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Abstract

Thereuse of electronic components canimprovethe productivity inthe system design. However, without careful planning,
components are rarely designed for reuse. Hardware Description Languages (HDLS) are commonly used to construct from
simple hardware to complex ones. The HDL s allow the creating of reusable models, but the reusability of a design does not
come with language features alone. It requires design disciplines to reach an efficient reusable design. The reusability issues
and the design methodol ogies to achieve Design-For-Reusability (DFR) are presented. Moreover, the results of measuring the
reusability of ten VHDL applications, based on the proposed reusable models, are summarized. This research allows us to

gain aninsight into DFR.

1. Introduction

Hardware Description Languages (HDLs) are used to describe hardware for the purpose of simulation, modeling, testing,
design, and documentation of digital systems. These languages provide a convenient and compact format for the hierarchical
representation of functional and wiring details of digital systems. Some of the HDL s have become an industrial standard (e.g.

|IEEE1076 for VHDL).



Modern HDL s support parameterized designs via language constructs. For example, generic parameters can be used to
build reusable components. However, reusability does not come magically with language features. This paper calls for ade-

tailed study for the issues in achieving Design-For-Reusability in HDL.

As design teams face increasing device sizes and shrinking time scales, “design-from-scratch” methodol ogies struggle to
cope with the challenge of system-on-a-chip (SoC) design. The reuse of design material offers higher productivity in SoC
design. However, it requires careful design process at the initial development stage in order to create reusable models. Thus,

reusability guidelines must be provided to the designers in the SoC approach.

However, making a reusable design in a current project can be very different from making a reusable design for general
purpose, used by others. The additional efforts come from making the core HDL code generic enough to be used in other de-
sign environment. These efforts include, making the core code parameterizable and/or configurable, adequately documenting
the core, providing adequate simulation and verification environments, aswell as synthesis scripts, providing support to the

core integration, and providing future maintenance and upgrades to the core.

This paper focuses on the reusability issuesin the design of digital systemswith VHDL. In VHDL, for example, generic
parameters are used to build parametrized component models. The specific behavior of these models is instantiated as the
generic parameters are determined by the design entities that use them. Thisisvery similar to the concept of templates found

in object-oriented languages (e.g. C++).

It is becoming acommon practice to offer synthesizable hardware cores which are built with VHDL (a.k.a. softcore) from
the ASIC vendors. These component models aim to exploit the reusability and the portability of VHDL. Asaresult, compo-
nents from the primitive LPMs (Library of Parameterized Modules) to the complex IP (Intellectual Property) are found in

recent designs. However, the methodol ogies to achieve Design-For-Reusability (DFR) are rarely discussed.

This paper attempts to present the design methodol ogies that may lead to design reuse in using modern HDL . These meth-
odologies are application oriented. For example, the design methodology for a reusable component (n-bit adder) which can
be instantiated to any precision is considered as precision oriented. Apparently, the objective of such reusable design is to
have the design to be used for variabl e precision. Other design methodol ogies, such asfeature oriented, and data-type oriented

are also presented in this paper.



The measurement of reusability has been a major topic in software engineering. Applying reusability measurement on
hardware system designs can gain an insight into DFR. The reusability of VHDL codes can be expressed by measuring the
lines of code in reusable material or the number of reusable objects. On the hardware design, it is very natural to deal with
components. Thus, the number of objects reused is adapted in measuring the reusability of VHDL codes. Eleven rea world
VHDL applications, including popular | EEE packages, are evaluated with proposed design methodol ogies to show the distri-

bution and the reuse efficiency of these methodologies.

The remainder of this paper is organized as follows. Section 2 presents the current issues of Design-For-Reusability. Sec-
tion 3 summarizes previous work. Section 4 details design methodologies for DFR. Section 5 describes measurement issues

in VHDL and shows the results of methodology distribution and. The last section presents the conclusions of this paper.

2. Current issuesin reusable design

The reusability of adesign hasto do with, at least, the complexity of the design, the design methodol ogies employed, and
the constructs of the HDL used. As VLSI technology advances continuously, the complexity of hardware components has
increased sharply. The complexity of current hardware components can vary from a simple multiplexor to a PCl core (with a
91-page manual). Apparently, the reusability of aPCl core may never come closeto the reusability of theMUX in LPM. How-
ever, with careful design and rich libraries of reusable components, the reusability of a complex design can be greatly im-

proved.

