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Abstract
As embedded systems continue to face increasingly higher performance requirements, deeply pipelined
processor architectures are being employed to meet desired system performance. A significant bottleneck
in the validation of such systems is the lack of a golden reference model. Thus, many existing techniques
employ a bottom-up approach to architecture validation, where the functionality of an existing pipelined
architecture is, in essence, reverse-engineered from its implementation. Our validation technique is com-
plementary to these bottom-up approaches. Our approach leverages the system architect’s knowledge
about the behavior of the pipelined architecture, through Architecture Description Language (ADL) con-
structs, and thus allows a powerful top-down approach to architecture validation. The most important
requirement in top-down validation process is to ensure that the specification (reference model) is golden.
Earlier, we have developed validation techniques to ensure that the static behavior of the pipeline is
well-formed by analyzing the structural aspects of the specification using a graph based model. In this
paper, we verify the dynamic behavior by analyzing the instruction flow in the pipeline using a Finite State
Machine (FSM) based model to validate several important architectural properties such as determinism,
finiteness, and execution style (e.g., in-order execution) in the presence of hazards and multiple exceptions.
We applied this methodology to the specification of a representative pipelined processor to demonstrate
the usefulness of our approach.
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1 Introduction

Traditional embedded systems consist of programmable processors, coprocessors, application specific
integrated circuits (ASIC), memories, and I/O (input/output) interfaces. Figure 1 shows a traditional hard-
ware/software co-design flow. The embedded system is specified in a system design language. The specifi-
cation is then partitioned into tasks that are either assigned to software (i.e., executed on the processor), or
hardware (ASIC) based on design constraints (cost power, and performance). Tasks assigned to hardware
are translated into HDL (Hardware Description Language) descriptions and then synthesized into ASICs.
The tasks assigned to software are translated into programs (either in high level languages such as C/C++
or in assembly), and then compiled into object code that resides in instruction memory of the processor.
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Figure 1. Hardware/Software Co-Design flow for Embedded Systems

The traditional HW/SW codesign flow assumes that the embedded system uses an off-the-shelf proces-
sor core that has the software toolkit (including compiler and simulator) available. If the processor is not
available, the software toolkit needs to be developed for the intended processor. This is a time-consuming
process. Moreover, during early design space exploration (DSE), system designers would like to make
modifications to programmable architecture (processor, coprocessor, memory subsystem) to meet diverse
requirements such as low power, better performance, smaller area, and higher code density. Early time-
to-market pressure coupled with short product lifetimes make the manual software toolkit generation for
each exploration practically infeasible.

The architecture description language (ADL) based codesign flow (shown in Figure 1) solves this prob-
lem. The programmable architecture (processor, coprocessor, memory subsystem) of the embedded sys-
tem is specified in an ADL and the software toolkit can be generated automatically from this description.
During early design space exploration the system designer modifies the programmable architecture by
modifying the ADL specification to exploit the application (software tasks) behavior. The software toolkit
is generated automatically that reflects the changes of the architecture modifications. It is also possible to
synthesize the processor core from the ADL specification.
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The ADL driven design space exploration has been addressed extensively in both academia and industry.
However, the validation of the ADL specification has not been addressed so far. It is important to validate
the ADL description of the architecture to ensure the correctness of both the architecture specified, as
well as the generated software toolkit. The benefits of validation are two-fold. First, the process of
any specification is error-prone and thus verification techniques can be used to check for correctness and
consistency of specification. Second, changes made to the processor during exploration may result in
incorrect execution of the system and verification techniques can be used to ensure correctness of the
modified architecture.

Furthermore, the validated ADL specification can be used as a golden reference model for processor
pipeline validation. One of the most important problems in today’s processor design validation is the lack
of a golden reference model that can be used for verifying the design at different levels of abstraction.
Thus many existing validation techniques employ a bottom-up approach to pipeline verification, where
the functionality of an existing pipelined processor is, in essence, reverse-engineered from its RT-level
implementation. Our validation technique is complementary to these bottom up approaches. Our approach
leverages the system architects knowledge about the behavior of the pipelined processor, through ADL
constructs, and thus allows a powerful top-down approach to pipeline validation.

In our ADL driven exploration flow, the designer describes the processor architecture in EXPRESSION
ADL [1]. To ensure that the ADL specification describes a well-formed architecture we verify both static
and dynamic behavior of the processor specification. Earlier, we have developed validation techniques to
ensure that the static behavior of the pipeline is well-formed by analyzing the structural aspects of the spec-
ification using a graph based model [32]. In this paper, we verify the dynamic behavior of the processor’s
description by analyzing the instruction flow in the pipeline using a Finite State Machine (FSM) based
model to validate several important architectural properties such as determinism, finiteness, and execution
style (e.g., in-order execution) in the presence of hazards and multiple exceptions. Our automatic property
checking framework determines if all the necessary properties are satisfied or not. In case of a failure, it
generates traces so that designer can modify the ADL specification of the architecture. We applied this
methodology to a single-issue DLX processor to demonstrate the usefulness of our approach.

The rest of the paper is organized as follows. Section 2 and Section 3 presents related work addressing
architecture description languages and validation of pipelined processors. Section 4 outlines our valida-
tion approach and the overall flow of our environment. Section 5 presents our FSM based modeling of
processor pipelines. Section 6 proposes our validation technique followed by a case study in Section 7.
Section 8 concludes the paper.

2 Architecture Description Languages

Traditionally, ADLs have been classified into two categories depending on whether they primarily cap-
ture the behavior (Instruction-Set) or the structure of the processor. Recently, many ADLs have been
proposed that captures both the structure and the behavior of the architecture.

nML [23] andISDL [8] are examples of behavior-centric ADLs. In nML, the processor’s instruction-
set is described as an attributed grammar with the derivations reflecting the set of legal instructions. The
nML has been used by the retargetable code generation environment CHESS [7] to describe DSP and
ASIP processors. In ISDL, constraints on parallelism are explicitly specified through illegal operation
groupings. This could be tedious for complex architectures like DSPs which permit operation parallelism
(e.g. Motorola 56K) and VLIW machines with distributed register files (e.g. TI C6X). The retargetable
compiler system by Yasuura et al.[9] produces code for RISC architectures starting from an instruction
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set processor description, and an application described inValen-C. Valen-C is a C language extension
supporting explicit and exact bit-width for integer type declarations, targeting embedded software. The
processor description represents the instruction set, but does not appear to capture resource conflicts, and
timing information for pipelining.

MIMOLA [35] is an example of an ADL which primarily captures the structure of the processor
wherein the net-list of the target processor is described in a HDL like language. One advantage of this
approach is that the same description is used for both processor synthesis, and code generation. The target
processor has a micro-code architecture. The net-list description is used to extract the instruction set [36],
and produce the code generator. Extracting the instruction set from the structure may be difficult for com-
plicated instructions, and may lead to poor quality code. The MIMOLA descriptions are generally very
low-level, and laborious to write.

