ABSTRACT

SESHADRI, ANIRUDH. Delinquent Loop Pre-execution Using Predicated Helper Threads
(Phelps). (Under the direction of Dr. Eric Rotenberg).

Data-dependent conditional branches are infamous for their incompatibility with history-
based branch predictors resulting in poor prediction accuracy. These branches could result
in frequent branch mispredictions when they are found to be nested within loops. Thus,
contemporary processors, with aggressive front ends, could be fetching down the incorrect
instruction stream for many cycles limiting the processor’s ability to build up a useful in-
struction window and also wasting energy due to executing instructions down the wrong
path. Branch pre-execution is a potential solution for handling such hard-to-predict (delin-
quent) branches. It does so by pre-executing the computation leading up to the delinquent
branches ahead of time using redundant helper threads. However, prior work in branch pre-
execution may result in low accuracy and/or late pre-execution when (1) a delinquent branch
b2 is control-dependent on another delinquent branch bl and/or (2) a store instruction both
influences a delinquent branch and is control-dependent on one. My research focuses on ad-
dressing these issues. I present my two primary contributions to the design space of branch
pre-execution.

My first contribution in this space is to deploy custom branch predictors in a Post-
Fabrication Microarchitecture paradigm. I showcase my custom branch predictor designs for
the astar benchmark from SPEC 2006 and the bfs benchmark from the GAP benchmark
suite. Both custom predictors essentially pre-execute delinquent branches in the region of
interest, by mimicking the computation leading to these branches through a customized
datapath. Nested delinquent branches bl and b2 are unconditionally pre-executed, excess
predictions of b2 are correctly filtered out, and the effects of stores are inferred.

My second contribution in the branch pre-execution design space is Predicated Helper

Threads (Phelps). Phelps is a fully-automated hardware-only branch pre-execution paradigm



that focuses on pre-executing loops containing delinquent branches. Phelps dynamically de-
tects delinquent branches and the loops that contain them, and constructs a helper thread
for each such loop. All delinquent branches in the loop, such as nested delinquent branches
bl and b2, are unconditionally pre-executed. Per-branch prediction queues are managed in
lock-step based on loop iterations. This enables (1) the helper thread to deposit outcomes of
bl and b2 for each loop iteration, and (2) the main thread to use or not use outcomes of b2
according to b1l’s outcomes. Overall, this approach ensures that the pre-execution of nested
delinquent branches is both timely and accurate. A helper thread also retains influential
stores for dynamic disambiguation and store-load forwarding (without affecting architec-
tural state of the main thread), and any such store that is control-dependent on a delinquent
branch is predicated on that branch’s outcome. A novel control-dependency (CD) analysis
technique, based on simple hardware FSMs (that render reconvergent point detection un-
necessary), is used to identify the branch that guards the store. Phelps also has the ability
to create dual decoupled helper threads for outer-inner loop pairs to increase memory level

parallelism.
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Chapter 1

Introduction

Data-dependent conditional branches are infamous for their incompatibility with history-
based branch predictors, resulting in poor prediction accuracy. These branches could result
in frequent branch mispredictions when they are found to be nested within loops. Thus,
contemporary processors, with aggressive front ends, could be fetching down the incorrect
instruction stream for many cycles limiting the processor’s ability to build up a useful in-
struction window and also wasting energy due to executing instructions down the wrong
path. Such frequently mispredicted hard-to-predict branches are often termed delinquent
branches and can be typically observed in graph-based workloads. Graph workloads tend
to iterate through a worklist to pop a node, test the node’s property, may optionally even
modify its property, and add additional candidate nodes to the worklist. In this case, the
contents of the worklist are highly dynamic and this causes the branch that tests the prop-
erty of the node to not show any correlation with prior instances of this or other branches.
Such branches would not benefit from history-based branch predictors.

One way to overcome such hard-to-predict branches is through a technique called branch
predication (e.g., [AKPW83; MHM™95; KAGC98; CGS™20]). Branch predication removes
the delinquent branch from the instruction stream, fetches and issues instructions down

both its paths, but conditionally commits instructions that are in the correct path. This is



achieved by converting control dependencies on the delinquent branch into data dependencies
on the delinquent branch’s predicate. By removing the branches from the instruction stream,
predication benefits through a more streamlined instruction fetch stream by virtue of fewer
mispredictions and fewer discontinuities. However, this benefit comes at the cost of executing
more instructions and the cost outweighs the benefits as soon as we encounter large CD
regions. Furthermore, it may be difficult to predicate complex CD regions that contain
nested conditional branches, function calls, loops, etc.

Branch pre-execution is another well-known technique to handle delinquent conditional
branches (e.g., [CSK199; PSR00; RS01; ZS01; CTYP02; GH08; PH14; KH19; SCR20; KSC*21;
PP21]). It does so by pre-executing the computation leading up to the delinquent branch
ahead of time using redundant helper thread(s). The forked helper thread(s) comprises the
instructions that are in the backward slice of the delinquent branch and are intended to
run ahead of the main thread’s fetch stream and evaluate the outcome of the delinquent
branch. These outcomes are then communicated back to the main thread via communica-
tion queues resulting in high branch prediction accuracy. The accuracy (correctness) of the
pre-executed outcomes as well as the timeliness of pre-execution are vital to ensure that
the benefit of pre-execution outweighs the cost incurred in redundantly executing the helper
thread instructions.

My research is motivated by the need to address limitations of the prior art in branch
pre-execution. In particular, prior approaches may result in low accuracy and/or late
pre-execution if the backward slice of the targeted delinquent branch contains
(1) other delinquent branches and/or (2) stores. Figures 1.1, 1.2, and 1.3 illustrate
the issues. The column (a) in each of these figures depicts a pseudo-CFG of a code snippet
with only the instructions in the backward slice of the targeted delinquent branch being
highlighted. Also, note that there may be other instructions in the backward slice before the
first shown instruction, but these are not shown since they are not relevant to the following

discussion.



Figure 1.1 illustrates the case where the delinquent branch is control dependent (CD)
on another branch (“guard” branch). The delinquent branch i20 is dependent on the guard
branch i10’s predicate evaluating as not taken (NT) for its existence. Thus, it is imperative to
handle such branches to correctly correlate pre-execution outcomes from the helper thread
with the main thread’s fetch stream. When the guard branch i10 is highly biased (as in
Figure 1.1b), including just the instructions from the biased path and pruning i10 from
the backward slice would still lead to a correlated pre-execution stream. When i10 is not
biased but highly predictable, simply including i10 in the backward slice, and predicting its
direction during pre-execution could assist the helper thread with the decision of generating

an outcome for i20. This is shown in Figure 1.1c.

slt predo, r3, r5
(pred NT) (pred T) (prea
@ bltr3, r5 i (OR) ’ sgt predl, r4, r3, pred0

NT T E—

S

Mispredict i10
@ bgt rd, r3

a) Code snippet highlighting b) Branchi10is c) Branch 10 is unbiased but d) Branchi10is e) Branch i10 is delinquent. Including it in the
instructions in the backward slice of the | highly biased predictable. It is included in the | delinquent. slice as a predicated branch incurs no
targeted delinquent branchi20. i20 is towards one slice and predicted. The Including it in the | misprediction penalty. CD converted to DD.
CD on branchi10. direction (e.g., prediction dictates if i20 is pre- | slice and

NT). Itis pruned | executed or not. mispredicting

from the slice. delays pre-

execution of i20.

Figure 1.1: Targeted delinquent branch CD on another branch.

The issue is again when the guard branch is unbiased, unpredictable, and thus itself
delinquent as seen in Figure 1.1d. Branch i10 cannot be pruned from the backward slice as it
is unbiased. Including 110 in the slice and predicting its direction could prove ineffective due

to delayed pre-execution. This is because, owing to the unpredictability of 110, its frequent



mispredictions might have to retrigger the pre-execution of i20 after incurring a long mis-
prediction penalty. This delayed pre-execution again affects the accuracy of pre-execution
if the default predictor is used when pre-execution is not timely. This makes a case for ea-
gerly pre-executing the nested delinquent branch i20 within the helper thread irrespective
of the outcome of i10. However, doing so requires the ability to ignore/discard prediction
outcomes that were supposed to be skipped over due to i10 resolving as taken. One possible
way to achieve this is using lockstep-operated per-PC prediction queues as we would see in
Chapter 5.

The second issue existing pre-execution techniques fail to handle efficiently is when the
backward slice of the delinquent branch involves data flowing through memory. This happens
when a load instruction in the backward slice reads an address in memory that was recently

written to by a store in the same loop as the delinquent branch as seen in Figure 1.2.

lirt, 1 liry, 1
add r8, r5, r4 @ -
sb r1, 0(r8)
@ beqz r4
.
add r3,r6,r3
b ra, 0(r3)
beqz r4

a) Code snippet highlighting
instructions in the backward slice of
the targeted delinquent branch i30.
The load i20 in its backward slice could
occasionally conflict with the store i10.

b) Store i10 is assumed to always conflict
with the load i20 and thus the store-load
pair is converted into a move operation.

c) Store i10 is not brought into the
slice and the dependency is ignored
or assumed to be satisfied by the
main thread’s store.

d) No assumptions made regarding
store-load conflict. Store i10, its value
slice, and its address slice are all
brought into the helper thread to
perform dynamic memory
disambiguation.

Figure 1.2: Store is in the backward slice of the targeted delinquent branch.

Figure 1.2a shows the targeted delinquent branch 130 being dependent on the value loaded

by i20. Furthermore, load i20 may occasionally conflict with the store i10. Different choices




may be made to handle such memory dependencies. For instance, it may be assumed that
the static store and the static load always conflict and thus, they can be converted into a
move operation in the helper thread as shown in Figure 1.2b. This assumption could lead
to lots of mispredictions if the nature of the store-load conflict is highly dynamic. Another
policy is to not include the store, and its backward slice in the helper thread, as shown in
Figure 1.2c. Such a policy would yield correct pre-execution outcomes when either (1) store
110 and load 120 do not conflict, or (2) store i10 is completed by the main thread before its
conflicting load 120 issues in the helper thread. When both the above conditions are not met,
i20 loads a stale value which could lead to incorrect pre-execution of the delinquent branch
i30. These issues make the case for including the store 110, its value slice, and its address slice
in the helper thread and performing dynamic memory disambiguation in the helper thread
as it executes (shown in Figure 1.2d).

The issue with stores is further exacerbated when the store is guarded by another delin-
quent branch. Figure 1.3a shows one such case where the store 110, which is in the backward
slice of the targeted delinquent branch i30, is control dependent on another delinquent branch
i7. This deems 130 to be CIDD on i7. Including i7 in the backward slice and predicting it
is ineffective as it is delinquent. The resultant misprediction ensues a long delay in pre-
executing 130. Thus, converting i7 into a predicated branch might be the most effective way
to pre-execute i30. This is shown in Figure 1.3b where the store i10 is predicated on the
outcome of the delinquent branch i7.

Contribution 1: My first contribution in this space is to deploy custom branch predic-
tors in the Post-Fabrication Microarchitecture paradigm [KSC*21]. I showcase my custom
branch predictor designs for the astar benchmark from SPEC 2006 and the bfs benchmark
from the GAP benchmark suite. Both custom predictors essentially pre-execute delinquent
branches in the region of interest, by mimicking the computation leading to these branches
through a customized datapath. All delinquent branches are unconditionally pre-executed,

including the control-dependent ones. Leveraging insights from the region of interest, the



i @ slt predo, r2, r7
@ bltr2, r7
T

Ii r1, 1
add r8, 15, r4 sbrl, 0(r8), !pred0

sb rl, 0(r8)
addr3,r6,r3 seqz predl, r4
Ib r4, 0(r3)

beqz rd

NT

a) Code snippet highlighting instructions in the backward slice ofthe targeted b) No assumptions made regarding storeload conflict. Store i10, its value
delinquent branch i30. The load i20 in its backward slice could occasionally conflict slice, and its address slice are all brought into the helper thread to perform
with the store i10. Furthermore, the store is control dependent ona delinquent dynamic memory disambiguation.Additionally, the store is predicated on its
branch i7. Thus, i30 is CIDD on i7. guarding delinquent branchi7’s outcome.

Figure 1.3: Store is in the backward slice of the targeted delinquent branch. The store is
CD on another delinquent branch.

custom predictor correctly filters out excess predictions of control-dependent branches and
infers the effects of stores.

Contribution 2: My second contribution in the branch pre-execution design space is
Predicated Helper Threads (Phelps). Phelps is a fully-automated hardware-only branch pre-
execution paradigm that focuses on pre-executing loops containing delinquent branches.
Phelps dynamically detects delinquent branches and the loops that contain them, and con-
structs a helper thread for each such loop. All delinquent branches in the loop, including
control-dependent ones, are unconditionally pre-executed. Per-branch prediction queues are
managed in lock-step based on loop iterations. This enables (1) the helper thread to deposit
outcomes of all delinquent branches for each loop iteration, and (2) the main thread to use
or not use outcomes of a control-dependent branch based on the outcome of its guarding
branch. Overall, this approach ensures that the pre-execution of nested delinquent branches
is both timely and accurate. A helper thread also retains influential stores for dynamic dis-

ambiguation and store-load forwarding (without affecting architectural state of the main



thread), and any such store that is control-dependent on a delinquent branch is predicated
on that branch’s outcome. A novel control-dependency (CD) analysis technique, based on
simple hardware FSMs (that render reconvergent point detection unnecessary), is used to
identify the branch that guards the store.

Phelps also constructs dual decoupled helper threads in the case of outer-inner loop
pairs that contain delinquent branches. This decoupling enables the outer thread to run
ahead and queue multiple visits to the inner loop for the inner thread to process. The
outer thread’s progress is unaffected by the inner thread, generating misses far ahead into
the instruction stream, thereby increasing memory level parallelism (MLP). Leveraging MLP
due to decoupling of nested loops, along with Phelps’ handling of nested delinquent branches
and stores, enables Phelps to achieve timely and accurate pre-execution of the delinquent
branches.

This document is organized as follows. Chapter 2 focuses on the related work in the field
of branch pre-execution. Chapter 3 motivates predicated helper threads by closely examining
the state-of-art branch pre-execution technique, Branch Runahead [PP21], and highlighting
its challenges. Chapter 4 delves deeper into the first contribution of my research, custom
pre-execution engines deployed as post-fabrication microarchitecture. Chapter 5 describes
my second contribution, Phelps. Chapter 6 presents performance and analysis of Phelps on

various benchmarks. Finally, Chapter 7 summarizes my research contributions.



Chapter 2

Related Work

Branch pre-execution is a well-explored area of research that saw a flurry of activity in the
2000s. It has been recently revisited [SCR20; PP21; KSC*21]. This chapter summarizes all
of this prior work using a sample region of interest from the SPEC 2006 astar benchmark

to highlight their limitations.

2.1 Astar ROI

I will use a sample region of interest (ROI) to walk through the state-of-the-art branch
pre-execution schemes and highlight their limitations. The code snippet in Figure 2.1 cor-
responds to the body of the most prominent functions that appear in the top-weighted
simpoint [SPHCO02] of the SPEC benchmark, astar (for the rivers dataset). astar is a search
algorithm used to find the optimal path between two nodes in a graph and as most graph
applications do, astar has a lot of data-dependent branches that are naturally hard to predict
due to their poor correlation with prior branch history. The top-weighted simpoint incurs
about 29 mispredictions-per-kilo-instructions (MPKI) using a state-of-art 64KB TAGE-SC-
L [Sez16] most of which originate from within wayobj::makebound2().

