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1. (20% total) Performance Calculations

1.1 (5%) The miss latency is 10 cycles. If the direct-mapped cache has a two-cycle hit latency, what is the
average memory latency with a 15% miss rate?

1.2 (5%) The miss latency is 10 cycles. If the set-associative cache has a three-cycle hit latency, what the
miss rate must the set-associative cache obtain to have a lower average latency than the direct-mapped
cache with 15% miss rate?

1.3 (5%) Consider a workload with 30% branches and a 66.66% branch prediction accuracy (33.33%
misprediction rate). You may ignore memory operations. For a simple five-stage pipeline, what is the
CPI of this workload assuming a three-cycle misprediction penalty and a single-cycle latency for all
other instructions?

1.4 (5%) Consider a workload with 30% branches and a 66.66% branch prediction accuracy (33.33%
misprediction rate). You may ignore memory operations. Calculate under what condition a much
deeper pipeline with double the core clock frequency will outperform the shallower pipeline?

2. (15% total) A memory system has four channels, and each channel has two ranks of DRAM chips.
FEach memory channel is controlled by a separate memory controller. Each rank of DRAM contains
eight banks. A bank contains 32K rows. Each row in one bank is 8KB. The minimum retention time
among all DRAM rows in the system is 64 ms. In order to ensure that no data is lost, every DRAM
row is refreshed once per 64 ms. Every DRAM row refresh is initiated by a command from the memory
controller which occupies the command bus on the associated memory channel for 5 ns and the
associated bank for 40 ns. Let us consider a 1.024 second span of time. We define utilization (of a
resource such as a bus or a memory bank) as the fraction of total time for which a resource is occupied
by a refresh command. (Note: For each calculation in this question, you may leave your answer in
simplified form in terms of powers of 2 and powers of 10.)

2.1 (5%) How many refreshes are performed by the memory controllers during the 1.024 second period in
total across all four memory channels?

2.2 (5%) What command bus utilization, across all memory channels, is directly caused by DRAM
refreshes?

2.3 (5%) What bank utilization (on average across all banks) is directly caused by DRAM refreshes?

3. (15% total) A benchmark searches for an entry in a linked list build from the following structure, which
contains a key, a pointer to the next node in the linked list, and a pointer to the data entry.
struct node {
int key;
struct node *next;
struct data *ptr;
}
The following RISC-V code shows the core of the benchmark, which traverses the linked list and finds
an entry with a particular key.

loop: LW %3, 0(x1) # load a key
LW x4, 4(x1) # load the next pointer key
BEQ =3 x5 %2 # setx31fx3=x2
BNEZ x3, end # find the entry
ADD x1, x0, x4
BNEZ x4, loop # check the next code
end:

We run this benchmark on a single-issue in-order processor. The processor can fetch and issue
(dispatch) one instruction per cycle. If an instruction cannot be issued due to a data dependency, the
processor stalls. Integer instructions take one cycle to execute and the result can be used in the next
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cycle. For example, if SEQ is executed in cycle 1, BNEZ can be executed in cycle 2. We also assume
that the processor has a perfect branch predictor with no penalty for both taken and not-taken branches.

3.1 (5%) Assume that the system does not have a cache. Each memory operation directly accesses main
memory and takes 50 CPU cycles. The load/store unit is fully pipelined, and non-blocking. After the
processor issues a memory operation, it can continue executing instructions until it reaches an
instruction that is dependent on an outstanding memory operation. How many cycles does it take to
execute one iteration of the loop in steady state?

3.2 (5%) Now we add zero-overhead multithreading to the pipeline. A processor executes multiple threads,
each of which performs an independent search. Hardware mechanisms schedule a thread to execute
each cycle. In the first implementation, the processor switches to a different thread every cycle using
fixed round robin scheduling. Each of the N threads executes one instruction every N cycle. What is
the minimum number of threads that we need to fully utilize the processor, i.e., execute one instruction
per cycle?

3.3 (5%) We change the processor to only switch to a different thread when an instruction cannot execute
due to data dependency (data-dependent switching). What is the minimum number of threads to fully
utilize the processor now? Note that the processor issues instructions in order in each thread.

Hint: consider how many instructions each thread can execute in steady state.

