Name: _____________________________ (write neatly at top of every page)


EEL 4713 / Computer Architecture / Fall 2005
Practice Questions for Final Exam – WITH SOLUTIONS
Exam to be administered: Wed., Dec. 14, 2005
Instructions:  The exam is open book, and open notes.  There are 6 questions.  Each is worth 35 points.  For full credit, you must complete at least four questions, including both of the last two questions (#5 & #6).  Your exam grade will be calculated as your total grade on the four questions you select, divided by 130.  (The maximum possible grade is 35×4/130 = 107.7%.)  If you attempt additional questions, this may help improve your grade on the corresponding questions from earlier exams; however, don’t spread yourself too thin.  You will have 2 hours (from 7:30 to 9:30 am) to take the exam.  Pace yourself; if you estimate that it may take you more than 30 minutes to finish a given problem, you may want to come back and finish it later.  If a question is ambiguously worded, raise your hand and I will come give you a clarification if appropriate.  Important clarifications will be written on the board.  Time remaining will be announced periodically.  Use a calculator and simplify answers as appropriate.
Overview of Questions

The following Course Instructional Objectives are being selected for testing on the final exam.  The target Program Outcomes other than (a) and (o) are also shown.

Elective group:
You must do at least two of these problems (your choice).
1. CIO 1 (Metrics), PO (e)(Solve) – Performance/Cost/Power metrics.
Adjusted class avg. on Midterm #1 q. #1 = 64% (D)

2. CIO 4 (FP-Rep), PO (e)(Solve) – Floating-Point Representations.
Class average on Midterm #2 q. #1 = 64% (D)

3. CIO 5 (Ctl/DF), PO (e)(Solve) – Control and Dataflow.
Class average on Midterm #2 q. #2 = 68% (D)

4. CIO 6 (Mult/Div) – Implementing Multiplication and Division.
Class average on Midterm #2 q. #3 = 52% (F)

Mandatory group:
You must do both of these problems.
5. CIO 7 (McycDP), PO (e)(Solve) – Multicycle Datapath
Not previously tested.

6. CIO 8 (Cache), POs (c,e)(Design,Solve) – Cache Design
Not previously tested.

Problem Selection:     YOU MUST FILL OUT THIS FORM!

From among the elective group of questions (questions 1-4), I would like for my grades on the following two questions to contribute to my final exam grade:  
Questions #___ and #___.  (However, I understand that additional questions from this group may be attempted in order to bring up grades on earlier exams.)

 Question #1 (CIO 1 / POs a,e,o) – Perf./Cost/Power Metrics

Suppose you are designing a new laptop computer for running high thread-count applications, and you want to decide which of three different processor chip types to incorporate into the system design:

· Chip A is a superscalar uniprocessor costing $200 with a clock frequency of 3.2 GHz.  Its average CPI on an appropriate benchmark is 0.6, and it dissipates 15 Watts of power.

· Chip B has the same instruction set as chip A, costs $900, and is a dual-core processor with 2 hyperthreaded processors, each supporting 2 virtual CPUs.  Its clock frequency is 3.6 GHz.  Its average CPI on the benchmark (which is multithreaded) is 0.4.  It consumes 30 W of power.

· Chip C is a pipelined RISC-style processor costing $100 with a clock speed of 2.5 GHz.  Its average CPI on the benchmark is 1, and it uses 10 W.  However, its instruction count on the benchmark is twice that of chips A and B.

Suppose your product manager tells you that the laptop must cost no more than $1,000 altogether (including all parts) and must dissipate no more than 30 W of power in total, including the display, hard drive, etc.  Assume that the parts other than the CPU have already been selected, and that together they cost $300 and burn a total of 5 W of power.


(a) Identify the engineering problem to be solved.  In the scenario described, what should you, as the system architect, be trying to do?  Select only one:



(i) Always just pick the chip with the highest clock speed, and never look back.

(ii) Calculate the MIPS rating of each chip, and select the one with the highest MIPS rating.

(iii) Calculate the relative execution time of each chip on the benchmark, and select the one with the lowest execution time.

(iv) Calculate the cost-performance (performance per unit cost) of each chip, and select the one with the best cost-performance.

(v) For each chip type, calculate the maximum total throughput that can be achieved within the design constraints by using multiple instances of the chip taken together, and select the best-performing resulting design.