The wayobj::fill() kickstarts a series of visits to nodes in the graph. It does so by repeatedly

calling wayobj::makebound2() to iterate through an input worklist of nodes. Each iteration



1 bound21=0;

2 for (i=0; i<boundll; i++)

3: |

4: index=boundlp[i]; branch b1
5:

6: indexl=index-yoffset-1;

7 if (waymap[indexl].fillnum!=£fillnum)
gf ?f (maparp[index1]==0) *—pranch b2
10: bound2p [bound21]=index1;

11: bound21++; store s1
12:

13: waymap [index1] .fillnum=fillnum;
14: waymap [indexl] .num=step;

15:

16: if (indexl==endindex)

17: {

18: flend=true;

19: return bound2l;
20: }
21: }
22: // Above nested-if template repeats
23: // 7 times for different indexl’s:
24: indexl=index-yoffset; [b3,b4,s2]
25: indexl=index-yoffset+l; [b5,b6,s3]
26: indexl=index-1; [b7,b8,s4]
27: indexl=index+1; [b9,bl10,s5]
28: indexl=index+yoffset-1; [bll,bl2,s6]
29: indexl=index+yoffset; [b13,bl4,s7]
30: indexl=index+yoffset+l; [bl5,bl6,s8]
31: '} // end for loop

Figure 2.1: Astar code fragment.

in the loop pops an index from the worklist and generates the indices of the eight nodes,
referred to as index1 in the code snippet, that surround the popped node. For each index1
node, two conditional branches namely waymap (b1l) and maparp (b2) test the properties
of the node and determine if index1 needs to be explored in the next call to makebound2().
The waymap branch checks if the node has already been visited in the current fill() context.
Only nodes that have not yet been visited in the current fill() context and satisfy the maparp
condition are to be added to the output worklist. The same nested-if template repeats for
the seven other index1 generated thereby generating 8 pairs of nested if branches i.e., {bl,
b2}, {b3, b4}, ... {b15, bl6}. Furthermore, for each of these nested-if regions, a store to the
fillnum structure (for e.g., s1) ensures that subsequent visits to the same node are avoided.
Thus there is a loop-carried memory dependency between the stores (sl, s2, ... s8) and the
waymap branches (b1, b3, b5, ... bl5).

Both the waymap and maparp branches are highly mispredicted with history-based



branch predictors. This can be attributed to the highly dynamic nature of the contents of the
input worklist (thereby highly dynamic index1 values) and also the loop-carried memory de-
pendence between the stores and the waymap branches. Such branches are good candidates
for branch pre-execution, however, state-of-the-art branch pre-execution techniques face key
challenges in handling such regions as explained below.

There are two major styles of branch pre-execution. The first style uses a single, contin-
uous, self-sustained helper thread that, once forked, can pre-execute multiple dynamic in-
stances of the delinquent branch [PSR00; ZS01; GHO8; PH14; KH19; SCR20; KSC*21]. The
second style repeatedly forks multiple, short-lived helper threads, each of which pre-executes
a single dynamic instance of the delinquent branch [CSK™99; RS01; CTYP02; PP21]. The
former benefits from creating a single continuous helper thread that does not rely on accu-
rately timing the forking of helper threads. The latter benefits from simple helper threads
that might not include control-flow instructions but have to carefully time the forking of a
helper thread to generate pre-executed outcomes ahead of time and also synchronize with

the main thread every time it triggers.

2.2 Prior branch pre-execution work

Chappell et al. [CSK199] proposed SSMT to utilize the idle thread contexts in an SMT
core to benefit the main thread. The idle contexts are used to run microthread routines that
can implement complete branch predictors, to serve as an alternative to the core’s hardware
branch predictor. The authors showcase an example of implementing the PAg predictor in
microcode whose predictions could benefit branches that are self-correlated. Despite using
helper threads to target branches, SSMT cannot be classified as branch pre-execution since
it does not extract the backward slices of delinquent branches to create the helper threads.

In Slipstream (SS) processors, Purser et al. [PSR00] propose running two threads in a

leader-follower arrangement to attain improved single-thread performance as well as fault tol-
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erance. The leader thread is a reduced version (A-stream) of the follower thread (R-stream)
by pruning ineffectual instructions and their backward slices from it. Ineffectual instructions
include unreferenced writes, non-modifying writes, highly predictable branches, etc. Remov-
ing highly predictable branches from the A-stream leaves behind delinquent branches and
computation leading to them. The shorter A-stream runs ahead and communicates branch
outcomes, and operand values back to the R-stream, which benefits through a streamlined
execution. For the makebound2 loop discussed above, Slipstream would retain the waymap
branches as well as the maparp branches in the A-stream and also account for the loop-carried
memory dependency by retaining the store in the A-stream. However, Slipstream would not
find many opportunities to prune instructions from the loop, thereby leading to an A-stream
that is almost as big as the R-stream. Furthermore, by predicting the waymap and maparp
branches in the A-stream, Slipstream would incur significant misprediction penalties and
thus leading to ineffective pre-execution.

Roth and Sohi [RS01] manually create data-driven threads that consist of critical
computations that lead to problem-causing instructions such as delinquent branches and
cache-missed loads. Initiating these threads early enables the main thread to better tolerate
the latency due to misses and avoid some branch mispredictions. In addition to pre-executing
these instructions, the speculative results produced by the data-driven threads may also be
reused by the main thread through register integration. The helper threads created do not
contain any control flow and does not provide a mechanism for handling nested delinquent
branches.

Zilles and Sohi [ZS01] proposed to use speculative slices for pre-executing delinquent
branches. The slices are again manually constructed from the backward slice of the delinquent
branches that were identified through profiling. They also propose a mechanism for handling
control-flow that determines the existence of the delinquent branch, albeit by not including
the control-flow in the speculative slice. For instance, in the case of a branch guarding a

delinquent branch, only the delinquent branch and its backward slice are included in the
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slice. Instead of including the guard branch as part of the slice, the branch outcomes of the
delinquent branch are unconditionally pushed into the global prediction queue. They propose
a mechanism for deallocating a prediction if it was pushed incorrectly into the queue. For
each static branch that is being pre-executed, a set of PCs are manually marked as kill PCs
which essentially determines if the branch instance is no longer reachable. When the main
thread’s control flow reaches one of these kill PCs, their corresponding pre-execution instance
is dequeued from the prediction queue. Though not covered in the paper, it can be conceived
that when the guard branch is itself delinquent, there can be two independent slices that
are concurrently pre-executing the guarding and the guarded delinquent branch in separate
thread contexts. Thus, bl and b2 may be pre-executed by this technique. However, the slices
and kill PCs are manually identified and the slices would not contain the store sl too.

DPSSMT, proposed by Chappell et al. [CTYP02], improves upon their previous work
by introducing a mechanism for constructing the helper threads in hardware. Further, they
incorporate path history in determining delinquent branches. A path here is defined as the
sequence of most recent control flow changes (taken branches). Using path history to deter-
mine if a branch is delinquent helps DPSSMT to skip pre-executing instances of delinquent
branches that are predictable in some paths. This mechanism is in fact a way to account for
control-flow in the backward slice of the branch, as different slices are created for the same
delinquent branch based on the path history. However, in cases like the makebound2 loop
where the branches (b1, b2, b3, ....) are all delinquent regardless of the path taken, each
delinquent branch could end up creating multiple redundant helper threads leading to an
explosion of slices.

Garg and Huang [GHOS8] propose the performance-correctness explicitly-decoupled
architecture (DLA). Its performance core runs a well-reduced skeleton of the program to
communicate accurate branch predictions and generate prefetching for the full program that
is run on the correctness core. The skeleton is obtained through offline profiling of the pro-

gram’s binary. This process eliminates useless branches such as highly biased branches, empty
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if-else blocks and empty loops. All other branches in the main program are included in the
skeleton and would communicate their outcomes back to the correctness core. Furthermore,
only a fraction of stores are included in the skeleton based on the distance between stores
and their consumers obtained by profiling. Stores with considerably larger distances are not
included in the skeleton with the assumption that the dependency is satisfied by the main
program’s store. While DLA does have the ability of including the store sl in the skeleton
and also handling nested delinquent branches in the skeleton, its pre-execution efficiency is
affected due to the lack of opportunities to prune instructions in the skeleton program.

Parihar and Huang [PH14] improve upon DLA by employing genetic algorithms to
identify additional opportunities for pruning the skeleton. Instructions which are involved
in weak dependency relationships, such as silent loads, dynamic NOPs, etc., are considered
for pruning. Kondugli’s and Huang’s R3DLA [KH19] increases the efficacy of DLA by
further reducing the skeleton program, reusing values produced by instructions in the per-
formance core as a form of value prediction for corresponding instructions in the correctness
core (as was done in Slipstream [PSRO00]), and recycles by dynamically detecting the best
skeleton by cycling through candidate skeletons that were each constructed using different
combinations of optimizations. These optimizations however, might not still be sufficient to
prune instructions in regions that contain mostly delinquent branches.

Srinivasan et al. [SCR20] modify the construction of A-stream in Slipstream2.0 (SS2)
to address the ineffectiveness of Slipstream, in accelerating regions/phases with lots of delin-
quent branches. This is because as explained earlier, in such phases, Slipstream’s A-stream
is not really shorter compared to its R-stream. Slipstream 2.0 (SS2) creates a single contin-
uous helper thread (referred to as A-stream) to pre-execute the delinquent branches. The
A-stream and the R-stream (main thread) are arranged in a leader-follower fashion wherein
the A-stream pre-executes the delinquent branches and the R-stream consumes the pre-
executed outcomes to achieve good branch prediction accuracy. The A-stream is a shorter

version of the R-stream wherein the forward control-flow slice of the delinquent branch
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is removed. These include instructions that are control-dependent (CD) on the delinquent
branch, and also instructions in the CD region of branches that are control-independent but
data-dependent (CIDD) on the delinquent branch.

SS2 uses reconvergent point identification to infer the CD region of a delinquent branch.
It then uses the delinquent branch PC; its reconvergent point PC, and a forward poisoning
scheme to identify branches that are CIDD on the delinquent branch. Essentially, instructions
that are within the CD region of the delinquent branch poisons their destination registers.
Instructions beyond the reconvergent point PC, propagate the poison bits from their source
registers to their destination register. Branches beyond the reconvergent point PC, that
source a poisoned register are CIDD on the delinquent branch. Thus, when the A-stream
fetches a delinquent branch or its CIDD branch, the fetch unit skips over the branch’s CD
region. Skipping past the CD regions in the A-stream is achieved by converting the branches
to branch to its reconvergent-point instead of branching to its taken-target. This leaves the
delinquent branch and its backward slice in the A-stream. The shorter A-stream runs ahead,
pre-executes delinquent branches, and communicates the branch outcome to the R-stream.

For the astar ROI under consideration, the maparp branch b2 and the store s1 are control-
dependent on the waymap branch bl. So when the A-stream attempts to pre-execute bl,
it skips over the waymap branch’s CD region thereby skipping past b2 and sl. Thus, SS2
is unable to pre-execute the maparp branch despite its delinquency. This highlights a key
limitation of SS2 in its inability to pre-execute nested delinquent branches.

Furthermore, the write to the fillnum structure creates a loop-carried memory dependency
between a store and the future instances of the eight different waymap branches. Since the
store is in the CD region of the delinquent waymap branch, and the A-stream skips over this
critical store, the pre-executed outcomes for the waymap branch could also be inaccurate
and lead to mispredictions in the R-stream. Accounting for such stores is found to be helpful
to achieve good pre-execution accuracy and performance speedups from our experiments.

Kumar et al. [KSC*21] propose a novel paradigm called Post-Fabrication Microar-
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chitecture that tightly couples the superscalar core with a reconfigurable fabric. This way,
custom pre-execution engines such as custom branch predictors and custom prefetchers can
be manually customized to the application and synthesized on the reconfigurable fabric to
address the superscalar core’s microarchitectural inefficiencies.

In Pruett’s and Patt’s Branch Runahead (BR) [PP21], lightweight dependency
chains are extracted from the backward slices of delinquent branches. They use reconver-
gent point prediction to understand guard and affector relationships between branches. The
dependency chain for the delinquent branch is terminated upon encountering its guard or
affector branches. The constructed dependence chain is tagged with the guard or affector
branch PC and its direction and new dependence chains are then constructed for the guard
and affector branches. The tags are responsible for the linkage between dependence chains
since, when a dependence chain completes execution, its PC and outcome are compared
against all the dependence chains’ tags and trigger one or more of them in the case of
matches. This way, BR respects control-flow in the backward slices of delinquent branches,

despite not including branches in the dependence chains.
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Chapter 3

Branch Runahead

Branch runahead (BR) is the most recent work in the area of branch pre-execution at the
time of writing this thesis. This chapter performs a deepdive into BR and explores the

challenges faced in its implementation and applicability.

3.1 Overview

BR constructs lightweight dependency chains for each static delinquent branch. Each trig-
gered instance of these dependency chains can pre-execute a single dynamic instance of
its delinquent branch. Linkages between the dependency chains are established to keep the
pre-execution running continuously.

BR improves upon prior pre-execution techniques through its ability to handle branches
in the backward slice of a delinquent branch. This is done by identifying the control and
data dependency relationships between branches and using that information to create the
linkages between dependency chains. Identifying control dependency relationships among
delinquent branches helps BR handle scenarios wherein delinquent branches may be nested
within other delinquent branches, thereby solving the limitation of SS2. Likewise, consid-
ering CIDD relationships between branches enables BR to closely mimic the relevant data

movement expected in the main thread.
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Figure 3.1: Sample BR dependency chains when delinquent branch i40 is CIDD on delin-
quent branch i10

The linkage is achieved by assigning tags to the dependency chains. BR uses these tags
to dictate which dependency chain(s) are triggered next. By doing so, different dependency
chains are linked serially to create an illusion of a pre-execution helper thread for those groups
of chains. Different groups of chains may be formed if they are mutually control-independent
and data-independent. Such mutually independent chains are unaffected by each other’s
progress thereby exhibiting a chain-level parallelism that enables BR to produce timely and
accurate pre-execution.

Figures 3.1 and 3.2 show example scenarios wherein a delinquent branch is CIDD and
CD on another delinquent branch respectively.

Looking at the resultant chains in Figure 3.1, BR constructs three different chains to
handle this control flow scenario. Chain 1 results in the pre-execution of a dynamic instance
of 110 and it is also tagged with itself. This indicates that the delinquent branch i10 is CI
w.r.t other branches and thus may trigger future instances of itself. Chain 2 and Chain 3

each result in the pre-execution of i40 but are tagged with i10 and a specific direction. Such
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Figure 3.2: Sample BR dependency chains when delinquent branch i60 is CD on delinquent
branch 150

linkages enable BR to correctly trigger the required dependency chain based on the observed
outcome of i10. Likewise, in Figure 3.2 delinquent branch i60 is CD on the delinquent branch
i50. The resultant Chain 2, is ensured to be triggered iff i50 resolves as NT. Thus, an instance
of 160 is pre-executed only when its guarding branch i50 is observed to fall through. This way,
BR manages to correctly capture the effects of a delinquent branch in the backward slice of
another delinquent branch. While chaining helps BR to trigger the correct sequence of depen-
dency chains, it could affect the timeliness of pre-execution of nested delinquent branches.
This is because the nested delinquent branch can only be triggered when its guarding branch
has resolved. We will explore this issue in a later discussion with an example.

The following subsections start out with detailing the dependency chain construction
process and the notion of triggering the dependency chains. This is soon followed by our BR
implementation methodology, a discussion on the performance of BR on the Makebound2()

ROI, and finally highlighting the challenges BR faces.
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3.2 Dependency Chain Construction

There are two key aspects involved in the dependency chain construction. One of it is the
detection of control and data dependency relationships between branches.

BR, similar to SS2, uses merge (reconvergent) point prediction to identify the control-
dependency and data-dependency relationships among branches. This is achieved by using
a structure, that keeps track of instructions that are in the wrong path, called Wrong Path
Buffer(WPB). When a misprediction is detected, the instructions that follow the mispredic-
tion branch are tracked in the WPB by performing a forward ROB walk from the mispre-
dicted branch. As the processor recovers and instructions from the correct path retire, their
PCs are checked for a hit in the WPB. A hit in the WPB indicates that the instruction
was the first instruction to be observed in both the paths of the branch. This instruction is
predicted as the merge point of the branch. By definition, any branch that appears between
a branch and its merge point is said to be guarded by the merge-predicted branch. Simi-
larly, any branch that sources data that originates from within the CD region (either of the
taken /not-taken paths) of a merge-predicted branch is said to be affected by it. BR achieves
this similar to SS2, by simply poisoning registers that are written in either of the paths.
Additionally, to detect the flow of data through memory, the addresses written to by store
operations on either path are buffered. Instructions beyond the merge point propagate the
poison bits if they source a poisoned address, or register. During the propagation, any branch
that sources a poisoned register is deemed as an affectee of the merge-predicted branch.

