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1. Introduction

~ ~

(a) Let f be a Boolean function. Prove that f =z - (f,) + - (fz).

5 marks



(b) Describe the three components of the verification triangle that we discussed in
class. Use the CTL model checking paradigm to illustrate of the triangle.

8 marks



2. BDDs:

(a) Build the ROBDD for the Boolean function abd’ + ab/d+ a'c+ a'c'd, both without
and with use of complement pointers. Use the variable ordering a < b < ¢ < d.

7 marks



(b) Describe how you would implement a procedure for efficiently converting a BDD
from on variable ordering to another. You may use the operations we described in
class as subroutines, i.e., feel free to use the ITE, compose, and cofactor operators.

Hint: this can be solved very easily using one of these operators.

6 marks



(¢) A factored form is a expression built out of Boolean variables using AND, OR,
and NOT, e.g., (@' + (b- (c+ (d-¢€')))). Technically, a factored form is given by
the following rules:

i. a; is a factored form, where a; is a Boolean variable

ii. if f and g are factored forms, then so are f', (f +g), and (f---g).

Clearly a factored form represents a Boolean function over the Boolean variables
appearing in the factored form.

Through class and the homework, you should have gotten a clear idea of how to
implement the I'TE operator. Suppose you wanted to write an operator that took
a factored form and built a BDD for it (assume the variable ordering is given).
One way to implement the new operator would be to recursively perform a series
of ITE operations, corresponding to the AND, OR, and NOT operations.

Describe how you would perform the BDD building directly from the Shannon
expansion of the factored form. It should be analogous to the implementation of
ITE, i.e., build BDD’s for the left and right cofactors of the factored form.
Discuss how implementing the equivalent of the ITE cache makes your code slow.
In what situations is it better to perform the BDD build directly, rather than by
calling ITE?

Warning: do not use ITE code, i.e., don’t just build your routine by inliing ITE.

11 marks



3. Equivalence Checking:

(a) Let Dy and Dy be two designs. Suppose that every pair of states from Dy and

D are inequivalent. Argue that there exists a single input sequence that will
differentiate every pair of states from Dy and D;.
Hint: if s; and ¢; are inequivalent, there is an input sequence 7;; which differenti-
ates them. Consider the set of all state pairs, Sp, x Sp,; think about building an
input sequence that will differentiate any pair in this set by concatenating input
sequences of the form ;.

14 marks



4. CTL Model Checking

(a) Experience shows that many designs behaviors are repetitive, where a basic trans-
action occurs again and again, and the properties are interesting only within the
boundaries of a single transaction. The within operator has been proposed to ad-
dress this issue. For example AGW (start,end)(AG (request — AF (ack))” means:
“in all time intervals delimited by start and end, a request must be followed by
an acknowledge.” Write a regular CTL formula corresponding to this property;
assume start and end are regular CTL formula.

6 marks



(b) Give a convincing argument that the property “there exists a path on which x is
finally 1”7 cannot be expressed by a CTL formula which uses as its only temporal
operators AX and FX.

8 marks



(c) Let D be a finite state machine. One way to compute the set of all equivalent
state pairs in D is to start from the identity equivalence relation, and then “grow

it up” as shown below:

Ey = {(s,s)| s€ Sp}
Ey = Ey U {(s,t)]| for every inputi, (6(s,),0(¢,7)) € Eo}

Ery1 = Ex U {(s,t)]| for every inputi, (d(s,1),0(t,7)) € Ex}

(Here d(s,1) is the next state function for D.)
Clearly, since the set of states is finite, the iteration will hit a fixed point, say at

n.
Argue that pairs of states that are in F,, are equivalent. Give an example that

shows FE,, is not necessarily the set of all equivalent state pairs.

10 marks

10



