Quantifying Design Productivity: An Effort Distribution Analysis

Makarand Joshi and Hideaki Kobayashi
Department of Electrical and Computer Engineering
University of South Carolina
Columbia, SC 29208
E-mail : makarand@ece.scarolina.edu

Abstract: This paper presents basic process
models for textual and graphical HDL-based
design. The models are used to measure effort
(time) required for various design activities,
with an aim to quantify design productivity.
Effort-distribution in man-minutes is used as a
parameter to evaluate design productivity.
Design quality, defined as a probability that the
design meets its specifications, is plotted for
various design activities. We also discuss the
resources that are essential to perform each
design activity. These experiments demonstrate
that "effort-distribution analysis" is useful for
real life HDL-based design projects.
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1. Introduction

Hardware description languagegHDLs)
have enabled designers to represent complex
digital systems at an increasindgljgherlevel of
abstraction. The bulk of thepst associated with
a design project lies ithe design environment
comprising of computer resources such as
software tools,HDL compilers, workstations,
PCs, etc.and humanmesources [8]. Mostost
models represerttumanresources in terms of
person-months (PM) or man-hours (MH).

A unit activity model [2,3]hasbeen used to
analyze the effort-distributionover various
design activities intwo process models for top-
down HDL-based design. Each design activity in
a design process model provides an output in
response to an input from ifwevious activity
along with designeffort and resources. The
resourceinput includes designer'sxperience
with the design languagépols and working
environment. In themodels discussetiere, a

synthesis activity at each level of abstraction is
followed by a verification activity toensure
adherence to the design specifications. The
synthesis-verification cycle is an essential
measure to achieve an improved design quality.

Experiments were performed by two
designers using a benchmark fbiDL-based
design, from a problem statement to working
netlists in an educational environment.

2. Designprocess models

An HDL-based design processtypically
includes activities such aplanning, system
design and logic design [9]. Each of these
activities contributes to théurn aroundtime
(TAT) and plays a significant role in
determining the productivity of a design project.

2.1 HDL-based design process models

A typical textualHDL-baseddesign process
model is shown in Figure 1. Theystem design
process extends from a problem statement to
working netlistsandinvolves a series of design
activities [1].

A set of specifications (hereinafter referred
to as 'Sped) describing system features is
provided to the designer. A clear understanding
of the specshould be made prior to starting the
design. This activity is referred to as
conceptualization

A systemcan be hierarchicallglecomposed
into subsystemsonsidering the availability of
design resources, whiladhering to timing
constraintsSystem partitioningprovides a set of
concurrently executing subsystems, each of
which may be representedhternally in an
hierarchical fashion.

Conceptual model validatiorensures the
closeness ofthe partitionedsystem tothe spec
Any deviation from the spec leads to an



erroneous system model $tart with, which in
turn adds to inaccuracy as the desigmcess
continues.

HDL modeling refers to representing the
system behaviorusing a textualHDL. The
model shouldhandle timing constraints and
manage data dependencletween subsystems
using delay specificationgnd synchronization
signals.
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Figure 1. Textual HDL-based design process model.

Testbench generatioproduces a test suite
for simulation of operating conditions based on
the specand constraints. Thaccuracy of the
systemdesign bears a direct relationship with
the test coverage. The lost desigmuality
(deviation from thesped can be recovered
through wide coverage of test cases. An
exhaustive testing is highly desirablgwever,
it may beimpractical due to thecost factor
associated with testing.

HDL simulation refers to verifying the
functionality of HDL description using
testbenches. Simulation results in the form of
waveforms or output tablesre often used for
verification of system behavior.

Pre-synthesis modification converts
simulated constructs in @iDL description into
synthesizable constructs supported by a specific

library for logic synthesis. Non-synthesizable
constructs are eliminated from the HDL
description. The time requirdadr pre-synthesis
modification largely depends on the designer's
experience.

Re-simulationensures functionality of the
HDL description, which may have been altered
due to the removal of non-synthesizable
constructs.

Logic synthesids an automatic activity for
generating a gate-level descriptionthe form
of netlists from an HDL description.

Logic simulation an optional activity after
the logic synthesisyerifies the functional and
timing correctness of generated netlists.
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Figure 2. Graphical HDL-based design process model

A graphical HDL-based design process
model is shown in Figure 2. The three new
activities included in the graphic&DL-based
design process are described as follows :

Graphical modelingrefers to representation
of system behaviowith the aid of a graphical
utility. The graphical representatiomay be a
flow chart or a state diagram in tlvase of a
finite state machine.

Graphical simulationentails verification of
the functionality of thesystem, by traversing
through the graphical representation using a
front-end tool. Thdlow of control in the design
is illustrated duringyraphical simulationas test



inputs are applied interactively or via tast
batch file.

HDL code generationrefers to automatic
generation of anHDL description and a
testbench after graphical modeling and
simulationare done.

