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BACKGROUND & INTRODUCTION
MOTIVATION: MEMORIALIZING 10+ YEARS OF PRACTICAL EXPERIENCE

2012 2014
2017

2018

2020 2021
2022

1. LESSONS LEARNED FROM CA-HIGH-SPEED RAIL
CONSTRUCTION PACKAGES 1,2/3,4 (2010-2022)

2. REFINING SE PROCESS BASED ON LESSONS LEARNED
3. THREE NEW CONTRACTS ISSUED IN 2022
4. CHANGE IN HSR ENGINEERING CONSULTANTS
5. MEMORIALIZING PRACTICAL, HANDS-ON EXPERIENCE
6. $1 TRILLION U.S INFRASTRUCTURE BILL
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BACKGROUND & INTRODUCTION
CALIFORNIA HIGH-SPEED RAIL SYSTEM PROGRAM

~300 MAJOR
STRUCTURES

TRENCH

UNDERCROSSINGRIVER CROSSING

VIADUCTS
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BACKGROUND & INTRODUCTION
U.S. INFRASTRUCTURE & TRANSPORTATION INDUSTRY

2014

MOVING AWAY FROM
PAPER-CENTRIC

APPLYING REQUIREMENTS
BASED REVIEWS

APPLYING HOLISTIC
SYSTEMS APPROACH

TOWARDS MODEL BASED
SYSTEMS ENGINEERING

SE VISION VS. STATE
OF THE INDUSTRY
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BACKGROUND & INTRODUCTION
U.S. INFRASTRUCTURE & TRANSP. INDUSTRY EFFICIENCY & PRODUCTIVITY

SAME PRODUCTIVITY
LEVEL AS 80 YEARS AGO

Source: https://www.economist.com/business/2017/08/17/efficiency-eludes-the-construction-industry
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BACKGROUND & INTRODUCTION
ADVICE FOR SYSTEMS ENGINEERS NEW TO THE INDUSTRY

Topic Advice, Common Infrastructure & Transportation Observations
Nomenclature & Terminology Learn the language to communicate effectively

Systems Engineering Considered not applicable (misunderstood as the engineering of systems)

Systems Engineer Position/Role Does not exist. Expect highly functional / stovepiped organizations

Stakeholders Other/third parties requiring coordination with (e.g., regulators, utilities)

Operations & Maintenance Happens after design and construction, taken care of “by others”

Requirements Are expected “to be known” or “to be familiar with” (“I know what I am doing”)

Architecture The art or practice of designing and constructing buildings

Integration Happens after design and construction, taken care of by an integrator

Verification & Validation (V&V) Confusing to industry, use of quality mgmt. instead, avoidance of transparency

Firm Fixed-Price, Low Bid Contracts Expect delivery of fixed scope and low bid quality, every change → big $$$

Progress, Progress, Progress WISCY syndrome (“Why isn’t Sammy constructing yet”)

Disincentives for Systems Engineering: Any design & construction firm proposing additional, 
unsolicited work (i.e., SE as an upfront investment) in a firm-fixed price and low-bid environment will 
be at a competitive disadvantage due to increased bid costs and may consequently lose the bid.
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BACKGROUND & INTRODUCTION
INTENDED AUDIENCE: OWNER & OWNER’S REPRESENTATIVE(S)

Owners have the opportunity and authority to level the playing field, by making Systems 
Engineering a mandatory contract requirement for all proposers to comply with.
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LESSONS LEARNED
INITIAL SYSTEMS ENGINEERING REQS. (“VERIFICATION & VALIDATION”)

CP1
CP4

CP1

1. (SE) MANAGEMENT PLAN
2. REQUIREMENTS MANAGEMENT, 

INCLUDING TRACEABILITY
3. DESIGN MANAGEMENT
4. INTERFACE MANAGEMENT
5. INSPECTION & TESTING
6. VERIFICATION & VALIDATION
7. CHANGE MANAGEMENT
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LESSONS LEARNED
INITIAL SYSTEMS ENGINEERING REQUIREMENTS (TRACEABILITY MATRIX)

CP1



www.incose.org/symp2023 12

LESSONS LEARNED
RESULTS: SAFETY REQUIREMENTS (MITIGATIONS FROM HAZARD ANALYSIS)

