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Abstract

In this thesis, we are concerned about BDDs which stand for binary decision
diagrams, how to understand and construct them. We propose a new method of
representing symbolic controllers represented as BDDs on FPGAs or microcontrollers
in general.We deal with tools that convert these controllers into BDD and convert
them to controllers .bdd text files. Our main aim throughout the thesis is to discuss
step by step how we can understand these files, followed by implementation of the
BDD based symbolic controllers on FPGA.
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1 INTRODUCTION 1

1 Introduction

Control systems are usually modeled by differential equations describing how physical
phenomena can be influenced by certain control parameters or inputs. Although these
models are very powerful when dealing with physical phenomena, they are less suitable
to describe software and hardware interfacing the physical world. This has spurred a
recent interest in describing control systems through symbolic models that are abstract
descriptions of the continuous dynamics, where each symbol corresponds to an aggregate
of continuous states in the continuous model. Since these symbolic models are of the same
nature of the models used in computer science to describe software and hardware, they
provided a unified language to study problems of control in which software and hardware
interacts with the physical world. In this paper we show that every incrementally globally
asymptotically stable nonlinear control system is approximately equivalent to symbolic
model with a precision that can be chosen apriori. We also show that for digital controlled
systems, in which inputs are piecewiseconstant, and under the stronger assumption of
incremental inputtostate stability, the symbolic models can be obtained, based on a
suitable quantization of the inputs. [9]

1.1 Thesis objective and scope

The main objective of the thesis is to represent symbolic controllers in form of Binary
Decision diagrams to be injected in BDD2IMPLEMENT tools. So the BDD files are
generated from scots to be injected in bdd2implement generate software implementations
of BDD-based symbolic controllers.So throughout the whole thesis, we try to understand
the bdd files that are generated with the help of CUDD library, how it encodes data, how
to read it, how is binary decision diagrams are represented through this file. Afterwards ,
we construct a whole binary tree out of this binary decision diagrams represented as bdd
files through.This tree is constructed through C++ code that can access these bdd files,
read them and turn them into binary tree data structure to be saved as a memory.The
main function of our C++ code is to read these files, saves them as a tree, traverses the
tree.

2 Literature Review
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2.1 Symbolic Controllers

Symbolic models are the right descriptions of continuous systems in which symbols rep-
resent aggregates of contiguous states. In the last few years, there has been a growing
interest in the use of symbolic models as a tool for reducing the complexity of control
designs. In fact, symbolic models enable the use of known algorithms in the context of
supervisory control and algorithmic theory, for controller synthesis.

Since the nineteens, many researchers faced the problem of identifying classes of dy-
namical and control systems that admit symbolic models. Our main aim was to show that
incrementally globally asymptotically stable nonlinear control systems with disturbances
admit symbolic models. When specializing in these results in linear systems.

In recent years we have experienced the development of various symbolic techniques
help in reducing the complexity of controller synthesis, these techniques are based on the
idea that many states can be treated equally when synthesizing controllers and so can be
replaced by a symbol. The models resulting from replacing equivalent states by symbols
termed symbolic models which are typically simpler than the original ones, in a way that
they have a lower number of states. In most cases, symbolic models could be constructed
with a finite number of states.

Control systems are usually modeled by differential equations describing how physical
phenomena can be influenced by certain control parameters or inputs. Although these
models are very powerful when dealing with physical phenomena, they are less suitable
to describe software and hardware interfacing with the world physically. This has pro-
moted a recent interest in describing control systems through symbolic models that are
fundamental descriptions of the continuous dynamics where each symbol corresponds to
an aggregate of contiguous states in the continuous model.

Since these symbolic models are of the same properties of the models used in computer
science, they provided a unified language to study problems of control in which both
software and hardware interact with the physical world.
[9]

2.2 SCOTS Tool

SCOTS is an open source software tool for the synthesis of symbolic controllers for
nonlinear control systems. It is implemented in C ++ and it comes with MATLAB
interface to access the synthesized controller from inside MATLAB. The tool is supposed
to be used and extended by researches in the area of formal methods for cyber- physical
systems. SCOTS provides a basic implementation to symbolic synthesis. SCOTS provides
an implementation of the various algorithms using two different data structures. One
implementation is based on binary decision diagrams (BDD), which is our main area of
interest in this Thesis.[12]
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2.3 BDD2implement Tool

BDD2Implement is a C++ tool to generate hardware/software implementations of BDD-
based symbolic controllers. Having the tools SCOTS and SENSE that generate BDD-based
symbolic controllers of (networked) general nonlinear dynamical systems, BDD2Implement
completes missing ring in the automatic synthesis technique.

BDD2Implement accepts static or dynamic determinized symbolic controllers in the
form of BDD-files. The BDD files encode the controller dynamics as boolean functions. If
the provided controller is not determinized, BDD2Implement provides a determinization
of the controller.

Due to the technique used in BDD2Implement, the generated implementations are
formal. This guarantees the generated codes are exactly achieving the behavior in the pro-
vided controllers. As a result, the whole development cycle SCOTS/SENSE/BDD2Implement
is now formal.

BDD2Implement can generate codes in the following formats:
HARDWARE:
Verilog/VHDL modules
SOFTWARE:
C/C++ boolean-valued functions
BDD2Implement expects existing BDD-based symbolic controllers from SCOTS or

SENSE.
It starts by converting the multi-output boolean functions inside BDDs to multi single-

output functions. If the provided controller is not determinized, BDD2Implement provides
a determinization of the controller using several possible determinization methods. For
VHDL/Verilog, the boolean functions are dumped to the VHDL module contains the
boolean functions as maps from input-port to output-port. For dynamic controllers, the
HW module contains additional memory for the state of the controller. For C/C++, the
boolean functions are dumped as C++ codes. The C/C++ compiler at implementer-side
takes care of converting such boolean functions to machine codes.

It also expects information about the delay bounds in the NCS. Then, it operates
within the symbolic abstraction of the plants to construct a symbolic abstraction for NCS.
Plats symbolic models can be easily constructed using a tool like SCOTS.

BDD2Implement depends on the CUDD-3.0.0 library for manipulating BDDs, written
by Fabio Somenzi here. The dddmp library is also used for reading and writing BDDs
which already comes with CUDD.[1]



2 LITERATURE REVIEW 4

2.4 CUDD Library

CUDD stands for Colorado University Decision Diagram. It is a package for the manipu-
lation of Binary Decision Diagrams (BDDs), Algebraic Decision Diagrams (ADDs) and
Zero-suppressed Binary Decision Diagrams (ZDDs).

2.4.1 DDDMP Package

The DDDMP package inside CUDD library defines formats and rules to store DD on
file. More, in particular, it contains a set of functions to dump (store and load) DDs and
DD forests on f le in different formats. In the present implementation, BDDs (ROBDDs)
and ADD (Algebraic Decision Diagram) of the CUDD package (version 2.3.0 or higher)
are supported. These structures can be represented on files either in a text, binary, or
CNF (DIMACS) formats. The main rules used are following rules: A file contains a single
BDD/ADD or a forest of BDDs/ADD, i.e., a vector of Boolean functions. Integer indexes
are used instead of pointers to reference nodes. BDD/ADD nodes are numbered with
contiguous numbers, from 1 to NNodes (total number of nodes on a file). 0 is not used to
allow negative indexes for complemented edges. A file contains a header, including several
pieces of information about variables and roots of BDD functions, then the list of nodes.
The header is always represented in text format (also for binary ). BDDs, ADDs, and
CNF share a similar format header. BDD/ADD nodes are listed following their numbering,
which is produced by a post-order traversal, in such a way that a node is always listed
after its Then/Else children.

Format
BDD dump files are composed of two sections: The header and the list of nodes. The

header has a common (text) format, while the list of nodes is either in text or binary
format, in our case it is text format. In text format nodes are represented with redundant
information, where the main goal is readability, while the purpose of binary format is
minimizing the overall storage size for BDD nodes. The header format is kept common to
text and binary formats for sake of simplicity: No particular optimization is presently done
on binary file headers, whose size is by far dominated by node lists in the case of large
BDDs.In text mode nodes are listed on a text line basis. Each a node is represented as (First
column→Node-index) (Second column →Var-extra-info) (Third column v→Var-internal-
index) (Fourth column→Then-index) (Fifth column→Else-index) where all indexes are
integer numbers. This format is redundant (due to the node ordering, Node-index is an
incremental integer) but we keep it for readability. Var-extra-info (optional redundant
eld) is either an integer (ID, PermID, or auxID) or a string (variable name). Var-internal-
index is an internal variable index: Variables in the true support of the stored BDDs are
numbered with ascending integers starting from 0, and follo (several thousands of DD
nodes).

• Example:

1 . ver DDDMP−2.0 /∗Dddmp v e r s i o n in format ion ∗/
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2 . mode A/∗ F i l e mode (A f o r ASCII t e x t , B f o r b inary mode ) . ∗/
3 . v a r i n f o 0 /∗Var−extra−i n f o ( 0 : v a r i a b l e ID , 1 : permID , 2 : aux ID , 3 : v a r i a b l e name , 4 no e x t r a i n f o ) . ∗/
4 . nnodes 11 /∗ Tota l number o f nodes in the f i l e ∗/
5 . nvars 6 /∗Number o f v a r i a b l e s o f the w r i t i n g DD manager . ∗/
6 . nsuppvars 6 /∗Number o f v a r i a b l e s in the t r u e suppor t o f the s t o r e d DD∗/
7 . i d s 0 1 2 3 4 5 /∗ Var iab l e IDs . ∗/
8 . permids 0 1 2 3 4 5 /∗ Var iab l e permuted IDs . ∗/
9 . n root s 1 /∗Number o f BDD r o o t s . ∗/

10 . r o o t i d s 11
11 . nodes
12 1 T 0 0 0
13 2 T 1 0 0
14 3 5 5 1 2
15 4 5 5 2 1
16 5 4 4 3 4
17 6 3 3 1 5
18 7 3 3 5 1
19 8 2 2 6 7
20 9 1 1 1 8
21 10 1 1 8 1
22 11 0 0 9 10
23 . end
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3 Binary decision Diagrams

3.1 Binary Decision Diagrams

Binary decision diagram (BDD) or branching program is a data structure that is used
to represent a Boolean function. On a more abstract level, BDDs can be considered as a
compressed representation of sets or relations. Unlike other compressed representations,
operations are performed directly on the compressed representation, i.e. without decom-
pression. Other data structures used to represent a Boolean function include negation
normal form (NNF), and propositional directed acyclic graph (PDAG).

3.2 Binary trees

A binary tree is a tree data structure where each node has up to two child nodes, creating
the branches of the tree. The two children are usually called the left and right nodes.
Parent nodes are nodes with children, while child nodes may include references to their
parents. There are multiple types of binary tree.

1. Full Binary Tree

• If each node of the binary tree has either two children or no child at all, is said
to be a Full Binary Tree.

• Full binary tree is also called as Strictly Binary Tree.

• Every node in the tree has either 0 or 2 children.

• Full binary tree is used to represent mathematical expressions.

2. Complete Binary Tree

• If all levels of tree are completely filled except the last level and the last level
has all keys as left as possible, is said to be a Complete Binary Tree.

• Complete binary tree is also called as Perfect Binary Tree.

• In a complete binary tree, every internal node has exactly two children and all
leaf nodes are at same level.

• For example, at Level 2, there must be 22 = 4 nodes and at Level 3 there must
be 23 = 8 nodes.

3. Skewed Binary Tree

• If a tree which is dominated by left child node or right child node, is said to
be a Skewed Binary Tree.

• In a skewed binary tree, all nodes except one have only one child node. The
remaining node has no child.

• In a left-skewed tree, most of the nodes have the left child without corresponding
right child.
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• In a right-skewed tree, most of the nodes have the right child without corre-
sponding left child.

4. Extended binary tree

• Extended binary tree consists of replacing every null subtree of the original
tree with special nodes.

• Empty circle represents an internal node and filled circle represents the external
node.

• The nodes from the original tree are internal nodes and the special nodes are
external nodes.

• Every internal node in the extended binary tree has exactly two children and
every external node is a leaf. It displays the result which is a complete binary
tree.

5. Advantages of Binary Trees

• Trees reflect structural relationships in the data

• Trees are used to represent hierarchies

• Trees provide an efficient insertion and searching

• Trees are very flexible data, allowing to move subtrees around with minimum
effort
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3.3 Traversal

A traversal is a process that visits all the nodes in the tree. Since a tree is a nonlinear
data structure, there is no unique traversal. We will consider several traversal algorithms
with we group in the following two kinds.

• depth first traversal

• breadth first traversal

There are three different types of depth-first traversals :

• PreOrder traversal - visit the parent first and then left and right children.We
start from A, and following pre-order traversal, we first visit A itself and then move
to its left subtree B. B is also traversed pre-order. The process goes on until all the
nodes are visited. The output of pre-order traversal of this tree will be A B D E
C F G

Algorithm

1. Step 1 Visit root node.

2. Step 2 Recursively traverse left subtree.

3. Step 3 Recursively traverse right subtree.

Figure 1: Pre-Order Traversal
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• InOrder traversal - visit the left child, then the parent and the right child. We
start from A, and following in-order traversal, we move to its left subtree B. B is
also traversed in-order. The process goes on until all the nodes are visited. The
output of inorder traversal of this tree will be D B E A F C G

Algorithm

1. Step 1 Recursively traverse left subtree.

2. Step 2 Visit root node.

3. Step 3 Recursively traverse right subtree.

Figure 2: In-Order Traversal
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• PostOrder traversal - visit the left child, then the right child and then the parent.
We start from A, and following Post-order traversal, we first visit the left subtree B.
B is also traversed post-order. The process goes on until all the nodes are visited.
The output of post-order traversal of this tree will be D E B F G C A

Algorithm

1. Step 1 Recursively traverse left subtree.

2. Step 2 Recursively traverse right subtree.

3. Step 3 Visit root node.

Figure 3: Post-Order Traversal
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3.4 Boolean Functions

A Boolean function is described by an algebraic expression consisting of binary variables,
the constants 0 and 1, and the logic operation symbols +,*. For a given set of values of the
binary variables involved, the boolean function can have a value of 0 or 1. For example,
the boolean function F= x’ y + z is defined in terms of three binary variables x,y,z. The
function is equal to 1 if x=0 and y=1 simultaneously or z=1. Every boolean function
can be expressed by an algebraic expression, such as one mentioned above, or in terms
of a Truth Table. A function may be expressed through several algebraic expressions, on
account of them being logically equivalent, but there is only one unique truth table for
every function. A Boolean function can be transformed from an algebraic expression into
a circuit diagram composed of logic gates connected in a particular structure. Circuit
diagram for F.

