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Abstract

Because of their complexity, modern microprocessors
need new tools that generate tests for micro-architectural
events. Piparazzi is a test generator, developed at IBM,
that generates (architectural) test programs for micro-
architectural events. Piparazzi uses a declarative model of
the micro-architecture and the user’s definition of the re-
quired event to create an instance of a Constraint Satisfac-
tion Problem (CSP). It then uses a dedicated CSP solver to
generate a test program that covers the specific event. We
show how Piparazzi yields significant improvements in cov-
ering micro-architectural events, by describing its technol-
ogy and by exhibiting experimental results. Piparazzi has
already been successful in finding both functional and per-
formance bugs that could only be discovered using an exact
micro-architectural model of the processor.

Introduction

Functional verification is the bottleneck of the hard-
ware design cycle [4], especially for large and complex
designs. The investment in expert time and computer re-
sources for functional verification is huge, and so is the cost
of delivering faulty products [3]. In current industrial prac-
tice, most of the verification is done by generating a massive
number of tests using architectural random test generators
and by simulating the tests on the design [8, 14].

Modern  microprocessors have several micro-
architectural mechanisms that improve performance,
but increase the complexity of the design, thereby increas-
ing the risk of bugs. Examples of such mechanisms include
multiple execution units, out-of-order execution, pipelining,
and caching [12]. As a result of the complexity of these
mechanisms, and the interactions between them, much of
the verification plan for microprocessors consists of micro-
architectural events and scenarios that the verification team
would like to test during verification. There is a wide gap
between the language describing micro-architectural events
in the verification plan and the language used to direct
architectural random test program generators. Therefore,
architectural test generators cannot be used to cover these
events directly.

Recently, several tools and methodologies for the ver-
ification of micro-architecture mechanisms have been de-
scribed (e.g., [6, 9, 10, 13]). Most of these are based on
formal methods [7] involving the creation of an abstract Fi-
nite Sate Machine (FSM) that describes the operation of the
processor and translates the abstract tests to concrete archi-
tectural tests. These techniques suffer from two main dif-
ficulties: state explosion and the translation of the abstract
tests to concrete architectural tests.

In this paper, we present a new approach to test gen-
eration for the verification of micro-architecture flow at the
processor level, implemented in a tool named Piparazzi. Pi-
parazzi, developed at IBM, is designed to find both architec-
tural and micro-architectural (performance) bugs that can-
not be covered by architectural test generators. As shown
in Figure 1, Piparazzi’s main inputs are a model of the
micro-architecture and the user’s specification of a required
event. Piparazzi uses these to construct a CSP problem, and
then solves the problem in order to produce a test program.
In addition, Piparazzi produces a file detailing the micro-
architectural behavior expected from the test program (i.e.,
the used resources and timing of events for the test instruc-
tions).

This model-based scheme [2], in which a generator is
partitioned into a generic system-independent engine and
a model that describes the verified system, has a number
of significant advantages. First, generation for new proces-
sors becomes an easier task because the same generation
engine can still be used, and only the model is replaced.
Second, there is a structured, well-defined way to integrate
new knowledge about the verified processor into the tool.

Piparazzi’s input language lets the user specify micro-
architectural events. Examples of such events are when two
instructions at specific pipe stages generate exceptions in
consecutive cycles, or when dispatching of instructions is
blocked because the register file of the floating-point reg-
isters is full. Piparazzi then uses a model of the processor
micro-architecture to generate an architectural (assembly)
test program that causes the event requested by the user.

The model of the micro-architecture is based on a set
of predefined and customizable building blocks, some de-
scribing hardware components (e.g., out-of-order queues,
pipeline stages) and some describing mechanisms (e.g.,
flushes). In the modeling process, the modeler selects
the proper building blocks that exist in the processor, cus-
tomizes them, and connects them together, to create the
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Figure 1. Piparazzi’s architecture

micro-architectural model.

This modeling technique allows us generate the test
program by converting the model into a Constraint Satisfac-
tion Problem (CSP) and using a dedicated CSP solver [5] to
construct an actual test.

