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Abstract

Simulation and formal verification methods are the two important pillars of SoC ver-
ification. Unfortunately, both have certain demerits. Simulation techniques suffer
due to its non-reliability and unmanageable worst-case time-complexity. In order to
reduce this simulation-time, both verification community is now focusing on emula-
tion techniques. But that requires mapping of traditional constrained random test-
benches (which usually runs in software) to hardware. On the other hand, the latter
requires formal specification of the interface behavior, but this is a non-trivial task.
Moreover, validation engineers have significant experience in writing test benches
that are also models of the environment, but test-benches are not written in formal
languages. This project addresses two problems related to constrained random test
benches — (a) they tend to be the main bottleneck in hardware accelerated simula-
tion, and (b) they cannot be directly used by a formal verification tool.For the first
problem, this project presents a methodology and a tool to synthesize constraints in
hardware, which is the core problem in migrating test benches into hardware. For
the second problem, the project examines the question - Can we extract the relevant
assumptions from a well structured constrained random test bench? We present a
methodology and a tool to accomplish this task. We report our experience with
complex test benches for the ARM AMBA and IBM CoreConnect protocols.



Chapter 1

Introduction

Verification is one of the single biggest challenges in the design of system-on-chip
(SoC) devices and re-usable IP blocks. Traditional validation methods have been
unable to keep pace with the ever-increasing size and complexity of designs. Despite
the introduction of successive new verification technologies, the gap between design
capability and verification confidence continues to widen. In practice there are two
ways in which design verification is done today. These are Formal techniques and
Simulation-based techniques. In both these forms, formal properties specify the
correctness requirements of the design, and the goal is to check whether a given
implementation satisfies the formal properties. In formal techniques, it is checked
whether all possible behaviors of the design satisfy the given properties. Whereas in
simulation-based approach, the properties are checked over a simulation run - the
verification is thereby confined to only those behaviors that are encountered during
the simulation.

The steps and issues in the current design verification flow are given as follows.

1. The VLSI design flow descends from one abstraction layer to another as shown
in Fig 1.1. At each level, the specifications are refined. At each step, verifi-
cation is essential (a)to check consistency among the behavior of the design
and the specification at that level, and, (b) to check consistency among the
specifications of current and previous levels.

2. The design architect conceives the design as a set of abstract blocks intercon-
nected through some simple glue logic, that together achieves the functionality
of the design. Large functional blocks are similarly decomposed into smaller
blocks. This process of decomposition continues until the functionality of each
block is simple enough to be coded as a single (unit level) module. After
the unit level designs are done, these are integrated to build the final RTL
implementation.

As the simulation time is one of the major bottleneck, verification community
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Figure 1.1: The Overall Design Flow

has started migrating from exhaustive simulation to coverage driven simulation tech-
niques. The coverage driven verification approaches ensure that the test-vectors ap-
pear according to some probability distribution. This methodology is preferred over
conventional methods since more frequent vectors have more occurrence probability.
Moreover in order to track the corner cases validation engineers are nowadays pre-
ferring constrained random test-benches since generating directed test-cases is once
again another non-trivial task. Thus, constrained random test-benches are gaining
rapid popularity in the current validation flow. But there are certain issues in the
applicability of the constrained random test-benches, which are as follows.

1.1 Issues in Formal techniques

At the unit level, where the module size is small and manageable, formal tools can
handle the capacity. This is a big advantage, since the task of achieving a similar
degree of confidence through simulation can require thousands of test vectors. How-
ever, in order to prove a property in a module, it needs to incorporate a model of
the environment. By default, this is the most general environment, thus it is free
to behave as it pleases. However, in reality, modules are usually designed under
assumptions in constrained random test-benches about the environment. Thus an
environment shouldn’t behave in an arbitrary manner. In absence of these assump-



tions, the formal tool can provide a counter-example, which is actually not a 'true
one’ for that particular module. Modeling these assumptions is a non-trivial task
and requires severe manual intervention. On the other hand validation engineers
have significant experience in writing test benches that are also models of the envi-
ronment. So the question becomes - Can the relevant assumptions for the module
under test be extracted from the constrained random test bench itself?

1.2 Issues in Simulation-based techniques

Simulation typically takes place in several stages in the design hierarchy. These
include, unit level validation for individual modules, block level validation for col-
lection of modules, and system level validation for the integrated design. In each
of these cases, thousands of simulation vectors are created to achieve a reasonable
confidence. For system level validation, simulation runs into months. Thus the main
bottleneck in simulation is the time that it takes. On the other-hand the reality is
that for large designs it is the only solution. One of the popular trends to minimize
the simulation time is emulation i.e. mapping the test-bench to hardware. In tradi-
tional emulation techniques, the DUT is mapped into an FPGA while the test-bench
is driven from the software. The constraints present in the constrained random test-
benches hinder this process of mapping of test-bench, which is a non-trivial task. So
the question here we examine - Can we map the constraints into hardware to reduce
the simulation time?

In summary, constrained random test-benches pose two separate problems in
either of the accepted verification methodologies.

1. Can we extract the global as well as local assumptions from a test-bench (to
aid the formal analysis)?

2. Is it possible to map the constraints in manageable hardware (to reduce the
simulation time)?

1.3 Motivation and Objective

We have investigated into the problems raised by the constrained random test-
benches in the previous section. In the following subsections we categorically explore
the issues hidden in them.

1.3.1 Automatic Extraction of Assume properties

In order to model check a component in isolation one needs to incorporate a model
of the environment interacting with the component. By default, this is the most
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Figure 1.2: Extraction of assumptions from the test-bench

general environment, an environment that can evoke, in any order, any action of the
interface between the two. The underlying assumption is that the environment is
free to behave as it pleases, and that the component will still satisfy the property.
However, in reality, components are usually designed under assumption about the
environment. Thus an environment can’t behave in an arbitrary manner. In the
world of model checking, this concept has given rise to the assume-guarantee style
of reasoning, where the model of the environment is restricted by the assumptions
provided by the developer. However, if these assumptions are not applied during
formal analysis, the formal tool may extract a false counter-example scenario while
proving a particular property. That counter-example may be generated for a scenario
in which the environment has behaved in an arbitrary manner. This kind of error-
reporting provide a false insecurity to the designer.

Thus one of the main challenges in developing a formal verification test plan
for an open system (such as a DUT that interacts with its environment) is to for-
mally model the environment of the DUT. The most abstract form of environment
modeling is through assume properties, but this may not be adequate since the envi-
ronment is typically required to satisfy different constraints at different states of the
protocol between the DUT and the environment. More refined techniques include
the formal specification of an interface automaton, but this is a non-trivial task.
There has been some works on assumption generation. In [2], [3], the tool generates
the weakest assumption on which a property holds. However, this approach is not
helpful in verifying the property under a given environment. In our work, we aim
to aid the formal analysis by taking information from an existing test-bench. The
motivation comes from the fact that validation engineers have significant experience
in writing the test-benches and test-benches are also models of the environment.



In recent times, well defined guidelines are being proposed for writing structured
constrained random test benches. Moreover, current test-bench modeling languages
provide construct to model the state specific constraints (assumptions) in the test-
bench. Thus one of the main challenges now is to examine the question - Can we
extract the constrained interface automaton from the test bench?

1.3.2 Hardware Accelerated Simulation

Test-bench in software Test-bench mapped in FPGA

Can we map the test-bench
to hardware?

FPGA mapped DUT FPGA mapped DUT

Figure 1.3: Hardware Acceleration

Lately, hardware-acceleration [20, 7] is increasingly being used to reduce the
simulation time. The DUT is mapped into an FPGA which helps to reduce the sim-
ulation time [32], since the actual hardware runs without any overhead on simulators.
However, for large and complex designs, today, the test environment consisting of
the models of the other components in the system is often just as large as the DUT.
In such cases the test-bench simulation overhead becomes the dominating factor in
hardware accelerated simulation. As the test-bench coding style and the associated
high-level constructs are not conducive to logic synthesis, the task of mapping a
high-level complex test-bench into hardware is non-trivial. The central problem of
this synthesis task is to generate constrained random tests in hardware. Although
there exists many well-known and efficient constraint solvers in software domain,
synthesizing these solvers is non-trivial because most of them use non-deterministic
and back-tracking search algorithms [26] while searching for the solution. Using such
algorithms in hardware will defeat the central purpose of mapping the test-bench
into hardware. To the best of our knowledge, there exists no tool that deterministi-
cally generates constrained random tests in hardware. Other tasks in this problem



include providing a semantic-preserving translation of the high-level language con-
structs to equivalent synthesizable logic.

1.4 Work Done

The main contributions of this work are as follows.

1. Automatic Extraction of Assumptions from the constrained random test-bench:
We present a style for modeling constrained random test-benches. We show
that the proposed style can be easily implemented in the current generation
test-bench modeling languages like SystemVerilog, OpenVera etc. We present
methodology and a prototype tool for automatic extraction of the environment
automaton and the relevant constraints from the test-bench, and then mapping
these constraints as assume properties in the DUT state machine.