(v) is the only correct answer.  Any other solution strategy would not be guaranteed to provide the best-performing solution possible within the design constraints in all cases.
(b) Formulate the engineering problem, by composing an algebraic expression for the figure of merit that you identified in part (a), in terms of the following variables:

¢chip – Cost per processor chip of a given type.

¢sys,max – Maximum cost of the entire system.
¢aux – Cost of all auxilliary (non-processor) components taken together.

fclk – Clock frequency of a chip of a given type.

CPIchip – Average CPI of a chip of a given type on the benchmark. 

Pchip – Power dissipated per chip of a given type.

Psys,max – Maximum power dissipation of the entire system.

Paux – Power dissipated by all auxilliary components taken together.

ICrel – Relative instruction count for the ISA used by a given chip technology, expressed as a multiple of the IC for Chip A.


Maximum number of chips of a given type that may be used in the design:

nchips = (min[(¢sys,max − ¢aux)/¢chip,  (Psys,max − Paux)/Pchip] (

Relative throughput of a solution using the maximal number of chips:

Trel = nchips × fclk / (ICrel × CPIchip)
(c) Solve the engineering problem by plugging in the numbers from the problem description into your formula from part (b) for each processor type, evaluating the figure of merit that you identified in part (a), and showing which of the three processor types gives the best resulting value for that figure of merit.



For all cases,

¢sys,max − ¢aux = $700

Psys,max − Paux = 25 W
Chip A:
nchips
= (min[$700/$200,  25W/15W] (
= (min[3.5,  1.67] (
= ( 1.67 (
= 1

Trel
= 1 × 3.2 GHz / (1 × 0.6)


= 5.333 × 109


(chip A equivalent insts./sec.)


Chip B:

nchips
= (min[$700/$900,  25W/30W] (
= (min[0.77,  0.83] (
= ( 0.77 (
= 0

Trel
= 0 × 3.6 GHz / (1 × 0.4)




= 0






Chip C:
nchips
= (min[$700/$100,  25W/10W] (
= (min[7,  2.5] (
= ( 2 (
= 2

Trel
= 2 × 2.5 GHz / (2 × 1)


= 2.5 × 109


(chip A equivalent insts./sec.)


Thus, of the three chips described, Chip A gives the best relative overall performance (relative total throughput) Trel, in the scenario described, so we should choose it for our design.

Question #2 (CIO 4 / POs a,e,o) – Floating-Point Representations
Suppose you are looking at a memory dump of a program that works exclusively with floating-point data, and you see that a word of memory representing a particular program variable contains the hexadecimal value 0x3e256fd4.  You want to know what actual numeric value (floating-point number) is contained in that program variable.

(a)   Identify the engineering problem.  

(i) What is the name of the engineering standard that specifies the most common format for floating-point representations?   



IEEE 754-1985
(ii) Does this particular hex value represent a single-precision or a double-precisison number?  How do you know?  Explain briefly.




Single-precision, because 8 hex digits = 4 bytes = 32 bits.
(b)  Formulate the engineering problem.  Show how to break up the binary word into the appropriate constituent bit fields, and write an algebraic expression giving the value of the floating-point number in terms of the integer value of each field.




[Just translate the hex value to binary and mark off the



1-bit sign field, 8-bit exponent, and 23-bit significand…]




value = (-1)sign × 2(exponent − 127) × (1 + significand×2-23)
(c)  Solve the engineering problem.  Calculate and write in ordinary decimal scientific notation the value of the specific floating-point number being represented.

[Simply plug the integer values of the bit fields into the formula.] 

Question #3 (CIO 5 / POs a,e,o) – Control and dataflow
Below is the single-cycle MicroMIPS datapath from the textbook (fig. 13.3, p. 248).  Suppose you are told that the JAL instruction on a certain test chip is malfunctioning.  You suspect that the problem might be that one of the connections (wires or multi-wire buses) in the below high-level wiring diagram could be broken or disconnected.  You want to determine which lines might be broken without opening up the chip package.
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a) Identify the scope of the diagnostic problem to be solved.  Which connections in the above diagram (including both data and control wires/buses) are required for successful functioning of the JAL instruction?  Using a highlighter pen (if you have one), highlight all the lines, or sections of lines, that are required.  (Assume that any broken control wires would behave as all-0 signals.)
b) Formulate a testing strategy for diagnosing the problem.  For each of the wires/buses that you highlighted in part (a), identify at least one other instruction in the MicroMIPS instruction set (table 13.1, p.244) that would also fail to work properly if the indicated connection were entirely broken.  (If it’s a multi-wire bus, assume all wires in the bus would be broken.)  We have started writing a table of answers for you… you can use a 2nd column and the top of the next page if necessary.

