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FUNCTIONAL OVERVIEW

This project is a design for an 8-bit multiplication of unsigned numbers. The
algorithm used is Radix-4 Booth encoding for generation of five partial products, a
Wallace tree adder to perform carry-save-style addition on the partial products, and a 16-
bit carry propagate adder to add the sum and carry bits output by the Wallace tree. This
technique is similar to, albeit in a scaled-down form, techniques used in fast multipliers
today.

Our particular implementation is as follows. abooth encoder generates five nine-
bit partial products, each depending on three bits of the input B, or multiplier
(abbreviated mier) and al bits of A, or the multiplicand (abbreviated mcand). Five are
required since for each partial product, the middle bit of the multiplier is B[2*1], so order
to , it is thus necessary to have the 0™ partial product consider B[1], B[0] B[-1] = 0, the
1% to look at b[3:1], and so on until the 5" partial product looks at B[9] = B[8] = 0 and
B[7]. Each partial product PP iseither O, A, -A, 2A or —2A according to the following
table of three-bit mier values:

Mier | PP
000 | O
001 | A
010 | A
011 | 2A
100 | -2A
101 | -A
110 | -A
111 | O

By looking at multiple bits of the multiplier and allowing the partial product to
have this range of values, it is possible to multiply two 8-bit numbers summing five
partial products instead of the usual eight. One dlight tradeoff for this technique, at least
for unsigned multiplication as implemented here, is that negation requires not only an
inversion of bits, but an addition of one to preserve twos complement form, as well as
sign extension. Notice above that the sign bit can be taken to be Mier[2] if negation is
performed (albeit with no ultimate effect) for Mier = 111. This bit can be output to a
product addition scheme as both a “carry” (addition of O for positive and 1 for negative to
ensure 2s complement form) and a sign extension. This forms a 10" bit of output for
each partial product.

Once generated, the partial products must be summed. In this design, the Wallace tree
compresses the bits of each column to be summed into two bits, a sum and a carry into
the next column, using a series of full adders as 3:2 compressors. One hit of the resulting
compression (the sum bit) remains in the current column while the other, as a carry bit,
must be sent to the next most significant column if a carry for that column is already



dated for the CPA. With five partial products plus one extra bit each, it is possible to
accumulate up to three extra carries, so that up to nine bits may be added in asingle
column. This therefore requires no more than two levels of 3:2 compression for any one
column. Once each column is compressed to two bits, the final add may occur according
to any carry-propagate adder technique. To keep the project more manageable, a basic
ripple-carry adder was used in this design.

CHIP PINOUT

Inputs Outputs
A<7:0>
B<7:0>
VDD
GND

P<15:0>

B7 B6 BS B4 B3 B2 B1 BO
L]

Multiplier

A0 —
Al —
A2 —
A3 —
A4 —
A5 —
A6 —
A7 —

GND

(2193.5 x 1867) —

ERIZATEIIRS

P10
P11
P12
P13
P14
P15
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AREA AND DESIGN TIME REPORT

The following summarizes the area of blocks designed specifically for the fina project
(standard gates designed in labs are not represented here). All areas represent the
smallest rectangle that can be drawn around the entire layout.

Design Time (hrs)
Cell Area (Width x Height)

Sch. Layout
pass-gate 70.5x97.5 2 3
test 111.25 x 105.25 2 3
booth-pp 171.875 x 105.25 2 3
booth-decode 400.25 x 98.25 2 4
booth-cell = booth-pp x 9 + booth-decode x 1 | 185.875 x 1350.25 3 3
fa_cpa 139 x 99 2 6
fa_wal 246 x 99 2 12
booth-array = booth-cell x 5 930.625 x 1405 3 3
cpa =fa_cpax 16 153 x 1695.5 2 3
waltree = fa_wal x 44 1005.5 x 1501 4 10
multiplier = booth-array + cpa + waltree 2193.5 x 1867 24 50
TOTAL AVAILABLE AREA 2200 x 2200




SIMULATION

All smulation for this design was carried out using IRSIM. Waveforms of leaf cell
output for all possible inputs are attached as Appendix A.

While leaf cells were readily simulated manually, some automation was needed to
effectively simulate the three higher level blocks. In order to efficiently processa
sufficient number of tests to ensure correct functionality, we wrote a Java program to
generate .cmd files for scripting the smulation. Simulation results were processed by a
second Java program. By putting a watch (“w” command in IRSIM) on all inputs and
outputs, and piping simulation console output into atext file, we could import inputs and
received outputs into the Java program, which then compared received outputs to
expected outputs and printed appropriate messages when errors were found. The source
code for these two Java programs are attached as Appendix B. The documentation
contained within them describes their functionality in greater detail.

Java-based testing was conducted for the booth array, Wallace tree, and the multiplier as
awhole. For the booth array, three corner cases (A =B = 0x00; A =B = OxFF, and A =
B = OxAA), and 100 randomly generated pairs of inputs were used. For the Wallace tree
and the multiplier, the same tests (albeit with different random cases) plus 256 additional
corner cases (comprising all permutations of inputs where both contain exactly one 1)
were used. Testing for the CPA was conducted through testing of the multiplier since its
functionality was relatively straightforward. Final simulation results are as follows:

Booth-array: O errors

Wallace tree: 99 errors consisting of output containing Xs. In light of the correct
behavior of the multiplier thisis believed to be due to a software bug.

Multiplier: O errors.



VERIFICATION STATUS

Leaf Cell | CELL DRC ERC Network Compare (tool used)

o pass-gate Pass Pass Pass (NCC)

@) test Pass Pass Pass (NCC)

@) booth-decode Pass Pass Pass (NCC)
booth-pp Pass Pass Pass (NCC, Gemini)
booth-cell Pass Pass Pass (NCC, Gemini)

@) fa_cpa Pass Pass Pass (Gemini)

o fa_wal Pass Pass Pass (Gemini)
booth-array Pass Pass Pass (NCC, Gemini)
cpa Pass Pass Pass (Gemini)
waltree Pass Pass Pass (Gemini)
multiplier Pass Pass Pass (Gemini)




POST-FABRICATION TEST PLAN

Testing of the multiplier chip could be done with an E155 FPGA board. The
breadboard schematic would consist of the FPGA board, appropriate setup for installing
the chip onto the breadboard, 16 bits worth of DIP switches, and 8 LEDs to supplement
the 8 on-board LEDs. The FPGA may then be programmed with an 8-bit multiplier and
16-bit comparator. The person testing could control the two inputs via the DIP switches.
These inputs would be sent to both the chip and the FPGA. The FPGA would compute
the output and compare it to the output of the chip, turning on LEDs for bits with errors.