2. Hardware Accelerated Simulation: We have proposed a deterministic, non-
backtracking algorithm to generate random stimuli in accordance with the
given constraints. The methodology is sound and complete. The algorithm is
fair, thus generates every solution with a non-zero probability.

1.5 Thesis Organization

The thesis is organized as follows. It is described in the following 5 chapters. We
give a brief overview of each chapter as follows.

Chapter 2: In this chapter we establish the connection between constraints in
constrained random test-bench as well as the assume properties and the various
language constructs in modern test-bench languages for expressing the constraints
as well as assertions with assume property.

Chapter 3: This chapter describes in detail the methodology of transforming the
linear constraints from software test-benches to FPGA.

Chapter 4: The methodology for extraction of assume properties and the environ-
ment FSM from the test-bench is described in this chapter.

Chapter 5: Lastly, we conclude our work summarizing the contribution, mentioning
the future direction of our research effort in brief.



Chapter 2

The Background

2.1 Introduction

In this chapter we will be discussing the necessary background to describe the work
carried out. Simulation is by far the most accepted form of verification in the
industry right now. Formal verification techniques are slowly penetrating wherever
the systems are fault-critical such as space and cardiac applications.

Simulation techniques are traditionally used since it has a less space-requirement
and it requires no added expertise in logic and combinatorics. Unfortunately, the
major drawback lies in the fact that, it is expensive in terms of time and also it
does not guarantee that the system is bug-free. Certain corner cases always tend
to remain hidden. One possible way to overcome that vulnerability is to apply
exhaustive set of vectors. But, that is usually an infeasible idea. Suppose, a 32-bit
wide address bus is to be verified. It is absolutely impractical idea to apply 232
vectors.

People next tried to apply directed test cases. But the two main reasons which
made this idea infeasible too are the following.

e Large number of directed test-cases.
e Generating and applying these directed test-cases is a non-trivial task.

These observations has led the industry to move from traditional directed [1] to con-
strained randomized [2, 3] approaches. Using this approach, scenarios are generated
in an automated randomized fashion under the control of a set of rules, or constraints
specified by the user. By building randomization into the types of scenarios that are
created, generated tests are much more likely to hit corner cases and thereby find
more design bugs.

On the other side of the story, formal verification techniques ensure exhaustive
checking of the design under test (DUT). But this merit is largely marred by the



state-space explosion. The number of states in the system tend to grow exponentially
with the complexity of the system. For example in the previous example of the
address-bus, there would be 232 states. This explosion in number of states pose as
a challenge before the available space.

2.2 Relating Constraints with Assume-Properties

Observing both the pros and the cons of simulation and formal verification tech-
niques, validation community has gone for certain trade-offs. Instead of applying
test-cases exhaustively, the industry and academia prefer randomized test-vector
application. In randomized test-plan all the vectors have a non-zero probability of
occurrence. But again the same problem arises. How to track the corner cases?.
One possible approach is to generate directed test cases. But that is always not
possible and even if possible, it is definitely a non-trivial task. So, recent shift is
towards the constrained random test-bench.

Moreover, the component modules of a System-on-Chip(SoC) are designed ex-
pecting certain protocol compliant vectors from the environment. Moreover, we
know that, while model-checking [12] the design, the formal property checker should
know the appropriate assumptions. Otherwise, it might produce refuting paths
which might never exist in practice. Hence, the property verifier should be aware of
the assumptions made regarding the environment. These assumptions are known as
assume properties.

Intuitively, the constraints in constrained random test-benches (required by sim-
ulation tools) and the necessary assume properties in the formal model (required by
formal verification tools) are equivalent. These constraints provide the assumptions
regarding the environment, since the environment is restricted to produce those
constraint-compliant vectors only. Note that in our work, we have automatically
extracted these constraints (assuming the test-bench to be a complete one) to get
the assume-properties.

In the following sections we will be discussing the language constructs of assume-
properties and constrained random test-bench.

2.3 Assume-Properties

Usually, in a system-on-chip unit-level modules are separately tested. It is practical
to consider that the unit-level modules are not exposed to any arbitrary set of inputs
but protocol compliant vectors. Hence, even if we apply randomized test-plan on the
DUT, we need to constrain the set of vectors within feasible range of operation. And
this leads to constrained random test-benches. The modern verification languages
like SystemVerilog provide the support for writing constrained random test-benches.



2.3.1 A Simple example

We consider the verification of a slave device, S, which supports only 2 beat transfer
in a Bus protocol. The interface between S and a requesting master device M is
shown in Figure 2.1.

wr
Slave| Tdy Master
S done M

i L

Figure 2.1: Example System

S initially remains in the idle state, in which its outputs rdy and done are low.
A master device indicates its intent to write by asserting the wr signal and floating
an address in the address lines, addr. The slaves are memory mapped and identify
themselves from their respective address ranges.

For example, whenever S finds that the address floated by the master is outside
its address range (say, 0 to 499), it returns to its idle state. If the address is within
its range, then there are two cases. If the device is not ready to accept the transfer
then it lowers the rdy signal to delay the transfer. Otherwise it raises the rdy signal
and completes the 2 beat transfer by asserting the done signal in the next two
consecutive cycles.

However, the above mentioned functionality can only be satisfied under the fol-
lowing assumption - Once a transfer is acknowledged, the transfer address must be
in the range (0 to 499). Otherwise, the properties will refute each other. So the
test-bench should be written accordingly. In the following subsection we will show
how to write the properties as well as the constraints in the SystemVerilog language.

2.3.2 Constructs in SystemVerilog

For automated verification, the specifications should be clearly written in some
verification language. We choose SystemVerilog here since it is one of the most
popular languages among the validation engineers to express their intent.

The properties of the slave S described in previous subsection can be expressed
by the following SystemVerilog assertions.

property P1;
Q(posedge clk) (wr && rdy && !'done) |[->
(##1 (rdy &% done) ##1 (rdy && done));



endproperty

property P2;
Q(posedge clk)
(rdy && !(addr >=0 && addr < 500))
[-> (##1 ('rdy && 'done);
endproperty

Moreover, the assumption should be written as follows,

sequence Adrange;
@(posedge clk) (addr < 500 && addr >= 0);
endsequence

property AP1;

Q(posedge clk) (wr && rdy && !done) [->
(Adrange ##1 Adrange ##1 Adrange);
endproperty

The properties written in this fashion aids in semi-formal verification of the sys-
tem. At a high level of abstraction the design intent is typically expressed in terms
of several high-level correctness requirements. Specification of the exact Boolean
functionality of the implementation may neither be practical, nor desirable at the
high-level. Therefore properties allow us to express a more relaxed version of the
specification, covering the critical correctness requirements of the design, but leaving
room for design optimization by not specifying the exact the Boolean functionality.
It helps in capturing the essential elements of the design intent in an accurate and
non-ambiguous way.

2.4 Constrained Random Test-bench

As already described, the constrained random test-benches help in narrowing down
the focus of verification. Suppose in the example described in subsection 2.3.1, we
might be interested to observe the behavior of the slave while the addr is within
[0,200]. We show the test-bench writing style in the following subsection

2.4.1 Constructs in SystemVerilog

For simulation purpose the state-machine of the test-bench with the above-mentioned
constraint is specified as follows,

10



//-- Interface declaration

interface master_intf (input clk);
wire wr, rdy, done;
wire [9:0] addr;
//-- Clocking Block
clocking CBMst @(posedge clk);

output wr, addr; input rdy,done;

endclocking

endinterface

//-- Test-Bench

//-- Some ‘define s that would be used in
// modeling the env state machine

‘define S2 3°b010

//- Input condition
‘define I2 !tI.CBMst.rdy && !tI.CBMst.done
‘define I3 tI.CBMst.rdy && !'tI.CBMst.done

program master (master_intf intf);//-test-bench

class Master; //-Master device
rand bit r;//-Internal rand bits
rand bit [9:0] addr;

endclass

//-- virtual interface
virtual master_intf tI;
//-- Master instance
Master Env = new();

//-— test bench execution starts here

initial begin
tI = intf; MasterExec ();

end

task MasterExec ();//-Main task definition
bit [1:0] env_st;//-state encoding
integer success;

env_st = ‘SO; //-Init state

while (1) begin

11



case(env_st)//-state-mc encode

‘S2 : begin //- state S2

//-Inline constraint (C)
success = Env.randomize() with
{addr>=0 && addr<=200;}; //-- Comstraint: 0 <= addr <= 200

if (‘I2) begin

tI.CBMst.wr <= 1°’bi;
tI.CBMst.addr <= Env.addr;
env_st = ‘S2; //- next state S2
end

else if(‘I3) begin
tI.CBMst.wr <= 1°’bi;
tI.CBMst.addr <= Env.addr;
env_st = ‘S3; //- next state S3
end

end

endcase
end
endtask
endprogram //-- End of test-bench

2.5 Conclusion

So we have identified the equivalence between constraints and the assume properties
and also their constructs in System Verilog language. Hence, in order to verify in both
the fronts (viz. simulation and formal verification) we are done if we can extract the
constraints along with the state-machine of the environment to formally verify the
DUT (when the test-bench is given to us). This is precisely what we have described
in chapter 4. Moreover, these constraints are solved by some internal solver while
simulation. In order to pace up the process through emulation (described in the
chapter 1), we need a methodology to map the constraints into synthesizable subset
of some hardware description language. This methodology has been described in
chapter 3.

