLSHSPSKMGEP -RRSZEXMSR

:KLOHNQRZOHGJH JUDSK FRPSOHWLRQ DQG UHDO WLPH RSWLPL]DWLRQ K
SOH[V\VWHPV WKHDSSOLFDWLRQRI*11 EDVHG G\QDPLFFOXVWHULQJ ZL\
DJDS WKDW WKLY UHVHDUFK VSHFLILFDOO\ DGGUHVVHYV "\QDPLF FOXVW
JURXS QRGHV VXFK DV EXLOGLQJVY RUUHVRXUFHVY DGDSWLYHO\DV WKH!|
FDSDELOLW\LY SDUWLFXODUO\YDOXDEOH LQ GLVWULEXWHG HQHUJ\ V\V!
EHKDYLRU WKHLQWHJUDWLRQ RI QHZ GLVWULEXWHG HQHUJ\ UHVRXUFH
IOH[LEOHDQG UHVSRQVLYH VI\VWHP FRQILIXUDWLRQV

ORUHRYHU VFHQDULR EDVHG HPEHGGLQJVY DOORZIRUDQDO\]LQJ KRZ XS(
WLRQRIQHZ '(5VRURFFXSDQW SURILOHV2LPSDFWWKHRYHUDOO QHWZRU
WKH VA\VWHP FDQ LGHQWLI\ VKLIWV LQ FOXVWHUY RU OLQN SUHGLFWLRQV
RIG\QDPLFHQHUJ\ODQGVFDSHYV 7KLV UHVHDUFKIRFXVHVRQ GHYHORSL(
WLYH SURFHVVHV OD\LQJWKHJURXQGZRUN IRU VPDUWHU FRQWH[W DZCL
VWUDWHIJLHYVY WKDW GLUHFWO\DGGUHVVY WKHPDLQ UHVHDUFK TXHVWLRQ

4LIWMGW -RIJSVQIH 'SRWXVEMRX)QFIHHMRK MR +22 %VGL
7KHLQWHJUDWLRQ RI SK\WVLFDO FRQVWUDLQWV LQWR *UDSK 1HXUDO 1HW]
LFDO DGYDQFHPHQW IRU HQDEOLQJ SUDFWLFDO GHSOR\PHQW LQ UHDO Z
VXSSRUWLQJWKHUHVHDUFKREMHFWLYHRIHPEHGGLQJSK\VLFDO FRQVW
WHULQJPHFKDQLVPV 7KLV SDUDGLJP VKLIWDGGUHVVHV WKHIXQGDPHQV
UHSUHVHQWDWLRQV FRPSO\ ZLWK XQGHUO\LQJ SK\VLEDO ODZV ZKLOH PI
UHTXLUHPHQW HVVHQWLDO IRUWKH SUDFWLFDO LPSOHPHQWDWLRQ RI W/

3DJQLHUDQG ,QJHOWHYMWRQHHUHG WKH GLUHFW HPEHGGLQJ RI HIIHFWLY
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QHXUDODUFKLWHFWXUHY HQDEOLQJVLPXOWDQHRXVUHFRQVWUXFWLRC
ZKLOH OHDUQLQJ LPSOLFLW VA\VWHP HOHPHQWY 7KLV SK\VLFV LQIRUPHC
IRUPDQFH DFKLHYLQJRYHU UHGXFWLRQLQOHDQ6TXDUHG (UURU FRPS
ZKLOH JXDUDQWHHLQJ SK\VLFV FRPSOLDQFH WKURXJKRXW WKH OHDUQLC
PHQWY GLUHFWO\ VXSSRUW WKH JRDO RI HYWDEOLVKLQJ FRPSUHKHQVL’
ZRUNYV

%XLOGLQJ XSRQ WKHVH IRXQGDWLRQWWXYW&XHAH B\WRRSUHKHQVLYH SK\V
DUFKLWHFWXUHFRPSULVLQJIRXUV\QHUJLVWLFFRPSRQHQWYVY WKDW DOLJ
SDVVLQJ PHFKDQLVPV ZLWK VZLWFK JDWHV WKDW PRGHO GLVFUHWH RSH
XHV VFDOH IUHH ORFDO SUHGLFWRUV WKDW JHQHUDOL]H HITHFWLYHO\ D
LQIRUPHG URXQGLQJ OD\HUV WKDW HPEHG RSHUDWLRQDO FRQVWUDLQWYV
HQG WR HQG WUDLQLQJ SURWRFROV WKDWLQFRUSRUDWH .LUFKKRIITV OI
7KLY KROLVWLF DSSURDFKHQVXUHYV WKDW SK\VLFDO SULQFLSOHV DUH QI
LQWHJUDO FRPSRQHQWYV RI WKH OHDUQLQJ G\QDPLFYV

7KH 3,1&2 IUDPHZRUN SURSRVHG E\ 9DUWEBGCOUDGHAMHDBERQVWREDLQW KDQGO
VRSKLVWLFDWHG SHQDOW\ PHWKRGVY FRPELQHG ZLWK $XJPHQWHG /DJUD (
DIJHPHQW RI FRPSOH[FRQVWUDLQW VHWV LQKHUHQW LQ SRZHU V\VWHP R
WKH ORVV IXQFWLRQ DV x X

L=f(x)+ hi (x) + max(0; g; (x))*

ZKHUH HTXDOLW h B} @QW8UMHIWD O L Wg (ARDWAVUBRRWNVVO\ LQWHIUDWHG
SULPDU\ RE@MHFIKLWHIRUPXODWLRQ HQDEOHV VLPXOWDQHRXV KDQGOLQJ
LWV WUDQVPLVVLRQ OLQHIORZ FRQVWUDLQWY YROWDJH PDJQLWXGH E
ZLWKLQ WKH *11 RSWLPL]DWLRQ SURFHVV2FDSDELOLWLHY WKDW GLUHF\
FRPSOHPHQWDULW)\ DZDUH *11 PRGHOV ZLWK FXVWRP ORVV IXQFWLRQV

5HFHQW GHYHORSPHQWYV LQ GLIITIHUHQWLDEOH RSWLPL]DWLRQ OD\HUV Ol
GLWLRQV DQG WKH LPSOLFLW IXQFWLRQ WKHRUHP WR HQDEOH EDFNSUR
WLYHO\ WUHDWLQJ FRQVWUDLQW VDWLVIDFWLRQ DV D GLITHUHQWLDEOH
> @ 7KHVH PHWKRGRORJLFDO DGYDQFHV KDYH EHHQ YDOLGDWHG DFUR
IURP , ((( EXVWHVWFDVHV WR ODUJH VFDOH EXV VI\VWHPVY GHPRQVW
SURYHPHQWV RI XSWR iFRPSDUHG ZLWK FRQYHQWLRQDO RSWLPL]DWLR
TXDOLW\DQG FRQVWUDLQW FRPSOLDQFH

TTIGMEPMAIH +22 % VGLMXIGXYVIWJSV 'SQTPIQIRXEVMX]"
5SHFHQW DGYDQFHV LQ *11 DUFKLWHFWXUHY KDYH HQDEOHG VRSKLVWLFD
GHVLJQHG IRU HQHUJ\ FRPSOHPHQWDULW\ DQDO\VLV GLUHFWO\DGGUH\
*11 DUFKLWHFWXUHV WKDW SHUIRUP FOXVWHULQJ OHDUQLQJ EDVHG RQ
8QOLNH WUDGLWLRQDO KRPRSKLO\ EDVHG DSSURDFKHV WKHVH VSHFLD
HURSKLOLF UHODWLRQVKLSY ZKHUH FRQQHFWHG QRGHV H[KLELW FRPSO
LQJ VIQHUJLVWLF HQHUJ\ FRQVXPSWLRQ SDWWHUQV EHWZHHQ UHVLGHQ\
VWUDWHG E\5DZDO H& DO >

+HWHURSKLO\ORGHOLQJ IRU (QHUNKIRP)SOH R HOMPIHZIRWUWN SURSRVHG E\ : X
DO ® DGGUHVVHV ERWK KHWHURSKLO\DQG KHWHURJHQHLW\WKUR X/
WLRQ G\QDPLFDOO\DGMXVWLQJDJJUHIJDWLRQ ZHLJKWYVY EDVHG RQ QRGH
WDQHRXV PRGHOLQJ RI FRPSOHPHQWDU\ FRUUHODWLYH DQG LQGHSHQ((
DUFKLWHFWXUH 0 1

