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The Capability Maturity Model Integration (CMMI), developed at Carnegie Mellon University’s

Software Engineering Institute, is a recognized standard for engineering best practices that reduce
the risk of defects, delays, cost overruns, and recalls. Organizations that choose to adopt CMMI strive
to progress up the five levels in the maturity model by implementing sequentially more advanced
best practices spanning the engineering development process.

Jama Software® is honored to be chosen by Carnegie Mellon as the primary tool used to in its
Master of Science in Software Engineering to train the next generation of software engineering
leaders in best practices for requirements management, reviews, verification, validation, and process
performance management.

The CMMI defines its best practices in terms of goals, practices, and artifacts. The CMMI does not
address the underlying systems and data architecture required to enable these practices, deliver
these artifacts, and achieve these goals. The systems architecture reality for most engineering
organizations is highly fragmented with the necessary data to manage the engineering product and
process (user needs, system level requirements, approvals, component level requirements, model
designs, component requirement decompositions, interface definitions, test cases, test results, risk
analysis, validations, traceability analysis, etc.) spread across hundreds of siloed tools, spreadsheets,
emails, and chat tools with high degrees of uncertainty that any information reflects the latest version
continually updated with all interdependencies.

The main reason for this landscape of siloed tools is that each engineering discipline is empowered
to choose a best-of-breed tool to optimize engineer productivity within their team. The breadth of
functionality covered in total by all of these tools — spanning all engineering disciplines — precludes
the potential for a single software vendor to provide one software tool which could replace all these
best-of-breed tools to the satisfaction of every engineer across disciplines. Generally speaking, each
engineering field uses their chosen best-in-class technology to accomplish their objectives. That
said, the data needed to achieve CMMI goals, practices, and artifacts is unstructured, unrelated,
unconnected, and unmeasurable, which poses a serious challenge when it comes to achieving
goals, practices, and artifacts that must span multiple disciplines to control, manage, and improve the
engineering process. In order to advance along the maturity model, each engineering organization
(regardless of size) needs a unified data model architecture and automated synchronization
spanning best-of-breed tools. Without these improvements, most engineering organizations struggle
to achieve Level 2 (Managed) and can only do so in a highly manual, after-the-fact manner that
generally fails to deliver the desired outcome benefits.
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Let’s take a look at a few specific examples from CMMI to demonstrate the need for a unifying data

model and an overview of how to achieve it. The first one we will examine is a core practice from the

Requirements Management section for Level 2 (Managed) that specifies bidirectional traceability from

high level requirements through decomposed requirements and work products across engineering

disciplines to generate and maintain a traceability matrix.

CMMI Level 2 (Managed) Requirements Management

Goals and Common

Practices Features

Goal or Practice

Statement

Amplifying Information

SEI PII Direct
Artifacts

SEI Pll Indirect Artifacts

SP1.4

Maintain
bidirectional
traceability
among the
requirements
and the project
plans and work
products.

1. Maintain requirements
traceability to ensure that
the source of lower level
(derived) requirements is
documented; 2. Maintain
requirements traceability
from a requirement to its
derived requirements as
well as to its allocation
of functions, objects,
people, processes, and

work products; 3. Maintain

horizontal traceability
from function to function
and across interfaces; 4.

Generate the requirements

traceability matrix.

Reports or
database
indicating
traceability of
requirements
to/from project
plans and
work products,
at each
applicable

level of system.
decomposition.

Criteria and completed
checklists and

minutes for review of
requirements traceability.-
Requirements tracking
logs.- Revision and
maintenance of
requirements traceability
across the life cycle.
Listings of allocated
requirements included

in reviews of project
plans and work products
across the lifecycle.-
Requirements mappings
used to support impact
assessments.

There are two ways companies can approach achieving this traceability practice: after-the-fact traceability

or Live Traceability™.

After-the-fact traceability occurs after the product has been developed and is typically a highly manual

effort to try and re-create artifacts to demonstrate traceability that should have occurred during the

development process but did not. This effort is undertaken solely to comply with industry standards

and satisfy auditor requests for demonstration of process maturity.

Live Traceability occurs in real time as the product development process progresses to improve

overall productivity (by ensuring engineers across disciplines are always working off the most recent

and correct versions) and to reduce the risk of negative product outcomes (delays, defects, rework,

cost overruns, recalls, etc.) through early detection of issues. The benefits of early detection of issues

are significant. Research by INCOSE found that issues not found until verification and validation

are 40 to 110 times more costly than if found during design. For this reason, most companies want

Live Traceability but are stuck with legacy tools and spreadsheets that do not support it. Since each

engineering discipline is allowed to choose its own tooling, the result is a large number of tools with no

relationship rules or mechanisms to create Live Traceability across them.
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So how do you achieve Live Traceability?

