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PrefaceEvery device you use, the phone in your pocket, the server handlingyour data, the chip accelerating your AI workload, exists becausesomewhere, a team of engineers spent years turning a speci�ication intosilicon. Not lines of code that can be patched after shipping. Not aprototype that can be revised next sprint. Silicon. Once it ismanufactured, the logic is �ixed. A bug that survives to tape-out ships tomillions of devices, costs tens of millions of dollars to correct, and insafety-critical systems can cause real harm. The stakes in hardwareengineering are permanent in a way that software rarely is. ModernSoCs contain billions of transistors, dozens of independently developedIP blocks, and protocol interfaces that must operate correctly underconditions no single engineer can fully enumerate. The complexity ofwhat gets built today would have been unimaginable a decade ago. Andyet the fundamental challenge has not changed: before silicon can betrusted, it must be veri�ied. Veri�ication has always been the hardestpart of building silicon. Not because the tools are insuf�icient, and notbecause engineers lack skill. It is hard because veri�ication isfundamentally a reasoning problem, and reasoning does not scale theway compute does. Across more than �ifteen years of veri�ication workat companies building some of the world’s most complexsemiconductor systems, I have watched the same pattern repeat:projects begin with con�idence, and somewhere between the �irstregression run and silicon tape-out, veri�ication becomes the dominantschedule risk. Debug cycles stretch. Assumptions that seemed obviousat speci�ication time turn out to have been invisible to the testbench.Intent gets lost in the distance between the architecture document andthe assertion that �ires at four in the morning. This book is my attemptto address that pattern directly.



Who	 This	 Book	 Is	 ForThis book is written for anyone who works in or is entering the �ield ofhardware veri�ication and wants to understand how modern AI toolscan be applied with discipline and structure. That includes theveri�ication engineer who already knows how to run a simulation and isready to think about whether the simulation is actually verifyinganything. The student learning UVM and SystemVerilog for the �irsttime, who wants to build good habits before bad ones form. Theexperienced engineer who has signed off on programs and wondered,afterward, whether the argument could have been made more honestly.The veri�ication lead who wants to introduce AI-assisted �lows to theirteam without losing control of quality or traceability. And the architectwho needs to explain to management why structured veri�ication costsmore upfront and saves more downstream. VEGA—the Veri�icationEngineering through Guided AI framework—is the practicalimplementation of Cognitive Veri�ication Architecture. It is a structured,intent-centric veri�ication framework built around a single organizingprinciple: that every veri�ication decision should be traceable to explicitdesign intent and that modern tooling—including AI—can be used topreserve and operationalize that intent across the entire veri�icationlifecycle. VEGA does not replace veri�ication engineers; it ampli�ieswhat experienced engineers know how to do, and makes thatknowledge explicit enough to be governed, reviewed, and reused. Theframework presented here emerged from real veri�ication programs.The worked examples in this book are drawn from actual designveri�ication challenges, including the Educational Bridge Model, aneducational AHB-to-APB bridge speci�ied in Appendix A and used as thecanonical worked example throughout the chapters. The prompts,templates, and quality gates are not theoretical constructs—they areinstruments I have re�ined through repeated application to protocol-level and subsystem-level veri�ication at industrial scale.



What	 This	 Book	 CoversThis book presents the VEGA framework in eight technical chapters,each corresponding to a distinct phase of the veri�ication lifecycle:Chapter 1 introduces the VEGA framework, its foundationalprinciples, and the industry context that motivates it.Chapter 2 covers Design-Intent Understanding and XTP synthesis:extracting behavioral requirements from speci�ications andconverting them into a structured, reviewable veri�ication plan.Chapter 3 addresses testbench architecture and environmentdevelopment through a manifest-driven approach that enforces anexplicit boundary between infrastructure and test logic.Chapter 4 presents structured test scenario design andimplementation, including the scenario contract that governs AI-assisted generation.Chapter 5 covers structured debug, failure analysis, and regressionmanagement, grounded in classi�ication before investigation.Chapter 6 extends VEGA to subsystem veri�ication through intentcomposition and the Subsystem Intent Graph.Chapter 7 introduces quality metrics for AI-assisted veri�ication,organized into three families that measure the generation quality,speci�ication coverage, and process trustworthiness of AI-generatedtestbenches.Chapter 8 covers coverage analysis and veri�ication sign-off as anintent-driven reasoning process, culminating in the sign-offargument.
How	 to	 Use	 This	 BookEach chapter is self-contained but builds on the artifacts produced inearlier chapters. Practitioners applying VEGA to an active veri�icationprogram will �ind the most value by working through the chapters inorder.



The	 Method	 First,	 Then	 the	 ToolThis book teaches a methodology, not a catalog of prompts. Eachchapter develops the idea, the governed �low, and the judgment theVeri�ication Strategist exercises at each gate and only then introducesthe VEGA tool that puts the �low into practice. The order is deliberate:you should understand what a stage decides, and why its gate exists,before you let a tool run it. The VEGA toolset is one governed tool perstage:
vega_xtp_gen.py turns a speci�ication into a signed-offExecutable TestPlan (Chap. 2).
vega_llm_tbgen.py turns the design’s interfaces and veri�icationintent into a compiling, simulating UVM testbench (Chap. 3).
vega_test_generator turns each test plan row into acommitted, traceable scenario (Chap. 4).Each tool drives a generative AI, the Claude models and Claude Code forthe agentic compile-and-�ix loop, under the Strategist’s governance. Theinstructions that steer the AI are encoded inside the tools, so you do notpaste prompts by hand. You supply the speci�ication and the governedinputs, the tool produces a draft artifact, and you review, re�ine, andapprove it at the gate. The AI generates. The Veri�ication Strategistgoverns.

How	 Much	 to	 AutomateThe methodology is the same whether you walk it slowly or run it fast.What changes is how much you review at once.
Gate	 by	 gate. Stop at each step, inspect the draft, and approve beforethe next. This is the right mode for a new domain, a speci�ication thatleans on tables and timing diagrams a model may misread, a safety-critical design, or any case where a missed feature is expensive.
End	 to	 end. Let the tool run a stage in a single pass and review the�inal artifact once. This is the right mode for a familiar protocol, a



well-structured speci�ication, and prototyping or iterating on aknown design.Both modes implement Cognitive Veri�ication Architecture, and neitherremoves the Strategist from the loop. They differ only in where thereview happens. The choice depends on team maturity, toolinginvestment, and the cost of a missed bug.
The	 Companion	 RepositoryThe VEGA toolset and the complete bridge worked example live in thecompanion repository at https:// github. com/ vksabnima/ vega_ framework. For step-by-step instructions, including exact commands,expected outputs, and troubleshooting for each chapter, see the
README.md at the root of the vega_framework folder.
A	 Note	 on	 AI	 and	 AccountabilityVEGA treats AI as a governed accelerator, not an autonomous decision-maker. Every AI-generated artifact in this framework is subject toexplicit human review before it in�luences downstream veri�icationdecisions. The Veri�ication Strategist—the human role at the center ofVEGA—retains full accountability for scope, risk, and sign-off. This isnot a limitation of current AI capability. It is a principled architecturalchoice. Veri�ication is an engineering discipline. AI is a tool. This book isabout the discipline. Veri�ication will continue to grow in complexity aschiplet integration, heterogeneous architectures, and AI-driven designpush the boundaries of what silicon can do. My hope is that VEGAprovides a durable framework for meeting that complexity withstructured reasoning rather than heroic effort.

Vikash	 Kumar
Leander,	 TX,	 USA
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Hardware veri�ication routinely consumes the majority of a chipprogram’s effort and remains its least predictable phase, yet much ofthat effort is mechanical: writing the testbench scaffolding that drives adesign and observes how it responds. Modern AI can now generate thatscaffolding in minutes, which relocates the value of veri�ication skillfrom typing to judgment. The relocation also introduces a characteristicfailure mode, the veri�ication gap: the distance between a testbenchthat compiles, runs, and reports green and one that actually exercisesthe behaviors a speci�ication requires. This opening chapter de�inesthat gap and introduces VEGA (Veri�ication Engineering through GuidedAI), a human-centered framework that implements a cognitiveveri�ication architecture as a governance layer above UVM,SystemVerilog, formal analysis, and existing EDA tooling rather than areplacement for them. It states VEGA’s three governing principles,recasts the engineer as a Veri�ication Strategist who directs and reviewsAI-generated artifacts at every quality gate, and introduces theEducational Bridge Model used as the worked example throughout the
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book. It closes by mapping the progression from design-intentextraction through measurement to a defensible sign-off.
1.1	 The	 Skill	 Worth	 HavingYou have heard the line by now. AI will not replace engineers. Butengineers who use AI will replace those who do not.It is true. It is also close to useless on its own, because almost noone tells you how. The advice stops at “use AI” and leaves you to workout the rest, which is the part that takes years.This book is the how. It is the how for one of the hardest and mostvaluable jobs in building a chip: veri�ication, the work of proving that adesign does what it is supposed to do before it is manufactured intosilicon that can never be patched.If you have wanted to do this work but felt locked out by the wall ofprerequisites, the UVM frameworks, the SystemVerilog, the decade ofaccumulated convention, this book is written for you. Not becausethose things stopped mattering. Because the wall was never the realwork.Here is what most people do not realize about veri�ication. The jobhas two layers. The �irst is mechanical. It means writing thousands oflines of scaffolding, the testbench, which is the code that drives thedesign and watches how it responds, then wiring it together and gettingit to compile. This is the layer that takes a newcomer two years tobecome �luent in. It is also the layer AI is now good at.The second layer is judgment. It means deciding what is worthtesting, looking at a result and knowing whether it proved anything atall, and deciding when a design is safe to manufacture. This layercannot be automated, because it is accountability, not typing. It is alsothe layer that was always the point.AI did not lower the value of veri�ication skill. It moved theentrance. The part that used to gate you out, the boilerplate, is nowthe part you can hand to a machine. What remains is the part worthhaving.



The loop this book teaches is simple to picture, even if you havenever written a line of SystemVerilog. You take a speci�ication, thedocument that says what the chip is supposed to do. You hand it to anAI, under a structure that keeps it honest, and it produces a workingtestbench in minutes instead of weeks. Then you do the human part.You read what it built. You ask whether it is testing the right things. Andyou push on it until it surfaces a real bug (Fig. 1.1).

Fig.	1.1 The AI-assisted veri�ication loop. The AI does the building; you decide whether it builtthe right thingThat last step is not hypothetical. AI-assisted veri�ication, with ahuman reading and judging the output, �inds real RTL bugs, not justsimulations that pass, and it surfaces them faster than a hand-writtentestbench would.You will learn UVM and SystemVerilog in this book. But you willlearn them the way anyone retains anything, by using them to buildsomething real, with AI carrying the weight that used to make peoplequit before they started.
1.2	 Why	 Veri�ication	 Is	 the	 Hard	 PartA chip does not ship when the design is �inished. It ships when thedesign has been veri�ied. That single distinction de�ines the realschedule of every hardware program.When people talk about building a chip, the work that gets theattention is design: writing the logic that makes the thing work. Butacross real programs, veri�ication, the work of checking that the logic iscorrect, routinely consumes the majority of total effort. Practitioners



and program managers consistently report it in the range of sixty toseventy percent. It is also the least predictable phase. A design task canbe estimated. A veri�ication task often cannot, because you do not knowhow many bugs are hiding until you go looking, and you do not knowhow long each one will take to �ind.The reason is not a shortage of tools. Simulation, formal analysis,and regression all have decades of mature automation behind them.The reason is that the hard part of veri�ication is not running tests. It isdeciding what to test, in what order, and knowing when you are done.Those are reasoning problems, and reasoning does not get faster justbecause the computer does.Traditional methods lean on probabilistic exploration. Constrained-random stimulus, coverage-driven closure, and assertion-basedchecking have carried the �ield a long way. Each of these is explainedwhen you need it; for now the point is only what they have in common.They infer completeness from indirect measurements, and they rarelytie those measurements back to the original speci�ication in any explicitway. For protocol designs this matters, because correctness theredepends on global properties such as ordering and consistency acrossseparate agents, and no single coverage point captures those.Consider a common situation. A veri�ication engineer is handed atwo-hundred-page speci�ication and asked to produce a test plan in aweek. There is no structured process for extracting the features,resolving the ambiguities, or �inding the interactions between blocks.The plan that results re�lects individual instinct more than systematiccoverage of the document. This is not a failure of effort. It is a failure ofmethod.In most programs, planning, building the testbench, writingscenarios, debugging, and signing off are treated as separate, looselyconnected jobs, each resting on individual experience. The result isveri�ication that is hard to forecast, where a gain in one phase does notreliably carry into the next.



1.3	 Veri�ication	 Is	 a	 Reasoning	 Problem,	 Not
a	 Typing	 ProblemIf veri�ication is fundamentally about reasoning, then its failures areusually failures of reasoning, not failures of effort. When the intentbehind a test, the assumptions it makes, and the reason it exists are allleft unwritten, the work becomes impossible to review and impossibleto scale. Point automation at an unstructured process and it does not �ixthe disorder. It multiplies it.This is the central risk of applying AI to veri�ication without agoverning framework. A language model given a speci�ication andasked to generate tests will produce tests, syntactically correct,structurally plausible, and largely disconnected from what thedesign actually needs to prove. It will con�irm the behaviors it wastrained to expect and miss the corner cases it was not. Withoutstructure, AI does not accelerate veri�ication. It accelerates theproduction of passing simulations that verify nothing.The answer is to make the reasoning explicit. Write the intent down.Capture the decisions in a form a human can review and a machine canact on. Once the reasoning is on the page, people and tools can workagainst the same shared understanding, and automation �inally hassomething solid to stand on.That is the idea behind a cognitive	veri�ication	architecture:organizing veri�ication so the thinking is visible, reusable, andgoverned, rather than locked in one engineer’s head. The goal is not toautomate veri�ication. It is to make veri�ication reasoning structuredenough that automation becomes worth having.
1.4	 The	 Veri�ication	 GapThe cognitive limits described in the previous section produce aspeci�ic, measurable failure mode in modern AI-assisted veri�ication.



We name it here explicitly because the rest of this book is organizedaround closing it.
The	 Veri�ication	 Gap

A testbench that compiles is not a testbench that veri�ies. Asimulation that passes is not a simulation that proves correctness.The veri�ication gap is the distance between syntactic plausibility,code that builds, runs, and reports green, and semantic correctness,code that actually exercises the behaviors a design must guarantee.The veri�ication gap is not a theoretical concern. It manifestsconcretely when veri�ication artifacts are produced without an explicitmodel of what the design is required to do. A language model, aninexperienced engineer, or a hurriedly assembled regression suite willall produce the same failure mode: tests that exercise the design’stypical paths, miss its critical boundaries, and report passing resultsthat mean far less than they appear to.Three properties characterize the gap:
Syntactic	 correctness	 without	 semantic	 grounding. Generatedtestbenches compile, simulate, and produce coverage reports. Noneof these outputs guarantee that the tests re�lect speci�ication intent.A constraint that randomizes within legal bounds is not the same as aconstraint that targets architecturally meaningful scenarios.
Coverage	 closure without	 intent	 closure. Functional and codecoverage metrics report what was exercised. They do not reportwhether what was exercised is what the design was required toguarantee. Coverage of a behavior the speci�ication never required iswasted work. Absence of coverage on a behavior the speci�icationmandates is undetected risk.
Pass-rate	 con�idence	 without	 sign-off	 defensibility. Passingregressions create the impression of progress. They do not, bythemselves, support a sign-off argument. The question is not whether



tests pass. It is whether the tests that pass are the right tests, andwhether their passing constitutes evidence against the speci�ication.

Fig.	1.2 Closing the veri�ication gap. Explicit intent, governed structure, human judgment, andmeasured quality are the supports that carry a design from “it compiles” to “it is proven”The gap exists because conventional veri�ication �lows, and the AItooling layered on top of them, optimize for what is easy to measure(lines of code, coverage percentages, regression pass rates) rather thanwhat is hard to measure (whether the veri�ication activity is groundedin design intent). The result is veri�ication that scales in volume but notin con�idence (Fig. 1.2).Closing the gap requires a veri�ication process in which designintent is made explicit, captured in a form that both humans and toolscan reason against, and used as the governing reference for everydownstream artifact: testbench structure, test scenarios, coveragede�inition, debug, and sign-off. Without such a reference, automationampli�ies the gap. With it, automation becomes a genuine accelerator.This is the problem the VEGA framework is designed to address.The remainder of this book develops the methodology, infrastructure,and governance practices required to close the veri�icationgap systematically, from speci�ication through sign-off, and to measurehow much of it remains when AI is involved in producing theveri�ication artifacts themselves.
1.5	 The	 VEGA	 Framework



VEGA, Veri�ication Engineering through Guided AI, is introduced in thisbook as the practical implementation of Cognitive Veri�icationArchitecture. VEGA is a human-centered, structured veri�icationframework for hardware interfaces, subsystems, and protocols.VEGA is not a replacement for existing veri�ication methodologiesor tools. It does not replace UVM, SystemVerilog, formal analysis, or anyexisting EDA tooling. Instead, it operates as an architectural governancelayer above them, augmenting established practice with structuredreasoning, explicit decision points, and semantic continuity fromspeci�ication through sign-off.Its primary objective is to reduce veri�ication time variability andlate-stage churn by applying a consistent, layered strategy across allveri�ication phases. VEGA preserves design intent as a governingconstraint while enabling modern tooling, including AI assistants, to actas accelerators rather than autonomous decision-makers.The principles and methods in this book apply to any hardwaredesign. The VEGA framework is not tied to a speci�ic protocol, interface,or design class. Where worked examples are needed, this book uses the
Educational	 Bridge	 Model (Appendix A), an educational AHB-to-APBbus bridge that converts transactions from the Advanced High-performance Bus (AHB) to the Advanced Peripheral Bus (APB). Thisdesign is compact, fully speci�ied, and representative of the protocolbridging challenges found across real SoC integration. Every conceptillustrated with this example applies equally to AXI interconnects, PCIecontrollers, DMA engines, coherency fabrics, or any other IP block orsubsystem.The choice of a small bridge is deliberate. A production protocolspeci�ication can run to many hundreds of pages, and a book built onone would spend most of its length teaching that speci�ication ratherthan the method. The Educational Bridge Model is sized to avoid that:small enough to hold in your head, so no chapter is lost to spec reading,yet complete enough to exercise every layer of the framework, fromintent extraction through debug and coverage, including a real bug thathas to be found. The design is the vehicle. The method is the subject.
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Despite its size, the bridge contains the elements that make realveri�ication hard—two distinct bus protocols and the translationbetween them, a register �ile, a control FSM, and multiple error paths(protocol error, address-decode error, and timeout). It condenses thestructure of an industrial speci�ication into a form a reader can hold intheir head, then scale and apply to any production IP or subsystem(Fig. 1.3).

Fig.	1.3 The VEGA framework as a sequence of layers governed by the Veri�ication Strategist andmeasured by quality metrics at every layer. Layer acronyms: DIU Design-Intent Understanding;
XTP Executable TestPlan; TAL Testbench Architecture Layer; TSL Test Scenario Layer; DRL Debugand Regression Layer; SIG Subsystem Intent GraphVEGA is guided by three foundational principles:
Cognitive	 Ampli�ication: Modern tooling, including AI assistants, isused to extend the engineer’s ability to reason over large



speci�ication, state, and scenario spaces. The goal is to amplifyhuman judgment, not to obscure or replace it.
Operational	 Transparency: Every automated inference andgenerated artifact must be explainable, traceable, and subject tohuman review before it in�luences downstream veri�icationdecisions.
Design-Intent	 Fidelity: Veri�ication objectives must originatedirectly from authoritative speci�ications and architectural contracts.Intent is the governing constraint, not coverage metrics.Together, these principles establish veri�ication as a governedengineering process, not merely a computational one.To make this concrete, consider what VEGA produced when appliedto the bridge veri�ication. Starting from a PDF speci�ication, the VEGAwork�low generated a complete UVM testbench scaffold, the agents,sequences, scoreboard, environment, test, interfaces, and compilescripts, in a fraction of the time required by conventional manualconstruction. The veri�ication engineer then collaborated with thetooling iteratively, using waveform analysis and protocol-levelreasoning to resolve timing issues and validate behavior.The result was not just a passing simulation. The process found real

RTL	 bugs in the bridge’s logic. For example, the FSM was generating aphantom APB transfer for every �ive AHB transactions, because aregistered signal cleared one cycle too late. This class of bug, at theboundary between handshake protocol and FSM state management, isprecisely the kind that manual test development frequently misses andthat structured, intent-driven veri�ication is designed to expose.This example illustrates the core VEGA value proposition: fasterenvironment construction, structured test planning from thespeci�ication, and more systematic bug discovery, all with the engineerin control at every step. The same work�low applies to any design, atany level of complexity.
1.6	 Why	 We	 Start	 with	 Protocols



Hardware interface protocols provide an ideal domain for illustratingstructured veri�ication methodology. They are architecturally central,widely reused, and de�ined by publicly available speci�ications. Errorsin protocol behavior can propagate across entire systems, affectingperformance, correctness, security, and power ef�iciency.Protocols such as AHB, AXI, CHI, PCI Express, and UCIe exhibitveri�ication characteristics that mirror those of full systems:High degrees of concurrency and non-determinism;Complex ordering and dependency rules;Interactions across power, reset, and clock domains;Emergent behavior arising from compliant but interacting agents.Because protocol speci�ications are public and stable, they provide atransparent and reproducible foundation for illustrating veri�icationmethodology. The lessons derived from protocol veri�ication applydirectly to custom IP blocks, subsystem integration, and full SoCveri�ication.
1.7	 From	 One	 Block	 to	 a	 SubsystemThe VEGA framework applies uniformly across individual IP blocks,subsystems, and full SoC designs. Rather than targeting a speci�ic classof interfaces or components, VEGA addresses veri�ication challengesthat arise whenever correctness depends on the interaction of multipleindependently developed elements.In subsystem contexts, correctness emerges from the compositionof IPs, shared resources, and architectural contracts rather than fromany single block or interface in isolation. Independently correctcomponents can still produce incorrect system-level behavior whenassumptions, ordering constraints, or integration policies aremisaligned.Subsystem veri�ication represents the earliest stage at which SoC-level behavior can be reasoned about meaningfully. By structuringveri�ication intent and governance at the IP and subsystem levels, VEGA



enables shift-left discovery of integration defects before full-systemassembly, where changes are most costly, least predictable, and hardestto localize.
1.8	 From	 Veri�ication	 Engineer	 to	 Veri�ication
StrategistThis brings us back to where the chapter started, now with a name forit. The shift is not a projection about the future of the profession. It is adescription of what is already happening, driven by a speci�ic andpresent change: the mechanical layer of veri�ication has becomeautomatable.Veri�ication work has always had two distinct layers. The �irst ismechanical: writing UVM infrastructure, generating boilerplate agentsand sequences, connecting analysis ports, implementingstraightforward directed tests, running regressions. This work requiresskill and experience. It has also, until recently, consumed the majorityof a veri�ication engineer’s time.The second layer is intellectual: deciding what to verify, resolvingambiguous speci�ication language, classifying whether a failing testfound a DUT bug or a testbench bug, judging whether coverageclosure is genuine or coincidental, making the sign-off argument tomanagement. This work also requires skill and experience, and itcannot be automated, because it requires accountability to an outcome,not just execution of a procedure.Within the VEGA framework, engineers therefore assume the role of
Veri�ication	Strategists. This is not a change in job title. It is a change inwhere engineering judgment is applied. The Veri�ication Strategistwrites the intent that governs what AI generates. They review thegenerated artifacts at each quality gate. They interpret coverage gaps,classify failures, and make the sign-off decision. AI provides leverage.Strategic authority remains explicitly human.



The	 engineers	 who	 will	 matter	 most	 in	 this	 environment	 are
not	 those	 who	 generate	 tests	 fastest.	 They	 are	 those	 who	 can
de�ine	 what	 must	 be	 tested,	 judge	 whether	 the	 tests	 are	 actually
testing	 it,	 and	 defend	 the	 sign-off	 argument	 when	 it	 matters.
Those	 skills	 compound	 with	 experience	 in	 a	 way	 that	 code
generation never	 will.For someone learning the �ield, this is the opportunity. The skill thatused to take years of boilerplate to even begin building, judgment aboutwhat matters, is now the skill you start building on day one, becausethe AI clears the boilerplate out of your way.



1.9	 How	 This	 Book	 Is	 OrganizedAt a high level, VEGA is organized as a sequence of governed layers thatspan the full veri�ication lifecycle. Early layers focus on understanding,structuring, and preserving design intent. Later layers addresstestbench architecture, scenario execution, debug, and regressionmanagement. A measurement layer then establishes whether the AI-assisted work actually veri�ied anything, and the �inal layer assemblesthat evidence into a defensible sign-off. Each stage builds on validatedartifacts produced in the previous stage, and no stage proceeds withoutVeri�ication Strategist review and approval.The remainder of this book develops the VEGAframework progressively, with each chapter corresponding to a distinctlayer in this architecture:2.
Design-Intent	 Understanding	 and	 TestPlan	 Synthesis:extracting and structuring speci�ication intent into a machine-consumable test plan;  

3.
Testbench	 Architecture	 and	 Environment	 Development:governed construction of a scenario-ready UVM environment;  4.
Test	 Scenario	 Design	 and	 Implementation: structureddevelopment of functional, corner, stress, and error scenarios;  5.
Debug,	 Failure	 Analysis,	 and	 Regression	 Management: intent-guided failure classi�ication and knowledge accumulation;  6.
Subsystem	 Veri�ication	 Through	 Intent	 Composition	 : scalingthe framework from individual IP blocks to composed subsystems;  7. Quality	 Metrics	 for	 AI-Assisted	 Veri�ication	 : a structured suiteof metrics, grouped into families that separate generation-sidefailures from speci�ication-side failures, so the quality of AI-assisted veri�ication is measured rather than asserted, beforeanything is signed off;

 



8.
Veri�ication	 Closure:	 From	 Coverage	 Evidence	 to	 Sign-Off
Argument: intent-driven coverage interpretation and a structured,defensible sign-off argument that records what was veri�ied, whatwas not, and who accepted the risk.

 
An Afterword follows the �inal chapter, addressing the evolving roleof the Veri�ication Strategist in a landscape of increasingly capable AItooling, and the directions in which the VEGA framework extendsnaturally: post-silicon bring-up grounded in the residual risk register,and formal veri�ication as a �irst-class input to the XTP.Figure 1.4 shows the whole journey on one page: seven stages, oneper chapter, each producing an artifact the next stage depends on. Youcan return to it whenever you want to see where the current chaptersits in the larger program.

Fig.	1.4 One program, end to end. Each chapter is one stage; each builds on the artifact the lastone produced, the Veri�ication Strategist reviews every gate, and the plan learns from every bugfound
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Veri�ication programs most often fail not in tooling but in planning:bugs escape to silicon because a feature was misunderstood, anambiguity was silently resolved, or a cross-feature interaction wasnever identi�ied as a risk. The remedy is to treat the test plan as theveri�ication strategy and to produce it �irst. This chapter develops theExecutable TestPlan (XTP), a structured, versioned, fully traceableartifact that drives implementation, regression planning, and sign-off. Itpresents a governed four-step �low from speci�ication to XTP:exhaustive feature extraction paired with an explicit ambiguity register;review of the feature list against the speci�ication to catch missed,hallucinated, and assumption-as-requirement defects; identi�ication ofcross-feature interactions before any test case is written; andgeneration and validation of the XTP against executable-detail andtraceability checks. At every step an AI produces the draft and aVeri�ication Strategist owns the gate where judgment catches whatautomation cannot. The same �low can be run end to end with the VEGAgenerator when risk is low, collapsing the gates into a single review. A
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complete worked test case illustrates the signal-level precision the XTPformat requires.
2.1	 The	 TestPlan	 Is	 the	 Veri�ication	 StrategyYou have just received a design. Your job is to verify it. Where do youstart?The instinct in most veri�ication programs is to start building: writethe testbench, set up the environment, get something running. Thisinstinct is understandable. It feels productive. But it is the wrong placeto start, and it is the reason so many programs end with bugs foundlate, schedules blown, and a question nobody wants to ask out loud: did
we	actually	�ind	everything?The primary goal of veri�ication is to �ind bugs. Not to build anelegant testbench. Not to achieve a coverage percentage. Not todemonstrate that the design passes a suite of tests. Those areinstruments. The goal is bugs: �inding every bug that matters before thedesign reaches silicon, where �ixing it costs ten to a hundred timesmore.A testbench built without a rigorous plan will exercise the paths theengineer thought of. The bugs that escape to silicon are almost alwaysin the paths nobody thought to test, because a feature wasmisunderstood, an ambiguity was silently resolved the wrong way, or across-feature interaction was never identi�ied as a risk. These are nottooling failures. They are planning failures.

The	 test	 plan	 is	 the	 veri�ication	 strategy. It de�ines exactly whatmust be veri�ied, why, and how success will be measured. A well-constructed test plan is the single greatest determinant of veri�icationcompleteness. Everything else (the testbench, the scenarios, theregressions, the coverage closures) is the realization of what the testplan de�ined.This is why the test plan must come �irst. The process requires fourthings:



Extracting every veri�iable feature from the speci�ication,exhaustively, not selectivelySurfacing every ambiguity and getting it resolved by the architectbefore it silently becomes a coverage gapIdentifying every cross-feature interaction that could hide a bugProducing a traceable, governed artifact that drives everydownstream veri�ication decision.Conventional veri�ication skips or shortens this process because it ishard to do manually at scale. With the right structure, AI can extractfeatures exhaustively, detect ambiguities systematically, and reasonacross the full feature space for cross-feature interactions, in a fractionof the time manual analysis requires and with greater consistency. TheVeri�ication Strategist governs every output. AI generates the drafts.
The	 outcome	 of	 this	 chapter	 is	 a	 complete,	 versioned

Executable	 TestPlan	 (XTP), a structured artifact that drivesimplementation, regression planning, and sign-off tracking across IP,subsystem, and SoC veri�ication efforts.
2.2	 The	 XTP	 Generation	 FlowVEGA produces the XTP through a governed �low of four steps. TheVEGA tool runs all four internally and generates the �inal XTP in a singlepass; this chapter teaches the four steps one at a time so youunderstand what the tool does and can govern its result. Conceptually,each step produces a reviewable artifact behind a gate. AI generates thedrafts at every step; the human owns the gates. The gates are notbureaucracy. They are the checkpoints where judgment catches whatautomation cannot.
TableThe four steps are realized as the staged prompts inside the VEGAgenerator, ch01_vega_tools/vega_xtp_gen.py. The sectionsthat follow walk each step in turn: what it decides, and why the gate



before the next step exists. Once you have seen the four steps and thejudgment each gate protects, Sect. 2.8 shows how to run all four at oncewith the VEGA tool when the risk is low enough to collapse the gatesinto a single review (Fig. 2.1).
Working	 with	 the	 AI	 at	 Each	 Gate

The four steps differ, but your method does not. At every step the AIdrafts, you interrogate, and you decide. Hold each draft to fourmoves:
Ask: give the AI the full speci�ication, not a summary, and stateexactly which artifact you want.
Distrust: know the one place the AI is weak at this step, and lookthere �irst.
Interrogate: test the draft against the speci�ication, not againsthow convincing it reads.
Decide: resolve what you can, and send what you cannot to thearchitect.

The Veri�ication	Strategist	action note at each step is the Decidemove made speci�ic. The skill this chapter teaches is theinterrogation: a draft that reads well is the AI’s strength, and yourtrap.

Fig.	2.1 The XTP generation �low: four governed steps from speci�ication to Executable TestPlan,with a Veri�ication Strategist gate between each. When the design is familiar and low-risk, the samefour steps run end-to-end with the VEGA tool and the gates collapse into a single review of the�inal XTP



2.3	 Step	 1:	 Feature	 Extraction	 and
Clari�icationThis step answers a single question: what does this design actually do,and what about it is unclear?The extraction prompt reads the full speci�ication and produces twooutputs simultaneously: a structured feature list with sourcereferences, and an ambiguity register with a clari�ication question foreach item. The two outputs are generated together because theextraction and the ambiguity detection feed the same reading pass, andseparating them into sequential prompts risks missing ambiguities thatonly become visible when features are compared against each other.The failure mode this step prevents is silent assumption. Without anexplicit ambiguity register, an engineer reading an underspeci�iedsection will resolve the ambiguity in whatever way seems natural andproceed. That resolution becomes an invisible assumption in the testplan. Three months later, when the DUT behaves differently, no recordexists of the decision that was made or who made it. The ambiguityregister converts every such decision into an explicit architect questionbefore any test is written.
Veri�ication	Strategist	action:	Review	the	feature	list	and	ambiguity
register.	Send	every	blocking	ambiguity	to	the	design	architect.	Update
the	feature	list	with	architect	responses	before	proceeding	to	Step	2.	Do
not	proceed	with	unresolved	blocking	ambiguities.

2.4	 Step	 2:	 Feature	 List	 ReviewBefore any tests are written, the extracted feature list must be validatedagainst the original speci�ication. This step is a quality gate, not aformality.A missed feature at this stage costs one correction. The same missedfeature discovered after the testbench is built costs an order ofmagnitude more: the scenario must be written, the coverage model



updated, the regression re-run, and the root cause of the missinvestigated. The economics strongly favor �inding the gap here.Step 2 catches three categories of problem that consistently escapeStep 1. Missed	 features are sections of the spec that were read but notextracted, particularly appendices, timing diagrams, and error-handlingclauses, which LLMs deprioritize when the main datapath is moreprominent. Hallucinated	 features are behaviors that appear in thefeature list but cannot be traced to a speci�ic line in the speci�ication.The model inferred them from protocol training data rather thanextracting them from the document. Ambiguities	 masquerading	 as
requirements are the most dangerous category: assumptions thatwere stated as facts rather than �lagged for architect review. These passevery structural check and only reveal themselves when the DUTbehaves differently from what the test assumes (Fig. 2.2).

Veri�ication	Strategist	action:	Review	the	verdict.	If NEEDS FIXES,
correct	the	feature	list	and	re-run	Step	2.	If BLOCKED,	resolve	the	�lagged
ambiguities	with	the	architect	before	proceeding.	Only	a READY FOR
STEP 3 verdict	unlocks	Step	3.

