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1. (15%) Please describe the values of X and Y and show how they can be calculated, how Y
is translated to PC

Loop: sll $t1,8s3,2 4004 | 0 0 19 9 4 0
add S$tl, $t1, Ss6 4008 | 0 9 22 9 0 |32
lw  $t0, 0(5t1) 4012 | 35 9 8 0

bne $t0, $s5, Loop 4016 | 5 8 21 X

j Loop 4024 | 2 X

2. (15%) Putan X in the box if performance depends on

Clock rate Instruction Count cpi

Instruction Set

Organization

Technology

3. (9%) Consider a MIPS pipeline with the following five stages: IF (Instruction Fetch), ID
(Instruction Decode and Register File Read), EX (Execution or Address Calculation),
MEM (Data Memory Access), and WB (Write Back). The cycle time depends on whether
the full forwarding is supported or not. More precisely, without forwarding, the cycle
time is 200 ps; while with full forwarding, the cycle time is 300 ps. Consider the
following instruction sequence:

Il: sub r4, r3, r2
L2 i O iERye 14y il
I3: and r4, r4, r3
Please answer the following questions.

a. (2%) Please mark all the Read-After-Write (RAW), Write-After-Write (WAW),
and Write-After-Read (WAR) dependences.

b. (2%) In the considered pipeline, the register-read happens in the second half of
each clock cycle, and the register-write happens in the first half. Suppose the
pipeline is without forwarding, point out all the hazards and insert nop

instructions to get rid of them.




c. (2%) Suppose the pipeline is with full forwarding, list all the hazards and add
nop instructions to eliminate them.

d. (2%) Compute and report the total execution times of the instruction sequence
without and with (full) forwarding. Please show your work.

e. (1%) What is the speedup achieved by adding full forwarding to the pipeline
without forwarding?

4. (8%) Let us consider a 5-stage MIPS pipeline with no control hazards, no delay slots, and
with full forwarding support. Consider the following instruction sequence:
begin: 1w rl, 0(rl)

sub rl, rl, 0
Iw xl, 0{rd)
1w rl, 0(ril)
1w rl, 0(rl)
beg rl, r2, begin

Please answer the following questions.

a. (6%) Say we are in the fifth iteration of the loop. Please draw a pipeline execution
diagram from the cycle when we fetch the first 1w in the iteration, until the cycle
when we fetch the first 1w in the next iteration. In your diagram, please include
all the instructions that are in the pipeline during the cycles (more specifically,
some instructions came from the fourth iterations). Please mark (e.g., circle) the
stage name if the corresponding instruction is not doing useful work in that
stage.

b. (2%) In the fifth iteration of the loop, how many cycles in which all the 5 stages

perform useful work?

5. (8%) For a conditional branch instruction (perhaps in a loop) with the following
pattern: T (Taken), NT (Not-Taken), T, T, T, NT, T. Answer the following questions.

a. (2%) Design a one-bit predictor, explain how it works, and report its accuracy for
the first 7 branches. Note that, you have to clearly state any assumption you
make, and show your work.

b. (3%) Design a two-bit predictor, explain how it works, and report its accuracy for
the first 7 branches. State any assumption you make, and show your work.

c. (3%) What is the accuracy of your two-bit predictor if the pattern repeats

forever?



6. (10%) In this question, consider a MIPS 5-stage pipeline with the following properties:
e Every stage takes 1 cycle.
e The register-read happens in the second half of each clock cycle, and the register-
write happens in the first half.
e Full forwarding is supported.
e Braches are resolved in the ID stages, and the prediction accuracy is 80%.
e Jump instruction (j) incurs zero stalls or flushes.
Please answer the following questions.

a) (3%) Write an MIPS function to convert any uppercase characters (ASCII code
between 65 and 90, inclusive) in an input string into lowercase characters (ASCII
code between 97 and 122). The input string is null-terminated, and your function
should stop once seeing the first null character.

b) (2%) If the input string only contains 50 uppercase characters followed by a null
character, how many instructions would be executed?

c) (2%) Suppose we run the function on an outdated MIPS processor with no
pipeline, and a cycle time of 10 ns. What is the execution time? Please show your
work.

d) (3%) Now, if we send the same input string to the modern 5-stage MIPS CPU,
how many total cycles are needed? If the cycle time is 3 ns, what is the execution
time? Please show your work; in particular, you need to point out the numbers of
hazards and flushes.