Design Construction

Risk of Thrown Objects
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LESSONS LEARNED
RESULTS: SAFETY REQUIREMENTS (USING CERTIFIABLE ITEMS LIST [CIL])

Safety 
Requirement

Certifiable Items List (CIL) as input into
Safety & Security Certification Report (SSCR)

Design Construction

Reference & Traces 
to Objective Evidence
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LESSONS LEARNED
INITIAL SYSTEMS ENGINEERING REQS. (INTEROPERABILITY, INTEGRATION)

CP1

DCM 20: TRACTION POWER REQUIREMENTS

DCM 04: TRACK GEOMETRY REQUIREMENTS
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LESSONS LEARNED
RESULTS: INTEROPERABILITY (INTERFACE CONTROL DOCUMENTS)

1. Signature Page

2. CIL with Traces to 
Objective Evidence

3. Excerpted 
Objective Evidence

CP4

Traction Power Facility

Track Geometry Grades
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LESSONS LEARNED
KEY LESSONS SDLC: SYSTEMS DEVELOPMENT LIFE-CYCLE REQUIREMENTS

(UPDATED V&V REQUIREMENTS BASED ON LESSONS LEARNED)



www.incose.org/symp2023 17

LESSONS LEARNED
KEY LESSONS (CONT’D)
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RECOMMENDATIONS: REFINING & TAILORING
REFINING THE SYSTEMS ENGINEERING REQUIREMENTS

INITIAL SE

MANAGEMENT PLAN
& SUPPORTING REQS.

REQUIREMENTS
BY SDLC PHASE

TRADITIONAL VVSC 
PROCESS REQUIREMENTS

DELIVERABLES
BY SDLC PHASE

REFINED SE
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RECOMMENDATIONS: REFINING & TAILORING
TAILORING USING THE INCOSE SE HANDBOOK (4TH EDITION)

Use Industry-Specific Language
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RECOMMENDATIONS: REFINING & TAILORING
TAILORING BY CONTRACT TYPE (CONSIDERING COMPLEXITY & MATURITY)

CIVIL WORKS TRACK & SYSTEMS
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RECOMMENDATIONS: REFINING & TAILORING
PROVIDING STANDARDS: IMPLEMENTING THE SDLC (HANDBOOK & MODEL)

“WHAT”

“HOW”

SDLC

STANDARD / MODEL
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SDLC 
Phase 1

SDLC 
Phase n

SDLC 
Phase 2

SDLC 
Phase ...

SDLC 
Phase ...

24

RECOMMENDATIONS: SDLC MODEL
SYSTEMS DEVELOPMENT LIFE CYCLE (SDLC) MODEL

SDLC 
Phase 1

SDLC 
Phase n

X

X

X

X

X

Submittal & Review Milestones

SDLC 
Phase 2

SDLC 
Phase ...

SDLC 
Phase ...

Work Breakdown 
Structure

Deliverable n

Deliverable 1

Deliverable 2

Deliverable ...

Deliverable ...

SDLC 
Phase 1

SDLC 
Phase n

X

X

X

X

X

Submittal & Review Milestones

SDLC 
Phase 2

SDLC 
Phase ...

SDLC 
Phase ...

Work Breakdown 
Structure

Deliverable n

Deliverable 1

Deliverable 2

Deliverable ...

Deliverable ...

Schedule

DEFINES PROJECT
PHASES & MILESTONES

INPUT INTO PROJECT
SCHEDULES, MILESTONES

SERVES AS FRAMEWORK
TO ALLOCATE PROJECT

DELIVERABLES TO
PROJECT PHASES



www.incose.org/symp2023 25

RECOMMENDATIONS: SDLC MODEL
SYSTEMS DEVELOPMENT LIFE CYCLE MODEL (CONT’D)

DESIGN BUILD

PHASES

REVIEWS BASELINES
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RECOMMENDATIONS: SDLC MODEL
SDLC MODEL: DOCUMENT STRUCTURE, PHASE, DELIVERABLES
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RECOMMENDATIONS: SDLC MODEL
SDLC MODEL: APPLIED & TAILORED TO INFRASTRUCTURE

FRESNO RIVER VIADUCT
(AERIAL STRUCTURE)