More recently, languages which capture both the structure and the behavior of the processor, as well
as detailed pipeline information (typically specified using Reservation Tables) have been proposed.LISA
[45] is one such ADL whose main characteristic is the operation-level description of the pipeline.RADL
[5] is an extension of the LISA approach that focuses on explicit support of detailed pipeline behavior
to enable generation of production quality cycle- and phase-accurate simulators.FLEXWARE [33] and
MDes [43] have a mixed-level structural/behavioral representation. FLEXWARE contains the CODESYN
code-generator and the Insulin simulator for ASIPs. The simulator uses a VHDL model of a generic
parameterizable machine. The application is translated from the user-defined target instruction set to the
instruction set of this generic machine. TheMDes [43] language used in the Trimaran system is a mixed-
level ADL, intended for DSE. Information is broken down into sections (such as format, resource-usage,
latency, operation, register etc.), based on a high-level classification of the information being represented.
However, MDes allows only a restricted retargetability of the simulator to the HPL-PD processor family.
MDes permits the description of the memory system, but is limited to the traditional hierarchy (register
files, caches, etc.).

The EXPRESSION ADL [1] follows a mixed-level approach (behavioral and structural) to facilitate
automatic software toolkit generation, validation, HDL generation, and design space exploration for a
wide range of programmable embedded systems. The ADL captures the structure, behavior, and mapping
(between structure and behavior) of the architecture as shown in Figure 2.

Operations Specification

Operation Mappings Memory Subsystem

Pipeline/Data-transfer Paths

Architecture Components

Instruction Specification

Behavior Specification Structure Specification

EXPRESSION

Figure 2. The EXPRESSION ADL

The ADL captures all the architectural components and their connectivity as a netlist. It considers
four types of components: units (e.g., ALUs), storages (e.g., register files), ports, and connections (e.g.,
buses). It captures two types edges in the netlist: pipeline edges and data transfer edges. The pipeline
edges specify instruction transfer between units via pipeline latches, whereas data transfer edges specify
data transfer between components, typically between units and storages or between two storages. It has
the ability to capture novel memory subsystem. The behavior is organized into operation groups, with
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each group containing a set of operations having some common characteristics. Each operation is then
described in terms of it’s opcode, operands, and behavior. The mapping functions map components in the
structure to operations in the behavior. It defines, for each functional unit, the set of operations supported
by that unit (and vice versa).

3 Related Work

An extensive body of recent work addresses architectural description language driven software toolkit
generation and design space exploration for processor-based embedded systems, in both academia: ISDL
[8], Valen-C [9], MIMOLA [35], LISA [45], nML [23], [44], and industry: ARC [2], Axys [3], RADL [5],
Target [39], Tensilica [40], MDES [43]. However, none of these approaches address the validation issue
of the ADL specification. The validation is necessary to ensure the correctness of the generated software
toolkit. It is important to ensure that the reference model (specification) is golden, and it describes a
well-formed architecture with intended execution style.

Several approaches for formal or semi-formal verification of pipelined processors have been developed
in the past. Theorem proving techniques, for example, have been successfully adapted to verify pipelined
processors ([6], [19], [20], [25]). However, these approaches require a great deal of user intervention,
especially for verifying control intensive designs. Hosabettu [37] proposed an approach to decompose and
incrementally build the proof of correctness of pipelined microprocessors by constructing the abstraction
function using completion functions.

Burch and Dill presented a technique for formally verifying pipelined processor control circuitry [15].
Their technique verifies the correctness of the implementation model of a pipelined processor against
its Instruction-Set Architecture (ISA) model based on quantifier-free logic of equality with uninterpreted
functions. The technique has been extended to handle more complex pipelined architectures by several
researchers [21, 24, 26]. The approach of Velev and Bryant [26] focuses on efficiently checking the
commutative condition for complex microarchitectures by reducing the problem to checking equivalence
of two terms in a logic with equality, and uninterpreted function symbols.

Huggins and Campenhout verified the ARM2 pipelined processor using Abstract State Machine [16].
In [18], Levitt and Olukotun presented a verification technique, called unpipelining, which repeatedly
merges last two pipe stages into one single stage, resulting in a sequential version of the processor. A
framework for microprocessor correctness statements about safety that is independent of implementation
representation and verification approach is presented in [22].

Ho et al. [27] extract controlled token nets from a logic design to perform efficient model checking.
Jacobi [4] used a methodology to verify out-of-order pipelines by combining model checking for the
verification of the pipeline control, and theorem proving for the verification of the pipeline functionality.
Compositional model checking is used to verify a processor microarchitecture containing most of the
features of a modern microprocessor [34].

All the above techniques attempt to formally verify the implementation of pipelined processors by
comparing the pipelined implementation with its sequential (ISA) specification model, or by deriving the
sequential model from the implementation. Our validation technique is complementary to these formal
approaches. We define a set of properties which have to be satisfied for the correct pipeline behavior,
and verify the correctness of pipelined processor specifications by applying these properties using a FSM-
based model.
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4 Our Validation Approach

Figure 3 shows our ADL driven exploration flow. The designer describes the processor architecture in
EXPRESSION ADL [1]. It is necessary to validate the ADL specification to ensure the correctness of the
generated software toolkit and the HDL implementation. To ensure that the ADL specification describes
a well-formed architecture we verify both static and dynamic behavior of the processor specification.
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Figure 3. ADL driven Validation and Exploration Flow

We have developed validation techniques to ensure that the static behavior of the pipeline is well-formed
by analyzing the structural aspects of the specification using several properties, such as connectedness of
components, false pipeline and data-transfer paths, operation completeness, and finiteness of execution.
These properties are applied on the graph model of the processor specification to verify the static behavior
of the specification [32].

We verify the dynamic behavior of the processor by analyzing the instruction flow in the pipeline using
a Finite State Machine (FSM) based model to validate several important architectural properties such
as determinism, finiteness, and execution style (e.g., in-order execution) in the presence of hazards and
multiple exceptions.

Our automatic property checking framework determines if all the necessary properties are satisfied or
not. In case of a failure, it generates traces so that designer can modify the ADL specification of the
architecture. If the verification is successful, the software toolkit (including compiler and simulator), and
the implementation (hardware model) can be generated for design space exploration. The application
program is compiled and simulated to generate performance numbers. The information regarding silicon
area, clock frequency, or power consumption is determined by synthesizing the hardware model. The
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Figure 4. A fragment of the processor pipeline

feedback is used by the designer to make modifications to the specification to obtain the best architecture
possible for the given set of application programs and design constraints.

5 Modeling of Processor Pipelines

In this section we describe how we derive the FSM model of the pipeline from the ADL description
of the processor. We first explain how we specify the information necessary for FSM modeling, then we
present the FSM model of the processor pipelines using the information captured in the ADL.