STEP 1: Define a Traceability Model

Live Traceability requires a model of the key process elements and their relationship rules to monitor
during the development process. Below you see a sample relationship rule diagram from Jama
Connect® that defines a common data model that spans best-of-breed tools which enables engineering
organizations to manage traceability in real-time and improve process performance. Relationship

rules vary by industry and company-specific requirements. Best practice templates are provided

to comply with industry standards and configured to meet client-specific needs. The definition of a
traceability model forms the foundation for model-based systems engineering (MBSE) since it defines
model elements and their relationship to each other in a consistent manner across the entire system
architecture.

Relationship Diagram
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Step 2: Setup Continuous Sync for Siloed Tools/Spreadsheets

Once the relationship rules are defined, the next step is to set up continuous sync with best-of-breed tools
and spreadsheets used by the various engineering disciplines. The traceability diagram below shows a
typical example of best-of-breed tools and where they sync in the Jama Connect relationship model to
deliver Live Traceability.

Relationship Diagram
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Most companies prioritize the areas of the traceability model that are most prone to lead to costly issues

in the absence of a continuous sync. Most commonly, these areas are:

Software task management — directly linking the decomposition of requirements into user stories
enables Live Traceability through the software development process through testing and defect
management.

Test automation — test cases are managed in Jama Connect to align to requirements and ensure
traceability across all engineering disciplines with the test automation results sync’d to the traceability
model at the verification step.

Risk analysis (DFMEA/FMEA) — is most often conducted in multiple Microsoft Excel spreadsheets
and the assumption has been that Live Traceability was not possible with Excel. Jama Connect is

the first requirements management solution to enable Live Traceability with Excel functions and
spreadsheets. Risk teams can now work in their preferred spreadsheets AND for the first time achieve
live traceability to stay in sync with changes made by any engineering team.

Model-based systems engineering (MBSE) — the first step in MBSE is to define a relationship model
between all product requirements. Once a relationship model is defined, then specifications can be

determined through modeling. Jama Connect uniquely provides model-based requirements to sync

logically with a SysML modeling tool like Cameo No Magic.

Step 3: Monitor for Exceptions

Live Traceability provides the ability, for the first time, to manage by exception the end-to-end product
development process across all engineering disciplines. The traceability model defines expected
process behavior that can be compared to actual activity to generate exceptions. These exceptions are
the early warning indicators of issues that most often lead to delays, cost overruns, rework, defects, and
recalls. Below is a sample exception management dashboard in Jama Connect.

J\ jama connect’ Traceability Exception Dashboard
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Benefits of Live Traceability

The main benefits of Live Traceability across best-of-breed tools are as follows:

Reduce the risk of delays, cost overruns, rework, defects, and recalls with early detection of issues
through exception management and save 40 to 110 times the cost of issues identified late in the
process.

Achieve CMMI Level 2 maturity for Requirements Management with no after-the-fact manual effort.

Eliminate disruption to engineering teams that continue working in their chosen best-of-breed tools
with no need to change tools, fields, values or processes.

Increase productivity and satisfaction of engineers with the confidence that they are always working
on the latest version, reflective of all changes and comments.

Another core goal of CMMI Level 2 is to involve stakeholders in the requirement review and approval
process (see table below). Let’'s examine how companies achieve this goal either through meetings or
online reviews.

CMMI Level 2 (Managed) Requirements Management

Goal or :
Goals and Common SEI PII Direct

Practice Amplifying Information SEIl Pll Indirect Artifacts

Practices Features Artifacts

Statement

GP2.7 DI 2 Identify and Select relevant stakeholders List of Evidence of stakeholder
involve the from customers, end users, stakeholders involvement as
relevant developers, producers, testers, and described in the plan
stakeholders suppliers, marketers, maintainers, corresponding (e.g., signatures,
of the disposal personnel, and others level of approvals, agreements,
requirements who may be affected by, or involvement attendance
management may affect, the product as in activities lists, memos,
process as well as the process. Examples associated minutes, reports,
planned. of activities for stakeholder with the working groups). -
involvement include: Resolving process. Communications
issues on the understanding of documented with
the requirements, Assessing stakeholders.
the impact of requirements - Documented
changes, Communicating interfaces and
the bidirectional traceability, dependencies with
Identifying inconsistencies among identified stakeholders.
project plans, work products, and - Action items to resolve
requirements. stakeholder issues.