Piparazzi is currently used in the verification of several
processors being developed at IBM laboratories. Its flexible
modeling language allows it to be used in the verification of
totally different processors that implement a wide range of
architectures, including processors of the PowerPC family
(RISC architecture) and z-series (CISC architecture). Sig-
nificant portions of the test plan rely on Piparazzi for cov-
erage and it has already been used successfully to exhaus-
tively cover micro-architectural models.

Motivation and Requirements

Advances in silicon technologies and the aggressive de-
sign styles used in microprocessors allow design teams to
include many mechanisms that improve processor perfor-
mance. The verification process should thoroughly test the
operation of these mechanisms on their own, and their op-
eration in conjunction with other mechanisms, since many
of the more hard-to-find bugs involve multiple mechanisms.
Therefore, the verification plan of such microprocessors of-
ten includes a long list of micro-architectural events.

Figure 2 presents an example of a typical micro-
architectural event. A super-scalar microprocessor contains
several floating-point execution units. Each execution unit
is comprised of an out-of-order issue queue and a pipeline
with six stages. The instruction type and its data can cause
instructions to remain in certain pipeline stages for more
than one cycle. In this case, the pipeline stage raises the
corresponding stall signal (sp - ss) and stalls the operation
of previous stages in the pipe.

The requested event is as follows: An instruction, I,
enters stage 1 of the pipe and raises s; because it needs to
stay in this stage for several cycles. One cycle later, another
instruction, 13, enters stage 3 of the pipe and raises s3. While
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Figure 2. Micro-architectural event example

I3 is executing in stage 3, a misalign exception generated
at the L/S unit flushes I3, but does not affect 1. This can
happen if 11 and I3 were issued out-of-order.

Generating a test that causes the above event is difficult.
The main vehicles for functional verification of processors,
namely architectural test generators, do not have enough
control to provide the delicate timing required to generate
such events. A labor intensive alternative is to manually
analyze the event and create a corresponding test through
iterative improvements and modifications.

The event above may be part of a large coverage model
(i.e., a family of similar events) in the verification plan. For
example, we may want to see the same event, with excep-
tions, coming from different units. Because the verification
plan is full of many such families of events, manually writ-
ing tests that cover them, or only those that are not covered
by architectural test generators, is impractical or even im-
possible due to the complexity of the events.

There is a need for an automatic test program gener-
ator that receives as its input a specification for a micro-
architectural event, or family of events, and produces ar-
chitectural test programs that cover the events. The input
language should be comprehensive enough to specify all in-
teresting micro-architectural events. In addition, a model-
based test generator [2] should provide an infrastructure
for modeling various micro-architectures. The generator
should generate random tests since the state space of the
tested design is huge and it is impossible to specify and gen-
erate tests that cover all of it.

Piparazzi Architecture

In the following section, we provide a more detailed
description of the main components of Piparazzi, as shown
in Figure 1.



Micro-architecture Model

The model of the micro-architecture lays the foun-
dation upon which the generation engine builds the tests,
based on the user requests. The model of the micro-
architecture needs to be detailed and precise enough to accu-
rately generate tests that achieve the user requested events,
which involve delicate timing. On the other hand, the model
must also be simple enough to allow tests to be created
within a reasonable time-frame and to adapt to on-going
changes in the micro-architecture.

To ease the task of modeling micro-architectures, Pi-
parazzi provides a modeling infrastructure, realized as a
set of building blocks. This allows modelers to create the
micro-architectural model by customizing these building
blocks and connecting them together in the proper way.

The model of the micro-architecture consists of a set of
building blocks. The various types of building blocks de-
scribe the structure of the micro-architecture and the flow
of instructions through it. Each building block is associated
with several fixed parameters that are assigned during mod-
eling and determine its nature and basic behavior. For ex-
ample, a cache contains parameters for its size, associativ-
ity, and replacement policy; a pipeline stage contains infor-
mation about instructions that are stalled in it; and a queue
contains parameters about its size and issuing policy.

In addition to these fixed parameters, building blocks
contain variables whose values, selected during generation,
determine the behavior of the object during the execution
of the generated test. For example, an instruction building
block contains variables for its opcode, issue time, and the
pipeline in which it is executed.

