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Abstract

Functional verification of pipelined processors is one
of the major bottlenecks in current System-on-Chip
(SOC) design methodology. A significant bottleneck in
the validation of such systems is the lack of a suitable
functional coverage metric. This paper presents a test
generation and functional coverage estimation frame-
work for pipelined processors using Specman Elite. We
have applied this methodology on a VLIW DLX archi-
tecture to demonstrate the usefulness of our approach.

1 Introduction

As embedded systems continue to face increasingly
higher performance requirements, deeply pipelined pro-
cessor architectures are being employed to meet desired
system performance. Functional validation of such pro-
grammable processors is one of the most complex and
expensive tasks in the current Systems-on-Chip (SOC)
design methodology. Simulation is the most widely
used form of microprocessor verification by applying
a combination of random and constrained-random test
cases.

Many techniques have been proposed for generation
of directed test programs. Aharon et al. [1] have
proposed a test program generation methodology for
functional verification of PowerPC processors in IBM.
Miyake et al. [11] have presented a combined scheme
of random test generation and specific sequence gen-
eration. A coverage driven test generation technique
is presented by Fine et al. [3]. Shen et al. [12] have
used the processor to generate tests at run-time by self-
modifying code, and performed signature comparison
with the one obtained from emulation. These tech-
niques do not consider pipeline behavior for generating
test programs.
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Ur and Yadin [13] presented a method for generation
of assembler test programs that systematically probe the
micro-architecture of a PowerPC processor. Iwashita et
al. [7] use an FSM based processor modeling to au-
tomatically generate test programs. Campenhout et al.
[2] have proposed a test generation algorithm that in-
tegrates high-level treatment of the datapath with low-
level treatment of the controller. Kohno et al. [8] have
presented a tool that generates test programs for veri-
fying pipeline behavior in the presence of hazards and
exceptions. Ho et al. [6] have presented a technique for
generating test vectors for verifying the corner cases of
the design. Mishra et al. [9] have proposed a graph-
based functional test program generation technique for
pipelined processors using model checking.

Several coverage measures including code coverage,
toggle coverage, and FSM coverage are typically used
to determine the effectiveness of the generated test pro-
grams. However, these measures do not have any direct
relationship with the device functionality. For example,
none of these determine if all possible interactions of
hazards, stalls and exceptions are tested in a processor
pipeline.

This paper presents a test generation and functional
coverage estimation framework for pipelined proces-
sors using Specman Elite. We use an Architecture
Description Language (ADL) based specification of
pipelined processors as input. The “e” [14] specifica-
tion is generated from the ADL specification. Spec-
man Elite is used to generate random and constrained-
random test programs. We have developed functional
coverage estimation techniques to verify the quality of
the generated test programs.

The rest of the paper is organized as follows. Sec-
tion 2 describes our validation methodology followed
by a case study in Section 3. Finally, Section 4 con-
cludes the paper.
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2 Test Generation and Coverage Estimation

Figure 1 shows our test generation and coverage es-
timation methodology. The first step is to capture the
pipelined processor using a specification language. We
use the EXPRESSION ADL [4] to describe the struc-
ture and behavior of the processor. Our framework en-
ables generation of “e” [14] models for instruction-set
architecture (ISA) using the behavioral description of
the ADL specification. The ISA specification is used
by the Specman Elite to generate test programs. These
test programs are applied on the implementation using
simulation.

Our framework generates “e” models for the
pipelined implementation and uses an ‘“¢” simulator.
Typically, the implementation is hand-written using
Hardware Description Language (HDL) such as VHDL
or Verilog. In that case, an HDL simulator is necessary.
However, the methodology remains the same. Coverage
specification can be generated from the ADL specifica-
tion or manually written. The coverage specification is
used by Specman Elite to generate functional coverage
during simulation of the implementation.

The methodology has four important steps: architec-
ture specification, “e” model generation, test genera-
tion, and coverage estimation.

Architecture Specification
(ADL Description)

Pipelined Implementation

ISA Specification Coverage
("'e"" Description)

(""e"" Description) Specification

External Test Programs

Figure 1. Test Generation and Coverage Estimation

2.1 Architecture Specification

We use the EXPRESSION ADL [4] to describe the
structure (components and connectivity) and behavior
(instruction-set description) of the processor. It is im-
portant to note that any existing ADL can be used that
captures both structure and behavior of the processor.

The structure of a processor can be viewed as a graph
with the components as nodes and the connectivity as
the edges of the graph. We consider two types of com-
ponents: units (e.g., ALUs) and storages (e.g., register
files). There are two types of edges: pipeline edges and
data transfer edges. The pipeline edges specify instruc-
tion transfer between units via pipeline latches, whereas
the data transfer edges specify data transfer between
components. Each component has a list of attributes.
For example, a functional unit will have information
regarding latches, ports, connections, opcodes, timing,
capacity etc.