The second aspect of dependency chain construction is the process of extracting the
backward slice of a delinquent branch. The dependence chain is initialized with a predicate
computing instruction that evaluates the outcome of the targeted delinquent branch. Addi-
tional instructions are added to the dependence chain through a chain extraction process that
involves a backward dataflow walk. To do this, BR buffers the last 512 retired instructions
in a circular buffer called the Chain Extraction Buffer (CEB). Starting from an instance of

the delinquent branch in the CEB, BR scans the CEB backward and adds instructions to

19



the chain if they are found to be a part of the computation that leads up to the delinquent
branch.

To capture dataflow to the branches through store-load pairs, BR buffers the stores and
their addresses as they are observed in the retirement stream. When a load instruction is
added to the dependence chain, its address is checked for a match among the addresses
buffered by stores, and any matching store instruction is also included in the dependence
chain. Furthermore, the store-load pair is assumed to always conflict and is converted into a
move operation. Promoting the store-load pairs into move ops ensures that the dependency
chain does not contain any store operations. BR avoids control flow in the dependency chain
by skipping past any branches that are not affectors or guards. When a guard, affector, or
another instance of the targeted delinquent branch is encountered, the dependency chain
extraction is terminated.

When the chain extraction process is terminated upon encountering an affector or a guard
branch, the extracted dependency chain is tagged with the PC and direction of the guard
or affector. BR then proceeds to extract the dependency chain for the guard or affector.
When no guard or affector is detected, the chain extraction is terminated at the previous
dynamic instance of the targeted delinquent branch, and in this case, the chain gets tagged
with the targeted delinquent branch PC and a don’t-care direction to indicate its control

independence and data independence w.r.t. other branches.

3.3 Triggering

To kickstart the process of chaining, when the main thread mispredicts on a conditional
branch, its PC and direction are checked with the existing dependency chains’ tags. Any
matching chain is triggered after its live-in values are synchronized with the main thread.
To keep the chaining going, when a dependency chain results in a branch outcome being

generated, its PC and direction are again checked against the existing chains’ tags, and any
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matching dependency chains are triggered. Such a chaining process enables BR to respect
the CD and CIDD relationships learned so far.

BR makes use of multiple per-PC prediction queues to communicate the pre-execution
outcomes from the dependency chains back to the main thread. At the time of triggering, each
dependency chain reserves/pre-allocates an entry in its corresponding prediction queue. This
enables the chains to execute and resolve out-of-order. Such a setup is required as the process
of ordering dependency chains is not a trivial task as the chains are triggered similar to a
data-flow fashion. The authors also propose multiple triggering policies for the dependency

chains.

1. Chained initiation: As per this policy of triggering, the successor dependency chains
are triggered only when the parent dependency chain has successfully executed and
generated an outcome. This ensures that the chains are not speculatively triggered
thereby simplifying the implementation aspect at the cost of delayed triggering of

dependent chains.

2. Predictive initiation: In this case, as soon as a dependency chain is triggered, its out-
come is immediately predicted and any chains that match the resultant tag (PC +
outcome) are triggered speculatively. This policy is aimed at improving the timeliness
of pre-execution as upon a mispredicted speculation, the correct chains would be trig-
gered no later than they would have been in the chained initiation policy. However,
this comes with the complexity of squashing the speculatively triggered dependency

chains.

3.4 Methodology

We implemented the core-only version of Branch Runahead in our in-house, RISC-V, execution-
driven, cycle-level, execute-at-execute simulator that models a superscalar core. Table 3.1

shows the superscalar core and memory hierarchy configuration used for running branch
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Table 3.1: Superscalar core and memory hierarchy configuration. In case of partitioned
resources, middle column indicates main thread’s partition and right column indicates de-

pendency chain’s partition

branch predictor 64KB TAGE-SC-L
pipeline depth 11 stages (fetch to retire)
fetch /retire width 4 instr./cycle | 4 instr. /cycle
issue/execute width 8 instr./cycle
execution lanes 4 simple ALU, 2 load/store, 2 FP/complex ALU
ROB,/PRF-FL/LQ/SQ 632/316/72/ 144 [0/316/72/0
10 128
L1I cache 32KB, 8-way
L1D cache 48KB, 12-way, 3 cycles (1 agen, 2 hit)
L1D prefetcher next-N-line (N=2)
L2 cache 1.25 MB, 20-way, 15 cycles
L3 cache 3 MB, 12-way, 40 cycles
L2/L3 prefetcher VLDP (5.5 Kb)
DRAM 100 cycles
runahead.

The core’s front-end stages, the PRF Freelist, and the LQ are partitioned into two halves.
Half of the said resources are reserved for the main thread and the other half of the resources
are reserved for the dependency chains. The 1Q and execution lanes of the processor are not
partitioned and freely shared by instructions belonging to both the main thread and the
dependency chains. The SQ is wholly used by the main thread since the BR dependency

chains do not include stores.

3.4.1 Astar case study

Before delving into the performance of BR in the Makebound2() ROI, let us begin with
noting certain facets of the dependency chains that would be created by BR.

For simplicity, let us begin by temporarily assuming that no affector relationships are
detected due to the loop-carried memory dependency at the construction of the dependence
chain. This is a reasonable assumption to make because the store-load conflicts are highly

dynamic anyway. The dependency chains for the waymap branches (b1, b3, ... b15) would
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be tagged with their own PC indicating control independence w.r.t. other branches. This
ensures that a waymap dependency chain continuously triggers the next dynamic instance

of itself.

b1 —=> b1' => b1'"' => b1'""

NN NN NN N

b2 b2l [N b2l [N

b3 —> b3' —> b3'"' —> b3'""

N N ' N N D N N}

b4 b4’ b4"' b4

Figure 3.3: First two of eight chain groups in astar.

Next, the reconvergent point algorithm would capture the guarding relationship between
any of the eight maparp branches and its most recent waymap branch. Thus, all maparp
chains would be tagged with their corresponding waymap branch PC and a not-taken direc-
tion. Figure 3.3 serves as a visual guide for depicting the independence among two of the
eight chain groups and the serialization within a chain group.

This dependency though correct, could affect the timeliness of pre-execution. For instance,
when the chained initiation policy is used for triggering, the maparp’s dependency chain can
only be initiated when its corresponding waymap chain computes its predicate as not-taken.
This delay in initiation could translate to lesser pre-execution accuracy as the main thread
resorts to using the default branch predictor if there exists no pre-executed outcome at the
time of fetch.

An alternative, the predictive initiation policy, is suggested by the authors of BR to
circumvent this delay. The predictive initiation policy predicts a chain’s predicate outcome
at the time of its triggering. The prediction is made using a simple 3-bit saturating counter
that reflects the bias of the chain. The predicted outcome is then used to speculatively

trigger other dependent chains earlier than they would have been otherwise. For example,
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in the case of Astar, predicting the outcome of the waymap’s dependence chain at the time
of its initiation could speculatively trigger the maparp’s dependence chain. While it is true
that this speculation comes at no extra cost other than squashing misspeculated dependency
chains, highly unbiased branches such as the waymap branches are unbiased and very difficult
to predict. Thus BR could benefit very little from such an optimization.

Furthermore, the loop-carried memory dependence explained earlier could pose additional
challenges for BR. Because of this dependence, stores in an iteration of makebound2() can
conflict with loads that feed future waymap branches in subsequent iterations. However,
the highly dynamic nature of the worklists’ contents implies that such conflicts are only
occasional. However, the assumption made during dependence chain construction that store-
load pairs always alias to the same address fails in this case. This could lead to reduced

accuracy of pre-executed outcomes. Additionally, if we suspend the temporary assumption

50%

40%

30%
20%
0%

BR-non-spec BR-spec Phelps Phelps-no-stores

% IPC improvement

Figure 3.4: Phelps and Branch Runahead for astar’s top SimPoint.

made regarding affector relationships, a conflict between a store to the waymap structure
and a load from the waymap structure could end up deeming a waymap branch to be affected
by the maparp branch. This could cause the waymap branch’s dependence chain to lose the
control independence tag and now has to be triggered by the affector branches. This has

the effect of serializing the dependence chains thereby losing any advantage gained through
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control independence. Thus, while implementing our BR, we forcibly excluded stores from
BR to help it.

Figure 3.4 compares the performance of BR with chained initiation (BR-non-spec), spec-
ulative/predictive (BR-spec) triggering, and Phelps on just the top-weighted astar SimPoint
(in which makebound2() is prominent). BR-non-spec, due to the delayed triggering of ma-
parp chains, achieves only a modest speedup over the superscalar baseline. This is improved
upon by BR-spec by predicting the direction of the waymap chains at the time of trigger-
ing. BR-spec’s inaccurate triggering of nested chains b2, b4, etc., and resulting rollbacks of
their chain groups, is tolerated to some extent by having chain group level parallelism of 8,
yielding a good speedup of 30%. Phelps as we will explore in Chapter 5, achieves a higher
speedup (49%) with a simpler pre-execution paradigm: a single, self-contained, rollback-free
(except for load violations) helper thread that is wholly free of branch prediction’s limita-
tions. The figure also features Phelps-no-stores where we forcibly exclude stores from the
helper thread. Excluding the stores significantly impacts the performance of Phelps and this
phenomenon could also play an important factor in BR not performing as well as Phelps for

the makebound?2 loop.

3.5 Additional challenges

The challenges faced by BR is not just limited to the inefficiency of speculatively triggering

dependency chains and handling stores in the backwards slice of a delinquent branch.

e Independence among chain groups is exploited by selectively rolling back only the af-
fected chain group, which is complex to implement in our experience. Selective rollbacks

occur in two cases:

— the main thread consumed an incorrect prediction from a chain. This scenario

requires selective rolling back of all the chains belonging to that chain group.
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Figure 3.5: Branch Runahead: Rollback within an example chain group. B’ speculatively
and incorrectly triggered C’. To repair Branch Runahead’s branch queue of C, we must
rollback to top-level branch A’, to retrigger A”, A" and their descendants.

— a parent chain speculatively triggered an incorrect child chain. this scenario re-
quires rolling back to the top-level (self-dependent) chain in a chain group even

if the flaw stemmed from a descendant of the top-level branch.

Figure 3.5 depicts why this is the case. Under consideration is a chain group with
three dependency chains that follow the triggering relationship A->B->C. Ad-
ditionally, the top-level chain is self-dependent and will trigger another instance
of itself. When chain B’s outcome is predicted, and it speculatively triggers an
instance of C, an entry is allocated in C’s pred queue at its tail. If the prediction
made was incorrect, simply squashing the speculative triggered instance of C does
not suffice as the prediction queues are no longer in synch. To repair Branch Runa-
head’s branch queue of C, we must rollback to top-level branch A’, to retrigger

A” A" and their descendants.
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e BR is also challenged in the presence of nested loops. This is an artifact of a combina-
tion of the lack of program order among the dependency chains and the merge point

detection algorithm.

As introduced earlier, BR uses the WPB to buffer instruction PCs from the wrong
path and looks for a match in the correct path instructions. This heuristic could yield
multiple merge point predictions for the same branch. For instance, if we consider
determining the merge point of the inner loop branch of nested branches, there could
be two merge points predicted. First, the more obvious and instinctive merge point
would be the instruction following the backward inner loop branch. In this case all the
branches within the loop body will be deemed as being guarded by the loop branch.
The header branch guards the loop branch and is itself deemed self-dependent. In
this scenario, since the dependency chain for the header branch is tagged with a “*”
direction, it keeps triggering instances of itself, thereby triggering multiple visits to the
inner loop simultaneously. Processing the different visits simultaneously would require

careful interleaving of inner loop branches belonging to different visits. However, there

is no clear mechanism to interleave predictions from different visits.

The second merge point candidate that we find being detected is rather interesting.
The candidate happens to be the target of the backward loop branch. This happens
in some dependency chain construction scenarios. For instance, when we over iterate
on the inner loop branch, it is possible for the WPB to contain only instructions from
the loop body if the inner loop branch was not predicted to fall through in the wrong
path. In such a scenario, the correct path instructions would start from the instruction
following the inner loop branch. Eventually, the correct path might reach the outer
loop branch and start a new outer loop iteration. The first instruction that would hit
in the WPB in this case would be the inner loop’s branch target instruction from the
next inner loop visit. A similar scenario can be constructed when the inner loop is

under iterated. In these cases, the header branch of the inner loop is detected between
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the inner loop branch and its merge point. BR would thus deem the header branch
to be CD on the inner loop branch. This is partially true since the header bracnch is

actually CD on the previous inner loop visit’s loop branch falling through.

The header branch in this case is not deemed self-dependent but instead CD on the
inner loop branch’s NT direction or the header branch’s T direction. The inner loop
branch on the other hand is deemed to be CD on the header branch being NT or
the inner loop branch being T. Such a chain construction serializes different visits to
the inner loop thereby not requiring to interleave predictions. However, serializing the
inner and outer loops misses the opportunity to decouple both the threads that Phelps

exploits.

As introduced earlier, only the dependency chains within a chain group adhere to
program order by virtue of serialization between parent and child dependency chains.
Chains across different chain groups are not in the program order and are thus triggered
and reclaimed out-of-order. This necessitates that the physical registers belonging to
the dependency chains are managed through reference counting [ARS03; MPV93]. So
the physical register reclamation scheme uses a ROB-based freeing up of registers in
the main thread’s partition and a reference counting scheme for the registers in the
BR’s partition. This necessitates implementing both the register management scheme
in the processor pipeline and reference counting is quite complex to implement by

itself [Rot08].

Another concern regarding BR is the lack of loop branches in the dependency chain.
And since chains are synchronized only on mispredicts arising from the main thread,
one such misprediction could trigger a chain with a small trip count. However, the
lack of the loop branch in the dependency chain implies, BR keeps over-iterating and
wasting resources down the wrong path until the next branch misprediction on the

same branch.
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Chapter 4

Custom Branch Predictors

4.1 Post-Fabrication Microarchitecture

In Post-Fabrication Microarchitecture (PFM) [KSC*21], Chanchal et al. make a case for
custom microarchitectural components. Their study indicates that customizing microarchi-
tectural components to individual workloads can yield large speedups. To make this cus-
tomization possible and feasible, PFM proposes to couple a reconfigurable fabric with the
superscalar core. This way, custom microarchitectural components such as custom branch
predictors and custom data prefetchers, which can be broadly termed as custom pre-execution
engines, can be synthesized on the reconfigurable fabric as needed.

Figure 4.1 depicts the substrate for PFM. To enable such a coupling between the super-
scalar core and the reconfigurable fabric, programmable interfaces called agents are used to
observe or intervene at key stages of the core’s pipeline through communication queues. The
retire agent observes the core’s retire stream for instructions of interest and communicates
information about them back to the custom components. The fetch agent intervenes in the
core’s fetch stage to override the core’s default branch predictions with predictions from the
custom component. With such an organization, a custom pre-execution engine that closely

mimics the behavior of the targeted delinquent branch can be synthesized on the recon-
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Figure 4.1: Substrate for Post-Fabrication Microarchitecture (PFM).

figurable fabric. Such pre-execution engines are shown to result in highly accurate branch
outcomes being communicated to the superscalar core leading to large performance gains
and energy reduction. The following subsections elaborate on two specific custom branch

predictor designs of PFM.

4.2 Astar custom branch predictor

The Astar custom branch predictor is a customized datapath designed to pre-execute the
delinquent branches in the ROI of the astar benchmark’s top-weighted simpoint that was
introduced earlier. It is designed to closely replicate the work achieved by the makebound2()
and would be synthesized on the reconfigurable fabric of PFM to pre-execute the waymap
and the maparp branches. Figure 4.2 shows the design for the astar custom branch predictor.

The figure shows the components of the design that would be synthesized on the recon-
figurable fabric (shown as an FPGA) on the left. These include storage for the values that
need to be snooped by the custom predictor like fillnum, yoffset, base addresses of the work-
list, waymap, and maparp arrays. It also maintains three queues namely, the index queue,
index1 queue, and the pred queue. Each entry of the index queue could contain a single
index from the input worklist; hence, the size of the index queue dictates the number of loop
iterations the design may run ahead. Each entry in the index queue would then generate

8 index1 with each requiring a maximum of two predictions. Thus, one entry in the index
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queue allocates 8 entries in the index1 queue and 16 entries in the pred queue.

