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CS/ECE 552 Introduction to Computer Architecture
Midterm Exam
Tuesday, March 16, 1999

7:15-9:15 p.m

Name; SCLUTI ON

Limit your answers to the space provided. Unnecessarily long answers will be penalized. If you use more space
than is provided, you are probably doing something wrong. Use the back of each page for any scratch work. Write
your last name on each page.

Problem 1. (out of 24 points)
Problem 2. (out of 14 points)
Problem 3. (out of 8 points)
Problem 4. (out of 12 points)
Problem 5. (out of 18 points)
Problem 6. (out of 24 points)

Total (out of 100 points)
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Adder Design (24 paints)

The figure below shows a 64-hit carry lookahead adder with three levels of lookahead. Some signals are
shown in the figure to give you an idea of the structure of the adder; however not all relevant signals are
shown (for example the carries from the first level lookahead to the single-bit adders).

Co
Third Level Lookahead
cy Py
Second Level Lookahead <
16-hit 16-bit 16-hit
ke ke ke Gll Pll
CLA CLA CLA : Fi rst(I)eveI
N N N Lookahead [
Gy Pb
5 5 5 5
Single Bit Adders

(10 points) Let X, Y;, C; and §, withi =0, 1, ..., 63, represent the individua bits of the two operands, the car-
ries, and the sums, respectively. Let Gl and P}, i = 0,....,63 represent the first level generates and propagates.
Let G|' and P}', j =0,...,15 represent the second level generates and propagates, and let G|' and P}', k=0,..,3
represent the third level generates and propagates.

Write the logic equations for the following signals, in the space provided. (The equations should be in terms
of the inputs to the logic block for which they represent the outputs.)

Gh = X3.Y3

GY = Gii +Glo.Pli +G§.P11.PYy + Gy .PY; PPy
PY' =  P7.P§.Py.P}

Cg = G +Gg.P{ +Py.P!.Co

Cy = GY'+Gg'.Py' +Py' P'.Co
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(b)

Assume that each gate delay is T time units, and all gates are available with up to 5 inputs. Further assume
that al X, all Y;, and C, are ready at time 0. In the table below, show at what time the chosen signal valueis
ready. Use the comment column for any comments (comments will be used to determine partial credit in case
of anincorrect answer). (6 points)

Signal Time Ready Comments

S, 5t tfor G|, P!; 2t for C,, and 2t for S,

Ss 7t T for Gl, P!; 2t for G!', P!': 21 for Cg, and 2t for Sg
Ca 7t tfor Gl, P}; 2t for G!', P!': 2t for G!"', P!"', and 21 for Cg,

(©)

@)
(i)

(i)

Calculate the number of gates of each type in the lookahead logic (include all levels and do not count gates in
the 64 single-bit adders). Show your work. (8 points)

There are a total of 16+4+1 = 21 CLA units. Each CLA unit generates a G
a P, and 3 carries. The equations for this |logic are:

G =93 + g2.p3 + gl.p3.p2 + g0.p3.p2.p1 (3 AND and 1 OR gate)
P = p3.p2. p1l. p0O (1 AND gate)
c3 g2 + gl.p2 + g0.pl.p2 + p0.pl.p2.cO0 (3 AND gates and 1 OR gate)

c2 =gl + g0.pl + p0.pl.cO (2 AND and 1 OR gate)
= g0 + p0.cO0 (1 AND and 1 OR gate)

So each unit has 10 AND gates and 4 OR gates (total of 14 gates). So the
overal | | ookahead | ogic has 10x21 = 210 AND gates and 4x21 = 84 OR gates.

Short Questions (14 points)

What are delayed branches? (3 points)

A branch instruction for which the instruction following the branch is
uncondi tional ly executed regardl ess of the outconme of the branch.

What problem do delayed branches solve, and how? (3 points)

Del ayed branches solve the problem of branch hazards. By unconditionally
executing an instruction followng a branch, the pipeline can be kept
full, i.e., wthout any bubbles, until the outcone of the branch is
known.
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(iii)

(iv)

©)

The multicycle datapath that we studied had one ALU, which was used to increment the PC as well as for
ALU operations (and address calculations), and branch target calculation. The single-cycle datapath had 3
separate adders/ALUs, one for incrementing the PC, one for ALU operations (and address calculation), and
one for branch target calculation. Why are a different number of ALUs used in the two different datapaths?
(4 points)

In the single-cycle datapath, we needed to perform 3 ALU operations in a
clock cycle, and since a single ALU could only perform one operation in a
cycle, 3 ALUs were needed. In the multicycle datapath, the same ALU
could be used for all 3 functions, in different clock cycles.

Is it easier to have a pipelined implementation for an architecture which has fixed-sized instructions (e.g., 4
bytes) than for an architecture which has variable-sized instructions? Why or why not? (4 points)

It is easier to have a pipelined inplenmentation for an architecture wth
fixed-size instructions because there is no need to decode an instruction
(to find out its length) in order to be able to determ ne where the next
instruction starts. This allows IF and ID to be overl apped.