There are two ways to implement this practice: meetings or online reviews. Most engineering
organizations still address stakeholder approvals through large and lengthy meetings that involve all
relevant engineering disciplines scrolling through the requirements document for feedback. This is a
highly inefficient approach that negatively impacts engineering productivity, morale and fails to capture
relevant comments, feedback, revisions, and approvals from stakeholders given the format. More mature
engineering organizations have brought the review and approval process online to improve the quality
and timeliness of feedback, capture all version and approval histories online, and improve engineer
productivity and morale. Let’'s examine how companies have brought reviews online with Jama Connect
Review Center.
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Review Center allows teams to send product requirements for review, define what’s required, invite

relevant stakeholders to participate, collaborate, and iterate on resolving issues and approving agreed-
upon requirements. By simplifying the revision and approval process, Review Center streamlines reviews
and facilitates collaboration, giving stakeholders easy access to provide feedback where required. Jama

Connect enables both informal and formal online review processes to support this CMMI best practice.

Formal Reviews

The formal review process enabled by Review Center is shown below:
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Define Review Invite Participants

Review moderators invite
participants to join the
review

Create reviews for any
group of items within a
project

Participants are assigned
roles and permissions

Collaborate

RModerator collects
participant feedback with
in-review comments

Participants approve or
reject review items

Iterate

RModerators edit
requirements to resolve
issues captured through
collabroation

Requirements that have been
rejected by participants are
addressed and resolved

Approve & Sign

After feedback and
iterations are made,
moderators ask for formal
approval of requirements

If satisified, participants will
formally approve and sign
the review

Review Center enables teams to define a review, invite participants, gather and incorporate feedback
from relevant project stakeholders, iterate, track a review’s overall progress, and monitor progress

and capture approval signatures if required. Reviewers can respond to a conversation that’s taking
place, as well as mark items as “Approved” or “Rejected” to complete the review. Inside Review Center,
reviewers can also add electronic signatures to reviews in order to comply with regulatory standards.
Jama Connect captures the date and time of completed reviews for auditing, tying each signature to the
document under review.

Informal Reviews

Organizations that still want the quality review aspects of Jama Connect but are not bound by producing
formal documents of requirements may take a more iterative approach. A “rolling” review is a review
that changes the scope of which requirements are included in each revision. For example, each
requirement has a “state” field — Draft, Ready for Review, or Approved. In the project side of Jama
Connect, requirement owners will mark requirements they feel are “Ready for Review.” Moderators can
also edit requirements directly in the review based on feedback from Approvers. Using a Jama Connect
Advanced Filter, a review will be started by pulling in only requirements that are marked “Ready for
Review.” Using this methodology, the review is much smaller in scope and can typically be completed
faster. On a regular cadence, the moderator will review feedback, make changes to requirements as
necessary, or potentially update the requirement status to “Approved” if the required stakeholders have
approved the requirement. When publishing a new revision, Jama Connect will pull new requirements
into the review and cycle out requirements that are “Approved” (these requirements no longer meet

jamasoftware.com How to Achieve Higher Levels of the CMMI with Live Traceability™ | ' 7



the filter criteria of state = “Ready for Review”). This allows teams to review requirements on a regular
cadence — or sprint — and cycle requirements into the review when they are ready for feedback and out
of the review when they are “Approved.” Almost any item of content you create in Jama Connect may be
sent for a review, including requirements, design, test cases, test plans, and test cycle results.

Review Center is facilitating communication. It has ensured a shared view of the world and
agreement from all stakeholders. There are no surprises anymore. Jama Connect enables us to
review documents and make decisions easily with everyone coming to a shared conclusion. If we
compare it to reviewing the spreadsheets and Word documents versus doing a review in Jama
Connect Review Center, it’s about an 80% reduction in time, for sure.

"‘TELEDYNE e2v Craig Grocott, Head of Systems Engineering

Everywhereyoulook™

To achieve CMMI Level 2 requires defining a development process and adhering to it. Below is a core goal
for CMMI Level 2 — evaluate adherence to requirements management process.

CMMI Level 2 (Managed) Requirements Management

Goals and

Practices Features

Common

Goal or Practice
Statement

Amplifying Information

SEIl Pll Direct
Artifacts

SEI Pll Indirect Artifacts

GP2.9 VE1 Objectively Examples of activities - Noncompliance - Identification of processes,
evaluate reviewed include the issues resulting work products, and services
adherence following: Managing from objective to be objectively evaluated.
of the requirements; Identifying evaluation of - Records of evaluations
requirements inconsistencies adherence to or audits being performed
management among project plans, processes, as planned (e.g., reports,
process against work products, and objectives, and checklists).
its process requirements. Examples standards. - Criteria against which
description, of work products . Results processes and work
standards, and reviewed include the of process products are evaluated.
procedures, followlng: Requlremen.t.s; and product AT &
and address Requirements traceability evaluations.

noncompliance.

matrix.

responsibility for performing
objective evaluations.

