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ABSTRACT

In recent years, decision diagrams have earned a promi-
nent placein the field of logic design as means of efficient
representation of switching function, in terms of needed
storage space and processing complexity, especialy for
the tasks of design, testing and verification of logic cir-
cuits. In this paper, we focus on a XML based system
for description of the structure of decision diagrams with
special attention on its application in high-level synthesis,
automatization of design of logic networks.

The system we propose is capable of automatically
producing hardware description, RTL models in VHDL.
It uses XML for description of decision diagrams and a
set of XSLT based scripts for conversion of decision dia-
gramsto VHDL hardware model. VHDL is awell estab-
lished industrial standard in this area and the RTL models
produced by in this way can be synthesized using com-
mercial logic synthesistoals.

Thisfeature permitsfast prototyping and much quicker
experimentation regarding decision diagramsin the fields
of logic synthesis and circuit testing. It also enables our
framework to take the central role in much wider scope
connecting various other software packages that deal with
decision diagrams on some level with industrial standard
simulation and synthesis software.

1. INTRODUCTION

Decision diagram is a data structure that permits efficient
representation of discrete functions[3], [19], [23]. In our
previous work, we have proposed the XML:DD, an XML
based framework for description of the structure of deci-
sion diagrams. In this paper, we further extend this work
to the problem of high-level synthesisi.e. automatic gen-
eration of hardware modelsin VHDL. We propose a sys-
tem capable of producing automatically a VHDL descrip-
tion of a hardware implementation of a discrete function
represented by a decision diagram.

The proposed solution analyzes the XML document
that contains the description of the structure of a decision
diagram. It applies aset of XSLT template style sheetsto

identify structural elements of the diagram and generates
the appropriate RTL model in VHDL.

This paper is organized in the following way. In Sec-
tion 2, we discuss some examples of related work by other
authors. We discussthe general issues regarding hardware
implementation of discrete functions using decision dia-
gramsin Section 3. In Section 4 we give a brief overview
of important aspects of the XML:DD framework. In this
section, we al so establish the correspondence of the equiv-
adent XML:DD and VHDL elements. In Section 5, we
present hardwareimplantations of several standard bench-
mark functions produced using the proposed system. Fi-
naly, in Section 6, we give conclusions and closing re-
marks.

2. RELATED WORK

The problem of trandating a high-level language behav-
ioral or structural description into aregister transfer level
(RTL) representationiscalled high-level synthesis[9]. The
focus in this field has been mainly on developing tools
that are able to utilize behavioral descriptions of various
hardware systems created in high-level programming lan-
guages such as C/C++ [7], [15]. There have been several
commercial effortsto develop compilerstaking C/C++ into
VHDL or Verilogincluding CoWare, Adelante[1], Celox-
ica[5], C Level Design [30], and Cynapps [6]. SystemC
developed by SystemC Consortium [21] representsaC/C++
based language designed especially for this purpose. There
are tools as for example Concentric by Synopsys, that
take in the SystemC code as an input and produce RTL
modelsin VHDL and Verilog. The MATCH compiler de-
veloped by P. Banerjee at Northwest University is a be-
havioral synthesistool for DSP applicationsthat produces
RTL modelsin VHDL or Verilog based on MATLAB be-
havioral description[2], [15].

In our work, we take a somewhat different approach
focusing on structural descriptions of decision diagrams
in the XML data description language. By taking this ap-
proach, we are able to avoid most of the problems regard-
ing conversion of a behavioral model to structural model
of an RTL since there is a well defined mapping of deci-



sion diagram structural entities to hardware elements. We
are able to take this approach because most of the soft-
ware tools dealing with decision diagrams, which are to
serve as a front end to the proposed system, focus on the
problems of structural optimization of decision diagrams.
In the following section, we discuss the issues of hard-
ware implementation of discrete functions using decision
diagrams.

3. HARDWARE IMPLANTATION OF DISCRETE
FUNCTIONS USING DECISION DIAGRAMS

Decision diagrams are obtained by reduction of decision
trees [28]. Decision trees are structures obtained by are-
cursive application of a set of expansion rules to a dis-
crete function. Different types of decision diagrams are
defined according to the choice of used expansion rules
[28]. In this paper we focus exclusively on binary de-
cision diagrams, a class of decision diagrams based on
Boolean logic. Possible expansion rules in binary deci-
sion diagramsinclude the following:

1. Shannon, f = Z1 fo @ =1 f1,
2. Positive Davio, f = fo @ z1 f,
3. Negative Davio, f = f1 ® %1 fo.

Fig. 1 representslogic circuits realizing each of these
three expansions. Each node in the decision diagram thus
corresponds to a hardware unit realizing the given expan-
sion. Hardware realizing a switching function using a de-
cision diagram is a network of interconnected units per-
forming the given expansion.

