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ABSTRACT

A method is proposed whereby the Unified Modeling Language and accompanying processis
used with the Synopsys Hardware Verification Language Verato create a verification test suite.
The Rational visual modeling tool Rose C++ edition output is modified and used to generate
Vera code stubs. These stubs may then be filled with the actual verification code. The use of
UML with Vera helps the designer to write amore robust and flexible verification test suite.



Acronyms Used

AMBA Advanced Microcontroller Bus Architecture

AHB Advanced High Performance Bus

HDL Hardware Description Language

HVL Hardware Verification Language

00 Object-Oriented

ROPES Rapid Object-Oriented Process for Embedded
Systems

RUP Rational Unified Process

UML Unified Modeling Language

USB Universal Serial Bus

UTMI Universal Transceiver Model Interface

1.0 High Level System Description and System Constraints

In the summer of last year we were tasked with creating atest bench for anew IP block. At the
heart of the new IP block was a USB 2.0 core. Added to this IP block were FIFOs, memory,
supporting logic, and aDMA engine. This block also had an industry standard UTMI front end
and an industry standard AMBA AHB interface on the back end. The block diagram is shown
below:

UTMI USB 2.0 Supporting DMA AHB
logic

Figure 1, block diagram

1.1 Test Bench Constraints

Due to schedule constraints, a requirement for the new test bench was that we reuse aUSB 2.0
VHDL test harness. This test harness implemented the entire USB protocol from basic signaling
at the bit level to the higher-level protocols. It was needed to produce the USB traffic for the new
IP block. The problem was that this test harness was large, complex, and not extensible. It
worked well for testing only the USB 2.0 core, but would be difficult to use in our environment.

Another requirement for this test bench was that it was to be written using Synopsys Hardware

Verification (HVL) language, Vera. We wanted to use Vera because we did not have an HDL
modd of the AMBA AHB bus and without it we would not have aback end interface. We did
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however have onein Vera. Another decision that influenced our use of Verawas that asa
company we were beginning to moveto Veraas our HVL of choice.

Before writing any code for the test bench we decided to first model what we needed and how
everything was to fit together. This decision was influenced by past successes with modeling in
our company. Modeling techniques had first been used in our company to help in the
construction of inkjet controller firmware. The firmware that was produced in that project was
robust, extensible, and well documented. The modeling language used was the Unified Modeling
Language (UML). Since UML had been successfully used in the past, it gave us more confidence
to proceed with it in this project.

1.2 Roadmap for the Paper

Before going into a description of how we used UML to help model the test bench and how it
worked, we need to cover some foundational concepts first. We will start off with an explanation
of why we model at all. Two different modeling paradigms, structural and object-oriented will be
discussed. Next we will give abrief explanation of UML and how it integrates with object-
oriented modeling concepts. Then atool that automates the use of UML will be introduced. We
will describe some of the features of Veraand how it integrates with UML. We will next give a
description of how we modeled the test bench and solved some integration problems. Finally we
will discuss the results and future possibilities.

2.0 Modeling

2.1 Why we model

The concept of modeling is nothing new per se and is an accepted practice in many different
industries. In the aerospace industry before a new plane is built, many different models of
various types are generated. First there will be a multitude of computer simulations written to
describe how the plane will react in situations that it is likely to encounter, i.e. wind, rain, snow.
The next step isto create to-scale physical models of the plane that will be produced and test
them to acquire another view of how the plane will react. This all occurs before the planeis even
built. In the construction industry, no one would attempt (or even be alowed) to start a high-rise
building project without first having detailed blueprints of the building, describing everything
from the electrical system to the internal skeleton of the building.

The main reason for modeling in both of these examplesis that these endeavors are so complex
that they cannot be understood in detail all at once. Modeling allows one to figuratively break the
plane or building into pieces that can be viewed and understood, one aspect at atime. We make
many models because no one model is sufficient to describe the entire system. Each of the
different models gives a different view that may be analyzed and understood.

