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Chapter 1

Solutionsto Homewor k Problems

This document contains solutions for the North Americarsizer of the Second Edition of the book (we
call this “Version A’). A separate document contains saln$ for the International versions (Version B).

The text uses two different kinds of exercises:

e Practice ProblemsThese are problems that are incorporated directly intoeki with explanatory
solutions at the end of each chapter. Our intention is thilestts will work on these problems as they
read the book. Each one highlights some particular concept.

e Homework ProblemsThese are found at the end of each chapter. They vary in caitypfeom
simple drills to multi-week labs and are designed for instiots to give as assignments or to use as
recitation examples.

This document gives the solutions to the homewaork problems.

1.1 Chapter 1. A Tour of Computer Systems

There are no homework problems in this chapter.

1.2 Chapter 2: Representing and Manipulating I nformation

Problem 2.57 Solution:
This exercise should be a straightforward variation on #itiag code.

code/data/show-ans.c

1 void show_short(short x) {
2 show_bytes((byte_pointer) &x, sizeof(short));
3}

4
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5 void show long(long x) {

6 show_bytes((byte_pointer) &x, sizeof(long));
7}

8
9 void show_double(double x) {

10 show_bhytes((byte_pointer) &x, sizeof(double));
1 }

code/data/show-ans.c

Problem 2.58 Solution:

There are many ways to solve this problem. The basic ideacietie some multibyte datum with different
values for the most and least-significant bytes. We thenlgta0 and determine which byte it is.

The following solution creates a@nt with value 1. We then access its first byte and convert it tsan.
This byte will equal 0 on a big-endian machine and 1 on adétiian machine.

code/data/show-ans.c

1 int is_little_endian(void) {

2 [+ MSB = 0, LSB = 1 */

3 int x = 1;

4

5 /* Return MSB when big-endian, LSB when little-endian */
6 return (int) ( * (char *) &x);

7}

code/data/show-ans.c

Problem 2.59 Solution:

This is a simple exercise in masking and bit manipulations linportant to mention thaOxFF is a way
to generate a mask that selects all but the least signifiga@tthat works for any word size.

(x & OXFF) | (y & "OxFF)

Problem 2.60 Solution:

Byte extraction and insertion code is useful in many coste®eing able to write this sort of code is an
important skill to foster.

code/data/rbyte-ans.c

1 unsigned replace_byte (unsigned X, int i, unsigned char b) {
2 int itimes8 = i << 3;

3 unsigned mask = OxFF << itimes8;

4

5 return (x & "mask) | (b << itimes8);

6}

code/data/rbyte-ans.c
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Problem 2.61 Solution:
These exercises require thinking about the logical ogmratiin a nontraditional way. Normally we think

of it as logical negation. More generally, it detects whethere is any nonzero bit in a word. In addition,
it gives practice with masking.

A. 1Ix

B. II"x

C. II(x & OXFF)

D. I("’x & (OxFF << ((sizeof(int)-1)<<3)))

Problem 2.62 Solution:

There are many solutions to this problem, but it is a littletbcky to write one that works for any word
size. Here is our solution:

code/data/shift-ans.c

1 int int_shifts_are_arithmetic() {

2 int x =-1,/ = Al I's  */
3 return (x >> 1) < 0;
4}

code/data/shift-ans.c

The above code performs a right shift of a word in which ak laite set to 1. If the shift is arithmetic, the
resulting word will still have all bits set to 1 and hence bgatese.

Problem 2.63 Solution:

These problems are fairly tricky. They require generatirasks based on the shift amounts. Shift value 0
must be handled as a special case, since otherwise we wogleneeating the mask by performing a left
shift by 32.

code/data/rshift-ans.c

1 unsigned srl(unsigned x, int k)

2 {

3 /= Perform shift arithmetically */

4 unsigned xsra = (int) x >> k;

5 /* Make mask of low order w-k bits */

6 unsigned mask = k ? ((1 << (8  =*sizeof(int)-k)) - 1) : "0;
7
8
9

return xsra & mask;

}

code/data/rshift-ans.c

code/data/rshift-ans.c
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int sra(int x, int k)

/= Perform shift logically */
int xsrl = (unsigned) x >> k;
/* Make mask of high order k bits

*/

unsigned mask = k ? 7((1 << (8 * sizeof(int)-k)) - 1) : 0O;

return (x < 0) ? mask | xsrl : xsrl;

code/data/rshift-ans.c

Problem 2.64 Solution:
This problem is very simple, but it reinforces the idea ohgdilifferent bit patterns as masks.

code/data/bits.c

a b~ w N B

/* Use mask to select odd bits
return (X&OXAAAAAAAA) = 0;

/* Return 1 when any odd bit of x equals 1; 0O otherwise.
int any_odd_one(unsigned x) {

*/

Assume w=3 2 x/

code/data/bits.c

Problem 2.65 Solution:

This is a classic “bit puzzle” problem, and the solution itually useful. The trick is to use the bit-level
parallelism of th€ operation to combine multiple bits at a time. The solutiosing just 11 operations, is

as follows:
code/data/bits.c
1 /+ Return 1 when x contains an odd number of 1s; 0 otherwise. Assu me w=32 x/
2 int odd_ones(unsigned x) {
3 /* Use bit-wise "~ to compute multiple bits in parallel */
4 [+ Xor bits i and i+16 for 0 <= i < 16 */
5 unsigned p16 = (x >> 16) " x;
6 [+ Xor bits i and i+8 for 0 <= i < 8 * |
7 unsigned p8 = (pl6>> 8) " pl6;
8 [+ Xor bits i and i+4 for 0 <= i < 4 */
9 unsigned p4 = (p8 >> 4) " p8;
10 [+ Xor bits i and i+2 for 0 <= i < 2 */
11 unsigned p2 = (p4 >> 2) ~ p4;
12 [+ Xor bits 0 and 1 */
13 unsigned pl1 = (p2 >> 1) ~ p2;
14 /* Answer is in least significant bit */
15 return pl & 1;

16 }
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code/data/bits.c

Problem 2.66 Solution:

The key idea is given in the hint. We can create a cascade tf e right—first one, then two, then four,
up to half the word size, using just 10 operations.

code/data/bits.c

1 /*

2+ Generate mask indicating leftmost 1 in x.

3 * For example OxFFOO -> 0x8000, and 0x6600 --> 0x4000
4 * If x = 0, then return O.

5 =/

6 int leftmost_one(unsigned x) {

7 /= First, convert to pattern of the form 0...011...1 */
8 X |= (x>>1);

9 X |= (x>>2);

10 X |= (x>>4);

11 X |= (x>>8);

12 X |= (x>>16);

13 /* Now knock out all but leading 1 bit */

14 X "= (x>>1);

15 return x;

16 }

code/data/bits.c

Problem 2.67 Solution:

This problem illustrates some of the challenges of writiogtgble code. The fact thdk<32 yields 0 on
some 32-bit machines and 1 on others is common source of bugs.

A. The C standard does not define the effect of a shift by 32 dI-diBdatum. On the SPARC (and
many other machines), the expressiorx< k shifts by k mod 32, i.e., it ignores all but the least
significant 5 bits of the shift amount. Thus, the expresdiorn< 32 yields 1.

B. Computebeyond_msb as2 << 31.

C. We cannot shift by more than 15 bits at a time, but we can ocsepnultiple shifts to get the
desired effect. Thus, we can compuwget msb as2 << 15 << 15, andbeyond_msb as
set msbh << 1 .

Problem 2.68 Solution:
Here is the code:
code/data/bits.c

1 /=
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2 * Mask with least signficant n bits set to 1
3 * Examples: n = 6 --> Ox2F, n = 17 --> Ox1FFFF
4 * Assume 1 <= n <= w

5 */

6 int lower_one_mask(int n) {

7 [ *

8 * 2°n-1 has bit pattern 0...01..1 (n 1's)
9 * But, we must avoid a shift by 32
10 */

11 return (2<<(n-1)) - 1;

12 }

code/data/bits.c

The code makes use of the trick tlfak<n)-1 creates a mask af ones. The only challenge is to avoid
shifting by w whenn = w. Instead of writingl<<n, we write2<<(n-1) . This code will not work for
n = 0, but that's not a very useful case, anyhow.

Problem 2.69 Solution:

code/data/bits.c

1 /*

2 * Do rotating left shift. Assume 0 <= n < w

3 * Examples when x = 0x12345678:

4 x n=4 -> 0x23456781, n=20 -> 0x67812345

5 */

6 unsigned rotate_left(unsigned x, int n) {

7 /+ Mask all I's when n = 0 and all 0’'s otherwise */
8 int z mask = -In;

9 [+ Left w-n bits */

10 unsigned left = x << n;

11 /* Right n bits */

12 unsigned right = x >> ((sizeof(unsigned)<<3)-n);
13 return (z_mask&x) | ("z_mask &(left|right));

14 }

code/data/bits.c

For the most part, this problem requires simple shifting aragking. We must treat the casemf= 0 as
special, because we would otherwise attempt to shitbbinstead, we generate this solution explicitly, and
use masks of all ones and all zeros to select between theabpadigeneral case.

Problem 2.70 Solution:

The code is as follows:
code/data/bits.c

1 /=
2 =+ Return 1 when x can be represented as an n-bit, 2’'s complement number;
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3 * 0 otherwise

4 x Assume 1 <= n <= w

5 */

6 int fits_bits(int x, int n) {

7 [ *

8 * Use left shift then right shift

9 * to sign extend from n bits to full int
10 * |

11 int count = (sizeof(int)<<3)-n;

12 int leftright = (x << count) >> count;

13 [+ See if still have same value * |
14 return x == leftright;

15 }

code/data/bits.c

This code uses a common trick, demonstrated in Problem &f2ZBst shifting left by some amourit and
then arithmetically shifting right by. This has the effect of sign-extending from bit— & — 1 leftward.

Problem 2.71 Solution:
This problem highlights the difference between zero extenand sign extension.

A. The function does not perform any sign extension. For gtanif we attempt to extract byte O from
word OxFF, we will get 255, rather than-1.

B. The following code uses the trick shown in Problem 2.23tiate a particular range of bits and to
perform sign extension at the same time. First, we perforaftahift so that the most significant bit
of the desired byte is at bit position 31. Then we right shyft2d, moving the byte into the proper
position and performing sign extension at the same time.

code/data/xbyte.c

1 int xbyte(packed_t word, int bytenum) {

2 int left = word << ((3-bytenum) << 3);
3 return left >> 24;
4}

code/data/xbyte.c

Problem 2.72 Solution:
This code illustrates the hidden dangers of data sipe _t , which is defined to bensigned on most
machines.

A. Since this one data value has typasigned , the entire expression is evaluated according to the
rules of unsigned arithmetic. As a result, the conditiongression will always succeed, since every
value is greater or equal to 0.

B. The code can be corrected by rewriting the conditiondl tes
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if (maxbytes >= sizeof(val))

Problem 2.73 Solution:
Here is the solution.

code/data/bits.c

1 /+ Addition that saturates to TMin or TMax */

2 int saturating_add(int x, int y) {

3 int sum = x +v;

4 int wml = (sizeof(int)<<3)-1;

5 /* In the following we create "masks" consisting of all 1's

6 when a condition is true, and all 0's when it is false * |
7 int xneg_mask = (x >> wml);

8 int yneg_mask = (y >> wml);

9 int sneg_mask = (sum >> wml);

10 int pos_over_mask = "xneg_mask & “yneg_mask & sneg_mask;
11 int neg_over_mask = xneg_mask & yneg mask & “sneg_mask;
12 int over_mask = pos_over_mask | neg_over_mask;

13 [ Choose between sum, INT_MAX, and INT_MIN */

14 int result =

15 (Cover_mask & sum)|

16 (pos_over_mask & INT_MAX)|(neg_over_mask & INT_MIN);
17 return result;

18 }

code/data/bits.c

Logically, this code is a straightforward application oétbverflow rules for two’s complement addition.
Avoiding conditionals, however, requires expressing theditions in terms of masks consisting of all zeros
or all ones.

Problem 2.74 Solution:

code/data/taddcheck.c

1 /= Determine whether arguments can be subtracted without over flow =/
2 int tsub_ok(int x, int y) {

~N o O~ W

int
int
int

diff = x-y;
neg over = x < 0 && y >= 0 && diff >= 0;
pos over = x >= 0 && y < 0 && diff < 0;

return !neg_over && !pos_over,

code/data/taddcheck.c

This is a straightforward application of the rules for amufif modified to change the conditions for argument
y. This avoids the shortcoming of the proposed solution gimdProblem 2.32.

Problem 2.75 Solution:
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This problem requires a fairly deep understanding of twosplement arithmetic. Some machines only
provide one form of multiplication, and hence the trick sinoim the code here is actually required to
implement the alternate form.

As seen in Equation 2.18 we havé: i/ = 2 - y + (219 + Yu-12)2% + Tw_1Yw—_122*. The final term
has no effect on thew-bit representation of’ - 3/, but the middle term represents a correction factor that
must be added to the high orderbits. This is implemented as follows:

code/data/uhp-ans.c

1 unsigned unsigned_high_prod(unsigned X, unsigned y) {

2 unsigned p = (unsigned) signed_high_prod((int) x, (int) y)
3

4 if ((int) x < 0) / * X {w-1} = 1 =/

S p+=Yy

6 if (int) y <0)/ * y {w-1} = 1 «/

7 p += X;

8 return p;

9}

code/data/uhp-ans.c

Problem 2.76 Solution:
Patterns of the kind shown here frequently appear in comhitele.

A K = 170 (x<<4) + X
B. K = =7 -(x<<3) + X
C. K = 60:  (X<<6) - (x<<2)
D. K = -—112: -(x<<7) + (x<<4)

Problem 2.77 Solution:

The code follows the method described in 2.3.7 for dividiggatpower of two using arithmetic right shift.
The only challenge is to do correct biasing within the caists of the coding rules.

code/data/bits.c

1 /+ Divide by power of two. Assume 0 <= k < w-1 */
2 int divide_power2(int x, int k) {

[+ Al I's if x <0 */

int mask = x>>((sizeof(int)<<3)-1);

int bias = mask & ((1<<k)-1);

return (x+bias)>>k;

~N o 0o A~ W

code/data/bits.c

Problem 2.78 Solution:

This demonstrates the use of shifting for both multiplicatand division. The only challenge is to compute
the bias using the limited operations allowed by the codirgs:
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code/data/bits.c

1 /+* Compute 3*x/4 «/
2 int mul3div4(int x) {

int
int
int

~N o O bW

mul3 = x + (x<<1);
mul3_mask = mul3 >> ((sizeof(int)<<3)-1);
bias = mul3_mask & 3;

return (mul3+bias)>>2;

code/data/bits.c

Problem 2.79 Solution:

The requirement that the function must not overflow makes phbblem more challenging than Problem
2.78. The idea in our solution is to compute the lower 2 bitsluding the bias separately, to derive a value
incr that will be either 0, 1, or 2, that can be added to the remgihits of3x x.

code/data/bits.c

1 /+* Compute 3/4 *x with no overflow */
2 int threefourths(int x) {

3 int XxI2 = x & 0x3;

4 int xI1 = (x&1) << 1,

5 int x_mask = x >> ((sizeof(int)<<3)-1);
6 int bias = x_mask & 3;

7 int incr = (xI2+xl1+bias) >> 2;

8 int s2 = x >> 2,

9 int s1 = x >> 1,

10 return s1 + s2 + incr;

11 }

code/data/bits.c

Problem 2.80 Solution:

Bit patterns similar to these arise in many applications.nijprogrammers provide them directly in hex-
adecimal, but it would be better if they could express themane abstract ways.

A. 1v—kpk,

(1 << k) - 1)

B. Qw—k—i1kps,

(1 << k) - 1) <<
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Problem 2.81 Solution:

These “C puzzle” problems are a great way to motivate stsdenthink about the properties of computer
arithmetic from a programmer’s perspective. Our standaetife on computer arithmetic starts by showing
a set of C puzzles. We then go over the answers at the end.

A. (X<y) == ('X>'y) . NO, Letx = TMiTLgQ, y = 0.

B. (x+y)<<4) + y-x == 17 *y+15 * X. Yes, from the ring properties of two’s complement arith-
metic.

C. x+y+l == "(xty) .Yes z+ " y+l=(—z—-1)+(—y—1)+1=—(x+y)—1="(x+vy).

D. (ux-uy) == -(unsigned)(y-x) . Yes. Due to the isomorphism between two’s complement

and unsigned arithmetic.

E. (x >> 2) << 2) <= x . Yes. Right shift rounds toward minus infinity.

Problem 2.82 Solution:
This problem helps students think about fractional binepresentations.

A. Letting V' denote the value of the string, we can see that shifting tharpipointk positions to the
right gives a stringy.y y yy y v - - -, which has numeric valug + V, and also valu& x 2*. Equating
these gived’ = 2.

B. (a) Fory =101, we haveY =5,k =3,V = 2.

(b) Fory = 0110, we haveY =6,k =4,V = % = 2,

19
(c) Fory = 010011, we haveY = 19,k =6,V = .

Problem 2.83 Solution:

This problem helps students appreciate the property of dzEng point that the relative magnitude of two
numbers can be determined by viewing the combination of mepband fraction as an unsigned integer.
Only the signs and the handling &0 requires special consideration.

code/data/floatcomp-ans.c

1 int float_le(float x, float y) {

2 unsigned ux = f2u(x);

3 unsigned uy = f2u(y);

4 unsigned sx = ux >> 31,

5 unsigned sy = uy >> 31;

6

7 return

8 (ux<<l == 0 && uy<<l == 0) || / * Both are zero  */
9 (sx && !sy) || / * X <0, y> 0 =/
10 (sx && sy && ux <= uy) || / * X >= 0,y > 0 =/
11 (sXx && sy && ux >= uy); [/ *x< 0, y< 0 =/

12 }
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code/data/floatcomp-ans.c

Problem 2.84 Solution:

Exercises such as this help students understand floatimg pEpresentations, their precision, and their
ranges.

A. The number7.0 will have E = 2, M = 1.11, = £, f = 0.11, = 2, andV = 7. The exponent bits
will be 100 - -- 01 and the fraction bits will b& 100 - - - 0.

B. The largest odd integer that can be represented exadtlyavie a binary representation consisting
ofn+ 1ones. ltwilhaveE = n, M = 1.11---1o =2—-2"", f =0.11---1o =1 —-2"", and
avalueV = 2"*! — 1. The bit representation of the exponent will be the binapresentation of
n + 2F=1 — 1. The bit representation of the fraction will bé - - - 11.

C. The reciprocal of the smallest positive normalized valilehave valueV = 2271 =21t will have
E =21 _2 M =1,andf = 0. The bit representation of the exponent will e - - 101. The bit
representation of the fraction will & - - - 00.

Problem 2.85 Solution:

This exercise is of practical value, since Intel-compatiptocessors perform all of their arithmetic in ex-
tended precision. It is interesting to see how adding a fewerbds to the exponent greatly increases the
range of values that can be represented.

Description Extended precision
Value Decimal
Smallest pos. denorm). 2763 x 2716382 | 3 64 » 10491
Smallest pos. norm. 216382 3.36 x 104932
Largest norm. (2 —¢€) x 216383 | 1,19 x 101932

Problem 2.86 Solution:

We have found that working through floating point repres@ta for small word sizes is very instructive.
Problems such as this one help make the description of IEEEfppoint more concrete.

Description Hex M E Vv

—0 8000 0 —62 —0

257 257

Smallest value> 2 4001 526 1 58

512 4800 1 72 —
Largest denormalized OOFF 25 —62 | 255 x 2770

—00 FFOO — — —

- - 27 27

Number with hex representati@BB0 — 16 —4 556
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Problem 2.87 Solution:

This problem tests a lot of concepts about floating-pointeggntations, including the encoding of normal-
ized and denormalized values, as well as rounding.

Format A Format B Comments

Bits Value Bits Value
1 01111 001 = 1 0111 0010 =
0 10110 011 176 0 1110 0110 176
1 00111 010 Too 1 0000 0101 Too Norm — denorm
0 00000 111 i 0 0000 0001 T Smallest positive denorm
1 11100 000 —8192 1 1110 1111 —248 Smallest number —oco
0 10111 100 384 0 1111 0000 +00 Round toco.

Problem 2.88 Solution:
This problem requires students to think of the relationsl@pweennt ,float , anddouble .

A. (float) x == (float) dx . Yes. Converting tdloat could cause rounding, but bothand
dx will be rounded in the same way.

B. dx - dy == (double) (x-y) . No. Letx =0 andy = TMinss.

C. (dx + dy) + dz == dx + (dy + dz) . Yes. Since each value ranges betwé&&fins, and
TMazxso, their sum can be represented exactly.

D. (dx * dy) * dz == dx * (dy = dz). No. Letdx = TMazss, dy = TMax3, — 1, dz =
TMazss — 2. (Not detected with Linuxgcc)

E.dx / dx == dz / dz .No.Letx = 0,z = 1.

Problem 2.89 Solution:

This problem helps students understand the relation betWeedifferent categories of numbers. Getting
all of the cutoff thresholds correct is fairly tricky. Ourlgtion file contains testing code.

code/data/fpwr2-ans.c

1 /* Compute 2%+ x =*/
2 float fpwr2(int x) {

unsigned exp, frac;
unsigned u;

if (x < -149) {
/* Too small. Return 0.0 * [

0w N o g b~ w
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9 exp = 0;

10 frac = 0;

11 } else if (x < -126) {

12 / * Denormalized result */
13 exp = 0;

14 frac = 1 << (x + 149);

15 } else if (x < 128) {

16 [+ Normalized result. * |
17 exp = x + 127,

18 frac = 0;

19 } else {

20 /* Too big. Return +o0 */
21 exp = 255;

22 frac = 0;

23 }

24 u = exp << 23 | frac;

25 return u2f(u);

26 }

code/data/fpwr2-ans.c

Problem 2.90 Solution:

This problem requires students to work from a bit represemtaf a floating point number to its fractional
binary representation.

A. m ~ 11.00100100001111110110115.
B. 22/7 =11.001001001001001001 - - -5.

C. They diverge in the ninth bit to the right of the binary goin

Problem 2.91 Solution:
This problem is relatively straightforward, and it prowsdeeuseful warmup for the more advanced problems.

code/data/float-functions.c

1 /+* Compute -f. If f is NaN, then return f. */
2 float_bits float_negate(float_bits f) {

3 unsigned exp = >>23 & OxFF;

4 unsigned frac = f & OX7FFFFF;
5 unsigned mask = 1 << 31;

6 unsigned neg = f = mask;

7 if (exp == OxFF && frac != 0)

8 /* NaN =*/

9 return f;

10 return neg;

1 }
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code/data/float-functions.c

Problem 2.92 Solution:

This problem is also relatively straightforward, and it \ades a useful warmup for the more advanced
problems.

code/data/float-functions.c

1 /+* Compute |f|. If f is NaN, then return f. */
2 float_bits float _absval(float_bits f) {

3 unsigned exp = >>23 & OxFF;

4 unsigned frac = f & OX7FFFFF;
5 unsigned mask = 1 << 31;

6 unsigned absval = f & "mask;

7 if (exp == OxFF && frac != 0)

8 /* NaN =*/

9 return f;

10 return absval,

1 }

code/data/float-functions.c

Problem 2.93 Solution:

This problem is more difficult, since it requires dealingtwtite transition from denormalized to normalized
numbers, and from normalized to infinity.

code/data/float-functions.c

1 /+ Compute 2+f. If f is NaN, then return f. */
2 float_bits float_twice(float_bits f) {

3 unsigned sign = f>>31;

4 unsigned exp = >>23 & OxFF;

5 unsigned frac = f & OX7FFFFF;

6 if (exp == 0) {

7 / * Denormalized. Must double fraction */
8 frac = 2 =*frac;

9 if (frac > OX7FFFFF) {

10 / * Result normalized */

11 frac = frac & OX7FFFFF; / * Chop off leading bit */
12 exp = 1,

13 }

14 } else if (exp < OxFF) {

15 /* Normalized. Increase exponent */

16 exp++;

17 if (exp == OxFF) {

18 [+ Infinity */

19 frac = 0;

20

21 } else if (frac != 0) {
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/* NaN */
return f;
}
/= Infinity does not require any changes * [

return (sign << 31) | (exp << 23) | frac;

code/data/float-functions.c

Problem 2.94 Solution:

This problem is still more difficult, since it requires degiwith the transition from normalized to denor-
malized numbers, and it also may require rounding.

code/data/float-functions.c

1 /+* Compute 0.5 =f. If f is NaN, then return f. */
2 float_bits float_half(float_bits f) {

© 0 N O O b~ w

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24 }

unsigned sign = f>>31;
unsigned exp = >>23 & OxFF;

unsigned frac = f & OX7FFFFF;
/* Only roundup case will be when rounding to even */
unsigned roundup = (frac & 0x3) == 3;
if (exp == 0) {
[+ Denormalized. Must halve fraction */

frac = (frac >> 1) + roundup;
} else if (exp < OxFF) {

/* Normalized. Decrease exponent */
exp--;
if (exp == 0) {
/ = Denormalize, add back leading one */

frac = (frac >> 1) + roundup + 0x400000;

}
} else if (frac !'= 0) {

/* NaN */
return f;
}
/ * Infinity does not require any changes * [

return (sign << 31) | (exp << 23) | frac;

code/data/float-functions.c

Problem 2.95 Solution:
This problem requires rounding and testing for out-of-eagguments.

code/data/float-functions.c

1/
2

*

* Compute (int) f.
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© 00 N O O b~ W
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11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30 }

x= If conversion causes overflow or f is NaN, return 0x80000000
* [

int float_f2i(float_bits f) {

unsigned sign = f >> 31;
unsigned exp = (f >> 23) & OxFF;
unsigned frac = f & Ox7FFFFF;
/ = Create normalized value with leading one inserted,
and rest of significand in bits 8--30.
* |
unsigned val = 0x80000000u + (frac << 8);
if (exp < 127) {
[ = Absolute value is < 1 */
return (int) O;
}
if (exp > 158)
/* Overflow =/
return (int) 0x80000000u;

/= Shift val right */

val = val >> (158 - exp);

/* Check if out of range */
if (sign) {

/ * Negative =/

return val > 0x80000000u ? (int) 0x80000000u : -(int) val;
} else {

/ = Positive */

return val > Ox7FFFFFFF ? (int) 0x80000000u : (int) val;

code/data/float-functions.c

Problem 2.96 Solution:
This problem requires the most complex rounding computataf all the problems.

code/data/float-functions.c

1/

* Compute (float) i */

2 float_bits float_i2f(int i) {

© 00 N O 0 b~ W

10
11
12
13
14

unsigned sign = (i < 0);
unsigned ai = (i < 0) ? -i : i
unsigned exp = 127+31;
unsigned residue;
unsigned frac = 0;
if (ai == 0) {
exp =
frac
} else {
/* Normalize so that msb = 1 */
while ((ai & (1<<31)) == 0) {
ai = ai << 1,

0;
0;
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15 exp--;

16 }

17 /+* Now have Bit 31 = MSB (becomes implied leading one)
18 Bits 8-30 are tentative fraction,

19 Bits 0-7 require rounding.

20 */

21 residue = ai & OxFF;

22 frac = (ai >> 8) & OX7FFFFF; / * 23 bits  */

23 if (residue > 0x80 || (residue == 0x80 && (frac & 0x1))) {
24 /+* Round up =/

25 frac ++;

26 [+ Might need to renormalize */

27 if (frac > OX7FFFFF) {

28 frac = (frac & OX7FFFFF) >> 1;

29 exp++;

30 }

31 }

32 }

33 return (sign << 31) | (exp << 23) | frac;

34 }

code/data/float-functions.c

1.3 Chapter 3: Machine Level Representation of C Programs

Problem 3.54 Solution:

This is an example of a problem that requires students tasewengineer the actions aicc. We have
found that reverse engineering is a good way to learn abdhbtdmmpilers and machine-level programs.

code/asm/decode2-ans.c

1 int decode2(int X, int y, int z)
2

3 intt1 =y - z

4 int t2 = x * t1;

5 int t3 = (t1 << 31) >> 31;
6 int t4 = t3 © t2;

7

8 return t4,

9}

code/asm/decode2-ans.c

Problem 3.55 Solution:

A. This problem is similar to Problem 3.12, except that itausgned values rather than unsigned. As
a consequence, it must sign extend argunxeaind then treat both arguments to the multiplcation as
64-bit values.
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Let  andy denote the numbers being multiplied. We can view the 64 bitsgumenty as being
split into two 32-bit fields, and leg;, be the number having two’'s complement representation given
by the high-order field ang; be the number having unsigned representation given by tir@ider
field. We can then writg = 232 -y, 4+ y; (this can be derived from Equation 2.3.) We can do a similar
partitioning of the value obtained by sign extendingp 64 bits, givinge = 232 -z}, + ;.

