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PRF, Branch Prediction

Discussion 7 Solutions

| Register Renaming

Complete the following table, assuming that the X registers are renamed from the a pool of physical
registers. Assume that the free list is organized as a FIFO - a physical register is dequeued from the top
of the list when allocated, and a physical register is added back to the bottom of the list when reclaimed.
The initial map table and free list is given below.

For each instruction, label the following:

« Which physical register is assigned to the instruction as the destination?

« On commit, which physical register is added back to the free-list

Architectural Physical | (To Be)
Instruction Destination Destination Freed

Register Register Register
1d x2 0(x4) X2 p2 pll
sw x2 0(x3) - - _
addi x4 x4 0x4 x4 p4 p6
addi x3 x3 0x4 x3 plo p5
bne x4 x1 loop - - _
1d x2 0(x4) x2 p7 p2
sw x2 0(x3) - - _
addi x4, x4 0x4 x4 pl p4
addi x3, x3 0x4 x3 po plo
bne x4 x1 loop - - —

FreeList

p2

pd

ple

p7

pl

po

p9

p8

pl3

pl4

pll

p6

p5
Architectural | Physical

Register Register

x1 p12
x2 pllp2 p7
x3 PS5 P18 po
x4 p6 p4 pl
x5 p3
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Suppose the second load instruction caused an exception. Show the state of the map table and free list
before jumping to the exception handler.

The 1d instruction and all following instructions must be rolled back and all renamed physical registers
must be unmapped. Starting from the bottom, we remap the architectural destination register to its
freed physical register. The assigned physical register can be added back to the FreeList, whether its by
enqueueing it or by moving the head pointer of the FreeList backwards (aka this is a design decision)

In this case, we revert the physical register names for x3 back to p10, x4 back to p4, and x2 back to p2.

FreeList . .
_— Architectural Physical | (To Be)
P2 Instruction Destination Destination Freed
pd Register Register Register
pio 1d x2 0(x4) X2 p2 pll
p7
nl sw x2 0(x3) - - -
PO addi x4 x4 0x4 x4 p4 p6
p9
08 addi x3 x3 0x4 x3 plo p5
p13 bne x4 x1 loop - - -
pl4a
1d x2 0(x4)
p11 *2 p7 p2
p6 Sw—x2—0x3) - - -
p5
aekd el B x4 pl pa
Architectural | Physical , w3 00 010
addi x3, x3 0x4
Register Register
x1 pl2 bre—x4—x11loep - - -
X2 pll p2 p7 p2
X3 p5 ple po
plo
x4 p6 p4 pl p4
x5 p3
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2 Branch Prediction
This question is based on the following code sequence:
for (int i = 0; i < 4; i++) // BRANCH A (taken means stay in the loop)
for (int j = 0; j < 4; j++) // BRANCH B (taken means stay in the loop)
if (j 2 !'=0) // BRANCH C (taken means perform the body of the if)
sum += i;
1-bit Bi-modal Counters
Branch A Accuracy Branch B Accuracy Branch C Accuracy
i=0| i=1| i=2| i=3] i=a| j=0| j=1| j=2| j=3| j=4| j=0| j=1]| j=2| j=0 | j=1| j=2| j=3| j=0| j=1] j=2

Counter 0 1 1 1 1 0 1 1 1 1 0 1 1 0 1 0 1 0 1 0
Prediction | 0 1 1 1 1 0 0 1 1 1 1 0 1 0 1 0 1 0 1 0
Actual 1 1 1 1 0 1 1 1 1 1 0 1 1 1 0 1 0 1 0 1

What is the accuracy of each branch?

