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Abstract— With increasing levels of integration of multiple
processing cores and new features to support software func-
tionality, recent generations of microprocessors face difficult
validation challenges. The systematic validation approach starts
with defining the correct behaviors of the hardware and software
components and their interactions. This requires a new modeling
paradigm that supports multiple levels of abstraction. Mutual
consistency of models at adjacent levels is crucial for manual
refinement of models from the full chip level to production RTL,
which is likely to remain the dominant design methodology of
complex microprocessors in the near future. In this work, we
present MMV, a validation environment based on metamodeling,
that can be used to create models at various abstraction levels
and to generate most of the important validation collaterals,
viz., simulators, checkers, coverage and test generation tools.
We illustrate the functionalities in MMV by modeling a 32 bit
RISC processor at the system, instruction set architecture and
microarchitecture levels. We show by examples how consistency
across levels is enforced during modeling and also how to generate
constraints for automatic test generation.

I. I NTRODUCTION

Increasing design complexity, shrinking time to market,
and high cost of fixing a bug in a released product make
validation of microprocessors a key ingredient in the product
development cycle. The complexity and hence the cost of
validating a microprocessor increases from one generationto
the next, making it a very important and challenging problem
for current and future designs.

Designers model the microprocessor at different levels of
abstraction. The complexity of models increases as we go
down the abstraction hierarchy. Validation complexity at the
microarchitecture level of abstraction dwarfs the complexity at
higher levels of abstraction because of the additional features
introduced in the microarchitecture to support performance
optimizations like out-of-order, superscalar and speculative
execution. Hence most of the validation effort is spent in vali-
dating the functionality introduced in the microarchitecture.
This trend may change in the future generations of multi-
core processors which are designed with multiple cores in a
single die and with hardware support for software applications
like virtualization [1]. This shift in design paradigm increases
the validation complexity atall levels of abstraction of the
processor. For example, in Intel processors, eight complex
instructions and two modes of operation are added to the
Instruction Set Architecture (ISA) to support virtualization.
Multiple cores and the associated communication protocols
increase the complexity at the system level abstraction.

In order to deal with the increasing complexity in processor
validation, there is a need for a modeling and validation
environment in which all levels of abstraction of the processor
can be modeled in a unified manner. The modeling envi-
ronment should support stepwise manual refinement (e.g., by
architects, designers and validators) from one level to another,
enforcing consistency of refinements to a predefined degree.
The environment should also support creation of tools for
model analysis at any level of abstraction for the purpose
of generating validation collaterals like simulators, coverage
analysis tools and test content.

In this paper we propose a visual Microprocessor Modeling
and Validation Environment (MMV). MMV is built on top of

a metamodeling framework which enables retargetable code
generation and facilitates creating models at different levels of
abstraction, without tying them to any specific programming
language. This language-independent representation enables
the analysis and transformation of the models uniformly
into various validation collaterals. It also allows a manual
refinement methodology and enforces consistency within and
across abstraction levels. As an example, we model a 32 bit
RISC processor at the system level, as well as architecture
and microarchitecture levels to illustrate MMV’s modeling
capability and discuss how to extract constraints for test
generation at each of these levels of abstraction.

II. BACKGROUND

The design teams pass through many levels of abstraction,
from system to microarchitecture, when designing a micropro-
cessor. They develop functional specifications for each level of
abstraction which then becomes the standard document against
which the implementation of the processor is validated. The
goal of functional validation is to ensure that the microcode,
RTL and the fabricated product in silicon implement the
behavior defined in the system, architecture, microcode and
microarchtiecture specifications [2].

Simulation based validation is widely used to validate
microprocessors in the industry. A traditional simulationbased
validation framework is shown in figure 1(a). In this frame-
work, the models of the microprocessor at different levels
of abstraction is manually derived from the specification
document. These models act as reference models against which
the RTL/microcode/silicon of the processor is validated. Atest
plan document, which describes the scenarios that needs to be
tested during validation is manually derived from the specifica-
tion. The test plan acts as the reference document for manually
guiding the test generators and coverage analysis tools. The
generated tests are run on the RTL/microcode/silicon and the
validated processor models. The results produced by the test
is compared for a mismatch.

