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Abstract

Tiny devices have become ubiquitous in people’s daily lives.
Their applications dictate tight energy budgets, but also re-
quire reasonable performance to meet user expectations. To
this end, the hardware of tiny devices has been highly opti-
mized, making further optimizations difficult. In this work,
we identify a missed opportunity: the bitwidth selection of
program variables. Today’s compilers directly translate the
bitwidth specified in the source code to the binary. However,
we observe that most variables do not utilize the full bitwidth
specified in the source code for the majority of execution.
To leverage this opportunity, we propose BITSPEC: a system
that performs fine-grained speculation on the bitwidth of
program variables. BITSPEC is implemented as a compiler-
architecture co-design, where the compiler transparently
reduces the bitwidth of program variables to their expected
needs and the hardware monitors speculative variables, re-
porting misspeculation to the software, which re-executes at
the original bitwidth, ensuring correctness. BITSPEC reduces
energy consumption by 9.9% on average, up to 28.2%.

CCS Concepts: « Software and its engineering — Com-
pilers; « Computer systems organization — Architec-
tures; Embedded systems.
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1 Introduction

The fast approaching ubiquity of smart devices depends on
the evolution of low energy, general purpose CPUs capable
of delivering reasonable performance. Next-generation ap-
plications like wearable devices, brain activity trackers, and
insect-inspired microbots require ultra-low power proces-
sors to provide essential functionality while still maintaining
performance to ensure user satisfaction. While specializa-
tion in the form of a burgeoning list of fixed [9, 10, 13, 26]
and programmable [22, 32, 43] accelerators can provide un-
paralleled power-performance benefits for dedicated tasks,
most systems still rely on general purpose CPUs to perform
critical system tasks, such as data transfer between accel-
erators, file system management and communication with
larger networks. These core services are not provided by the
various accelerators, but are essential for their function. Pro-
viding performant, general-purpose compute capability with
tight energy constraints is becoming increasingly difficult
as Moore’s Law comes to an end.

At this point, most of the obvious inefficiencies at each
layer of the system stack have been thoroughly studied. The
best hope for unlocking additional energy savings lies in
mindful optimizations that span several layers of the system
stack. We identify one such opportunity for cross-cutting
optimization: the bitwidth of program variables.

The bitwidth of program variables has a cascading effect
on both the optimization space available to the compiler and
the efficient hardware utilization. In modern embedded pro-
gramming languages—such as C, C++ and Rust—the bitwidth
required for storing each program variable is specified by
the programmer. Compilers take this selection for granted
and, aside from a few trivial cases, propagate this bitwidth
decision during register allocation, where program variables
are mapped into registers capable of holding at least the
same number of bits. As a consequence of this, space in the
already-limited register file is reserved for bits that have
no impact on computation. If there are more variables than
available registers at a given program point, the compiler
must spill, allocating space on the stack and inserting load
and store instructions to access spilled variables. These in-
structions induce communication between the core and its
cache, increasing energy consumption from data movement
and stall cycles. Additionally, they increase the number of
dynamic instructions that must be executed and the number
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of static instructions that must be resident in the instruction
cache. With this rigid treatment of variable bitwidths, the
compiler introduces cascading performance penalties and
energy consumption throughout the system.

These performance penalties arise from code developed
for the worst-case, using the data type that accommodates
the highest possible value for any input. Even worse, pro-
grammers with limited time or ability to perform manual
code optimizations and tuning are conservative, often using
the highest possible bitwidth. This raises the questitsthe
full bitwidth speci ed for variables by programmers typically
needed®ur results suggest the answer is a resoundimy

This paper introduce8itSpec, a compiler-architecture
co-design that speculates on tlepectetitwidth of integer
variablesBitSpec unlocks the potential of the next genera-
tion of tiny devices bydecoupling the programmer-speci ed
bitwidth of variables from theactual bitwidth required dur-
ing executionWith the BitSpec compiler, no changes to the
source code are needed, makiBgSpec anautomatic, trans-
parent techniquerhe compiler speculates on the expected
bitwidth needs of each variable in the program, reducing the
bitwidth of variables accordingly. These reduced bitwidth
variables are speculatively placed into 8-bit slices of a word-
length register, e ciently storing them. Because the run-time
values of these variables may exceed the size of their slice,
our hardware monitors them and reports misspeculation.
Upon misspeculation, the running binary will re-execute the
a ected region at its original bitwidth, ensuring correctness.
This paper makes the following contributions:

Evaluates the gap between programmer-selected bitwidth

and required bitwidth.

Investigates speculative bitwidth selection techniques.

Introduces a novel compiler-architecture co-design to e -

ciently speculate on operations at reduced bitwidths and

proves that it maintains program correctness.

ImplementsBitSpec on two ARM processors, one conven-

tional and one with state-of-the-art architectural tech-

nigues for energy savings on tiny devices.

EvaluatesBitSpec's impact on energy consumption for

both processors using gate-level architecture simulation.

2 Bitwidth Selection

The programmer-selected bitwidth for variables has myriad
e ects on the performance and energy usage of a program.
Today, these variables are placed in the register le using
at leastthe programmer-speci ed bitwidth. This leads to
ine cient use of the register le, as the programmer-selected
bitwidth is commonly much greatéian bitwidth required
for computation. Figure 1b categorizes dynamic assignments
to integer variables in the LLVM IR by their programmer-
selected bitwidth, across benchmarks in thbenchsuite.
We seeb6 90%of dynamic assignments are made at 32-
and 64-bits. However, Figure 1a which categorizes by the
2

required bitwidthshows that 40 100%of instructions need
only 8-bits. This stark contrast illustrates the gap between
the programmer-selected bitwidth, and the actual bitwidth
required for the computation. To describe this gap, we pose
the bitwidth selection problem

2.1 The Bitwidth Selection Problem

Informally, the bitwidth selection problem minimizes the
number of extraneous bits used to store dynamically com-
puted values, while guaranteeing that the bitwidth is su -
cient to store the largest value seen at run-time. To do so, the
solution can perform bitwidth selection and other program
transformations, so long as correctnéss maintained.