A set of rules or Laws of Boolean Algebra expressions have been invented to help
reduce the number of logic gates needed to perform a particular logic operation resulting
in a list of functions or theorems known commonly as the Laws of Boolean Algebra.

Boolean Algebra is the mathematics we use to analyze digital gates and circuits. We
can use these Laws of Boolean to both reduce and simplify a complex Boolean expression
in an attempt to reduce the number of logic gates required. Boolean Algebra is, therefore,
a system of mathematics based on a logic that has its own set of rules or laws which are
used to define and reduce Boolean expressions.

The variables used in Boolean Algebra only have one of two possible values, a logic
0 and a logic 1 but an expression can have an infinite number of variables all labelled
individually to represent inputs to the expression, For example, variables A, B, C etc,
giving us a logical expression of A + B = C, but each variable can only be a 0 or a 1.

Examples of these individual laws of Boolean, rules, and theorems for Boolean Algebra
are given in the following table.

Canonical and Standard Forms Any binary variable can take one of two forms,
x or x’. A boolean function can be expressed in terms of n binary variables. If all the
binary variables are combined together using the AND operation, then there are a total-
combinations since each variable can take two forms. Each of the combinations is called
a minterm or standard product. A minterm is represented by mi where i is the decimal
equivalent of the binary number the minterm is designated.

In a minterm, the binary variable is un-primed if the variable is 1 and it is primed if
the variable is 0 i.e. if the minterm is xy’ then that means x=1 and y=0. For example,
for a boolean function in two variables the minterms are m0=x’y’ , m1=x’ y , m2=x’
y , m3=x y

In a similar way, if the variables are combined together with OR operation, then the
term obtained is called a maxterm or standard sum. A maxterm is represented by Mi

where i is the decimal equivalent of the binary number the maxterm is designated. In
a maxterm, the binary variable is un-primed if the variable is 0 and it is primed if the
variable is 1 i.e. if the minterm is x’+y then that means x=1 and y=0. For example, for
a boolean function in two variables the minterms are m0=x+y,
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Figure 4: Minterms and Maxterms for function in 3 variables

3.4.1 Boolean Identities

Double Complement Law
∼(∼ A)=A

Complement Law
A+A=1 (OR Form)
A.A=0 (AND Form)

Idempotent Law
A+A=A (OR Form)
A.A=A (AND Form)

Identity Law
A+0=A (OR Form)
A.1=A (AND Form)

Dominance Law
A+1=1 (OR Form)
A.0=0 (AND Form)

Commutative Law
A+B=B+A (OR Form)
A.B=B.A (AND Form)

Associative Law
A+(B+C)=(A+B)+C (OR Form)
A.(B.C)=(A.B).C (AND Form)

Absorption Law
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A.(A+B)=A
A+(A.B)=A

Simplification Law
A.(A+B)=A.B
A+(A.B)=A+B

Distributive Law
A+(B.C)=(A+B).(A+C)
A.(B+C)=(A.B)+(A.C)

De-Morgan’s Law
(A.B)=A+B
(A+B)=A.B

3.4.2 .bdd files

In order to understand more how .bdd file works, we needed CUDD library as well as to
visualize these files for better understanding.
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4 Methodology

In this chapter, we would like to discuss the Milestones of our project starts by CUDD
library, binary decision diagrams, how they are represented, how boolean operations are
applied to them. This is followed by controller.bdd files generated from scots, and finally,
how a whole binary tree can be constructed out of any controller.bdd file, as well as
representing it in memory in FPGAs or any other microcontrollers.

4.1 Milestone I: Boolean operations on BDDs using CUDD li-
brary

In this milestone, we focus more on CUDD library and how to use them in order to
generate a name.bdd files, to understand the CUDD, we have performed simple boolean
operations using binary decision diagrams.[5]

4.1.1 CUDD LIBRARY

The CUDD package is a package written in C for the manipulation of decision diagrams,
it supports Binary Decision Diagrams (BDDs), Algebraic decision diagrams(ADDs), and
Zero-Suppressed BDDs (ZDDs). The basic use of CUDD is as follows:

• Initialize a DdManager using Cudd—Init

• Create the DD

• Shut down the DdManager using Cudd–Quit(DdManager* ddmanager)

Sample code for the main program

The program below creates a single BDD variable

Creates a single BDD variable

1 #include ” u t i l . h”
2 #include ”cudd . h”
3 int main ( int argc , char ∗argv [ ] )
4 {
5 DdManager ∗gbm; /* Global BDD manager . */
6 char f i l ename [ 3 0 ] ;
7 gbm = Cudd Init (0 , 0 ,CUDD UNIQUE SLOTS,CUDD CACHE SLOTS, 0 ) ; /* I n i t i a l i z e a new BDD manager . */
8 DdNode ∗bdd = Cudd bddNewVar (gbm) ; /*Create a new BDD va r i ab l e */
9 Cudd Ref (bdd ) ; /* I n c r e a s e s the r e f e r e n c e count o f a node*/

10 Cudd Quit (gbm) ;
11 return 0 ;
12 }
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4.1.2 Boolean Operations using DDDMP package

The DDDMP package is a package inside CUDD library that defines formats and rules
to store decision diagrams on file, so it is basically used for generating the .bdd files.
After creating one node, we want to create a boolean function, which is full of multiple
nodes and then observe the graph. The code here generates two files; the ”.bdd file” and
”the .dot file”. The bdd file represents the binary decision diagram of the controller in
text file.

We use the method int Dddmp—cuddBddArrayStore from DDDMP library
that Dumps the argument array of BDDs to file. Dumping is either in text or binary
form, but in our case, we choose the text format. The BDDs are stored in the fp (already
open) file if not NULL. Otherwise, the file whose name is fname is opened in the write
mode, the header has the same format for both textual and binary dump. Names are
allowed for input variables (vnames) and represented functions (rnames). For the sake of
generality, and because of dynamic variable, ordering both variables IDs and permuted
IDs are included, new IDs are also supported (auxids).

Variables are identified with incremental numbers, according to their position in the
support set. In text mode, an extra info may be added, chosen among the following options:
name, ID, PermID, or an auxiliary (auxids). Since conversion from DD pointers to integers
is required, DD nodes are temporarily removed from the unique hash table, this allows
the use of the next field to store node IDs.

Figure 5: Milestone 1

1 int Dddmp cuddBddArrayStore (
2 DdManager ∗ dd , manager
3 char ∗ ddname , dd name (or NULL)
4 int nroots , number o f output BDD roo t s to be s to r ed
5 DdNode ∗∗ f , array o f BDD roo t s to be s to r ed
6 char ∗∗ rootnames , array o f root names (or NULL)
7 char ∗∗ varnames , array o f v a r i a b l e names (or NULL)
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8 int ∗ auxids , array o f converted var IDs
9 int mode , s t o r i n g mode s e l e c t o r

10 Dddmp−−−VarInfoType var in fo , ext ra i n f o for va r i a b l e s in t ext mode
11 char ∗ fname , f i l e name
12 FILE ∗ fp po in t e r to the s t o r e f i l e
13 )
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• Algorithm Explanation

As mentioned in figure 5, our algorithm generates two output files, name.bdd file
and name.dot file.To make sure everything is going in the correct path of our
understanding to .bdd files, we would compare name.bdd file and name.dot file
with our self drawn binary descision diagram of each function to make sure the two
files are compatible.

1. Name.bdd file

This is a text file generated using CUDD Library, specifically DDDMP package,
this file describes the binary decision diagram of any function in a form of
columns of numbers, where each column represents a certain meaning. The
first two rows of any name.bdd file are the terminal nodes which are either
zeros or ones.

– First Column:Node ID
The name of the node.

– Second Column:Node Level
Represents the level of each node.T in the second column means Terminal.
Thus, always nodeID 1 and 2 are the terminal nodes that represent in fact
zero and one. To know which is zero and which is one, we would know this
from the the third column that represents the Node Extra Info.

– Third Column:Node Extra Info
We only care about this column in the first two nodes only which are the
first two rows only. We are interested in the values drawn located in the
intersection of the first row (representing node 1)with the third column
e.g.,(1,3), and the second row (representing node 2) with the third column
e.g.,(2,3).

– Fourth column:If-Node
To reach the If-Node , a solid line is used.

– Fifth column:Else-Node
To reach the Else-Node , a dashed line is used.

2. Name.dot file
This is a visualisation to the Binary decision diagram created .
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1. And Gate
We would explain this example, and all other examples would follow the same
instructions used. Referring to figure 7 and 32, we observe from And.bdd figure 7,
there are five columns as discussed before, the first column contains nodes from 1
to 4 (means 4 nodes). Starting always from the last row of the file, thus we start
with node 4.

• Row 4 : The Node Id is 4 .The Node Level which is column 2 is 0. Therefore,
in figure 32 we observe that Node 4 is in Level 0. The If-Node which is the
fourth column is here 3. Thus, in figue 32, we observe Node 4 going to Node 3
with a solid line. The Else-Node is 2 , so a dashed line goes from Node 4 to
Node 2 .

• Row 3 : The Node ID is 3 .The Node Level which is column 2 is 1 , so in
figure 32 ,we observe that Node 3 is in Level 1. The If-Node which is the fourth
column is here 1 , so in figue 32 , we can observe Node 4 going to Node 1 with
a solid line.The Else-Node is 2 , so a dashed line goes from Node 3 to Node 2 .

• Row 2 : The Node ID is 2 .The Node Level which is column 2 is T which
I concluded means Terminal nodes .The Node Extra Info which is column
three here tells us whether this terminal node is 0 or 1 , here in this row , it is
terminal zero ,means that Node ID 2 is implicitly/technically meaning that it
is Node ID 0.The If-Node and Else-Node which is the fourth column and
fifth column are here 0 which means they point to NULL as we do not have a
node -Id with the value 0.

• Row 1: The Node ID is 1 .The Node Level which is column 2 is T which
I concluded means Terminal nodes.The Node Extra Info which is column
three here tells us whether this terminal node is 0 or 1, here in this row, it is
terminal zero, means that Node ID 1 is implicitly/technically meaning that it
is Node ID 1.The If-Node and Else-Node which is the fourth column and
the fifth column are here 0 which means they point to NULL as we do not
have a node -Id with the value 0.
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Figure 6: And Terminal Commands

Figure 7: And.bdd File Figure 8: And.dot File
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2. Nand Gate

Figure 9: Nand Terminal Commands

Figure 10: Nand.bdd Figure 11: Nand.dot
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3. Complex Function 1

Figure 12: Complex Function 1 Terminal Commands

Figure 13: ComplexFunction1.bdd Figure 14: ComplexFunction1.dot
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4.2 Milestone II: Boolean operations on BDD without CUDD
library

In this Milestone, we construct the binary tree to represent BDDs, then execute an OR
operation between two BDDs. Afterward, we traverse the resulted tree using in order
traversal method to test our logic. The main objective behind this milestone is to give a
small example of constructing and traversing the binary tree, as a preparation to Milestone
III, in which we would construct a bigger binary tree and traverse upon its nodes. In
addition, we compare the results obtained out of this example with a self-drawn example
in order to test its credibility.

• In-order traversal results of the Algorithm resulted tree

Figure 15: In-order traversal results
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• In-order traversal results of the self-Drawn resulted tree

Figure 16: Or Operation

Figure 17: Result of OR operation
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4.3 Milestone III: Understand .bdd files generated from SCOTS

SCOTS is an open source software tool for the synthesis of symbolic controllers for
nonlinear control systems. The SCOTS takes a non-linear differential equation as an input
and generates files in a certain format which is name.bdd format. The name.bdd files
consist of two sections: The header and the list of nodes, where the header has a common
(text) format, while the list of nodes is either in text or binary format. In our case, the
list of nodes is in text format. These BDDs generated from SCOTS are actually in their
Reduced Order Binary Decision Diagram (ROBDD).

Figure 18: SCOTS

4.3.1 Controller.bdd Text Files

They are files generated from SCOTS that represent the controller in form of binary
decision diagram.

• Don’t Cares
As we mentioned before, these files are in the most reduced form which is called
ROBDD. These ROBDDs are unlike prefect BDD, where every node points to two
children right in the next level. However, the ROBDD representation does not follow
this rule, a node points to another node that is in a level different from the next
level. We observe from figure 16, basically they skip levels. Referring to Node-ID 4,
which its dashed line skips a level and goes directly to the terminal node 1.

In order to express the path to the terminal node from anywhere, we use bits zero
and one, where zero represents the dashed line and one represents the solid line.
For example, the path from Node-ID 4 to zero is 11, which means a solid line from
Node-ID 4 to Node-ID 3, and another solid line from Node-ID 3 to terminal zero.
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Figure 19: Nand.dot File Figure 20: Action Bits output using CUDD
library
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4.4 Milestone IV: Implement BDD based controller in memory

After we have already understood the bdd files, now we should convert the content of the
bdd files to a real data structure to be saved in memory. Thus, this step is split into two
source codes.

1. Algorithm to generate hex memory of the BDD

2. Algorithm to traverse the BDD to identify the controller inputs

Figure 21: Algorithm sequence of events
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4.4.1 Algorithm to generate hex memory data of the BDD

Here, we have constructed an algorithm that generates the memory data in hexadecimal
format to be stored in the FPGA, we accomplish this through three important steps in
the algorithm.

1. Extract data from controller.bdd file. As described in milestone I, how the con-
troller.bdd are identified in terms of binary decision diagrams, and what does each
column represent. The algorithm would read all these data and identify its meaning,
as we have described before.

2. Convert it into a binary tree. After reading the controller.bdd file and identifying
its meaning, we construct a whole binary tree based on these information.