There are several drawbacks in the traditional validation
environment. First, most of the models and tools are gener-
ated from the specification document or the test plan. The
language in the documents could be ambiguous and could
be mis-interpreted by validators developing different models
and tools. Secondly, the rapid changes in the specification is
common during the design and development process. These
changes should be manually propagated into the different
models and tools making it an erroneous process. Thirdly, the
models in a traditional validation environment are developed in
a modeling framework that depends on the target usage of the
model. For example, models used to generate simulators are
typically written in programming languages like C/C++ and
those for test generation are written in specification languages
like ’Specman e’. Modeling in a specific programming lan-
guage makes the modeling process to be highly dependent on
the artifacts specific to the underline programming framework.
For example, modeling frameworks based on C/C++ are
operational in nature. They do not offer formal semantics for
refinement of the models and there is no proof of correctness
for the defined refinement maps.
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(a) Traditional Validation Environment
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(b) Proposed Metamodeling Based Microprocessor Modeling
and Validation Environment

Fig. 1. This figure shows the traditional and the proposed simulation based microprocessor modeling and validation environments. Note that
in the traditional environment all the models and tools are derived manuallyfrom the specification document. In the proposed environment
only the modelsare derived manually from the specification. All the tools that are used in the validation environment are automatically
generated from the models using plug-in’s. Further more, the modeling environment ensures that the models in different abstractions are
consistent with one another.

*

III. M ICROPROCESSORMODELING AND VALIDATION
ENVIRONMENT (MMV)

TheMMV environment facilitates microprocessor modeling
across various abstractions and uniformly generates code that
can be targeted towards various validation platforms as shown
in Figure 1(b). The requirements for such an environment are:
(i) language-independent modeling syntax and semantics, (ii)
a uniform way to capture the various modeling abstractions,
(iii) a way to express rules that enforce well-defined model
construction in each abstraction level and consistency across
abstractions, (iv) a visual editor to facilitate the modeling
based on the specified syntax & semantics and to enforce the
modeling rules through checkers during design-time and (vi)
finally the capability to plug-in code generators/interpreters
to allow for model analysis and translation into executables,
validation collaterals, test plans, coverage tools, etc. The key
enabling capability forMMV is metamodeling, which is
provided through the generic modeling environment (GME).
In this paper, we demonstrate the multi-abstraction modeling
framework and code generation for one specific validation
target.

There are two types of users of MMV namely the modeler
and the metamodeler. The metamodeler customizes MMV
based on the requirements of the processor modeling and
validation domain and also creates code generators for dif-
ferent validation targets. The modeler creates microprocessor
models in MMV and uses the code generators to generate val-
idation targets. When dealing with complex microprocessors,
scalability of a visual modeling tool is a concern. Therefore
MMV allows two modeling modes: (i) Visually based on the
microprocessor metamodel (MMM) and (ii) Textually based
on the microprocessor description language (MDL). Having
a textual input addresses the scalability issue with visual
modeling tools and allows the modeler to take advantage of
MMV’s validation tools and checkers.

A. Metamodeling Framework

A metamodeling frameworkfacilitates the description of an
application domain by capturing the domain-specific syntax
and static semantics into an abstract notation called themeta-
model. This metamodel is then used to generate amodeling
framework that the designer can use to construct domain-
specific models. Static semantics refer to the well-formedness
of syntax in the modeled language, and are specified as
invariant conditions that must hold for any model created using
the modeling framework. The modeling framework ofMMV
is built on top of GME’s metamodeling framework.