De nition. Given a progranf, produce an input-output
equivalent progran?® containing integer variables with
bitwidth selections, :+ 7! N, wherelg is the sequence
of dynamically cginpgfed values stored B2 +:

minimize , P RequiredBits0°
E2+ 0215
subjectto , B maxRequiredBits0°
02HE
where RequiredBits0° Hg!0° , 1c

Figure 1a shows the aggregatef RequiredBits while Fig-
ure 1b shows the aggregate of in the original program.

2.2 Bitwidth Selection with Static Analysis

Multiple approaches to bitwidth selection using static analy-
sis exist B, 38 4(, the most prominent being demanded bits
analysis an implementation of which is available in LLVM.
Figure 1c evaluates LLVM's demanded bits analysis where
, P = DemandedBit$E. While the approach does im-
prove upon the programmer-selected bitwidth increasing
the mean usage of 8-bit assignments fr&8%to 41%it

fails to achieve the full potential, seen in Figure 1a. In some
cases, demanded bits analysis misséspportunitiessuch as
sha, where it simply outputs the original bitwidth selection,
missing the opportunity ford2%8-bit utilization.

2.3 Speculative Bitwidth Selection

With the static approach faltering in non-trivial cases, we
look down other avenues. Past work has explored specula-
tion at the coarse, basic-block granularit@4]. This solution

can be modeled in the bitwidth selection problem where

, B = maX pasicBlot:® , F° We evaluate this ap-
proach by coercing the bitwidth selection of variables to
the maximum bitwidth seen within its basic block, the re-
sults of which are shown in Figure 1d. We nd that, while

in some cases, such afringsearch anddijkstra , this
coarse-granularity achieves the same selection as the in-
struction granularity, it misses out on opportunities in many
domains. This is primarily seen in security applications and

1it is assumed that the original bitwidth selection ihis correct.
2All values obtained using théarge input provided with MiBench.



Figure 1. Percentage of dynamic LLVM IR integer instructions at each bitwidth, using di erent bitwidth selection techniques. No existing
approach B-d) is capable of reducing bitwidth utilization to the bitwidth actually required feachinstruction (@).

Figure 2. By operating on reduced bitwidth valueBjtSpec better
utilizes the register le, reducing stack usage.

all variants ofsusan where 8-bit utilization is signi cantly
lower. This is especially prevalent gusan-corners , whose
8-bit utilization reduces from 70% to 5%. This results from
few high-bitwidthvariables coercing &rge number of low-
bitwidth variables to theimworst-case bitwidth

2.4 Our Approach

Seeing the limitations of prior work, we proposRitSpec:

an approach to the bitwidth selection problem via pro le-
guided, speculative bitwidth selection, per-instruction spec-
ulation, and a compiler-architecture co-design to e ciently
handle misspeculation. At the core of this approach is the
ability to speculatively reduced the bitwidth dhdividual
variablesfor storageand computation. Doing so drastically
reduces variable spillage, reversing the current that caused
the cascade of issues described in Y1. In the remainder of this
section, we illustrate hovBitSpec remedies the ailments of
poor bitwidth selection and unlocks new energy savings.

2.5 How Does Bitwidth Selection Impact E ciency?

As stated in Y1, the bitwidth of program variables has a
cascading e ect on botle cient hardware utilizationand
the optimization space available to compilénsthis section
we will provide more detailed examples where solving the
bitwidth selection problem improves program e ciency.

Be er use of the register le. Reducing the bitwidth of
program variables reduces cache accesses by tting more,
lower bitwidth, variables into the same register le. Consider
the example in Figure 2, where the architecture has two 32-

Figure 3. Loop unrolling reduces the number of IR instructions
executed, but increases assembly instructions.

other variable is spilled onto the stack. These spills generate
additional load and store instructions to access the variables,
increasing cache accesses and requiring more instructions
be resident in the instruction cache. When the bitwidth of
variables is reduced to 8 bits, a new opportunity arises: the
compiler can map multiple values into each of these conven-
tional registers. If we are able to reduce variables to 8 bits, we
can pack up to four times as many variables into a conven-
tional 32-bit register. This signi cantly reduces the number
of spilled variables, removing costly memory instructions.

Enable conventional compiler optimizations. Compil-
ers rely upon transformations such as loop unrolling and
function inlining to unlock additional opportunities for opti-
mization. We refer to these transformations ezpandersas
they expand the size of the program by instantiating dynamic
code paths as static control ow. Figure 3 shows an example
of the bene ts unlocked by loop unrolling, monotonically
reducing the number of dynamic IR instructions executed as
loops are unrolled more. However, compilers do not typically
unroll loops more than a few times as performance of the
assembly quickly degrades. This can be seen in Figure 3, as
an unrolling factor of 4 or greater results in an increase in
executed assembly instructions. One major cause of this is in-
creased register pressuréd], which has no modern solution
aside from increased register le sizBitSpec ameliorates
this increased register pressure by packing more variables
into the register le, allowing it to reap the bene ts.

3 BitSpec : Speculative Bitwidth Selection

bit registers that can only be accessed at 32-bits, as is the caseTo perform ne-grain, speculative bitwidth selection, we

for ARM-based architectures. In this case only two variables propose a combination of pro le-guided bitwidth selection
can be mapped to registers at any given time while every with compiler-architecture co-designed speculation Figure 4.
3



Figure 4. The BitSpec compilation pipeline, specialized compo-
nents are annotated with their section number.