The behavior is organized into operation groups, with
each group containing a set of operations having some
common characteristics. Each operation is then de-
scribed in terms of it’s opcode, operands, behavior, and
instruction format. Each operand is classified either as
source or as destination. Furthermore, each operand is
associated with a type that describes the type and size
of the data it contains. The instruction format describes
the fields of the operation in both binary and assem-
bly. For example, the following EXPRESSION code
segment describes an ADD operation.

(OPCODE add
(OPERANDS (SRC1 reg) (SRC2 reg/imm) (DEST reg))
(BEHAVIOR DST = SRC1 + SRC2)
(FORMAT 000101 dest (25-21) srcl(20-16) ...)

2.2 Model Generation

Our framework enables generation of “e”” models for
instruction-set architecture (ISA) using the behavioral
description of the ADL specification. The framework
also allows generation of pipelined implementation (“e”
description) using functional abstraction [10].

2.3 Test Generation

The test programs are generated in three different
ways: random, constrained-random, and manual. Spec-
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man Elite [14] is used to generate both random and
constrained-random test programs from the ISA spec-
ification. The external test vectors are manually written
for improving the functional coverage.

2.4 Coverage Estimation

Coverage estimation is used to measure the progress
of verification effort. It also indicates the quality of the
test programs used during simulation. We plan to mea-
sure the functional coverage of pipelined processors.
We include the following measures in our initial set for
coverage estimation:

e Register Read/Write: To ensure fault-free exe-
cution, all registers should be written and read
correctly. A functional fault (bug) in register
read/write is covered if the register is written first
and read later.

e Operation Execution: All operations must exe-
cute correctly if there are no faults (bugs). A fault
in operation execution is covered if the operation
is performed, and the result of the computation is
read.

e Pipeline Execution: An implementation of a
pipeline is faulty if it produces incorrect result due
to execution of multiple operations in the pipeline.
A fault in pipeline execution is covered if the fault
is activated due to execution of multiple operations
in the pipeline, and the result of the computation is
read.

We compute functional coverage of a pipelined pro-
cessor for a given set of test programs as the ratio be-
tween the number of faults detected by the test pro-
grams and the total number of detectable faults in the
fault model.

3 A Case Study

We applied our methodology on a VLIW implemen-
tation of the DLX architecture [5]. Figure 2 shows the
simplified version of the VLIW DLX architecture. It
has five pipeline stages: fetch, decode, execute, mem-
ory (MEM), and writeback. The execute stage has four
parallel execution paths: integer ALU, 7 stage multi-
plier (MUL1 - MUL7), four stage floating-point adder

(FADDI1 - FADD4), and multi-cycle divider (DIV). The
oval boxes represent units and rectangular boxes rep-
resent storages. The solid lines represent instruction-
transfer paths and dotted lines represent data-transfer
paths.

- = -» Data-transfer edge
— Pipeline edge
> Functional unit
"I Storage

Figure 2. The VLIW DLX architecture

3.1 Experimental Setup

We developed our test generation and coverage anal-
ysis framework using Verisity Specman Elite [14]. We
captured executable specification of the architectures
using Verisity “e” language [14]. This includes descrip-
tion of 91 instructions for the DLX architecture. We
refer to it as specification. We implemented a VLIW
version of the DLX architecture (shown in Figure 2) us-
ing “e” language. We refer to it as implementation' .

Our framework uses test programs generated in three
different ways: random, constrained-random, and man-
ual. Specman Elite [14] is used to generate both random
and constrained-random test programs from the speci-
fication. Random test generation uses a variable to de-
cide the number of test programs to generate. Several
constraints are used for constrained-random test genera-
tion. For example, to generate test programs for register
read/write, we used the highest probability for choosing

IThe implementation can be written using VHDL/Verilog as
well.
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register-type operations in DLX. Since register-type (R-
type) operations have 3 register operands, the chances
of reading/writing registers are higher than immediate
type (I-type: 2 register operands) or J-type (no register
operand) operations?.