We can therefore compute- y = z, - yp, - 24 + (xp, -y + 27 - yp) - 232 + 27 - ;. Since we are
only interested in the lower 64 bits, we can ignore the tewolinng x;, - v, and we can let be the
low-order 32 bits ofr; -y, r be the low-order 32 bits afy, - y;, andt be the full 64-bit product; - y;,
which we can split into high and low-order patisandt;. The final result hag; as the low-order
part, and- + s + t;, as the high-order part.

Here is the annotated assembly code:

code/asm/hmulti.32sa

dest at %bp+8, x at %bp+12, y at %bp+16

1 movl 16(%ebp), %esi Get y_|

2 movl 12(%ebp), %eax Get x (= x_I)

3 movl %eax, %edx Copy X

4 sarl $31, %edx Sign extend to get x_h
5 movl 20(%ebp), %ecx Get y_h

6 imull %eax, %ecx Conpute s = x_l*y_h
7 movl %edx, %ebx Copy x_h

8 imull %esi, %ebx Conpute r = x_hxy_|
9 addl %ebx, %ecx Conput e r+s

10 mull %esi Conpute t = x_|xy |
11 leal (Yoecx,%edx), Y%edx Add r+s to t_h

12 movl 8(%ebp), %ecx Get dest

13 movl %eax, (%ecx) Store t_|

14 movl %edx, 4(%ecx) Store r+s+t_h

code/asm/hmulti.32sa

Problem 3.56 Solution:

One way to analyze assembly code is to try to reverse the ¢atiopi process and produce C code that
would look “natural” to a C programmer. For example, we wottldvant anygoto statements, since these
are seldom used in C. Most likely, we wouldn't usél@-while statement either. This exercise forces
students to reverse the compilation into a particular fraamk. It requires thinking about the translation of
for loops.

A. We can see thaksult must be in registe¥edi, since this value gets copied%eaxat the end of
the function as the return value (line 13). We can see%tegi and%ebx get loaded with the values
of x andn (lines 1 and 2), leavin§bedx as the one holding variablaask (line 4.)

B. Registe®edi (result ) is initialized to—1 and%edx (mask) to 1.

C. The condition for continuing the loop (line 12) is timask is nonzero.
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D. The shift instruction on line 10 updatesask to bemask << n.
E. Lines 6-8 updateesult  to beresult = (x&mask)

F. Here is the original code:

code/asm/for.c
1 int loop(int x, int n)
2
3 int result = -1;
4 int mask;
5 for (mask = 0x1; mask != 0; mask = mask << n) {
6 result "= (x & mask);
7 }
8 return result;
9}
code/asm/for.c

Problem 3.57 Solution:

This problem has a simple solution, but it took us a while tderstand how simple it could be. It will
require students to experiment with runniagc on different versions of their code.

The idea of our solution is to set up a local variable havinge/®, and then using a conditional move to
overwritexp with the address of this variable whgp is null.

code/asm/cread.c

1 int cread_alt(int *Xp) {

2 int zero = O;

3 / * Replace null pointer */
4 if (IXp) xp = &zero;

5 return  *Xxp;

6}

code/asm/cread.c

Problem 3.58 Solution:

This problem requires students to reason about the codménaig that implement the different branches of
aswitch statement. For this code, it also requires understandifegyeit forms of pointer dereferencing.

A. In line 34, registeRbedxis copied to registetoeax as the return value. From this, we can infer that
%edx holdsresult

B. The original C code for the function is as follows:

code/asm/switchprob2.c
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1 /* Enumerated type creates set of constants numbered 0 and upwa rd =/
2 typedef enum {MODE_A, MODE_B, MODE_C, MODE_D, MODE_E} modet;

3

4 int switch3(int *pl, int
5

6 int result = 0O;

7 switch(action) {

8 case MODE_A:

9 result =  *pl;
10 *pl = *p2;

11 break;

12 case MODE_B:

13 *p2 += *pl;
14 result = *p2;
15 break;

16 case MODE_C:

17 *p2 = 15;

18 result =  *pl;
19 break;

20 case MODE_D:

21 *p2 = *pl,;

22 /= Fall Through
23 case MODE_E:

24 result = 17;

25 break;

26 default:

27 result = -1;

28 }

29 return result;

30 }

*p2, mode_t action)

*/

Problem 3.59 Solution:

This problem gives students practice analyzing disassshmde. Thewitch statement contains all the
features one can imagine—cases with multiple labels, hol#® range of possible case values, and cases
that fall through. The main trick is to use the jump table tentify the different entry points, and then

analyze each block of code separately.

1
2
3
4
5
6
7

int switch_prob(int x, int n)
int result = x;
switch(n) {

case 50:
case 52:

code/asm/switchprob2.c

code/asm/switchbody-ans.c
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result <<= 2;

break;
case 53:

result >>= 2;

break;
case 54

result *= 3;

/* Fall through */
case 55:

result *= result;

/* Fall through */
default:

result += 10;

}

return result;

Problem 3.60 Solution:
This problem demonstrates that the same principles of ci@stay access extend beyond two levels.

A. Array elementA[i][j][K]

code/asm/switchbody-ans.c

is located at addressp, + 4(7°(S - i + j) + k).

B. We can see that the computations on lines 2—3 computej, that line 4 compute99 - i, and
so line 7 reads from memory addresg + 4(11(9% + j) + k). From this we can conclude that
T =11 andS = 9. The function returns 1980, the number of bytes requiredaesarrayA, and so
4-R-S-T =396 R = 1980, giving R = 5.

Problem 3.61 Solution:

The code generated licc holds a value equal tén in register%edi that it uses to incremei@ptr . Our
strategy is to change the loop indexo increment by 4, so that we can uge as our stopping condition,
eliminating the need to retrievefrom memory.

code/asm/varprod-ans.c

1
2
3
4
5
6
7
8
9

10

int var_prod_ele_opt (int n, int A[n][n], int B[n][n], int i

char =Arow = (char =) (A[]);
char *Bptr = (char  *) (&B[O][K]);
int result = O;

int j4;

int N4 = 4 «*n;

for (4 = 0; j4 < n4; j4+=4) {
int a = =«(int =) (Arow + j4);
int = *(int *) Bptr;

. int k)
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11 result += a * b;
12 Bptr += n4;

13 }

14 return result;

15 }

code/asm/varprod-ans.c

As can be seen, convincingcc to follow this strategy requires some creative coding. Weoituce a
local variablen4 to hold the scaled value of, and use this as both the stopping value and the increment.
This declaring botiArow andBptr to be of typechar =, so that the compiler will not scale the pointer
arithmetic.

Another way to reduce the number of variables in the loop tgetarid of the parametgr altogether, using
a pointerAptr that steps through the successive elements ofirofvA. We can use a pointer to element
Ali][n] to determine when we have completed the iteration.

code/asm/varprod-ans.c

1 int var_prod_ele opt_alt(int n, int A[n][n], int B[n][n], int i, int k)
2

3 int  *Aptr = &AJi][O];

4 int  *Bptr = &BJ[O][K];

5 int *Aend = &A[i][n];

6 int result = 0O;

7 while (Aptr < Aend) {

8 result +=  *Aptr * * Bptr;
9 Aptr += 1,

10 Bptr += n;

11 }

12 return result;

13 }

code/asm/varprod-ans.c

Problem 3.62 Solution:

It might surprise students that they can understand the imacimde implementation of a function based
only on its inner loop. It's a useful strategy, since it awwiading through lots of uninteresting code.

A. Line 7 increments registé&bebx by 52, and so we can guess thidt= 52/4 = 13. This is confirmed
when we see th&ebxis used as a pointer to the successive elements in cojumn

B. Line 8 checks the loop condition, and so we can surmiséltieati holds: and%ecx holds;.

C. Here is an optimized version of the C code:

code/asm/transpose.c

1 void transpose_opt(Marray t A) {
2 int i, j;
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3 for (i = 0; i < M; i++) {
4 int  *Arow = &AJi][O];
5 int  xAcol = &A[O][i];
6 for = 0; j < i; j++) {
7 int t1 = *Acol;
8 int t2 = Arow[j];
9 *Acol = t2;

10 Arow[j] = t1;

11 Acol += M;

12 }

13 }

14 }

code/asm/transpose.c

Problem 3.63 Solution:

The assembly code generated by versi@t used for the book is not very efficient. You might want to try
compiling it with a different version.

This problem requires a fair amount of reverse engineebivigrking backwards, you can see that the value
of E1(n) is computed by the instructions leading up to line 5, while ¥alue ofE2(n) is computed by
the instructions leading up to line 3.

code/asm/vararray.c

1 #define E1(n) (2  *(n)+1)
2 #define E2(n) (3  *(n))

code/asm/vararray.c

Problem 3.64 Solution:

This exercise both introduces new material and makes disidpand time examining the 1A32 stack struc-
ture and how it is accessed by machine code.

A. We can see that the value at offset 8 frétrbpis a pointer to the structure where the function is to fill
in its results. The values at offsets 12 and 16 corresportetfi¢ldssl.a andsl.p , respectively.

B. Starting from the top of stack, we can see that the first figlitits to the location allocated for the
returned structure. The next two fields correspond to argiinaduessl.a andsl.p . The final two
fields are where the result wford_sum is stored, and so are the valuess@tsum ands2.diff

C. The general strategy is to pass the argument structurkeostack, just as any argument is passed.
The callee then accesses the fields of its argument by offsdets/e to%ebp.

D. The general strategy is for the caller to allocate spadtsiown stack from for the result structure,
and then it passes a pointer to this structure as a hiddemarfgsinent to the function.
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Problem 3.65 Solution:

This problem is like a puzzle, where a number of clues mustskerabled to get the answer. It tests their
understanding of structure layout, including the need $efihpadding to satisfy alignment. The right way
to solve the problem is to write out formulas for the offsettshe different fields in terms oft and B and
then determine the possible solutions.

We can see from the assembly code that fieldsdu of structurestr2 are at offsets 12 and 36, respec-
tively. We can see that field of structurestrl is at offset 92. We can write the following equations for
these offsets:

B+e = 12
B+e+4+2B+ey = 36
2AB +e3 = 92

whereey, es, andes represent amounts of padding we need to insert in the stagcta satisfy alignment.
We can also see that € {0, 1, 2,3} and thates, e3 € {0, 2}.

From the first equation, we can see thiat {9, 10,11, 12}. We can rewrite the second equation to be

3B+e+ey =32

and we can see that this narrows the choice$3fto either 9 or 10. Of these choices, only the combination
B =9, A =5 can satisfy the third equation.

Problem 3.66 Solution:

This problem requires using a variety of skills to deternpaeameters of the structure. The code uses tricky
memory address computations.

The analysis requires understanding data structure laypotnters, and address computations. Problems
such as this one make good exercises for in-class discyssich as during a recitation period. Try to
convince students that these are “brain teasers.” The asnenly be determined by assembling a number
of different clues.

Here is a sequence of steps that leads to the answer:

1. Let us say that pointdsp has valuep. Line 6 scales by 5. Line 7 reads a value from address
p+ 20i + 4 and adds it t&i. We can surmise that this read corresponds to the expresgioidx
from which we can deduce:

e Structurea_struct is 20 bytes.
e Pointerap has valuey + 20: + 4. Let us call this value,.
e Fieldidx is at offset O within structure_struct

Let 5 be the value oap->idx
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2. Line 8 computebp->right , and this field is at offsédxb8 = 184. This implies thaCNThas value
9.

3. Line 10 stores at addres® + 20 + 45 + 8 = ¢ + 45 + 4. We can infer that fielck is at offset 4
within a_struct

This analysis leads us to the following answers:

A. CNTis 9.

B. The following is the declaration fa_struct
code/asm/structprob-ans.c

1 typedef struct {
2 int idx;

3 int x[4];

4 } a_struct;

code/asm/structprob-ans.c

Problem 3.67 Solution:

This is a very tricky problem. It raises the need for puzak4sg skills as part of reverse engineering to
new heights. It shows very clearly that unions are simply & teaassociate multiple names (and types)

with a single storage location.

A. The layout of the union is shown in the table that follows tAe table illustrates, the union can have
either its ‘e1” interpretation (having fieldel.p andel.y ), or it can have its&2” interpretation
(having fieldse2.x ande2.next ).

Offset 0 4 8
el P %
e2 X next

B. It uses 8 bytes.

C. As always, we start by annotating the assembly code. lmouotations, we show multiple possible
interpretations for some of the instructions, and thernciaig which interpretation later gets discarded.
For example, line 2 could be interpreted as either gettiegnehtel.y ore2.next . Inline 3, we
see that the value gets used in an indirect memory referéroghich only the second interpretation

of line 2 is possible.
code/asm/union2.32s
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1 movl 8(%ebp), %edx Get up

2 movl 4(%edx), %ecx up->el.y (no) or up->e2.next

3 movl (Y%ecx), %eax up->e2. next->el.p or up->e2.next->e2.x (no)
4 movl (Yoeax), Yoeax *(up->e2. next - >el. p)

5 subl (Y%edx), %eax *(up->e2. next->el.p) - up->e2.x

6 movl %eax, 4(%ecx) Store in up->e2. next->el.y

code/asm/union2.32s

From this, we can generate C code as follows:
code/asm/union2.c

1 void proc (union ele *Up)

2 {

3 up->e2.next->ely = * (Uup->e2.next->el.p) - up->e2.x;
4}

code/asm/union2.c

Problem 3.68 Solution:

This problem gets students in the habit of writing relialbdele. As a general principle, code should not be
vulnerable to conditions over which it has no control, sustthte length of an input line. The following
implementation uses the library functiégets to read up tUFSIZE characters at a time.

code/asm/bufdemo.c

1 /* Read input line and write it back */

2 /= Code will work for any buffer size. Bigger is more time-effic ient  */
3 #define BUFSIZE 64

4 void good_echo()

5 {

6 char buf[BUFSIZE];

7 int i

8 while (1) {

9 if ('fgets(buf, BUFSIZE, stdin))

10 return; / * End of file or error x [
11 / * Print characters in buffer */

12 for (i = 0; buf[i] && buf[i] '= "\n’; i++)

13 if (putchar(bufi]) == EOF)

14 return; / * Error =/

15 if (buf[i] == \n") {

16 / = Reached terminating newline */
17 putchar(’\n’);

18 return;

19 }

20 }

21 }
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code/asm/bufdemo.c

An alternative implementation is to ugetchar to read the characters one at a time.
Problem 3.69 Solution:

This problem combines the topics of loops, data structuaed x86-64 code.

A. Here is the code

code/asm/treeb4.c

1 /+ Find the value in the leaf reached by following rightmost pat h «/
2 long trace(tree_ptr tp) {

3 long val = 0;

4 while (tp) {

5 val = tp->val;
6 tp = tp->right;
7 }

8 return val,

o}

code/asm/treeb4.c

B. This code follows the rightmost branches in the tree ahdme the value of the last node encountered.
It returns 0 for an empty tree.

Problem 3.70 Solution:

This problem combines the topics of recursive functionsiditional moves, data structures, and x86-64
code.

A. Here is the code

code/asm/treeb4.c

1 /+ This looks for the max value in a tree * [
2 long traverse(tree_ptr tp) {

3 if ('tp)

4 return LONG_MIN;

5 else {

6 long val = tp->val,

7 long Ival, rval;

8 Ival = traverse(tp->left);

9 if (lval > val)

10 val = lIval;
11 rval = traverse(tp->right);



1.4. CHAPTER 4: PROCESSOR ARCHITECTURE 31

12 if (rval > val)
13 val = rval;
14 return val,

15 }

16 }

code/asm/treeb4.c

B. This code finds the maximum value in a tree. It retufiiding, for an empty tree.

1.4 Chapter 4. Processor Architecture

Problem 4.43 Solution:

This problem further explores the semantics of this unusisaduction, which will become important when
we implement thegushl instruction.

A. If we substitute%espfor REGin the code sequence we get

subl $4,%esp Decrenent stack pointer
mov!l %esp,(%esp) Store REG on stack

which would imply that the decremented version of the stamikter would be stored on the stack,
which we know is not the case.

B. The following code sequence is correct for all registalyough harder to understand:

movl REG-4(%esp) Store REG at new top of stack
subl $4,%esp Decrenent stack pointer

Problem 4.44 Solution:
Implementingpop! instruction will require great care, since it modifies twgisters.

A. Substituting%esp for REGin the code sequence gives:

mov!l (%esp),%esp Read %sp from stack
addl $4,%esp I ncrement stack pointer

This code sequence would first read a new value of the stackgopdiom memory and then increment
it, yielding neither the value from memory nor anything tethto the previous stack pointer.

B. As with Problem 4.43, we should reorder the two instructio
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addl $4,%esp I ncrement stack pointer
movl -4(%esp), REG Read REG from previous stack top

Problem 4.45 Solution:

This is a challenging exercise for those without much exgoee in writing assembly code. It's very impor-
tant to provide students the instruction set simulaterto try out their code.

It helps a lot to first express the function using pointer code

/ * Bubble sort: Pointer version * [
void bubble(int +data, int count) {
[ = Pointer to last element to check * [

int *p_end = data+count-1;
while (data < p_end) {

int *p = data;

while (p < p_end) {

int r = xp;
int s = x(pt+l);
if (s<7r1){
[+ Swap adjacent elements */
*p = S;
“(ptl) =1
}
pt++;
}
p_end--;

Here is a complete program including the sort function aeddisting code:

1 # Execution begins at address 0

2 .pos 0 #

3 init: irmovl Stack, %esp # Set up Stack pointer

4 irmovl Stack, %ebp # Set up base pointer

5 jmp Main # Execute main program

6

7 # Array of 6 elements

8 .align 4

9 array: .long Oxdddd # These values should get sorted
10 long Oxeeee

11 long Oxbbbb

12 long Oxaaaa

13 Jlong Oxffff

14 Jong Oxcccc

15 Jong 0x0101 # This value should not change

16
17 Main: irmovl $6,%eax



1.4. CHAPTER 4: PROCESSOR ARCHITECTURE

18 pushl %eax # Push 6

19 irmovl array,%edx

20 pushl %edx # Push array
21 call Bubble # Bubble(array, 6)
22 halt

23

24 # void Bubble(int *data, int count)

25 Bubble: pushl %ebp

26 rrmovl %esp,%ebp

27 pushl %ebx # Save registers
28 pushl %esi

29 pushl %edi

30 mrmovl 8(%ebp),%ecx # ecx = data

31 mrmovl 12(%ebp),%edx # edx = count
32 addl %edx,%edx

33 addl %edx,%edx # count *= 4;
34 irmovl $4,%eax

35 subl %eax,%edx # count -= 4;
36 addl %ecx,%edx # edx = p_end
37 rrmovl %ecx,%eax

38 subl %edx,%eax # data - p_end
39 jge Done

40 Loopl: rrmovl %ecx,%ebx # p = data

41 Loop2: mrmovl (%ebx),%edi #r = *p

42 mrmovl 4(%ebx),%esi # s = *(p+1)
43 rrmovl %esi,%eax

44 subl %edi,%eax # s-r

45 jge Skip # Skip if s >=r
46 rmmovl %esi,(%ebx) # *p = S

47 rmmovl %edi,4(%ebx) # *(p+l) = r
48 Skip:

49 irmovl $4,%eax

50 addl %eax,%ebx # p++

51 rrmovl %ebx,%eax

52 subl %edx,%eax # p - p_end

53 jl Loop2

54 irmovl $4,%eax

55 subl %eax,%edx # p_end--

56 rrmovl %ecx,%eax

57 subl %edx,%eax # data - p_end
58 jl Loopl

59 Done:

60 popl %edi # Restore registers
61 popl %esi

62 popl %ebx

63 rrmovl %ebp,%esp

64 popl %ebp

65 ret

66

67 .pos 0x100

33
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68 Stack: # The stack goes here and grows to lower addresses

Problem 4.46 Solution:
Our original code in the inner loop either updates the vaindise array or keeps them the same:

subl %edi,%eax # s-r

jge Skip # Skip if s >=r
rmmovl %esi,(%ebx) # *p = S
rmmovl %edi,4(%ebx) # *(p+l) = r

Skip:

The modified version uses multiple conditional moves toegimable or disable a swap of variabteand
s, and then it updates the array values unconditionally:

subl %edi,%eax # s-r

cmovl %esi,%eax #ifolds <odr t=-s
cmovl %edi,%esi #ifolds<oldr,s=r
cmovl %eax,%edi #ifolds<oldrr=t
rmmovl %edi,(%ebx) # *p =r

rmmovl %esi,4(%ebx) # *(p+l) = s

Problem 4.47 Solution:

This problem makes students carefully examine the tablewisly the computation stages for the different
instructions. The steps féaddl are a hybrid of those farmovl andOPI.