Label of

An instruction that could

Wire or bus
be used to test it

c) Solve the diagnostic problem.  Suppose that after some experimenting, you discover that, aside from JAL, all the other instructions are working correctly.  Assuming that only a single segment of a given wire or bus in the top-level schematic is broken, which ones could it be?  Explain how you know.
d) Assuming your answer to part (c) is correct, if any broken wires (including data wires) manifest themselves as “stuck-at-0” signals, then what is the JAL instruction actually doing in the malfunctioning chip  (instead of the thing that it is supposed to be doing)?  (Give a different scenario for each possible connection that could be responsible for the problem.)
Question #4 (CIO 6 / POs a,o) – Multipliers and Dividers
The following MIPS subroutine takes an 8-bit unsigned multiplicand and multiplier in registers $a0 and $a1 respectively, and returns their 16-bit unsigned product in $v0.

line#

1    MULT8:
li
$v0,0

# Clear product register
2

li
$t0,1

# mask = Mask for initial bit position (bit 0).
3

li
$t1,0x100
# endmask = Mask for post-final position (bit 8).

4    LOOP:
and
$t2,$a1,$t0 
# bit = multiplier & mask
5

beq
$t2,$0,ENDIF 
# if (bit != 0)

6

addu
$v0,$v0,$a0  
#
product += multiplicand;

7    ENDIF:
sll
$t0,$t0,1 
# mask = mask << 1 (shift m’and left 1 place)

8

bne
$t0,$t1,LOOP
# if (mask != endmask) goto LOOP
9 

jr
$ra 

# $v0 now contains complete product; return it.

Hand-simulate the execution of this code given the initial values $a0=12, $a1=2.

a) First, write out the given input values as full 32-bit binary numbers.

	bit #:
	31
	
	
	MSB
	
	
	24
	23
	
	
	
	
	
	
	16
	15
	
	
	
	
	
	
	8
	7
	
	
	LSB
	
	
	0

	$a0
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	$a1
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


b) Next, fill in the table through the first three iterations of the loop.  Indicate each line of code executed, and each value written back to a register.  We have filled in the initial values and the first six lines of the table for you.  Also record the branch behavior.

	Iter.

No.
	Line
No.
	
$a0
	
$a1
	$t0
	$t1
	$t2
	$v0
	Branch behavior,
taken v. not
	Branch dest (if taken)

	Initially:
	12
	2
	?
	?
	?
	?
	
	

	1
	1
	
	
	
	
	
	0
	
	

	1
	2
	
	
	1
	
	
	
	
	

	1
	3
	
	
	
	256
	
	
	
	

	1
	4
	
	
	
	
	0
	
	
	

	1
	5
	
	
	
	
	
	
	taken
	ENDIF (7)

	1
	7
	
	
	2
	
	
	
	
	

	1
	8
	
	
	
	
	
	
	taken
	LOOP (4)

	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	


Question #5 (CIO 7; POs a,e,o) – Multicycle datapath & control
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Below are the schematic and controller state machine for a simple multicycle implementation of MicroMIPS, a subset of the MIPS instruction set, as described in Parhami ch. 14.  Consider the operation of this datapath in executing the BEQ instruction.  Highlight all lines (including control lines) that are needed, and fill out the table on the following page showing the control signal values on each clock cycle.
The multicycle datapath from Parhami figure 14.3, p. 261.


Multicycle controller FSM from Parhami figure 14.4, p. 264.

	Cycle #
	PCWrite
	Inst’Data
	MemRead
	MemWrite
	IRWrite
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Question #6 (CIO 8; POs a,c,e,o) – Cache Design 
You are considering two alternative designs for the memory hierarchy for a simple CPU with a base CPI (including level-1 hits) of 1, and with an average of 1.2 memory accesses per instruction.  Design #1 has a single-level 4 MB cache with a hit rate of 98%.  Design #2 has a two-level cache, where the first level is 1 MB and has a local hit rate of 90%, while the second level is 8 MB, requires 2 cycles to access, and has a local hit rate of 85% for accesses that miss at level 1.  In either design, for the cache system to access main memory incurs an extra latency of 80 cycles.  Assume the cache hardware costs $10−5 (0.001¢) per bit, while the rest of the processor costs $100.  Your goal is to select the cache design that leads to the best overall cost-performance for the processor.