The components belonging to the agents are shown in the middle of the figure and
the program’s data structures, which the custom predictor loads data from, are shown on
the right. Also, the figure is vertically demarcated into three regions each corresponding to
“hardware” threads T0-T2. These are decoupled threads that make progress independent
of the other threads and are only constrained by the different queues that they use to
communicate with the other threads. Such a decoupled organization exposes the custom
predictor to high memory-level parallelism as threads can go ahead and initiate cache misses
for future work in its context without having to wait for the other threads to catch up.
The ability to design a custom branch predictor with the insights about the ROI gives
PFM the opportunity to extract such decoupling that was otherwise not exploited in the
original program. The thread TO is responsible for issuing loads to the program’s worklist
data structure through the load agent and populating the values into the index queue. The
loaded values may arrive out of order and thus the load requests are tagged with pre-allocated
ids (shown above the arrows) in their destination queues.

T1 is responsible for popping loaded values from the index queue and each of them
generates the 8 index1 values across 4 cycles. Each of these values are then used to issue two
loads, one to the waymap structure and one to the maparp structure, to eventually generate
their waymap and maparp branch outcomes. Since these loads may arrive out-of-order they
pre-allocate entries at the tail of the FPGA’s pred queue. Even though the pre-allocation
happens in the pred queue, the load IDs are obtained using the speculative head of the
index queue due to a correlation between the entries in the index queue and the pred queue.
Additionally, the index1 value is also stored in the index1l queue to indicate which index1
generated the waymap and maparp predicates for reasons explained later. When the load’s
values return, rather than storing the actual value in the pred queues, the waymap and

maparp predicates are evaluated using the loaded values and stored in the entry pointed by

the load ID.
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Figure 4.2: Astar custom branch predictor.
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The thread T2 would consume raw predictions from the speculative head of the pred
queue. These are termed raw predictions as they may have to be overridden due to the
influence of the loop-carried memory dependency as explained later.

The custom design addresses the two challenges faced by the contemporary pre-execution
paradigms. Firstly, it is capable of handling nested delinquent branches. This is achieved by
virtue of applying predication-like principles in the custom design. This is because, regardless
of the direction of the guarding waymap branch, the predicate outcome of the nested maparp
branch is evaluated and populated into the pred queue. However, while pushing prediction
outcomes into the fetch agent’s intervention queue, the maparp outcome will be pushed if and
only if its guarding waymap branch results in a not-taken (NT) outcome. In the case when the
guarding waymap’s outcome was taken (T) the maparp’s predicate will simply be ignored at
the pred queue’s speculative head leading to a highly non-divergent pre-execution outcome
stream. This was made possible through manually understanding the control dependency
relationship between the maparp branch and its guarding waymap branch.

Secondly, the challenge of loop-carried memory dependence is also solved by inferring
the existence of the store (line 28 in Figure 2.1). The custom predictor uses application-
specific insight (that the presence of such a store is used to turn down subsequent visits
to the same index1) to infer the store’s existence and produce highly accurate branch pre-
execution outcomes. This is implemented using a 64-entry CAM structure that keeps track of
the instances of index1 that were visited in the scope of the custom branch predictor. Thus,
when T2 processes raw predictions from the speculative head of the pred queue, it obtains
the index1 that was used to generate the current raw predictions and searches for a hit in
the index1 CAM. A hit in the index] CAM implies that the index1 was recently visited in
the speculative scope of the custom predictor and thus overrides the waymap prediction to
taken (T) and pushes it into the intervention queue at the fetch agent and skips pushing
the maparp outcome. When there is no hit in the index]1CAM, the waymap outcomes are

unconditionally pushed into the intervention queues, and maparp outcomes are only pushed
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when their guarding waymap was deemed to be N'T. If the final predictions were NT, NT for
both the waymap and maparp branches, their corresponding index1 is pushed into the index1
CAM for making future inferences. As mentioned earlier, the indexl CAM only stores index1
values that are in the speculative scope of the custom predictor. Thus, when the retire agent
observes the retirement of a waymap-maparp branch pair, the store is no longer speculative,
and thus an entry is popped from the head of the index1 CAM.

While the branch pre-execution outcomes generated by the custom predictor design are
perfect and do not diverge from the main thread’s behavior, the main thread can roll back
its fetch unit due to other sources of branch mispredictions, load violations, etc. To handle
such rollbacks, the retire agent sends a “squash” packet to the custom predictor to notify it.
The custom predictor then simply rolls back the work done by T2 to line up its predictions
with the core’s fetch unit. There is no need for squashing the work done by TO and T1 as
they are not speculative and thus unaffected by the squash. Because the index1 CAM now
reflects inferred stores in the future, T2 cannot redo the work of converting raw predictions
to final predictions as it initially had done. Therefore, final predictions are recorded in an
additional queue and, after receiving a squash packet, those between the pred queue commit

head (H) and speculative head (H’) are replayed from this additional queue.

4.3 Bfs custom branch predictor

The PFM paper also shows a custom branch predictor that was designed for the region of
interest in GAP benchmark suite’s bfs benchmark. The bfs benchmark performs a breadth-
first search on the nodes of a graph. It starts with a source node and starts examining its
neighbors and ”visits” neighbors that have not yet been visited and adds them to the frontier
(worklist). The nodes added to the frontier in the current pass of bfs are processed similarly
in the next pass. This process continues until there are no more nodes to be processed in the

worklist.
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Figure 4.3: ROI and custom branch predictor for bfs.

The graphs in the GAP benchmark suite are expressed in a Compressed Sparse Row

representation (CSR). In CSR representation, the graph is stored in multiple arrays namely

the offset array, neighbors array, and the properties array. The neighbor array is a continuous

list of neighbors of all the nodes in the graph. The offset array is indexed using the node

id and it contains pointers into the neighbor array that corresponds to the first neighbor

of the node. Thus, the list of neighbors of a particular node id can be found between the

offsetarray[id] and offsetarray[id+1]. The properties array consists of the properties of the

nodes in the graph such as weights, visitedness, parents, etc.

The left part of Figure 4.3 shows the code snippet from the TDStep() of the bfs bench-

mark. The code snippet corresponds to the actions performed in a single pass of bfs as
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described above. Much of the code’s actions are similar to the actions performed in the
astar’s ROI. The function consists of a doubly nested for loop. The outer for loop pops a
node, u, from the worklist and evaluates the begin offset and the end offset of its subset of
neighbors in the neighbor array. The inner for loop iterates from the begin offset to the end
offset and loads the neighbor, v, contained in these pointers. Once the neighbor’s index is
obtained its property array is examined to check if the node has already been visited (by
having a parent assigned). If the node has not yet been visited, the pass updates the visit-
edness of the node by writing into its parent field. This ensures that the same node is not
visited again in a future iteration.

The inner for loop branch (marked by the first rectangle in the image) which iterates
across the neighbors of the index u is a delinquent branch as the number of neighbors
depends on the input graph connectivity and could be highly variable. The branch that tests
the visitedness (second rectangle) of the neighbor index v is also delinquent because the
worklist, and thereby the value of v are highly dynamic and may not be repetitive in nature.
Also similar to the astar ROI, the visitedness branch is further affected by the loop carried
memory dependence due to the update of visitedness described above. Thus, the challenges
faced by the contemporary pre-execution paradigms are not just limited to the astar use-case
and could be highly prevalent in graph workloads.

The custom branch predictor’s design is shown on the right side of Figure 4.3 and uses
a similar demarcation of components and their responsibilities as the astar custom branch
predictor. The custom predictor snoops the base address of the frontier, and all the arrays
involved to get started. It consists of four decoupled threads (T0-T3). The thread TO issues
loads into the frontier data structure of the program and fills up the frontier queue. The
thread T1 pops an index u from the frontier queue and issues two loads into the offset array
to obtain the begin offset and the end offset corresponding to u. Once these load values
return, the begin address is pushed into the begin address queue for use by thread T2.

Additionally, the difference between the end offset and the begin offset corresponds to the

36



trip count of the inner for loop. This value is pushed into the trip-count queue and is used
to accurately predict the fall-through of the trip-count branch.

Thread T2 pops from the begin address queue and issues loads into the neighbor array
to obtain the index of the neighbor (v). These values are pushed into the neighbor queue.
T3 finally pops a node v from the speculative head of the neighbor queue and loads its
visitedness by issuing a load to the property array. To handle the loop-carried memory de-
pendence, we infer an outstanding store to a node’s visitedness by examining prior neighbors
in the neighbor queue. Any match with an index that lies between the commit head and the
speculative head of the neighbor queue, causes T3 to not issue the load but directly push
the outcome T for the visitedness branch. The predictions from the trip count queue and
the visitedness predictions are interleaved to produce near-perfect branch predictions in the
bfs ROI. Just as in the case of astar’s custom branch predictor, the custom branch predictor
for the bfs use-case also benefits from splitting the entire data path into decoupled hardware
threads as the threads have the maximum degree of freedom for making forward progress

and initiate cache misses early instead of waiting for the other threads to catch up.

4.4 Methodology

We use an in-house, RISC-V, execution-driven, cycle-level, execute-at-execute simulator to
model the superscalar core, agents, and custom components. The superscalar core and mem-
ory hierarchy configuration is shown in Table 4.1. We use the top-weighted SimPoint [SPHC02]
(100 million instructions) for each SPEC benchmark use-case. For the bfs use-case, from the
GAP graph benchmark suite [BAP15], we skip the graph setup phase and run 100 million
instructions of the breadth-first search (roadNet-CA graph [LK14]) or less if it completes in
under 100 million instructions (com-Youtube graph [LK14]). In all results, the performance

of the core with the custom component is normalized to the performance of just the core

(which is at 0%).
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Table 4.1: Superscalar core and memory hierarchy configuration.

branch predictor

64KB TAGE-SC-L [Sez16]

pipeline depth

10 stages (fetch to retire)

fetch /retire width

4 instr. /cycle

issue/execute width

8 instr./cycle

execution lanes

4 simple ALU, 2 load/store, 2 FP/complex ALU

ROB/IQ/LDQ/STQ/PRF 224/100/72/72/288

L1I cache 32KB, 8-way

L1D cache 32KB, 8-way, 3 cycles (1 agen, 2 hit)
L1D prefetcher next-N-line (N=2)

L2 cache 256KB, 8-way, 12 cycles

L3 cache 8 MB, 16-way, 42 cycles

L2/L3 prefetcher VLDP (5.5 Kb) [SKB'15]

DRAM 250 cycles

In the experiments, various parameters of the custom component (C, W, and D, be-
low) and Agents (Q and P, below) are varied to explore their performance impact. These

parameters and their notation are described below.

o clkC_wW: C is the factor by which the RF-synthesized custom component’s clock
frequency is slower than that of the core (CLKcorg / CLKgrr). W is the custom com-
ponent’s superscalar width. The custom component can generate up to W predictions
and push/pop up to W packets into/from the communication queues, in a given CLKgp

cycle.

e delayD: D is the pipelined execution latency of the RF-synthesized custom component,
in CLKgr cycles (e.g., for configuration clk4d_ w4, delay8 would mean 8 CLKgp cycles

or 32 CLKcorg cycles).
e queue(: () is the size of the Observation and Intervention queues in the Agents.

e portP: P describes which Physical Register File (PRF) ports the Retire Agent can
contend on (e.g., portLLlS means the Retire Agent can opportunistically use the PRF
ports owned by the two load/store execution lanes, while portLS1 limits sharing to

only one load/store execution lane’s PRF ports).
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4.5 Results

4.5.1 Astar

Figure 4.4 shows the sensitivity of the performance of the custom predictor to a combination
of its frequency differential with the superscalar core and its width (C' and W parameters
in clkC_wW) which combine to determine the custom predictor’s bandwidth.. The first
bar shows the speedup potential of perfect branch prediction being 162% over the baseline.
With a custom predictor as fast as the core, a predictor width of 1 is sufficient to attain
such speedups. This is because we eliminate most of the mispredictions as evident in the
reduction of MPKI from 31.9 to a mere 1.04. In fact, the clkl_wl configuration performs
slightly better than perfect branch prediction which can be attributed to a prefetching effect
for the core’s redundant loads.

When the core is twice as fast as the custom predictor as in the clk2 w1, we observe a
reduction in the speedup compared to earlier but the speedup over the base line is still quite
significant. However, the lost speedup can be regained by increasing the superscalar width
of the predictor to 2.

As the frequency differential gets even larger, with lower predictor width, we observe
further reductions in speedup and even a slow down in one case. This is because at low
bandwidth, the fetch unit stalls waiting for predictions from the custom predictor. However,
we observe that the low frequency of the custom predictor can be sufficiently compensated
by making the custom predictor wider. For example, the clk4d_w4 configuration performs as

well as the clkl_w1 configuration.

4.5.2 Bfs

Experiments were performed with two input graphs obtained from [LK14], namely Roads
(roadNet-CA) and Youtube (com-Youtube). The analysis that follows refers to only the

Roads input but similar trends can be observed in the Youtube counterpart. The first three
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Figure 4.4: Speedup of the custom astar branch predictor for different C and W parame-
ters. (All configurations: delay0, queue32, portALL; 8-entry index_queue.) perfBP is perfect
branch prediction.

bars of Figure 4.5 show that both cache misses and branch mispredictions are debilitating.
Importantly, both need to be attacked simultaneously. Perfect branch prediction alone yields
only 11% speedup. Perfect data cache alone yields a significant 152% speedup, yet this
is only a fraction of what the two together achieve: 426%. The trends for the sensitivity
study of Bfs’ custom predictor are quite similar to that of Astar’s custom predictor. Bfs’s
custom component achieves up to 125% speedup, due to (1) exploiting high MLP both
within and among decoupled “threads” T0-T3 and (2) reducing branch MPKI from 19.1
to 0.5. Additional sensitivity studies concerning the intervention queue sizes, delay of the
custom predictor component, and scope of the predictor were performed for both the custom

pre-execution engines and listed in [KSC*21].
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Chapter 5

Predicated Helper Threads

5.1 Overview

Phelps is a fully automated hardware-only technique that leverages branch predication within
the helper threads to achieve timely and highly accurate branch pre-execution.

It starts out with identifying loop(s) containing delinquent branches and constructs helper
thread(s) for the loops. The helper thread starts with just the delinquent branches, loop
branches, and a header branch (if nested loops). Later, across several iterations of the loop,
Phelps adds any other instructions needed to accurately pre-execute the delinquent branches.
These are instructions that directly or transitively feed data to the delinquent branches.

Growing the backward slice of the delinquent branch is made possible by simply adding
the direct producers of instructions already present in the helper thread. To capture data
dependencies that persist through memory, a queue of the most recent addresses written to
by store instructions and their PC is maintained. When a load instruction that is already
included in the helper thread retires, it looks for a match on its address in the store address
queue. Upon a match, the candidate store is included in the helper thread, and eventually
its backward slice too. The backward slice of the instructions in the helper thread is grown

across several iterations as done in [CHA'15]. This helps in avoid needing large structures
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that can buffer instructions to perform dependency analysis.

Through backward slicing the helper thread consists only of instructions that feed data to
the delinquent branches, the delinquent branches themselves, and the loop branches. Phelps
converts all the delinquent branches into predicate producers within the helper thread. Thus
they are no longer treated as control-flow within the scope of helper threads. The loop branch
is the only control-flow branch included in the helper thread to determine when to terminate
the pre-execution.

Phelps makes use of per-PC prediction queues to communicate the pre-execution out-
comes from the helper thread to the main thread. The predicate-producer instructions all
unconditionally push their outcome into their corresponding prediction queues as they retire.
This is enabled by operating the pointers of the prediction queues in a lockstep manner. In
other words, the head, the tail, and the spec head pointers are shared by all the prediction
queues that belong to the helper thread.

The head pointer is incremented only when an instance of the loop branch is observed
in the main thread’s retire stream. The tail pointer is incremented whenever an instance
of the loop branch is retired from the helper thread. The spec head pointer is kept in sync
with the main thread’s fetch unit and is incremented whenever the loop branch is fetched by
the main thread. These pointers are essentially pointing to a specific iteration of the loop in
the prediction queue. Such a prediction queue reserves an entry for every delinquent branch
in every iteration of the loop. It is the main thread’s fetch unit that consumes only the
required predictions from the queues by using the fetch PC. Such an arrangement makes it
possible for the helper threads to eagerly pre-execute nested delinquent branches and push
their outcomes unconditionally. Wrongly pushing an outcome into the prediction queue does
not leave the prediction queues in an incorrect state, unlike BR’s prediction queues. The
main thread’s fetch unit takes care of the necessary corrective action in this case by simply
not consuming the stale prediction from this iteration.

