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Problem 1 (25 points)

Part a (4 points): We wish to detect ertors that occur in the transmission of data from A to B by means of even parity.

Suppose we wish to transmit the byte 01010011, what would we additionally transmit to be able to detect single bit
errors in a byte of data. Explain in 20 words or fewer.

| Gt EI‘F itk vale §Z5
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Part b (4 points): In the x86 virtual memory structure, the base address of the Page Directory is contained in a register

that is part of the TSS. What is the name of that register? ‘ Q 5‘

Part ¢ (5 points): For each parameter, label the interconnection structure(s) that is (are) best and the one(s) that is
(are) worst by putting a B or a W in the appropriate entries.

Cost | Contention | Latency

Bus ) w

Omega Network

Crossbar W &)

=

Part d (5 points): If a two-dimensional matrix of size 10 rows by 14 columns is stored in row major order, and one
wanted to perform a vector load of column 9 into vector register V2, one would have to be sure of what before execut-
ing the vector load instruction?

VQ&«J% ;
stc{'ﬁ(ﬁ; . "1{

Part e (7 points): A tag store entry of a physically indexed, physically tagg dlrect—map <
cache consists of 12 bits. Assume the cache is used in a uniprocessor environmen

h KB

How many LRU bits in each tag store entry: O #o Lfv

How many dirty bits in each tag store entry: O

5 Z sl Tyle
How big is the physical address space: 227’" . ‘{f[x“ : 15(55 %f{
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Problem 2 (10 points)

Recall the asynchronous bus we described in class. Among the devices on the bus are a processo
@r Bus Controller and memory connected via its Memory Controller. Assume the bus is
lexed. /

[}

The processor can use the bus to performn a “read-modify-write” operation on a memory location, as follows: The pro-
cessor reads a value from memory, performs a computation on the value, and writes a new value to the same location
in memory, all within a single bus cycle.

To do this, two new signals are required: P1, a new control signal from the processor bus controller, and M1, a new
contro! signal from the memory controller,

Part a: Complete the transaction timing diagram for the read-modify-write operation.

Master Slave
Processor Memory

M
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Problem 2 Continued

Part b: Compicte the state machine for the Processor Bus Controiler to complete the read-modify-write operation.
Note that the controller must handle bus arbitration as well as processing the transaction. Some of the states have been
filled in for you. You may not need alt of the states provided.
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Problem 3 (10 points)

As you know the [EEE Floating Point standard has a 32-bit representation and a 64-bit representation. In this problem
we assume IEEL decided to add a 10-bit representation, with its main characteristics consistent with the other two

representations.

In this 10-bit representation, the value 33/256 is represented exactly as §0011D0001

Part a: Determine the number of bits for

exponent: fraction:

7 5

bias:

A

Note: Bias is another word for n in an excess-n code.

Part b: What is the value of an ULP in the smallest normalized positive binade?
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Problem 4 (25 points):

Name:

We wish to extend the ISA of the LC-3b to include a Compare and Set tnstruction, C&S, which uses one of the unused
opcodes 1010,

The format of the C&S instruction is:

15 12,11 9 8 6 2 0
C&s 1010 SR1 BaseR [0 | 00 SR2

The operation of the instruction is:
IF(M[BaseR] == SR2)
Z = 1;

M[BaseR] = SR1; / ,é)o,v.._ ;jo:’j'S(}(’_as?\

2 =0 H /H

-
That is. if the contents of the\merory location specified by BaseR is qual to the contents of SR2, 7 is set to 1 and the
contents of SR1 are written to the memory location: equal, Z is set to 0. Note that when Z is set to 0,

either N or P must be set to 1. When Z is set to 1, N and P are set to 0.

ELSE

To implement C&S, we need 5 additional microinstructions, a few changes to the data path, and a small change to the
microsequencer. We will deal with each of these in tum.

Part a: The modified datapath (changes in bold) is shown below. Complete the datapath changes by filling in the box
with the simple combinational logic necessary to support C&S.

FILE

SR2 SR1
ouT ouUT
i
X V16 197
SEXT(R[4:0])—4—— Vscomphtl | ECS2
b —————
r Y .-5 i
IR[S] SRZMUX; 3

16
y

GateALU

Figure 1: Modified datapath to support C&S instruction
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Problem 4 continued:

Part b: Five additional states (A, B. C, D, E) are needed to implement C&S. Complete the description of these states,
including the binary representations for each state number.