The external test programs are manually written
based on the enumeration of the possible faults. DLX
has 32 (32-bit) general purpose registers (GPR) and 32
single-precision (32-bit) floating-point registers. The
floating-point registers can be used as 16 double-
precision registers. Therefore, total 65 faults possible
(64 32-bit registers and one program counter) due to
register read/write (65x2=130 test instructions). Simi-
larly, DLX has 91 operations. Therefore, 91 faults pos-
sible due to operation execution (91x2=182 test instruc-
tions). Finally, let us compute the total number of pos-
sible faults in pipeline execution of DLX shown in Fig-
ure 2. There are two independent components in this
category: stalls and exceptions. A unit can be stalled
due to data, control or structural hazards. There are
three possible data hazard conditions: RAW, WAW and
WAR. Each unit of DLX can be stalled due to structural
hazard (17 conditions). The decode unit can be stalled
due to data and control hazards (4 conditions) and due
to stall of any one of its children (4 conditions). All
other units of DLX can be stalled due to stall of its chil-
dren (16 possibilities). There are 17 single exception
and 136 multiple (two) exception scenarios. Multiple
exceptions occur when more than one unit are in excep-
tion. Currently, we consider scenarios with two simul-
taneous exceptions. There are total 177 possible faults
due to pipeline execution (136x4 + 16x2 + 4x2 + 4x2 +
17x2 = 626 test instructions).

To ensure that the generated test programs are exe-
cuted correctly by the implementation, our framework
applies the test programs on the implementation as well
as the specification, and compares the contents of the
program counter, registers and memory locations after
execution of each test program as shown in Figure 3.

The Specman Elite framework allows definition of
various coverage measures that enables us to compute
the functional coverage as described in Section 2.4.
We defined each entry in the instruction definition (e.g.
opcode, destination and sources) as a coverage item
in Specman Elite. The coverage for the destination

2DLX supports three types of instruction encoding: I-type, R-
type, and J-type

operand gives the measure of which registers are writ-
ten. Similarly, the coverage of source operands gives
the measure of which registers are read. We used a vari-
able for each register to identify a read after a write.
Similarly, computation of coverage for operation exe-
cution is done by observing the coverage of the opcode
field. Finally, we compute the coverage for pipeline ex-
ecution by maintaining variables for stalls and excep-
tions in each unit. The coverage for multiple exceptions
is obtained by performing cross coverage of the excep-
tion variables (events) that occur simultaneously.

3.2 Results

Table 1 shows the results for the DLX architecture.
The rows indicate the fault models, and the columns
indicate test generation techniques. An entry in the ta-
ble has two numbers. The first one represents the min-
imum number of tests generated by that test genera-
tion technique for that fault model. The second num-
ber (in parenthesis) represents the functional coverage
obtained by the generated tests for that fault model.

Table 1. Test Programs for Validation of DLX

Fault Models Test Generation Techniques
Random | Constrained | Manual
Register Read/Write | 3900 (100%) 750 (100%) | 130 (100%)
Operation Execution 437 (100%) 443 (100%) | 182 (100%)
Pipeline Execution 30000 (25%) | 30000 (30%) | 626 (100%)

The number 100% implies that the generated tests
covered all the faults in that fault model. For example,
the Random technique covered all the faults in “Regis-
ter Read/Write” function using 3900 tests. The number
of tests for operation execution are similar for both ran-
dom and constrained-random approaches. This is be-
cause the constraint used in this case (same probability
for all opcodes) may be the default option used in ran-
dom test generation approach.

We analyzed the cause for the low fault coverage in
pipeline execution for the random and constraint-driven
test generation approaches. These two approaches cov-
ered all the stall scenarios and majority of the single
exception faults. However, they could not activate any
multiple exception scenarios.

Our test generation and coverage estimation frame-
work for the DLX processor is available as an eShare
(user contributed “e” solutions) in Verisity verification
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/* Test Program */
ADD R1, R2,R3

.
XORI R7, RS, 0x43

Completed Execution

REF .RegFile
REF.Memory

REF.PC == IMP.PC ?
== IMP.RegFile ?
== IMP.Memory ?

Implementation successfully
executed the test program

Incorrect Implementation

Figure 3. Validation of the Implementation

[P

vault [15]. This includes “e” specifications for both ISA
description and pipelined implementation of the DLX
architecture. It also includes components for random
and constrained-random test generation as well as inter-
face for incorporating external tests during simulation.
Finally, it includes components for data and temporal
checking, and functional coverage estimation.

4 Conclusions

Functional verification is widely acknowledged as a
major bottleneck in microprocessor design due to lack
of a suitable functional coverage estimation technique.
This paper presented a methodology for test generation
and coverage estimation of pipelined processors using
Specman Elite. We have presented a case study for val-
idating a VLIW implementation of the DLX processor.

Our future work includes development of functional
fault models for a wide variety of architectures includ-
ing RISC, DSP, VLIW, and superscalar. The fault mod-
els can be used to define the functional coverage. We
also plan to develop functional coverage driven test gen-
eration techniques for pipelined processors.
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