Fig.	2.2 Reviewing the feature list against the spec. Three failure classes hide in the gap: featuresin the spec but missing from the list, features in the list with no spec line, and assumptions stated asrequirements. Only a clean reconciliation earns READY FOR STEP 3
2.5	 Step	 3:	 Cross-Feature	 Interactions	 and	 the
Test	 Plan



With a validated feature list in hand, this step generates the test plan.But it does something before writing a single test case that mostveri�ication programs skip entirely: it identi�ies cross-featureinteractions.A cross-feature interaction is a situation where two or morefeatures, each correctly speci�ied in isolation, produce unexpectedbehavior when they operate together. These are not edge cases. Theyare the dominant category of integration bugs. A reset that is assertedmid-transfer. A burst that starts while an error recovery is in progress.A clock-domain crossing that is correct under single-transfer conditionsbut fails under back-to-back load. None of these bugs exist within anysingle feature. All of them are invisible to a test plan organized aroundindividual feature veri�ication.The Step 3 prompt identi�ies cross-feature interactions beforewriting test cases, because the test case generation must know whichinteractions exist to allocate scenarios for them. An interactionidenti�ied at this stage costs one scenario. An interaction discoveredduring silicon debug costs a respin.The output is a test plan table with every row traced to either aFeature_ID or an Interaction_ID. Priority is explicit: P0 tests are must-pass for sign-off, P1 tests are important, P2 tests are nice-to-have. TheVeri�ication Strategist reviews the P0 set before proceeding. Con�irmingthat it is both necessary and suf�icient for sign-off is a judgment callthat AI cannot make (Fig. 2.3).
Veri�ication	Strategist	action:	Review	the	test	plan	table.	Con�irm	all

P0	tests	are	necessary	and	suf�icient	for	sign-off.	Verify	that	every	cross-
feature	interaction	has	at	least	one	test.	Approve	before	proceeding	to
Step	4.



Fig.	2.3 The eight categories a complete XTP must span. Every feature classi�ies into one; acategory left empty is a class of behavior no test will reach
2.6	 Step	 4:	 Generate	 and	 Validate	 the	 XTPThe �inal step converts the approved test plan into a machine-consumable XTP and validates it. This is the last gate before the XTP ishanded to the testbench engineer as a contract. Validation happens intwo layers.The �irst layer checks that every test is speci�ied precisely enough toexecute. LLM-generated plans have a predictable failure mode: teststhat are structurally correct but veri�ication-useless, steps that say“verify the transfer completes” rather than “sample PREADY at T2,con�irm PREADY=1 and PSLVERR=0.” The quality validator runs twelvechecks to enforce executable detail. The ones that matter most:
Signal-level	 detail: every step must use signal=value format
Hex	 addresses: every register access must use hex notation
Timing	 references: every step must reference a clock edge, phase,or cycle number
Veri�ication	 step: every test must include a read-back or observablepass condition
Step	 count	 minimums: reset tests require 10 steps, error testsrequire 15. The counts enforce that these categories receive thedepth they need
Rule	 ID	 coverage: spec rule references must appear at 70% or betteracross the requirement set



Register	 address	 consistency: the same register must use the samehex address every time it appears
Traceability: every test must reference a requirement; everyrequirement must reference a test.The second layer checks the plan against the speci�ication: everyrequirement maps to at least one test, every test maps to at least onerequirement, every test has a stimulus and a pass condition, no testrests on an undocumented assumption, and no test referencesinfrastructure that does not exist. Any failing check requires a return toan earlier step as appropriate.A plan that passes both layers can be handed to the testbenchengineer as a contract. One that fails is a documentation artifact, not averi�ication speci�ication. From this point forward, every testbenchdecision traces to a requirement in this document.

Veri�ication	Strategist	action:	Review	the	validation	report.	Resolve	every
FAIL	�inding	before	signing	off.	The	signed-off	XTP	is	the	input	to	every
subsequent	chapter.

2.7	 XTP	 Reference:	 One	 Test	 Case	 in	 FullA single test case from the bridge’s XTP illustrates what the formatrequires. Every �ield is mandatory. Every step uses the signal-leveldetail the quality validator enforces.The test shown here is TEST_MAIN_DATAPATH_001, the singlewrite conversion, the simplest path through the bridge. It is the rightstarting point: if this test is speci�ied incorrectly, every more complexscenario built on top of it inherits the error.Reading this case carefully before writing the testbench is notoptional preparation; it is the �irst act of veri�ication.





The signal values are not illustrative. They are the test. If you are stilllearning the protocol, do not worry about decoding every signal namehere; the point is the precision, not the mnemonics. A step that says“write test data to the bridge” has no pass condition. A step that says “AtT1: HADDR=0x0000_1000, HWDATA=0xDEAD_BEEF” can beautomated, reviewed, and traced. That precision is what separates averi�ication contract from a veri�ication intention.Figure 2.4 lays the same test case out visually, with callouts namingwhat each �ield contributes to a veri�iable test.

Fig.	2.4 Anatomy of one XTP row, TEST_MAIN_DATAPATH_001. The mandatory �ields,traceability to a requirement (REQ_001), signal-level DRIVE and EXPECT steps, and explicit passcriteria, with callouts for what each part contributes. A drive without a checked response is not atest; a row without a requirement is an untraceable claim
2.8	 Running	 the	 Whole	 Flow	 with	 the	 VEGA
ToolYou have now seen the four steps and the judgment each gate protects.Once you understand them, you do not have to walk them one at a time.When the protocol is familiar, the speci�ication is well-formed, and thecost of a missed feature is low, the VEGA tool runs all four steps in asingle command, and you review the �inal test plan once, at the end:



The tool sends the full speci�ication to the model once and caches it,then works in stages: it discovers features (standard, then design-speci�ic, then cross-feature), audits the list for completeness, andgenerates the test cases for each feature in parallel, applying the samequality checks described in Step 4. A feature whose tests fall below the80% quality bar is retried; one that still falls short is written as a�lagged stub for human review rather than dropped silently. Adeterministic lint validates the XML before the XTP is written:
Running the �low end-to-end collapses the per-step gates into a singlereview at the end. That trade is only safe when the risk is low. Run itthis way when the protocol is familiar, the speci�ication is well-structured, and you are prototyping or iterating on a known design.Stop at every gate instead when the domain is new, the speci�icationleans on tables and timing diagrams the model may misread, anarchitect must sign off, or the design is safety-critical and a missedfeature is expensive.One caveat governs the fast path. The quality score measures testdetail, not design coverage. A score of 92% means the tests that weregenerated are well-speci�ied. It does not mean that every feature in thespeci�ication was found. So when you run the �low end-to-end, your onereview is not a glance at the score. It is a deliberate check that thefeature list is complete, which is the judgment the per-step gates wouldotherwise have forced.



2.9	 ConclusionThe goal of this chapter was not to produce documentation. It was tomaximize the probability of �inding every bug in the design before itreaches silicon.The XTP that emerges from this �low, whether you walked the fourgates yourself or ran them in one command and reviewed the result, isnot a planning artifact. It is a contract. Every requirement in it has asource in the speci�ication. Every test in it has a falsi�iable claim. Everycross-feature interaction in it was identi�ied before a single scenariowas written.AI accelerates every stage of this process: exhaustive featureextraction, systematic ambiguity detection, cross-feature reasoning atscale. The Veri�ication Strategist governs every output. The result is nota smarter testbench. It is a more complete understanding of the design,captured in a form that every downstream activity can honor.The bugs that escape to silicon are the ones that were neverdescribed. This chapter is about making sure every behavior worthtesting gets described, precisely, unambiguously, and before a singleline of testbench code is written.With a �inalized XTP in place, Chap. 3 shows how VEGA realizes thisplan through governed testbench architecture and environmentdevelopment.
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A testbench is the program that surrounds a design, drives stimulus,observes outputs, and checks them against the speci�ication acrossthousands of transactions. Built without a prior architectural decision,it collapses: drivers that know about scenarios, monitors that make testdecisions, infrastructure bound to one test sequence. This chapterestablishes the structural rule that prevents that collapse, namely thatinfrastructure and test logic are separate, with intent �lowing only oneway, and it turns a signed-off Executable TestPlan into aUVM environment that compiles, simulates to a passing run, andproduces inspectable waveforms. It introduces the VEGA LLMTestbench Generator, which builds UVM scaffolding from fourstructured inputs: an IP-XACT port list, a manifest, a plain-Englishveri�ication-intent �ile, and an optional speci�ication. An engineerwrites only two, neither requiring UVM expertise. Generation, �ixing,and recording are split across three tools: a batch generator, aninteractive agentic �ixer, and version control as the experiment record.A worked example takes the Educational Bridge Model from generatedscaffolding to a passing run, and a nine-point quality gate establishes
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when the environment is scenario-ready. The framework is simulator-and platform-neutral.
3.1	 From	 a	 Plan	 to	 a	 Bench	 That	 RunsFirst, what a testbench is, since the rest of the chapter assumes it. Ahardware design is a description, not a machine. The RTL you writesays what the logic should be, but on its own it does nothing. Youcannot press run on a chip and watch it work the way you run aprogram, and once a design is manufactured into silicon, a bug cannotbe patched the way software can. Fixing it means a new chip, with theweeks and cost that implies. So before anything is manufactured, thedesign is exercised in simulation, where its behavior can be observedand corrected cheaply. The catch is that a real design has far more inputcombinations, orderings, and timing situations than anyone can checkby hand, and reading the code to convince yourself it is right is exactlyhow bugs survive to silicon.A testbench is the program that does this checking for you. Itsurrounds the design, generates stimulus (the inputs the design wouldsee in a real system), drives those inputs under controlled clocking andreset, observes the outputs the design produces, and compares themagainst what the speci�ication says should happen. When the twodisagree, it �lags the exact transaction that failed. It does thisautomatically, across thousands of transactions, so you are testing thedesign’s behavior rather than trusting it. Building that harness, andgetting it to compile, run a real simulation, and check somethingmeaningful, is most of the work of veri�ication, and it is what thischapter produces.You have a signed-off Executable TestPlan (XTP). You know exactlywhat needs to be veri�ied. The natural next step seems obvious: open a�ile and start writing the testbench.Most engineers do exactly that. Six weeks later the environment isstructurally compromised. Drivers that know about scenarios. Monitorsthat make test decisions. A scoreboard coupled to a speci�ic test



sequence. The environment works for the tests it was built for andnothing else. Every new scenario requires an infrastructure change.Every new engineer who joins spends a week decoding what issupposed to happen where.This is not a skill problem. It is a process problem. There was noarchitectural decision made before the coding started, onlyimplementation decisions made under schedule pressure.This chapter gives you a process with one concrete outcome:
From	 four	 input	 �iles	 to	 a	 UVM	 testbench	 that	 compiles	 clean,

runs	 a	 real	 simulation	 to TEST PASSED ,	 and	 produces
waveforms	 you	 can	 inspect. AI generates the scaffolding and �ixesthe errors. You govern every step (Fig. 3.1).

Fig.	3.1  The chapter in one line. Four inputs become a generated testbench; it compiles clean andruns a real simulation; Claude Code �ixes whatever broke; the result is a waveform you can read,with every iteration recorded in gitThe process applies to any design: an AHB-to-APB bridge, PCIecontroller, AXI interconnect, custom DMA engine, CHI fabric. Youdescribe your DUT in structured �iles. An LLM generates the scaffolding.Claude Code brings it to TEST PASSED. Git records every step.By the end of this chapter you will have:All tools installed, con�igured, and veri�iedA working UVM testbench generated from four input �ilesA �irst simulation that reaches TEST PASSEDAn experiment record in git showing exactly what changed and why



The framework runs on any SystemVerilog simulator, on Windowsor Linux. The worked example in this chapter uses Questa Intel FPGAStarter Edition (FSE) because it is free, but nothing in the work�low isspeci�ic to it. The manifest selects your simulator and the generatoremits the matching compile, simulation, and waveform scripts for yourplatform.The worked example throughout this book is the Educational	Bridge
Model (Appendix A), an AHB-to-APB bridge whose implementation �ilesuse the name ahb2apb_bridge. In this chapter we refer to it simplyas the	bridge. Every command, �ile, and output in this chapter wasproduced by running the actual work�low, not synthesized after thefact.
3.2	 The	 Core	 Principle:	 Infrastructure
and	 Test	 Logic	 Are	 SeparateOne rule governs everything in this chapter:
The	 testbench	 is	 infrastructure.	 Scenarios	 are	 separate.	 Nothing
in	 the	 environment	 knows	 about	 test	 intent.	 Nothing	 in	 a
scenario	 reaches	 into	 infrastructure	 internals.This is not a style preference. It is the structural decision thatdetermines whether your testbench scales or collapses under its ownweight.Drivers drive signals according to protocol. Nothing else.Monitors observe and report transactions. Nothing else.Scoreboards compare observed transactions against expectedbehavior. Expected behavior comes from the test, not from thescoreboard itself.Assertions check protocol properties. They do not make testdecisions.
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Coverage collectors sample transactions. Coverage goals are de�inedby the test plan, not by the collector.When this boundary holds, the environment is reusable acrossdesigns, integration levels, and engineers. When it breaks, you rebuildfrom scratch for every new project.

Fig.	3.2  Intent �lows one way. Test logic governs what the infrastructure does; the infrastructurenever reaches back up into test intent. That one-way boundary is what makes the environmentreusable
3.3	 The	 VEGA	 LLM	 Testbench	 GeneratorThe VEGA LLM Testbench Generator (vega_llm_tbgen.py)automates the creation of UVM testbench scaffolding from fourstructured inputs. It separates the work into three tools, each doingexactly one job:
Table



Fig.	3.3  Three tools, one job each. The generator is a batch tool, Claude Code is interactive, gitrecords. The simulator, whichever you use, sits underneath them allThe script runs once. It calls an LLM to generate the behavioral �iles,interfaces, drivers, monitors, and scoreboard, then generates structural�iles deterministically: package include order, compile �ilelist, batchscripts, and a CLAUDE.md context �ile that Claude Code reads at thestart of every �ix session. It then runs git init and makes the initialcommit.
The	 key	 insight	 this	 work�low	 encodes: Generation is a batchproblem. One prompt, one response, done. Fixing is an interactiveproblem. Read a �ile, run a command, see what broke, decide what tochange. These are different problems requiring different tools.Earlier approaches that tried to build agentic compile-sim-�ix loopsinside the generation script failed because they mixed both problemsinto one tool. Separating them made both work.

3.4	 SetupSet up three things: the generator, the �ixer, and a simulator with git.The framework runs identically on Windows and Linux; install eachtool with your platform’s standard mechanism, and verify each installbefore moving on. Open a fresh terminal after each install so theupdated PATH takes effect.
3.4.1	 The	 Generator:	 Python	 and	 an	 API	 KeyThe generator script runs on Python 3.10 or later, calls the AnthropicAPI, and therefore needs an API key. Install Python from python.orgor your package manager, then:
If python or pip is not found after install, the install directory is noton your PATH. Add it and reopen the terminal.



Obtain an API key at
https://console.anthropic.com/settings/keys, then set itas the environment variable ANTHROPIC_API_KEY (the value begins
sk-ant-...) using your platform’s standard mechanism, and make itpermanent so it survives a new terminal. Verify that printing thevariable from a fresh terminal shows your key, not a blank.The key is billed per token. Generating one complete testbench withClaude Opus costs roughly $1 to $2.
3.4.2	 The	 Fixer:	 Node	 and	 Claude	 CodeClaude Code is Anthropic’s agentic coding tool. It runs in theterminal, reads and writes �iles, runs shell commands, and reads
CLAUDE.md at the start of every session. Install Node.js 20 LTS from
nodejs.org or your package manager, then:
Node must be 18.18 or later. An older release (for example v18.15.0)produces a TypeError: Object not disposable crash atstartup, because Claude Code uses the using keyword introduced in18.18. Node 20 LTS is recommended. On �irst launch, claude prints anauthentication URL; log in with your Anthropic account and theauthentication persists for every later session.
Subscription	 Required

Claude Code requires a Claude.ai subscription. The Pro plan($20/month) covers all �ix sessions with no per-token billing. TheMax plan ($100/month) provides 5× higher usage limits and accessto Opus models in Claude Code.
3.4.3	 The	 Simulator	 and	 Git



Any SystemVerilog simulator works. The manifest names yoursimulator and the generator emits matching compile, sim, and
waves scripts. This chapter uses Questa FSE, which is free and shipswith the Quartus Prime Lite package from Intel. During installation,ensure the Questa	 Intel	 FPGA	 Starter	 Edition component is checked.Verify the simulator from its install location and install git with yourpackage manager:
Pre-simulator	 Constraints

Some simulators impose constraints the framework must respect.Questa FSE, for example, does not include the svverificationlicense, so .randomize() cannot be called on user-de�ined objects.The generator and CLAUDE.md encode this rule so ClaudeCode never introduces a .randomize() call during �ixes. A fullsimulator without that restriction lifts the constraint automatically.The point is general: simulator-speci�ic quirks live in CLAUDE.md,not in your head.
Total	 Cost	 (Questa	 FSE	 Example)

Table

Claude Code �ix sessions are covered by the subscription with noadditional per-token billing. Only the vega_llm_tbgen.pygeneration call uses API credits.



3.5	 The	 Four	 InputsBefore running the generator, prepare four �iles. Together they containeverything the LLM needs to generate a correct UVM testbench. Theengineer writes only two of them, manifest.json and
verification_intent.txt, and neither requires SystemVerilogknowledge, UVM expertise, or signal-level understanding.
Table

3.5.1	 IP-XACT	 XMLIP-XACT is IEEE standard 1685 for IP component description. IP-XACT �iles are frequently available from EDA tools, synthesis �lows, orIP vendor deliverables. In modern design �lows, the IP-XACT �ile is oftenone of the �irst deliverables a design team can provide. It describes theinterface contract of the block before the RTL implementation iscomplete. For the generator it is the source of truth for the DUTinterface: it gives the AI the exact signal names, widths, and directions,so the testbench interfaces and the DUT binding are built from the realport list rather than guessed or hallucinated signals.Veri�ication teams that receive the IP-XACT �ile early can begintestbench infrastructure development in parallel with RTLdevelopment, compressing the overall schedule. The design teamshould treat IP-XACT delivery as a veri�ication dependency, not anafterthought: every week the �ile is delayed is a week of testbenchdevelopment that cannot start.If the IP-XACT �ile is not available, use the--rtl argument insteadand the VEGA generator will parse the RTL module declaration directly.



3.5.2	 Manifest.jsonThe manifest is the only �ile requiring deliberate engineering judgment.It de�ines how the testbench is con�igured, not how the hardwareworks. Each �ield maps to a concrete generation decision: clocks andresets set how tb_top drives timing, the interface list and roles decidewhich agents are built and whether each drives or only monitors, andthe veri�ication goals become scoreboard checks, so a wrong �ield hereyields a structurally wrong testbench, not a cosmetic one. All �ields useplain names and values; no signal names or UVM constructs appearhere.This separation is intentional: the manifest captures veri�icationintent at a level that a veri�ication lead can review without readinggenerated code, and that a new team member can understand withoutknowing the testbench internals.



The simulator �ield selects your toolchain (questa_fse, vcs,
xcelium, and so on); the generator emits the matching scripts. The
role �ield is the most consequential entry. "active" means thetestbench initiates transactions on this interface, so the agent’s drivergenerates stimulus. "passive" means the agent only monitors DUT-initiated transactions.



3.5.3	 Veri�ication_intent.txtThe veri�ication intent �ile captures the strategy in plain English usingfour sections. It takes under ten minutes to �ill in for any new design.That ten minutes is not overhead. It is the most valuable ten minutes inthe veri�ication program.An engineer who can �ill in this �ile has understood the design wellenough to verify it. An engineer who cannot is not ready to write tests,regardless of what tools are available. The veri�ication intent �ile makesthat readiness explicit and reviewable before a single line of testbenchis generated.

The LLM implements this intent directly in the driver, monitor,scoreboard, and sequences. The quality of the generated testbench isbounded by the quality of this �ile. Vague intent produces a testbenchthat compiles and simulates but checks nothing meaningful.
3.6	 Running	 the	 GeneratorThis section shows the complete VEGA work�low for any design. Applyit to any DUT by substituting your design name, �iles, and outputdirectory.
3.6.1	 Project	 Directory	 Layout



Keep input �iles alongside the generator script in
ch01_vega_tools/. The script writes the output testbench to thedirectory you specify with--output.

3.6.2	 Preview	 Before	 Spending	 API	 CreditsAlways run--dry-run �irst. It validates all inputs, builds the masterprompt, prints the �irst 4000 characters, and reports token countwithout calling the API.

If the pre-�light check fails (missing sections, design namemismatch, no interfaces de�ined), �ix the manifest before proceeding.
3.6.3	 Generate	 the	 Testbench



Optional arguments:
--spec <file>: PDF, Markdown, or text design speci�ication.Improves protocol timing accuracy in drivers and monitors. Skippedif not provided.
--rtl <file>: SystemVerilog RTL �ile. When provided, the scriptparses the module declaration directly to produce dut_bind.sv,and cross-checks the port list against IP-XACT. Use this instead of--
ipxact if the IP-XACT �ile is not available, or use both to validateconsistency.
--no-git: Skip git init and the initial commit. Notrecommended.
--dry-run: Preview prompt without API call.The generator streams the response, printing each �ile name as it isgenerated. Allow 3–5 min for a complete 21-�ile testbench. Once it�inishes, the generated scripts handle compile and simulate, and a thirdopens the waveform viewer (shown here as the Windows batch namesthe worked example produced; the generator emits the matchingscripts for your platform):

To bring the generated scaffolding to TEST PASSED, open ClaudeCode in the output directory and work through the errors (the full �ixwork�low is in Sect. 3.10):
3.7	 Worked	 Example:	 The	 Educational	 Bridge
Model



The bridge converts AHB transactions into APB transactions in a singleclock domain. It presents an AHB slave port to a processor and an APBmaster port to a peripheral bus, so the testbench drives it with thecomplementary roles: an AHB master agent and an APB slave agent.Both sides run on the same clock (HCLK = PCLK). The bridge includesan internal register �ile, error propagation, and a con�igurable timeout.
AI	 Output	 Varies	 Between	 Runs

The �ile counts, the speci�ic bug, and the exact �ix shown in thissection come from one real run. Large language models are notdeterministic and will not reproduce the same output twice, so yourrun will differ in the details. What does not change is the process: thegenerator produces a complete, compiling testbench that stillcontains bugs an engineer must review and �ix, and the two-test loopsurfaces them the same way every time. Read this section as arepresentative example, not a result to reproduce line for line.This section is the framework applied to the bridge for real. Everycommand, �ile, and result here came from the actual run. The fourinputs follow the templates introduced earlier in this chapter; theengineer writes the manifest and the intent �ile, and the bridge’s sixveri�ication goals state what a correct conversion must guarantee:
G1: every AHB address appears unchanged on the APB interface
G2: write data reaches APB without corruption
G3: read data returns to the AHB master unchanged
G4: direction never �lips, a write stays a write and a read stays a read
G5: an APB error response becomes an error on the AHB side
G6: exactly one APB transaction per AHB transaction, none lost orduplicated.
Companion	 Repository



The complete, runnable inputs for the bridge(ahb2apb_bridge.xml, manifest.json,
verification_intent.txt, the spec) and the full generationlog are in the companion repository at

https:// github. com/ vksabnima/ vega_ framework
under ch01_vega_tools/. The generated testbench, includingthe complete 26-�ile tree, lives under

ch03_testbench/ahb2apb_bridge_ uvmtb/. Clone therepository and run the python ch01_vega_tools/ ...commands shown in this chapter to reproduce this run end to end.
3.7.1	 What	 the	 Generator	 ProducedOne run produced 26 �iles from those four inputs: 21 from the LLM and5 deterministic script �iles. The structure mirrors the infrastructure andtest-logic boundary from Fig. 3.2:

Files marked [LLM] were generated by the language model; thosemarked [SCRIPT] were generated deterministically by the Pythonscript. dut_bind.sv is LLM-generated from the IP-XACT port list;with--rtl the script overwrites it from the RTL module declarationfor more reliable connections. The full tree is in the repository(Fig. 3.3).

https://github.com/vksabnima/vega_framework


Figure 3.4 shows how those �iles compose into the runningUVM environment, which parts are reusable infrastructure versus per-scenario test logic, and the path a transaction follows from sequence toscoreboard.

Fig.	3.4  The generated UVM environment for the bridge. tb_top instantiates the DUT andconnects it through the AHB/APB virtual interfaces to the env, which holds the two agents(ahb_mst_agent, apb_slv_agent, each with a sequencer, driver, and monitor) and thescoreboard. Infrastructure (blue) is reused across scenarios; test logic (the test and sequences) iswritten per scenario. The bottom strip traces how a run �lows from sequence to sequencer todriver to the DUT, then back through the monitor to the scoreboard
3.7.2	 Fix	 Session:	 From	 Scaffolding	 to	 TEST	 PASSEDOpen Claude Code in the generated directory (cd into the ..._uvmtbfolder, then run claude). It reads CLAUDE.md automatically. Theentire �ix session for the bridge was a single pass:

Fix	 Session:	 The	 Bridge,	 Iteration	 1



After TEST PASSED, commit  the iteration in git with a messagenaming what changed (for example, iteration-1: TEST PASSED
sanity, AHB driver timing fixed).The diff between iteration-0 and iteration-1 is three lines in
ahb_mst_driver. sv. That is the entire lesson of the workedexample: the LLM produced a complete, compiling testbench, lackedone piece of AHB pipeline-timing knowledge, and the loop surfaced it asa failing transaction count. What the AI got wrong, and the minimal �ixthat resolved it, is the data, and git holds it.
3.8	 Two	 Tests,	 Two	 PurposesThe generator always produces exactly two tests:

Bringup	 test (<design>_bringup_test):Drives exactly one transactionNo scoreboard checksPasses if simulation completes without UVM_FATAL or UVM_ERRORIf this fails, the TB infrastructure is broken, not the DUT
Sanity	 test (<design>_sanity_test):



Drives num_txns transactions (from manifest)Full scoreboard: all veri�ication goals checkedPasses when all goals pass and TEST PASSED appears in logIf bringup passes but sanity fails, DUT behavior is wrongAlways run bringup �irst. The two-test strategy separates TBinfrastructure bugs from DUT bugs before debugging begins.
3.9	 The	 CLAUDE.md	 Context	 FileEvery generated testbench contains a CLAUDE.md �ile. Claude Codereads it automatically at the start of every session. It contains:Design name and veri�ied simulator tool pathAll veri�ication goals from the manifestSummary of the veri�ication intentBoth test names with their purposeAll critical UVM and simulator rules (encoded directly into the �ile)Edit hint tag meaningsCompile, sim, and wave commandsWork�low commands for the �ix-commit cycle.
CLAUDE.md is not an AI prompt. It is a project speci�ication that is readby an AI tool. When the design changes, update it manually.One important constraint: do not add expected DUT behavior to
CLAUDE.md. If Claude Code knows how the DUT is supposed tobehave, it may adjust monitor and scoreboard �ixes to match theexpected behavior rather than detect violations. Monitors observe whathappens. Scoreboards compare what happened against the intent.
CLAUDE.md contains rules and context, not answers.
3.10	 Claude	 Code	 in	 Practice:	 Fixing,
Recording,	 and	 Waveforms



Generation is the batch step. Everything after it is the interactive loop:run, see what broke, �ix, re-run, and record. Figure 3.5 shows the cycle.

Fig.	3.5  The �ix loop. Generate once, then compile and simulate; when a run fails, ClaudeCode reads the �iles, reasons over them, and writes the �ix; when it passes, the iteration becomes agit commit
3.10.1	 Three	 Operating	 ModesClaude Code operates in three modes, cycled with Shift+Tab in theterminal:
Default	 mode: proposes each �ile change and asks for approvalbefore writing. Use when reviewing complex or high-risk changes.
Auto-accept	 mode: writes changes immediately without asking. Usefor routine �ixes once you trust the direction.
Plan	 mode: reads �iles and describes what it would do, but makeszero changes. Use when you want to review the strategy beforecommitting to it.The streaming token counter in the status bar shows tokensreceived in real time. For complex multi-�ile reasoning sessions, 15–25 min and 15,000–25,000 tokens is normal. Do not interrupt a sessionthat is still receiving tokens.

3.10.2	 What	 Claude	 Code	 Already	 KnowsBecause CLAUDE.md is loaded at session start, Claude Code appliesthese rules automatically without the engineer stating them:Respect simulator constraints (for Questa FSE, never use
.randomize(), since there is no svverification license)Use null scope in config_db::set(), not this



No modport suf�ix in virtual interface type in config_db
timescale only in tb_top.sv
uvm_analysis_imp_decl at �ile scope before class de�initionPackage include order is script-enforced; do not edit<design>_pkg.sv.

3.10.3	 Git	 as	 the	 Experiment	 Record
git init runs automatically during generation, and the �irst commit(iteration-0) captures the LLM-generated scaffolding. Commit onceper �ix session with a message naming what changed, so the historyreads as a sequence of iterations.The diff between iteration-0 and iteration-1 is the primary researchoutput of this chapter. It shows exactly what the LLM generated, whereprotocol knowledge was insuf�icient, and what minimal changeproduced a passing test.
3.10.4	 Viewing	 WaveformsEvery simulator writes a waveform database, and the generated simscript always produces one. For Questa FSE the run is:
The log -r /* command logs every signal in the design hierarchy.Open the viewer after any run with one command; it loads all signalsand applies zoom-full automatically, so no manual wave con�iguration isrequired:
Useful signal paths for the bridge:
tb_top/u_dut/state : FSM state (IDLE, APB_SETUP,APB_ACCESS, etc.)
tb_top/ahb_mst_if/* : all AHB interface signals
tb_top/apb_slv_if/* : all APB interface signals.



To con�irm the AHB address/data phase timing bug in waveforms,zoom to the �irst two clock cycles after reset and look at HTRANS. If itshows NONSEQ followed immediately by IDLE in the same cycle (nogap), the bug is present. Count the number of times PSEL asserts tocon�irm the APB transaction count.
3.11	 Quality	 Gate:	 Scenario-Ready	 ChecklistBefore writing a single scenario, the testbench must pass all ninechecks. Scenarios written against broken infrastructure producemisleading results that are dif�icult to attribute to the DUT.1.

Bringup	 test	 passes. One transaction. Zero errors. Zero fatals.Simulation exits cleanly.  2.
Sanity	 test	 passes. All num_txns transactions. Scoreboardreports Checked=N Pass=N Fail=0. *** TEST PASSED
*** appears in the sim log.  

3.
Transaction	 counts	 match. AHB monitor count equals APBmonitor count. G6 passes by de�inition.  4.
All	 veri�ication	 goals	 pass. Every goal in the manifest has acorresponding scoreboard check that �ires and passes.  5.
Reactive	 components	 run	 forever. No passive sequence has a�ixed loop count.  6.
Enum	 �ields	 synced	 in	 monitors. Every monitor calls
post_randomize() after copying signal values.  7.
Clock	 and	 reset	 only	 in	 tb_top.  8.
No	 test	 logic	 in	 infrastructure. No hardcoded addresses orscenario-speci�ic values in drivers, monitors, or scoreboard.  
The	 commit	 history	 shows	 the	 story. iteration-0 is the



9. e co t sto y s ows t e sto y te at o 0 s t ebaseline. Every �ix has a commit with a meaningful message.  When all nine checks pass, the testbench is scenario-ready.Chapter 4 introduces the �irst scenario against this infrastructure.
3.12	 ConclusionThe VEGA LLM Testbench Generator separates three jobs thatveri�ication engineers have always done manually: generating thescaffolding, �ixing the protocol timing, and recording what changed.Each job has a dedicated tool.The generator runs once and produces 26 �iles from four inputs,two written in plain English with no UVM knowledge. ClaudeCode brings the generated scaffolding to TEST PASSED throughiterative conversational �ixing, guided by the CLAUDE.md context �ilethe generator also produced. Git records every iteration automatically.The bridge went from generated scaffolding to TEST PASSED in oneClaude Code session and two git commits. The commit history is theexperiment record, and the diff between any two commits is the data:what changed, which �ile, which line. When errors occur, ClaudeCode reads them, reasons over the relevant �iles, and writes the �ix. Theengineer commits the result and moves on.The six to eight hours of boilerplate that the generator handledcorrectly is time that goes directly to understanding the DUT. The two-test strategy, bringup before sanity, localizes problems to infrastructureor DUT behavior before debugging begins. Both are meaningfulseparations that scale to any design, on any simulator.The infrastructure layer is now complete and scenario-ready.Chapter 4 covers how VEGA realizes the XTP through governed testscenario design, with this infrastructure.
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A simulation drives a design and records what happened; a test alsochecks the result against what the speci�ication requires and producesa verdict. Stimulus without a checker is not a test. This chapter turns asigned-off Executable TestPlan into executable UVM scenarios thatexercise the design and trace back to speci�ication requirements. Itnames the four purposes tests serve and the four scenario classes,functional, corner-case, stress, and error, that determine how each planrow is written and what a meaningful pass requires. It separatesdirected stimulus, which con�irms a known condition,from constrained-random stimulus, which explores a legal space, andnames the over-constraint failure mode that defeats randomization.Each scenario is exactly one sequence and one test and never modi�iesthe infrastructure layer. The chapter catalogs what AI gets wrong in testgeneration, de�ines the readiness checks a scenario must pass beforeregression, and applies a batch generator that produces a compilingsequence and test per plan row. The result is the entire plan renderedas compiling, traceable scenarios; running each scenario to a verdict,and the bugs that surface, is the next chapter.
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4.1	 A	 Simulation	 Is	 Not	 a	 TestWhen the bringup test in Chap. 3 reached TEST PASSED, somethingimportant happened. But it is easy to misread what that meant.The bringup test drove one transaction and con�irmed thesimulation completed without UVM_FATAL or UVM_ERROR. Itcon�irmed the testbench infrastructure works. It did not con�irm thebridge works. No checker compared the APB output against the AHBinput. No assertion �ired on a protocol violation. No scoreboard veri�ieda single data value. The design under test could be a wire connectinginput to output and the bringup test would still pass.This is the distinction that governs everything in this chapter:
A	 simulation	 drives	 a	 design	 and	 records	 what	 happened.	 A	 test
drives	 a	 design,	 checks	 what	 happened	 against	 what	 should
have	 happened,	 and	 produces	 a	 verdict.	 Stimulus	 without	 a
checker	 is	 not	 a	 test.The sanity test that followed bringup was closer to a real test: it drove�ive transactions and the scoreboard checked that the AHB address,data, and direction appeared correctly on the APB side. But �ivetransactions, single-transfer only, with no error injection and noboundary conditions, covers a small fraction of what the bridge specrequires. The rest is what this chapter addresses: turning the testplan into scenarios that actually exercise the design, and using AI to doit at the speed the plan demands.
4.2	 Why	 Tests	 Exist:	 Four	 PurposesBefore writing a single sequence, it is worth being precise about what atest is supposed to accomplish. Tests serve four distinct purposes, andconfusing them leads to test suites that are large but ineffective.
4.2.1	 Find	 Bugs	 the	 Designer	 Did	 Not	 Anticipate



The most important purpose of veri�ication is discovering behavior thedesigner did not intend. Designers test their own understanding of thespec. Veri�ication tests the gap between that understanding and theactual speci�ication.Directed corner-case and error tests exist for exactly this purpose.They are not verifying normal behavior; they are probing the design atthe edges of its speci�ication.
4.2.2	 Con�irm	 Traceability	 to	 the	 Speci�icationEvery feature in the speci�ication must be veri�ied. Every veri�icationactivity must trace to a speci�ication requirement. Without this two-way traceability, sign-off is a judgment call, not a fact.The XTP from Chap. 2 makes traceability explicit. Each test casecarries a req_ref pointing to a speci�ication requirement. When thosetests pass, you can state with precision which requirements have beenveri�ied and which have not. This is not bureaucracy. It is the differencebetween a veri�ication sign-off that stands up to review and one thatcollapses under the �irst question.
4.2.3	 Build	 the	 Regression	 NetRTL changes. Integration happens. Bugs get �ixed and regressions getintroduced. A regression suite is the net that catches new failuresbefore they reach silicon.A good regression suite runs in a predictable time, covers allpreviously veri�ied functionality, and is sensitive enough to catchregressions without producing false failures. Tests that are too broadfail on unrelated changes. Tests that are too narrow miss regressions inadjacent logic. The XTP category structure (connectivity, registeraccess, datapath, protocol, reset, error, cross-feature, and bringup)provides natural groupings that allow partial regression when only onesubsystem changes.
4.2.4	 Give	 Management	 Con�idence	 to	 Tape	 Out



Tape-out decisions are made by people who do not read simulationlogs. They read coverage numbers, test counts, and sign-off checklists.The summary table the XTP �low produces, every test with an ID, aname, and a one-line objective, is the artifact that communicatesveri�ication status to a non-technical audience. When the suite passes,the project manager sees a complete table with green status. Whensome categories fail, they see exactly which ones are at risk. This is themanagement visibility layer that directed veri�ication planningprovides.
4.3	 AI	 Augmentation:	 From	 Writing	 Tests	 to
Reviewing	 ThemThe four purposes above have not changed in thirty years ofveri�ication. What changes in this chapter is who does the �irst-levelwork.Consider the manual cost. A single scenario for this bridge is asequence class and a test class: drive the right stimulus on the AHBside, con�igure the environment, start the sequence, manage theobjection, and read the verdict. Written and compiled clean by anexperienced engineer, that is typically thirty minutes to two hours ofwork per scenario, most of it mechanical: UVM boilerplate, protocolplumbing, factory registration, include ordering, and the compile-errorchasing that follows. For a plan the size of the bridge XTP, that is on theorder of one to three weeks of �irst-level coding before a singledeliberate veri�ication question has been asked.That �irst-level work is mechanical, and it is exactly the kind of worka language model produces quickly. The generator reads the XTP andproduces a compiling sequence and test for every row in a few hoursrather than weeks. The boilerplate, the plumbing, and the compile loopno longer fall to the engineer.
AI	 does	 not	 replace	 the	 veri�ication	 engineer.	 It	 removes	 the
�irst-level	 work,	 the	 typing	 and	 the	 compiling,	 so	 the	 engineer’s



time	 goes	 to	 the	 questions	 that	 require	 judgment:	 whether	 the
stimulus	 is	 good,	 and	 whether	 the	 execution	 actually	 exercises
the	 design.The book follows this pattern at every stage. The Veri�icationStrategist uses AI to collapse the mechanical �irst pass and spend thesaved time on judgment. In Chap. 2 that �irst pass was extractingfeatures and drafting the test plan; in Chap. 3 it was generating thetestbench scaffolding; here it is writing the scenarios. The �low staysthe same, the tool changes with the stage, and the human governs everyoutput. The engineer can begin asking whether the stimulus exercisesthe design’s decision points and whether the checks are meaningfulfrom the start, instead of after weeks of plumbing (Fig. 4.1).