Software, whileit is very complex, is at times constructed without any formalized modeling, or
any modeling period. (A point for clarification may be needed here before continuing. When

speaking of software this does not necessarily mean some end user application. Software in this
context is meant to describe the verification tests that are written to test hardware, regardless of
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the test language.) Creating software without modeling can result in software that might not
satisfy testing requirements, is difficult to understand and extend, or both. This might mean that
the ASIC you are charged with testing will not receive enough testing or the proper testing. We
will now contrast two different types of modeling that are commonly used.

2.2 Software Modeling

Two of the most common types of software modeling are structural and object-oriented. Each
modeling technigue produces software that has certain characteristics and predetermined
attributes. We will discuss each software modeling technique in turn and show why we think
object-oriented software modeling is the better of the two. We are not here to argue that there is
anything inherently wrong with structural modeling and the code that it helpsto produce. Instead
we believe that it istime for the evolution from structural modeling to object-oriented modeling
to proceed.

2.2.1 Structural

Structural modeling is the older and more prevalent of the two types of modeling. It isa
methodol ogy whereby a problem is broken into smaller, more easily understandable pieces. It is
also known as top-down or action-oriented modeling.

One of the shortfalls of code produced using structural modeling isthat it is not easily extensible.
Extensibility in this case means that changes can be made to the code in arelatively
straightforward manner. If the code is extensible, this increases the chance that it will be reused
in another project.

One reason that structural softwareisnot easily extensible is that datais not incorporated with
the functions but instead is a separate entity. Thus, though you may have carefully partitioned the
functions and have avery logical flow of control, it can still be the case that the data structures
are strung haphazardly throughout your code. If thereis a change in a data structure that is used
by many routines, that change has to be made throughout the whole program. The chance of the
change being made without error decreases as the size of the software program increases. This
leaves the devel oper with the opportunity to spend “quality” time debugging the problem.

A second shortfall of structural modeling isthat it lacks the concept of concurrency and will not
easily produce software that can handle concurrency. Thisis a serious shortcoming in hardware
because there are concurrent processes and the verification software should have the ability to
test and respond to the concurrent processes.

2.2.2 Object Oriented

Object-oriented (OO) modeling overcomes the extensibility and concurrency problems present in
structural modeling. It is more extensible because it groups data and functions together into one
unit and the concept of concurrency can be more easily built in.
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The grouping of data and functionsinto aunit is called aclass. In aclass, there is a set of well-
defined public interface functions that are used by the outside world to interface with the class.
The data and any other functions are not accessed by the outside world. So unlike structural
software, there are no central data structures used by many functions. Each class contains the
data it needs along with the functions to act upon that data. If a change needs to be made to the
class and the public interfaces are not changed, it should be transparent to users of the class.

Software produced by object-oriented modeling is composed of instantiations of classes called
objects. Since an abject is a grouping of data and functions as one unit, one object could
potentially be run separately from any other object. Therefore object-oriented modeling can
represent concurrency in a hardware system. A side benefit to thisis that since objects can run as
individual entities, they also have the potential to be tested asindividual entities.

Now that we have given a brief explanation of why we think object-oriented modeling is
preferable, we will now discuss a graphical language for constructing the object-oriented models.
The language is the Unified Modeling Language and it is designed to assist with modeling
object-oriented systems.

2.3 Overview of UML

UML isalanguage for creating models of object-oriented systems. With it you can specify,
document, visualize, and construct object-oriented software. The different model views that
UML provides are used to communicate to customers and other engineers what the software isto
do and how itisto do it, al in a standardized way.

Since UML isagraphical language, one of the main means of communicating what you are
modeling is with diagrams. We will now briefly discuss afew of the different diagrams that are
availablein UML and what they are used for. The UML diagrams that we will be discussing are
the use case diagram, the sequence diagram, and the class diagram. There are other UML
diagrams that may be used that we will not be discussing in this paper.