The behavior of the micro-architecture and the flow of
instructions is defined by specifying constraints over vari-
ables of the same or of different building blocks in the
model. For example, a constraint over instruction opcodes
and pipelines indicates the pipelines in which the instruction
can be executed.

The micro-architecture is described in terms of building
blocks derived from three basic types: instructions, hard-
ware components, and micro-architectural mechanisms.
These types represent different aspects of the micro-
architecture.

Instructions, the first building block type, are the main
actors in the generation, thus they contain most of the vari-
ables in the model. These include variables that describe
architectural properties of the instruction (e.g., its opcode,
operands, and data), variables that describe the instruction
flow (e.g., the execution pipeline), and timing variables
(e.g., entry time to pipeline stages, flush time, etc.).

For every instruction in the test, Piparazzi selects val-
ues for these variables in a way that corresponds to the ar-
chitectural and micro-architectural constraints. These con-
straints naturally depend on the type of the particular in-
struction. For this purpose, the model also describes the
processor’s instruction set. Every instruction in the set is
modeled in terms of parameters that define its architectural

aspects (e.g., opcode mnemonic, operands, and semantics)
and its micro-architectural behavior (e.g., nominal execu-
tion time, execution pipelines, and dispatching rules).

The second building block type relates to the hardware
components in the processor, such as pipelines and pipeline
stages, queues, register files, and caches. Because Piparazzi
uses a flow approach for the micro-architecture, most of the
modeling of the hardware components is done by specify-
ing constraints on variables of instructions that use these
components. For example, the behavior of an out-of-order
queue is described as constraints over the time instructions
are inserted into it, the time they are ready to leave, and their
departure cycle.

The third type contains micro-architectural mecha-
nisms that are used by the processors, such as flushes. These
building blocks usually consist of two parts: what activates
the mechanism and how it affects the behavior of the pro-
cessor. This modeling allows users to express their requests
directly, in terms that relate to these mechanisms.

User Requests

The user request file defines the event, or family
of events, that Piparazzi is requested to generate. The
basic elements used to build the request file are rules.
Rules are defined as constraints over one or more vari-
ables in the micro-architectural model. For example, the
rule I [ 1] . PI PELI NE = 1[3]. Pl PELI NE states that
these two instructions in the event are executed in the same
pipeline. Note that instruction indexes 1 and 3 do not nec-
essarily correspond to the program ordering of the instruc-
tions, but only serve to identify them. The language used in
the request file supports arithmetic operators (e.g., +, -, *),
relational operators (e.g., = and >), first order logic opera-
tors, and others.

Several rules can be combined together to describe
events. Events are the basic generation unit for Piparazzi.
Each test generated by Piparazzi attempts to cover a spe-
cific event. In addition, the request language contains other
constructs, such as loops, if statements, and macros.

Figure 3a shows the definition of a parametric event
that is used to define a coverage model, based on the event
described in Figure 2. A coverage model can be defined as a
list of events or as the cross-product of the possible values of
a set of parameters used in the specification of a parametric
event. Figure 3b shows the definition of a coverage model
that covers events defined by the parameterized macro on
the left. The coverage model defines events for all possi-
ble cases for the execution unit (FPUO and FPU1), type
of flush, and delay between stalls. A separate test is then
generated for each event defined in the request file.

Generation Engine

The role of the generation engine is to read the model
of the micro-architecture and the user-requested event, and
generate a corresponding test program. The generation en-
gine performs this task in three main stages: (1) read the



MacroDef fp_event (pipe, flush, delay)
I[3].PIPELINE = I[1].PIPELINE = pipe
I[1].stage[1].SELF_STALL > 0
I[3].stage[3].SELF_STALL > 0

/I'11is stalled in stage 1
/113 is stalled in stage 3

I[1].stage[1].ENTRY = I[3].stage[3].ENTRY + delay // I1 starts stalling del ay cycles after I3