Fig.	4.1 Where AI changes the economics of test writing. Manually, weeks of �irst-level codingstand between the plan and any real veri�ication thinking. AI generates and compiles the suite inhours, so the engineer’s time lands directly on stimulus quality and execution. The same strategistmove recurs at every stage of the �low
4.4	 The	 XTP	 as	 the	 Test	 ContractThe Executable Test Plan from Chapter 2 is not documentation. It is acontract between the veri�ication architect and the design team.
Every	 test	 traces	 to	 an	 XTP	 row.	 Every	 XTP	 row	 traces	 to	 a
speci�ication	 requirement.	 Tests	 without	 XTP	 rows	 are
uncontrolled	 scope	 creep.	 XTP	 rows	 without	 tests	 are	 unveri�ied
requirements.



The bridge XTP organizes its rows into eight categories.Table 4.1 shows what each category is responsible for verifying. (Theexact per-category counts for this design are given later, in the Resultsection; here the point is the structure, not the numbers.) Thecategories instantiate the canonical set from Chap. 2 for this design: thebridge plan carries its stress-class rows inside Cross-Feature, whereload combines with faults, and adds Bringup/Init as the readinesscategory every regression runs �irst.Each row in the XTP provides a test ID, a test name, a one-lineobjective, the signals under test, the stimulus description, the expectedresult, and the speci�ication page reference. This is exactly theinformation needed to generate an executable UVM scenario. Thediscipline is to use it, to start from the XTP row and not from a blank�ile.
Table	4.1 Bridge XTP categories and what each one veri�ies
4.5	 Stimulus:	 What	 It	 Means	 to	 Drive	 a	 DesignStimulus is the input the testbench delivers to the DUT in order toexercise a speci�ic behavior. Understanding what good stimulus lookslike, and what it does not, determines whether a test suite �inds bugs ormisses them.
4.5.1	 The	 Four	 Scenario	 ClassesEvery test in the bridge XTP belongs to one of four scenario classes.The class determines how the test is written, what kind of stimulus ituses, and what a meaningful pass looks like.

Functional	 scenarios verify that the design does what the specdescribes under normal operating conditions. A single AHB writeproduces a single APB write at the correct address and with correctdata. These are the baseline tests. If a functional test fails, somethingfundamental is broken. Functional tests must pass before any othercategory is meaningful.



Corner-case	 scenarios target boundary conditions: maximumaddress values, minimum burst lengths, the exact timeout boundary,the �irst and last valid register addresses. These are directed tests. Youare not exploring; you are con�irming that one speci�ic boundarycondition is handled correctly. The bridge’s AHB address range is
0x0000_0000 to 0x0000_FFFF. A corner-case test checks whathappens at exactly 0x0000_FFFF and exactly 0x0001_0000.

Stress	 scenarios drive the design at maximum load: back-to-backtransfers with no idle cycles, concurrent accesses, sustained bursts forthousands of transactions. Stress tests expose ordering failures,backpressure bugs, and counter rollover issues that never appear inlow-volume functional tests. When a plan calls for them, a stressscenario drives a long run of consecutive back-to-back transfers, acondition that immediately exposes any state the design fails to clearbetween transactions.
Error	 scenarios inject conditions the design should reject: invalidaddresses, illegal protocol sequences, fault injection via PSLVERR.These tests verify not just that the design handles errors, but that ithandles them correctly: asserting HRESP, capturing ERROR_ADDR,clearing STATUS �lags, and recovering to a functional state. An errortest that passes because no error was detected has veri�ied nothing.Figure 4.2 summarizes the four classes, and Table 4.2 maps thebridge XTP categories onto them.

Fig.	4.2 The four scenario classes. The class determines the stimulus style and what a meaningfulpass requires. An error scenario that detects no error has veri�ied nothing
Table	4.2 XTP categories mapped to scenario classes



4.5.2	 Stimulus	 Quality:	 Decision	 PointsGood stimulus exercises the design’s decision points, the conditionswhere the RTL chooses between two behaviors. For the bridge, the keydecision points are:
HTRANS: IDLE, NONSEQ, SEQ, BUSY, each causes a different bridgeresponse
HWRITE: read vs write determines the APB direction
PREADY: 0 extends the APB transfer; 1 completes it
PSLVERR: 0 is normal; 1 triggers error propagation
TIMEOUT_EN + TIMEOUT_VAL: determines when the bridge givesup on a stalled APB slaveAddress range: inside valid APB space vs outsideA test suite that never exercises BUSY, never sets PSLVERR, andalways uses addresses in the middle of the valid range is not averi�ication suite. It is a collection of repeated con�irmations of thesame behavior. This is precisely the judgment AI augmentation freesthe engineer to make: not whether the scenario compiles, but whetherits stimulus reaches the decision points. Functional coverage measuresthis, and it is the subject of Chap. 8.

4.6	 Randomization:	 Exploration	 Versus
Con�irmationTwo tools exist for generating stimulus: directed and constrained-random. They have different jobs. Using the wrong tool for a scenarioproduces tests that look correct but miss bugs. Figure 4.3 contrasts thetwo.



Fig.	4.3 Directed con�irms a condition you already know; constrained-random explores a legalspace the solver searches. Over-constraining a random test until it is effectively directed defeatsthe purpose
4.6.1	 Directed	 TestsA directed test speci�ies exact stimulus values. The address is
0x0000_FFFF. The transfer type is BUSY. PSLVERR asserts on thethird APB transfer. These values are not chosen by the solver; they arechosen by the veri�ication engineer because that speci�ic combinationexposes a speci�ic behavior.Corner-case and error scenarios are almost always directed. Theengineer has identi�ied a speci�ic condition to exercise and wants toverify that one thing. Introducing randomization into a scenario thattargets a speci�ic boundary condition makes the test unreliable:sometimes it hits the boundary, sometimes it does not.
4.6.2	 Constrained-Random	 TestsA constrained-random test speci�ies a legal stimulus space and letsgeneration explore it. The address is anywhere in the valid APB range.The transfer type is any legal HTRANS value. The read data is any 32-bitvalue. Constraints enforce legality; randomization drives coverage.Functional and stress scenarios bene�it from this because the designmust work correctly across all legal inputs, not just the speci�ic ones theveri�ication engineer thought of. A functional test that always usesaddress 0x0000_1000 and data 0xDEAD_BEEF con�irms one speci�iccombination. A randomized functional test covers thousands ofaddress/data combinations across multiple runs.



4.6.3	 The	 Over-Constraint	 Failure	 ModeThe most common randomization mistake is over-constraining ascenario until it is effectively directed, then wondering why functionalcoverage is not closing.
If	 your	 constraints	 eliminate	 more	 than	 80%	 of	 the	 legal
stimulus	 space,	 write	 a	 directed	 test	 instead.	 Randomized
stimulus	 is	 only	 valuable	 when	 there	 is	 room	 to	 explore.For the bridge, the correct boundaries are:
Address: bound to the valid APB range 0x0000_0000 to
0x0000_FFFF. This is a legality bound, not a coverage restriction.
HWRITE: leave free. Both read and write are legal and both must beveri�ied.
HTRANS: leave free within legal values. Let generation produce IDLE,NONSEQ, and SEQ combinations.
Data	 values: leave completely free. The scoreboard checksforwarding correctness regardless of data content.
Transaction	 count	 in	 stress: con�igure as a test parameter, not astimulus bound.

4.7	 Anatomy	 of	 a	 UVM	 TestThe testbench from Chap. 3 provides two working tests, a bringup testand a sanity test. The structure they use is the template for everyscenario in this chapter, and it rests on one rule: every VEGA scenario isexactly two components, always separate.The sequence generates stimulus. It lives in sequences/, knowsthe protocol signals, and knows nothing about which test started it orwhat the veri�ication objective is. The test con�igures the environment,starts sequences, and de�ines how the simulation ends. It lives in
tests/, knows the veri�ication objective, and knows nothing aboutprotocol signal details.



This separation is the governing rule from Chap. 3 applied one leveldown. A sequence written for one test can be reused in another withdifferent con�iguration. The scoreboard logic in the environment neverchanges regardless of which test is running. Infrastructure stays �ixedwhile scenario logic varies freely.The checking is already in place. The scoreboard generated inChap. 3 carries six checkers, one per veri�ication goal (G1 through G6),and �ires on every transaction. A new scenario does not con�igure thescoreboard or duplicate its logic. It simply drives stimulus thatexercises those checks. The infrastructure already knows what tocheck; the scenario only decides what to drive. This is why thegenerator can add scenarios safely: it writes only the two �iles that varyand never touches the checking layer.
4.8	 What	 AI	 Gets	 Wrong	 in	 Test	 GenerationTest generation failures are less frequent than testbench generationfailures, but they are more dangerous. A testbench compile error stopsthe simulation. A wrong test passes the simulation while verifyingnothing. These are the patterns the engineer reviews for once thegenerator has removed the mechanical work.

Randomizing	 the	 error	 condition. Error scenarios must bedirected. AI will sometimes generate a randomized sequence for a faultinjection scenario, producing a test that sometimes injects the fault andsometimes does not. Diagnosis: the test passes on most runs butoccasionally fails with no obvious cause. Every error scenario musthave �ixed fault injection values.
Reactive	 slave	 not	 in	 fork. The APB slave sequence is started witha direct .start() call before the AHB master sequence instead of in aconcurrent fork branch. The slave runs one response, �inishes, andexits. The bridge initiates a second APB access and waits forever forPREADY. Diagnosis: simulation reaches a �ixed timestamp on any testwith more than one transaction and stops making progress.



Expected	 values	 computed	 before	 stimulus. The sequence pre-calculates the expected APB address from the AHB address and storesit. The test reads this pre-calculated value to verify the scoreboard. Thisis circular: the sequence is checking its own calculation, not the DUT’sforwarding. The scoreboard already checks G1 through G6. The testshould not duplicate this logic or, worse, override it with a pre-calculated value that cannot detect forwarding errors.
Infrastructure	 modi�ication. A generated scenario sometimesadds a new monitor output port, a new scoreboard checker, or a changeto the APB slave driver to support fault injection. Any of these violatesthe infrastructure boundary from Chap. 3. If fault injection requires achange to the APB slave driver, the driver was not built correctly whenthe testbench was generated. The change must be �lagged and stopped,not absorbed into the scenario layer: go back to Chap. 3, update themanifest and verification_intent.txt to include the missingcapability, and regenerate.
Infrastructure	 bugs	 surface	 as	 test	 failures. When a clockingblock samples on the same edge that a driver is asserting, every testfails with timing-related unde�ined values. This looks like a DUT bug;the �irst instinct is to check the RTL. The diagnostic signature is thatmultiple unrelated tests fail at the same point in the same way. A DUTbug produces failures that are speci�ic to the stimulus that triggeredthem. An infrastructure bug produces failures that are consistent acrossall stimulus that reaches the affected interface.When this pattern appears, stop. Do not modify the scenario. Do notadd delays to the sequence. Return to the Chap  3 infrastructure and �ixthe clocking block, driver, or monitor. Regenerate if needed. Patching aninfrastructure bug from the scenario layer hides the root cause andproduces a test suite that is fragile in ways that will not become visibleuntil a different test exercises the same path differently.

4.9	 Scenario	 Readiness:	 Checks	 Before
Regression



Before a scenario enters the regression suite, it must pass a set ofchecks. A scenario that fails any of them does not belong in regression.Two of these checks can be con�irmed at generation time, when thescenario is written and compiled; the other two are con�irmed as thescenario is run, which is the debug work of Chap. 5. The standard isstated here in full because the generator enforces what it can and �lagsthe rest.
Check	 1:	 XTP	 traceability (generation time). Does this scenariotrace to an XTP row? Every scenario �ile must reference an XTP test IDin a comment at the top of the test class. If no XTP row exists for thisscenario, either the scenario is scope creep, in which case remove it, orthe test plan is incomplete, in which case add the row with architectsign-off before the scenario enters regression.
Check	 2:	 Structural	 compliance (generation time). The scenario isexactly one sequence and one test, and it modi�ies no infrastructure �ile(driver, monitor, environment, interface, scoreboard, or tb_top).These are the boundaries from Chap. 3, and they are checkable themoment the �iles are written.
Check	 3:	 Intent	 alignment (run time, Chap. 5). Does the scenarioactually exercise what the XTP row says it should? Run the scenario,read the simulation log, �ind the scoreboard output, and con�irm thatthe right checkers �ired on the right transactions. A scenario thatexercises a different behavior than its XTP row describes produces afalse sense of coverage.
Check	 4:	 Observable	 pass/fail	 oracle (run time, Chap. 5). Does thescenario produce a de�initive PASS or FAIL verdict? A simulation thatends with UVM_INFO: Test completed and no scoreboard outputis not a test. The log must contain at minimum how many transactionswere checked, how many passed, and the �inal verdict. The sanity testlog from Chap. 3 produces:



Every new scenario must produce an equivalent verdict line once it isrun. Any FAIL, VIOLATION, or AMBIGUITY sends the scenario back to be�ixed rather than forward into regression.
4.10	 Generating	 the	 Suite	 with
vega_test_generatorEverything to this point is the method: what a test is, what its stimulusmust exercise, how it is structured, what goes wrong, and what makes itready. The VEGA framework applies that method with one batch script,
vega_test_generator, so the engineer does not hand-code eachscenario. Figure 4.4 shows the path from an XTP row to a compiling,committed scenario.

Fig.	4.4 From XTP row to committed scenario. The Veri�ication Strategist owns classi�ication andreview; vega_test_generator drives generation and compilation. A BLOCKING �lag returnsthe work to the Chapter 3 infrastructure rather than working around it. The chapter ends atcompile-clean; running each scenario to a verdict is Chap. 5
4.10.1	 The	 Generator
vega_test_generator is the Chap. 4 counterpart to the XTPgenerator from Chap. 2 and the testbench generator from Chap. 3: onegoverned tool for one stage. It reads the XTP and, for every row, drivesClaude Code to write a sequence and a test and to compile them clean,generating the whole suite in a single batch run. This is Phase 1, coding.Running each scenario to a passing verdict, Phase 2, is the subject ofChap. 5.The per-class instructions are encoded inside the tool and selectedautomatically from each row’s category using the mapping in Table 4.2.Classi�ication stays a Veri�ication Strategist decision, expressed once in



the XTP, rather than an AI guess made at generation time. For each rowthe generator enforces a �ixed set of rules:One sequence class and one test class per XTP row. The sequencecarries stimulus only; the test con�igures the environment, startssequences, and owns the objection. Neither crosses into the other’sjob.Generated �iles land in the testbench’s sequences/ and tests/directories. No infrastructure �ile (driver, monitor, scoreboard, env,interface, tb_top) is ever modi�ied.Error and corner-case scenarios are directed, with �ixed stimulusvalues. Functional and stress scenarios are randomized within thelegal space, following Sect. 4.6.It runs the generation-time readiness checks from Sect. 4.9 andcommits each scenario with its XTP ID.If a row needs an infrastructure change, it emits BLOCKING andstops. If a row’s expected response is not stated clearly enough tocheck, it emits AMBIGUITY and skips the row. It works aroundneither.A run is a single command. The XTP is the one from Chap. 2; thetestbench is the one from Chap. 3:

Omit--category to generate every row in the XTP. Per row the toolreports the XTP ID being traced, the goal checker (G1 to G6) that �ireson its eventual pass, the �iles written, and any BLOCKING or
AMBIGUITY �lag. When the run �inishes it prints a summary table,every row with its generation verdict, which is the managementvisibility artifact from Sect. 4.2.



4.10.2	 From	 an	 XTP	 Row	 to	 a	 ScenarioTo make the input concrete, here are three rows from the ErrorHandling category and what the generator must get right for each:
TEST_ERROR_001, address_error_detection: verify HRESP=ERRORand error capture when HADDR is outside the valid range.
TEST_ERROR_003, timeout_error_detection: verify timeout errordetection when the APB slave holds PREADY=0 beyond thecon�igured limit.
TEST_ERROR_006, protocol_error_detection: verify the bridgedetects PSLVERR and generates a protocol error response.Each row becomes one sequence/test pair. The key elements thegenerator must get right:For TEST_ERROR_001: the address must be set to a value outside

0x0000_FFFF, not inside. The test must then check that HRESPasserted and that the ERROR_ADDR register captured the failingaddress. This requires register reads after the error; the test classorchestrates this sequence.For TEST_ERROR_003: the APB slave sequence must hold
PREADY=0 for more cycles than TIMEOUT_VAL speci�ies. This is adirected stimulus condition. The test class reads the STATUS registerafter the timeout and con�irms the error bit is set.For TEST_ERROR_006: the APB slave sequence asserts
PSLVERR=1 on a speci�ic transfer. The test con�irms HRESP=1(ERROR) on the AHB side. This exercises G5 in the scoreboard directly.
4.11	 Result:	 Generating	 the	 Bridge	 SuiteThe sections above are the method. This is what a Phase 1 run producesagainst the bridge XTP and the Chap. 3 testbench.
AI	 Output	 Varies	 Between	 Runs



The numbers and the speci�ic generation events below come fromrunning this �low on the bridge. Large language models are notdeterministic, so your run will differ in the details, which rowsurfaces an issue �irst, how many �ix iterations a scenario takes.What does not change is the shape: one sequence and one test perXTP row, compiled clean, with the infrastructure left untouched.The bridge XTP carries 96 rows across the eight categories ofTable 4.1. Table 4.3 gives the per-category breakdown, the only place inthis chapter the hard counts appear.
Table	4.3 Bridge XTP test counts by category (Phase 1 input)The generator started with the Error Handling category and the �irstrow, TEST_ERROR_001. It generated the sequence and test class andcompiled them clean. The very �irst run of that scenario, however,surfaced something the bringup and sanity tests had not: thescoreboard read PRDATA as 0xXXXXXXXX, the unde�ined-valuesignature of a clocking-block sampling race in the Chap. 3infrastructure, where the monitor sampled on the same edge the driverasserted.This is exactly the situation Sect. 4.8 warns about: an infrastructurebug surfacing as a scenario failure. The correct response was not topatch the scenario but to return to the Chap. 3 layer and �ix thesampling point once, in the interface, so every scenario inherits the �ix.With that single infrastructure correction in place, generationcontinued.From there the generator was turned loose under one standing rule:any row that required a further infrastructure change would be �lagged
BLOCKING and stopped, not worked around. Working category bycategory, it produced one sequence and one test per XTP row andcompiled each clean. The end state of Phase 1 is the whole plan



rendered as compiling scenarios: every row in Table 4.3 has asequence/test pair, each traced to its XTP ID and committed.
Phase	 1	 endpoint. Every XTP row has a generated, compilingsequence/test pair, with the Chap. 3 infrastructure unmodi�iedexcept for the one shared sampling �ix. What none of these scenarioshas done yet is run to a verdict. Driving them to TEST PASSED, andthe real DUT bugs that surface when they do, is Phase 2, Chap. 5.That endpoint is what the whole structure is built to reach quickly.The XTP provides the input. The generator provides the structure andthe governance. The Veri�ication Strategist provides the infrastructuredecisions that AI correctly refuses to make unilaterally. In return, AIprovides speed: a plan that would take weeks to write by hand becomesa compiling suite in hours, leaving the engineer free to judge thestimulus and the checks.

4.12	 ConclusionA simulation that runs without errors has not veri�ied anything. A testdrives a design, checks the result against a speci�ication requirement,and produces a de�initive verdict that is traceable, repeatable, anddefensible.This chapter turned the XTP into the scaffolding for that evidence,using AI to do the �irst-level work. The four scenario classes decide howeach row is written; directed and constrained-random decide how itsstimulus is generated; the readiness checks decide whether it mayenter regression. vega_test_generator applies those decisionsrow by row without touching the Chap. 3 infrastructure, generating andcompiling the whole suite far faster than hand-coding would allow. Theengineer’s time then goes to the quality of the stimulus and themeaning of the checks.This is the method the book applies at every stage of veri�ication: letAI do the mechanical �irst pass, and keep human judgment on the



decisions that determine whether the work is sound.Phase 1 ends with the suite generated and compiling. Phase 2begins when those scenarios run. Chapter 5 covers it: how to diagnosefailures ef�iciently using waveforms and simulation logs, how todistinguish DUT bugs from testbench bugs, and how to drive everyscenario to a veri�ied verdict.



(1)
 

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2026V. Kumar, AI-Assisted	Hardware	Veri�icationhttps://doi.org/10.1007/978-3-032-34546-2_5
5.	 Debug,	 Failure	 Analysis,
and	 Regression	 ManagementVikash Kumar1  Leander, TX, USA 
Vikash	 Kumar
Email:	 vikash.singh261@gmail.com

Running  a generated scenario suite produces failures, and that is thepoint: a regression that fails nothing has probably exercised nothing.What wastes time is not the failures but the unstructured response tothem. This chapter gives debug a structure and uses AI to accelerate itsmechanical steps. Its governing principle is to classify beforeinvestigating: every regression failure is a design bug, a test-logic issue,an infrastructure issue, or an environment artifact, and the classdictates the �irst action. Supporting disciplines follow: reading thestructured log before the waveform, debugging only the �irst failure,and expressing every failure as an expected/observed/deviation triple.A representative eight-hour bridge debug session, in which four of �ivefailure modes were testbench issues and only the last was a real RTLbug, is walked as a classi�ication exercise. The chapter covers minimalreproduction, anchoring each failure to its plan row, the four deviationtypes, timeout debug reframed as a missing-observability problem, andregression triage. Its deeper claim is that every failure is feedback onthe test plan, so a program that debugs this way does not just closetickets, it learns.
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5.1	 The	 Problem	 Regression	 CreatesChapter 4 ended at a precise endpoint. Every XTP row had a generatedsequence and test, each one compiled clean, and the whole suite sat inthe testbench ready to run. That was Phase 1, coding. It producedscaffolding that compiles. It did not produce a single verdict.This chapter is Phase 2. The scenarios run, and failures appear. Thisis expected. This is the point. A regression that produces no failures onits �irst full run has almost certainly not exercised the design, and theabsence of failures is itself a �inding worth investigating.The problem is not that failures exist. The problem is what happensnext in most veri�ication programs. Each failure opens a newinvestigation with no shared structure. Engineers form hypothesesbefore they have classi�ied the failure, open waveforms before theyhave read the log, and debug signal activity before they have veri�iedthe transaction count. By week three, the same root causes are beingdiagnosed multiple times under different symptoms. Senior engineersare spending the majority of their time on a minority of the actualproblems.This chapter gives debug structure, and it uses AI to accelerateevery mechanical step inside that structure. It does not reduce thenumber of bugs in the design. It reduces the time spent �inding them,and it ensures that every bug found improves the veri�ication programrather than simply closing a ticket.
5.1.1	 Where	 AI	 Accelerates	 DebugDebug has two halves. One half is judgment: deciding which layer afailure belongs to, whether a deviation matters, whether the test planitself was wrong. The other half is mechanical: reading a thousand-linelog to �ind the �irst error, expressing a failure as a precise deviation,grouping twenty failures by symptom, running a �ix and re-running theregression to con�irm it. The mechanical half is most of the elapsedtime, and it is exactly what AI does quickly.



AI	 does	 not	 decide	 what	 a	 failure	 means.	 It	 does	 the	 mechanical
work	 that	 surrounds	 the	 decision:	 it	 reads	 the	 log	 and	 extracts
the	 �irst	 error,	 drafts	 the	 deviation	 precisely,	 clusters	 a
regression’s	 failures	 by	 likely	 root	 cause,	 and	 drives	 the	 �ix	 and
re-run	 loop.	 The	 Veri�ication	 Strategist	 keeps	 the	 judgment:
classi�ication,	 intent,	 and	 sign-off.Because a model left to its own devices will drift, fabricate a cause, ordeclare victory on a wrong �ix, the engineer’s job is to bound it. Thestructures in this chapter are those bounds: each hands AI a narrowtask with a �ixed output and an explicit rule on what it may not do. Theguardrails below apply to every AI step that follows.
Guardrails:	 keeping	 a	 deviation-prone	 AI	 on	 the	 goalHand AI a bounded task with a �ixed output contract. Never“debug this.”Classify �irst; AI drafts only within the class. It may not cross alayer: no infrastructure edits while �ixing a test.Never let AI propose the root cause and the �ix in one step. A �ixaimed at the wrong cause is worse than no �ix.One change, then re-baseline. The model’s con�idence is notevidence; the regression is.The engineer owns classi�ication, intent, and sign-off. AI owns themechanical �ill, nothing more.

This is the same division the book applies at every stage. AI removesthe �irst-level work so the engineer’s time goes to the decisions thatrequire understanding the design. In debug, that means a session thattook a senior engineer a full day of log-reading and waveform-chasingbecomes a few hours of decisions, each one handed the evidence itneeds.



A representative debug session for the bridge, the EducationalBridge Model speci�ied in Appendix A, serves as the worked examplethroughout this chapter. That session took eight hours and produced�ive distinct failure modes before a real RTL bug was found. Appliedwith the structure in this chapter, and with AI doing the mechanicalwork at each step, the same session compresses to under three hours.The difference is not cleverness. It is process.
A	 Representative	 SessionThe eight-hour timeline, the �ive failure modes, and the
xfer_pending bug that follow are drawn from a single debugsession on the bridge. They show the classi�ication frameworksending each failure to the layer that owns it. Run the design again,or a different design, or the same one under new seeds, and thefailures will differ in kind and in order. What stays constant is thestructure: the failure classes, the sequence of investigation, and therule that each defect is �ixed at its own layer.The worked session is one instance. What transfers to any design is thestructure, not the particular bugs. Table 5.1 separates the two: the leftcolumn is what an engineer reuses on every design; the right column iswhatever the run happens to throw (Table 5.1).

Table	5.1 What is invariant across designs, and what each run changes
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Fig.	5.1 Classify before you investigate. Every regression failure sorts into one of four categories,and the category dictates the �irst action. An infrastructure failure halts the regression; anenvironment artifact is not counted as a real failure. The classi�ication, not the waveform, is the�irst step
5.2	 The	 Governing	 Principle:	 Classify	 Before
You	 Investigate

Before	 opening	 a	 waveform,	 before	 reading	 a	 log,	 before
forming	 a	 hypothesis:	 classify	 the	 failure.	 The	 classi�ication
determines	 where	 you	 look.	 Looking	 before	 classifying	 wastes
time.Every regression failure belongs to exactly one of four categories. Thecategory determines the next action completely. This classi�ication is aVeri�ication Strategist judgment call. It cannot be delegated toautomated tooling, because the boundary between a test logic issue andan infrastructure issue requires understanding the intent behind boththe scenario and the testbench. AI can propose a �irst-pass classi�icationfrom the log, but the engineer owns the decision (Fig. 5.1 and Table5.2).The stopping rule for infrastructure issues is not optional. Findingan infrastructure bug mid-regression means all test results from thebroken environment may be invalid. Continuing to run scenariosagainst broken infrastructure is not debugging. It is generating noise.Stop. Fix. Re-baseline.
5.2.1	 Flaky	 Failures	 Are	 Infrastructure	 Failures	 Until
Proven	 OtherwiseA failure that appears on some random seeds and not others is almostnever a design bug in protocol veri�ication. It is almost always a racecondition in the testbench: timing-dependent sampling, clocking blockskew that manifests differently under different stimulus orderings, or a



reactive sequence that behaves correctly on average but fails underspeci�ic concurrency patterns.The rule: before investigating a �laky failure as a design bug, run itwith a �ixed seed ten times. If it passes on some runs, the testbench hasa race condition. Fix the infrastructure. Do not �ile a design bug againstan RTL that is behaving consistently.
Table	5.2 Failure classi�ication and �irst actionIn the bridge session, a clocking-block timing defect threwintermittent read mismatches that could pass for timing-sensitivedesign behavior. They were nothing of the sort: an infrastructurefailure, classi�ied as such and �ixed at that layer, with the RTL correctthe whole time.
5.3	 Log	 First,	 Waveform	 SecondEngineers open the waveform immediately. Waveforms are visuallycompelling and feel productive. They are also the slowest way to �ind abug in a UVM environment.UVM logs contain structured information that narrows the searchspace in minutes: transaction records from monitors, scoreboardcomparison results, assertion �ire messages, and UVM_ERRORmessages with timestamps. A waveform contains all of that informationburied in thousands of signal transitions. Reading the log �irst is alsothe step AI accelerates most directly: a model can scan the full log,surface the �irst UVM_ERROR with its timestamp, and extract theoffending transaction in seconds (Fig. 5.2).



Fig.	5.2 The debug funnel. Start at the structured UVM log, narrow to the �irst error and thefailing transaction, and only then open the waveform, at the failure timestamp and only for timingquestions. Each stage shrinks the search space before the slower tool is reached
The	 discipline: read the full UVM log before opening the waveform.Identify the �irst UVM_ERROR and its timestamp. If the failure is ascoreboard mismatch, identify the transaction ID and the �ield thatmismatched. If the failure is a simulation timeout, identify the lastsuccessful transaction before progress stopped, not what washappening at the timeout, but the last event that completed normally.Then open the waveform at that timestamp minus �ive clock cycles.

5.3.1	 The	 First	 Failure	 Is	 the	 Only	 FailureA simulation that produces eight UVM_ERROR messages has one failurethat matters: the �irst one. Every subsequent error may be aconsequence of the �irst. Scoreboard mismatches cascade. A singlewrong transaction produces wrong expected values for everysubsequent comparison. An assertion �ire can corrupt state in a waythat causes �ive later errors.The discipline: �ind the �irst UVM_ERROR by timestamp. Debug onlythat error. Fix it. Re-run. Examine what survives.In the bridge session, the �irst run that simulated to completion hadthe scoreboard reporting zero checks, not a mismatch but no checkingat all. That was the one failure worth chasing, and the empty checkcount pointed straight at the analysis-port connection rather than atany protocol behavior.



5.3.2	 Assertion-First	 TriageWhen the testbench includes SVA assertions (placed in bind �iles perChap. 3), assertion �ires are more informative than scoreboardmismatches. Scoreboard mismatches tell you the end result was wrong.Assertion �ires tell you exactly which clock cycle the protocol contractwas broken.Check assertion output before scoreboard output. The assertiongives you a timestamp and a condition. The scoreboard gives you aconsequence. Debug from cause, not from consequence.
5.4	 The	 Expected/Observed/Deviation	 TripleBefore any investigation begins, every failure must be expressed asthree lines. This is not documentation overhead. It is the act ofunderstanding the failure precisely enough to debug it. It is also a taskAI does well from the log and the XTP row, drafting the triple for theengineer to con�irm.