7. (5%) How many total kilobytes are required for a direct-mapped cache with 32KB of
data and 4-word blocks, assuming a 32-bit address?

8. a) (5%) For a processor with a base CPI of 1.0, assuming all references hit in the primary
cache, and a clock rate of 2 GHz. Assume a main memory access time of 160 ns, including
all the miss handling. Suppose the miss rate per instruction at the primary cache is 2.5%,
which is the total CPI for the processor with one level of caching.
b) (5%) If we want to achieve a speedup of three times (300%) by adding a secondary
cache which has an 8 ns access time for either a hit or a miss, what is the target miss rate
to the main memory that we need to reduce to, with a large enough secondary cache?



9. (10%) Assume a two-way set associative cache has 4 one-word blocks with the LRU
(least recently used) replacement policy. Consider the following address sequence: 11,

2,11, 3, 15,11, 8, 2, 14, 3, 9, 3. Complete the following table for the contents of cache
blocks after reference and their hit or miss.

Address of Memory Hit or Miss Contents of Cache Blocks After Reference
Block Accessed Set0 Set0 Setl Set 1
11

2
11

3

15

11

8

2

14

10. (10%) Explain the purpose of the translation-lookaside buffer (TLB). Draw a diagram
and describe how it works. What kind of fields do you need to construct a TLB and why?