M achine Performance (8 points)
Consider two different implementations M1 and M2 of the same instruction set. There are four classes of
instructions (A, B, C, and D) in the instruction set.

M1 has aclock rate of 350 MHz and M2 has a clock rate of 450 MHz.

The fraction of all instructions that belong to a particular class, and the average number of cycles for each
instruction in the two implementations are as below:

Percentage
Class | of instructions | CPl onM1 | CPl on M2
in class
A 10% 1 2
B 35% 2 2
C 25% 3 4
D 30% 4 4

Which implementation of the instruction set is faster, and by how much? Show your work.

Overall CPI on ML
Overall CPI on W

0.1x1 + 0.35x2 + 0.25x3 + 0.3x4
0.1x2 + 0.35x2 + 0.25x4 + 0.3x4

2.75
3.1

Time on machine = CPl x cycle time x nunmber of instructions.
(Time on ML) / (Time on M2) = (2.75/350x10° / (3.1/450x10°) = 1.14

So M is 14% faster than ML.
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4

(i)

System Balance (12 points)
Consider a system with a CPU, connected to separate instruction and data memories, as shown in the figure
below.

Instruction Data
Memory CPU Memory

The system is executing the following MIPS code. The code is aloop, which you can assume iterates many
times. Also assume that the beq instruction istaken 25% of the time.

$L6:
lw  $2,0(%$4)
beq $2, $0, $L4
| w $2, 0( $5)
lw  $3,0($6)
addu $2, $2, $3
swW $2, 0(%4)

$L4:

addu %4, %4, 4
addu $6, $6, 4
addu $5, $5, 4
addu $7,%7,1

slt $2, $7, 10000
bne $2, $0, $L6

Remember that in MIPS the instruction size is 4 bytes, and the word size is also 4 bytes.

What bandwidth would the instruction memory need to have to be able to support a sustained instruction exe-
cution rate of 200 MI1PS when executing the above program? Show your work. (8 points)

When the branch is not taken, there are 12 instructions executed and 4
menory references nmde per loop iteration. When the branch is taken,
there are 8 instructions executed, and 1 nmenory reference nade.

On average, there are 0.75x12 + 0.25x8 = 11 instructions and 4x0.75 +
1x0. 25 = 3.25 nenory references per iteration.

For each instruction we need to fetch 4 bytes, so to support a sustained
instruction execution rate of 200 MPS we need to have an instruction
menory bandwi dth of 200 MPS x 4 bytes per instruction = 800 Myytes per
second

What bandwidth would the data memory need to have to be able to support a sustained instruction execution
rate of 200 MIPS when executing the above program? Show your work. (4 points)

As above, there are 3.25 nmenory references per 11 instructions on aver-
age. Each nenory reference is 4 bytes. So the bandwidth required from
the data nenory to support an execution rate of 200 MPS is

200 x (3.25/ 11) x 4 = 236.36 Mytes per sec.
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(5) Pip€lining (18 points)

The following figure shows a simple pipeline. This pipeline has a register file that WRITES during the
FIRST half of the clock cycle and READS during the SECOND half of the clock cycle. Instructions can be

stalled only in the instruction-fetch and instruction-decode stages.

IF

Ingtruction

Memory

\ 4

ID _ EX
> > >
Register
File
> > >
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(@ For the following instruction sequence, show the pipeline timing in the table below. Label pipeline bubbles

MEM _ WB
Dda Register
M emory File

caused by stallswith "bubble". (Note: Y ou may not need al 16 cycles provided in thetable.) (8 points)

loadr2 <-mem(rl) ;LOAD

r2<-rl1+r2 :ADD1

r3<-r1+r3 ; ADD2

storemem(rd) <-r2 ; STORE

Cycles IF ID EX MEM WB

1 LOAD
2 ADD1 LOAD
3 ADD2 ADD1 LOAD
4 ADD2 ADD1 bubble LOAD
5 ADD2 ADD1 bubble bubble LOAD
6 STORE ADD2 ADD1 bubble bubble
7 STORE ADD2 ADD1 bubble
8 STORE bubble ADD2 ADD1
9 STORE bubble ADD2
10 STORE bubble
11 STORE
12
13
14
15
16

THISQUESTION CONTINUESON THE NEXT PAGE.




Name: Page 7 of 9

Pipelining question continued

(b) Eliminate al of the bubbles caused by the instruction sequence in part (a) by reordering the instruction se-
guence and/or by adding bypass paths to the pipeline diagram on the previous page. Show the reordered in-
struction sequence in the space below, and any modifications to the pipeline diagram in the figure on the pre-
vious page. For your convenience, the original code sequence from the previous page is replicated below. Be
sure to explain how your solution eliminates the bubbles that existed. (10 points)

load r2<- mem(rl) ;LOAD
r2<-rl1+r2 ;ADD1
r3<-r1+r3 ; ADD2
storemem(r4) <-r2  ; STORE

The first bubble after the LQOAD instruction cannot be rempved using a
bypass. In order to elimnate it the ADDL and ADD2 instructions are re-
versed. Notice that they are independent of each other, so they can be
noved in this way wthout affecting the senmantics of the code segment.
This creates an additional bubble before the STORE instruction, but it
can be renoved using bypasses.