32

BEN <~ IR[11] &N +IR[10] & Z + IR[9] & P

1IR|15:12]]
LN A

‘ ~
. NAEC,BMQQ A OOO[O[ G,_,Ofwﬁ@/

X h 4{ :
C MR e plmae] B| || 0000
TEAP & ppp. ¢ Ho0 0
—
WS e (FTEmpY+SRY | ® (11110
) Sﬁ_\"f’c()i’. : ) A"'x/ fr{&
- Shle

( [ 2] ] AN
l{l}l \LV

ToF To G

What is the signal X? ﬂm‘?( ﬁ)"%’y {71/ ‘F
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Problem 4 continuzed:

Part ¢: The microsequencer must be modified to accomodate the 2-way microbranch from state E. This can be ac-
complished with a single additional control signal (ECS1) plus a very simple logic block.

The next state from E is either F or G.

What is F? O’OOW W) %: , S i“;jf’hfj%;:}b’ 5&3:? STW
What is G? O[@q€¢ (23) L Sf-

Therefore, what will the J field of the E microinstruction be in binary? [ D 0 i )

Augment the microsequencer diagram with the logic block and the control signals to accomplish the 2-way micro-
branch. Do not use a mux.

%/Z I CS ( COND1 CONDO
e
BEN R TR[11]

Ji5] J141

3] 1] 0]

0,0,IR]15:12]

"

< ———— IRD

Address of Next State
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Problem 4 continned:

Part d: Relevant parts of the microinstructions for states A, B, C, I and E are shown below. Fill in the table with the
appropriate values, If a control signal is a don’t carc, cnter a 0,

Note: Please use the encodings specified in the control signals attachment for all signals,

JHANHEHEREEE
a0 9ag0tlolig#olodo]o
INNENNENINGE
calaliftlololpgl0Tilo o
2|0 Q1 o[ OIp|Yown p.ooll
sololalo b InlololpleloTolol o
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Problem 5 (25 points)
A byte-addressable, write-back cache c{‘ fixed total size ?i fixed line size is implemented as both a direct mapped
cache and also as an N-way set-associatt : ases, we will assume the cache is initially empty.

First, consider the cache organized as a direct mapped cache. The following sequence of 11 accesses generates the

hits/misses shown, - .~ ERu i | § Lvdion.
Kal % (/owi/](.ﬂH {asts s

SeX s [
O ddrksy” T R/W [ Direct Mapped (Miss/Hit)

“OrgoOM010 | R M T5s5
MQPTPIiT | R Miss
TTHI000 | R Miss
001100101 | R M55 i1 ‘
OLIP1IJ100 | R AATSS Ui ‘”"g\”}" need et
0IP11D101 | R Miss | 2
T10p100000 R Miss of i 7o At e X
OTOPONITIL | R it F—— } e
BT | W Wiiss o
0TIPTIPI00 | R MAZEST § feshe otk b
a11010p101 | R T o

! l = ng (&.j’ V\asﬁ' ({

Part a: What is the cache line size? b

Explain why. Please be concise but clear

Tue only Kig fores od lewst 38ed vl

Tie fast MmO ferces el sk a{oféﬁbF bLits.

Tia ALLESS “H.,_x&iq‘k\ \3‘2-24‘&— Wit Coor only

be o wo b Berd aiest ruses Gufiok

evrchion Wit 2 \ia-b bbb ik&eg,%fk’,
i ohbet Lits,

Part b: What are the number of index bits for the direct mapped cache? 2

Explain why. Please be concise but clear,

Sﬁ‘l ﬁgb\f{«.

10



S ﬂ Lo T oted do o | )('4:&(

(see prev. Pu\.'},z_,_)

Problem 5 Continued & T bils ot bve gé%)

Now consider the cache organized as a N-way set-associative cache. ¢, s ‘Hﬂm N P
g 0,

The total size of the tag store for the N-way set associative cachefach tag store entry contains, in addition
to the tag bits, 10 more bits which include the valid bit, modified bisERU bits, snoopy cache bits and other bits whose

functions do not affect this problem. é,o +_7—) 21 N - I j 1)he CaChe! + ‘L C’D

We have expanded the table to show the hit/misses for the same‘sequence of accesses when is organized as
an N-way set-associative cache,

E:"’ noa,_;h"g'ﬂ?w Pa‘f"{’ .