12



Chapter 3

Hardware Accelerated
Constrained Random Test
(Generation

3.1 Introduction

In recent times, there has been a significant change in the verification paradigm
from a directed approach to a coverage driven randomized one, primarily intended
towards a more complete and exhaustive validation process. The main challenge
in developing a randomized test bench for the Design Under Test (DUT) is in con-
straining its behavior to the correct protocol between the DUT and its environment.
An unconstrained random verification process may not generate protocol-compliant
test scenarios. Thus the test-bench obeys some constraints while generating random
tests. Constraint specification is an integral part of any randomized test generation
framework.

In recent times, hardware verification languages (Open-Vera [5], Specmen-Elite [4],
SystemVerilog [31]) support constructs for defining constraints. These can be global
constraints as well as constraints applicable to a particular state. The associated
tools have in-built constraint solver engines to generate a solution satisfying the
constraints.

Lately, hardware-acceleration [20, 7] is increasingly being used to reduce the
simulation time. The DUT is mapped into an FPGA which helps to reduce the sim-
ulation time [32], since the actual hardware runs without any overhead on simulators.
However, for large and complex designs, today, the test environment consisting of
the models of the other components in the system is often just as large as the DUT.
In such cases the test-bench simulation overhead becomes the dominating factor in
hardware accelerated simulation. As the test-bench coding style and the associated
high-level constructs are not conducive to logic synthesis, the task of mapping a

13



high-level complex test-bench into hardware is non-trivial.

The central problem of this synthesis task is to generate constrained random
tests in hardware. Most previous research were on using FPGAs as accelerators for
solving SAT problems. In [33], a machine based on FPGAs have been implemented
using a tree search with forward checking for SAT problems. In [28], a machine
based on a dynamic variable ordering heuristic have been modeled. Zhong et al.
[34] developed a design for SAT problems utilizing the DavisPutnam algorithm as
well as an unimplemented design which used nonchronological backtracking [35].
An incomplete SAT solver based on the GSAT algorithm [30] has been proposed
in [22], but the design was not tested on hardware. Lee et al. [25], described an
architecture for an implementation of the GENET algorithm using FPGA devices.
In [26], a field programmable gate array (FPGA) implementation of a co-processor
which uses the WSAT algorithm to solve Boolean satisfiability problems is presented.

An important limitation of all of the implementations described above is that syn-
thesizing these solvers in hardware with limited resources is non-trivial because most
of them use non-deterministic and back-tracking search algorithms while searching
for the solution. Using such algorithms in hardware will defeat the central purpose
of mapping the test-bench into hardware. To the best of our knowledge, there exists
no tool that deterministically generates constrained random tests in hardware.

In this project we address the following objective. Given a set of variables and a
set of constraints over these variables, we aim to generate random valuations of these
variables in hardware, using limited resources, that satisfies the given constraints. In
its general form the problem is very hard. While there is no restriction on the total
number of variables, our methodology solves a system of constraints, where each
constraint has at most two variables. Thus in this work we limit ourselves to solving
a valuation for a set V of N variables (N > 2) where each of the constraints are
linear and involve any of the two variables from V. For example, if V = {z, y, 2}
i.e., N = 3, the constraints can be as follows.

Ci:xz+2y<5

Cy:y+32<6
C3:3c+2>1

From our experience in modeling the Verification IPs for several standard bus
protocols (e.g. AMBA AHB [19], IBM CoreConnect [23], PCI [24]), we have seen
that the associated test-bench constraints can be represented using this model. In
recent times, standard test-bench modeling languages (SystemVerilog, OpenVera)
support modeling of user-defined constraints in the test-bench. For example, let
us consider a Bus which includes a Master device and two Slave devices. The
Master, when required, can initiate transfers (read or write) to the Slave devices.
The address map of the Slave is [0, 1023], where Slave; has the range [0, 511] and
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Slaves has the range [512, 1023]. Suppose we wish to verify the Slaves. The address
driven in the Bus consists of (base, offset). A test-bench that models the Master,
can drive address to any slave device. However, for slave specific test-cases, it needs
to constrain the values of base and offset in order to provide valid addresses. A
SystemVerilog constraint random test-bench fragment is given as follows.

‘define AnySlave 3°b001 //defining a state
program master;

ée.lée (MasterState)

;1.&1.1y51ave: begin

success = randomize()
with {base >= 0 && offset >= 0 &&
(base + offset) <= 511 &&
(base + 2 * offset) <= 1023 &&
(base + 2 x offset) >= 512 &&
(base <= offset);};
end
endcase
endprogram

Note that any values of base and offset satisfying these constraints constructs a
valid address for the slaves.

The proposed methodology is performed in two steps. In the first step we take
the input test-bench constraints and pre-compute the solution region and entail this
in some well-defined data structure. For example, the solution region in the above
Bus protocol in entailed by the lines:

C1 : offset > 0

C2 : base + offset < 511
C3 : base + 2 x offset > 512
C4 : base < offset,

This processing is done in software. In the second step, we use the stored informa-
tion to generate a valuation of the random inputs in hardware. The pre-computation
and entailment of the solution region makes the search algorithm deterministic, non-
backtracking, synthesizable and workable within limited hardware resources.

In short the contributions are:
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e A deterministic, non-backtracking algorithm to generate random stimuli in
accordance with the given constraints.

e A sound and complete methodology.

e A fair random generator that generates every solution with a non-zero proba-
bility.

The project is organized as follows. We present the overall idea around suitable
examples in Section 3.2. Section 3.3 presents the software preprocessing phase.
Section 3.4 describes the synthesis methodology with suitable examples. Section 3.5
presents the overall architecture of the tool. It also describes how to integrate
our framework with the existing verification flow. Section 3.6 presents results on
standard Bus protocols and some other circuits.

3.2 The Central Idea

Given a set of linear constraints, each having no more than two variables, our solution
space represents a convex region in the N-dimensional hyperspace. Our goal is to
randomly choose points in that space.

In Fig 3.1 we illustrate the central idea of our approach with an example. We
have constraints in 3 variables x, ¥y and z. The 3D model represents the solution
space.We take the projection of the multi-dimensional space into 2D-planes. In
Fig 3.1 GHIJ, MNPQ and ABCD are the projections in XY, YZ and ZX planes
respectively. Within the bounds of z (i.e. [z/¥e, x%PPeT]), we first select a random
value(call it x). This restricts the bounds of the other variables. So we get a
refined bound for y (i.e. [y"¥¢", y“PPe| from XY -plane) and z (i.e. [z/oWer, zuPPer]
from X Z-plane). Now choose a random value for y within the refined bound (say
Yo). This again might refine the bound of successive variables (i.e. z in our case).
At this stage z only needs to be assigned a random value. Choose a random value
(say zo) within [z/ower, zuPPer] Note that every time a random value is assigned to
any k-th variable the given problem is reduced to a problem of (n — k) variables.
More importantly, the choice of the value of the k-th variable is done in such a way
that guarantees the existence of a solution for the reduced problem involving (n — k)
variables.

By virtue of projections, our target in hardware is to get a random value for
a constrained variable from the projected polygon in any given plane. Essentially,
the hardware should be simple enough to churn out random values in a stipulated
time frame, otherwise the whole purpose of hardware acceleration would be defeated.
For this, suitable data-structures are required to store the information obtained from
each plane. We partition our methodology into two halves - software preprocessing
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Figure 3.1: The Overall Idea

of the 2D data we have from each plane, followed by hardware synthesis of the oracle
targeted to generate valid assignments to the set of constrained variables.

In Section 3.3 we show the extraction of the necessary constraints’ information
in simple data-structures through strip-computation. Next we use the synthesis
algorithm (given in Section 3.4) to integrate the obtained data-structures, and iter-
atively generate the random values for all the variables to get the overall solution
(as explained earlier with reference to Fig 3.1). The software preprocessing (given in
the Section 3.3) is applied to all the 2D planes for efficient storage of the constraint
information. For the ease of presentation, we discuss it only for the XY -plane.

e The problem C in the 2D XY -plane can be defined as
C=<V,C>

where, V' is the set of constraint variables and C is the set of constraints.