SUBSTRUCTURE

SUPERSTRUCTURE

BEARINGS
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RECOMMENDATIONS: BY SDLC PHASE
MOBILIZATION PHASE
‒ Key Purpose:

o Mobilize the project team & establish project resources (e.g., office space, equipment, etc.)
o Occurs immediately after project award (“Notice to Proceed” [NTP])

‒ Key (SE) Deliverables:
o Systems Engineering Management Plan (SEMP)
o Other planning documents associated with the mobilization phase & review milestone

‒ Review Milestone:
o Mobilization Phase Review (MPR)

‒ Key Recommendation:
o Do take advantage of the early goodwill (“honeymoon”) project phase
o Do request detailed management plans, describing how the Contractor plans to execute the project 

(i.e., planned deliverables, activities, timelines, processes, templates, etc.) 
o Do get all Contractor commitments in writing (e.g., the Contractor SEMP)
o Management plans indicate Contract understanding, document commitments, and serve as the basis 

for future audits
o Do not allow the Contractor to shortcut or skip the planning efforts (“failing to plan is planning to fail”)
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RECOMMENDATIONS: BY SDLC PHASE
REQUIREMENTS ANALYSIS (RA) PHASE

GENERAL PROVISIONS
234 PAGES, 1,334 SHALL STATEMENTS

SCOPE OF WORK
97 PAGES, 447 SHALL STATEMENTS

DESIGN CRITERIA MANUAL
1,279 PAGES, 7,951 SHALL STATEMENTS

THIRD PARTY AGREEMENTS
551 PAGES, 1,819 SHALL STATEMENTS

STANDARD SPECIFICATIONS
434 PAGES, 2,274 SHALL STATEMENTS

Which of the 10,000+ of 
Requirements apply to the Project?
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RECOMMENDATIONS: BY SDLC PHASE
RA PHASE: OVERVIEW
‒ Key Purpose & Activities:

1. Determine the governing (executed) contract documents (“baseline”)
2. Perform initial engineering analyses such as the design and code analysis
3. Establish a system requirements baseline (i.e., masterlist of all formally managed TCR and CI 

requirements, using the requirements management process & tools)
4. Plan for design reviews, inspections, and testing
5. Plan for the infrastructure certification and handover (e.g., to the next Contractor)

‒ Key (SE) Deliverables:
1. Contract Requirements Baseline (CBL)
2. Design and Code Analysis Report (DCAR)
3. System Requirements Baseline
4. Initial Master Review, Inspection, and Test Plan (MTP)
5. Initial Certification and Handover Plan (HOP)

‒ Review Milestone:
o System Requirements Review (SRR)
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RECOMMENDATIONS: BY SDLC PHASE
RA PHASE: OVERVIEW (CONT’D)
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RECOMMENDATIONS: BY SDLC PHASE
RA PHASE: SUMMARY
‒ Key Recommendations:

o Do insist on formal requirements management
o Do not let anybody convince you that they “know” or are “familiar with” with thousands of contract 

requirements, including all (100s to 1,000s of) contract changes over time
o Do ensure the use of the correct contract document versions
o Do use a risk-based approach selecting the contractual requirements subject to formal requirements 

management
o Do clarify all referenced regulations, codes, standards, and guidelines
o Do lock down the requirements (baselines) subject to requirements management
o Do enforce strict configuration management
o Do not allow uncontrolled requirements baseline changes
o Do define for each requirement an initial verification and validation (V&V) method for both the design 

and construction phase (i.e., inspection, testing, demonstration, analysis)
o Do require the contractor to think ahead of how the completed structures will eventually be transitioned 

and handed over to the owner, or to the next contractor
o Do not accept any design submittals before the requirements analysis has been completed
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RECOMMENDATIONS: BY SDLC PHASE
DESIGN ANALYSIS (DA) PHASE: OVERVIEW
‒ Key Purpose & Activities:

1. Decompose the system level (SBL) requirements into smaller, typical requirements subsets, incl.:
2. Develop a system breakdown structure
3. Analyze and allocate the system level requirements to the system breakdown structure elements
4. Create requirements subsets using the allocated requirements
5. Develop a site and submittal breakdown structure
6. Perform infrastructure typical engineering analyses and incorporate the resulting requirements