B. Generic Modeling Environment (GME)
The Generic Modeling Environment (GME) [3] is a con-

figurable toolkit that facilitates the easy creation of domain-
specific modeling and program synthesis environment. GME
has a set of generic concepts that can be customized to create
a new domain specific modeling environment. The customiza-
tion is accomplished through metamodels which specify the
modeling language (syntax & semantics) of the domain.

The generic concepts describe a system as a graphical,
multi-aspect, attributed entity-relationship (MAER) diagram,
which internally are UML diagrams. The generic concepts
supported are hierarchy, multiple aspects, sets, references and
explicit constraints, which are described using the constructs
such as<<Atom>>, <<Model>>, <<Connection>>, etc
detailed in [3].Constraintsin GME are articulated based on
the predicate expression language called Object Constraint
Language (OCL). OCL constraints are used to express rela-
tionship restrictions, rules for containment hierarchy and the
values of the static semantics of the domain.

C. Microprocessor Metamodel (MMM)
The domain-specific syntax and some required static se-

mantics for modeling microprocessors in different levels of
abstraction is captured as a metamodel in MMV. The meta-
model is built in GME using UML constructs and OCL
constraints. It depicts four distinct modeling abstraction of
a microprocessor and provides a unified language to enable
the specification process. The usage of UML to construct
the microprocessor modeling syntax and semantic provides
language-independence and as well as interoperability through
an XML-based intermediate representation/exchange medium.
It alleviates the language-specific artifacts such as pointer
manipulation, strong typing in C/C++ as well as overcomes
the modeling restriction of languages such as VHDL/Verilog
with object-orientated features embedded within them.

The abstractions are: (i) System-level view, (ii) Architectural
view, (iii) Microcode view and (iv) Microarchitecture view.
The modeling language provides a refinement methodology
across abstraction levels where the syntactic-level transforma-
tion are well-defined and enforced during refinement. Each
of these abstractions correspond to a view of the metamodel
and is described using the notion of aspects in GME. In the
following subsection, we outline the metamodel description
for some of these abstractions.

1) System-level view (SV):This abstraction provides a
protocol-level description of various microprocessor features,
which can be thought of as a software model for the proces-
sor component. The modeling framework at this abstraction



provides a high-level algorithmic specification capability. All
the entities used to describe the high-level model need not
refined to the lower abstraction, since they may not have
any significance at another level and are artifacts of the SV.
However most of the entities when refined to the next-level,
which is the architectural view, are mapped to one or more
sequence of instructions.

Figure 2 shows a snapshot of the system-level aspect of the
MMM. The topmost entity of the metamodel is aPlatform ,
which acts as a container for the different constituents of
a processor. The constituents visible at the SV areCore,
Main Memory and entities that describe the communication
structure. TheCore is used to describe the CPU of the
processor at the system-level and theCoreType attribute is
used to inform the framework that an existing core is being
modeled.
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Fig. 2. System-level View of MMM

Another important constituent of thePlatform is the
Main Memory entity, which is used to model the memory
by capturing information on the address size, and number
of bytes/location. In SV, memory is virtual with no physical
existence, therefore the attributes are only configurable at
lower abstractions. This is enforced as a constraint to restrict
the users from mixing the abstractions inconsistently. In SV,
we have the notion of function calls, which is modeled through
ports, in order to capture the communication between the
memory and the core. The core hasioports that could be
input or output specified throughIO accessand the memory
hasmemports that could be specified as read or write ports
usingRW access. Point-to-point communications are modeled
using these ports. We also allow for bus-based communication,
which is enabled through theBUS and busport entities.
The entitiesMemory2Core and BusConnectionare of type
<<Connection>> in GME, which captures the communica-
tion between the memory and core as well as their commu-
nication through a bus by instantiating ports. The metamodel
also has an entity which is a place holder for some block that
models external interaction with the processor and memory.
The block models a functionality at the protocol-level suchas
arbitration and scheduling and is described usingComponent,
cport and Component2Core. The protocol specification is
captured using a variant of hierarchical finite state machines
(HFSM).

2) Architecture view (AV):Figure 3 shows a snapshot of
the architectural aspect of the microprocessor metamodel.