SCHEMATICS

Pass-gate:




Booth-pp:
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Full Adder: Wallace Tree

Full Adder: Ripple Carry Adder




Wallace Tree (top half)




Wallace Tree (bottom half)
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Multiplier
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LAYOUT

Pass-gate:




Booth-pp:

Booth-decode:




Booth-cdll:




Booth-array:




Full Adder: Wallace Tree

Full Adder: CPA




Wallace Tree







Multiplier




Appendix A:  Simulation Waveforms booth-pp

mcand

mcand-1

X1

X2

n0

nl

pp

time (ns) ' ' ' ' ' ' '
0.00 50.00 100.00 150.00 200.00 250.00 300.00 340.00




booth-decode

Thu Mar 22 03:20:57 2001

mOi

ml:

m2:

X2

time (ns) '
0.75 10.00




fa_wallay Wed Apr 11 03:10:35 2001

sum |

cout

0.00 25.00 50.00 75.00 100.00 125.00 150.00




fa_cpalay Wed Apr 11 03:11:35 2001

sum

cout

time (ns) ' ' ' ' ' '
0.00 25.00 50.00 75.00 100.00 125.00 150.00




APPENDIX B: Java Test Bench

/| cmdmaker . j ava

/] Peter Grossmann

/] Devised 30 March 2001
//Last nmodified 11 April 2001

/1 This file generates .cnd files for testing the multiplier

/I Adnmittedly, the techniques enployed are crude and the code woul d
/[l/definitely get marked down for style in any Mudd CS cl ass. However,
/lit got the job done and didn't take inordinate anpunts of time to
//wite, which was good.

/1 The program works by typing the foll owi ng sequence into the conmmand
line

/1

/1java cndnmaker <test type> <fil enane>

/1

/11t then looks for a block it's generating a test for as either the

/! booth array (booth), the wallace tree (waltree) or the ful

mul tiplier

//(mult). Based on which is selected, it generates an array of Strings
/I where each String is a conmand line for a .cnd file. The array of
/1Strings is converted to a plain text file using sone file I/0O
routines |

//stole fromold code of mine. Feel free to steal themyourself if you
want ;

//there's nothing magic, special or copywitten about them

// There are three groups of conmands generated: "header"™ which

consi sts

/1 of defining input vectors and other setup stuff, "corner cases" for
/[l performng directed tests (A=B =0; A=B = 11111111, A= B =
10101010

[lfor all blocks, plus all permutations of a single bit high in each
i nput

/[/for the booth array and the nmultiplier), and randomtests where

i nputs

//are allowed to vary over their full range

i mport java.io.*;
cl ass cndnaker {
public static void main(String args[]) {
/1 Step 1 of the programis to determ ne how many |ines |ong
//the .cnd file will be to allocate space for it in the form

/lof a String array. There are four paraneters used here:

/I headerlines: nunber of lines of pre-input toggling/simulation
/I commands

[llinespercase: nunber of commands needed to perform each test
//this is just the nunber of inputs plus one.



//cornercases: the nunber of corner cases
// randontases: the nunber of random cases

/lendlines: the nunber of endlines. 1In this code, the only
/I necessary endline is "exit" so that the .cnd file al so
//terminates irsim (handy for automated test suites)

if (args.length == 2) {
bool ean booth = fal se;
bool ean waltree = fal se;

int headerlines = 7;
int |inespercase = 3;
i nt cornercases = 259;

if (args[0].equal s("booth")) {
headerli nes = 15;
booth = true;
}
el se {
if (args[0].equals("waltree")) {
headerl i nes = 10;
| i nespercase = 7;
cornercases = 2;
wal tree = true;

}
}

i nt randoncases = 100;
int endlines = 1;

String[] cndlines = new String[headerlines +
| i nespercase * (cornercases +
randontases)
+ endl i nes];

/I Header required for the booth test: definition of

/linput vectors A[7:0], B[7:0] and output vectors

/1 PPO[8:0], PP1[8:0], PP2[8:0], PP3[8:0] and PP4[8: 0],

//the five partial products, plus five sign/carry bits.

/11f the partial product is to be subtracted, then

//the nmultiplier negates them conform ng to twos conpl enent

//form Thus the partial products need to be sign extended

/land have one added to themif they are negative (follow ng
/[/their inversion). Since the sign is always equal to a

negati on
/lsignal, and the one is added only if the negation signal is
/1high, it makes sense to sinply feed this negation signal to
//the wallace tree and add it in whatever colums it is
needed.
/1 This is what the nultiplier does so the test needs to
account

//for that.



/1 One additional header line (very inportant to the overal

t est

[Iplan) is the watch ("w') conmand applied to all i/o
vectors.

/1 This causes IRSIMto display on screen the val ue of each
vect or

/1 being watched. It's then no trick to pipe the screen
out put

/linto a text file and process the file with a parser (see

[lmultester.java; that's what it does).