5.1 Processor Pipeline Description in ADL

We have chosen the EXPRESSION ADL [1] that captures the structure and behavior of the processor
pipeline. The techniques, we developed, are applicable to any ADL that captures both the structure and
the behavior of the architecture.

The structure (of a processor) is defined by its components (units, storages, ports, connections) and
the connectivity (pipeline and data-transfer paths) between these components. Each component is defined
by its attributes: the list of opcodes it supports, execution timing for each supported opcode etc. The
behavior of a processor is defined by its instruction set. Each operation in the instruction-set is defined in
terms of opcode, operands and the functionality of the operation. Figure 4 shows a fragment of a processor
pipeline. The oval boxes represent units, rectangular boxes represent pipeline latches, and arrows represent
pipeline edges. The detailed description of how to specify structure, behavior, hazards, stalls, interrupts,
and exceptions is available in [31].

In this section we briefly describe how we specify conditions for stalling, normal flow, bubble insertion,
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exception and squashing in ADL. The detailed description is available in [28].
The flow conditions for units are shown in Figure 5. A unit is innormal flow(NF) if it can receive

instruction from its parent unit and can send to its child unit. A unit can bestalled(ST) due to external
signals or due to conditions arising inside the processor pipeline. For example, the external signal that can
stall a fetch unit isICacheMiss; the internal conditions to stall the fetch unit can be due to decode stall,
hazards, or exceptions. A unit performsbubble insertion(BI) when it does not receive any instruction
from its parent (or busy computing in case of multicycle unit) and its child unit is not stalled. A unit
can be inexceptioncondition due to internal contribution or due to an exception. A unit is in bubble/nop
squashed(SQ) stage when it has nop instruction that gets removed or overwritten by an instruction of the
parent unit.

I

I

I I I I III B

e B B I

Time
Stage

t t t tt

i i ii i

i+1 i+1 i+1 i+1 i+1

t+1 t+1 t+1 t+1 t+1

Normal Flow Stall Exception Bubble Insertion Bubble Sqush

I
B

B I
I

Instruction
Bubble
Squshed Bubble
Flushed InstructionB

e Exception

Figure 5. Flow Conditions for Pipeline Latches

For units, with multiple children the flow conditions due to internal contribution may differ. For exam-
ple, the unitUNITi�1; j in Figure 4 withq children can bestalledwhenanyone of its children is stalled,
or whensomeof its children are stalled (designer identifies the specific ones), or whenall of its children
are stalled; or whennoneof its children are stalled. During specification, the designer selects from the set
(ANY, SOME, ALL, NONE)the internal contribution along with any external signals to specify the stall
condition for each unit. Similarly, the designer specifies the internal contribution for other flow conditions
[28].

t t tt+1 t+1 t+1

pc++pc pc pc pc targetPC

Time

StallSequential Execution Branch Taken

Content of PC
Branch Target

pc:
target:

Figure 6. Flow Conditions for Program Counter (PC)

The flow conditions for Program Counter (PC) is shown in Figure 6. The PC unit can bestalled(ST)
due to external signals such as cache miss or when the fetch unit is stalled. When a branch is taken the
PC unit is said to be inbranch taken(BT) state. The PC unit is insequential execution(SE) mode when
the fetch unit is in normal flow, there are no external interrupts, and the current instruction is not a branch
instruction.

5.2 FSM Model of Processor Pipelines

This section presents an FSM-based modeling of controllers in pipelined processors. Figure 7 shows a
fragment of the processor pipeline with only instruction registers. We assume a pipelined processor with
in-order execution as the target for modeling and validation. The pipeline consists ofn stages. Each stage
can have more than one pipeline registers (in case of fragmented pipelines). Each single-cycle pipeline
register takes one cycle if there are no pipeline hazards. A multi-cycle pipeline register takesm cycles
during normal execution (no hazards). In this paper we call these pipeline registersinstruction registers
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(IR) since they are used to transfer instructions from one pipeline stage to the next. LetStagei denote the
i-th stage where 0� i � n�1, andni the number of pipeline registers betweenStagei�1 andStagei. Let
IRi; j denote an instruction register betweenStagei�1 andStagei (1� i � n, 1� j � ni). The first stage,
i.e.,Stage0, fetches an instruction from instruction memory pointed by program counterPC, and stores the
instruction into the first instruction registerIR1; j (1� j � n1). Without loss of generality, let us assume
that IRi; j hasp parent units andq childrenunits as shown in Figure 7. During execution the instruction
stored inIRi; j is executed atStagei and then stored into the next instruction registerIRi+1;k (1� k� q).

    

        

IR i,j

    . . . . .

            . . . . .

Stage i−2
..............................................

Stage ..............................................

Stage ..............................................
i−1

i

IR i−1,2 IR i−1,p

IR i+1,1 IR i+1,2 IR i+1,q

i−1,1IR

Figure 7. A fragment of the processor pipeline with only instruction registers

In this paper, we define a state of then-stage pipeline as values ofPC and∑n�1
i=1 ni instruction registers,

whereni is the number of pipeline registers betweenStagei�1 andStagei (1� i � n). LetPC(t) andIRi; j(t)
denote the values ofPC andIRi; j at timet, respectively. Then, the state of the pipeline at timet is defined
as

S(t) = < PC(t); IR1;1(t); � � �; IRi; j(t); � � �; IRn�1;nn�1(t)> (1)

We first describe the flow conditions for stalling(ST), normal flow(NF), bubble insertion(BI), bubble
squashing (SQ), sequential execution(SE), and branch taken (BT) in the FSM model, then we describe the
state transition functions possible in the FSM model using the flow conditions.

In this paper we use ’_’ to denote logicalor and ’̂ ’ to denote logicaland. For example, (a_ b)
implies (a or b), and (a^b) implies (a andb). We use

W j
i and

V j
i to denote sum and product of symbols

respectively. For example,
W2

i=0ai implies (a0_a1_a2), and
V2

i=0ai implies (a0^a1^a2).