X X
hi™ = @ rw OhOA
r2rR j2N |
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ZKHUHGHQRWHV IUHTXHQF\ DGDSWLYH FRHITKENVH®ESBY RO K B 6 B MHRHOVW\
KLJKHUDFFXUDF\WKDQ KRPRSKLO\ EDVHG *11VLQ HQHUJ\ FRPSOHPHQWI
5DZDO HW DO @ GHPRQVWUDWLQJWKH SUDFWLEDO EHQHILWYV RI WKH SU
PHVVDJH SDVVLQJWHFKQLTXHV IXUWKHU HQKDQFH WKLV E\ H[SOLFLWO\ |
FRQQHFWHG QRGHV ZLWK FRPSOHPHQWDU\FRQVXPSWLRQ SDWWHUQV GL
VHOI FRQVXPSWLRQ DQG EDODQFLQJ ORDG FXUYHYV

6SDWLR 7THPSRUDO $UFKLWHFWXUHV IRU \RDBLEDHA HU B\QAHWIRUBUMVZ RUNV
ZRUNVOLNHO* 67*&1 LQWHJUDWHPXOWL VFDOHVSDWLR WHPSRUDO GHSFt
EUDQFKHYV DGGUHVVLQJ WKH IRXUWK UHVHDUFK VXE TXHVWLRQ UHJDUG
EDVHG FOXVWHULQJ :KHQ DSSOLHG WR QDWXUDO JDV WUDQVPLVVLRQ V
ORZHU 0$( WKDQ VWDQGDUG 67*&1 PRGHOV E\ FDSWXULQJ ERWK VKRUW W
WHUQV DV GHPRQVWUDWHG E\@HOHNLVY HW DO >

6LPLODUO\N WKH'67* '\QDPLF6SDWLR 7THPSRUDO *UDSK IUDPHZRUNHPSO
LQJZLWKDGDSWLYHJUDSKOHDUQLQJ DFKLHYLQJD LPSURYHPHQWL
WKURXJK LWV KLHUDUFKLFDO DWWHQWLRQ PHFKDQ®VP DV UHSRUWHG E\

>
Z= 6RIWP$-I[<dj \%
k

ZKHQHK DQMGGHQRWH TXHU\ NH\ DQG YDOXH PDWULFHYVY OHDUQHG IURP F
7KLY FDSDELOLW\ GLUHFWO\ VXSSRUWV WKH REMHFWLYH RI GHWHUPLQLC
DQG G\QDPLF FOXVWHULQJ ZLWKLQ WKH .QRZOHGJH *UDSK IUDPHZRUN

'LIIHUHQWLDEOH &0XVWHULQJ IRU (QG GVW R GHR BSMOLDALWIHW LIRS)V LP L]D W L F
WKURXJK GLIIHUHQWLDEOH PRGXODULW\ QHWZRUNV '0R@ §QRNIREDQIHG
WKH WHFKQLFDO IRXQGDWLRQ IRUDGDSWLYH FOXVWHULQJPHFKDQLVPYV
PRGXODULW\DQG FOXVWHU GLVSHUVLRQ

L - 1@ sc +plx Ci 1

'0OR1— om @0: ) n - i

i F

ZKHOHY WKHFOXVWHU DVV LB @KHPRBXG@DULWMYBDWUL[] 5HFHQW H[WHQVL
LQFRUSRUDWH GLYHUVLW\ SUHVHUYLQJ UHJXODUL]DWLRQ WR PD[LPL]H L
LGHQWLI\LQJ GLVWLQFW FRPSOHPHQWDULW\ JURXSV 2SHQ VRXUFH LPS
WKDQ FRQYHQWLRQDO SRROLQJPHWKRGV LQ HQHUJ\ FRPPXQLW\ GHWHF\
> @ GHPRQVWUDWLQJWKH SUDFWLFDO YLDELOLW\RIWKH SURSRVHG DS.

OXOWL 2EMHFWLYH 2SWLPL]DWLRQ IRU &RPSUH KHEUVLY HUEAHLEZIR 0D Q B RIPP
ELQH *11 FOXVWHULQJ ZLWK 3 DUHWR RSWLPL]DWLRQ WR EDODQFH FRPSH
WKHUHVHDUFK JRDOV

$&RPSOHPHQWDLALWLQJ RIl SHDN FRQVXPSWLRQ DOLJQPHQW
$3UR[LPAMDLPL]LQJJULG WUDQVPLVVLRQ ORVVHYV
$(FRQRPLF 9LDEWORPWVLQJ /&2( /HYHOL]HG &RVW RI (QHUJ\
$*ULG &RQVWQIRILFWEYJI YROWDJIH DQG IUHTXHQF\ VWDELOLW\

%\ PDLQWDLQLQJD 3DUHWR IURQW RI QRQ GRPLQDWHG VROXWLRQV WKH
XDWH WUDGH RIIV ZLWKRXW VFDODU DJJUHJDWLRQ E@DVK DY DERQ@QHD %}
WR PLFURJULG FOXVWHUV WKH\UHGXFH SHDN GHPDQG E\ ZKLOH PDL
GHPRQVWUDWHG E\ 3HOHNL FIRWIROPLQJ WKH SUDFWLFDO EHQHILWV RI' W
RJ\



'SQTVILIRWMZI )ZEPYEXMSR *VEQI[SVOW ERHG6IEP ;SVPH:EPMHEXMSR

7IRXLIWMW ERHG6IWIEVGL4SWMXMSRMRK
7KHVH VSHFLDOL]HG DUFKLWHFWXUHVY GHPRQVWUDWH VLIJQLILEFDQW DGY!I
RGVLQ HQHUJ\DSSOLFDWLRQV SDUWLFXODUO\IRU G\QDPLF FRPPXQLWL!
WRSRORJLHVY FR HYROYH2VFHQDULRY WKDW WKLV UHVHDUFK VSHFLILFDC
FRQVWUDLQWYV ZLWK DGDSWLYH UHODWLRQVKLS PRGHOLQJ WKH\ SURYL
PHQWDULW\ LGHQWLILFDWLRQ DQG HQHUJ\ FRPPXQLW\ RSWLPL]DWLRQ V
TXHVWLRQ

7KH FRQYHUJHQFH RI WKHVH WHFKQRORJLFDO DGYDQFHYV FUHDWHY DQ R
VLYH .*+#*11LQWHJUDWLRQ SURSRVHGLQ WKLVUHVHDUFK 7KHGHPRQVWU
*11V FRPELQHG ZLWK VSHFLDOL]J]HG DUFKLWHFWXUHY IRUFRPSOHPHQWL
IRXQGDWLRQ QHFHVVDU\WR DGGUHVV WKH IXQGDPHQWDO FKDOOHQJH RI
DELOLW\ DQG UHODWLRQDO DQDO\WLFV LQ UHJLRQDO HQHUJ\ VAVWHP PD

7KLV UHVHDUFK EXLOGY XSRQ WKHVH DGYDQFHV WR GHYHORS D XQLILHG |
JDSV LQ G\QDPLF FOXVWHULQJ ZLWKLQ .QRZOHGJH *UDSK FRQWH[WV SR\
LQQRYDWLRQLQ HQHUJ\ VIVWHP DQDO\WLFV

'SQTVILIRWMZI )ZEPYEXMSR *VEQI[SVOW ERH 61E

HEXMSR

%XLOGLQJ XSRQ VSHFLDOL]HG *11 DUFKLWHFWXUHY UHFHQW UHVHDUEFK |
ZRUNV WKDWLQWHJIJUDWH SK\VLFV LQIRUPHG YDOLGDWLRQZLWKUHDO ZR
ZRUNV DGGUHVV FULWLFDO GHSOR\PHQW FKDOOHQJHVY E\HQVXULQJ VRO
DQG SUDFWLFDO YLDELOLWNLQ GLYHUVHHQHUJ\FRQWH[WYV

7TKBWDIHSRZHUTUDBKZRUN LQWURGXFHG E\ *KD@® HLVAMEDQVKHY ¥WDQGDUC
WHUIDFHV ZLWK LQGXVWU\ VWDQGDUG VLPXODWRUYV 0%$732:(5 SDQGDSR
RURXV SK\VLFV LQIRUPHG YDOLGDWLRQ DFURVV PXOWLSOH VLPXODWLRC
LQFRUSRUDWHVY WKUHH FULWLFDO DVVHVVPHQW GLPHQVLRQV

6DIHW\ FULWLFDO VFEFWQBVYRWANWLRQINROXWLRQV XQGHU H[WUHPH J|
WLQJHQFLHYVY IDXOW FDVFDGHYV

5REXVWQHVYV DVWWMD/O/PHWYMWQJ SHUIRUPDQFH DJDLQVW DGYHUVDULDO
EDWLRQV

&URVV SODWIRUPQWXWL®DWRRAWLRQ FRQVLVWHQF\DFURVV GLIITHUHC

%\HPEHGGLQJWKHVHVDIHW\ PHFKDQLVPVY GLUHFWO\LQWR WKHHYDOXDYV
WKHJDS EHWZHHQ WKHRUHWLFDO *11 SHUIRUPDQFHDQG RSHUDWLRQDO |

5HDO ZRUOG LPSOHPHQWDWLRQV GHPRQVWUDWH VLIQLILFDQW SUDFWLF
,Q ,WDOLDQ HQHUJ\ FRPPXQLWLHYV GBHOBNRYHOGMDDKOEULG BSSURDFK FRP
OHDQV FOXVWHULQJ ZLWK '\QDPLF 7LPH :DUSLQJ '7: DFKLHYLQJD 3HDN

DQG HIIHFWLYHO\ LGHQWLI\LQJ IOH[LELOLW\ FOXVWHUV IRU WDUJHW
RSWLPDO PLFURJULG SODQQLQJ LQ (WKL&RSMOLBLYWHINHO@QFRPW EOVHG FO X!