4. (15% total) For a given compute kernel, we define a tensor's reuse interval (RI) as the number of]
different elements of that tensor that have been referenced between each re-reference of the same
element. For example, consider the following:

for min [0, M)
for nin [0, N)
Zlm, n] = A[m] * B[n]
Since A's element is used at every iteration of the inner loop, its RI is 1. Each element of B is re-
referenced after N references, so its RI is N. Z has "infinite" reuse interval (i.e., no data reuse) since no
element is re-referenced throughout the computation:

RlIofA=1
RIofB=N
RI of Z = infinite / no reuse

4.1 (5%) Consider the following Matrix-Matrix multiply pseudocode, which multiplies two dense matrices
A and B to produce Z:
:: Multiply two matrices A and B to produce Z
;; First matrix A is MxK
. Second matrix B is KxN
:; Thus, resulting matrix 7 is MxN
for m in [0, M)
for n in [0, N)
fork in [0, K)
Z[m, n] += A[m, k| * B[k, n]
What are the reuse intervals for the three matrices? Provide your answers in terms of M, N, and K.
4.2 (5%) Now consider the following where we re-order the loop nest:
for k in [0, K)
for min [0, M)
fornin [0, N)
Z[m, n] += A[m, k] * B[k, n]
What are the reuse intervals for the three matrices? Provide your answers in terms of M, N, and K.
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4.3 (5%) Now consider the following scenario:

» M=500,N=1000, and K =30

> A, B, and Z are dense matrices.

» The matrices are resident in DRAM at the beginning of the computation kernel.

Your wish to design a matrix-matrix multiply accelerator given the above assumptions. Your goal is to
maximize compute intensity, defined as the average number of computations you perform per DRAM
access. You are given the following hardware budget:

» A multiply-accumulate (MAC) unit with a flip-flop on each input and the output.

» An SRAM array large enough to store 32 elements.

Which order of loop nest in Questions 4.1 or 4.2, would you choose, and given the order how would
you partition the SRAM budget among the different elements to maximize compute intensity? You can
reorder the loop nests from Questions 4.1 and 4.2, but do not add more loops (e.g., no tiling).

(15% total) Considering a system which applies the Sequential Consistency (SC). Suppose that three
processes, P1, P2 and P3 are applied with different processors on a system (the values of RA, RB, RC
were all zeros before the execution):

Pl P2 P3
P1.1: ST (A), | P2.1: 8T (B), 1 P3.1: ST (O), 1
P1.2: LDRC, (C) | P2.2: LDRA, (A) | P3.2: LDRB, (B)
After all processes are executed, it is possible for the system to have multiple machine states. For
example, {RA, RB, RC} = {1,1,1} is possible if the execution sequence of instructions is
P1.1—P2.1—-P3.1—-P1.2—P2.2—P3.2. Also, {RA, RB, RC}= {1,1,0} is possible if the sequence is
Pl.1 = P1.2—P2.1—P3.1 —P2.2 - P3.2. Foreach state of {RA, RB,RC}: {0,0,0} {0,1,0} {1,0,0}
{0,0,1}, specify the execution sequence of instructions that results in the corresponding state. If the
state is NOT possible with SC, just put X.

(20% total) Assuming that you want to design a more efficient, machine-specific implementation of an
algorithm by observing an existing cache system. The patterns that access various bytes in the system
can be used to determine the cache characteristics. However, the only statistic that you can collect on
this system is cache hit rate after performing the access patterns as listed below:

Sequence No. Addresses Accessed (Oldest to Youngest) Hit Rate
1 0 4 8 16 64 128 1/2
2 31 8192 63 16384 4096 8192 64 16384 5/8
3 32768 0 129 1024 3072 8192 1/3

Assume that the cache is initially empty at the beginning of the first sequence, but not at the beginning
of the second and third sequences. The sequences are executed back-to-back, i.e., no other accesses
take place between the three sequences. Thus, at the beginning of the second (third) sequence, the
contents are the same as at the end of the first (second) sequence. Based on what you observe, what are
the following characteristics of the cache? Explain to get points!

6.1 (5%) Cache block size (8, 16, 32, 64, or 128 B)?
6.2 (5%) Cache associativity (1-, 2-, 4-, or 8-way)?
6.3 (5%) Cache size (4 or 8 KB)?

6.4 (5%) Cache replacement policy (LRU or FIFO)?
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