In AV, the memory abstraction is similar to SV and does not
undergo a refinement but usesmem arch port to communica-
tion with the core. The core undergoes a refinement to include
register definitions that is described using theRegisterFile
entity with a Size attribute, which is shown in Figure 4.
This attribute is used in the later abstractions to map the
registers to the physical address. The<<connection>>s in
this abstractions are not shown due to lack of space.

The registerFile allows for three type of registers namely
(i) general purpose register (GPR), (ii) segment register (SR)

Instruction
<<Model>>

Operand1 : field
Operand2 : field
Operand3 : field
Opsize : field
Group : enum

ISA
<<Model>>

Platform
<<Model>>

Core
<<Model>>

CoreType : enum

mem_arch_port
<<Atom>>

RW_Access : enum

Main_Memory
<<Model>>

Nob : field
AddrSize : field

RegisterFile
<<Model>>

Size : field

0..*

0..*

0..*

0..*0..*

0..*

Fig. 3. Architectural View of MMM

and (iii) statue & control register (SCR). Furthermore, to
capture the part-whole relationship between registers we have
the notion of references to registers.

SR
<<Atom>>

SRType : enum

RegisterFile
<<Model>>

GPRref
<<Reference>>

EndPos : field
GPRType : enum
StartPos : field
BitSize : enum

Register
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GPRType : enum
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SCRType : enum
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Fig. 4. RegisterFile Entity

A constituent of thePlatform not seen in SV is theISA
entity, which is only relevant at the architectural abstraction
and provides the language to describe the instruction set.

Another refinement in this AV is the definition of the
instruction set architecture by using the ISA entity. The
ISA provides an instruction-level abstraction of a processor
and is modeled using theInstruction entity. The attributes
Operand1, Operand2, Operand3andOpsizeare used to char-
acterize the instruction by describing the operands and their
size. Thegroupattribute has a set of categories that a modeled
instruction belongs to, which allows the framework to enforce
constraints and flag an illegal instruction. For example, one of
the category is shift and rotate and a constraint enforced on
instructions in this group is that the destination’s addressing
mode must be immediate and cannot be a register or memory.
Similarly, a set of constraints have been written for each ofthe
instruction group and based on the value chosen for thegroup
attribute, the constraints are activated and enforced during
modeling.

The Instruction entity of the MMM provides the modeler
with a language to describe the instruction behavior, whichhas
constructs to write functions, statements and define identifiers.

3) Microarchitecture View (MV):The virtual memory is
made concrete by defining the memory map using thePlo-
cation entity providing the physical address. The core on the
other hand undergoes a refinement, where the registers defined
in AV is bound using a map function. In the MV, we provide a
RegisterMap entity to map the defined registers to addresses
corresponding to theRegisterFile. During the refinement of
the Core, invalid register map functions need to be avoided,
since the registers are defined in a different abstraction, this
inconsistency is common. Therefore, the refinements are en-
forced as constraints and the modeler is required to conformto
these to arrive at a consistent description of the microprocessor
across the abstractions. Furthermore, a new constituent is
inserted as a refinement, which is thePipeline entity. A
Pipeline acts a collection ofStagesand instruction registers
(IRegisters).

Pipeline communicates with the memory to read & write
data and address, however this communication should not be



visible at SV. TheMain Memory should not grant read/write
access to the pipeline through thememport, since it is meant
exclusively for system-level communication with the processor
core. As a result, theMain Memory entity has a new set
of ports namelymem march ports, which renders this com-
munication possible only at MV.Pipeline also communicates
with its internal stages acting as an interface to read/write
the memory and provide it to/from the different stages. The
pipeline registers are modeled using theIRegister entity. The
functionality of the stages of a pipeline vary widely, but can
be described using some basic building blocks such as MUX,
ALU and adders. The MV is the most complex level in MMV
and various distinctly across processors based on whether the
execution is speculative, out-of-order, etc. Therefore, we do
not provide a framework with the such elaborate modeling
capability. However, one of the foremost advantage of a
metamodeling-driven modeling framework such as MMV is
the ease of extension. As a result, MMV’s microarchitecture
view can be quickly extended to in-cooperate memory arrays
and state machines to model re-order buffers and register
tables.