A point of clarification may be needed here before continuing. UML is alanguage and not a
process. What we mean is that UML does not tell you how to go about creating the models of the
software system, it is alanguage for communicating what the software system is going to do and
later how it isgoing to do it. There are several processes such as the Rational Unified Process
(RUP) and Rapid Object-Oriented Process for Embedded Systems (ROPES) that can be used and
whichtiein well with UML. Therefore when adiagram such as a use case diagram is presented,
it is shown as a method of communicating information, how it came about is not discussed.

For amore extensive explanation of UML and processes there are many good books written
upon the subject. See the appendix for afew that we have used.

2.3.1 Use case diagrams

Use case diagrams are UML diagrams used mainly in the early stages of the design analysis.
They describe what the system under design isto do and how it interacts with the outside world.
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The use case diagram stipulates what a system is going to do without specifying how the system
isgoing to do it. Thus the use case diagrams can become a nexus where it can be determined
whether the requirements for the system are sufficiently specified or not.

Shown below in figure 2 is an example use case diagram. In the UML use case diagram, two of
the primary icons are the use cases themsel ves and the actors. Use cases are depicted as ovals
and delineate what the system is going to do. An actor is represented by a stick-man and is
outside of the system under consideration but interacts with the system. An actor can be a person
interacting with the system or another piece of hardware. Arrows drawn between actors and use
cases are called associations. The associations describe the interactions between the actors and
use cases.

Actor: _ Use Case: what
interacts with the system is

the system. going to do.

| |
x @
‘ .
Example Use Case

Example Actor |

Association:
describes
interaction
between Actor
and Use Case.

Figure 2, Use Case Diagram

In figure 2, we have shown one example actor, association, and use case. There of course can be
as many actors and use cases as you need to model your system, with necessary associations.
Figure 2 is a contrived example to show some of the salient points of a use case diagram.

2.3.2 Sequence diagrams

Seguence diagrams are UML diagrams that can be used in the early analysis phase with the use
case diagrams to describe scenarios of the system. Scenarios communicate a particul ar
interaction between an actor and the system, involving order dependency and message flow.
Using scenarios is away to expand upon the behavior of the system. For each use casethereisa
primary scenario, where things work correctly, and permutations of the primary scenario, where
they do not. By using the sequence diagrams to show the use case/actor interaction, you can
potentially uncover new requirements and be reasonably sure that the expectations for the system
under consideration are met. Figure 3 shows an example sequence diagram.
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| |
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|
Figure 3, Sequence Diagram

Sequence diagrams can later be used to refine the interactions between discovered objects. You
use sequence diagrams with the discovered objects to make sure that the objects have al of the
functions necessary in them to do what is needed. Y ou can also discover missing objects this

way.
2.3.3 Classdiagrams

Thelast UML diagram we will ook at is the class diagram. To understand what the class
diagram is for, remember back to the use case diagram. In the use case diagrams we specified
what the system was going to do and how it was to interact with the outside world. In the UML
class diagram we have broken up the “to-do list” of the use cases into tangible pieces of
responsibility. Each class has certain operations that it knows how to do and also has the
information necessary to perform the operations. The interactions between the classes are
delineated here, which class will interact with which class and what that relationship will be.
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Both classes
found using the
Example Use

Case.

Example Class One

Example Class Two

EEdata hidden from users

EEdata hidden from users

#oublic interface function A()
®oublic interface function B()
[#protected class function A()

#oublic interface function A()
[@orotected class function A()

| [®protected class function B()
~ |[®protected class function C()

E¥ocal class function A()
B¥ocal class function B()
E¥ocal class function C()
E¥ocal class function D()

f[®orotected class function B() ‘
E¥ocal class function A() ‘
B¥ocal class function B() ‘
E¥ocal class function C() ‘

Association: a structural
relationship between the
classes.

Figure4, Class Diagram

The fully specified class diagrams provide the point where you can now start actually writing the
software for your project.

As mentioned before, UML is a graphical method to represent a system. All of the different

UML diagrams that we have mentioned -- use case, sequence, and class -- are different graphical
views into the system. Whileit istrue that you could draw the different UML diagrams by hand,
thisis not necessary as there are several UML based visual modeling tools that will generate the
UML diagrams for you. The tool used on this project was Rational Rose 2000 from Rational
Software.