/I note here that the code hard-wites the signal names that
we

/lused, so if you were to adapt this code for your own use,
you' d

/I need to rewite the header to suit your own project.

cndl i nes[0] = "stepsize 100\ n";

if (booth) {

cmdl i nes[1] = "vector PPO pp0_8 pp0_7 pp0_6 pp0_5 pp0_4
pp0_3 pp0_2 pp0_1 pp0O_0O\n";

cndl i nes[2] = "vector PP1 ppl_8 ppl_7 ppl_6 ppl_5 ppl_4
ppl_3 ppl_2 ppl_1 ppl_O\n";

cndl i nes[3] = "vector PP2 pp2_8 pp2_7 pp2_6 pp2_5 pp2_4
pp2_3 pp2_2 pp2_1 pp2_0\n";

cndl i nes[4] = "vector PP3 pp3_8 pp3_7 pp3_6 pp3_5 pp3_4
pp3_3 pp3_2 pp3_1 pp3_0\n";

cnmdl i nes[5] = "vector PP4 pp4_8 pp4_7 ppd_6 pp4_5 ppd_4
pp4_3 pp4_2 pp4_1 ppd4_0O\n";

cndl i nes[6] = "vector PPC n4_1 n3_1 n2_1 nl1_1 nO_1\n";

cndlines[7] = "vector B4 mer_7\n";

cndlines[8] = "vector B3 mer_7 mer_6 mer_5\n";

cndlines[9] = "vector B2 mier_ 5 mer_4 mer_3\n";

cndl i nes[10] = "vector Bl mier_3 mer_2 mer_1\n";

cndl i nes[11] = "vector BO mier_1 mer_0 gnd\n";

cndl i nes[12] = "vector B mier_7 mer_6 mer_5 mer_4 mer_3
mer 2 mer_1 mer_0O\n";

cmdl i nes[13] = "vector A ncand_7 ntand_6 nctand_5 nctand_4
ncand_3 nctand_2 nctand_1 ntand_0O\n";

cmdl i nes[14] = "w PPC PP4 PP3 PP2 PP1 PPO B4 B3 B2 Bl BO B
A\ n";

}
el se {

//Val |l ace tree test header: Input vectors are the five

/I partial products; outputs are a sumvector and a carry

//vector. Note that the handful of |lower bits that don't
need

//to be sent through the Wallace tree aren't represented
here.

if (waltree) {



cmdl i nes[1] = "vector PPO pp0_8 pp0_7 pp0_6 pp0_5 pp0_4
pp0_3 pp0_2\n";

cndl ines[2] = "vector PPl ppl 8 ppl_7 ppl_6 ppl_5 ppl_4
ppl_3 ppl_2 ppl_1 ppl_O\n";

cmdl i nes[3] = "vector PP2 pp2_8 pp2_7 pp2_6 pp2_5 pp2_4
pp2_3 pp2_2 pp2_1 pp2_0\n";

cnmdl i nes[4] = "vector PP3 pp3_8 pp3_7 pp3_6 pp3_5 pp3_4
pp3_3 pp3_2 pp3_1 pp3_0\n";

cndl i nes[5] = "vector PP4 pp4_7 pp4_6 ppd_5 ppd_4 ppd_3
pp4_2 pp4_1 pp4_0\n";
cndl i nes[6] = "vector PPC pp4_c pp3_c pp2_c ppl_c\n";
cmdlines[7] = "vector S s15 s14 s13 s12 s11 s10 s9 s8
s7 s6 s5 s4 s3 s2\n";
cnmdl ines[8] = "vector C c15 c14 c13 c12 c11 c10 c9 c8
c7 c6 ¢c5 c4 c3\n";
cmdlines[9] = "w C S PPC PP4 PP3 PP2 PP1 PPO\n";
}
[Imultiplier test header is sinple: Inputs A and B, and

/loutput P the product. Since the Wallace tree is the
//toughest part of this to get right, it's also nice to
// have the sum and carry values it generates displayed

else { //nultiplier test

cnmdlines[1] = "vector A a7 a6 a5 a4 a3 a2 al a0\ n";
cndlines[2] = "vector B b7 b6 b5 b4 b3 b2 bl bO\n";
cndlines[3] = "vector P pl5 pl4 pl3 pl2 pll pl0 p9 p8
p7 p6 p5 p4 p3 p2 pl pO\n";
cmdlines[4] = "vector s s15 s14 s13 s12 s11 s10 s9 s8
s7 s6 s5 s4 s3 s2\n";
cmdl i nes[5] = "vector ¢ c15 c14 c13 c12 c11 c10 c9 c8
c7 c6 c5 c4 c3\n";
cndlines[6] = "wCS P B An";
}
}
/I corner cases:
e

//Wal | ace Tree corners: all zeros and all ones:
if (waltree) {
cmdl i nes[ headerlines] =

set PPO 0000000\ n";

cmdl i nes[ headerlines + 1] = "set PP1 000000000\ n";
cmdl i nes[ headerlines + 2] = "set PP2 000000000\ n";
cmdl i nes[ headerlines + 3] = "set PP3 000000000\ n";
cnmdl i nes[ headerlines + 4] = "set PP4 00000000\ n";
cmdl i nes[ headerlines + 5] = "set PPC 0000\ n";

cndl i nes[ headerlines + 6] = "s\n";

cmdl i nes[ headerlines + 7] = "set PPO 1111111\ n";
cmdl i nes[ headerlines + 8] = "set PP1 111111111\n";
cmdl i nes[ headerlines + 9] = "set PP2 111111111\n";
cnmdl i nes[ headerlines + 10] = "set PP3 111111111\n";
cmdl i nes[ headerlines + 11] = "set PP4 11111111\n";
cmdl i nes[ headerlines + 12] = "set PPC 1111\ n";
cmdl i nes[ headerlines + 13] = "s\n";



/! booth and nmultiplier corner cases:

el se {

cmdl i nes[ headerlines] = "set A 00000000\ n";
cmdl i nes[ headerlines + 1] = "set B 00000000\ n";
cmdl i nes[ headerlines + 2] = "s\n";

cndl i nes[ headerlines + 3] = "set A 11111111\ n";
cndl i nes[ headerlines + 4] = "set B 11111111\ n";
cmdl i nes[ headerlines + 5] = "s\n";

cnmdl i nes[ headerlines + 6] = "set A 10101010\ n";
cndl i nes[ headerlines + 7] = "set B 10101010\ n";

cndl i nes[ headerl i nes + 8] "s\n";

char[] AString = {*o0', ‘o', o, ‘o, ‘o', ‘o', '0'", 'O
char[] BString {o, o, 'o, 0, ‘o, "0, ‘0o, 0
i nt indexstart headerli nes + 9;

/Iplace a single 1 in A and in B and then shift them
//through each permnutation:
for (int index = 7; index >= 0; index--) {