Modeling conditions in FSM

Let us assume, every instruction registerIRi; j has an exception bitXNIRi; j , which is set when the excep-
tion condition (condXN

IRi; j
say) is true. TheXNIRi; j has two components viz., exception condition when the

children are in exception (XNchild
IRi; j

say) and exception condition due to exceptions onIRi; j (XNsel f
IRi; j

say).
More formally the exception condition at timet in the presence of a set of external signalsI(t) on S(t) is,
condXN

IRi; j
(S(t); I(t)) (condXN

IRi; j
in short),

condXN
IRi; j

= XNIRi; j = XNchild
IRi; j

_XNsel f
IRi; j

(2)

For example, if designer specified that ”ANY” (see Section 5.1) of the children are responsible for the
exception onIRi; j i.e., IRi; j will be in exception condition if any of its children is in exception, the Equa-
tion (2) becomes:

XNIRi; j = (
Wq

k=1XNIRi+1;k)_XNsel f
IRi; j
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The condition for squashing (condSQ
IRi; j

say) has three components viz., contribution from parents (NFparent
IRi; j

say), contribution from children (STchild
IRi; j

say), and self contribution. More formally,

condSQ
IRi; j

= SQIRi; j = NFparent
IRi; j

^STchild
IRi; j

^ ((IRi; j):opcode== nop) (3)

Let us assume, every instruction registerIRi; j has a stall bitSTIRi; j , which is set when the stall condi-
tion (condST

IRi; j
say) is true. TheSTIRi; j has two components viz., stall condition due to the stall of chil-

dren (STchild
IRi; j

say) and stall condition due to hazards or external interrupts onIRi; j (STsel f
IRi; j

say). More
formally, the condition for stalling at timet in the presence of a set of external signalsI(t) on S(t) is,
condST

IRi; j
(S(t); I(t)) (condST

IRi; j
in short),

condST
IRi; j

= STIRi; j = STchild
IRi; j

_STsel f
IRi; j

(4)

For example, if designer specified that ”ALL” (see Section 5.1) the children are responsible for the stalling
of IRi; j , i.e., IRi; j is stalled when all of its children are stalled, the Equation (4) becomes:

condST
IRi; j

= STIRi; j = (
Vq

k=1STIRi+1;k)_STsel f
IRi; j

However, in the presence of exceptions (XNIRi; j ) on IRi; j and when bubble squashing (SQIRi; j ) is allowed
the condition for stalling (Equation (4)) becomes

condST
IRi; j

= (STchild
IRi; j

_STsel f
IRi; j

)^XNIRi; j ^SQIRi; j (5)

As mentioned earlier, theSTsel f
IRi; j

component of the stall condition is true when there are hazards or

exceptions onIRi; j . However, for the processor with fragmented pipelines theSTsel f
IRi; j

component is also
used to describe the instruction dependencies. A fragmented pipeline has fork and join nodes. A node is
called afork node in our model if it has more than one children. For example, the nodeIRi; j in Figure 4 is
a fork node since it hasq children nodes i.e., it can send instructions toq children nodes. Similarly, ajoin
node in the model is a node with more than one parent nodes. For example, the nodeIRu;v in Figure 4 is a
join node since it hasq parent nodes i.e., it can receive instructions fromq parent nodes. A fork node and
its corresponding join node is termed as afork-join pair. For example,IRi; j andIRu;v is a fork-join pair

in Figure 4. We compute theSTsel f
IRi; j

for fragmented pipelines by examining the instruction flow between
fork-join pairs. While issuing an instruction, a fork nodefnode has to ensure that the instruction will not
reach the corresponding join nodejnodebefore the instructions issued earlier, the instructions currently in
the nodes betweenfnode and jnode fork-join pair; otherwise it will be out-of-order execution. Consider,
IRi; j (fork node) in Figure 4 that can send instructions toq pipelines and theseq pipelines join inIRu;v (join
node). WhenIRi; j decides to send an instruction (Ik say) to the children ink-th pipeline, it has to observe
the instructions in pipelinesx (x 6= k;1� (x;k)� q) to ensure in-order execution i.e., the instructionIk (if
issued) should not reach the join nodeIRu;v before the instructions which are issued earlier. Let us define
τ(y) as the total number of clock cycles needed by pipeliney. This is derived from the ADL description
by using number of pipeline stages in the pipeliney (starting at fork nodeIRi; j and ending at the join node
IRu;v) and the timing of each pipeline stage. This computation can be performed recursively for pipelines

containing fragmented pipelines. ThenSTsel f
IRi; j

becomes

12



STsel f
IRi; j

=
q_

k=1

(Ik^ (
q_

x=1

Sx;k)) (6)

where,Sx;k is 1 if the latest instruction in the pipelinex is active for less than(τ(x)� τ(k)) cycles.

The condition for normal flow (condNF
IRi; j

say) has five components viz., contribution from parents

(NFparent
IRi; j

say), contribution from children (NFchild
IRi; j

say), self contribution (not stalled), not squashed
(SQIRi; j ), and not in exception (XNIRi; j ). More formally,

condNF
IRi; j

= NFparent
IRi; j

^NFchild
IRi; j

^STsel f
IRi; j

^XNIRi; j ^SQIRi; j (7)

For example, if the designer specified thatIRi; j will be in normal flow if ”ANY” (see Section 5.1) of its
parents is not stalled and ”ANY” of its children is not stalled, the Equation (7) becomes

condNF
IRi; j

= (
Wp

l=1STIRi�1;l )^ (
Wq

k=1STIRi+1;k)^STsel f
IRi; j

^XNIRi; j ^SQIRi; j

The condition for bubble insertion (condBI
IRi; j

say) has five components viz., contribution from parents

(BIparent
IRi; j

say), contribution from children (BIchild
IRi; j

say), self contribution (not stalled), not squashed, and
not in exception. More formally,

condBI
IRi; j

= BIparent
IRi; j

^BIchild
IRi; j

^STsel f
IRi; j

^XNIRi; j ^SQIRi; j (8)

Similarly the conditions for PC viz.,condSE
PC (SE: sequential execution),condBI

PC (BI: bubble insertion),
andcondBT

PC (BT: branch taken) can be described using the information available in the ADL. ThecondBT
PC

is true when a branch is taken or when an exception is taken. When a branch is taken, the PC is modified
with the target address. When an exception is taken, the PC is updated with the corresponding interrupt
service routine address. Let us assume,BTPC bit is set when the unit completes execution of a branch
instruction and the branch is taken. Formally,

condSE
PC(S(t); I(t))= NFchild

PC ^STsel f
PC ^BTPC^XNIR1; j (9)

condST
PC(S(t); I(t))= (STchild

PC _STsel f
PC )^BTPC^XNIR1; j (10)

condBT
PC(S(t); I(t))= (BTPC_XNIR1; j ) (11)

Modeling State Transition Functions

In this section, we describe the next-state function of the FSM. Figure 7 shows a fragment of the pro-
cessor pipeline with only instruction registers. If there are no pipeline hazards, instructions flow from
IR (instruction register) to IR everym cycles (m = 1 for single-cycle IR). In this case, the instruction in
IRi�1;l (1� l � p) at timet proceeds toIRi; j after m cycles (m is the timing of IRi�1;l and IRi; j hasp
parent latches andq child latches as shown in Figure 7), i.e.,IRi; j(t+1) = IRi�1;l(t). In the presence of
pipeline hazards, however, the instruction inIRi; j may be stalled, i.e.,IRi; j(t+1) = IRi; j(t). Note that,
in general, any instruction in the pipeline cannot skip pipe stages. For example,IRi; j(t + 1) cannot be
IRi�2;v(t) (1� v� ni�2) if there are no feed-forward paths.
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The rest of this section formally describes the next-state function of the FSM. According to the Equa-
tion (1), a state of ann�stage pipeline is defined by(M + 1) registers (PC andM instruction regis-
ters where,M = ∑n�1

i=1 ni). Therefore, the next state function of the pipeline can also be decomposed
into (M + 1) sub-functions each of which is dedicated to a specific state register. Letf NS

PC and f NS
IRi; j

(1� i � n�1, 1� j � ni) denote next-state functions forPC andIRi; j respectively. Note that in general
f NS
IRi; j

is a function of not onlyIRi; j but also other state registers and external signals from outside of the
controller.