V={zy}
C={C,0C,...,Cp}
e The problem is modeled as a LP model (linear programming problem) where
Ci: (an + aipy) 0 ai3

where
e{><},i=1...m

e Our goal is to generate a synthesizable hardware in some HDL (which is ver-
ilog in our case) which has non-zero probability of generating all the integer
solutions satisfying the constraints in the solution-space.
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e We will demonstrate our approach through the following running example.

C={z,y}.{C1,Cs,...,C5})

where

C’lx—|—y210

Cy:02x+02y<1.0
C3:y<25
Cyo:z—y<1.0
Cs:—r+y<1.0

Note that we restrict the test-bench designer to model the test-bench constraints
in accordance to the above model. We believe that in-spite of this restriction, the

constraint specification language is quite rich in practice - a fact that we demonstrate
by modeling the AMBA AHB and IBM CoreConnect Bus protocols.

3.3 Software Preprocessing

In this section we will show the various stages of entailment of the solution space
for a given problem C, along with the supporting theorems and their brief proofs.
Our goal is to decompose the solution space of each variable into a finite number of
entailed regions. The stages of the computation (as given in Fig 3.2) are described
in the following subsections.

XY plane constraints Computation of points

XY-bounds Computation of strips

Figure 3.2: Stages of Solution Space Entailment
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3.3.1 Computation of Bounds

The linear constraints when represented graphically will give a polygon representing
the solution space as shows in Fig 3.3. In order to check the satisfiability of C, we
pre-compute the minimum area orthogonal rectangle (i.e. edges parallel to either
X or Y axes) which contains the polygon. Necessarily the edges parallel to X and
Y axes give the feasible bounds for X and Y respectively. We are using a standard
solver Ip_solve (version 5.1) [36], which uses the SIMPLEX algorithm (a well known
linear programming technique) [37]. Note that we use this solver not to locate the
integer solution points, (which is in fact not possible in LP model as it works in the
real domain) but to compute the feasible, optimum bounds for x and y. However,
Ip_solve does not aim to give bounds on variables. It simply optimizes an objective
function. So we run SIMPLEX twice, for each variable (once maximizing, and
once minimizing that variable) and this requires a total of 2|V| runs. Also, we allow
backtracking in this software level. However, all these are done in the pre-processing
stage and for only once.

As Ip_solve generates real bounds, we transform these to integer bounds. This
transformation methodology is given in section 3.3.3. We denote this rectangle as
the bounding-box (B) for the problem C. Fig 3.4 shows the bounding-box B for
the problem C.

Y

(0.5)

(0,25) s, és) C (25, 2//

D @32
0,1 A
E
Lo @O .9 60 ¥
0,-1)

Figure 3.3: Constraints plotted as the polygon in X-Y plane

Theorem 1 The bounding-box for a polygon is a complete but not sound represen-
tation of the solution space.

Proof: Completeness: Let P'(z,7) be a feasible point which lies outside B. Then &
¢ [ztover guprer] or g & [ylover yuPPeT] As B contains the polygon, it contains the
entire feasible solution space. This implies P’ is not a feasible point. But that is a
contradiction.
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Soundness: As for soundness, it is easy to see that there may exist points inside
the rectangle which are not inside the polygon.

Hence the bounds provided by the Ip_solve entail a region which is complete but
not sound in nature. O

For example, in Fig 3.4, the rectangle ONPM generated by the lp_solve contains

the solution polygon ABCDE. However, the points inside the triangle DME are
not solution points.

©,5)

028 N B/\CP

\ b

©,1)

(e} M
10 @0 ENLO 60 ¥
(0,-1)

Figure 3.4: Bounding-box plotted as a rectangle in the X-Y plane

3.3.2 Computation of Boundary Points

As the boundary-box is not a sound representation, our next aim is to compute
the boundary points on the convex hull. Each constraint divides the plane into
two halves. So whenever two linear constraints intersect, there is a intersection
of two half-planes. It is a standard result that half-planes are convex and a set of
intersecting convex planes give rise to another convex plane [29]. Even if the polygon
is not bounded, we truncate it to make it to a large finite value to make it bounded.
So essentially we get a bounded convex polygon.

Following the previous result, we can also say that in a convex polygon, each
edge contributes at-most two vertices of the polygon. Using these two results, we
compute the vertices of the polygon. The algorithm is as follows (We assume that
all the constraints are non-redundant).

Algo. 3.3.1 ComputeBoundaryPoint
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ComputeBoundaryPoint( C, B)
begin
1: V(polygon) < NULL,
where V' (polygon) is the set of vertices.
2: Use Ip_solve to get the first vertex, P,iye Which
is on edge Coyctive-
3: P« {P; | C; intersects Cierive
such that Cz 7é Cactive R 7é Pactive}
P,.in < P, where distance between P; and P,.ye
is minimum and within B, P; € P
4: If Ppin ¢ V(polygon) then
4.1 V(polygon) < V (polygon) U { Py}
4.2 Pactive < Pmm
4.3 Cactive — Cmina where Cmm
intersects Clyctive at Poin
4.4 Goto Step 3
Else Return V (polygon)
EndIf
end

For our problem C, V (polygon) = { (1.5,2.5), (2.5,2.5), (3,2), (1,0), (0,1) }.

3.3.3 Strip Computation

As the previously computed convex hull can be of arbitrary shape, our next step of
computation is to classify the whole polygon region into a collection of trapeziums
or triangles. We sort the vertices of the polygon according to their non-decreasing
x co-ordinates and drop vertices having same x-coordinate, except one (this step is
done by procedure Sort in Algo 3.3.2). We define the region [z;, ;1] as a strip.
We denote the strip by S; ., Where 7; < x;,; and no other vertex(v) exists with
x-coordinate (z,) such that z; < z, < x;4; . We also define the set of constraints
which crosses through a strip, as the overlapping constraint set for the strip. The
algorithm for strip computation is given as follows.

Algo. 3.3.2 ComputeStrip

ComputeStrip(C, V (polygon))

begin

1: § < NULL, where S is set of strips.
2: StripCount < Sort (V (polygon)).
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3: for (i=1 to StripCount) do
3.1: Spizinr & ({Ti, s}, {cj | ¢j crosses Sy, })
32: S+ SUS,,
Endfor
4: Return S.
end

Tit+1

We show that such overlapping constraint set for a strip always has the cardi-
nality two. This is important as we use this claim during synthesis to generate the
solution points.

C.

,0); 50) (2i50)i (30) X

Figure 3.5: Strip Computation

Theorem 2 The cardinality of overlapping constraint set for any strip in a conver
polygon is 2.

Proof: The cardinality cannot be 1, otherwise the polygon cannot be bounded. Next,
we prove that the cardinality cannot be more than 2 through contradiction. Let
the cardinality of overlapping constraint set be more than 2. This is possible if
there lies vertices inside the strip or if multiple constraints crosses the strip without
intersecting each other. For the first case, let there be a vertex P (x,, y,) inside a
strip Sgju;,,- Then x; < xp < xj11. Bul that contradicts the definition of a strip.
For the second case, the polygon ceases to be a convex polygon. Hence the result. O

The lp_solve tool can give real bounds to the strips. In those cases, we refine
them by taking the inner integer bound. For example, if the bound is (1.89,4.65),
we take (2,4) as the refined bound. By this method we do not lose any feasible
integer point or incorporate any infeasible integer points. In our example the strips
are the following (see Fig 3.5).
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({01}, {C1, Cs}),  {{1,1.5},{C4, C5}),
({1.5,2.5},{C5,Cu}),  ({2.5,3},{Co, Cu})

We refine the bounds as follows,

<{071}7{01705}>7 <{171}7{C4:05}>7
<{2’2}a {03,04}>, <{353},{02504}>

3.4 Synthesis Methodology

The synthesis algorithm takes the following inputs.

e The lower and upper bounds for all the variables (which we call the maximum
feasible bounds).

e The set of strips S in all the 2D planes, computed in the preprocessing step.

With reference to Fig 3.6, we illustrate the synthesis algorithm for generating a
valuation of the variables fulfilling the constraints (which is formally stated later in
this section). In the example, we work with only three variables (z, y, z). However,
the methodology is generic for any finite number of variables.

Input 1: Maximum feasible bounds for z, y and z (For

example, for z it is [zlover, puprer]).

Input 2: The set of strips in each plane.

Methodology:

Step 1: Choose a random value zy€[z!oWe" guPPer|.

Step 2: Refine the bounds for y (given as [y'owe y“PPer] in
plane XY) and z (given as [2o%¢" 2{PP"] in plane X 7).

Step 3: The strips Sy2 (completely covered), S,; and Sys
(partially covered) belong to updated [yower guprer],

Step 4: Choose a random value yo€[y!ower yuPrer].