Figure 5.1 shows an example of this operation for the astar example we introduced in
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head spec-head tail

b1 0 1 1 0 1 0 1
b2 O @ o @1 //Main thread’s fetch unit fetches an instance of b1. Prediction for
b3 1 lololol]o b1 is then consumed from the highlighted entry in the prediction
queue.
b4 ] 1]ofof@]|1
head  spec-head tail
b1 0 1 1 0 1 0 1

//Since bl is predicted taken, the main thread’s fetch unit does
b olw|o|o|m]| 1| not fetch an instance of b2. Instead, it proceeds to fetching b3.
Prediction for b3 is then consumed from the highlighted entry in

b3 1 0 0 0 1 0
the prediction queue.

ba @] 1]ofof@]|1

head  spec-head tail
& b e M e I //Since b3 is predicted not -taken, the main thread’s fetch unit
b2 olm|@|o]j@|1|w fetches an instance of b4. Prediction for b4 is then consumed
b3 alalalalala from the highlighted entry in the prediction queue.
b4 (0) 1 0 0 | (0) 1

Figure 5.1: Example showcasing the interaction between the main thread’s fetch unit and
the prediction queues

Chapter 2. Only the first four of astar’s sixteen delinquent branches are shown for brevity.
Each column in the prediction queue corresponds to a loop iteration and each row is reserved
for a delinquent branch. The helper thread deposits outcomes (0: not-taken, 1: taken). Notice
that some predictions for b2 and b4 are shown in parentheses. This is just to highlight the
fact that these predictions are not consumed by the main thread because the predictions
consumed for their guarding branches bl and b3 are 1 (taken) causing the main thread to
not even fetch the corresponding instances of b2 and b4. This is visualized in the snapshots
of the prediction queues in Figure 5.1. The first snapshot shows that the main thread’s fetch

unit is ready to process a new iteration of the makebound2() loop. Since it encounters the first

44



waymap branch bl, it finds a prediction queue allocated and thus consumes the prediction
from its prediction queue at the spec-head pointer. Since the consumed prediction was taken,
the fetch unit is redirected to bl’s target skipping over b2’s instance. Once b3 is fetched by
the main thread, it is found to have an allocated prediction queue and thus overrides the
default branch prediction with the prediction obtained from the prediction queue. Since the
resultant prediction was not-taken, the main thread’s fetch unit resumes fetching from the
next instruction. This way, the main thread’s fetch unit skips over pre-execution outcomes
that ought to have been nullified, thereby implicitly predicating it.

In the event of a recovery initiated in the main thread, it is important to synchronize
the pointers of the pred queue to ensure that the predictions produced by the helper thread
line up with the main thread’s fetch stream. For this reason, the spec head pointer of the
pred queue is checkpointed at the fetch of branches in the main thread. Simply setting the
spec_head pointer to the checkpointed spec head pointer (in the case of accelerated recovery
using branch checkpoints) or head pointer (in the case of recovery from the head of the AL)
enables us to reuse the already pre-executed outcomes instead of generating them all over
again. This is even true for a branch misprediction in the main thread that stemmed from a
helper thread outcome.

In fact, this underscores another subtle but important benefit. Though rare, the helper
thread can generate an incorrect outcome for an instance of bl in the astar example (e.g.,
due to losing a store’s update in the helper thread’s tiny data cache before the main thread
retires its corresponding store). If that instance’s incorrect outcome was “taken”, the main
thread initially didn’t consume the corresponding b2’s prediction. But because all predicate
producers are eagerly executed, fortunately, the prediction for b2 exists nonetheless and can
be revisited by the main thread. Thus, the helper threads are only affected by recoveries in
their own thread and function independently of the other threads. To support pre-executing
delinquent branches from both the helper threads, each helper thread has its own set of pred

queue pointers.
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Our approach is termed delinquent loop pre-execution with predicated helper threads be-
cause of using predication principles within the helper threads to pre-execute loops. Handling
the challenge of nested delinquent branches was made possible through the lockstep-operated
prediction queues. This is a form of implicitly predicating the nested delinquent branches as
the main thread skips consuming the nullified ones. Explicit predication support is needed
within the helper thread to handle only stores in the helper thread. Stores that are included
in the helper thread are predicated on their most immediate guarding producer. Doing so
enables us to nullify stores that are not in the correct control flow path. To achieve this,
delinquent branches in the helper thread are converted to predicate producers. More on this
in the next paragraph.

It is important to note that these stores are redundant future/pre-executed versions of
stores that will be performed by the main thread. They are purely local to the helper thread’s
private mini cache and don’t write into the data caches or memory upon committing. They
only serve to help forward values to future loads within the helper thread[PSR02]. This en-
ables the helper threads to run ahead of the main thread without waiting for the main thread
to catch up and, simultaneously not clobbering memory. The helper thread stores have to be
predicated if they are found to be CD on a delinquent branch. We achieve this by adding an
additional source operand for the store instruction. This operand corresponds to the predi-
cate destination register of its immediate guarding delinquent branch. If the store is nested
inside more than one delinquent branch, however, one predicate is insufficient. To compen-
sate, each predicate producer also has one predicate source operand, which gets linked to its
immediate guarding predicate producer. Thus, if a store is nested inside multiple delinquent
branches, it becomes transitively dependent on all of their predicates. Additionally, the store
queue entry is augmented with an additional field for its computed predicate. When load
instructions are issued from the helper threads and look up the store queue, in addition to
matching on addresses, the store’s predicate should have evaluated true to be a candidate

for forwarding the value.
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Figure 5.2: Decoupling of nested loops into outer helper thread and inner helper thread

In the case of delinquent branches being nested within deeper loops, Phelps automatically
decouples the deepest two levels of loops thereby creating two helper threads referred to as
the outer thread and the inner thread. The outer thread is responsible for forking multiple
visits to the inner thread and this decoupling, as explored in the work of PFM, enables the
outer thread to run far ahead into the future instead of waiting for the inner thread to catch
up. Figure 5.2 shows how this decoupling is achieved.

This decoupling exposes much more memory-level parallelism (MLP) in the helper threads
as cache misses from a future iteration of the outer loop can be initiated all while the inner
loop is working its way through the current iterations. As the outer thread is responsible
for producing the live-in information required for triggering a visit of the inner thread, such
decoupling requires the live-in values to be buffered in a structure we call Visit queues. Fur-
ther details about the visit queues and the implementation details for Phelps are given in

the following sections.
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5.2 Implementation

This section details the implementation aspects of Phelps and here is an outline of its con-
tents.

Subsection 5.2.1 defines the notion of an epoch in the context of Phelps. Subsection 5.2.2
describes how Phelps identifies delinquent branches and the loops that contain them. This
is followed by a detailed description of the process of helper thread construction in Subsec-
tion 5.2.3. Next we learn about how Phelps uses Control Dependency FSMs (CDFSMs) to
identify the immediate guarding branch in Subsection 5.2.4. The following Subsection 5.2.5
provides details of the Helper Thread Cache (HTC) that stores the helper thread instructions.
Once the helper thread instructions are loaded into the HTC, the helper thread is ready to
be triggered and this process is explained in Subsection 5.2.6. The following Subsection 5.2.7
briefly talks about the terminating conditions of helper threads. Subsection 5.2.8 follows up
with explaining the modifications needed in the superscalar core to implement Phelps. Sub-
section 5.2.9 talks about the different complex scenarios that were omitted from Phelps but
provides a brief solution for each of these. Subsection 5.2.10 lists the conditions that may
render a helper thread ineligible for pre-execution. Subsection 5.2.11 finally talks about the

inability of Phelps in handling delinquent branches that are nested within a function call.

5.2.1 Epochs

Phelps continuously looks for opportunities to pre-execute hard-to-predict branches. It con-
structs and deploys predicated helper threads entirely in hardware (no compiler support nor
instruction set architecture changes).

The entire process is pipelined into three stages, wherein each stage runs for an epoch of
4 million retired instructions of the main thread. Throughout this continuous process, the
information about delinquent branches and loops gathered in epoch N is used to construct

new helper threads, or revise existing ones, in epoch N+1, which are then available for
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loop loop loop loop loop loop

valid branch target valid branch target
0x11b98 5760 1 0x11bfc | Ox11b80 1 0x11cOc | 0x11b60
0x11be0 7796 1 0x11bfc | 0x11b80 1 0x11cOc | 0x11b60

DBT index Misp

1 7796
0 5760

loop loop target | isnested innerloop innerloop @ delinquent branch list misp

branch loop branch target
0x11cOc 0x11b60 1 0x11bfc 0x11b80 0x11b98, 0x11beO 13556

Figure 5.3: From top to bottom: DBT, DBT-Max, and BBT.

deployment in subsequent epochs N+2 and greater. In a given epoch, all three stages are
simultaneously active, with the second and third stages working with outputs from their

feeder stages.

5.2.2 Identifying loops containing delinquent branches

To identify the most delinquent branches in the current epoch, we use the Delinquent Branch
Table (DBT) and Delinquent Branch Table - Max (DBT-Max), similar to the tables used in
Slipstream 2.0 [SCR20], albeit tracking only branches.

The contents of these tables are shown in Figure 5.3. The DBT maintains information
about every conditional branch that was mispredicted during the epoch. The DBT is searched
the PC of the branch instruction and each entry consists of a misprediction counter, and
PC bounds of the inner loop and outer loop that enclose the branch, if applicable. When a
conditional branch retires, if it was mispredicted by the core’s branch predictor, it increments

its misprediction counters accordingly. To train the inner and outer loop PC bounds, the
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retirement unit keeps track of the PC and target PC of the most recently retired backward
branch. When a conditional branch is retired, if its PC is between the backward branch’s
PC and target PC, the backward branch may replace the inner or outer loop fields of the
branch’s entry; which is replaced, if any, depends on comparisons among loops’ PC bounds;
in other words, the two loops whose bounds are closest to the branch are kept, and sorted
as inner (tightest loop bounds) and outer (next tightest loop bounds).

The DBT-Max ranks the most delinquent branches observed so far. Each entry contains
the DBT index of the corresponding delinquent branch, along with its misprediction count
for maintaining delinquency ranking. Incrementally updating rankings in the DBT-Max, as
mispredicted conditional branches retire and update their counts in the DBT, avoids having
to scan the DBT at the end of the epoch to determine the top delinquent branches.

The Loop Table (LT), also shown in Figure 5.3, consolidates information about outermost
loops and the delinquent branches contained within them. It is populated at the end of the
epoch, as follows. A pass is made through DBT-Max. During the pass, each delinquent branch
in DBT-Max that clears a threshold of 0.5 MPKI (i.e., 2000 mispredctions for the 4 million
instruction epoch) creates or updates a LT entry for its outermost loop branch (gotten from
the DBT). The delinquent branch augments the loop’s aggregate misprediction count with
its misprediction count and adds itself to the loop’s delinquent branches list (a bit vector
representing DBT-Max entries); if the delinquent branch has both an outer and inner loop
in its DBT entry, then it adds the nested inner loop information to its outermost loop’s LT
entry. At the end of this pass, the LT contains information about the outermost loops (either
outer+inner for nested loops or inner only) that contain the most delinquent branches. The

DBT and DBT-Max counters are then reset in preparation for the next epoch.

5.2.3 Helper thread construction

If Stage 1 identified multiple delinquent loops in the previous epoch, we pick the most

delinquent loop among them that doesn’t have a helper thread in the Helper Thread Cache
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(HTC). Stage 2 does helper thread construction for this loop in the current epoch. If the
chosen loop is a nested loop, two helper threads are constructed at the same time: an outer
thread and an inner thread. If the chosen loop is not a nested loop, just an inner thread
is constructed. Hereafter, we refer to three helper thread types: outer-thread, inner-thread,
and inner-thread-only.

Phelps uses backward slicing to construct the helper thread slice. Extracting backward
slices requires having both source and destination register specifiers of instructions post-
retirement. The ROB has destinations but not sources. Although it is possible to augment
the ROB [HP15], we opted for a different approach. In any case, the full instructions will
eventually be needed, to write the helper threads into the HTC. Therefore, as a preliminary
step, all instructions in the loop are collected in the Helper Thread Construction Buffer
(HTCB) as they are fetched and decoded by the main thread. Only a subset of them will be
selected for inclusion in the helper thread as explained next.

To kick-start this construction process, the helper threads are initialized with the “seed”
instructions. The seed branches are classified into three types as explained below. The fol-
lowing classification justifies the inclusion of such branches in the helper thread and also

dictates the actions to be taken while executing these branches.

e Delinquent branches: These are the hard-to-predict branches that are identified using
the DBT and DBT-Max tables. These branches are required as seeds in the helper
threads since they are targeted for pre-execution. The delinquent branches are con-
verted into predicated producers and may predicate other instructions in the helper
thread. Their outcomes are also unconditionally pushed into the pred queue for later

consumption by the main thread.

e Loop branches: These are the backward branch(es) that are identified in the delinquent
branch and loop detection phase. The loop branches may themselves be delinquent but
are nevertheless required in the helper thread to keep them running continuously and

to know when to terminate the loop. These branches do not predicate any instruction
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in the helper thread since they are backward branches. Mispredicting these branches
would only result in a local squash within the helper thread. Only delinquent loop

branches may push into the pred queue.

e Inner loop’s header branch: The header branch for the nested inner loop branch is
identified as the first branch within the outer loop that precedes the inner loop’s branch
target and branches beyond the inner loop. This header branch may be identified by
looking for the above criteria while walking backwards from the inner loop’s target pc
in the main thread’s retirement stream. These branches are required to be included as
a seed branch in order to skip the triggering/forking of the inner helper thread when
the header branch resolves as taken. These branches always push their predicate into

the visit queue.

For inner-thread-only and inner-thread, the seeds are the inner loop’s delinquent branches
and backward branch. For outerthread, the seeds are the outer loop’s delinquent branches,
its backward branch, and the inner loop’s header branch that guards the visit to the inner
loop. The above branches are seeded into their respective level of the loop. This is done by
comparing the branch PC against the backward loop branches and their target information
obtained from the previous phase. Once the seeds are planted in the appropriate helper
thread, Phelps starts growing the helper thread by adding the backward slice of the instruc-
tions already included. The backward slice of an instruction refers to the set of instructions
that influence the flow of data to the instruction. To assist in this process, a last-producer
table(LPT), shown in Figure 5.4, is maintained. The LPT has as many entries as there are
logical integer registers in the ISA. As instructions retire in the main thread, they index the
table using their logical destination specifier and deposit their PC into it. The table thus
keeps track of the most recent instruction to write the register.

When an instruction that is already in the helper thread is observed in the retire stream,
its producer instructions’ PCs is determined by accessing the LPT using the logical source

operands. Any producer instruction that is not already in the helper thread will be added
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if they are within the bounds of the loop. This way the height of the backward slice(s)
in the helper threads grows by one every iteration , eventually reaching a point where the
producers lie outside the loop. By using such an incremental approach and training across
several iterations, we avoid the need to buffer the retired instructions to extract the backward
slices [CHAT15]. [KRO04] uses a similar algorithm based on implicit back propagation to prune
ineffectual instructions from the A-stream of Slipstream[SPRO00].

The producer instructions observed in the backward slicing process which happen to fall
outside the loop boundaries are deemed as live-ins and thus their logical destination specifier
is added to the live-in register set. Phelps also has the ability to train and trigger helper
threads from the middle of a loop rather than waiting for an entry into the loop. This implies
that live-ins that are clobbered within the loop need to be identified and captured (since
we might not train across different visitations to the loop). We make an observation that
producer instructions which are logically after a consumer instruction, clobber a live-in to
the loop. Thus, while looking up the last producer table, if the producer is logically after
the consumer it is also considered as a live-in register and added to the live-in register set.

A helper thread may have one or two live-in register sets, depending on the helper thread

type:

e Inner-thread-only or outer-thread: One live-in register set, for live-ins coming from the

main thread.

e Inner-thread: Two live-in register sets, for live-ins coming from the main thread and

the outer-thread.