For program counter, we define three types of state transitions as follows.

PC(t+1)

= f NS
PC(S(t); I(t))

=

8<
:

PC(t)+L if condSE
PC(S(t); I(t))= 1

target if condBT
PC(S(t); I(t))= 1

PC(t) if condST
PC(S(t); I(t))= 1

(12)

Here,I(t) represents a set of external signals at timet, L represents the instruction length, andtarget
represents the branch target address which is computed at a certain pipeline stage. Thecondx

PC’s (x 2
SE;BT;ST) are logic functions ofS(t) and I(t) as described in Equation (9) - Equation (11), and return
either 0 or 1. For example, ifcondST

PC(S(t); I(t)) is 1,PC keeps its current value at the next cycle.
For the first instruction register,IR1; j (1� j � n1), we define the following five types of state tran-

sitions. Thenop denotes a special instruction indicating that there is no instruction in the instruction
register, andIM(PC(t)) denotes the instruction pointed by the program counter in instruction memory
(IM). If condNF

IR1;1
(S(t); I(t)) is 1, an instruction is fetched from instruction memory and stored intoIR1;1.

If condST
IR1;1

(S(t); I(t)) is 1, IR1;1 remains unchanged.

IR1; j(t+1)

= f NS
IR1; j

(S(t); I(t))

=

8>>>>>><
>>>>>>:

IM(PC(t)) if condNF
IR1; j

(S(t); I(t))= 1

IR1; j(t) if condST
IR1; j

(S(t); I(t))= 1

nop if condBI
IR1; j

(S(t); I(t))= 1

IM(PC(t)) if condSQ
IR1; j

(S(t); I(t))= 1

nop if condXN
IR1; j

(S(t); I(t))= 1

(13)

Similarly, for the other instruction registers,IRi; j (2� i � n�1, 1� j � ni), we define five types of
state transitions as follows.

IRi; j(t+1)

= f NS
i; j (S(t); I(t))
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=

8>>>>>><
>>>>>>:

IRi�1;l(t) if condNF
IRi; j

(S(t); I(t))= 1

IRi; j(t) if condST
IRi; j

(S(t); I(t))= 1
nop if condBI

IRi; j
(S(t); I(t))= 1

IRi�1;l(t) if condSQ
IRi; j

(S(t); I(t))= 1
nop if condXN

IRi; j
(S(t); I(t))= 1

(14)

The IRi; j is said to be stalled at timet if condST
IRi; j

(S(t); I(t)) is 1, resulting inIRi; j(t + 1) = IRi; j(t).

Similarly, IRi; j is said to flow normally at timet if condNF
IRi; j

(S(t); I(t)) is 1. A nop instruction (bubble)

is inserted inIRi; j whencondBI
IRi; j

(S(t); I(t)) or condXN
IRi; j

(S(t); I(t)) is 1, resulting inIRi; j(t + 1) = nop.

Similarly, whencondSQ
IRi; j

(S(t); I(t)) is 1, the bubble inIRi; j gets overwritten by the instruction from the
parent instruction register, i.e.,IRi; j(t+1) = IRi�1;l(t) (1� l � ni�1).

At present, signals coming from the datapath or the memory subsystem into the pipeline controller are
modeled as primary inputs to the FSM, and control signals to the datapath or the memory subsystem are
modeled as outputs from the FSM.

6 Validation of Processor Specification

Based on the FSM modeling presented in Section 5, we propose a method for validating pipelined
processor specifications using three properties: determinism, in-order execution and finiteness. We first
describe the properties needed for validating the specification , then we present an automatic property
checking framework driven by EXPRESSION ADL [1].

6.1 Properties

This section presents three properties: determinism, in-order execution, and finiteness. Any pipelined
processor with in-order execution must satisfy these properties.

Determinism

To ensure correct execution, there should not be any instruction or data loss in the pipeline. The bubble
squashing and flushing of instructions are permitted. The flushed instructions are fetched and executed
again. The next-state functions for all state registers must be deterministic. This property is valid if all the
following equations hold.

condSE
PC_condBT

PC _condST
PC = 1 (15)

8i; j(1� i � n�1;1� j � ni);

condNF
IRi; j

_condST
IRi; j

_condBI
IRi; j

_condXN
IRi; j

_condSQ
IRi; j

= 1 (16)

8x;y(x;y2 fSE;BT;STg ^ x 6= y); condx
PC^condy

PC = 0 (17)

8i; j(1� i � n�1;1� j � ni);

8x;y(x;y2 fNF;ST;BI;XN;SQg ^ x 6= y); condx
IRi; j

^condy
IRi; j

= 0 (18)
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The first two equations mean that, in the next-state function for each state register, the five conditions
must cover all possible combinations of processor statesS(t) and external signalsI(t). The last two
guarantees that any two conditions are disjoint for each next-state function. Informally, exactly one of the
conditions should be true in a clock cycle for each state register. As a result, at any timet an instruction
register will have a deterministic instruction.

In-Order Execution

A pipelined processor with in-order execution is correct if all instructions which are fetched from in-
struction memory flow from the first stage to the last stage while maintaining their execution order. In
order to guarantee in-order execution, state transitions of adjacent instruction registers must depend on
each other. Illegal combination of state transitions of adjacent stages are described below using Figure 7.

� An instruction register can not be in normal flow if all the parent instruction registers (adjacent ones)
are stalled. If such a combination of state transitions are allowed, the instruction stored inIRi�1;l

(1� l � p) at time t will be duplicated, and stored into bothIRi�1;l and IRi; j in the next cycle.
Therefore, the instruction will be executed more than once. Formally, the Equation (19) should be
satisfied.

