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AGENDA

❖ Introduction
– System of Systems (SoS)

– California High-Speed Rail System (CHSRS) Program

– CHSRS as a System of Systems

❖ SoSE Challenges Faced
– Traditional Industry Approach to Systems Integration

– SoS Engineering Challenges

❖ SoSE Activities Performed 
– International Best Practice Analysis of HSR System Integration

– SoS Integration Strategy

– Step by Step Process Description

❖ Summary, Achieved Outcomes & Conclusion
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INTRODUCTION: SYSTEM OF SYSTEMS
SOS DEFINITION & CHARACTERISTICS

A system of systems (SoS) is a system-of-interest (SOI) 

whose elements are themselves systems.

A SoS brings together a set of systems for a task that 

none of the systems can accomplish on its own.

Each constituent system (CS) retains its own 

management, goals, and resources while coordinating 

within the SoS and adapting to meet SoS goals.

ISO/IEC/IEEE 15288, 

2015, ANNEX G

SoS Characteristics: SoS are characterized by 

managerial and operational independence of  the 

constituent systems, which in many cases were 

developed and continue to support originally identified 

users of the constituent concurrently with users of the 

overall SoS.
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ISO/IEC/IEEE 15288, 

2015, ANNEX G

INTRODUCTION: SYSTEM OF SYSTEMS
SOS TYPES
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Emergence is a key characteristic of SoS – the 

unanticipated effects at the systems of systems level 

attributed to the complex interaction dynamics of the 

constituent systems. 

In SoS, constituent systems are intentionally considered 

in combination, to obtain and analyze outcomes not 

possible to obtain with the systems alone.

The complexity of the constituent systems and the fact 

they may have been designed without regard to their role 

in the SoS, can result in new, unexpected behaviors. 

Identifying and addressing unanticipated emergent 

results is a particular challenge in engineering SoS. 

ISO/IEC/IEEE 15288, 

2015, ANNEX G

INTRODUCTION: SYSTEM OF SYSTEMS
SOS EMERGENCE
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INTRODUCTION: SYSTEM OF SYSTEMS
INCOSE SOS PRIMER – FURTHER READING
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CALIFORNIA HIGH-SPEED RAIL SYSTEM (CHSRS)
BRIEF INTRODUCTION

8

Source: https://www.wsp.com/en-GL/projects/california-high-speed-rail

https://www.wsp.com/en-GL/projects/california-high-speed-rail
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2019 PROJECT UPDATE REPORT TO

THE CALIFORNIA STATE LEGISLATURE

― One of the largest and most ambitious public transportation 

programs in U.S. history 

― Will allow passengers to travel from Los Angeles to San Francisco at 

speeds of up to 220 miles (354 kilometers) per hour

― Trip in just 2 hours and 40 minutes, compared to almost 6 hours by 

automobile

― Connects California’s megaregions, contributes to economic 

development and a cleaner environment, creates jobs and 

preserves agricultural and protected lands

― Using federal and state funds, including Cap and Trade, Authority 

plans to begin high-speed operations to begin in the Central Valley 

by 2028

― Will eventually connect San Francisco to Los Angeles in under three 

hours at speeds of 350km/h (220mph) by 2033, extending to 

Sacramento and San Diego, totaling 800 miles with up to 24 stations

― Improves local and regional rail lines

CALIFORNIA HIGH-SPEED RAIL SYSTEM (CHSRS)
KEY HIGHLIGHTS
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2018 BUSINESS PLAN & 2019 PROJECT

UPDATE REPORT TO THE CALIFORNIA

STATE LEGISLATURE

CALIFORNIA HIGH-SPEED RAIL SYSTEM (CHSRS)
PROCUREMENT STRATEGY

CEDAR VIADUCT AVENUE 12
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Seismic 

Detection

Shared CorridorsSource: 

https://www.youtube.com/watch?

v=AKsjqu3l0xA

Adjacent

Railroads

Adjacent

Roadways
River 

Crossing

Power 

Utilities

CHSRS AS A SYSTEM OF SYSTEMS
CHSRS AS A CONSTITUENT SYSTEM WITHIN A LARGER SOS

Interfacing Systems

& Organization

Interfacing Systems

& Organization

https://www.youtube.com/watch?v=AKsjqu3l0xA


Interfacing Systems

& Organization

Interfacing Systems

& Organization
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CHSRS AS A SYSTEM OF SYSTEMS
CHSRS AS A PROGRAM (SOS) OF PROJECTS (CONSTITUENT SYSTEMS)

