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Problem 1: (30 pts) The two-way superscalar MIPS implementation below has an ALU in the MX (née ME)
stage, call it the second-chance ALU. For this problem the second-chance ALU will be connected so that
two stall situations are avoided. A slightly similar problem appeared on the Spring 2006 Midterm Exam in
Problem 2. It’s okay to look at the problem and solution.
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Yes, it’s small! Use the mext page for the solution. ——

(a) The sub in the code below suffers a stall due to a dependence with the other instruction in the same fetch
group. Connect the second-chance ALU so that the stall is avoided. The changes must not break existing
functionality and must not result in stalls for unrelated code. In particular note that the add does not stall
in either version.

# Cycle 0 1 2 3 4 5 6 7 # Unmodified Implementation

ori r3, rl, Oxff IF ID EX ME WB

xor R2, r8, 19 IF ID EX ME WB

add R1, R2, R3 IF ID EX ME WB

sub R4, R1, 15 IF ID -> EX ME WB

and r7, r8, R4 IF -> ID EX ME WB

# Cycle 0 1 2 3 4 5 6 7

# Cycle 0 1 2 3 4 5 6 7 # With second-chance ALU.

ori r3, rl, Oxff IF ID EX MX WB
xor R2, r8, r9 IF ID EX MX WB

add R1, R2, R3 IF ID EX MX WB # No stall in either implementation.
sub R4, R1, r5 IF ID EX MX WB # No stall due to second-chance ALU!
and r7, r8, R4 IF ID -> EX MX WB # Stall due to second-chance ALU.

# Cycle 01 2 3 4 5 6 7

MConne t second-chance ALU to avoid the stall by the sub and allowing code to execute as in the sample
above. The connections should work for any pair of dependent, AL U-using, non-memory instructions.

MPay attention to cost. Assume that a pipeline latch bit costs twice as much as a multiplexor bit.
MDO not add unneeded bypass paths. MDon’t break existing functionality.
Solution appears in blue in the d'\agram several pages ahead. The muxes at the second-chance ALY 'mputs are needed because the

MX.aluO value could be needed by the rs Or rt operands (OV D()th). Many solved the problem assuming that the MX.aluO value
i3 only needed for the rs source.

(b) The code below suffers a load/use stall. Add the minimum number of connections to the second-chance
ALU so that such load/use stalls (in which the using instruction is in slot 1) can be avoided.

add r3, r2, r3 IF ID EX ME WB

lw r4, 5(r1) IF ID EX ME WB
ori r6, ril, ff IF ID EX ME WB
sub r5, r3, r4 IF ID -> EX ME WB



B(Add connections to the second-chance ALU to avoid load/use stalls when the using instruction (such as
the sub in the example) is in slot 1.

MPay attention to cost, use the same cost assumption as given in the previous part.

See solution several pages ahead.



(¢) In the code below the sub does not stall due to the second-chance ALU but the and does stall. Add
control logic to generate a stall signal for cases such as this.

# Cycle 0 1 2 3 4 5 6 7
ori R3, ri, ff IF ID EX MX WB
xor r2, r8, r9 IF ID EX MX WB

add R1, r2, R3 IF ID EX MX WB

sub R4, R1, 15 IF ID EX MX WB # No stall due to second-chance ALU!
and r7, r38, R4 IF ID -> EX MX WB # Stall due to second-chance ALU.

# Cycle 01 2 3 4 5 6 7

B(Add logic to generate a stall signal for the situation described above. MThe logic should work for any
instruction dependent on an instruction using the second-chance ALU.

MPay attention to cost, use the same cost assumption as given in the previous part.

See solution on next page.

(d) Generate the select signal for the EX stage multiplexor shown in blue. The control logic should work for
the intra-group dependence case. (The control logic does not need to work for the load/use case.)

B(Add logic for the select signal for the intra-group dependence. MThe logic should work for any pair of
dependent, ALU-using, non-memory instructions.

MPay attention to cost, use the same cost assumption as given in the previous part.

You're almost there! The solution is on the very next page!



The Inkscape SVG source is at https://www.ece.lsu.edu/ee4720/2020/fe-pi-v2-ss.svg.

Solution appears below in blue (part & and b), green (part ¢ or d, depending on whether | swap themy), and turquoise (part d or ).