Stage iaddl Vv, rB

Fetch icode: ifun — M;[PC]
rA: rB — M;[PC + 1]
valC «— My[PC + 2]
valP «— PC+6

Decode

valB — RI[rB]
Execute valE « valB + valC
Memory

Writeback | R[rB] <« valE

PC update | PC « valP

Problem 4.48 Solution:

Theleave instruction is fairly obscure, but working through its irepientation makes it easier to under-
tand the implementation of thopl instruction, one of the trickiest of the Y86 instructions.
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Stage leave

Fetch icode: ifun «— M;[PC]
valP — PC+1

Decode valA — R[%ebp
valB — R[%ebp

Execute valE «— valB +4

Memory valM — My|valA]

Writeback | R[%esp] « valE
R[%ebp — valM

PC update | PC « valP

Problem 4.49 Solution:

The following HCL code includes implementations of both iiédl instruction and théeave instruc-
tions. The implementations are fairly straightforwardegithe computation steps listed in the solutions to
problems 4.47 and 4.48. You can test the solutions usingeitecbde in thetest subdirectory. Make
sure you use command line argumeint !

code/arch/seq-full-ans.hcl

1 HHHHHH R R HHHHHHHHHEHH
2 # HCL Description of Control for Single Cycle Y86 Processor S EQ #
3 # Copyright (C) Randal E. Bryant, David R. O’Hallaron, 2010 #

4 HHHAHH AR R R R R AR HHHAHH AR
5

6 ## This is the solution for the iaddl and leave problems

7

8 HHHAHHAHHAHH A R R HHHAHH AR
9 # C Include’s. Don't alter these #

HH AR R R AR A AR BHEH R

PR e
N B O

quote '#include <stdio.h>’
quote '#include "isa.h™
quote '#include "sim.h

=
w

=
S

15 quote ’int sim_main(int argc, char *argv(]);
16 quote 'int gen_pc(){return 0;}

17 quote ’int main(int argc, char *argv(])’

18 quote ' {plusmode=0;return sim_main(argc,argv);}’

=
©

HHHBHHAHH AR R R R AR AR HHHAHH AR
# Declarations. Do not change/remove/delete any of these #
HHTHEH T T HETHEHHE A T

NN NN
w N P O

24 #HH## Symbolic representation of Y86 Instruction Codes ### HHHHHHH
25 intsig INOP 'I_NOP’
26 intsig IHALT I_HALT’

N
~

intsig IRRMOVL ’I_RRMOVL'
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28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
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intsig IIRMOVL ’I_IRMOVL’

intsig IRMMOVL ’I_RMMOVL’

intsig IMRMOVL ’I_MRMOVL’

intsig IOPL I_ALU’

intsig 1IXX I_IMP’

intsig ICALL I_CALL

intsig IRET I_RET

intsig IPUSHL ~ ’I_PUSHL’

intsig IPOPL 'I_POPL’

# Instruction code for iaddl instruction

intsig IIADDL  'I_IADDL’

# Instruction code for leave instruction

intsig ILEAVE ~ 'I_LEAVFE’

##H#H##H# Symbolic represenations of Y86 function codes HHHAHT

intsig FNONE 'F_NONFE’ # Default function code

#HH#H# Symbolic representation of Y86 Registers referenced explicitly ##H##H#
intsig RESP 'REG_ESP’ # Stack Pointer

intsig REBP 'REG_EBP’ # Frame Pointer

intsig RNONE 'REG_NONFE’ # Special value indicating "no regi ster"
#HH#H# ALU Functions referenced explicitly T
intsig ALUADD 'A_ADD’ # ALU should add its arguments

##H#### Possible instruction status values HHAHT
intsig SAOK 'STAT_AOK’ # Normal execution

intsig SADR 'STAT_ADR’ # Invalid memory address

intsig SINS 'STAT_INS’ # Invalid instruction

intsig SHLT 'STAT_HLT # Halt instruction encountered

#H###H# Signals that can be referenced by control logic #####H# TR T
#HHH# Fetch stage inputs i

intsig pc 'pc’ # Program counter

##HH#H# Fetch stage computations HHAHT

intsig imem_icode 'imem_icode’ # icode field from instruct ion memory
intsig imem_ifun ’imem_ifun’ # ifun field from instruction memory
intsig icode 'icode’ # Instruction control code

intsig ifun ifun’ # Instruction function

intsig rA ra’ # rA field from instruction

intsig rB rb’ # rB field from instruction

intsig valC 'valc’ # Constant from instruction

intsig valP ‘valp’ # Address of following instruction

boolsig imem_error 'imem_error’
boolsig instr_valid 'instr_valid’

##### Decode stage computations

intsig
intsig

‘vala’
‘valb’

valA
valB

# Error signal from instru
# Is fetched instructio

ction memory
n valid?

HH#H#H
# Value from register A port
# Value from register B port
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#####H# Execute stage computations HHHHHH

intsig valE 'vale’ # Value computed by ALU

boolsig Cnd ‘cond’ # Branch test

#HH##H# Memory stage computations i

intsig valM 'valm’ # Value read from memory

boolsig dmem_error 'dmem_error’ # Error signal from data me mory
HHH A HHH

# Control Signal Definitions. #

R B
TR Fetch Stage HHHBHHH R R R HHHHHHH R
# Determine instruction code

int icode = [
imem_error: INOP;
1: imem_icode; # Default: get from instruction memory
I;
# Determine instruction function
int ifun = [
imem_error: FNONE;
1: imem_ifun; # Default: get from instruction memory

I

bool instr_valid = icode in
{ INOP, IHALT, IRRMOVL, IIRMOVL, IRMMOVL, IMRMOVL,
IIADDL, ILEAVE,
IOPL, IJXX, ICALL, IRET, IPUSHL, IPOPL };

# Does fetched instruction require a regid byte?
bool need_regids =
icode in { IRRMOVL, IOPL, IPUSHL, IPOPL,
IIADDL,
IIRMOVL, IRMMOVL, IMRMOVL }

# Does fetched instruction require a constant word?
bool need valC =
icode in { IIRMOVL, IRMMOVL, IMRMOVL, 1JXX, ICALL, IIADDL };

HH IR #H## Decode Stage BHAHHHHH AR RHHHHHHH

## What register should be used as the A source?

int srcA = [
icode in { IRRMOVL, IRMMOVL, IOPL, IPUSHL } : rA;
icode in { ILEAVE } : REBP;
icode in { IPOPL, IRET } : RESP;
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1 : RNONE; # Don't need register
I;

## What register should be used as the B source?

int srcB = [
icode in { IOPL, IRMMOVL, IMRMOVL } : rB;
icode in { IADDL } : rB;
icode in { IPUSHL, IPOPL, ICALL, IRET } : RESP;
icode in { ILEAVE } : REBP;
1 : RNONE; # Don't need register

I

## What register should be used as the E destination?

int dstE = [
icode
icode

in { IRRMOVL } && Cnd : rB;

in { IRMOVL, IOPL} : rB;

icode in { IADDL } : rB;

icode in { IPUSHL, IPOPL, ICALL, IRET } : RESP;
icode in { ILEAVE } : RESP;

1 : RNONE; # Don't write any register

l;

## What register should be used as the M destination?
int dstM = [

icode in { IMRMOVL, IPOPL } : rA;

icode in { ILEAVE } : REBP;

1 : RNONE; # Don't write any register
I;
HHAHHHHH T Execute Stage HHAHHHHH AR R R
## Select input A to ALU
int aluA = [
icode in { IRRMOVL, IOPL } : valA;
icode in { IIRMOVL, IRMMOVL, IMRMOVL } : valC;
icode in { IADDL } : valC;

icode in { ICALL, IPUSHL } : -4;
icode in { IRET, IPOPL } : 4;
icode in { ILEAVE } : 4;

# Other instructions don’'t need ALU

l;

## Select input B to ALU
int aluB = [
icode in { IRMMOVL, IMRMOVL, IOPL, ICALL,
IPUSHL, IRET, IPOPL } : valB;
icode in { IADDL, ILEAVE } : valB;
icode in { IRRMOVL, IIRMOVL } : O;
# Other instructions don’t need ALU

HHHH AR
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## Set the ALU function

int alufun = [
icode == IOPL : ifun;
1 : ALUADD;

l;

## Should the condition codes be updated?
bool set_cc = icode in { IOPL, IIADDL };

HHHBHHH I Memory Stage BHAHHHHH AR RHHHHHHH

## Set read control signal
bool mem_read = icode in { IMRMOVL, IPOPL, IRET, ILEAVE };

## Set write control signal
bool mem_write = icode in { IRMMOVL, IPUSHL, ICALL }

## Select memory address
int mem_addr = [
icode in { IRMMOVL, IPUSHL, ICALL, IMRMOVL } : valE;
icode in { IPOPL, IRET } : valA;
icode in { ILEAVE } : valA;
# Other instructions don’t need address

l;

## Select memory input data
int mem_data = [
# Value from register
icode in { IRMMOVL, IPUSHL } : valA;
# Return PC
icode == ICALL : valP;
# Default: Don't write anything
I;

## Determine instruction status
int Stat = [
imem_error || dmem_error : SADR,;
linstr_valid: SINS;
icode == IHALT : SHLT;
1 : SAOK;

I;

HEHHI I Program Counter Update #t#HHHHHRHHIH HEHEHHH
## What address should instruction be fetched at

int new_pc = [

# Call. Use instruction constant
icode == ICALL : valC;
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Gen./use 1 Gen./use 2 Gen./use 3
W W W |Generate
M M |Generate M
E |Generate E E
D Use D Use D Use
A
Mispredict
M /
D \
\4
ret 1 ret 2 ret 3
M M M ret
E E| ret E | bubble
D| ret D | bubble D | bubble
Figure 1.1: Pipeline states for special control conditions. The pairs connected by arrows can arise
simultaneously.
228 # Taken branch. Use instruction constant
229 icode == IJXX && Cnd : valC;
230 # Completion of RET instruction. Use value from stack
231 icode == IRET : valM;
232 # Default: Use incremented PC
233 1 : valP;

234 ;

code/arch/seq-full-ans.hcl

Problem 4.50 Solution:

See the solution to Problem 4.49. When you test this code tvélscripts inptest , be sure to use the
command line argumentl* .’

Problem 4.51 Solution:

This is a hard problem, because there are many possible oatidris of special cases that can occur simul-
taneously. Figure 1.1 illustrates this problem. We can satthere are now three variants of generate/use
cases, where the instruction in the execute, memory, oesatk stage is generating a value to be used by
the instruction in the decode stage. The second and thirergeiuse cases can occur in combination with
a mispredicted branch. In this case, we want to handle theredgtion, injecting bubbles into the decode
and execute stages.

For cases where a misprediction does not occur, each of trexage/use conditions can occur in combina-
tion with the firstret pattern (wherget uses the value dfoesp). In this case, we want to handle the data
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hazard by stalling the fetch and and decode stages andimgjecbubble into the execute stage.

The test scripttest.pl in the ptest  subdirectory generates tests that thoroughly test thessilppe
control combinations.

The following shows the HCL code for the pipeline controlitog

code/arch/pipe-nobypass-ans.hcl

1 # Should | stall or inject a bubble into Pipeline Register F?

2 # At most one of these can be true.

3 bool F_bubble = 0;

4 bool F_stall =

5 # Stall if either operand source is destination of

6 # instruction in execute, memory, or write-back stages

7 d_srcA = RNONE && d_srcA in

8 { E_dstM, e_dstE, M_dstM, M_dstE, W_dstM, W _dstE } ||
9 d srcB '= RNONE && d_srcB in

10 { E_dstM, e_dstE, M_dstM, M_dstE, W_dstM, W _dstE } ||
11 # Stalling at fetch while ret passes through pipeline

12 IRET in { D_icode, E_icode, M icode };

13

14 # Should | stall or inject a bubble into Pipeline Register D?
15 # At most one of these can be true.
16 bool D_stall =

17 # Stall if either operand source is destination of

18 # instruction in execute, memory, or write-back stages

19 # but not part of mispredicted branch

20 I(E_icode == IIXX && le_Cnd) &&

21 (d_srcA '= RNONE && d_srcA in

22 { E_dstM, e_dstE, M_dstM, M_dstE, W_dstM, W_dstE } ||
23 d_srcB !'= RNONE && d_srcB in

24 { E_dstM, e_dstE, M_dstM, M_dstE, W_dstM, W_dstE });
25

26 bool D_bubble =

27 # Mispredicted branch

28 (E_icode == IIXX && 'e_Cnd) ||

29 # Stalling at fetch while ret passes through pipeline

30 I(E_icode in { IMRMOVL, IPOPL } && E_dstM in { d_srcA, d_srcB } ) &&
31 # but not condition for a generate/use hazard

32 I(d_srcA '= RNONE && d_srcA in

33 { E_dstM, e_dstE, M_dstM, M_dstE, W_dstM, W_dstE } ||
34 d_srcB = RNONE && d_srcB in

35 { E_dstM, e_dstE, M_dstM, M_dstE, W_dstM, W_dstE }) &&
36 IRET in { D_icode, E_icode, M_icode };

37

38 # Should | stall or inject a bubble into Pipeline Register E?
39 # At most one of these can be true.

40 bool E_stall = 0;

41 bool E_bubble =

42 # Mispredicted branch
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43 (E_icode == IIXX && 'e_Cnd) ||

44 # Inject bubble if either operand source is destination of

45 # instruction in execute, memory, or write back stages

46 d_srcA !'= RNONE &&

47 d_srcA in { E_dstM, e dstE, M_dstM, M_dstE, W_dstM, W_dstE } Il
48 d_srcB = RNONE &&

49 d_srcB in { E_dstM, e dstE, M_dstM, M_dstE, W_dstM, W_dstE } ;

50

51 # Should | stall or inject a bubble into Pipeline Register M?

52 # At most one of these can be true.

53 bool M_stall = 0;

54 # Start injecting bubbles as soon as exception passes throug h memory stage

55 bool M_bubble = m_stat in { SADR, SINS, SHLT } || W_stat in { SAD R, SINS, SHLT };
56

57 # Should | stall or inject a bubble into Pipeline Register W?

58 bool W_stall = W_stat in { SADR, SINS, SHLT };

59 bool W_bubble = 0;

code/arch/pipe-nobypass-ans.hcl

Problem 4.52 Solution:
This problem is similar to Problem 4.49, but for the PIPE pssor.

The following HCL code includes implementations of both id@dl instruction and théeave instruc-
tions. You can test the solutions using the test code iptbst subdirectory. Make sure you use command
line argument-i .

code/arch/pipe-full-ans.hcl

HH BT R T HHBHH T
# HCL Description of Control for Pipelined Y86 Processor #
# Copyright (C) Randal E. Bryant, David R. O’Hallaron, 2010 #

HHHBHHAHH AR A R R A R HHHAHH AR
## This is the solution for the iaddl and leave problems
HHHBHHAHH AR R R R R HHHAHH AR

# C Include’s. Don't alter these #
BHHH AR R R R R HHHHH R

© 0 N O O B~ WN B

B e
N B O

quote '#include <stdio.h>’
quote '#include "isa.h™
quote '#include "pipeline.h
quote '#include "stages.h™
quote '#include "sim.h"
quote 'int sim_main(int argc, char +argv(]);

quote 'int main(int argc, char +argv[]){return sim_main(argc,argv);}

=
w

e s
© o ~N o 0N

HHHAHH AR R R R AR AR HHHAHH AR
# Declarations. Do not change/remove/delete any of these #

NN
= O
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HHH A HHH T

#H#H##H# Symbolic representation of Y86 Instruction Codes ### HHHHHHH T

intsig INOP 'I_NOP’

intsig IHALT |_HALT’

intsig IRRMOVL 'I_RRMOVL'

intsig IRMOVL ’'I_IRMOVL'

intsig IRMMOVL ’I_RMMOVL’

intsig IMRMOVL ’'I_MRMOVL’

intsig IOPL ALY

intsig 1IXX 'I_IMP’

intsig ICALL '|_CALL’

intsig IRET 'I|_RET’

intsig IPUSHL  ’|_PUSHL’

intsig IPOPL '|_POPL’

# Instruction code for iaddl instruction

intsig IIADDL  'l_IADDL’

# Instruction code for leave instruction

intsig ILEAVE  'I_LEAVFE’

##H#### Symbolic represenations of Y86 function codes T

intsig FNONE 'F_NONE’ # Default function code

#H#H##H# Symbolic representation of Y86 Registers referenced i

intsig RESP 'REG_ESP’ # Stack Pointer

intsig REBP 'REG_EBP’ # Frame Pointer

intsig RNONE 'REG_NONE’ # Special value indicating "no regi ster"
#HH#H# ALU Functions referenced explicitly ####H#HHHEHHHH ]

intsig ALUADD 'A_ADD’ # ALU should add its arguments

##### Possible instruction status values HHAHT

intsig SBUB 'STAT_BUB’ # Bubble in stage

intsig SAOK 'STAT_AOK’ # Normal execution

intsig SADR 'STAT_ADR’ # Invalid memory address

intsig SINS 'STAT_INS’ # Invalid instruction

intsig SHLT 'STAT_HLT # Halt instruction encountered

#HHH# Signals that can be referenced by control logic #####H# Y

### Pipeline Register F #H#HHHHHHHHHHHHHHHHHHHHHHH HIHER BT

intsig F_predPC ’pc_curr->pc’ # Predicted value of PC

#HHH# Intermediate Values in Fetch Stage ####HHEHHHHHHHHHE B

intsig imem_icode 'imem_icode’ # icode field from instruct ion memory
intsig imem_ifun 'imem_ifun’ # ifun field from instruction memory
intsig f_icode 'if_id_next->icode’ # (Possibly modified) instruction code

intsig f_ifun

if_id_next->ifun’

# Fetched instruction fu nction
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72
73
74
75
76
77
78
79
80
81
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84
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87
88
89
90
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94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121

intsig f valC  'if_id_next->valc’
intsig f valP 'if_id_next->valp’
boolsig imem_error 'imem_error’
boolsig instr_valid 'instr_valid’
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# Constant data of fetche
# Address of following in

# Error signal from instru
# |Is fetched instructio

#it#HH# Pipeline Register D #H#HHHHIHHIHHIHHIH I

intsig D_icode ’if_id_curr->icode’
intsig D_rA ’if_id_curr->ra’
intsig D_rB if_id_curr->rb’
intsig D_valP ’if_id_curr->valp’

# Instruction code
# rA field from instruction
# B field from instruction
# Incremented PC

#HH#H# Intermediate Values in Decode Stage — ###H#HHHHHHHHEHHH

intsig d_srcA
intsig d_srcB
intsig d_rvalA 'd_regvala’
intsig d_rvalB 'd_regvalb’

'id_ex_next->srca’
'id_ex_next->srcb’

# srcA from decoded instr
# srcB from decoded instr

# valA read from register file
# valB read from register file

#i#H## Pipeline Register E ###H#H#HHHHHHHHHHHHHH T

intsig E_icode 'id_ex_curr->icode’

intsig E_ifun 'id_ex_curr->ifun’
intsig E_valC 'id_ex_curr->valc’
intsig E_srcA 'id_ex_curr->srca’
intsig E_valA ’id_ex_curr->vala’
intsig E_srcB 'id_ex_curr->srcb’
intsig E_valB ’id_ex_curr->valb’

intsig E_dstE ’'id_ex_curr->deste’
intsig E_dstM ’id_ex_curr->destm’

# Instruction code
# Instruction function

# Constant data

# Source A register ID
# Source A value

# Source B register ID
# Source B value

# Destination E registe

# Destination M registe

#HHH#H# Intermediate Values in Execute Stage #i#HHH#HHHHHHHHE

intsig e_valE ’'ex_mem_next->vale’

# valE generated by ALU

boolsig e_Cnd 'ex_mem_next->takebranch’ # Does condition

intsig e_dstE 'ex_mem_next->deste’

#HH#H# Pipeline Register M

intsig M_stat 'ex_mem_curr->status’
intsig M_icode ’ex_mem_curr->icode’

intsig M_ifun
intsig M_valA

‘ex_mem_curr->ifun

intsig M_valE

‘ex_mem_curr->vala’
intsig M_dstE 'ex_mem_curr->deste’
‘ex_mem_curr->vale’
intsig M_dstM ’ex_mem_curr->destm’

# dstE (possibly modif

d instruction
struction
ction memory
n valid?

BRAHHHHHHH R

HHHHHHH

uction
uction

HHARHAAHHH

r ID
r ID

HHHH R

hold?
ied to be RNONE)

B e e e e

# Instruction status
# Instruction code
# Instruction function
# Source A value

# ALU E value

boolsig M_Cnd ’ex_mem_curr->takebranch’ # Condition flag

boolsig dmem_error 'dmem_error’

# Error signal from instru

#HHH# Intermediate Values in Memory Stage #HHH#H#H#HHHHHHHH

intsig m_valM 'mem_wb_next->valm’
intsig m_stat 'mem_wb_next->status’

# stat (possibly modi

#i#H# Pipeline Register W #HHHHIHHHIHHHIH T HEHHEHHEHHE

# Destination E regist

# Destination M regist

er ID

er ID

ction memory

IR
# valM generated by memo

ry
fied to be SADR)

BRAHHHHHHH
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intsig W_stat 'mem_wb_curr->status’ # Instruction status

intsig W_icode 'mem_wb_curr->icode’ # Instruction code

intsig W_dstE 'mem_wb_curr->deste’ # Destination E regist er ID

intsig W_valE 'mem_wb_curr->vale’ # ALU E value

intsig W_dstM 'mem_wb_curr->destm’ # Destination M regist er ID

intsig W_valM 'mem_wb_curr->valm’ # Memory M value

HH BT R T HH BT
# Control Signal Definitions. #
T R T T B T T R R HH BRI

HH BRI A Fetch Stage HHHHHHHH AR HHHHHHH

## What address should instruction be fetched at
int f pc = [
# Mispredicted branch. Fetch at incremented PC
M_icode == IIXX && 'M_Cnd : M_valA;
# Completion of RET instruction.
W _icode == IRET : W_valM;
# Default: Use predicted value of PC
1 : F_predPC;
I;

## Determine icode of fetched instruction
int f icode = [

imem_error : INOP;

1: imem_icode;

I

# Determine ifun

int f ifun = [
imem_error : FNONE;
1: imem_ifun;

I

# Is instruction valid?
bool instr_valid = f _icode in
{ INOP, IHALT, IRRMOVL, IIRMOVL, IRMMOVL, IMRMOVL,
IOPL, IIXX, ICALL, IRET, IPUSHL, IPOPL, IIADDL, ILEAVE }

# Determine status code for fetched instruction
int f stat = [

imem_error: SADR,;

linstr_valid : SINS;

f icode == IHALT : SHLT;

1 : SAOK;
l;

# Does fetched instruction require a regid byte?
bool need regids =



46 CHAPTER 1. SOLUTIONS TO HOMEWORK PROBLEMS

172 f_icode in { IRRMOVL, IOPL, IPUSHL, IPOPL,
173 IIRMOVL, IRMMOVL, IMRMOVL, IIADDL };
174

175 # Does fetched instruction require a constant word?

176 bool need_valC =

177 f_icode in { IIRMOVL, IRMMOVL, IMRMOVL, 13XX, ICALL, IIADDL %
178

179 # Predict next value of PC

180 int f_predPC = [

181 f icode in { IIXX, ICALL } : f valC;
182 1: f valP;

183 |;

184

185 #H#HHHHHHHHHHHH Decode Stage #HHHHHHHHHHHHHHHHHHHHHHHT HHAHHHHH A
186

187

188 ## What register should be used as the A source?

189 int d_srcA = |

190 D_icode in { IRRMOVL, IRMMOVL, IOPL, IPUSHL } : D_rA;
191 D_icode in { IPOPL, IRET } : RESP;

192 D_icode in { ILEAVE } : REBP;

193 1 : RNONE; # Don't need register

194 ;

195

196 ## What register should be used as the B source?
197 int d_srcB = |

198 D_icode in { IOPL, IRMMOVL, IMRMOVL, IIADDL } : D_rB;
199 D_icode in { IPUSHL, IPOPL, ICALL, IRET } : RESP;

200 D_icode in { ILEAVE } : REBP;

201 1 : RNONE; # Don't need register

202 ;

203

204 ## What register should be used as the E destination?
205 int d_dstE = [

206 D_icode in { IRRMOVL, IIRMOVL, IOPL, IIADDL } : D_rB;

207 D_icode in { IPUSHL, IPOPL, ICALL, IRET, ILEAVE } : RESP;
208 1 : RNONE; # Don't write any register

209 J;

210

211 ## What register should be used as the M destination?
212 int d_dstM = [

213 D_icode in { IMRMOVL, IPOPL } : D_rA;
214 D_icode in { ILEAVE } : REBP;

215 1 : RNONE; # Don't write any register
216 |;

217

218 ## What should be the A value?