UHGXFH OHYHOL]HG FRVWYV E\ ZLWK DFFRPSDQ\LQJWHFKQLFDO EHQ
¥ UHGXFWLRQLQ 39 FDSLWDO H[SHQGLWXUHYV
¥ GHFUHDVHLQ H[FHVV HQHUJ\ ZDVWH DQG

FTHQKDQFHG XWLOL]DWLRQ RI FRPSOHPHQWDU\JHQHUDWLRQ+*ORDG SD

7KHVH FDVH VWXGLHVY YDOLGDWH WKDW FOXVWHULQJ GULYHQ HQHUJ\ FR
DQG WHFKQLFDO YDOXHDFURVV GHYHORSHG DQG GHYHORSLQJHQHUJ\PI



'SQTVILIRWMZI )ZEPYEXMSR *VEQI[SVOW ERHG6IEP ;SVPH:EPMHEXMSR

6WDQGDUGL]J]HGEHQFKPDUNLQJKBRDBY DUDEBWDWHWRROKVRWEHRSRVHG E\ *
HW DO @ >SURYLGLQIJWKHILUVW FRPSUHKHQVLYH*11EHQFKPDUNIRU ¢
LQFOXGHYV

tQRGH OHYHO SRZHU IORZ SUHGLFWLRQ WDVNV DFURVV ,(((VWDQGDUC
fJUDSK OHYHO FDVFDGLQJ IDLOXUHDQDO\VLV ZLWK JURXQG WUXWK H

tPXOWL ILGHOLW\GDWDVHWV LQFRUSRUDWLQJ6&$'$ PHDVXUHPHQWYV
VSHFLILFDWLRQV

SRZHU*UDSK HQDEOHV UHSURGXFLEOH HYDOXDWLRQRI*11 SHUIRUPDQFH
WLRQV DGGUHVVLQJ SUHYLRXV OLPLWDWLRQV LQ FURVV VWXG\FRPSDUI

$GYDQFHG HYDOXDWLRQ PHWULFV QRZ H[WHQG EH\RQG FRQYHQWLRQDO
GRPDLQ VSHFLILF UHTXLUHPHQWYV

FWKBVVHUVWHLQ GLVWDQFH EDVHG XDQ®R PLGHHNVAVOPRHNVH B VMUDW L O L W\
WLF YDULDWLRQV DVLQWURGXFH® E\ BHOHNLVY HW DO >

FWKHQWURS\ EDVHG ORDGPHMBNIHBWYDOLWMODWHQW EHWZHHQ FRQVXPSWL
GHPDQG UHVSRQVH SURJUDP UHTXLUHPHQWYV D@VBRBQ E\ %HNHOH H

TWKIHK\VLFV LQIRUPHG FRQVWUWUD ANYLYRGDWMR®PNWUYROWDJH OLPL
DQG VWDELOLW\PDUJLQV DV DSSOLH@E\*KDPL]L HW DO >

7TKHVH PXOWLGLPHQVLRQDODVVHVVPHQW FULWHULD HQVXUH WKDW VRO>
ZLWK SUDFWLFDOGHSOR\DELOLW\ SURYLGLQJRSHUDWRUV ZLWKFRPSUH

&ROOHFWLYHO\ WKHVHDGYDQFHVY HVWDEOLVK ULJRURXV HYDOXDWLRQ ¢
WLRQV ZLWK RSHUDWLRQDO UHTXLUHPHQWYV %\ YDOLGDWLQJ SHUIRUPD
DQGILHOG LPSOHPHQWDWLRQV FRQWHPSRUDU\IUDPHZRUNY HQVXUH WK
WLRQ HITHFWLYHOV\IURP UHVHDUFK SURWRW\SHY WRJULG UHDG\ GHSOR\

,Q VXPPDU\ WKH UHYLHZHG OLWHUDWXUH UHYHDOV ERWK WKH WHFKQLFL
PHQWDWLRQ Rl FXUUHQW DSSURDFKHV 7KHVH OLPLWDWLRQV PRWLYDW
SURSRVHG LQ WKH QH[W FKDSWHU ZKLFK GLUHFWO\ DGGUHVVHV WKH JD.
WHQF\ DQG G\QDPLF FOXVWHULQJ



1IXLSHSPSK]

7KHPHWKRGRORJLFDOIUDPHZRUNLQWHJUDWHV NQRZOHGJH JUDSK .* RC
*11V WR UHSUHVHQW VWRUH DQG DQDO\VH XUEDQ HQHWDWHMWEZRUNYV
WULEXWHVHQHUJ\UDWLQJV ORFDWLRGD FIUR B W WHILE MRRXDM G HP D Q G

DQG UHQHZDEOH JHQHUDWLRQ 7KLV XQLILHG UHSYIMW HR WDH\WERQ DO ORE
SOHPHQWDIRIUWH[BYSOH ZKHQ EXLOGLQJV ZLWK VXUSOXV VRODU JHQHUDYV
GHPDQG 7KH IUDPHZRUN HQVXUHV JULG IHDVLELOLW\ FDSWXUHV GHPD
SODQQLQJLQGLFDWRUV IRUUHWURILW DQG HOHFWULILFDWLRQ

8QOLNH WUDGLWLRQDO FOXVWHULQJDQG HQHUJ\ PDQDJHPHQW PHWKRG
UROHV LQ DVLQJOH V\VWHP

6HPDQWLF EDANERQWHIUDWLQJ KHWHURJHQHRXY GDWDVHWYV
$QDO\WLFDO WKKEDAWW VR SSRUWY *11 EDVHG OHDUQLQJ
‘\QDPLF UHSRWIKWRURDQ EH FRQWLQXRXVO\ XSGDWHG ZLWK LQIHUHQF

%\ HPEHGGLQJ ERWK FRPSOHPHQWDULW\LQGLFHV DQG LQIUDVWUXFWXU'F
DSSURDFK HQVXUHV WKDW DOO GRZQVWUHDP DQDO\VHV UHPDLQ SK\VLFD
WHUP HQHUJ\ SODQQLQJ

1SXMZEXMSRJSV /+ +22 MRXIKVEXMSR

SUEDQ HQHUJ\ QHWZ R WN/\XK BW N ERWOR FRWS AH{ Y HO KLWH B B R K DH\O \DY®G L
DEOBHPDQG DQG JHQHUDWLRQ IOXFWXDWLRQV KPPDYNVFBDFOQRWWHBPXQ
WDQHRXVO\UHVSHFW LQIUDVWUXFWXUHERXQGDULHV DQG FDSWXUH FRP
WKHUHIRUH UHTXLUH

ft6HPDQWLF LOQWHGUDWUREYE GDWDVHWY EXLOGLQJV IHHGHUV WUDQVI
f6SDWLR WHPSRURDODCHPDWWBL+QYIXSSO\FRPSOHPHQWDULWLHYV

.QRZOHGJH JUDSKV PHHW WKH ILUVW QHHG E\ LOWHJUDWLQJ GLYHUVH D!
HUDUFKLHV HQHUJ\ LQGLFDWRUV DQG VXSSRUWLQJ UXOH EDVHG UHDYV
SRWHQWLDO IHDVLEOH FOXVWHUYV +RZHYHU .*VDUHOLPLWHG WR VWD
XQVHHQ QRGHV FDSWXUH WLPH G\QDPLFV RURSWLPLVHLQWHUYHQWLR(