Bjarne Stroustrup, the C++ creator, states "Reuse is not something that comes magically from language features; it comes

from thinking clearly about issues and getting concepts represented.”[1]

With VHDL, the reusability of a design does not come naturally with generic construct. It requires substantial design dis-
ciplinesin order to come up with a reusable design. The disciplines require thorough understanding of both the problem do-
main and solution domain. In the digital system design, there are typically several approachesto the same problem. However,
not al of them can achieve the same reusabl e objective. To choose an approach that facilitates reusability is not straightfor-
ward. Thisissue in DFR isrelated to design discipline. The discipline can be built with the help of a set of well defined ap-
plication oriented design methodologies. Therefore, we investigate the design methodologies based on different reusable

orientations. Hoping that these design methodol ogies can help us to devel op the basic discipline to achieve DFR.



Apparently, DFR can't be done without the supporting features from HDL. In VHDL, these features include generic, gen-
erate, procedure... etc. However, being a strong type language will yield less flexibility in the design. For instance, without
careful design, abinary adder may accept only the operands of certain datatype. Thisway, the reusability of the adder islim-
ited. Sometimes, it is desirable to have a reusable component that can work with input/output of different data type. These

issuesin DFR arerelated to language constructs.

3. Previouswork

Dueto the lacking of language features, early researches have focused on the extensionson HDL. SUAVE [4], alanguage
extension to VHDL, extends the genericity mechanism by providing formal generic types. It promises that the units will be
reused in amuch wider areawithout modifying code. SUAV E adds the type feature to VHDL to provide generic components

such asinteger and floating point multiplexers. Today modern HLDs already provide this extension.

Recently, research efforts[15, 16] have been shifted to adding object orientation methodol ogy to HDL s. Studies show that
itispossibleto have higher reusability through object orientation modeling. Moreover, to maximize the reusability, areusable
component model [5] has been proposed. This approach is based on hierarchical design methodology in the design phase

which enables reusabl e knowledge with the Hierarchical Object Oriented Design (HOOD) method.

In addition, aclass hierarchy based on object oriented class methodol ogy[ 6] and abstract design level§[ 7] are proposed for
reusable component design. These approaches are similar in the way that they are both based on the OOP concept. However,

they are limited to the proposed object model when designing a reusable system.

Using generic component librariesis probably the most common approach to achieve reusability. LEGEND[2][ 3], gener-
ator-generator language, has been introduced to generate generic component libraries. LEGEND complements VHDL by pro-
viding alibrary generator. The generator generates parameterized components of the library. For example, hardware template
libraries for image processing are reusable component libraries for a specific application. VHDL is used widely in building
generic templates for reuse [12, 13] (e.g. SDRAM template library [14]). These approaches placed emphasis on exploiting
the VHDL language features. However, reuse does not come magically from language features alone. This paper addresses

the desigh methodol ogies to achieve reusability.



Coding techniques[8] presented reusable examples through VHDL languages features. However, the design methodolo-
gies of using these language features are not reported. Other approaches, interface-based design[11,17] and component-base
design[9] techniques which divide functionality of a design into internal functional behavior and external interfacing, may

require aspecial compiler and interface libraries. Thus, the reusability of components depends on the platform.

We believe that the key factor for reuse is the employed design methodology. However, it has rarely been reported. The

next section details design methodologies for DFR.

4. Design methodologiesfor DFR

In this research, design methodologies are classified based on the orientation of the design. Adhoc, precision, feature, and
data type orientations are the main factors to construct reusable hardware designs. Adhoc is a design approach that does not
follow any methodology. The hardwareisreusable when it supports any size of precision. Feature orientation is another factor
for reusability. Having an option to choose any feature of a hardware gives us a flexibility without designing separate hard-
ware for each feature. Datatypeiscrucia in reusable hardware design. Data-type orientation provide one component with all
possible data type for reusability. A design may include one or a combination of these orientations. For example, a design
may use both precision oriented and data conversion approaches. Design methodologies will be discussed in the following

sections to provide detailed information.

4.1. Adhoc

adhoc requires no methodology at al and it can be found in many designs today. Part of the reason isthat it is natural for
the designers to design in their own ways. Moreover, adhoc is practiced widely in a tight design schedule without intention

to be reused by someone other than the designer.