Similarly, to capture data dependencies that persist through memory, a 16-entry queue of
the most recent addresses written to by store instructions and their PC is maintained (also
shown in Figure 5.4. Only stores whose PCs are within the loop’s PC bounds are captured
in this store queue. When a load instruction included in the helper thread retires, it looks

for a match on its address in the store address queue. Upon a match, the candidate store is
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0 0x17588 0 addrA 0x175ec
1 0x17590 1 addrB 0x175f8
2 0x175b4 2 addrC 0x175fc
30 0x1760c 14 addrP 0x17694
31 0x17594 15 addrQ 0x17698

Figure 5.4: Structures used for backward slicing; left: Last Producer Table (LPT); right:
Store Address&PC Queue

included in the helper thread, and eventually its backward slice too. At the end of the epoch,

the helper thread is considered to be sufficiently grown and passed onto the next stage.

5.2.4 Learning immediate guarding predicate producers

Before diving into the next stage of forming predicated helper threads and learning about
the helper thread cache, it would be useful to learn how Phelps detects CD relationships
between the predicate consumers (delinquent branches and stores) and predicate producers
(delinquent branches). Phelps learns of these control dependencies through a novel iterative
approach involving an FSM matrix shown in Figure 5.5 and uses them to generate predicated
helper threads.

The Control Dependency FSM (CDFSM) matrix, shown in Figure 5.5, is a matrix of
simple homogenous FSMs. Each FSM in the matrix can assume any of the four possible
states shown. The states each correspond to the different control dependence relationships
inferred until this point. A matrix of CDFSMs is required to understand the CD relationship

between the predicate producers and the predicate consumers in the loop. Each row in the
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1 FSM | FSM | FSM

2 | FSM FSM | FSM
(1,0) (1,2)| (1,3)
3 | FsM | FsMm FSM
(2,0)| (2,1) (2,3)

4 | FSM | FSM | FSM
(3,0)| (3,1)] (3,2)

Figure 5.5: Control Dependency Detector State Machine Matrix (left), Control Dependency
State Machine (right).

FSM matrix is reserved for a predicate consumer within the loop and each column in the
matrix is reserved for a predicate producer in the loop. Thus, the FSM matrix is indexed
along the columns by the unique ID allocated to the predicate producer branch that is
observed in the loop, while the rows of the FSM matrix are indexed by the ID allocated to
the predicate producer.

All FSMs in the matrix start in the init state and the state transitions are based on the
simple heuristic that, an instruction is deemed control-dependent on a branch if and only if it
is observed in only one of the control-flow paths of the branch. In other words, an instruction
is control independent w.r.t. a branch if it is observed in both the paths of the branch.

To identify immediate guarding branches a branch list that contains all the branches
observed in the current iteration and their direction is maintained. Every time an instruction
in the loop retires, the FSM corresponding to the instruction and the most recent branch in
the branch list is trained. If the instruction is already deemed control independent of this

branch, the next recent branch in the list is selected for training. This way it is eventually
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possible to find any instruction’s immediate guarding branch.

To ensure that instructions only establish valid dependencies with branches that are
statically before them and from within the same iteration of the loop, the branch lists pops
entries that lie between the backward loop branch and its target every time the loop branch
is retired. After training across several control flow scenarios, the FSMs in the matrix are
indicative of the control dependency relationships that exist between the predicate consumers

and their immediate guarding predicate producer.

5.2.5 Helper thread cache

After constructing a helper thread and learning immediate predicate producers

1. The instructions selected for inclusion in the helper thread are retrieved from the Helper

Thread Construction Buffer(HTCB). The HTCB is needed for two reasons:

e The process of backward slicing during helper thread construction requires the
instruction’s logical source operands which are not available in the ROB at re-
tirement. So instructions that belong to the loop are fetched into the HTCB after

the decode stage.

e Since the helper thread construction process only keeps track of the PCs of in-
structions that are to be included in the helper thread, the actual instructions
have to be somehow fetched into the HTC. While these can be opportunisti-
cally fetched whenever the main thread is not utilizing the instruction cache, the
HTCB already buffers instructions for the backward slicing process and provides

a natural way to access these instructions.

2. The Delinquent branches in the helper thread are converted to predicate producers.
At the beginning of each epoch, each predicate producer is assigned a unique logical

destination predicate register. This is same as the id used to index into the CDFSM
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matrix. These ids start from 1 and is incrementally assigned to every predicate pro-
ducer. The predicate producer’s predicate destination operand can be encoded in bits
11:7 of the instruction, where rd resides for other instruction formats, because the

branch’s immediate is not needed.

. Each store and predicate producer is given an extra source operand, for its logical
source predicate register. One additional bit encodes the direction of the control de-
pendence (taken/not-taken). The CDFSM matrix indicates which immediate predicate
producer the store or the predicate producer depends on, and the direction. If there
is no immediate predicate producer (not guarded: all FSMs in the row are in the Init

and/or CI), pred0 is assigned to signify unconditional execution.

. The final helper thread instructions, the live-in register sets, and the start PC of the
loop are written into the HT'C. At the end of the epoch, only the instructions that are
selected to be included in the helper thread cache are retrieved from the HTCB, and

the entire HTCB is flushed to set up for the next loop construction.

The HTC, in our experiments, can hold the helper threads for up to four loops. It is

organized into four rows. Each row is dedicated to a loop and holds up to 128 helper thread

instructions. The loop is tagged with its start PC (the target of the outermost loop branch).

A flag indicates whether the loop is a nested loop or a non-nested loop. If nested, the row

is divided into two halves, the outer-thread’s instructions are packed into the first half and

the inner-thread’s instructions are packed into the second half.

The helper thread instructions include the original instruction obtained from the HTCB

and also the additionally encoded predicate source operand. Even though only stores and

predicate producers really require this additional source operand, every instruction in the

helper thread is assigned the additional predicate source operand only to maintain the fixed-

length encoding of the RISCV ISA instructions.

Helper thread instruction fetching is purely sequential until the last instruction (loop

57



branch) is reached, which resets sequencing back to the first instruction. Additional metadata
that is stored in the HTC include (1) the locations (instruction offsets in the row) of up to
two loop branches (one for inner-thread-only or outer-thread, one for inner-thread), (2) the
location of the inner loop’s header branch within outer-thread, and (3) up to three live-in

register sets (one for inner-thread-only or outer-thread, two for inner-thread).

5.2.6 Triggering the helper threads

As the main thread retires instructions, their PCs are compared against the start PCs of

loops in the HTC. If there is a hit:

1. The pipeline is squashed (no in-flight instructions).

2. The superscalar core’s frontend stages and FIFO structures (Reorder Buffer (ROB),
Physical Register File (PRF) free list, Load Queue (LQ), and Store Queue (SQ)) are
partitioned for a complexity-effective design and isolated processing of the main thread
and helper thread. The Scheduler/Issue Queue (IQ) and execution lanes are flexibly
shared. Table 5.1 shows the fractional allocation for the threads’ partitions, applied to

both frontend pipeline stage width and resources.

3. The fetch stage partition of each helper thread injects annotated move instructions, one
per logical register in its live-in register set with respect to the main thread. If the helper
thread is inner-thread-only or outer-thread, it immediately starts fetching instructions
from its HTC entry after injecting the moves (if inner-thread, it waits). When an
annotated move instruction reaches the helper thread’s rename stage partition, its
source is renamed to the corresponding mapping in the main thread’s Rename Map
Table (RMT). Its destination is renamed as any destination in the helper thread would
be: pop a free register from the helper thread’s free list partition and update the helper
thread’s RMT with the new mapping. Thus, when the move executes, it copies a live-in

value from the main thread to the helper thread.
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4. Instruction fetching in the main thread only resumes when the last of the annotated
moves retires. Though not optimal, this is a simple way to ensure that each helper
thread obtained its live-in values before the main thread frees the physical registers

from which the values were obtained.

Table 5.1:  Fractional allocation of frontend width and resources, among main thread (MT),
inner-thread-only (ITO), outer-thread (OT), and inner-thread (IT).

active threads | M'T’s partition | OT’s partition | I'T’s partition
MT + ITO n/a
MT + OT 4 IT !

8

N [ 00 |
00 | Lo | |

5.2.7 Terminating the helper threads

Pre-execution is terminated when the inner-thread-only or outer-thread loop branch resolves
as not-taken, exiting the region of interest. Because non-delinquent loop side-exit branches
are not included in the helper threads, the main thread terminates pre-execution when it
retires an instruction whose PC is outside the PC bounds of the loop being pre-executed. An
exception recovery in the main thread also terminates the helper thread. After terminating

the helper threads, the pipeline is squashed and all resources are returned to the main thread.

5.2.8 Modifications to the core

This section details the new hardware structures required for implementing Phelps along with
other changes required to the superscalar core. The storage overhead of all these structures
is listed in Table 5.2. Figure 5.6 pictorially summarizes these hardware structures along with
the partitioning scheme (for the inner-thread-only configuration). The structures shown in

the figure with the dashed outlines are the newer structures needed for Phelps.
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Figure 5.6: New hardware components needed for Phelps along with a visualization of the
core’s partitioning scheme.

Changes to the core

e Two extra RMTs to support up to two active helper threads.

e The scheduler accommodates an extra source tag in its wakeup CAM, for the extra

source operand for stores and predicate producers.

e Partitioning support for the core’s frontend stages and FIFO structures for a complexity-
effective design and isolated processing of the main thread and helper thread. The FIFO
structures include Reorder Buffer (ROB), Physical Register File (PRF) free list, Load
Queue (LQ), and Store Queue (SQ). The Scheduler/Issue Queue (IQ) and execution

lanes are flexibly shared.
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Table 5.2: Storage overhead of Phelps.

’Component \Parameters \Cost
Components for Helper Thread Construction
Deling. Branch Table (DBT) |256 entries, fully-assoc.  [5,280 B
DBT-Max 32 entries, fully-assoc. 84 B
Loop Table (LT) 8 entries, fully-assoc. 170 B
Helper Thread Construction [256 inst., 4B /inst. 1,024 B
Buffer (HTCB) metadata 62.125 B
Last Producer Table (LPT) |32 entries, 30 bits/entry 120 B
queue to detect needed stores|16 entries, 94 bits/entry [188 B
CDFSM matrix, 32 rows x 16 col. x 2 bits |128 B
branch list, 16 entries, 5 bits/entry |10 B
PC-to-row conversion table |32 entries, 35 bits/entry [140 B
Components for Helper Thread Execution
Helper Thread Cache (HTC) |4 x 128 inst x 38 bits/inst|2,432 B
4 x 180 bits metadata 90 B
Visit Queue 16 visits, 4 live-ins/visit, [560 B
70 bits/live-in
Prediction Queues 16 queues, 32 iterations |64 B
16 PC tags 60 B
speculative D$ for HT stores |16 sets, 2 ways, 8B block (256 B
metadata 236 B
pred-PRF, 128 reg., 2 bits/reg. 32 B
pred-FL, 97 entries, 7 bits/entry  |84.875 B
2 pred-RMTs 2x 31 entries, 7 bits/entry|54.25 B
’ Total Cost ‘10.82 KB‘
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Prediction queues

As introduced earlier, Phelps uses 32-entry per-PC prediction queue for communicating pre-
execution outcomes from the helper thread to the main thread. All the prediction queues
allocated to a single thread are operated in a lockstep manner and thus they all share the same
head, spec-head, and tail pointer. There are two such pointers to support pre-execution from
doubly nested loops, as both the helper threads are fully decoupled and processing different
iterations of the loop.

Each entry in the prediction queue contains a single bit that contains if the corresponding
prediction was taken (1) or not-taken (0). There are 16 such queues to support pre-execution
of 16 different delinquent branches. The prediction queues all store the PC of the delinquent
branch that they are allocated to as tags. As the main thread’s fetch unit is fetching with
pre-execution enabled, conditional branch PCs in the bundle are looked for a match with
the PC tags of all the prediction queues. A hit in one of the prediction queues, reads out
the prediction from the entry pointed to by its spec-head pointer and overrides the core’s

default prediction.

Visit queue

One of the key factors that helps Phelps provide timely predictions is its ability to create and
deploy, small and decoupled helper threads. The decoupling of the helper threads enables the
outer thread to run far ahead without having to wait for the inner thread to catch up. The
outer thread running ahead can extract memory-level parallelism by initiating cache misses
from future iterations of the outer thread far ahead of their demand by the inner thread
as well as the main thread. While the outer thread runs independently of the inner thread,
it may produce live-in values that are required for triggering the inner thread in the near
future. These values are communicated from the outer thread to the inner thread through
a structure called visit queue. The visit queue is a FIFO circular queue of tables that is

used to communicate values from the outer thread to the inner thread. Each of the tables
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Figure 5.7: Visit Queue for outer-thread to queue inner loop visits and their live-in values
for processing by inner-thread.

contains live-in values produced by one iteration of the outer thread along with their register
specifiers. Figure 5.7 shows the structure of the visit queue discussed above. The visit queue
has three pointers namely, the head, the spec head, and the tail pointers. The outer thread
is responsible for manipulating the visit queue’s tail pointer and the entries are populated at
the tail pointer. Likewise, the inner thread manipulates the spec head and the head pointers
and pops entries from the visit queue.

For the case of two helper threads, inner-thread is idle until outer-thread queues a visit
to the inner loop. Visits are queued in the Visit Queue depicted in Figure 5.7. When outer-
thread retires a not-taken instance of the inner loop’s header branch, it allocates a new
Visit Queue entry at the tail and writes live-in values (for the inner-thread’s second live-
in register set supplied by outer-thread) for that visit at slots in the tail entry. When the
inner-thread determines that its current inner loop visit has fully iterated—:.e. when its loop
branch resolves as not-taken —it dequeues the next visit from the head entry. Inner-thread
injects move instructions to copy live-in values from the Visit Queue. Each move’s source

is renamed to the correct slot in the head entry of the Visit Queue, and its destination is
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renamed to a free physical register obtained from inner-thread’s free list partition. Since
outer-thread places values in the Visit Queue, it need not wait for inner-thread’s moves to

read the values.

Predicate register file

Logical predicate source/destination operands are re-named to physical predicate registers.
Thus, we add a 128-entry predicate physical register file (pred-PRF), predicate physical reg-
ister free list (pred-FL), and two predicate rename map tables (pred-RMT); when two helper
threads are running, pred-FL is partitioned 1/2 for outer-thread and 1/2 for inner-thread.
Each predicate register is only 2 bits wide: the most-significant bit (msb) indicates whether
the predicate producer was predicated-true (enabled) or predicated-false (suppressed) by its
predicate producer, and the least-significant bit (Isb) indicates the taken/not-taken outcome
of the predicate producer. The consumer of a predicate register is predicated-true if: ((msb

== 1) && (Isb == enabling direction of consumer)).

Helper thread’s private data cache

Helper thread stores that are predicated true are committed from its SQ partition to a small
private cache (32 doublewords organized in 16 sets, 2-way set-associative). Data evicted from
this cache is simply lost. Note that this is not an issue as this mini cache is only used by the
helper threads and they are allowed to be inaccurate as they would only result in divergence
from the main thread. If a helper thread load re-references the same address, it may get stale
or up-to-date data, depending on if the main thread’s counterpart store already reproduced

the data in its L1 cache [PSR02].

5.2.9 Omitting More Complex Scenarios

In our research, we explored and devised methods to support more complex scenarios in

Phelps. However, they add significant complexity with no more profitable results. We note,
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however, that these features are possible.

Non-delinquent control flow in the backward slice:

We explored including non-delinquent unbiased branches in the helper thread if they guard
other instructions that are added to the helper thread. These branches are essentially “affec-
tor” branches to a delinquent branch. Phelps does have a way of including affector branches
in the backward slice of the delinquent branch.

To implement this, the CDFSM matrix needs to allocate rows for all instructions in the
loop. Columns of the CDFSM matrix should be allocated for all branches in the loop. In the
process of growing the helper thread, Phelps needs to pause multiple times to add additional
branches as seeds to the helper thread: those that were not among the original seeds, are
unbiased and guard any instruction in the helper thread thus far. These branches are left
as control-flow in the helper thread if predictable with a bimodal predictor, or converted
to predicate producers otherwise. Either way, they must be predicate consumers. Including

these branches in the helper thread has the following effects:
e There is a significant increase in the implementation cost and complexity.

e Bigger helper threads are formed due to the additional seeds’ backward slices being

included.

e More instructions in the helper thread might have to be predicated as these affec-
tor branches could be brought in as predicate producers if they are unpredictable by

bimodal.

These factors do not justify the minimal improvement in performance it provides.