ID EX MX WB

Q| |~
Register File =% alu®
HIN
Addr Data —{rsv®
Addr Data —{rtv® }— :: alu® H Mem
25:21 [
F Addr Data —{rsv! }— HH Port D md ‘J__|_.,
20:16 i addr Addr Out
>  PC F Addr Data —{rtv? |- D
5c 5 ¢ D rtv DIn
- -_ HIN
o %o i alu® |+
— H 114
L — i) =l It
15:0 | LN 2
Addr a LImmed | immO
Mem 250 e et [P
] b, AN
Po rt 64 iro {Dest. reg ) dst® = dst® arta. Fart a. dst® |+
Data +|: L1 =/ 1 1 “ Part b. 1
Out " (Dest.reg ) dst dst dst
slot 0 D slot 0
slot 1 slot 1
of [~ S ~ EX-stage slot 1 will
3|8 3 3 use 2nd-chance ALU.
w 0 w0 w
rs 25:21 slot 1 . Stall
rt20:16 | gor1 E: / An ID-stage instruction
@ oot 1 depends on EX-stage slot-1.
rt is src
Slot 1 rt uses slot 0 dest.
o rs 25:21 slot 0
rt 20:16 slot 0

“—(rt is src ) slot 0


https://www.ece.lsu.edu/ee4720/2020/fe-p1-v2-ss.svg

Problem 2: (25 pts) Show the execution of the code fragments as requested below.

(a) Show the execution on the FP pipeline below, note that the adder unit has an initiation interval of 2.

ID = EX ME WB
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MShow execution. Pay attention to how the FP add unit should operate. E{Don’t forget to check

for dependencies.

Solution appears below. The second add. s stalls one eyele because of the initiation interval of the FP add unit. You get what you
pay for.

# Cycle 01 2 3 4 5 6 7 8 9 10 11 12 13 14 SOLUTION
lwcl £2, 0(rl) IF ID EX ME WF

add.s f0, f2, f4 IF ID -> A1 A1 A2 A2 WF

add.s f1, f2, f5 IF -> ID -> A1 A1 A2 A2 WF

add.s £3, f1, £f6 IF -> ID -—————- > A1 A1l A2 A2 WF

# Cycle 01 2 3 4 5 6 7 8 9 10 11 12 13 14



(b) Show the execution on the FP pipeline below, note that the adder unit is different than the previous
problem and from other examples covered in class.
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MShow execution. MPay attention to how the FP add unit should operate. E{Don’t forget to check
for dependencies.

Solution appears below. As can be inferred from the control signals, a FP add instruction passes through the A1 and A2 stages twice
as shown in the solution below. Note that the second add.s no longer stalls waiting for A1}

# Cycle 01 2 3 4 5 6 7 8 9 10 11 12 13 SOLUTION
lwcl £2, 0(r1) IF ID EX ME WF

add.s f0, f2, f4 IF ID -> A1 A2 A1 A2 WF

add.s f1, £f2, £f5 IF -> ID A1 A2 Al A2 WF

add.s £3, f1, £f6 IF ID --————- > Al A2 A1 A2 WF

# Cycle 01 2 3 4 5 6 7 8 9 1011 12 13



(c¢) Show the execution of the code on the implementation below. Find the CPI for a large number of
iterations.
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MShow execution on the illustrated implementation with the branch taken. MFind the CPI for a large
number of iterations.

The solution appears below. The only stall is 4 1-cycle load /use stall suffered by the sw. The first iteration starts in cycle 0 (when
the first instruction, addi, is In IF) and second at cyele 6. The second iteration is the same as the Arst, so all iterations will take
6— 0 = 6 cycles. An iteration has 5 instructions and so the CPlis & = 1.2 CPI, and the instruction throughput is 2 insn/cycle.

# SOLUTION

LOOP: # Cycle 0 1 2 3 4 5 6 7 8 9 10 11

addi r2, r2, 16 IF ID EX ME WB First Iteration
lw r1, 8(r2) IF ID EX ME WB

sw rl, 12(r3) IF ID -> EX ME WB

bne r3, r4, LOOP IF -> ID EX ME WB

addi r3, r3, 32 IF ID EX ME WB

sub r10, r3, r2
LOOP: # Cycle 01 2 3 4 5 6 7 8 9 10 11

addi r2, r2, 16 IF ID EX ME WB Second Iteration
lw rl1, 8(r2) IF ID EX ME WB

sw rl, 12(r3) IF ID -> EX ME WB

bne r3, r4, LOOP IF -> ID EX ME WB

addi r3, r3, 32 IF ID EX ME WB
# Cycle 01 2 3 4 5 6 7 8 9 10 11 12 13 14 15



(d) Show the execution of the code on the 2-way superscalar MIPS implementation illustrated below, and
find the CPI for a large number of iterations. This is not the same as the implementation from Problem 1.
Instruction fetch is of aligned groups.
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MShow execution on the illustrated implementation. MFind the CPI for a large number of iterations.