*UDSK QHXUDO QHWZRUNV HIWHQG WKHVH FDSDELOLWLHVY E\OHYHUDJLQ.
SBUHGLFWLRQ XQGHU MLYVLQIJHDUIWDRJ UHWURILW SULRULW\IRU XQODE
7THPSRUDO HQFIRCRLOQIO\ GHPDQG SURILOHYV
2SWLPLVDWLRQ XQGHU JULSES FRIQVWUHIMWMWHULHY WR PD[LPLVH FRPS
'LVFRYHU\RI KLGGHMSDWARUNYVEHWZHHQ PXOWL KRS SRVLWLRQV DQ



ISXMZEXMSRJSV /+ +22 MRXIKVEXMSR

7KXV WKH .* HQVXUHV VHPDQWLF DQG SK\VLFDO YDOLGLW\ ZKLOH WKH -
WLYH SRZHU 7RJHWKHU WKH\IRUP D XQLILHG RQWRORJ\ GULYHQ IUDPH
FRPPXQLW\SODQQLQJ

KLV FKDSWHU DGGUHVVHV WKH IRXU UHVHDUFK TXHVWLRQV LQWURGXFH
PHWKRGRORJLFDO SKDVHV 3KDVH DQVZHUV 54 E\IRUPDOLVLQJ WKH HC
FROQVWUXFWLQJ WKH .QRZOHGJH *UDSK 3KDVH RSHUDWLRQDOLVHYV 54
WULEXWHV LQWR WHQVRUV IRU PDFKLQH OHDUQLQJ 3KDVH UHVSRQGV
DQG KLHUDUFKLFDO IHDWXUHV FRQVWUDLQHG E\ /9 WRSRORJ\ 3KDVH |
LQIUDVWUXFWXUH FRQVWUDLQHG *11 IRU G\QDPLF FRPPXQLW\IRUPDWLR

'SQTEVEXMZITIVWTIGXMZ| 6IPEXMSREP HEXEFEWIW ZW /RS[PIHKI +VETL)
7KHUDZ GDWDVHWV LQ WKLV VWXG\DUHLQLWLDOO\VWRUHGLQUHODWLR
YLD 64/ TXHULHVIRUVSDWLDO DQG WHPSRUROGHRFE D WILRD V6 & DIVEDED V|
VWUXFWXUHG VWRUDJHDQG HIILFLHQW WDEXODU TXHULHV WKH\IDFH ZH
HQHUJ\ QHWZRUNV 5HODWLRQDO GDWDEDVHV XVH ULJLG VFKHPDV PDN
OXOWL KRS TXHULHV HJ EXLOGLQJ:IHHGHU :WUDQVIRUPHU QHHG FR\
PDQWLF UHDVRQLQJFDQQRW EH H[SUHVVHG

,I DQDO\VLYV ZHUH FRQILQHG WR D WUDGLWLRQDO '%06 ZLWK VSDWLDO H]J\
JHRPHWULHY FRXOG LQGHHG EH TXHULHG DQG YLVXDOLVHG H J LQ 4*,6
LWHG WR VWDWLF ORRNXSV DQG DJJUHJDWHG VWDWLVWLFV ,W ZRXOG (
HVWLPDWLRQ LQGXFWLYH JHQHUDOLVDWLRQ WR XQVHHQ QRGHV RU G
GHU HYROYLQJ GHPDQG SURILOHV ,Q RWKHU ZRUGV D UHODWLRQDO RC
GDWDEDVH PDQDJHPHQW SUDFWLFHV EXW FRXOG QRW GHOLYHU SUHGLFW
HQHUJ\WUDQVLWLRQ SODQQLQJ

%\ FRQWUDVW NQRZOHGJH JUDSKV RIIHU G\QDPLF VFKHPD HYROXWLRQ
VHPDQWLFUHDVRQLQJFDSDELOLWLHY 7KH\FDQHQFRGH SK\VLFDO FRQV!
UHFWO\LQ WKHRQWRORJ\DQGHQDEOHHIILFLHQW JUDSKWUDYHUVDO IRL
SDUDWLYH DQDO\VLV RI GDWD VW BRXKFWVEXIWHRUPDEFDAHHDWLRQDO GDWDEDVH
IOH[LELOLW\ KHWHURJHQHRXV LQWHJUDWLRQ VHPDQWLF UHDVRQLQJ [
/ILXHW DO @ DG &KHQ HW D@ 7KLV>PDNHV WKHP SDUWLFXODUO\VXLWt
WKDW UHTXLUH ERWK VHPDQWLF YDOLGLW\DQG SUHGLFWLYH OHDUQLQJ

&RQVHTXHQWO\ WKHUHODWLRQDO VRXUFHVMHUYRYVINI UGS A WHDANHQ GD E
WKH .* PDWHULDOLVHV WKHVHHQWLWLHVLQ1IHR M 7KLV UHODWLRQDO V
HW DO @ >SURYLGHV WKH QHFHVVDU\ VHPDQWLF VXEVWUDWH IRU *11 |
WKH SUHGLFWLYH OD\HUV LQKHULW ERWK WKH GDWD LQWHJULW\ RI 64/ S
WKH . * UHSUHVHQWDWLRQ

(IWMKREWWYQTXMSRW ERHWGSTIPMQMXEXMSRW
ISQDO\WWUNFWO\FRQILQHG WR WKH ORKRRPPRQWW 0 H V/® UHHR'GI@\ IRUPHG
EXLOGLQJV FRQQHFWHG WR WKH VDPHIHHGHU RUFDEOH JURXS

f&URVV WUDQVIRUPHU RU KLJKHU YROW D JHOLQDNHUDBF WQ WQ W DR IHY HC
WDLQHG RQO\VIRUFRQVLVWHQF\ FKHFNV

+f+RXUO\GHPDQG JHQHUDWLRQ WLPH VHULHVY DUHWUHDWHG DV UHSUH
DQG IHHGHU FRQWLQSUWRYIDHMIRVH® BNGDQFH

$/RQJ JDSIRUHFDVWLQJDQG LPSXWDWLRQ DUH QRW FRQVLGHUHG

$&RQVWUDLQWYV D KDHGIRDFKGLDV SUH S UR FRVW LSHQBERMLLGIV* 1 1
WUDLQLQJ DOZD\V ZLWKLQ /9 ERXQGDULHYV

ILQNLQJ UHVHDUFK TXHVWLRQV WR PHWKR GRDEWIHWDRSSKDDMVYRQDOLVHV
VHDUFK TXHVWLRQV VWDWHG LQ &KDSWHU VWKDRXDRVEMUYUMVLEWHUOLQN
IRUPDOLVLQJ WKH HQHUJ\ LQIUDVWUXFWXUH RQWRORJ\ DIK®F¥RQVWUXFV
DGGUHY¥HBRA WUDQVIRUPLQJ KHWHURJHQHRXV LQIUDVWUXFWXUH LQGH|



(EXEHIWGVMTXMSR

PRGHO UHDG\3KHDYWRHWS R Q&EA PARHQJLQHHULQJ FRPSOHPHQWDU\ DQG KLI
VFULSWRUV XQGHU /9 WU D QK DRUUBPGI® UFHESQMEW WL P SQWRHQWLQJ WKH LQIUDV YV
FRQVWUDLQHG *11IRU G\QDPLFFRPPXQLW\IRUPDWLRQDQGHYDOXDWLRQ
LQ &KDSWHUV +

(EXEHIWGVMTXMSR

7KHNQRZOHGJH JUDSK .* PDWHULDOLVHV DWZR OD\H'UnBEHENYGLFDO KLI
* #H2: QMHODHFWULFDOO\FRQWLQXRXV /9 IHHGHUV )RUPRGHOOLQJ SXUS
LSDWHLQ PHVVDJH SDVVLQJDQG FOXVWHULQJ 8SVWUHDP HQWLWLHV W
LQ WKH UHODWLRQDO EDFNHQG WR YDOLGDWH WKDW HDFK EXLOGLQJ KD\
I[URP OHDUQLQJ

7KLV VWXG\ HPSOR\V D PXOWL VRXUFH UHODWLRQDO GDWDVHW VWRUHG
UHODWLRQVKLSVDUHH[WUDFWHG E\64/ EDVHG JHRVSDWLDO SURFHVVLQ
JUDSK .* ZLWKRXWDQLQWHUPHGLDWH VSUHDGVKHHW ZRUNIORZ