3. Store the memory hex file. After constructing the full binary tree out of this con-
troller.bdd file, we would save it as a hex format in a file called ”FPGA.txt”. This
file contains the traversal algorithm we use to traverse the tree, which contains the
memory data of the BDD, as well as the traversal algorithm to traverse this BDD.
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• Algorithm to generate hex memory Flowchart [ 6]

Figure 22: Algorithm to generate hex memory data Flow chart
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4.4.2 Algorithm to traverse the BDD to identify the controller inputs

In this algorithm, we aim to identify the controller data, since this controller is a symbolic
controller, the node represents the states and the inputs represent the path that leads
to the terminal node. Since our main aim is to satisfy the controllers’ requirements and
reach terminal 1, we would need to traverse any given BDD to reach the terminal 1 in
order to identify the needed controller inputs that would lead to terminal 1.

Figure 23: Binary Decision Diagram

After successfully constructing the whole binary tree that represents our controller
BDD, saved it in the memory in file FPGA.txt using Algorithm to generate hex
memory of the BDD, now we need to traverse the tree in order to identify the controller
inputs.
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Figure 24: Generated FPGA.txt file contents

4.5 Limitations

In this section, we would discuss the limitations we have faced regarding mainly the
controller.bdd file formats, dddmp package in Cudd library and how we overcame the
problem.

• ADD format VS BDD format

Using CUDD Library, the controller.bdd files are generated in two formats, either in an
ADD format or in BDD format.Most tools use the BDD format, such as SCOTS.

1. ADD format

As we can observe in figure 25, it has two terminal nodes, Terminal 0 and Terminal
1.In addition, the path from a node to another is only represented through a solid
line or a dashed line
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Figure 25: ADD format files

Figure 26: Binary decision diagram

2. BDD format

As shown in figure 27, there are nodes with negative values, these negative values are
complemented edges, it means that when we reach these nodes, all paths afterward
are complemented. Looking at figure 16, we observe that the diagram does not
only have solid edges and dashed edges which means one and zero, but it has an
additional line which is the complement line. As well as only having one terminal
node called terminal 1. As a result, this format (BDD) makes our understanding of
the decision diagram very hard and more complex.
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Figure 27: BDD format files Figure 28: Binary decision diagram

Solution
In order to avoid complexity, we have chosen to use the ADD format files instead of
BDD ones as it is more clear.Since most tools use BDD format as scots , we made
a slight change in the source code of SCOTS using these methods

• Dddmp cuddAddStore() ;

• Cudd BddToAdd();

Steps
1.Open SCOTS
2.Open SymbolicSet.hh inside bdd file
3.Go to writeToFile() method.
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4. Replace these lines

1 int storeReturnValue = Dddmp cuddBddStore (
2 mdest . getManager ( ) ,
3 NULL,
4 tosave . getNode ( ) ,
5 // ( char **) varnameschar , // char ** varnames , IN : array o f v a r i a b l e names ( or NULL)
6 NULL, // char ** varnames , IN : array o f v a r i ab l e names ( or NULL)
7 NULL,
8 DDDMPMODETEXT,
9 // DDDMṖVARNAMES,

10 DDDMPVARIDS,
11 NULL,
12 f i l e
13 ) ;

with

1 DddNode ∗bdd ;
2 bdd=Cudd BddToAdd(mdest . getManager ( ) , bdd ) ;
3 int storeReturnValue = Dddmp cuddAddStore (
4 mdest . getManager ( ) ,
5 NULL,
6 bdd ,
7 // ( char **) varnameschar , // char ** varnames , IN : array o f v a r i a b l e names ( or NULL)
8 NULL, // char ** varnames , IN : array o f v a r i ab l e names ( or NULL)
9 NULL,

10 DDDMPMODETEXT,
11 // DDDMṖVARNAMES,
12 DDDMPVARIDS,
13 NULL,
14 f i l e
15 ) ;

• Binary Format VS Text Format

SCOTS generate name.bdd files in a binary format so , we had to change this format
to text inorder to be able to read the files .

Steps
1.Open SCOTS
2.Open SymbolicSet.hh inside bdd file
3.Go to writeToFile() method.
4.In cudd—BddStore() method,change DDDMP—MODE—BINARY to DDDMP—
MODE—TEXT
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5 Results and discussion

In this section, we show the output of our algorithms along with different examples.

5.1 Algorithm to traverse the BDD to identify the controller
inputs

Here, we show the results of the algorithm used to traverse the BDD in order to generate all
the possible input path that leads to terminal one in terms of zeros and ones which actually
represent dash lines and solid lines. We would compare the automatically generated output
when we compile the And gate algorithm using CUDD library we discussed in Milestone 1
with the Algorithm to traverse the BDD to identify the controller inputs.Action
bits describes the path needed to reach terminal 1, for example, bit 1 means” go with the
solid line”, bit 0 means ”then go with the dashed line” and so on till it reaches Terminal
1.We must also state that we have done this test before we split the algorithm into two
algorithms as stated before.
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1. And Example
If we traced the BDD figure 32 starting from Node-ID 4, we would find that there
is only one way to reach terminal 1 which is from Node-ID 4 to Node-Id 3 through
a solid line, then from Node-ID 3 to Terminal 1 through a solid line, which means
Action bits should be equal to 11.

Figure 29: And.dot File

Figure 30: Action Bits output using CUDD
library

Figure 31: Action Bits output using our pro-
posed Algorithm
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2. Nand Example

Figure 32: And.dot File

Figure 33: Action Bits output using CUDD
library

Figure 34: Action Bits output using our pro-
posed Algorithm
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3. Complex Function 1 Example

Figure 35: Complex1.dot File

Figure 36: Action Bits output using CUDD
library

Figure 37: Action Bits output using our pro-
posed Algorithm
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5.2 Effect of our Algorithm in BDD2implement

As mentioned before, BDD2Implement is a C++ tool to generate hardware/software im-
plementations of BDD-based symbolic controllers. Having the tools SCOTS that generate
BDD-based symbolic controllers of general nonlinear dynamical systems, BDD2Implement
takes the controller.bdd file from SCOTS and convert the BDD to truth table so the con-
troller is represented as a boolean function. In this thesis, we have taken the controller.bdd
file from SCOTS and converted the BDD to a data structure, put it in a file that traverses
the tree to be saved in memory directly. Representing a BDD in a truth table in terms of
space is inefficient. For example, having a boolean function with 100 variables would need
(2100) lines in order to represent all possible combination. On the other hand, representing
the BDD using a data structure as binary trees with the same nature as BDD makes it
more efficient, since the controller.bdd file generated from scots is already in the reduced,
most simplified form of the BDD [ROBDD]

Figure 38: Effect of our Algorithm in BDD2IMPLEMENT
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5.3 Conclusion

In this thesis, we are concerned about BDDs, how to understand and construct them.
We propose a new method of representing symbolic controllers represented as BDDs on
FPGAs or microcontrollers in general. We constructed a C++ implementation of BDDs
that can read name.bdd files generated from SCOTS or any other tool. First, we read these
files, understand them and then construct a binary tree to be saved as a hex format.In
addition, we traverse the tree in order to extract all the right outputs of the controller.
Afterwards, a template file is ready to be put in OpenCL then to microcontrollers.

Figure 39: Sequence of events
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6 Future Work

• Test the code on FPGA

After we have successfully generated the memory of the BDD and the ”FPGA.txt”
file is ready to be put directly in OpenCL, then Xilinx then tests it on FPGA. We
can do this using several examples that have been generated already using scots
such as vehicle 1, vehicle 2, unicycle or dcdc.

• Add the algorithm to BDD2implement
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Appendix
1. And Gate

Algorithm 1: And Gate

1 #include <array>
2 #include <iostream>
3 #include ”cuddObj . hh”
4 #include ” u t i l . h”
5 #include ”dddmp . h”
6

7 void pr in t dd (DdManager ∗gbm, DdNode ∗dd , int n , int pr )
8 {
9 p r i n t f ( ”DdManager nodes : %ld | ” , Cudd ReadNodeCount (gbm) ) ; /∗Reports the number o f

l i v e nodes in BDDs and ADDs∗/
10 p r i n t f ( ”DdManager vars : %d | ” , Cudd ReadSize (gbm) ) ; /∗Returns the number o f BDD

va r i a b l e s in e x i s t en c e ∗/
11 p r i n t f ( ”DdManager r e o rd e r i n g s : %d | ” , Cudd ReadReorderings (gbm) ) ; /∗Returns the

number o f t imes reorder ing has occurred ∗/
12 p r i n t f ( ”DdManager memory : %ld \n” , Cudd ReadMemoryInUse (gbm) ) ; /∗Returns the

memory in use by the manager measured in by t e s ∗/
13 Cudd PrintDebug (gbm, dd , n , pr ) ; // Prints to the standard output a DD and i t s

s t a t i s t i c s : number o f nodes , number o f l eaves , number o f minterms .
14 }
15

16 /∗∗
17 ∗ Writes a dot f i l e r ep r e s en t ing the argument DDs
18 ∗ @param the node o b j e c t
19 ∗/
20 void wri te dd (DdManager ∗gbm, DdNode ∗dd , char∗ f i l ename )
21 {
22 FILE ∗ o u t f i l e ; // output f i l e po in t e r f o r . dot f i l e
23 o u t f i l e = fopen ( f i l ename , ”w” ) ;
24 DdNode ∗∗ddnodearray = (DdNode∗∗) mal loc ( s izeof (DdNode∗) ) ; // i n i t i a l i z e the

func t i on array
25 ddnodearray [ 0 ] = dd ;
26 Cudd DumpDot(gbm, 1 , ddnodearray , NULL, NULL, o u t f i l e ) ; // dump the func t i on to .

dot f i l e
27 f r e e ( ddnodearray ) ;
28 f c l o s e ( o u t f i l e ) ; // c l o s e the f i l e ∗/
29 }
30 int main ( ) {
31 char f i l ename [ 3 0 ] ;
32 DdManager ∗gbm; /∗ Globa l BDD manager . ∗/
33 gbm = Cudd Init (0 , 0 ,CUDD UNIQUE SLOTS,CUDD CACHE SLOTS, 0 ) ; /∗ I n i t i a l i z e a new BDD

manager . ∗/
34 DdNode ∗bdd , ∗x1 , ∗x2 ;
35 x1 = Cudd bddNewVar (gbm) ; /∗Create a new BDD va r i a b l e x1∗/
36 x2 = Cudd bddNewVar (gbm) ; /∗Create a new BDD va r i a b l e x2∗/
37 bdd = Cudd bddAnd(gbm, x1 , x2 ) ; /∗Perform AND Boolean operat ion ∗/
38 Cudd Ref (bdd) ;
39 FILE ∗ f i l e = fopen ( ” . / Fi l e sGenerated /graph . bdd” , ”w” ) ;
40 int storeReturnValue = Dddmp cuddBddStore (
41 gbm,
42 NULL,
43 bdd ,
44 // ( char ∗∗) varnameschar , // char ∗∗ varnames , IN : array o f v a r i a b l e names ( or NULL

)
45 NULL, // char ∗∗ varnames , IN : array o f v a r i a b l e names ( or NULL)
46 NULL,
47 DDDMPMODETEXT,
48 // DDDMPVARNAMES,
49 DDDMPVARIDS,
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50 NULL,
51 f i l e
52 ) ;
53

54

55 f c l o s e ( f i l e ) ;
56 i f ( storeReturnValue !=DDDMP SUCCESS)
57 throw ”Error : Unable to wr i t e BDD to f i l e . ” ;
58 else
59 std : : cout << ”Symbolic s e t saved to f i l e : ”<< f i l ename << std : : endl ;
60

61 /∗Update the re f e r ence count f o r the node j u s t crea ted . ∗/
62 bdd = Cudd BddToAdd(gbm, bdd) ; /∗Convert BDD to ADD for d i s p l a y purpose ∗/
63 pr in t dd (gbm, bdd , 2 ,4) ; /∗Print the dd to standard output ∗/
64 s p r i n t f ( f i l ename , ” . / F i l e sGenerated /graph . dot” ) ; /∗Write . dot f i l ename to a s t r i n g

∗/
65 wri te dd (gbm, bdd , f i l ename ) ; /∗Write the r e s u l t i n g cascade dd to a f i l e ∗/
66

67 Cudd Quit (gbm) ;
68 }
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2. Nand Gate

Algorithm 2: Nand Gate

1 #include <array>
2 #include <iostream>
3

4 #include ”cuddObj . hh”
5 #include ” u t i l . h”
6 #include ”dddmp . h”
7

8 void pr in t dd (DdManager ∗gbm, DdNode ∗dd , int n , int pr )
9 {

10 p r i n t f ( ”DdManager nodes : %ld | ” , Cudd ReadNodeCount (gbm) ) ; /∗Reports the number o f
l i v e nodes in BDDs and ADDs∗/

11 p r i n t f ( ”DdManager vars : %d | ” , Cudd ReadSize (gbm) ) ; /∗Returns the number o f BDD
va r i a b l e s in e x i s t en c e ∗/

12 p r i n t f ( ”DdManager r e o rd e r i n g s : %d | ” , Cudd ReadReorderings (gbm) ) ; /∗Returns the
number o f t imes reorder ing has occurred ∗/

13 p r i n t f ( ”DdManager memory : %ld \n” , Cudd ReadMemoryInUse (gbm) ) ; /∗Returns the
memory in use by the manager measured in by t e s ∗/

14 Cudd PrintDebug (gbm, dd , n , pr ) ; // Prints to the standard output a DD and i t s
s t a t i s t i c s : number o f nodes , number o f l eaves , number o f minterms .