Program Level
(SoS)
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Project #n

(Constituent System)

Program Level

(SoS)
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& Organization
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SYSTEMS

SYSTEM OF

SYSTEM
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CHSRS AS A SYSTEM OF SYSTEMS
CHSR PROGRAM ORGANIZATION AS AN ORGANIZATIONAL SOS 
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SYSTEM INTEGRATION

AS A “CONSTITUENT SYSTEM” 

OF THE ORGANIZATIONAL SOS
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PROGRESS

❖ Introduction
– System of Systems (SoS)

– California High-Speed Rail System (CHSRS) Program

– CHSRS as a System of Systems

❖ SoSE Challenges Faced
– Traditional Industry Approach to Systems Integration

– SoS Engineering Challenges

❖ SoSE Activities Performed 
– International Best Practice Analysis of HSR System Integration

– SoS Integration Strategy

– Step by Step Process Description

❖ Summary, Achieved Outcomes & Conclusion
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TRADITIONAL INDUSTRY APPROACH TO SYSTEMS INTEGRATION

PROJECT DELIVERY METHODS

Preliminary 
Engineering

Final DesignPlanning

Project 
Initiation Bid

Construction
Operations & 
Maintenance

Project 
Closeout

INTEGRATION CHALLENGES

& CHANGE ORDERS

OWNER ORGANIZATION

(FUNCTIONAL STRUCTURE)

CONSTRUCTION

FIRM

TRADITIONAL METHOD

(DESIGN / BID / BUILD)

TODAY’S PREFERRED METHOD

(DESIGN / BUILD)

Final Design Construction
Operations & 
Maintenance

Project 
Closeout

Preliminary 
Engineering

Planning

Project 
Initiation

Bid (INTEGRATION) RISK TRANSFER

TO DESIGN & CONSTRUCTION FIRM
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❖ Reluctance to be Specific:
– Interference with design / construction firm’s business, possibility of “re-owning” the risk

– Detailed directions may result in additional work order claims

❖ Unknown System Integration Scope:
– Design / construction firm responsible for final design & construction

– Limited knowledge of final solution at time of bid (i.e. system architecture & interfaces)

– Resulting in hesitance to provide detailed interfaces lists & descriptions (see above)

– Risk of omitted interfaces may be subject to additional work order claims

❖ Innovative Design & Construction:
– Saving time and money by encouraging collaboration and innovation 

– May result in (emerging) unanticipated and/or unintended design solutions

❖ Design / Build Impact to Systems Integration:
– Systems integration becomes “coordination” responsibility (scope)

– Risk avoidance approach (hands-off, “leave it to the contractor”)

– Often reactive, late interface identification during final design & construction

TRADITIONAL INDUSTRY APPROACH TO SYSTEMS INTEGRATION

CONSEQUENCES OF DESIGN / BUILD (DB)

EMERGING SOLUTIONS
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SOSE CHALLENGES FACED
SOS AUTHORITY

LIMITED SOS AUTHORITY

(WEEK MATRIX POSITION)
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SOSE CHALLENGES FACED
SOS ARCHITECTURE & LEADERSHIP – CONTRACT PACKAGING

Source: https://hsr.ca.gov/business/contractors/contracts_out.aspx

STARTED IN 2013

CIVIL WORKS

https://hsr.ca.gov/business/contractors/contracts_out.aspx
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SOSE CHALLENGES FACED
SOS ARCHITECTURE & LEADERSHIP (CONT’D)

Source: https://hsr.ca.gov/business/contractors/contracts_out.aspx

TRACK & SYSTEMS

TO BE STARTED

https://hsr.ca.gov/business/contractors/contracts_out.aspx
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 (Several Projects)