Expected: what the XTP row says should happen.
Observed: what the simulation log shows happened.
Deviation: the speci�ic, measurable gap between them.Engineers who cannot write these three lines cleanly do not yetunderstand their failure well enough to debug it. “The test failed” is nota deviation. “Expected 5 APB accesses, observed 6, deviation is onephantom access occurring after the last AHB transfer completed” is adeviation.Take the bridge’s xfer_pending bug:

Expected: 5 AHB writes yield exactly 5 APB accesses (cross-featureXTP row TEST_CROSS_FEATURE_004)



Observed: 5 AHB writes yielded 6 APB accesses; the scoreboard�lagged 1 unmatched APB transaction
Deviation: a transaction-count error; one phantom APB accessraised after the �inal AHB transfer had completed; the deviation typeis count/ordering at the protocol boundaryWriting that triple takes two minutes, and it rules out everyhypothesis that does not account for a count deviation at the AHB-to-APB boundary. The search narrows from “protocol timing is wrongsomewhere” to “something is emitting one extra APB transaction.”

5.4.1	 Transaction-Level	 Before	 Signal-LevelOnce the deviation triple is written, begin investigation at thetransaction level, not the signal level.Transaction-level questions �irst:1. Did the correct number of transactions occur on each interface?  2. Did each transaction carry the correct �ield values (address, data,control)?  3. Did transactions arrive in the correct order?  If any of these answers is no, the problem is structural. Open themonitor transaction log, not the waveform. The monitor observed theprotocol behavior at the transaction level. The waveform will con�irmwhat the monitor already told you.Only after transaction-level analysis is exhausted should signal-levelwaveform investigation begin. Signal-level debug is the right tool fortiming problems: clock edge alignment, setup and hold violations,registered signal clearing sequences. It is the wrong tool for protocolsemantic problems.For the xfer_pending bug the transaction count was wrong, sixagainst �ive, which is structural. The APB monitor log showed six PSELassertions, and the waveform con�irmed the sixth landed one cycle after



the �ifth transfer �inished, with no matching HSEL on the AHB side. Thatwas enough to �ile the report. The RTL root cause, xfer_pendingclearing one cycle too late, came from reading the FSM always block,not from more waveform work.
5.5	 The	 Bridge	 Debug	 Session
as	 a	 Classi�ication	 ExerciseSeen through the classi�ication framework, the eight-hour bridgesession shows one clear pattern: four of its �ive distinct failure modeswere testbench issues, not design bugs, and the �irst genuine designbug did not surface until hour seven. Without the discipline ofclassifying �irst, an engineer could have burned hours probing thewrong layer on each of those �irst four failures (Fig. 5.3).

Fig.	5.3 The bridge debug session as a classi�ication exercise. Four of the �ive failure modes werein the testbench; the only design bug appeared in the �inal hour. Classi�ication-�irst routes eachfailure straight to its layer, compressing the session from eight hours to under three
Hours	 1–2:	 Elaboration	 crashes	 and	 invented	 �ield	 namesClassi�ication: Infrastructure	 issue.The monitor reached vif.mon_cb.HRESETn, a port rather than aclocking-block member, which the compiler waved through becausevirtual-interface member resolution happens at runtime. On top of that,the generated sequence item named �ields (size_type, rw_type)the package never declared.Action: stop and repair the testbench. Do not simulate until theenvironment compiles and elaborates cleanly against the quality gatefrom Chap. 3. This is neither a scenario problem nor a design problem.



Hours	 2–3:	 Simulation	 hangs	 after	 �irst	 transferClassi�ication: Infrastructure	 issue. Two separate root causes, both ininfrastructure.Root cause 1: the APB slave sequence looped a �ixed ten times andthen stopped, where a reactive sequence should run forever.Chapter 3 named this the most common infrastructure error, and hereit was, exactly as predicted.Root cause 2: the test used fork...join. Because the reactiveslave never returns, join never completes. That is a test-architectureerror, not a scenario error.Action: set the reactive slave sequence to forever and switch thetest to fork...join_any with disable fork. Re-run the Chap. 3quality gate before going on.
Hours	 3–4:	 Scoreboard	 reports	 zero	 checksClassi�ication: Infrastructure	 issue.The scoreboard saw AHB transactions but no APB transactions: theAPB monitor’s analysis port was never connected in the environment.That is wiring inside an infrastructure �ile, not protocol behavior andnot scenario code.Action: connect the port in the environment, a one-line change thattakes �ive minutes to locate and thirty seconds to apply. Because it is aninfrastructure �ix, re-run the Chap. 3 quality gate before trusting anylater results.
Hours	 4–7:	 Read	 and	 write	 data	 mismatchesClassi�ication: Infrastructure	 issue.The generated drivers and monitors got both clocking-blocksampling timing and AHB pipeline data sequencing wrong. Thegiveaway was the signature: a mismatch value that stayed constantacross all stimulus and tracked no particular address or data pattern,the hallmark of an infrastructure timing failure. Chapter 3 covers bothissues in detail. The RTL was correct the whole time.



Action: �ix the infrastructure and re-run the Chap. 3 quality gatebefore continuing. Do not paper over timing issues from the scenariolayer.
Hours	 7–8:	 Phantom	 APB	 transferClassi�ication: Design	 bug.The �irst real design �inding in eight hours. Five AHB writesproduced six APB accesses: xfer_pending cleared one cycle after theFSM had read it in the IDLE state, so the bridge re-entered
ST_APB_SETUP spuriously.Action: �ile the bug with its expected/observed/deviation triple,write a directed regression test for the �ive-transfer sequence, �ix theRTL, and verify. Update the XTP to con�irm
TEST_CROSS_FEATURE_004 is now covered.

The	 lesson	 from	 the	 timeline: classifying �irst would have senteach of the �irst four failure modes straight to the right layer, with notime lost guessing whether the hang was a design FSM issue or whetherthe data mismatches were a protocol-compliance problem. Each failureclassi�ied, �ixed at its layer, re-baselined, and the session moved on.
5.6	 From	 Failure	 to	 Minimal	 ReproductionBefore investing time in root cause analysis, reduce the failing scenarioto the minimum stimulus that reliably reproduces the failure. This isthe most underrated skill in veri�ication.A failure that appears in a stress scenario with 500 transactions,reproduced in a directed test with 5 transactions, debugs in a fractionof the time. The minimal case also prevents the �ix from beingentangled with unrelated stimulus behavior.

Process:1. Start with the failing scenario. Run it with a �ixed seed to con�irm itfails deterministically.  2. Reduce the transaction count by half. Re-run. Does it still fail?  



3. If yes, reduce by half again. If no, you have bracketed the failure: itrequires between N/2 and N transactions.  
4. Disable parallel sequences one at a time while keeping the corestimulus. Does removing the concurrent sequence eliminate thefailure? If yes, the failure is in the interaction, not in the corestimulus.

 
5. Stop when you have the smallest scenario that fails reliably.  
The	 one-change	 rule: when making �ixes, change exactly one thing at atime. If three changes are required, make them sequentially and re-runafter each. Engineers who make three simultaneous changes and seethe test pass have no idea which change �ixed the bug, whether all threewere necessary, or whether one of the three introduced a new issuethat is not yet visible.

Differential	 debugging: when a test passes with N transactionsand fails with N+1, the failure is in the (N+1)th transaction or in howthe design transitions after completing the Nth. Run the passing caseand capture the �inal state of every relevant register and interfacesignal. Run the failing case and capture state at the same point. Thedifference between those two states is where the bug lives.Drive minimal reproduction by handing the model the structurebelow, not a worded prompt. You supply the three inputs; the contract�ixes what it may return and the bounds it may not cross. The engineerkeeps the call on whether the reduced case is genuinely minimal.
Output	 contract:	 minimal	 reproduction
You	 provide: the failing scenario, the �irst UVM_ERROR with itstimestamp, and the expected/observed/deviation triple.

It	 must	 return:the minimal stimulus that still reproduces the deviation;the stimulus elements that can be removed;



a �ixed-seed recommendation for deterministic reproduction;an estimated minimal transaction count.
Bounds	 (the	 rails): do not modify infrastructure �iles; do not alterthe fundamental stimulus class; if the failure is non-deterministic,�lag it as a likely infrastructure race and stop.
5.7	 Anchoring	 the	 Failure	 to	 IntentOnce a failure is classi�ied as a design bug and a minimal reproductionexists, anchor it to the XTP before �iling or �ixing. This step takes �iveminutes and prevents two classes of waste: �ixing the wrong behavior(because the XTP had an error), and �ixing a behavior that was not inscope (because no XTP row covers it).
5.7.1	 The	 XTP	 LookupFor the minimal reproduction scenario, identify the XTP row thatgoverns the expected behavior. The row gives you:The feature or interaction being exercisedThe precise expected result (the oracle)The priority of the bugWhether this behavior was explicitly planned forIf no XTP row governs the failing behavior, stop. You have found anXTP gap. Do not �ix the design bug yet. First, determine whether thebehavior is within scope. If it is, add the XTP row with architect reviewbefore proceeding. If it is not within scope, document the �inding anddefer it. Fixing design behavior that is not in the XTP is scope creep, notveri�ication.
5.7.2	 Intent	 Deviation	 Classi�icationWith the XTP row identi�ied, classify the deviation type. Four typescover the vast majority of protocol veri�ication failures:



Count	 deviation: the wrong number of transactions, accesses, orevents occurred. The xfer_pending bug is a count deviation.
Value	 deviation: a transaction occurred with the wrong �ield value(wrong address, wrong data, wrong control signal). Clocking blockskew producing wrong HRDATA is a value deviation.
Ordering	 deviation: transactions occurred in the wrong sequence,or a required handshake was skipped or reordered. For the bridge:HWDATA driven in the same cycle as HADDR violates the AHBpipeline ordering requirement; PWDATA showed the next transfer’sdata because the ordering was wrong in the driver.
Liveness	 deviation: a required event never occurred. The PREADY-never-asserts hang is a liveness deviation. Simulation timeouts arealmost always liveness deviations. The reactive slave �ixed-loopfailure produced exactly this: PREADY never asserted aftertransaction 10, simulation reached timeout, no UVM_FATAL, justsilence.Deviation type determines where in the RTL to look. Countdeviations point to FSM state transitions and registered control signals.Value deviations point to datapath assignments and pipeline timing.Ordering deviations point to handshake logic and protocol sequencing.Liveness deviations point to stuck conditions: signals that shouldtransition and do not.A structured deviation report follows the same idea: give the modelthe contract, not a prompt. It expresses the gap against the plan andnothing more, so it cannot wander into guessing a cause or proposing a�ix.
Output	 contract:	 intent	 deviation	 report
You	 provide: the XTP row, the deviation triple, the UVM log excerpt,and the minimal reproduction.

It	 must	 return: the XTP row ID; the Feature and Interaction IDsinvolved; expected behaviour (from the XTP oracle); observedbehaviour (from the log); the deviation type, one of {count, value,ordering, liveness}; severity (architectural/functional/secondary);



the earliest timestamp of the deviation; the minimal reproduction;and a suggested RTL search area (FSM/datapath/handshake/clockdomain) as a hypothesis only.
Bounds: express the deviation against the XTP oracle only; donot guess root cause; do not propose RTL �ixes; if no XTP row coversthe observed behaviour, output XTP_GAP and stop.

5.8	 Debugging	 Timeouts:	 The	 Liveness
DeviationOf the four deviation types, liveness deviations are the hardest todebug. A count, value, or ordering deviation produces evidence: awrong number, a wrong value, a wrong sequence. A liveness deviationproduces silence. The simulation runs, time advances, nothing happens.Eventually a global timeout �ires and the regression reports a failurewhose only diagnostic content is a timestamp.
The	 reframing	 that	 solves	 timeout	 debug:	 a	 timeout	 is	 not	 a
simulation	 failure,	 it	 is	 a	 missing-observability	 failure.	 The
simulation	 ran	 for	 its	 time	 budget	 and	 reported	 what	 it	 could.
What	 failed	 is	 the	 testbench’s	 ability	 to	 distinguish	 forward
progress	 from	 a	 stall,	 at	 the	 boundary	 where	 the	 stall	 actually
occurred.A single global timeout cannot make that distinction. It cannot tell theVeri�ication Strategist whether the design hung or the testbench did.The �ix, at the bridge scale, is to replace the one outer timeout with asmall set of localized	 watchdogs scoped to speci�ic protocolboundaries. For the bridge, the natural watchdog is on the APBhandshake: if PREADY does not assert within the protocol’s setup-plus-access window after PSEL, the watchdog �ires and reports theboundary, the last transaction that completed, and the cycle count atwhich the bound was exceeded.



This is exactly the hours 2–3 hang from the bridge session. With aglobal timeout, the symptom is “simulation ran out of time.” With anAPB handshake watchdog, the symptom is “PREADY never assertedafter transaction 10,” and the monitor log simultaneously shows thereactive slave sequence had exited normally. The classi�ication, aninfrastructure issue �ixed in the reactive slave, becomes direct ratherthan inferred, and it no longer depends on an engineer’s experiencereading silent logs. The same AI prompt pattern used for the deviationreport turns the watchdog output and the last-progress record into aliveness deviation report automatically.
At	 scale,	 this	 idea	 grows. On a subsystem or SoC regression, astall can originate in any of several VIPs and propagate acrossboundaries before the simulation goes quiet. There, localizedwatchdogs are extended with transaction-identity propagation,distributed progress telemetry, and temporal correlation acrosslayers, so a silent multi-VIP timeout becomes a located, attributableevent. That scaling is the subject of Chap. 6; at the IP level, a fewprotocol-scoped watchdogs are enough.

5.9	 Regression	 Triage:	 Order	 MattersBefore diagnosing individual failures, triage the regression as a whole.Running 50 scenarios, seeing 20 failures, and debugging them inrandom order is the conventional approach. It is also the slowest.
P0	 �irst. Run P0 scenarios before P1 or P2. If any P0 fails, stoprunning lower-priority scenarios. A regression full of P1 and P2 failureswhile P0 is broken produces noise. The signal is buried. P0 failuresalways represent the highest-risk behaviors de�ined in the XTP. Fixthem �irst.
Cluster	 before	 diagnosing. Before investigating any individualfailure, group all failures by symptom pattern. Failures that share thesame �irst UVM_ERROR message, the same deviation type, and the sameXTP row family likely share a root cause. Fix one representative failure



from the largest cluster. Re-run all failures in that cluster. If they allpass, one root cause produced many visible symptoms. If some persist,the cluster has multiple root causes and needs further splitting.This is where AI assistance provides the most time savings in theentire debug process. Hand the model one-line summaries of all failuresand the clustering contract below. A regression with 20 failures andthree root causes becomes visible in the clustering output in under aminute, work that manually means reading twenty logs and holdingtheir patterns in your head at once.
Output	 contract:	 regression	 failure	 clustering
You	 provide: one line per failure—test_name | seed |
first_UVM_ERROR | timestamp.

Cluster	 on	 three	 keys	 only: the �irst UVM_ERROR message, theXTP row family, and the deviation type—never the test name alone.
Per	 cluster,	 it	 must	 return: a cluster ID; the member failures(test, seed); the shared symptom pattern; the XTP row family ifidenti�iable; the likely deviation type; the representative failure todebug �irst; and the cluster size as a percentage of total failures.
Bounds: do not guess a per-failure root cause; any failure that�its no cluster is returned as ISOLATE for separate investigation.

The	 baseline	 rule. Before any RTL change is integrated into theregression environment, run a full regression against the current RTLand record every failure. This is the baseline. After the RTL change, runregression again. Compare new failures against the baseline. Onlyfailures that did not exist in the baseline are attributable to the RTLchange. Engineers who skip this step spend hours debugging failuresthat were pre-existing before the change they made.
5.10	 Fix,	 Verify,	 UpdateEvery con�irmed design bug requires three steps before it is closed.Completing only the �irst step, �ixing the RTL, is the most common



cause of regressions reintroducing old bugs. AI accelerates this loop inpractice: Claude Code applies the �ix, re-runs the minimal reproductionand the P0 regression, and reports what changed, while the engineerdecides whether the �ix is at the root cause.
Step	 1:	 Fix	 the	 RTL	 at	 the	 root	 cause,	 not	 the	 manifestation.The question to ask before applying any �ix: does this �ix prevent thebad behavior from occurring, or does it prevent the bad behavior frombeing observable? A �ix that hides the symptom without correcting theroot cause is not a �ix. It is technical debt that will manifest differentlyin the next design revision.For the xfer_pending bug: the manifestation was a sixth APB access.A counter that blocked the sixth access would have been amanifestation �ix. Changing the always_ff block so that
xfer_pending clears every cycle unless actively latching is the rootcause �ix.

Step	 2:	 Verify	 the	 �ix	 with	 the	 minimal	 reproduction.The minimal reproduction scenario must pass against the �ixed RTL.Additionally, run the full P0 regression. A �ix that resolves one failurewhile introducing another is not a �ix, it is a trade.
Step	 3:	 Add	 a	 regression	 test	 and	 update	 the	 XTP.Write a directed test that speci�ically targets the �ixed behavior. The testmust fail against the un�ixed RTL and pass against the �ixed RTL. Thistest becomes a permanent regression guard. If the same issue isreintroduced during a future feature addition, this test catches itimmediately.Then update the XTP. Speci�ically:If the bug was caught by an existing XTP row: mark the row asveri�ied. The test plan worked. Record the bug as evidence ofcoverage closure for that row.If the bug revealed a gap in the XTP (a behavior not covered by anyrow): add the row. The regression taught you something the testplan did not know. This is how the XTP improves over time.



If the bug revealed that an XTP expected result was wrong (thespeci�ication was misunderstood during planning): correct the rowand �ile a speci�ication clari�ication with the design team.
Workarounds. When a �ix requires an RTL change that cannot happenon the current schedule, a workaround may be accepted temporarily. Aworkaround is legitimate only when it is documented with all four ofthe following: the root cause, the workaround description, the JIRA forthe proper �ix, and the expiry condition (the milestone or event atwhich the workaround must be replaced). A workaround without aJIRA is not a workaround. It is a hidden debt that the next engineer willdiscover as an unexplained test exclusion with no memory of why itexists.
5.11	 Debug	 as	 XTP	 ValidationThis is the idea that separates a veri�ication program that learns fromone that merely accumulates passing tests.

Fig.	5.4 Debug as XTP validation. Every failure feeds back into the test plan: a caught bugcon�irms a row, an uncovered bug adds a row, a wrong oracle corrects a row. The improved XTPdrives the next regression, which �inds what the last one could not. An XTP that ends a campaignunchanged is a plan that learned nothingEvery regression failure is a signal about the XTP. The failure is notjust evidence of a bug in the design or testbench. It is evidence aboutthe quality, completeness, and correctness of the test plan itself (Fig.5.4 and Table 5.3).
Table	5.3 What each failure type reveals about the XTP



The consequence of this framing is signi�icant. An XTP that startswith 40 rows and ends with 40 rows after a full regression is a plan thatlearned nothing. An XTP that starts with 40 rows and ends with 46rows, six new rows added because regression revealed behaviors thatwere not planned for, is a plan that re�lects what the design actuallydoes, not just what someone thought it would do when they wrote thespec.By the time a veri�ication program reaches sign-off, the XTP shouldbe visibly different from what it was on day one. Every differencerepresents something the regression taught the team. Thataccumulated knowledge is the artifact that makes the next similardesign faster to verify, not because the process was faster, but becausethe decisions embedded in the XTP do not need to be rediscovered.
5.12	 Quality	 Gate:	 What	 Regression	 Clean
MeansRegression clean is not zero failures. Regression clean is a de�ined statethat the veri�ication program can demonstrate and defend. TheVeri�ication Strategist signs off on this state, not the regression script,and not the coverage tool.1.

All	 P0	 scenarios	 pass. No exceptions, no waivers for P0.  2.
All	 P1	 scenarios	 pass,	 or	 have	 documented	 waivers. Eachwaiver must reference a JIRA, a root cause, and a resolution plan. Awaiver without these three elements is not a waiver. It is anunresolved failure with an alias.

 
3.

Every	 design	 bug	 found	 has	 been	 �iled,	 �ixed,	 and	 veri�ied.Veri�ied means the minimal reproduction passes and P0 regressiondoes not regress.  
4. Every	 XTP	 gap	 found	 during	 regression	 has	 been	 addressed.Either a new XTP row was added and tested, or the gap wasreviewed and explicitly deferred with documented justi�ication  



reviewed and explicitly deferred with documented justi�ication.5.
No	 new	 failures	 were	 introduced	 by	 any	 �ix. Run full regressionafter every �ix before closing the bug.  

6.
Functional	 coverage is	 on	 track. Coverage closure criteria,covergroup de�initions, and gap analysis are covered in Chap. 8.  7.
The	 XTP	 re�lects	 what	 was	 learned. New rows added for gapsfound. Incorrect rows corrected. Every change to the XTP reviewedand approved by the Veri�ication Strategist.  
When all seven checks pass, the IP-level regression is clean and theveri�ication program is ready to scale. Chapter 6 covers subsystemveri�ication, the level at which individually veri�ied IPs are composed,and where a new class of failure appears that no IP-level regression cansee: emergent behavior arising from interactions between componentsthat are each independently correct.

5.13	 ConclusionThe bridge debug session opened on an eight-hour timeline with �ivefailure modes, four of them testbench issues and one a real design bug.Classifying �irst would have routed each of the �irst four straight to theright layer, with no hypothesis-spinning, no waveform chase of thewrong signal, and no time spent doubting RTL that was correctthroughout. AI carried the mechanical load at every step, so theengineer’s hours went to the decisions rather than the log-reading.But the deeper �inding is not about time. It is about what theregression left behind. The XTP that entered the bridge debug sessionhad its full set of planned rows. The XTP that exits has more: rowsadded for behaviors the test plan did not anticipate, expected resultscorrected where the speci�ication was ambiguous, a new regressionguard for the xfer_pending boundary condition. The test plan is not the



same document it was on day one. It is better, because the designtaught it something.This is the veri�ication program that learns. Every bug found eithercon�irms the test plan worked or reveals a gap the test plan missed.Either outcome improves the XTP. The XTP improves the nextregression. The next regression �inds things the current one could not.That compounding (intent structured in Chap. 2, testbenchgoverned in Chap. 3, scenarios generated in Chap. 4, debug structuredin Chap. 5) is what the VEGA framework produces when it is appliedend to end. Not a faster simulation run, but a veri�ication program thatgets demonstrably better as it executes.Chapter 6 scales this to the subsystem level, where the governingartifact is no longer a single XTP but a composition of IP-level intents,and where correctness depends not on any individual component buton the contracts between them.
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A component that passes every IP-level test can still destroy a tapeoutonce integrated, because the bugs that matter at subsystem scope donot live inside components: they live in the contracts between them, theordering assumptions, error-propagation chains, reset sequencing, andshared-resource arbitration that no single component?s test plan owns.This chapter extends VEGA from IP to subsystem veri�ication withoutintroducing new tooling. It de�ines a protocol-agnostic ten-categorytaxonomy of integration intent, catalogs ten integration bug patterns IP-level VIPs structurally cannot see, and builds the Subsystem IntentGraph (SIG): a graph whose edges carry a guarantee from onecomponent and an assumption from its neighbor, where everymisalignment is a defect site visible before integration begins. Anassumption harvest extracts those implicit contracts from existing IP-level artifacts, and a category-to-assertion mapping turns each intoconcrete SVA. Three new scenario classes follow, boundary handoff,failure-mode and reset propagation, and shared-resource contention,none writable at IP level, together with �irmware-style stimulus andedge-following fault localization. A quanti�ied case study, forty defects
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caught at subsystem scope and a 3.6-fold per-ECO cost ampli�icationavoided, makes the shift-left case concrete.
6.1	 The	 Bridge	 Passed.	 What	 Can	 Still	 Fail?Chapter 5 ended with a clean IP-level regression. The bridge passes allP0 and P1 scenarios. Every design bug found during regression hasbeen �ixed, veri�ied, and added to the regression suite. The XTP re�lectswhat was learned. By every IP-level measure, veri�ication is complete.And yet the �inal sentence of Chap. 5 named exactly what comesnext: correctness at subsystem level depends not on any individualcomponent but on the contracts between them.Now the bridge is integrated into a subsystem. It becomes one nodeamong several: a DMA controller drives transactions through aninterconnect to the bridge, which fans out to a set of APB peripherals.An interrupt controller collects completion signals. A reset controllersequences power-on initialization across all components. Everycomponent in this integration has passed its own IP-level regression.And the subsystem will fail. Not because any component is wrong inisolation, but because the bugs that kill tapeouts do not live insidecomponents. They live in the space between them, and that space isexactly what IP-level veri�ication cannot see.This chapter de�ines how VEGA extends from IP-level veri�ication tosubsystem veri�ication by composing the artifacts built in earlierchapters, the XTPs, the manifests, the testbench agents, and the debugdiscipline, into a framework that covers the integration space that noIP-level test plan can see.
6.2	 Where	 Subsystem	 Bugs	 LiveIP-level veri�ication covers what a component does in isolation. Itveri�ies that the component matches its speci�ication when driven by amodel stimulus that behaves correctly and a model environment thatbehaves correctly.



That model stimulus and that model environment do not exist in thesubsystem. In the subsystem, the upstream component drives realtransactions under real concurrency constraints. The downstreamcomponent has real latency and real error conditions. The resetcontroller sequences signals with real timing relationships. None of thiswas visible at IP level.The result is a class of defects that cannot be found by IP-levelveri�ication, regardless of how thoroughly that veri�ication wasconducted (Fig. 6.1).

Fig.	6.1  The gap map. Each component passes IP-level veri�ication independently. The subsystemdefects live in the edges between components: the ordering contracts, error propagation chains,interrupt timing assumptions, and reset sequencing relationships that are not captured in anycomponent?s XTPFour broad categories of defects live exclusively in these gaps. Thefollowing sections re�ine these into a more granular ten-categorytaxonomy that maps directly to assertion checks, but the broadcategories establish the shape of the problem �irst.
Ordering	 assumption	 violations. Each component was veri�iedwith a model neighbor that behaved correctly. In the subsystem, realneighbors behave under real constraints. The DMA controller assumesthe downstream slave will assert HREADY within a bounded number ofwait states, completing the transfer within the DMA?s programmedtimeout. The bridge makes no such guarantee: slave response time isbounded only by the APB peripheral, which can exceed the DMA?sassumption when the peripheral is under load or mid-state-machine.



Neither IP test plan covers this because neither team owned theinteraction.
Error	 propagation	 chains. A peripheral returns an error response.The bridge propagates it upstream. The DMA controller must handle itand assert an interrupt. The interrupt controller must serialize itcorrectly. The end-to-end chain was never tested at IP level because noIP testbench modeled the full chain. Individual links were veri�ied. Thechain was not.
Reset	 and	 power	 sequencing. At IP level, reset is clean andisolated. At subsystem level, reset sequencing across multiple clockdomains is a �irst-order correctness requirement. If a componentdeasserts reset while its downstream neighbor is still in reset, it canimmediately drive transactions to a device that is not ready to receivethem, hanging the entire bus. This class of defect is absent from everyIP-level regression and routinely appears in �irst-pass subsystemintegrations.
Shared	 resource	 contention. At IP level, each component operatedwith a dedicated path and no competition. At subsystem level, multiplecomponents share interconnects, arbiters, and address spaces.Behaviors that are individually correct become incorrect when theyoccur simultaneously under real arbitration conditions.

6.3	 The	 Ten	 Categories	 of	 Subsystem	 IntentThe four broad categories above describe where subsystem defects live.To verify against them systematically, a more granular taxonomy isrequired: one that is protocol-agnostic, applicable to any subsystemboundary, and direct enough to map to speci�ic assertion checks.The following ten categories cover the integration intent of anysubsystem composed of digital components communicating acrossprotocol, clock, reset, or power boundaries. Every meaningful contractbetween two components in a subsystem belongs to one or more ofthese categories. The taxonomy is the protocol-agnostic checklist that



the Veri�ication Strategist applies to every edge of the Subsystem IntentGraph (introduced in the next two sections).
The	 taxonomy	 is	 exhaustive	 for	 digital	 subsystem	 boundaries.
Every	 cross-component	 defect	 this	 book	 has	 discussed,	 and
every	 integration	 bug	 pattern	 presented	 in	 the	 next	 section,
maps	 to	 exactly	 one	 of	 these	 ten	 categories.	 Walking	 each	 SIG
edge	 against	 the	 ten	 categories	 produces,	 by	 construction,	 the
integration	 veri�ication	 plan.

Categories	 1?5	 cover	 the	 crossing	 points, where different domains,protocols, and timing assumptions collide:1.
Clock	 Domain	 Crossings	 (CDC). How does data cross betweenclock domains? Subsumes synchronizer type and latency, multi-bitcrossing strategy, metastability window, and reconvergence ofsynchronized signals. CDC defects produce intermittent failuresthat survive every same-domain regression.

 
2.

Reset	 Sequencing	 and	 Propagation. Which reset deasserts �irst?What happens during the gap? Subsumes reset ordering acrossdomains, minimum assertion width, FSM initialization delay afterreset deassertion, and reset behavior during active traf�ic. The mostcommon �irst-pass subsystem failure mode and the most expensiveto debug post-silicon.
 

3.
Protocol	 Translation. How does the source protocol map to thetarget? Subsumes pipeline-to-non-pipeline mapping (the AHB-to-APB core problem), wait-state insertion, response code translation,and attribute propagation across the boundary. Every protocolbridge in a subsystem has a translation contract; every contract hascorner cases that IP-level veri�ication does not see.

 
4. Back-Pressure	 and	 Flow	 Control. What happens when thedownstream is slow or full? Subsumes credit and ready deassertiontiming maximum permitted wait states internal buffer depth  



timing, maximum permitted wait states, internal buffer depth
limits, and timeout behavior. Back-pressure failures often cascadeacross multiple boundaries before becoming observable.5.
Burst	 and	 Packet	 Decomposition. How are multi-beat transfersdecomposed at the boundary? Subsumes per-beat addresscalculation, wrap and increment boundary handling, narrowtransfer decomposition, and beat interleaving. Address arithmeticat decomposition boundaries is a frequent source of silent datacorruption.

 
Categories	 6?10	 cover	 the	 hidden	 contracts: assumptions that live inarchitects? heads but rarely appear in any IP test plan:6.

Error	 Propagation	 and	 Mapping. How do errors crosssubsystem boundaries? Subsumes error response timing and codemapping, error handling during bursts (abort versus continue),poison and tainted-data propagation, and interrupt generationfrom error responses. The error path is consistently the least-tested path at every level of veri�ication.
 

7.
Ordering	 and	 Exclusivity. Can responses overtake requests?What about exclusive accesses? Subsumes write buffer bypassrules, exclusive monitor scope across bridges, orderingguarantees across protocol translations, and in-order completionrequirements. Read-after-write hazards through internal buffersare a common defect site that produces silent softwareinconsistency.

 
8. Address	 Decode	 and	 Routing. What happens on access tounmapped or reserved addresses? Subsumes default slavebehavior, address hole handling, decode boundary crossing forspanning transfers, and device-select one-hot enforcement.Address holes are a particularly dangerous defect site: theirfailure mode is identical in symptom to a hung peripheral butoriginates from a different subsystem layer

 



originates from a different subsystem layer.9.
Data	 Integrity	 Across	 Domains. Does every byte arrive intactacross the boundary? Subsumes byte-lane mapping on narrowtransfers, endianness conversion, data corruption during CDC,and ECC propagation across protocol boundaries. Byte-level dataintegrity is rarely visible in protocol-level VIPs.

 
10.

Power	 State	 and	 Isolation. What if one domain powers downwhile the other is active? Subsumes isolation cell behavior,retention state, wake-up handshake sequencing, in-�lighttransaction handling at power transition, and clamp values.Power-aware veri�ication at IP level and protocol-awareveri�ication at subsystem level rarely intersect; defects live in thatintersection.

 
The ten categories are protocol-agnostic by construction. Theyapply equally to AHB-to-APB, AXI-to-CHI, PCIe-to-CXL, or UCIe-die-to-die boundaries. The speci�ic sub-aspects of each category vary byprotocol; the category itself does not.This is the vocabulary the Subsystem Intent Graph uses. Every SIGedge introduced in the next section carries a contract that belongs toone or more of these ten categories. The assumption harvest extractsimplicit contracts; the categories give those contracts a sharedstructure.

6.4	 Integration	 Bug	 Patterns	 That	 IP-Level
Veri�ication	 MissesThe ten categories de�ine the structural taxonomy. The following tenbug patterns are the failure modes that have been observed acrossproduction subsystem veri�ication programs, with one or morerepresentative defects for each category. Each pattern is real in thesense that it has occurred in real designs, has been silently missed by



IP-level VIPs, and has been caught only when the subsystemveri�ication process explicitly walked the relevant intent category.The pattern catalogue serves two purposes. First, it gives theVeri�ication Strategist a concrete checklist to apply when reviewingsubsystem scenarios for completeness. Second, it makes the abstractten-category taxonomy actionable: each pattern names what failurelooks like, where it originates, and why IP-level VIPs are structurallyunable to detect it.
#1	 Data	 Corruption	 on	 Back-to-Back	 Transfers	 Across	 CDC

Severity:	Critical	Category:	CDCA synchronizer misses the second of two transfers when both arrivewithin the synchronization window. The �irst transfer completescorrectly; the second is silently dropped. Downstream computationsuse the missing data and produce wrong results without any errorsignal.
Why	IP-level	VIPs	miss	it: Each side of the CDC has its own protocolVIP. Neither has visibility into the synchronizer timing or the back-to-back arrival pattern at the boundary.
#2	 Transaction	 Accepted	 Before	 Downstream	 FSM	 Initializes

Severity:	Critical	Category:	Reset	SequencingThe upstream component?s reset deasserts on schedule. Thedownstream component?s reset also deasserts on schedule, but thedownstream FSM requires additional cycles to initialize before it cancorrectly process incoming transactions. An early transaction arrivesduring this initialization window and enters an unde�ined state.
Why	IP-level	VIPs	miss	it: The IP-level VIP models reset per theprotocol speci�ication, not per the implementation?s actual FSMinitialization latency. The defect is in the gap between speci�ied andimplemented timing.
#3	 Bus	 Lockup	 on	 Cross-Domain	 Wait-State	 Timeout Severity:

High				Category:	Protocol	TranslationA slow downstream component holds its ready signal lowinde�initely. The bridge propagates this back-pressure upstream, which



locks the entire upstream bus fabric. No timeout mechanism exists atthe boundary to detect or recover from this condition.
Why	IP-level	VIPs	miss	it: Each VIP sees a valid protocol sequence onits side. Neither checks for a cross-domain timeout because neitherowns the cross-domain timing contract.
#4	 Buffer	 Over�low	 Drops	 Transactions	 Silently Severity:	High

			Category:	Back-Pressure	/	Flow	ControlAn internal buffer �ills during a burst with a slow downstream. Newentries overwrite pending entries before the pending ones complete.No back-pressure signal is generated upstream. Transactions are lostwithout error indication.
Why	IP-level	VIPs	miss	it: Buffer depth is an implementation detailnot visible at the protocol level. The VIPs validate protocol correctness,not implementation queue capacity.
#5	 Address	 Calculation	 Error	 on	 Wrapping	 Burst

Decomposition Severity:	High				Category:	Burst	DecompositionA wrapping burst from an unaligned start address decomposes withthe wrong wrap-boundary mask. The downstream component receivestransactions at incorrect addresses. Data is written to or read from thewrong locations.
Why	IP-level	VIPs	miss	it: The protocol VIP checks burst legality at itsown interface. It does not re-derive the addresses produced after thebridge has decomposed the burst.
#6	 Error	 During	 Multi-Beat	 Transfer	 Leaves	 Bus	 Unde�ined

Severity:	High				Category:	Error	PropagationThe downstream signals an error on beat N of a decomposed burst.The bridge correctly signals the error upstream but continues issuingthe remaining beats. The state of the bus during those remaining beatsis unde�ined; data on the bus is stale or invalid.
Why	IP-level	VIPs	miss	it: Each VIP handles error per its ownprotocol?s rules. Neither validates the cross-boundary contract forwhat happens to the un�inished beats of an in-�light burst when anerror occurs mid-burst.