(a) Identify the engineering problem.  What characteristics of each cache design do you need to calculate?  Describe them.  What figure of merit (or demerit) do you want to maximize (or minimize)?

For each cache design, we need to calculate the average total CPI including memory stalls (CPItot), the total cost of the cache system (¢cache) and the total cost of the processor including the memory hierarchy (¢tot).  We want to maximize the cost-performance of the processor, which is the overall performance per unit total cost.
(b) Formulate the engineering problem.  Compose algebraic expressions for the important design characteristics that you indentified in part (a), for the cases of both 1-level and 2-level caches.  You may use the following symbols:


CPIbase – Base CPI of the CPU.


ainst – Number of memory accesses per instruction.

S1, S2 – Sizes of level 1, 2 caches.

h1, h2 – Local hit rates of level 1, 2 caches.


t2 – Time to access level 2 cache, in cycles.


tm – Time to access main memory, in cycles.

¢bit – Cost per bit of cache technology.


¢CPU – Cost of the rest of the CPU aside from the memory hierarchy.
For a 1-level cache:

CPItot = CPIbase + ainst × (1 − h1) × tm

¢cache = S1 × ¢bit   (ignoring overhead for tags, valid bits, etc.)
For a 2-level cache:


CPItot = CPIbase + ainst × (1 − h1) × [ t2 + (1 − h2) × tm]


¢cache = (S1 + S2) × ¢bit
For either case,  ¢tot = ¢CPU + ¢cache
Cost-performance will be:



CP = perf/cost = (1/ET)/cost = 1/(ET×¢tot)

Since the IC and clock frequency are the same in both cases, ET is proportional to CPI, and so the relative cost-performance is:

CPrel = 1/(CPI×¢tot)
(c) Solve the engineering problem.  Evaluate your formulas for the particular cache designs described in the problem description by plugging in the numbers given.  Compare the two designs.  Which design should you select, and why?

Design #1:

CPItot
= 1 + 1.2 × (1 − 98%) × 80



= 1 + 1.2(0.02×80)




= 1 + 1.2×1.6




= 1 + 1.92




= 2.92


¢cache
= 4MB / ($10−5 / bit)




= 4×220×B×(8 b/B) / ($10−5 / b)




= $335.54  (used calculator)


¢tot
= $100 + $335.54




= $435.54


CPrel = 1/(2.92×$435.54) = 7.86×10−4 (inst./cyc.) / $
Design #2:
CPItot
= 1 + 1.2 × (1 − 90%) × [ 2 + (1 − 85%) × 80]



= 1 + 1.2 × 1.4
(used calculator)



= 1 + 1.68



= 2.68


¢cache 
= (1 MB + 8 MB) × ($10−5 / bit)




= 9×1024×1024 B × (8 b/B) × ($10−5 / b)




= $754.97 (used calculator)

¢tot
= $100 + $754.97




= $854.97

CPrel = 1/(2.68×$854.97) = 4.36×10−4 (inst./cyc.) / $
Among the two memory hierarchy designs presented, Design #1 has the best (highest) relative cost-performance, since it has substantially lower cost than Design #2, while incurring only a slightly higher CPI.  Therefore we should choose Design #1. 

Assessment instruments:
For reference, the following are excerpted from the corresponding section of the syllabus.  These were used as guidelines in composing this exam.

1. Metrics 
(e) Solve-3
· Students will solve exam problems in which they must analyze descriptions of hypothetical processors to determine their performance, cost-performance, and power-performance.
4. FP-rep 
 (e) Solve-3
· Students will solve exam problems in which they must convert given numbers to and from IEEE 754 single-precision (and possibly also double-precision) binary floating-point format.
5. Ctl/DF
 (e) Solve-3
· Students will solve exam problems in which they must analyze a given ALU and/or single-cycle datapath design to determine its behavior (including data movement and control signals needed) when executing specified instructions.
6. Mult/Div
 
· Students will solve exam problems in which they must hand-simulate algorithms for performing integer multiplication and division.
7. McycDP
 (e) Solve-3
· Students will solve exam problems in which they must analyze a multicycle datapath to determine which data lines are involved in processing a specified instruction, and what sequence of control signal values are needed.
· 8. Cache
 (c) Design-3, (e) Solve-3
· Students will solve exam problems in which they must analyze candidate cache designs, evaluate their performance and cost metrics, and design memory hierarchies meeting specified requirements by selecting from among several available cache architectures.



















Cycles 4 & 5 do not occur in the execution of the BEQ instr.