15 }
16

17 /∗∗
18 ∗ Writes a dot f i l e r ep r e s en t ing the argument DDs
19 ∗ @param the node o b j e c t
20 ∗/
21 void wri te dd (DdManager ∗gbm, DdNode ∗dd , char∗ f i l ename )
22 {
23 FILE ∗ o u t f i l e ; // output f i l e po in t e r f o r . dot f i l e
24 o u t f i l e = fopen ( f i l ename , ”w” ) ;
25 DdNode ∗∗ddnodearray = (DdNode∗∗) mal loc ( s izeof (DdNode∗) ) ; // i n i t i a l i z e the

func t i on array
26 ddnodearray [ 0 ] = dd ;
27 Cudd DumpDot(gbm, 1 , ddnodearray , NULL, NULL, o u t f i l e ) ; // dump the func t i on to .

dot f i l e
28 f r e e ( ddnodearray ) ;
29 f c l o s e ( o u t f i l e ) ; // c l o s e the f i l e ∗/
30 }
31 int main ( ) {
32 char f i l ename [ 3 0 ] ;
33 DdManager ∗gbm; /∗ Globa l BDD manager . ∗/
34 gbm = Cudd Init (0 , 0 ,CUDD UNIQUE SLOTS,CUDD CACHE SLOTS, 0 ) ; /∗ I n i t i a l i z e a new BDD

manager . ∗/
35 DdNode ∗bdd , ∗x1 , ∗x2 ;
36 x1 = Cudd bddNewVar (gbm) ; /∗Create a new BDD va r i a b l e x1∗/
37 x2 = Cudd bddNewVar (gbm) ; /∗Create a new BDD va r i a b l e x2∗/
38 bdd = Cudd bddNand(gbm, x1 , x2 ) ; /∗Perform AND Boolean operat ion ∗/
39 Cudd Ref (bdd) ;
40 FILE ∗ f i l e = fopen ( ” . / bdd/graph . bdd” , ”w” ) ;
41 bdd = Cudd BddToAdd(gbm, bdd) ;
42 int storeReturnValue = Dddmp cuddAddStore (
43 gbm,
44 NULL,
45 bdd ,
46 // ( char∗∗varnameschar , // char ∗∗ varnames , IN : array o f v a r i a b l e names ( or NULL)
47 NULL, // char ∗∗ varnames , IN : array o f v a r i a b l e names ( or NULL)
48 NULL,
49 DDDMPMODETEXT,
50 // DDDMPVARNAMES,
51 DDDMPVARIDS,
52 NULL,
53 f i l e
54 ) ;
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55

56

57 f c l o s e ( f i l e ) ;
58 i f ( storeReturnValue !=DDDMP SUCCESS)
59 throw ”Error : Unable to wr i t e BDD to f i l e . ” ;
60 else
61 std : : cout << ”Symbolic s e t saved to f i l e : ”<< f i l ename << std : : endl ;
62

63 /∗Update the re f e r ence count f o r the node j u s t crea ted . ∗/
64 /∗Convert BDD to ADD for d i s p l a y purpose ∗/
65 pr in t dd (gbm, bdd , 2 ,4) ; /∗Print the dd to standard output ∗/
66 s p r i n t f ( f i l ename , ” . / bdd/graph . dot” ) ; /∗Write . dot f i l ename to a s t r i n g ∗/
67 wri te dd (gbm, bdd , f i l ename ) ; /∗Write the r e s u l t i n g cascade dd to a f i l e ∗/
68

69 Cudd Quit (gbm) ;
70 }
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3. Complex Function 1

Algorithm 3: Complex Function 1

1

2 #include <array>
3 #include <iostream>
4

5 #include ”cuddObj . hh”
6 #include ” u t i l . h”
7 #include ”dddmp . h”
8 void pr in t dd (DdManager ∗gbm, DdNode ∗dd , int n , int pr )
9 {

10 p r i n t f ( ”DdManager nodes : %ld | ” , Cudd ReadNodeCount (gbm) ) ; /∗Reports the number o f
l i v e nodes in BDDs and ADDs∗/

11 p r i n t f ( ”DdManager vars : %d | ” , Cudd ReadSize (gbm) ) ; /∗Returns the number o f BDD
va r i a b l e s in e x i s t en c e ∗/

12 p r i n t f ( ”DdManager r e o rd e r i n g s : %d | ” , Cudd ReadReorderings (gbm) ) ; /∗Returns the
number o f t imes reorder ing has occurred ∗/

13 p r i n t f ( ”DdManager memory : %ld \n” , Cudd ReadMemoryInUse (gbm) ) ; /∗Returns the
memory in use by the manager measured in by t e s ∗/

14 Cudd PrintDebug (gbm, dd , n , pr ) ; // Prints to the standard output a DD and i t s
s t a t i s t i c s : number o f nodes , number o f l eaves , number o f minterms .

15 }
16

17 /∗∗
18 ∗ Writes a dot f i l e r ep r e s en t ing the argument DDs
19 ∗ @param the node o b j e c t
20 ∗/
21 void wri te dd (DdManager ∗gbm, DdNode ∗dd , char∗ f i l ename )
22 {
23 FILE ∗ o u t f i l e ; // output f i l e po in t e r f o r . dot f i l e
24 o u t f i l e = fopen ( f i l ename , ”w” ) ;
25 DdNode ∗∗ddnodearray = (DdNode∗∗) mal loc ( s izeof (DdNode∗) ) ; // i n i t i a l i z e the

func t i on array
26 ddnodearray [ 0 ] = dd ;
27 Cudd DumpDot(gbm, 1 , ddnodearray , NULL, NULL, o u t f i l e ) ; // dump the func t i on to .

dot f i l e
28 f r e e ( ddnodearray ) ;
29 f c l o s e ( o u t f i l e ) ; // c l o s e the f i l e ∗/
30 }
31 int main ( ) { //x1 xor x2 ∗ x3 xor x4 ∗ x5 xor x6
32 char f i l ename [ 3 0 ] ;
33 DdManager ∗gbm; /∗ Globa l BDD manager . ∗/
34 gbm = Cudd Init (0 , 0 ,CUDD UNIQUE SLOTS,CUDD CACHE SLOTS, 0 ) ; /∗ I n i t i a l i z e a new BDD

manager . ∗/
35 DdNode ∗bdd , ∗x1 , ∗x2 , ∗bdd2 , ∗x3 , ∗x4 ,∗bdd3 ,∗ x5 ,∗ x6 , ∗x7 , ∗ r e s u l t ;
36 x1 = Cudd bddNewVar (gbm) ; /∗Create a new BDD va r i a b l e x1∗/
37 x2 = Cudd bddNewVar (gbm) ; /∗Create a new BDD va r i a b l e x2∗/
38 x3 = Cudd bddNewVar (gbm) ; /∗Create a new BDD va r i a b l e x1∗/
39 x4 = Cudd bddNewVar (gbm) ;
40 x5 = Cudd bddNewVar (gbm) ; /∗Create a new BDD va r i a b l e x1∗/
41 x6 = Cudd bddNewVar (gbm) ;
42

43 bdd = Cudd bddXor (gbm, x1 , x2 ) ; /∗Perform OR Boolean operat ion ∗/
44 bdd2=Cudd bddXor (gbm, x3 , x4 ) ;
45 bdd3= Cudd bddXor (gbm, x5 , x6 ) ;
46 x7=Cudd bddAnd(gbm, bdd , bdd2 ) ;
47 r e s u l t=Cudd bddAnd(gbm, x7 , bdd3 ) ;
48

49

50

51 Cudd Ref ( r e s u l t ) ; /∗Update the re f e r ence count f o r the node j u s t crea ted .
∗/

52 r e s u l t = Cudd BddToAdd(gbm, r e s u l t ) ; /∗Convert BDD to ADD for d i s p l a y purpose ∗/
53
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54 FILE ∗ f i l e = fopen ( ” . / bdd/graph . bdd” , ”w” ) ;
55 int storeReturnValue = Dddmp cuddAddStore (
56 gbm,
57 NULL,
58 r e su l t ,
59 // ( char ∗∗) varnameschar , // char ∗∗ varnames , IN : array o f v a r i a b l e names ( or NULL

)
60 NULL, // char ∗∗ varnames , IN : array o f v a r i a b l e names ( or NULL)
61 NULL,
62 DDDMPMODETEXT,
63 // DDDMPVARNAMES,
64 DDDMPVARIDS,
65 NULL,
66 f i l e
67 ) ;
68

69

70

71 pr in t dd (gbm, r e su l t , 2 ,4 ) ; /∗Print the dd to standard output ∗/
72 s p r i n t f ( f i l ename , ” . / bdd/graph . dot” ) ; /∗Write . dot f i l ename to a s t r i n g ∗/
73 wri te dd (gbm, r e su l t , f i l ename ) ; /∗Write the r e s u l t i n g cascade dd to a f i l e ∗/
74

75

76

77

78

79 // f c l o s e ( f i l e ) ;
80

81 }
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4. Complex Function 2

Algorithm 4: Complex Function 2

1 #include <array>
2 #include <iostream>
3

4 #include ”cuddObj . hh”
5 #include ” u t i l . h”
6 #include ”dddmp . h”
7

8 void pr in t dd (DdManager ∗gbm, DdNode ∗dd , int n , int pr )
9 {

10 p r i n t f ( ”DdManager nodes : %ld | ” , Cudd ReadNodeCount (gbm) ) ; /∗Reports the number o f
l i v e nodes in BDDs and ADDs∗/

11 p r i n t f ( ”DdManager vars : %d | ” , Cudd ReadSize (gbm) ) ; /∗Returns the number o f BDD
va r i a b l e s in e x i s t en c e ∗/

12 p r i n t f ( ”DdManager r e o rd e r i n g s : %d | ” , Cudd ReadReorderings (gbm) ) ; /∗Returns the
number o f t imes reorder ing has occurred ∗/

13 p r i n t f ( ”DdManager memory : %ld \n” , Cudd ReadMemoryInUse (gbm) ) ; /∗Returns the
memory in use by the manager measured in by t e s ∗/

14 Cudd PrintDebug (gbm, dd , n , pr ) ; // Prints to the standard output a DD and i t s
s t a t i s t i c s : number o f nodes , number o f l eaves , number o f minterms .

15 }
16

17 /∗∗
18 ∗ Writes a dot f i l e r ep r e s en t ing the argument DDs
19 ∗ @param the node o b j e c t
20 ∗/
21 void wri te dd (DdManager ∗gbm, DdNode ∗dd , char∗ f i l ename )
22 {
23 FILE ∗ o u t f i l e ; // output f i l e po in t e r f o r . dot f i l e
24 o u t f i l e = fopen ( f i l ename , ”w” ) ;
25 DdNode ∗∗ddnodearray = (DdNode∗∗) mal loc ( s izeof (DdNode∗) ) ; // i n i t i a l i z e the

func t i on array
26 ddnodearray [ 0 ] = dd ;
27 Cudd DumpDot(gbm, 1 , ddnodearray , NULL, NULL, o u t f i l e ) ; // dump the func t i on to .

dot f i l e
28 f r e e ( ddnodearray ) ;
29 f c l o s e ( o u t f i l e ) ; // c l o s e the f i l e ∗/
30 }
31 int main ( ) { // X1.X2.X3.X4 + X5.X6.X7.X8 + X9.X10 .X11 .X12
32 char f i l ename [ 3 0 ] ;
33 DdManager ∗gbm; /∗ Globa l BDD manager . ∗/
34 gbm = Cudd Init (0 , 0 ,CUDD UNIQUE SLOTS,CUDD CACHE SLOTS, 0 ) ; /∗ I n i t i a l i z e a new BDD

manager . ∗/
35 DdNode ∗bdd ,∗ bdd2 ,∗ bdd3 ,∗ bdd4 , ∗x1 , ∗x2 ,∗ x3 , ∗x4 ,∗ x5 , ∗x6 ,∗ x7 , ∗x8 ,∗ x9 , ∗x10 ,∗ x11 ,

∗x12 ,∗And1 ,∗And2 ,∗And3 ,∗And4 , ∗And5 ,∗And6 ,∗And7 , ∗And8 ,∗And9 , ∗Or1 ,∗Or2 ,∗Or3 ,∗
r e s u l t ;

36 x1 = Cudd bddNewVar (gbm) ; /∗Create a new BDD va r i a b l e x1∗/
37 x2 = Cudd bddNewVar (gbm) ; /∗Create a new BDD va r i a b l e x2∗/
38 x3 = Cudd bddNewVar (gbm) ; /∗Create a new BDD va r i a b l e x1∗/
39 x4 = Cudd bddNewVar (gbm) ;
40 And1=Cudd bddAnd(gbm, x1 , x2 ) ;
41 And2=Cudd bddAnd(gbm, x3 , x4 ) ;
42 And3=Cudd bddAnd(gbm, And1 , And2) ; // X1.X2.X3.X4
43

44

45 x5 = Cudd bddNewVar (gbm) ; /∗Create a new BDD va r i a b l e x1∗/
46 x6 = Cudd bddNewVar (gbm) ;
47 x7 = Cudd bddNewVar (gbm) ; /∗Create a new BDD va r i a b l e x1∗/
48 x8 = Cudd bddNewVar (gbm) ;
49 And4=Cudd bddAnd(gbm, x5 , x6 ) ;
50 And5=Cudd bddAnd(gbm, x7 , x8 ) ;
51 And6=Cudd bddAnd(gbm, And4 , And5) ; //X5.X6.X7.X8
52
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53 x9 = Cudd bddNewVar (gbm) ; /∗Create a new BDD va r i a b l e x1∗/
54 x10 = Cudd bddNewVar (gbm) ;
55 x11 = Cudd bddNewVar (gbm) ; /∗Create a new BDD va r i a b l e x1∗/
56 x12 = Cudd bddNewVar (gbm) ;
57 And7=Cudd bddAnd(gbm, x9 , x10 ) ;
58 And8=Cudd bddAnd(gbm, x11 , x12 ) ;
59 And9=Cudd bddAnd(gbm, And7 , And8) ; //X9.X10 .X11 .X12
60

61

62 Or1=Cudd bddOr (gbm, And3 , And6) ;
63 r e s u l t=Cudd bddOr (gbm, Or1 , And9) ;
64 Cudd Ref ( r e s u l t ) ;
65 FILE ∗ f i l e = fopen ( ” . / bdd/graph . bdd” , ”w” ) ;
66 r e s u l t = Cudd BddToAdd(gbm, r e s u l t ) ; /∗Convert BDD to ADD for d i s p l a y purpose ∗/
67 int storeReturnValue = Dddmp cuddAddStore (
68 gbm,
69 NULL,
70 r e su l t ,
71 // ( char ∗∗) varnameschar , // char ∗∗ varnames , IN : array o f v a r i a b l e names ( or NULL

)
72 NULL, // char ∗∗ varnames , IN : array o f v a r i a b l e names ( or NULL)
73 NULL,
74 DDDMPMODETEXT,
75 // DDDMPVARNAMES,
76 DDDMPVARIDS,
77 NULL,
78 f i l e
79 ) ;
80

