A solution to Exercise 2 Question 2 (Nurit Dor, Ran Shaham, and Eran Yahav)
1. The states are now pairs ( = (env, store) where:
      a. Val = cells ({nil} ( N is the set of values.
     We assume that elements in cells are distinct from integers

      b. env: Loc ( Val maps locations to their values. It is an extension of the original states used in the IMP semantics.
      c. store =(cells, car, cdr) describes the content of the (dynamically allocated  memory created by cons lisp expressions (C malloc))
      
1. cells is a finite set of allocated cons-cells (holding  pairs of values)
            2. car: cells ( Val describes the content of the car fields 

            3. cdr: cells ( Val describes the content of the cdr fields
cons-cells are represented  as addresses since the program can create cyclic data structures and data structures that include shared components, e.g.,
    Y := cons(5, nil) // Y points to a pair (5, nil)

    X := cons(7, Y) // X points to a pair (7, Y), i.e., list of two elements

    Y.cdr  := X     // Sets Y.cdr to point back to X so we get a cyclic list 

2. In order to record the “local” state of a computation, we generalize the set of (arithmetic) expressions with a “memory” expression whose value denotes a cons-cell. This will allow the semantics to inductively define the meaning of an expression such as “a.cdr.car” by first evaluating “a.cdr” to some cons-cell “e” and then evaluating “e.car” (For portability  programming languages such as Java  do not allow the program to directly manipulate locations (unlike C which allows ‘casting’ from int to pointers)
3. Since cons expressions have side effects, we need to allow expressions to alter the store (but not the environments). This means that the operational behavior of an expression e in a state ( is described by <a, (> (1  <a’, store>
where a’ is the (temporary) result of evaluating a in ( and store is the new store which resulted from side effects caused by memory allocations.
4. The rules are described below:

Expression rules

a. <n, (e, s) > (1 <n, s>  // A number yields the same value and does not change the store
b. <nil, (e, s)> (1 <nil, s> // nil yields a nil value and does not change the store
c. <X, (e , s)> (1 <e(X), s> 
       // A location is evaluated in the environment as usual without changing the store
d. <L, (e, s) > (1 <L’, s> 
    <L.car, (e, s) > (1 <L’.car, s>  // Left-to-right evaluation of car-fields
e. <L, (e, s) > (1 <L’,  s>  
    <L.cdr, (e, s) > (1 <L’.cdr, s>  // Left-to-right evaluation of cdr-fields
f.   s=(cells, car, cdr) and c ( cells and car(c)=c’

    <c.car, (e, s) > (1 <c’, s>  // Left-to-right evaluation of car-fields
g.   s=(cells, car, cdr) and c ( cells and cdr(c)=c’

    <c.cdr, (e, s) > (1 <c’, s>  // Left-to-right evaluation of cdr-fields

h. <a0, (e, s) > (1 <a0’, s’>

   <a0+a1, (e, s)> (1 <a0’+a1, s’>  

i. <a1, (e, s) > (1 <a1’,  s’>

   <n+a1, (e, s)> (1 <n+a1’, s’>  

j.. <n0+n1, (e, s) > (1 <n, s>  where n=n0+n1

k. <a0, ( > (1 <a0’, s’>                           
   <cons(a0, a1), (  > (1 <cons(a0’, a1), s’>  // left evaluation of car fields  
l. <a1, (e, s) > (1 <a1’,  s’> s=(cells, car, cdr), c0(cells(N

   <cons(c0+a1), (e, s)> (1 <cons(c0, a1’), s’>  // evaluation of cdr fields
m. s=(cells, car, cdr),  new(cells, c0, c1( cells(N
   <cons(c0, c1), (e, s) > (1 <new, (cells({new}, car[c0/new], cdr[c1/new])>  

  // cons-expression allocates a new individual and initializes car and cdr fields to the corresponding values
Boolean expression rules with shortcut evaluation
a. <t, (e, s) > (1 <t, s>, t ({true, false} 
// A literal yields the same value and does not change the store
b. <a0, (e, s) > (1 <a0’, s’> 
<a0=a1,  (e, s) > (1 <a0’, s’>

c.  <a1, (e, s)> (1 <a1’, s’>, s=(cells, car, cdr), c0(cells(N
 <c0=a1,  (e, s) > (1 <c0=a1’, s’>
d. s=(cells, car, cdr),c0, c1( cells(N >, c0=c1
<c0=c1, (e, s) > (1 <true, s>
// For simplicity we allow comparing integers and pointers for (in)equality. 
// It is straightforward to exclude that
e. s=(cells, car, cdr),c0, c1( cells(N >, c0≠c1
<c0=c1, (e, s) > (1 <false, s>

f. <b, (e, s)> (1 <t, s’> , t ({true, false} 
<(b, (e, s)> (1 <(t, s’>

g. <b0, (e, s) > (1 <true, s’> ,  <b1, (e, s’)> (1 <true, s’’>
<b0 ( b1, (e, s) > (1 <true, s’’>

h. <b0, (e, s) > (1 <false, s’>
<b0 ( b1, (e, s)> (1 <false, s’>

i. <b0,  (e, s) > (1 <true, s’> ,  <b1, (e, s’)> (1 <false, s’’>
<b0 ( b1, (e, s) > (1 <false, s’’>

  Logical-or and ( are handled similarly (with the exception that  ( requires integer arguments)
  Command rules: We are going to allow two types of rules:
(i) <c, (> (1 (’  the usual rule which means that c terminates in a state (’
(ii) <c, (> (1 <c’, (’> executing one step of c in ( yields  (’ in which c’ is computed (c’ is like a program counter)

a. <skip, (> (1  (  
b. <a, (e, s) > (1 <a’, s’> X ( Loc
 <X:=a, (e, s)> (1 <X:=a’, (e, s’)> 
c. <X := c,  (e, s) > (1 <(e[c/X], s)>,   X ( Loc, c(cells(N // An assignment to location does not change the store 
d. <a0, (e, s) > (1 <a0’,s>
 <a0.car := a1,  (e, s) >(1 <(a0’.car:=a1, s(cells’, car’[v/L’], cdr’)
e. <a1, (e, s)> (1 <a1’, s’>  s=(cells, car, cdr), c  ( cells
 <c.car := a1,  (e, s) >(1 <(c.car :=a1’, (e, s’)>
f. s=(cells, car, cdr), c0  ( cells, c1 ( cell (N
      <c0.car := c1,  (e, s) >(1 <(e, (cells, car[c1/c0], cdr)
// Destructive updates are handled by calculating the address of the left hand side;  
// evaluating the right hand side  and then storing the results in the corresponding 

e.    <c0, (> (1<c’0, (’>
       <c’0; c1, (> (1<c’0;c1, (’>   

f.    <c0, (> (1(’, <c1, (’> (1(’’
       <c0; c1, (> (1(’’   // When c0 terminates we start executing c1
 g.   <b, (>(1<true, (’>,  <c0, (’> (1(’’
       <if b then c0 else c1, (>(1(’’ 
h.   <b, (>(1<false, (’>,  <c1, (’> (1(’’
      <if b then c0 else c1, (>(1(’’

i.   <while b do c1, (>(1<if b then (c1; while b do c) else skip, (> // Expand while into if in one step