The two original bubbles that remain are renmoved by adding a bypass from
both of the inputs into the MEMWB pipeline register to both of the in-
puts of the ID/EX pipeline register. The new bubble that was introduced
by the code notion is renoved by adding a bypass from the input of the
EX/ MEM pi peline register to both of the inputs of the ID EX pipeline re-
gister.

(6) Datapath (24 points)

In this problem you will extend the multi-cycle datapath as presented in the course text in Figures 5.33 and 5.34.
These figures have been provided on the last page of this exam.

It is possible to decrease the execution time of a program by combining two or more instructions (that would nor-
mally take two or more instruction times to execute) into a single instruction that takes only one instruction time (or
a fraction more than one) to execute. These hybrid instructions are chosen because the instructions they replace ap-
pear often as a group in programs, and because they can be implemented without extensive modification to the data-
path.

Modify the datapath as necessary to alow the implementation of each instruction. Be sure to include complete in-
formation about any new signals that appear in the modified datapath.

After the datapath is modified, fill in the list of control signals that must appears at each clock cycle in order to im-
plement the instruction. To reduce the number of signals that you have to write, assume that the initial value of all
signals is zero. Remember that if you assert a signal, you must de-assert it when necessary. The number of clock
cycles needed for each instruction may vary. Use as many as you need, but make the implementation as efficient as
possible. The signalsfor the first clock cycle already appear in the table. Y ou should not have to modify them.

ALL OF YOUR WORK FOR EACH INSTRUCTION SHOULD APPEAR ONLY ON THE PAGE FOR
THAT INSTRUCTION.

Note: Infigure 5.34, ALU stands for arithmetic logic unit, MDR for memory data register, PC for program counter,
and IR for instruction register.
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In this space was Figure 5.33 from the course text.

Circuitry added to the datapath:

The MJUX on the Wite register input to the register file is expanded to
allowinput 2 to be bits [25-21] of the instruction register. This
allows Rs to be witten.

The MJX on the B ALU input is expanded to allow input 4 to be a
hard-wired "1".

Control:

Note: Signals in parens are not needed (but should be included for
clarity) because they were already set to that value. This includes
those assuned to be zero at the start of the instruction.

(8 The DBNZ Rs,offset instruction decrements the value in register Rs (be sure to write it back to Rs) and
branches to the target computed by adding the signed offset in bits [15-0] of the instruction to the PC, if the
result of the decrement is non-zero. (Note: you may not need all the clock cycles provided in the table

below.)
Clock Functional Sianals
Cycle Description 9
1 Instruction -> IR MemRd=1, ALUSrcA=0, lorD=0, IRWrite=1, ALUSrcB=01
and PC=PC+4 ALUOp=00, PCWrite=1, PCSource=00
> Read Rs and Rt and MenRd=0, | RWite=0, PCWite=0
conmput e branch target (ALUSr cA=0), ALUSrcB=11, (ALUO=00)
3 Icrement Rs and ALUSr cA=1, ALUSrcB=100, (ALUOp=00)
Update the PC PCSour ce=01, PCW it eCond=1
4 Wite back Rs RegDst =10, RegWite=1, PCWiteCond=0
5 Fi ni sh RegW it e=0
6
7
8
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(b)

In this space was Figure 5.33 from the course text.

Circuitry added to the datapath:

Page 9 of 9

The MJUX on the Wite register input to the register file is expanded to

allowthe 2 to be bits [25-21] of
allows Rs to be witten.

The MJX on the A ALU input

the instruction register. This

is expanded to allow input 2 to be the

output of the register file B output holding register.

Control:
Not e:

clarity) because they were already set to that val ue.

t hose assuned to be zero at the st

Signals in parens are not needed (but should be included for

Thi s includes
art of the instruction.

The LWI Rsimmediate(Rt) instruction loads the word addressed by the sum of the sign-extended immediate
and the value in Rt into register Rs. The value in register Rt is also auto-incremented so that the next execu-
tion of the instruction will load the next word in memory. (Note: you may not need all the clock cycles pro-

vided in the table below.)

Clock Functiona

Cycle Description Signals
1 Instruction -> IR MemRd=1, ALUSrcA=0, lorD=0, IRWrite=1, ALUSrcB=01
and PC=PC+4 ALUOp=00, PCWrite=1, PCSource=00
> Read Rt and MenRd=0, | RWite=0, PCWite=0
conmput e branch target (ALUSr cA=0), ALUSrcB=11, (ALUO=00)
3 Conpute the | oad address ALUSr cA=10, (ALUSrcB=11), (ALUOp=00)
4 Get the val ue and MenRd=1, |orD=1
Conpute the new Rt (ALUSr cA=10), ALUSRcB=01, (ALUOp=00)
5 Wite the new Rt MenRd=0, (MentoReg=0), (RegDst=0), RegWite=1
6 Wite the new Rs Ment oReg=1, RegDst=10, (RegWite=1)
7 Fi ni sh RegW it e=0
8