(
p̂

l=1

condST
IRi�1;l

)^condNF
IRi; j

= 0 (19)

(2� i � n�1;1� j � ni ;1� l � p)

� Similarly, if IRi; j flows normally, at least one of its child latches should also flow normally. If all
of its child latches are stalled, the instruction stored inIRi; j disappears. Formally, the Equation (20)
should be satisfied.

condNF
IRi; j

^ (
q̂

k=1

condST
IRi+1;k

) = 0 (20)

(2� i � n�1;1� j � ni ;1� k� q)

� Similarly, if IRi; j is in bubble insertion, at least one of its child latches should not be stalled. If all of
its child latches are stalled, the instruction stored inIRi+1;k (1� k� q) at timet will be overwritten
by the bubble. Formally, the Equation (21) should be satisfied.

condBI
IRi; j

^ (
q̂

k=1

condST
IRi+1;k

) = 0 (21)

(2� i � n�1;1� j � ni ;1� k� q)

� Similarly, if IRi; j is in bubble insertion condition, Equation (22) - Equation (23) should be satisfied.

condNF
IRi�1;l

^condBI
IRi; j

= 0 (22)

condBI
IRi�1;l

^condBI
IRi; j

= 0 (23)

(2� i � n�1;1� j � ni ;1� l � p)
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� Similarly, if IRi; j is in bubble squash state, Equation (24) - Equation (27) describes the illegal com-
bination of state transitions of adjacent instruction registers.

condST
IRi�1;l

^condSQ
IRi; j

= 0 (24)

condXN
IRi�1;l

^condSQ
IRi; j

= 0 (25)

condSQ
IRi; j

^condNF
IRi+1;k

= 0 (26)

condSQ
IRi; j

^condNI
IRi+1;k

= 0 (27)

(2� i � n�1;1� j � ni ;1� l � p;1� k� q)

� Finally, an instruction register can not be in normal flow, stall, squash, or bubble insertion if next
(child) instruction register is in exception. Formally, the Equation (28) - Equation (31) should be
satisfied.

condNF
IRi�1;l

^condXN
IRi; j

= 0 (28)

condST
IRi�1;l

^condXN
IRi; j

= 0 (29)

condSQ
IRi�1;l

^condXN
IRi; j

= 0 (30)

condBI
IRi�1;l

^condXN
IRi; j

= 0 (31)

(2� i � n�1;1� j � ni ;1� l � p)

The above equations are not sufficient to ensure in-order execution in fragmented pipelines. An instruc-
tion Ia should not reach join node earlier than an instructionIb whenIa is issued by the corresponding fork
node later thanIb. Formally the following equation should hold:

8(F;J); Ia�JIb ) ΓF(Ia)< ΓF(Ib) (32)

where, (F, J) is fork-join pair,Ia�JIb impliesIa reached join nodeJ beforeIb, ΓF(Ia) andΓF(Ib) returns
the timestamps when instructionsIa andIb (respectively) are issued by the fork nodeF.

The previous property ensures that instruction does not execute out-of-order. However, with the current
modeling two instructions with different timestamp can reach the join node. If join node does not have
capacity for more than one instruction this may cause instruction loss. We need the following property to
ensure that only one immediate parent of the join node is in normal flow at timet:

8x;y(x;y2 f1;2; :::; pg ^ x 6= y); condNF
IRi�1;x

^condNF
IRi�1;y

= 0 (33)

Similarly, the state transition ofPCmust depend on the state transition ofIR1; j (1� j � n1). The illegal
combination of state transitions betweenPC andIR1; j are described below.

condST
PC^condNF

IR1; j
= 0 (34)

condSE
PC^ (

n1̂

j=1

condST
IR1; j

) = 0 (35)

condBT
PC^ (

n1̂

j=1

condST
IR1; j

) = 0 (36)
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condSE
PC^condBI

IR1; j
= 0 (37)

condBT
PC^condBI

IR1; j
= 0 (38)

condSE
PC^condXN

IR1; j
= 0 (39)

condST
PC^condSQ

IR1; j
= 0 (40)

condST
PC^condXN

IR1; j
= 0 (41)

We have described all possible illegal combination of state transition functions (Equation (19) - Equa-
tion (41)). However, Equation (22), Equation (23), Equation (26), and Equation (27) are not necessary to
prove in-order execution.

Finiteness

The determinism and in-order execution properties do not guarantee that execution of instructions will
be completed in a finite number of cycles. In other words, the pipeline may be stalled indefinitely. There-
fore, we need to guarantee that stall conditions (i.e.,condST

IRi; j
) are resolved in a finite number of cycles.

The Equation (4) (stall condition) has two components. Both components must be resolved in a finite
number of cycles. The following conditions are sufficient to guarantee the finiteness.

� A stage must flow within a finite number of cycles if all the later stages are idle. Since this condition
may depend on external signals which come from outside of the processor core, it cannot be verified
only with the FSM model. This condition is a constraint in the design of the blocks which generate
such signals.

� condST
IRi; j

can be a function of external signals andIRk;y wherek� i, but cannot be a function ofIRk

wherek< i.

6.2 Automatic Validation Framework

Algorithm 1 describes the specification validation technique. It accepts the processor specification,
described in EXPRESSION ADL [1], as input. The FSM model and the properties are generated from the
ADL specification. In case of failure it generates counter-examples so that the designer can modify the
ADL specification of the processor architecture.

Algorithm 1 : Validation of Pipeline Specification
Input : ADL specification of the processor architecture.
Outputs: Success, if the processor model satisfies the properties (determinism, in-order execution, finiteness).

Failure otherwise, and produces the counter-examples.
Begin

Generate FSM model from the ADL specification using Equation (1) - Equation (14)
Generate properties using Equation (15) - Equation (41)
Apply the properties on the FSM model to verify determinism, in-order execution, and finiteness.
Return Successif all the properties are verified;

Failure otherwise, and produce the counter-example(s).
End

We have verified the properties using two different approaches. First, we have used SMV [38] based
property checking framework as shown in Figure 8. The SMV based approach fits nicely in our validation
framework. However, the SMV is limited by the size of design it can handle. We have also developed an
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equation solver based framework as shown in Figure 9 that can handle complex designs. In this section,
we briefly describe these two approaches used in our framework. The detailed description is available in
[28].

Validation using Model Checker

The FSM model (SMV description) of the processor is generated from the ADL specification. The
properties are also described using SMV description. The properties are applied on the FSM model using
the 1SMV model checker as shown in Figure 8. In case of failure, SMV generates counter examples that
can be used to modify the ADL specification. Each counter example describes the failed equation(s) and
the instructions registers that are involved.

Properties FSM Model

SMV

Analyze
Success Failed

(EXPRESSION)
Processsor Specification

C
o

u
n

te
r-e

xa
m

p
le

s

Figure 8. Validation Framework using SMV

We have verified the in-order execution style of the processor specification in two ways. First, the
framework generates properties using Equation (19) - Equation (41) to verify in-order execution. This is
similar to how other properties (determinism and finiteness) are verified. Second, an auxiliary automata is
used instead of using equations to verify in-order execution. In auxiliary automata based approach, we use
the same FSM model of the processor (SMV description) generated from the ADL. We developed a SMV
module that generates two instructions randomly with random delay between them. These two instructions
are recorded and fed to the FSM model. The processor (FSM) model accepts these instructions and
performs regular computations. At the completion (e.g., writeback unit) the auxiliary automata analyzes
these two instructions to see whether they completed in the same sequence as generated. Note that, this
auxiliary automata does not need any manual modification for different architectures. In case of failure
SMV generates counter-examples containing instruction sequence (instruction pair with NOPs in between
them) that violates in-order execution for the processor model.

