How Computers Work

Problem Set 5 – Pipelining and Caching

Problem 1: (Warm-up - work alone).
Upon finishing ADU, Ben Bitdiddle was immediately hired by a hot new start-up company, Pixzilla, which specializes in the design of high-end computer graphics cards. On his first day of work his supervisor and company founder, Zeeb Uffer, explains to him that virtually all computer graphics functions can be computed using just one data path called a Linear Expression Evaluator, or LEE for short. A LEE simply computes the following linear function: LEE(x, y) = Ax + By + C. 

The entire process of rendering a triangle can be reduced to the evaluation of a series of LEEs. For instance, whether or not a pixel (x, y) lies inside of a triangle can be determined using 3 LEEs, one for each edge. In this case, the zero-set of linear expression (where Ax + By + C = 0) describes the equation of an edge. The signs of the A, B, and C coefficients are chosen so the linear expression is positive inside of the triangle, and negative outside. Thus, a pixel inside of a triangle will give a positive result for all three edge LEEs.

Furthermore, the color of the triangle can be interpolated within the triangle using a single LEE for each primary color (i. e.  red(x, y) = Ax + By + C). If the color at each vertex is known, the values of A, B and C are determined by solving a linear system using the given values of the colors and the coordinates of the three vertices. Likewise, the depth at each pixel inside a triangle can be interpolated using a LEE when the depth at each vertex is given.

Currently Pixzilla uses the following implementation of a LEE:

Ben’s  job is to improve the performance of this LEE, using the pipelining skills learned at ADU.

1.A: Assuming that the propagation delay of the multipliers shown is 40 nS, and the propagation delay of the adders shown is 10 nS, what is the propagation delay and throughput of the initial LEE implementation?

1.B: If the LEE implementation shown is pipelined using registers with 5 nS setup time and a 5 nS propagation delay, what is the maximum throughput that can be achieved? What is the minimum latency that achieves this maximum throughput?

1.C: Ben thumbs through the schematic of the Pixzilla LEE implementation and realizes that the multiplier shown in the diagram above is actually implemented using four smaller multipliers as shown below:


Ben discovers that the small multipliers have a propagation delay of 25 nS, the small adder (labeled +a) has a propagation delay of 5 nS, and the larger adder (labeled +b) has a propagation delay of 10 nS. With his newfound knowledge, what is the maximum throughput that can be achieved for this LEE implementation? What is the minimum latency that achieves this maximum throughput? 

1.D: Given that each rendered pixel requires 7 LEE evaluations, and that the average triangle turns on only 30 pixels, what is the maximum possible number of triangles per second that Pixzilla’s accelerator can render?

Problem 2: (Collaborative).
After working at Pixzilla for a couple of days Ben develops a greater understanding of the graphics accelerator system where the LEEs are used. He discovers that the coefficient values of the LEE are generally held constant while the values of x and y are scanned through the bounding box of the triangle being rendered. Ben decides to increase the parallelism of the LEE, but he is reluctant to add any more multipliers, because of their expense. Suddenly it dawns on Ben that it is possible to build a parallel LEE that uses no multipliers. Consider the following functional block diagram (Note: each box contains the circuit indicated on the left and a schematic representation of the entire circuit is shown on the right):




2.A: Determine the expression computed at each of the labeled outputs (O0 to O7). 

2.B: Ben immediately describes his discovery to Zeeb. Zeeb is confused about two aspects of Ben’s design. First, he does not understand how the divide-by-2 circuit is implemented. Ben exclaims, “It requires no gates, only wires.” Can you explain what Ben means? Next Zeeb questions how outputs can be generated for any arbitrary value of x. Ben explains that any values can be accommodated by adjusting the value of C. Can you explain how?

Ben designs the following parallel LEE implementation using the circuit shown above:


2.C: Given that each adder in Ben’s circuit has a propagation delay of 10 nS, what is the total propagation delay of Ben’s parallel LEE? What is its throughput (in terms of LEEs/sec)? What is the total number of adders used in Ben’s parallel LEE?

2.D: Ben then sets out to pipeline his parallel LEE implementation using registers with 5 nS setup time and a 5 nS propagation delay. What is the maximum throughput (in LEEs/sec) that can be achieved? What is the minimum latency that achieves this maximum throughput?

2.E: The disadvantage of Ben’s parallel LEE implementation is that linear expressions are computed for an entire block of pixels even though many of these pixels might lie outside of the specified triangle. Suppose that on average about 40% of the LEEs evaluated by Ben’s parallel implementation are utilized. Remember that each rendered pixel requires 7 LEE evaluations, and that the average triangle turns on only 30 pixels. What is the maximum possible number of triangles per second that an accelerator based on Ben’s pipelined-parallel LEE can render? 