219 ## Forward into decode stage for valA

220 int d_valA = [

221 D_icode in { ICALL, IJXX } : D_valP; # Use incremented PC
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d_srcA == e _dstE : e_valE; # Forward valE from execute
d _srcA == M_dstM : m_valM; # Forward valM from memory
d _srcA == M_dstE : M _valE; # Forward valE from memory
d_srcA == W_dstM : W_valM; # Forward valM from write back
d _srcA == W_dstE : W_valE; # Forward valE from write back
1 : d rvalA; # Use value read from register file

I;

int d valB = [
d srcB == e _dstE : e valE; # Forward valE from execute
d srcB == M_dstM : m_valM; # Forward valM from memory
d_srcB == M_dstE : M_valE; # Forward valE from memory
d _srcB == W_dstM : W_valM; # Forward valM from write back
d srcB == W_dstE : W_valE; # Forward valE from write back
1 : d_rvalB; # Use value read from register file

I;

HHH I EXecute Stage #HHHHHHHHHHHHHHHIHH HHHHHHH

## Select input A to ALU

int aluA = [
E_icode in { IRRMOVL, IOPL } : E valA;
E_icode in { IRMOVL, IRMMOVL, IMRMOVL, IIADDL } : E_valC;

E_icode in { ICALL, IPUSHL } : -4;
E_icode in { IRET, IPOPL, ILEAVE } : 4;
# Other instructions don’t need ALU

## Select input B to ALU
int aluB = [
E_icode in { IRMMOVL, IMRMOVL, IOPL, ICALL,
IPUSHL, IRET, IPOPL, IIADDL, ILEAVE } : E_valB;
E_icode in { IRRMOVL, IIRMOVL } : 0;
# Other instructions don’'t need ALU

## Set the ALU function

int alufun = [
E_icode == IOPL : E_ifun;
1 : ALUADD;

l;

## Should the condition codes be updated?
bool set cc = E_icode in { IOPL, IIADDL } &&
# State changes only during normal operation
Im_stat in { SADR, SINS, SHLT } && W _stat in { SADR, SINS, SHLT b

## Generate valA in execute stage
int e valA = E_valA; # Pass valA through stage
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## Set dstE to RNONE in event of not-taken conditional move
int e dstE = |

E icode == IRRMOVL && !e Cnd : RNONE;

1 : E_dstE;
l;

HHHHHHHH I Memory Stage #HHHHHHHIHHHHIHHIHIHH I BHAHHHHHHRRAHHT

## Select memory address

int mem_addr = [
M_icode in { IRMMOVL, IPUSHL, ICALL, IMRMOVL } : M_valE;
M_icode in { IPOPL, IRET, ILEAVE } : M_valA;
# Other instructions don’t need address

l;

## Set read control signal
bool mem_read = M _icode in { IMRMOVL, IPOPL, IRET, ILEAVE };

## Set write control signal
bool mem_write = M_icode in { IRMMOVL, IPUSHL, ICALL };

## Update the status

int m_stat = |
dmem_error : SADR;
1 : M_stat;

I;

## Set E port register ID
int w_dstE = W_dstE;

## Set E port value
int w_valE = W_valE;

## Set M port register ID
int w_dstM = W_dstM;

## Set M port value
int w_ valM = W_valM;

## Update processor status

int Stat = [
W_stat == SBUB : SAOK;
1 : W_stat;
I;
HHHHHHHHHHHHAHT Pipeline Register Control ####HHHHHE HHTHHHHH T

# Should | stall or inject a bubble into Pipeline Register F?
# At most one of these can be true.
bool F_bubble = 0;



1.4. CHAPTER 4: PROCESSOR ARCHITECTURE 49

322 bool F_stall =

323 # Conditions for a load/use hazard

324 E_icode in { IMRMOVL, IPOPL, ILEAVE } &&

325 E_dstM in { d_srcA, d_srcB } ||

326 # Stalling at fetch while ret passes through pipeline
327 IRET in { D_icode, E_icode, M icode };

328

329 # Should | stall or inject a bubble into Pipeline Register D?
330 # At most one of these can be true.
331 bool D_stall =

332 # Conditions for a load/use hazard

333 E_icode in { IMRMOVL, IPOPL, ILEAVE } &&

334 E _dstM in { d_srcA, d_srcB };

335

336 bool D bubble =

337 # Mispredicted branch

338 (E_icode == IIXX && 'e_Cnd) ||

339 # Stalling at fetch while ret passes through pipeline
340 # but not condition for a load/use hazard

341 I(E_icode in { IMRMOVL, IPOPL, ILEAVE } && E_dstM in { d_srcA, d_srcB }) &&
342 IRET in { D_icode, E_icode, M_icode };

343

344 # Should | stall or inject a bubble into Pipeline Register E?
345 # At most one of these can be true.

346 bool E_stall = 0O;

347 bool E_bubble =

348 # Mispredicted branch

349 (E_icode == IIXX && 'e_Cnd) ||

350 # Conditions for a load/use hazard

351 E_icode in { IMRMOVL, IPOPL, ILEAVE } &&
352 E_dstM in { d_srcA, d_srcB};

353

354 # Should | stall or inject a bubble into Pipeline Register M?
355 # At most one of these can be true.
356 bool M_stall = 0;

357 # Start injecting bubbles as soon as exception passes throug h memory stage
358 bool M_bubble = m_stat in { SADR, SINS, SHLT } || W_stat in { SAD R, SINS, SHLT };
359

360 # Should | stall or inject a bubble into Pipeline Register W?
361 bool W _stall = W_stat in { SADR, SINS, SHLT };
362 bool W_bubble = 0;

code/arch/pipe-full-ans.hcl

Problem 4.53 Solution:

See the solution to Problem 4.52. When you test this code tvitscripts inptest , be sure to use the
command line argumentl® .’

Problem 4.54 Solution:
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This problem requires changing the logic for predicting B value and the misprediction condition. It
requires distinguishing between conditional and uncdiatial branches. The complete HCL code is shown
below. You should be able to detect whether the predictigities following the correct policy by doing
performance checks as part of the testing with the scriptiseptest directory. See th&@EADMHEile for

documentation.
code/arch/pipe-nt-ans.hcl

1 HHHHHHHH T T R R HHBHH T
2 # HCL Description of Control for Pipelined Y86 Processor #
3 # Copyright (C) Randal E. Bryant, David R. O’Hallaron, 2010 #
4 HEHH R T R T HHBHH I
5
6 ## This is the solution for the branches not-taken problem
7
8 HH R R R R A R B R R R R T HHHEEA R T
9 # C Include’s. Don't alter these #

A DA D W W WWWWWWWWNDNDNDNDNDNNNMNNNNERERRRERPRRERREREREPREPRPRPR
NP O © 0 ~NO U WNPRPEPO OOWNOOOOMAWNEREOOOWNOOOOGOS™MWNDNIERELO

HHHHHHH AR A AR BHHHHHH R

quote '#include <stdio.h>’
quote '#include "isa.h™
quote '#include "pipeline.h
quote '#include "stages.h™
quote '#include "sim.h"
quote 'int sim_main(int argc, char +argv(]);

quote 'int main(int argc, char +argv[]){return sim_main(argc,argv);}

HH T R R T HETHHHH T
# Declarations. Do not change/remove/delete any of these #
HH T R T T R HUTHHHHE T

#H#H#H# Symbolic representation of Y86 Instruction Codes ### HHHHHHH
intsig INOP 'I_NOP’
intsig IHALT I_HALT’

intsig IRRMOVL ’I_RRMOVL'’
intsig IRMOVL ’I_IRMOVL’

intsig IRMMOVL ’I_RMMOVL’
intsig IMRMOVL ’I_MRMOVL’

intsig IOPL I_ALUY’

intsig 1IXX I_IMP’

intsig ICALL I_CALL

intsig IRET I_RET

intsig IPUSHL  ’I_PUSHL’

intsig IPOPL 'I_POPL’

#HH#H# Symbolic represenations of Y86 function codes i

intsig FNONE 'F_NONFE’ # Default function code

##H#H#H# Symbolic representation of Y86 Registers referenced A

intsig RESP 'REG_ESP’ # Stack Pointer
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intsig RNONE 'REG_NONE’ # Special value indicating "no regi ster"
####H# ALU Functions referenced explicitly ###HH#HHEH#HHHH HHHHTHH T

intsig ALUADD 'A_ADD’ # ALU should add its arguments

## BNT: For modified branch prediction, need to distinguish

## conditional vs. unconditional branches

#HH#H# Jump conditions referenced explicitly

intsig UNCOND 'C_YES’ # Unconditional transfer

##H#H##H# Possible instruction status values HHAHHT

intsig SBUB 'STAT_BUB’ # Bubble in stage

intsig SAOK 'STAT_AOK’ # Normal execution

intsig SADR 'STAT_ADR’ # Invalid memory address

intsig SINS 'STAT_INS’ # Invalid instruction

intsig SHLT 'STAT_HLT # Halt instruction encountered

#HHH# Signals that can be referenced by control logic #####H# Y

### Pipeline Register F #H#HHHHHHHHHHHHHHHHHEHHHH HHAHH R

intsig F_predPC ’'pc_curr->pc’ # Predicted value of PC

#HHHH# Intermediate Values in Fetch Stage ##HHHEHHHHHHHHHE P

intsig imem_icode 'imem_icode’ # icode field from instruct ion memory
intsig imem_ifun 'imem_ifun’ # ifun field from instruction memory
intsig f_icode 'if_id_next->icode’ # (Possibly modified) instruction code
intsig f_ifun if_id_next->ifun’”  # Fetched instruction fu nction

intsig f valC  'if id_next->valc’ # Constant data of fetche d instruction
intsig f valP 'if_id_next->valp’ # Address of following in struction
boolsig imem_error 'imem_error’ # Error signal from instru ction memory
boolsig instr_valid 'instr_valid’ # |Is fetched instructio n valid?

#itHit Pipeline Reqister D #H##HHHHHHHHIHHIHHHHHIHHHHHIHH HHHH

intsig D_icode 'if_id_curr->icode’  # Instruction code

intsig D_rA if_id_curr->ra’ # rA field from instruction

intsig D_rB if_id_curr->rb’ # rB field from instruction

intsig D_valP ’if id_curr->valp’ # Incremented PC

#HHH Intermediate Values in Decode Stage — ###HHHHHHHHIHHH R

intsig d_srcA 'id_ex_next->srca’ # srcA from decoded instr uction

intsig d_srcB 'id_ex_next->srcb’ # srcB from decoded instr uction

intsig d_rvalA 'd_regvala’ # valA read from register file

intsig d_rvalB 'd_regvalb’ # valB read from register file

#i##H#H Pipeline Register E #H#HHHHHHHHHHHHHHHHHHHHHHEHHE HHAHH R

intsig E_icode 'id_ex_curr->icode’  # Instruction code

intsig E_ifun 'id_ex_curr->ifun’ # Instruction function

intsig E_valC 'id_ex_curr->valc’ # Constant data
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intsig E_srcA 'id_ex_curr->srca # Source A register ID

intsig E_valA ’id_ex_curr->vala’ # Source A value

intsig E_srcB 'id_ex_curr->srcb’ # Source B register ID

intsig E_valB ’id_ex_curr->valb’ # Source B value

intsig E_dstE ’'id_ex_curr->deste’ # Destination E registe r 1D

intsig E_dstM ’id_ex_curr->destm’ # Destination M registe r ID

#HHH#H# Intermediate Values in Execute Stage #i#HHHHHHHHHE R

intsig e_valE ’'ex_mem_next->vale’ # valE generated by ALU

boolsig e_Cnd 'ex_mem_next->takebranch’ # Does condition hold?

intsig e_dstE 'ex_mem_next->deste’ # dstE (possibly modif ied to be RNONE)
#i#H## Pipeline Register M HHHHHHH

intsig M_stat 'ex_mem_curr->status’ # Instruction status

intsig M_icode ’ex_mem_curr->icode’ # Instruction code

intsig M_ifun ’ex_mem_curr->ifun’ # Instruction function

intsig M_valA ’ex_mem_curr->vala’ # Source A value

intsig M_dstE 'ex_mem_curr->deste’ # Destination E regist er ID

intsig M_valE ’ex_mem_curr->vale’ # ALU E value

intsig M_dstM ’ex_mem_curr->destm’ # Destination M regist er ID

boolsig M_Cnd ’ex_mem_curr->takebranch’ # Condition flag

boolsig dmem_error 'dmem_error’ # Error signal from instru ction memory
#HHHH#  Intermediate Values in Memory Stage #HHHH#HHHHHHHHHHEHT A

intsig m_valM 'mem_wb_next->valm’ # valM generated by memo ry

intsig m_stat 'mem_wb_next->status’ # stat (possibly modi fied to be SADR)
#itHi Pipeline Register W #HHHHHHHEHHIHHHHIHHHHEHH HHHH

intsig W_stat 'mem_wb_curr->status’ # Instruction status

intsig W_icode 'mem_wb_curr->icode’ # Instruction code

intsig W_dstE 'mem_wb_curr->deste’ # Destination E regist er ID

intsig W_valE 'mem_wb_curr->vale’ # ALU E value

intsig W_dstM 'mem_wb_curr->destm’ # Destination M regist er ID

intsig W_valM 'mem_wb_curr->valm’ # Memory M value

T R T T R T T R HHHH R T
# Control Signal Definitions. #
HH BT R T HHBHH T

HH B Fetch Stage HHHHHHHH AR HHHHHHHHH

## What address should instruction be fetched at
int f pc = [
# Mispredicted branch. Fetch at incremented PC
# BNT: Changed misprediction condition
M_icode == [JXX && M _ifun != UNCOND && M_Cnd : M_valE;
# Completion of RET instruction.
W _icode == IRET : W_valM;
# Default: Use predicted value of PC
1 : F_predPC;
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I

## Determine icode of fetched instruction
int f icode = [

imem_error : INOP;

1: imem_icode;

I

# Determine ifun

int f ifun = [
imem_error : FNONE;
1: imem_ifun;

I

# Is instruction valid?
bool instr_valid = f _icode in
{ INOP, IHALT, IRRMOVL, IIRMOVL, IRMMOVL, IMRMOVL,
IOPL, IIXX, ICALL, IRET, IPUSHL, IPOPL }

# Determine status code for fetched instruction
int f stat = [

imem_error: SADR;

linstr_valid : SINS;

f icode == IHALT : SHLT;

1 : SAOK;
l;

# Does fetched instruction require a regid byte?
bool need regids =
f icode in { IRRMOVL, IOPL, IPUSHL, IPOPL,
IIRMOVL, IRMMOVL, IMRMOVL };

# Does fetched instruction require a constant word?
bool need valC =
f icode in { IIRMOVL, IRMMOVL, IMRMOVL, 1JXX, ICALL }

# Predict next value of PC
int f predPC = |
# BNT: Revised branch prediction rule:
#  Unconditional branch is taken, others not taken
f icode == IIXX && f ifun == UNCOND : f valC;
f icode in { ICALL } : f valC;
1 : f valP;
I;

HH#HHHHH R Decode Stage #HHHHHHHHHHHHHHHHHHIHIHH T BHAHHAAHHHHA

## What register should be used as the A source?
int d srcA = |

53
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D_icode in { IRRMOVL, IRMMOVL, IOPL, IPUSHL } : D_rA;
D_icode in { IPOPL, IRET } : RESP;

1:

l;

RNONE; # Don’t need register

## What register should be used as the B source?

int d srcB = |
D_icode in { IOPL, IRMMOVL, IMRMOVL } : D_rB;
D_icode in { IPUSHL, IPOPL, ICALL, IRET } : RESP;

1
I

: RNONE; # Don't need register

## What register should be used as the E destination?

int d_dstE = [
D_icode in { IRRMOVL, [IRMOVL, IOPL} : D_rB;
D_icode in { IPUSHL, IPOPL, ICALL, IRET } : RESP;

1:

I

RNONE; # Don't write any register

## What register should be used as the M destination?

int d_dstM

=1

D_icode in { IMRMOVL, IPOPL } : D_rA;

1:

I

RNONE; # Don't write any register

## What should be the A value?

## Forward into decode stage for valA

int d valA = [
D_icode in { ICALL, IJXX } : D_valP; # Use incremented PC
d _srcA == e _dstE : e valE; # Forward valE from execute
d_srcA == M_dstM : m_valM; # Forward valM from memory
d _srcA == M_dstE : M _valE; # Forward valE from memory

d_srcA == W_dstM : W_valM; # Forward valM from write back
d_srcA == W _dstE : W_valE; # Forward valE from write back

1 : d_rvalA; # Use value read from register file
I;
int d valB = |
d_srcB == e _dstE : e_valE; # Forward valE from execute
d srcB == M_dstM : m_valM; # Forward valM from memory
d srcB == M_dstE : M _valE; # Forward valE from memory
d srcB == W_dstM : W_valM; # Forward valM from write back

d srcB == W_dstE : W_valE; # Forward valE from write back

1
I

. d_rvalB; # Use value read from register file

HHHHHHHHBHHAA#AHH EXecute Stage #HARHHHHHHHHIHHHHAHHHHH HHHH A

# BNT: When some branches are predicted as not-taken, you nee d some
# way to get valC into pipeline register M, so that
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# you can correct for a mispredicted branch.

# One way to do this is to run valC through the ALU, adding 0

# so that valC will end up in M_valE

## Select input A to ALU
int aluA = [
E_icode in { IRRMOVL, IOPL } : E valA;
# BNT: Use ALU to pass E_valC to M_valE

E_icode in { IRMOVL, IRMMOVL, IMRMOVL, IJXX } : E_valC;

E_icode in { ICALL, IPUSHL } : -4;

E_icode in { IRET, IPOPL } : 4;

# Other instructions don’'t need ALU
I

## Select input B to ALU
int aluB = [
E_icode in { IRMMOVL, IMRMOVL, IOPL, ICALL,
IPUSHL, IRET, IPOPL } : E_valB;
# BNT: Add 0 to valC
E_icode in { IRRMOVL, IIRMOVL, IJXX } : O;
# Other instructions don’'t need ALU

I

## Set the ALU function

int alufun = [
E icode == IOPL : E_ifun;
1 : ALUADD;

I;

## Should the condition codes be updated?
bool set cc = E_icode == IOPL &&

# State changes only during normal operation
Im_stat in { SADR, SINS, SHLT } && IW_stat in { SADR, SINS, SHLT
## Generate valA in execute stage
int e valA = E_valA; # Pass valA through stage
## Set dstE to RNONE in event of not-taken conditional move
int e dstE = |
E_icode == IRRMOVL && !e_Cnd : RNONE;
1 : E_dstE;

l;
B MEMOTy Stage #HHHHHHHHHIHHHHHHHHHHHHH

## Select memory address
int mem_addr = [

M_icode in { IRMMOVL, IPUSHL, ICALL, IMRMOVL } :

M_icode in { IPOPL, IRET } : M_valA;
# Other instructions don’t need address

BHAHHHHHHRRAHH

M_valE;
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I

## Set read control signal
bool mem_read = M_icode in { IMRMOVL, IPOPL, IRET }

## Set write control signal
bool mem_write = M_icode in { IRMMOVL, IPUSHL, ICALL };

## Update the status

int m_stat = |
dmem_error : SADR;
1 : M_stat;

## Set E port register ID
int w_dstE = W_dstE;

## Set E port value
int w_valE = W_valE;

## Set M port register ID
int w_dstM = W_dstM,;

## Set M port value
int w valM = W_valM;

## Update processor status

int Stat = |
W_stat == SBUB : SAOK;
1 : W_stat;

I;

A Pipeline Register Control #H#H#H#HHHHHHHE

# Should | stall or inject a bubble into Pipeline Register F?
# At most one of these can be true.
bool F_bubble = 0;
bool F_stall =
# Conditions for a load/use hazard
E_icode in { IMRMOVL, IPOPL } &&
E_dstM in { d_srcA, d_srcB } ||
# Stalling at fetch while ret passes through pipeline
IRET in { D_icode, E_icode, M_icode }

# Should | stall or inject a bubble into Pipeline Register D?
# At most one of these can be true.
bool D_stall =
# Conditions for a load/use hazard
E_icode in { IMRMOVL, IPOPL } &&
E _dstM in { d_srcA, d_srcB };

RHHHHHHH A
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343

344 bool D _bubble =

345 # Mispredicted branch

346 # BNT: Changed misprediction condition

347 (E_icode == IIJXX && E_ifun = UNCOND && e Cnd) ||

348 # Stalling at fetch while ret passes through pipeline

349 # but not condition for a load/use hazard

350 I(E_icode in { IMRMOVL, IPOPL } && E_dstM in { d_srcA, d_srcB } ) &&
351 IRET in { D_icode, E_icode, M_icode };

352

353 # Should | stall or inject a bubble into Pipeline Register E?
354 # At most one of these can be true.

355 bool E_stall = 0;

356 bool E_bubble =

357 # Mispredicted branch

358 # BNT: Changed misprediction condition

359 (E_icode == IJXX && E_ifun = UNCOND && e Cnd) ||
360 # Conditions for a load/use hazard

361 E_icode in { IMRMOVL, IPOPL } &&

362 E_dstM in { d_srcA, d_srcB};

363

364 # Should | stall or inject a bubble into Pipeline Register M?
365 # At most one of these can be true.
366 bool M_stall = 0;

367 # Start injecting bubbles as soon as exception passes throug h memory stage
368 bool M_bubble = m_stat in { SADR, SINS, SHLT } || W_stat in { SAD R, SINS, SHLT };
369

370 # Should | stall or inject a bubble into Pipeline Register W?
371 bool W_stall = W_stat in { SADR, SINS, SHLT };
372 bool W_bubble = 0;

code/arch/pipe-nt-ans.hcl

Problem 4.55 Solution:

This problem requires changing the logic for predicting Bt value and the misprediction condition. It's
just a little bit more complex than Homework Problem 4.54e Tomplete HCL code is shown below. You
should be able to detect whether the prediction logic i®¥alhg the correct policy by doing performance
checks as part of the testing with the scripts ingtest  directory. See thREADMHile for documentation.

code/arch/pipe-btfnt-ans.hcl

HHTHEH T T HETHHHHE T
# HCL Description of Control for Pipelined Y86 Processor #
# Copyright (C) Randal E. Bryant, David R. O’Hallaron, 2010 #
HHHBHHAHH AR A R R AR R AR HHHAHH AR

## BBTFENT: This is the solution for the backward taken, forwa rd
## not-taken branch prediction problem

0 N O OB WDN B
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B B
# C Include’s. Don't alter these #
HHHHHHH R R R R R R R HHAH R R

quote '#include <stdio.h>’
quote '#include "isa.h™
quote '#include "pipeline.h
quote '#include "stages.h™
quote '#include "sim.h"
quote 'int sim_main(int argc, char +argv(]);

quote 'int main(int argc, char +argv[]){return sim_main(argc,argv);}

HH B T A T HHBHH T
# Declarations. Do not change/remove/delete any of these #
T R T R A T R T T T T HHHH R

#H#HH# Symbolic representation of Y86 Instruction Codes ### R
intsig INOP 'I_NOP’
intsig IHALT | HALT

intsig IRRMOVL 'I_RRMOVL’
intsig IRMOVL ’I_IRMOVL’

intsig IRMMOVL ’I_RMMOVL’

intsig IMRMOVL ’I_MRMOVL’

intsig IOPL I_ALY

intsig 1IXX 'I_JIMP’

intsig ICALL '|_CALL’

intsig IRET 'I|_RET’

intsig IPUSHL  'I_PUSHL’

intsig IPOPL '|_POPL’

##H#### Symbolic represenations of Y86 function codes T

intsig FNONE 'F_NONFE’ # Default function code

#H#H#H# Symbolic representation of Y86 Registers referenced i
intsig RESP 'REG_ESP’ # Stack Pointer

intsig RNONE 'REG_NONFE’ # Special value indicating "no regi ster"
#HHH# ALU Functions referenced explicitly ####H#HHHEHHHHH ]
intsig ALUADD 'A_ADD’ # ALU should add its arguments

## BBTFNT: For modified branch prediction, need to distingu ish

## conditional vs. unconditional branches
#H#H##H# Jump conditions referenced explicitly

intsig UNCOND 'C_YES’ # Unconditional transfer
##### Possible instruction status values HH
intsig SBUB 'STAT_BUB’ # Bubble in stage

intsig SAOK 'STAT_AOK’ # Normal execution

intsig SADR 'STAT_ADR’ # Invalid memory address

intsig SINS 'STAT_INS’ # Invalid instruction

intsig SHLT 'STAT_HLT # Halt instruction encountered
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#HHH#H# Signals that can be referenced by control logic #####H# Y

#i### Pipeline Register F #H#HHHHHHHHHHHHHHHHHHHHH HHAHHHHHH A

intsig F_predPC ’pc_curr->pc’ # Predicted value of PC

#HHH# Intermediate Values in Fetch Stage ###H#HHEHHHHHHHHHE B

intsig imem_icode 'imem_icode’ # icode field from instruct ion memory
intsig imem_ifun ‘imem_ifun’ # ifun field from instruction memory
intsig f_icode 'if_id_next->icode’ # (Possibly modified) instruction code
intsig f_ifun if_id_next->ifun’”  # Fetched instruction fu nction

intsig f valC ‘if_id_next->valc’ # Constant data of fetche d instruction
intsig f valP 'if_id_next->valp’ # Address of following in struction
boolsig imem_error 'imem_error’ # Error signal from instru ction memory
boolsig instr_valid ’instr_valid’ # Is fetched instructio n valid?