Addrgss R/W ] Direct Mapped (Miss/Hit) | N-way associative (Miss/Hit)
0100poj010 | R MTISs ATsS
) 1100J0PI1T | R Miss Miss
[\z’alw \ [ 11O§OF000 TR Miss M1
i, <heae! [000HOPIOT | R W5 Miss
W < _Loiigfijioo | R MISS Miss -
Jerlo el 1014101 | R Miss MT IS K
K 110000000 | R Miss HIT Hds becasy
o100pgjiiit | R Hit HIt of if-
0101ffNTL | W Miss Miss th:s
OTTIPTIO0 | R MESS ( Hit
011¢TO0I01 | R Miss AIss
A -
Part ¢: What is N7 2- (l}icau 6+ H}Q’"‘\ 7[17 '!“\ I S ek
| - L =2, N=1
Explain why, Please be concise but clear. F T ) NERY rd 1= o, Nz %7

Soloed 35 bn of-

€ patimns at e |

Part d: What is the number of index bits for the N-Way set associative cache? )

Explain why. Please be concisc but clear

5“2_& ax\o\/ﬁ,_

Part e: Is the cache write allocate? Explain why. Please be concise but clear.

J\Jo_ HH{» Can ox\)/ 5L (’\'71‘ :“p
Wede  does net  Cavst  uafletevichon.

Part f: Please complete the table above by filling in *’H” or M’ for each of the blank entries.

11
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Problem 6 (25 points)

You are asked to examine the behavior of a new instruction STITRO,R1 on a two-level virtual memory system, similar
to the VAX.

First, the characteristics of the memory system:

Virtual Address Space: 256 Bytes Number of Page Frames: 32
User Space Range: x00 to x7F Page Size: 4 Bytes
System Space Range:  x80 to xFF PTE Size: 1 Byte

The machine is byte addressable. The system includes a six-entry TLB. The TLB is only used for User Space Pages.

The PTE format is as follows: . 7 7 " ?[—:1\) > 25—: 22 f_’rwnﬁ_‘.’}
7 4 0
|V|O 0@ *c‘l‘r}\,k i?a‘})‘iad-

212 by les
Part a: How many bytes of Physical Memory are there? / @ 7§ S y L{S
7

Next, the characteristics of STII R0, R1:

STII performs a double indirection on the address in R1 and stores RO into that location. That is,
MEM3[MEM, [MEJ\@(I]]] <-—RO

where M EM;[j] denotes the contents of the memory location whose address is j.

Part b: What is the maximum number of physical memory accesses that can take place to get the value M E 17?7

g’ j—u:, Qkuf.gif)llﬂ-ﬂqu.,uﬁ) l(%?tw)%\k CF/)CL\\JC)LQ. ?:é'i"bb\.)

Part e: Let’s consider one instance of the execution of STIT RQ,R1.

The state of the processor before this instruction is executed is partially shown below:

RO: xCD
R1: x6D
The TLB:

PTE

PN 'v! PEN

x0C |1 | x10

x0D (1| xIF

xOF |1 ] x08

OOCD»—-H»—-a<

12
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Problem 6 continued

Memory:

. 00 Xx60 x20 X66 x40 X6C x60 |

L 2{ 01 | x61 x21 x67 x4l | x6D 61 | (x91) SpT

ﬂ( G0 | xe x22 81 x42 | x6E x62 | X713 o

e

03 | x82 x23 x68 x43 | x99 x63 07
x04 X63 x24 | x69 X447 /x87) x64 T4 Sy b
x05 | x64 25 | x98 x45 | XOF x65 x75 ; sz
06 | %65 x26 6A OPTxd6 | 70 X66 <80 41\7‘
x07 | x87 -~ x27 || x6B a7 [ x67 x76 TGl

After the instruction is fetched and decoded, as many as 9 subsequent memory accesses could be required to process
this instruction, if there are no page faults, interrupts, or other unhappy events.

The table below shows the sequence of physical memory accesses required to process STII RO,R1, given the machine
te shown above.

Access # VA PA Data Description
_ L A PTRET 30 | PTE o e of Sy S G, ,
s foto [oh
;:3; k 2| xaB | (09 [ gL |PIE fo pegt m#kfwy Mgt ({)S

ke 3 %D x09.( xB-\\J Ao\a\mss Ml“m’l
L lew 2 4| NIA /ﬂ\ XC” PTE & Pesp Co»«‘h;?“")f (s

[Wi Sjoe GU0G §100

1 r\g} / s x4/ XHY |} 8F P1E for ﬂﬂnc“hf‘ﬂ'wf"%ml}{as)
} A N e oW {1
w 6 XB ,? xIF )(@D I Add ey OLNMRSJMT),L,\

3 7 x?D ! xCD Dﬁ‘i‘a 3{??, S‘?chrccfi (KG) ""“-""[ﬂ(".ﬂ[uJJJ

bt ppn o
Matebes |
Part d: Is the first access to physical memory the result of a TLB hit? N Q.