AString[index] ="'1";
for (int indexb = 7; indexb >= 0; indexb--) {
BString[indexb] ="'1";
int i = linespercase * (8 * (7 - index) +
(7 - indexb)) + indexstart;
cndlines[i] = "set A "+new String(AString)+"\n";
cmdl i nes[i+1] = "set B "+new String(BString)+"\n";
cmdl i nes[i+2] = "s\n";
BString[indexb] ="'0";
}
AString[index] ="'0";
}
}
/I random cases:
I R R T T

for (int index = headerlines + |inespercase * cornercases;
i ndex < cndlines.length - endlines;
i ndex = index + linespercase) {

/1 for each n-bit input, select a random bit val ue
/! between 0 and 2"n - 1. Then convert it from an
/[linteger into a binary String

if (waltree) {

| ong pp0O = Mat h.round(127.0 * Math. random());
l ong ppl = Math.round(511.0 * Math. random());
l ong pp2 = Math.round(511.0 * Math. random());
l ong pp3 = Math.round(511.0 * Math. random());
| ong pp4 = Math.round(255.0 * Math. randonm());
| ong ppc = Math.round(15.0 * Math.random());

String ppOString = | ongtobin(pp0, 7);
String pplString = |ongtobin(ppl, 9);

}.
}.



an

String pp2String = | ongtobin(pp2, 9);
String pp3String = | ongtobin(pp3, 9);
String pp4String = | ongtobin(pp4, 8);
String ppcString = | ongtobin(ppc, 4);
cmdl i nes[index] = "set PPO " + ppOString + "\n";
cmdl i nes[index + 1] = "set PP1 " + pplString + "\n";
cmdl i nes[index + 2] = "set PP2 " + pp2String + "\n";
cndl i nes[index + 3] = "set PP3 " + pp3String + "\n";
cndl i nes[index + 4] = "set PP4 " + pp4String + "\n";
cnmdl i nes[index + 5] = "set PPC " + ppcString + "\n";
cndl i nes[index + 6] = "s\n";

}

el se {
long a = Math.round(255.0 * Math.randon());
long b = Math. round(255.0 * Math.randon());
String asString = |l ongtobin(a, 8);
String bString = | ongtobin(b, 8);
cndl i nes[index] = "set A" + aString + "\n";
cnmdlines[index + 1] = "set B" + bString + "\n";
cmdl i nes[index + 2] = "s\n";

}

}
cmdl i nes[cndlines.length - 1] = "exit\n";

// The commands are set:
iteFile(args[1l], cndlines);

System out. println("Error,

wr
}
el se {
}

}

/1 The rest of the code is hel per

/11 ongtobin accepts an integer

/I N-bit

representati on of that
public static String | ongtobin(long | ongval,

time to wite the file:

nmet hods:

and a nunber

i nteger:

/1 System out.println(longval);

char[]

bi narray = new char[nundigits];
nundi gits = nundigits - 1;

wr ong number of

of bits N and returns

i nt

//build the character array fromLSB to MSB
while (longval > 0) {
long curdigit = longval % 2;

/1Systemout.println(curdigit);

if

}

e

}

(curdigit == 1) {
bi narray[ nundi gi t s]

se {
bi narray[ nundi gi t s]

argunents\n");

nundi gi ts) {



l ongval = (longval - curdigit) / 2;
/1 System out. println(longval);
nundigits = nundigits - 1

}

//pad the value with zeros so that it's always an 8-bit val ue
while (nundigits >= 0) {

bi narray[ nundigits] = "'0";
nundi gits = nundigits - 1
}

return new String(binarray);

}

/1 This function converts a String array into a text file with
/lone string per line. As can be seen, nobst of the work is

/1 done by standard Java packages.

public static void witeFile(String filenane, String[] fileData) ({

try {
Buf feredWiter out = new BufferedWiter(

new FileWiter(filenane));

for (int index = 0; index < fileData.length; index++) {

if (fileData[index] !'= null) {

out.wite(fileData[index], O,
fileData[index].length());

}

out.close();

Systemout.println(filename + successfully witten.");

}

catch (1 OException toss) {
Systemout.println("I OException at witeFile; can't build
Buf feredWiter.");

}
}



[Imultester.java

/[ Peter Grossmann

/[ Devi sed 30 March 2001
//Last Modified 11 April 2001

/1 This programis a test utility for an 8-bit booth-encoded nultiplier

/1 The program works by typing the foll ow ng sequence into the command
line

/1

/ljava multester <test block> <fil ename>

/1

//where test block is either the booth array, the wallace tree, or the
/Imultiplier, and filenane is the nane of a text file containing

/1 piped IRSIM screen output. The programreads the file and, based on
/Iwhich block is being tested, | ooks for lines in the text file that
/lcorrespond to test results. It translates those lines into inputs
and

/lreceived outputs, generates expected val ues of outputs for those

i nputs,

[/ conpares expected to received outputs, and prints error messages
//when results disagree. | will note up front that the inplenentation
is

/loverly-directive, nmakes a | ot of assunptions about text file format.
[/ Progranm ng power and style was sacrificed significantly in the

i nterest

/1 of rapid devel opment. However, when used in conjunction with

si mul ati ons

/[/run using cnmdmaker.java, it works, and therefore does exactly what it
needs

//to do.

i mport java.io.*;
class multester {
public static void main(String args[]) {
//see which test is being requested and run it:
if (args.length == 2) {
if (args[0].equals("mult")) {

mul ttest(args[1]);
}

el se {
i f (args[0].equal s("booth")) {
boot ht est (args[1]);
33| se {

if (args[0].equals("waltree")) {

wal treetest(args[1]);



}

el se {
Systemout.println("Error; unsupported feature");

}
}
}
}
el se {
Systemout.println("Error; wong nunmber of argunents");
}

/1 The nultiplier test reads in inputs A and B and out put P and
verifies
/Iwhether A * B =P for A and B treated as unsi gned nunbers:
public static void nulttest(String filenanme) {
try {
FilelnputStreamresults =
new Fil el nput Stream(fil enane);
String[] tests = readFileLines(results);

int errors = 0;
int wirebugs = 0;
for (int index = 0; index < tests.length; index++) {