#i### Pipeline Reqister D #H#HHHHHHHHHHHHHHHHHHHEHHHHH HHAHH R

intsig D_icode 'if_id_curr->icode’  # Instruction code

intsig D_rA if_id_curr->ra’ # rA field from instruction

intsig D_rB if_id_curr->rb’ # rB field from instruction

intsig D_valP ’if id_curr->valp’ # Incremented PC

#HHH#H# Intermediate Values in Decode Stage — ###H#H#HHHHHHIHHHHH HHHHHHHH T

intsig d_srcA 'id_ex_next->srca’ # srcA from decoded instr uction

intsig d_srcB 'id_ex_next->srch’ # srcB from decoded instr uction

intsig d_rvalA 'd_regvala’ # valA read from register file

intsig d_rvalB 'd_regvalb’ # valB read from register file

#i### Pipeline Register E #HHHHHHHHHHHHHHHHHHHHH HHAHHHHHH A

intsig E_icode ’'id_ex_curr->icode’  # Instruction code

intsig E_ifun ’'id_ex_curr->ifun’ # Instruction function

intsig E_valC 'id_ex_curr->valc’ # Constant data

intsig E_srcA 'id_ex_curr->srca’ # Source A register ID

intsig E_valA ’id_ex_curr->vala’ # Source A value

intsig E_srcB 'id_ex_curr->srcb’ # Source B register ID

intsig E_valB ’id_ex_curr->valb’ # Source B value

intsig E_dstE ’'id_ex_curr->deste’ # Destination E registe r ID

intsig E_dstM ’id_ex_curr->destm’ # Destination M registe r 1D

#HH#H# Intermediate Values in Execute Stage #i#HHHHHHHHHHE T

intsig e_valE 'ex_mem_next->vale’ # valE generated by ALU

boolsig e_Cnd 'ex_mem_next->takebranch’ # Does condition hold?

intsig e_dstE ’ex_mem_next->deste’ # dstE (possibly modif ied to be RNONE)
#H#H#H# Pipeline Register M HHAHHHAHH AR AR

intsig M_stat 'ex_mem_curr->status’ # Instruction status

intsig M_icode ’ex_mem_curr->icode’ # Instruction code
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intsig M_ifun ’ex_mem_curr->ifun’ # Instruction function

intsig M_valA ’ex_mem_curr->vala’ # Source A value

intsig M_dstE 'ex_mem_curr->deste’ # Destination E regist er ID

intsig M_valE ’ex_mem_curr->vale’ # ALU E value

intsig M_dstM ’ex_mem_curr->destm’ # Destination M regist er ID

boolsig M_Cnd ’ex_mem_curr->takebranch’ # Condition flag

boolsig dmem_error 'dmem_error’ # Error signal from instru ction memory
#H#H##H# Intermediate Values in Memory Stage #HH#H#HHHHHHHHHT AT

intsig m_valM 'mem_wb_next->valm’ # valM generated by memo ry

intsig m_stat 'mem_wb_next->status’ # stat (possibly modi fied to be SADR)
#iH# Pipeline Register W #HHHHHHHEHHIHHHHIHHHHEHH P

intsig W_stat 'mem_wb_curr->status’ # Instruction status

intsig W_icode 'mem_wb_curr->icode’ # Instruction code

intsig W_dstE 'mem_wb_curr->deste’ # Destination E regist er ID

intsig W_valE 'mem_wb_curr->vale’ # ALU E value

intsig W_dstM 'mem_wb_curr->destm’ # Destination M regist er ID

intsig W_valM 'mem_wb_curr->valm’ # Memory M value

HHHBHHAHH AR R R R A R AR HHHAHH AR
# Control Signal Definitions. #
HHTHEH T T HHTHEHHE T

HHHHEHH A Fetch Stage HHHBHHAHH AR HHHAH R
## What address should instruction be fetched at
int f pc = [
# Mispredicted branch. Fetch at incremented PC
# BBTENT: Mispredicted forward branch. Fetch at target (now in valE)

M_icode == IJXX && M_ifun != UNCOND && M_valE >= M_valA
&& M_Cnd : M_valE;

# BBTFNT: Mispredicted backward branch.

# Fetch at incremented PC (now in valE)

M_icode == IJXX && M_ifun = UNCOND && M_valE < M_valA
&& 'M_Cnd : M _valA;

# Completion of RET instruction.

W _icode == IRET : W_valV;

# Default: Use predicted value of PC

1 : F_predPC;

I;

## Determine icode of fetched instruction
int f icode = [

imem_error : INOP;

1. imem_icode;

l;

# Determine ifun
int f ifun = |
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imem_error : FNONE;
1: imem_ifun;

l;

# Is instruction valid?
bool instr_valid = f_icode in
{ INOP, IHALT, IRRMOVL, IIRMOVL, IRMMOVL, IMRMOVL,
IOPL, 1JXX, ICALL, IRET, IPUSHL, IPOPL };

# Determine status code for fetched instruction
int f stat = |

imem_error: SADR;

linstr_valid : SINS;

f icode == IHALT : SHLT;

1 : SAOK;
l;

# Does fetched instruction require a regid byte?
bool need_regids =
f icode in { IRRMOVL, IOPL, IPUSHL, IPOPL,
IIRMOVL, IRMMOVL, IMRMOVL };

# Does fetched instruction require a constant word?
bool need valC =
f icode in { IIRMOVL, IRMMOVL, IMRMOVL, 1JXX, ICALL }

# Predict next value of PC

int f predPC = |
f icode in { ICALL } : f valC;
f icode == IIXX && f ifun == UNCOND : f valC; # Unconditional
f icode == IIXX && f valC < f valP : f valC; # Backward branch
# BBTFNT: Forward conditional branches will default to valP
1: f valP;

I;

HitH A Decode Stage #HHHHHHHHHHHHHHHHHHHHIHH T BHARHAAHHHHA

## What register should be used as the A source?

int d_srcA = |
D_icode in { IRRMOVL, IRMMOVL, IOPL, IPUSHL } : D_rA;
D_icode in { IPOPL, IRET } : RESP;
1 : RNONE; # Don't need register

I;

## What register should be used as the B source?

int d_srcB = |
D_icode in { IOPL, IRMMOVL, IMRMOVL } : D_rB;
D_icode in { IPUSHL, IPOPL, ICALL, IRET } : RESP;
1 : RNONE; # Don't need register

61
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I

## What register should be used as the E destination?

int d_dstE = [
D_icode in { IRRMOVL, IIRMOVL, IOPL} : D_rB;
D_icode in { IPUSHL, IPOPL, ICALL, IRET } : RESP;
1 : RNONE; # Don't write any register

I

## What register should be used as the M destination?
int d dstM = [

D_icode in { IMRMOVL, IPOPL } : D_rA;

1 : RNONE; # Don't write any register
I;

## What should be the A value?
## Forward into decode stage for valA

int d valA = [
D_icode in { ICALL, IJXX } : D_valP; # Use incremented PC
d_srcA == e _dstE : e valE; # Forward valE from execute
d_srcA == M_dstM : m_valM; # Forward valM from memory
d_srcA == M_dstE : M_valE; # Forward valE from memory

d_srcA == W_dstM : W_valM; # Forward valM from write back
d_srcA == W _dstE : W_valE; # Forward valE from write back
1 : d_rvalA; # Use value read from register file

l;

int d valB = [
d_srcB == e _dstE : e_valE; # Forward valE from execute
d srcB == M_dstM : m_valM; # Forward valM from memory
d srcB == M_dstE : M _valE; # Forward valE from memory
d srcB == W_dstM : W_valM; # Forward valM from write back

d srcB == W _dstE : W_valE; # Forward valE from write back
1 : d rvalB; # Use value read from register file

l;
HUHHHHHHHHHHHH EXOCUte Stage HHHHHHHHIHHHHIHHHHEHHH HHHHHHHHHH

# BBTFNT: When some branches are predicted as not-taken, you need some
# way to get valC into pipeline register M, so that

# you can correct for a mispredicted branch.

# One way to do this is to run valC through the ALU, adding O

# so that valC will end up in M_valE

## Select input A to ALU
int aluA = [
E_icode in { IRRMOVL, IOPL } : E valA;
# BBTFNT: Use ALU to pass E_valC to M_valE
E_icode in { IRMOVL, IRMMOVL, IMRMOVL, IJXX } : E_valC;
E_icode in { ICALL, IPUSHL } : -4;
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E_icode in { IRET, IPOPL } : 4;
# Other instructions don’'t need ALU
l;

## Select input B to ALU
int aluB = [
E_icode in { IRMMOVL, IMRMOVL, IOPL, ICALL,
IPUSHL, IRET, IPOPL } : E_valB;
# BBTFNT: Add 0 to valC
E_icode in { IRRMOVL, IIRMOVL, IJXX } : O;
# Other instructions don’'t need ALU

I

## Set the ALU function

int alufun = [
E icode == IOPL : E_ifun;
1 : ALUADD;

I;

## Should the condition codes be updated?

bool set cc = E_icode == IOPL &&
# State changes only during normal operation
Im_stat in { SADR, SINS, SHLT } && !W_stat in { SADR, SINS, SHLT
## Generate valA in execute stage
int e valA = E_valA; # Pass valA through stage
## Set dstE to RNONE in event of not-taken conditional move
int e dstE = |
E icode == IRRMOVL && !e Cnd : RNONE;
1 : E_dstE;

I;
HHHHHHHHHHH MEMOTY Stage HHHHHHHHHHHHHHHHHHHHHIE 1

## Select memory address

int mem_addr = [
M_icode in { IRMMOVL, IPUSHL, ICALL, IMRMOVL } : M_valE;
M_icode in { IPOPL, IRET } : M_valA;
# Other instructions don’t need address

l;

## Set read control signal
bool mem_read = M _icode in { IMRMOVL, IPOPL, IRET };

## Set write control signal
bool mem_write = M_icode in { IRMMOVL, IPUSHL, ICALL };

## Update the status
int m_stat = |

63
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309 dmem_error : SADR;
310 1 : M_stat;

311 |;

312

313 ## Set E port register 1D
314 int w_dstE = W_dstE;

315

316 ## Set E port value

317 int w_valE = W_valE;

318

319 ## Set M port register ID
320 int w_dstM = W_dstM;
321

322 ## Set M port value

323 int w_valM = W_valM;
324

325 ## Update processor status
326 int Stat = |

327 W_stat == SBUB : SAOK;

328 1 : W_stat;

329 ;

330

331 #HHHHHHH A Pipeline Register Control #t###HHHH#HE HHHHHHHH
332

333 # Should | stall or inject a bubble into Pipeline Register F?
334 # At most one of these can be true.

335 bool F_bubble = 0;

336 bool F_stall =

337 # Conditions for a load/use hazard

338 E_icode in { IMRMOVL, IPOPL } &&

339 E_dstM in { d_srcA, d_srcB } ||

340 # Stalling at fetch while ret passes through pipeline
341 IRET in { D_icode, E_icode, M icode };

342

343 # Should | stall or inject a bubble into Pipeline Register D?
344 # At most one of these can be true.
345 bool D_stall =

346 # Conditions for a load/use hazard

347 E_icode in { IMRMOVL, IPOPL } &&

348 E_dstM in { d_srcA, d_srcB };

349

350 bool D _bubble =

351 # Mispredicted branch

352 # BBTFNT: Changed misprediction condition

353 (E_icode == IIXX && E_ifun !'= UNCOND &&

354 (E_valC < E_valA && 'e Cnd || E_valC >= E_valA && e _Cnd)) ||
355 # Stalling at fetch while ret passes through pipeline

356 # but not condition for a load/use hazard

357 I(E_icode in { IMRMOVL, IPOPL } && E_dstM in { d_srcA, d_srcB } ) &&

358 IRET in { D_icode, E_icode, M_icode };
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359

360 # Should | stall or inject a bubble into Pipeline Register E?
361 # At most one of these can be true.

362 bool E_stall = 0O;

363 bool E_bubble =

364 # Mispredicted branch

365 # BBTFNT: Changed misprediction condition

366 (E_icode == IIXX && E_ifun = UNCOND &&

367 (E_valC < E_valA && 'e Cnd || E_valC >= E_valA && e _Cnd)) ||
368 # Conditions for a load/use hazard

369 E_icode in { IMRMOVL, IPOPL } &&

370 E_dstM in { d_srcA, d_srcB};

371

372 # Should | stall or inject a bubble into Pipeline Register M?
373 # At most one of these can be true.
374 bool M_stall = 0;

375 # Start injecting bubbles as soon as exception passes throug h memory stage
376 bool M_bubble = m_stat in { SADR, SINS, SHLT } || W_stat in { SAD R, SINS, SHLT };
377

378 # Should | stall or inject a bubble into Pipeline Register W?
379 bool W_stall = W_stat in { SADR, SINS, SHLT };
380 bool W_bubble = 0;

code/arch/pipe-btfnt-ans.hcl

Problem 4.56 Solution:

This is an interesting problem. It gives students the erpeg of improving the pipeline performance. It
might be interesting to have them test the program on codedtpges an array from one part of memory to
another, comparing the CPE with and without load bypassing.

When testing the code with the scriptsptest , be sure to do the performance checks. See the instructions
in the READMEile for this directory.

A. Here's the formula for a load/use hazard:

E.icode € {IMRMOVL, IPOPL} && (E-dstM = d_srcB || E_dstM = d_srcA && ! D.icode € {IRMMOVL, IPUSHL})

B. The HCL code for the control logic is shown below:

code/arch/pipe-If-ans.hcl

TR R T T R T T R R HHHHT R
# HCL Description of Control for Pipelined Y86 Processor #
# Copyright (C) Randal E. Bryant, David R. O’Hallaron, 2010 #
HH BT T HHBHH T

a b~ w NP
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## This is the solution to the load-forwarding problem

B HHHHHHH
# C Include’s. Don't alter these #
B HHHHHHH

quote '#include <stdio.h>’
quote '#include "isa.h™
quote '#include "pipeline.h
quote '#include "stages.h™
quote '#include "sim.h"
quote 'int sim_main(int argc, char +argv(]);

quote 'int main(int argc, char +argv[]){return sim_main(argc,argv);}

T R T T B T T R HHH R
# Declarations. Do not change/remove/delete any of these #
HH BT R T HH BT

#H#H##H# Symbolic representation of Y86 Instruction Codes ### HHHHHHHH
intsig INOP 'I_NOP’
intsig IHALT I_HALT’

intsig IRRMOVL ’I_RRMOVL'’
intsig IIRMOVL ’I_IRMOVL’

intsig IRMMOVL ’I_RMMOVL’
intsig IMRMOVL ’I_MRMOVL’

intsig IOPL ALY

intsig 1IXX 'I_IMP’

intsig ICALL '|_CALL’

intsig IRET 'I|_RET’

intsig IPUSHL  ’|_PUSHL’

intsig IPOPL '|_POPL’

#H#HH# Symbolic represenations of Y86 function codes it

intsig FNONE 'F_NONE’ # Default function code

##H#H##H# Symbolic representation of Y86 Registers referenced A
intsig RESP 'REG_ESP’ # Stack Pointer

intsig RNONE 'REG_NONE’ # Special value indicating "no regi ster"
#HHH# ALU Functions referenced explicitly ####H#HHHEHHHHH ]
intsig ALUADD 'A_ADD’ # ALU should add its arguments

##H#### Possible instruction status values HHAHT

intsig SBUB 'STAT_BUB’ # Bubble in stage

intsig SAOK 'STAT_AOK’ # Normal execution

intsig SADR 'STAT_ADR’ # Invalid memory address

intsig SINS 'STAT_INS’ # Invalid instruction

intsig SHLT 'STAT_HLT # Halt instruction encountered

#HHH Signals that can be referenced by control logic #####H# Y
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56

57 #H##HH Pipeline Reqister F #HHHHHHHHHHHHHIHH A HHHHHHH

58

59 intsig F_predPC ’pc_curr->pc’ # Predicted value of PC

60

61 ##HHH#H Intermediate Values in Fetch Stage ####HHHHHHHHHHHHH B

62

63 intsig imem_icode ’'imem_icode’ # icode field from instruct ion memory
64 intsig imem_ifun 'imem_ifun’ # ifun field from instruction memory
65 intsig f_icode 'if id_next->icode’ # (Possibly modified) instruction code
66 intsig f_ifun ‘if_id_next->ifun’”  # Fetched instruction fu nction

67 intsig f valC  ’if id _next->valc’ # Constant data of fetche d instruction
68 intsig f valP if_id_next->valp’ # Address of following in struction

69 boolsig imem_error 'imem_error’ # Error signal from instru ction memory
70 boolsig instr_valid ’instr_valid’ # |Is fetched instructio n valid?

71

72 #H##HH Pipeline Register D #HHHHHHHHHHHHIHHHHHIHHHHEHH HHHH

73 intsig D_icode 'if_id_curr->icode’  # Instruction code

74 intsig D_rA 'if_id_curr->ra’ # rA field from instruction

75 intsig D_rB 'if_id_curr->rb’ # rB field from instruction

76 intsig D_valP 'if_id_curr->valp’ # Incremented PC

77

78 #H#H#H# Intermediate Values in Decode Stage  ###H#HHHHHHHHHHHH R

79

80 intsig d_srcA 'id_ex_next->srca’ # srcA from decoded instr uction

81 intsig d_srcB 'id_ex_next->srcb’ # srcB from decoded instr uction

82 intsig d_rvalA 'd_regvala’ # valA read from register file

83 intsig d_rvalB 'd_regvalb’ # valB read from register file

84

85 #it## Pipeline Register E #HtHHHHHHHHHHHHHHHHHHHHHHHHH HHAHHHHHH A

86 intsig E_icode 'id_ex_curr->icode’  # Instruction code

87 intsig E_ifun ’'id_ex_curr->ifun’ # Instruction function

88 intsig E_valC ’id_ex_curr->valc’ # Constant data

89 intsig E_srcA ’'id_ex_curr->srca’ # Source A register ID

90 intsig E_valA 'id_ex_curr->vala’ # Source A value

91 intsig E_srcB ’id_ex_curr->srchb’ # Source B register ID

92 intsig E_valB 'id_ex_curr->valb’ # Source B value

93 intsig E_dstE ’'id_ex_curr->deste’ # Destination E registe r ID

94 intsig E_dstM ’id_ex_curr->destm’ # Destination M registe r ID

95

96 ##H#H##H Intermediate Values in Execute Stage ###HHHHHHHHHE T

97 intsig e_valE ’ex_mem_next->vale’ # valE generated by ALU

98 boolsig e_Cnd ’'ex_mem_next->takebranch’ # Does condition hold?

99 intsig e_dstE 'ex_mem_next->deste’ # dstE (possibly modif ied to be RNONE)
100

101 ###H##H# Pipeline Register M HHAHHHAHH A H AR

102 intsig M_stat 'ex_mem_curr->status’ # Instruction status

103 intsig M_icode ’'ex_mem_curr->icode’ # Instruction code

104 intsig M_ifun ’ex_mem_curr->ifun’ # Instruction function

105 intsig M_valA ’'ex_mem_curr->vala’ # Source A value
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intsig M_dstE 'ex_mem_curr->deste’ # Destination E regist er ID

intsig M_valE ’ex_mem_curr->vale’ # ALU E value

intsig M_dstM ’ex_mem_curr->destm’ # Destination M regist er ID

boolsig M_Cnd ’ex_mem_curr->takebranch’ # Condition flag

boolsig dmem_error 'dmem_error’ # Error signal from instru ction memory
## LF: Carry srcA up to pipeline register M

intsig M_srcA ’ex_mem_curr->srca’ # Source A register ID

#H#H##H# Intermediate Values in Memory Stage #HH#H#HHHHHHHHHT AT

intsig m_valM 'mem_wb_next->valm’ # valM generated by memo ry

intsig m_stat 'mem_wb_next->status’ # stat (possibly modi fied to be SADR)
#iH# Pipeline Register W #HHHHHHHEHHIHHHHIHHHHEHH P

intsig W_stat 'mem_wb_curr->status’ # Instruction status

intsig W_icode 'mem_wb_curr->icode’ # Instruction code

intsig W_dstE 'mem_wb_curr->deste’ # Destination E regist er ID

intsig W_valE 'mem_wb_curr->vale’ # ALU E value

intsig W_dstM 'mem_wb_curr->destm’ # Destination M regist er ID

intsig W_valM 'mem_wb_curr->valm’ # Memory M value

HHHBHHAHH AR R R R A R AR HHHAHH AR
# Control Signal Definitions. #
HHTHEH T T HHTHEHHE T

HHH B A Fetch Stage HHHH AR HHHHHHR

## What address should instruction be fetched at
int f pc = [
# Mispredicted branch. Fetch at incremented PC
M_icode == [JXX && 'M_Cnd : M_valA,
# Completion of RET instruction.
W _icode == IRET : W_valM;
# Default: Use predicted value of PC
1 : F_predPC;
I;

## Determine icode of fetched instruction
int f icode = [

imem_error : INOP;

1: imem_icode;

l;

# Determine ifun

int f ifun = |
imem_error : FNONE;
1. imem_ifun;

l;

# Is instruction valid?
bool instr_valid = f_icode in
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{ INOP, IHALT, IRRMOVL, [IRMOVL, IRMMOVL, IMRMOVL,
IOPL, 13XX, ICALL, IRET, IPUSHL, IPOPL };

# Determine status code for fetched instruction
int f stat = [

imem_error: SADR;

linstr_valid : SINS;

f icode == IHALT : SHLT;

1 : SAOK;
l;

# Does fetched instruction require a regid byte?
bool need regids =
f icode in { IRRMOVL, IOPL, IPUSHL, IPOPL,
IIRMOVL, IRMMOVL, IMRMOVL };

# Does fetched instruction require a constant word?
bool need valC =
f icode in { IIRMOVL, IRMMOVL, IMRMOVL, 1JXX, ICALL }

# Predict next value of PC

int f predPC = |
f icode in { IIXX, ICALL } : f valC;
1: f valP;

l;

HHHHIH R A Decode Stage #HHHHHHIHHIHHIHHIHHIHHE BHAHHHHHHRRAHH

## What register should be used as the A source?

int d_srcA = |
D_icode in { IRRMOVL, IRMMOVL, IOPL, IPUSHL } : D_rA;
D_icode in { IPOPL, IRET } : RESP;
1 : RNONE; # Don't need register

I;

## What register should be used as the B source?

int d srcB = |
D_icode in { IOPL, IRMMOVL, IMRMOVL } : D_rB;
D_icode in { IPUSHL, IPOPL, ICALL, IRET } : RESP;
1 : RNONE; # Don't need register

l;

## What register should be used as the E destination?

int d dstE = |
D_icode in { IRRMOVL, I[IRMOVL, IOPL} : D_rB;
D_icode in { IPUSHL, IPOPL, ICALL, IRET } : RESP;
1 : RNONE; # Don't write any register
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## What register should be used as the M destination?
int d dstM = |

D_icode in { IMRMOVL, IPOPL } : D_rA;
1 : RNONE; # Don't write any register

I;

## What should be the A value?

## Forward into decode stage for valA

int d valA = [
D_icode in { ICALL, IJXX } : D_valP; # Use incremented PC
d_srcA == e _dstE : e_valE; # Forward valE from execute
d _srcA == M_dstM : m_valM; # Forward valM from memory
d_srcA == M_dstE : M_valE; # Forward valE from memory
d_srcA == W_dstM : W_valM; # Forward valM from write back

d _srcA == W_dstE : W_valE; # Forward valE from write back
1 : d_rvalA; # Use value read from register file

I;

int d valB = [
d srcB == e _dstE : e valE; # Forward valE from execute
d srcB == M_dstM : m_valM; # Forward valM from memory
d_srcB == M_dstE : M_valE; # Forward valE from memory

d srcB == W_dstM : W_valM; # Forward valM from write back
d srcB == W _dstE : W_valE; # Forward valE from write back
1 : d_ rvalB; # Use value read from register file

l;
HHHHHHHHHHHHE EXCCUte Stage HHHHHHHHHHHHHHHHHHHHHHH HHHHHHHHHH

## Select input A to ALU
int aluA = [
E_icode in { IRRMOVL, IOPL } : E valA;
E_icode in { IRMOVL, IRMMOVL, IMRMOVL } : E_valC;
E_icode in { ICALL, IPUSHL } : -4;
E_icode in { IRET, IPOPL } : 4;
# Other instructions don't need ALU

## Select input B to ALU
int aluB = [
E_icode in { IRMMOVL, IMRMOVL, IOPL, ICALL,
IPUSHL, IRET, IPOPL } : E_valB;
E_icode in { IRRMOVL, IIRMOVL } : O;
# Other instructions don’'t need ALU

## Set the ALU function

int alufun = [
E_icode == IOPL : E_ifun;
1 : ALUADD;
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I

## Should the condition codes be updated?
bool set cc = E_icode == IOPL &&
# State changes only during normal operation
Im_stat in { SADR, SINS, SHLT } && IW_stat in { SADR, SINS, SHLT

## Generate valA in execute stage

## LB: With load forwarding, want to insert valM
##t  from memory stage when appropriate

int e valA = |

# Forwarding Condition
M_dstM == E_srcA && E_icode in { IPUSHL, IRMMOVL } : m_valM;
1 : E valA; # Use valA from stage pipe register
I;
## Set dstE to RNONE in event of not-taken conditional move
int e dstE = |
E icode == IRRMOVL && !e Cnd : RNONE;
1 : E_dstE;

I;
HHHHHHHHHHHHH MEMOTY Stage HHHHHHHHHHHHHHHHIHHHHHIE S

## Select memory address

int mem_addr = [
M_icode in { IRMMOVL, IPUSHL, ICALL, IMRMOVL } : M_valE;
M_icode in { IPOPL, IRET } : M_valA;
# Other instructions don’t need address

l;

## Set read control signal
bool mem_read = M _icode in { IMRMOVL, IPOPL, IRET };

## Set write control signal
bool mem_write = M_icode in { IRMMOVL, IPUSHL, ICALL };

## Update the status

int m_stat = |
dmem_error : SADR;
1 : M_stat;

I;

## Set E port register ID
int w_dstE = W_dstE;

## Set E port value
int w_valE = W_valE;

## Set M port register ID

71
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int w_dstM = W_dstM;

## Set M port value
int w valM = W_valM;

## Update processor status

int Stat = |
W_stat == SBUB : SAOK;
1 : W_stat;

I;

HH IR Pipeline Register Control ###H#H#H#H#HH#H RHHHHHHH AR

# Should | stall or inject a bubble into Pipeline Register F?
# At most one of these can be true.
bool F_bubble = 0;
bool F_stall =
# Conditions for a load/use hazard
E_icode in { IMRMOVL, IPOPL } &&
(E_dstM == d_srcB ||
(E_dstM == d_srcA && !D_icode in { IRMMOVL, IPUSHL })) ||
# Stalling at fetch while ret passes through pipeline
IRET in { D_icode, E_icode, M _icode };

# Should | stall or inject a bubble into Pipeline Register D?
# At most one of these can be true.
bool D_stall =
# Conditions for a load/use hazard
E_icode in { IMRMOVL, IPOPL } &&
E_icode in { IMRMOVL, IPOPL } &&
(E_dstM == d_srcB ||
(E_dstM == d_srcA && !D_icode in { IRMMOVL, IPUSHL }));

bool D _bubble =
# Mispredicted branch
(E_icode == IIXX && 'e_Cnd) ||
# Stalling at fetch while ret passes through pipeline
# but not condition for a load/use hazard
I(E_icode in { IMRMOVL, IPOPL } && E_dstM in { d_srcA, d_srcB }
IRET in { D_icode, E_icode, M_icode };

# Should | stall or inject a bubble into Pipeline Register E?
# At most one of these can be true.
bool E_stall = 0;
bool E_bubble =
# Mispredicted branch
(E_icode == IJXX && 'e_Cnd) ||
# Conditions for a load/use hazard
E_icode in { IMRMOVL, IPOPL } &&
(E_dstM == d_srcB ||

) &&
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356 (E_dstM == d_srcA && !D icode in { IRMMOVL, IPUSHL }));
357

358 # Should | stall or inject a bubble into Pipeline Register M?