Your job: Complete the table. PFN cer'va [..;' - Lv.‘\ TL!(S

Note: N/A is a potential answer for entries in the VA column. Data is the data Read or Written in the corresponding
DLMOTY 4CCess.

In the Description column, state what is being read/written (e.g. PTE for page xx).
You may not need all 9 rows, so draw a line through the unused rows

Note that it is possible that you arrive at a Physical Address whose contents are not given to you. Despite this, it is
possibie to fill in every entry in the table.

13
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Problem 6 continued

Part e;
What is the value of the UBR (User Space Page Table Base Register)? = al 0
What is the value of the SBR (System Space Page Table Base Register)? K ’-3'“ C‘,

SS?M + 66(2' = ?F\ o{'%,?aei_ EAL(\/

UAPN. subRs VAo ORT eatry

; ool CloU @
PN +38Rz xbl = olje 000!

@ shR: xbl-x7= x5C

8> | oo to4
D [wu @
Lgﬁ“)}._fs
X €D > Omﬁl (}-cne"ﬁ/i )

x| B Fobr= x AD
UpR =x 10 _ .
, ¥ mo«;@/

X 4= Access Q ' ?Q}L Now st

s b X Gge e V.A, ffjﬁ?ﬁ‘_ﬁ-{f—;’o

0loeroe 1D e 7

C:*#;@-F Lak 'pfbm D/’i

14



ADD'
ADD'
AND
AND"
BR
JMP
JSR
JSRR
LDB"
LDW *
LEA™
NOT"
RET

RTI

LSHF " T' 11:01

RSHFL'
RSHFA"
STB
STW
TRAP
XOR'

+

XOR

not used

not used

18 14 13 12 11 {1 9 8 7 ) 3 4 3 2 1
T T 1 T T T T T T T
0001 DR SR1 0{ 00 SR2
— — —
0001 DR SR1 1 imm
1 L { | | 1 1 1 1 I
I T T T T T T T T T
0101 DR SR1 0 00 SR2

I |

—r—= — — —
0101 DR SR1 1 imm5

| 1 1 | 1 1 1 1 |

JI : i T T T T T T T T
0000 hiz!lp PCoffsety
| 1 1 1 i 1 | 1 [ | 1
T 1 I T T i T T T T T T
1100 000 BaseR 000000
1 ! i ] 1 I 1 1
H T T T T T T : : T : :
0100 ] PCoffsef11

] 1 1 I 1 | 1 | 1

; : T Jf T T T T : T F
0100 0| 00 BaseR 000000
| I H 1 ) | 1 i 1 ] i
T T T T T T T T T T T 1
0010 DR BaseR boffseté
1 1 I 1 1 1 1 i 1 ]
T T T \! T T T T : T T T
0110 DR BaseR offseté
] 1 1 1 ] 1 1 [ 1 ! [ 1
T T T 1 T T T T T T T T T
1110 DR PCoffsel?

1 1 1 I 1 L 1 1 1 1 1 1 i
I T T T T T T T T T
1001 DR SR 1 1in
i 1 ] 1 1 L [ 1 1 | ]
T T T T T 1 T T T T T T
1100 000 i 0000G0
1 L i | 1 1 1 H ] | 1
T T T T I T T 1 T i T T : T
1000 000000000000
T T

DR SR 0|0 amount
i | 1 1 1

— — — —
1101 DR SR 0|71 amount4
| ! 1 1 | 1 | | 1 1
T T T T T T T i T li
1101 DR SR 11| amounid
1 L | | 1 | 1
T T : T ]I T H T 1§ \l T
0011 SR BaseR boffseté
—— — — =
o111 SR BaseR offsefé
1 1 | i ! l | 1
T T T : : | T T T T \[ : T
1111 0000 trapvect
L 1 | [ ] ] [ ] 1 1 1 1 |
T E T T T T T T T
1001 DR SR1 o| o¢ SR2
I 1 1 1 L 1 ] L 1 £
| T T T T T T T T T T
1001 DR SR 1 imms5
1 1] 1 1 1 | 1 1 I 1 |
T T T T T i T T T T T T T T
1010
1 1 13 1 | 1 i ] 1 1 i 1 1 |

T T H T T T T T T 1 T

1011

Figure 2: LC-3b Instruction Encodings
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Table 1: Data path control signals