Validation using Equation Solver

In the second approach, the framework generates the FSM model and flow equations for NF, ST, XN,
SQ, and BI for each instruction register and SE, ST, and BT for PC using ADL description and Equation (1)
- Equation (14). It generates the equations necessary for verifying properties using ADL description and
Equation (15) - Equation (41) as shown in Figure 9.
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Figure 9. Validation Framework using Equation Solver

The Eqntott [11] tool converts these equations in two-level representation of a two-valued Boolean
function. This two-level representation is fed toEspresso[10] tool that produces minimal equivalent
representation. Finally, the minimized representation is analyzed to determine whether the property is
successfully verified or not. In case of failure it generates traces explaining the cause of failure. The
trace contains the equation(s) that failed, and the identification of the instruction registers involved. The
designer knows the property that is violated and the reason of the violation. This information is used to
modify the ADL specification. The detailed description is available in [28].

7 A Case Study

In a case study we successfully applied the proposed methodology to the single-issue DLX [17] pro-
cessor. We have chosen DLX processor since it has been well studied in academia and contains many
interesting features viz., fragmented pipelines, multicycle units etc., that are representative of many com-
mercial pipelined processor architectures such as TI C6x [41], PowerPC [12], and MIPS R10K [13].
Figure 10 shows the DLX processor pipeline. The DLX architecture has five pipeline stages: fetch (IF),
decode (ID), execute, memory (MEM), and writeback (WB). Theexecutestage has four parallel pipeline
paths: integer ALU (EX), 7 stage multiplier (M1 - M7), four stage floating-point adder (A1 - A4), and
multi-cycle divider (DIV).

We used the EXPRESSION ADL [1] to capture the structure and behavior of the DLX processor. We
captured the conditions for stalling, normal flow, exception, branch taken, squashing, and bubble insertion
in the ADL. For all the units we assumed”ALL” contribution from children units for stall condition. While
capturing normal flow condition for each unit we selected”ANY” for parent units and”ANY” for children
units. Similarly, for each unit we captured other flow conditions. For example, the condition specifica-
tion for the decode unit is shown below. The definitions of (ALL, ANY, SOME, NONE) are described in
Section 5.1.

(DecodeUnit DECODE
.........
(CONDITIONS

(NF ANY ANY)
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Figure 10. The DLX Processor

(ST ALL)
(XN ANY)
(BI ALL ANY)
(SQ ANY ALL)
(SELF "")

)
)

Using the ADL description, we automatically generated the equations for flow conditions for all the
units [28]. For example, the flow equations for the decode latch are shown below (using Equation (2) -
Equation (8), and the description of the decode unit shown above).

condNF
IR1;1

= STPC^ (STIR2;1_STIR2;2_STIR2;3_STIR2;4)^XNIR1;1^SQIR1;1 (42)

condST
IR1;1

= (STIR2;1^STIR2;2^STIR2;3^STIR2;4)^XNIR1;1^SQIR1;1 (43)

condNI
IR1;1

= STPC^ (STIR2;1_STIR2;2_STIR2;3_STIR2;4)^XNIR1;1^SQIR1;1 (44)

condXN
IR1;1

= XNIR1;1 = XNIR2;1_XNIR2;2_XNIR2;3_XNIR2;4 (45)

condSQ
IR1;1

= SQIR1;1 = STPC^ (STIR2;1^STIR2;2^STIR2;3^STIR2;4)^ ((IR1;1):opcode== nop) (46)

The IR2;4 represents the latch for the multicycle unit. So we assumed a signalbusy, internal toIR2:4,

which remained set formcycles. Thebusycan be treated asSTsel f
IR2:4

as shown in Equation (5).
The necessary equations for verifying the properties viz., determinism, in-order execution and finite-

ness are generated automatically from the given ADL specification. We show here a small trace of the
property checking to demonstrate the simplicity and elegance of the underlying model. We show that the
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determinism property is satisfied forIR1;1 using the modeling above:

condNF
IR1;1

_condST
IR1;1

_condBI
IR1;1

_condXN
IR1;1

_condSQ
IR1;1

= (STPC^ (STIR2;1_STIR2;2_STIR2;3_STIR2;4)^XNIR1;1^SQIR1;1)_ ((STIR2;1^STIR2;2^STIR2;3^STIR2;4)^

XNIR1;1^SQIR1;1)_ (STPC^ (STIR2;1_STIR2;2_STIR2;3_STIR2;4)^XNIR1;1^SQIR1;1)_XNIR1;1_SQIR1;1

= ((STIR2;1_STIR2;2_STIR2;3 _STIR2;4)^ (STPC_STPC)^XNIR1;1 ^SQIR1;1)_ ((STIR2;1^STIR2;2 ^STIR2;3 ^

STIR2;4)^XNIR1;1^SQIR1;1)_XNIR1;1_SQIR1;1

= XNIR1;1^SQIR1;1^ ((STIR2;1_STIR2;2_STIR2;3_STIR2;4)_ (STIR2;1^STIR2;2^STIR2;3^STIR2;4))_XNIR1;1_
SQIR1;1

= (XNIR1;1^SQIR1;1)_XNIR1;1_SQIR1;1

= 1

We have usedEspressoto minimize the equations. These minimized equations are analyzed to verify
whether the properties are violated or not. Our framework determined that the Equation (32) is violated
and generated a simple instruction sequence which violates in-order execution: floating-point addition
followed by integer addition. The decode unit issued floating point additionI f add operation in cyclem
to floating-point adder pipeline (A1 - A4) and an integer addition operationIiadd to integer ALU (EX) at
cyclem+1. The instructionIiadd reached join node (MEM unit) prior toI f add.

We modified the ADL description to change the stall condition depending on current instruction in
decode unit and the instructions active in the integer ALU, MUL, FADD, and DIV pipelines using Equa-
tion (6). The current instruction will not be issued (decode stalls) if it leads to out-of-order execution.
Our framework generated equations for the modified processor model. The only difference isSTsel f

IRi; j
for

decode unit (Equation (6)) becomes:STsel f
IRi; j

=

(I1^ (S2;1_S3;1_S4;1))_ I2(^S4;2)_ I3(^(S2;3_S4;3))

where, the numbers 1, 2, 3, and 4 are the pipelines (between ID and MEM unit) integer ALU, MUL,
FADD, and DIV respectively. The signalSx;y is 1 if the latest instruction in pipelinex is active for less
than (τ(x)�τ(y)) cycles. Here,τ(x) returns the total number of clock cycles needed by pipelinex (τ(1) =
1,τ(2) = 7, τ(3) = 4, τ(4) = 25). The instructionsI1, I2, I3, andI4 represent the instructions supported by
the pipelines 1, 2, 3, and 4 respectively. Informally, this equation means that if current instruction isI2
(multiply) and there is an instruction in DIV unit which is active for less than 18 cycles (τ(4)� τ(2) = 25
- 7 = 18), decode should stall to avoid out-of-order execution. Note that, the equation does not have any
term forI4. This is becauseSx;4 can never be 1 since (τ(x)�τ(4)) is always negative. For the same reason,
all the terms in the equation do not have fourSx;y symbols.