Even if there is no intention to make functions reusable, such functions may be reused many times within the same appli-
cation. However, to use these adhoc type functions, the parameters may be used in a specific way. Thisleadsto no flexibility
to the function. Thus, it has very limited reusability in other applications. Due to its easy to develop and no rule design ap-

proach, adhoc is still awidely used design methodology in most of the design communities.



4.2. Precision-oriented design methodology

The aim of a precision oriented design isto have a parameterized design for adigital component. This component can be
instantiated to any precision. Typically, the precision refers to the number of bits. Thus, this component can be reused regard-

less of the precision. To achieve this goal, two approaches are presented— bit-dlice and non-bit-dlice.

4.2.1. Bit-sliced approach

Partitioning a complex design into small components allows engineers to focus on a higher level of abstraction and hier-
archy in design description which has become more desirable to digital systems designers. For instance, an 8-bit ripple carry
adder can beimplemented by a cascade of eight full-adder stages. These full-adder components are instantiated in an iterative
fashion. With these components, an 8-bit adder is formed in a structural model. Thisis referred to bit-sliced with structural

model.

On the other hand, an 8-bit adder can be implemented without using components. Instead of using afull-adder component,
the dataflow model of afull adder isreused in aniterative fashion. Thisapproachisreferred asbit-sliced with datafl ow model.

The next subsections detail bit-dliced approaches with structural and data flow models.

Bit-Siced with Structural model
The VHDL gener ate statement can instantiate small components (e.g. 1-bit full adder) in an iterative fashion. In addition,

using the VHDL generic declaration this 8-bit adder can beinstantiated to an-bit adder. Such an approach resultsin areusable

design.

However, some of the cases can be less intuitive than the adder. One of our favorite examples in bit-slice approach is a
round-up system. This system should round up a given n-bit binary data (as input) to its next higher binary data (as output)

whichis 2N. For example (in decimal), inputs of 0, 2, 5, and 12 will produce outputs of 0, 2, 8, and 16 respectively.



b_out (0)=b_in(3) «b_in(2)' +b_in(1)’ «b_in(0)
b_out (1)=b_in(3)’ *b_in(2)’ +b_in(1)+b_in(0)’
b_out(2)=b_in(3)’ *b_in(2)+b_in(1)’ *b_in(0)’
eb_in(3) +b_in(2) «b_in(1)+b_in(0)
b_out (3)=b_in(3)+b_in(2)’ «b_in(1)’ *b_in(0)’
+b_in(3)’ +b_in(2)+(b_in(1)+b_in(0))
b_out (4)=b_i n(3)+(b_in(2)+b_in(1)+b_i n(0))

Figure 1. A Boolean expression approach for a 4-bit round-up system

A non-reusable design based on the Boolean expression is presented in the Figure 1. A bit-slice approach for a4-bit round
up systemis presented in Figure 2. The bit-slice approach is very similar to the ripple adder. It starts with a careful planning
to partition the given task down to single bit level. Then, structural architecture is used to take advantage of VHDL constructs
— generate and generic. Moreover, this design employs a “message passing” methodology to link four one-bit roundup
blocks. It isworth noting that the messages are passed in both directions while the carry is passed in only one direction in the

ripple adder. The discipline of system level partition and algorithm development is crucial to this bit-slice approach.

b_i n(3) b_in(2) b_in(1) b_i n(0)
R Lt B H—
- = - |-
b_out(4) b_out(3) b_out(2) b_out(1) b_out (0)
v bit_in
leadingo_in —J-| ere [P leadingo_out

anyl_out 4— round-up 4— anyl_in
setl_out - — set1in

bit_out

leadingO_in: all the leading bits are “0s”
anyl_in: at least one of the trailing bitsis“1”
setl_out: the current bit is requesting the
higher order bit to set the bit_out to “1”

Figure 2. A 4-bit round-up system.