Track & Systems
(Project)
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SOSE CHALLENGES FACED
SOS ARCHITECTURE & LEADERSHIP (CONT’D)
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SOS ARCHITECTURE
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TRAIN OPERATOR



www.incose.org/symp2020 21

SOS COLLABORATION & INTEGRATION

21www.incose.org/symp2020

TRACK & SYSTEMS

CIVIL WORKS

HSR TRAINSETS

TRAIN OPERATOR

TRACK & SYSTEMS

INTERFACE REQUIREMENTS NEEDED

FROM CONTRACTS NOT ISSUED YET
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SOSE CHALLENGES FACED
SOS AUTONOMOUS CONSTITUENT SYSTEMS & EMERGENCE
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OVERHEAD CONTACT SYSTEM

EMERGENT BEHAVIOR

DUE TO INDEPENDENT CONTRACTS
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PROGRESS

❖ Introduction
– System of Systems (SoS)

– California High-Speed Rail System (CHSRS) Program

– CHSRS as a System of Systems

❖ SoSE Challenges Faced
– Traditional Industry Approach to Systems Integration

– SoS Engineering Challenges

❖ SoSE Activities Performed 
– International Best Practice Analysis of HSR System Integration

– SoS Integration Strategy

– Step by Step Process Description

❖ Summary, Achieved Outcomes & Conclusion
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INTERNATIONAL BEST PRACTICE ANALYSIS
TRANS EUROPEAN HIGH-SPEED RAIL SYSTEM – INTEGRATION CHALLENGES
STRUCTURE GAUGES

TRACK GAUGES

ELECTRIFICATION
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INTERNATIONAL BEST PRACTICE ANALYSIS
TECHNICAL SPECIFICATIONS FOR INTEROPERABILITY (TSI)

TECHNICAL SPECIFICATIONS

FOR INTEROPERABILITY (TSI)
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INTERNATIONAL BEST PRACTICE ANALYSIS
TSIS – SUBSYSTEMS & INTERFACES

INTERFACES BETWEEN

INFRASTRUCTURE & ROLLING STOCK

INFRASTRUCTURE

SUBSYSTEM TSI

SPECIFIC

INTERFACES

8 Subsystems, incl. 4 
Structural Subsystems:

1. Infrastructure

2. Energy

3. Control-Command 
& Signalling

4. Rolling Stock



www.incose.org/symp2020 27

INTERNATIONAL BEST PRACTICE ANALYSIS
TSIS – INTEROPERABLE INTERFACE SPECIFICATION

INTEROPERABLE

INTERFACE

TRAINSETS

REFERENCE INF TSI 
REFERENCE RST TSI

INFRASTRUCTURE (INF) 

SUBSYSTEM

ROLLING STOCK (RST) 

SUBSYSTEM

INFRASTRUCTURE

INTEROPERABLE STANDARD(S)
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SOS INTEGRATION STRATEGY
INTEROPERABILITY APPROACH

Civil
Works

Track & 
Systems

HSR 
Trainsets

Train 
Operator

CHSRS Program
(SoS Architecture)

CHSRS Program

(SoS Integration)

C

A

B

E

D

F

A

B

D

E

C

F

❖ SoS Leadership & Authority

– Leadership: CHSRS system integration team 

– Authority: Integration team authorized to 

identify & manage technical Interfaces

❖ SoS Architecture

– SoS: CHSRS program

– Constituent systems: CHSRS projects

❖ SoS Collaboration & Integration

– SoS: Interface identification & specification

– Constituent systems: Interface implementation

❖ SoS Autonomous Constituent Systems & Emergence

– SoS: Defines interoperable interface standards

– Constituent systems: Allowed innovate, emergent solutions …

– … as long as they meet interoperable interfaces standards
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SOS INTEGRATION STRATEGY
SEVEN (7) STEP PROCESS

Step 1: SoS architect (systems integration 

team) identifies key interfaces

Step 2: HSR trainset subject matter expert 

(SME) identifies candidate HSR trainsets

Step 3: HSR trainset SME determines 

interoperable interface requirements

Step 4: Civil works SME develops 

corresponding interoperable interface design

Step 5: Civil works contractor implements 

interoperable civil works contract

Step 6: HSR trainset contractor implements 

interoperable HSR trainset contract

Step 7: SoS system integrator (track & 

systems contractor) integrates, tests, and 

commissions (taking into service) the 

interoperable contracts 
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STEP 1: IDENTIFICATION OF KEY INTERFACES
EXAMPLE: INTERFACE BETWEEN TRAINSET ENVELOPE & INFRASTRUCTURE GAUGE