Appendix: MIPS Instruction Reference Sheet

®

|EEE 754 FLOATING-POINT

OPCODES, BASE CONVERSION, ASCIl SYMBOLS STANDARD |EEE 754 Symbols
3 : ™ mal 20 1 pal r (-19% 5 (1 + Fraction) » 2(Exponent- Bias) 0 0 0
(31:26)  (5:0) (5:0) mal acter mal acter i} i) i)
m s11 addj  |000000 0 O NUL| 64 40 @ where Single Precision Bias = 127, =0 i| = Deoorm
subf  [000001 1 1 SOH| 65 41 A Double Precision Bias = 1023. 1toMAX -1 |anything t Fl. Pt. Num,
. srl mul.f 00 0010 2 2 STX | 66 42 B MAX 0 )
jal _ sra div.ff 00 g%(l] i i SET( 2; ﬁ g IEEE Single Precision and MAX #0 NaN
beg s51lv 5qrty el ahae = o
bne absf  |000101 5 5 ENQ| 69 45 E Doulde Presision Fotmats: S e
plez srlv  mov/  |000110 6 6 ACK| 70 46 F [s] Exponent | Fraction |
bgtz  srav neg./ 31{]) 0111 7 7 BEL | 71 47 G 3130 R )
addi  3jr 1000 & § BS 72 48 H 9
addiu jaly 001001 9 9 HT | 73 49 I (sT Exponent | Fraction & |
slti  movz 001010 10 a LF 74 4a ] 3 o 2.5 0
sltin movn 001011 11 b VI | 75 4b K MEMORY ALLOCATION STACK FRAME g
andi  syscall round.ws|00 1100 12 ¢ FF 76  4c L . Stack igher
ori  break  trunc.wf(00 1101 13 d CR [ 77 4d M Ssp A filend, Armreni | Memory
xord ceil.wf 001110 14 e SO | 78 4e N Arjuments | Addresscs
lui sync floor.wf 00 1111 15 f SI 79 4f O $fp —p
mEhi 0T0000 16 10 DLE | 80 50 P kvl Ression
() mend 010001 17 11 DCI| 81 51 Q Dynaric Data Ve REBISER | Stack
mflo movz/ |010010 18 12 DC2| 8 52 R $gp 91000 BO00} e, Grows
mtlo movn,/’ 010011 19 13 DC3 | 83 53 S Static Data i
010100 20 14 DC4 | 84 354 T 1000 0000, Local Variables i
. 010101 21 15 NAK| 8 55 U hex S5p—p
010110 22 16 SYN| 8 56 V Text v
010111 23 17 ETB| 87 57 W pe ~P0040 0000;,, Memmo
mult 011000 24 18 CAN | B8 38 X Addrcsrgcs
multu 011001 25 19 EM | 89 5% Y Opey | Reserved
div 011010 26 la SUB | 90 S5a 2
divu 011011 27 Ib ESC | 91 5b [ DATA ALIGNMENT
0T 11000 28 ic FS 92 Sc 13
011101 29 1d GS | 93 sS4 ] Double Word
011110 30 le RS 94 Se % Word ‘Word
o111 31 1If  US 95 5f
T = es7 00000 20 Space| 96 60 Halfword Halfword Halfword Halfword
n addu  eve.df (100001 33 21 ! | 97 61 a Byte | Byte | Byte | Byte [ Byte | Byte | Byte | Byte
1wl sub 100010 34 22 " 98 62 b 0 T 7 T [ 3 (T 7
™ subu 100011 35 23 # 99 63 ¢ . Value of three least significant bits of byte address (Big Endian)
ibn and evewf [TO0T00 36 24— § 100 64~ d EXCEPTION CONTROL REGISTERS: CAUSE AND STATUS
1hu or 100101 37 25 % 101 65 [ TR E =
fir. ot 100110 38 26 & |102 66 f E P Aogprion
nor 100111 39 27 ' |103 67 g Mask Code
sb 1070000 40 28 ¢ 104 68 h 31 15 L 6 2
sh 101001 41 29 ) 105 69 i Pending U El
swl slt 101010 42 2a * 106  6a Interrupt Mi L
sv sltu 101011 43 2b + 107 6b k 5 ] ) T 0
[0TI00 44 Zc 108 6c 1 BD = Branch Delay, UM = User Mode, EL = Exception Level, IE =Interrupt Enable
101101 45 2d - 109 6d m EXCEPTION CODES
swr 101110 46 2¢ . 110 6e n - -
cache 101111 47 26/ 11 & o Number Name  Cause of Exception  [Number Name  Cause qf Exception
11 tge R TTO000 48 30 0 Mz 70 p 0 Int Interrupt (hardwarc? 9 Bp  Breakpoint Exceppon
lwel  tgeu c.unf 11 000] 49 3] 1 13 71 q 4 AdEL Addrcss_Error E_xceplmn 10 Rl Reserved lns_truc!mn
lwe2  tlt c.eqf 110010 50 32 2 114 ) r (load or instruction fetch) Exception
pref tltu c.ueq/ [110011 51 3 3 115 713 s 5 AdES Address Error Exception 1 U Coprocessor
teg c.oltf [ITOIO0 52 34 4 e 74 1 (store) P Unimplemented
ldei c.ultf (110101 53 35 5 117 75 u 6 IBE Bus Error on 12 o Arithmetic Overflow
lde2  tne c.olef 110110 54 36 6 [118 76 v Instruction Fetch e ¥ Exception
c.ule/ |110111 S5 3 3 119 77w Bus Error on
¢ c.sf/ [ITT000 36 38 & (120 78 «x 7 DBE Tosd or:Stare 13 T Trap
swel c.ngle (111001 57 39 9 121 79y r z T T E =l
s coear 111010 58 3 ; 22 T 4 8 Sys Syscall Exception 15 FPE Floating Point Exception
c.mgl |111001 59 3b ; [123 b | SIZE PREFIXES (10% for Disk, Communication; 2¥ for Memory)
c.aty [ITTI00 60 3¢ < |12  Tc |
sde1 congef 111101 61 3d = |125 7d ) PRE: ERE: ERE- FRE-
sdi2 5387 1110 62 28 > 126 7e 2 SIZE FIX SIZE FIX |SIZE FIX |SIZE FIX
c.ngt,f [1L1111 63  3f 7 |127 7f DEL 1052 Kilo- |10%%,2% Peta- | 102 milli- | 107"* femto-
(1) opeode(31:26) ==10 ] 10,270 Mega- [10'%,25% Exa- | 10® micro-| 107 atto-
(2) opeode(31:26) == 17,4, (11,e); if fmU(25:21)==16,,, (104,¢,) /= s (single); 10,27 Giga- |107,20 Zena | 10° nano- | 102 _zepto-
if fmt(25:21)==17,,, (11},cx) /= d (double) 102,290 *Tera- |10%%,2% voua- | 1072 pico- | 102* yocto-

The symbol for each prefix is just its first Ietter, except {1 is used for micro.
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@