//read the file as follows: each line of the text

//file that begins with the sequence "A=" should be
//taken as a line containing a set of input and out put
/lvectors. The vectors are assuned to be in the order
/1A BPs c wiere s and ¢ are the sum and carry out put
/1of the Wallace tree. This works with the cndneker.java-
//generated tests because it always puts the watch so that
/lvectors appear in that order, and they are sufficiently
/Ismal|l vectors that they fit on one |line of text (note,
// however, the |ack of error checking here). 1It's then
/la matter of parsing the line into integers that can

/I be conpared, and outputting error nmessages when

//the conparison fails.

if (tests[index].startsWth("A=")) {

/I parser deconposes line of text into an array of
/Iwords, which are then split at the equals sign
//to extract the binary values of the i/o:
String[] iovectors =

par seCommand(t ests[index]);
String[] Aval split(iovectors[O],
String[] Bval split(iovectors[1],
String[] Pval split(iovectors[2],
String[] sval split(iovectors[3], "
String[] cval split(iovectors[4], "
int A= bintoint(Aval[1]);

nnn
T
N N N N N



int B = bintoint(Bval[1]);
int P = bintoint(Pval[1]);
int s = bintoint(sval[1]);
int ¢ = bintoint(cval[1]);

if (A* B!l=P {
/11 0og nunber of errors encountered.
errors++;
Systemout.print("Case: ");
Systemout. println(tests[index]);
[l print expected and actual values in hex:
System out . print (" Expected: ");
Systemout.print(inttohex(A * B));
Systemout.print(" Got: ");
Systemout. println(inttohex(P));

}
}
el se {

/1 Systemout.println(tests[index]);
}

}

/lreport a total nunber of errors at the end
Systemout.println("Total Errors: "+errors);

}

catch(1l OException toss) {
Systemout.printin("Error; file not found");
}

//the booth test perforns a nunber of operations. It naturally
reads

/[linputs A and B, computes partial products, and checks to see that
t hose

/[l are as expected. However, as an extra check, it also verifies
t hat

//the sumof the partial products equals the product of the inputs

/las unsigned nunbers, both from expected and actual partia

products.
/1 These errors are counted and di spl ayed separately; thus for nost
//failed cases multiple errors will appear:

public static void boothtest(String fil enane) {
try {
FilelnputStreamresults =
new Fil el nput Streanm(fil enane);
String[] tests = readFileLines(results);

int errors = 0; /1 di screpancy between sum of conputed
[l partial products
/land sum of hardware partia
products.
i nt adderrors = 0; /1 di screpacncy between sum of partia



f or

int pperrors = 0;

for (int index = 0;

i ndex < tests.|ength;

/I products and product of A and B
/1 di screpancy between expected and
[/ comput ed individual partia

i ndex++) {

if (tests[index].startsWth("A=")) {

/[lirsimputs in carriage returns,
this set of tests cones in on two lines:
i ovectors =

/1for
String[]

so the data

par seCommand(tests[index]);

products

String[]

String[]
String[]
String[]
String[]
String[]
String[]
String[]
String[]

/ldata fr
String[]
String[]
String[]
String[]
String[]

/[ convers
int A=Db
int B=Db
int BO
int Bl
int B2
int B3
i
i
i
i
i
i

nt B4
nt PPO
nt PP1
nt PP2
nt PP3
nt PP4

/I Conput e
//on A an
i nt PPOex
i nt PPlex
i nt PP2ex
i nt PP3ex
i nt PP4ex
i nt PPCex

i ovectors2 = parseCommuand(tests[index + 1]);

Aval
Bva
BOval
Blval
B2val

split(iovectors[O], "="
split(iovectors[1], "
split(iovectors[2], ;
split(iovectors[3], ;
split(iovectors[4], ;
B3val split(iovectors[5], ;
B4val split(iovectors[6], ;
PPOval = split(iovectors[7], "=");

I mn
N N N N N - e

om second |ine of displays:

PPlval = split(iovectors2[O0],
PP2val split(iovectors2[1], "
PP3val split(iovectors2[2], "
PP4val split(iovectors2[3], "
PPCval split(iovectors2[4],

1L mn
— N N

ion of binary String to integer
intoint(Aval[1]);
intoint(Bval[1]);
bi nt oi nt (BOval [1]);
bi nt oi nt (Blval [1]);
bi nt oi nt (B2val [ 1])
bi nt oi nt (B3val [ 1])
bi nt oi nt (B4val [1])
bi nt oi nt (PPOval [ 1
bi nt oi nt (PPlval [1
bi nt oi nt (PP2val [ 1
bi nt oi nt (PP3val [ 1
bi nt oi nt (PP4val [ 1

1);
1)
1)
1);
1)

the parti al
d B

pect ed
pect ed
pect ed
pect ed
pect ed
pect ed

products expected based

comput ePP( A,
comput ePP( A,
comput ePP( A,
conmput ePP(A, B3);
conmput ePP( A, B4);
conput ecarries(Bval [1]);

BO) ;
B1);
B2);

/1 Perform sign extension if necessary (nmeani ng whenever
/1the nost significant of the three bits being checked

/lthe par

tial product goes high).



PP4;

guar ant ee

if (Bval[1].charAt(6) == '1') {
PPO = PPO + 65024;

}

if (Bval[1].charAt(4) == "1") {
PP1 = PP1 + 63488 / 4;

}

if (Bval[1].charAt(2) == "1") {
PP2 = PP2 + 57344 | 16;

}

if (Bval[1].charAt(0) == "1") {
PP3 = PP3 + 32768 / 64;

}

/lconpute three different products: A * B
/1and sum of conputed and received partial products.

int Pexpected = A* B

i nt Pconputed = PPOexpected + 4 * PPlexpected + 16
* PP2expected + 64 * PP3expected + 256 * PP4expected
+ PPCexpect ed;

/1 each successive partial product is shifted two bits
//to the left fromthe previous one, corresponding in
/linteger formto successive factors of four

int P=PPO + 4 * PPl + 16 * PP2 + 64 * PP3 + 256 *

/ladd the sign bit as a carry to take care of
/lany "add one" steps in twos conpl ement negation

if (PPCval [1].charAt(4) == "'1") {
P=P+ 1

}

if (PPCval[1].charAt(3) == "1") {
P=P+ 4

}

if (PPCval [1].charAt(2) == "'1") {
P=P+ 16;