D. Code Generation
During modeling, the metamodel entities are instantiated,

characterized and connected to describe the microprocessor
model. These entity instances and connections are collected
and populated into a model database. GME provides ap-
propriate API calls to interface with the database, which
facilitates easy access to model elements and a way to perform
analysis. In MMV, model interpretation is carried out and
the result is a translation of the model into some target
that allows microprocessor validation. Some of the common
targets are functional simulators, test generator, coverage tools
etc. During translation the model is analyzed in its current
abstraction as well as across abstractions and the elements
are extracted into homogeneous sets. These sets are treated
uniformly during target-specific code generation. Therefore,
our translation has two stages: (i) Extraction process and (ii)
Target-specific code generation. In Section IV, we discuss how
the models are converted into Constraint Satisfaction Problems
for test generation.

Note that the extraction process blindly follows the con-
tainment hierarchy and aspect partitioning in MMM and
populates the respective structure. These structures are not
shared between abstractions and this lets the code generator to
be oblivious to the abstraction level. The extraction is detailed
in [4]. The TICG is a templated function that is an integral part
of the code generation and is very target-specific. It performs
translation based on the instance passed to it as an argument.
We do not describe its implementation specific details in this
paper due to lack of space.

As a part of code generation, we translate the microproces-
sor models into an intermediate XML representation (XML-
IR), which has a well-defined schema. The XML-IR is detailed
in [4]. The XML-IR functions as a middleware between the
visual modeling framework and the textual interface provided
through MDL. MDL has a one-to-one correspondence with
XML-IR and a simple Perl parser provides the conversion.
Similarly, the XML-IR is converted using a non-trivial XML
parser into XME that MMV can visualize.

IV. CONSTRAINTSFOR TEST GENERATION

MMV facilitates automatic test generation as one of its vali-
dation targets. A test generators takes the processor behavior as
input and automatically formulates valid test cases. A testcase
is defined as a set of inputs, execution conditions and expected
outputs that are developed for a particular objective, suchas
to exercise a particular path in the implementation or to verify
its compliance with a specific requirement. For this target,the
TICG converts the description into a program flow graph on
which it performs static single assignment (SSA) analysis and
writes out print-streams that translate the program flow graph
into constraint satisfaction problems (CSP). The CSP is given
as input to a test generator that solves these constraints and
generates test cases.

Definition 4.1: Constraint Satisfaction Problem (CSP)[5]
Let X = {x1, x2, ...xn} be a set of variables. Eachxi is associated
with a finite set of possible values fromDi the domain ofxi. A
constraintC on x1, x2, ...xn is a subset ofDi × . . . × Dn. A CSP
is formally defined a set of constraints restricting the values that the
variables inX can simultaneously.
A solution to a CSP is the assignment of a value to every
variablexi in X from its domainDi, such that all constraints
are satisfied. Consider the behavior of a hypothetical instruc-
tion foo and its corresponding constraints shown in Figure 5
as an illustration for CSP generation in MMV. Herea and b
are the inputs andc is the output. Let the variablesa0, b0, c0
represent the values ofa,b andc before the execution offoo.
The outputc can get a new value during the execution of the
instruction that is captured by introducing a new variablec1.
The constraint states that if the condition (a0 > 1 && b0 < 2)
is true thenc1 is set to2 elsec1 is set toc0.