7KH UHODWLRQDO VRXUFHV LQWHJUDWH EXLOGLQJ OHYHO DWWULEXWH
WHUGDP EXLOGLQJV 7KHVH VRXUFHV DUH KDUPRQLVHG LQWR D .* EL
"MBH/BMEH2: " QMODHFWULFDOO\ FR QWL QKIRIQV KBBJ LBRX/EB D W L Ra@\# b iDIB®@ M
HGJHV IROORZ WKH SK\'\LEID/®@ M #HQ D @K\ Mb7 QI K2m#bi iBQM DGGL
WLRQD®2M+v*HHIYLW\ GHQRWHY VSDWLDOO\ FRKHVLYH EXLOGLQJ JURX

7KH EXLOGLQJDWWULEXWHY GDWDEDVHIRUHQHUJ\GHPDQG VLPXODWLR
IURP $PLQ -DODQ®BEHHKQ VRXUFHY *HRGDQ 7KLV GDWDEDVHLQFOXGHV DE
ZLWK ERWKJHRPHWULF HJ URRIW\SH KHLJKW DQGQRQ JHRPHWULF GI
*ULG WRSRORJ\GDWD DUH VRXUFHG IURP RSHQ GDWD SRUWDOV SURYLG
WULFLW\JULG ORFDWLRQ GDWD HJ FDEOHDQGWUDQVIRUPHU SRVLWLR
UHFRQVWUXFWLQJ WKH KLHUDUFKLFDO UHODWLRQVKLS +9*6XEVWDWLR
ODWHU

7KH KLHUDUFKLFDO VWUXFWXUH RI WKH 'XWFK GLVWULEXWLRQ JULG 2 FR
PHGLXP YROWDJH WUDQVIRUPHUV DQG VXEVWDWLRQV 2LV UHFRQVWUX
VWRUHG LQ 3RVWJUHG64/ 3RVW*, 6 6WUXFWXUHG 64/ TXHULHV DUH XVHG W
HOW WRSRORJ\ HQVXULQJ WKDW WKH UHVXOWLQJ NQRZOHGJH JUDSK DG
WKDQ UHO\LQJ RQ VIQWKHWLF DVVXPSWLRQV 7KLV SURFHVV H[SOLFLWC
DFURVVY YROWDJH OHYHOV EXLOGLQJV DUHOLQNHG WR WKHLU VHUYLQJ
WUDQVIRUPHUVY DQG WUDQVIRUPHUV DUH JURXSHG XQGHU VXEVWDWLRQ
TXDOLWN HJ GLVWDQFHEHWZHHQ EXLOGLQJV DQG FDEOHV SUHVHQFH
PDLQWDLQ HOHFWULFDO FRQWLQXLW\WKURXJKIHHGHU VHIPHQWDWLRQ
WR EXLOGLQJV FRQQHFWHG WR WKHVDPHIHHGHUDQG WUDQVIRUPHU SUL
WHULQJ (PEHGGLQJWKHVHKLHUDUFKLFDO UHODWLRQVLQ WKHNQRZOH(
DQDO\WHV UHVSHFW WKH WHFKQLFDO UHDOLWLHV RI JULG RSHUDWLRQ

%XLOGLQJHQHUJ\GHPDQG LV JHQHUDWHG XVLQJDQ 8UEDQ %XLOGLQJ (Q
RQ WKH (QHUJ\30XV VLPXODWLRQ HQJLQH 7KH ZRUNIORZ LV $3, GULYHQ
HJ %$*,'VRULQWHUQDO 2*&),'"V DUHWUDQVPLWWHG WR WKH 8% (0 VHU"
HQG XVH GHPDQGYV NH\HG WR WKH VDPH LGHQWLILHUV )RU HDFK EXLOGL
I[URP D QDWLRQDO FRQWH[W OLUKQBWLRIU G PWHDDVWNG BARQ UHVLGHQWL
W\SH J GHWDFKHG WHUUDFHG DS D U PHIMBGH I8 RN WUHBNIXIOD WRRQ SH
$UFKHW\SHV VSHFLI\ HQYHORSH WUDQVPLWWDQFHV WKHUPDO PDVV JO
DQG VFKHGXOHV DVZHOODV +9$& VIVWHP W\SHVDQG HIILFLHQFLHV *HRP
DQG IDoDGH DUHDV DQG ORFDWLRQDO DWWULEXWHY DUH GHULYHG IURP
GDWDVHWY HQVXULQJFRQVLVWHQF\EHWZHHQ XUEDQ PRUSKRORJ\DQG \

7KH 8% (0 HIHFXWHV (QHUJ\30XV VLPXODWLRQV ZLWK KRXUO\ RU ILQHU
UHVHQWDWLYH RI $PVWHUGDP W\SLFDO PHWHRURORJLFDO \HDU RU UHD
GLVDJJUHIJDWHG HQG XVHV 2 VSDFH KHDWLQJ VSDFH FRROLQJ DSSOLDC

3K"FDQGLGDWHLQ 78 '"HOIW VHFRQG VXSHUYLVRU RI WKLV WKHVLV



(EXEHIWGVMTXMSR

ZKHUH UHOHYDQW GRPHVWLF KRW ZDWHUDQG YHQWLODWLRQ 5HVXOWL
WXUQHG SHU EXLOGLQJDQG SHUWLPHVWDPS VFHQDULR WRJJOHV DOORZ
VI\VWHPY DQG3*HOHFWULILHG" FRXQWHUIDFWXDOV HJ KHDW SXPS UHSC
HQDEOLQJ WKH GHULYDWLRQ RI QHW HOHFWULF ORDG XQGHU GLIITHUHQW
FDO EHQFKPDUNV DUHDYDLODEOH HJ DQQXDO PHWHU DJJUHJDWHYV DW
DSSOLHGWRPDWFKWRWDOV ZKLOH SUHVHUYLQJWHPSRUDO VKDSHV WK:
RYHUILWWLQJ 5DQJH FKHFNVRQHQG XVHV GHWHFWLRQ RIRXWOLHUYV D(
PLVVLQIJLOWHUYDOV DUH HQYLVDJHG LQ WKH GDWD SLSHOLQH EXW DUH C

7KH $3, UHVSRQVHV DUH ZULWWHQ LQWR WKH UHODWLRQDO WLPH VHULH'
HOQHUJ\VWDWHY DQG VXEVHTXHQWO\PDWHULBMOLVHIQRGWKIDNQRHE G MRJ
hBK2al@GnBH/BMWDQGDUG TXDOLW\ FRQWUROV DUH WR EHHQIRUFHG SL
FKHFNVRQHQG XVHV GHWHFWLRQ RIRXWOLHUVDQG IODWOLQHYV DQG L
VKRUW ZLQGRZLQWHUSRODWLRQ ZLWK FRQVHUYDWLRQRIGDLO\WRWDO\
KHUH EXW UHPDLQ WR EH IXOO\ UHDOLVHG LQ WKHLPSOHPHQWDWLRQ 7K
FRQVLVWHQWGHPDQG VHULHVY WKDWDUHDOLJQHG ZLWKWKHLQIUDVWUX
FRPSOHPHQWDULW\DQDO\VLV

$QDXWRPDWHG SURFHVVFRQYHUWV WKHVH GDWDLQWRDNQRZOHGJH JUL
I1HR M IRUHIILFLHQW DQDO\VLV

%XLOGLQJ OHYHQDMKVEXLEXANK®YY UHFRUG LV MRLQHG IURP UHODWLRQDO V
WKH64/SLSHOLQH $WWULEXWHVLQFOXGHJIJHRPHWULFDQG SK\VLFDO GH
DUHD VKDUHG ZzDOOV FRRUGLQDWHY FDWHJRULFDO SURSHUWLHYV HQH
WULILFDWLRQ IHDVLELOLW\ ELQDU\'(510DJV SKRWRYROWDLFVY EDWW
DYHUDJH SHDN HOHFWULFLW\ KHDWLQJGHPRGH NQUHUDE DRIW W@ 8 BEW UM
VWUHDP WDVNV VXFKDV UHWURILW WDUJHWLQJ VRODU VLWLQJ DQG HOF

(OHFWULFDO QHW ZR/9 N HHMGMHWVEXWHYHFRQVWUXFWHG E\FRQWLQXLW\ VH.
* 6 HDFKEXLOGLQJLV DVHIHGHMODLW XRQV KLISL . hhBH/BM;#H2: QmT

LVWKHVROHHOHFWULFDOHGJHFRQVXPHGE\WKH*11 WRGCHWEKHLhELWK V\
UHVWULFWHG WR ZLWKLQ /9 QHLJKERXUV 1R HGJHV FURVV /9 ERXQGDULH

7HPSRUDO HQHU MARXUDONNWULHY HOHFWULFLW\GHPDQG 39 JHQHUDWLRC
"MBH/BEMRGHV DQG DOLJQHG E\ D FRPPRQ KRM\L RIS WKXRSIRPUNY PQYNWV V Z LW
IRUZDUG ILOOLQJ $00 WHPSRUDO GHVFULSWRUV DQG UROOLQJ VWDWLV
DJJUHJZWWMWIKH FRUUHVSRQGLQJ /9 JURXS ZKHQ QHHGHG IRU GLDJQRVWL!