}

if (PPCval [1].charAt(1) == "'1") {
P =P + 64

}

if (PPCval[1].charAt(0) == "1") {
P =P + 256;

}

/1Since extra bits have been added to the product
//conputation, do a nodul o (2716) operation to

/116-bit output (just like the chip does):

P = P % 65536;
Pconmput ed = Pconputed % 65536;



[/ error

if (P!=

checki ng begins here:

Pexpect ed) {

adder ror s++;

System
System
System
System
System
System
System

}

out.println("Failed Case:

out.println(tests[index]);
out.println(tests[index + 1]);
out.println("Addition Error");
out. println("Expected:
out. println("Conput ed:

out.println("Got: "+inttohex(P));

"+i ndex) ;

i f (Pexpected != Pconputed) {
errors++;

System
System
System
System
System
System

}

if (PPO !

out.println("Failed Case:
out.println(tests[index]);
out.println(tests[index + 1]);
out.println("Conputation Error");
out. println("Expected:
out. println("Conput ed:

"+i ndex) ;

PPOexpect ed) {

pperrors++;

System
System
System
System
System
"+i ntt ohex( PPOexpect ed));
System
}

if (PP1 !

out. pri
out. pri
out. pri
out. pri
out. pri

ntln("Failed Case:
ntln(tests[index]);
ntln(tests[index + 1]);
ntln("Partial Product Error
ntl n(" Expect ed:

"+i ndex) ;

out ntln("Got: "+inttohex(PP0));

. pr

PPlexpected) {

pperrors++;

System
System
System
System
System
"+i ntt ohex(PPlexpected));
System
}

if (PP2 !

out .
out .
out. pri
out. pri
out. pri

ntln("Failed Case:
ntln(tests[index]);
ntln(tests[index + 1]);
ntin("Partial Product Error
ntl n(" Expect ed:

pri " +i ndex) ;

pri

out ntln("Got: "+inttohex(PP1));

. pr

PP2expect ed) {

pperrors++;

System
System
System
System
System
"+i ntt ohex(PP2expected));
System
}

if (PP3 !

out.
out .
out. pri
out. pri
out. pri

ntln("Failed Case:
ntln(tests[index]);
ntln(tests[index + 1]);
ntln("Partial Product Error
ntl n(" Expect ed:

pri "+i ndex) ;

pri

out ntln("Got: "+inttohex(PP2));

. pr

= PP3expected) {

"+i ntt ohex(Pexpected));
"+i ntt ohex(Pconput ed));

"+i ntt ohex(Pexpected));
"+i nttohex(Pconput ed));

in PPO");

in PP1");

in PP2");



pperrors++;
Systemout.println("Failed Case: "+index);
Systemout. println(tests[index]);
Systemout.println(tests[index + 1]);
Systemout.println("Partial Product Error in PP3");
System out. println("Expected:

"+i ntt ohex(PP3expected));
System out . pr

}

if (PP4 != PP4expected) {

pperrors++;
Systemout.println("Failed Case: "+index);
Systemout.println(tests[index]);
Systemout.println(tests[index + 1]);
Systemout.printin("Partial Product Error in PP4");
System out. println("Expected:

"+i ntt ohex( PP4expected));
System out . pr

ntln("Got: "+inttohex(PP3));

ntln("Got: "+inttohex(PP4));

}
}
el se {

/1 Systemout.println(tests[index]);
}

}

// Report errors:

Systemout.println("Total Conputation Errors: "+errors);
Systemout.printin("Partial Product Errors: "+pperrors);
Systemout.println("Addition Errors: "+adderrors);

}

catch(1l Oexception toss) {
Systemout.printin("Error; file not found");
}

}

/I computecarries | ooks at the bits of input B (like the booth
array) and

[/ computes the integer sum of the additions generated by twos
conpl enment

/I negation that gets added to the partial products:

public static int conputecarries(String Bval) {

int carries = O;
if (Bval.charAt(6) == "1") {
carries = carries + 1

}
if (Bval.charAt(4) == "1") {
carries = carries + 4;

}

if (Bval.charAt(2) =="1") {
carries = carries + 16;

}

if (Bval.charAt(0) == "1") {
carries = carries + 64;
}



return carries;

}

// This method m m cs the booth-decoder by accepting a number from

/lzero to seven along with an integer and returning 0*, 1*, -1*, 6 2*
or

/1-2* that integer as the partial product:

public static int conputePP(int ntand, int merbits) {

int pp = 0;

switch(merbits) {
case(0)
pp = 0;
br eak;
case(1)
pp = ntand;
br eak;
case(2)
pp = ntand;
br eak;
case( 3)
pp = 2 * ntand;
br eak;
case(4)
pp = negate(2 * ntand);
br eak;
case(b)
pp = negate(nctand);
br eak;
case(6)
pp = negat e(nctand);
br eak;
case(7)
pp = 65535;
br eak;
def aul t
Systemout.printin(merbits);
Systemout.printin("lllegal mer value; assunmng pp = 0");
br eak;

return pp;

}

/1 This method accepts an integer, treats it as a sixteen-bit
nunber, and
/linverts all its bits. It does not, however, add one to make the
return
//value a twos conpl enent nunber, since the booth array does not do
/1this either.

public static int negate(int binary) {

i nt negat ed;
if (binary == 0) {



negat ed = 65535;

}
el se {
//twos conpl enent -styl e negation, but don't add the one
because
//the booth array makes the Wallace tree do that step
negated = 65535 - binary;
}

return negat ed;

/1 The wallace tree test consists of reading in the partial products

/las inputs and conputi ng whether the sumand carry outputs sumto
t he

//sum of the partial products correctly:

public static void waltreetest(String filenane) {

try {
FilelnputStreamresults =

new Fil el nput Stream(fil enane);
String[] tests = readFileLines(results);

int errors = 0;
for (int index = 0; index < tests.length; index++) {
if (tests[index].startsWth("PP0=")) {
/lirsimputs in carriage returns, so the data
/[/for this set of tests cones in on two |ines:

String[] iovectors = parseComand(tests[index]);
String[] iovectors2 = parseCommand(tests[index + 1]);