Before going into detail, we will walk through an example
of compiling and running the following program:

1 uint32_t x
2 do { x +=
3 return ;

= O;
1; } while (x <= 255);

BitSpec uses the o -the-shelitlang front-end to compile
C/C++ programs to LLVM's intermediate representation (IR).

1 ENTRY:br BODY

2 BODY:

3 %x0 =phi [0, %ENTRY], [%Xx1, %BODY]
4 %x1 =add %x0, 1

5 %check =cmp ule %x1, 255

6 br %check, %BODY | Y%EXIT

7 EXIT: ret

The pro ler (Y3.2.2) runs the program on representative
inputs to generate statistics about the bitwidth needs of each
variable. For example, the average number of bits needed to
store the result ok0 andx1 is 8 bits. These statistics are used
to produce a speculative bitwidth selection, in this example
we will use the average number of bits.

The squeezer (Y3.2.3) transforms variables to utilize their
speculative bitwidth selection, and injects software-based
speculation handling. Speculation handling is supported by
our IR extensions (Y3.1), which allow us to specify the basic
block to jump into upon misspeculation (line 2).

1 ENTRY:br BODY

2 BODY:handler = HANDLER

3 %x0 =phi [0, %ENTRY], [%Xx1, %BODY]
4 %x1 =add %x0, 1 !speculative

5 %check =cmp ule %x1, 255

6 br %check, %BODY | %EXIT

7 EXIT: ret

8 HANDLER:

9 %x2 =zext %x0to

10 br BODY2

11 BODY2:

12 %x3 =phi [%x2, %HANDLER], [%Xx4, %BODY2]
13 %x4 =add %x3, 1

14 %check2 =cmp ule %x4, 255

15 br %check2, %BODY?2| Y%EXIT2
16 EXIT2: ret

Finally, the back-end (Y3.3) lowers the IR to a binary, using

X0 x1 X2 X3 x4

0 1

1 2
255

misspec!

254
255

255 255

BODY2 255

EXIT2

When is BitSpec applicable? Broadly,BitSpecbene-
ts programs where programmers cannot safely reduce the
bitwidth of variables due to outliers or uncertainty in the
range of input values. An example of this ésringsearch ,
whose hot code is shown in Listing 1. In this code, the ma-
jority of operations are on values of typgze t (64 bits on
our target architecture), re ecting Figure 1b. However, in
the provided input, the maximum length gfat andstr are
12 and 56, respectively, which can be stored in 8 bits. By
speculating on the bitwidth of these variables, the function
can be transformed to speculatively operate on entirely 8-
bit integers. There is a similar pattern i@RC32vhere the
length of each line in the provided input le varies frorfi to
2729 with an average ol438. In this case, the majority of
execution can occur at 8-bits, with speculation handling the
outliers where;4=6C j 255

255 | 256

time
A CINININININININININININININ N IN N )

Listing 1. Hot code fromstringsearch .

char *strsearch( char *pat, char *str) {
size_t patlen = strlen(pat); // 0 < patlen <= 12
size_t strlen = strlen(str); // 0 < strlen <= 56
size_t pos patlen - 1; /I 12 <= pos <= 56
while (pos < patlen) {
while (pos < strlen && table[str[pos]] > 0)
pos += table[str[pos]];

N U

1
2
3
4
5
6
7
8

When is BitSpec limited? Some code patterns are not
amenable to theBitSpec execution model due to design
decisions. Small, recursive functions exacerbate the cost of
misspeculation where, in the worst case, the function body
will be executed twice per invocation. At the other extreme,
large functions lead to missed opportunities because, follow-
ing a single misspeculation, the remainder of the function is
executed at its original bitwidth.

3.1 Representing Speculation in the Compiler

The BitSpec compiler speculatively lowers the bitwidth of
variables. As a consequence, the compiler needs to di er-
entiate between variables whose bitwidths are speculative
and those that are not. Today, compiler intermediate repre-
sentations provide no support for representing this type of
speculation. To this end, we introduepeculative regiona
minor addition to the compiler's intermediate representa-
tion. While it can be generalized, we will describe it in the

our ISA extensions (Y3.4) and generates code necessary fotontext of LLVM's middle-end IR1[g and back-end Machine

the " architecture (Y3.5) to detect misspeculation and redirect
execution to the handler. When our example program is run,
we get the following execution state at the end of each dy-
namically executed basic block (empty cells are unde ned):
4

IR (MIR) LY. We refer to our extended forms as Speculative
IR (SIR) and Speculative Machine IR (SMIR)

SPronouncedseerand smeay respectively.



3.1.1 Speculative Regions.A speculative region(( ) is

a single entry, single exit3q sequence of basic blocks ().
Entry : (" ! gives the rst basic block in the sequence.
The shaded box containing.nonphis at the bottom of Fig-

in dynamic instructions executed on the baseline architec-
ture. The search space of the auto tunerusirolling factor
max function sizeandmax loop sizeThe unrolling factor
dictates the max number of times any loop in the target pro-

ure 6 is an example of a speculative region. Each speculative gram will be unrolled. The max function size and max loop

region has a singldandler i.e., a basic block that will be
invoked i an instruction in the speculative region misspec-
ulates, which can be queriet¢tandler: (* ! . A basic

block can only be the handler for a single speculative region.

A handler cannot be contained within a speculative region.

Finally, handlers cannot be the target of any branches, as 3.2.2 Bitwidth Pro ler.

they can only be entered upon misspeculation.

Conceptually, speculative regions can be thought of as the maximum { -

try blocks in exception handling (EH). However, in practice,

size dictate the max number of static instructions allowed in
any function or loop when unrolling and inlining. We per-
form this tuning o ine a total of 10 days for our evaluation
(Y4) with a single output con guration for all benchmarks.