359 # At most one of these can be true.

360 bool M_stall = 0;

361 # Start injecting bubbles as soon as exception passes throug h memory stage
362 bool M_bubble = m_stat in { SADR, SINS, SHLT } || W_stat in { SAD R, SINS, SHLT };
363

364 # Should | stall or inject a bubble into Pipeline Register W?
365 bool W_stall = W_stat in { SADR, SINS, SHLT };
366 bool W_bubble = 0;

code/arch/pipe-If-ans.hcl

Problem 4.57 Solution:

This is a hard problem. It requires carefully thinking thgbuthe design and taking care of many details.
It's fun to see the working pipeline in operation, thoughalko gives some insight into how more com-
plex instructions are implemented in a pipelined systent. dxample, Intel’'s implementation of the 1486

processor uses a pipeline where some instructions requiltpha cycles in the decode cycle to handle the
complex address computations. Controlling this requinegahanism similar to what we present here.

The complete HCL is shown below:

code/arch/pipe-1w-ans.hcl

1 RS R R R R R R R R R T R A T R HHHEE AR A T

2 # HCL Description of Control for Pipelined Y86 Processor #

3 # Copyright (C) Randal E. Bryant, David R. O’Hallaron, 2010 #

4 HEHH R R T HH BT

5

6 ## This is a solution to the single write port problem

7 ## Overall strategy: IPOPL passes through pipe,

8 ## treated as stack pointer increment, but not incrementing the PC

9 ## On refetch, modify fetched icode to indicate an instructi on "IPOP2",

=
o

## which reads from memory.

=
=

B HHHHHH
# C Include’s. Don't alter these #
BHHHHR R R R R HHHHH R

e
o oA wWwN

quote '#include <stdio.h>’
quote '#include "isa.h™
quote '#include "pipeline.h
quote '#include "stages.h™
quote '#include "sim.h"
quote 'int sim_main(int argc, char +argv(]);

quote 'int main(int argc, char +argv[]){return sim_main(argc,argv);}

=
~

N N NN PP
W N P O O @

HHHBHHAHH AR R R R R R AR HHHAHH AR
# Declarations. Do not change/remove/delete any of these #

NN
(62 N
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HHH A HHH T
#HH##H# Symbolic representation of Y86 Instruction Codes ### HHHHHHHH T
intsig INOP 'I_NOP’

intsig IHALT |_HALT’

intsig IRRMOVL 'Il_RRMOVL'

intsig IRMOVL ’'I_IRMOVL’

intsig IRMMOVL ’I_RMMOVL’

intsig IMRMOVL ’'I_MRMOVL’

intsig IOPL ALY

intsig 1IXX 'I_IMP’

intsig ICALL '|_CALL’

intsig IRET 'I|_RET’

intsig IPUSHL  ’|_PUSHL’

intsig IPOPL '|_POPL’

# 1W: Special instruction code for second try of popl

intsig IPOP2 'I_POP2’

##### Symbolic represenations of Y86 function codes T

intsig FNONE 'F_NONFE’ # Default function code

#H###H# Symbolic representation of Y86 Registers referenced i
intsig RESP 'REG_ESP’ # Stack Pointer

intsig RNONE 'REG_NONE’ # Special value indicating "no regi ster"
#H### ALU Functions referenced explicitly ###HHH#HHHHH##HHH HHHHHHH T
intsig ALUADD 'A_ADD’ # ALU should add its arguments

#i#### Possible instruction status values i

intsig SBUB 'STAT_BUB’ # Bubble in stage

intsig SAOK 'STAT_AOK’ # Normal execution

intsig SADR 'STAT_ADR’ # Invalid memory address

intsig SINS 'STAT_INS’ # Invalid instruction

intsig SHLT 'STAT_HLT # Halt instruction encountered

#H#H##H# Signals that can be referenced by control logic #####H# AT
#itHi Pipeline Register F #HHHHHHHHHHHHHHHHHEHH HHHH
intsig F_predPC ’pc_curr->pc’ # Predicted value of PC

#HH#H##H# Intermediate Values in Fetch Stage ####HHHHHHHHHHHHHE BRI
intsig imem_icode 'imem_icode’ # icode field from instruct ion memory
intsig imem_ifun ‘imem_ifun’ # ifun field from instruction memory
intsig f_icode 'if_id_next->icode’ # (Possibly modified) instruction code
intsig f_ifun if_id_next->ifun’  # Fetched instruction fu nction

intsig f valC ‘if_id_next->valc’ # Constant data of fetche d instruction
intsig f valP if_id_next->valp’ # Address of following in struction

## 1W: Provide access to the PC value for the current instruct ion
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intsig f pc 'f pc’ # Address of fetched instruction

boolsig imem_error 'imem_error’ # Error signal from instru ction memory
boolsig instr_valid 'instr_valid’ # |Is fetched instructio n valid?

#i#H## Pipeline Register D #H#HHHHHHHHHHHHHHHHHHHEHH HHAHHHHHH A

intsig D_icode 'if_id_curr->icode’  # Instruction code

intsig D_rA ’if id_curr->ra’ # rA field from instruction

intsig D_rB if_id_curr->rb’ # rB field from instruction

intsig D_valP if_id_curr->valp’ # Incremented PC

#HHHH# Intermediate Values in Decode Stage — ###H#HHHHHHHEHHH R

intsig d_srcA 'id_ex_next->srca’ # srcA from decoded instr uction

intsig d_srcB 'id_ex_next->srcb’ # srcB from decoded instr uction

intsig d_rvalA 'd_regvala’ # valA read from register file

intsig d_rvalB 'd_regvalb’ # valB read from register file

#itHi Pipeline Register E #HHHHHHHHHHHHHHHEHHHH T P

intsig E_icode 'id_ex_curr->icode’  # Instruction code

intsig E_ifun 'id_ex_curr->ifun’ # Instruction function

intsig E_valC 'id_ex_curr->valc’ # Constant data

intsig E_srcA 'id_ex_curr->srca’ # Source A register ID

intsig E_valA ’id_ex_curr->vala’ # Source A value

intsig E_srcB 'id_ex_curr->srcb’ # Source B register ID

intsig E_valB ’id_ex_curr->valb’ # Source B value

intsig E_dstE 'id_ex_curr->deste’ # Destination E registe r ID

intsig E_dstM ’id_ex_curr->destm’ # Destination M registe r ID

#HHH#H# Intermediate Values in Execute Stage #i#HHHHHHHHHHE R

intsig e_valE 'ex_mem_next->vale’ # valE generated by ALU

boolsig e_Cnd 'ex_mem_next->takebranch’ # Does condition hold?

intsig e_dstE ’ex_mem_next->deste’ # dstE (possibly modif ied to be RNONE)
#i##H## Pipeline Register M HHHHHHEHH

intsig M_stat 'ex_mem_curr->status’ # Instruction status

intsig M_icode ’ex_mem_curr->icode’ # Instruction code

intsig M_ifun ’ex_mem_curr->ifun’ # Instruction function

intsig M_valA ’ex_mem_curr->vala’ # Source A value

intsig M_dstE 'ex_mem_curr->deste’ # Destination E regist er ID

intsig M_valE ’ex_mem_curr->vale’ # ALU E value

intsig M_dstM ’ex_mem_curr->destm’ # Destination M regist er ID

boolsig M_Cnd ’ex_mem_curr->takebranch’ # Condition flag

boolsig dmem_error 'dmem_error’ # Error signal from instru ction memory
#HHH# Intermediate Values in Memory Stage #HHH#HHHHHHHHHHEHT HHHHHHH

intsig m_valM 'mem_wb_next->valm’ # valM generated by memo ry

intsig m_stat 'mem_wb_next->status’ # stat (possibly modi fied to be SADR)
#iH## Pipeline Register W #HHHHHHHHEHHIHHHHIHHHHIHH HHHHHHH

intsig W_stat 'mem_wb_curr->status’ # Instruction status
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intsig W_icode 'mem_wb_curr->icode’ # Instruction code

intsig W_dstE 'mem_wb_curr->deste’ # Destination E regist er ID
intsig W_valE 'mem_wb_curr->vale’ # ALU E value

intsig W_dstM 'mem_wb_curr->destm’ # Destination M regist er ID
intsig W_valM ’'mem_wb_curr->valm’ # Memory M value

HH T T T HUTHHHHE T
# Control Signal Definitions. #
HHHBHHAHH AR R R R H AR AR HHHAHH AR

HH B A Fetch Stage HHHHHHHH AR HHHHHHH

## What address should instruction be fetched at
int f pc = [
# Mispredicted branch. Fetch at incremented PC
M_icode == [JXX && 'M_Cnd : M_valA,
# Completion of RET instruction.
W _icode == IRET : W_valV;
# Default: Use predicted value of PC
1 : F_predPC;

l;

## Determine icode of fetched instruction

## 1W: To split ipopl into two cycles, need to be able to

## modify value of icode,

## so that it will be IPOP2 when fetched for second time.

int f icode = [
imem_error : INOP;
## Can detected refetch of ipopl, since now have
## IPOPL as icode for instruction in decode.
imem_icode == IPOPL && D icode == IPOPL : IPOPZ2;
1. imem_icode;

I

# Determine ifun

int f ifun = [
imem_error : FNONE;
1: imem_ifun;

I

# Is instruction valid?
bool instr_valid = f _icode in
{ INOP, IHALT, IRRMOVL, IIRMOVL, IRMMOVL, IMRMOVL,
IOPL, IIXX, ICALL, IRET, IPUSHL, IPOPL, IPOP2 }

# Determine status code for fetched instruction
int f stat = [

imem_error: SADR,;

linstr_valid : SINS;

f icode == IHALT : SHLT;
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1 : SAOK;

# Does fetched instruction require a regid byte?
bool need_regids =

f_icode in { IRRMOVL, IOPL, IPUSHL, IPOPL,
IPOP2,
IIRMOVL, IRMMOVL, IMRMOVL };

# Does fetched instruction require a constant word?
bool need valC =

f_icode in { IIRMOVL, IRMMOVL, IMRMOVL, 1IXX, ICALL };

# Predict next value of PC

int

l;

HH BRI Decode Stage #HHHHHHIHHIHHIHHIH I

H#H#
H#H#
H#

#t
int

H#
int

H#
int

H#

f predPC = [
f icode in { IIXX, ICALL } : f valC;
## 1W:. Want to refetch popl one time
# (on second time f _icode will be IPOP2). Refetch popl
f icode == IPOPL : f _pc;
1 : f valP;

W1: Strategy. Decoding of popl rA should be treated the sam
as would iaddl $4, %esp
Decoding of pop2 rA treated same as mrmovl -4(%esp), rA

What register should be used as the A source?

d_srcA = |
D_icode in { IRRMOVL, IRMMOVL, IOPL, IPUSHL } : D_rA;
D_icode in { IPOPL, IRET } : RESP;
1 : RNONE; # Don't need register

What register should be used as the B source?

d_srcB = |
D_icode in { IOPL, IRMMOVL, IMRMOVL } : D_rB;
D_icode in { IPUSHL, IPOPL, ICALL, IRET, IPOP2 } : RESP;
1 : RNONE; # Don't need register

What register should be used as the E destination?

d_dste = [
D_icode in { IRRMOVL, IIRMOVL, IOPL} : D_rB;
D_icode in { IPUSHL, IPOPL, ICALL, IRET } : RESP;
1 : RNONE; # Don't write any register

What register should be used as the M destination?

BHAHHHHHHRRAHH
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226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
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int d dstM = |
D _icode in { IMRMOVL, IPOP2 } : D_rA;
1 : RNONE; # Don't write any register
I;

## What should be the A value?

## Forward into decode stage for valA

int d valA = [
D_icode in { ICALL, IJXX } : D_valP; # Use incremented PC
d _srcA == e _dstE : e valE; # Forward valE from execute
d _srcA == M_dstM : m_valM; # Forward valM from memory
d_srcA == M_dstE : M_valE; # Forward valE from memory
d_srcA == W_dstM : W_valM; # Forward valM from write back
d _srcA == W_dstE : W_valE; # Forward valE from write back
1 : d_rvalA; # Use value read from register file

I;

int d valB = [
d srcB == e _dstE : e valE; # Forward valE from execute
d srcB == M_dstM : m_valM; # Forward valM from memory
d srcB == M_dstE : M _valE; # Forward valE from memory

d srcB == W_dstM : W_valM; # Forward valM from write back

d srcB == W _dstE : W_valE; # Forward valE from write back
1 : d rvalB; # Use value read from register file
I;
HHH T EXxecute Stage #HHHHHHHHHHHHHHHIHH HHHHHHH
## Select input A to ALU
int aluA = [
E_icode in { IRRMOVL, IOPL } : E valA;
E_icode in { IIRMOVL, IRMMOVL, IMRMOVL } : E_valC;

E_icode in { ICALL, IPUSHL, IPOP2 } : -4;
E_icode in { IRET, IPOPL } : 4;
# Other instructions don’t need ALU

l;

## Select input B to ALU
int aluB = [
E_icode in { IRMMOVL, IMRMOVL, IOPL, ICALL,
IPUSHL, IRET, IPOPL, IPOP2 } : E valB;
E_icode in { IRRMOVL, IIRMOVL } : O;
# Other instructions don’'t need ALU

I

## Set the ALU function

int alufun = [
E icode == IOPL : E_ifun;
1 : ALUADD;
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276
277 ## Should the condition codes be updated?
278 bool set cc = E_icode == IOPL &&

279 # State changes only during normal operation

280 Im_stat in { SADR, SINS, SHLT } && W _stat in { SADR, SINS, SHLT
281

282 ## Generate valA in execute stage

283 int e valA = E_valA; # Pass valA through stage

284

285 ## Set dstBE to RNONE in event of not-taken conditional move
286 int e dstE = |

287 E_icode == IRRMOVL && 'e Cnd : RNONE;
288 1 : E_dstE;

289 |;

290

201 #HH#AAAHAAAAHHHE Memory Stage #H#HHHHHHHHHHHHHA## TR AR HHAHHHHH A
292

293 ## Select memory address

294 int mem_addr = [

295 M_icode in { IRMMOVL, IPUSHL, ICALL, IMRMOVL, IPOP2 } : M_val E;
296 M_icode in { IRET } : M_valA,

297 # Other instructions don’'t need address

298 |;

299

300 ## Set read control signal

301 bool mem_read = M_icode in { IMRMOVL, IPOP2, IRET };
302

303 ## Set write control signal

304 bool mem_write = M_icode in { IRMMOVL, IPUSHL, ICALL };
305

306 ## Update the status

307 int m_stat = [

308 dmem_error : SADR;

309 1 : M_stat;

310 |;

311

312 HHHHHHHHHEHH A Write back stage ##HHHHHHHHHHHHHHH HHHBHHAHH A
313

314 ## 1W: For this problem, we introduce a multiplexor that merg es

315 ## valE and valM into a single value for writing to register po rt E.

316 ## DO NOT CHANGE THIS LOGIC

317 ## Merge both write back sources onto register port E
318 ## Set E port register 1D

319 int w_dstE = |

320 ## writing from valM

321 W _dstM = RNONE : W_dstM;
322 1. W_dstE;

323 |;

324

325 ## Set E port value

79
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326 int w valE = [

327 W_dstM = RNONE : W_valM;
328 1. W_valEg;

329 ;

330

331 ## Disable register port M
332 ## Set M port register ID
333 int w_dstM = RNONE;

334

335 ## Set M port value

336 int w_valM = 0;

337

338 ## Update processor status
339 int Stat = [

340 W_stat == SBUB : SAOK;

341 1 : W_stat;

342 ;

343

344 HiHHHHHHHHAAAHHE Pipeline Register Control ####HHHHHHHH AT
345

346 # Should | stall or inject a bubble into Pipeline Register F?
347 # At most one of these can be true.

348 bool F_bubble = 0;

349 bool F_stall =

350 # Conditions for a load/use hazard

351 E_icode in { IMRMOVL, IPOP2 } &&

352 E _dstM in { d_srcA, d_srcB } ||

353 # Stalling at fetch while ret passes through pipeline
354 IRET in { D_icode, E_icode, M icode };

355

356 # Should | stall or inject a bubble into Pipeline Register D?
357 # At most one of these can be true.
358 bool D_stall =

359 # Conditions for a load/use hazard

360 E_icode in { IMRMOVL, IPOP2 } &&

361 E_dstM in { d_srcA, d_srcB };

362

363 bool D _bubble =

364 # Mispredicted branch

365 (E_icode == IIXX && 'e_Cnd) ||

366 # Stalling at fetch while ret passes through pipeline
367 # but not condition for a load/use hazard

368 # 1W: Changed Load/Use condition

369 I(E_icode in { IMRMOVL, IPOP2 } && E_dstM in { d_srcA, d_srcB } ) &&
370 IRET in { D_icode, E_icode, M_icode };

371

372 # Should | stall or inject a bubble into Pipeline Register E?
373 # At most one of these can be true.

374 bool E_stall = 0;

375 bool E_bubble =
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376 # Mispredicted branch

377 (E_icode == IIXX && 'e_Cnd) ||

378 # Conditions for a load/use hazard
379 E_icode in { IMRMOVL, IPOP2 } &&
380 E_dstM in { d_srcA, d_srcB};

381

382 # Should | stall or inject a bubble into Pipeline Register M?
383 # At most one of these can be true.
384 bool M_stall = 0;

385 # Start injecting bubbles as soon as exception passes throug h memory stage
386 bool M_bubble = m_stat in { SADR, SINS, SHLT } || W_stat in { SAD R, SINS, SHLT };
387

388 # Should | stall or inject a bubble into Pipeline Register W?
389 bool W _stall = W_stat in { SADR, SINS, SHLT };
390 bool W_bubble = 0;

code/arch/pipe-1w-ans.hcl

Problem 4.58 Solution:

The code with a conditional jump does much better than the edth conditional data transfers. For an
array with 6 elements, the conditional data transfer codeires 44 more clock cycles. Examining the code
more carefully, we can see that the jump instruction in o@ires one cycle when the branch is taken and
three cycles when it is not. On the other hand, the three tiondl data transfer instructions always require
three cycles. Sorting elements requires(n — 1) iterations of the inner loop, and so it appears that of the
30 iterations for our example, the branch was taken 22 timdqat taken 8 times.

1.5 Chapter 5: Optimizing Program Performance

Problem 5.15 Solution:

This problem gives students a chance to examine machineacwtiperform a detailed analysis of its exe-
cution timing.
A. See Figure 1.2.

B. The critical path is formed by the addition operation updavariablesum. This puts a lower bound
on the CPE equal to the latency of floating-point addition.

C. For integer data, the lower bound would be just 1.00. Sotmer sesource constraint is limiting the
performance.

D. The multiplication operations have longer latencies,thase are not part of a critical path of depen-
dencies, and so they can just be pipelined through the riettip

Problem 5.16 Solution:
This problem gives practice applying loop unrolling.
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| Sxmml | %rax | $rbx | $rcx | Srdx

[ load |

mul

[ ot =3

d )

load

$xmml $rdx

Figure 1.2:Data-flow for function i nner 4. The multiplication operation is not on any critical path.

v
{

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24 }

oid inner5(vec_ptr u, vec_ptr v, data_t * dest)

long int i;

int length = vec_length(u);

int limit = length-3;

data_t rudata = get vec_start(u);
data t =+*vdata = get vec_start(v);
data_t sum = (data t) O;

!/ Do four elements at a time x [
for (i = 0; i < limit; i+=4) {
sum = sum
+ udatali] * vdata]i]
+ udata[i+1] * vdata[i+1]
+ udata[i+2] * vdata[i+2]
+ udata[i+3] * vdata[i+3];
}
/ * Finish off any remaining elements */

for (; i < length; i++) {

}

sum += udatali] * vdatalil;

*dest = sum;

A. We must perform two loads per element to read valuesdata andvdata . There is only one unit
to perform these loads, and it requires one cycle.
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B. The performance for floating point is still limited by thecle latency of the floating-point adder.

Problem 5.17 Solution:
This exercise gives students a chance to introduce muéigdamulators..

1 void inner6(vec_ptr u, vec_ptr v, data t * dest)
2 {

3 long int i;

4 int length = vec_length(u);

5 int limit = length-3;

6 data_t +udata = get vec_start(u);

7 data t *vdata = get vec_start(v);

8 data_t sum0 = (data t) O;

9 data_t suml = (data t) O;

10 data_t sum2 = (data_t) O;

11 data_t sum3 = (data_t) O;

12

13 /= Do four elements at a time */

14 for (i = 0; i < limit; i+=4) {

15 sum0 += udatali] * vdatali];

16 suml += udatafi+1] * vdata[i+1];
17 sum2 += udatali+2] * vdata[i+2];
18 sum3 += udatali+3] * vdata[i+3];
19 }

20

21 /= Finish off any remaining elements */
22 for (; i < length; i++) {

23 sum0 = sum0 + udata]i] + vdatali];
24 }

25 x»dest = sum0 + suml + sum2 + sums3;
26 }

A. For each element, we must perform two loads with a unit¢hatonly load one value per clock cycle.

B. With IA32, the limited set of registers causes some of ttmimulator values to be spilled into mem-
ory.

Problem 5.18 Solution:

This gives students a chance to experiment with reassociati

oid inner7(vec_ptr u, vec_ptr v, data_t * dest)

1 Vv
2 {

3 long int i;

4 int length = vec_length(u);

5 int limit = length-3;

6 data_ t rudata = get vec_start(u);
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7 data t +*vdata = get vec_start(v);

8 data_t sum = (data t) O;

9

10 /* Do four elements at a time */

11 for (i = 0; i < limit; i+=4) {

12 sum +=

13 ((udatali] * vdatali]

14 + udata[i+1] * vdata[i+1])

15 + (udatali+2] * vdata[i+2]

16 + udata[i+3] * vdata[i+3]));
17 }

18

19 / * Finish off any remaining elements */
20 for (; i < length; i++) {

21 sum += udatali] * vdatali];

22 }

23 *dest = sum;

24 }

Problem 5.19 Solution:
Our fastest version writes two words of tyfmng unsigned

on every iteration. The code was made

more complex by the need to perform an initial alignment andvbid creating a negative upper bound in

the main loop, since it uses unsigned arithmetic.

1 /= Pack characters into long, and do 2 per loop */
2 void =*align_pack 2 memset(void xS, int ¢, size_t n)

3 {

4 unsigned long word = 0;

5 unsigned char  =*schar;

6 unsigned long *slong;

7 size_t cnt = 0O;

8 int i

9

10 /* Need to avoid negative numbers with size t data */
11 if (n < 3 =*sizeof(word))

12 return basic_memset(s, ¢, n);

13

14 / * Pack repeated copies of c¢ into word

15 for (i = 0; i < sizeof(word); i++)

16 word = (word << 8) | (c & OxFF);

17

18 / * Step through characters until get alignment */
19 schar = (unsigned char *) S;

20 while ((unsigned long) schar % sizeof(word) != 0) {

21 *schar++ = (unsigned char) c;

22 cnt++;

23 }

24
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25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41 }

/ * Step through 8 or 16 characters at a time */
slong = (unsigned long *) schar;
while (cnt < n-2 * sizeof(word)+1) {

*slong = word;

* (slong+1l) = word,;

cnt += 2 =sizeof(word);

slong += 2;
}
/= Finish off single characters */
schar = (unsigned char *) slong;

while (cnt < n) {
*schar++ = (unsigned char) c;
cnt++;

}

return s;

Problem 5.20 Solution:

Polynomial evaluation provides a wealth of opportunities fearranging and reorganizing expressions.
We identified three fundamentally different methods of ingtfaster versions of a polynomial evaluation
routine. We show the 4-way versions for each of them.

The first method is a variant on direct evaluation with reaisgimn. On our machine, this function achieved
a CPE of 2.25. A version with 8-way unrolling achieved a CPHE.db.

1 /* Reassociate  */
2 double poly4(double a[], double x, int degree)

3 {

© 00 N O O »

10
11
12
13
14
15
16
17
18
19
20 }

long int i;

double result = a[0];
double x2 = x =*x;
double x3 = x2 =*x;
double x4 = x2 =*x2;

double xpwr = x;

for (i = 1; i <= degree-3; i+=4) {
double nxpwr = x4  * Xxpwr;
result += ((afi] + x *afi+1]) + (x2 *a[i+2] + x3  *a[i+3])) *  XPWI;
XPWI = NXPWr;

}

for (; i <= degree; i++) {
result += a[i] *  XPWI;
XPWr = X * XPWr;

}

return result;

The second method is a variant on direct evaluation withiplalaccumulators. It combines the accumu-
lated sums using Horner’'s method. This approach seemd kkould achieve near-optimal results, but the
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4-way version has a CPE of 2.15, and the 8-way version has aoCP.E6.

1 /* Accumulate multiple values in parallel */
2 double poly4x(double a[], double x, int degree)

3 {

© 00 N o g b

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25 }

long int i;

double result0 = a0];
double resultl = 0;
double result2 = 0;
double result3 = 0;

double x4 = (X *Xx) * (X *X);

double xpwr = x;

for (i = 1; i <= degree-3; i+=4) {
double nxpwr = x4  * Xxpwr;

result0 += a|i] *  XPWI;

resultl += a[i+1] *  XPWI;
result2 += a[i+2] *  XPWI;
result3 += a[i+3] *  XPWI;

XPWr = NXpWr;
}
result0 += x =*(resultl + x  =*(result2 + x  *result3));
for (; i <= degree; i++) {

result0 += a[i] *  XPWI;

XPWr = X * XPWr;
}

return resulto;

The final method is a variant on Horner's method with reasdimei. This function gave a CPE of 2.09.