B(Take aligned fetch into account, the address of LOOP is 0x1000. MPay attention to available bypass
paths.

solution appears Delow. Because there is no bypﬁlSS P&Ih for the store value the sw must stall until the 1w reaches WB.

The CPlis & = 1.2, which is disappointing because the implementation is capable of a CP1of .

LOOP: # Cycle 0 1 2 3 4 5 6 7 8 9 10 11 12 # SOLUTION

addi r2, r2, 16 IF ID EX ME WB # First Iteration
lw rl, 8(r2) IF ID -> EX ME WB

sw rl, 12(r3) IF -> ID ----> EX ME WB

bne r3, r4, LOOP IF -> ID ----> EX ME WB

addi r3, r3, 32 IF ----> ID EX ME WB

sub r10, r3, r2 IFx

LOOP: # Cycle 0 1 2 3 4 5 6 7 8 9 10 11 12

addi r2, r2, 16 IF ID EX ME WB # Second Iteration
lw r1, 8(r2) IF ID -> EX ME WB

sw rl, 12(r3) IF -> ID ----> EX ME WB

bne r3, r4, LOOP IF -> ID ----> EX ME WB

addi r3, r3, 32 IF ——--> ID EX ME WB

sub r10, r3, r2 IFx
# Cycle 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15



(e) The code fragment below is the same as the one from the previous problem and is to run on the same
superscalar system. Re-write the code so that it runs with fewer stalls (and of course does the same thing),
and compute the CPI for a large number of iterations. Extra instructions can be added before or after the
loop. Do not unroll the loop.

B(Re—write code to minimize stalls on the superscalar implementation.

MCompute the CPI of the re-written code for a large number of iterations.

LOOP:
addi r2, r2, 16
1w rl, 8(r2)
sw rl, 12(r3)
bne r3, r4, LOOP
addi r3, r3, 32
sub r10, r3, r2

Two solutions are given here, Partial Credit and Full Credit (starting on the next page). An easy change was moving the addi
r2,r2,16 Inerement after the 1w and adding 16 to the load ofset. This is shown as the Partial Credit solution—partial eredit
because the sw still stalls.

# SOLUTION - Partial Credit

LOOP:

1w rl, 24(r2) # Move lw before addi and increase offset to 24.
addi r2, r2, 16

sw rl, 12(r3) # Still lots of stall cycles.

bne r3, r4, LOOP
addi r3, r3, 32
sub r10, r3, r2

10



In the full-credit solution the swis put hefore the 1w where it will store the ri value that was loaded in the previous iteration
or by the prologue instruction added before the 100p. The Lw in the loop is loading a value for the next iteration, which is why its
ofTset is inereased by another 16 to 40.

To compute the instruction throughput (or CPI) a repeating pattern needs to be found. The repeating pattern is established in the
second iteration and verified in the third by noting that the pipeline state at cycles 10 and 14 are identical. So the iteration tima is
14 — 10 = 4 eycles and 5o the instruetion throughput s 2 = 1.25insn/cycle or the CPLis 2 = .8 CPI, an improvement.

# SOLUTION - Full Credit

#
lw rl, 24(r2) # Prologue: Load initial value of rl.
LOOP:
sw rl, 12(r3) # This finishes up the previous iteration.
1w rl, 40(r2) # Load value to be used in next iteration, if any.

addi r2, r2, 16 # Increment r2 after 1lw to avoid a stall.
bne r3, r4, LOOP

addi r3, r3, 32

sub r10, r3, r2

# Pipeline Execution Diagram

#

1w rl, 24(r2) IF ID EX ME WB
LOCOP: # Cycle 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

sw rl, 12(r3) IF ID -———> EX ME WB First Iteration
1w ril, 40(xr2) IF ID ----> EX ME WB

addi r2, r2, 16 IF ----> ID EX ME WB

bne r3, r4, LOOP IF ----> ID EX ME WB

addi r3, r3, 32 IF ID EX ME WB

sub r10, r3, r2 IFx

LOOP: # Cycle 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
sw rl, 12(r3) Second Iteration IF ID EX ME WB