81

82 f c l o s e ( f i l e ) ;
83 i f ( storeReturnValue !=DDDMP SUCCESS)
84 throw ”Error : Unable to wr i t e BDD to f i l e . ” ;
85 else
86 std : : cout << ”Symbolic s e t saved to f i l e : ”<< f i l ename << std : : endl ;
87

88 /∗Update the re f e r ence count f o r the node j u s t crea ted . ∗/
89

90 pr in t dd (gbm, r e su l t , 2 ,4 ) ; /∗Print the dd to standard output ∗/
91 s p r i n t f ( f i l ename , ” . / bdd/graph . dot” ) ; /∗Write . dot f i l ename to a s t r i n g ∗/
92 wri te dd (gbm, r e su l t , f i l ename ) ; /∗Write the r e s u l t i n g cascade dd to a f i l e ∗/
93

94

95

96

97

98

99

100

101 Cudd Quit (gbm) ;
102 }
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5. OR Operation on two BDDs

Algorithm 5: OR Operation on two BDDs

1 #include<s t d i o . h>
2 #include<s t d l i b . h>
3

4 // s t r u c t node∗ node ;
5 struct node
6 {
7 int data ; // data
8 struct node ∗ dashed l ine ; // l i n k s
9 struct node ∗ s o l i d l i n e ;

10 } ;
11

12 /∗ newNode () a l l o c a t e s a new node with the g iven data and NULL l e f t and
13 r i g h t po in t e r s . ∗/
14 struct node∗ newNode( int data )
15 {
16 struct node∗ node = ( struct node ∗) mal loc ( s izeof ( struct node ) ) ; // A l l o ca t e memory

fo r new node
17 node−>data = data ; // Assign data to t h i s node
18 node−>dashed l ine = NULL; // I n i t i a l i z e l e f t and r i g h t ch i l d r en as NULL
19 node−>s o l i d l i n e = NULL;
20 return ( node ) ;
21

22

23 }
24 void i no rde r ( struct node ∗ node ) // method to he lp output the r e s u l t in inorder

t r a v e r s a l
25 {
26 i f ( ! node )
27 return ;
28

29 /∗ f i r s t recur on l e f t c h i l d ∗/
30 i no rde r ( node−>dashed l ine ) ;
31

32 /∗ then p r in t the data o f node ∗/
33 p r i n t f ( ”%d ” , node−>data ) ;
34

35 /∗ now recur on r i g h t c h i l d ∗/
36 i no rde r ( node−>s o l i d l i n e ) ;
37 }
38

39

40 struct node∗ OR( struct node ∗ root1 , struct node ∗ root2 ) { // temps are i n t e g e r s wh i l e f
and g are po in t e r s

41

42 int va l ;
43 struct node ∗newdashedF ; //new po in t e r s to be used based on node cho i ce s
44 struct node ∗newsol idF ;
45 struct node ∗newdashedG ;
46 struct node ∗newsolidG ;
47

48

49 i f ( ! root1 && ! root2 ) { // i f they are both nu l l
50 return NULL;
51 }
52

53

54 else i f ( ! root2 ) { // i g root2 i s NULL
55 va l=root1−>data ;
56 return root1 ;
57 }
58

59
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60 else i f ( ! root1 ) { // i f root1 i s n u l l
61 va l=root2−>data ;
62 return root2 ;
63 }
64

65

66

67 else i f ( ( root1−>data ==0 | | root1−>data==1) && ( root2−>data ==0 | | root2−>data==1)
) { // i f both o f them are termina l nodes then we app ly or func t i on

68 va l=root1−>data | root2−>data ;
69 newdashedF=root1−>dashed l ine ;
70 newdashedG=root2−>dashed l ine ;
71 newsol idF=root1−>s o l i d l i n e ;
72 newsolidG=root2−>s o l i d l i n e ;
73 }
74

75

76 else i f ( root1−>data==root2−>data ) {// i f they are equa l
77 va l=root1−>data ;
78 newdashedF=root1−>dashed l ine ;
79 newdashedG=root2−>dashed l ine ;
80 newsol idF=root1−>s o l i d l i n e ;
81 newsolidG=root2−>s o l i d l i n e ;
82 }
83

84

85 else i f ( root1−>data < root2−>data ) { // i f root1 i s sma l l e r t ha t root2
86 i f ( root1−>data==0 | | root1−>data ==1) { // i f t he re i s a termina l node and

normal one , ge t the normal one
87 va l=root2−>data ;
88 newdashedF=root1 ;
89 newdashedG=root2−>dashed l ine ;
90 newsol idF=root1 ;
91 newsolidG=root2−>s o l i d l i n e ;
92

93 }
94 else {
95 va l=root1−>data ;
96 newdashedF=root1−>dashed l ine ;
97 newdashedG=root2 ;
98 newsol idF=root1−>s o l i d l i n e ;
99 newsolidG=root2 ;

100 }
101 }
102

103

104 else i f ( root1−>data > root2−>data ) {
105 i f ( root2−>data==0 | | root2−>data ==1) { // i f t he re i s a termina l node and

normal one , ge t the normal one
106 va l=root1−>data ;
107 newdashedF=root1−>dashed l ine ;
108 newdashedG=root2 ;
109 newsol idF=root1−>s o l i d l i n e ;
110 newsolidG=root2 ;
111

112 }
113 else {
114 va l=root2−>data ;
115 newdashedF=root1 ;
116 newdashedG=root2−>dashed l ine ;
117 newsol idF=root1 ;
118 newsolidG=root2−>s o l i d l i n e ;
119 }
120 }
121

122 struct node ∗ root3=newNode( va l ) ;
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123 root3−>s o l i d l i n e=OR( newsolidF , newsolidG ) ;
124 root3−>dashed l ine=OR(newdashedF , newdashedG) ;
125 return root3 ;
126

127

128 }
129

130

131

132 int main ( )
133 {
134 /∗ Let us cons t ruc t below t r e e
135 2
136 / \
137 3
138 \
139 | 4
140 /
141

142 5
143 | |
144

145 0 1
146

147

148 ∗/
149 struct node ∗ root1 = newNode (2 ) ;
150 root1−>dashed l ine = newNode (3 ) ;
151 root1−>s o l i d l i n e = root1−>dashed l ine−>s o l i d l i n e=newNode

(4 ) ;
152 root1−>dashed l ine−>dashed l ine = root1−>s o l i d l i n e −>dashed l ine=

root1−>dashed l ine−>s o l i d l i n e −>dashed l ine =newNode (5 ) ;
153 root1−>dashed l ine−>dashed l ine−>dashed l ine = root1−>s o l i d l i n e −>dashed l ine−>

dashed l ine= root1−>dashed l ine−>s o l i d l i n e −>dashed l ine−>dashed l ine= newNode (0 ) ;
154 root1−>s o l i d l i n e −>s o l i d l i n e = root1−>dashed l ine−>dashed l ine−>

s o l i d l i n e= root1−>dashed l ine−>s o l i d l i n e −>s o l i d l i n e= newNode (1 ) ;
155 /∗ Let us cons t ruc t below t r e e
156 2
157 / \
158 5 − 4
159 | \ |
160 0 1
161

162 ∗/
163 struct node ∗ root2 = newNode (2 ) ;
164 root2−>s o l i d l i n e = newNode (4 ) ;
165 root2−>dashed l ine = root2−>s o l i d l i n e −>dashed l ine= newNode (5 ) ;
166 root2−>dashed l ine−>dashed l ine = root2−>s o l i d l i n e −>dashed l ine−>dashed l ine=

newNode (0 ) ;
167 root2−>s o l i d l i n e −>s o l i d l i n e = root2−>dashed l ine−>s o l i d l i n e=

root2−>s o l i d l i n e −>dashed l ine−>s o l i d l i n e=newNode (1 ) ;
168 struct node ∗ root3= OR( root1 , root2 ) ;
169 // in t x=NULL;
170 // p r i n t f (”%d ” , x ) ;
171

172 //
173 p r i n t f ( ”The Result Tree i s :\n” ) ;
174

175 // p r i n t f (”%d ” , root3 ) ;
176 i no rde r ( root3 ) ;
177 return 0 ;
178

179 }
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6. Algorithm to generate hex memory of the BDD

Algorithm 6: Algorithm to generate hex memory of the BDD

1 #include <iostream>
2 #include <s t d i o . h>
3 #include <s t d l i b . h>
4

5 #include ”cuddObj . hh”
6 #include ”CuddMintermIterator . hh”
7 #include ”dddmp . h”
8

9 //#inc lude <u t i l . h>
10

11 #include <sstream>
12 #include <vector>
13 #include <c s t d l i b>
14 #include <fstream>
15 #include <s t r i ng>
16 #include <algor ithm>
17 #include < i t e r a t o r>
18 #include <b i t s / s tdc++.h>
19 /∗BDD INPUT BITS repre sen t number o f b i t s the user enter f o r the s t a t e s , i f i t i s =2 ,

s t a t e s [ 2 ] ∗/
20 #define BDD INPUT BITS 0
21 /∗BDD output BITS repre sen t number o f b i t s o f the input t ha t t h i s a l gor i thm genera te s ,

which i s the path f o r termina l 1∗/
22 #define BDD OUTPUT BITS 24
23

24 #define a r rayS i z e 200000 // so i hve ac t ionBI t s ={1010 ,1111 , . . . . . .} s ince I dont know
a l l the path p o s s i b i l i t y t ha t I have , i made an array o f s i z e 1000

25 using namespace std ;
26 Cudd∗ ddmgr ;
27 s i z e t dim ;
28 /∗ var : e t a
29 ∗ dim −dimensional vec to r conta in ing the g r i d node d i s t ance s ∗/
30 double∗ e t a ;
31 /∗ var : z
32 ∗ dim −dimensional vec to r conta in ing the measurement error bound ∗/
33 double∗ z ;
34 /∗ var : f i r s tGr i dPo in t
35 ∗ dim −dimensinal vec to r conta in ing the r e a l va lue s o f the f i r s t g r i d po in t ∗/
36 double∗ f i r s tG r i dPo i n t ;
37 /∗ var : f i r s tGr i dPo in t
38 ∗ dim −dimensinal vec to r conta in ing the r e a l va lue s o f the l a s t g r i d po in t ∗/
39 double∗ l a s tGr idPo in t ;
40 /∗ var : nofGridPoints
41 ∗ i n t e g e r array [ dim ] conta in ing the g r i d po in t s in each dimension ∗/
42 s i z e t ∗ no fGr idPo ints ;
43 /∗ read the Symbol icSet in format ion from f i l e ∗/
44 /∗ var : nofBddVars
45 ∗ i n t e g e r array [ dim ] conta in ing the number o f bdd v a r i a b l e s in each dimension ∗/
46 s i z e t ∗ nofBddVars ;
47 /∗ var : indBddVars
48 ∗ 2D in t e g e r array [ dim ] [ nofBddVars ] conta in ing the i nd i c e s (=IDs ) o f the bdd

v a r i a b l e s ∗/
49 s i z e t ∗∗ indBddVars ;
50 /∗ var : nvars
51 ∗ t o t a l number o f bdd v a r i a b l e s r ep re s en t ing the support o f the s e t ∗/
52 s i z e t nvars ;
53 /∗ var : symbo l i cSe t
54 ∗ the bdd repre s en t ing the s e t o f po in t s ∗/
55 BDD symbo l i cSet ;
56 /∗ var : i t e r a t o r
57 ∗ c l a s s to i t e r a t e over a l l e lements in the symbol ic s e t ∗/
58 CuddMintermIterator∗ i t e r a t o r ;
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59

60 void pr in t dd (DdManager∗ gbm, DdNode∗ dd , int n , int pr )
61 {
62 p r i n t f ( ”DdManager nodes : %ld | ” , Cudd ReadNodeCount (gbm) ) ; /∗Reports the number o f

l i v e nodes in BDDs and ADDs∗/
63 p r i n t f ( ”DdManager vars : %d | ” , Cudd ReadSize (gbm) ) ; /∗Returns the number o f BDD

va r i a b l e s in e x i s t en c e ∗/
64 p r i n t f ( ”DdManager r e o rd e r i n g s : %d | ” , Cudd ReadReorderings (gbm) ) ; /∗Returns the

number o f t imes reorder ing has occurred ∗/
65 p r i n t f ( ”DdManager memory : %ld \n” , Cudd ReadMemoryInUse (gbm) ) ; /∗Returns the memory

in use by the manager measured in by t e s ∗/
66 Cudd PrintDebug (gbm, dd , n , pr ) ; // Prints to the standard output a DD and i t s

s t a t i s t i c s : number o f nodes , number o f l eaves , number o f minterms .
67 }
68 void readMembersFromFile ( const char∗ f i l ename )
69 {
70 /∗ open f i l e ∗/
71 std : : i f s t r e am bdd f i l e ( f i l ename ) ;
72 i f ( ! b dd f i l e . good ( ) ) {
73 std : : o s t r ing s t r eam os ;
74 os << ”Error : Unable to open f i l e : ” << f i l ename << ” ' . ” ;
75 throw std : : runt ime e r ro r ( os . s t r ( ) . c s t r ( ) ) ;
76 }
77 /∗ read dimension from f i l e ∗/
78 std : : s t r i n g l i n e ;
79 while ( ! b dd f i l e . e o f ( ) ) {
80 std : : g e t l i n e ( bdd f i l e , l i n e ) ;
81 i f ( l i n e . subs t r (0 , 6) == ”#sco t s ” ) {
82 i f ( l i n e . f i nd ( ”dimension ” ) != std : : s t r i n g : : npos ) {
83 std : : i s t r i n g s t r e am s l i n e ( l i n e . subs t r ( l i n e . f i nd ( ” : ” ) + 1) ) ;
84 s l i n e >> dim ;
85 }
86 }
87 }
88 i f ( dim == 0) {
89 std : : o s t r ing s t r eam os ;
90 os << ”Error : Could not read dimension from f i l e : ” << f i l ename << ” . ” ;
91 os << ”Was ” << f i l ename << ” crea ted with s c o t s : : SymbolicSet : : wr i t eToFi l e ?” ;
92 throw std : : runt ime e r ro r ( os . s t r ( ) . c s t r ( ) ) ;
93 }
94 z = new double [ dim ] ;
95 e t a = new double [ dim ] ;
96 l a s tGr idPo in t = new double [ dim ] ;
97 f i r s tG r i dPo i n t = new double [ dim ] ;
98 no fGr idPo ints = new s i z e t [ dim ] ;
99 nofBddVars = new s i z e t [ dim ] ;