THPSRUDO GDWD DSSOLFDWLRQ LQ HQHUTK F KIRBOXUI@LAWALIRK FBIWLIRYY GD WD
PXOWLSOHDQDO\VWLFDO SXUSRVHV LQ WKH .*+*11 IUDPHZRUN

$+&RPSOHPHQWDULW)\ L GoHKQ WG LLFDMZALRMK RIITVHWWLQJ SHDN KRXUV H J

SHDNV YV FRPPHUFLDO GD\WLPH SHDNV DUH LGHQWLILHG WKURXJK
HQDEOHV WKH IRUPDWLRQ RI FRPPXQLWLHYV ZKHUH HQHUJ\ VXUSOXV Il
LQ DQRWKHU

$+6HOI VXIILFLHQF\DVRAUORMQWUDWLRQ FDSDFLW\LV HYDOXDWHG DJC
SDWWHUQV WR GHWHUPLQH FRPPXQLW\ HQHUJ\ LQGHSHQGHQFH SRW
YHDOV ZKHQ ORFDO VRODU JHQHUDWLRQ DOLJQV ZLWK RU RIIVHWV OR

$f3HDN UHGXFWLRQ TXDR®MIRIUEDOW.RRRWKLQJ HITHFWV RI HQHUJ\ VKDU
E\FRPSDULQJLQGLYLGXDO YV DJJUHIJDWHG GHPDQG SURILOHV 7KLYV
UHGXFHV SHDN ORDGV RQWUDQVIRUPHUVDQG IHHGHUYV

$'\QDPLF SDWWHUQ URRRIFRRGH®QHDUQV WR GLVWLQJIXLVK EHWZHHQ «
SDWWHUQV IODW SURILOHV VLQJOH SHDNV ELPRGDO SDWWHUQV D
HDFK RWKHU WHPSRUDOO\UDWKHU WKDQ MXVW VSDWLDOO\

7KLY WHPSRUDO DQDO\WLY HQVXUHY WKDW HQHUJ\ FRPPXQLWLHY DUH IR
FRQVXPSWLRQDQG SURGXFWLRQ UK\WKPV UDWKHU WKDQ VWDWLF EXLOC(



(EXEHIWGVMTXMSR

RI WHPSRUDO GDWD ZLWK VSDWLDO FRQVWUDLQWY /9 IHHGHU ERXQGDUL
IRUUHDOLVWLF HQHUJ\ FRPPXQLW\SODQQLQJ

/IHDNDJH VDIHJXODDGY YDOLGDWLRQ WHVW VSOLWY DUHVWUDWLILHG E\/9
WKHVDPH /9 DSSHDUV LQ GLITHUHQW IROGYVY $00 VFDOHUV DUH ILWWHG RC
IRUYDOLGDWLRQDQG WHVW

1RUPDOL]DWLRQ DQG K ERRRMDLQYORKIVRIHRPHWULF DWWULEXWHV DUH VWDC
FKDQQHOV DUH UHVFDOHG RQD ERXQGHG UDQJH RUGLQDO VFRUHV HQHL
WKHLU QDWLYH GRPDLQV ZLWK YDOLGLW\ FKHFNV 7HPSRUDO FKDQQHOV |
DQG WLPH HQVXULQJFRPSDUDELOLW\DFURVV KHWHURJHQHRXV GDWD V|

(EXEUYEPMX] GSRXVSP ERHPIEOEKIWEJIKYEVHW

4XDOLW\FRQWUROLQFOXGHVUDQJHFKHFNVRQHQG XVHV IODWOLQH GH
IDPLO\ 7THPSRUDOJDSV UHPDLQ PDVNHGDQGDUHQHYHUIRUZDUG ILOOHC
HQFRGHUV DUH ILWWHG RQ WKH WUDLQLQJVSOLW RQO\DQG UHXVHG XQF
WRSRORJLFDO OHDNDJH WUDQVIRUPHU VWUDWLILHG VSOLWV NHHS DOO
VLQJOHIROG ZKHQHYHU HYDOXDWLQJ GLVFRYHU\ XQGHU ERXQGDU\ FRQV

7DEOH 'DWDVHW VXPPDU\ 64/ VRXUFHV YLHZV WDEOHY UHSUHVHQWDWLYHILHOGV DQG
PLUURUV UHSOLFDWH WKHVH 64/ HISRUWV IRULQVSHFWLRQ RQO\

(QWLW\ 64/ VRXUFH 5HSUHVHQWDWLYHILHOGY XQLWY H[DPSOHV 0

%XLOGLQJ $UHD? P+HLJKW P 6XLWDEORGHRRIDWXUHV IRU UHWURII
6KDUHG ZDOOV &RRUGIXD VWWVQJ DQG HOHFWULILFDW
HUJ\ ODEHO $t* 6RODU SROMN@WLDO "QRQH
ORZ PHGLXP KLJK' (OHFWULILFDWLRQIHDVLELO
LW\ '(510DJV 39 EDWWHU\ +3 $YJ SHDN
HOHFWULFLW\ N: $YJKHDWLQJ N: (QHUJ\
LOQWHQVLW\ N:K P

&DEOH*URXS *URXS LG 7RWDO OHQJWK QWHURHEHDWH LQIUDVWUXF

IHHGHU FRXQW &RQQHFWHG EXLOGQIQENFIHEHUBMBWHGOMT
GHPDQG SUR[LHV 'LYHUVLWADHWRU IHHGHU OHYHO
GLYHUVLW\ VHOI VXIILFLHQF
WXUHV

7UDQVIRUPHU 09 /9 7UDQVIRUPHU LG &&RWWEULUBDWH YV L @SWINIADRF
GRZQVWUHDP OLQNDJH &DMSOFHL W\ QRGEHLQGXFHV
DYDLODEOH * #H2: OmMT Mb7Q K2°
HGJHV DJJUHJDWLRQ ERXQG]|
6XEVWDWLRQ 6WDWLRQ LG 7RSRORJLFDOUOGQUWDRW \WRUWIWYDMM UHJIDV
IRUPHUV h Mb7QlK2m#bi iBQM
HGJHV
$GMDFHQF\&OXEWNMYUWHU LG OHPEHU FRXEBMWLBOSHQ FRKHVLYH
GHULYHG .* HOMUDWLRQ UDWLRV 39 +¥KEDWWHU\ FOHLOILGDWH
QHLJKERXUKRRBXVYILFEMQF\LQGLFDWRUV "mBH/BMD +2M+v*Hmbi2"
DV VHHGYV UHODWLRQ
7HPSRUDO VWDWRXUO\ KRXU GD\ Rl ZHRANP  HUHHWVHR@&¥ HG LQSXWV IRU
lIODJ HOHFWULFLW\ KHDWUIBPRSRBDOPRGHWOGAHJ
PDQG H[SRUW SRWHQWLDO N:
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JLIXUH %XLOGLQJVDQG /9 FDEOHJURXSVLQ VHOHFWHG DUHD

7KH VWXG\ DUHD FRPSULVHYV EXLOGLQJV LQ $PVWHUGDP WKH 1HWKHU
XUEDQ PLFURJULG FRQVLVWHQW ZLWK WKH '"XWKKZ3/LWWH VEMVGL Q) WD/ RV
2SHQ6WUHHWODS EDVHPDS 7KHVDPSOHLVY QRWDUELWUDULO\FKRVHQ

HYDOXDWLRQDQGVHOHFWLRQ SURWRFROLVDSSOLHGWRORZ YROWDJH

WRS UDQNHG JURXSV XQWLO WKHDJJUHJDWH VL]HIDOOV ZLWKLQ WKH WD
WKDW WKH VHOHFWHG VDPSOH PD[LPLVHY FRPSOHPHQWDULW\ RSSRUWX
UHOHYDQWLQVLIJKW XQGHU UHDO LQIUDVWUXFWXUHFRQVWUDLQWY 7KH
PHWKRGV LQ GHWDLO

