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Embedded system designers frequently face the problem of estimating how much energy and time
are spent in the different portions of their software. This is crucial to determine how fast their
software runs on a platform, how much energy it consumes, where optimizations are needed, or
what hardware it requires to ensure a given speed. This problem is not effectively solved by cur-
rent approaches: Instruction-level simulation (ISS), static timing analysis (STA), and source-level
instrumentation (SLI). ISS provides too low-level information and is too slow, STA cannot deal with
dynamism, while current SLI tools only provide global or function-level estimates. We propose a
novel technique to estimate time and energy consumed by individual operations in the program
when running on a single-issue processor core. With this information, designers can better under-
stand which portions of the source code cause the major consumptions, and apply optimizations
there. We implemented the methodology in a tool flow which exhibits simulation times 10,000 shorter
than a reference ISS, and shows good estimation accuracy.
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1. INTRODUCTION Designers employ techniques to estimate the perfor-
mance and energy consumption of their software for many
purposes: For example to guide hardware dimensioning
decisions (e.g., which processor to adopt, which speed
grade, with how much memory, which type and size of bat-
teries, etc.), to compare different algorithms or alternative
implementations of the same algorithm, and to determine
the critical sections of the code in terms of time or energy
costs, which is crucial for steering the optimization choices.
These techniques need to satisfy the following
requirements:
e they need to be fast because the complexity of mod-
ern embedded applications is high and quickly increasing.
Simulating realistic-sized applications at the circuit level
or gate level is unaffordable now, and also instruction-set
simulation is quickly becoming unaffordable for appli-
cation of sufficient complexity (e.g., video decoders).
Whichever technique is cycle-accurate, or close to cycle
accuracy is doomed to obsolescence very soon. Estimation
techniques with a high performance are needed, even at
the expenses of inferior accuracy;
e they need to be dynamic, because applications depend

This section motivates the need for fast, dynamic, fine-
detailed source-level estimation techniques in the context
of contemporary embedded software design, it explains
why the approaches currently available do not satisfy these
requirements, it introduces the basic traits of our proposed
technique and explains why the technique is an answer to
this need with reference to the estimation of software on
single-issue processor cores.

There is an increasing demand for battery-operated per-
vasive systems (the ones which power mobile embedded
applications, ambient intelligence, sensor networks, and
wearable computing) featuring complex software applica-
tions. This demand challenges designers with strict energy
constraints, while performance must be kept within spec-
ifications and acceptability, and costs contained. Build-
ing such systems for realistic scenarios is a difficult task:
When compared to more traditional domains, methodolo-
gies, and tools are quite immature, and this significantly
hinders progresses in this field.
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more and more on the contents they process: e.g., today
with MPEG-2 motion prediction, tomorrow with MPEG-4
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object-based coding. With such a high workload variabil-
ity, the gap between worst-case and typical consumed
energy is very high. Therefore, employing static tech-
niques (which are worst-case) leads to oversized, expen-
sive systems, which are underutilized for the most time;
e they need to be source-level techniques, because design-
ers nowadays write code mostly in high level languages
rather than in assembly. Tools must be able to provide
estimates for the entities in the source code. Additionally,
the transformation which have been showed to provide the
most gains are source-level ones, and only source-level
estimation techniques can be used to steer source-level
transformations.

o they need to be fine grained because the portions which
consume most energy and time (“hot spots”) are typically
small computational kernels inside loop bodies. Tools must
be detailed enough to provide estimates at this degree
of detail. Rougher detail levels (i.e., the function) are
insufficient.

With reference to the time and energy consumed by the
processor core (datapath and register file), there are no
approaches in literature which satisfy the above require-
ments adequately at the same time: For example, instruc-
tion set simulation is very slow and produces low level
information which is poorly usable to guide optimization,
while static timing analysis fails to address many dynamic
features of the code and leads to worst-case estimates
which may be unrealistic. We devote Section 2 to survey
the literature and detail all these claims. To the best of our
knowledge, the technique we propose is the first to satisfy
all these requirements, with reference to the time and
energy consumed by the processor core. We do not address
the time and energy consumed by the memory hierarchy,
because the problem has been effectively addressed in lit-
erature. The technique we present is designed for single-
issue processor cores.

We believe that our technique is the enabling technology
to allow a short design exploration loop, which helps the
designer in evaluating multiple solutions in a short time,
and guides source-level optimization by indicating pre-
cisely which source elements are responsible for the most
consumption. Our approach exhibits several other advan-
tages. It externally behaves like GCC, thus enabling devel-
opers to estimate their projects without modifications. It
needs architectural parameters of an architecture rather
than the actual availability of hardware or of its simulator.
Silicon vendors can tune it on cores for which architectural
details remain secret, allowing their customers to estimate
software consumption on those cores. Tuning the method
on a new target platform involves little effort. The method-
ology can be used to obtain estimates on processors which
are not yet available in hardware.