100 /∗ read eta / f i r s t / l a s t /no o f g r i d po in t s /no o f bdd vars ∗/
101 bdd f i l e . c l e a r ( ) ;
102 bdd f i l e . seekg (0 , std : : i o s : : beg ) ;
103 int check = 0 ;
104 while ( ! b dd f i l e . e o f ( ) ) {
105 std : : g e t l i n e ( bdd f i l e , l i n e ) ;
106 i f ( l i n e . subs t r (0 , 6) == ”#sco t s ” ) {
107 /∗ read eta ∗/
108 i f ( l i n e . f i nd ( ” eta ” ) != std : : s t r i n g : : npos ) {
109 check++;
110 std : : i s t r i n g s t r e am s l i n e ( l i n e . subs t r ( l i n e . f i nd ( ” : ” ) + 1) ) ;
111 for ( s i z e t i = 0 ; i < dim ; i++)
112 s l i n e >> e t a [ i ] ;
113 }
114 /∗ read z ∗/
115 i f ( l i n e . f i nd ( ”measurement” ) != std : : s t r i n g : : npos ) {
116 check++;
117 std : : i s t r i n g s t r e am s l i n e ( l i n e . subs t r ( l i n e . f i nd ( ” : ” ) + 1) ) ;
118 for ( s i z e t i = 0 ; i < dim ; i++)
119 s l i n e >> z [ i ] ;
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120 }
121 /∗ read f i r s t g r i d po in t ∗/
122 i f ( l i n e . f i nd ( ” f i r s t ” ) != std : : s t r i n g : : npos ) {
123 check++;
124 std : : i s t r i n g s t r e am s l i n e ( l i n e . subs t r ( l i n e . f i nd ( ” : ” ) + 1) ) ;
125 for ( s i z e t i = 0 ; i < dim ; i++)
126 s l i n e >> f i r s tG r i dPo i n t [ i ] ;
127 }
128 /∗ read l a s t g r i d po in t ∗/
129 i f ( l i n e . f i nd ( ” l a s t ” ) != std : : s t r i n g : : npos ) {
130 check++;
131 std : : i s t r i n g s t r e am s l i n e ( l i n e . subs t r ( l i n e . f i nd ( ” : ” ) + 1) ) ;
132 for ( s i z e t i = 0 ; i < dim ; i++)
133 s l i n e >> l a s tGr idPo in t [ i ] ;
134 }
135 /∗ read no o f g r i d po in t s ∗/
136 i f ( l i n e . f i nd ( ”number” ) != std : : s t r i n g : : npos ) {
137 check++;
138 std : : i s t r i n g s t r e am s l i n e ( l i n e . subs t r ( l i n e . f i nd ( ” : ” ) + 1) ) ;
139 for ( s i z e t i = 0 ; i < dim ; i++) {
140 s l i n e >> no fGr idPo ints [ i ] ;
141 i f ( no fGr idPo ints [ i ] == 1)
142 nofBddVars [ i ] = 1 ;
143 else
144 nofBddVars [ i ] = ( s i z e t ) std : : c e i l ( l og2 ( no fGr idPo int s [ i ] ) ) ;
145 }
146 }
147 }
148 i f ( check == 5)
149 break ;
150 }
151 i f ( check < 5) {
152 std : : o s t r ing s t r eam os ;
153 os << ”Error : Could not read a l l parameters from f i l e : ” << f i l ename << ” . ” ;
154 os << ”Was ” << f i l ename << ” crea ted with s c o t s : : SymbolicSet : : wr i t eToFi l e ?” ;
155 throw std : : runt ime e r ro r ( os . s t r ( ) . c s t r ( ) ) ;
156 }
157 /∗ read index o f bdd vars ∗/
158 indBddVars = new s i z e t ∗ [ dim ] ;
159 bdd f i l e . c l e a r ( ) ;
160 bdd f i l e . seekg (0 , std : : i o s : : beg ) ;
161 check = 0 ;
162 while ( ! b dd f i l e . e o f ( ) ) {
163 std : : g e t l i n e ( bdd f i l e , l i n e ) ;
164 i f ( l i n e . subs t r (0 , 6) == ”#sco t s ” ) {
165 i f ( l i n e . f i nd ( ” index ” ) != std : : s t r i n g : : npos ) {
166 check++;
167 std : : i s t r i n g s t r e am s l i n e ( l i n e . subs t r ( l i n e . f i nd ( ” : ” ) + 1) ) ;
168 for ( s i z e t i = 0 ; i < dim ; i++) {
169 indBddVars [ i ] = new s i z e t [ nofBddVars [ i ] ] ;
170 for ( s i z e t j = 0 ; j < nofBddVars [ i ] ; j++)
171 s l i n e >> indBddVars [ i ] [ j ] ;
172 }
173 }
174 }
175 }
176 i f ( check != 1) {
177 std : : o s t r ing s t r eam os ;
178 os << ”Error : Could not read bdd i n d i c e s from f i l e : ” << f i l ename << ” . ” ;
179 os << ”Was ” << f i l ename << ” crea ted with s c o t s : : SymbolicSet : : wr i t eToFi l e ?” ;
180 throw std : : runt ime e r ro r ( os . s t r ( ) . c s t r ( ) ) ;
181 } /∗ c l o s e f i l e ∗/
182 bdd f i l e . c l o s e ( ) ;
183 /∗ number o f t o t a l v a r i a b l e s ∗/
184 nvars = 0 ;
185 for ( s i z e t i = 0 ; i < dim ; i++)
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186 for ( s i z e t j = 0 ; j < nofBddVars [ i ] ; j++)
187 nvars ++;
188 }
189 typedef struct node {
190 /∗nodeID∗/
191 int data ;
192 /∗ repre sen t l e v e l o f the node∗/
193 int levelnum ;
194 /∗ the var i n t e rna l index which i s the 3rd column in the . bdd f i l e . . f o r the

termina l s use∗/
195 int index ;
196

197 /∗ Index in the root array o f the dashed l i n e node o f a node not va lue s ∗/
198 int dashed l ine ;
199 /∗ Index in the root array o f the dashed l i n e node o f a node not va lue s ∗/
200 int s o l i d l i n e ;
201

202 } bddNode ;
203

204 /∗The binary t r e e cons t ruc ted out o f the BDD∗/
205 bddNode∗ root ;
206

207 /∗ In t h i s main method the . bdd f i l e name shou ld be changed everyt ime you t e s t a new
f i l e

208 we read va lue s name . bdd f i l e s , count number o f nodes , cons t ruc t an array o f nodes
209 inwhich every index conta ins the f i v e s p e c i f i c a t i o n o f a node which are data ,

levelnum ,
210 index , s o l i d l i n e , dashed l ine . Af ter cons t ruc t ing a t r e e out o f the . bdd f i l e , we save
211 the t r e e as a hex data in a new f i l e ”FPGA. t x t ” which has the t r a v e r s a l a l gor i thm

tha t
212 t r a v e r s e s the t r e e .
213

214 This method makes array o f nodes root [ ] , i t g e t s the count v a r i a b l e from main
215 method , count v a r i a b l e i s the number o f parent nodes ,
216 f o r example i f count =27 , makes 27 nodes and put them in the array o f nodes , t he s e

are the parent nodes−>ARRNodeId [ ] , the f i r s t column of the f i l e .
217 Afterwards i t checks each l i n e , check ing s o l i d l i n e and dashed l i n e s , connect ing

the parent with the corresponding s o l i d l i n e and dashed l i n e s from wi th in the
node array

218

219 ∗/
220

221 int main ( )
222 {
223 Cudd ddmgr ;
224 int newID = 0 ;
225 ddmgr = &ddmgr ;
226 const char∗ f i l ename = ” v e h i c l e c o n t r o l l e r . bdd” ;
227 i t e r a t o r = NULL;
228 /∗ read the Symbol icSet members from f i l e ∗/
229 readMembersFromFile ( f i l ename ) ;
230 int∗ composeids = NULL;
231 Dddmp VarMatchType match = DDDMPVARMATCHIDS;
232 /∗ do we need to crea t e new v a r i a b l e s ? ∗/
233 i f (newID) {
234 /∗ we have to crea t e new va r i a b l e id ' s and load the bdd with those new id s ∗/
235 match = DDDMPVARCOMPOSEIDS;
236 /∗ a l l o c a t e memory fo r comopsids ∗/
237 s i z e t maxoldid = 0 ;
238 for ( s i z e t i = 0 ; i < dim ; i++)
239 for ( s i z e t j = 0 ; j < nofBddVars [ i ] ; j++)
240 maxoldid = ( ( maxoldid < indBddVars [ i ] [ j ] ) ? indBddVars [ i ] [ j ] :

maxoldid ) ;
241 composeids = new int [ maxoldid + 1 ] ;
242 /∗ match o ld id ' s ( read from f i l e ) with newly crea ted ones ∗/
243 for ( s i z e t i = 0 ; i < dim ; i++) {
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244 for ( s i z e t j = 0 ; j < nofBddVars [ i ] ; j++) {
245 BDD bdd = ddmgr . bddVar ( ) ;
246 composeids [ indBddVars [ i ] [ j ] ] = bdd . NodeReadIndex ( ) ;
247 indBddVars [ i ] [ j ] = bdd . NodeReadIndex ( ) ;
248 }
249 }
250 /∗ number o f t o t a l v a r i a b l e s ∗/
251 }
252 /∗ l oad bdd ∗/
253 FILE∗ f i l e 1 = fopen ( f i l ename , ” r ” ) ;
254 i f ( f i l e 1 == NULL) {
255 std : : o s t r ing s t r eam os ;
256 os << ”Error : Unable to open f i l e : ” << f i l ename << ” ' . ” ;
257 throw std : : runt ime e r ro r ( os . s t r ( ) . c s t r ( ) ) ;
258 }
259 DdNode∗ bdd = Dddmp cuddBddLoad(ddmgr . getManager ( ) ,
260 match ,
261 NULL,
262 NULL,
263 composeids ,
264 DDDMPMODETEXT,
265 NULL,
266 f i l e 1 ) ;
267 f c l o s e ( f i l e 1 ) ;
268

269 BDD tmp(ddmgr , bdd) ;
270 // symbo l i cSe t =tmp ;// bdd o b j e c t // segmen ta t i on fau l t
271

272 DdNode∗ r e s u l t ;
273 //cudd mgr ;
274 bdd = Cudd BddToAdd(ddmgr . getManager ( ) , bdd ) ;
275 FILE∗ f i l e 2 = fopen ( ” . / bdd/graph . bdd” , ”w” ) ;
276 Dddmp cuddAddStore (
277 ddmgr . getManager ( ) ,
278 NULL,
279 bdd ,
280 // ( char ∗∗) varnameschar , // char ∗∗ varnames , IN : array o f v a r i a b l e names ( or

NULL)
281 NULL, // char ∗∗ varnames , IN : array o f v a r i a b l e names ( or NULL)
282 NULL,
283 DDDMPMODETEXT,
284 // DDDMPVARNAMES,
285 DDDMPVARIDS,
286 NULL,
287 f i l e 2 ) ;
288 pr in t dd (ddmgr . getManager ( ) , r e su l t , 2 , 4) ;
289 delete [ ] composeids ;
290

291 int root index ;
292 int s o l i d i nd ex ;
293 int l e v e l i n d e x ;
294 int dashedindex ;
295 int i n t e r na l i nd ex ;
296 int i ;
297 char a c t i onB i t s [ a r r ayS i z e ] ;
298 int s t a t eB i t s [BDD INPUT BITS ] ;
299

300 int valRoot ;
301 int va l S o l i d ;
302 int valDashed ;
303 /∗ number o f nodes in a BDD∗/
304 int NumOfNodes = 0 ;
305 i f s t r e am i nF i l e ;
306 /∗ Variab le s t r i n g used to loop on the header o f . bdd f i l e ∗/
307 s t r i n g candidate ;
308 /∗ The word ” . nodes” i s the l a s t word in the . bdd f i l e b e f o r e the BDD data s t a r t s
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∗/
309 s t r i n g item = ” . nodes ” ;
310 /∗ repre sen t each column of the . bdd f i l e ∗/
311 s t r i n g nodeID , l eve l ID , interna l ID , i f ID , e l s e ID ;
312 /∗Open the . bdd f i l e j u s t to count number o f nodes a v a i l a b l e in t h i s bdd∗/
313 i nF i l e . open ( ” . / bdd/graph . bdd” ) ;
314

315 /∗ i f ( i nF i l e . f a i l ( ) ) {
316 cerr << ”Hard Luck ! error opening i t ! :D ” << end l ;
317 }∗/
318 /∗ l oop on the s t r i n g which i s mainly the header data ∗/
319 while ( i nF i l e >> candidate ) {
320 /∗ i f the word ” . nodes ” i s found ∗/
321 i f ( item == candidate ) {
322 /∗ l oop to count NumOfNodes a v a i l a b l e in a . bdd f i l e ∗/
323 for ( i = 0 ; i nF i l e >> nodeID >> l e v e l ID >> i n t e rna l ID >> i f ID >> e l s e ID ; i

++) { // as t h i s i s going on , go on
324 NumOfNodes++; //number o f nodes
325 }
326 }
327 }
328

329 i nF i l e . c l o s e ( ) ;
330 /∗ cons t ruc t an array fo r each column data with s i z e o f NUmOfNodes∗/
331

332 s t r i n g ARRnodeID [NumOfNodes ] , ARRlevelID [NumOfNodes ] , ARRInternalID [NumOfNodes ] ,
ARRifID [NumOfNodes ] , ARRelseID [NumOfNodes ] ;

333 bddNode temp ;
334 /∗Determine the s i z e o f our t r e e which i s s i z e shou ld be only the number o f nodes

∗/
335 root = (bddNode∗) mal loc ( s izeof (bddNode ) ∗ NumOfNodes) ;
336 int rootArray [ NumOfNodes ] ;
337 /∗These are number o f nodes needed l a t e r f o r decrementing ∗/
338 int count1 = NumOfNodes ;
339 int count2 = NumOfNodes ;
340