Alternate producers:

An instruction in the helper thread, that is control-independent of a prior branch, may de-

pend on different producers of its source register depending on the direction of the branch.
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These producers may be referred to as alternate producers. The presence of alternate pro-
ducers can be detected by recording the last producer PC alongside each source of each
instruction added to the helper thread. If during the helper thread construction, in a dif-
ferent iteration of the loop, a different PC is observed as the producer from the LPT, both
producers are deemed as alternate producers. Both alternate producers are added to the
helper thread and are converted to predicate consumers. Whenever predicated-false, these
instructions need to be converted to a move of the previous version of their logical destination

register.

Complex guarding scenarios:

We explored more complex guarding scenarios, such as those created by if statements with
OR expressions. Handling such scenarios requires multiple predicate source operands in the
helper thread instructions. Thus each entry in the issue queue would also need an additional
source operand to keep track of. The overall predicate evaluation for the predicate consumer
involves the ORing of the predicates evaluated from each of its predicate producers. The
scenario is detectable as multiple CD states in a row of the CDFSM matrix. This scenario
is however not frequently observed in graph-based workloads, so handling them does not

justify the added complexity.

5.2.10 Ineligibility of delinquent loops

A loop that was deemed delinquent during the delinquency analysis (first stage) of helper

thread construction could still be ineligible for three reasons:

e If the resultant helper thread contains more than 75% of the instructions in the original
loop, it is deemed ineligible. Such loops are not profitable for pre-execution by Phelps
as the helper thread is not much shorter than the main thread. The lack of reduction

in the loop size also ends up just as slow as the main thread. Pre-executing such loops
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with Phelps could even lead to performance degradation, as a significant fraction of

the resources are taken away from the main thread.

If the outermost loop is itself a short trip count loop, it is deemed ineligible for pre-
execution. Phelps incurs a high overhead for entering and exiting the loop due to the
pipeline squashes needed to reconfigure. Pre-executing such short loops using Phelps
could incur more penalties due to the frequent squashing of the pipeline. This is more
likely to outweigh any performance benefit gained from pre-executing its delinquent
branches. So such loops are candidates for ineligibility. Such loops can be detected
and made ineligible in the delinquency analysis phase as it requires just tracking how

frequently an outer loop is visited in an epoch.

In the case of outer thread - inner thread pairs, if there is a flow of values from the inner
helper thread to the outer helper thread, the loops are not pre-executable. Decoupling
such loops is incorrect as the outer thread cannot process another iteration until the
inner thread completes its visit. This scenario can be detected in the helper thread
construction phase when an instruction included in the outer helper thread references

a PC that is within the inner thread’s loop bounds.

5.2.11 Delinquent branches nested within a function call

A key challenge faced by Phelps is its inability to detect delinquent branches that are not

truly nested within a loop. This could happen in cases where the delinquent branch(es) are

present in a function that is iterated a lot. The inability stems from the fact that Phelps’

delinquent branch identification phase considers a branch to be nested within the loop only

if it lies within the bounds of the loop. This is however not true in the case of branches that

exist inside a non-inlined function. So, Phelps fails to include this delinquent branch as part

of the loop and only pre-executes other delinquent branches. This scenario was observed in

a couple of SimPoints of the mcf and leela benchmarks in the SPEC2017 benchmark suite.
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Chapter 6

Methodology and Results

6.1 Methodology

For our experiments, we use an in-house, RISC-V, execution-driven, cycle-level, execute-at-
execute simulator to model the superscalar core and the additional components required for
modeling Phelps. The superscalar core and memory hierarchy are shown in Table 6.1. Of note
is that state-of-the-art high-performance cores have scaled to large windows and superscalar
widths. For example, reverse engineering by AnandTech [Fru20] of Apple’s A14 chip inferred
an ROB size of around 630 instructions and an LQ size of 148 loads. Accordingly, the
superscalar core used in our experiments has a ROB size of 632 and an LQ size of 144 (to be
divisible by 8 for partitioning among the main thread and helper thread(s)). We perform our
experiments on the SPEC 2006 integer benchmark astar with reference input rivers (astar_-
rivers). We also test the effectiveness of Phelps on graph workloads by simulating benchmarks
from the GAP benchmark suite. For all the benchmarks from the GAP suite, we use the
roadNet-CA graph as the input dataset. We use the SimPoints methodology [SPHC02] to
obtain up to 5 representative regions of 100 million instructions for our simulations and
compute the weighted harmonic mean of IPCs over a benchmark’s SimPoints to obtain the

overall IPC of the benchmark.

68



Branch Runahead: As already mentioned in Chapter 3, we implemented the core-only
version of Branch Runahead [PP21]. As with Phelps’ MT+ITO configuration (Table 5.1), the
core’s frontend pipeline stages, PRF free list, and LQ are partitioned 50/50 with the main
thread executing in one partition and all chains executing in the other (the main thread has

the whole ROB and SQ to itself).

Table 6.1: Superscalar core and memory hierarchy configuration.

branch predictor

64KB TAGE-SC-L [Sez16]

pipeline depth

11 stages (fetch to retire)

fetch/retire width

8 instr./cycle

issue/execute width

8 instr./cycle

execution lanes

4 simple ALU, 2 load/store, 2 FP/complex ALU

ROB/PRF/IQ/LDQ/STQ 632/696,/128/144/144

L1I cache 32KB, 8-way

L1D cache 48KB, 12-way, 3 cycles (1 agen, 2 hit)
L1D prefetcher next-N-line (N=2)

L2 cache 1.25MB, 20-way, 15 cycles

L3 cache 3 MB, 16-way, 40 cycles

L2/L3 prefetcher VLDP (5.5 Kb) [SKB*15]

DRAM 100 cycles

branch checkpoints

64, 000 reclamation
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6.2 Results

6.2.1 Speedup

Figure 6.1 shows the speedups of perfect branch prediction (perfBP), Phelps, and Branch
Runahead with speculative triggering (BR). Phelps-12w and BR-12w, feature a 12-wide core,
in which the main thread gets the same frontend width and resources as the baseline (8-wide
frontend, ROB/PRF/LQ/SQ = 632/696/144/144) and the helper threads and BR chains
get the same frontend width and resources as they would in Phelps and BR respectively.

The IQ and 12 execution lanes are still flexibly shared, although there are 4 more lanes.

120%
£ 100% mperfBP W Phelps ™ Phelps-12w ®BR BR-12w
(]
ESO%
260%
o)
o 40%
S Lot tl ||
O 0% Ill_ -I lI II — I I | | . | | " -
N S Sl S Bt S U I
Rewe S5 = 4 % 2 8 £ 7§ 8 g 2 ® E
Q A = Q
-40% (&] © a c % x 8 g
Q E < = ©
% o < ] =
© 0] o x
GAP SPEC

Figure 6.1: Speedup of perfect branch prediction, Phelps, and Branch Runahead.

Phelps yields good speedups on be (68%), bfs (62%), and astar (15%). Astar’s speedup
considering all SimPoints is much less than that of the top-weighted SimPoint alone (48%),
for two reasons. First, the other SimPoints are not nearly as delinquent. Second, their delin-
quent loops are not sufficiently long-running per visit to amortize helper thread start/stop
overheads, hence they are ineligible.

For GAP benchmarks and astar, Phelps-12w shows significant speedups that exceed

speedups of Phelps. This is because the main thread in Phelps-12w is not hindered by sharing
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the pipeline width and resources with the helper thread. The additional pipeline width and
resources combined with good prediction accuracy and a prefetching effect enables Phelps-
12w to even exceed the performance of perfect branch prediction in the case of bc.

BR exhibits mostly slowdowns, except for astar. This is due to (1) the main thread
getting only half frontend width, LQ, and PRF for the full run, and (2) inaccurate speculative
triggering combined with not enough chain group level parallelism, yielding many untimely
predictions. BR-12w turns things around with mostly speedups due to not affecting the main
thread by taking away resources from it.

The SPEC benchmarks are sorted in Figure 6.1 from highest to lowest speedup with
perfBP. Phelps rarely or never activates helper threads in SPEC 2017. omnetpp through
zalancbmk (6 benchmarks) are not misprediction limited, in any case: perfBP yields only
1%-12% speedup. Although leela, mcf, deepsjeng, and xz present more opportunities, Phelps
is unable to pre-execute delinquent branches and loops in these benchmarks. To understand
why, we perform two experiments. In the first experiment, we categorize the mispredictions in
both GAP and SPEC benchmarks based on their sources. This helps us understand why that
branch instance was not pre-executed or pre-executed incorrectly. In the second experiment,

we try to understand the misprediction density of the benchmarks.

Categorizing the sources of the residual mispredictions

Broadly, all the branch mispredictions incurred can be categorized into mispredictions from
Phelps’s predictions (incorrect pre-execution) and TAGE-SC-L’s predictions. Note that a
branch is only predicted by TAGE-SC-L if there is no pre-execution taking place for that
static branch. This is because we opt to stall the main thread’s fetch stage when a pre-
execution outcome is not timely. Mispredictions arising due to the core’s default predictor
may further be classified based on the delinquency of the branch and the successful construc-
tion of a helper thread containing the branch. For this experiment, we use an FSM for each

static branch to track its most recent state of delinquency and helper thread construction.
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The states of the FSM are listed below:

e gathering delinquency: The branch is in this state as it was allocated a DBT entry in

this epoch so we do not have enough information regarding its delinquency yet.

e not delinquent: The branch is deemed not delinquent since it did not clear the delin-

quency threshold.

e del. but not in loop: The branch clears the delinquency threshold, however, it is not

deemed to be in a loop by Phelps’ delinquent loop analysis.

e del. but ht being const.: The branch clears the delinquency threshold, however, a helper

thread for its loop(s) is being constructed in this epoch.

e del. but ht not const.: The branch clears the delinquency threshold, however, its helper

thread is not being constructed in this epoch since a more delinquent loop was picked.

e del. but ot/ito not iterating enough: The branch cleared the delinquency threshold,

however its outermost loop was not iterating enough, thereby becoming ineligible.

e del. but ht too big: The branch cleared the delinquency threshold, however, its helper

thread was not much shorter than the loop.

e del. but it->ot comm.: The branch cleared the delinquency threshold, however, data
flows from its inner thread to the outer thread, thereby deeming ineligible for pre-

execution.

e pre-executed but misp.: The branch was pre-executed incorrectly by Phelps due to the

influence of alternate producers or missing stores.

At the end of each epoch, the states of every branch that holds a DBT entry are updated
to reflect the most recent state based on its delinquency (del. or not del.) and failure condition

(ht too big, it->ot comm., ot/ito not iterating enough). For the subsequent epochs, when a
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Figure 6.2: Characterizing mispredictions based on their sources

branch misprediction is observed in the main thread’s fetch unit, the branch’s DBT entry is
looked up and the counter corresponding to the state of the branch is incremented. Fig 6.2
provides the breakdown of the sources of the residual mispredictions (in MPKI) when using
Phelps. The stacked histograms correspond to the breakdown of mispredictions for the top-
weighted SimPoint for all the benchmarks.

In benchmarks bc, bfs, pr, cc, and astar, Phelps manages to eliminate most of the mis-
predictions via pre-execution. This is evident from the relatively larger “eliminated misp.”
block (white block) compared to the colored blocks. The remaining mispredictions are ob-
served to be either from the first stage of the helper thread construction pipeline where we
are gathering delinquency information about branches (blue) or from the second stage (light
blue) where we are constructing a helper thread for the delinquent branches.

The presence of a purple sliver in cc_sv indicates that there is more than one loop being
simultaneously detected as delinquent, however Phelps is only able to construct one helper

thread at a time and thus suffering mispredictions for longer time on the other loops. Re-
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gardless, Phelps is unable to eliminate mispredictions in this Simpoint because, the helper
threads being constructed for the delinquent loops end up too big (red) thereby deeming
themselves ineligible for pre-execution. Additionally, note that the size of the orange block
in all these benchmarks is pretty small indicating that there are only very few branches in
these benchmarks that are not clearing the delinquency threshold.

Looking at the SPEC2017 benchmarks, except mcf, all other benchmarks are simply not
as delinquent as the GAP benchmarks. While branches in mcf are delinquent, most of the
mispredictions are due to the branch deemed to not be within a loop (dark green). This
may happen when the loop contains a function call and the delinquent branch is within
the non-inlined function. In such a scenario, the delinquent branch’s PC is not within the
bounds of the loop and thus fails to be detected in a loop. In benchmarks leela, deepsjeng,
exchange?, and xalancbmk, the orange bar is quite significant, indicating that much of the
MPKI contribution is from branches that are not individually themselves delinquent. Even
the few branches that clear the delinquency threshold in leela, deepsjeng, and omnetpp end up
constructing a helper thread that is too big. Thus, Phelps is unable to pre-execute branches
in these benchmarks. Xz also shows a decent concentration of non-delinquent branches,
but the ones that clear the delinquency threshold are found to not iterate enough (light
green) which renders the helper thread not profitable for pre-execution. z264 manages to
successfully construct a useful helper thread, however the benchmark is not really branch
predictor limited. The relatively large “gathering delinquency” component in gcc is due to
repeated evictions of branches from the DBT due to the benchmark having a big instruction

footprint and a large number of static branches.

Understanding misprediction density of benchmarks in GAP and SPEC2017

For the second experiment mentioned above, we study the nature of mispredictions in the
SPEC2017 and GAP benchmark suites to understand if the overall MPKI of the SimPoint is

contributed to by a few highly delinquent branches or by many lesser delinquent branches.
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This helps us to identify benchmarks with high misprediction density, i.e. benchmarks in
which most of the MPKI is contributed by just a few highly delinquent branches. Such
a trend is indicative of the presence of long-running loops with a high concentration of
mispredictions, which are good candidates for achieving speedups with Phelps.

For this study, we simulate 100 million instructions of all SimPoints in each benchmark
suite using the baseline superscalar core. For each such run, we sort all the observed condi-
tional branches in the decreasing order of their contribution to the overall number of mis-
predictions. We then plot the cumulative MPKI (Y-axis) against the number of conditional
branches (involved in the accumulation) up to a maximum of 30 static branches (X-axis).
The resulting plot is a monotonically increasing curve that tends towards the overall MPKI
of the run.

Figure 6.3 depicts the cumulative MPKI curve for the GAP benchmarks bc, bfs, pr and
cc_sv. From the graphs, it can be seen that for be, bfs, and cc_sv the majority of the overall
MPKI is due to a very few number of delinquent branches. The graphs for these benchmarks
flatten out quickly indicating that there are not many more delinquent branches. In the case
of pr, it is just one delinquent branch that causes almost all the mispredictions. This can be
inferred from the flat-line graph that starts at a high value.

Figure 6.4 depicts the cumulative MPKI curve for the GAP benchmark cc, SPEC2006
benchmark astar_rivers, and SPEC2017 benchmarks mcf and leela. From the graphs, it can
be seen that for cc one of the SimPoints shows a very slowly increasing curve near 0. This
indicates that this SimPoint contains many conditional branches that are not very delinquent.
The other two SimPoints for the same benchmark show steep slopes followed by a flat line
indicating that the most mispredictions in these SimPoints are due to a very few number of
branches.