‒ Key (SE) Deliverables:
1. System Breakdown Structure (SBS)
2. Site and Submittal Breakdown Structure (SSBS)
3. Engineering Analyses (EA)
4. Allocated Requirements Baseline (ABL)
5. Updated SBL (requirements allocations) and MTP (planned objective evidence)

‒ Review Milestone:
o Allocated Requirements Review (ARR)
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RECOMMENDATIONS: DA PHASE – OVERVIEW (CONT’D)
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TYPICAL / TYPE
OF STRUCTURE

ROADWAY
OVERHEADS “SITES”

RECOMMENDATIONS: BY SDLC PHASE
DA PHASE: TYPICAL STRUCTURES AND PLANNED SITES
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Geotechnical

Civil

Std. Const. Drwgs.

Retaining Walls

Structural

RECOMMENDATIONS: BY SDLC PHASE
DA PHASE: SITES & PLANNED DESIGN SUBMITTALS

Submittals:
‒ Draft, Final (e.g., Reports)
‒ 60%, 90% (e.g., Drawings)
‒ Calculations
‒ Early Start of Construction
‒ Ready for Construction
‒ Design & Field Changes
‒ As-Builts
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RECOMMENDATIONS
PLANNED CONST. SECTIONS

38

CP4 Design Submittal: 
“North” RFC At-Grade

CP4 Sections CP4 Construction Submittals: 
QMDP 01 ... QMDP 35

QMDP: Quality Milestone Data Pack

HSR Aerial Structure

HSR Earthworks

HSR Earthworks

CP4 Third Party 
Submittals
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RECOMMENDATIONS: BY SDLC PHASE
DA PHASE: PLANNED CONSTRUCTION STAGES

Construction Stage 1

Construction Stage 2

Construction Stage 3

Construction Stage 4

Construction Stage 5

Completed Structure
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RECOMMENDATIONS: BY SDLC PHASE
DA PHASE: SITE & SUBMITTAL BREAKDOWN STRUCTURE (SSBS)
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RECOMMENDATIONS: BY SDLC PHASE
DA PHASE: SUMMARY
‒ Key Recommendations:

o Do decompose the system level requirements into smaller, better manageable and typical requirements 
subsets aligned with the planned design and construction submittals

o Do break down the project (“system”) into subsystems, system elements, and lowest level replacement 
units using the system breakdown structure (SBS)

o Do identify all planned design and construction sites and associated submittals using the site and 
submittal breakdown structure (SSBS)

o Do use the SBS & SSBS as the basis for system level requirements analysis and allocation, resulting in 
the allocated requirements baseline (ABL)

o Do integrate the resulting (derived) engineering analyses requirements (e.g., from hydrology & 
hydraulics reports, type selection reports, RAM analysis, etc.) into the requirements subsets (ABL)

o Do update the initial MTP (developed during the RA phase) with planned objective evidence
o Do use the ABL as the basis for design (by the Contractor)
o Do use the ABL as the basis for performing design reviews, inspections and testing (by Oversight)
o Do lock down (baseline) all breakdown structures (e.g., SBS, SSBS), engineering analyses, 

requirement baselines (e.g., SBL, ABL), and other key deliverables (e.g., MTP)
o Do enforce strict configuration management, allowing only controlled changes
o Do not accept any preliminary or final design submittals before the design analysis has been completed
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RECOMMENDATIONS: BY SDLC PHASE
PRELIMINARY DESIGN (PD) PHASE: OVERVIEW
‒ Key Purpose & Activities:

1. Develop the preliminary design in conformance with the allocated site and submittal-specific 
requirements

2. Preliminary design may range from anywhere in between 10% to 90% design development
3. Perform infrastructure typical engineering analyses and incorporate the resulting requirements

‒ Key (SE) Deliverables:
1. PD phase specific engineering analyses (e.g., draft construction specifications)
2. Preliminary design requirements baseline (PBL, site & submittal specific requirements subsets)
3. Updated MTP (inspection & test plan [ITP] allocations)
4. Submittal log & repository
5. Preliminary design submittals