341 /∗Open the . bdd f i l e again to read the bdd va lue s ∗/
342 i nF i l e . open ( ” . / bdd/graph . bdd” ) ;
343 while ( i nF i l e >> candidate ) {
344 i f ( item == candidate ) {
345 for ( int i = 0 ; i nF i l e >> nodeID >> l e v e l ID >> i n t e rna l ID >> i f ID >> e l s e ID

; i++) {
346

347 ARRnodeID [ i ] = nodeID ;
348 ARRlevelID [ i ] = l eve l ID ;
349 ARRInternalID [ i ] = in t e rna l ID ;
350 ARRifID [ i ] = i f ID ;
351 ARRelseID [ i ] = e l s e ID ;
352

353 s t r i ng s t r eam mainRoot (ARRnodeID [ i ] ) ; // cons t ruc t root
354 s t r i ng s t r eam l e v e l (ARRlevelID [ i ] ) ;
355 s t r i ng s t r eam l e v e l 2 ( ARRInternalID [ i ] ) ;
356 s t r i ng s t r eam s o l i d (ARRifID [ i ] ) ; // cons t ruc t s o l i d l i n e o f root
357 s t r i ng s t r eam dashed (ARRelseID [ i ] ) ; // cons t ruc t dashed l i n e o f root
358 mainRoot >> valRoot ; //
359 l e v e l >> l e v e l i n d e x ; // the l e v e l i am in
360 l e v e l 2 >> i n t e r na l i nd ex ; // i n t e r na l index i s the t h i r d row which i s

most ly important f o r the termina l va lue s
361 s o l i d >> va l S o l i d ; // change s t r i n g s o l i d to i n t v a l s o l i d
362 dashed >> valDashed ;
363

364 i f ( i == 0) {
365 /∗ S tar t i n s e r t i n g data in the root [ ] in reve r s e {11 ,12 , , , ,1} ∗/
366 for ( int w = 0 ; count1 > 0 ; w++) {
367 /∗ rootArray [ ] i s another array same as our main root [ ] , we

would use i t to manipulate data ∗/
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368 rootArray [w] = count1 ;
369

370 root [w ] . data = count1 ;
371 count1−−;
372 }
373 }
374 /∗Loop in rootArray [ ] to know the index o f the s o l i d l i n e node o f the

present node∗/
375 for ( int q = 0 ; q < NumOfNodes ; q++) {
376 /∗ I f we found the s o l i d l i n e node , s e t the s o l i d i n d e x to be the

index o f the array ∗/
377 i f ( rootArray [ q ] == va l So l i d ) {
378 s o l i d i nd ex = q ;
379 break ;
380 }
381 }
382

383 for ( int q = 0 ; q < NumOfNodes ; q++) {
384

385 i f ( rootArray [ q ] == valDashed ) {
386 dashedindex = q ;
387 break ;
388 }
389 }
390 /∗ s t a r t by reve r s e so root [ ]={14 ,13 , 12 , 11 , 10 . . . . . 1} ∗/
391 i f ( count2 > 0) {
392 root [ count2 − 1 ] . s o l i d l i n e = so l i d i nd ex ; // did an array with a l l

the main nodes , then here connect ing them with t h e i r
corresponding s o l i d and dashed

393 root [ count2 − 1 ] . da shed l ine = dashedindex ; // s t a r t i n g by reve r s e //
s ince i t i s f l i p p e d

394 root [ count2 − 1 ] . levelnum = l e v e l i n d e x ;
395 root [ count2 − 1 ] . index = in t e r na l i nd ex ;
396 count2−−;
397 }
398 }
399 }
400 }
401

402 /∗ ge t the maximum l e v e l o f the BDD which i s the l e v e l o f the l a s t node be f o re the
termina l ∗/

403 int maxlevel = root [ NumOfNodes − 3 ] . levelnum ;
404 /∗make the teminal nodes be long to a l e v e l number , which i s the max leve l+1∗/
405 int t e rmina lLeve l = maxlevel + 1 ;
406 root [ NumOfNodes − 2 ] . levelnum = termina lLeve l ; // the se are termina l nodes ,

s e t t i n g t h e i r l e v e l number= maximum l e v e l +1
407 root [ NumOfNodes − 1 ] . levelnum = termina lLeve l ;
408

409 root [ NumOfNodes − 2 ] . s o l i d l i n e = NULL; // the se are termina l nodes , s e t t i n g t h e i r
l e v e l number= maximum l e v e l +1

410 root [ NumOfNodes − 2 ] . da shed l ine = NULL;
411

412 root [ NumOfNodes − 1 ] . s o l i d l i n e = NULL; // the se are termina l nodes , s e t t i n g t h e i r
l e v e l number= maximum l e v e l +1

413 root [ NumOfNodes − 1 ] . da shed l ine = NULL;
414

415 s i z e t s i z e = 0 ;
416 /∗User en te r s the S t a t eB i t s with s i z e o f BDD INPUT BITS∗/
417 while ( s i z e < BDD INPUT BITS) {
418 c in >> s t a t eB i t s [ s i z e ] ;
419 s i z e++;
420 }
421 /∗ S tar t the t r a v e r s a l ∗/
422 // getContro lAct ion ( s t a t eB i t s , ac t ionBi t s , t e rmina lLeve l ) ;
423

424 /∗ here we expor t root data which are the data , levelnum , index , dashed l ine , s o l i d l i n e
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as a by te array to a t e x t f i l e
425 ∗each node has the se 5 in t e ge r s , where each i n t e g e r i s 4 by t e s , so each node s i z e

i s 20 by t e s
426 so the t o t a l number o f by t e s= t o t a l number o f nodes ∗ 20∗/
427

428 std : : f s t ream f i l e ;
429

430 f i l e . open ( ”FPGA. txt ” , std : : f s t ream : : in | std : : f s t ream : : out | std : : f s t ream : : app ) ;
431

432 f i l e << ” char ∗ con t r o l l e rDa ta = {” ;
433 char∗ bytePtr = (char∗)&root [ 0 ] ;
434

435 unsigned int numBytes = NumOfNodes ∗ s izeof (bddNode ) ;
436

437 for (unsigned int i = 0 ; i < numBytes ; i++) {
438

439 f i l e << ”0x” ;
440

441 f i l e << std : : hex << std : : uppercase << static cast<unsigned int>(∗bytePtr ) ;
442

443 bytePtr++;
444

445 i f ( i != (numBytes − 1) )
446

447 f i l e << ” , ” ;
448 }
449

450 f i l e << ” } ; ” ;
451

452 f i l e . c l o s e ( ) ;
453

454 /∗ In t h i s s e c t i on we copy the t r a v e r s a l code in to the f i l e t ha t conta ins the BDD
hex data which i s data . t x t

455

456 ∗/
457

458 f s t ream f i l e s ;
459

460 // Input stream c l a s s to
461 // operate on f i l e s .
462

463 /∗This i s to copy the t r a v e r s a l code from TraversalCode . t x t to the f i l e t ha t has
the BDD hex data which i s FPGA. t x t ∗/

464 i f s t r e am i f i l e ( ”TraversalCode . txt ” , i o s : : in ) ;
465

466 // Output stream c l a s s to
467 // operate on f i l e s .
468 ofstream o f i l e ( ”FPGA. txt ” , i o s : : out | i o s : : app ) ;
469

470 // check i f f i l e e x i s t s
471 i f ( ! i f i l e . i s open ( ) ) {
472

473 // f i l e not found ( i . e , not opened ) .
474 // Print an error message .
475 cout << ” f i l e not found” ;
476 }
477 else {
478 // then add more l i n e s to
479 // the f i l e i f need be
480 o f i l e << i f i l e . rdbuf ( ) ;
481 }
482 s t r i n g word ;
483

484 // opening f i l e
485 f i l e . open ( ”FPGA. txt ” ) ;
486
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487 // e x t r a c t i n g words form the f i l e
488 while ( f i l e >> word ) {
489 }
490

491 return 0 ;
492 }
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7. FPGA.txt , Algorithm to traverse the BDD to identify the controller inputs

Algorithm 7: FPGA.txt

1 char∗ con t r o l l e rDa ta = {0x20 , 0 x21 , 0 x22 , 0 x23 , 0 x24 , 0 x25 , 0 x26 , 0 x27 , 0 x28 , 0 x29 , 0x2A ,0 x2B ,0
x2C ,0x2D ,0 x2E , 0 x2F , 0 x30 , 0 x31 , 0 x32 , 0 x33 , 0 x34 , 0 x35 , 0 x36 , 0 x37 , 0 x38 , 0 x39 , 0x3A ,0 x3B , 0 x3C
,0x3D ,0 x3E , 0 x3F , 0 x40 , 0 x41 , 0 x42 , 0 x43 , 0 x44 , 0 x45 , 0 x46 , 0 x47 , 0 x48 , 0 x49 , 0x4A ,0 x4B , 0 x4C ,0
x4D ,0 x4E , 0 x4F , 0 x50 , 0 x51 , 0 x52 , 0 x53 , 0 x54 , 0 x55 , 0 x56 , 0 x57 , 0 x58 , 0 x59 , 0x5A ,0 x5B , 0 x5C ,0x5D
,0 x5E , 0 x5F , 0 x60 , 0 x61 , 0 x62 , 0 x63 , 0 x64 , 0 x65 , 0 x66 , 0 x67 , 0 x68 , 0 x69 , 0x6A ,0 x6B , 0 x6C ,0x6D ,0
x6E , 0 x6F , 0 x70 , 0 x71 , 0 x72 , 0 x73 , 0 x74 , 0 x75 , 0 x76 , 0 x77 , 0 x78 , 0 x79 , 0x7A ,0 x7B ,0 x7C ,0x7D ,0 x7E
, 0 x7F , 0xFFFFFF80 , 0xFFFFFF81 , 0xFFFFFF82 , 0xFFFFFF83 , 0xFFFFFF84 , 0xFFFFFF85 , 0xFFFFFF86
, 0xFFFFFF87 , 0xFFFFFF88 , 0xFFFFFF89 , 0xFFFFFF8A,0xFFFFFF8B,0xFFFFFF8C,0xFFFFFF8D,0
xFFFFFF8E,0xFFFFFF8F,0xFFFFFF90 , 0xFFFFFF91 , 0xFFFFFF92 , 0xFFFFFF93 , 0xFFFFFF94 , 0
xFFFFFF95 , 0xFFFFFF96 , 0xFFFFFF97 , 0xFFFFFF98 , 0xFFFFFF99 , 0xFFFFFF9A,0xFFFFFF9B,0
xFFFFFF9C,0xFFFFFF9D,0xFFFFFF9E,0xFFFFFF9F,0xFFFFFFA0, 0xFFFFFFA1,0xFFFFFFA2,0
xFFFFFFA3,0xFFFFFFA4,0xFFFFFFA5, 0xFFFFFFA6, 0xFFFFFFA7,0xFFFFFFA8,0xFFFFFFA9, 0
xFFFFFFAA,0xFFFFFFAB,0xFFFFFFAC,0xFFFFFFAD,0xFFFFFFAE,0xFFFFFFAF,0xFFFFFFB0, 0
xFFFFFFB1, 0xFFFFFFB2, 0xFFFFFFB3, 0xFFFFFFB4, 0xFFFFFFB5, 0xFFFFFFB6, 0xFFFFFFB7, 0
xFFFFFFB8, 0xFFFFFFB9, 0xFFFFFFBA,0xFFFFFFBB,0xFFFFFFBC,0xFFFFFFBD,0xFFFFFFBE,0
xFFFFFFBF,0xFFFFFFC0, 0xFFFFFFC1,0xFFFFFFC2,0xFFFFFFC3, 0xFFFFFFC4, 0xFFFFFFC5, 0
xFFFFFFC6,0xFFFFFFC7,0xFFFFFFC8,0xFFFFFFC9, 0xFFFFFFCA,0xFFFFFFCB,0xFFFFFFCC,0
xFFFFFFCD,0xFFFFFFCE,0xFFFFFFCF,0xFFFFFFD0,0xFFFFFFD1, 0xFFFFFFD2,0xFFFFFFD3, 0
xFFFFFFD4,0xFFFFFFD5, 0xFFFFFFD6,0xFFFFFFD7, 0xFFFFFFD8,0xFFFFFFD9, 0xFFFFFFDA,0
xFFFFFFDB,0xFFFFFFDC,0xFFFFFFDD,0xFFFFFFDE,0xFFFFFFDF,0xFFFFFFE0, 0xFFFFFFE1, 0
xFFFFFFE2, 0xFFFFFFE3, 0xFFFFFFE4, 0xFFFFFFE5, 0xFFFFFFE6, 0xFFFFFFE7, 0xFFFFFFE8, 0
xFFFFFFE9, 0xFFFFFFEA,0xFFFFFFEB,0xFFFFFFEC,0xFFFFFFED,0xFFFFFFEE,0xFFFFFFEF,0
xFFFFFFF0, 0xFFFFFFF1, 0xFFFFFFF2, 0xFFFFFFF3, 0xFFFFFFF4, 0xFFFFFFF5, 0xFFFFFFF6, 0
xFFFFFFF7, 0xFFFFFFF8, 0xFFFFFFF9, 0xFFFFFFFA,0xFFFFFFFB,0xFFFFFFFC,0xFFFFFFFD,0
xFFFFFFFE,0xFFFFFFFF,0 x0 , 0 x1 , 0 x2 , 0 x3 , 0 x4 , 0 x5 , 0 x6 , 0 x7 , 0 x8 , 0 x9 , 0xA,0xB, 0xC,0xD,0xE , 0
xF , 0 x10 , 0 x11 , 0 x12 , 0 x13 , 0 x14 , 0 x15 , 0 x16 , 0 x17 , 0 x18 , 0 x19 , 0x1A ,0 x1B , 0 x1C ,0x1D ,0 x1E , 0 x1F
, 0 x20 , 0 x21 , 0 x22 , 0 x23 , 0 x24 , 0 x25 , 0 x26 , 0 x27 , 0 x28 , 0 x29 , 0 x2A ,0 x2B , 0 x2C ,0x2D ,0 x2E , 0 x2F , 0
x30 , 0 x31 , 0 x32 , 0 x33 , 0 x34 , 0 x35 , 0 x36 , 0 x37 } ;

2

3 char∗ FinalMethod (char a c t i onB i t s [ ] , char output [ ] ) {
4

5 stat ic unsigned int c a l l c o un t = 0 ;
6 a c t i onB i t s [ c a l l c o un t ] = ∗output ;
7 c a l l c o un t++;
8 return output ;
9 }

10

11 /∗This method i s f o r the do not care s t u f f , a don ' t care which i s a ”−” i s
represen ted by ”9”∗/

12

13 void pr in t (char s t r [ ] , int index , char a c t i onB i t s [ ] )
14 {
15 /∗ Get s i z e o f s t r [ ] Using wh i l e loop ∗/
16 int l = 0 ;
17 while ( s t r [ l ] != ' \0 ' )
18 {
19 ++l ;
20 }
21

22 i f ( index == l )
23 {
24

25 char∗ r e tu rned va lue = FinalMethod ( ac t i onBi t s , s t r ) ;
26

27

28 return ;
29 }
30

31 i f ( s t r [ index ] == ' 9 ' ) {
32 // rep l ace '? ' by '0 ' and recurse
33 s t r [ index ] = ' 0 ' ;
34 pr in t ( s t r , index + 1 , a c t i onB i t s ) ;
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35

36 // rep l ace '? ' by '1 ' and recurse
37 s t r [ index ] = ' 1 ' ;
38 pr in t ( s t r , index + 1 , a c t i onB i t s ) ;
39

40 // No need to back t rack as s t r i n g i s passed
41 // by va lue to the func t i on
42 }
43 else
44 pr in t ( s t r , index + 1 , a c t i onB i t s ) ;
45 }
46

47 /∗This method i s f o r g e t t i n g a l l the p o s s i b l e combinations when there i s a don ' t care /
sk ipped l e v e l s .