String[] PPOval = split(iovectors[0], "=");
String[] PPlval = split(iovectors[1l], "=");
String[] PP2val = split(iovectors[2], "=");
String[] PP3val = split(iovectors[3], "=");
String[] PP4val = split(iovectors[4], "=");
String[] PPCval = split(iovectors[5], "=");
String[] Sval = split(iovectors2[0], "=");
String[] Cval = split(iovectors2[1], "=");

/] Perform sign extension as needed on the
[/ partial products just like the wallace tree
/I does:
int PPO = bintoint(PPOval [1]);
if (PPO > 63) {
PPO = PPO + 65408;
}

int PP1 = bintoint(PPlval [1]);

if (PPL > 255) {
PPl = PPl + 65024;



}

if (PPCval[1].charAt(3) == "'1") {
PP1++,

}

int PP2 = bintoint(PP2val [1]);
if (PP2 > 255) {
PP2 = PP2 + 65024;

}
if (PPCval[1l].charAt(2) == "1") {
PP2++;

}
int PP3 = bintoint(PP3val[1]);
if (PP3 > 255) {

PP3 = PP3 + 65024;

}

if (PPCval[1].charAt(1) == "'1') {
PP3++;

}

int PP4 = bintoint(PP4val [1]);
if (PP4 > 127) {

PP4 = PP4 + 65280;
}

if (PPCval[1].charAt(0) == '1') {
PP4++;
}

int S
int C

bi ntoi nt(Sval [1]);
bi ntoint(Cval[1]);
/lthe least significant bit of the carry is one

/1 higher than the LSB of the sum so shift it and
[Inormalize the result to a 14-bit value since that's
/1 how wi de the wallace tree output is:

int Scomputed = (S + 2 * C) % 16384,

int Ssum= PPO + PP1 + 4 * PP2 + 16 * PP3 + 64 * PP4,
i nt Sexpected = Ssum % 16384;

if (Sconputed != Sexpected) {
errors++;
Systemout.print("Failed Case: "+index);
Systemout.println(tests[index]);
Systemout.println(tests[index + 1]);
System out . print ("Expected: ");
System out . print (inttohex(Sexpected));
Systemout.print(" CGot: ");
System out . println(inttohex(Sconputed));

}
}
el se {

/1 Systemout.println(tests[index]);
}

}

Systemout.println("Total Errors: "+errors);



}

catch(1l OException toss) {
Systemout.println("Error; file not found");
}

}

//this nmethod accepts a String as input and converts it to binary,
/ltreating non-zeros and ones as zeros. Note that this may nmask
/la few types of errors if your output is X s.

public static int bintoint(String binval) ({
/1 System out. println(binval);

int intval 0;
int factor 1

for (int index = binval.length() - 1; index >= 0; index--) {
if (binval.charAt(index) =="1") {
intval = intval + factor

}

factor = factor * 2;

}

return intval;

/1 Accepts a String of hexidecinml characters and outputs
/'/the deci mal represenation of the hex nunber
public static int hextoint(String hexval) {

int intval
int factor

0;
1;

for (int index = hexval.length() - 1; index >= 0; index--) {
intval = intval + factor * hextoint(hexval.charAt(index));
factor = factor * 16;

}

return intval;

}

/1l decodes a single hex digit into an integer val ue
public static int hextoint(char hexval) {

int intval = 0;
bool ean error = true;

if (hexval == "'0") {
intval = O;
error = fal se;

}

if (hexval =="1") {

intval = 1;
error = fal se



(hexval == '2") {
intval = 2;
error = fal se

(hexval == "3") {
intval = 3;
error = fal se;

(hexval == "4") {
intval = 4;
error = fal se

(hexval == "'5") {
intval = 5;
error = fal se;

(hexval == "6") {
intval = 6;
error = fal se;

(hexval == "'7") {
intval = 7;
error = fal se;

(hexval == "8") {
intval = 8;
error = fal se;

(hexval == "'9") {
intval = 9;
error = fal se;

(hexval == "a' || hexval == "A")
intval = 10;
error = fal se;

(hexval == 'b' || hexval == "'B")
intval = 11;
error = fal se

(hexval == 'c¢' || hexval =="'C)
intval = 12;
error = fal se;

(hexval == "d" || hexval == 'D")
intval = 13;
error = fal se

(hexval == "e' || hexval == "E")
intval = 14;
error = fal se;

(hexval == "f"' || hexval == "F")
intval = 15;
error = fal se;



if (error == true) {
Systemout.printin("Error; bad hex character, assumng 0");
}

return intval;

}

//converts an integer to a String:
public static String inttohex(int intval) {

/1 Systemout.println(intval);

int nundigits = O;

int temp = intval;

do {
temp = (tenp - (tenp % 16)) / 16;
nundi gi t s++;

} while (temp > 0);

char[] hexarray = new char[nundigits];
nundi gits = nundigits - 1;

do {
int curdigit = intval % 16;
/1Systemout.println(curdigit);
hexarray[ nundi gits] = inttohexchar(curdigit);

intval = (intval - curdigit) / 16;
/1 Systemout.println(intval);
nundi gits = nundigits - 1;

} while (intval > 0);

return new String(hexarray);

}

//decodes a integer and translates it into a single character.
Not e t hat
public static char inttohexchar(int intval) {

char hexval = "'0";
if (intval == 0) {
hexval = '0';
if (intval == 1) {
hexval = '1';
if (intval == 2) {
hexval = "'2';
if (intval == 3) {
hexval = "'3';
if (intval == 4) {

hexval



}
if

}

(intval
hexval

(intval
hexval

(intval
hexval

(intval
hexval

(intval
hexval

(intval
hexval

(intval
hexval

(intval
hexval

(intval
hexval

(intval
hexval

(intval
hexval

5) {
'5',

6) {
6

7 {
70

8) {
'8,

9) {
‘g
10)
a';
11)
"b';
12)
c';
13)
g
14)
e';

15)
lfl;

return hexval ;

}

/lsplit accepts a delimter and returns a two-string array
containing a
it of the string right before the first instance of the

/1 spl
delimter

public static String[] split(String input, String delimter) {

String[] splitString

f or

}

(int index = 0;

= new String[2];

ndex < input.length(); index++) {

if (input.substring(index).startsWth(delinmter)) ({
splitString[0]
splitString[1]
br eak;