M I P s Reference Déta

CORE INSTRUCTION SET
’ FOR-

NAME, MNEMONIC ~ MAT OPERATION (in Verilog)
Add add R R[rd] = R[rs] + R[11] (1)
Add Immediate addi I R[rt] = R[rs] + SignExtlmm (1,2)
Add lmm. Unsigned addiu 1 R[rt] = R[rs] + SignExtImm 2)
Add Unsigned addu R R[rd] = Rrs] + R[rt]
And and R R[rd] = R[rs] & R[rt]
And Immediate andi I R[rt] = R[rs] & ZeroExtlmm (k)]
BrunchOnEqual  beq 1 CEERED @
Jump b] ] PC=JumpAddr (5
Jump And Link jal ] R[31]=PC+8;PC=JumpAddr (5)
Jump Register jx R PC=R[rs)
Load Byte Unsigned 1bu 1 R[N]:{igiz:‘g?ngﬁl](?:ﬂ)| @
Load Ha_lfwnrd T | R{rt]={ l(x'lh(),M[R[rs]

Unsigned +SignExtImm](15:0)} 2)
Load Linked 1 I R[rt] = M[R[rs]+SignExtlmm]  (2,7)
Load Upper Imm. lui I R[rt] = {imm, 16’b0}

Load Word 1w I R[rt] = M[R[rs]+SignExtlmm] 2)
Nor nor R R[rd] =~ (R[rs] | R[rt])

Or or R R[rd]=R[rs] | R[rt]

Or Immediate ori I R[rt] = R[rs] | ZeroExtImm 3
Set Less Than slt R Rird]=(R[rs]<R[rt)?1:0

Set Less Than Imm, siti 1 R[rt] = (R[rs] < SignExtImm)? 1:0(2)
Set Less Than [mm. ; R(rt] = (R[rs]) < SignExtlmm)

Unsigned AR 21:0 (2,6)
Set Less Than Unsig. s1tu R R[rd]=(R[rs] <R[rt])? 1 :0 (6)
Shift Left Logical ~ s11 R R[rd] = R[rt] << shamt
Shift Right Logical srl R R[rd] = R[rt] >> shamt
Store Byte a5 | M[R[rs]*-SignExtl;{ri::]]((;:g; = -
Store Conditional  sc I M[R[rs]%S[if?Ex(g:g:;.]c)‘?Rllr}]g @7
Store Halfword sh I MIR[rs]*‘SignEthm;‘x%l(_ll]i;(;{g) @
Store Word sw 1 M[R[rs]+SignExtlmm] = R[rt] (2)
Subtract sub R R[rd] =R[rs] - R[r1] n

Subtract Unsigned  subu R R[rd] = R(rs] - R[rt]

(1) May cause overflow excepticn

(2) SignExtImm = { 16{immediate[15]}, immediate }

(3) ZeroExtimm = { 16{1b’0}, immediate }

OPCODE
/FUNCT

(Hex)
072004

ghu

Fhex
072130

0/ 24),04

Chex

Hex

Shex

Zhex

Jhex
0/ 08yye,

2o

25pex

30hex

Thex

2pex
0/ 2Tpex
0/ 25p0x

dhex
0/ 2ay.,

Apex
hhcx
0/ 2bpe,

0/ 00,
0702y

280
3Byex

29y
2bpcy

07224
0/ 23 e

ARITHMETIC CORE INSTRUCTION SET @ OPCODE
/FMT /FT
FOR- /FUNCT

NAME, MNEMONIC ~ MAT OPERATION (Hex)

Branch On FP True belt  Fl if{(FPcond)PC=PC+4+BranchAddr (4) 11/8/1/--
Branch On FP False belf  FI if(!FPcond)PC=PC+4+BranchAddr(4) 11/8/0/--
Divide div. R Lo=R[rs}/R[rt]; Hi=R[rs]%R[rt] 0/-+/--/1a
Divide Unsigned  divu R Lo=R[rs)/R[rt]); Hi=R[rs]%R[rt] (6) 0/--/--/1b
FP Add Single add.s FR F[fd ]=F[fs] + F[ft] 11/10/--10
FP Add {F[fd],F[fd+1]} = {F[fs),F[fs+1]} +
S acd.a Fr {FUELFLEE+T) {(F[[ﬁ]],?'[[ﬂﬂ%}} 111110
FP Compare Single cx.s* FR FPcond = (F[fs] op F[ft])? 1 : 0 H10/-1y
FP Compare . FPeond = ({F[fs],F(fs+1]} o
Double daids [ER {g[rgj,p((nnlj}n?pl g THNE