1 /* Apply Horner's method */
2 double poly4h(double a[], double x, int degree)

3 {

© 00 N o 0 s

10
11
12
13
14 }

long int i;

double x2 = x =*x;
double x3 = x2 =*x;
double x4 = x2 =*x2;

double result = a[degree];
for (i = degree-1; i >= 3; i-=4)

result = ((afi-3] + x *a[i-2]) + (x2 *afi-1] + x3  *a[i])) + x4  =*result;
for (; i >= 0; i-
result = afi] + x * result;

return result;

Problem 5.21 Solution:
Prefix sum allows for interesting optimizations. Making w$eeassociation requires some cleverness.
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Here are the versions that use 2 and 3-way unrolling. We halered the statements in a way that results
in a better instruction schedule.

1 /+ Compute prefix sum of vector a */
2 /= Use 2-way loop unrolling + lookahead */
3 void psum2a(float a[], float p[], int cnt)

4 {

5 long int i;

6 /* last_val holds p[i-1]; val holds p[i+1] */
7 float last val, val;

8 last_val = p[0] = a[0];

9 for (i = 1; i < cnt-1; i+=2) {

10 float a0l = a[i] + a[i+1];

11 val = last val + a01;

12 pli] = last_val + a]i];

13 pli+1] = val;

14 last_val = val,

15 }

16 / * Finish remaining elements */
17 for (; i < cnt; i++) {

18 val = last_val + afi];

19 pli] = val;

20 last val = val;

21 }

22 }

1 /+ Compute prefix sum of vector a */
2 [+ Use 3-way loop unrolling + lookahead * [
3 void psum3a(float a[], float p[], int cnt)

4 {

5 long int i;

6 /* last_val holds p[i-1]; val holds p[i+2] */
7 float last val, val;

8 last_val = p[0] = a[0];

9 for (i = 1; i < cnt-2; i+=3) {

10 pli] = last_val + a]i;

11 float a0l = ali] + a[i+1];

12 pi+1] = last val + a01;

13 float a012 = a0l + afi+2];

14 val = last_val + a012;

15 p[i+2] = val;

16 last_val = val;

17 }

18 / * Finish remaining elements */
19 for (; i < cnt; i++) {

20 val = last_val + afi];

21 pli] = val;

22 last_val = val;

N
w
—
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24 }

Problem 5.22 Solution:

This problem is a simple application of Amdahl’'s law. Speedip part B by 3 gives an overall speedup of
1/(.2+.3/3+.5) = 1.25. Speeding up part C by 1.5 gives an overall speedupg 02+ .3+.5/1.5) = 1.2.
So the best strategy is to optimize part B.

1.6 Chapter 6: The Memory Hierarchy

Problem 6.23 Solution:

This is a thought problem to help the students understandebmetry factors that determine the capacity
of a disk. Letr be the radius of the platter and- be the radius of the hole. The number of bits/track is
proportional to2zxr (the circumference of the innermost track), and the numbé&®aoks is proportional

to (r — xr). Thus, the total number of bits is proportional2oxr(r — xr). Setting the derivative to zero
and solving forz givesz = 1/2. In words, the radius of the hole should be 1/2 the radius ®platter to
maximize the bit capacity.

Problem 6.24 Solution:
The average rotational latency (in ms) is
Tavg rotation = 1/2 x Tma:v rotation

= 1/2x (60 secs /15,000 RP)\k 1000 ms/sec
2ms

The average transfer time is

Tavgtransfer = (60 secs /15,000 RP)Mk 1/800 sectors/track 1000 ms/sec
0.005 ms

Putting it all together, the total estimated access time is

Taccess - Tavg seek T Tavg rotation + Tavg transfer
= 4 ms+ 2 ms+ 0.005 ms

= 6.005 ms

Problem 6.25 Solution:

This is a good check of the student’s understanding of theifa¢hat affect disk performance. It's a nice
model problem that can be easily changed from term to termst ie need to determine a few basic
properties of the file and the disk. The file consists of 4,00B-Byte logical blocks. For the disKy,, g scei:
=4 msvaa:c rotation = 4 ms, andravg rotation = 2ms.
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A. Best caseln the optimial case, the blocks are mapped to contiguou®se®n the same cylinder,
that can be read one after the other without moving the heade @he head is positioned over the
first sector it takes 4 full rotations (1,000 sectors pertrotg of the disk to read all 4,000 blocks. So
the total time to read the file 8,4 scck + Tavg rotation + 4 * Tinaz rotation = 4+ 2 + 16 = 22 ms.

B. Random case:In this case, where blocks are mapped randomly to sectoaging each of the
4,000 blocks require§,, g scck + Tavg rotation MS, SO the total time to read the file By(g scer +
Tavg rotation) * 4, 000 - 24, 000 ms (24 SECOFIdS)

Problem 6.26 Solution:

This problem gives the students more practice in workingy &itdress bits. Some students hit a conceptual
wall with this idea of partitioning address bits. In our expace, having them do these kinds of simple
drills is helpful.

L [m[ Cc[BIE]S]¢]
32 [1024] 4 | 4 | 64 | 24
32 | 1024 256 1 | 30
32 [ 1024] 8 | 1 [ 128] 22
32 [1024] 8 |128] 1 | 29
32 [ 1024] 32 | 1 || 32 | 22
32 [1024| 32 | 4 | 8 | 24

N

o Ol AW N =
w| u|| o ~|| o] of| @
01| 01| w| wl| N | =

Problem 6.27 Solution:

Here’s another set of simple drills that require the stuslemimanipulate address bits. These are a bit harder
than the previous problem because they test differentioakdtips betweeen sizes of things and the number
of bits.

[Cache m [ C [ B [E[S [t s b |
1. 32 | 2048| 8 1 | 256 21 8 3
2. 32 | 2048 | 4 4 | 128 | 23 7 2
3. 32 | 1024| 2 8 64 | 25| 6 1
4 32 | 1024 | 32 2 16 | 23 4 5

Problem 6.28 Solution:

This is an inverse cache indexing problem (akin to Proble3f)athat requires the students to work back-
wards from the contents of the cache to derive a set of ad=ldkat hit in a particular set. Students must
know cache indexing cold to solve this style of problem.

A. Set 1 contains two valid lines: Line 0 and Line 1. Line 0 haagof0x45 . There are four bytes in
each block, and thus four addresses will hit in Line 0. Theskesses have the binary fofim1000
1010 01xx . Thus, the following four hex addresses will hit in Line 0 @t3.:0x08a4 , 0x08a5 ,
0x08a6 , andOx08a7 . Similarly, the following four addresses will hit in Line X 8et 1:0x0704 ,
0x0705 , 0x0706 , 0x0707 .
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B. Set 6 contains one valid line with a tag @91 . Since there is only one valid line in the set, four
addresses will hit. These addresses have the binaryXo®010 0011 10xx . Thus, the four hex
addresses that hit in Set 6 afx1238 , 0x1239 , 0x123a , and0x123b .

Problem 6.29 Solution:

Another inverse cache indexing problem, using the samescaslthe previous problem.

A. Set 2 contains no valid lines, so no addresses will hit.

B. Set 4 contains two valid lines: Line 0 and Line 1. Line 0 haaguofOxC7. There are four bytes in
each block, and thus four addresses will hit in Line 0. Theskesses have the binary fodm 1000
1111 00xx . Thus, the following four hex addresses will hit in Line 0 @t$: 0x18f0 , 0x18f1 ,
0x18f2 , and0x18f3 .

Similarly, the following four addresses will hit in Line 1 &et 4: 0x00b0 , 0x00b1 , 0x00b2 ,
0x00b3 .

C. Set 5 contains one valid line, Line 0, with a tagxf71 . Addresses that hit in this line have the
binary form0 1110 0011 01xx . Thus, the following four hex addresses will hit in Line O @tS
5: 0x0e34 , 0x0e35 , 0x0e36 , 0x0e37 .

D. Set 7 contains one valid line, Line 1, with a tag®fde . Addresses that hit in this line have the
binary form1 1011 1101 11xx . Thus, the following four hex addresses will hit in Line 1 @tS
7: 0x1bdc , Ox1bdd , Ox1lbde , Ox1bdf .

Problem 6.30 Solution:

This problem is a straightforward test of the student’sigghiib work through some simple cache translation
and lookup operations.

A. CT: [11-4], CI: [3-2], CO: [1-0]

Operation| Address| Hit? | Read Value (or Unknown
B Read 0x834 No Unknown
' Write 0x836 Yes (not applicable)
Read OxFFD Yes Cco

Problem 6.31 Solution:

This is the first in a series of four related problems on bas@he operations. This first problem sets the
stage and serves as a warmup. The next three problems usetieedefined in this first problem.

A. Cache sizeC = 128 bytes.
B. Address fields: CT: [12-5] CI: [4-2] CO: [1-0]



1.6. CHAPTER 6: THE MEMORY HIERARCHY 91

Problem 6.32 Solution:
AddressOx071A

A. Address format (one bit per box):

122 11 10 9 8 7 6 5 4 3 2 1 0
(0foJ1[1[1]0JoJO[1[1]0]1]0]
CT CT CT CT CT CT CT CT CI Cl Cl CO CO

B. Memory reference:

| Parameter | Value |
Block Offset (CO) | Ox2
Index (CI) 0x6

Cache Tag (CT) 0x38
Cache Hit? (YIN) | Y
Cache Byte returned OXEB

Problem 6.33 Solution:
AddressOx16E8

A. Address format (one bit per box):

12 11 10 9 8 7 6 5 4 3 2 1 0
(1fof1[1Jof1[1[21]0]1]0]O]O]
CT CT CT CT CT CT CT CT CI CI CI CO CO

B. Memory reference:

| Parameter | Value |
Block Offset (CO) | 0x0
Index (CI) 0x2

Cache Tag (CT) 0xB7
Cache Hit? (Y/N) N
Cache Byte returned —

Problem 6.34 Solution:

There are two valid lines in Set 2, the first with a tagdeBC, and the second with a tag 6kB6. The
addresses that hit in the first line have the binary farn@111 1000 10xx , which corresponds to the
address range @fx1788 —0x178b . Similarly, the addresses that hit in the second line hagebthary
form 1 0110 1100 10xx, and thus an address rand@xd6c8 —0x16ch .
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Problem 6.35 Solution:

This problem is tougher than it looks. The approach is simidethe solution to Problem 6.18. The cache
is not large enough to hold both arrays. References to caud®for one array evict recently loaded cache
lines from the other array.

dst array src array
| col0 ] coll] col2] col3 | col0 ] coll| col2] col3
row O m m m m row O m m h m
row 1 m m m m row 1 m h m h
row 2 m m m m row 2 m m h m
row 3 m m m m row 3 m h m h

Problem 6.36 Solution:

In this case, the cache is large enough to hold both arraybesonly misses are the initial cold misses.

dst array src array
| col0 ] coll] col2] col3 | col0] coll| col2] col3
row O m h h h row O m h h h
row 1 m h h h row 1 m h h h
row 2 m h h h row 2 m h h h
row 3 m h h h row 3 m h h h

Problem 6.37 Solution:

This style of problem (and the ones that follow) requiresaeiical high-level analysis of the cache behavior,
rather than the more tedious step-by-step analysis thaseehen we are first teaching students how caches
work. We always include a problem of this type on our examsibse it tests a skill the students will need
as working programmers: the ability to look at code and geted for how well it uses the caches. This
particular problem is a nice introduction to this type oftirigvel analysis.

A. Case 1. Assume the cache is 512-hytes, direct-mappell 1@ibyte cache blocks. What is the miss
rate? In this case, each access|t]i] conflicts with previous access x§0][i] , SO the miss
rate is 100%.

B. Case 2: What is the miss rate if we double the cache size2é tites? If we double the cache size,
then the entire array fits in the cache, so the only missesharedld (compulsary) misses for each
new block. Since each block holds four array items, the naitsis 25%.

C. Case 3: Now assume the cache is 512 hytes, 2-way set ds®oa&ng an LRU replacement policy,
with 16-byte cache blocks. What is the cache miss rate? dsurg the associativity removes the
conflict misses that occurred in the direct mapped cache sé @a The only misses are the cold
misses when each block is loaded, so the miss rate is 25%.

D. For Case 3, will a larger cache size help to reduce the raie® No. Even if the cache were infinitely
large, we would still have the compulsary misses requirddad each new cache block.
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E. For Case 3, will a larger block size help to reduce the mags?r Yes. A larger block size would
reduce the number of compulsary misses by an amount inyepsabortional to the increase. For
example, if we doubled the block size, we decrease the nisdyehalf.

Problem 6.38 Solution:
Here are the miss rates for the different functions and sadfié\:

Function| N = 64 N = 60

SUmMA 25% 25%
sumB 100% 25%
sumC 50% 25%

Problem 6.39 Solution:

In this problem, each cache line holds two 16-bytent _color structures. Thequare array is256 x

16 = 4096 bytes and the cache is 2048 bytes, so the cache can only Holof bize array. Since the code
employs a row-wise stride-1 reference pattern, the migenpafor each cache line is a miss, followed by 7
hits.

A. What is the total number of writes? 1024 writes.
B. What is the total number of writes that miss in the cache®rises.

C. What is the miss rate28/1024 = 12.5%.

Problem 6.40 Solution:

Since the cache cannot hold the entire array, the colume-sgan of the second half of the array evicts the
lines loaded during the scan of the first half. So for evenycitre, we have a miss followed by 3 hits.

A. What is the total number of writes? 1024 writes.

B. What is the total number of writes that miss in the cache®\2ftes.

C. What is the miss rate?6,/1024 = 25%.

Problem 6.41 Solution:

Both loops access the array in row-major order. The first jp@orms 256 writes. Since each cache line
holds two structures, half of these references hit and heé.mThe second loop performs a total of 768
writes. For each pair of structures, there is an initial gulds, followed by 5 hits. So this loop experiences
a total of 128 misses. Combined, there 256 + 768 = 1024 writes, andl28 + 128 = 256 misses.
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A. What is the total number of writes? 1024 writes.
B. What is the total number of writes that miss in the cache®\&2ftes.

C. What is the miss rate?6,/1024 = 25%.

Problem 6.42 Solution:

Eachpixel structure is 4 bytes, so each 4-byte cache line holds exac#ystructure. For each structure,
there is a miss, followed by three hits, for a miss rateif.

Problem 6.43 Solution:

This code visits the array gfixel structures in row-major order. The cache line holds examtly struc-
ture. Thus, for each structure we have a miss, followed tBethits, for a miss rate @5%.

Problem 6.44 Solution:

In this code each loop iteration zeros the entire 4-bytectira by writing a 4-byte integer zero. Thus,
although there are onl§40 x 480 writes, each of these writes misses. Thus, the miss ratiis.

Problem 6.44 Solution:

In this code each loop iteration zeros the entire 4-bytectira by writing a 4-byte integer zero. Thus,
although there are onl§40 x 480 writes, each of these writes misses. Thus, the miss ratiis.

Problem 6.45 Solution:

Solution approach: Use thmountain program to generate a graph similar to Figure 6.44, whiclivsho
a slice through the mountain with constant stride and varywrking set size. Do the same analysis we
did in the text. Each relatively flat region of the graph cep@nds to a different level in the hierarchy. As
working set size increases, a transition from one flat regpamother at size indicates a cache size of
Problem 6.46 Solution:

No solution provided.

Problem 6.47 Solution:
No solution provided.

1.7 Chapter 7: Linking

Problem 7.6 Solution:

This problem builds on Problem 7.1 by adding some functiams \aariables that are declared with the
static  attribute. The main idea for the students to understandai static symbols are local to the
module that defines them, and are not visible to other modules
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| Symbol | swap.o.symtab entry?| Symbol type| Module where defined Section|

buf yes extern main.o .data
bufp0 yes global swap.o .data
bufpl yes local swap.o .bss
swap yes global swap.o text
temp no — — —
incr yes local swap.o text
count yes local swap.o .data

Problem 7.7 Solution:

This is a good example of the kind of silent nasty bugs thatamour because of quirks in the linker’s
symbol resolution algorithm. The programming error in ttase is due to the fact that both modules define
a weak global symbot, which is then resolved silently by the linker (Rule 3). We ¢ia the bug by simply
definingx with thestatic  attribute, which turns it into a local linker symbol, and $Himits its scope to

a single module:

static double x;

1
2

3 void f() {
4 x = -0.0;
5}

Problem 7.8 Solution:

This is another problem in the spirit of Problem 7.2 thatsdisé student’s understanding of how the linker
resolves global symbols, and the kinds of errors that caritriéshey are not careful.

A. Because Module 2 definesain with thestatic  attribute, it is a local symbol, and thus there are
no multiply-defined global symbols. Each module refers $ooitvn definition ofmain . This is an
important idea; make sure students understand the impdloce efatic  attribute and how it limits
the scope of function and variable symbols.

(a) REF(main.1) --> DEF(main.1)
(b) REF(main.2) --> DEF(main.2)
B. Here we have two weak definitions »f so the symbol resolution in this case is UNKNOWN (Rule

3).

C. Thisis an ERROR, since there are two strong definitions @ule 1).

Problem 7.9 Solution:

This problem is a nice example of why it pays to have a workindeustanding of linkers. The output of the
program is incomprehensible until you realize that linkamss just dumb symbol resolution and relocation
machines. Because of Rule 2, the strong symbol associatédtve functionmain in ml.o overrides
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the weak symbol associated with the variaflain in m2.0. Thus, the reference to varialbieain in m2
resolves to the value of symbuoiain , which in this case is the address of the first byte of functi@in .

This byte contains the hex val@&55 , which is the binary encoding @iushl %ebp , the first instruction
in proceduremain !

Problem 7.10 Solution:

These are more drills, in the spirit of Problem 7.3, that Hefpstudents understand how linkers use static
libraries when they resolve symbol references.

A. gcc p.o libx.a
B. gcc p.o libx.a liby.a libx.a
C. gcc p.o libx.a liby.a libx.a libz.a

Problem 7.11 Solution:

This problem is a sanity check to make sure the students siager the difference betweetiata and
.bss , and why the distinction exists in the first place. The first pathe runtime data segment is initialized
with the contents of thedata section in the object file. The last part of the runtime datarsent is.bss
which is always initialized to zero, and which doesn’t ocgcamy actual space in the executable file. Thus
the discrepancy between the runtime data segment size arglzin of the chunk of the object file that
initializes it.

Problem 7.12 Solution:

This problem tests whether the students have grasped teemtsrof relocation records and relocation. The
solution approach is to mimic the behavior of the linker: tiserelocation records to identify the locations
of the references, and then either compute the relocatetfladsiddresses using the algorithm in Figure 7.9,

or simply extract them from the relocated instructions igufe 7.10. There are a couple of things to notice
about the relocatable obiject file in Figure 7.19:

e Themovl instruction in line 8 containtvo references that need to be relocated.

e The instructions in lines 5 and 8 contain referencebuffl] with an initial value ofOx4 . The
relocated addresses are computed@®R(buf) + 4 .

| Line#inFig.7.10] Address | Value |
15 0x80483cb | 0x004945¢c
16 0x80483d0 | 0x0049458
18 0x80483d8 | 0x0049548
18 0x80483dc | 0x0049458
23 0x80483e7 | 0x0049548
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Problem 7.13 Solution:

The next two problems require the students to derive theaétmn records from the C source and the dis-
assembled relocatable. The best solution approach isrtohesy to useobjdump and then usebjdump
to extract the relocation records from the executable.

A. Relocation entries for thgext section:

1 RELOCATION RECORDS FOR [.text]:

2 OFFSET  TYPE VALUE
3 00000012 R_386_PC32 p3

4 00000019 R_386_32 Xp

5 00000021 R_386_PC32 p2

B. Relocation entries fodata section:
1 RELOCATION RECORDS FOR [.data]:

2 OFFSET  TYPE VALUE
3 00000004 R_386_32 X

Problem 7.14 Solution:

A. Relocation entries for thgext section:

1 RELOCATION RECORDS FOR [.text]:
2 OFFSET  TYPE VALUE
3 00000011 R_386_32 rodata

B. Relocation entries for theodata  section:

1 RELOCATION RECORDS FOR [.rodata]:
2 OFFSET  TYPE VALUE
3 00000000 R_386_32 text

4 00000004 R_386_32 text

5 00000008 R_386_32 text

6 0000000c R_386_32 text

7 00000010 R_386_32 text

8 00000014 R_386_32 text

Problem 7.15 Solution:

A. On our systemlibc.a  has 1082 members atidm.a has 373 members.

unix> ar -t /usr/lib/libc.a| we -I
1082

unix> ar -t /usr/lib/libma | wc -I
373
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B. Interestingly, the code in théext section is identical, whether a program is compiled usgqgr
not. The difference is that the®2 -g ” object file contains debugging info in thdebug section,
while the 02" version does not.

C. On our system, thgcc driver uses the standard C librafjb€.s0.6 ) and the dynamic linker
(Id-linux.so0.2 ):

linux> 1dd /usr/Iocal/bin/gcc
libc.s0.6 => /lib/libc.s0.6 (0x4001a000)
Nlib/ld-linux.so0.2 => /lib/ld-linux.so0.2 (0x40000000)

1.8 Chapter 8: Exceptional Control Flow

Problem 8.9 Solution:

| Process paif Concurrent?|

AB n
AC
AD
BC
BD
CD

KIKIKIKIK

Problem 8.10 Solution:

A. Called once, returns twicdork
B. Called once, never returnexecve andlongjmp .

C. Called once, returns one or more timsstimp .

Problem 8.11 Solution:

This program has the same process graph as the program ireRBgl6(c). There are a total of four
processes, each of which prints a single “hello” line. Thie,program prints four “hello” lines.

Problem 8.12 Solution:

This program has the same process graph as the program e Bd6(c). There are four processes, each
of which prints one “hello” line indoit and one “hello” line inmain after it returns frondoit . Thus,
the program prints a total of eight “hello” lines.

Problem 8.13 Solution:
This problem is a simple variant of Problem 8.2. The pareot@ss prints
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x=4
x=3
and the child process prints

x=2

Thus, any of the following sequences represents a possilbeio

X X X
111l
N w b
Il
wnN b
o
w s N

X X
X X
X X

Problem 8.14 Solution:

The program consists of three processes: the original paterchild, and its grandchild. Each of these
processes executes a singtantf  and then terminates. Thus, the program prints three “héte’s.

Problem 8.15 Solution:

This program is identical to the program in Problem 8.14 epxc¢hat the call texit in line 8 has been
replaced by aeturn statement. The process hierarchy is identical, consistfray parent, a child, and
a grandchild. And as before, the parent executes a sipmghf . However, because of theturn
statement, the child and grandchild each executepnivdaf  statements. Thus, the program prints a total
of five output lines.

Problem 8.16 Solution:

The parent initializegounter to 1, then creates the child, which decremeardanter and terminates.
The parent waits for the child to terminate, then incremeoisnter and prints the result. Remember,
each process has its own separate address space, so thatedrg the child has no impact on the parent’s
copy ofcounter . Thus the output is:

counter = 2

Problem 8.17 Solution:

This problem is a nice way to check the students’ understgndi the interleaved execution of processes.
It also their first introduction to the idea of synchronipati In this case, thevait function in the parent
will not complete until the child has terminated. The keyade that any topological sort of the following
DAG is a possible output:

1 —* Bye (child)
He”0< lwait 0
0—» 2 —> Bye (parent)

Thus, there are only three possible outcomes (each coluamasitcome):
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Hello Hello Hello

1 1 0
Bye 0 1
0 Bye Bye
2 2 2
Bye Bye Bye

Problem 8.18 Solution:

This problem really tests the students’ understanding nfarent process execution. The most systematic
solution approach is to draw the process hierarchy, lafpelach node with the output of the corresponding
process:

12t 0
a——»b —=—»cC
2 _»d

g

For each process, the kernel preserves the ordering pfiitd  statements, but otherwise can interleave
the statements arbitrarily. Thus, any topological sorteffollowing DAG represents a possible output:

1 1—-2 0—=2 0

112002 (possible)
211020 (not possible)
102120 (possible)
122001 (not possible)

mo o w »

100212 (possible)

Problem 8.19 Solution:

This function calls thdork function a total of2” — 1 times. The parent and each child print a line of
output, for a total oR” lines of output.

Problem 8.20 Solution:

This is an easy problem for students who understaneéxieeve function and the structure of trergv
andenvp arrays. Notice that a correct solution must pass a pointietenvp array (the globaénviron
pointer on our system) to correctly mimic the behaviofoh/Is

code/ecf/myls-ans.c
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1 #include "csapp.h"

2

3 int main(int argc, char ** argv) {
4 Execve("/bin/ls", argv, environ);

5 exit(0);

6}

code/ecf/myls-ans.c

Problem 8.21 Solution:
Drawing the process graph reveals that this program haswolpossible output sequences: “abc” or “bac”.

