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


EEL 4713 / Computer Architecture / Fall 2005
Midterm Exam #1 - SOLUTIONS
Administered: Oct. 4, 2005
The exam is open book, and open notes.  There are 3 questions, and each question is worth 35 points; 100 points total is full credit.  You will have 75 minutes (from 1:15 to 2:30) to take the exam.  Pace yourself; if you find you are spending more than 25 minutes on a problem, 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.
Question #1 (CIO 1 / POs a,e,o) – Performance/Cost Metrics

Suppose you are working for a software company whose main product is a complex, expensive application program “A” that users run on a certain brand “W” of high-end engineering workstations.  You are in charge of reengineering the tool flow for the company’s build process for its software releases, and you are considering whether the company should switch to a new compiler that was just announced by the workstation vendor.  Your goal is for the application A, as seen by each individual user, to have the best performance possible.   The brochure from the vendor describing the new compiler claims that it increases workstation W’s MIPS rating when running floating-point (FP) code by 300%.  You already know that, when compiled using the old compiler, application “A” currently spends 60% of its time executing floating-point code.
1a.  Identify the true nature of the problem to be solved, as an engineering problem.  In the specific scenario described, which of the following quantities is it your job to be trying to optimize, and for each one that’s appropriate, should you be trying to maximize or minimize that particular quantity?  Circle one choice in each row.



i. Execution time of program A

Maximize / minimize / neither

ii. Clock frequency of workstation W

Maximize / minimize / neither


iii. CPI of program A on workstation W
Maximize / minimize / neither


iv. MIPS rating of W when running A

Maximize / minimize / neither


v. Performance of W on program A

Maximize / minimize / neither


vi. Cost of the workstation W


Maximize / minimize / neither

Explanations: (i) The goal is best performance on A, thus minimum execution time. (ii) As a software company, we have no control over the clock frequency of the user’s hardware.  (iii) Better CPI does not imply better performance.  (iv) Better MIPS rating does not imply better performance when the instruction sequence is different, as it is in this problem.  (v) Maximum performance is best.  (vi) We have no control of the cost of the user’s hardware in this problem.

1b.  Formulate the problem to be solved, as an engineering problem.  For one of the        quantities from part A that you identified that you were trying to maximize or minimize in this situation, compose an algebraic expression that gives the factor by which that quantity would be improved if you were to switch to the new compiler.  You may use the following variables in your expression.  If you need to use any additional variables, please clearly state their definitions.  (But, do not yet worry about whether you know the values of all these variables for this problem or not!)

· CPIold,fp – The average CPI of workstation W when running floating-point code in program A that was compiled with the old compiler.
· CPInew,fp – The same, but for the new compiler.

· ICold,fp, ICnew,fp – The dynamic instruction count of the FP code compiled with the old/new compilers, measured over the course of an average run of program A.

· CPIold,int, CPInew,int, ICold,int, ICnew,int – Same as the above, but for running integer (non floating-point) code.
The factor by which performance & execution time is improved is

Speedup = ETold/ETnew = (CCold/f)/(CCnew/f) = CCold/CCnew (f’s cancel)


= (CCold,fp + CCold,int)/(CCnew,fp + CCnew,int)



          (ICold,fp×CPIold,fp) + (IC​old,int×CPIold,int)

Speedup =  --------------------------------------------




         (ICnew,fp×CPInew,fp) + (ICnew,int×CPInew,int)

   
1c.  Formulate the vendor’s claim about the MIPS rating in the form of an algebraic expression that relates (some subset of) the above variables to each other.

MIPSnew,fp = MIPSold,fp + 300%×(MIPSold,fp) = 4×MIPSold,fp


MIPSnew,fp       (f/1MHz)/CPInew,fp       CPIold,fp                    CPIold,fp

-----------  = ----------------------  = ----------          ------------  =  4


MIPSold,fp      (f/1MHz) /CPIold,fp         CPInew,fp            CPInew,fp 
1d.  Formulate the information that you are given about the fraction of time spent running floating point code as an algebraic expression in the above variables.
Given: ETold,fp = 60%×(ETtot,fp) = 0.6×(ETold,fp + ETold,int)    Solve for ETold,fp:

0.4×ETold,fp = 0.6×ETold,int   (       ETold,fp = 1.5 × ETold,int

ICold,fp×CPIold,fp/f = 1.5×ICold,int×CPIold,int/f
 (f’s cancel, giving…)



ICold,fp×CPIold,fp = 1.5×ICold,int×CPIold,int       or just   CCold,fp = 1.5×CCold,int
1e.  At minimum, what additional information do you need that is not already given in the problem statement if you are going to solve the problem?