*(xiseq, 1t,0r 1e) (opis ==, <, or <=)( v is 32, 3c, or 3¢)
FP Divide Single div.s FR F[fd] = F[fs]/ F[ft] 11/10/--/3
FP Divide F(fd),F[fd+1]} = {F[fs).F[fs+1]} /
i aiv.g FR IFIALFIEI]) ‘{F[[ﬂ]}f[[ﬁﬂlﬁ A3
FP Multiply Single mul.s FR F[fd] = F[fs] * F[fi] 11710412
FP Multip! F[fd).F[fd+1]} = {F[fs],F(fs+1]} *
i Py mat.a pr (FUAFIREH] {P[[ﬂ]]-F[[ﬁH]]ji A2
FP Subtract Single sub.s FR F[fd]=F[fs] - F[ft] 11/10/--11
FP Subtract F{fd),F[fd+1]} = {F[fs],F[fs+1]} -
b sub.a FR IFIFELELRHT) ‘iélﬁll,F[[ﬂH]]}} /0
Load FP Single  lwel 1 F[riJ=M[R[rs]+SignExtimm] (2) 3Vectenten
Load FP 1aer 1 FlI=MIR[rs]+SignExtlmm]; @) 350 e
Double F{n+1]=M[R[rs]+SignExtimm-+4)
Move From Hi mfhi R R[rd]=Hi 0 /=/=-110
Move From Lo mfle R R[rd]=Lo 0 /=-1--112
Move From Control mfc0 R R[rd] = CR[rs) 10 /0/--/0
Multiply molt R {HiLo} =R[rs] * R[] 0/=-/--118
Multiply Unsigned multu R {HiLo} =R[rs] * R[r] (6) 0/-/--/19
Shift Right Arith,  sra R R[rd] = R[1t] >>> shamt 0/--/--13
Store FP Single swel | M[R[rs]+SignExtimm] = F[rt] (2) 394--l=-t--
Store FP adel M[R[rs]+SignExtlmm] = F[rt];  (2) 3dfenfocfoe
Double M{R([rs]+SignExtimm+4] = F[r+1]
FLOATING-POINT INSTRUCTION FORMATS

FR[ opcode | fmt | 0 | s [ 0 | funa

3 26 25 21 20 16 15 1110 65 [
F1 l opcode E fmt | ft | immediate
il 26 25 2120 1615 a
PSEUDOINSTRUCTION SET
NAME MNEMONIC OPERATION

Branch Less Than blt if(R[rs]<R[rt]) PC = Label

Branch Greater Than bgt if(R{rs]>R[rt]) PC = Label

Branch Less Than or Equal ble if(R[rsj<=R[rt]) PC = Label

Branch Greater Than or Equal hge if(R[rs}>=R[rt]) PC = Label

Load Immediate i R[rd] = immediate

Move move R[rd] = R[rs]

REGISTER NAME, NUMBER, USE, CALL CONVENTION

(4) BranchAddr = { 14{immediate[15]}, immediate, 2'b0 }

(5) JumpAddr= { PC+4[31:28], address, 2'b0 }

(6) Operands considered unsigned numbers (vs. 2's comp.)

(7) Atomic test&set pair; R[rt] = | if pair atomic, 0 if not atomic

BASIC INSTRUCTION FORMATS

R | opcode ‘ TS I n i rd i shamt | funct [
31 26 25 21 20 16 15 1110 65 0
I [ opeode | 15 I rt immediate |
31 26 25 21 20 16 15 0
J | opcode ‘ address I
31 2625 0

= PRESERVEDACROSS
NAME NUMBER USE A CALL?
Szero 0 The Constant Value 0 NA.
Sat 1 Assembler Temporary No
Values for Function Results
v0-5vl 3 and Expression Evaluation N
$a0-$a3 4-7 Arguments No
S10-347 8-15  Temporaries No
$s0-557 16-23  Saved Temporaries Yes
$t8-519 24-25  Temporaries No
Sk0-5k1 26-27  Reserved for OS Kernel No
Sgp 28 Global Pointer Yes
$sp 29 Stack Pointer Yes
tip 30 Frame Pointer Yes
Sra 31 Return Address Yes
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