3.0 Rational Rose

Rational RoseisaUML based visual modeling tool. The drawings that were presented for the
use case, sequence diagram, and class diagram were all created using Rational Rose C++ edition.
Unfortunately at this time they do not have a Vera edition, but with some small modifications,
the C++ edition of Rose proved to be quite capable of creating all of the diagrams for our
verification test suite.
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When you start with Rose, the programming language does not matter. Y ou are modeling with
UML. The choice of programming language comes in when you have your class diagrams
completed. You can then set your programming language, C++ in this case, and have Rose
generate modules with your classes in them. The classes are shells, code stubs, which you fill in
with your verification code. Y ou aso have the ability to add functions or attributes to your class
diagrams, and regenerate the shells. Any work you have done is saved and the new portions are
placed in automatically.

As stated before it isa C++ version and not a Veraversion, so there are some things that must be
dealt with when it finally comes time to compile the code. When it comes time to compile, you
will need to remove C++ specific artifacts. These can either be done by hand or automated, with
your choice of scripting language. At this point if you use Rose to add functions or attributes,
you will have to strip out the artifacts again. It isaminor inconvenience for the advantages that
you receive.

4.0 VeraasaHardware Verification Language

While HDLs have been successfully used to write test benches, certain things are hard to test.
For example, concurrency is hard to control in VHDL, since different processes cannot drive the
same signals. Using an HVL such as Vera has many tangible benefits. High-level data
structures are available. Items such as concurrency and randomness are built into the language,
and tests can be created quickly.

4.1 Object oriented properties

Verais class-based, which means that we can concentrate on creating test benches that
accurately describe our hardware. As mentioned before, we desired to use UML to build the
models, and Verais easily extensible in that way. All of the important concepts for abstracting
in UML, such as classes, objects, and inheritance, are supported.

Another benefit to using OO methods and UML is the increased chance of reuse. For example, a
test bench may be designed so that core tests are kept separate from specific block interfaces. In
this case, a USB test bench may have one class that defines parts of the USB protocol and how to
run USB tests. Another class would understand the specific hardware being tested and make any
modifications needed for that block. At this point, the heart of the USB test bench need not
change for each new block, only anew interface classis required.

4.2 Concurrency built in

The ability to control concurrency greatly strengthens atest bench. For an application such as
USB, atest bench can be created which has many objects working in a client/server mode.
Severd different objects act as the clients and request packets to be sent. Once the framework is
in place, adding more clientsistrivial. The same code block can be the basis for launching
severa independent parallel threads. Thisway, the hardware can be stressed just as it will bein
the real world.
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Vera offers rich support to control concurrent processes. Processes can communicate through
shared variables and mailboxes. Mutual exclusion is accomplished via semaphores. Threads are
controlled with fork/join statements. Each thread invocation causes local variables to be created,
ensuring thread isolation and reentrance.

4.3 Integrateswith both VHDL and Verilog

For projects that use mixed languages, Vera offers reasonable methods of communication. Vera
can be built within aVHDL or Veratest bench, call VHDL, Verilog, or C functions, and be
called by VHDL, Verilog, or C functions.

5.0 Modeling the Test Bench

In the beginning of the paper it was stated that we needed to design atest bench for anew IP
block. ThisIP block had as its heart a USB 2.0 core, supporting logic that included FIFOs,
memories, and registers, and aDMA engine. We also had the constraint that we needed to reuse
the legacy USB VHDL test harness and use the VeraAMBA AHB models.

Thiswill be a brief explanation of the process that we used with UML to model this test bench.
This section is not meant to be atutorial on the subject. Good references are given in the
appendix.

Rational Rose was the tool used to create the use case diagrams, sequence diagrams (scenarios),
and class diagrams.

5.1 Use Case Diagrams

In section 2.3.1 we stated that in a use case diagram you specify what your system is going to do,
but not how it is going to doit. Y ou only specify how a use case isto do something if thereisa
predefined requirement that you must live with. An example of this would be our legacy USB
test bench. It was arequirement that we use it to provide USB traffic to our IP block. So this
predefined requirement dictated how USB traffic was going to be fed into our IP block.