The Equation (33) is violated for this modeling forIR9;1. The instruction sequence generated by our
framework for this failure consists of a multiply operation (issued by decode unit in cyclem) followed by
a floating-point add operation (issued by decode unit in cycle(m + 3)). As a result both the operations
reachedIR9;1 at cycle(m+7).

We modified the ADL description to redefineSx;y signal: it is 1 if the latest instruction in pipelinex
is active for less thanor equal to(τ(x)� τ(y)) cycles. The in-order execution was successful for this
modeling.

The framework determined that the in-order execution is violated in the presence of an exception in
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A2 stage of the floating-point adder and generated a simple instruction sequence which violates in-order
execution: floating-point addition followed by integer addition. The decode unit issued floating point
addition I f add operation in cyclem to floating-point adder pipeline (A1 - A4) and an integer addition
operationIiadd to integer ALU (EX) at cyclem+1. Due to an exception in A2 stage, the A1, ID and IF
stages got flushed whereas theIiadd operation continued its execution.

We modified the ADL description to incorporate the notion of in-order relationship among units. For
example, forEX unit the in-order children areM2 andA2. Note that, when M3 stage is in exception
condition, the M2 stage and its parent (normal parent M1 and in-order parents EX and A1) stages will
be flushed. Similarly, the in-order children for M2 stage is A2 and so on. However, this modeling is not
good enough in the presence of multicycle functional units (e.g., DIV unit). The in-order children (parent)
information will change depending on how many cycles the division operation is in DIV unit. So we
model division unit with m-stages (D1, D2, .., Dn), wherem is the latency of the division operation, with
the assumption that the stageDi will have the division operation afteri cycles and only one stage will have
a valid operation at a time. Now we can extend the in-order child concept for multicycle units as well.
Now, the in-order children for EX unit are M2, A2 and D2. Similarly, the in-order children for D1 unit
are A2 and M2. Since we are considering single-issue machine, two units in the same level will not have
valid instruction at the same point in time. For example, M1 and A1 cannot have valid instructions at the
same point in time. The in-order execution was successful for this modeling in the presence of exceptions.
This modeling is sufficient to handle multiple exceptions where the exception closer to completion has the
higher priority. This is due to the fact that the exception closer to completion will flush all the operations
above and thereby masks all the exceptions generated after it. For example, if there are exceptions in M3
and A1. The exception in M3 will mask the exception in A1 stage.

During design space exploration we added a feedback path fromIR9;1 to IR2;3 to see the impact of data
forwarding on multiply followed by accumulate intensive benchmarks (e.g., wavelet and lowpass from
multimedia and DSP domains). We modified the ADL accordingly by treatingIR9;1 as one ofIR2;3’s
parent (other thanIR1;1) andIR2;3 as one ofIR9;1’s children (other thanIR10;1) and generated necessary
conditions. The property checking failed for in-order execution as well as finiteness. A careful observation
shows that the second specification (IR2;3 as one ofIR9;1’s children) was wrong since the producer unit
never waits for the receiver unit to receive the data in this scenario. After removing the second specification
the verification was successful. In such a simple situation this kind of specification mistakes might appear
as trivial, but when the architecture gets complicated and exploration iterations and varieties increases, the
potential for introducing bugs also increases.

We have verified the properties using two different methods: usingSMVmodel checker andEspresso
equation solver, as described in Section 6.2. We have used 296 MHz Sun UltraSparc-II with 1024M
RAM to run the experiments. Table 1 shows the performance of the two methods for verifying in-order
execution property. We have used the DLX architecture (Figure 10) as the base configuration and modified
the number of opcodes. The first column presents our two methods of specification validation. The second,
third, and fourth column presents the execution time (in seconds) of the two methods for verifying in-order
execution property for different architecture configurations.

We have performed experiments by modifying the pipeline structure: adding pipeline paths, adding
pipeline stages etc. However, our SMV based framework could not handle configurations when pipeline
path is added due to space explosion in SMV. Our equation solver based framework can handle complex
configurations. The SMV based framework took 0.8 seconds to verify determinism property, whereas the
equation solver based framework took 4 seconds for the base DLX configuration.
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Methods DLX Processor Configurations
8 opcodes 16 opcodes 32 opcodes

SMV based Framework 302.4 sec 400.4 sec 740.9 sec
Espresso based Framework 5.4 sec 6.7 sec 9.4 sec

Table 1. Validation of In-Order Execution by Two Frameworks

We have used our validation technique in the EXPRESSION [1] framework. The EXPRESSION frame-
work allows verification, automatic software toolkit generation, and design space exploration for a wide
range (DSP, VLIW, EPIC, Superscalar) of programmable embedded systems. The EXPRESSION ADL
has been used to generate compiler, simulator, and assembler for the DLX [17], TI C6x [41], PowerPC
[12], ARM [42], Sun UltraSparc-III [14], and MIPS R10K [13] architectures. The correct execution of the
generated compiler and simulator is another indication of the validity of our verification approach.

8 Summary

This paper proposed a framework for automatic modeling and validation of pipelined processor speci-
fications driven by an architecture description language (ADL). It is necessary to validate the ADL spec-
ification of the architecture to ensure the correctness of both the architecture specified, as well as the
generated software toolkit.

We have developed validation techniques to ensure that the static behavior of the pipeline is well-formed
by analyzing the structural aspects of the specification using a graph based model [32]. In this paper, we
verify the dynamic behavior by analyzing the instruction flow in the pipeline using a Finite State Machine
(FSM) based model to validate several important architectural properties such as determinism, finiteness,
and execution style (e.g., in-order execution) in the presence of hazards and multiple exceptions. These
properties are by no means complete to prove the correctness of the specification. The designer can add
new architecture specific properties and easily integrate it in our framework. Our validation framework
uses two approaches: SMV based property checking and Espresso based equation minimization. The
framework determines if all the necessary properties are satisfied or not. In case of a failure, it generates
traces so that designer can modify the ADL specification of the architecture. We applied this methodology
to the DLX processor to demonstrate the usefulness of our approach.

Currently, we can model and verify single-issue microprocessors with in-order execution, fragmented
pipelines and multicycle functional units [29] in the presence of hazards and multiple exceptions [30]. Our
future work will extend modeling and validation technique towards superscalar processors.
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