}

if (splitString[O0]
splitString[0]
splitString[ 1]

= input.substring(0, index);
= i nput.substring(index + 1);

nul 1) {
"Error!";
"Error!";



}

return splitString;

}

//this method reads an entire file line-by-line and stores it as
/la single array of Strings, so that the file nay be mani pul at ed
/laccordingly.

public static String[] readFil eLines(FilelnputStreaminput)
t hrows | CException {

Buf f eredReader |ineReader = new BufferedReader (
new | nput St reanReader (i nput));

/I mark beginning of file
I i neReader . mar k( 80) ;

String[] lineList = new String[20];
int lineNunber = O;

while (lineReader.read() !'= -1) {
I i neReader.reset ();
lineList[lineNunber] = IineReader.readLi ne();
[ i neNumber ++;
if (lineNunber == lineList.length) {

i neLi st = expandList(lineList);

}

I i neReader . mar k( 80) ;

}
lineList = TrimArray(lineList);

return |ineList;

}

//this method reads a single line, where a line is
//terminated by a carriage return, and parses the line into
/lits constituent words (whitespacel ess strings)

public static String[] parseCommand(String commandLi ne) {
String[] commandLi st = new String[ 20];
int listlndex = O;
int charNum = 0;
StringBuffer tenp = new StringBuffer(80);
whi | e (charNum < conmandLi ne. l ength()) {

Character testChar =
new Char act er (commandLi ne. char At (char Num) ) ;

/[l permt words to be grouped into phrases by w apping them

/1 quotation marks

if (isQuotationMark(commandLi ne. charAt(charNum) == true) {



/[Iskip the first quotation nmark
char Numt+;

whi |l e (isQuotati onMar k(comrandLi ne. char At (char Nunm))

== false) {

t enp. append( commandLi ne. char At (char Num) ) ;

char Num++

i f (charNum == conmandLi ne.l ength()) {

br eak;

}
}

//skip the second quotation mark, unless the end of

//the string has been reached
i f (charNum == conmandLi ne.length()) {

Systemout.println("Warning; didn't find
matching \"");

br eak;

}

char Numt++;

[1if the quotation mark is the |ast character

/[lit's time to be done!
i f (charNum == conmandLi ne.length()) {

commandLi st[listlndex] = tenp.toString();

br eak;

}

}
if (testChar.isWitespace(commandLi ne. char At (charNum))
fal se & char Num < commandLi ne. |l ength()) {

t enp. append( conmandLi ne. char At (char Num) ) ;

char Num#+;

}

el se {
//store the word just nmade and set up
/1for the next one
commandLi st[listlndex] = tenp.toString();
i stlndex++;
if (listlndex == commandList.|ength) ({

commandLi st = expandLi st (commandLi st);

}
char Numt+;
temp = new StringBuffer(80);

}

}

[/ There's one nore String to append when the | oop breaks,

/ladd it here:
conmandLi st[listlndex] = tenp.toString();

commandLi st = Tri mArray(commndLi st);
return commandLi st ;

}

//this nmethod reads a single line, where a line is

//termi nated by a carriage return, and parses the line into

/lits constituent words (whitespacel ess strings)

SO



public static String[] readCommandLi ne(l nput Stream input) {

Buf f eredReader |ineReader = new BufferedReader (
new | nput St r eanReader (i nput));

String[] conmmandLi st = new String[ 20];

/lread a single line

try {
String commandLi ne = |ineReader.readLine();

int listlndex = 0;

int charNum = 0;

StringBuffer tenp = new StringBuffer(80);
whil e (charNum < commandLi ne. |l ength()) {

Character testChar =
new Char act er (comuandLi ne. char At (char Num) ) ;

//permt words to be grouped into phrases by wrapping them

/1 quotation marks

i f (isQuotationMark(commandLi ne.charAt(charNum) == true) {
/Iskip the first quotation nmark
char Numt+;
whi l e (isQuotati onMark( commandLi ne. char At (char Num) )

== fal se) {

t enp. append( commandLi ne. char At (char Num) ) ;
char Numt+
i f (charNum == conmandLi ne.l ength()) {
br eak;
}
}

//skip the second quotation mark, unless there isn't
//one to be skipped
i f (charNum == conmandLi ne.length()) {
Systemout.println("Warning; didn't find
matching \"");
br eak;
}
char Numt++;
[1if the quotation mark is the |last character, it's
[/time to be done!

i f (charNum == commandLi ne. |l ength()) {
commandLi st[listlndex] = tenp.toString();
br eak;

}

if (testChar.isWitespace(commandLi ne. char At (charNum))
== false) {



t enp. append( commandLi ne. char At (char Num) ) ;

char Numt+;

}

el se {
//store the word just nade and set up
/1for the next one
commandLi st[listlndex] = tenp.toString();
[istlndex++;
if (listlndex == conmandLi st.|ength) {

commandLi st = expandLi st (commuandLi st) ;

}
char Numt+;
tenp = new StringBuffer(80);

}

}

/1 There's one nore String to append when the | oop breaks, so
/ladd it here:

commandLi st[listlndex] = tenp.toString();

}
catch(1l OException toss) {

Systemout.println("Error reading command |ine");
commandLi st[0] = "error";

}

commandLi st = Tri mArray(commandLi st) ;
return commandLi st;

}

public static String[] expandList(String[] smaller) {
String[] larger = new String[2 * smaller.|ength];
for (int index = 0; index < smaller.length; index++) {

| arger[index] = smaller[index];

}

return | arger;

}

//this method takes an array that's had nore space allocated
//than it needs and gets rid of all the extra space.

/lin doing so, it assunmes that all null quantities appear

/lconsecutively at the end of the array, i.e. the array of size M
//has valid data fromindices 0-N and nulls from (N+1)-M

public static String[] TrimArray(String[] tooBig) ({
int real Length = 0;
while (tooBig[real Length] !'= null) {

real Lengt h++;

}

String notTooBig[] = new String[real Length];



for (int index = 0; index < real Length; index++) {

not TooBi g[ i ndex] = tooBig[i ndex];

}
return not TooBi g;
}
public static bool ean i sQuotati onMark(char testChar) {
return (testChar == "\"" || testChar == '\223" || testChar ==
'\224");

}
}