Keeping thisin mind we started defining what our use cases were by writing down the
reguirements that we were given for the verification test. From there we could group the
requirements into actions that the verification test would have to perform. We could also find the
actors by observing who or what would be interacting with our system.

5.2 Scenarios

Once we had the use cases we could proceed with defining the scenarios of the system and
classes. Remember that the scenarios are the interactions between the system and the actors,
what can go right and what can go wrong. Here you discover the messages and interactions that
must occur between actors and the system and al so the messages and interactions between
different objectsin the system.
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One constraint that we discovered during this process was that it was going to be difficult to
communicate with the legacy VHDL test bench. We originally wanted to leave the VHDL test
bench alone completely and simply call higher-level tests from under the control of the Veratest
bench. But the presence of global variables and impure functions made thisimpossible. At this
point we considered many alternatives. The two main areas we explored were how to make the
Veraand VHDL pieces communicate and what other ways we could model AHB. Since
modeling AHB in Verilog, VHDL, or C was both time consuming and took us farther from our
eventual goal of having reusable V era pieces, we concentrated on fixing our communication
problem.

We thought of adding several signalsto the VHDL, which Vera could drive as a sideband bus for
control. We also investigated creating a Verainterface to drive signals directly. But what we
finally decided on was to use asimplefileinterface. In this scheme, the Veratest bench will
write text files with test configurations and data, and then signal the legacy test bench to begin.
The legacy test bench will read and parse the text file and run the requested test. Thisis
illustrated in the figure below.

config

Vera test harness ﬁ_ Legacy VHDL
1. Write test data

3. Read test data> testbench

o T

- J

2. Trigger start

Figure5, Start Test

This scheme will not afford compl ete reuse of the legacy test bench. For example the legacy test
bench may need to change the device configuration before the requested test may be run. So
special routines will be added to do any needed preparation and then run the existing routines.
At completion, the legacy test bench will write the test results and signal that it is finished, as
shown in the figure below. At this point, the VVera controller will read the results, compare data,
and signal any errors. While we were not able to exploit all of the features of Verathat we
desired, this allowed us high degree of reuse while providing a ssmple communication path.

Vera test harness Legacy VHDL
6. Read results 4. Write results testbench
< %J
5. Signal done

Figure 6, Test Finished
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The results from the scenarios were fed back into the use case diagrams and they were modified
accordingly. We had not as yet written any code but had already discovered and fixed a potential
problem.

5.3 Object I dentification and Class Diagrams

Identifying the objects can be done using several different methods. Y ou can use the requirement
documents that you created while producing the use cases and underline the nouns. These nouns
are then potential objects. Y ou can also use the scenarios to discover missing objects. As an
example, you might start with known objects and try to complete a scenario. If you cannot, there
isagood chance that you have missed an object. These and other methods overlap in discovering
objects. Also during this process you discover the methods and attributes of the objects. The
methods will represent in the domain model the messages between objects, and the attributes can
be the state that the object needs to preserve.

Once the objects are discovered, classes are abstracted from them. Abstracted in this sense means
that common objects are found and grouped into units called classes. These classes are used to
construct the class diagrams that we saw in section 2.3.3. The relationships between the classes
are discovered by determining the relationship between the objects that the classes came from.
Once we had the class diagrams in Rational Rose we could generate the code shells and fill them
with the Vera code.

5.4 Writing the Verification Code

A benefit of modeling is that when it comes time to fill in the code shells with the actual code, it
isrelatively smple. Thisis because you have aready thought about what you are going to do.

Y ou have come at the problem from many different angles and defined what each object is going
to do and how it will interact with other objects. Y ou can now write each function one at atime,
concentrating on it alone. Y ou do not need to worry what the interface will be, or how it will
interact in the system. This has already been done. Y ou also have the UML diagramsto look at
(use case, sequence, etc.) if you do need to step back and “get the big picture”.