- Revised plans, work
products, or standards
reflecting corrective action
resulting from objective
evaluations.

Achieving this goal requires the ability to decompose requirements across engineering disciplines and

maintain traceability up and downstream as the project progresses with significant changes and rework.

Without an underlying system architecture and common data model, this goal becomes unattainable for
most organizations. Attempts to manage through Word and Excel, become unwieldly and unable to meet

the requirements for Live Traceability, leading to defects, delays, cost-overruns, and recalls. Below, you can

see how easy it is to manage traceability and view up and downstream multiple levels in a trace view of
requirements in Jama Connect. Jama Connect’s Traceability Model defines the data model across best-of-

breed tools to capture actual behavior for traceability and management by exception.

jamasoftware.com
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To achieve CMMI Level 3 requires defining a development process and adhering to it. Below is a core
goal for CMMI Level 3 — establishing a verification process and adhering to it.

CMMI Level 3 (Defined) Verification

Goals and Common Goal or Practice SEI PIl Direct

. Amplifying Information . SEI PIl Indirect Artifacts
Practices Features Statement Artifacts

GP2.9 VE1 Objectively Examples of activities - Noncompliance - ldentification of processes,
evaluate reviewed include the issues resulting work products, and services
adherence of following: Selecting from objective to be objectively evaluated.
the verification work products for evaluation of - Records of evaluations
process against verification; Establishing adherence to or audits being performed
its process and maintaining processes, as planned (e.g., reports,
description, verification procedures objectives, and checklists).
standards, and and criteria; Performing standards. - Criteria against which

procedures, peer reviews; Verifying . Results processes and work products
and address selected work products. of process a1 EvElEEE]
noncompliance. Examples of work and product . Assignment of responsibility
Ry evaluations. for performing objective
include the following: .
Verification procedures Sl
and criteria: Peer review - Revised plans, work products,
checklists; Verification or standards reflecting
reports. corrective action resulting from

objective evaluations.

Companies are achieving this goal through Jama Connect by establishing a Traceability Model that
requires test verification for requirements and managing by exception through dashboard reporting to
ensure verification happens across all requirements. Below is a sample verification dashboard to achieve
this goal with customer-specific info redacted. Here you can see how the Verification Leader manages
their function through exception management. Specific widgets on the dashboard track requirements
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without tests, failed tests, tests without requirements linked to verify, bugs without tests, and risks
without upstream or downstream traceability. The Traceability Model established in Jama Connect
defines the expected behavior against which all activity can be compared to generate exceptions that
can be managed through the dashboard. Without this system architecture and data model, managing by
exception becomes extremely manual and productivity killing, if not impossible.

Fusatnat ke dagram

Ay ream
g

P r——

FW + App all lest cases

B et

11
i

FW + App PR withoul Test =
Regsemntyes

P+ A PROS mancut et

i+ App all isks =

W + App all CRDS.

]
|
I
%
!
%

CMMI Level 4 requires organizations to have developed predictive scores and benchmarks that enable
management to identify product development risk early and remediate at much lower cost than if not
identified until late in the development process or after product release into the market. The table below

shows the definition of this core, Level 4 goal.

CMMI Level 4 (Quantitatively Managed) Process Performance

Common
Features

Goals and
Practices

SEARSE]

Goal or Practice

Statement

Establish

and maintain
the process
performance
models for the
organization’s
set of standard
processes.

Amplifying Information

Process performance models
are used to estimate or

predict the value of a process
performance measure from

the values of other process

and product measurements.
These process performance
models typically use process
and product measurements
collected throughout the life of
the project to estimate progress
toward achieving objectives that
cannot be measured until later in
the project’s life

Artifacts

SEI Pl Indirect
Artifacts

SEI Pll Direct

Scores,
benchmarks,
predictive
performance
models

jamasoftware.com
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Leading companies are achieving this goal by applying Jama Software’s Traceability Score™ and
benchmarking engineering projects internally and externally against peer companies. Jama Software

is the first to measure traceability thanks to our clients’ participation in a benchmarking dataset of over
40,000 complex product development projects spanning aerospace, automotive, consumer electronics,
industrial, medical device, semiconductor, space systems, and more. All of this is made possible by our
core product, Jama Connect®, which enables the largest community of engineers using requirements

management SaaS (Software as a Service) in the world.