In graphicalHDL-baseddesign, design entry
may partly be donaising a textualHDL for
design components which may be better
represented using textual languages.

2.2 Design resources

Designer's knowledge is animportant
resource, essential in order to perform various
HDL-based design activities.  System
partitioning requires the designer to have a
knowledge of systemdesign in order to

decompose a problem statement into subsystems.

HDL modelingand simulationrequire the user
to have anHDL knowledge, design experience
and design tool skills. Tools may include an
HDL simulator and dogic synthesis tool. In
order to performpre-synthesis modificatiora
designer should know synthesizable constructs
for logic synthesis. A designer is required to
know finite state machine modeling and
flowcharting, in order to perforngraphical
modeling

These resources comprigee resourcénput
to the respective activities, as shown in the
activity unit model [2].

3. Case study

As a case study, design experimentsre
performed bytwo designers using a benchmark.
Designers Aand Binvolved in the case study
wereengineering graduate studemtbo had an
HDL-baseddesign experience for approximately
two years.Designer A usedhe textuaHDL-
based design process, while Designer B used the
graphicalHDL-baseddesign processThe effort
(in man-minutes) required tgperform each
design activity was recordedand effort
distribution graphdor each design processre
plotted.

3.1. The benchmark
A programmable interrupt controllgPIC)

was used as a benchmark to experience various
activities shown in the desigmocess models. A

PIC acts as an interface betweparipheral
interrupting devicesand aPU. The PIC can
handle upto eightectored priorityinterrupts for
the CPU. It accepts requests frahe peripheral
devicesand determines which of the interrupt
requests should be forwardedtte CPU. The
PIC is set up for operatiotihrough a series of
initialization commandwords (ICWs) timed
with write (WR) pulses. Followed by ICWs, a
sequence obyte long commands is provided to
the PIC for specifyinginterrupt masks and
modes of operation. These operational command
words (OCWSs) may be received mah@anonce
by the PIC, in order to reset or change riade
of operation.

In response to an interrupt on onemore
interrupt lines, the PICexecutes a typical
interrupt sequence and transfers program
control to a vectored memory location based on
the type of interrupt(s) received.

The benchmark included control logic,
datapaths and anemory interface, which are
typically found to be elements #alllife design
projects.

3.2. Textual HDL-based design
experiment

Figure 3 shows an effort distribution over the
various activities in textuaHDL-based design
and aquality curveillustrating theaccuracy of

the design atevery activity in the design
process.
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Figure 3. Design effort-distribution and qualityrve
for textual HDL-based design process.



Notethat, HDL modelingcontributes 28% of
the total design effort. The modelitighe can be
reduced by utilizing a library of reusable generic
components [5]Also, 18% of the total design
time is spent fortestbench generationAn
intuitive solution is theuse of automated
testbench  generation (ATG) for HDL
simulation The use of ATG implies excellent
repeatability and predictable time for simulation.
Pre-synthesis modificationan be eliminated if
non-synthesizable constructs anenidedduring
HDL modeling This was demonstrated by
Designer A, whohad a strongdDL design
experience.

3.3. Graphical HDL-based design
experiment

Designer B performed the design of the
benchmark in a graphicaiDL-based design
environment. Figure 4 shows an effort
distribution over the various activities in
graphicaHDL-baseddesignand @quality curve
illustrating theaccuracy ofthe design ag¢very
activity in the design process.
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Figure 4. Design effort-distribution and quality curve
for graphical HDL-based design process.

In graphical HDL-based design, 47% of the total
design time is used fgraphical modelingThe
absence oftestbench generationand pre-
synthesis modificatiomesults in an increased
percentage of the total design time beimged
for modeling. Intuitively, ifthe desigrprocess

provides for modeling at aigher level of
abstraction, a major portion of the total design
time can be eliminated [8{raphical modeling
also, creates a design documentation infohm

of flow diagrams or state diagrams. This
considerably reduceshe timefor  design
documentation. NotthatHDL code generation
an automated activity, requires no design effort.

3.4. Design quality curve

In Figures 3and 4,design quality (or
accuracy) is plotted ovethe various activities
involved in HDL-basedlesign. The quality of a
design is defined as thprobability that the
design satisfies its specifications [4]. The
deviation from thespecresults in a decline in
the accuracy or design quality. Henceyery
synthesis activity should bdollowed by a
verification activity to ensure aecovery in
terms of design quality, bymaintaining
closeness to thepec

Design activities may be classifigito two
different types of activitiesyviz. interactive
activities and automatedactivities. Interactive
activities involve human interaction and
introduce errors. An interactive activity such as
modeling results in a decline in the design
quality, while simulation helps in improving
design quality. ConsequenthHIDL modeling
and HDL simulation have a negativeand a
positive slope respectively, ahe desigrmuality
curve. We assumehat logic synthesis an
automated activity, doesot affect design
quality.