The astar benchmark from SPEC2006 shows that only one of its SimPoint (actually the
top-weighted SimPoint) has delinquent branches. In fact, there are 16 of them as we studied

earlier in Chapter 2. A few of the SimPoints from mcf show a few very bad branches and the
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Figure 6.3: Cumulative MPKI contribution (Y-axis) is plotted against the top 30 static
branches of each SimPoint sorted by their MPKI contribution (X-axis). Different curves are
used for different SimPoints, whose weights and overall MPKI are indicated in the legend.
Benchmarks covered: bc, bfs, cc_sv, and pr

curve starts to taper out. Phelps would be expected to do well in the GAP benchmarks and

astar and mcf, due to them having highly delinquent branches. Leela, on the other hand, has
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Figure 6.4: Cumulative MPKI contribution (Y-axis) is plotted against the top 30 static
branches of each SimPoint sorted by their MPKI contribution (X-axis). Different curves are
used for different SimPoints, whose weights and overall MPKI are indicated in the legend.
Benchmarks covered: cc, astar, mcf, and leela

a very slowly increasing curve and thus has a lot of branches contributing towards its overall
MPKI. However, most of these branches are not individually delinquent as they don’t clear

the required MPKI threshold of 0.5.
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Figure 6.5: Cumulative MPKI contribution (Y-axis) is plotted against the top 30 static
branches of each SimPoint sorted by their MPKI contribution (X-axis). Different curves are
used for different SimPoints, whose weights and overall MPKI are indicated in the legend.
Benchmarks covered: omnetpp, ©264, perlbench, and deepsjeng

Figure 6.5 depicts the cumulative MPKI curve for the SPEC2017 benchmarks omnetpp,

x264, perlbench and deepsjeng. All of these benchmarks show relatively lower overall MPKI
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Figure 6.6: Cumulative MPKI contribution (Y-axis) is plotted against the top 30 static
branches of each SimPoint sorted by their MPKI contribution (X-axis). Different curves are
used for different SimPoints, whose weights and overall MPKI are indicated in the legend.
Benchmarks covered: gce, exchange?, xalancbmk, and xz

than the benchmarks we have seen so far. Moreover, Only the top mispredicted branch in

some SimPoints of omnetpp, 26/, and deepsjeng barely manages to cross the threshold for
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delinquency. Perlbench has a very low MPKI and even its top mispredicted branch does not
clear the delinquency threshold. So Phelps would not be actively pre-executing any branches
in this benchmark. This trend is also observed in the gce, exchange2, and zalankbmk bench-
marks shown in Figure 6.6. Only zz benchmark from that figure seems to have delinquent
branches that clear Phelps’ delinquency threshold.

It can be inferred from the study that the GAP benchmarks are likely to have a pretty
high misprediction density due to most of their overall MPKI resulting from just a couple of
delinquent branches. Astar’s top-weighted simpoint, on the other hand, has a lot of contribu-
tors to its high misprediction count. However, all of these appear to be contained in a single
delinquent loop. From the SPEC2017 benchmark suite, only mcf and xz appear to have
pretty highly delinquent branches in some of their SimPoints. The other benchmarks have
relatively lesser overall MPKI and only one or two branches from some of their benchmarks
barely manage to clear the delinquency threshold.

In benchmarks with high misprediction density (most of the mispredictions contributed
to by just a few branches), the baseline superscalar core would be unable to form a useful
instruction window due to frequent mispredictions. Phelps is thus expected to be better
suited for pre-executing such benchmarks since the overhead of taking away resources from
the helper thread is reduced.

Phelps works well for long-running tight loops with high concentrations of mispredictions.
This doesn’t mean Phelps cannot support workloads with many different loops, rather, each

such loop should be long-running with high misprediction density.

6.2.2 Understanding the speedups attained by Phelps

The speedup attained by any branch pre-execution technique stems from two sources. Firstly,
the main thread benefits from streamlined execution due to highly accurate branch predic-
tions obtained through branch pre-execution. Secondly, there is also an important prefetching

side-effect due to pre-execution. This is because, the shorter helper thread runs ahead of the
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main thread and generates load requests to addresses that would be referenced by the main
thread in the near future. By being shorter, the helper thread could expose more memory
level parallelism than the main thread could do in isolation. In this subsection, we would like
to isolate both these sources to understand if the speedups shown in the previous subsection

are mostly due to the reduced mispredictions or due to the prefetching effect.
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Figure 6.7: Reduction in MPKI due to Phelps.
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To examine the first source, we look at the reduction in mispredictions when using Phelps.
Figure 6.7 shows the reduction of MPKI across the GAP benchmark suite and the astar
benchmark when using Phelps. It can be seen that Phelps achieves significant reductions in
MPKI (ranging between 71%-91%) on four of the six benchmarks shown. The next three
paragraphs explain why this is the case.

Figure 6.8 shows the number of unique loops that were successfully pre-executed in the
GAP and astar benchmarks. Figure 6.9 shows the number of epochs in which the helper
threads were active and pre-executing delinquent branches. Recall that each epoch in our
Phelps design is equal to 4 million instructions retired in the main thread. So a run of 100
million instructions has 25 epochs in total. However, since Phelps helper thread construction
takes 2 epochs, the maximum number of epochs in which Phelps can pre-execute is 23. This

is in fact the case for two bc SimPoints, one bfs SimPoint, and one astar SimPoint.
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Figure 6.8: Number of unique loops pre-executed by Phelps

From Figure 6.9, it can also be observed that there was no pre-execution ongoing in one
SimPoint of cc_sv and all but one SimPoint of astar. For cc_sv, this is due to the fact that
the helper thread construction failed in this SimPoint across all epochs due to ineligibility
criteria. For the astar SimPoints, loops were rendered ineligible due to the fact that the
outer loop had a short trip-count and thus pre-execution using Phelps is not profitable in
this case.

All other SimPoints show significant pre-execution activity in most of the epochs. This
flurry of pre-execution activity combined with a near-perfect pre-execution accuracy results
in the significant MPKI reduction seen in Figure 6.7.

To isolate the effect of branch prediction from the effect of prefetching, we perform an
experiment wherein we keep all aspects of Phelps unchanged except that we don’t push
prediction outcomes onto the prediction queues. In this mode, the helper threads are con-
structed, triggered, and executed as usual. However, the main thread now only uses the
predictions produced by the core’s default branch predictor. Doing so, simply converts the
helper thread into a highly accurate prefetching thread. The difference in performance of this

mode when compared against the performance of Phelps can be attributed to the benefit of
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Number of epochs helper threads were running in
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Figure 6.9: Number of epochs in which the helper threads were active

good prediction accuracy.

Figure 6.10 shows the speedup of phelps and phelps-only-prefetch over the baseline. Be
achieves a modest speedup of 23% when running Phelps as a prefetching thread. When
combined with the good prediction accuracy of Phelps, the speedup jumps to 68%. Bfs, on
the other hand, benefits more (37%) when using Phelps as a prefetch-only helper thread.
Nonetheless, the benefit from good prediction accuracy is still quite significant, as the
speedup of Phelps for this benchmark stands at 62%.

In all other benchmarks, using Phelps as a prefetch-only helper thread yields very low
speedups and also slowdowns in the case of astar and cc_sv. The loads performed by the
helper threads in these benchmarks are not really delinquent loads and yield very little
benefit. Moreover, the cost accrued by taking away half of the resources from the main
thread is high and this results in slowdowns over the baseline. So the speedups observed in

these benchmarks can be entirely attributed to lower branch MPKI.
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Figure 6.10: Speedup comparison between phelps and phelps-only-prefetch

Similar to other branch pre-execution techniques, Phelps achieves speedups at the cost
of partially redundant execution. The overhead, in terms of the number of helper thread
instructions retired, is shown in Figure 6.11. However, through precise helper thread con-
struction and by thresholding the sizes of the helper threads, Phelps incurs a mean overhead
of 34.7 million helper thread instructions for 100 million instructions retired in the main
thread. One must also acknowledge that the speedup stems from reducing branch mispredic-
tions, which in turn reduces the number of wrong-path instructions fetched and executed,

and then squashed, in the main thread.

6.2.3 Understanding the impact of including stores in the helper

thread

Figure 6.12 examines the importance of including stores in the helper thread. For this study,

we compare the performance of Phelps when stores are included and not included in the
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Figure 6.11: Retired helper thread instructions.

helper thread. From the figure it is quite evident that stores are critical for Phelps to achieve
its potential on bc and astar. Both these benchmarks feature stores that 1) influence the
outcome of delinquent branches in the loop; 2) are themselves control-dependent on delin-
quent branches. Including the store instruction within the helper thread and predicating it
helps Phelps achieve near perfect pre-execution accuracy on these benchmarks. Figure 6.13
shows the reduction in MPKI when the store is included or ignored in the helper thread. The
performance drop in Figure 6.12 can be correlated with the drop in pre-execution accuracy

when the store is not included in the helper thread.
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Figure 6.12: Speedup of Phelps with/without stores.
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Figure 6.13: MPKI reduction of Phelps with/without stores.

Bfs also has one such store, but the store-load distance in the inner-thread is long enough
in most cases that the main thread retires its corresponding store before the inner-thread
references the data. Figure 6.13 shows that not including the store in the helper thread does
degrade the pre-execution accuracy by a bit. Despite the drop in pre-execution accuracy,
benchmarks like bfs and cc see an increase in the performance. This is because, the lower
accuracy is outweighed by more timeliness owing to fewer helper thread instructions.

cc_sv sees an increase in the MPKI reduction when stores are not included in the helper
thread. This is because, not including the store in the helper thread made a loop eligible for
pre-execution by Phelps. When this loop tries to include the store and its backward slice into
the helper thread, it exceeds the helper thread size reduction threshold thereby deeming it

ineligible for pre-execution.

6.2.4 Understanding the impact of stalling the main thread when

pre-execution is late

In our Phelps design, we had opted to stall the main thread’s fetch unit when a delinquent
branch (that is being pre-executed by Phelps) is fetched and the prediction queue is empty.
To understand its benefit, we also perform an experiment where we let the main thread

consume the predictions produced by the core’s default predictor in instances where the
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pre-executed outcome is not yet available.
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Figure 6.14: Comparing speedups of main thread’s fetch policies when pre-execution is late.

Figure 6.14 shows the speedup of both the design policies normalized over the baseline’s
performance. It is evident that in all the benchmarks shown, using the default predictions
whenever Phelps is late leads to a slight dip in performance. Due to the highly delinquent
nature of the branches in these benchmarks, using default predictions when Phelps is late,
could result in branch mispredictions which ends up degrading performance. However, the
fact that the drop in performance is not huge is an indicator that pre-execution by Phelps is
very timely. When the predictions are timely, the reliance on the default branch predictor’s

predictions are minimized thereby leading to good prediction accuracy,
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6.2.5 Understanding the impact of partitioning resources among

the threads
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Figure 6.15: Impact of partitioning the resources among the main thread and the helper
threads.

A key cost incurred by Phelps is the partitioning of the core’s resources among the main
thread and the helper thread. To understand the impact of taking resources away from the
main thread, we compare the performance of baseline against a processor configuration that
is sized similar to the resources available to the main thread when in Phelps mode.

Figure 6.15 denotes the IPC of the partitioned configuration and the baseline configu-
ration for all GAP, SPEC2017 benchmarks, and astar. It can be observed that taking away
resources from the main thread could be quite significant. In the case of GAP benchmarks,
taking away half the resources from the main thread results in a significant performance

reduction in the range of 10%-13%. The effect on some of the SPEC2017 benchmarks is
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observed to be quite detrimental. exchange? and x264, for instance, incur a slowdown of
31% and 20%. This study explains the importance of having the misprediction threshold
for determining the delinquency of a branch. By having a lower threshold, Phelps might be
attempting to pre-execute branches that might not yield much benefit while simultaneously

suffering from the negative impact of taking away resources from the main thread.
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Figure 6.16: Sensitivity of Phelps to instruction window sizes.

We also perform a sensitivity study by sweeping the window sizes for the baseline and
Phelps. Figure 6.16 shows the speedup of different window size configurations denoted as
robX IsqY (where X and Y are ROB and LSQ sizes respectively). We observe that for GAP
benchmarks like bc and bfs, increasing the window size further shows significant speedups
over a similarly-sized baseline. This is because, the baseline’s main thread has the entire
resources to itself and increasing the window size beyond a certain saturating point would

provide no benefit. However, in Phelps, the helper threads which only get to use half the
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entire resources could have further room for improvement and use the additional window
size to extract more instruction-level-parallelism and memory-level-parallelism.

All other GAP benchmarks have reached the instruction window saturation point and
thus do not see any benefit from bigger windows. We also notice a slight dip in performance
for the astar benchmark beyond a point due to the increased number of load violations
in bigger instruction windows. The SPEC2017 benchmarks, as seen earlier, almost never
succeed in constructing a helper thread and thus they do not see any effect with increased

window sizes.

6.2.6 Sensitivity to input datasets

We tested out the sensitivity of Phelps to a different input dataset. We ran Phelps on the
roadNet-TX dataset from [LK14]. Figure 6.17 shows the speedup normalized over baseline
for Phelps on the roadNet-CA and roadNet-TX datasets.
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Figure 6.17: Performance of Phelps on different datasets

From the figure, it can be observed that Phelps shows similar trends of huge performance
gains in benchmarks like bc and bfs (62% and 73% respectively). Pr and cc_sv replicate

similar trend of a slight speedup just as in roadNet-CA. However, it is indeed true that
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Phelps could be sensitive to the choice of input datasets. This can also be seen in the fact
that the helper thread construction fails to construct a helper thread in the cc benchmark.

This is due to the helper thread not being much shorter than the originally delinquent loop.

6.2.7 Sensitivity to pipeline depth

We also experiment with the depth of the processor’s pipeline. Figure 6.18 shows the speedup
of Phelps over similarly deep baselines on all benchmarks for depths 11, 15, and 19.

As the pipeline depth increases, speedups increase for benchmarks bc, bfs, cc, and astar.
This is because, while both Phelps and the baseline have to endure the effects of a deeper
pipeline, the baseline is affected more due to frequent branch mispredictions. Phelps, on the
other hand, has streamlined execution: the helper thread is streamlined due to the absence
of control-flow instructions and the main thread is more streamlined due to having accurate
predictions. However, in benchmarks like pr and cc_sv, where Phelps barely manages to attain
a slight speedup with the 11-deep configurations, increasing the pipeline depth further causes
degradation in performance due to less timely predictions. The SPEC2017 benchmarks mcf
and x264, which are the only ones that end up constructing a successful helper thread, show

a minute increase in performance with deeper pipelines.
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Figure 6.18: Sensitivity of Phelps to processor pipeline depth.
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Chapter 7

Summary

Conventional history-based branch predictors are inadequate in accurately predicting the
direction of data-dependent conditional branches. Branch pre-execution is a well-explored
technique to handle delinquent branches. This is achieved by pre-executing the computation
leading up to the delinquent branch ahead of time using redundant helper thread(s). However,
prior works in branch pre-execution are ineffective in handling cases where a delinquent
branch is control-dependent on another delinquent branch and/or when the backward slice
of the targeted delinquent branch contains a store. This document presents my research that
specifically focuses on addressing the above issues by unconditionally pre-executing nested
delinquent branches and predicating the stores if they are guarded by delinquent branches.

My first contribution in this space is to deploy custom branch predictors in the Post-
Fabrication Microarchitecture paradigm [KSC*21]. T showcase my custom branch predictor
designs for the astar benchmark from SPEC 2006 and the bfs benchmark from the GAP
benchmark suite. Both custom predictors essentially pre-execute delinquent branches in the
region of interest, by mimicking the computation leading to these branches through a cus-
tomized datapath. All delinquent branches are unconditionally pre-executed, including the
control-dependent ones. Leveraging insights from the region of interest, the custom predictor

correctly filters out excess predictions of control-dependent branches and infers the effects
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of stores. At higher custom branch predictor bandwidth, the custom branch predictors are
capable of producing huge speedups of up to 150% and 175% for the astar and bfs use-cases,
respectively. The highly streamlined execution also results in a significant reduction in energy
consumption.

My second contribution is Predicated Helper Threads (Phelps). Phelps is a fully-automated
hardware-only branch pre-execution paradigm that focuses on pre-executing loops contain-
ing delinquent branches. Phelps dynamically detects delinquent branches and the loops that
contain them, and constructs a helper thread for each such loop. All delinquent branches
in the loop, including control-dependent ones, are unconditionally pre-executed. Per-branch
prediction queues are managed in lock-step based on loop iterations. This enables (1) the
helper thread to deposit outcomes of all delinquent branches for each loop iteration, and
(2) the main thread to use or not use outcomes of a control-dependent branch based on
the outcome of its guarding branch. Overall, this approach ensures that the pre-execution
of nested delinquent branches is both timely and accurate. A helper thread also retains
influential stores for dynamic disambiguation and store-load forwarding (without affecting
architectural state of the main thread), and any such store that is control-dependent on a
delinquent branch is predicated on that branch’s outcome. A novel control-dependency (CD)
analysis technique, based on simple hardware FSMs (that render reconvergent point detec-
tion unnecessary), is used to identify the branch that guards the store. Phelps also has the
ability to create dual decoupled helper threads for outer-inner loop pairs to increase memory
level parallelism. Phelps is observed to generate highly accurate and timely branch predic-
tions, resulting in a geometric mean speedup of 13.8% across GAP benchmarks and astar.

The speedup can be attributed to a mean 65% reduction in MPKI in these benchmarks.
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