1w rl, 40(r2) IF ID EX ME WB
addi r2, r2, 16 IF ID EX ME WB
bne r3, r4, LOOP IF ID -> EX ME WB
addi r3, r3, 32 IF -> ID EX ME WB
sub r10, r3, r2 IFx
LOOP: # Cycle 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
sw rl, 12(r3) Third Iteration IF ID EX ME WB
lw ri1, 40(r2) IF ID EX ME WB
addi r2, r2, 16 IF ID EX ME WB
bne r3, r4, LOOP IF ID -> EX ME WB
addi r3, r3, 32 IF -> ID EX ME WB
sub r10, r3, r2 IFx
LOOP: # Cycle 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
sw rl, 12(r3) IF ID EX ME WB
lw ri1, 40(r2) IF ID EX ME WB

11



Problem 3: (15 pts) Answer the following branch prediction questions.

(a) Code producing the branch patterns shown below is to run on several systems, each with a different
branch predictor. All systems use a 2'2 entry BHT. One system has a bimodal predictor and the other
systems have a local predictor, the length of the local history is given in the questions below.

Answer each question below, the answers should be for predictors that have already warmed up. Show work
or provide brief explanations.

Btl: N N N N T T N NN NTT

B2: T T T T T T T T T T T T

MWha‘c is the accuracy of the bimodal predictor on branch B1?

Short answer: %, 8ee Work below.

SOLUTION WORK
o 0 0 0 0 1 2 1 0 0 0 1 2 <- Two-bit counter
B1: N NN N T T N NN N T T
X X X X X <- Prediction Outcome
———————————————————— <- Repeating Pattern

Explanation: The line just below SOLUTION WORK (QDOVQ) shows 2-bit counter values for B1, for when the counter starts at zero.
The prediction outcomes are shown below the braneh outcomes. To compute the prediction rafio we need to use a repeating pattern.
A pattern is repeating if the branch outcomes pattern repeats and if the two-bit counter value is the same before the pattern starts

and after it ends. Such a pattern is underlined, the counter is two at the start and the end. The prediction accuracy is % = %

MWhat is the accuracy of a local predictor with a 12-outcome local history on branch B1 and ignoring B2.

Branch B1's pattern repeats and has 4 length of 6 outcomes and so it can easily be predicted with 100% accuracy by a 12-outeome
local predictor.

12



B(What is the accuracy of a local predictor with a 2-outcome local history on branch B1 and ignoring B2.

The accuracy is worked out below. The local histories table snows the 6 local histories used when predieting B1. The labels (1-6)
refer to the outcome being predicted, and the local history (LH) CONSISTS O the 2 preceding outcomes. For example, then predicting
the first T, label 3, the local history is NN. The Pattern History Table Ana\ys\s table has one row for each possible PHT entry, all
22 = 4 of them. (m This case the branch affects every entry in the table, but usually branenes use only & small fraction of the
entries. For example, if the local history size were 10 there would be 1024 PHT entries but branch B1 would use only 6 of them \mer
wmmup\) A PHT entry holds & two-bit value (Q‘A\\QG a QOUMQT), and the table shows values for these counters Tor each entry as well
a8 the outcome pattern used o update the counter. For TN the outeome pattern is just 4 sequence of NS S0 the counter stays at zero.
The NT and TT entries are similarly well-benaved. But the NN entry is used to predict three outcomes, those af label 1, 2, and 3.
The counter will enange form 1 to 0 and back, and so N will be consistently predieted, which will be correct 2 out of 3 times. These
accuracies are shown in the 1ast column and totaled at the bottom. Note that the total is computed by adding the numerators and

denominators: % = 2, and that it is important that the denominator is set to the number of times the local history is seen

in the repeating pattern. Based on this analysis the | prediction accuracy is % .

SOLUTION WORK
B1: N NNNTT N NN NTT
5 6 1 2 3 4 5 6 1 2 3 4 <- Label of predicted branch.

Local Histories (LH) and Outcome
LH Outcome

NN
NN
NN
NT
TT
TN

D O WN -
2=23A43 =2 =2

Pattern History Table Analysis

LH Pattern Two-Bit Counter Evolution  Accuracy
NN: NN T NNT 1,0,0, 1,0,0, 2/3
NT: T T 3, 3, 1/1
TT: N N 0, 0, 1/1
TN: N N 0, 0, 1/1
5/6
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B(What is the accuracy of a local predictor with a 2-outcome local history on branch B1 and taking into
account B2.