The remainder of this paper is organized as follows. In
Section 2 we survey the related work. In Section 3 we
illustrate our methodology. In Section 4 we describe how
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we set up the experiments and the results we obtained.
Finally, in Section 5 we draw the conclusions.

2. BACKGROUND

In this section we show that existing approaches for soft-
ware analysis in the field of processor core consumption
estimation do not address satisfactorily the requirements
stated in the introduction: Source-level, fine-detail, fast and
dynamic.

A traditional technique to estimate the performance
of software is static timing analysis (STA). The primary
objective of STA is to determine bounds on the execution
time of a program on an given architecture: The worst-
case execution time (WCET).!3 STA does not satisfy the
requirements stated above because it does not address
dynamism. First of all, unbounded loops, recursion,
dynamic function references make WCET reasoning
undecidable,! while these features appear more and more
frequently in modern applications. For example, it was
quite possible to write an old-generation video decoder
with bounded loops only, but it is unthinkable to write an
MPEG-4 synthetic video decoder or a dynamic-topology
ad-hoc wireless router in such a way. Additionally, design-
ers are more interested in typical performance estimates in
realistic cases, rather than theoretical worst cases. Nowa-
days, the gap between worst-case and typical workload
is high and increasing, and this makes the WCET too
conservative to be used as an indicator of typical perfor-
mance. This is especially true for highly dynamic and data-
dependent applications such as synthetic video decoding,
interactive applications, dynamic topology networks, etc.
Finally, STA becomes more and more complicated in
the attempt to model current architectural features such
as branch prediction, predication, prefetching, and cache
policies.*>

Another traditional approach to estimate the energy con-
sumption of a software is by using an Instruction-Set Sim-
ulator (ISS)® such as Simlt-Arm,” augmented with energy
data, as in JouleTrack.® These simulators provide good
accuracy, but they are of little help to designers for two rea-
sons: They provide estimates at a too low level of abstrac-
tion and they are too computationally demanding. As the
abstraction level is concerned, they provide assembly-level
estimates, while developers do not code in assembly lan-
guage anymore nowadays, and only few developers have
the necessary skills to optimize a source code on the basis
of low-level estimates. Then, they are too slow because they
exhibit simulation times which are many thousands times
longer than the original applications.

To raise the abstraction level of the estimates, Simunic
et al.? have coupled an ISS with a statistical profiling tool
(gprof), which periodically samples the program counter
at runtime, obtaining a per-function breakdown of the exe-
cution time. On the basis of these statistics, the authors
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redistribute the ISS estimates on individual C functions.
The approach is unable to determine the consumption
of any element finer grained than the function, therefore
the approach is not fine grained. This limits its practical
usability: In fact, it is very common for critical sections
to entirely appear inside a single function body, and this
approach is unable to indicate, inside the function body,
which lines of code or operators caused the major con-
sumptions. It is not possible to force the resolution of the
method by moving loop bodies into separate functions,
because this would make the estimates meaningless. This
is because contiguous statements would be now in separate
functions, thus perturbing the compiler’s output and adding
a spurious call overhead. Additionally, this approach is not
flexible: In each different such measurement the designer
must modify, recompile, and simulate the code again and
again. In contrast, we propose an approach which provides
individual elements’ estimates in a single run, with no need
for manual modifications or multiple iterations.

Bormans et al.'® have proposed Atomium, an analysis
tool which addresses the memory-related aspects of system
design, by applying the Data Transfer and Storage Explo-
ration (DTSE) methodology. This tool, now available as
a commercial product,!! employs a source-level analysis
approach which is similar to ours, operating at the behav-
ioral level of an application, expressed in C, but the tech-
nique accounts for the cost of memory accesses, and not
for operations and control, which is our main focus. There-
fore, this technique and ours form a perfectly complemen-
tary match: Together they allow to estimate the cost of
executing a software on a processor-based platform.

Lajolo et al.'”> have proposed a compilation-based esti-
mation technique. It employs a real compiler (GCC) to
obtain the control-flow graph (CFG) of the code. The CFG
is then annotated with information useful to derive a
cycle-accurate model. By actually compiling the code, the
technique accounts exactly for the effects of compilation
optimizations, although it is specific to the GCC compiler.
The technique cannot be described as source-level, because
it does not provide a way to attribute cost estimates back
to the source-level elements which caused them.