The pro ler begins by gathering
bitwidth utilization statistics. For each variable, we record
), minimum (' # ) and average{ )
bitwidth required during execution. The average bitwidth

exceptions can only be thrown between functions, which is requirement of a SIR vari%)le is computed as follows:

too coarse grained for our use case. One could implement

speculative regions using existing EH support in LLVM, by
outlining them into their own function. However, this intro-

duces extra code that, in our prototype, we could not safely selectiony : + !

remove without inducing a large overhead.

3.1.2 Speculative IR (SIR)extends LLVM IR by introduc-

ing speculative regions and modifying how predecessors
of basic blocks are computed. SIR solely extends LLVM IR,

so any valid LLVM IR program is a valid SIR program. To
allow for usage of previously-de ned variables in handlers
and prohibit usage of possibly misspeculated variables their
predecessors are computed as follows:
PredsHandler'SR° = Preds-Entry1SR®° (1)
Figure 6 demonstratebandler.B hasB.phis as a predecessor
without being the target of a branch from it. This predecessor
relation will be used to prove that all values from the current
speculative region will be dead upon entering the handler.

3.1.3 Speculative Machine IR (SMIR) extends SIR:

1. SMIR contains both virtual and physical registers.
2. SMIR contains machine-speci ¢ operations.

Since physical registers in SMIR are not SSA, they need to
be properly managed by the register allocator in case of
misspeculation. To accomplish this, the predecessors of a

misspeculation handler in SMIR argscomputed as:

PredsHandler'SRe° = MBB
MBRB2SR

)

3.2 Speculatively Reducing the Bitwidth of Variables
The BitSpec compiler's middle-end operates on SIR and
consists of theexpanderbitwidth pro ler andsqueezer

3.2.1 Expander. Per Y2.5, expanding the code unlocks
compiler optimizations. To exploit this, we introduce thex-

pandera middle-end compiler pass that aggressively applies

function inlining and loop unrolling using NOELLE [30].

To explore the limit of expansion the baseline architec-
ture is capable of handling, we tune the expander with an
auto tuner [2] to achieve the best performance reduction

5

) to produce the bitwidth selection

AVGIP = i RequiredBits0°
Jr8] 0216

With these statistics, the pro ler producetarget bitwidth
N. In this paper we explorg ="-
) =+ ,and) =" # as heuristics. By varying the heuris-
tic, we tuneaggressiveness heuristic is more aggressive if
it produces lower bitwidth selections. Figure 5 shows the
aggregate bitwidth selections of our heuristics.

However,) cannot be directly used as bitwidth selections
for the program. There are a few reasons for this. First, simi-
larly to LLVM IR, SIR requires that all operands of an instruc-
tion have the same bitwidth. Second, not all instructions can
be directly mapped to speculative operations in the ISA, the
existence of an operation can be queried wBpeculative.
Third, not all instructions are idempotent: they cannot be
executed any number of times without side e ects. Idem-
potency of an instruction can be queried witlllempotent?,
discussed in Y3.2.3. Finally, we must be able to extend the
result to its original bitwidth,$ : + ! N, and obtain the
same value that the original program would have computed.
To accommodate these caveats, we will apply constraints to
+ 1 N

We apply these constraints with thBqueezabl@relation,
whereDef maps variables to their de ning instruction.

SqueezabE=>? """ () Speculative>?
~ ldempotent:Def1E° (3)

N extendEto $ ' Orig!P
We then compute the bitwidth selection,

max ) 1P max ) Squeezable®

1P = D20perands®

3¢ 1 otherwise

where8= DeflP

3.2.3 SqueezerWith the pro ler's bitwidth selection ,

in hand, the compiler then invokes the squeezer, which spec-
ulatively reassigns the bitwidth of variables and injects the
appropriate misspeculation handling. The squeezer creates



Figure 5. Percent of dynamic integer instructions the pro ler classi es as 8, 16 or 32 bits when" -« + «" # , respectively.

@ CFG Preparation. To prepare the program, we trans-
form the CFG [1] of each function.
First, basic blocks are split such th&, 2 Function

if;2 j;isaloadgj jfB2 jBisastoregj=0 4
_jfB2 jBisastoreyj jf;2 |];isaloadyj=0 4)
jf82  j8isvolatilee8sacalgj=j j=1 5)

_jf82  j8isvolatiles8isa callgj= 0
if?22 j?isaqgj=j ]
_if=2  ja=isaqogi=] | ©
To safely re-execute basic blocks upon misspeculation, we
must guarantee that speculation only occursigdempotent
basic blocks. We do this as prescribed by prior wofld]]
splitting basic blocks such that no write-after-read (WAR)
dependencies exist within a basic block with equation (4). Be-
yond WAR dependencies, a basic block is non-idempotent i
it contains a non-idempotent instruction, e.g. I/O operations,
which are represented in SIR as either volatile instructions or
calls. Equation (5) guarantees that basic blocks contain either
idempotent or non-idempotent instructions. Therefore, we
can query whether or not a basic block is idempotent:
Idempotent?r © () 8 82 < :18isvolatile 8isa calP
Equation (6) ensures that basic blocks contain eithear
non-q instructions, but not both. This guarantees that o
instructions are involved in misspeculation handling except
for those injected by@, simplifying the transformation.
Finally, we transform the CFG to contain two disjoint
sub-graphs:  saggcontaining all variables at their origi-
nal bitwidth, and B?242 containing variables assigned to
their speculative bitwidth. First, we clone all basic blocks
in the CFG, creating the set of originals >ag@nd the set

Figure 6. The squeezer takes a function (top) and appl@ @. of clones  gos2 Spec: >A86 /! B242Maps each
Note that after@ B.phis is the sole predecessor bandler.B, original basic block, instruction and variable to its clone. The
from the extended de nition of predecessors in SIR(Y3.1.2). inverse,Orig : B2427! >AgdS also created. We then

replace the uses of all variables and basic blocks in g742
with their clone usingSpec This guarantees that no variable
de nedin Bo42is usedin  saggand vice versa, with
no control path existing between them.