The local history for B2 is consistently TT and of course the outeome 0o is consistently T. Branch B1 and B2 will share the TT
entry, but not nicely. When B1 is resolved the entry is decremented but when B2 is resolved the entry is incremented. We can infer
from the branch patterns that B2 will use the TT local history six times more frequently than B1 and so B1 at 1abel 5 will retrieve
4 3 and predict T and be wrong. That's snown in the table below, with the B2 outcomes Shown in lower case, t, Tor clarity. S0,

the aceuracy of B1 taking into account B2 is 2 | Branch B2 is predicated at 100% aceuracy

Pattern History Table Analysis B1
LH Pattern Two-Bit Counter Evolution  Accuracy
NN: NN T NNT 1,0,0, 1,0,0, 2/3
NT: T T 3, 3, 1/1
TT: ttttNttttttNtt 3,3,3,3,2,3,3,3,3,3,2,3,3 0/1
TN: N N 0, 0, 1/1
4/6

B(What is the minimum local history size so that branch B1 is predicted with 100% accuracy, taking into
account B2.

To solve this problem increase the local nistory size until the local histories are followed by consistent outeomes (UN'\KQ NN QD()VQ). Be-

cause Of NNNNT 4 local history of 3 is 100 short because NNN can be followed by N or T. ’ Alocal history size of four will be sufmicient. ‘

Note that this time B1 uses 6 out of 24 = 16 entries and that B2 no longer causes trouble since its one local history, TTTT, does
not maten any of B1's §ix local Nistories.

Local Histories (LH) and Outcome

LH Outcome
1: TTNN N
2: TNNN N
3: NNNN T
4: NNNT T
5: NNTT N
6: NTTN N
Pattern History Table Analysis Bl B2
LH Pattern Two-Bit Counter Evolution  Accuracy  Accuracy
NNNN: T 3,3,... 1/1
NNNT : T 3,3,... 1/1
NNTT: N 0,0,... 1/1
NTTN: N 0,0,... 1/1
TNNN: N 0,0,... 1/1
TTNN: N 0,0,... 1/1
TTTT: tttttt 3,3, 6/6
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(b) Appearing below is a diagram of a local predictor. The local predictor illustrated has a specific BHT size
and an h-outcome local history size. The BHT size does not necessarily match the BHT in the prior part.
Determine the amount of storage, in bits, used by the BHT and PHT for a 16-bit local history. Assume that
Target is stored efficiently.

>
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N 36| [30[385
2 fo | |8 |£53 .
S Pl cg
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= 15:2 T o
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E 2 2 Pre-resolve 2-b counter oS
~ S
*g q>) Target % §
% 8 PC (resolve) % L
0
Qf g Is Branch (1, branch; 0, anything else.) §§
Pre-Resolve Local History g: ®

MAmoun‘c of storage for PHT is:

short answers ’The amount of storage is 216 x 2 = 217p = 214 B,

Each PHT entry holds a 2-bit counter, and for a 16-bit local history there are 216 = 65536 entries. The total sizeis 65536 x 2b =
131072b = 16384 B. Note: full cradit would be given Tor an answer in bits, no need to convert to bytes. That said, 1t is a good
idea to include the unit (Dits or bytes).

MAssumption about Target:

B(Amount of storage for BHT is:

short answer: (1 + 16 -+ 16) 2'4 b assuming that the Target fleld is 16 bits and 1§ used, after retrieval from the BHT, as o
digplacement from PC+4 1o compute the full 32-bit target address.

From the diagram it can be seen that 16—2 = 14 bits are used for the BHT addrass (a) input, and so there must be 24 BHT entries.
The diagram shows that an entry consists of three fields: Is Branch, Target, and Local History. Assume 1 bit for Is Branch
because nothing was maentioned about predicting other kinds of control-transfer instructions. For the target assume that just 16 bits
are stored, and that the Tull 32-bit target is computed using PC+4, just as it is for a branch. Tha local history is given as 16 bts.
Totaling these yields the of a BHT entry, (1+ 16+ 16) b. The sum of the 214 entry sizes yields the BHT size, (1+16+16)2'* b.