Behavior:
foo()
{ if(a > 1 && b < 2) c = 2 }

Constraints:
if (a0 > 1 && b0 < 2) c1 = 2
if(!( a0 > 1 && b0 < 2) ) c1 = c0

Two possible test cases:
1.a0 = 2, b0 = 1, c0 = 0, c1 = 2
2.a0 = 1, b0 = 3, c0 = 0, c1 = 0

Fig. 5. Behavior & Constraints corresponding to instruction foo and test
case generation

The test generator will solve the CSP and generate values
for a0, b0, c0 andc1 such that the two constraints are satisfied.
Two example test cases generated by the test generator is given
in the Figure 5. In the first example,a0 = 2 andb0 = 1. These
values satisfy the first constraint and hencec1 is set to2. c0
can take any value from its domain. In this example it takes
the value0. In the second example, the values assigned for
a0 and b0 satisfies the second constraint. This implies thatc
is not modified by the instructionfoo. Hencec1, the variable
that representsc after the execution offoo, should take the
value ofc0, the value ofc before the execution offoo. In this
example,c0 takes the value0, and hencec1 also assigned0.

V. CASE STUDY: MODELING VESPA IN MMV
We illustrate the modeling of Vespa [6], a 32-bit RISC

processor using MMV at the system, architecture and microar-
chitecture abstractions.

A. System-level Modeling
Vespa System Model: We model the interaction of the

real-time software scheduler, processor and timer of Vespa
at the system-level, which is shown in Figure 6. The state
machine description of each component is shown in figure 7.

tva
loa

exp

Timer

pPC
pRE
exp

pPC
tva

pRE
loa

Task_Scheduler

sRE
sPC
exp
loa

sPC
sRE

core0

Fig. 6. System-level model of Vespa

TIMER : It is modeled as a down counter with three states
namely INIT, DECREMENT and EXPIRED. The timer has an
internal variabletcnt that holds the counter value. It is modeled
as aVariable, which is initialized by an input in the INIT state.
The timer has three inputs: (i) timer’s initial valuetval, (ii)
load flag and (iii) clock. It also has an output calledexpiry
that is used to say when the timer has reached zero. These
are modeled asioports. The timer’s internaltcnt is initialized
with tval when theloadtimer input is activated. Then the timer
moves into DECREMENT, where in the subsequent clock
cycles thetcnt becomestcnt - 1. When tcnt becomes zero,
the timer transitions to EXPIRED and the outputexpiry is set.
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Fig. 7. Behavior of the timer, processor and scheduler

In this state if theload is activated, the timer will de-assert
expiry and jump to INIT.

PROCESSOR: It is modeled as an FSM with three states
INIT, EXECUTE and SUSPEND. When the processor receives
the done input, it goes to the SUSPEND state and sends
the status of the executing task to its output portspPCo
andpREGo. On receiving theload input, the processor will
transition to the INIT state and initializePC and REG
with the values in the input portsPCi and REGi and then
transitions to the EXECUTE state to begin executing the new
task.

SCHEDULER: The scheduler controls which task will
execute in the processor core at any given time. We model a
simple static scheduling algorithm in the scheduler [7]. All the
tasks are assumed to be periodic and the time taken to execute
any task is assumed to be constant and deterministic. The
scheduler maintains the details of all the tasks in a task queue
task modeled as aStructure. When the scheduler receives
the timer done input (expiry), it wakes up and saves the state
of the suspended task in its task queue. It increments the head
pointer to point to the next task in the queue and sends the PC
and register state of the next task to its output portssPCo and
sREGo. It setstval with the period of the task and asserts
the load signal.

The state machine representation at the system level hides
the actual implementation of the different components. In
the subsequent levels, these state machines will be manually
refined to include more details. In the architecture level, the
model of the processor core will be refined to include the
details in the ISA and the scheduler will be implemented using
the assembly language of Vespa. In the microarchitecture level,
the timer will be refined as a hardware block that interacts
with the pipeline of the processor using interrupts. In Section
V-B and V-C we show how the processor is refined in the
architecture and microarchitecture abstractions. Due to lack
of space we do not show how the scheduler and the timer is
refined in the subsequent abstraction levels.