I[2].FLUSH = flush

I[2].FLUSH_TIME = I[3].stage[3].ENTRY + 1
I[3].DESTINY = FLUSHED

I[1].DESTINY = FINISHED

/112 generates a flush

1113 is flushed

(a) Definition of a parametric event

/I'11 and 13 go to the same pipeline pi pe

foreach pipe in (FPU_0, FPU_1)
foreach flush in (flush_types)
foreach delay in (0, 1, 2)
event
MacroCall fp_event (pipe, flush, delay)
end event

1112 generates a flush one cycle after I3 stalls end

end

/I'11 completes normally (not flushed) end

(b) Definition of a coverage model

Figure 3. Definition of a task and a coverage model

micro-architecture model and user-requested event and con-
struct a CSP; (2) solve the CSP, and (3) produce the test
program.

The generation engine first reads the model specifica-
tion and converts it to a CSP. A CSP consists of a finite
set of variables, each associated with a domain of values
and a set of constraints. A constraint is a relation defined
on some subset of the variables and denotes valid combina-
tions of their values. A solution to a CSP is an assignment
of a value to each variable from its domain, such that all
the constraints are satisfied. Because the constraints of the
user requested event are satisfied, the generated test pro-
gram causes the requested event.

The CSP includes an (initially identical) instruction ob-
ject for every instruction of the test. Next, the engine reads
the user request file and converts the events defined in it into
constraints that are added to the CSP.

Then, a dedicated CSP solver is activated and solves
the CSP. That is, it assigns single values to all of the relevant
variables in the CSP, such that all the constraints in the CSP
are satisfied.

The solution scheme used in Piparazzi is based on the
Maintaining Arc Consistency (MAC) [11] family of CSP
solution algorithms. MAC algorithms use a procedure for
achieving arc-conisistency as a filtering component. A con-
straint (arc) is said to be consistent, if, for any variable of
the arc, and any value in the domain of that variable, there
is a valid assignment to the other variables of the arc that
satisfies the constraint. A constraint network is said to be
arc-consistent if all of its constraints are locally consistent.

We made some refinements and variations to this CSP
solving technique to fit the specific characteristics of Pi-
parazzi’s CSP. Some of these characteristics are common to
many CSPs that represent test programs such as the genera-
tion of random, well-distributed solutions over the solution
space [8], and huge variable domains [5]. In addition, Pi-
parazzi exploits symmetries that are typical to its CSP net-
works to optimize the solving process.

In the third stage, after the CSP solver has solved the
CSP and assigned a single value to each variable, the gener-
ation engine translates this solution into a test program. This
translation is done using the architectural variables of the in-
struction objects. These variables determine all the informa-
tion that is needed in the test, including the opcodes of the
instructions, their operands, and the data of the operands.

Usage

Piparazzi is currently used in the verification of var-
ious processors at several IBM development laboratories.
These processors implement various architectures, such as
PowerPC (RISC architecture) and z-series (CISC architec-
ture). The processors modeled in Piparazzi use a wide
range of micro-architectures through many different micro-
architectural mechanisms.

The role of Piparazzi in the verification environment
is to fill the gap in areas where the architectural level test
generators are weaker. This includes scenarios that target
micro-architectural resources and mechanisms, and espe-
cially events that require specific intricate timing. It is im-
portant for the processor verification plan to include cov-
erage models of this kind and Piparazzi’s language (specifi-
cally designed to express such events) can be used as a more
formal way to define them. In many cases, models can be
defined in a generalized and processor independent way and
can be accumulated and reused.

Experience has shown (as demonstrated in the follow-
ing section) that many coverage models can best be covered
using a “hybrid” approach, which employs both Piparazzi
and an architectural level test generator. The architectural
level test generator is used first to quickly cover most of the
tasks. Then Piparazzi is used to complete the coverage of
the more difficult tasks. Piparazzi can either generate a test
or declare that the task is unreachable by the design and the
coverage model needs to be adjusted.

Another important task that Piparazzi performs is the
comparison of the actual micro-architectural behavior re-
ported by the design simulator, with the expected behavior
as modeled and reported by Piparazzi (Figure 1). This ap-
proach has already been productive in finding several per-
formance-related bugs, which could only be discovered us-
ing an exact micro-architectural model of the processor.