#7	 Read	 Returns	 Stale	 Data	 from	 Internal	 Write	 Buffer Severity:
Medium				Category:	Ordering	and	ExclusivityA pending write sits in the bridge?s internal write buffer. Animmediate read to the same address bypasses the write buffer andreturns the old downstream value. Software observes inconsistencybetween the write it issued and the read it just performed.
Why	IP-level	VIPs	miss	it: Both VIPs see protocol-correct behavior ontheir respective sides. The ordering contract that governs read-after-write through internal buffers is an implementation contract, not aprotocol contract.
#8	 Access	 to	 Address	 Hole	 Hangs	 the	 Subsystem Severity:

Medium	Category:	Address	DecodeA master accesses an address that is not mapped to any device inthe subsystem. No downstream device is selected. The bridge waitsforever for a response that will never arrive. The upstream bus locksup.
Why	IP-level	VIPs	miss	it: The upstream VIP does not know thesubsystem-level address map. The downstream VIP never sees thetransaction because no slave is selected. Neither side has the contextneeded to detect the failure.
#9	 Byte-Lane	 Corruption	 on	 Narrow	 Transfer	 Across	 CDC

Severity:	Critical				Category:	Data	IntegrityA narrow write transaction crosses a CDC boundary. Thesynchronizer captures the full data bus including stale lanes from aprevious unrelated transaction. Downstream observes corrupted byte-select information.
Why	IP-level	VIPs	miss	it: The protocol VIP validates byte strobecorrectness at its interface. CDC analysis tools check the synchronizer?sstructural correctness. Neither validates the byte-level correctness ofthe data after crossing the boundary.
#10	 In-Flight	 Transaction	 Lost	 During	 Power-Domain

Transition Severity:	High				Category:	Power	State	and	IsolationThe power manager isolates the downstream domain while thebridge has an active transaction in �light. The isolation cells clamp the



ready signal high, causing the bridge to observe a fake completion. Thetransaction is reported as successful upstream but the data neverreaches the downstream destination.
Why	IP-level	VIPs	miss	it: The power-aware VIP veri�ies isolation cellbehavior at its own boundary. The protocol VIP has no power domainawareness. The interaction between protocol activity and powertransitions belongs to neither.These ten patterns are not exhaustive; additional patterns exist inprotocol-speci�ic subsystems and emerging interconnect domains suchas chiplets and coherent fabrics. They are, however, suf�icient as astarting checklist for any subsystem veri�ication program. A SIG thatcovers all ten patterns plus its protocol-speci�ic extensions hasaddressed the integration defect classes that most commonly surviveIP-level veri�ication.

6.5	 The	 Subsystem	 Intent	 GraphThe Subsystem	 Intent	 Graph	 (SIG) is the artifact VEGA uses to makeintegration-space defects visible before integration begins.The SIG is not a block diagram. A block diagram shows componentsand connections. The SIG shows contracts	 between	 components:what each component guarantees to its neighbors, and what eachcomponent assumes from its neighbors. The gap between a guaranteeand an assumption is not an architectural risk. It is a defect that existsbefore integration starts.
6.5.1	 Building	 the	 SIG:	 A	 Four-Step	 ProcessThe SIG is constructed using a repeatable four-step process. Each stepconsumes artifacts that the veri�ication team and design team alreadyproduce. The process introduces no new tools and no new speci�icationformats; it organizes existing artifacts to expose the contracts betweenthem.1. Identify	 Nodes. List every component that participates in thesubsystem: IP blocks, interfaces, clock domains, reset domains, and  



infrastructure components (reset controller, interrupt controller,power management unit). Infrastructure components are �irst-class nodes even when they are not data-path participants.2.
Map	 Edges. Identify every dependency between nodes: data �lows,control signals, domain crossings, reset relationships, interruptconnections. Each edge represents a potential defect site. An edgebetween two components in the same clock domain is a differentveri�ication problem than an edge that crosses a CDC boundary; theedge type informs the categories that apply.

 
3.

Capture	 Intent. Walk each edge against the ten intent categoriesfrom Sect. 6.3. For each applicable category, add the contract thatthe edge must satisfy: the upstream guarantee, the downstreamassumption, and the risk level if they do not align. This is theassumption harvest step; the prompt that automates the harvest isshown below.
 

4.
Generate	 Assertions. Translate each captured intent into aconcrete SVA property or coverage point. Section 6.6 provides thecategory-to-assertion mapping that drives this translation. Theoutput is the executable veri�ication plan that the SIG produces byconstruction.

 
6.5.2	 SIG	 Construction	 InputsThree categories of input feed the four-step process. None of them isunique to VEGA; every mature design organization produces themalready.

Architecture	 speci�ications. Timing requirements betweencomponents, reset sequence diagrams, protocol bridge behaviordescriptions, and integration notes. The speci�ication level is theauthoritative source for guarantees and assumptions; the assumptionharvest extracts these into a structured form.
RTL	 and	 IP-XACT. Module hierarchy, clock and reset domainde�initions, interface connections, and parameterization. RTL provides



the actual structure; IP-XACT (where available) provides the structuralmetadata in a form that automates much of step 1 (node identi�ication)and step 2 (edge mapping).
CDC	 and	 RDC	 reports. Domain crossings, synchronizer types,known violations, and waiver rationale from existing CDC and RDCanalysis �lows. These reports already enumerate the boundaries thatrequire Category 1 (CDC) and Category 2 (Reset) coverage in the SIG.SIG construction reuses this analysis rather than duplicating it.The four-step process produces the SIG by walking each edgeagainst the categories that apply. No new tooling is required. TheVeri�ication Strategist?s role is judgment: which assumptions aregenuinely misaligned in the target integration, which risk levels areaccurate, and which SIG edges therefore demand mandatory subsystemscenarios.

6.5.3	 Building	 the	 SIG:	 The	 Assumption	 HarvestThe primary input to the third step (Capture Intent) is the set ofimplicit assumptions each component?s veri�ication team made duringIP-level veri�ication. These assumptions are embedded in the IP-leveltestbench: in how the model stimulus was constrained, in how themodel environment was con�igured, in what error conditions were andwere not simulated.The assumption harvest extracts these implicit assumptionsexplicitly and converts them into SIG edges. Running the harvest is aVeri�ication Strategist activity: the output requires review against theactual integration context before any assumption is promoted to aHIGH-risk edge. AI generates the candidate list. The Veri�icationStrategist validates which assumptions are genuinely misaligned in thetarget subsystem.



Run this prompt for each component in the subsystem. The output is atable of assumptions. Each assumption becomes a candidate SIG edge.Assumptions with High violation risk become mandatory subsystemscenarios.
6.5.4	 SIG	 Structure:	 Nodes	 and	 EdgesThe SIG has two types of nodes and two types of edges (Fig. 6.2).



Fig.	6.2  The subsystem intent graph (SIG) for a representative AHB/APB subsystem. Each edgecarries a contract: a guarantee from the upstream component and an assumption from thedownstream. The gap between them de�ines the subsystem veri�ication scope
Nodes represent either data-path components (bus masters,interconnects, bridges, peripherals) or infrastructure components(reset controllers, interrupt controllers, power management units).Infrastructure nodes are often omitted from block diagrams but are�irst-class nodes in the SIG because reset and interrupt sequencing arethe most common sources of subsystem-level defects.
Edges represent contracts. Each edge has two halves: the guaranteefrom the upstream component (what it promises to provide) and the

assumption from the downstream component (what it requires in orderto function correctly). When a guarantee does not fully satisfy anassumption, the edge is a defect site. The SIG makes all defect sitesvisible before integration begins.Table 6.1 shows the SIG edge table for the example subsystem.Every row where the guarantee and assumption do not align is amandatory subsystem veri�ication scenario.
Table	6.1  SIG edge contracts for the AHB/APB subsystem. Rows marked HIGH represent knowndefect sites that must be addressed by subsystem scenarios.
6.6	 From	 Intent	 to	 Assertions



The ten intent categories de�ine what to verify. The SIG enumerateswhere to verify it. The remaining link is how to verify it: the translationfrom each intent category into concrete SVA properties and coveragepoints.Table 6.2 provides the canonical mapping. Each row gives one ormore assertion patterns that exercise the intent of the correspondingcategory. The patterns are protocol-agnostic templates; the speci�icsignals and timing values are �illed in from the SIG edge contract, butthe structure of what must be checked is �ixed by the category.
Table	6.2  Mapping from intent category to assertion or coverage check. Each row is a protocol-agnostic template; the speci�ic signal names and timing bounds are �illed in from the SIG edgecontract.The intent-to-assertion mapping closes the gap between theabstract ten-category taxonomy and the concrete artifacts the simulatorconsumes. A SIG edge whose contract belongs to Category 2 (Reset)generates, by construction, the three assertion patterns in row 2 of thetable, specialized to the speci�ic reset signals, FSM initialization signals,and timing values from the edge contract.This is what the fourth step of the SIG construction process (?Generate Assertions?) produces. The output is not a discretionarycollection of checks based on engineer experience; it is a deterministicmapping from edge contract to veri�iable property. Two engineersapplying the same SIG to the same subsystem produce, in principle, thesame assertion set. The reproducibility is the point: the veri�icationplan becomes an artifact that can be reviewed and audited rather than abody of tribal knowledge.



6.7	 Extending	 the	 Manifest	 to	 Subsystem
ScopeThe manifest introduced in Chap. 3 described a single IP: its interfaces,protocols, and the status of each VIP component. The
verification_intent.txt alongside it captured the veri�icationgoals in plain language. At subsystem level, both artifacts extendnaturally to cover the full integration context. The manifest gainscomponent entries and SIG edges. The verification_intent.txtgains subsystem-level goals: which SIG contracts must be veri�ied,which failure modes must be exercised, and which interaction



behaviors the subsystem must demonstrate before sign-off. Nothing inthe process changes. The artifacts grow; the method does not.This consistency is intentional and load-bearing. An engineer whohas worked through Chaps. 2 and 3 picks up a subsystem manifest andrecognizes it immediately: the same �ields, the same structure, the sameboundary between infrastructure and intent. The only new elementsare the SIG edges and the subsystem-level goals that reference them.There is no new tooling to learn, no new process to onboard. Thecognitive cost of moving from IP veri�ication to subsystemveri�ication is the cost of understanding the integration context, not thecost of learning a new framework.That is the design principle behind the extension. Subsystemveri�ication is harder than IP veri�ication because the design space islarger and the failure modes cross boundaries that no singlecomponent owns. The framework should not make it harder still byintroducing new artifacts, new vocabulary, or new governancestructures at the point where complexity is already increasing. VEGAextends upward by adding to what already exists, not by replacing it.The Veri�ication Strategist who reaches Chap. 6 already knows how towork with these artifacts. This chapter teaches them what to add.The key additions to the manifest are two new �ields: components(listing all RTL components that are present as existing blocks ratherthan generated models) and sig_edges (encoding the SIG contractsfrom Table 6.1 as structured manifest entries).





Four structural principles govern the subsystem manifest anddistinguish it from its IP-level counterpart.
Existing	 IP	 agents	 are	 unchanged. The AHB master and APB slaveagents built in Chap. 3 for the bridge are reused without modi�ication.New agents are added only for new interfaces: interrupt monitoring,reset injection, and the �irmware-style stimulus model. Theinfrastructure boundary from Chap. 3 holds at subsystem level.
VIP	 status	 for	 RTL	 components. Instead of generated or

adapted, RTL components carry the status existing_rtl. Thissignals to the testbench generator that these components areinstantiated as RTL, not as BFM models. Every component that appearsin the SIG diagram must appear in the manifest.
IP-level	 XTP	 references. Each component?s XTP is included in themanifest. The subsystem test plan references these to establish what isalready veri�ied and to identify what falls outside every component?sexisting scope. Components without an available XTP are �lagged for IP-level veri�ication before subsystem integration begins.
SIG	 edges	 as	 �irst-class	 manifest	 �ields. The sig_edges arrayencodes the contracts from the SIG directly in the manifest. Each edgecarries the risk level from the assumption harvest and the intentcategory from Sect. 6.3 that governs it. EDGE_001 covers resetsequencing across all APB peripherals. EDGE_005, added afterreviewing the full peripheral address map, covers unmapped addresshandling, a gap that only became visible when all three peripheralswere speci�ied together. High-risk edges drive mandatory scenariogeneration. The manifest is the single artifact that connects the SIGanalysis to the testbench generation to the test plan.

6.8	 Three	 Scenario	 Classes	 That	 Do	 Not	 Exist
at	 IP	 LevelThe subsystem XTP extends each component?s IP-level XTP withscenarios that cover the SIG edges. These scenarios fall into three



classes. None of them can be written at IP level because none of them isvisible from within a single component.Each scenario in the subsystem XTP carries two �ields that IP-levelrows do not: SIG_Edge_ID (which manifest edge the scenarioexercises) and Neighbor_Components (which componentsparticipate beyond the DUT). For the example subsystem: EDGE_001drives the reset injection scenarios, EDGE_002 drives the hungperipheral scenario, EDGE_003 drives the PSLVERR propagation chain,and EDGE_004 drives the interrupt pulse scenario. Every HIGH-riskedge in the manifest must map to at least one scenario in the subsystemXTP before the test plan is considered complete.
6.8.1	 Boundary	 Handoff	 ScenariosBoundary handoff scenarios exercise what happens at the moment onecomponent transfers ownership or control to the next. The IP-leveltestbench always modeled a clean handoff. The real subsystem has realtiming.For the AHB/APB subsystem, the highest-risk boundary handoff isHTRANS sequencing across an arbitration boundary. The IP-levelbridge testbench never changed AHB mastership mid-sequence. In thereal subsystem, the interconnect can transfer HGRANT to a differentmaster while an APB access is still in �light through the bridge. Thebridge must handle this correctly: it must complete the in-�light APBaccess, then assert HREADY when that access completes. Only at thatpoint does ownership transfer to the incoming master. ?Completing onthe next cycle? is not a guarantee the bridge can make; the APB accessmay require multiple PCLK cycles to resolve.



6.8.2	 Failure	 Mode	 and	 Error	 Propagation	 ScenariosFailure mode scenarios test what happens when something goes wrongin one component and that failure must propagate correctly throughthe rest of the subsystem. These scenarios are absent from IP-levelveri�ication because IP-level testbenches model well-behavedneighbors. The real integration has neighbors that fail.Three failure patterns are universally present in AHB/APB andsimilar bus-based subsystems.
Hung	 peripheral. A peripheral?s PREADY never asserts. Thismodels a peripheral that is deadlocked internally, or has been resetwhile an access is in �light, or is waiting for a condition that will neveroccur. The question is: does the bridge propagate this as a bus hang(HREADY held low inde�initely, freezing the entire AHB bus) or does it



time out and return HRESP=ERROR? The correct behavior is speci�iedin the bridge spec; the scenario veri�ies it against the real peripheral.
PSLVERR	 propagation	 chain. A peripheral returns PSLVERR. Thebridge must propagate HRESP=ERROR. The DMA controller musthandle HRESP=ERROR by aborting its transfer and asserting aninterrupt. The interrupt controller must correctly serialize theinterrupt. The scenario exercises the complete chain from peripheralerror to interrupt generation. At IP level, each link was veri�ied inisolation. The chain was not.
Reset	 and	 power	 scenarios,	 integrated. This scenario class isincluded here rather than in a separate section because it is mostcorrectly understood as a failure propagation scenario: what happenswhen reset propagates asynchronously through the system.The highest-risk reset scenario in any AHB/APB subsystem is:HRESETn deasserts before PRESETn. This is EDGE_001 in the SIG, theHIGH-risk reset sequencing edge. In this condition, the bridge comesout of reset and is immediately available to forward AHB transactions,while every APB peripheral is still in reset and cannot respond. Thenext AHB transaction from the DMA controller will produce a PREADYthat never asserts.The scenario: con�igure the reset controller to release HRESETn twocycles before PRESETn. Initiate a DMA transfer that will arrive at thebridge within those two cycles. Observe whether the bridge correctlyhandles the race.A second high-value reset scenario: assert HRESETnasynchronously while an APB access is in �light through the bridge. Thebridge must cleanly terminate the APB access (or correctly abandon it)without leaving the APB bus in an unde�ined state for the nexttransaction after reset deasserts.



6.8.3	 Shared	 Resource	 Contention	 ScenariosAt IP level, every component had exclusive access to its interfaces. Atsubsystem level, multiple components share the interconnect, theaddress space, and the arbitration logic. Behaviors that are individuallycorrect become incorrect under real concurrency.The key shared resource scenarios for an AHB/APB subsystem:
Concurrent	 access	 to	 different	 peripherals. The DMA controlleraccesses the UART while a CPU simultaneously accesses the Timer. Bothare valid APB targets. The bridge must serialize the two AHBtransactions correctly and not corrupt either peripheral?s access.



Concurrent	 access	 to	 the	 same	 peripheral. Two bus mastersattempt to access the UART simultaneously. Arbitration must ensurethat both transactions complete correctly and in order, with no datacorruption.
DMA	 transfer	 spanning	 a	 peripheral	 boundary. A DMA transferis programmed with a size that would span across two APB peripheraladdress regions. The bridge must correctly split, map, or reject thistransfer per the address decoding speci�ication.
Address	 decode	 completeness. This scenario class is distinct fromcontention: it tests what happens when an AHB address falls exactly atthe boundary between two peripheral regions, or maps to a hole in theaddress space (no peripheral responds). These conditions only becomevisible when the full peripheral address map is assembled. At IP level,the bridge was tested with a model that responded to all addresses. Inthe real subsystem, a hole address produces no PREADY response: aliveness failure identical in symptom to the hung peripheral scenariobut with a different root cause. The bridge must return HRESP=ERRORfor unmapped addresses, not hang the bus.



6.9	 How	 the	 Testbench	 Model	 Changes
at	 Subsystem	 LevelThe structural change from IP-level to subsystem-level veri�ication isnot in the infrastructure. That is unchanged and extended via themanifest. The change is in how stimulus is generated.At IP level, stimulus was direct: a UVM sequence drove AHBtransactions directly onto the DUT interface. The testbench owned themaster role.At subsystem level, the real bus master is an RTL component: a DMAcontroller, a CPU complex, a hardware accelerator. The testbench does



not drive AHB transactions directly. It drives the bus master byprogramming its con�iguration registers.This is �irmware-style	 stimulus: a sequence of register writes andreads over AHB that con�igure the DMA controller?s source address,destination address, transfer size, and enable bit. The testbench stilluses an AHB master agent, but it drives transactions to the DMA?sregister interface, not directly to the bridge. Once programmed, theDMA controller initiates the downstream AHB transactionsautonomously. The testbench then observes the outcome: thetransactions visible on the APB monitor, the interrupt assertion, theDMA status register after completion.The difference matters for three reasons.
Observability	 shifts. At IP level, the testbench knew exactly whattransactions it drove. At subsystem level, the downstream AHBtransactions are generated by the RTL DMA controller. The testbenchobserves them through monitors but does not generate them. Theoracle must check what the DMA produced against what the �irmwaresequence programmed it to produce.
Non-determinism	 increases. The DMA controller introduceslatency, retry behavior, and priority arbitration that are not present in adirect-drive model. Stimulus timing is no longer cycle-accurate from thetestbench?s perspective.
Scenario	 abstraction	 level	 rises. Subsystem scenarios areexpressed as: ?program the DMA to transfer N bytes from address X toaddress Y? rather than ?send HTRANS=NONSEQ, HADDR=X, HSIZE=2on cycle 10.? The scenario describes architectural behavior, notprotocol transactions.One practical consequence: verify the DMA register programmingsequence in isolation before using it as subsystem stimulus. If the DMAis incorrectly programmed and the subsystem transfer fails, the failurecould be attributed to the bridge or the peripheral rather than the DMAsetup sequence. A brief directed test that programs the DMA and readsback its con�iguration registers, con�irming source address, destination



address, and size are correctly latched, eliminates this ambiguity beforesubsystem scenarios run.

6.10	 Debug	 at	 Subsystem	 Level:	 Edge-
Following	 Fault	 LocalizationChapter 5 established that the �irst debug question at IP level is: what
category	is	this	failure?At subsystem level, the �irst question is different: which	component
owns	this	failure?A transaction mismatch at subsystem level could originate in theDMA controller, the interconnect, the bridge, the peripheral, or the



interaction between any two of them. A timeout could come from ahung peripheral, a stuck bridge, a reset sequencing error, or a DMAprogramming mistake. Opening a waveform before answering thisquestion produces hours of undirected searching.The SIG provides a systematic answer. Every observable failure hasa location in the SIG. The debug process is: observe the symptom,identify which SIG edge it belongs to, check the monitor at both ends ofthat edge, and compare observed behavior against the edge contract.Before any of this begins, express the failure as anexpected/observed/deviation triple (Sect. 5. 4). The triple identi�ieswhich edge the deviation belongs to. The SIG tells you which monitorsto read.
Edge-following	 fault	 localization:1. Identify the observable symptom from the UVM log. Express it asan expected/observed/deviation triple (Sect. 5. 4).  2. Identify the SIG edge that the deviation belongs to. Whichcomponent boundary was crossed incorrectly?  3. Check the monitor at the upstream end of that edge. Is theupstream component producing the correct output per its IP-levelXTP?If yes: the fault is in the downstream component or the edgecontract itself. Advance one step downstream.If no: the fault is in the upstream component. The component isviolating its own IP-level XTP under subsystem conditions. Thisis a regression of IP-level behavior, likely triggered by asubsystem stimulus that was not covered at IP level.

 
4. Repeat until the component boundary where behavior �irstdeviates from the IP-level XTP is identi�ied. That component ownsthe failure.  



For the AHB/APB example: the APB monitor showsPADDR=0x4000_0020 but the DMA was programmed for address0x4000_0000. Check the AHB monitor at the bridge input. IfHADDR=0x4000_0020 at the bridge input, the bridge is correctlyforwarding a wrong address, so the fault is upstream of the bridge, inthe DMA or interconnect. Check the AHB monitor between DMA andinterconnect. If HADDR is correct there, the interconnect has a routingbug. If HADDR is wrong there, the DMA has an address calculationdefect.This process is faster than any waveform-�irst approach because theSIG tells you exactly which interface pairs to compare before anywaveform is opened.



The localization prompt produces a classi�ication for every failure. Fourclassi�ications are possible: design_bug (RTL defect in the identi�iedcomponent), integration_assumption (the SIG contract was violatedbecause the assumption harvest missed a misalignment), xtp_gap (thebehavior is correct but was not planned for in any XTP), or infra_gap(the testbench cannot observe the failure correctly).The most important distinction: subsystem failures that classify as
integration_assumption are not design bugs in either component.They are gaps in the SIG, places where the assumption harvest did notidentify that the guarantee and assumption were misaligned. Theresolution requires a governance decision by the Veri�icationStrategist with input from both component teams. Three resolutionsare possible: the upstream component strengthens its guarantee(requires an RTL change to that component), the downstreamcomponent relaxes its assumption (requires an RTL change to thatcomponent), or the integration architecture changes (requires aspeci�ication update and potentially both). One of these three must beselected, documented as an architectural decision record, and re�lectedin an updated SIG edge. The edge is not closed until the chosenresolution is veri�ied by a passing scenario.
6.11	 The	 Subsystem	 Quality	 GateThe IP-level quality gate from Chap. 5 asked: does every XTP row pass?That question is necessary at subsystem level but not suf�icient. Asubsystem can achieve 100% XTP pass rate and still have unexercisedSIG edges that represent undetected integration defects.The subsystem quality gate adds one structural question to the IP-level gate: has	 every	 HIGH-risk	 SIG	 edge	 been	 exercised	 in	 both	 the
nominal	 case	 and	 at	 least	 one	 failure	 mode? The Veri�icationStrategist signs off on this gate, not the regression script and not thecoverage tool, for the same reason as at IP level: the boundary betweena justi�ied SIG edge waiver and an unresolved integration gap requireshuman judgment against the architectural context.



A complete subsystem quality gate:1. All P0 subsystem scenarios pass.  2. All P1 subsystem scenarios pass or have documented waivers withJIRA and root cause.  3. All HIGH-risk SIG edges are covered by at least one passingscenario in the boundary handoff and failure mode classes. Sharedresource scenarios are additionally required for any HIGH-riskedge involving a shared arbiter, shared address space, or sharedinterrupt line; they are not required for point-to-point or reset-onlyedges.
 

4. Every integration_assumption classi�ication from Sect. 6.10 hasbeen resolved: either the SIG contract was updated and re-veri�ied,or the architectural gap was reviewed and explicitly accepted witha documented architectural decision record.
 

5. No subsystem scenario causes a regression in any component?s IP-level XTP. A component that passes its IP-level regression but failsunder subsystem stimulus has a latent defect that was not coveredat IP level.
 

6. The subsystem XTP re�lects what was learned. New edges andscenarios added during regression are reviewed and approved.  7. Debug artifacts are retained: the SIG edge table, the assumptionharvest outputs, and the failure localization traversals. Thesebecome the primary inputs for SoC-level integration and forverifying the next revision of any component.
 

Check 5 deserves emphasis. A component that passes its IP-levelregression but fails under subsystem conditions is the most dangerousclass of subsystem defect. It means the IP-level XTP had a gap: thesubsystem stimulus exposed a behavior that IP-level scenarios did not



cover. The resolution is to add the missing scenario to the IP-level XTPand re-run IP-level regression before proceeding. This is afeedback from subsystem veri�ication back to component veri�ication,the same XTP learning loop from Chap. 5, now operating across twolevels of the hierarchy.
6.12	 Quanti�ied	 Impact	 at	 Subsystem	 ScopeThe argument for subsystem-level veri�ication is ultimatelyquantitative: the same defects discovered at the subsystem boundarycost dramatically less to resolve than the same defects discovered at fullSoC integration or in silicon. This section presents the measurementthat supports the argument.The data below summarizes a representative subsystem veri�icationprogram structured around the SIG, the ten-category taxonomy, and thescenario classes de�ined earlier in this chapter. Forty distinct defectswere identi�ied at subsystem scope across eight bug classes. Each wasprojected against the SoC integration phase at which the same defectwould otherwise have been discovered, and the schedule impact of late-phase discovery was estimated.
Table	6.3  Subsystem-found defects by bug class, projected SoC discovery phase, and estimatedschedule impact if discovery had been delayed to that phase.The headline number is the defect count, but the more importantobservation is in the right two columns. Forty defects discovered atsubsystem scope produce localized, bounded �ixes: a defect in the DMA?s wrapping-burst decomposition is �ixed in the DMA, re-veri�ied againstthe subsystem regression, and closed within a sprint. The same defectdiscovered during SoC regression triggers a multi-week debug cycle:the failure manifests downstream of the DMA, requires cross-teamcoordination to localize, and re-validation requires the SoCenvironment which has its own setup and runtime cost.



The	 phase	 of	 discovery	 is	 the	 variable	 that	 compounds	 schedule
risk,	 not	 the	 absolute	 defect	 count.

6.12.1	 Per-ECO	 Validation	 Cost	 Ampli�icationA second measurement captures the per-ECO cost of validation at eachveri�ication scope. An ECO, an engineering change order, represents a�ix to an existing defect that requires re-veri�ication. The validation costof an ECO is dominated by the time required to re-run regression andre-establish con�idence in the affected behavior. Validation costs at thesubsystem and full-SoC levels are not the same (Table 6.4).
Table	6.4  Per-ECO validation effort: subsystem-scope �ixes versus full-SoC �ixes. Subsystemvalidation runs faster because the regression scope is bounded, the testbench setup is lighter, andthe affected behavior is more directly observable.A subsystem ECO costs approximately 2.5 days from �ix to signoff.The same ECO at full-SoC scope costs approximately 9 days. Theampli�ication factor of approximately 3.6× per ECO is the cost of late-stage discovery, paid every time a �ix arrives after the subsystem-to-SoChandoff.

The	 compounded	 effect	 across	 an	 entire	 program. A programthat �inds 40 defects at subsystem scope rather than at SoC scopesaves approximately 6.5 days per ECO at the validation phase, plusthe multi-week schedule impact per defect from Table 6.3. Across arepresentative SoC program, this compounds to a projected 48-weekschedule recovery. The recovery comes not because subsystemveri�ication �inds bugs IP-level veri�ication cannot �ind, but becausethe bugs it �inds are resolved at a phase where validation is fast,scope is bounded, and ownership attribution is unambiguous.
6.12.2	 Late-Stage	 Bugs	 Are	 Bounded,	 Not	 EliminatedSubsystem veri�ication does not eliminate late-stage bugs. Some classesof defects, such as system software interactions, multi-subsystememergent behavior, and performance under realistic workloads, only



become visible at SoC scope and beyond. The argument for subsystemveri�ication is not that it makes SoC veri�ication unnecessary. It is thatsubsystem veri�ication bounds the per-ECO cost of late-stage �ixes, byensuring that the integration-space defects that can be found earlier arefound earlier. The SoC phase then handles the residual class of defectson a manageable schedule rather than absorbing the full forty-defectclass on top of its own workload.This is the practical implementation of shift-left at the subsystemboundary. The defects are not new. The phase at which they arediscovered is.
6.13	 Alignment	 with	 Industry	 Standards
and	 Speci�icationsThe SIG, the ten-category taxonomy, and the scenario classes in thischapter are not isolated framework constructs. They align with, and inseveral cases extend, active industry standards and emergingspeci�ications in the veri�ication and integration domain.This alignment matters because it situates the subsystemveri�ication methodology within the existing tooling and standardsecosystem rather than asking the Veri�ication Strategist to adopt aparallel infrastructure. Each of the following standards alreadyproduces artifacts that the SIG can consume directly, or that can beaugmented with SIG metadata at low integration cost.

Accellera	 CDC/RDC	 Standard. The Accellera Clock DomainCrossing and Reset Domain Crossing standard (2024?2025) de�ines acommon format for reporting and exchanging CDC and RDC analysisresults across tools. Category 1 (CDC) and Category 2 (Reset) of theintent taxonomy in Sect. 6.3 align directly with this standard?s artifactset. CDC and RDC reports become �irst-class inputs to step 3 of SIGconstruction (Capture Intent), with intent timing predicates encodingthe standard?s CDC constraints as veri�ication requirements that theassertion mapping in Sect. 6.6 then materializes. The SIG does not



replace CDC/RDC analysis; it extends it from a structural-checking toolinto an integration-veri�ication artifact.
UCIe	 (Universal	 Chiplet	 Interconnect	 Express). UCIe (2024 andsubsequent revisions) de�ines the protocol stack for die-to-diecommunication in chiplet-based designs. Multi-die integration isfundamentally a subsystem veri�ication problem at the die boundary:two independently designed and veri�ied chiplets, each with its owninternal contracts, integrated across a UCIe link with its own protocol,electrical, and link-management contracts. The SIG scales naturally tothis scope. UCIe link nodes become �irst-class SIG nodes; UCIe-speci�icintent (link training, power management, sideband control) extends theten-category taxonomy with chiplet-speci�ic sub-categories. The bugpatterns in Sect. 6.4 generalize to UCIe-speci�ic failure modes such aslink training corner cases and cross-die power state transitions.
IP-XACT	 (IEEE	 1685-2022). IP-XACT de�ines structural metadatafor IP component descriptions: interfaces, ports, parameters,con�igurations, and component connectivity. SIG construction reuses IP-XACT metadata for steps 1 and 2 (Identify Nodes, Map Edges). The SIGextends IP-XACT in one speci�ic dimension: it adds integration-time

constraints that are not captured in the component-level descriptionsIP-XACT was designed for. Where IP-XACT describes what a componentlooks like, the SIG describes what contracts it must satisfy in a speci�icintegration. The two artifacts are complementary; the SIG is a naturalextension of an IP-XACT-described subsystem with the integrationsemantics that IP-XACT does not specify.
IEEE	 P3164	 (Security	 Annotations	 for	 Electronic	 Design

Integration). IEEE P3164 is an active standardization effort addressingsecurity asset annotations for electronic design integration. Thestandard de�ines a vocabulary for marking security-sensitive assets atcomponent boundaries: secrets, key material, security-domaincrossings, and isolation requirements. SIG nodes naturallyaccommodate these annotations. A SIG node that represents a security-domain boundary carries P3164 security asset properties; the SIG edgeacross that boundary carries an additional contract category, security



isolation, alongside the ten functional categories. The framework?sstructure is unchanged; the category set expands when security-awareveri�ication is in scope.The pattern across all four standards is consistent: SIG is theintegration-veri�ication artifact that consumes existing standards?outputs and produces an executable subsystem veri�ication plan. Itdoes not require any of these standards to change. It does not requirenew EDA tooling. It organizes the artifacts the standards alreadyproduce into a graph whose edges are veri�iable contracts and whoseconstruction process is the four-step procedure described in Sect. 6.5.
6.14	 VEGA	 Between	 IP	 and	 SoC	 Veri�icationVEGA is not a replacement for SoC-level veri�ication. A full SoCintegration introduces additional complexity, including software stacks,multiple subsystems interacting, chip-to-chip interfaces, and securityboundaries, that is beyond the scope of this chapter. VEGA at thesubsystem level occupies a speci�ic and critical role: it is the earliestpoint in the design lifecycle where integration-space defects are visibleand cheapest to �ix.The cost of �inding a bug is not constant through the design lifecycle.A bug found during IP-level veri�ication requires one engineer to �ix onecomponent. A bug found during subsystem integration requirescoordination across component teams and may require architecturalchanges to the integration contract. A bug found during SoC integrationmay require RTL changes, testbench changes, and speci�ication updatesacross multiple teams. A bug found in silicon requires a re-spin.Subsystem veri�ication performed before SoC assembly is thepractical implementation of shift-left. The assumption harvest, the SIGconstruction, and the three scenario classes in this chapter are allactivities that can begin before the subsystem RTL is complete. The SIGcan be built from speci�ications alone, and the scenarios can be plannedbefore integration begins.