One week after Ben joins Pixzilla, a huge microprocessor manufacturer, Sintel, purchases them. Zeeb cashes in his Pixzilla stock and retires. Ben, with his hotshot reputation already well established, is transferred to the design group for the next generation high-performance processor, the Sintel-8. Strangely enough this top-secret design is based on the Beta architecture with one small twist. The head architect, Imus Deck, has proclaimed that the future of computing lies in the elimination of all interesting addressing modes. Imus explains to Ben that the only changes to the Beta ISA (instruction-set architecture) are in the load and store instructions, which have the following new semantics:

LD (RB, RC)
        
RC ( mem[RB]
LDC (const16, RC)
RC ( mem[SEXT(const16)]
ST (RA, RB)
        
mem[RB] ( RA
STC (RA, const16)
mem[SEXT(const16)] ( RA

When Ben questions the sudden austerity, Imus mutters something incomprehensible about having to maintain the Pratt-left-right-operand-ordering without routing the RC register fields to every darn multiplexor on the chip. Ben shrugs and silently wonders how this company ever became so successful.

After a day of reflection Ben realizes that there is a certain advantage to the new reduced-addressing-mode approach. It is no longer necessary that all effective address calculations be routed through the ALU. Thus, all data memory accesses can be processed in parallel with ALU calculations. Furthermore, the new Sintel-8 can be implemented using only a 3-stage pipeline. A block diagram is shown on the following page.

2.F: Notice that there is no RA2 multiplexor in the Sintel-8 block diagram. Why?

2.G: Does the Sintel-8 require that instructions immediately following a load instruction, which make reference to the load’s destination register, be anulled?

2.H: Do branch instructions that test the destination register of a previous ALU instruction work properly? Do branches that test the destination register of a previous LD instruction work properly?

2.I: How many branch delay-slots are needed for the 3-stage pipeline of the Sintel-8 (Notice that there is no logic to insert NOPs after a branch)?

2.J: Ben notices that by adding a third read port and a second write port to the register file that the datapath of the Sintel-8 can simulteously issue a load instruction along with a standard ALU instruction. Assume that this modification is made and that the instruction fetch logic is modified to allow for the fetching of multiple instructions. Describe the conditions that permit a load instruction to be correctly executed simultaneously with the ALU instruction that preceeds it.  What conditions allow a load instruction to be correctly executed simultaneously with an ALU instruction that follows it?

2.K: Write PUSH(Rx) and POP(Rx) macros for the Sintel-8.




Problem 3: (Noncollaborative - work alone)

Quickly the word spreads throughout Sintel about Ben’s amazing accomplishments.  Soon he is transferred to the team designing the memory-interface subsection of the Sintel-8. There he meets his new supervisor Anita Cash. Anita explains that the Sintel-8 has been allocated 4096 words of storage for the on-chip data cache. She explains to Ben that his job is to prepare a report for her managers that explains how many total bits of memory are required to implement various cache options.

3.A: Assuming that the entire 32-bit address space of the Sintel-8 is cacheable, how many total additional bits of memory are required to implement the address tags of a direct-mapped cache with a line size of 1 word? How many bits are required if the line size is increased to 4 words? Suppose that a 4-way set associative cache is implemented instead of a direct-mapped cache. How many address-tag bits are required if a 1-word line is used? How many address-tag bits are needed if a 4-word line is used?

3.B: Anita then points out that the number of memory bits in the cache also depends on the replacement strategy used by the 4-way set associative cache. How many additional bits are needed to implement a first-in-first-out (FIFO) cache-line replacement policy? What is the minimum number of bits required to implement a least-recently-used (LRU) cache line replacement policy? How many bits must be added to the cache to implement a random cache line replacement policy? Explain each answer.

After ten seconds of presentation and an apparent weighing of the report produced by Ben and Anita the upper management team decided that the Sintel-8 should have a 4-way associative cache with LRU replacement. The word from the grapevine was that the upper management team had misunderstood Anita to say “foray” when describing the cache options, and they opted for the more aggressive sounding of the two approaches (The fact is the grapevine was, as it often is, slightly inaccurate. The management actually believed Anita to be discussing a “Fourier” set-associative cache). Nonetheless, the design of the cache-line replacement logic fell to Ben.

Ben decided to use an old-trick that he remembered from a ADU problem set. He decided to represent the state of the cache using a comparison table as shown below:

	
	Set 2
	Set 3
	Set 4

	Set 1
	1
	0
	1

	Set 2
	
	0
	0

	Set 3
	
	
	1


A “1” entry in the table indicates that the set identified by the row has been accessed more recently than the set specified by the column.

3.C: What is the current state of the cache according to the given table? In other words what is the relative ordering of the sets according to their most recent use. How many more bits does Ben’s solution require over an optimal encoding of orderings?

3.D: Describe an algorithm for updating the comparison table in the case of a cache-line hit to a given set.

3.E: Describe a circuit for determining the least-recently used set in the case of a cache miss.
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