48 −−−= 000 ,001 ,010 ,011 ,100 ,101 ,110 ,111
49 ∗/
50 void p r i n t b i na ry ( int i n t s [ ] , int len , int n , int d i f f e r e n c e , int r e su l t , char

a c t i onB i t s [ ] ) // t h i s i s f o r sudden jumps
51 {
52

53 int i = 0 ;
54 int output ;
55 int number [BDD OUTPUT BITS ] ;
56

57 char s s [ l en ] ;
58 i f ( r e s u l t == 1) {
59

60 int b i t = 1 << d i f f e r e n c e − 1 ;
61

62 while ( b i t ) { // i f n=4 , 0110
63

64 number [ i ] = n & b i t ? 1 : 0 ;
65 b i t >>= 1 ;
66 i++;
67 }
68

69 for ( int i = 0 ; i < BDD OUTPUT BITS; ++i ) {
70 s s [ i ] = number [ i ] + ' 0 ' ;
71 }
72

73 char∗ r e tu rned va lue = FinalMethod ( ac t i onBi t s , s s ) ;
74

75 p r i n t f ( ”\n” ) ;
76 }
77 else
78 return ;
79 }
80

81 void pr intArray ( int i n t s [ ] , int len , char∗ a c t i onB i t s )
82 {
83

84 int k = 0 ;
85 stat ic unsigned int act ionCounter = 0 ;
86

87 char s [ l en ] = { ' \0 ' } ;
88 int n = 0 ;
89 /∗ I f the termina l node i s 1∗/
90 i f ( i n t s [ l en − 1 ] == 1) {
91

92 for ( int i = k ; i < BDD OUTPUT BITS; ++i ) {
93 s [ i ] = i n t s [ i ] + ' 0 ' ;
94 }
95

96 // cout << ”\n CONTROLLER POSSIBLE INPUT ” << s << end l ;
97 pr in t ( s , 0 , a c t i onB i t s ) ;
98 }
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99 }
100

101 /∗ f unc t i on : printPathsRecur
102 ∗ method fo r p r i n t i n g a l l the paths l e f t , i t j u s t t r a v e r s e s a l l the t r e e t i l l

t e rmina l nodes
103 ∗/
104 void printPathsRecur ( int nodeIndex , int path [ ] , int pathLen , int num, int currentLeve l ,

int te rmina lLeve l , int i , char a c t i onB i t s [ ] )
105 {
106 //node index i s the index o f the root array
107 /∗ Just an i n i t i a l cond i t i on when we f i r s t jump in to t h i s METHOD∗/
108 i f (num == 2) {
109 /∗ i f a f t e r the l a s t user input , I got the output termina l , so a l l the way

t i l l t ermina l would be do not cares ∗/
110

111 i f ( i == termina lLeve l ) {
112 /∗ d i f f between termina l l e v e l and the s i z e input o f the user , because I

dont t r a v e r s e when i dont care ∗/
113 int d i f f e r e n c e = termina lLeve l − BDD INPUT BITS ;
114 /∗ I f i have 4 b i t s , n=16∗/
115 int n = 1 << d i f f e r e n c e , j ;
116

117 path [BDD OUTPUT BITS + 1 ] = root [ nodeIndex ] . data ;
118

119 for ( j = 0 ; j < n ; j++) {
120 p r i n t b i na ry ( path , BDD OUTPUT BITS + 2 , j , d i f f e r e n c e , root [ nodeIndex ] .

index , a c t i onB i t s ) ;
121 }
122 }
123 else {
124

125 printPathsRecur ( root [ nodeIndex ] . dashed l ine , path , pathLen , 0 , currentLeve l ,
t e rmina lLeve l , i , a c t i onB i t s ) ;

126 printPathsRecur ( root [ nodeIndex ] . s o l i d l i n e , path , pathLen , 1 , currentLeve l ,
t e rmina lLeve l , i , a c t i onB i t s ) ;

127 }
128 }
129

130 else {
131

132 i f ( cu r r entLeve l == termina lLeve l ) {
133

134 path [ pathLen ] = root [ nodeIndex ] . index ;
135

136 pathLen++;
137 pr intArray ( path , pathLen , a c t i onB i t s ) ;
138 }
139 /∗ I f i d id not a r r i v ed to termina l ∗/
140 else {
141 path [ pathLen ] = num;
142 pathLen++;
143 /∗ i f the current l e v e l i s j u s t a f t e r the prev ious l e v e l , continue , which

means t ha t i f t h i s node i s in the immediate next l e v e l a f t e r the
144 prev ious node , no don ' t cares ∗/
145 i f ( root [ nodeIndex ] . levelnum == cur rentLeve l + 1) { //
146

147 cur r entLeve l++;
148 i f ( cu r r entLeve l == termina lLeve l ) {
149 path [ pathLen ] = root [ nodeIndex ] . index ;
150

151 pathLen++;
152 pr intArray ( path , pathLen , a c t i onB i t s ) ;
153 return ;
154 }
155 else
156 printPathsRecur ( root [ nodeIndex ] . dashed l ine , path , pathLen , 0 ,
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currentLeve l , t e rmina lLeve l , i , a c t i onB i t s ) ;
157 printPathsRecur ( root [ nodeIndex ] . s o l i d l i n e , path , pathLen , 1 ,

currentLeve l , t e rmina lLeve l , i , a c t i onB i t s ) ;
158 }
159 /∗ I f t he re i s a gap , l e v e l d i f f e r e n c e between the c u r r e n t l e v e l and the

prev iousLeve l , dont cares ∗/
160 else {
161

162 /∗ Di f f e rence between l e v e l s , i f s k ipped 2 l e v e l s=2 dont cares ∗/
163 int l e v e l d i f f e r e n c e = root [ nodeIndex ] . levelnum − cur r entLeve l − 1 ;
164

165 i = root [ nodeIndex ] . levelnum ;
166

167 for ( int j = 0 ; j < l e v e l d i f f e r e n c e ; j++) {
168 cur r entLeve l++;
169 path [ pathLen ] = 9 ;
170

171 pathLen++;
172 /∗ I want to have f o r example 119999900000 so a l l '9 ' would be do

not cares ∗/
173 }
174

175 cur r entLeve l++;
176 /∗ I f I d id not reach the termina l l e v e l ye t ∗/
177 i f ( cu r r entLeve l < t e rmina lLeve l ) {
178

179 printPathsRecur ( root [ nodeIndex ] . dashed l ine , path , pathLen , 0 ,
currentLeve l , t e rmina lLeve l , i , a c t i onB i t s ) ;

180 printPathsRecur ( root [ nodeIndex ] . s o l i d l i n e , path , pathLen , 1 ,
currentLeve l , t e rmina lLeve l , i , a c t i onB i t s ) ;

181 }
182 /∗ I f I reached the termina l l e v e l ∗/
183 else {
184 printPathsRecur ( nodeIndex , path , pathLen , 0 , currentLeve l ,

t e rmina lLeve l , i , a c t i onB i t s ) ;
185 }
186 }
187 }
188 }
189 }
190

191 /∗Function : t r a v e r s e ()
192 ∗Traverses the t r e e upon the user input , f o r exmple i f s t a t eB i t s []=01
193 ∗ then t h i s method goes to the dashed l i n e node , then to the s o l i d l i n e node ,
194 ∗and when i t reaches t h i s node , i t s imply c a l l s func t i on printPathRecur to
195 ∗ t r a v e r s e the whole t r e e to Terminal nodes .
196

197 /∗
198 ∗nodeIndex=
199 ∗ i r ep r e s en t s l e v e l o f the node I am cur r en t l y in
200 ∗ curren tLeve l
201 ∗ prev ious l e v e l i s the l e v e l I shou ld be in
202 t ermina l l e v e l i s the l e v e l o f the termina l
203 ∗/
204

205 int t r a v e r s e ( int s t a t eB i t s [ ] , int nodeIndex , int i , int currentLeve l , int te rmina lLeve l
, int l e v e l d i f f e r e n c e , char a c t i onB i t s [ ] )

206 {
207

208 /∗ i f i f i n i s h e d t r a v e r s i n g on nodes upon the user input , so here i f i n i s h e d going
on the nodes t ha t was g iven ∗/

209

210 i f ( cu r r entLeve l >= BDD INPUT BITS) {
211

212 int path [ 1 0 0 0 ] ;
213 printPathsRecur ( nodeIndex , path , 0 , 2 , currentLeve l , t e rmina lLeve l , i ,
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a c t i onB i t s ) ;
214 }
215

216 /∗ I f the s t a t eB i t entered i s 0 which repre sen t the dashed l i n e node o f the current
node ∗/

217 else i f ( s t a t eB i t s [ cu r r entLeve l ] == 0) {
218

219 /∗ i f the current l e v e l i s j u s t a f t e r the prev ious l e v e l , continue , which
means t ha t i f t h i s node i s in the immediate next l e v e l a f t e r the

220 prev ious node , no don ' t cares ∗/
221 i f ( root [ nodeIndex ] . levelnum == cur rentLeve l + 1) {
222

223 i = root [ root [ nodeIndex ] . da shed l ine ] . levelnum ;
224 cur r entLeve l++;
225 t r a v e r s e ( s t a t eB i t s , root [ nodeIndex ] . dashed l ine , i , currentLeve l ,

t e rmina lLeve l , l e v e l d i f f e r e n c e , a c t i onB i t s ) ;
226 }
227

228 /∗ I f t he re i s a gap , l e v e l d i f f e r e n c e between the c u r r e n t l e v e l and the
prev iousLeve l , dont cares ∗/

229 else {
230

231 int l e v e l d i f f e r e n c e = root [ root [ nodeIndex ] . da shed l ine ] . levelnum −
cur r entLeve l − 1 ; // d i f f e r e n c e between l e v e l s , i f sk ipped 2 l e v e l s=2
dont cares

232 i = root [ root [ nodeIndex ] . da shed l ine ] . levelnum ; //jump as I don not care
here , so now i i s the l e v e l o f the node i am in

233

234 cur r entLeve l = cur r entLeve l + l e v e l d i f f e r e n c e + 1 ;
235 i f ( cu r r entLeve l >= BDD INPUT BITS) {
236 cur r entLeve l = BDD INPUT BITS ;
237 }
238 t r a v e r s e ( s t a t eB i t s , root [ nodeIndex ] . dashed l ine , i , currentLeve l ,

t e rmina lLeve l , l e v e l d i f f e r e n c e , a c t i onB i t s ) ;
239 }
240 }
241

242 /∗Else I f the s t a t eB i t entered i s 1 which repre sen t s o l i d l i n e node o f the current
node ∗/

243 else i f ( s t a t eB i t s [ cu r r entLeve l ] == 1) {
244 /∗ i f the current l e v e l i s j u s t a f t e r the prev ious l e v e l , continue , which

means t ha t i f t h i s node i s in the immediate next l e v e l a f t e r the
245 prev ious node , no don ' t cares ∗/
246 i f ( root [ nodeIndex ] . levelnum == cur rentLeve l + 1) {
247 i = root [ root [ nodeIndex ] . s o l i d l i n e ] . levelnum ;
248 cur r entLeve l++;
249

250 t r a v e r s e ( s t a t eB i t s , root [ nodeIndex ] . s o l i d l i n e , i , currentLeve l ,
t e rmina lLeve l , l e v e l d i f f e r e n c e , a c t i onB i t s ) ;

251 }
252 /∗ I f t he re i s a gap , l e v e l d i f f e r e n c e between the c u r r e n t l e v e l and the

prev iousLeve l , dont cares ∗/
253 else {
254

255 int l e v e l d i f f e r e n c e = root [ root [ nodeIndex ] . s o l i d l i n e ] . levelnum −
cur r entLeve l − 1 ;

256

257 i = root [ root [ nodeIndex ] . s o l i d l i n e ] . levelnum ; //jump as I don not care here
, so now i i s the l e v e l o f the node i am in

258

259 cur r entLeve l = cur r entLeve l + l e v e l d i f f e r e n c e + 1 ;
260 i f ( cu r r entLeve l >= BDD INPUT BITS) {
261 cur r entLeve l = BDD INPUT BITS ; // i f the l e v e l i must end in does not

have a node
262 }
263 t r a v e r s e ( s t a t eB i t s , root [ nodeIndex ] . s o l i d l i n e , i , currentLeve l ,
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te rmina lLeve l , l e v e l d i f f e r e n c e , a c t i onB i t s ) ;
264 }
265 }
266 }
267

268 int getContro lAct ion ( int s t a t eB i t s [ ] , char a c t i onB i t s [ ] , int t e rmina lLeve l )
269 {
270

271 int path [ 1 0 0 0 ] ;
272 t r a v e r s e ( s t a t eB i t s , 0 , 0 , 0 , te rmina lLeve l , 0 , a c t i onB i t s ) ; //wrong
273 }