The defects found this way are not new defects. They exist as soonas two components with misaligned assumptions are integrated intothe same system. The only variable is when they are found. The data inSect. 6.12 gives that variable a number: approximately 3.6× per-ECOampli�ication when discovery shifts from subsystem to full-SoC scope.
6.15	 ConclusionSubsystem veri�ication is a different activity from IP veri�ication, with adifferent scope, different scenarios, and a different debug strategy. Butit is the same framework: the same manifest, the same infrastructurediscipline, the same XTP structure, and the same debug habits fromChap. 5.What is new are the SIG, the ten-category intent taxonomy, and theassumption harvest that builds the SIG from existing IP-level XTPs andmanifests, together making integration-space defects visible beforeintegration begins. What is also new are the three scenario classes thatcannot be written at IP level: boundary handoff, failure mode and resetpropagation, and shared resource contention. These �ind the defectsthat kill tapeouts, not because any component is wrong, but becausethe space between components was never covered.Forty defects caught at subsystem scope rather than SoC scope, a3.6× per-ECO ampli�ication factor avoided, and a projected 48-weekschedule recovery make the quantitative case. The qualitative case issimpler: defects do not become new at SoC scope, only more expensive.Chapter 7 turns to measuring the quality of the AI-assistedveri�ication itself, the evidence on which a defensible sign-off ultimatelydepends.
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Pass rates and coverage report how well a testbench executed; they saynothing about whether it was asked to check the right things. Once alanguage model writes an entire UVM environment that a programsigns off against, three questions open: is the generated code sound,does it verify the design’s obligations, and can the generation betrusted? This chapter answers them with ten measurements in threefamilies. The generation-side family, Repair Ef�iciency Score,Veri�ication Gap, Speci�ication Coverage Ratio, and Hallucination Rate,judges whether artifacts build, run, exercise the protocol, and nameonly real symbols; it rests on a taxonomy of eight failure modes ofwhich compilation reveals one. The speci�ication-side family,Programming Model Coverage, Contract Violation Latency, DescriptorFidelity Score, and Observability Score, judges whether a testbenchchecks, and can even observe, obligations left only in prose, the gap aDMA controller exposed when its �irmware interrupt-acknowledge stepwent unchecked as every test passed. The process-side family,Autonomy Index and Regeneration Stability, judges how much of theAI’s output survived review and how repeatable its quality is. The
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through-line: the strongest return is a more rigorous speci�ication, nota stronger model. Together the ten numbers turn veri�ication qualityinto a measurement the next chapter’s sign-off can record.
7.1	 Why	 Measurement	 MattersThe program has accumulated a great deal by now. Chapter 3 stood upa governed UVM environment; Chapter 5 ran it to a clean IP-levelregression and a test plan that learned as it went; Chapter 6 folded thebridge into a subsystem and covered the seams between components.Throughout, AI helped in bounded ways, drafting scaffolds, proposingtest-plan rows, �lagging coverage holes, while the artifacts that carryjudgment stayed in human hands: an architect wrote the XTP, averi�ication lead reviewed the manifest, engineers authored thescenarios.What is left is to gather all of it into a defensible sign-off, the subjectof Chap. 8. Before that argument can be made, one question has to beanswered that none of the earlier chapters had to ask: what changeswhen AI does more than scaffolding? Once a language model writes acomplete UVM testbench from a speci�ication and that testbench iswhat the program signs off against, three questions must be settledbefore the Chap. 8 sign-off can hold:
First:	is	the	generated	testbench	mechanically	sound,	that	is,	does	it
compile,	elaborate,	run,	and	drive	the	protocol	behavior	it	was	asked
to	drive?

Second:	does	that	testbench	check	the	things	that	matter,	the	�irmware
contracts,	the	boundary	cases,	the	error	paths,	and	the	per-�ield
completion	checks	the	speci�ication	actually	calls	for?



Third:	can	the	way	it	was	produced	be	trusted,	that	is,	how	much	of	the
AI’s	output	survived	review,	and	would	a	regeneration	deliver	the	same
quality	again?These are not the same question. They fail differently, they havedifferent roots, and they need different metrics.The usual veri�ication dashboard cannot tell them apart. Aregression that reports a 100% pass rate on �ive tests at full coverageclosure says nothing about whether the testbench checks the rightthings: if the right things were never asserted, full coverage of what wasasserted proves nothing about what was left out. Pass rates andcoverage percentages grade whether	the	testbench	did	its	job; none ofthem grades whether	that	job	was	de�ined	correctly	when	the	AI

generated	it.This chapter adds ten metrics that close the gap, grouped into thethree families the three questions imply. The �irst, Repair Ef�iciencyScore (RES), Veri�ication Gap (VG), Speci�ication Coverage Ratio (SCR),and Hallucination Rate (HR), grades generation quality. The second,Programming Model Coverage (PMC), Contract Violation Latency (CVL),Descriptor Fidelity Score (DFS), and Observability Score (OBS), gradeswhether the testbench checks, and can even observe, the speci�ication’sobligations. The third, Autonomy Index (AUI) and RegenerationStability (RGS), grades the generation process itself, how much of theoutput was trusted and how repeatable its quality is.Between them the ten turn AI-assisted veri�ication quality into ameasurement rather than an assertion. A program that can state all tenhas a defensible account of what the AI built, what got veri�ied, and howfar the generation can be trusted, and it carries that account into theChap. 8 sign-off. A program that cannot has a green dashboard and anopen question.Figure 7.1 lays out how the three families �it: once the AI emits atestbench, one family asks whether it runs, one asks whether it checks



the right things, and one asks whether the way it was produced can betrusted, and all three feed forward into the Chapter 8 sign-off.

Fig.	7.1  The three metric families and the question each answers. After the AI emits thetestbench, the generation-side family (RES, VG, SCR, HR) grades whether it runs, the speci�ication-side family (PMC, CVL, DFS, OBS) grades whether it checks and can observe the right things, andthe process-side family (AUI, RGS) grades how much of the output was trusted and how repeatableit is. All three feed the sign-off argument of Chap. 8
7.2	 Two	 Failure	 Modes:	 Generation	 vs.
Speci�icationBefore the metrics, the two ways a generated artifact fails to verify adesign. (A third concern, the trustworthiness of the generation processitself, is graded by the process-side family introduced later; it is not afailure mode of the artifact and so is not among the two here.)When a language model writes a UVM testbench from aspeci�ication and the result does not verify the design, the failure hasone of two roots. Each calls for a different repair, and confusing themspends engineering effort on the wrong layer.
7.2.1	 Generation-Side	 FailuresA generation-side failure is a mechanical one: the AI emitted an artifactthat does not work as code. It fails to compile or elaborate, hangs insimulation, drives the wrong pins, samples on the wrong edge, or



otherwise breaks the rules of UVM, SystemVerilog, or the protocolunder test.The root sits in how the model understood what it was writing. Itproduced code that reads as plausible but behaves wrongly, because itgrasped the surface form of UVM without the semantic duties of therole it was �illing. An APB slave driver that drives the master’s outputsis the canonical example: valid syntax, wrong role.These failures have nothing to do with how good the speci�ication is.Hand a �lawless, fully formal speci�ication to a model that misreadsUVM semantics and you still get a testbench that compiles and checksnothing. No speci�ication can repair what the model misunderstandsabout its own output language.
7.2.2	 Speci�ication-Side	 FailuresA speci�ication-side failure is the opposite: the artifact is mechanically�ine, it compiles, elaborates, runs, and drives the protocol correctly, butit checks the wrong things. There is no monitor for an obligation thespeci�ication stated only in prose. The scoreboard con�irms data but notcompletion order. The coverage plan walks the happy path and neverthe error path.The root is upstream, in the speci�ication handed to the model. Itsaid what the device does; it did not say what the testbench mustcon�irm. The model inferred the obligations the speci�ication madeexplicit and, just as faithfully, failed to infer the ones it left implicit. Thegap is above the model.Adding model capability does not help here. A stronger model fedthe same incomplete speci�ication writes a more elaborate testbenchthat is still missing the same unnamed obligations.
7.2.3	 Why	 the	 Distinction	 MattersThe two modes call for opposite responses.A generation-side failure is debugged like any infrastructure defect:classify it (Chap. 5), localize it, repair the testbench, re-run. Raising



generation quality across many programs is a tooling exercise, betterprompts, better validation gates, better post-generation review.A speci�ication-side failure cannot be debugged inside thetestbench, because the testbench is already correct as code. The repairis upstream: make the speci�ication more formal, more structured,more complete. Skip that and a freshly regenerated testbenchreproduces the identical hole.Teams that fail to separate the two waste effort �ixing testbenchesthe speci�ication never equipped the model to write, and ship greendashboards on testbenches that run cleanly while checking nothing ofsubstance. Both happen often; both are avoidable once the metricsdistinguish the layers.The next four sections introduce them. Sections 7.3 and 7.4 take thegeneration side; Sects. 7.5 and 7.6 take the speci�ication side.
7.3	 Generation-Side	 Failures:	 The	 Eight-Mode
TaxonomyGeneration-side failures do not scatter randomly. Run AI at UVMtestbench generation across enough programs and the same modesrecur at predictable rates and, just as usefully, at predictable detectionpoints. The taxonomy below comes from controlled runs of state-of-the-art commercial language models on protocol-bridge veri�ication,the Educational Bridge Model of Appendix A that Chaps. 3 through 5follow. These runs illustrate the metrics on the book’s educationalrunning example; the �igures throughout this chapter are instrumentsfor teaching the measurement framework, not a benchmark of modelsor a generalized empirical claim.Eight modes account for most of what went wrong in those runs.They are ordered by the stage at which each becomes visible, which isthe property that matters operationally: the stage �ixes the cost, and thecost decides which validation gates earn their keep.
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Where	 a	 failure	 surfaces	 is	 what	 it	 costs. Catching it at compiletime costs minutes; at elaboration, tens of minutes; in simulation,hours of debugging. Among the eight modes below, exactly one isreliably caught at compile and one at elaboration; the other sixappear only in simulation or while reading waveforms. Compilation,
then,	 �inds	 one	 mode	 in	 eight. That is why compile-success rate,the metric most current LLM-for-hardware work leans on, trackstestbench correctness only weakly.Figure 7.2 draws the split: compilation accounts for one mode,elaboration for one, and simulation for the remaining six, with the costof detection climbing at each stage.

Fig.	7.2  Where the eight generation-side modes are caught. One is diagnosable at compile, one atelaboration, and six only in simulation, the most expensive stage. Because compilation accounts fora single mode, compile success is a weak proxy for a correct testbench, and the Veri�icationGap metric is what measures the remainderTable 7.1 lists the modes with the stage that �irst exposes each and acharacteristic signature.
Table	7.1  The eight LLM testbench-generation failure modes, ordered by detection stage:
Compile, Elaboration, or Simulation. That simulation dominates the stage column is the coreargument against treating compile success as a quality measure for generated testbenches



The taxonomy came out of a controlled run on the bridge in which astate-of-the-art commercial LLM emitted roughly twenty-�ive �iles thatlooked like a complete UVM environment. An agentic repair loopcleared thirty-seven compile errors over four passes, and the resultcompiled. It then hung on the �irst transaction, drove wrong data onevery transfer, and logged zero scoreboard checks. The ensuing eight-hour debug session turned up eight distinct generation-failure modes.Chapter 5, Sect. 5.5 narrates that session in full as a classi�icationexercise, so it is not repeated here; the point worth carrying forward isthe split, compile caught one mode (L2, once its cluster collapsed),elaboration caught one (L1), and the other six were simulation-stage�inds.
7.3.1	 Error	 ClusteringOne practical regularity: generation-side errors clump around a sharedroot cause. In the bridge run, a single repair that addressed the L2hallucinated-�ields mode cleared eighteen downstream compile errorsat once, all of them tracing to the same wrong idea about which �ieldsthe sequence-item class declared.That clustering has two consequences. It explains why repair-loopiteration counts do not track repair-loop effort: a few root �ixes candissolve a much larger error tally. And it argues for prompts that makethe model �ind the root cause before patching, which run leaner thanprompts that chase errors one at a time.Both points lead into the �irst generation-side metric, repairef�iciency.
7.4	 Generation-Side	 Metrics:	 RES,	 VG,	 SCR,	 HRFour metrics put numbers on the failure modes just described. Eachcaptures a different facet of generation quality, and together they mapthe distance between a generated testbench that merely runs(compiles, executes, terminates) and one that actually veri�ies theprotocol semantics it was assigned.



7.4.1	 Repair	 Ef�iciency	 Score	 (RES)

RES reports how much work each automated repair call does whenclearing compile errors in generated testbench code.
RES =

total compile errors observed

total repair calls invoked

Higher	is	better.	Above	1	means	the	average	repair	call	clears	more
than	one	error;	exactly	1	means	errors	fall	one	per	call;	below	1	means
the	loop	spends	more	calls	than	the	errors	it	removes.On the bridge, RES = 37/15 = 2.47: across �ifteen repair calls theloop cleared thirty-seven distinct compile errors. That average of abouttwo and a half is skewed by one call that dissolved eighteen errors atonce, the hallucinated-�ields cluster; the other fourteen calls sat justabove one error each.RES works best as an early read on repair-loop health. A programhovering near 1.0 over several sessions is patching symptoms without�inding roots, which forecasts long repair loops on the next generation.A program well above 1.0 is �inding clustered failures and �ixing them atthe source, a property worth protecting when prompts get edited.RES says nothing about whether the �inished testbench is correct. Aloop scoring RES = 5.0 can still hand back something that compiles andveri�ies nothing. The next two metrics take that on.
7.4.2	 Veri�ication	 Gap	 (VG)

VG reports the share of functional failures that outlive a cleancompile.
VG =

functional failures remaining after compile-clean

total functional failures identified



Lower	is	better.	At	0.00	the	testbench	is	both	clean-compiling	and
functionally	complete;	at	1.00	every	functional	failure	is	still	present
once	it	compiles.	The	number	isolates	exactly	what	compilation	does
not	catch.On the bridge, VG against the eight-mode taxonomy stood at 0.75once the automated repair loop �inished: of the eight functional modespresent, six survived the clean compile. Compilation and elaborationremoved two; the remaining six were invisible to them and neededsimulation to surface.VG is the number the �ield mostly leaves uncomputed. Theprevailing LLM-for-hardware benchmark reports compile-success rate,in effect one minus a compile-failure rate. That speaks to syntacticcompetence and stays silent on whether anything is veri�ied. A model at95% compile success and 0.80 VG ships testbenches that builddependably and check next to nothing; a model at 60% compile successand 0.10 VG builds less reliably but, when it does build, is nearlycomplete. The �irst wins the leaderboard. The second is the one to puton a real project.VG also earns its keep in tool selection. Choosing between twogenerators, the question is not which emits more clean-compilingoutput but which clean-compiling output needs the least functionalrepair downstream, and VG on a representative protocol answers thatwith a number.
7.4.3	 Speci�ication	 Coverage	 Ratio	 (SCR)

SCR reports how much of the protocol speci�ication thetestbench actually drives.
SCR =

specification behaviors exercised by the testbench

total specification behaviors required to be exercised

Higher	is	better.	At	1.00	every	speci�ied	behavior	is	exercised;	below
1.00	some	speci�ied	behavior	goes	unreached	even	by	a	testbench	that



compiles	cleanly	and	behaves	correctly	on	what	it	does	run.SCR catches what the �irst two miss: a testbench that ismechanically sound, runs to completion, and still touches only part ofthe protocol’s required behavior. That is not VG. VG asks whether thegenerated code works; SCR asks whether the work it does spans thespeci�ication.For the bridge, the speci�ication calls for NONSEQ, SEQ, and BUSYtransfer types; OKAY and ERROR responses; the two-cycle ERRORsequence; back-to-back transfers with no IDLE; transfers across resetboundaries; and more. A generated testbench that drives NONSEQ withOKAY on a single master, the model’s comfortable default, lands wellunder 1.0 on SCR even when its VG is near zero.SCR ties straight to the XTP from Chap. 2: the XTP names thespeci�ication behaviors the program means to drive, and SCR is thefraction of them the generated testbench actually drives in regression.An SCR shortfall is a coverage gap of a particular kind, not thefunctional-coverage gap of Chap. 8 but a gap in the speci�icationcoverage of the generated stimulus.Here the Veri�ication Strategist reads the generated testbenchagainst the XTP and names the speci�ied behaviors it never reaches.This is one of the tasks AI cannot be trusted to automate: telling apartwhat the testbench does from what the speci�ication requires is ajudgment about intent, the same judgment the XTP encodes to beginwith.
7.4.4	 Hallucination	 Rate	 (HR)

HR reports how often the generated code refers to something thatdoes not exist, a signal, a sequence-item �ield, a method, a parameter,or a type the package, interface, or speci�ication never declares.
HR =

symbol references that resolve to nothing

total external symbol references in the generated code



Lower	is	better.	At	0	every	name	the	code	uses	resolves	to	a	real
declaration;	a	high	HR	means	the	model	is	inventing	the	design	it	is
supposed	to	be	writing	against.Hallucination is the most distinctly machine failure in the taxonomy.A human engineer mistypes a name; a language model confabulates awhole vocabulary that reads as plausible and refers to nothing. ModeL2 is HR made concrete: the generated sequence item named
size_type and rw_type against a class that declared xfer_sizeand xfer_rw, and that single invented abstraction stood behindeighteen of the run’s thirty-seven compile errors.HR sits upstream of RES. A high hallucination rate is the cause; along repair loop and a low Repair Ef�iciency Score are the symptoms.Because confabulations cluster, one wrong idea spawning manyreferences, HR also explains why repair effort tracks root causes ratherthan raw error counts: clearing the hallucinated abstraction clears itswhole cluster at once.HR is the one generation pathology that compile-successbenchmarks partly see, since most hallucinated symbols fail to resolveat compile or elaboration. But a raw error count is not a rate. HRnormalizes the confabulation against the size of what the model wrote,so three bad references in thirty reads very differently from three inthree hundred: the �irst is a slip, the second is a model that did not havethe design in view.
7.4.5	 The	 Metrics	 Read	 TogetherThe four are not independent; they view one question, did the AI builda testbench that does its job, from different angles, and a program thatreports all four sees more than any single number shows. HallucinationRate is the leading indicator among them: it is read �irst, at compiletime, and a high HR forecasts the repair load the other three thenquantify.Three combinations of the run-and-cover metrics recur:



High	 RES,	 high	 VG,	 low	 SCR. The loop clears errors ef�iciently andthe testbench runs, but it drives only a slice of the speci�ication. This isthe usual signature of AI-generated testbenches on protocol designs, anartifact of the model gravitating toward simple, clean-compiling paths.
Low	 RES,	 low	 VG,	 low	 SCR. The loop is inef�icient, many functionalfailures persist, and coverage of the speci�ication is narrow. The worstcase, and usually a sign the model does not grasp the protocol or theveri�ication task structurally.
High	 RES,	 low	 VG,	 high	 SCR. Reached only with careful prompting,extra speci�ication structure, and post-generation review. The targetstate.The chapter’s next sections pursue that third combination, howspeci�ication structure turns the model’s mechanical competence intobroad coverage at low veri�ication gap. That means crossing fromgeneration-side failures to speci�ication-side ones, where the next fourmetrics live.

7.4.6	 The	 Bridge,	 ScoredThe generation-side family is the part of this chapter grounded entirelyin the book’s running example. Collecting the bridge’s numbers in oneplace: its repair loop scored RES = 2.47 against a hallucination rate highenough that one invented abstraction drove eighteen of its compileerrors, its post-compile Veri�ication Gap was 0.75, and its Speci�icationCoverage Ratio sat well below 1.0 until directed stimulus �illed in thetransfer types, response codes, and reset-boundary behavior the modelskipped by default. Read together, they say the same thing about thegenerated bridge testbench: it was repaired ef�iciently and made to run,but compiling it settled almost none of its veri�ication debt, and left toits defaults it exercised only a corner of the speci�ication.Three of the four speci�ication-side metrics do not have a bridgenumber, and the reason is structural rather than incidental. PMC, CVL,and DFS measure obligations that live in a programming model:descriptor �ields, completion records, an interrupt-acknowledgehandshake. The bridge has none of these. It is a stateless protocol



translator with no descriptors to score and no �irmware contract toleave unchecked. Observability Score is the exception, since it applies toany design with obligations and oracles: the bridge scoreboard checksevery forwarded transfer, so its OBS is high. But PMC, CVL, and DFSneed a device that carries programming-model structure. To show whatthose metrics catch, the chapter needs such a device, which is why thenext sections move to a DMA controller. The bridge proves thegeneration-side case; the DMA is required to prove the speci�ication-side one.
7.5	 Speci�ication-Side	 Failures:	 The	 Firmware-
Hardware	 ContractEven a generated testbench with strong generation-side numbers, lowVG, high RES, respectable SCR, can fail to verify a class of behavior thespeci�ication never formalized. This section pins that class down with aworked case: a controlled run in which a state-of-the-art agentic AIproduced a full RTL design and UVM testbench for a two-channel AHB-Lite DMA controller, and the testbench worked as code while an entireRTL path went unveri�ied.The case stands apart from the bridge on purpose. The DMAcontroller was picked for a structural feature the bridge lacks: a�irmware-hardware contract that lives outside the protocol’s signalinterface.
7.5.1	 What	 the	 AI	 GeneratedHanded a natural-language speci�ication of the DMA controller, theagentic system produced more than �ifteen SystemVerilog �iles, the RTL,the UVM environment, the scoreboard, three progress monitors, asequence-telemetry agent, and �ive test classes. A capable juniorengineer would have spent two to three weeks on that; the AI did it in afraction of the time, with every test compiling and passing and thesimulation running clean.



Reading what the testbench actually checked told a morecomplicated story. The AI had built the descriptor �ields right, wired thechannels right, and laid out the UVM hierarchy the way an experiencedengineer would, and its observability was strong enough to expose sixreal RTL bugs in simulation along the way.The miss was elsewhere. The AI never modeled the �irmware dutythe hardware existed to serve, and from a prose speci�ication it had noway to know it should. That omission left a whole class of failureunchecked, and it is what the four speci�ication-side metrics in the nextsection exist to measure.
7.5.2	 The	 Programming	 ContractEvery descriptor-based device comes with a programming model, theexact sequence of operations �irmware must run to submit work, collectresults, and acknowledge completion. That model is part of thecorrectness contract. A device whose RTL implements every statemachine perfectly but whose �irmware contract is broken is, as far asthe system is concerned, broken.For the DMA controller here, the contract ran:1. Firmware writes the descriptor into memory.  2. Firmware programs the descriptor’s address into the channel’s

DESC_ADDR register.  3. Firmware sets the channel ENABLE bit.  4. Hardware works the descriptor, moves the data, and writes thecompletion record.  5. Hardware raises the IRQ when the descriptor’s FLAGS �ield had
IRQ_EN set.  6.
Firmware	 writes IRQ_CLEAR to	 acknowledge, returning thechannel to IDLE.  



Figure 7.3 draws this contract and marks the one step the protocol’ssignal interface cannot see.

Fig.	7.3  The �irmware-hardware contract for a descriptor-based DMA controller. Steps 1 to 4leave signal-level traces the monitor can see, descriptor writes, register accesses, the data transfer,the completion record. Step 5 is a hardware event; step 6 is a �irmware duty with no signal thatseparates �irmware which performs it from �irmware which skips it. Step 6 is the boundary: skip itand the channel blocks for good while a signal-level testbench still prints PASSED
Step	 6	 is	 the	 boundary. A testbench that issues correct descriptorsand con�irms correct completions but never models the IRQ-clear dutywill print PASSED on a channel that is wedged: the data landed, sixteenbytes reached the destination, the UID matched, the byte count wasright, and the channel now sits in ST_IRQ inde�initely because nothingon the �irmware side wrote IRQ_CLEAR to drop the interrupt andreturn it to ST_IDLE.This is the failure class behind all four speci�ication-side metrics.None of them scores test pass or fail in the usual sense; each scores



what the testbench never asserts, or cannot observe, about behaviorthe speci�ication only implied.
7.5.3	 Six	 Real	 Bugs	 the	 AI	 Testbench	 Found	 AnywayOne observation reframes everything above. For all the unveri�ied�irmware contract, the generated testbench did its job in one real sense,it isolated six genuine hardware defects in the AI-written RTL duringsimulation. None threw a compile error, none crashed the simulator;each produced wrong results quietly and was caught only because thetestbench’s observability happened to include the right monitor.The six fell into four categories that recur in LLM-generated RTL:
Language	 scoping	 failures. SystemVerilog’s separate compilationneeds explicit package declarations for cross-�ile class visibility. The AIspread transaction de�initions over �ifteen �iles with implicitdependencies among them; one package declaration cleared twenty-seven apparent errors that had all collapsed out of a single misread ofcompilation scope. The	pattern:	LLM	errors	gather	around	a

misunderstood	abstraction,	so	�ixing	the	abstraction	clears	many	at	once.
Stale	 pipeline	 data. The descriptor-validation logic read thequeue’s combinational output one cycle after the pop, by which pointthe queue had moved on. Every valid descriptor quietly produced

DESC_INVALID; not one transfer happened. Only the scoreboard’scompletion tally exposed it.
Protocol	 pipeline	 timing. AHB-Lite wants a one-cycle gap betweenthe address and data phases. The generated RTL drove both together,which hung the WRITE state for 256 cycles and corrupted the data inevery completion record. The AI got the protocol’s structure right andmissed its pipeline timing. Expect	this	at	any	pipelined	interface,	AHB,

AXI,	and	the	like.
Concurrent-channel	 arbitration	 races. A round-robin arbiter re-deciding grants every cycle could move off a channel between theaddress and data phases of one AHB beat, so Channel 0’s data phasecarried Channel 1’s descriptor, wrong data, wrong destination, no error



�lagged. Invisible with one channel; it showed only under out-of-ordermulti-descriptor traf�ic, exactly what a DMA regression is built to drive.
High	 coverage	 is	 not	 what	 surfaced	 these	 bugs.	 They	 surfaced
because	 the	 scoreboard	 tallied	 completions,	 the	 monitors
watched	 FSM	 state	 every	 cycle,	 and	 a	 UID-based	 tracker	 tied
out-of-order	 completions	 back	 to	 the	 descriptors	 that	 produced
them.

Observability	infrastructure	catches	bugs	on	the	�irst	run;	coverage
completeness	catches	the	stragglers	over	the	weeks	that	follow.	Both
matter,	and	they	are	not	the	same	thing.This matters because coverage and observability are different axes.Speci�ication coverage, contract violation latency, and descriptor�idelity ask whether the right behavior was exercised and checked;observability asks whether the testbench could catch a violation at all.A testbench with �lawless coverage numbers but no observabilitycatches nothing on its �irst run; a testbench with poor coverage butstrong observability catches six bugs on its �irst run while leaving awhole RTL path unveri�ied. Both happened in the case above. Thefourth speci�ication-side metric, the Observability Score, puts a numberon that second axis, and the next section de�ines it alongside the threecoverage metrics.
7.6	 Speci�ication-Side	 Metrics:	 PMC,	 CVL,	 DFS,
OBSFour metrics put numbers on speci�ication-side failures, each on adifferent part of the gap between what the AI built and what a completeveri�ication plan would demand. The �irst three grade coverage,whether the right behavior was exercised and checked; the fourth



grades observability, whether the testbench could catch a violation atall.
7.6.1	 Programming	 Model	 Coverage	 (PMC)

PMC reports the share of the device’s behavioral space thegenerated testbench actually reached, measured after the fact fromwhat the AI produced rather than against a plan written in advance.
PMC =

∑

N

i=1

(bins observed in dimension i)

∑

N

i=1

(bins defined in dimension i)

Higher	is	better.	The	�igure	separates	what	the	model	covered	on	its
own	from	what	would	have	taken	directed	engineer	effort.PMC spans a set of behavioral dimensions chosen for the deviceclass. For a descriptor-based DMA controller, seven capture theoperating behavior: channel utilization, descriptor �ield combinations,completion status codes, error response codes, out-of-order completionordering, fault-injection scenarios, and IRQ delivery paths.In the case study PMC came to 44.1%. The aggregate is informative,but the per-dimension breakdown says more. Table 7.2 lists what thegenerated testbench actually drove across the seven.

Table	7.2  Per-dimension PMC for the DMA controller. Channel utilization, out-of-order ordering,and fault scenarios hit 100%, the dimensions the AI was built to drive; completion status reachedonly 20%, the decisive gapThe shape matters more than the headline. Channel utilization, out-of-order ordering, and fault scenarios all reached 100%, thedimensions with purpose-built directed tests. Completion status codesreached 20%: of the ten status and error-code bins in the speci�ication,only STAT_SUCCESS and ERR_NONE appeared across all �ive tests.Happy-path tests came naturally; error paths needed directed faultinjection. The IRQ dimension scored zero, the testbench drove IRQ_EN



but never �inished the �irmware handshake, so the IRQ-deassert pathstayed dark.The breakdown reads more usefully than the total. The	AI	converged
on	the	dimensions	that	protocol	VIPs	and	stock	test	classes	target,	and
gave	near-zero	attention	to	the	ones	that	need	speci�ication-level
reasoning,	status-code	coverage	and	IRQ-contract	enforcement. That isnot a de�iciency in any strict sense; it is the model correctly concludingthat a speci�ication which describes those dimensions in prose, with noinstruction to exercise them, was not asking it to.
7.6.2	 Contract	 Violation	 Latency	 (CVL)

CVL reports how long it takes, from the instant a hardwaremisbehavior or a testbench hole becomes observable, until thetestbench actually �lags it. It is reported per fault class, not as oneaggregate.
CVL

fault

= t

detected

− t

detectable

Lower	is	better.	Zero	is	immediate	detection;	∞ means	the	testbench
has	no	way	to	detect	that	fault	class	at	all,	which	is	a	different	problem
from	detecting	it	slowly.The property that makes CVL worth tracking is the gap betweenslow and in�inite. A CVL of a million simulation nanoseconds is slowdetection, �ixable by shrinking the global timeout. A CVL of ∞ is theabsence of any detection mechanism, which no timeout addresses. Thetwo need different �ixes, and an aggregate that averages them buriesthe worse one.The DMA case study instrumented three fault scenarios, shown inTable 7.3:

Table	7.3  Three DMA fault scenarios and their contract violation latencies. F1 and F2 are slowbut bounded; F3 is unbounded because the failure class has no monitor



F1 and F2 are the ordinary CVL story, detection at 595 ns and1735 ns, comfortably under the million-nanosecond global timeout.Useful, but not the headline.F3 is the headline. The scoreboard printed PASSED on F3, and byevery signal-level oracle it had, it was right, the transfer �inished,sixteen bytes arrived, the UID matched, the byte count held. What itcould not see was that the RTL’s IRQ-deassert path had never run. Thetestbench raised IRQ_EN=1 and never wrote IRQ_CLEAR, so the logicthat drops the interrupt, resets the channel, and returns it to IDLE wasnever triggered, checked, or covered, and the channel stuck in ST_IRQ.Without a monitor, F3’s CVL is not slow but in�inite: the run simplyexits PASSED with no sign that a whole RTL path was skipped.
The	 distinction	 that	 should	 change	 your	 debugging. A CVL of1,000,000 ns is slow detection; shrink the global timeout and itimproves. A	CVL	of	∞ is	no	detection	at	all,	and	no	timeout	setting

touches	it. Only the IRQ monitor exposed that the whole IRQ pathhad gone unexercised.
7.6.3	 Descriptor	 Fidelity	 Score	 (DFS)

DFS reports testbench quality one descriptor �ield at a time, thedescriptor being the unit of work for any descriptor-based device.Each �ield earns three independent marks: generate (was correctstimulus driven), check (was the �ield validated in the completionrecord), and boundary (were edge values exercised).
DFS =

generate

hit

+ check

hit

+ boundary

hit

3 ⋅N

fields

Higher	is	better,	and	all	three	sub-scores	are	reported	separately;	a
single	aggregate	hides	which	capability	is	the	weak	one.



In the DMA case study the descriptor had seven �ields, and the sub-scores were generate 7/7 (100%), check 3/7 (43%), and boundary 1/7(14%), an aggregate DFS of 52.4%. Table 7.4 gives the per-�ieldbreakdown.
Table	7.4  DFS by descriptor �ield. Three independent capabilities: the LLM understood thehardware mechanism fully (generate), understood only part of what to validate back (check), andhad no systematic sense of which values to stress (boundary).The three sub-scores are independent capabilities, and they fell offindependently. The model had the hardware mechanism cold at 100%generate, knew only part of what to check back at 43%, and had nosystematic stress model at 14% boundary.