X

a) Shannon b) positive Davio c¢) negative Davio

Figure 1. Logic circuits corresponding to three types
of expansions, fo = fo @ f1.

The choice of expansion rules significantly influences
the structure of a decision diagram. In order to mini-
mize the size of the decision diagram, different decision
rules can be used within the same diagram. In the case
of Kronecker decision diagrams, a single expansion rule
is assigned to al the nodes on the same level of the dia-
gram. If the decompositionruleis selected freely at each
node, the decision diagram a Pseudo Kronceker decision
diagram. For further information about Kronceker deci-
sion diagramswe refer to [8], [11] and the reference there
in. Detailed description about the Pseudo Kronecker de-
cision diagrams and their application for representation of
switching functions can be found for instance in [14] and
other related works by the same authors.

The system we propose, is capable of generating hard-
ware architectures for all of these three classes of binary
decision diagrams.

Sincethe basic functionality isrepeated for every node
in the decision diagram, we can reuse the same basic logic
circuits in the hardware implementation. Corresponding
hardware architecture consists of alibrary of basic com-
ponents realizing three different expansions and network
of interconnected instances of these components. The ac-
tual implementation of basic expansions can be developed
using a wide range of technologies from ASIC to LUT
based FPGAs. Hardware realization of a logic function,
flx1,x0,x3) = w102 V z2w3, UsiNg the corresponding
BDD can beseenin Fig 2.

¢) Shannon module

b) hardware implementation

Figure 2. BDD and a logic network corresponding to
the function f(l'l, To, 1’3) = 2122 V To2x3.

3.1. Decision Diagramsusing VHDL

We assume that the reader is already familiar with the ba-
sic concepts of high level hardware languages in general
and VHDL, in particular. Thereis awide variety of books
on this subject such as[22].

Although VHDL is avery complex language that per-
mits severa different approaches to hardware design, all
VHDL hardware designs produced by the proposed sys-
tem share a common form, due to the fact that all binary
decision diagrams have the samerigid basic structure.

The design consists of one top-level entity and its as-
sociated structural architecture. Since we deal with bi-



nary decision diagrams, the number of incoming portsis
determined by the number of logic variables of the im-
plemented switching function. Two additional input ports
are provided for the logical constants. Since we have lim-
ited ourselves to dealing only with single output decision
diagramsthe top-level entity has only one output port.

Separate entities representing hardware implementa-
tions of each of three standard decomposition rules are
provided. References to these entities will be created ap-
propriately for each node of a decision diagram in the ar-
chitecture section of the design. The first part of the ar-
chitecture contains declarations of all the external entities
used in the architecture description. In our case, the in-
ternal signals of the hardware architecture correspond to
the edges of the decision diagram. Since we are dealing
with binary decision diagrams, the std_logic type is used
for ports of entities and internal signals of the design.

Therefore, the basic outline of a VHDL design looks
asfollows:

ENTITY entity_name IS

PORT ( listof_input_ports: IN std-logic;
output_port : OUT std_logic) ;
END ENTITY entity_name;
ARCHITECTURE arch_name OF entity_name IS

...declarations of components as needed...

COMPONENT my-_shannon

PORT (f0, f1, x :
END COMPONENT ;
COMPONENT my._pdavio

PORT (f0, f1, x :
END COMPONENT ;
COMPONENT my.ndavio

PORT (f0, f1, x :
END COMPONENT ;

IN std-logic; z :

IN std-logic; z :

IN std-logic; z :

SIGNAL internd_signals :
BEGIN

std_-logic;

...actual structure of the decision diagram...

END arch_nam;

4, XSLT BASED SOLUTION
4.1. Basic Notionson XML

XML [12], [13] represents a special purpose markup lan-
guage. It is intended for the description of formats for
recording various kinds of data with a complex internal
structure and possibly mixed information content. Rather
than trying to specify a rigid data structure for any pos-
sible kind of data, and for each particular application, the
XML specifiesasimple set of rulesthat an XML basedfile
format should use in order to be understood by the XML
enabled software. Each XML document is a structured
text, while the information it contains is presented in the
form of hierarchically arranged elements. The type of €l-
ements and their internal structure is specified separately
according to the syntax of XML rules.