To evaluate the speedup formula in part (1b), given the data in (1c) and (1d), we need, at minimum, exactly two more numbers: 

ICnew,fp/ICold,fp – By what factor is FP instruction count increased?

CCnew,int/CCold,int – By what factor is integer cycle count increased?
1f.  Now, assuming that the IC and CPI of integer code remains unchanged with the new compiler, and that the IC of the floating-point code becomes 10× larger with the new compiler, solve the problem.  What is the value of your expression from part (1b)?  Should you switch to the new compiler?  Why or why not?
New information given:  CCnew,int = CCold,int,   ICnew,fp = 10×ICold,fp
The speedup of the FP part, by itself, is then:
Speedupfp = CCold,fp / CCnew,fp = (ICold,fp×CPIold,fp)/(ICnew,fp×CPInew,fp)


       = (ICold,fp/ICnew,fp)×(CPIold,fp/CPInew,fp) = (1/10)×4 = 0.4

thus,  CCnew,fp = CCold,fp/0.4 = 2.5 × CCold,fp = 2.5×(1.5×CCold,int)
                    CCold,fp  +  CCold,int                       (1.5×CCold,int) + CCold,int
Speedup = -------------------------  =   ------------------------------

                    CCnew,fp  +  CCnew,int           2.5×(1.5×CCold,int) + CCold,int

       1.5  +  1         2.5       
             =  ----------  =  -----  =   0.526
                 3.75  + 1      4.75
Therefore, the code produced by the new compiler is only 52.6% as fast as the original code was!  Do not switch to the new compiler!

The speedup could also have been evaluated using Amdahl’s Law:


Speedupoverall = 1/[(1-Fracenh) + Frac​enh/Speedupenh]



Fracenh = ETold,fp/ETold,tot = 60%  (given in problem)



Speedupenh = Speedupfp = 4/10 = 0.4   (as above)


Speedupoverall = 1/[(1-.6) + .6/.4] = 1/[.4 + 1.5] = 1/1.9 = 0.526.

In (1f), the easiest way to see that the new compiler should not be used would have been to note that for the FP part of the code, since its MIPS rating is 4× higher, its CPI is reduced by 4×, but if the IC of this code is also increased by 10×, then its cycle count CC = IC×CPI will be increased by 10/4 or 2.5×, so the total execution time of the FP code will actually be 2.5× greater than before, even though the MIPS rating on the new FP code is higher.  Given that the time spent in integer code is unchanged, obviously the total time for the program must be greater than before (as long as more than 0% of time is spent in FP code), and so the performance will be worse.  

Thus, without even having to calculate the exact overall speedup factor (which is actually a slowdown factor in this case), and without even needing the information in (1d), we can already see that we should obviously not upgrade to the new compiler – It may be some kind of scam, and the claim in the product brochure, though technically correct, is highly misleading!

One way that this scenario could actually happen is if the new compiler works by replacing time-consuming floating-point instructions such as divide and square-root with long sequences of simpler instructions such as subtracts, multiplies, and compares.  Since there are is a lower percentage of slow instructions, the CPI and the MIPS rating are better, but since there are more instructions total, the overall execution time may well be worse!

The whole point of this problem was to illustrate the important point that 
MIPS rating is not the same thing as performance, and is not, in general, even correlated with performance.  The only situation where the MIPS rating may be validly used as a proxy for performance is when the clock frequency is a constant AND the machine-language instruction sequence that is being executed is also invariant.  In this problem, the latter condition isn’t true, because the instruction sequence that will be executed will depend on the compiler that was used to generate it.
For reference, some formulas that may be useful to you in problem 1:
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	Speedup = Factor by which performance

is improved by going from old to‌


new design

ET = execution time

Perf = performance

MIPS = MIPS rating (106’s of insts./sec.)
IC = Dynamic instruction count

CPI = Cycles per instruction

f  = CPU clock frequency
ETtot = total execution time

ETunenh = execution time spent in

activity that will be unaffected

by an enhancement

ETenh = execution time spent in activity


that will be affected by the

enhancement 

Speedupoverall = Speedup of an overall

system

Speedupenhanced = Speedup in the portion


of execution time that is directly


enhanced
Fracenh = The fraction of the initial 
execution

execution time that is the part

that will be directly affected by


the enhancement




Question #2 (CIO 2 / POs a,k,o) – Assembly to ML
Hand-assemble the following (Mini-)MIPS assembly-language code fragment to correct machine language.  Fill in your answer in binary in the table below.  Also, annotate the table with lines and labels that clearly delineate all of the fields of each instruction.




add
$t1, $s0, $t0


lw
$t2, -4($t1)
	31
	
	0

	0
	0
	0
	0
	0
	0
	1
	0
	0
	0
	0
	0
	1
	0
	0
	0
	0
	1
	0
	0
	1
	0
	0
	0
	0
	0
	1
	0
	0
	0
	0
	0

	1
	0
	0
	0
	1
	1
	0
	1
	0
	0
	1
	0
	1
	0
	1
	0
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	0
	0


Also, indicate the format type of each instruction (I, J, R) by writing the appropriate letter to the left of its row.