FLAGS is the concrete instance of the check gap that set up thiswhole chapter: the AI drove IRQ_EN correctly but never wrote thematching checker, write IRQ_CLEAR, con�irm the IRQ drops, con�irmthe channel returns to IDLE. That RTL path was generated and neververi�ied. DFS records it exactly: FLAGS scores generate = 1, check = 0,boundary = 0, contributing one-third of a single �ield to the total.
7.6.4	 Reading	 the	 Three	 Sub-Scores	 TogetherAcross LLM-generated testbenches the three sub-scores drop off in aconsistent order, generate climbs �irst, check trails it, and boundary lagswell behind, because each asks a different kind of inference of themodel.Generate asks the model to understand the device’s data structure.Any speci�ication spells out the descriptor format, so generation is closeto direct translation.Check asks the model to understand what counts as a correctcompletion. Sometimes the speci�ication says so outright (“thecompletion record carries the byte count”); often it only implies it, andthe implied obligations are the gap.Boundary asks the model to understand which �ield values stressthe implementation. A speci�ication almost never spells that out to the



depth needed for systematic boundary tests, so boundary scores tendto re�lect what a careful engineer adds afterward rather than what themodel derives from prose.The three fall off independently, and each has a different upstream�ix: a sharper data-structure description (rarely needed, usually alreadyadequate), a sharper validation contract (the common gap), and explicitboundary obligations (almost always a deliberate engineering act).
7.6.5	 Observability	 Score	 (OBS)

OBS reports the share of the design’s obligations that the testbenchcan actually catch, an obligation being observable when a checker,monitor, or assertion exists that fails if the obligation is violated.
OBS =

obligations with a live oracle

obligations that require one

Higher	is	better.	At	1.0	every	obligation	can	be	caught;	below	1.0	some
obligation	can	be	violated	while	the	testbench	prints	PASSED.OBS is the metric the rest of the chapter kept pointing at. Thecoverage numbers, PMC here and the closure numbers of Chap. 8, allassume an oracle is watching: a bin that closes on an obligation with nochecker means the stimulus ran and nothing judged the result. OBS iswhat makes coverage meaningful, and the two are orthogonal. Atestbench can post high coverage and low observability, which is themost dangerous combination in this chapter, exercised behavior thatnothing checks.The DMA case is OBS read end to end. Six bugs were caught on the�irst run because the oracles existed, the completion-tally scoreboard,the per-cycle FSM monitors, the UID tracker. The F3 IRQ fault wasmissed because, for that one obligation, no oracle existed: OBS for theIRQ-clear contract was zero, which is the same fact CVL records as ∞and DFS records as FLAGS check = 0. OBS generalizes those per-fault



and per-�ield readings to the whole testbench, the fraction of everythingthe design must guarantee that the testbench is equipped to falsify.AI generates observability unevenly for a speci�ic reason: a modelbuilds oracles for the obligations a speci�ication states outright andomits them for the ones it only implies, exactly the boundary the�irmware-hardware contract exposed. OBS turns that tendency into anumber a reviewer can act on before sign-off rather than after silicon.
7.7	 Process-Side	 Metrics:	 Autonomy
and	 ReproducibilityThe �irst two families grade the artifact: whether the generatedtestbench is built right, and whether it checks the right things. A thirdquestion sits beside them and is easy to leave unasked, how much ofwhat the AI produced did the program actually trust, and would asecond run have produced it again. Two metrics answer it. They do notgrade a testbench; they grade the act of generating one.
7.7.1	 Autonomy	 Index	 (AUI)

AUI reports how much of the AI’s output survived, unmodi�ied, intothe testbench the program signed off against.
AUI =

AI-authored content retained unchanged at sign-off

total content of the final artifact

Higher	means	more	leverage	delivered,	but	only	when	read	against	the
artifact	metrics:	surviving	unmodi�ied	is	a	virtue	only	if	the	surviving
code	was	also	correct	and	observable.AUI puts a number on the claim that “the AI wrote the testbench.”That is rarely wholly true; the honest �igure is the fraction an engineerkept after review and repair. A high AUI is the goal, but only in company.High AUI with a high Veri�ication Gap is the danger reading, not the



success one: it means a large body of generated code shipped withoutthe review that would have found its functional holes. AUI is thereforenever read alone. Read against VG and OBS, it converts “how much didthe AI do” from an impression into a measured, reviewable share.
7.7.2	 Regeneration	 Stability	 (RGS)

RGS reports how consistent the AI’s output quality is acrossindependent regenerations from the same speci�ication.
RGS = 1 −

σ(Q)

μ(Q)

over K regenerations,

where Q is a chosen quality metric (VG, SCR, or PMC) measured oneach run.
Higher	is	better.	Near	1.0	the	same	speci�ication	yields	near-identical
quality	every	time;	a	low	RGS	means	a	single	good	or	bad
measurement	was	partly	luck.RGS bounds the con�idence of every other number in this chapter.Language-model generation is non-deterministic: the same prompt andthe same speci�ication can produce materially different testbenchesfrom one run to the next. A Veri�ication Gap of 0.10 measured once is afact about one run; a Veri�ication Gap of 0.10 with high RGS is aproperty of the tool and the speci�ication together, the only version ofthe claim a program can plan around. RGS is what tells a team whetherthe measurement it just took will hold when the testbench isregenerated after the next speci�ication revision.Crucially, RGS answers to the same lever as the rest of the chapter. Avague prose speci�ication leaves the model wide latitude, and latitude isvariance, so RGS is low. A structured speci�ication narrows the space ofplausible testbenches, the regenerations converge, and RGS rises.



Reproducibility, like coverage and observability, is bought withspeci�ication rigor, not with a steadier model.
7.8	 The	 Unifying	 Thesis:	 Speci�ication,	 Not
ModelDifferent layers, one conclusion. The 44.1% PMC and 52.4% DFS of theDMA case are speci�ication failures before they are model failures.Completion-status coverage stalled at 20% because the errorbehavior lived in prose: “STAT_TIMEOUT is asserted when the timeoutcounter expires before completion, and the matching error code iswritten to the completion record.” That tells a reader what the devicedoes. It does not tell the model to generate a test that hits every status-code bin.Boundary coverage scored 1/7 because the speci�ication gave �ieldwidths without saying what to stress. It said LENGTH is sixteen bits; itdid not say boundary tests must include 0, 1, 2, the maximum, themaximum minus one, and unaligned values. Absent that, the modelreasonably concluded no particular values were required and emittedone representative value.The F3 IRQ gap exists because the handshake was narrated:“software must clear the interrupt by writing IRQ_CLEAR.” That tellsthe AI the register exists. It does not tell it to write a test that exercisesthe register, con�irms the IRQ drops, and con�irms the channel returnsto IDLE. The AI drove the �ield that armed the contract and never builtthe checker that should follow.A structured speci�ication schema closes each gap by turning theprose obligations into �ields a generation pipeline can read directly:



Given a schema like this, the AI derives monitors, coverage bins, andboundary tests straight from the �ields.
irq_contract.violation_class tells it to build a checker for thecontract, not just stimulus for the trigger;
completion_coverage.required_bins names exactly whichbins must close; boundary_lengths names exactly which values tostress. Without the schema the model rightly declines to infer what thespeci�ication never stated; with it, the model emits the very artifactsthat PMC, CVL, and DFS would otherwise have to expose after the fact.
This	 chapter’s	 central	 claim:

The	largest	return	in	LLM-based	veri�ication	automation	does	not
come	from	a	more	capable	model.	It	comes	from	a	more	rigorous



speci�ication.

The PMC shortfall and the DFS boundary shortfall both trace straightback to obligations that lived only in prose. Double the model’scapacity against the same prose and the same holes appear; halve itbut hand it a structured schema and the holes close.This claim links straight back to the framework built in the earlierchapters. The XTP of Chap. 2 is exactly the structured speci�icationartifact this section argues for, features, interactions, and expectedresults, written from the speci�ication at plan time in a form humansand AI tools can both reason over. The manifest of Chap. 3 plays thesame role at the testbench-architecture layer; the SIG of Chap. 6 extendsthe principle to integration. Each captures intent the prose speci�icationleaves implicit.The metrics here measure what happens when the AI gets proseinstead of those artifacts. The holes they expose are the holes theframework’s structured artifacts exist to close. Run the frameworkbackward through the metrics and the point lands: the XTP, themanifest, and the SIG are not �iling conveniences, they are thespeci�ication infrastructure that turns the model’s mechanicalcompetence into real veri�ication leverage.
7.9	 Evaluation	 and	 Adoption	 GuidanceThis section speaks to three audiences, teams choosing an LLM-basedveri�ication tool, teams measuring a pipeline they already run, andteams writing the speci�ications that feed AI generation, and the tenmetrics answer a different question for each.
7.9.1	 Evaluating	 LLM-Based	 Veri�ication	 ToolsA vendor demoing a testbench generator almost always leads withcompile-success and pass rates on a benchmark suite. Both trackveri�ication quality weakly. Ask instead, in order of weight:



VG	 on	 a	 real	 protocol. 95% compile success with VG 0.80 meanstestbenches that build reliably and verify almost nothing; 70% compilesuccess with VG 0.10 means they build less reliably but, when theybuild, are nearly complete. Adopt the second. A vendor who cannotproduce VG on a real protocol has not measured the tool’s veri�icationquality.
DFS	 with	 all	 three	 sub-scores	 on	 a	 descriptor-based	 design. DFS= 70% from sub-scores 100/60/50 is a different tool from DFS = 70%from 80/80/50. The aggregate hides the pro�ile, so ask for the parts;the boundary sub-score is usually lowest and is the clearest tell ofwhether the tool generates veri�ication intent or only stimulus.
CVL	 per	 fault	 class	 on	 a	 multi-fault	 benchmark. An aggregateCVL of 100,000 ns can be slow detection on most faults averaged within�inite CVL on one, and those need different �ixes, so ask for thedistribution.
RES	 over	 several	 repair	 sessions. RES near 1.0 session aftersession is symptom-patching; RES near 2.5 is root-cause �ixing. At scalethe difference compounds.
OBS	 and	 HR	 on	 the	 same	 benchmark. Observability Score is thecap on every coverage number the tool will later report: it says howmuch of the design its testbench can catch at all. Hallucination Rate,read early, says how much of the output names symbols that do notexist, the leading sign of a long repair loop ahead.
RGS	 across	 repeated	 generations. A strong score from one run isone run. Ask the vendor to regenerate from the same speci�icationseveral times and report the spread; a low Regeneration Stabilitymeans the demo number will not survive the next revision.

7.9.2	 Measuring	 an	 Existing	 Veri�ication	 PipelineFor a pipeline already running with AI assistance, the metrics give abaseline to measure improvement against.Track VG and SCR per generated testbench, summed across theprogram. A VG that falls as the team learns the tool’s failure modes is



progress; a �lat VG means the program is being built around the tool’sgaps rather than closing them.Track CVL per fault class as a standard regression diagnostic. Thefault classes are the ones directed tests already drive, so CVL rides ontop of existing tests, and a regression report carrying CVL per classmakes in�inite-CVL holes visible at once instead of post-silicon.Track DFS per descriptor-based component as part of the sign-offpackage. Across several such components, DMA controllers, networkinterfaces, accelerator fabrics, the DFS sub-score pattern �lags whichones have weak speci�ications and need more structureddocumentation before the next program reuses them.Track OBS as the gate on those coverage numbers, and AUI as thehonest record of how much of each generated testbench the programactually kept. A high AUI next to a high VG is not a success but awarning, generated code that shipped without the review its functionalgaps needed.
7.9.3	 Writing	 the	 Speci�ication	 That	 Feeds	 AIThe audience that matters most is the one writing the speci�icationsthat feed AI generation. The PMC and DFS holes a program �inds afterthe fact are nearly always upstream omissions, and closing them is amatter of deliberate speci�ication practice. Three habits close most:
Encode	 contracts	 as	 structured	 �ields. The IRQ-contract examplein Sect. 7.8 is the template: every behavior the device implements as acontract, transfer completion, error acknowledgment, con�igurationhandshake, power-state transition, becomes a schema �ield with anexplicit trigger, response, timeout, and violation class, and the modelbuilds checkers from it without inference.
Enumerate	 the	 required	 coverage	 bins. “The completion code canbe STAT_SUCCESS, STAT_TIMEOUT, STAT_PARTIAL, or

STAT_ERROR” does not drive closure on that dimension;
required_bins: [STAT_SUCCESS, STAT_TIMEOUT,
STAT_PARTIAL, STAT_ERROR] does, because the list removes theinference the model would otherwise have to make.



State	 the	 boundary	 obligations. A �ield width is not a boundaryobligation; boundary_values: [0, 1, maximum, maximum-
1, unaligned] is. Name the values and the testbench drives them;name only the width and it drives the default and nothing more.These three are the working form of the thesis in Sect. 7.8, turningprose into structure and implicit obligations into explicit ones, and theymake the model’s output only as good as the speci�ication it washanded, which, practiced deliberately, is good enough to verify thedesign.
7.9.4	 Connection	 to	 the	 Sign-Off	 ArgumentThese metrics feed straight into the sign-off argument Chap. 8assembles: when AI-generated testbench artifacts are part of therecord, the residual-risk register that chapter builds has to carry theirmetric values at sign-off.A sign-off that calls an AI-generated testbench veri�ied withoutrecording its VG, OBS, PMC, CVL distribution, and DFS sub-scores is asign-off that does not know what it veri�ied. The metrics do not alterthe structure of Chap. 8’s argument; they �ill the modeling-assumptionsslot of its residual-risk register with speci�ic numbers, this	testbench
was	AI-generated;	its	VG	was	0.20;	its	DFS	check	sub-score	was	60%;	the
seven	percent	of	behaviors	these	metrics	�lag	as	unveri�ied	is	on	the
deferred-behaviors	list.That is what defensible AI-assisted sign-off looks like. The testbenchmay be AI-generated; the artifacts may carry measured gaps; the gapssit in the register with numeric bounds, accepted by name, with re-veri�ication triggers tied to the speci�ic speci�ication updates that wouldclose them. The alternative, signing off AI-generated testbencheswithout these numbers, is not safer for having a shorter register; it ismore dangerous, because the risk is unmeasured rather than absent.
7.10	 Conclusion



Ten metrics, three families. RES, VG, SCR, and HR on the generationside; PMC, CVL, DFS, and OBS on the speci�ication side; AUI and RGS onthe process side. One claim tying them together, that the strongestreturn in AI-assisted veri�ication is a more rigorous speci�ication ratherthan a more capable model, and a structured-speci�ication practice,threaded through the earlier chapters, that turns the claim into artifactsthe framework already produces.Two closing observations.
The	 metrics	 only	 help	 if	 you	 compute	 them. A program thatadopts AI-assisted testbench generation without them has taken on averi�ication risk it cannot describe, and the risk is not hypothetical: inthe controlled studies behind this chapter’s taxonomy and metrics, theAI produced testbenches that compiled, simulated, and printed PASSEDon fault scenarios where an entire RTL path went permanentlyunveri�ied. No metric a conventional program already computescatches that class of failure. The metrics here do, and they are the onlything that does.
The	 metrics	 are	 diagnostic,	 not	 prescriptive. They �ind gaps; theydo not close them. In every case this chapter covered, the �ix isupstream of the model, better-structured speci�ications, explicitcontract encoding, enumerated coverage obligations, named boundaryvalues. The XTP, the manifest, and the SIG of the earlier chapters are thestructured artifacts that close these gaps for the protocol problems theframework targets; other problem classes, descriptor-based devices,coherent fabrics, security-aware integration, will need their ownstructured artifacts, but the pattern holds. The artifacts are the lever;the model is the multiplier; with no lever, the multiplier acts onnothing.The discipline is shifting because its tools are shifting. TheVeri�ication Strategist’s part in that shift is not to surrender judgmentto automation but to steer automation through structured artifacts andto grade its output against metrics that tell a working testbench fromone that merely compiles. With those numbers in hand, the program is



ready to make its case. Chapter 8 takes that up, how coverage evidencebecomes a defensible decision to tape out.
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Most programs do not sign off; they hit a deadline. Coverage rounds up,exclusions go unreviewed, waivers linger, and the schedule says ship.This chapter replaces that with a sign-off argument: an artifact thatmakes an explicit, bounded claim about what a design does and anequally explicit statement of what falls outside it. Done is reframed as aclaim, veri�ied against named speci�ication versions, to the level the testplan asserts, under the conditions the testbench modeled, witheverything else in a . Coverage becomes evidence only when each goalis derived from a plan row at plan time, which an AI does quicklybecause the work is translation, not invention. Unclosed coverage isthen classi�ied from the simulation log into three kinds, test-plan gap,architectural exclusion, and infrastructure gap, so closure comes fromreading evidence rather than burning random seeds. The sign-offargument has �ive required components: XTP completeness, coverageclosure, a zero bug-�ind-rate conclusion over a pre-de�ined window, theresidual risk register, and explicit re-veri�ication conditions. Whentestbench artifacts are AI-generated, their quality-metric values are
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recorded in the register by name. The result is a defensible, reviewableposition that the next program inherits as its baseline.
8.1	 The	 Sign-Off	 ProblemEvery engineer who has run a veri�ication program has faced the samemoment. The regression is green. The coverage numbers look good. Theschedule says sign-off is tomorrow. And someone in the review asks:
are	we	actually	done?Nobody has a good answer. Not because the team did poor work.Because the program never de�ined what done means in terms anyonecan defend.Sign-off in most programs is a negotiation, not a conclusion.Functional coverage reached 95%, so management rounds up tocomplete. The remaining 5% is documented as “known exclusions” thatreceive no scrutiny. Regression is clean except for three waivers thathave been present for two months. The design team characterizes theremaining issues as low risk. The schedule says ship.This is not a sign-off. It is a deadline. The difference matters whenthe silicon comes back.The problem is structural. Veri�ication programs accumulateevidence, passing tests, coverage numbers, bug counts, without everassembling that evidence into a coherent argument. An argumentrequires a claim, evidence for the claim, and explicit acknowledgmentof what the claim does not cover. A checklist of metrics is not anargument.This chapter gives sign-off a structure: the sign-off	 argument. Not astricter checklist, but a different kind of artifact. One that makes theclaim explicit, ties the evidence to the claim, and documents residualrisk honestly rather than hiding it in exclusion �iles and open waivers.
8.2	 What	 Done	 Actually	 MeansDone is not a state. It is a claim. The claim has a speci�ic structure:



This	design,	as	speci�ied	in	the	documents	listed	below,	has	been
veri�ied	to	the	level	the	XTP	asserts,	under	the	stimulus	and
environmental	conditions	the	testbench	modeled.	Behaviors	outside
that	scope	are	explicitly	listed	in	the	residual	risk	register	with
documented	acceptance.Every phrase in that claim is load-bearing.
As	 speci�ied	 in	 the	 documents	 listed	 below. Veri�ication is alwaysagainst a speci�ication. If the speci�ication was wrong, the veri�icationwas correct against the wrong thing. The sign-off argument must namethe speci�ication versions it was conducted against. A design revision ora speci�ication clari�ication that changes an expected behaviorinvalidates the claim for the affected behaviors and triggers re-veri�ication.
To	 the	 level	 the	 XTP	 asserts. The XTP is the claim about what wasveri�ied. If the XTP had gaps, behaviors not planned for, interactions notanticipated, coverage that closed against it proves nothing about thosegaps. Sign-off is bounded by the XTP. No more, no less.
Under	 the	 stimulus	 and	 environmental	 conditions	 the

testbench	 modeled. Every testbench makes modeling assumptions.The AHB master was modeled as a single master; multi-masterarbitration was a subsystem concern. APB slave responses weremodeled as correct; adversarial slave behavior was not in scope. Theseare not failures of the veri�ication program; they are scope decisions.They must be explicit.
Explicitly	 listed	 in	 the	 residual	 risk	 register	 with	 documented

acceptance. Silence is not acceptance. Every behavior outside XTPscope, every architectural exclusion, every infrastructure limitationmust be named, characterized, and accepted by someone with authorityto accept it. An exclusion �ile that grows without review is a liability, nota methodology artifact.This framing changes how sign-off is conducted. The question shiftsfrom “did we hit the metrics?” to “is the claim we are making



defensible?” Those are different questions with different answers anddifferent quality.
8.3	 Coverage	 as	 XTP	 EvidenceCoverage numbers mean nothing without a reference. A functionalcoverage closure of 95% against a covergroup not derived from the XTPproves the testbench executed. It does not prove the design wasveri�ied.The VEGA practice: every XTP row carries a coverage goal written atthe time the row is written. The goal speci�ies precisely whatobservable signal or transaction a covergroup must capture for this rowto be considered exercised. Coverage is derived from intent, notretro�itted after simulation.
8.3.1	 Deriving	 Coverage	 Goals	 from	 XTP	 RowsAn XTP row for the bridge, with a coverage goal written at plan time:



This coverage goal has a direct and speci�ic meaning: the scenarioexercising T-007 must produce every one of these observableconditions. When all bins close, T-007 is veri�ied. When any bin remainsopen, T-007 is unveri�ied regardless of what other coverage numbersshow.The practical consequence: when coverage is not closed, thequestion is not “which bin is open?” It is “which XTP row is unveri�ied?”These produce different conversations. A bin number is ameasurement. An unveri�ied XTP row is a risk to chip functionality.
8.3.2	 Coverage	 Goals	 Written	 at	 Plan	 Time,	 Not	 Regression
TimeThe sequence matters. Coverage goals written after regression tend todescribe what the scenarios happened to produce, not what the XTPrequires. An engineer writing covergroups from simulation output willnaturally write bins for signals already visible, and omit bins for cornercases the scenario never reached.Coverage goals written at plan time are derived from thespeci�ication. They capture what the design should do under conditionsthe engineer has not yet simulated. This is harder. It is also the only wayto ensure that coverage closure means something.



8.4	 The	 Bridge	 Coverage	 ArchitectureThe coverage collector for the bridge veri�ication program is a single�ile:
ch03_testbench/ahb2apb_bridge_uvmtb/env/ahb2apb_

bridge_coverage.svIt implements six covergroups across 128 bins. The collector livesin the infrastructure layer instantiated from the environment. It is notin sequences, not in tests, and not in monitors. It observes transactionsreported by monitors via analysis ports independently of which test isrunning, so coverage closes across the regression as a whole, not withinany individual test.The �inal coverage report is at
ch08_coverage_signoff/coverage_report.txt. Afterrunning the full regression from ch05_debug_regression/, checkoverall coverage status:

Coverage accumulates across tests: bins closed by the directed
coverage_closure_001 test remain closed in the regression unionregardless of what other tests contribute. The 100% closure number inthe coverage report re�lects the regression union, not any single test.
8.5	 The	 Three	 Kinds	 of	 Unclosed	 Coverage



Not all unclosed coverage requires the same response. The dominantpractice treats every unclosed bin identically: run more stimulus. Thisis the wrong action in two of the three cases, and it is why regressionplateaus are so common.Before any coverage gap is addressed, it must be classi�ied.Figure 8.1 shows the triage: an AI classi�ies each unclosed bin fromthe simulation log and the RTL into one of three kinds, and each kinddemands a different response and a different owner.

Fig.	8.1 The closure triage. When a coverage bin will not close, it is classi�ied from the simulationlog and RTL evidence (not the bin name) into one of three kinds: a test-plan gap, an architecturalexclusion, or an infrastructure gap. Each demands a different response and a different owner.Misclassifying sends the wrong action: more simulation against an exclusion, or a waiver for abehavior that simply has not been testedTable 8.1 names the three kinds and the response each demands.
Table	8.1 Classi�ication of unclosed coverage and required response. Misclassifying a gap leads tothe wrong action: running more simulation against an architectural exclusion, or �iling anexclusion for a behavior that simply has not been testedTwo diagnostic questions narrow the classi�ication quickly.



Question	 1:	 Does	 the	 scenario	 produce	 relevant	 transactions?Examine the monitor log when the scenario runs. If transactions thatshould close the bin are absent, the scenario does not exercise thebehavior it was written for: a test plan gap. If transactions are presentbut the bin remains open, it is an infrastructure gap: the monitor sawthe transaction but the covergroup did not sample the bin-closingcondition.
Question	 2:	 Can	 the	 RTL	 produce	 this	 behavior? Enable fullbranch and FSM coverage and run the scenario. If the branch or statetransition that would close the bin is never taken despite valid input,examine the RTL. A constraint that makes the branch unreachableunder all legal inputs is an architectural exclusion candidate, but itrequires design team con�irmation that the constraint is intentional andnot accidental dead code.

8.5.1	 Worked	 Example:	 De�ining	 and	 Closing	 Bridge
Coverage	 with	 AIDe�ining the bridge coverage was fast because it was translation, notinvention. The six covergroups and 128 bins were derived from theXTP feature rows: each row’s Coverage_Goal already names theobservable conditions, and those conditions become the bins. The



coverage-goal output contract shown earlier in this chapter is thewhole job, run once per row.Closing it is where programs lose weeks, and where classifyingbefore acting pays off. The bridge regression �irst measured 72.7% (93of 128 bins) union closure. Each open bin was classi�ied from thesimulation log and the RTL, not from its name, and all three kindsappeared:
Infrastructure	 gap. Every burst and size bin was open, yet thedatapath scenarios plainly drove INCR4 and halfword transfers. The�irst diagnostic question settled it: the transactions were present inthe monitor log but the bins would not close, the signature of aninfrastructure gap. The AHB monitor was calling
post_randomize() after sampling the bus, and that routine reset
HBURST and HSIZE to SINGLE/WORD, overwriting what themonitor had just captured. A monitor must report what it observed;deleting the call recovered the bins and lifted closure to 76.6%, withno new stimulus.
Test-plan	 gap. The bins still open were burst encodings and error-address ranges no scenario had ever driven. The response is adirected scenario, not more randomization: one closure test drivesevery remaining HBURST encoding as a write and a read, a byte-sizetransfer, and the missing error-address and read-direction cases. Ittook the suite to 128/128.
Architectural	 exclusion. The 13 bins of Table 8.2 were never part ofthe 128. They are unreachable in this single-master, single-transfercon�iguration, so they are documented, not chased.The speed-up from AI is in the loop, not a single prompt. It reads the

UNCOVERED BINS report and the monitor log, returns a classi�icationper bin under the contract above, and, for each test-plan gap, drafts thedirected scenario straight from the bin’s own sampling condition; theengineer reviews the verdict and the diff. The entire move from 72.7%to full closure was two reviewed changes, one infrastructure �ix and onedirected test, found by reading evidence instead of burning seeds.



8.6	 Structural	 Coverage	 and	 What	 It	 ProvesFunctional coverage proves intent was exercised: the behaviors plannedin the XTP were stimulated and the design responses were observed.Structural coverage proves the testbench reached the RTL: lines,branches, FSM states, and signal transitions were exercised.Both are necessary. Neither is suf�icient alone.
What	 functional	 coverage cannot	 see. A functional covergroupmeasures only behaviors it was written to measure. If the RTL containsa behavior the XTP did not anticipate, such as a state machinetransition not in the test plan, or a combinational path that activatesonly under a signal combination not modeled in any scenario,functional coverage will not detect the gap. The bin was never written.
What	 structural	 coverage	 reveals. RTL branches, FSM states, andsignal transitions that no scenario exercises. Two explanations exist foreach uncovered structural element.The �irst is an XTP	 gap: behavior the design can produce that thetest plan did not include. A never-taken branch in the bridge FSMrepresents either a behavior the XTP missed or dead code. Theveri�ication engineer determines which. An XTP gap requires a newXTP row and a new scenario. Dead code requires design team review;unreachable RTL may indicate a speci�ication misunderstanding or animplementation error.The second is con�irmation	 of	 an	 architectural	 exclusion.Structural analysis can con�irm that a branch is unreachable: theupstream constraint makes it so, the RTL analysis con�irms it, and thedesign team documents the reason. This converts a suspected exclusioninto a veri�ied one that can be entered in the residual risk register withcon�idence.

8.6.1	 Structural	 Coverage	 Exclusion	 GovernanceEvery entry in the structural coverage exclusion �ile represents eitherdead code or a legitimate architectural constraint. Both require review.Exclusion �iles that grow without governance are among the most



common sources of undetected veri�ication gaps in productionprograms, not because the exclusions are wrong, but because nobodychecked.The governance rule: every exclusion entry requires a one-linerationale and a reviewer name. The rationale explains why the branchor state is unreachable or why it represents intentionally dead code. Atsign-off, the exclusion �ile is part of the veri�ication record. A reviewerwho cannot read the �ile and understand each entry cannot sign off onthe structural coverage claim.Table 8.2 lists the 13 bins excluded from the bridge coverageclosure with their architectural rationale.
Table	8.2 Architectural coverage exclusions for the bridge veri�ication program. Each entry iscon�irmed by the design team. All 13 bins are excluded due to upstream constraints that make thebin-closing condition unreachable under legal input sequences
8.7	 The	 Regression	 Plateau	 and	 Directed
ClosureEvery simulation regression reaches a point where additional randomseeds produce no new failures and no new coverage closure. The curve�lattens. The number of failing tests per hundred new seeds approacheszero. The number of newly closed bins per regression run approacheszero.This is the regression plateau. It is not sign-off. It is the signal thatrandom stimulus has been exhausted and directed work must begin.The plateau is diagnostic information. It communicates: the currentscenario suite, driven by random constraints, has stimulated everythingit can stimulate. Remaining unclosed bins require stimulus that randomgeneration will not produce without targeted constraints.Figure 8.2 traces the shape: random stimulus drives the failure andbin-closure rate down to the plateau, directed closure then targets theremaining bins, and a zero bug-�ind-rate held across a pre-de�inedwindow becomes part of the sign-off argument.



Fig.	8.2 The regression plateau. Random stimulus drives the failure and new-bin-closure ratedown until the curve �lattens, the plateau, which is the signal to begin directed work, not a sign-off.Directed closure then targets the remaining bins, and a zero bug-�ind-rate held across a windowde�ined before regression began becomes a component of the sign-off argument.
8.7.1	 Moving	 from	 Plateau	 to	 Directed	 ClosureTwo activities at the plateau, in order.

Step	 1:	 Classify	 all	 unclosed	 bins using the taxonomy fromSect. 8.5. Bins that are not yet closed appear in each test’s simulationlog. To see which bins remain open after the full regression:
Test plan gaps require directed scenarios. Architectural exclusionsrequire documentation. Infrastructure gaps require testbench work. Donot write directed scenarios for exclusions. Do not �ile exclusions fortest plan gaps. The classi�ication determines the action.

Step	 2:	 Write	 directed	 scenarios	 for	 each	 test	 plan	 gap. Adirected scenario targeting a speci�ic unclosed bin is not a generalstress test; it constructs the exact preconditions and stimulus thatproduce the bin-closing signal condition.For the bridge: if the “HRESP=ERROR recovery” bin is not closed byrandom regression, the directed scenario builds the precise sequence:APB peripheral asserts PSLVERR during an active read, bridge assertsHRESP=ERROR with HREADY deasserted per AHB spec (two-cycle



ERROR response), subsequent HTRANS=NONSEQ accepted normally.The scenario has one success criterion: all four required bins in
err_propagation_cg close on this run.
8.7.2	 Bug	 Find	 Rate	 as	 a	 Sign-Off	 Leading	 IndicatorCoverage numbers are lagging indicators: they re�lect what has alreadybeen exercised. Bug �ind rate is a leading indicator: it signals whethercontinued simulation is likely to �ind new issues.Track bugs found per unit of regression effort from the beginning ofregression. When the rate drops to zero and holds there across ade�ined observation window, the scenario suite has found what it can�ind in the current RTL.Zero bug �ind rate is not proof that no bugs remain. It is evidencethat the current scenarios are not �inding them. The distinctionmatters: if the scenario suite does not cover the XTP, zero bug �indrate is uninformative. If the scenario suite covers the XTP and structuralcoverage is clean, zero bug �ind rate across a meaningful observationwindow is a signi�icant component of the sign-off argument.Two rules keep the bug �ind rate conclusion honest.

The	 observation	 window	 is	 de�ined	 before	 regression	 begins,not chosen retrospectively to produce a convenient conclusion. Areasonable default: the window equals the longest interval between anytwo consecutive bugs found during regression, with a minimum of twoweeks regardless of the inter-bug interval.
The	 scenario	 suite	 coverage	 is	 recorded	 when	 the	 zero	 rate	 is

declared. If new scenarios are added after declaring zero rate, theclock resets. Adding scenarios changes what the regression ismeasuring, and the new scenarios must be given time to produceresults before the rate can be declared zero again.
8.8	 The	 Sign-Off	 Argument:	 Structure	 and
Required	 Components



The sign-off argument is a document. It has �ive required components.All �ive must be present for sign-off to be complete. A sign-off argumentmissing any component is an incomplete argument with a dateattached. Figure 8.3 lays out the �ive.

Fig.	8.3 The �ive components of a complete sign-off argument. Each addresses a distinct aspect ofthe veri�ication claim; missing any one leaves a class of risk undocumented. Component 1 declaresevery XTP row resolved; Component 2 ties coverage closure to reviewed exclusions; Component 3records a zero bug �ind rate over a pre-de�ined window; Component 4 is the residual riskregister of what is not claimed; Component 5 names the speci�ic changes that reopen the sign-off
8.8.1	 XTP	 Row	 States	 at	 Sign-OffThree states are valid. No other state is acceptable.

Veri�ied. A passing scenario or formal property proof exists. Thecoverage goal de�ined at plan time is fully met. For simulation: thescenario is in the regression suite and has passed since the last RTLchange affecting this behavior. For formal: the property proof referenceand tool run are recorded; the proof is re-run if the RTL changes inways that affect the property scope.
Excluded-with-justi�ication. The behavior is in scope per thespeci�ication but is architecturally unreachable in the current RTL. Thedesign team has con�irmed the exclusion is intentional, not accidentaldead code. A rationale is documented. A reviewer other than theproposing engineer has approved it.



Deferred-with-acceptance. The behavior is explicitly out of scopefor this program. The decision to defer was made at plan time or duringexecution with documented rationale. The program’s veri�ication leadhas accepted the deferral in writing. The behavior is in the residual riskregister.An XTP row with no state is a gap. Sign-off cannot proceed untilevery row is resolved into one of the three valid states.
8.8.2	 The	 Residual	 Risk	 RegisterThe residual risk register is the component that makes the sign-offargument honest. It is where the veri�ication program explicitly stateswhat it did not verify and why that is acceptable.Four categories of entries belong in the register.

Architectural	 exclusions. Behaviors planned in the XTP butunreachable in the current design. Entry: the XTP row, the architecturalconstraint, the design team sign-off.
Modeling	 assumptions. Behaviors the testbench modeled ascorrect that the real system might not guarantee. For the bridge: theAPB slave model always responded within a bounded number of cycles;behavior under longer response times was addressed at subsystemlevel in Chap. 6 (EDGE_002). Entry: the assumption, what happens ifviolated, and whether it is veri�ied at another level of the hierarchy.When the testbench artifacts were themselves AI-generated, thiscategory also records their Chap. 7 quality-metric values, the VG, OBS,PMC, CVL distribution, DFS sub-scores, and the autonomy andregeneration-stability �igures, so the sign-off states quantitatively howfar the generated testbench was trusted.
Deferred	 behaviors. XTP rows out of scope. Entry: the row, thedeferral rationale, the program or milestone at which the behavior willbe addressed.
Infrastructure	 limitations. Behaviors the testbench cannotobserve. Entry: the behavior, why the monitor cannot observe it, andwhether a �ix is planned. An infrastructure limitation accepted without



a �ix plan means the behavior is permanently unveri�iable. That must beexplicitly accepted, not silently tolerated.

8.9	 Sign-Off	 as	 a	 Forward-Looking	 ArtifactSign-off is not the end of veri�ication. It is a documented position at apoint in time.The position: at this revision of this design, against thesespeci�ication versions, with this scenario suite and testbench, the XTPclaims are met, the residual risks are accepted, and the conditionsrequiring re-veri�ication are explicit.That position has value beyond the program that produced it. Thenext program to touch this design, a revision, a re-integration, or aderivative chip, starts from this sign-off as its baseline. Without acomplete sign-off argument, the next program starts from uncertainty:some tests exist, some coverage was closed, some exclusions are in a�ile somewhere, but nobody can say what was and was not veri�ied.With a complete sign-off argument, the next program knows exactly.For the bridge program documented across Chaps. 2–6, the sign-offposition is:
96	 tests	 pass, recorded in
ch08_coverage_signoff/test_results_summary.txt
128/128	 coverage	 bins	 closed, recorded in
ch08_coverage_signoff/coverage_report.txt



96	 XTP	 rows	 resolved: all 96 veri�ied by a dedicated test class in thesign-off regression to subsystem level with documented acceptance
13	 coverage	 bins	 excluded with architectural rationale perTable 8.2If an RTL change touches the address decoder, re-veri�ication ofaddress-range coverage bins is required per Component 5 of the sign-off. If the change does not affect the address decoder, the existing sign-off continues to hold for those behaviors. This is a speci�ic, reviewablestatement, not “any RTL change triggers re-veri�ication.”This is the compounding value of structured veri�ication. Eachprogram following the VEGA framework produces an artifact thatmakes the next program faster and more con�ident. The sign-offargument from this chapter is that artifact.