Step 5: Obtain the bounds for z (given as [25%e" 25PP*]
in plane YZ) and refine z to obtain the final bound
(given as [zlower zupper)),

Step 6: Choose a random value z€[z/ower, zuPper].
To generate a random number, z, within a given bound we do the following. Let
[Zmin, Tmaz] be the minimum and maximum bounds for z.

1. First, we compute the difference, D = x,,4; - Tmin- Let us assume that D be
of k bits, i.e., 28 > D > 2k—1,
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Figure 3.6: Synthesis Methodology

2. We use a k-bit Linear Feedback Shift Register (LFSR) to generate a k-bit
random number R. Now, there can be two possibilities.

(a) R < D. In this case, we accept the random number.

(b) R > D. In this case, we flip the first set bit of R starting from MSB. This
ensures that modified R will be less than D.

3. We add R to @, to get the desired valuation for z.

Example 1 Let x,;, =2 and Tpe,=14. Therefore D = 12. The width of the LFSR
becomes 4-bits. Suppose the 4-bit LFSR generates R (=4'b1110). So, R > B. Thus
we check R from the MSB. It has a ’1° at the MSB. So we flip it. The modified R
becomes 4'b0110 (decimal 6), which becomes less than D.

Lemma 1 The random generator generates every value between x,,;, t0 Tyae With
a non-zero probability.

After getting a random number for z (say z,) between x; to z;,1, we generate a
random value for y. This requires the following steps.

1. Substitute xy in the constraints (given in the overlapping constraint set for
Sz;zis1), We get the bounds for 3. Let the bounds be y'over and y“PPer. Thus
we need to generate a random value between y!°“¢" and y“PPer.

2. We use the same algorithm (given earlier) for random number generation
within a given bound, to solve for y.
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Example 2 In our example problem (as given in Section 8.2), variable y has the
initial bounds [0, 2.5]. However, if x gets the random value 3 from the LFSR, the
associated strip constraints Cy and Cy refines the bounds of y as follows. yTemp'over
=3-1 (as from Cy) =2 and

ylover = Maximum (0, yTemp'over) = 2

yTempPPe" =5 — 3 (as from Cy) = 2 and

yUPPer = Minimum (2.5, yTemp'over) = 2.

Thus the refined bounds of y becomes [2,2].

3.4.1 Synthesis Algorithm

Let C'T be the set of all the constraints and V'T" be the set of all variables. At any
given instant, the set of variables with already generated random values are defined
as GV (generated variables), and the set containing the rest is defined as NGV
(non-generated variables). Initially, NGV is equal to V. Moreover the bound
for each variable is initialized to its maximum feasible value. Next, we choose a
variable (say z;) from NGV. After getting a random solution for z;, we push z; in
GV and update the bounds for z; (where j>%) in all the X;X;-planes by taking the
intersection of the existing bound and obtained bound from X; X;-plane. We iterate
till we get a random value for all the variables, i.e, until NGV becomes empty. The
algorithm for generating the solution is as follows.

Algo. 3.4.1 GenerateSolution

GenerateSolution(CT, VT)
begin
1: NGV « VT, By, « [zlower, 2*"") ie[1,n]
obtained from lp_solve // Initialization step
2: 1+ 1.
3: while ( |[NGV| ) do
3.1: Take z; from NGV.
3.2: X; + Random Value for z; € [zlover ziPPe"].
3.3: GV «+— GV U {z;}.
3.4: NGV <« VT -GV.
3.5: For each variables z; € NGV (j > i) do
3.5.1: By « bound for z; computed using GV
3.5.2: By, + BI™ N B,,.
EndFor
3.6: 11+ 1;
EndWhile
4: Solution < (Xz; Xz'_|_1,XZ'_|_2, e Xn)
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end

Theorem 3 Algorithm GenerateSolution guarantees that the valuation of the first
k variables is done in a way that the remaining (n — k) variables have a satisfiable
assignment.

Proof: We start with mazimum feasible bound By, for i-th variable (i=1 to n—1
). Let, after obtaining a satisfying valuation Ty, for k-th variable, there exists no
satisfying value for (k + 1)-th variable. This implies the bound for xg., (call it
By,,.) after refinement (say By, ) is infeasible. By, , was a feasible bound. Also,
B;'cngB:ckH- Moreover, B;’Ck+17é¢ (since otherwise it implies that, no part of the
polygon intersects with x==y, i.e. Zx¢ By, which is not possible). This implies
Bg, ., contained an infeasible region, which is a contradiction. Hence, there exists a
satisfying assignment for (k + 1)-th variable whenever we choose a valid valuation
of k-th variable.O

Theorem 4 All valid valuations occur with a non-zero probability using GenerateS-
olution.

Proof: Consider a valid tuple T = (To, 1, ... Tn_1). If we show that on
choosing Ty’ for k-th variable ’Ty. 1’ lies in the refined bound for (k+1)-th variable,
then applying this reason recursively we prove that all the n-elements of tuple are
considered with non-zero probability and hence the tuple has non-zero probability of
occurrence.

Let on choosing Ty for k-th variable we exclude Ty y1 from By, . This is possible
only if Xy Xp+1-plane possesses some constraints (since in order to refine By, | k-th
and (k + 1)-th variable should constitute some constraint, otherwise no valuation of
k-th variable can affect the bound of (k + 1)-th variable). As % is valid, we have the
following for all Ci-s in Xy Xgi1-plane:

(ailxk + ai2$k+1) 0 Qi3 (31)

where 0 € {>,<}.
Let C, and C, be the member of the overlapping constraint set for the strip
constituting . As Tyxy1 s out of the refined bound,

(aplack + ap2$k+1) -6 Up3

or,
(aqlxk + aqukH) ) Qg3

But that 1s a contradiction to Equation 3.1. O
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Theorem 3 and theorem 4 respectively show that our methodology is sound and
complete.

Fig 3.7 shows the architecture of a typical test generator synthesized by our
method. We consider & variables namely x1, zo, ..., zx. The block a:{’t takes
a random value from the LFSR and fits it into the current range of x;. The block
AdjustForz; represents a combinational logic for updating the ranges of all variables,
zj, where j > 1.

LFR |

‘ 37!201”6%2;0“]67.
lower lower | 7
T i Z 11”1[ i L (%) val Y X Zal
[ Ty -

it - it ;
!t AdjustForazy z3" 22t ol
2y ‘ ***** {2y l ””” I
va
x?fal xgpper $prer xTZ)al Ty

Figure 3.7: Synthesis Block Diagram

3.5 Tool Architecture

The architecture of the tool is shown in Figure 3.8. The test-bench is written in
SystemVerilog. We assume that the rest of the test-bench (except the constraint
constructs) is synthesizable. The tool accepts the constraints specified by the ver-
ification engineer in the test-bench as input. It then performs the software pre-
processing and synthesis operations. The output is a synthesizable module that
generates the targeted constrained stimuli. This module is then integrated with the
rest of the synthesized test-bench. Note that only the shaded blocks are automated
by the proposed tool.

3.6 Results

The proposed test generation methodology is fully automated. It only takes the
constraints from a test-bench, and directly generates the hardware module. Thus it
can be easily instantiated appropriately during accelerated simulation.

Table 3.1 and 3.2 show the results on IBM CoreConnect and AMBA AHB on-
chip Bus protocols. The first column shows the number of variables, the second
column shows the number of planes and the fourth column shows the number of
strips. The third column indicates the number of input constraints (cons). The
fifth column shows the interface details for the generated module. The sixth and
seventh columns show the number of sequential and combinational elements in the
generated circuit respectively. We have used Design Compiler [21] from Synopsys
for synthesizing the hardware.
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Figure 3.8: Tool Architecture

No of | No of | No of | No of Mod Seq | Comb
Vars | Planes | Cons | Strips Int Elm | Elm
IBM CC DCR Slave
2 1 4 1 input: 2 59 1710

output: 10
IBM CC DCR Master
2 1 4 1 input: 13 54 2057
output: 11
IBM CC OPB Master
3 2 8 2 input: 14 74 1892
output: 10
IBM CC OPB Arbiter
3 2 6 2 input: 5 12 192
output: 3

Table 3.1: Results on IBM CoreConnect Bus protocol

Note that the circuit elements for IBM CC OPB and AMBA AHB Arbiters are
quite less compared to the others. This is because the width of the control signals for
OPB Arbiter is very small, whereas other components include constraints involving

address and data buses.