Problem 8.22 Solution:

Thesystem man page provides a basic template for implementingrtpgystem function. The version
the students implement for this problem requires someuwiffateht return code processing.

code/ecf/mysystem-ans.c

1 #include "csapp.h"

2

3 int mysystem(char * command)

4

5 pid_t pid;

6 int status;

7

8 if (command == NULL)

9 return -1,

10

11 if ((pid = fork()) == -1)

12 return -1,

13

14 if (pid == 0) {/ +* child =/

15 char =argv[4];

16 argv[0] = "sh";

17 argv[l] = "-c"

18 argv[2] = command,

19 argv[3] = NULL;

20 execve("/bin/sh", argv, environ);

21 exit(-1); / * control should never reach here */
22 }

23

24 [+ parent */

25 while (1) {

26 if (waitpid(pid, &status, 0) == -1) {
27 if (errno !'= EINTR) / * restart waitpid if interrupted */
28 return -1,

29 }

30 else {
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31 if (WIFEXITED(status))

32 return WEXITSTATUS(status);
33 else

34 return status;

35 }

36 }

37 }

code/ecf/mysystem-ans.c

Problem 8.23 Solution:

Signals cannot be used to count events in other processasdeesignals are not queued. Solving this
problem requires inter-process communication (IPC) meishas (not discussed in the text), or threads,
which are discussed in Chapter 12.

Problem 8.24 Solution:

This is a nontrivial problem that teaches the students hoarar process can use thait or waitpid
function to determine a child’s termination status.

code/ecf/waitprob2-ans.c

#include "csapp.h"
#define NCHILDREN 2

1
2
3
4
5 int main()
6
7
8
9

{
int status, i
pid_t pid;
char buf[MAXLINE];
10
11 for (i = 0; i < NCHILDREN; i++) {
12 pid = Fork();
13 if (pid == 0) / * child  */
14 /= child attempts to modify first byte of main */
15 *(char *)main = 1,
16 }
17
18 / = parent waits for all children to terminate */
19 while ((pid = wait(&status)) > 0) {
20 if (WIFEXITED(status))
21 printf("child %d terminated normally with exit status=%d\ n",
22 pid, WEXITSTATUS(status));
23 else
24 if (WIFSIGNALED(status)) {
25 sprintf(buf, "child %d terminated by signal %d",
26 pid, WTERMSIG(status));
27 psignal( WTERMSIG(status), buf);

28 }
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}
if (errno !'= ECHILD)
unix_error("wait error");
return O;
}

code/ecf/waitprob2-ans.c

Problem 8.25 Solution:

This is a beautiful little problem that shows students theraction between two different forms of excep-
tional control flow: signals and nonlocal jumps.

© 00 N O O B~ WN P
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code/ecf/tfgets-ans.c

#include "csapp.h"
static sigjmp_buf env;

static void handler(int sig)

{
Alarm(0);
siglongjmp(env, 1);
}
char =tfgets(char xS, int size, FILE * stream)
{
Signal(SIGALRM, handler);
Alarm(5);
if (sigsetjimp(env, 1) == 0)
return(Fgets(s, size, stream)); / * return user input */
else
return NULL; / * return NULL if fgets times out */
}
int main()
{
char buf[MAXLINE];
while (1) {
bzero(buf, MAXLINE);
if (tfgets(buf, sizeof(buf), stdin) != NULL)
printf("read: %s", buf);
else
printf(“timed out\n");
}
exit(0);
}

code/ecf/tfgets-ans.c
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Problem 8.26 Solution:

CHAPTER 1. SOLUTIONS TO HOMEWORK PROBLEMS

Writing a simple shell with job control is a fascinating poj that ties together many of the ideas in this
chapter. The distribution of the Shell Lab on the CS:APP#licgor Site

http://csapp2.cs.cmu.edu

provides the reference solution.

1.9 Chapter 9: Virtual Memory

Problem 9.11 Solution:

The following series of address translation problems diesstudents more practice with translation process.
These kinds of problems make excellent exam questions bedthey require deep understanding, and they
can be endlessly recycled in slightly different forms.

A. 00 0010 0111 1100

B. VPN: 0x9
TLBI: Ox1
TLBT: 0x2
TLB hit? N
page fault? N
PPN: 0x17

C. 0101 1111 1100

D. CO: 0x0
Cl: Oxf
CT: 0x17
cache hit? N
cache byte? -

Problem 9.12 Solution:

A. 00 0011 1010 1001

B. VPN: Oxe
TLBI: 0x2
TLBT: 0x3
TLB hit? N
page fault? N
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PPN: 0Ox11
C. 0100 0110 1001
D. CO: 0x1
Cl: Oxa
CT: 0x11
cache hit? N

cache byte? -

Problem 9.13 Solution:

A. 00 0000 0100 0000

B. VPN: Ox1
TLBI: Ox1
TLBT: 0x0
TLB hit? N
page fault? Y
PPN: -

C. n/a

D. n/a

Problem 9.14 Solution:

This problem has a kind of “gee whiz!” appeal to students wthew realize that they can modify a disk file
by writing to a memory location. The template is given in tb&igon to Problem 9.5. The only tricky part
is to realize that changes to memory-mapped objects arefietted back unless they are mapped with the
MAP_SHARED option.

code/vm/mmapwrite-ans.c
#include "csapp.h"

| *

* mmapwrite - uses mmap to modify a disk file
*/

void mmapwrite(int fd, int len)

{
char =*bufp;

© 0 N O 0~ WN P

=
o

bufp = Mmap(NULL, len, PROT_READ|PROT_WRITE, MAP_SHARED, fd, 0);
bufp[0] = 'J’;

PR
[N
—
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13

14 |/ * mmapwrite driver */

15 int main(int argc, char ** argv)

16 {

17 int fd;

18 struct stat stat;

19

20 / * check for required command line argument */
21 if (argc !'= 2) {

22 printf("usage: %s <filename>\n", argv[0]);

23 exit(0);

24 }

25

26 /* open the input file and get its size */
27 fd = Open(argv[l], O_RDWR, 0);

28 fstat(fd, &stat);

29 mmapwrite(fd, stat.st_size);

30 exit(0);

31 }

code/vm/mmapwrite-ans.c

Problem 9.15 Solution:
This is another variant of Problem 9.6.

| Request || Block size (decimal bytes) Block header (hex)
malloc(3) 8 0x9
malloc(11) 16 0x11
malloc(20) 24 0x19
malloc(21) 32 0x21

Problem 9.16 Solution:

This is a variant of Problem 9.7. The students might find ieriesting that optimized boundary tags coa-
lescing scheme, where the allocated blocks don't need arfdas the same minimum block size (16 bytes)
for either alignment requirement.

| Alignment | Allocated block | Free block || Minimum block size (bytes)
Single-word | Header and footer | Header and foote 20
Single-word | Header, but no footer Header and foote 16
Double-word| Header and footer | Header and foote 24
Double-word| Header, but no footef Header and foote 16

Problem 9.17 Solution:

This is a really interesting problem for students to work @itfirst glance, the solution appears trivial. You
define a global roving pointev¢id *rover ) that points initially to the front of the list, and then pamin
the search using this rover:

code/vm/malloc2-ans.c
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1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18

s
{

}

tatic void +find_fit(size_t asize)

char =*oldrover;
oldrover = rover;

/* search from the rover to the end of list */
for ( ; GET_SIZE(HDRP(rover)) > 0; rover = NEXT_BLKP(rover)
if ({GET_ALLOC(HDRP(rover)) && (asize <= GET_SIZE(HDRP(r
return rover;

/= search from start of list to old rover */
for (rover = heap_listp; rover < oldrover; rover = NEXT_BLKP
if ({GET_ALLOC(HDRP(rover)) && (asize <= GET_SIZE(HDRP(r
return rover,

return NULL; / = no fit found * [
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)
over))))

(rover))
over))))

code/vm/malloc2-ans.c

However, the interaction with coalescing introduces alstipthat is easy to overlook. Suppose that the
rover is pointing at an allocated bloékvhen the application makes a request to frek the previous block

is free, then it will be coalesced with and the rover now points to garbage in the middle of a freekblo
Eventually, the allocator will either allocate a non-disjoblock or crash. Thus, a correct solution must
anticipate this situation when it coalesces, and adjustayer to point to new coalesced block:

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21

s
{

tatic void * coalesce(void * bp)

int prev_alloc = GET_ALLOC(FTRP(PREV_BLKP(bp)));
int next_alloc = GET_ALLOC(HDRP(NEXT_BLKP(bp)));
size t size = GET_SIZE(HDRP(bp));

if (prev_alloc && next_alloc) { / * Case 1 x/
return bp;

}

else if (prev_alloc && 'next_alloc) { / * Case 2 x/

size += GET_SIZE(HDRP(NEXT_BLKP(bp)));
PUT(HDRP(bp), PACK(size, 0));
PUT(FTRP(bp), PACK(size,0));

else if ('prev_alloc && next_alloc) { / * Case 3 x/
size += GET_SIZE(HDRP(PREV_BLKP(bp)));
PUT(FTRP(bp), PACK(size, 0));
PUT(HDRP(PREV_BLKP(bp)), PACK(size, 0));
bp = PREV_BLKP(bp);

code/vm/malloc2-ans.c
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22 }

23

24 else { [+ Case 4 =*/
25 size += GET_SIZE(HDRP(PREV_BLKP(bp))) +

26 GET_SIZE(FTRP(NEXT_BLKP(bp)));

27 PUT(HDRP(PREV_BLKP(bp)), PACK(size, 0));

28 PUT(FTRP(NEXT_BLKP(bp)), PACK(size, 0));

29 bp = PREV_BLKP(bp);

30 }

31

32 /* Make sure the rover isn’'t pointing into the free block */
33 /= that we just coalesced */

34 if ((rover > (char *)bp) && (rover < NEXT_BLKP(bp)))

35 rover = bp;

36

37 return bp;

38 }

code/vm/malloc2-ans.c

Interestingly, when we benchmark the implicit allocatorSaction 9.9.12 on a collection of large traces,
we find that next fit improves the average throughput by maaa thfactor of 10, from 10K requests/sec to
a respectable 139K requests/sec. However, the memorgatitiln of next fit (80%) is worse than first fit
(99%). By contrast, the C standard library’s GNt&lloc package, which uses a complicated segregated
storage scheme, runs at 119K requests/sec on the samerseesf t

Problem 9.18 Solution:

No solution yet.

Problem 9.19 Solution:
Here are the true statements. The observation about thea¢ence of first fit and best fit when the list is
ordered is interesting.

1. (a) In a buddy system, up to 50% of the space can be wastet thiernal fragmentation.

2. (d) Using the first-fit algorithm on a free list that is oreéraccording to increasing block sizes is
equivalent to using the best-fit algorithm.

3. (b) Mark-and-sweep garbage collectors are called ceathes if they treat everything that looks like
a pointer as a pointer,

Problem 9.20 Solution:

This one of our favorite labs. See the CS:APP Instructor'd \fWage for a turnkey solution, including
solution implementation and autograders.
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1.10 Chapter 10: 1/0

Problem 10.6 Solution:

On entry, descriptors 0-2 are already open. dpen function always returns the lowest possible descriptor,
so the first two calls tapen return descriptors 3 and 4. The call to thlese function frees up
descriptor 4, so the final call topen returns descriptor 4, and thus the output of the progranidia “=

4",

Problem 10.7 Solution:

codel/io/cpfilel-ans.c

1 #include "csapp.h"

2

3 int main(int argc, char *x argv)

4 {

5 int n;

6 char buf[MAXBUFT;

7

8 while((n = Rio_readn(STDIN_FILENO, buf, MAXBUF)) != 0)
9 Rio_writen(STDOUT_FILENO, buf, n);

10 exit(0);

1 }

code/io/cpfilel-ans.c

Problem 10.8 Solution:
The solution is nearly identical to Figure 10.10, callfistat  instead ofstat

code/io/fstatcheck-ans.c

1 #include "csapp.h"
2

3 int main (int argc, char ** argv)

4 {

5 struct stat stat;

6 char =*type, =*readok;

7 int size;

8

9 if (argc !'= 2) {

10 fprintf(stderr, "usage: %s <fd>\n", argv[0]);
11 exit(0);

12 }

13 Fstat(atoi(argv[1]), &stat);

14 if (S_ISREG(stat.st_mode)) / * Determine file type */
15 type = "regular";

16 else if (S_ISDIR(stat.st_mode))

17 type = "directory";

18 else if (S_ISCHR(stat.st_mode))
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19 type = "character device";

20 else

21 type = "other";

22

23 if ((stat.st_ mode & S IRUSR)) / * Check read access  */
24 readok = "yes";

25 else

26 readok = "no";

27

28 size = stat.st_size; / * check size  */
29

30 printf("type: %s, read: %s, size=%d\n",

31 type, readok, size);

32

33 exit(0);

34 }

code/io/fstatcheck-ans.c

Problem 10.9 Solution:

Before the call texecve , the child process opemso.txt  as descriptor 3, redirecssdin  tofoo.txt
and then (here is the kicker) closes descriptor 3:

if (Fork() == 0) { I+ child «/
fd = Open(“foo.txt”, O_RDONLY, 0); / * fd == */
Dup2(fd, STDIN_FILENO);
Close(fd);

Execve(“fstatcheck”, argv, envp);

}

Whenfstatcheck  begins running in the child, there are exactly three opes,fderresponding to de-
scriptors 0, 1, and 2, with descriptor 1 redirectedat.txt
Problem 10.10 Solution:

The purpose of this problem is to give the students additipreectice with I/O redirection. The trick is that
if the user asks us to copy a file, we redirect standard inptitabfile before running the copy loop. The
redirection allows the same copy loop to be used for eithse.ca

code/io/cpfile2-ans.c

1 #include "csapp.h"

2

3 int main(int argc, char *x argv)
4 {

5 int n;

6 rio_t rio;

7 char buf[MAXLINE];

8

9 if ((argc = 1) && (argc '= 2) ) {
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10 fprintf(stderr, "usage: %s <infile>\n", argv[0]);
11 exit(1);

12 }

13

14 if (argc == 2) {

15 int fd;

16 if ((fd = Open(argv[l], O_RDONLY, 0)) < 0) {
17 fprintf(stderr, "Couldn’t read %s\n", argv[1]);
18 exit(1);

19 }

20 Dup2(fd, STDIN_FILENO);

21 Close(fd);

22 }

23

24 Rio_readinitb(&rio, STDIN_FILENO);

25 while((n = Rio_readlineb(&rio, buf, MAXLINE)) != 0)
26 Rio_writen(STDOUT_FILENO, buf, n);

27 exit(0);

28 }

code/io/cpfile2-ans.c

1.11 Chapter 11: Network Programming

Problem 11.6 Solution:

There is no unigue solution. The problem has several puspdsiest, we want to make sure students can
compile and run Tiny. Second, we want students to see what &m@vser request looks like and what the
information contained in it means.

Problem 11.7 Solution:

Solution outline: This sounds like it might be difficult, bititis really very simple. To a Web server, all
content is just a stream of bytes. Simply add the MIME typgkeo/mpg to theget _filetype function
in Figure 11.33.

Problem 11.8 Solution:
Solution outline: Install a SIGCHLD handler in the main rioetand delete the call tgait in serve _dynamic .

Problem 11.9 Solution:

Solution outline: Allocate a buffer, read the requestedifite the buffer, write the buffer to the descriptor,
and then free the buffer.

Problem 11.10 Solution:
No solution yet.
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Problem 11.11 Solution:
Solution outline: HEAD is identical to GET, except that itedonot return the response body.

Problem 11.12 Solution:
No solution yet.

Problem 11.13 Solution:

Solution outline: Install the SIGGN handler for SIGPIPE, and write a wrapper functiom _writenp
that returns O when it encounters an EPIPE error. To be mbogeet, Tiny can check the return code after
each write and return to the main routine when it gets a zero.

1.12 Chapter 12: Concurrency

Problem 12.16 Solution:
This purpose of this problem is get the student’s feet wdt wisimple threaded program.

code/conc/hellon-ans.c

1 #include "csapp.h"

2

3 void *thread(void *vargp);

4

5 int main(int argc, char ** argv)

6 {

7 pthread t  =tid;

8 int i, n;

9

10 if (argc !'= 2) {

11 fprintf(stderr, "usage: %s <nthreads>\n", argv[0]);
12 exit(0);

13 }

14 n = atoi(argv[l)]);

15 tid = Malloc(n * sizeof(pthread_t));
16

17 for (i = 0; i < n; i++)

18 Pthread_create(&tid[i], NULL, thread, NULL);
19 for (i = 0; i < n; i++)

20 Pthread_join(tid[i], NULL);

21 exit(0);

22 }

23

24 |+ thread routine */

25 void *thread(void *vargp)

26 {

27 printf("Hello, world\n");

28 return NULL;
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29 }

code/conc/hellon-ans.c

Problem 12.17 Solution:

This is the student’s first introduction to the many synciration problems that can arise in threaded
programs.

A. The problem is that the main thread cadldt without waiting for the peer thread to terminate. The
exit call terminates the entire process, including any threlaaishiappen to be running. So the peer
thread is being killed before it has a chance to print its ougtring.

B. We can fix the bug by replacing tlexit function withpthread _exit , which waits for outstand-
ing threads to terminate before it terminates the process.

Problem 12.18 Solution:
The idea here is to check whether students understand tlensatf safe and unsafe trajectories, where

trajectories that skirt the critical region are safe, arabéhthat cross the critical region are unsafe.
A. Hg, LQ, UQ, Hl, Ll, 52, Ul, 51, Tl, T5: unsafe
B. Hs, Hy, L1,Uy, 51, La, T1,Us, S, T5: safe
C. Hl, Ll, HQ, Lg, UQ, 52, Ul, 51, Tl, T5: unsafe

Problem 12.19 Solution:

The idea is to use another mutex in the writer as a gatewayldimigoarea that allows only a single writer
at a time to be waiting on the mutex that protects the criegition. So when a writer finishes its critical
section and executes thg the only other threads that can be restarted are readers.

code/conc/rw2-ans.c

1 #include "csapp.h"
2

3 /+ Global variables */
4 int readcount; / * |nitially = 0 */
5 sem_t mutex, w, wg; / = All initially = 1 */

6
7 void reader(void)

8 {

9 while (1) {

10 P(&mutex);

11 readcount++;

12 if (readcount == 1)
13 P(&w);

14 V(&mutex);
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15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

}

/ = Critical section:
/ * Reading happens

P(&mutex);

readcount--;

if (readcount == 0)
V(&w);

V(&mutex);

void writer(void)

{

}

while (1) {

P(&wg);
P(&w);

/ = Critical section:
/= Writing happens

V(&w);
V(&wg);

CHAPTER 1. SOLUTIONS TO HOMEWORK PROBLEMS

*/
*/

*/
*/

Problem 12.20 Solution:

Here is an elegant solution due to Henri Casanova. The ideausing a counting semaphore initialized to
N. Each reader must acquire 1 resource to be able to readMtlzosicurrent readers are allowd. Similarly,
each writer must acquir&’ resources to be able to write, and therefore only writer @executing at a

time, and when a writer is executing, no other readers camxdéauing. A mutex in the writer ensures that

only one writer at a time is busy accumulating resources.

© 00 N o O b~ WDN PP
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#include “"csapp.h"

#define N 10

/ = Global variables */
sem_t sem; [ = Initially =
sem_t wmutex; / =+ Initially =
void reader(void)

{

while (1) {

P(&sem);

[

*/
*/

code/conc/rw2-ans.c

code/conc/rw3-ans.c
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14 / = Critical section: * |
15 / * Reading happens */
16

17 V(&sem);

18 }

19 }

20

21 void writer(void)

22 {

23 int i

24

25 while (1) {

26 P(&wmutex);

27 for (i=0; i<N; i++)

28 P(&sem);

29 V(&wmutex);

30

31 / = Critical section: * |
32 [ * Writing happens */
33

34 for (i=0; i<N; i++)

35 V(&sem);

36 }

37 }

code/conc/rw3-ans.c

Problem 12.21 Solution:
See the solution in Courtois et al, Concurrent Control widaéers and Writers CACM, Oct, 1971.

Problem 12.22 Solution:
No solution provided.

Problem 12.23 Solution:
No solution provided.

Problem 12.24 Solution:

Each of theRio functions is passed a pointer to a buffer, and then operatdgsévely on this buffer and
local stack variables. If they are invoked properly by thiireg function, such that none of the buffers are
shared, then they are reentrant. This is a good example afake of implicit reentrant functions.

Problem 12.25 Solution:

The echo _cnt function is thread-safe because (a) It protects accesst tshared globdbyte _cnt
with a mutex, and (b) All of the functions that it calls, suchrin _readline andrio _writen , are
thread-safe. However, because of the shared variabley _cnt is not reentrant.

Problem 12.26 Solution:
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No solution provided.

Problem 12.27 Solution:

The problem occurs because you must close the same desdwate in order to avoid a memory leak.
Here is the deadly race: The peer thread that closes the dimmeompletes the first close operation, thus
freeing up descriptok, and then is swapped out. A connection request arrives whglenain thread is
blocked inaccept which returns a connected descriptorkotthe smallest available descriptor. The main
thread is swapped out, and the the peer thread runs agaimpletorg its second close operation, which
closes descriptok again. When the main thread runs again, the connected piesdtipasses to the peer
thread is closed!

Problem 12.28 Solution:
Interestingly, as long as you lock the mutexes in the commgr, the order in which you release the mutexes
has no affect on the deadlock-freedom of the program.

Problem 12.29 Solution:

Thread 1 holds mutex paira,(b) and @, ¢) simultaneously, but not mutex patr,£), while Thread 2 holds
mutex pair ¢,b) simultaneously, not the other two. Since the sets areidtsjiere is no deadlock potential,
even though Thread 2 locks its mutexes in the wrong ordenvidgathe progress graph is a nice visual way
to confirm this.

Problem 12.30 Solution:

A. Thread 1 holdsd, b) and @, c) simultaneously. Thread 2 holds ¢) simultaneously. Thread 3 holds
(a, b) simultaneously.

B. Thread 1 locks all of its mutexes in order, so it is OK. Tlit@adoes not violate the lock ordering
with respect tof, ¢) because it is the only thread that hold this pair of locksutiameously. Thread 3
locks (, ¢) out of order, but this is OK because it doesn’t hold thos&$aimultaneously. However,
locking (a,b) out of order is a problem, because Thread 1 also needs tdhadl@air simultaneously.

C. Swapping th€’(b) andP(a) statements will break the deadlock.

The next three problems give the students an interestinasinin concurrent programming with processes,
select, and threads.

Problem 12.31 Solution:
A version oftfgets  based on processes:

code/concl/tfgets-proc-ans.c

1 #include "csapp.h"

2 #define TIMEOUT 5

3

4 static sigimp_buf env; / + buffer for non-local jump */
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5 static char

6

* Str; /

7 /= SIGCHLD signal handler */
8 static void handler(int sig)

* global to keep gcc -Wall happy

117

*/

code/concl/tfgets-proc-ans.c

9 {
10 Wait(NULL);
11 siglongjmp(env, 1);
12 }
13
14 char =*tfgets(char xS, int size, FILE * stream)
15 {
16 pid_t pid;
17
18 str = NULL;
19
20 Signal(SIGCHLD, handler);
21
22 if ((pid = Fork()) == 0) { / * child  */
23 Sleep(TIMEOUT);
24 exit(0);
25 }
26 else { / =+ parent «/
27 if (sigsetjimp(env, 1) == 0) {
28 str = fgets(s, size, stream);
29 Kill(pid, SIGKILL);
30 pause();
31 }
32 return str;
33 }
34 }

Problem 12.32 Solution:

A version oftfgets  based on I/O multiplexing:
1 #include "csapp.h"
2
3 #define TIMEOUT 5
4
5 char =+tfgets(char xS, int size, FILE * stream)
6 {
7 struct timeval tv;
8 fd_set rfds;
9 int retval;
10
11 FD_ZERO(&rfds);
12 FD_SET(0, &rfds);

code/conc/tfgets-select-ans.c
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13
14
15
16
17
18
19
20
21
22

}
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/* Wait for 5 seconds for stdin to be ready
tv.tv_sec = 5;
tv.tv_usec = O;
retval = select(1, &rfds, NULL, NULL, &tv);
if (retval)

return fgets(s, size, stream);
else

return NULL;

Problem 12.33 Solution:

A version oftfgets

based on threads:
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#include "csapp.h"
#define TIMEOUT 5
void =*fgets_thread(void *vargp);
void =*sleep_thread(void *vargp);
char =*returnval;, / * fgets output string */
typedef struct { / * fgets input arguments */
char =s;
int size;
FILE = stream;
} args_t;
char =tfgets(char *str, int size, FILE * stream)
{
pthread_t fgets tid, sleep _tid;
args_t args;
args.s = str;
args.size = size;
args.stream = stdin;
returnval = NULL;
Pthread_create(&fgets_tid, NULL, fgets thread, &args);
Pthread_create(&sleep_tid, NULL, sleep_thread, &fgets
Pthread_join(fgets_tid, NULL);
return returnval,
}
void =*fgets_thread(void *vargp)
{
args_t xargp = (args_t *)vargp;
returnval = fgets(argp->s, argp->size, stdin);

code/conc/tfgets-select-ans.c

code/conc/tfgets-thread-ans.c

tid);
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33 return NULL;

34 }

35

36 void *sleep_thread(void

37 {

38 pthread_t fgets tid =

39 Pthread_detach(Pthread_self());
40 Sleep(TIMEQOUT);

41 pthread_cancel(fgets_tid);
42 return NULL;

43 '}

* (pthread_t

* )vargp;

Problem 12.34 Solution:

No solution provided.

Problem 12.35 Solution:

No solution provided.

Problem 12.36 Solution:

No solution provided.

Problem 12.37 Solution:

No solution provided.

Problem 12.38 Solution:

No solution provided.

Problem 12.39 Solution:

No solution provided.
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code/conc/tfgets-thread-ans.c