There are some limitations to the Piparazzi approach.
First, the exponential complexity of the CSP solution poses
an actual limit of several dozens of instructions per test in
Piparazzi. This means that Piparazzi cannot directly gen-
erate tests that involve very long scenarios, such as filling
large buffers. In addition, the complexity of the CSP im-
posed by the Piparazzi model leads to a longer generation
time compared to architectural test generators. In some
cases, where Piparazzi cannot automatically solve the CSP
problem within a reasonable time, the user can add “hints”



to the definition of the coverage model in order to reduce
the state space that needs to be explored.

Experimental Results

We carried out an experiment to demonstrate the use-
fulness of Piparazzi in the implementation of the micro-
architectural verification plan. The experiment compares
the coverage progress of one coverage model using two ap-
proaches: one that uses an architectural random test pro-
gram generator; and another that combines the architectural
test generators with Piparazzi (the “hybrid” approach.)

The coverage model used in the experiment contains
all the possible “register forwarding” of general-purpose
registers in a PowerPC processor. In register forwarding,
the result of an instruction in one pipeline stage is for-
warded to another instruction in another stage, without pass-
ing through the register file. The model requires the cover-
age of all possible combinations of pipeline stages for the
source and target of the forwarding. In addition, the model
requires one or two instruction “commits” to take place at
exactly the cycle in which the forwarding occurs.

The architectural random test program generator we
used in the experiment is Genesys-Pro [1], a state-of-the-
art IBM test program generator, which employs architec-
tural testing-knowledge to bias its random test genera-
tion. The tool was biased to generate test cases with many
target-source dependencies between general-purpose regis-
ters. The fast generation rate of Genesys-Pro and its biasing
capabilities enable the generation of a large number of tests
that cover most of the events in a short time. On the other
hand, Genesys-Pro does not have the precise knowledge
about the micro-architecture of the processor. Therefore, it
cannot directly cover the events in the coverage model and
the probability of it covering some of the events is very low.

In the hybrid mode, we start to cover the model with
an architectural test generator. When the coverage progress
slows down, we activate Piparazzi with the exact specifica-
tion of the uncovered tasks, and use it to generate test cases
that cover these tasks (or to demonstrate that they cannot be
reached.)

Figure 4 shows the coverage progress over time of both
approaches. These results demonstrate that Genesys-Pro
quickly covered 75% of the events in the model but then
made very slow progress until reaching an 80% limit. The
remaining tasks are either very hard to reach through ran-
domly biased tests or possibly represent combinations that
can never occur on the particular tested design. Piparazzi
was activated after 75% of the model events were covered
by Genesys-Pro. It continued to cover difficult tasks not
covered by Genesys-Pro by directly generating random tests
for the tasks. As the figure shows, Piparazzi was able to
reach about 92% of the model’s original set of tasks. Dur-
ing this time Piparazzi also showed that several tasks were
unreachable. To complete the coverage of all the possi-
ble tasks, we began to add “hints” to the description of
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Figure 4. Coverage progress for Genesys-Pro
and the hybrid approach

the events given to Piparazzi. Such hints, given in micro-
architectural terms, reduce the state space searched by the
CSP engine and thus increase the chance of finding a test
program.

Conclusions

In this paper, we describe Piparazzi, a test program gen-
erator designed for the verification of micro-architectural
mechanisms. Piparazzi consists of a declarative description
of the micro-architecture, and a generation engine based
on a dedicated CSP solver that converts users’ requests for
micro-architectural events into test programs. Piparazzi is
used in the verification of several processors in IBM. Its
ability to generate test programs that cover complex micro-
architectural scenarios and to predict the precise micro-
architectural behavior of these programs, led to the discov-
ery of several performance bugs.

We continue to enhance the capabilities of Piparazzi
and its integration in verification environments. We are
working on ways to extend the modeling language with ad-
ditional micro-architectural building blocks, such as branch
prediction mechanisms, and simplify the modeling process.
In addition, we are trying to improve the CSP-based gen-
eration engine with domain specific and general purpose
techniques. Finally, we are looking at ways to integrate Pi-
parazzi with a coverage analysis tool and architectural test
generators.
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