We now analyze the synthesis complexity of the proposed approach. To do that
we have constructed some complex constraints examples. Table 3.3 show that the
complexity of the polygon and the number of strips (in a 2-D plane) depends on
the number of constraints in the same plane. Also, the amount of hardware logic

28




No of | No of | No of | No of Mod Seq | Comb
Vars | Planes | Cons | Strips Int Elm | Elm
AMBA AHB Master
6 12 6 input: 29 | 161 | 4135

output: 27
AMBA AHB Slave
4 8 3 input: 16 | 96 1892
output: 14
AMBA AHB Arbiter
4 9 3 input: 9 42 334
output: 7

Table 3.2: Results on AMBA AHB Bus protocol

directly depends on the number of strips in a plane. So given the number of planes
N and the maximum number of strips in a plane M, the amount of hardware logic
L is given by O(N x M). Figure 3.9 shows the distribution of circuit complexity
(sum of seq and comb elements) vs (no_plane x no_strips), which mostly follows an
uniform distribution. However, note that the flop-count is O(|V|) (required only for

the LFSRs and the output buffers).
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3.7 Conclusion

In this project we have proposed a novel methodology for constrained random test
generation in hardware.

Limitations: The limitations of the proposed methodology are given as follows.

Figure 3.9: Synthesis Result
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No.of | No. of | No. of | No. of Mod Seq | Comb

Vars | Planes | Cons | Strips Int Elm | Elm

2 1 4 2 input 10 24 1313
output 8

2 1 5 4 input 10 24 2175
output 8

3 2 6 3 input 14 36 2562
output 12

3 2 8 4 input 14 36 3140
output 12

4 3 8 4 input 18 48 3331
output 16

4 3 12 6 input 18 48 4033
output 16

4 4 16 8 input 18 48 6405
output 16

4 6 24 12 input 18 48 7585
output 16

Table 3.3: Results on Hardware resources

e Fach constraint involves at most two variables, though there is
on the total number of variables.

no restriction

e The solution region needs to be convex in nature. Our results show that this
is the most usual scenario in practice. However, there may exist situations
where the region may be concave.

Advantages: The advantages of the proposed methodology are given as follows.

e The software pre-processing step utilizes the full power of the Ip_solve tool.
This step also computes the strips and stores them in efficient data structures,
which are used in the synthesis algorithm. These data structures allow the
generated hardware to be optimized in hardware resources.

e The synthesized hardware generates every solution deterministically with a
non-zero probability (fair).

e The methodology is sound and complete.

The software pre-processing step may backtrack, but the synthesis algorithm
is a deterministic one. The pre-processing over-head is one time and as we aim at
accelerating the test generation within minimal hardware resource, the software pre-
processing complexity is not a major concern. The results show that the generated
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hardware logic is manageable. The generated module can be easily integrated in the
current hardware accelerated verification flow.
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Chapter 4

Automatic Extraction of Assume
Properties

4.1 Introduction

Capacity limitations of existing formal property verification (FPV) tools have led to
the adoption of the assume-guarantee style of FPV, where each component module
of a design is verified in isolation under given constraints on its environment. Recent
languages for formal property specification, such as PSL and SVA support assume
properties that model the constraints on the environment, and assert properties that
model the behavior expected from the design module under test (DUT). The DUT
is expected to satisfy the assert properties under all input scenarios that satisfy the
assume properties. The FPV tool formally checks whether this is indeed the case.

Recent experience shows that the task of defining a set of assume properties
for a module is a nontrivial task. This is mainly because, (a) it is hard to model
the behavior of the environment, which is a product of the behaviors of the other
components of the system, and (b) different constraints apply at different states of
the protocol between the module and its environment. It is hard to model the states
of the protocol purely through properties.

Traditionally, in simulation based verification, the test bench models the environ-
ment of the module. It solves (at least to some extent) both of the above difficulties
— the first, by using behavioral models of the other components of the system, and
the second, by maintaining the state of the protocol. The focus of this project is to
ask: Can we extract the assume properties from the test bench?

The foremost question that may appear in the mind of the FPV practitioner is:
Is the test bench a ”complete model” of the environment? In general the answer is
negative, because a test bench may not exercise all the choices of the environment.
On the other hand, the industry appears to be moving towards randomized test
generation, where the choice points of the environment are randomized, thereby
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guaranteeing that every choice of the environment is taken with nonzero probability.
Therefore, a properly structured randomized test bench is indeed a complete model
of the environment.

Verification engineers are usually more comfortable in driving the interface be-
tween a module and its environment through test benches as compared to the task
of modeling the environment through formal assume properties. Unfortunately even
when we use randomized test benches, simulation does not hit all the interesting
behaviors in reasonable time, because some of these scenarios have a very low prob-
ability of occurrence. If we can extract a formal model from the test bench, then a
FPV tool can verify such behaviors exhaustively.

If we treat the random choice points in a constrained random test bench as
non-deterministic choices of the environment, then (theoretically) we should be able
to extract a non-deterministic finite state machine from the test bench. However,
there are two major problems. Firstly the extraction problem becomes very difficult
when we support all features of a test bench language. Secondly, the choices of
the environment are not purely random, but constrained random, that is, they are
random within some given constraints. These constraints are in fact the assumptions
about the environment that we require for formal analysis.

Therefore, a constrained random test bench has an underlying non-deterministic
finite state machine, where the states are the states of the protocol between the
module and the test bench. At each state of this machine the test bench drives
inputs to the module randomly under one or more given constraints. Our goal
is to extract this state machine from the test bench and automatically generate
the assume properties from the state-specific constraints. This project presents the
preliminary formal methodology to achieve this task. We believe that this is the first
project to propose the extraction of assume properties from constrained random test
benches.

The main contributions of this project are as follows.

1. We identify a fragment of the some standard test bench language (e.g. Sys-
temVerilog) from which it is convenient to extract an abstract state machine
and the state specific assume properties. We show that the fragment is expres-
sive enough to model constrained random test benches of standard protocols
such as IBM CoreConnect and ARM AMBA.

2. We present a prototype tool for automatic extraction of the underlying state
machine and assume properties from the test-bench.

3. We present a methodology for modeling the environment in terms of the ab-
stract state machine and assume properties to enable formal verification of the
assertions on the DUT.

Our existing tool accepts the test bench in the proposed test-bench language subset
and extracts the assume properties.
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The chapter is organized as follows. In the next Section, we present an example
system (DUT & the test-bench) that is used in the rest of the chapter. In Section 3,
we provide the formal modeling for the constrained random test-bench and the DUT.
Section 4 provides the methodology for extraction of assume properties from the
given test-bench. We provide the tool architecture in Section 5. The experimental
results are shown in Section 6.

4.2 A Simple Example

We consider the verification of a slave device, S, which supports only 2 beat transfer
in a Bus protocol. The interface between S and a requesting master device M is
shown in Figure 4.1.

wr
Slave| Tdy Master
done M

i L

Figure 4.1: Example System

S initially remains in the idle state, in which its outputs rdy and done are low.
A master device indicates its intent to write by asserting the wr signal and floating
an address in the address lines, addr. The slaves are memory mapped and identify
themselves from their respective address ranges.

For example, whenever S finds that the address floated by the master is outside
its address range (say, 0 to 499), it returns to its idle state. If the address is within
its range, then there are two cases. If the device is not ready to accept the the
transfer then it lowers the rdy signal to delay the transfer. Otherwise it raises the
rdy signal and completes the 2 beat transfer by asserting the done signal in the next
two consecutive cycles.

The functionality of S can be expressed by the following SystemVerilog Asser-
tions.

property P1;

Q(posedge clk) (wr && rdy && !'done) |[->
(##1 (rdy &% done) ##1 (rdy && done));
endproperty

property P2;
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Q(posedge clk)
(rdy && !(addr >=0 && addr < 500))
[-> (##1 (!rdy && !done);
endproperty

The first property expresses the requirement that whenever a transfer is acknowl-
edged by S by asserting the rdy signal, the transfer must be completed by asserting
rdy and done in the next two cycles. The second property expresses the requirement
that the slave must return to the idle state (by lowering rdy and done) when addr
holds an address that is outside its range.

Curiously, given no restrictions on the inputs to S, the properties P1 and P2
cannot be satisfied if the master presents an address outside the range of S in the
274 heat of the 2 beat transfer. The scenario is shown in Figure 4.2.

clk | | | | | | L

wr —— : : 3
addr | 100~ % 510

rdy

| | ‘ \\ ‘
dme——— A} N
| | | Tbng | \

Address P1Violated

Figure 4.2: Example Violation Scenario

However, properties P1 and P2 can be satisfied if we add the following properties.

Assumption: Once a transfer is acknowledged, the transfer address must be
in the range (0 to 499). This assumption may be expressed by the following SVA
assume property.

sequence Adrange;
Q@(posedge clk) (addr < 500 && addr >= 0);
endsequence

property AP1;

Q(posedge clk) (wr && rdy && !done) [->
(Adrange ##1 Adrange ##1 Adrange);
endproperty

The question that we ask in this project is - could we have extracted the above
assume property from a constrained random test bench for the DUT (slave, S)? To
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support our argument, we observe that a typical randomized test bench for the slave
will have two random choices. The first choice decides whether the master initiates a
transfer or whether it remains in the idle state. The second choice randomly selects
the value of the address bits. The choice of the addr appears in both cycles of the
2 beat transfer and in both the cases, the choice is constrained within the address
range of the slave S (DUT).