Other examples of using bit-slice approach include digital comparatorsin [11]. It seems that the bit-slice approach can be
slow due to signal propagation between each block. However, the actual performance depends on logic synthesis.
Bit-dliced with data flow model

To illustrate the design approaches using bit-sliced with data flow model, an eight-bit ripple carry adder is used. Instead
of using afull-adder component, the data flow model of afull adder isreused in an iterative fashion showsthe VHDL code
of this approach (Figure 3). However, in order to make designs synthesi zable in some synthesistools, the bounds of for loops

must be locally static expressions.



for I in O to L_LEFT Ioop
RESULT(1) := CBIT xor XL(I) xor XR(I1);
CBIT := (CBIT and XL(1)) or (CBIT and XR(I))
or (XL(I) and XR(1));
end | oop;
(a)
c(0) <=ci nn;
for i inOto N1 1loop
sum(i) <= an(i) XOR bn(i) XOR c(i);
c(i+1) <= (an(i) AND bn(i)) OR (an(i) AND
c(i)) OR (bn(i) AND c(i));
end | oop;
coutn <= c(N);

(b)

Figure 3. Implementation of bit-diced with data flow model

4.2.2. Non-bit-sliced approach

A non-bit-sliced approach is also used in precision oriented design. Behavioral description of the designs can be instanti-

ated to any precision through parameters. Figure 4. presents an n-bit barrel shifter that uses a for-loop construct.

shift: PROCESS (data_in, r_I _shift, c_tnp)
BEG N
data(0) <= data_in;
FORi INO TO n-1 LOOP
IFi <c_tnp ANDr_I| _shift ="1" THEN --right
data(i+1) <= data(i)(0) &
data(i)(n-1 DOANTO 1);
ELSIF i<c_tnmp AND r_| _shift ='0" THEN --left
data(i+1) <= data(i)(n-2 DOMTO 0) &
data(i)(n-1);

ELSE
data(i+1) <= data(i);
END | F;
END LOOP;
data_out <= data(n);
END PROCESS;

Figure4. N-bit barrel shifter

4.3. Feature-oriented design methodology

The aim of feature oriented design isto have a reusable component that can offer awide range of featuresin adigital sys-
tem. For example, the LPM_add _sub component can offer either addition or subtraction function (in signed or unsigned) to
the given operands. It is convenient to implement related features into one design so that this design can be reused again and
again as different features are required. We classify this design methodology into three subgroups based on the relationship

of features.



One technique used in object-oriented analysis is to discover the relationship of classes. The most common relationships
are“is-a’ and “has-a’. For example, a shift register “isa’ register. A Multiplier-Accumulate (MAC) unit “hasa” multiplier.
Itisalso very common to mix these two relationships into one design; we refer it asa“hybrid” relationship. Figure 5 presents

these relationships.

In Figure 5, we show feature-oriented design methodol ogies that use case-when construct in VHDL to select the desired
feature(s). In case a, the available features to the base model A are B and C. Thus, the reusable component can be instantiated
to one of four different designs— model A without any extra feature, with feature A, with feature B, or with both feature A
and B. In case b, A and B are two independent features. Thus, the reusable design can be instantiated to one of three different

designs— with feature A, with feature B or with both features.

case (@), isa  VHDL Implementation case (b), has-a  VHDL Implementation
relationship relationship

Figure 5. Relationship of components and their VHDL implementations

Recently, language constructs to support inheritance between VHDL entities are proposed [ 7]. These language constructs
can facilitate the implementation of “is-a" relationship. However, without these constructs, one still can design a reusable
component through case-when construct. To our knowledge, the “has-a” relationship ismore common than “is-a’ relationship

in the digital design. Thisis very different from the software systems.

4.4. Data-type-oriented design methodology

Itisdesirableto have afunctional unit to accept operands of different datatype. However, VHDL isastrong type language
that doesn’t provide automatic type casting. Therefore, auser defined type conversion is used for this purpose. This approach

adds reusability to a hardware component. In the next figure, the n-bit adder accepts the operands of bit_vector type only. To



accept other datatypes, two type conversion functions are added — one to convert the inputsto bit_vector and one to convert

the bit_vector back to the desired outputs.
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Std_logic_vector
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Figure 6. Datatype oriented adder diagram

The approach in the above figure puts all the type conversion functionsinto one single place referred to as centralized data
conversion. Another approach, distributed data conversion, providesdataconversionin several places. Both of the approach-

es use function overloading features to implement type conversions.

1. Centralized Data Conversion: A centralized function will support all the possible data conversions. Figure 6. showsthe

centralized approach.

Although the conversion functions have no hardware significance to the design, it is crucial to the reusability of adesign.
It allows different data types to be used in one reusable design. These conversion functions can be implemented with case-
when construct and a set of overloaded procedures and operators. A simple example of such implementation is given in next

figure.