Constraints for System Model: The CSP for the sched-
uler in the system model is shown in figure 8. The code
generator in MMV generates anif constraint for every tran-
sition in the FSM. Theif constraint will guard the action
performed in the state which the system will transition to.
The CSP represents the behavior of the HFSM for one time
step. Variables subscripted byp andn stores the state before
and after the time step, respectively. CSP’s for multiple time
steps can be generated by generating one CSP for every time
step and chaining the variables. The variables representing the
nextstate of one CSP will be used as thepreviousstate of the
next CSP.

Scheduler:
if(expiryp == 1)
task[headp].PC = sPCip && task[headp].REG = sRegip

headn = (headp + 1)% LENGTH
sPCon = task[headn].PC
sREGon = task[headn].REG
tvaln = task[headn].T IME
loadn = 1

Fig. 8. Constraints generated for the system model of the processor

B. Architecture Model
Vespa Architecture Model: The architecture of Vespa

consists of 32 General Purpose Registers (GPRs), four flag bits
namely, the carry bit (C), the overflow bit (V), the sign bit (S)
and the zero bit (Z) and a set of 30 RISC Instructions [6]. All
instructions defined in the architecture of Vespa were modeled
in MMV. Due to lack of space, we only show the behavior of
add instruction, its model in MMV and the CSP generated by
the code generator.

The pseudo code of the behavior ofadd instruction is shown
in figure 9. The source operands and destination operands of
add aresrc1, src2anddestrespectively. The first statement in
the pseudo code performs theadd operation and it is followed
by statements that calculate the value for the flag bits based
on the result of the addition.

1. dest = src1 + src2
2. carryflag = ((( (src1 & src2) |

(src1 & !dest) |
(src2 & !dest) ) &

2ˆBitSize-1 ) >> BitSize-1)
3. zeroflag = (dest == 0)
4. signflag = dest >> BitSize-1
5. overflowflag = ((( (src1 & !src2 & !dest) |

(!src1 & src2 & dest) )&
2ˆBitSize-1) >> BitSize-1)

Fig. 9. Pseudo code for the behavior ofadd instruction

Constraints for ADD Instruction: The CSP generated
by MMV for add instruction is shown in figure 10. The
generated CSP is a direct translation of the behavioradd
instruction. Variables with subscriptp andn holds the value of
the GPR’s and the flag bits before and after the execution of
add. Complex instructions have conditional statements in their
behavior. The code generator will generate anif constraint for
every conditional statement in instructions behavior. CSP’s for
multiple instructions can be generated by assigning the output
variables of one instruction as the input variable to the next
instruction in sequence.

destn = src1n + src2n
cn = ((((src1n & src2n) |

(src1n & !destn) |
(src2n & !destn)) & 231) >> 31)

zn = (destn == 0)
sn = destn >> 31
vn = ((((src1n & !src2n & !destn)|

(!src1n & src2n & destn)) & 231) >> 31)

Fig. 10. Constraints generated for ADD in MMV

C. Microarchitecture Model
Vespa Microarchitecture Model: Vespa is modeled as

a scalar, single-issue, 5-stage pipelined processor in themi-
croarchitecture level of abstraction [6]. The microarchitecture
consists of five pipeline stages, pipeline registers, data for-
warding logic and ports to access memory. The ports are
visible only at this level of abstraction. The register file in the
microarchitecture abstraction refers to the register set defined
in the architecture abstraction. All registers defined in the ar-
chitecture abstraction should be mapped to a physical address
in the register file at the microarchitecture abstraction. This



OCL constraint was added in MMV to maintain consistency
across the abstraction levels. Due to lack of space we only
show the model of IF stage and its CSP generated by the
code generator. The behavior of the other stages of Vespa can
be found in [6].