@ Speculatively reduce the bitwidth of variables. The

a function where, once misspeculation occurs, live variables

are extended to their original bitwidth and the basic block

where misspeculation occurred is re-executed at its original

bitwidth. Following this, execution resumes at the original

bitwidth speci ed by the developer until the end of the func- . i

tion. A visualization of each pass taken by the squeezer can squeezer then uses the bitwidth selections, , produced
by the pro ler to transform B»42 For each variabl& we

be seen in Figure 6. The squeezer operates in three passes: . . o .
@ Prepares the control- ow graph (CFG) speculatively cast the operands of its de ning instruction to
- . 1 ; AN, 11g S i ;
@ Speculatively reduces the bitwidth of variables, inserting B, prpduplng> - e Then,; new ‘E',,e nitionEis
speculative regions as needed, created with bitwidth, B2, taking>?;* """+ >2?as operands.

@ Inserts handlers for each speculative region All uses ofE are replaced witrE>. If one does not already



exist, a speculative regiofi is created for the basic block
containingE°and the basic block is inserted in(6 . After
applying these steps to all speculative instructions, the orig-
inal instructions and extraneous speculative truncates are
removed via a simple dead code elimination.

©® Misspeculation Handling is then inserted. First, a
new basic block (-3.4a is inserted for each speculative
region created by and registered as its handler. The ter-

minator of  g=3.44 iS set to an unconditional branch to
sage= Orig!  g242, guaranteeing:
8B2 Sucé  =3.4p° B2 >A86 (7)

Let+.agde the set of variables live at the beginning of age
For each variable ir>aggCreate an extension of its specula-
tive clone to its original bitwidth in ~ o=3.44, Storing a map-
ping from the extension to the clone ikxtended: + 7! +.
Then, ag instruction is created in  >aggsuch that:

8E.ase2 t>ast Bo= e)((tend Eto $ 1.

Ecc

0=3;4A
=q
% Eass  2A43 (8)
whereE= SpeéE st
andPredt -ag8=f 2as0

All uses ofEpgglominated by  >agare replaced withg, .
Additionally, create a basic block ».>=4t0 hold clones of
all variables de ned within the speculative region. The termi-
nator of 5.--4is settothatof p»40and the terminator of

B»42iS set to an unconditional branch to ,..-4 For each
variableE2  poaslive at the end of pgoag Createb.»—4 a
g instruction in  ».>=4that takesEas its value for the edge
from  go42 Replace all uses &outside  gogowith B->-4
This guarantees that all variables de ned in g,42are only

used within  g»420r on the exiting branch edge to ;.>-4
8D 2 UsesP+D2 B?42_ D2 Sucé pgosfe 9
whereSucé g2sf=f 2.5-4 ©

We will now prove that the above transformations pre-
serve program correctness. Informally, we will demonstrate
that, by construction, no variable de ned within a specula-
tive region can be used by its handler nor ase

Theorem 3.1. Any variable de ned within a speculative re-
gion is dead at the beginning of its handler.

Proof.Given a variabldg,42within basic block  go42within
speculative regiorf’ whereHandler*(' °=  g-3.4a and
Suce is the transitive closure oSucc By equation (7):

B2428 >agt SB2 Sucé  -=3,44° | B8 SASS
=) Bra28Suce!  =3:4a°
By equation (9):
0=3:4A < B?242  0=3;4A 8 SUCE B24?

58 D2 Usesk,45D8
=) UsesEz42\

0=3;4A
0=3;4A = ;

By the de nition of liveness:
LIVER>=Y& fEjD2 UsesEP* D2 =g
1]

[ LIVE,»B/n fEj DeflP 2 =g
B2Sucé=°
9§ E2LIVE,NY E8 Suce1=°" UsesPP\ ==
9) B2428 LIVER»  0=3;4a%
For a variableEto be dead at the beginning of :
E8 LIVE,» Y
Therefore Fz-45is dead at the beginning of o=3.44.

We next prove that the state of variables at the end of
re-execution matches that of the original execution. This is
done by showing that alf instructions inserted in@ will
take on an equivalent value for all incoming edges.

Theorem 3.2. The state of variables after executingdkef
a basic block in  >agds equivalent for all predecessors.

Proof.Given speculative regiofi with basic block g242
where Handlert(' © = 0=3:4a and SUCEé  (=3.4a° =
f -asg By equations (3), (6) and (8) and theorem 3.1:

8EBGc2  0=3:4a° BGc %ASB
8E, 2 Phist  spgl B = Bec  o0=34a
Eass  2a43
whereE= Extended kg8 = SpeéE.asd
andPredt  ag8=f o0=34a" ~a4d
98 K 2Phist sagd B! 0-34a° B oasd

For the variable state of a basic block followiagexecution
to be equivalent along all predecessors:
8F 2 Phist % Bt > " Rl =°
wherePreds °=f """ _g
Therefore, the variable state of -agdollowing g execution
is equivalent for all incoming control edges.

3.2.4 Optimizing with Speculation. With explicit spec-
ulation in SIR, we can enable new optimizations. To explore
this, we use speculatioaliminate compare instructians

Given a compare instruction, that takes a speculative vari-
ableEand a constant intege? as operands, i2 cannot be
stored in, !B, i.e.2 2 '® the compare can be op-
timized to rely on the result of speculation o If Edoes
not misspeculate, theEY 2: 'F, and the compare can be
replaced by a constaritue or false based on the operator.
Because the compare now relies on this speculation regllt,
cannot be removed from the function.