Branch A: 3/5, Branch B: 12/20, Branch C: 0/16
2-bit Bi-modal Counters

Branch A Accuracy Branch B Accuracy Branch C Accuracy
i=0| i=1| i=2| i=3] i=a| j=0| j=1| j=2| j=3| j=4| j=0| j=1]| j=2| j=0 | j=1| j=2| j=3| j=0| j=1] j=2

Counter 00 101 |10 |11 |11 JoOO JO1 [10 |11 |11 (10 |11 |11 OO JO1 0O JO1 [OO |01 |JOO
Prediction | 0 0 1 1 1 0 0 1 1 1 1 1 1 0 0 0 0 0 0 0
Actual 1 1 1 1 0 1 1 1 1 1 0 1 1 1 0 1 0 1 0 1

What is the accuracy of each branch?
Branch A: 2/5, Branch B: 14/20, Branch C: 8/16

Two-Level Predictors: Consider a two-level predictor, where a branch history selects a prediction from
multiple PC-indexed counter tables. Design a system to perfectly predict every branch.

If using local histories, how many local history bits are required?

Branch A:

4 (Once we reach i=4, our previous 4 states should have all taken the branch, resulting in a history of
1111. If we see this sequence, we realize we should NOT take this branch, else we should take this branch.

Branch B:

4 (Same justification as A)

Branch C:

1 (We can simply flip the prior prediction bit to determine whether or not to take the branch)
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If using global histories, how many global history bits are required?

For this question, it is highly beneficial to write out the history seen by each branch!

Branch A:
10*4=40

Between the first i=0 branch and the final i=4 branch, there are 40 total branches taken/not taken. To
determine if we are at this i=4 branch and not some other branch location, we want to see the exact
branch history that we expect to occur, so we would need 40 bits to save this entire history. As a result,
once we reach this i=4 branch, we will see the exact history sequence we expect and can guarantee that
we are correct in not taking this branch.

Branch B:
5

Similar to A, we can start by determining that the max distance where j=4 between some i=x and i=x+1
iteration is 10 branches (BABCBCBCB, where the first B is when i=x and j=4, and the final B is when
i=x+1 and j=4). We can use this as an inital bound for the number of bits that we need.

However, we can do better. If you write out the 10 history bits for each of the possible B branches (where
j=0,1,2,3,4), you can see that some of these branches can be uniquely identified within 3 bits of history
(j=0 - 001, j=1 - 111, j=3 - 011). For j=2,4, the bottom 3 bits are both 110. To uniquely identify
each of these branches, we can use 5 history bits, where we can see that when j=2, the history is 11110,
compared to 01110 when j=4.

As a result, we can see that only 5 bits are necessary to uniquely identify each B branch, and thus
perfectly predict on each one.

Branch C:
3

We approach this similarly to branch B. The longest distance between two C branches is 4 branches
(CBABC, where the first C is when j=4 and the final C is when j=0 and i has been incremented.

After we determine the 4 is the upper bound, we can find that we only need 2 bits to identify the possible
C branches, except for when j=0/1. We can distinguish between these 2 by having a third bit history bit,
resulting in histories beingj=0 - 011 and j=1/3 - 111.

An alternate approach: We can begin with identifying that two C branches are 2 branches apart from
each other. We can follow a similar approach to what we did for the local history, and do the opposite of
the previous C branch (which means looking at the second history bit and doing the opposite of that).

However, this is not generally possible because we don’t take the branch when j=4. As a result, our C
branch when j=0 should be taken (1) and the history bits are 11, but this is ambiguous when j=1/3 where
the same 11 history is seen, but the branch is not taken (0). Thankfully, we can distinguish between these
two cases by adding one more extra history bit and predicting the other cases as we originally intended
(j=2, 4 can just do the opposite of what happened two branches ago.)
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For each of the following code snippets, determine which structure can and should learn the behavior

of the branch.

You can choose from the following:
« Branch Hit Tables (BHT)

« Branch Target Buffers (BTB)

« Return-Address-Stack (RAS)

« None

C code RISC-V asm Structure

for (i=0; i<N; i++) bne t0, ad, loop BHT

if (err) goto ERROR; bnez t0, error BHT

goto LABEL; j LABEL BTB

return; ret (jalr ra) RAS

switch (x) jalr x0, to BTB/Unpredictable

For general branch instructions, a BHT would be most effective to determine whether or not we take a
branch. The BTB is more useful for unconditional jumps where we are guaranteed to take a branch, but
need to determine what address to go to. The RAS is specifically used for returns, where we can save all
our return addresses and pop off entries for each ret instruction we see.
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