A sample test bench for the DUT is given in the Appendix. This test bench uses
the subset of the test-bench language proposed in this project (given in section 4.4).
The underlying state machine of the test bench in shown in Figure 4.3.

Output : [wr, addr]
C :(addr < 500) A (addr >=0)

—rdy, ~done, —r —rdy, ~done

PRYe

ool Trdy, ~done, 1 0\ —rdy, —dore 11 s
y 2

SQ bl
rdy, ~done
rdy, don rdy, done
C < >C
4 S3

Figure 4.3: State machine extracted from the test bench

Our tool extracts this state machine from the test bench. The state machine is
annotated with constraints on the choice of the values of the random variables. After
extracting this state machine, our tool generates a state machine and a collection of
assume properties as shown below. These constitute the environment of the DUT,
S, when we run a FPV tool on S to verify P1 and P2.

//-We use the following ‘define s for
//-rest of the SV modelings

‘define SO 3’b000

‘define S1 3’b001

‘define S2 3’b010

‘define S3 3’b011

‘define S4 3’b100

//- Input condition

‘define I0 !rdy && !done && !r
‘define I1 !rdy && !done && r
‘define I2 !rdy && !done
‘define I3 rdy && !done
‘define 14 rdy && done
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interface SlaveAssumeP
(input rdy, input done, input wr,
input addr, input r, input clk);

logic [1:0] env_st;

//-- Transition relation encoding

always @(posedge clk) begin

//- Initialization

env_st = ‘S0;

//-Transition Relation

env_st <=
(env_st
(env_st
(env_st
(env_st
(env_st
(env_st
(env_st
env_st;
end

€50)
€s0)
‘s1)
€s2)
€s2)
€s3)
€s4)

&&
&&
&&
&&
&&
&&
&&

‘10
‘11
‘12
‘12
‘13
‘14
‘14

//-Assume properties for

//-constraint C at different states

NN N N N N N

‘S0 :
‘S1
‘s2
‘S2
‘S3 :
‘sS4
‘S0 :

//-Sequence that represents valid

//-range for S

sequence Adrange;
(addr >=0 && addr < 500);

endsequence

property AO;

Q(posedge clk)
(env_s

endproperty

== ¢S2) |-> Adrange;

assume_AO: assume property (PO);

property Al;
Q@(posedge clk)

(env_st == ‘S3) |-> Adrange;

endproperty
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assume_A1l: assume property (P1);

property A2;
Q(posedge clk)

(env_st == ‘S4) |-> Adrange;
endproperty

assume_A2: assume property (P2);
endinterface

These assume properties together satisfy the required environment assumption
of S.

4.3 Formal Modeling

In this section, we provide a formal description of the proposed modeling style for the
test-bench. The essence of any constrained random test-bench lies in the presence
of a set of random variables. The test-bench functionality is non-deterministic in
nature. The choice of taking a transition from a given state thus depends on the
present-valuation of the random variables. In some states, the valuation of the
random variables are constrained by the given constraints.

The environment is modeled as a nine-tuple machine:

Env : <Se7w: Senv IDUTa IRIa Rem}a Oenva Lenva CONenva Fenv)

where,

Senv: The set of states.

Senv: The set of initial states, Seny C Sene-

Ipyr: The set of inputs (from the DUT).

Ir;: The set of random variables.

Reny i SenvX{Ipur UIgr} — Seny is the transition function.

Ocny: The set of outputs of the test bench.

Leny © Seny—2%m is a function that labels each state
with the set of outputs true in that state.

CONgpy: The set of user-specified Boolean constraints
over {IR[ U Oenv}-

Fopw : Senv—2¢9Nenv is a relation that maps each state
with the set of constraints.

To illustrate further, consider the test bench in our example. Sen,={So, S1, S2, Ss,

S,} (the states of environment automaton), sen,={So} Ipvr={rdy, done} (i.e. the
outputs of S), and Ig;={r}. The transition relation (R.n,) is depicted in Figure 4.3.
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The output-set (Oepny) is {wr, addr}. The set of constraints, (CONey,) ={C}. The
constraint mapping F,,, is shown in Figure 4.3.

In the next section, we show how to implement our test-bench specification style
in our proposed test-bench writing language.

Constrained Random Test-bench Specification Language:

To implement the proposed style, only a sub-set of some standard test-bench
language functionality is supported. The chosen test-bench language constructs are
given in Table 4.1.

Construct | Functionality
Interface | interface is used to model the signal directions.
Clocking | clocking block is used the synchronizing

Block clock for the interface.

Assignment | Blocking, Non-Blocking.
Statement | Blocking used for internal assignments.
Non-Blocking drives interface signals.

Selection | if-else, if-elseif-else, case-endcase.
Statement | case statement is used for state encoding.
if statement is used for transition encoding.

Loop while
Statement | while statement models test-bench iterations.

Class class is used for modeling design variables.

Task task is used for modeling of design
functionality (state machine).
Constraint | constraint expression, in-line constraint.

Block constraint expression in a class acts as global
constraint for the entire device functionality.
in-line constraint is used to model state-specific
constraints. It may override global constraints.

Table 4.1: Selective test-bench constructs

4.4 The Methodology

In this section we first show how to extract the constrained environment automaton
from the given type of test-benches. The constraints at a state defines the constraints
on Ogpny- For example, the constraint C; in state S; (see Figure 4.3) restricts the
test-bench output addr within 0 to 499. The steps of the methodology are given as
follows.

39



4.4.1 Constrained Environment Automaton Extraction

Given a test-bench T'B (in the proposed format), we extract out the states and
transition from 7'B. Next we map the constraints (if any) given in a specific TB
state.

The algorithm to extract a constrained environment automaton Env from T'B is
outlined as follows.

Algo. 4.4.1 ALGORITHM AUTOMATONEXTRACTION

ALGORITHM AUTOMATONEXTRACTION (T'B, Env)
begin
1. Find out state variable StateVar from case statement in T'B.
2. Find out the initialization of StateVar.
Mark it as the start state in Env i.e. Sepy-
3. For each state encoding StateVar; of StateVar
in the case statement.
3.1 Create a separate state in Env i.e. compute Sepy.
4. In every state encoding StateVar; of StateVar
do the following.
4.1 Find out the in-line constraint Con.
4.2 Map Con as restrictions on Ogp,y in the
appropriate state s; € Sgpy.
4.3 For every transition encoding Trans, given in the form
of if-elseif in T'B do the following.
4.3.1 Find out the condition TransC in Trans (if-elseif).
4.3.2 Find out the new assignment of StateVar
in Trans as StateVar;.
4.3.3 Find out the assignment of output variables,
Out in Trans.
4.3.4 Create a transition Tr € Ry on TransC in s;.
4.3.5 Assign s; as the next state of s; on T'ransC.
4.3.6 Assign the value of the state variables of s; as Out.
end

Theorem 5 The extracted automaton in Algorithm 4.4.1 is semantically equivalent
to the formal model described in section 4.3.

Proof: To establish semantic equivalence, we prove the correctness of translation
of each construct allowed in Table 4.1. We first identify the initialization of state
variable i.e. Sen, (line 2 of Algo 4.4.1) from the first blocking statement on the
state variable in the task. Fach of the case items gives the state encoding i.e. Sepy
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(for-loop in line 8). Line 4.1 extracts the elements of the set CONep,, while line
4.2 defines the labeling function L.,,. The for-loop in line 4.3 defines the transition
relation Ren, by identifying TransC (IpyrUIgr) (line 4.3.1). The output variables,
Oeny and their respective labeling Len, are also extracted (in line 4.3.3).

These enables extracting a semantically equivalent formal model of the Env (in
the proposed format) from the given test-bench. O

4.4.2 Generation of Assume Property

The generation of assume properties from a constrained random test-bench requires
two main steps.

e Modeling the transition relation of the Environment.

e Mapping the test-bench constraints as assume properties in specific states of
the extracted Environment state machine.

Given the extracted Environment automaton Env in the earlier step, we generate the
transition relation TR ssume and the assume properties AssumeP by the following
algorithm.

Algo. 4.4.2 ALGORITHM GENASSUMEPROP

ALGORITHM GENTRANSRELATION (Env, TRAssyme, AssumeP)
begin
//— Transition Relation Encoding
1. Initialize the state variable S4ssyme t0 Seny (Start state).
2. For every state s; € Seny starting from s, (startstate)
1.1 For every transition (s;, TransC, s;)
//-Assign Sssume to s; on condition TransC from s;.
1.1.1 Assign Sassume = (si && TransC) 7 s;;
1.2 EndFor
2. EndFor
//- Creating Assume Properties
3. For every state s; € Seny starting from sep, (startstate)
//—Check whether the state has a constraint
3.11if (Fem} (SZ))
//— Model the constraint as an assume property
Add an assume property assumeP; :
assume property (CONepy,);
3.2 endif
4. EndFor
end
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For example, the assume properties for the example Slave device are given as
follows.