4.2. XML based framework for Decision Diagrams

The structure of XML :DD documents containing decision
diagramsis complex. Thefocusin the development of this
framework was on ability to store as much information

OUT std-logic) ;

OUT std-logic) ;

OUT std-logic) ;

about the topology of a decision diagram in as compact as
possible form. We will briefly go though the basics of the
mutual structure of all the XML:DD documents.

An XML document store datain the form of the struc-
tured text. Elements of the text can contain other nested
elements forming a complex hierarchy. In the case of
the XML:DD, the root element of the hierarchy is the
<dd:tree> element. Thiselement serves as a container
for the decision diagram itself. It also stores some impor-
tant information about the nature of the diagram, most im-
portantly, thetype of the diagram and the number of levels
the diagram contains. The number of levels of a decision
diagramis equival ent to the number of logical variables of
the discrete function this diagram represents.

Then nodes of a decision diagram are represented in
the form of <dd:node> elements. Each node contains
another <dd:node> sub-element corresponding to the
next node in an in-order recursive traversal of the deci-
sion tree. Recursive structure of a decision diagram is
thus mapped directly to the recursive properties of XML.
Two separate linked lists representing parentsand children
nodes are attached to each <dd : node> element. The el-
ements representing nodes contain attributes declaring the
uniqueidentifier of each node, the level to which the node
belongs, and an expansion (decomposition rule) that was
applied at every particular node. An additional attribute
indicating the logical constant is associated with each ter-
minal node. Edges of the decision diagrams are stored in
the XML:DD framework in form of lists of descendants
and parents associated with each particular node using the
<dd:children> and the <dd:parentss> nested ele-
ments respectively. The XML code describing one partic-
ular node of adecision diagram has the following general
form:

<dd:node terminal='0’ id=’'5’ level='1l’ rule=’Shannon’>

<dd:parents point='0’' />
<dd:children point='3'>
<dd:next._child point='4'/>
</dd:children>
</dd:node>

Fig. 3 shows an example of binary decision diagram
and data structures which XML:DD uses to store it.

Aswe can see, the XML :DD framework makes aheavy
use of recursive propertiesof XML. Although thismatches
well the nature of decision diagrams, this organization of
data structuresis not well suited for conversionto VHDL.
Furthermore part of the information stored in thisway is
not needed for this particular application.

4.3. XSLT Template Style Sheets

The XSLT (XSL Transformations) is an XML based lan-
guage designed for specific purpose of conversion of doc-
umentsin one XML based format to other formats. It has
been introduced in 1999 in the form of W3 Consortium
recommendation [32]. Although its primary aim is con-
version between different forms of XML, the XSLT isca-
pable of converting XML documents even to non-XML
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Figure 3. XML:DD data structures

file formats such as VHDL.

The XSLT is adeclarative language. It does not state
a program consisting of a deliberate sequence of instruc-
tions. Rather, the XSLT defines a style sheet represent-
ing a collection of template rules which define the rela-
tionships between entities of the source and the destina-
tion XML hierarchy. The XSLT processor anayzes the
source XML document. It identifies the token elements
and transforms them according to the template rulesin the
corresponding XSLT document. New XML document is
generated as an output. The order in which template rules
are applied is not important and can be either sequential or
recursive depending on the nature of the source XML doc-
ument and theway it is parsed. For details of development
of XSLT style sheetswerefer to [16] and [17].

The key stage in developing an XSLT style sheet for
any particular transformation is the identification of cor-
respondence between entities of the source and the tar-
get XML document formats. The process of producing a
VHDL hardware description from XML:DD will, consist
of two distinct steps:

1. Preprocessing
2. High-level synthesis

In what follows we give a detailed description of both
of these steps.

4.4. Preprocessing

In thefirst phase of the process, we apply one preprocess-
ing XSLT style sheet to produce amore suitable version of

the XML representation of a decision diagram. This style
sheet produces a simple XML document containing only
alist of decision diagram nodes without any nested ele-
ments. Each node containsasimplelist of its descendants.
The attributes indicating the 1D, level and expansion rule
are preserved.