CASE OpType IS -- Statement # --
WHEN | nt Type=>
Conv2Bit (N, Alnt, aSig); --
Conv2Bit (N, Blnt, bSig); --
Conv2int(carry(N),Cint); --
Conv2int (N, sSig, Sint); --

A WN PP
Vo

WHEN Bi t Type =>

WHEN St dType =>
Conv2Bit (AStd, aSig); --
Conv2Bit(BStd, bSig); --
Conv2Std(carry(N), Cstd); --
Conv2Std(sSig, SStd); --

0 ~NOo G
o

WHEN St dUType =>
Conv2Bit (AStdU, aSig); -- 9 --
Conv2Bit (BStdU, bSig); --10 --
Conv2StdU(carry(N, Cstdy); --11 --
Conv2St dU(sSi g, SStdu); --12 --

END CASE;

Figure 7. Data-type-oriented adder implementation



In the above figure, case-when construct is used to select the desired type conversion function. The actual type conversion
functions can be implemented through overloaded procedures. The invocations of these procedures are Conv2Bit() (in state-
ment #1 & #2) and Conv23d() (in statement # 7 & #8). The implementation of these procedures are placed in the package

construct. Thus, they can be reused in other designs.

2.Distributed Data Conversion: For example, components (e.g. adders), with same functionality, are constructed differ-
ently to accept different data types. In this approach, one or more data type conversion functions are integrated into the com-
ponents. Operator or function overloading are commonly employed. Figure 8. shows some of the examples of distributed
data-conversion.
Gt

t_vector Bit_vector
divider divider

Bit_vector Bit vector
to unsigneg tosigned

(a) Unsi gned (b) Signed (c) Natural - unsi gned
di vi der di vi der di vi der

@

Unsigned
divider

Figure 8. Distributed data-conver sion approach.

Unsigned data inputs are converted into bit_vector in order to be divided through a bit-vector-divider (Figure 8.8). The
result of the division is converted back to unsigned. Sgned-divider isthe signed version of the same component (Figure 8.b).
Itisalso possibleto form different dividers which accept different data types. For example, natural-unsigned-divider in IEEE
numeric-std package has unsigned and natural data inputs. This divider converts natural data to unsigned data type in order
to use unsigned-divider rather than bit-vector-divider (Figure 8.c). It isrecognized that data conversion increases the reusabil-

ity of core components.

3. Other Data Conversions: It isworth noting that some data type conversions are available from VHDL through type cast-
ing. For example, a signed variable b can be converted to unsigned data type by using type casting, UNSIGNED(b). Thisis
referred to build-in data conversion, since this conversion is part of the language features. However, this only works between

adatatype and its subtypes.

Thestd_logic_arith packagein the IEEE library includesfour sets of functionsto convert valuesamong SIGNED and UN-

SIGNED types, std_logic vector, and the predefined type INTEGER. These type conversion functions are: conv_integer,



conv_unsigned, conv_signed and conv_std logic_vector. Four versions of each function are available; the correct version for

each function call is determined through function overloading.

In the IEEE VHDL synthesis package (IEEE 1076.3, numeric_std, 1995), function and operator overlodings are widely
used to facilitate different data types. For example, arithmetic operators (e.g. “+”, “-", “/”, “rem”, and “mod") are overloaded
to accept operands of different data type. However the data types of the results of these arithmetic operators are limited to
either signed or unsigned. Apparently, the conversion functionsin the std _logic_arith package can be used to covert the re-
sults to integer or std_logic_vector. The design approaches of these IEEE packages fall into the data-type-oriented design

methodology.

5. Reault

M easuring reusability is one of theimportant topicsin software engineering. The most common way to measure reusability
isthe line of code (LOC) of the reused objects or the number of the reused objects. With hardware design, it is more natural
to deal with components. Thus, the number of objects reused is adapted in measuring the reusability of VHDL codes. Eleven
real world VHDL applications, including popular | EEE packages, are eval uated with the proposed design methodologies. The

next Table summarizes these applications.
Table 1. Summary of packages and applications

Packages/Applications Source LOC*
|EEE Numeric_bit (ver:2.4) 1995 www.edit.org 1503
IEEE Numeric_std (ver:2.4) 1995 www.edif.org 2201
LPM (ver:1.3) 1997 www.altera.com 1564
LEON-1 Ihé;c)a/://www.estec.e&a.nl/wsmwww/ 6752
Package Math_Real (ver:0.7) 1993 (837)
Real rassp.scra.org 541
Complex 296
8051 Microcontroller (1999) www.cs.ucr.edu/~dalton/8051 5763
DES encryption/description (1999) www.free-ip.com 989
PIC-16C5X Microcontroller (1998) Egjﬂéﬁzzmlﬂfgﬂ?ﬁum 1334
Behavior DLX Processor (1993) rassp.scra.org 1204

*LOC: Line of Code (excluding comment lines)



Table 1 shows the applications including IEEE numeric packages, LPM, and models of microcontroller. These applica-

tions represent real world examples. The URL and size of the program (i.e. LOC) are also given in the table.