15



That's all that's needed for full credit. But since we're here, let's convert it to b\/tQS and compare the size 1o other pMIS of the CPU
10 see how much the BHT s costing us. S0, (1+16+16)2 b = (1+16+16)2'4/23B = (1+16+16)2'' B = 67584 B.
That's fOUgh\y the size of & Iyp'\Q‘A\ L1 data cache, 50 iT is on the \MgQ size. Real BHTS are smaller.
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Problem 4: (30 pts) Answer each question below.

(a) Appearing below are the three integer MIPS T instruction formats. Consider a modified form of MIPS
in which there are 64 rather than 32 integer registers. A goal is compatibility with MIPS-I code and to use
as few new opcodes and function field values as possible. Modify each format so that it can use 64 registers
and explain what new opcodes (if any) are needed and any assumptions about existing MIPS-I instructions.
Hint: For one case there’s nothing to do, for one case many opcodes will be needed, for one case only a few.

To encode 64 registers a 6-DIT register fleld is needed. Since 2 g()&\ I Qompat'\b'\\'\ty we want to make as few Qh&ﬂgQS 10 the instruction
format as pOSS\b\Q.

MModiﬁcation for 64-register MIPS. MDescribe what new opcode/func values are needed for, if any.
Opcode RS RT RD SA Function

MIPS R: ’ | | | |
31 26 25 21 20 16 15 11 10 6 5 0

For most MIPS-1 Type R instructions the SA field is unused and must be zero. S0 for MIPS-164r use the SA field Tor the three extra
register ield bits, one Tor RS, one for RT, and one for RD. New Function values will be needed Tor the Shift instructions because
they use the SA field. The existing snift instructions, sueh a8 s11 r1, r2, 3 must use the SA field in the same way as MIPS-1
(O'U\QYW\SQ MIPS-164r would not be eompmib\@). New shift instructions, sueh a8 s1164 r40, rl, 3 will use the RT field for the
ShiTt amount. No new opeodes or Function values will be needed for the other Type R instructions.

MModiﬁcation for 64-register MIPS. MDescribe what new opcode/func values are needed for, if any.
Opcode RS RT Immed

MIPS I ‘ | | | ‘
31 26 25 21 20 16 15 0

There is no free space in MoSE type | instructions, so new opeodes will be needed. Since there are not many opeodes available a new

3-bit £ul fleld was added (see below) to provide more opeode space, serving the role that Function places in type R instructions.

The extra bit for the RS and RT registers are in the same place they are for MIPS 164t instructions, they are labeled RSh and RTh.

The immediate, now 11 bits, is split between two flelds, ImmHi and ImmLo. I & compiler or human needs an instruction With an

immediate value of 12 or more bits it will need to use & MIPS-1 instruction and o will have to limit itself to regjsters r0 to r31.
Opceode RS RT ImmHi RSh RTh ul ImmLo

MIPS 164r I | | | | \
31 2% 25 21 20 16 15 1110 109 98 65 0

B(Modiﬁcation for 64-register MIPS. MDescribe what new opcode/func values are needed for, if any.
Opcode 1I

MIPS J:‘

31 26 25 0

No Qh&ﬂgQS need 1o be made because there are no register flelds.
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(b) Chip A has five 4-way superscalar cores. Chip B has 20 scalar cores. The cores are similar to our pipelined
MIPS implementations. All cores use a 1 GHz clock. Yes, up until this comment the question is identical
to one asked on the Spring 2019 final exam. The SPECcpu benchmarks are run on each chip. Recall that
SPECcpu can be run to compute a speed score and a rate score. (Don’t confuse speed/rate with base/peak
or int/FP.) Feel free to visit the SPEC site to help answering this question.

MWhich chip would likely score higher (better) on the SPECspeed2017int benchmarks,
® Chip A or O Chip B . Explain.

Chip A because SPECspead2017 18 run with one benchmark at & time and the SPECepu benchmarks use few threads, maybe one.
For one thread Chip A has 4 peak performance of 4 insn/cycle, much better than Chip B's peak of 1insn/cycle.

MWhich chip would likely score higher (better) on the SPECrate2017int benchmarks,
O Chip A or ® Chip B . Explain.

Ch'\p B because 1-way core would run code more QTﬂQiQﬂUy (TQ\NQ\” SIQHS) than a 4-way core, and the SPECrate scores are obtained
DY Tunning many Copies of an individual benchmark and so all cores would be used.