There is no logical operation performed in terminal
nodes of decision diagrams. Terminal nodes simply in-
dicate values of the logical constants. Therefore, termi-
nal and non-terminal nodes will assume different rolesin
the RTL model. This differenceis clearly indicated in the
preprocessed XML document by storing of the terminal
nodes in a separate list. All the recursive aspects of the
original XML:DD document are removed by the prepro-
cessing style sheet.

4.5. High-Level Synthesis

The second step of the process representsthe final conver-
sion of an intermediate XML form to VHDL by using a
separate XML style sheet.

Inour case, the XSLT stylesheet firstidentifies<dd : tree>,

the root element of our XML hierarchy. Thisis awrapper
element and it corresponds to the general template of a
VHDL document. A skeleton of a VHDL document is
created at this stage including the header with the decla-
ration of a new entity. The name my DD is given to this
entity by default.

The XSLT style sheet generates a port list of my BDD
entity automatically. Ports with names con* (where '*’
denotes a numeral) represent inputs for logical constants.
Since we are dealing exclusively with binary logic, there
is only two of them conl and conQ. Logical variables of
the discrete functions are mapped to ports with names of
form x*. Their number is determined by the number of
levels in the decision diagram. One output port is as-
signed, with default name 'o’. All declared ports are of
type ' std_logic’.

Next, the XSTL style sheet generates a declaration
of architecture and associates it with the declared entity.
Name my_dd_arch is assigned by default to this archi-
tecture. Depending on the value of the ' type’ attribute
in tree element declarations for the appropriate compo-
nents will be included in the VHDL document. Either a
single my_shannon, my_pdavio or my ndavio com-
ponent or the combination of componentswill beincluded
in the declaration.

Edges of the decision diagram correspond to the inter-
nal signals of the VHDL architecture. These signals are
declared in the header of the architecture declaration. The
number of the internal signals is equivalent to the num-
ber of non-terminal nodes excluding the root node. The
names assigned to these signals are of the form o*, where
"** denotesanumeral.

What follows is the body of the hardware architec-
ture with the list of component instances representing the
nodes. The component type is selected according to the
value of the ' rule’ attribute of the node element. Port
map is generated for each component instance by analyz-



ing thelist of its children. Each component has two inputs
and one output of type ' std logic’.

Appropriate register entities are added to the design to
facilitate the connections of the described unit with other
modules. The register entities can be a part of a pre-
generated module library or generated on the fly by using
XSLT. The XSLT can be used to automatically produce a
test bench for the RTL model generated in thisway.

5. EXAMPLES

To test the validity of the proposed concept, we have used

the system to automatically produce RTL descriptionsin

VHDL of hardware implementations of a number of bi-

nary functions. We havefocused on functionsfrom MCNC
(Microelectronics Center of North Carolina) set of logic

design benchmark functions. We produced a number of

different binary decision diagrams for each function. The

binary decision diagramswere convertedtovalid XML:DD
documents. For this task, we have used software created

by Suzana Stojiljkovi¢ at Faculty of Electronics at Uni-

versity of Ni§, Ni§, Serbia, in conjunction with an export

module capable of producing the XML:DD documents.

We have used these XML:DD documents as an input to
the proposed system, to produce hardware descriptionsin

VHDL. We have made the final RTL synthesis of the pro-

duced VHDL code for various FPGA technologies, using

the Mentor Graphic LeonardoSpectrum synthesis tool.

In this section, we present the results obtained for five
representative functions selected from the benchmark li-
brary. For each function, we have generated four different
binary decision diagrams:

1. Binary decision diagram with the Shannon deriva-
tive at each level,

2. Binary decision diagram with the positive Davio deriva-

tive at each level,

3. Kronecker binary decision diagram with the posi-
tive Davio applied at the topmost level and the Shan-
non derivativein all other levels,

4. Kronecker binary decision diagram with the posi-
tive Davio applied at the topmost and lowest level
and the Shannon derivativein all other levels.

We have tested the examples for two FPGA families
from two different companies, Stratix I11 family from Al-
tera, and Spartan 3 from Xilinx. Thefirst set of tables rep-
resents the results of implementation of selected functions
by using Spartan 3 product family.

The second set of tables correspondsto the results ob-
tained for Stratix 111 FPGA technology from Altera.