Julien et al.'® designed SoftExplorer, a fast technique to
estimate the consumption of data-dominated loops from
the C source, based on functional-level modeling of the
architecture and statistical parameters extracted from the
code. The technique exhibit several shortcomings. First of
all, it is static, therefore it relies on the user to determine
the run-time execution flow which is impractical for pro-
grams of realistic size: It is not reasonable to ask the user
the actual number of iterations for each loop in the source
code of a modern complex application such as a video
decoder. Additionally, the technique is not source level: It
operates on the source code only to extract “opaque” algo-
rithmic parameters, which allow to perform global esti-
mates, but not to determine the cost of elements in the
source code.
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Ravasi and Mattavelli have proposed Software Instru-
mentation Tool,' a technique designed to profile code at
the source-level. The approach is dynamic and source-
level, but not fine-grained. It is able to estimate how many
times additions operators between integer operands were
executed globally or per-function, but it cannot go further
into details, for example it cannot estimate the cost of the
operations within a critical loop. This approach is faster
than an ISS, but still significantly inefficient more: In fact,
it employs an instrumentation technique which promotes
the input C code to C++, so that overloaded version for
all the operators can be provided, which contain profiling
code. This means that every time an operator is executed,
also profiling code is executed; this is much more ineffi-
cient than basic block profiling, of which our instrumen-
tation technique is an improvement.

Other solutions, such as the Seoul National University
Energy Scanner (SES),!” determine the system’s energy
consumption by performing actual electrical measure-
ments. The approach satisfies all the requirements on
speed, dynamism, source level, and fine detail, but it must
be considered a measurement rather than an estimation
technique. It may reach the highest possible accuracy, but
it requires a complex hardware setup, which includes a
host PC and a guest ARM board with low-noise power
measurement equipment and a dedicated PCI interface.
This makes the solution unfit for exploration on different
platforms, or for platforms for which the models are avail-
able but the silicon is not.

Finally, we do not discuss thoroughly black-box tech-
niques (such as the ones by Muttreja et al.'® or Brandolese
et al.') because they are intended to solve a different prob-
lem than ours. In fact, they aim at estimating the consump-
tion of code whose source is not available, such as library
function calls and operating system calls. Their output is
a static model which does not provide any link to source-
level entities. On the other hand, our technique is designed
for a seamless integration with black box techniques: It
can easily associate a cost derived from a black-box model
to those source-level entities which correspond to library
or operating system calls.

3. SOURCE LEVEL ANALYSIS

The core of our methodology is the determination of the
time and energy cost syntax elements, more precisely of
each node in the Abstract Syntax Tree (AST) of the input
source code. We assume the simplifying hypothesis that
the execution cost (C;) of a node i can be expressed as the
product of its single-execution cost (c;) and its execution
count (n,):

i (1)

This approximation is valid within negligible errors
because single-issue processor cores comprise components
with a limited latency variability. The same approximation
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would lead to larger errors if caches were included in the
estimates.

We compute single-execution costs during a static anal-
ysis performed via an attribute grammar, based on an
abstract translation model, and we determine execution
counts by running an instrumented version of the original
program over actual input stimuli. The overall process is
illustrated with an example in Section 3.1, while the deter-
mination of single-execution costs and execution counts
are described in Sections 3.2 and 3.3, respectively.

3.1. An Illustrative Example

This section illustrates how the proposed technique oper-
ates by means of an example, the FFT benchmark.?? For
sake of brevity, we show the steps of our technique only on
the following fragment of code:

74 for (i=rev=0; i < NumBits; i++)

75 |

76 rev=(rev << 1) | (index & 1);
77 index >>= 1;

78 }

In our technique, we first parse the code, obtaining the por-
tion of the AST represented in Figure 1. For each node
in the AST, we compute its single-execution cost as we
describe in Section 3.2. Computing the single-execution
costs results in associating to each node zero or more
atoms. Atoms are source-level cost terms which are inde-
pendent from the compiler and the architecture. It is pos-
sible to describe the cost of all the constructs of the
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Table I. Single-execution costs expressed in terms of atoms.
Node # Line Single-execution cost
#117 74 1 Assignment

#118 74 1 Assignment

#121 74 1 IntRelation

#123 74 1 IntAdd

#139 75 1 For

#127 76 1 BitwiseShift

#130 76 1 BitwiseOperation
#131 76 1 BitwiseOperation
#137 77 1 BitwiseShift

C language in terms of a limited number of atoms
(around 50, the definition of atoms is subject to some
degree of freedom). The single-execution costs of the
nodes in the example is reported in Table I. The attribute
grammar evaluates the nodes’ costs exploiting the avail-
able contextual information such as the type of variables
and expressions, their constancy, the direction of assign-
ments, the size of the transferred data, etc. This is why two
instances of the same operator (e.g. assignments in nodes
#118 and #132) may have different costs, depending on
their context.