To analyze these designs, two programs, measure and count, were developed. Measure accepts VHDL codes as input,
searches components, and counts LOC and number of reused componentsin the design. LOC isused to get an idea of the size
of the applications. This program generates anumber of the reused components and al so detailed information of these reused
component (e.g. function, procedure, component, etc.,) The type of design methodology used in each reused component is
also included in the output file which will be fed to the program count. Count simply generates the statistics of design meth-

odologies and reuse metrics for each application.

Table 2. Thedistribution of design methodology

- X S ], o X
Btk BT BT Bs 2f et
PackegelLibray (85 |8 B2 B= £8 [§E 8o
S 5 K 23 28 S= T .o 2
Numeric_bit 130 | 46 0 23 90 0 31
Numeric_std 135 | 29 0 22 | 919 0 3
LPM 27 3.7 0 111 | 40.7 | 40.7 | 3.7
LEON-1 73 521 | 10 14 123 | 343 0
Redl 32 | 100 0 0 0 0 0
Complex 43 [90.7] O 0 0 0 9.3
i8051 Controller | 38 | 842 O 0 0 0 15.8
DES encryption 16 100 0 0 0 0 0
PIC-16C5X 16 | 100 0 0 0 0 0
DL X Processor 35 29 0 229 | 628 0 114

Ten different applications from packages to special purpose applications are summarized with each design methodology
in Table 2 according to proposed design methodol ogies. Five out of the ten applications have a high percentage of functions
which use adhoc design approach. In the other five applications, the most common design approaches are precision-oriented.
Among the precision- oriented methodologies, non-bit-sliced is the most common one. Data-conversion design approach
seemsto play an important role in system design. 60% of numeric libraries (numeric_bit and numeric_std) include data-con-

version functions (Table 3).



Table 3. Distribution of Data Conversion Function in IEEE Numeric_bit and Numeric_std packages

Package/Library Non Bit-Sliced
Dist. Data Conv. Casting Data Conv.
Numeric_bit 36.9% 25.5%
Numeric_std 35.5% 24.5%

Among the packages and applications, LPM is the only one which includes feature-oriented design methodologies. It is
worth noting that the 40.7% of the LPM implementation are feature-oriented approaches. Within that 40.7%, is-a relationship
and has-a relationship are 29.6% and 11.1%, respectively. If-el seisthe common construct to choose proper functionality (e.g.
pipelined or non-pipelined) of the components. Lpm_add, Ipm_compare, Ipm_mux have signed and unsigned versions of a
function. Thus, LPM[10] presents feature-oriented reusable design. However, it can handle only one data type—
std_logic_vector. None of the L PMs can accept more than one data type. However, if needed, the IEEE std _logic_arith pack-
age mentioned earlier can be used to perform type conversions. In some cases, L PMs accept inputs in the type of string. A

conversion function that converts string back to integer isinvoked internally.

Table4. distribution of reused functions (in functions)

5
< ke 2

Package © 3 i S S

) e 5 = @) X

o} D 1 > © =

S s 5 B & 2

< m z - [a)] =
Numeric Bit  |3.08 2.31 30.77 -- 2.31 38.47
Numeric Std  |2.96 2.22 3111 -- 2.22 385
LPM 0 0 0 2222 |0 22.22
Leon-1 49.32 1.37 12.33 2740 |0 90.42
Math Pack. 16.67 -- -- -- 2.78 19.45
i8051 94.59 -- -- -- -- 94.59
FreeDes 75 - - - - 75
Pic-16¢x 93.75% |- -- -- -- 93.75
DLX 2.86 11.43 40.0 -- 2.86 57.15

The table above depicts the distribution of all the reused functionsin our study. The measurement is based on the number
of the functions reused. The same measurement based on LOC will be presented in the next table. In Table 4., the percentages

of the reused functions for each application are summarized. For example, there are 40 non-bit-sliced functions out of total



130 library functions reused in the numeric-bit package. Thisleadsto 30.77% of the functions are reused (i.e. in the non-hit-
sliced column). In the table, “--" represents that there is no function adopting this specific design methodology and 0% rep-

resents that none of the functions adopted this design methodology is reused.