To better illustrate these results on Fig. 4, we present
abinary decision diagram for the function misex1 5 from
the benchmark set generated by recursive application of
the Shannon derivative and a RTL schematic of its hard-
ware implementation in VHDL. Please notice that logic
variables x 4 and x 7 do not have any influence on the
function of the circuit. Thisisdueto thefact that misex1 5

Table 1. Selected benchmark functions implemented
using a Shannon binary decision diagram and Xilinx
Spartan 3 FPGA technology.

function | num. of inputs max. freq. dack acc. inst.
misex1.5 8 163.6 0.1 24
alud_0 14 163.6 0.1 38
cordic_0 23 83.1 0.5 93
apex2_0 39 40.2 0.2 3006
apex1.0 45 122.9 0.2 56

Table 2. Selected benchmark functions implemented
using a binary decision diagram with positive Davio
derivative and Xilinx Spartan 3 FPGA technology.

function | num. of inputs max. freq. slack acc. inst.
misex1.5 8 163.6 0.1 27
aud 0 14 143.0 0.2 66
cordic_0 23 163.6 0.1 71
apex2.0 39 1304 0.14 54
apex1.0 45 146.6 0.3 39

Table 3. Selected benchmark functions implemented
using a Kronecker binary decision diagram and Xilinx
Spartan 3 FPGA technology.

function | num. of inputs max. freq. slack acc. inst.
misex1.5 8 163.6 0.1 31
aud 0 14 129.5 0.3 77
cordic_0 23 83.1 05 93
apex2_0 39 40.2 0.2 3006
apex1.0 45 122.9 0.2 56

Table 4. Selected benchmark functions implemented
using a Kronecker binary decision diagram with dif-
ferent choice of decomposition rules and Xilinx Spar-
tan 3 FPGA technology.

function | num. of inputs max. freq. slack acc. inst.
misex1.5 8 163.6 0.1 26
aud 0 14 129.5 0.3 77
cordic_0 23 83.0 0.4 93
apex2_0 39 40.2 0.2 3006
apex1.0 45 120.7 0.1 53




Table 5. Selected benchmark functions implemented
using a Shannon binary decision diagram and Altera
Stratix Il FPGA technology.

function | num. of inputs max. freq. dack acc. inst.
misex1.0 8 392.2 0.0 17
aud 0 14 175.0 0.2 50
cordic_0 23 116.3 0.1 65
apex2_0 39 46.2 0.6 1625
apex1.0 45 43.8 0.4 39

Table 6. Selected benchmark functions implemented
using a positive Davio binary decision diagram and
Altera Stratix Il FPGA technology.

function | num. of inputs max. freq. slack acc. inst.
misex1.0 8 392.2 0.0 17
aud 0 14 151.4 0.1 48
cordic_0 23 149.7 0.2 60
apex2.0 39 166.6 0.1 43
apex1.0 45 210.8 0.0 33

Table 7. Selected benchmark functions implemented
using a Kronecker binary decision diagram and Al-
tera Stratix Il FPGA technology.

function | num. of inputs max. freq. slack acc. inst.
misex1.0 8 392.2 0.0 17
aud 0 14 167.0 0.1 53
cordic_0 23 114.6 0.0 65
apex2.0 39 435 0.3 39
apex1.0 45 1735 0.0 44

Table 8. Selected benchmark functions implemented
using a Kronecker binary decision diagram with
different choice of decomposition rules and Altera
Stratix Il FPGA technology.

function | num. of inputs max. freq. slack acc. inst.
misex1.0 8 392.2 0.0 17
aud 0 14 167.0 0.1 53
cordic_0 23 106.0 0.1 65
apex2_0 39 435 0.3 39
apex1.0 45 2151 0.0 38

is the fifth output of the multi output musex1 function. In
Fig. 5 we show a binary decision diagram created using
the positive Davio decomposition for the same switching
function and the corresponding RTL schematic. The evi-
dent simpler structure of this circuit clearly indicates the
advantage of the choice of a different decomposition rule.

6. CONCLUSION

In this paper, we have introduced an XML based frame-
work for representation of decision diagrams for switch-
ing functions. We have demonstrated the capability of the
proposed solution to represent various forms of decision
diagrams in way that is convenient for further applica-
tions. Further more we have demonstrated this property
onthe problem of automatic generation of RTL modelsus-
ing VHDL syntax. To illustrate this, we have presented a
set of examples, binary decision diagrams produced using
different decomposition rules and their hardware imple-
mentations using two different FPGA families. For these
exampleswe have used a set of standard benchmark func-
tions for logic design provided by NCSC.

The demonstrated properties of the proposed system,
its flexibility and robustness, justifies the belief that it can
be a valuable addition to the existing set of tools for the
logic design.
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