‒ Review Milestone:
o Preliminary Design Review (PDR)
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RECOMMENDATIONS: BY SDLC PHASE
PD PHASE: OVERVIEW (CONT’D)
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RECOMMENDATIONS: BY SDLC PHASE
PD PHASE: REQUIREMENTS TRACEABILITY TO SUBMITTALS
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RECOMMENDATIONS: BY SDLC PHASE
PD PHASE: REQUIREMENTS TRACEABILITY TO SUBMITTALS (CONT’D)
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RECOMMENDATIONS: BY SDLC PHASE
PD PHASE: SUMMARY
‒ Key Recommendations:

o Do develop site & submittal specific requirements from the typical requirements set (by Contractor)
o Do not accept any design submittal before the RA and DA phase have been completed
o Do not accept preliminary design submittals for elements (e.g., HSR aerial structures, bridge bearings) 

and sites (e.g., Fresno River Viaduct) that have not previously been identified in the SBS and SSBS
o Do require preliminary design submittals to be accompanied by a V&V report including completed 

RVTMs and CILs (see prior slides)
o Do insist that RVTM and CIL references and traces are being provided to the lowest practical level

(i.e., to a specific drawing number, document section, page numbers, etc.).
o Do check that the referenced and traced objective evidence (design submittal) demonstrates 

compliance to the respective requirements
o Do not allow objective evidence “data dumps”, where more evidence is provided than needed, with the 

burden on the owner to search for relevant evidence, having to identify potential errors and omissions
o Do not allow references to other submittals (“spaghetti” tracing)
o Do require a well-organized and hierarchically structured submittal log in the RM tool
o Do require a submittal repository in the RM tool, containing for each submittal a digital RM tool 

representative in form of a simple document outline (e.g., table of contents), drawing list, etc. 
o Do define the maximum number of submittals allowed at any given time
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RECOMMENDATIONS: BY SDLC PHASE
READY FOR CONSTRUCTION (RFC) PHASE: OVERVIEW
‒ Key Purpose & Activities:

1. Advance the preliminary design into the final design documents required for construction, including: 
a) Construction plans (drawings), and 
b) Construction specifications

2. Provision of RFC certifications

‒ Key (SE) Deliverables:
1. RFC phase specific engineering analyses (e.g., final construction specifications)
2. Final design requirements baseline (FBL)
3. Updated MTP (inspection & test procedure allocations)
4. Updated submittal log & repository
5. RFC submittals
6. RFC certifications

‒ Review Milestone:
o Final Design Review (FDR)
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RECOMMENDATIONS: BY SDLC PHASE
RFC PHASE: OVERVIEW (CONT’D)

ABL

MSE
...
...

Typical Requirements Site & Submittal 
Specific Requirements

Project-
Wide

Sub-
System

System 
Element

LLRU

EW

RTW

...

SUB

...
DRN

EMB
...

… ...

EMB

Eng. 
Analysis

Eng. 
Analysis

Site #n
Req.

Prelim.
Design

Submittal
#n Req.

RFC
Submittal
#n Req.

FBL

Level 4Level 3

Preliminary
Design

Submittal #n

RFC
Submittal #n

Submittals

Design

Level 5

Submittal
Log & 

Repository

Log & Rep.

Advancing from 
Preliminary Design



www.incose.org/symp2023 49

RECOMMENDATIONS: BY SDLC PHASE
RFC PHASE: SUMMARY
‒ Key Recommendations:

o Do apply all preliminary design phase recommendations
o Do expect Contractors to declare “ready for construction” early with only partial design submittals (e.g., 

early start of construction [ESOC], early foundation packages, early construction work [e.g., demolition], 
or similar)

o Do ensure that “early construction” submittals have been identified in the SSBS (DA phase), the 
corresponding typical requirements subsets have been prepared (DA phase) and are being used as the 
submittal specific requirements for the early RFC design submittals (RFC phase)

o Do require RFC design certifications (by both contractor and independent V&V, if available), certifying 
compliance with all contract requirements

o Do apply a “trust but verify” approach, whereby the certifications (“trust”) are supported by objective 
evidence (“verify”), in the form of  V&V reports containing the completed RVTMs & CILs

o Do have the certification reports developed directly from the CIL, by attaching the referenced objective 
into standalone certification reports (e.g., safety & security certification report [SSCR], interface control 
documents [ICD], environmental certification reports, etc.)

o Do not allow any critical engineering analysis (e.g., RAM) to slip beyond the PD and RFC phase(s). 
Once construction begins, there is practically no way to “check” new design requirements into the 
constructed structures
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RECOMMENDATIONS: BY SDLC PHASE
MANUFACTURING AND CONSTRUCTION (M&C) PHASE: OVERVIEW
‒ Key Purpose & Activities:

1. Manufacture and construct the project in conformance with the RFC design and contract 
requirements, followed by the construction certification.