30
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STEP 1: IDENTIFICATION OF KEY INTERFACES
TSI INTERFACE ANALYSIS, APPLICATION & TAILORING TO CHSRS

TECHNICAL SPECIFICATIONS

FOR INTEROPERABILITY (TSI)

INTERFACES BETWEEN

INFRASTRUCTURE & ROLLING STOCK

SPECIFIC INTERFACES

TAILORED

CHSRS INTERFACES

TAILORING: 49 TSI INFRASTRUCTURE INTERFACES

RESULTED IN OVER 100  CHSRS GUIDEWAY

(GWY) INFRASTRUCTURE INTERFACES



STEP 1: IDENTIFICATION OF KEY INTERFACES
INTERFACE REGISTER USING N2 CHART APPROACH
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INFRASTRUCTURE & ROLLING STOCK
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ENERGY & ROLLING STOCK

INTERFACES BETWEEN

OPERATIONS & ROLLING STOCK



STEP 1: IDENTIFICATION OF KEY INTERFACES
INTEGRATED CROSS SECTIONS: EXAMPLE AERIAL STRUCTURE

CEDAR VIADUCT

IMPROVE VISIBILITY, RECOGNITION

AND COMMUNICATION OF INTERFACES

AERIAL STRUCTURE

INTEGRATED CROSS SECTION



STEP 2: IDENTIFY CANDIDATE HSR SOLUTIONS

SELECTED TRAIN

TECHNOLOGIES

REVIEW OF OVER 30 COMMERCIALLY AVAILABLE HSR TRAINSETS

OPERATED IN CHINA, FRANCE, GERMANY, ITALY, KOREA, JAPAN, 

RUSSIA, SPAIN, TAIWAN, AND THE U.S.



STEP 3/4: DEVELOP INTEROPERABLE INTERFACE STANDARD
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TRAINSET ENVELOPES
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CIVIL WORKS
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STEP 5: CIVIL WORKS IMPLEMENTATION
COMMUNICATION OF INTERFACES & INTERFACE STANDARDS TO CONTRACTORS
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USING N2 CHART APPROACH



STEP 5: CIVIL WORKS IMPLEMENTATION
CONTRACTOR FINAL DESIGN & CONSTRUCTION
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STEP 5: CIVIL WORKS IMPLEMENTATION
TRUST BUT VERIFY (CHSRS VERIFICATION & VALIDATION PROCESS)
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CONTRACTOR
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TT-D3001C
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PROGRESS
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– System of Systems (SoS)

– California High-Speed Rail System (CHSRS) Program

– CHSRS as a System of Systems

❖ SoSE Challenges Faced
– Traditional Industry Approach to Systems Integration

– SoS Engineering Challenges

❖ SoSE Activities Performed 
– International Best Practice Analysis of HSR System Integration

– SoS Integration Strategy

– Step by Step Process Description

❖ Summary, Achieved Outcomes & Conclusion



www.incose.org/symp2020 41

SUMMARY
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ACHIEVED OUTCOMES & CONCLUSION

❖ SoS Authority & Leadership
– Maximized limited SoS authority by focusing on technical systems integration

– Demonstrated SoS leadership by developing tailored SoS integration strategy based on 

proven internal best practices

❖ SoS Architecture
– Developed SoS architecture based on procurement strategy with program as SoS and procurement 

contracts (projects) serving as constituent systems 

– Created easily understandable SoS architecture with key stakeholder buy-in

❖ SoS Collaboration & Integration
– Worked closely with subject matter experts to communicate, specify and document key interfaces 

between the procurement contracts

❖ SoS Autonomous Constituent Systems & Emergence
– Enabled individual Design / Build contract innovation and SoS emergence, without negatively 

affecting overall SoS integration

❖ Conclusion: The tailored CHSRS systems integration approach created modular and interoperable 

constituent systems that can be efficiently integrated into a SoS, successfully achieving system 

integration through interoperability
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