Then, we profile the original code in order to determine
the execution count n; for each node. Profiling is performed
by running an instrumented version of the code over real
input data. The use of real input data is an advantage over
static techniques, which either always assume the worst
case or interrogate the user. We generate the instrumented
version with an original technique which ensures minimal
overhead, which is described in Section 3.3.

#140:
Statement For

Fig. 1. The abstract syntax tree of the source code in the example.

4

#118: #121: #123: #139:
Operator = Operator < Operator ++ Compound Stmt
#114: #117: #119: #120: #122: #133: #138:
Terminal ‘i Operator = Terminal “i” || Term. “NumBits” Terminal “i”’ Statement Statement
#115: #116: #132: #137:
Terminal “rev’|| Terminal “0” Operator = Operator >>=
#124: #131: #128: #129:
Terminal “rev” Operator | Terminal “index” | | Terminal “1”
#127: #130:
Operator << Operator &
#125: #126: #128: #129:
Terminal “rev’|| Terminal “1” Terminal “index” || Terminal “1”
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Table II. Single-execution costs expressed in terms of
abstract instructions.

Node# Line Single-execution cost
#117 74 1 alul

#118 74 1 alul

#121 74 1 cmpl

#123 74 1 alul

#139 75 1 jump

#127 76 1 alul

#130 76 1 alul

#131 76 1 alul

#137 77 1 alul

After profiling, we compute node costs C; by multi-
plying n; and c;, then we convert these costs from atoms
to abstract instructions. Abstract instructions are a set of
micro-architectural level primitives which we have already
introduced in Ref. [16]. They allow to describe any real
instruction set in terms of energy- and time- costs. The
mapping from atoms to abstract instructions depends on
the compiler and the architecture. It is more convenient to
use abstract instruction rather than real instructions because
typical instruction sets comprise hundreds of instruc-
tions, whether abstract instruction sets comprise less than
10 instructions. Therefore, the number of measurements
involved in the time- and energy- characterization of an
entire real instruction set makes the operation impracti-
cal, while characterizing an abstract instruction set involves
a limited number of measurements. All these claims are
detailed in our previous work.'®

The mapping from atoms to abstract instruction models
the behavior of a given compiler. In such a model, an
atom may correspond to zero or more abstract instruc-
tions. In our experiments, we have modeled the GCC com-
piler version 2.95 for ARM7 (with optimization flags-02).
Within this model, the single-execution costs correspond-
ing to the nodes in the example map to abstract instructions
as reported in Table II. Finally, each abstract instruction
corresponds to an average number of clock cycles and
an average consumed current during its execution, both
determined by measurements. The final costs expressed in
physical quantities appear as in Figure 2.

3.2. Determining the Cost of Syntax Elements

Our technique associates a single-execution cost to each
node in the AST of the input source code. The task is
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performed by a multi-visit attribute grammar which is
based on cost models for the compiler and for the underly-
ing architectures. This section describes first these models,
then the details of the attribute grammar.

Our architecture model accounts for the time and energy
costs due to the CPU core (datapath and register file)
and is an adaptation of Ref. [16]. The model architec-
ture is a single-issue, single-stage ideal executor, with an
infinite number of general-purpose registers. This execu-
tor executes, one at a time, abstract instructions, which
have a given latency and average current. This simpli-
fied model is simple to handle, but flexible enough to
model accurately an arbitrary single-issue architecture in
terms of time and energy costs. The model architecture
is of load-store type, with three-operand ALU instruc-
tions. Any real instruction with complex addressing modes
and explicit operands can be rewritten in a sequence of
abstract instructions with identical global cost and seman-
tics. For ease of model tuning, we partition the abstract
instructions in 7 classes (alul, aluh, mvld, mvst, jump,
cmpl, cmph), and we assume constant latency, absorbed
current, and code size within each class. We do not esti-
mate the impact of the cache hierarchy: Dedicated tech-
niques exist in literature'® ! which are complementary
and mutually helpful with ours. Our memory space is flat
and it coincides with the register space, which can be
accessed by name or by address. Scalars and temporaries
are mapped onto fixed registers in the abstract compilation,
and instructions operate on them ‘by name’ (register-direct
addressing mode). Arrays and pointed objects are explic-
itly processed with load/store instructions, thus exposing
memory operations.