2. Manufacturing may occur in a/the factory or in the field (e.g., pre-cast concrete), while construction 
typically occurs on site (e.g., cast in place concrete)

3. Provision of Construction certifications

‒ Key (SE) Deliverables:
1. M&C requirements baseline (extended/updated FBL)
2. Updated MTP (traces to inspection & test plans, procedures, and results)
3. Updated submittal log & repository
4. M&C phase and stage submittals (representing the constructed infrastructure)
5. M&C certifications

‒ Review Milestone:
o Construction Stage Reviews (CSR)
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RECOMMENDATIONS: BY SDLC PHASE
M&C PHASE: OVERVIEW (CONT’D)
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RECOMMENDATIONS: BY SDLC PHASE
M&C PHASE: SUMMARY
‒ Key Recommendations:

o Do recognize the project delivery method (e.g., design-bid-build, design-build, etc.)
o Do facilitate a knowledge transfer from the designer to the builder (typically different firms)
o Do clearly define the construction stages and associated requirements, the planned objective evidence, 

and the planned construction phase submittals demonstrating compliance to these requirements
o Do expect that during construction requirements, breakdown structures, baselines, various test plans 

and procedures, and RFC designs will be subject to constant design and field changes. Establish and 
enforce a strict configuration management process

o Do require all construction phase and stage submittals – including all inspection and test plans and 
procedures – to be accompanied by a submittal specific V&V report

o Do create logically organized construction quality records in the format, order, and content as required 
to readily demonstrate compliance to the allocated requirements

o Do assume there will be 1000+ construction quality records per structure. Establish a commonly shared, 
structured, and hierarchically organized construction quality record repository based on the system 
breakdown structure, making the quality records easily locatable and retrievable for V&V purposes

o Do not wait until the end of construction to receive any official construction quality record submittal, 
including the as-built drawings. Require interim construction stage submittals

o Do have enough “boots on the ground” to confirm that the construction quality records reflect the state 
of construction, and that no changes have occurred after the as-builts have been submitted.
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RECOMMENDATIONS: BY SDLC PHASE
CERTIFICATION AND HANDOVER (HOP) PHASE: OVERVIEW
‒ Key Purpose & Activities:

1. Certify to the owner and/or any authorities having jurisdiction (AHJ, e.g., fire marshals) that the 
designed and constructed infrastructure:
a) Meets the contractual requirements
b) Is safe and secure, and 
c) Is fit for purpose (e.g., operation, handover to other contractors in larger programs)

‒ Key (SE) Deliverables:
1. Final/updated certification and handover plan
2. Contractor certifications of compliance (CoC)
3. Independent V&V (ICE/ISE) assessment reports & CoCs 
4. Updated submittal log & repository
5. Certification metrics

‒ Review Milestone:
o Certification and Handover Review (CHR).
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RECOMMENDATIONS: BY SDLC PHASE
HOP PHASE: SUMMARY
‒ Key Recommendations:

o Do plan ahead. Create a certification and handover plan, starting at the beginning of the project 
(RA phase)

o Do not use this phase to identify certification stakeholders, discover late requirements, or review design 
and/or construction submittals for the first time

o Do track the requirements subject to certification using the certifiable items list [CIL], starting at the 
beginning of the project (RA phase)

o Do determine any particular certification report deliverable requirements (e.g., standalone safety & 
security certification report, interface control documents, environmental certification reports, etc.)

o Do align the structures/elements subject to certification with the SBS and SSBS
o Do consider that the project may not be certified and handed over in one activity at the project end
o Do plan for partial use and possession prior to final completion, possibly even applied to individual 

structures (e.g., early openings), requiring partial or conditional certifications
o Do enforce the “trust but verify” approach for certifications (see RFC phase)
o Do include in the certification and handover plan any applicable operations and maintenance 

requirements (e.g., O&M documentation, procedures, training, asset management considerations, etc.)
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