3.3 Back-end

The back-end of theBitSpec compiler is responsible for
generating an assembly program from a SIR program. Regis-
ter allocation accounts for the possibility of misspeculation
within speculative regions. To leverage the capabilities of a
compiler-architecture co-design, the back-end also optimizes
code layout to reduce misspeculation overhead.



Figure 7. SMIR exposes possible control ows caused by misspecu-
lation to the register allocator.

3.3.1 Lowering SIR to SMIR is similar to LLVM's IR to
MIR lowering, but is extended to propagate speculative re-
gions and perform some normalization. Each SIR basic block
(BB maps to many SMIR machine basic blockd8B. Each
MBBmaps to oneBB queried withBasicBlot : " !
Speculative regions are propagated such that:

MBB2 SR () BasicBlof*MBP 2 SR
Each speculative region is then normalized by splitting its
MBBs such that each contains only a single instruction.

3.3.2 Instruction Selection ensures that speculative in-
structions will be properly monitored by the hardware by
mapping them to speculative operations. For each variable
Ede ned in a speculative region, where P Y $ 1P, we
map its de nition to its speculative operator which must
exist due to theSqueezablerelation.

3.3.3 Register Allocation maps all virtual registers to

physical registers or slices of physical registers. We use ex-

isting LLVM infrastructure by exposing all slices to LLVM as

Instruction Pseudocode Misspec?
Addition 3= =,' < or8<< 4 Over ow
Subtraction 3= = 1 < oor8<< 4 Under ow
Logic 3= =opl < or8<< 4 Never

Comparison cond( = op ( < or8<< 4°) Never
Spec.Load| 3 :="4< 33 -, 1 o or8<< 8¥| BW(load)>8
Load 3 ="4< g¥ = 1 o 0r8<< Y4 Never
Store "4< g¥ = 1 < Or8<< V= 3 Never

Extension ' 3 1= Sign/ZeroExtend -° Never
Spec. Trunc. 3 = Truncate' -° BW( =)>8

8<< 4+8is a 4/8-bit immediate '« gis a 32/8-bit register (slice)
"4< - is a=-bit memory access
Table 1. We implement instructions as detailed in the pseudocode,
which misspeculate under thelisspec?condition.

3.4 ISA Support

We extend the ARMv7 ISA to provide speculative, 8-bit vari-
ants of existing operations, a summary of which is shown in
Table 1. To accommodate our new instructions, we remap
ALU operations with a rotated second operand and copro-
cessor load/stores, e ectively removing those instructions.
To support pre-compiled code, we add the ability to en-
able/disable our instruction remapping. When disabled, the
processor runs irtlassic modereserving all ARMv7 instruc-
tions. Before calling a pre-compiled function, the compiler
injects a special assembly instruction which switches to clas-
sic mode. Upon returning from the function, the compiler

subregisters of each 32-bit register. The predecessor relation injects an assembly instruction to switch ®itSpec mode.

of SMIR ensures that this mapping is correct in the case of
misspeculation. Figure 7 shows this, as each MBB within
an SR contains only one instruction, exposing any potential
control ow caused by misspeculation to the register allo-
cator. Finally, we apply a constraint to spilling: each spill
instruction within an SR must be placed at the top of its MBB.
Without this constraint, misspeculation could result in spills
not executing before jumping to the handler.

3.3.4 Code Layout for E cient Speculation. Next the
CFG is linearized to a sequence of instructions. A naive lin-
earization incurs heavy performance penalties so we op-
timize code layout leveraging our compiler-architecture
co-design to achieve e cient misspeculation handling with
minimal overhead for speculative code. In this design, the
hardware increments the program counter (PC) by a con-
stant when it detects misspeculation. The compiler selects
a value for and creates a code layout guaranteeing that
PC, will cause execution to enter the current speculative
region's handler, maintaining the SMIR semantics.

To achieve this, the compiler generatekeleton blocks
For eacH' 2 (" , theskeleton generatoreates a single
machine basic block .4, containing an unconditional
branch toHandler'(* °. A constraint is added to CFG lin-
earization, such that, =" . We layout all

B242 WhereBasicBlof 1" B243 contigu-

B:4;, — 5
B242 2
ously and set to the size of that contiguous region.

3.5 Microarchitecture

We modify the™ architecture to enable register slice access,
reduced bitwidth ALU operations, and misspeculation detec-
tion. Register slices are supported with modi cations to the
register le. Inthe baseline ARM system only 32-bit access to
general-purpose registers (GPRs) is allowed. We add support
for accessing 8-bit slices of any GPR. This is done by adding
byte-level read/write enable signals and modifying forward-
ing logic to detect dependencies between register slices. Our
chosen platform a low-power, in-order embedded CPU
has no register renaming, making this modi cation simple.
The ALU is segmented into 8-bit slices and operands are
routed to their corresponding ALU slice. ALU logic is ex-
tended to detect misspeculation using carry/over ow signals
at slice boundaries. In the case of misspeculation, the result
is not written to the register le and the PC is incremented
by a 32-bit special register, which holds(Y3.3.4).

4 Evaluation

We implemented theBitSpec compiler in the production-
quality LLVM compiler R7. We utilize a gate-level imple-
mentation of our processor to provide accurate energy re-
sults. We evaluate on workloads from the MiBenct suite.



Our evaluation answers the following research questions:

RQO DoesBitSpecreduce energy consumption?

RQ1 DoesBitSpecimprove register allocation?

RQ2 Is speculation necessary?

RQ3 What is the impact ofBitSpec-speci ¢ optimizations?

RQ4 DoesBitSpec enable more aggressive, conventional
compiler optimizations?

RQ5 What is the impact of aggressive bitwidth selections?

RQ6 Is BitSpecresilient to alternate inputs?

RQ7 DoesBitSpec eliminate the need for programmer-
selected bitwidth entirely?