8.10	 ConclusionVeri�ication closure is not a metric threshold crossed on a schedule. It isa structured argument that makes an explicit, bounded, defensibleclaim about what a design does, and an equally explicit statement ofwhat falls outside that claim.The �ive components of the sign-off argument together constitute acomplete answer to the question every review asks: are we actuallydone? Not done in the sense of the schedule says so. Done in the senseof: here is the claim, here is the evidence, here is what the claim doesnot cover, and here is who accepted the risk of what remains.That is a defensible position. It is what veri�ication is supposed toproduce.With closure complete, the framework has carried the veri�icationprogram from its �irst speci�ication reading to its �inal documentedsign-off position. Chapter 7 established how to measure the quality ofAI-assisted veri�ication itself, distinguishing a generated testbench thatcompiles from one that veri�ies; this chapter has shown how thatmeasurement, together with coverage evidence and an honest residualrisk register, becomes a defensible decision to tape out. The Afterword



that follows re�lects on where the Veri�ication Strategist’s role goesfrom here.
What	the	Framework	ProducedSeven chapters. One complete veri�ication program. It is worth namingwhat was built, because the artifacts are not obvious from a distance.Chapter 2 produced an XTP: not a test list, but a structured claimabout what the design should do, written before a single line oftestbench existed, reviewed by the architect who knows whether theclaim is right. That document governed everything that followed.Chapter 3 produced a manifest and a testbench architecture thatseparated infrastructure from test logic by construction. The separationwas not a style preference. It was the structural condition that madeChapter 5’s debug discipline possible, because when infrastructure iscorrect by construction, a failing test has a bounded set of causes.Chapter 4 produced scenarios that are narrow by design, traceableto XTP rows, and by contract prohibited from modifying theinfrastructure they run on. Not because engineers were told to bedisciplined, but because the scenario contract made undisciplinedscenarios structurally invalid. Chapter 4 also produced the �irst liveevidence of what AI-assisted generation looks like in practice: acomplete test generated from an XTP row, compiled, debugged to apassing verdict, and an offer from the tool to scale to all 36 rows, withone stated constraint.Chapter 5 produced a debug process grounded in classi�icationbefore investigation. It also produced something less visible: an XTPthat is better at the end of regression than it was at the beginning,because every bug found was treated as evidence about the plan, notjust about the design.Chapter 6 produced a SIG and an assumption harvest, artifacts thatmade integration-space defects visible before integration began. Thebugs caught by those artifacts were not new bugs. They existed themoment two components with misaligned assumptions were placed inthe same system. The only question was when they were found.



Chapter 7 produced ten quality metrics across three families: RES,VG, SCR, and HR for the generation side; PMC, CVL, DFS, and OBS for thespeci�ication side; and AUI and RGS for the generation process itself.They made the quality of AI-assisted veri�ication measurable ratherthan asserted, and they feed this chapter’s residual riskregister whenever a testbench artifact was AI-generated.This chapter produced a sign-off argument: a document that averi�ication manager, a design director, and a project lead can read andunderstand in ten minutes, that names what was veri�ied, what was not,and who accepted the difference.These artifacts compound. The XTP from Chap. 2 is still present inthe sign-off argument of this chapter. The manifest from Chap. 3 is stillpresent in the subsystem manifest of Chap. 6. The classi�icationtaxonomy from Chap. 5 is still present in the edge-following debugprocess of Chap. 6. Nothing was discarded. Everything accumulated.



Appendix	 A

The	 Educational	 Bridge	 ModelThis appendix is the canonical speci�ication of the worked exampleused throughout the book. The chapters refer to it as the bridgeexample; this is the complete model behind those references, collectedhere for lookup so the chapters themselves stay focused onmethodology rather than device detail.
Disclaimer	 and	 Intellectual	 Property	 Notice
Copyright. Copyright © 2026 Vikash Kumar. All rights reserved.

Disclaimer. The views expressed in this model are those of theauthor and do not represent the position of any employer, standardsbody, or organization. No endorsement, sponsorship, or af�iliation withany employer or organization is implied. This work was developed bythe author in personal capacity and outside any employer-fundedproject. References to industry protocols (such as AHB and APB) arebased on publicly available information only and are intended foreducational purposes.
Third-Party	 Intellectual	 Property	 Notice. This model mayreference third-party technologies, standards, trademarks, orintellectual property, including but not limited to Arm® AMBA®protocols (e.g., AHB, APB). All such rights remain the property of theirrespective owners. No license, express or implied, is granted to anythird-party intellectual property, including but not limited to that ofArm Limited or its af�iliates. Use of any third-party technology orspeci�ication referenced herein may require a separate license from theapplicable rights holder.

A.1	 IntroductionThe Educational Bridge Model is a simpli�ied bus bridge used toexercise veri�ication work�lows. It converts transactions from a high-



performance source-side interface into accesses on a peripheral-sideinterface. Its purpose is educational: it provides a structured artifact fordemonstrating AI-assisted veri�ication planning, interface andtransaction modeling, assertion and coverage development, debug andtrace analysis, and early-career learning.This is not a formal protocol standard and does not reproduce anyof�icial speci�ication. It is an independently written educational model;references to widely used bus terminology are included only to helpreaders connect the example to familiar veri�ication scenarios.
A.1.1	 ScopeThe model covers, at a conceptual level, a single source-side interfacedriving a single peripheral-side interface; 32-bit address and dataexamples; single transfers and simple multi-transfer sequences; basicstatus and control register examples; and representative reset, wait,and error scenarios. It does not attempt to de�ine a complete orstandards-accurate bus speci�ication — in particular, it does not de�ineall legal source-side transaction encodings, all corner-case burstbehaviors, arbitration or multi-target decoding, clock-domain crossing,or production-grade security, parity, or ECC features.
A.1.2	 De�initions

Term Meaning	 in	 this	 model

Source	 bus A high-throughput request interface used as model input
Peripheral	 bus A simpler target interface used as model output
Bridge	 model Educational logic translating source traf�ic to target accesses
Sequence A related set of transfers processed in order
DUT Device under test
FSM Finite state machine
A.2	 Functional	 Overview

A.2.1	 Conceptual	 Block	 Diagram



A.2.2	 Intended	 UseThe model supports veri�ication test plan creation, assertiondevelopment, functional coverage de�inition, AI-assisted traceinterpretation, and classroom or workshop exercises (Fig. A.1).

Fig.	A.1  Conceptual organization of the educational bridge model
A.3	 Interface	 View

A.3.1	 Source-side	 InterfaceThe source-side interface uses familiar industry signal names to makethe example easy to follow. These signals are a learning-orientedabstraction rather than a formal protocol de�inition (Table A.1).
Table	A.1  Source-side example signals
Signal Width Dir Educational	 description

HCLK 1 In Clock used for the example timing model
HRESETn 1 In Active-low reset used for initialization scenarios
HADDR 32 In Source-side address example
HTRANS 2 In Indicates transfer phase intent, such as new or continued activity
HWRITE 1 In Direction indicator for read or write examples
HSIZE 3 In Example transfer-size control
HBURST 3 In Example sequence-pattern control
HWDATA 32 In Source-side write payload
HSEL 1 In Local selection control for the bridge model



Signal Width Dir Educational	 description

HREADY_IN 1 In Upstream completion context input
HRDATA 32 Out Source-side read payload returned by the model
HREADY_OUT 1 Out Model completion indicator / back-pressure output
HRESP 1 Out Simpli�ied status indicator for success or error
A.3.2	 Peripheral-side	 InterfaceSee Table A.2
Table	A.2  Peripheral-side example signals
Signal Width Dir Educational	 description

PCLK 1 In Target-side clock, commonly tied to HCLK in this example
PRESETn 1 In Active-low reset for target-side model state
PADDR 32 Out Target-side address example
PSEL 1 Out Indicates active target selection in the example �low
PENABLE 1 Out Marks the active transfer phase on the target side
PWRITE 1 Out Target-side direction indicator
PWDATA 32 Out Target-side write payload
PRDATA 32 In Target-side read payload
PREADY 1 In Target completion / stall indicator
PSLVERR 1 In Simpli�ied target-side error indicator
A.3.3	 Clock	 and	 Reset	 NotesThe model assumes a single clock domain for simplicity. Reset behavioris intentionally simpli�ied to support debug and veri�ication exercises.Timing and reset behavior here should be treated as representativerather than normative.
A.4	 Example	 Register	 ViewThe model includes a small set of example control and status registersto support observability and software-driven veri�ication scenarios.



These are not intended to mirror any commercial register map (TableA.3).
Table	A.3  Example register map
Offset Name Access Purpose	 in	 the	 model

0xF00 CTRL R/W Enable and control knobs
0xF04 STATUS R/W1C Status and sticky error �lags
0xF08 ERROR_ADDR RO Captured address for debug
0xF0C ERROR_INFO RO Captured context for debug
A.4.1	 CTRL	 RegisterSee Table A.4.
Table	A.4  Example CTRL register
Bits Name Access Reset Purpose

31:8 Reserved RO 0 Reserved in this model
7 TIMEOUT_EN R/W 0 Enables timeout behavior in veri�ication runs
6:4 TIMEOUT_VAL R/W 3’b111 Selects a timeout window for experiments
3 ERR_INT_EN R/W 0 Enables sticky interrupt-style indication
2 Reserved RO 0 Reserved
1 SOFT_RST R/W 0 Triggers a model-local reset action
0 ENABLE R/W 1 Enables bridge activity in the example �low
A.4.2	 STATUS	 RegisterSee Table A.5.
Table	A.5  Example STATUS register
Bits Name Access Reset Purpose

31:8 Reserved RO 0 Reserved in this model
7 ERR_INT R/W1C 0 Sticky aggregated error indication
6 TIMEOUT_ERR R/W1C 0 Timeout scenario observed



FLOW-1:

FLOW-2:
FLOW-3:
FLOW-4:
FLOW-5:

Bits Name Access Reset Purpose

5 PSLVERR R/W1C 0 Target-side error observed
4 ADDR_ERR R/W1C 0 Invalid-address scenario observed
3:2 Reserved RO 0 Reserved
1 BUSY RO 0 Model currently processing traf�ic
0 READY RO 1 Model available for new work
A.4.3	 Captured	 Debug	 RegistersSee Table A.6.
Table	A.6  Captured debug state
Register Purpose

ERROR_ADDR Captures the address associated with the most recent modeled error event
ERROR_INFO Captures context such as transfer direction, approximate beat index, and coarseerror class
A.5	 Behavioral	 ModelAt a high level, the model accepts source-side transactions and turnsthem into target-side accesses. Each accepted source-side transfer isconverted into one target-side operation. The bridge can delay source-side completion when the target side is not ready.Capture source-side address, control, and payload when themodel accepts a transfer.Translate the transfer into a target-side setup phase.Advance to a target-side active phase.Hold progress if the target side indicates it is not ready.Complete the transaction and return any read data or errorcontext.
A.5.1	 Sequence	 Handling	 and	 Back-Pressure



The model supports simple ordered multi-transfer sequences: it trackswhether traf�ic is part of a continued stream, addresses may advanceaccording to transfer size, and it may emulate wrapped or boundedsequences. Exact sequence encoding and all legal corner cases areoutside the scope of this educational artifact. When the target side isnot ready, the bridge keeps the target transfer active and delays source-side completion, letting veri�ication engineers exercise stalledcompletion, timeouts, scoreboard synchronization, and latency-awaredebug.

Fig.	A.2  Representative transfer timing. Phases by cycle: source capture (T1), target setup (T2),target active with completion (T3)

Fig.	A.3  Representative delayed-completion timing. The target stalls (PREADY low through T3–T4), so the bridge holds the active phase and source-side completion is deferred until T5



A.5.2	 Representative	 Transfer	 TimingSee Fig. A.2.
A.5.3	 Representative	 Wait-State	 TimingSee Fig. A.3.
A.6	 Reset	 and	 InitializationReset returns the bridge to a clean idle state, supporting scenarios suchas reset during idle, reset during an active transfer, reset followed byimmediate re-use, and reset interaction with sticky error state (TableA.7).
Table	A.7  Example reset state
Signal/Register Example	 reset	 value Notes

HREADY_OUT 1 Ready for new activity
HRESP 0 No error indication
HRDATA 0 Cleared for simplicity
PSEL 0 No active target selection
PENABLE 0 No active target phase
PADDR 0 Cleared for simplicity
PWDATA 0 Cleared for simplicity
CTRL 0x00000001 Enabled, timeout disabled
STATUS 0x00000001 Ready, no sticky error set
ERROR_ADDR 0x00000000 Cleared
ERROR_INFO 0x00000000 ClearedA model-local soft reset may be triggered through the examplecontrol register; it clears active transfer state, clears sticky status �lags,and preserves basic con�iguration where appropriate.
A.7	 Error	 and	 Exception	 ScenariosThe model includes a small number of coarse error classes (Table A.8).



Table	A.8  Modeled error classes
Error	 class Representative	 meaning	 in	 the	 model

Address
error

Request targeted an unsupported or invalid range in the example map
Timeout
error

Target-side readiness did not arrive within the programmed observationwindow
Target	 error Peripheral-side error indication was observed during an active accessWhen an error is observed, the model records debug context,updates sticky status bits, returns a simpli�ied source-side errorindication, and becomes ready for subsequent debug or re-test activity.

Fig.	A.4  Representative modeled error timing. A target-side error (PSLVERR) observed duringthe active phase is re�lected as a source-side error response (HRESP high) at completion
A.7.1	 Representative	 Error	 TimingSee Fig. A.4.
A.8	 Veri�ication	 UsageThe model exists to support veri�ication framework developmentrather than to act as a shipping design document. It is useful forconverting informal requirements into checkable behavior, derivingassertions from interface intent, generating coverage goals, creating AI-assisted debug prompts from observed traces, and demonstrating howan educational speci�ication can drive veri�ication assets (Table A.9).



Table	A.9  Representative veri�ication outputs
Artifact Use	 in	 the	 VEGA/cognitive	 veri�ication	 �low

Assertions Check setup/active progression, completion gating, and error capture
Coverage	 items Measure reset, wait-state, error, and sequence scenario exploration
Sequences Generate single, delayed, and error-injected transactions
Debug	 prompts Correlate model state with trace signatures and expected outcomes
Example	 Veri�ication	 QuestionsDoes source-side completion remain blocked while the target sidestalls?Is read data returned only after target-side completion?Are sticky error �lags captured and preserved until cleared?Does reset cleanly abort in-�light work?Are multi-transfer sequences handled in-order?
A.9	 Example	 State	 MachineThis model is intentionally simpli�ied to support teaching, veri�icationplanning, and AI-assisted methodology discussion. It should be read asan educational bridge model, not as a standards document orproduction design speci�ication (Fig. A.5).

Fig.	A.5  Simpli�ied educational state machine



Afterword
The	 Veri�ication	 Strategist	 Going	 ForwardThe veri�ication engineer’s job is changing. Not because AI has arrived—it has been arriving for years in the form of constraint solvers,coverage closure tools, formal engines, and automated regressionmanagement. The change is one of degree, and the degree now matters.When AI generates a testbench scaffold that would have taken a week,the engineer’s time is freed for the work the AI cannot do: decidingwhether the scaffold is verifying the right things, whether the XTPre�lects what the architect actually intended, whether the sign-offargument is honest or merely complete. That work is harder thanwriting the scaffold. It requires understanding the design, the protocol,the integration context, and the risk tolerance of the program. Itrequires judgment that is not in the prompt. The risk is not that AIreplaces this judgment. It is that engineers stop exercising it becausethe tools produce plausible outputs with increasing speed. A testbenchthat compiles and simulates is not a testbench that veri�ies. A coveragenumber that is high is not a coverage number that means something. Asign-off that happened on schedule is not a sign-off that is defensible.The Veri�ication Strategist role is the answer to this risk. It is the rolethat stays in the reasoning, even when the execution is automated. It isthe role that reads the XTP row and asks whether the expected result isactually correct, not just whether the scenario closed the bin. It is therole that looks at the sign-off argument and asks whether the residualrisk register is honest before signing the page. No frameworkautomates that role. VEGA structures the work around it.
Responsible	 AdoptionTeams introducing VEGA should do so incrementally, validating eachlayer before automating it. Establish the XTP discipline �irst and runone complete program with it — writing coverage goals at plan time,maintaining row states, conducting architect review — beforeintroducing AI-assisted generation. When AI arrives, the team already



knows what good output looks like and can evaluate it. The sameprinciple applies at every layer: use the manifest and infrastructureboundary manually for one program before generating scaffolding fromit; apply the scenario contract by hand before using AI to generatescenario skeletons. The manual application reveals what the frameworkrequires; the automated application then accelerates delivery of thatrequirement. The failure mode to avoid is adopting the promptswithout adopting the framework — a team that runs the Chapter 4generation prompt without an XTP, without a manifest, without theinfrastructure boundary enforced will get generated code, but whetherthat code veri�ies the design is a question the prompt cannot answer.The framework is the structure they accelerate. Order matters.
Where	 VEGA	 Extends	 NextTwo directions are worth naming because they extend directly from theframework’s existing structure rather than requiring new foundations.
Post-silicon	 validation	 and	 bring-up. The sign-off argumentidenti�ies, explicitly, what was not veri�ied in simulation. That residualrisk register is the primary input to post-silicon validation planning.The behaviors that were architectural exclusions or deferred to systemlevel in the sign-off argument are the �irst things to test when siliconarrives. The XTP, the SIG, and the residual risk register togetherconstitute a bring-up guide that pre-silicon veri�ication rarely producessystematically. VEGA programs that maintain their artifacts throughsign-off arrive at silicon bring-up with a directed test plan rather thanan improvised one. Formal	 as	 a	 �irst-class	 VEGA	 input. Chapter 8introduced formal veri�ication as a coverage complement — a tool forclosing simulation gaps. The deeper integration is to treat formalproperties as XTP rows from the beginning of the program. If a livenessproperty is important enough to include in the sign-off argument, it isimportant enough to be in the XTP at plan time with a coverage goal of“proved by formal.” This makes the formal scope a governed activitysubject to the same Veri�ication Strategist review as simulation scope,rather than an ad-hoc addition at the coverage closure stage. The XTP



becomes the single artifact that governs both simulation and formalscope, with the sign-off argument drawing from both. The veri�icationdiscipline is not �inished. Neither is the framework. What this book hasestablished is the structure — the reasoning architecture that letsfuture extensions build on a principled base rather than onaccumulated practice. That is enough to begin.
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Table	8.2 Architectural coverage exclusions for the bridge veri�ication program. Each entry iscon�irmed by the design team. All 13 bins are excluded due to upstream constraints that make thebin-closing condition unreachable under legal input sequences
Bin	 ID Rationale Owner

REG.ERROR_ADDR.WRITE Read-only register; write path does not existin RTL Designteam
REG.ERROR_INFO.WRITE Read-only register; write path does not existin RTL Designteam
APB_PROT.SETUP.WAIT PREADY is unde�ined during SETUP phaseper APB spec; bin condition isarchitecturally unreachable Designteam
AHB_PROT.HTRANS_BUSY Requires pipelined burst driver; single-master model does not generate BUSYtransfers Veri�icationlead
AHB_PROT.HTRANS_SEQ Requires pipelined burst driver; single-master model does not generate SEQ in thiscon�iguration Veri�icationlead
AHB_PROT.NONSEQ.STALL Requires back-to-back pipelined transfers;single-master model cannot produce thissequence Veri�icationlead
AHB_TXN.burst_x_resp.ERROR
(7	 bins)

Requires mid-burst error injection fromAPB slave; deferred to subsystem level Veri�icationlead



Table	6.1  SIG edge contracts for the AHB/APB subsystem. Rows marked HIGH represent knowndefect sites that must be addressed by subsystem scenarios.
From To Guarantee Assumption Risk

Bus	 Master Interconnect Valid HTRANS sequencing perAHB spec: NONSEQ for �irst beat,SEQ for continuation, IDLE whenno transfer pending
HTRANS=IDLEbefore arbitrationtransfer completes Medium

Interconnect Bridge Single master at a time;HTRANS=IDLE at ownershiptransition Consistent HTRANSsequencing; no mid-burst ownershipchange
Medium

Bridge Peripherals Correct PADDR mapping;PSLVERR propagated asHRESP=ERROR PREADY assertedwithin boundedcycles; PSLVERR onerror only
HIGH

Peripherals IntCtrl Interrupt pulse meets minimumwidth per IntCtrl spec; de-asserted before re-assert Interrupt arrivesbefore pollingtimeout; no pulseoverlap
HIGH

Reset	 Ctrl All APBperipherals PRESETn stable before HRESETndeasserts; HRESETn synchronousto HCLK APB devices readybefore AHBtransactions arriveat bridge
HIGH

Reset	 Ctrl Bridge HRESETn synchronous to HCLK No transaction in�light at HRESETnassertion Medium
Bridge Allperipherals Unmapped address returnsHRESP=ERROR; HREADYasserted; no bus hang All transactionaddresses map to avalid peripheral orerror response

HIGH



Table	7.1  The eight LLM testbench-generation failure modes, ordered by detection stage:
Compile, Elaboration, or Simulation. That simulation dominates the stage column is the coreargument against treating compile success as a quality measure for generated testbenches
# Mode Layer Characteristic	 signature

L1 Virtualinterface portmisuse E The monitor reaches a signal straight through the virtual interfacewhere a clocking-block member is required, or the reverse. Thesyntax compiles; elaboration is where the type mismatch in memberresolution �inally surfaces
L2 Hallucinatedsequenceitem �ields C The sequence item names �ields the package never declared(size_type, rw_type against a class that actually declares

xfer_size, xfer_rw). One root misunderstanding tends to spawna cluster of downstream compile errors
L3 Roleconfusion S A driver takes the wrong side of the protocol. An APB slave driverends up driving PADDR, PSEL, and PENABLE, the master’s outputs,instead of con�ining itself to PRDATA, PREADY, and PSLVERR. Everysignal holds a value so simulation proceeds, yet the slave neveranswers a real master
L4 Timing phaseerror S Pipeline timing is off by a phase. AHB HWDATA is presented in thesame cycle as HADDR rather than one cycle later. Each transfercarries the wrong data, and the checks compare it againstexpectations that are wrong in the same way
L5 Responsedeadlock S A master sequence waits on get_response() for a

put_response() the driver never issues. The run stalls at the very�irst transaction, with no UVM_FATAL and no error, only timepassing
L6 Clockingblocksamplingskew

S Input skew on the clocking block is set wrong, so the monitorsamples one cycle away from the protocol’s de�ined point. Theresulting mismatches are intermittent and value-dependent; underrandom stimulus they masquerade as a probabilistic design bug,which they are not
L7 Analysis portdisconnection S The monitor’s analysis port has no subscriber, or the subscriber’s

write() is never called. The scoreboard reports no comparisonsrather than no failures, and unless that absence is noticed the runlooks like a pass
L8 Reactive-sequence�inite loop S The reactive slave sequence iterates a �ixed number of times insteadof running forever. Once the count runs out the simulation hangs.Everything else about the sequence is correct; the choice of repeat

(N) over forever is the whole bug



Step Job Output Gate

1 Extract features, surfaceambiguities Feature list + ambiguityregister Architect sign-off onblockers
2 Review feature list against spec PASS / FAIL per feature Ready-for verdict
3 Generate test plan Test table with traceability Strategist approval
4 Generate and validate XTP Signed-off XTP All validation checks pass



Table	7.3  Three DMA fault scenarios and their contract violationlatencies. F1 and F2 are slow but bounded; F3 is unboundedbecause the failure class has no monitor
ID Scenario CVL Detected	 By

F1 Descriptor with invalid length 595 ns Existing scoreboard
F2 Channel disabled mid-transfer 1735 ns Existing scoreboard
F3 IRQ asserted, never cleared ∞ No	monitor	exists



Table	5.1 What is invariant across designs, and what each run changes
Invariant	 (every	 design,	 every	 run) Design-	 or	 run-speci�ic

The	 four	 failure	 classes Which class a given failure belongs to
The	 four	 deviation	 types
(count/value/ordering/liveness)

Which deviation a given failure produces
The	 order:	 classify,	 then	 log,	 then	 transaction
level,	 then	 waveform

The actual logs, counts, and timestamps
Testbench	 failures	 tend	 to	 dominate	 early	 in	 a
campaign

The exact testbench-to-design ratio, and theorder they appear
Fix	 each	 defect	 at	 its	 owning	 layer,	 then	 re-
baseline

Which layer each defect happens to live in



Table	4.2 XTP categories mapped to scenario classes
XTP	 Category Class Rationale

Bringup/Init Functional Basic bringup and reset-to-idle under normalconditions
Connectivity Functional Normal interface behavior under standard conditions
Register
access

Functional Read/write at de�ined addresses, �ield-level checks
Main	 datapath Functional + Corner-case Normal paths plus boundary burst lengths
Protocol Corner-case Exact APB timing requirements from spec
Reset Corner-case Speci�ic timing conditions, exact cycle counts
Error
handling

Error Fault injection, error capture, recovery veri�ication
Cross-feature Error + Stress Interaction under fault conditions and combined load



Table	6.4  Per-ECO validation effort: subsystem-scope �ixesversus full-SoC �ixes. Subsystem validation runs fasterbecause the regression scope is bounded, the testbench setupis lighter, and the affected behavior is more directlyobservable.
Phase Subsystem Full	 SoC SoC/Subsystem

Test	 rerun 0.5 days 2 days 4.0×
Test	 robustness 1 day 3 days 3.0×
Full	 regression 1 day 4 days 4.0×
Signoff	 time 2.5 days 9 days 3.6×



Table	5.3 What each failure type reveals about the XTP
Failure	 type What	 it	 reveals XTP	 update	 required

Design	 bug	 caught	 by
existing	 test

XTP worked. Infrastructurecaught the bug Mark row veri�ied. Record ascoverage evidence
Design	 bug	 not	 covered
by	 any	 XTP	 row

XTP has a gap. The behavior wasnot planned for Add the row with architectreview. Add regression test
Design	 bug	 where	 XTP
expected	 result	 was
wrong

XTP has an error. Speci�icationwas misunderstood duringplanning Correct the row. Filespeci�ication clari�ication
Infrastructure	 failure Chap. 3 quality gate wasinsuf�icient or bypassed Update the quality gate to catchthis class of failure
Test	 logic	 failure Scenario was not reviewedagainst its XTP row beforeregression Apply the Chap. 4 scenarioreadiness review before re-running



Table	7.2  Per-dimension PMC for the DMA controller. Channel utilization, out-of-order ordering,and fault scenarios hit 100%, the dimensions the AI was built to drive; completion status reachedonly 20%, the decisive gap
Dimension Coverage

(%)
Notes

Channel	 utilization 100 Both channels exercised
Descriptor	 �ield
combinations

60 Common combinations only
Completion	 status	 codes 20 Only STAT_SUCCESS and ERR_NONEobserved
Error	 response	 codes 100 Fault injection paths
Out-of-order	 completion 100 UID tracker enabled this
Fault	 injection	 scenarios 100 Designed-in test class
IRQ	 delivery	 paths 0 No IRQ_CLEAR handshake



Table	7.4  DFS by descriptor �ield. Three independent capabilities: the LLMunderstood the hardware mechanism fully (generate), understood only part of what tovalidate back (check), and had no systematic sense of which values to stress(boundary).
Field Generate Check Boundary Notes

SRC_ADDR ✓ ✓ – Stimulus and check complete
DST_ADDR ✓ ✓ – Stimulus and check complete
LENGTH ✓ ✓ ✓ Boundary coverage only here
FLAGS ✓ – – IRQ_EN set; no checker
NEXT_DESC ✓ – – Chain semantics not checked
STATUS ✓ – – Field written; not validated
RESERVED ✓ – – Stimulus generated; no semantic check
Total 7/7 3/7 1/7



File Written	 by Contains Updates	 when

IP-XACT	 XML Design team Port names, widths,directions DUT interfacechanges
manifest.json Veri�icationengineer Clock, reset, interfaces,goals, tool paths Hardware con�igchanges
verification_intent.txt Veri�icationengineer What to drive, observe,check Strategy changes
Spec	 PDF Architectteam Protocol timing, DUTbehavior Design specrevision



Table	4.3 Bridge XTP test counts by category(Phase 1 input)
Category Tests Dominant	 scenario	 class	

Bringup/Init 4 Functional
Connectivity 10 Functional
Register	 access 17 Functional
Main	 datapath 18 Functional + Corner-case
Protocol 17 Corner-case
Reset 8 Corner-case
Error	 handling 16 Error
Cross-feature 6 Error + Stress
Total 96



Table	8.1 Classi�ication of unclosed coverage and required response. Misclassifying a gap leads tothe wrong action: running more simulation against an architectural exclusion, or �iling anexclusion for a behavior that simply has not been tested
Classi�ication De�inition Required	 Response

Test	 plan	 gap XTP row exists; coveragegoal de�ined; no scenarioexercises this behavior Write the scenario. Not optional. An unexercisedXTP row is an unveri�ied claim. Running morerandom regression will not close a bin thatrequires speci�ic preconditions the randomgenerator does not produce.
Architectural
exclusion	

Behavior is speci�ied butphysically unreachable in theRTL as implemented due toupstream constraintscon�irmed by the design team
Document the exclusion with architecturalrationale. Obtain design team sign-off. Mark theXTP row as excluded-with-justi�ication. Silentexclusion is not acceptable and creates aliability at the next design revision.

Infrastructure
gap

Behavior is in the XTP; ascenario exercises it; but thetestbench monitor cannotobserve whether it occurredcorrectly
This is a Chap. 3 feedback. Fix the monitor orchecker. Do not waive an infrastructure gap; anunobservable XTP row is unveri�iable, notmerely unveri�ied. These two conditions are notequivalent.



Tool Job When

vega_llm_tbgen.py Generates TB scaffolding Once per project
Claude	 Code	 Fixes compile and sim errors Iteratively
Git Records every change Automatically



Table	6.2  Mapping from intent category to assertion or coverage check. Each row is a protocol-agnostic template; the speci�ic signal names and timing bounds are �illed in from the SIG edgecontract.
# Intent
category

What	 to	 assert/Check

1 CDC Latency bound on synchronizer handshake; no data change during thetransfer window; gray-code or handshake invariant on multi-bit crossings.
2 Reset Minimum gap between reset deassertion and �irst transaction; FSMinitialization completion check before any incoming transfer; reset duringin-�light transaction produces clean termination.
3 ProtocolTranslation Correct phase mapping from source to target protocol; no illegal statetransitions at the boundary; response code translation table exhaustivelycovered.
4 Back-Pressure Ready or credit deassertion duration does not exceed the contractedtimeout; internal buffers do not over�low; back-pressure correctlypropagates upstream.
5 BurstDecomposition Downstream address sequence matches expected per-beat decomposition;wrap boundaries produce the correct address pattern; narrow transferbyte-lane mapping veri�ied against speci�ication.
6 ErrorPropagation Every downstream error produces exactly one upstream error; remainingburst beats are handled per the cross-boundary contract; error codes mapdeterministically.
7 Ordering No stale data on read-after-write to the same address through internalbuffers; exclusive monitor scope correctly enforced; in-order completionguarantees veri�ied across the boundary.
8 AddressDecode No hang on unmapped address access; default slave responds withinde�ined timeout; device-select one-hot enforcement on every transaction.
9 Data Integrity Byte lanes preserved across domain crossings; no stale data on narrowtransfers after CDC; ECC propagation across protocol boundaries veri�iedend-to-end.
10 Power andIsolation In-�light transactions complete or cleanly abort before isolation asserts;isolation clamp values match contract; wake-up handshake sequencingveri�ied before next transaction is accepted.



Table	4.1 Bridge XTP categories and what each one veri�ies
Category What	 it	 veri�ies

Bringup/Init Single-clock-domain bringup, reset to a clean idle state, basic readiness
Connectivity AHB and APB interface signal behavior, address/data/clock/reset connectivity
Register
access

CTRL, STATUS, ERROR_ADDR, ERROR_INFO read/write, W1C and read-only�ields
Main
datapath

Single transfer and burst conversion, address and data forwarding
Protocol APB phase and wait-state timing, handshake completion
Reset Soft and hard reset, sticky-�lag clearing, recovery to a working state
Error
handling

Address error, timeout, PSLVERR detection, capture, and recovery
Cross-
feature

Interactions: reset during a transfer, error under load, register access duringback-pressure



Table	6.3  Subsystem-found defects by bug class, projected SoC discovery phase, and estimatedschedule impact if discovery had been delayed to that phase.
Bug	 class Bugs	 found	 at

subsystem
Projected	 SoC
discovery	 phase

Estimated	 schedule
impact

IP	 Integration	 /
Connectivity

4 SoC TB bring-up 3?5 weeks
Reset	 /	 Power
Sequencing

3 SoC Boot Flow 5?7 weeks
Design	 Aliveness 6 SoC Data Path bring-up 6?8 weeks
Heavy	 Descriptor	 Flow 8 SoC Regression 12?16 weeks
Corner	 /	 Stress
Scenarios

7 SoC Stress Testing 8?10 weeks
SW/HW	 Con�iguration
Ordering

5 SoC Boot Flow 3?5 weeks
Shared	 Resource
Ownership

4 SoC Stress Testing 8?12 weeks
Partial	 Reset	 /
Recovery

3 SoC Recovery Testing 7?10 weeks
Total 40



Claude.ai	 Pro	 subscription $20/month
API	 credits	 (generation	 only) $5–10/month typical
Questa	 FSE Free
Python,	 Node.js,	 Git Free
Total $25–30/month



Table	5.2 Failure classi�ication and �irst action
Category De�inition First	 action

Design	 bug RTL behavior does not match thespeci�ication or XTP expectedresult File it. Reproduce minimally. Fix the RTL.Add a regression test
Test	 logic
issue

Scenario or test code is wrong;infrastructure is correct Fix the scenario. Do not touchinfrastructure. Do not update XTP unlessintent was wrong
Infrastructure
issue

Driver, monitor, scoreboard,clocking block, or environmenthas a defect Stop all regression. Every result since theinfrastructure was broken is suspect. FixChap. 3 before proceeding
Environment
artifact

Run script, seed, tool version, orcon�iguration produced a non-reproducible result Fix the run con�iguration. Re-run. Do notcount as a real failure
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