Signal Name Signal Values
LDMAR/1: NO(0}, LOAD(1)
LDMDR/l: NO(0), LOAD(1)
LDIR/1: NO(0), LOAD(1)
LD.BEN/I: NO(0), LOAD(1)
LD.REG/l: NOG(0), LOAD(1)
LD.CC/1:  NO(0), LOAD(1)
LD.PC/1: NO(O), LOAD(1)
GatePC/1:  NO(0), YES(1)
GateMDR/1:  NO(0), YES(1)
GateALU/I:  NO@©), YES(1)
GateMARMUX/1: NO(0), YES(1)
GateSHEF/1:  NO(0), YES(1)
PCMUX/2: PC+2(0) ;select pc+-2
BUS(1) ;select value from bus
ADDER(2) ;select output of address adder
DRMUX/1:  11.9() ;destination IR[11:9]
R7(1) ;destination R7
SRIMUX/1: 11.9(0) ;source IR[11:9]
8.6(1) ;source IR[8:6]
ADDRIMUX/1:  PC{0), BaseR(1)
ADDRZ?MUX/2:  ZERO(®) :select the value zero
offset6(1) ;select SEXT[IR[5:01]
PCoffset9(2)  :select SEXTIIR[8:0]]
PCoifset1 1(3) ;select SEXT[IR[10:0]]
MARMUX/1:  7.0(0) ;select LSHF(ZEXT([IR[7:01],1)
ADDER(I) ;select output of address adder
ALUK/2:  ADD(0), AND(1), XOR(2), PASSA(3)
MIO.EN/1:  NO(0), YES(1)
R.W/1:  RD(0), WR(I)
DATA.SIZE/1: BYTE(0), WORD(1)
LSHFE1/1:  NO(), YES(1)

Table 2: Microsequencer control signals

Signal Name Signal Values
I/6:
COND/2: CONDy; :Unconditional
COND;  ;Memory Ready
COND; ;Branch
COND;  ;Addressing Mode
IRD/1: NO, YES

16



18,19

MAR <-PC
PC<-DPC+2

IR «<— MDR

BEN<-IR[11] & N+1IR[10] & Z + IR[9] & P
[IR[15:12]]

To 18

To 18

To 18

To 18

MDR<-M[MAR]
R7<-PC

Ri<-PC
PC<—BaseR

R7<PC
To {8 \ PC«<—PC+LSHF(0ff11,1)

13

To 18 R < SHF(SR.A.D.amt4)
set CC

Tel8

LDB ow  \sTw T
6

/ 14 2 7 3
To 18 DR<—PC+LSHF(off9, 1}
set CC CMAR<-B+0ff6 @AR<—B+LSHF(0ff6,9 MAR<—B+LSHF(0ff6,9 (MAR<—B+0ff6)

To 18

20 4 235 Y 4 23 24
NOTES C:@IDR<—M[MAR[15:1]’@ @DRGM[MA% MDR<—SR
B-+offé : Base + SEXT[offsets] Py il
PC+off9 : PC + SEXTloffsct9] R Ry , v R R 16
*OP2 may be SR2 or SEXT[imm3] | 31 DR NDR 17
%% [15:8] or [7:0] depending on ER*SEXT[B;%E-DAT@ ( - ) er MAR]<—MDRD MIMAR]<-MDR**

MARI0] set set CC —

i ¢ I

To 18 To'18 To'18 To19

Figure 3: A state machine for the L.C-3b
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LD.IR—=

GateMARMUX —7\ GatePC
5 Als 6 Als
Y
REG
FILE
3
LD.REG—> Q?LDR
s, {SR2  SR1| 3
SR2—7 QUT  OUT [#7“SR1
Al
L L
Ao Al
15
7
4
SRZMUX7
Y
) B \v4 A 6
toce—Infz[p 7;;\ ALT SHF HR[5:0]
ALUK
LOGIC 1e s
\/—GuteALTU GateSHF
{6
/X~ GateMDR
MAR ki-LDMAR
L—DATA SIZE ot
RW
Locic| - 1
< MAR[) LOGIC MIOEN .o~ e R
| ‘L_ Bata. N1 meeut ! JFOUTPUT
i o L ; IKBDRl
19 - ADDR. CTL, |
MEMORY LOGIC !
=R
MDR [—LD.MDR MIM EN
MEQ.EN R
T I
Als Als
LOGIC p
< —DATASIZE \"
let—MAR[O] INMUX T

Figure 4: The LC-3b data path
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COND1

CONDO

o]

BEN

~

TR[11]

AN

Branch Ready
5] J[4] 03] 2] ] J0]
0,0,IR[15:12]
l 6
IRD
6
Address of Next State

Figure 5: The microsequencer of the LC-3b base machine
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