RQ8 DoesBitSpec compose with state-of-the-art architec-
ture research for energy savings on tiny devices?

RQ9 How doesBitSpec compare to reduced-bitwidth ISAs
in production?

4.1 Experimental Setting

We implement our compiler on LLVM 10.0.0 with NOELLE
abstractions B( by adding middle-end passes, extending
the ARM back-end, with no changes to the front-end. We
implement the expander using o -the-shelf tools from the
NOELLE compiler infrastructure. Speculative regions and

Figure 8. BitSpec reducesnergy consumpticandenergy per in-
struction (EP])with varying impact ondynamic instructions

RQO: Reducing Energy Consumption

We use our gate-level power model and architecture simula-
tor to obtain energy results for each benchmark, shown in
Figure 8 BitSpec reduces energy consumption 18/9%on
average, with a maximum reduction @82%on rijndael

To understand the source of energy savings, we measured
the number of dynamic instructions for each benchmark (Fig-
ure 8) and compute the energy per instruction (EPI) from it

their handlers (Y3.1.1) are implemented as metadata in LLVM (Figure 8). Dynamic instruction reduction illuminates when

IR and MIR programs. OuBitSpec compiler does not sup-
port separate compilation, but it does support precompiled

libraries as described in Y3.4. We use gllvm to obtain a sin-

gle bitcode le for the program, not including precompiled
libraries, and use this as the input program for our compiler.
We model a 32-bit 6-stage, single-issue, in-order ARMv7
pipeline with 8KiB 4-way instruction and data caches, backed
by a 256KiB L2 cache. We implement this pipeline in RTL Ver-
ilog and synthesize it to a 45nm gate-level implementation
operating at 1.2V using the Synopsys Design Compiler. This
processor has been utilized in prior works to demonstrate en-
ergy reduction techniques in tiny deviced §, 16 24, which
we build upon. We implement two variants of this processor.
Baseline: the processor as describegitSpec. the proces-
sor with the BitSpec ISA and™ architecture extensions. We
present metrics relative tBaseline, unless stated otherwise.
We develop a sample-based simulation ow4] coupling
our gate-levelimplementation to accurately track the power
consumption and circuit-level timing with fast functional
simulation via Gem5T]. We simulate the memory hierarchy
with a custom cache model integrated with DRAMSi2]
to build a detailed, complete system performance model. We
use SimPoints [33] with a 1M instruction interval size.
We evaluate on a subset of the MiBench sui&][ ex-
cluding benchmarks that we could not compile to a whole-
program representation with LLVM. The MiBench suite

eliminating instructions from the program drives our energy
savings BitSpec has varying impact on dynamic instruc-
tions in our benchmarks. We also look at EPI to investigate
e ciency, where a lower EPI without increasing dynamic
instructions implies that we are executing more e cient
instructions.BitSpec reduces the EPI across all benchmarks,
exceptgsort , showing that we are also producing executa-
bles that more e ciently use the available hardware.

To provide a more granular view, we utilize activity coun-
ters from the architecture simulator to breakdown the energy
consumed by each component. Figure 9 shows the results
for the ALU, register le, data cache (D$), and instruction
cache (I$). Energy consumed by the rest of the processor is
reported apipeline primarily caused by stall cycles.

Investigating these results, we see a correlation between
dynamic instruction reduction and I$ energy reduction, es-
pecially for CRC3andrijndael , as having to fetch fewer
instructions from the cache will directly reduce the amount
of energy used to access the cache. We will contextualize fur-
ther investigation into the factors behind the energy savings
of BitSpecin terms of the aforementioned metrics.

RQ1: Improving Register Allocation

Following up on our discussion in Y1 and Y2.5, we investigate
the impact of BitSpec on spill instructions. Figure 10 shows

showcases fundamental tasks in a variety of embedded do-the dynamic loads, stores and copies injected by the register

mains, closely matching our target domain discussed in Y1.
9

allocator, normalized to their sum oBaseline.



Figure 9. For most benchmark®8itSpec reducesnergy consumption across all componaeyitis a few exceptions.

Figure 10. BitSpec reduces spilling-related loads and stores, sometimes trading o this reduction for an increase in register-register copies.

Figure 11. BitSpec reduces the number of dynamiegister accessetiminating some and converting others to 8-bit register slice accesses.
All register accesses iBaseline are 32-bits.

For the majority of benchmarksBitSpecreduces or en-
tirely eliminates spilling-related loadsORC32anddijkstra ).
This is driven by packing multiple, 8-bit variables into a
single 32-bit register allowing more live variables to be res-
ident in the register le reducing the number of variables
that need to be spilled and reloaded. To investigate further,
Figure 11 reports the number of dynamic register accesses at
8- and 32-bits. We see that, for the majority of benchmarks, _ ) _
the number of dynamic register accesses decreases and the19uré 12. Energy consumption without speculation compared
program makes signi cant use of 8-bit register slices. Re- to BltSpec(Iovx_/gr is t’)’etter). Without speculation, the system con-
X . sumes an additione8’19%energy, on average.
ducing the number of register accesses reduces the energy
consumption of the register le. Furthermore, our gate-level RQ2: Register Packing without Speculation
model reports that 8-bit register slice accesses ineuthe |5 y2 2 we identi ed a signi cant gap between static analysis
energy of a 32-bit register access. Because load instructions g actual bitwidth requirements, leading us to investigate
must go to, at least, the D$ inducing stalls removing them  ghecylation. We evaluate the necessity of speculation by
reduces both D$ and pipeline energy consumption. comparing with a variant ofBitSpec where the compiler
Aside from storing and loading variables from the stack, performsno speculatigwith no changes to the ISA orarch.
the register allocator manages the placement of variables Figure 12 shows that, without speculation, the system
within the register le, moving variables from one regis-  nisses out on an addition@%energy savings, on average.
ter to .another.afc times. While advanced regist_er allocation CRC32he system achievaso energy reductiomithout
techniques minimize these moves by coalescig fvhen speculation. However, we do see the cost of speculation
possible, they cannot be entirely eliminated. In many cases outweigh the bene ts of reduced bitwidth computation on
BitSpec reduces the number of copies, as register slices ot . In gsort, this is caused by the comparison function