18



(¢) Our goal is to build a machine that can execute eight floating-point operations per cycle. Two machines
are under consideration, an 8-way superscalar system implementing ISA I, and a 2-way superscalar system
with an 8-lane vector unit implementing ISA TV, which is like T but with vector instructions. Both machines
run at 1 GHz, and both can sustain eight billion floating-point operations per second.

B(Which machine is likely to be more expensive? MExplain.

The 8-way superscalar. Both machines will have eight sets of FP functional units. But the 8-way superscalar has hardware for
decoding eight INSTIUCTIONS Versus two Tor the 2-way system. Also the cost of Dypass paths in the s-way superscalar system will be
higher than bypass paths in the 2-way system, even when including the vector unit. That's because the vector unit would not have
inter-lane Dypass paths.

MWhich machine is likely to be faster on typical code? MExplain with Ma code example.

Short answer: The peak FP operation rate of the Two systems is identical, but the ISA 1 implementation is likely taster on typical
code because unlike ISA 1V, ISA 1 does not need sets of eight identical operations to realize Q'\gm operation per cycle performance.

Description: The ISA 1 (8-way supersealar) implementation is likely faster than the ISA IV (2-way supersealar plus vector unit)
because the ISA TV system can sustain & billion floating-point operations (plus one instruction) per second only on code containing
one veetor instruction per feteh group. ON code which is not vectorizable, meaning for which vector instructions are not useful
or on whieh veetor instructions operate on only one lane, the ISA IV will execute at most only 2 x 10% insn/s. Sinee most code
I8 NOt vactorizable the ISA 1 implementation will be Taster. For example, the eight instructions in the code fragment below could be
axecuted at the same time on ISA 1. Those eight instructions could not be replaced by 4 single vactor instruction because there are
Qight different instructions, Not the same instruction, say add, operating on ight different sets of operands.

# Code not vectorizable because each instruction performs a different operation.
add.d f0, f2, f4

andi rl, r2, Oxeof

sub.d f6, £8, f10

ori r3, r2, Oxfood

mul.d f12, f14, f16

xori r4, r2, a8

add.s £18, f£19, £20

slt r9, r10, riil
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(d) In MIPS and many other RISC ISAs memory accesses must be aligned. For example, a 1w instruction,
which loads a four-byte value, must load from an address that is a multiple of 4. The execution of a 1w
loading from an address that is not a multiple of 4 will result in an exception (and on Linux system resulting
in the Bus Error signal handler being called). As we pointed out in class, integer instructions, and especially
load and store instructions, in any reasonable ISA would be required to raise precise exceptions. MIPS is
certainly reasonable in this respect.

Suppose that a program uses non-aligned addresses in memory accesses, but is otherwise correct. That
is, the program would run correctly if the load could handle a non-aligned address. (After all, CISC ISA
load instructions can do it.) But on MIPS it raises an exception as soon as a non-aligned load or store is
attempted. Suppose further that re-writing the program is not feasible.

B(Explain how we can take advantage of precise exceptions so that this program would run correctly. A
code example would be nice but not necessary.

The execution of & 1w with o misaligned address will cause execution 1o reaen the exception handler. We will re-write the exception
handler so that when o misaligned address exeeption oceurs it will performs the unaligned 1w using four load byte unsigned instructions
(TOT whieh there is no alignment FQSU'\QY\OH). Tha exception handler will get the attempted load address and the address of the Taulting
instruction (U\Q \OQG) from MIPS' co-processor 0 registers (OY from the appropriate place in some other \SA). Rather than using a
1w 10 10ad the data, the handler will load the data using four 1bu instructions since they don't have alignment restrictions. The
four loaded values will be put together in one register (SQQ the code sample bQ\()W). Next, the handler routine will need to load the
faulting 1w instruction and determine which register it intended to write. (Thﬁt 18, the instruction will be read from memory as
though it ware data and the rt field value would be extracted using & srl and an andi.) The handler will place the value in that
register, or in the part of the exception handler stack holding the saved value of that register. Finally, the exception handler will
resume execution of the interrupted code at the instruction arter the aulting load. See the example below.

(In this solution four 1bu instructions were used. Some ISAs provide instructions specifically intended to load and piece together a
misaligned value.)

# SOLUTION -- Example of code raising exception.

#
add ri1, ril, r2
1w r3, 0(r1) # Note: rl may not be aligned. If not, handler called ..
and r8, r8, r3 # .. and later returns to this instruction with r3 loaded.
# SOLUTION -- Part of handler that loads 32-bit value in four pieces.
# Register usage:
# rl: Attempted load address.
# r3: Register to put load value in.