4.4.3 Proof of Correctness

The results of the simulation of the DUT using the given test-bench is covered by the
formal analysis using the extracted assume properties.

To establish the above claim, we need to prove that the constraints in the test-
bench are correctly propagated as assume properties at appropriate states in the
DUT state machine.

Theorem 5 proves the correctness of Algo 4.4.1. Moreover, the proof of cor-
rectness for the Algo 4.4.2 is intuitive. The assume properties of the environment
are propagated from Env to AssumeP through constraint mapping mentioned in
for-loop of line 3 in Algo 4.4.2.

Thus the constraints mentioned in 7'B finally get mapped into the state-machine
required by the formal property checker as assume-properties in the appropriate
states.

4.5 Tool Architecture

T'estBench DU
: DUT ,
S tat_(ia_M achine
2 Assertion
Assume
(:‘ > SMV
Property |

Environme
StateMachin

Figure 4.4: Tool Architecture

In this section, we describe the tool architecture as shown in Fig 4.4. The
front-end of the tool consists of a parser, which parses a constrained random test-
bench modeled in the prescribed format (see section 4.3). It next extracts out the
Environment state machine along with the state specific constraints. The tool then
generates the assume properties for the DUT. These assume properties are fed to
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SMYV, a formal property checker from Carnegie Mellon University. SMV, on the other
front, takes the DUT description and the associated assertions or properties. The
formal analysis of the DUT is then performed in presence of the extracted assume
properties. The results from SMV helps us to compare the simulation results with
the formal analysis. This in turn helps to prove the correctness of the approach.

4.6 Results

We have tested this methodology on ARM AMBA AHB and IBM CoreConnect
Bus components. The test-benches are modeled using the mentioned test-bench
constructs of the proposed language. The designs are modeled in Verilog. The
assertions/properties for the designs are modeled in SystemVerilog Assertions. The
formal analysis has been carried out using SMV [16]. It has been found out that
analysis without using assumptions has led to refutation of one or more properties
in all of these cases. Next we have extracted and used the assumptions from the
associated test-benches. We have seen that in most of the cases the refuted scenarios
have been translated to success. In some of the cases, the bug remains there and the
design needed to be corrected. The complete analysis is shown in Table 4.2. The
design and environment circuit complexities are shown in column 1 and column 2
respectively. The number of assume properties has been shown in column 3. The
number of SystemVerilog assertions is shown in column 4. The CPU runtime (in

seconds) is shown in column 5. The analysis has been done on a PC with Intel Xeon
CPU 2.80 GHz, with 4 GB RAM.
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IBM CC DCR Master

DUT Ckt Env Ckt No. of No. of | CPU
Elements Elements | Assume | Assertion | time
Inputs: 3 Seq: 5
Outputs: 5 | Comb: 42 2 3 0.01
Seq: 5 sec
Comb: 124
IBM CC DCR Slave
Inputs: 5 Seq: 28
Outputs: 3 | Comb: 404 5 3 0.02
Seq: 3 sec
Comb: 75
IBM CC OPB Arbiter
Inputs: 9 Seq: 31
Outputs: 3 | Comb: 388 4 4 0.02
Seq: 8 sec
Comb: 251
AMBA AHB Arbiter
Inputs: 12 Seq: 20
Outputs: 4 | Comb: 304 7 6 0.02
Seq: 8 sec
Comb: 528

Table 4.2: Results on standard Bus components
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Chapter 5

Conclusion and Future Work

5.1 Conclusion

In the previous chapters we discussed about the recent design verification technolo-
gies, namely, simulation and formal verification along with their merits and demerits.
We found that simulation is time-consuming, while the formal techniques demands
expertise of the validation engineer in building the formal model. We have also
discussed that constrained random test-benches are among the recent trends in the
electronic design verification. Our discussion included how the popular verification
languages support writing constrained random test-benches. But this feature in
those languages raised the vital question of synthesizability and extraction, from
languages like SystemVerilog into explicit formal model. We approached to solve
both of these problems in two different ways. As constrained random test-benches
help us in simulating real-world environments, we believe, this is a significant con-
tribution in aiding the verification community at both the ends. We present the
summary of the approaches taken.

e As the hardware devices are faster than the software routines, the simula-
tion time is reduced. This technique is usually referred to as the emulation
technique. This implies the necessity of mapping the software test-benches to
synthesizable hardware. Thus, we tried to synthesize the linear constraints
(given in constrained random test-benches) into synthesizable hardware. The
goodness of the proposed methodology lies in the fact that we are not compro-
mising with the fairness (i.e. all the valid points have a non-zero probability
of occurrence) and also it has a manageable hardware cost.

e On the other hand, in order to assist the verification engineer in formally
checking the design, we have suggested a definite style of writing constrained
random test-benches, from which we have developed a methodology to extract
the formal model of the test-bench along with the embedded constraints. This
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would help in formal verification of the design without actually writing the
test-bench in another formal language.

5.2 Future Directions

Having solved the problem of extraction of the assume-properties from a given test-
bench, now we aim to attack a more difficult problem. The test-benches are usually
not written at the module level. They are written in the system-level. The advanced
constructs allow the verification engineer to write the test-bench in more complex
manner e.g. layered test-benches. But quiet contrary to the simulation methods, the
formal methodologies are used to verify the module-level design since the methods
cannot handle the exponential growth in the complexity. So it is needless to say that
we need some interpreter which will generate the formal model of the environment
for the given module along with the realistic assume properties. Now this interpreter
should be intelligent enough to propagate and detect the signal values at primary
input pins which might affect the given module. So in short, we will be investigating
into the following question - ” Can we use the system-level test-bench to extract the
module-level assume-properties?’
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Appendix A

SystemVerilog Constrained
Random Testbench

The example SystemVerilog constrained random test bench is given as follows.

//-- Interface declaration

interface master_intf (input clk);
wire wr, rdy, done;
wire [9:0] addr;
//-- Clocking Block
clocking CBMst @(posedge clk);

output wr, addr; input rdy,done;

endclocking

endinterface

//-- Test-Bench

//-- Some ‘define s that would be used in
// modeling the env state machine

‘define SO 3’b000

‘define S1 3’b001

‘define S2 3’b010

‘define S3 3’b011

‘define S4 3’b100

//- Input condition

‘define IO !'tI.CBMst.rdy&&!tI.CBMst.done&&!Env.r
‘define I1 !'tI.CBMst.rdy&&!tI.CBMst.done&&Env.r
‘define I2 !'tI.CBMst.rdy && !tI.CBMst.done
‘define I3 tI.CBMst.rdy && !tI.CBMst.done
‘define I4 tI.CBMst.rdy && tI.CBMst.done

program master (master_intf intf);//-test-bench

class Master; //-Master device
rand bit r;//-Internal rand bits
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rand bit [9:0] addr;
endclass

//-- virtual interface
virtual master_intf tI;
//-- Master instance
Master Env = new();

//-- test bench execution starts here

initial begin
tI = intf; MasterExec ();

end

task MasterExec ();//-Main task definition
bit [1:0] env_st;//-state encoding
integer success;

env_st = ‘SO; //-Init state

while (1) begin
case(env_st)//-state-mc encode
‘SO : begin //- state SO

if (‘I0) begin //-IDLE
tI.CBMst.wr <= 1°b0;
env_st = ‘S0; //-SO
end

else if(‘I1) begin //-Rdy for Trans
tI.CBMst.wr <= 1°b0;
env_st = ‘S1; //- next state S1
end
end

‘S1 : begin //- state S1
//-Inline constraint (C)
success = Env.randomize() with
{addr>=0 && addr<500;};

if (¢I2) begin
tI.CBMst.wr <= 1’bi;
tI.CBMst.addr <= Env.addr;
env_st = ‘S2; //- next state S2
end
end

‘S2 : begin //- state S2
//-Inline constraint (C)

success = Env.randomize() with
{addr>=0 && addr<500;1};
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if (‘I2) begin

tI.CBMst.wr <= 1’bi;
tI1.CBMst.addr <= Env.addr;
env_st = ‘S2; //- next state S2
end

else if(‘I3) begin
tI.CBMst.wr <= 1’bl;
tI.CBMst.addr <= Env.addr;
env_st = ‘S3; //- next state S3
end

end

‘S3 : begin //- state S3

//-Inline constraint (C2)
success = Env.randomize() with
{addr>=0 && addr<500;};

if (‘I4) begin
tI.CBMst.wr <= 1°bl;
tI.CBMst.addr <= Env.addr;
env_st = ‘S4; //- next state S4
end
end

‘S4 : begin //- state S4
if (‘I4) begin
tI.CBMst.wr <= 1°b0;
env_st = ‘S0; //- next state SO
end
end
endcase
end
endtask
endprogram //-- End of test-bench
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