An accuracy of 100% is assumedla¢ start
of a design process. It is ratural observation
that thequality of a design tends to deteriorate
during activities involving human interaction.
The decline in design quality bears a direct
relation with the amount of time required to
perform that activity. This is indicated on the
design quality curvewith a negativeslope
proportional to the time involved in that activity.
In Figures 3and 4, theeffort (time)required for
system partitionings greater for textuaHDL-
based design. As suclhe decline in design
quality during system partitionings more for
textual HDL-based design as compared to
graphical HDL-based design.

System partitionings performed at &igher
level of abstraction in the design process. Hence,
a deviation from the design specificationtims



activity reflects as a relativelarger amount of
decline in the design quality. Thisas been
represented by having a steepslope for
activities involving human interaction at an
abstract level inthe desigrprocess. Similarly,
the design qualityecovery inconceptual model
validation can be assumed to be fastean in
logic simulation.

A state represented at an abstract level in the
graphical description (e.g. a state diagram)
corresponds to a section of tHOL description
generated. Sincgraphical modelings done at
a higherlevel of abstraction as compared to
HDL modeling an improper assignment in a
graphical descriptionmay affecthe design
guality much more than an improper assignment
in an HDL description. Hencethe design
quality curvehas asteeper slope fographical
modelingas compared tBIDL modeling

HDL simulation requires a designer to
generate a testbench for testialg the possible
combinations based on tepec It may require a
considerable amount of time fgenerating an
exhaustive testbenchihis results in a decline in
the overall desigrproductivity and calls for a
tradeoff between design qualitand design
productivity. In contrastgraphical simulation
features an automated testbench generation
based orthe graphical modelndtest batch file,
as the designer interactively simulates the
design. An exhaustive testing results ihigher
error recovery rate and better design quality.

4. Analysis of results

The two process models for HDL-based
design exhibit a distinct difference the effort
distribution patterns.Results recorded from
experiments indicatghat activities involving
human interactionfor example, modeling and
simulation contribute 65% of the total design
time in both textualnd graphicaHDL-based
design. However, textual HDL-based design
required 758 minutes for modeling, testbench
generation and simulation add5 minutes for
synthesis related activities, whereas, graphical
HDL-based design required 510 minutes for
modelingand simulation and10 minutes for
synthesis related activities.

A largesystem mayequire large amount of
testing and thusmplies a requirement acfome
structure to organizeand keep track of test
cases. Such an organized collection of teses

is called a test suite. ood test suite includes
test casesthat maximize thelikelihood of
revealing design errors.HDL simulation
requires generation of amDL code as a
testbench for evaluatingpe functionality of the
HDL model for the system. A designer may have
difficulty in acceptingthat hisdesign has errors.
Hence, it may be difficult forthe designer
himself to generate successfefror revealing)
test patterns. In contrasgraphical simulation
involves interactive usage gfaphicaltools to
verify functionality and allows automatic
testbench generation (ATG). ATG exhibitggh
repeatability and reliability in covering all
possible test caseshus, ATG can beiseful to
obtain a good test suiteand ensure better
recovery of the lost desigmaccuracy in
modeling. Also, modeling in graphicaiDL-
based design is at anuch higherlevel of
abstraction. Henceuring simulation, a change
can bemodeled easily, in contrast to rewriting a
section of the code in textual HDL-based design.

Pre-synthesis modificatiois not required in
graphicalHDL-baseddesign becausé{DL code
generated for araphical description includes
only synthesizable construct$his eliminates
the 'synthesis bottlenetk

Another difference between the two
approaches is indesign documentationin
textual HDL-based design, only an HDL
description is available as design
documentation. In contrast, graphic&DL-
based design produces various design documents
such as flowchartsblock diagrams andstate
diagrams, in addition to thelDL description.
Quality management standards such as ISO
9000 require an extensive design documentation
in order to provehe consistencyand reliability
of any given process [6]. If 1SO 9000 is truly
going to be a license for companies to do
business, the design process needs to incorporate
means to adhere to these standards.

5. Conclusion

We have presentd/o basic process models
for HDL-based design. Textual HDL-based
design uses a textual language for modeling,
whereas graphicaHDL-based design uses a
graphical user interface (GUI).

It hasbeen showrthat design productivity
can be measured in terms effort (time)
required to carry oudll activities necessary to



complete the design. As modeling and
simulation are done at digher level of
abstraction with the aid of automatesbls, an
increased design productivigan beachieved.
The choice of an appropriate desigrocess
modelcan result in significant “time-to-market
savings”.

Design quality is also an importafdctor
for consideration inthe choice of a design
processThe deterioration in the desigmality
bears a direct relationship with the amount of
human interaction and the timevolved with
interactive design activities. Automating design
activities and allowing minimum human
interactionproposes an enhancement in design
productivity without compromising design
quality.
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