(YDOXDWLRQ FRQVWUXF (WD\F R QGIVURRKSLIQIVFRUHG DORQJ IRXU FRQVWU X F\
LQ WKH LPSOH BHYWONVIMRYU Y HQW URQGS B 5 RIULPWY D WD RBRPFS\U H © MQ VO U

LW\ VXLWDKEH. @QWHUO\LQJ PHWULFV DUH FRPSXWHG IURP EXLOGLQJ OHYt
'(510DJV HQHUJ\ODEHOV WHPSRUDO GHVFULSWRUV SHDN KRXU GLVSH!
GLVWDQFH WR WUDQVIRUPHU WUDQVIRUPHU XWLOLVDWLRQ )RUPXODYV

D2YHUDOO 'LYHUVLW)YRUGHN{LOGLQJ W\SH WHPSRUDO JHQHUDWLRQ VL]l

GLYHUVLW\ GHQRWH WKH QR DR WMBGHOXEj VRG22 By1] 7KH
FRPSRVLWHLQGH[ LV

DI = 10 0:25D v\ s+0:20D i #:20D 51 0:10D v 015D 6 p 510D g g

+H WHy\sP Qo peRdH QRUPDOLV HByHEMUREHNVMURP SHDN KR)YQUGLVSHUVL
IOHFWV SURVXPHU VKDUH B D[jIpFQIER -XMDLWLVH FRHIILFLHQWYV RI YDULDW

E, QWHUYHQWLRQ SIHMREH WNWHURILW SRWHQWLDORORPRLE A WHHAWLDIOD DM D |
URRIVKDKHDW SXPSVXLWDELOLW\ VKDUHRI $+& @EDRHNOWVUAIRBISRXW KQLC
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VKDUH RI VRODU ZLWWRKW EO@QWRU( ) * EXLOGLQJVY FDSSHG YLD DQ XU
EwvrQ HFRQRPLF YLDELOLWNIDFWRU 7KH VFRUH LV

IP = 10ExrA:30R +0:25S+0:20H +0:15B +0:10 min(U=10; 1) :

F*ULG RSWLPLVDWLRQ SRWHQSMIDCNOF R+@ FLIGIHWHF RI EXLOGLQJYV SHDNLQJ
PRGDO KRXU WUDQWIRQRUPDIRIVGICQWR FDSDFLW\ HHVEBLPOWREBHOLQF
VXUURJDWH DQG YW OMRDUAHDWOW B HIGO L W\

GOP = 10 0:40C+0:20(1 j 0:7 Lj)+0:20 min(L-=0:2; 1)+0:20(1 V) :

+LIJKEDQIG LPSO\ ODUJHU LPSURYHPHQW IKHY G U R RHPU BRIGHEERIM H V
VWDELOLVDWLRQ SRWHQWLDO

G &RPSOHPHQWDULW\ VX I8W D@ OWMMF DHPHE VBRDN FRLQELD O@PHLQJ
IDFWRUhin(L=0:3; 1) DQG D SURIL PfloW{ | DliMLR=0:1; 1)

CS =10 0:40%+0:30C+0:20f|_ +0:10fp ;

FDSWXULQJ WKDW GLYHUVH VXIILFLHQWO\ ORDGHG DQG VSDWLDOO\ F
FRPSOHPHQWDULW\ GULYHQ FOXVWHULQJ

7TKUHH VHOHFWLRBQ FULWRKWBLDXDOLILHV IRUWKHFDQGLGDWH VHWLILWVD
PHOQOWYV WKUHVKROGY UHSOLFDWH WKH GHIDXOW FRQILIJXUDWLRQ XVHG L

L'LYHUVLWA\DQG FRPSOHPH®@WDILWQGS. DEOL O+t WVFDOHY HQVXULQJKHW
JHQHRXV GHPDQG SURILOHV DQG YLDEOH WHPSRUDO RIITVHWV ZLWKLQ W

LLQWHUYHQWLRQ OHYHUIBPJH GROURUWIHKBQBULRULWLVLQJ JURXSV ZKHUH FR
UHWURILWY VRODU EDWWHU\GHSOR\PHQW RUKHDW SXPS UROORXW S
FRPSOLDQFH ULVN

LLAULG RSWLPLVDWLRQ OHYHUOGOM DRG FHWWKLWUDIOWIRUPHU ORDGLQJ LQ
ZLQGEZ L 08 DQG OLQH ORWWY VEBIWURBDWKDW GHPDQG VKDSLQJ VWRUL
VLWLQJDUH ERWK QHHGHG DQG IHDVLEOH ZLWKRXW XQUHDOLVWLF UHL

SRUWIROLR UDQNLQJDQG VBHEBSOH DMMHPEDAMWKLQ WKH JHRIJUDSKLF VFRS
DQG UDQNHG E\D FRPSRVLWH VFRUH

2YHUD O:8DDI +0:301P +0:20GOP +0:20CS;

WKHQ ILOWHUHG E\ WKH DERYH FULWHULD 7KH ILQDO UHVHDUFK VDPSO|
UDQNHG /9 JURXSYV XQWLO WKH FXPXODWLYH FRXQW UHDFKHV % 7KLV
UHIOHFWV UHDOLVWLF LQIUDVWUXFWXUH ERXQGDULHY LL UHWDLQV OR
LW\DQDO\VLV DQG LLL FRQFHQWUDWHY SROLF\ UHOHYDQW LQWHUYHQ
ZLWK KLJKHU WHPSRUDO GLYHUVLW\DQG ODUJHU SURSRUWLRQV RIFDQG
DELOLW\RIFRPSOHPHQWDULW\HIIHFWYV

2SHUDWLRQDO FRQERWDDHOXWW GY DUH HMRDEMIRUPHL ERXQ&DU\ FRQVV
RQO\EXLOGLQJV VHUYHG E\ WKH VDPH 09 /9 WUDQVIRUPHU DUH JURXSHG
DVFDOH FRGWYWDHE®WO\ VPDOO /9 JURXSYV DUH H[FOXGHG GHIDXOW PLQL
JURXS ZKLOH H[FHVVLYHO\ ODUJH FRQJORPHUDWLRQV LQGLFDWLQJ GD
DQG QRW FRQVLGHUHG XQWLO ERXQGDU\LQFRQVLVWHQFLHV DUH UHVRO®
IRUPDWLRQ HYDOXDWLRQ DQGVXEVHTXHQWPRGHOOLQJUHPDLQ SK\VLF
ZLWKLQ GLVWULEXWLRQ JULG SUDFWLFH
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JPIGXVMGEP MRIJVEWXVYGXYVILMIVEVGL]
5HFHQW VWXGLHY SURYLGH TXDQWLWDWLYHEHQFKPDUNV IRUW\SLFDO /9
ObDQGYV (PSLULFDO HYLGHQFH VKRZV WKDW /9 IHHGHUV JHQHUDOO\ VHU
GHSHQGLQJRQ XUEDQ GHQVLW\ 'XWFK /9 QHWZRUNV RIWHQ VXSSO\ *

DQG FRPPRQO09 /9OWUDQVIRUPHU FDSDFLWLHV UDQJHIURP WR N9$ ZL
SDFLWA\RI £ N9% SHU KRXVHKROG ,Q $PVWHUGDP DQG RWKHU 'XWFK XUEI
EHWZHHQ DQG EXLOGLQJY SHUWUDQVIRUPHU

7KH QHWZRUN DGKHUHV WR WKH DFWXDO "XWFK JULG VWUXFWXUH ZKHUI
VKDUHG LQIUDVWUXFWXUH OD\HBVD BY/MXIRZXQYD® )LIJXUH

$+9 KLJK YROWDJH 7QHV§¥RUNVLRQ OHYHO EDFNERQH
$6XEVWDW,IQRMHWUIDFHY FRQQHFWLQJ +9 WR 09
$09 PHGLXP YROWDJH58HWARIUNGLVWULEXWLRQ WKURXJK FDEOH JUR>