Adhoc is the most common approach in the applications that are not designed to be libraries (e.g. 18051). This type appli-
cations tend to have fewer functions (38 functions for the 18051 which has 5763 LOC totally.) Moreover, their functions are
mostly based on adhoc approach. On the other side, applications that are to be libraries tend to have more functions (e.g. 130
functionsin the numeric-bit package). The non-bit-sliced and feature oriented are the most common approaches for these type

of applications. Thisfinding is very much consistent with Table 2. aswell.

The last column in Table 4. shows the total percentage of functions that are reused for each application. These numbers
may be lower for libraries. Thisis so because these libraries have arélatively large number of functions. Moreover, only few
of them arereused in other functions. It isworth noting that functionsin theselibraries are highly reusable and could bereused
in other applications. On the contrary, the percentage of reused functions in non-library applications may be high. But, these
functions are adhoc and may be very difficult to be reused in other applications. One exception is DLX which seemsto take

reusable approachesin the design.

Similar findings based on LOC are presented in Table 5. By using the LOC, the measurements seem to result in a higher

percentage.

Table5. distribution of reused functions (in LOC)

%
Pack %\? % i
age <) o X [
% L S i 8 X
o D 1 > o =
S o 5 ki i B
< m pd [ o =
Numeric Bit  [2.87 2.94 34.03 -- 4.95 44.79
Numeric Std  [2.63 2.89 44,08 -- 5.0 54.6
LPM 0 0 0 30.38 0 30.38
Leon-1 65.27 0.12 8.69 1327 |0 87.35
Math Pack. 33.57 -- -- -- 0.96 345
18051 97.69 -- -- -- -- 97.69
FreeDes 79.58 -- -- - - 79.58
Pic-16¢cx 97.6 -- -- -- -- 97.6
DLX 3.65 7.31 23.34 -- 0.75 35.05




*Math Package includes Complex and Real Packages

To further investigate the reusability among the proposed design methodologies, we also measure the percentage of the
reused functionsin each design methodology. This number may give us an indication on which design methodology is more
reusable. The reusability of each method is summarized in Table 6. The 66.7% in the second column is based on the fact that
four out of six adhoc functions were reused in the numeric-bit package. Again, the adhoc approach may enjoy a high reus-

ability. But, it may be limited to a certain application only. In summary, the bit-sliced functions may lead to a very high re-

usability.
Table 6. The summary of reusability
Package/ | Adhoc | Bit-diced | Non-hit- Future- Data

Library % % diced% | oriented% | Conv.%
Num-bit 66.67 100 34.19 - 75
Num-std 100 100 33.87 - 75
LPM - - 0 54.5 0
LEON1 94.7 100 100 80 -
Math. Pkg. | 17.65 - - - 50
18051 100 - - - -
FreeDES 75 - - - -
PIC-16cx | 93.75 - - - -
DLX 100 50 63.64 - 25

6. Conclusions

The productivity of hardware system design depends on the reusable components. The reusability of design material is
crucial in coping with the challenge of SOC design. The HDLs allow the creation of reusable models, but the reusability of
adesign does not come with language features alone. It requires design disciplines to reach an efficient reusable design.This

paper presets the reusability issues and the design methodol ogies to achieve Design-For-Reusability (DFR).

The proposed design methodol ogi es, based on the design orientation, are adhoc, precision, feature, and datatype. Detailed
implementation of these methodologies is presented. We argue that reuse does not come magically from language features,

it comes from design discipline.

Ten real world applications are analyzed for design methodologies in this paper. Adhoc design approach isthe most com-
mon one. The second common design approach is precision oriented. Moreover, the design methodology that focus on data
conversion is also very popular in many applications. This indicates that adopting some basic reusability guidelines for the

initial development of all code can reduce the overheads of reusing that code in the future.



Thereusability of each design methodology is measured in this study. Adhoc approach can have high reusability, but may

be limited to certain applications. Bit-sliced and feature-oriented design methodologies also have very high reusability.
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