Figure 11 shows the internals of the IF pipe stage. IF stage
communicates with the ID stage by updating IR2 and PC2
registers respectively. The address of the current instruction is
stored in PC. During normal operation, the IF stage fetches
the current instruction from the memory via the portAddr and
Data using the address stored in PC. It then increments the
PC by 4 to point to the next instruction in sequence. The mul-
tiplexers IRMUX, PC2MUX and PCMUX control the value
that updates theIR2, PC2 andPC registers respectively. The
control signals for the multiplexers are generated by a hazard
detection and control logic in the processor.IR2 can either
be updated with the instruction fetched from the memory, a
NOP or the recirculated value of the currentIR2 in case of
a pipeline stall. SimilarlyPC2 can either be updated with
PC + 4 or the current value ofPC2 depending on whether
the pipeline is stalled or not. PC can be updated withPC +4,
the current value ofPC or the branch target address in portz4.
The value inz4 is calculated in the EX stage of the processor.

PC

Addr

pc2

0
1
2
3

out

IRMUX

ir2Data

PC2 = PC + 4

z4

0
1

out

PC2MUX

0
1
2
3

out

PCMUX

Fig. 11. The model of the Instruction Fetch State of Vespa Processor

Constraints for IF Stage: The CSP is generated for one
time frame and CSP’s for multiple time frames are generated
similar to the previous two abstractions. The CSP of the IF
stage is shown in figure 12. The code generator formulates an
if constraint for every multiplexer in the model. It represents
the control input to the multiplexers using an integer variable.
ir2mux, pc2mux andpcmux are integer variables that con-
trols the operation of the IR2MUX, PC2MUX and PCMUX,
respectively.

if(ir2muxp == 0)
ir2n = Mem[pcn]
if(ir2muxp == 1) ir2n = NOP
if(ir2muxp > 1) ir2n = ir2n

if(pc2muxp == 0) pc2n = pcn + 4

if(pcmuxp == 0) pcn = z4n

if(pcmuxp == 1)
pcn = pcn + 4
if(pcmuxp > 1) pcn = pcn

if(pc2muxp > 0) pc2n = pc2n

Fig. 12. Constraints Generated for IF stage

VI. RELATED WORK

Different simulation based modeling and validation envi-
ronment were proposed in the literature. They fall under the
category of Architecture Description Languages (ADLs) and
GME based environments. ADL’s [8]–[14] are proposed to
model the architecture and pipeline structure of the processor.
ADL’s are narrow spectrum languages. They are designed
for a specific target application such as generating an ISA
simulator, cycle accurate microarchitecture simulator and in-
struction descriptions for the back-end of the compiler. Since
ADL’s are developed for a specific application, it would be
difficult to re-target the model developed in an ADL to another
application. For example, depending on the ADL, there might
not be a neat and consistent way to convert a model written
for generating a simulator into constraints that could be used
for test generation. Also, these languages do not distinguish
between different abstraction levels. This makes it difficult

to verify if two models defined in different abstraction levels
are consistent with one another. Bakshi etal [15] proposed
MILAN, a framework built using GME, for designing mi-
croprocessors at the RTL level of abstraction. MILAN is
a modeling tool, while MMV is used for microprocessor
validation. Furthermore, MILAN does not facilitate modeling
the microprocessor in different abstraction levels. Bin etal [16]
proposed a random test generation framework for system,
architecture and microarchitecture levels of abstraction. The
paper does not clearly mention the modeling environment used
to create the different models.

VII. C ONCLUSION

In this paper, we proposed a microprocessor validation
environment based on a metamodeling framework. The envi-
ronment supports the creation of models at various abstraction
levels, and keeping models at neighboring levels of abstraction
consistent. This is an important feature for validation, along
with the requirement that this consistent set of models be
utilized for generating important validation collaterals.

We demonstrated the concept by modeling a 32 bit RISC
processor, Vespa, at the system, instruction set architecture
and microarchitecture levels. We showed how consistency
across levels is enforced during modeling and gave an example
of generating constraints from the model for automatic test
generation.

In the future, we intend to extend the environment for
creating other validation collaterals, viz., software simulation,
hardware synthesis for emulation, and coverage analysis.
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