6.0 Results and Conclusions

We found that the time we invested in using UML to first model our Vera verification tests, and
then using the UML diagrams to help us write the verification tests was beneficial. We will now
discuss three benefits we found from using UML.

As stated in section 5.4, the first benefit came about when it was time to actually write the
verification code. We found that the process of writing the verification code was relatively easy.

The second benefit can be found in section 5.2. There, by first modeling the system we found a

potential “show-stopping” difficulty in communicating with the legacy USB test harness. We
were able to fix the problem without major rework.
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Thefinal benefit is the built in documentation. For example say one year from now, classes from
this project are going to be used in another project. If we did not have the UML class diagrams,
our only recourse for discovering what the classes do, what the interfaces are, and how they
interact is to read the code. But with UML class diagrams, we can glance at visual class diagrams
and discover interfaces, functions, and data. We have the sequence diagrams to describe how the
classes were designed to be used with other classes. When we do actually need to look at the
code and use it, thiswill be a much less painful process.

7.0 Future Plans

7.1Vera

Verawas brought into our company about a year ago, and the different reactions have been
interesting. Some designers took the attitude that our test benches have always been donein
VHDL, and should aways be donein VHDL. Otherswere guardedly optimistic. Now that we
have some experience with Vera, it seems that most people have been very pleased with the ease
of use and how efficient it is compared to writing test benchesin traditional HDLs. While we
have not as yet had an opportunity to test this, we can envision a much greater chance of reuse.
Creating atest bench may go much more quickly as the number of Synopsys VIP models
available increases. Aswe gain more experience with Vera, we receive greater management
support on expanding Vera srole in future projects.

7.2 UML and Rational Rose

We found that Vera, UML, and Rational Rose integrated well together and we plan to continue
to use this combination to develop our hardware verification tests. As was stated in the results
section, during the development of this verification test, the requirements changed and the
object-oriented paradigm was able to handle these changes and integrate them. Another bonusis
that documentation is part of the process. The one item on our wish list is that Rational Software
will produce aVeraversion of Rose.

7.3 UML with Hardwar e Description Languages

In the future we will explore using UML and Rational Rose with a hardware description
language like Verilog or VHDL. Thisis natural extension if you consider a present day ASIC, a
million gate ASIC is not uncommon. That isagreat deal of complexity to deal with and the gate
count will only continue to rise. It would seem only natural that you would want to model the
ASIC for the same reasons they blueprint a building, because you cannot understand the whole
ASIC in detail.

The object-oriented concepts of UML also map well with the concept of partitioning in the
ASIC. You could break up the ASIC into modules of functionality with well-defined interfaces.
These interfaces allow use of the modules functionality without specifying how the module
performs the function. The module can therefore change how it does things without affecting the
users of the module.
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The flow for using UML with an HDL would probably proceed somewhat similarly to that used
to model the verification tests. Y ou would still create the use cases based upon the initial
reguirements, go through the scenarios, discover the potential objects, and abstract them to
classes. All of thisis language independent. There is of course the difference that Verilog and
VHDL do not have classes as Veradoes. What thiswill mean is that you will be creating
modules of code and not classes. Therefore you will have to be certain that you do not model any
object-oriented constructs that are not supported by the HDLSs.

7.3.1 UML Used to Design Systems

Often a system is built by first designing a hardware architecture, then creating atest bench, and
finally figuring out what firmware and software will be required. Many times a difficulty found
in the firmware or software would not have existed if the whole system architecture was
designed from the start. Some decisions that are almost arbitrary to the hardware can have huge
impacts on code execution speed. Even if abetter way of partitioning the system becomes
apparent early in aproject, usually it istoo late to redefine the scope of the hardware.

Once UML tools allow generation of HDLs and HVLs as well as the traditional high-level
languages, then a whole new avenue of system level design opens up. UML is meant to model
systems, and “system” is not confined to just software or test bench design. So instead of
drawing up the hardware block and software block and trying to work on each piece separately,

why not design the whole system in UML first? Then, using criteria such as desired chip size,
speed, and price, partition the system into the optimum combination of hardware and software.
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