grant more degrees of freedom to the allocator. However, o ectively being executed twice upon misspeculation.
in dijkstra and susan-edges the register allocator trades

additional copies for reduced loads, a preferable tradeo as RQ3: Impact of Optimizations
moves are typically more e cient than loads, improving  \we implement twoBitSpec-speci ¢ optimizations in our
EPL. In the case diitcount , we see that the compiler trades  compjler:compare eliminatioandbitmask elisionWe per-
additional copies for more e cient, 8-bit instructions. form an ablation study on each optimization in turn.
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Table 2. The number of misspeculations increases with more ag-
gressive bitwidth selection heuristics.

Compare elimination (Y3.2.4) removes compare instruc-
tions based on the result of speculation. Without this opti-
mization, energy consumption dfijkstra increases b@5%
due to al31%increase in dynamic instructions.

Bitmask instructions which extract a subset of the bits
from a variable can be optimized to operate directly on reg-
ister slices. For exampl&2 = and R1 OxF&an be replaced
with a move of the lower 8-bit slice oR1to R2 This is a very
common pattern for encoding algorithms, such aiswfish
andrijndael . In addition to removing instructions, this en-
ables further use of variables at 8-bits by other speculative
8-bit instructions. Removing this optimization increases the
energy consumption oblowfish andrijndael by 6"3%and
334%relative to Baseline, respectively. Forijndael this
large impact is a result of optimizing the hottest loop where
all uses of a bitmask instruction can be replaced with a reg-
ister slice reducing dynamic instructions by261%

RQ4: Aggressive Expansion

In Y2.5, we motivated the capabilities Bt Spec to amelio-
rate the drawbacks of aggressively expanding the program

and introduced the expander (Y3.2.1) to leverage these oppor-Thig points to poor register allocation in

tunities. To understand its impact, we run all benchmarks
with the expander disabled. Figure 13 shows the results rela-
tive to Baseline with the expander enabled. When disabled,
Baseline sees a 10% increase in energy consumption.

While, as discussed in the motivation, we expect to see
the expander push the register allocator past its limits and
cause a performance degradation, we do not see that in our
evaluation. This is due to our autotuning procedure, which
targetsBaseline instead ofBitSpec. However, we do see that
the expander trades o optimized code for increased register
pressure, which does not result in performance degradation
but does diminish its returns. Looking at Figure 13, we see
that BitSpec reduces the average EPI Byy36% but only
6'41%when the expander is disabled. The magnitude of this
di erence indicates thaBitSpecis able to eliminate loads,
improving the e ciency of instructions. This ameliorates
the register pressure and allows the expander to realize more
of its potential. Thus, we conclude that the bene ts of the
expander compound with the bene ts dBitSpec and that
their combination is more than the sum of its parts.
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RQ5: Aggressive Bitwidth Selection

Y3.2.2 introduced multiple bitwidth selection heuristics, i.e.,
"- ,+ and" # .Figure 14 shows the energy results
for each heuristic. For most benchmarKs,  provides the
lowest energy consumption, with the exception 6FTand
patricia where the lowestis+ and" # , respectively.

To understand these results, we look at the misspecula-
tion counts in Table 2. More aggressive heuristics tend to
increase the misspeculation coumtlwayscorrelating with
an increase in energy consumption. This suggests that the
cost of misspeculation outweighs further reducing bitwidth
selection (see Figure 5). We believe this is an artifacBitf
Speés misspeculation handling, which allows a function
to misspeculate only once per invocation before executing
the remainder at the original bitwidth. So, if you misspec-
ulate early, all bene ts ofBitSpec are lost. An alternative
that returns to speculative execution would allow aggres-
sive heuristics to balance the risk of misspeculation with the
bene ts of further reducing bitwidth.

Seeing the large performance degradation'o# , we
investigate further. For all benchmarks, dynamic instructions
increase abovB8aseline by up to486% 125%on average.
Knowing that more misspeculations leads to more dynamic
instructions executed in  >agsWe examined the quality of
generated assembly in  >agg Nding it to be signi cantly
worse thanBaseline. This is caused by a heuristic used
in the register allocator. We inject arti cially low branch
weights for handlers, implying that they will almogteverbe
entered, to prioritize e cient register allocation in B?242
We invert this heuristic to imply that handlers will almost
alwaysbe entered. With this chang®itSpec incurs only
a 2’'6%increase in dynamic instructions ovddaseline on
average, ranging from 88%increase to d&2%reduction.
>agévhich
sees increased execution due to more misspeculations as
the main cause for increased energy consumption'ofh .

RQG6: Sensitivity Study

As a pro le-guided technique, it is necessary to examine the
input sensitivity of BitSpec. We use alternate inputs for each
benchmark from random generators provided with MiBench
and well-established inputs from the domain when no gen-
erator is provided. We use the alternate input to pro le, then
run the program with the provided input. Figure 15 shows
that BitSpecis robust to alternate inputs for the pro ler.

To understand the sensitivity of di erent selection heuris-
tics, we do a deep dive intsusan-edgesWe use a random
sample of 50 images from BSDS56pPtp perform the fol-
lowing experiment: For each imad@? , compile with8as
the pro le input, producing ?g. For each imag® 2 , run
?g0n 9 compute its dynamic instructions relative teg run
on 9 Repeat the experiment for each selection heuristic, i.e.,
"- .+ " # .Figure 16 shows the experimental results
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