$7UDQVIRUPHUV 09 /9 & WIDAMWLFOQOVWUDQVIRUPDWLRQ SRLQWYV HQDEOLQ
$/9 ORZYROWDJH QOWDIRUNWULEXWLRQ WR HQG XVHUYV
$%XLOGL@B/FRQVXPHUV FRQQHFWHG WR /9 IHHGHUV
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JLIXUH 80/ RYHUYLHZ RIGDWDVHW HQWLWLHV DQG UHODWLRQVKLSV XVHG IRUJUDSK DV V|
WUDQVIRUPHUV VXEVWDWLRQV DQG DGMDFHQF\FOXVWHUYV
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7KH RSHUDWLRQDO GRPDLQ RI WKLV VWXG\LVY WKH/9 QHWZRUN &RPPXQI
LQJVWKDWVKDUHWKHVDPH/9IHHGHU FDEOHJURXS &RQVHTXHQWO\ W
WZR DFWLYHBHVHEBMYGHY DQG W KHARK?2S DUBHEMWUHDP FRPSRQHQWY WUDQV
VXEVWDWLRQYVY DUHH[FOXGHGIURP WKHFRPSXWDWLRQDOJUDSKDQGDS
SURFHVVLQJ HJ XQLTXHQHVVFKHFNV $FFRUGLQJO\ WKHJHRVSDWLDC(
WR EXLOGLQJV /9 VWDWLRQV DQG /9 FDEOHV ZKLOH KLJKHU OHYHO 09 D
LQWKHQHWZRUNDVVHPEO\RU FOXVWHULQJ YDOLGDWLRQ

JXUWKHUPRUH PpPQ&WHKWRZ H[DPSOHDWWULEXWHWDEOHVIURP4* 6 1RU L I
LQJDQG LL DQ/9JURXS VWDWLRQ UHVSHFWLYHO\ 7KHVH WDEOHV GHPI
LQ QHWZRUN DVVHPEO\DQG YDOLGDWLRQ 7KH EXLOGLQJUHFRUGV FRQV
UHODWHG ILHDVGW2 HBEQMAKITQH WKH /9 JURXS VWDWLRQ UHFRUGV LQFOXG
W\SH FRQQHFWLRQ W\SH FDOFXODWHG SUR[LPLW\PHWULFV DQGVRRQ

WKH VWUXFWXUHG LQWHJUDWLRQ RIHQWLWLHV LQWR WKH /9 QHWZRUN JU

JLIXUH ([DPSOH 4*,6 DWWULEXWH WDEOH IRUD EXLOGLQJHQWLW\ QRQ UHVLGHQWLDO
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JLIXUH ([DPSOH 4*,6 DWWULEXWH WDEOH IRUDQ /9 JURXS VWDWLRQ HQWLW\ VKRZLQJYRO)
GHWDLOV

JRIVK]GSQTPIQIRXEVMX] MR HMWXVMFYXMSR RIX[SVOW
$ FHQWUDO FRQHFHSWRY? SOHRGHQWPHIGE WY WKH WHPSRUDO RIIVHW EHWZHF
DQG GHPDQG KHDY\QRGHV &RPSOHPHQWDULW\PDQLIHVWY ZKHQ ORDG S
SURGXFWLRQ VXUSOXVHV RIDQRWKHU WKHUHEV\UHGXFLQJDJJUHJDWH S
FRPSOHPHQWDULW\FDQ EH TXDQWLILHG DV WKHQHJDWLYH FRUUHODWLR

Cj = corr Li(t);L;(t) :

7KH WUDQVIRUPHU ERXQGDU\ FRQVWLWXWHY WKH SULPDU\ GRPDLQ IRU F
LQJLV RQO\IHDVLEOH ZLWKLQ EXLOGLQJV FRQQHFWHG WR WKH VDPH /9 \
WR RSHUDWLRQDO FOXVWHUV GHILQHG E\ WUDQVIRUPHU EDVHG /9 IHHG!
> @LQGLFDWHVY WKDW HQHUJ\ VKDULQJ ZLWKLQ WUDQVIRUPHU GRPD
FRQWH[W ZKHUHDV FURVV WUDQVIRUPHU VKDULQJZRXOG HQWDLO VLJIQL
WXUH XSJUDGHV UHQGHULQJ LW JHQHUDOO\LPSUDFWLFDO XQGHU FXUU
VHTXHQWO\ WKH PHWKRGRORJLFDO IUDPHZRUN VWULFWO\ HQIRUFHV LG
FURVV WUDQVIRUPHU JURXSLQJIURP QHWZRUN GHVLJQ DQG WUDLQLQJ

,Q WKH LPSOHPHQWHG *11 FRPSOHPHQWDULW\ LYV OHDUQHG XVLQJ PXOW
VDJH SDVVLQJ EDVHG RQ WHPSRUDO DOLJQPHQW DQG VSDWLDO SUR[LPL
G\QDPLF VSDWLR WHPSRUDO GHSHQGHQFLHV EH\RQG VLPSOH SDLUZLVH F
DWWHQWLRQ EDVHG JUDSK OHDUQLQJDSSURDFKHV®@ URKSHRW IDP® E\ 9HOLpN
> @ DQG =KDQJ HW 0@ >

JRIVK] GSQQYRMX]JSVQEXMSR GSRWXVEMRXW
%YH\RQG WKHRSHUDWLRQDO WUDQVIRUPHU ERXQGDU\VDIHJXDUG GHVFU
LFDO FRQVWUDLQWV IJRYHUQ WKHIHDVLEOHIRUPDWLRQ RIHQHUJ\FRPPX
SXUHO\RSHUDWLRQDOUXOHVDQGFDSWXUHWKHV\VWHPLF SULQFLSOHYV
SODQQLQJUHOHYDQFH

,QIUDVWUXFWXUHXWUOEXDWWRRQWUDQVIRUPHUY DFW DV WKH QDWXUDO D
DQG VXSSO\ /RDG EDODQFLQJ EHQHILWY HPHUJH PRVW HIIHFWLYHO\
ELQHG SURILOHV RI FRQQHFWHG IHHGHUY FDQ EH FRRUGLQDWHG 7K
FRPPXQLWLHY DUH QRW DEVWUDFW FOXVWHUV RI EXLOGLQJV EXW SK
KDYLRXUDOLJQV ZLWK GLVWULEXWLRQ JULG SUDFWLFH %\UHVWULF
IUDPHZRUN JXDUDQWHHYV WKDW FRPPXQLW\ VLIJQDOV UHPDLQ DFWLR
ERXQGDULHVDQG GRQRW UHO\RQ K\SRWKHWLFDO UHLQIRUFHPHQWYV
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&RPSOHPHQWPRRMWXQLWAN\LHOGY WDQJLEOH EHQHILWY RQO\LILW FRPELC
WLRQ DQG JHQHUDWLRQ SDWWHUQV ZKRVH WHPSRUDO RIIVHWYV UHGX
PHQWDULW\ WA\SLFDOO\DULVHV ZKHQ GLVWLQFW IXQFWLRQDO SURILO

f2IILFHYV UHVLGHQWLDO GD\ WLPH RIILFH ORDGY FRPSOHPHQW H

$+5HWDLO YV UHVLGHQWLDO ZHHNGD\FRPPHUFLDO DFWLYLW\ FRQ
PDQG

f6FKRROYV UHVLGHQWLDO FODVVURRPKRXUV DUH RIITVHW DJDLQ\
F,QGXVWULDO YV RWKHU FRQWLQXRXV EDVH ORDGYV SURYLGH D VW

7TKH PHWKRGRORJLFDO IUDPHZRUN LQFRUSRUDWHY WKLV SULQFLSOH
WHPSRUDO GLYHUVLW\LV VXIILFLHQWO\KLJKWR\LHOG VI\VWHPLF SHEL
RQ VWDWLF LQGLFDWRUV FRPSOHPHQWDULW\LVY HYDOXDWHG DV D G\
DWLRQ WLPH VHULHV HQVXULQJ WKDW FRPPXQLW\IRUPDWLRQ UHIOH
DQG SURGXFWLRQ UK\WKPV

%RXM GSPPETWIVIKYPEVMWEXMSR ERHGSQQYRMX]FEPERGI

7R SUHYHQW GHJHQHUDWH SDUWLWLRQV WKH WUDLQLQJ REMHFWLYH LQ
DQG GRPLQDQFRAHQRWH WKH VHW RI GLVFRYHUHG FRPPXQLWLHYV $ VL]H .
FOXVWHU FDUGLQDOLWLHMVK:WKALD D SODQQLQJ UDQJH

1 X

size = ﬁ maxf0; Kmin j Cjg+maxf0; jCj Kmaxg :

czacC
$ GRPLQDQFH SHQDOW\ GLVFRXUDJHVY FRQFHQWUDWLRQ LQ D VLQJOH JUR
n ‘L~ o]
dom = mMax O;HMJCJ ; 2 (0;1):

cac ICJ

%RWK WHUPV DFW DV VRIW SUHIHUHQFHYVY UDWKHU WKDQ KDUG FRQVWUD
RYHU FRQVWUDLQLQJGLVFRYHU\
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