Finally, write out the corresponding machine-language code as a pair of hexadecimal words:

0x02084820,  0x8d2afffc
Question #3 (CIO 3 / POs a,c,o)

The following C language function computes the integer square root, that is, given an integer n ≥ 0, it returns the value r of the largest integer that is less than or equal to the square root of n, or, in symbols,
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Design a correct implementation of this function in MIPS assembly language; that is, hand-compile this C code to equivalent MIPS assembly.  Use standard MIPS calling conventions, except don’t worry about the frame pointer.  Assume that an int is 32 bits.  Don’t worry about whether this particular algorithm does anything sensible when the argument is negative (it doesn’t).  It’s also not very efficient, but it works.
int sqrt(int n){
     /* Find integer square root of n*/


int r=0;


/* First trial square root = 0 */


while (r*r <= n)
/* While it’s not too big, */



r++;


/*   keep making it bigger. */


return r-1;

/* Too big, return previous. */

}

Please write neatly, comment your code, and draw a neat table showing any correspondences that you may have set up between MIPS registers and C code variables.
	n
	$a0

	r
	$v0

	r*r
	$t0


sqrt:
addi
$v0, $zero, 0
# r := 0

loop:
mul
$t0, $v0, $v0
# $t0 := r*r


bgt
$t0, $a0, end
# if (r*r > n) goto end


addi
$v0, $v0, 1

# r := r + 1


j
loop


# goto loop

end:
addi
$v0, $v0, -1

# r := r – 1


jr
$ra


# return r

Notes: Since we don’t use any of the $s registers, and we don’t use jal, and since the problem said not to worry about the frame pointer, we don’t have to save/restore any registers on the stack.  We use $a0 for the argument n, and $v0 for the return value because these choices are mandated by the standard MIPS calling conventions.  To save registers, we also use $v0 for the program variable r within the body of the procedure.

How the Exam was Designed

You may recall that the course syllabus listed the following items under “Course Instructional Objectives:”

At the completion of this course, students should be able to:

1. Metrics: 
Calculate and interpret different performance and cost metrics of computer systems.

2. Asm(ML: 
Derive machine code from assembly instructions.

3. C(Asm: 
Derive assembler code from an equivalent C code representation.

…

Later, under “Assessment Instruments,” the syllabus also said:

1. Metrics 
(a) Apply-3, (e) Solve-3, (o) Topics-3
· Students will solve exam problems in which they must analyze descriptions of hypothetical processors to determine their performance, cost-performance, and power-performance.
2. Asm(ML 
(a) Apply-3, (o) Topics-3
· Students will solve exam problems in which they must hand-assemble MIPS (or similar) assembly language instructions to their binary machine-language representations.
3. C(Asm 
(a) Apply-3, (c) Design-3, (o) Topics-3
· Students will solve exam problems in which they must hand-compile short C language code fragments to equivalent assembly language code for a MIPS or similar instruction-set architecture.
As indicated by the letters in parentheses above, the exam problems should also demonstrate that students have obtained the following EE/CpE “Program Outcomes”:

(a) Apply: An ability to apply knowledge of mathematics, science, and engineering;

(c) Design: An ability to design a system, component, or process to meet desired needs;

(e) Solve: An ability to identify, formulate, and solve engineering problems;

(o) Topics: (EE) A knowledge of electrical engineering applications selected from the …digital systems… areas. (CpE) A knowledge of computer science and computer engineering topics including … computer architecture.

We assume that any reasonable question in the field of the course automatically addresses outcomes (a) and (o).  As for (c) “Design,” the C-to-assembly question should address it, and for (e) “Solve,” the Metrics question should address it.
The questions on this exam were composed with the above considerations in mind.
Defining variable:


CC = cycle count�     = IC×CPI





R�I





opcode





opcode�extension





rs





operand/offset





rt





rd





shift�amount





Note


CCold,int�divides out
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