To formally measure traceability, we have established the Traceability Score. The Traceability Score
measures the level of actual process adherence to the expected traceability model and can be used to
compare performance across projects, teams, divisions, and companies. This score can also determine

impacts to schedule, budget, cycle times, risk, and quality.

Traceability Score definition

Traceability Score = # of established relationships among model elements as specified by the project’s

traceability model.

The following diagram provides an illustration for the buildup of the calculation:

1. At the individual requirement level, we can identify each expected relationship defined in a project’s
traceability model (i.e., user needs defined by requirements, further refined by sub requirements,
and test cases that should verify the requirement, etc.). We can then identify how many of these
relationships have been established to get an individual requirement’s traceability.

2. As we go one level higher and measure traceability within a particular element type (e.g., user
needs, requirements, tests, etc.) we can sum up the number of expected and established
relationships across the set of items, giving us traceability at the element type level.

3. Finally, we can sum up the number of expected and established relationships across all element

types, giving us the project’s total Traceability.

Single ltem-Level Traceability

Element-Level Traceability

Project-Level Traceability

Traceability Calculation

Traceability Calculation

Established

Sub Req

x3

3/3}55!

Sub Req

Expected Relationships: 3 Expected Relationships: 9
Established Relationships: 2 Established Relationships: 6
Trace ability Score: 66.7% Traceability Score: 66.7%
User Need User Need
Established
Missing |~~~ 77 - 2/3 Est
! | Requirement 5! Verification

(Traceability Score)
Traceability Calculation
Expected Relationships: 101
Established Relationships: 73
Trace ability Score: 72.3%
User Need | 1/1 Est Validation
x1 /5 Est’ x5
1/1 Est
2/3 Est
Requirement | 23 Est Verification
x3 10715 Est x15
2/3 Est
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Sub Req |9/10 Est Verification
x10 40/50 Esi x50
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Correlations & Hypothesis Test Results

As a process management tool, the value of a Traceability Score is to quantify actual adherence to the
specified approach. To determine best practices from the data, statistical tests were run to understand
how differing levels of project adherence to Live Traceability can impact desired outcomes.

As we have shown, the Traceability Score measures actual adherence to the defined traceability model.
The systems engineering discipline, the V model, quality engineering, and more — all rely on the intuition
that this approach will yield better results. Anecdotal evidence abounds to support this intuition, but the
dataset has been lacking to conduct statistical tests to test this hypothesis.

Using our dataset, we were able to determine that Traceability Scores exhibit statistically significant
correlations to the following outcomes and rejected the null hypothesis that these correlations were
purely random.

1. Faster time to market

The first three tests focus on how Traceability Scores impact cycle time. Do higher Traceability Scores
lead to faster test case execution and defect identification? This is a fundamental value asserted by
systems engineering and the V-Model — that earlier detection of defects leads to fewer delays and much
lower cost to correct.

We measured the following times below and noted performance improvements in top versus bottom
performers of 21X to 5.3X. Higher Traceability scores were found to lead to faster test case execution
and defect detection having passed both of our statistical tests.

1. Median Time to Execute Test Cases (2.6X faster)
2. Median Time from Test Start to Defect Detection (5.3X faster)
3. Median Time to Identify the Set of Defects (21X faster)

2. Higher quality

The last three tests focus on how Traceability Scores impact quality. Do higher Traceability Scores lead to
a higher quality product? This is a fundamental value asserted by systems engineering and the V-Model
— that a commitment to test case creation and execution leads to a higher degree of requirement
verification and product quality.

We measured the following aspects of testing and verification below and noted performance
improvements in top versus bottom performers of 1.9X to 2.9X. Higher Traceability scores, having passed
both of our statistical tests, led to more tests being completed and a higher percentage of passed tests.

1. Percent of Requirements with Verification Coverage (1.9X higher)
2. Percent of Requirements Verified (2.1X higher)

3. Initial Test Case Failure Rate (2.4X lower)

4. Final Test Case Failure Rate (2.9X lower)
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Jama
))A software’

Jama Software is focused on maximizing innovation success. Numerous firsts for humanity in fields such
as fuel cells, electrification, space, autonomous vehicles, surgical robotics, and more all rely on Jama
Connect® to minimize the risk of product failure, delays, cost overruns, compliance gaps, defects, and
rework. Jama Connect uniquely creates Live Traceability™ through siloed development, test, and risk
activities to provide end-to-end compliance, risk mitigation, and process improvement. Our rapidly
growing customer base of more than 12.5 million users across 30 countries spans the automotive,
medical device, life sciences, semiconductor, aerospace & defense, industrial manufacturing, financial
services, and insurance industries. To learn more, please visit us at jamasoftware.com.
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