# Load the value without risk of misalignment. (For big-endian byte order.)
lbu r10, 0(rl) # Most significant byte.
lbu ri1, 1(r1)
1bu ri12, 2(r1)
lbu r3, 3(rl) # Least significant byte.

sll ri0, r10, 24 # Move byte to most-significant position.
or r3, r3, rl0 # Combine with least-significant byte.
sll r11, ril, 16

or r3, r3, riil

sll r12, r12, 8

jr r31

or r3, r3, rl2
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B(Explain why it would be impossible if loads only raised deferred exceptions. (Assume that aligned
accesses work fine with such loads.)

In g deferred exception the handler starts arter the faulting instruction and at 1east one following instruction ninishes execution. Any
value written by the rau\t‘mg instruction will not be correct. (m 4 precise exception the nandler is called after instructions up to but
not me\udmg the TQU\UI\g instruction Tinish execution. All values written will be QO\”\"QQY.)

For the handler to emulate unaligned loads it needs to resume execution at the instruction following the unaligned load. in the
solution example above the 1w is the faulting instruction and the and is the instruction at which execution needs to resuma for the
program 1o work correetly. If the exception ware deferred then by definition at least the and and possibly several other instructions
would execute before the handler were called. In that case the old value of 8 would be 10st and o there would be no way to return
1o the and and execute the code correctly. For example, suppose r8 were 7 ( correct value) and r3 were 0 (incorrect, assume that
the correct value is 17) when the and executes the first time (before the handler is called). The execution of and sets r8 1o 0.
Suppose that the handler is called and sets r3 to 17 (a correct value) and then returns to the and. The second execution of and
sets r8 10 0 (the value of 0 & 17) when it should be sef to 1 (me value of 7 & 17).
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(e) MIPS has a slt (set less than) instruction, but doesn’t have a sge (set greater than or equal to)
instruction. Why not?

MWhy doesn’t MIPS have an sge instruction?

Because the exact same operation can be obtained Dy swapping the two source operands of s1t. For example, it you need o sge
rl, r2, r3justuse slt rl, r3, r2. Thereisno need to waste a precious opeode.

(f) Note: The following question was asked about two months after in-person classes were ended for the
CoViD-19 pandemic.

Perhaps many of us are wishing we could go back in time. (Not to warn people, that’s obviously futile.)
Wish granted. You are in a meeting (in person, not Zoom) with future Turing Prize winners discussing
which features to put into their new [airquotes] “RISC” ISA, MIPS.

One attendee is advocating for the inclusion of magnitude comparison branch instructions such as bgt r1,r2
TARG (branch if r1 greater than r2). But many others oppose the idea because it would have too much critical
path impact. “We can include bgt with zero critical-path impact if we use a surprisingly simple but effective
technique called branch prediction,” you say.

B(Explain how branch prediction can remove the critical path impact that was a concern at the meeting.

MIPS was designed so that branches could be resolved in the ID stage of a nve-stage pipeline. For any branch instruction that tests
register values, the test (SUQh as gr@mr—than) Can't start until the register values are retrieved. Since the register values are retrieved
in the ID stage the critical path includes both the retrieval and the test. This limited the kKinds of two-register tests thatl branches
could do to equality comparison but not magnitude comparison. With branch prediction the test is moved from the ID stage to
the EX stage. In the EX stage the test starts near the beginning of the clock cycle (QS do all other ALY OPQY&UOY\S) and so more
time-consuming tests such as magnitude comparison can easily be done.

(In class we talk about performing braneh prediction in the IF stage, whieh is the appropriate place to predict for most implementa-
t'\ons.)

MW&S the phrase branch prediction an anachronism at that fictional meeting? Web-search freely to answer
this question.

No, branen prediction was in use Tor years before MIPS was designed ('m the mid 19808). For example, see James Smith's 1981 survey
\1] appearing in the 8th International Symposium on Computer Architecture, one of the leading conferences in the area.

[1] Smith, J. E. A study of branch prediction strategies. In Proceedings of the 8th Annual Symposium
on Computer Architecture (Washington, DC, USA, 1981), ISCA ’81, IEEE Computer Society Press,
p- 135148. https://dl.acm.org/doi/10.5555/800052.801871.

22


https://dl.acm.org/doi/10.5555/800052.801871