We employ a compiler model which realizes a good
trade-off between simplicity and accuracy (see Fig. 3). It
is an original contribution of this paper. It consists of an
abstract translation model which generates assembly code
directly from the AST. The model is formally defined as
an attribute grammar, it is consistent with the architec-
tural model, and it approximates the effects of real instruc-
tion selection algorithms. It accounts for simple versions
of architecture-independent optimizations such as constant
folding, null sequence elimination, strength reduction. The
model could be either made more complex or corrected
with statistical tuning in order to account for the effects
of spilling, coalescing, and other optimizations, such as
common sub-expression elimination, constant propagation

ILinelﬂme |T|me{%) IEnerg_l.-' |Energy(%}| Code

74 zozoms [l Josoasvur [l forCi=rew=0; i< NumBits; i++)
7 0000 s ] owooo T A4

76 zFoens 1 213vo ] rev = (revBR A0 | Cindex &1);
77 tzesms [ | FzzrauI | index :r= 1%

72 o000 s ] oooo J ]k

Fig. 2. Result of the estimation of the code in the example.
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Real world Abstract flow

| Input source code | | Input source code |
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Table III. Attributes in the attribute grammar which computes single-
execution costs.

v Defined for:
| Lexical analysis | | Lexical analysis | . . .
) Attribute  Meaning Type Expressions ~ Statements
Syntax analysis Syntax analysis . X i
| r ? | | | c Single-execution  Synthesized Vv Vv
| Abstract syntax tree generation | | Abstract syntax tree generation | cost
ci Inherent cost Synthesized Vv Vv
[ Abstract Syntax Tree (AST) | [ Abstract Syntax Tree (AST) | cc Conversion cost Synthesized Vv v
| cf Flow-control cost  Inherited Vv
v v t Type Synthesized Vv
BBl . Semantic analysis: r Restricted type Inherited \/
i aharding - context handlin; 3
 carly liveness analysis 4 k Constancy Synthesized Vv
] e Constant value Synthesized N
[ Annotated AST | v Valueness Inherited v
I b Register-bounded  Synthesized N
| Intermediate code generation |
ness
f Translation flavour Inherited N VA

| Intermediate code (T) | Annotated AST |

v v

Intermediate code optimization:
- constant folding
- common subexpr.elimination
- arithmetic simplification
- context handling
- node threading
- liveness analysis

Abstract optimization:
- constant expression detection
- arithmetic simplification

Intermediate code (I) Annotated AST |

Target code generation:
- instruction selection
- register allocation,
coalescing and spilling
- instruction ordering

Abstract assembly code generation:
- instruction selection is trivial
- register allocation is trivial
coalescing is not performed,
spilling is never required
+ - instruction order is
Target assembly code uninfluential

¥
Target code optimization:
- peephole optimization
- architecture-dependent
optimizations

Abstract assembly code |

i

Trivial machine code generation |

| Target assembly code | |

| Machine code generation | |

| Machine code | | Machine code |
! !

Abstract machine executor:

Machine executor:

- pipelining? - single stage
- superscalarity? - single issue
-wide issue? - fractional clock

- synchronous issue

- limited registers - unlimited registers
- deep memory hierarchy - flat memory hierarchy

1 '

| Time and energy consumption | | Time and energy consumption |

Key: Dpiece of information Dtoolordevice L information flow abstraction

Fig. 3. The compiler and machine models we adopt.

or register promotion. Nevertheless, our experience with
GCC 2.95 for ARM suggests that the small prediction
errors do not justify any additional effort to refine the
model. In other cases (different compilers and architec-
tures), the model is open to extensions and statistical
corrections. We deliberately do not model those opti-
mizations which can be easily expressed (or are tradi-

6

tionally expressed) at the source level (i.e., some loop opti-
mizations, code motion/replication, software pipelining,
function-inlining, scalar replacement...) to provide the
designer with the possibility to explore their effects at
the source level, by comparative runs of our flow.
Further details of the compiler model are available
in Ref. [20].

The computation of single-execution costs according to
the above models is performed by an attribute grammar
composed by the 11 attributes, described in Table III. We
express the single execution cost as the sum of an inherent
cost ci, a conversion cost cc, and a flow control cost cf

¢; =ci;+cc;+cf; (2)

The inherent cost expresses the cost of carrying out opera-
tions and transferring data as required by the semantics of
the current node. The conversion cost expresses the cost
of performing the type conversions (explicit or implicit) as
required by the C language for the current node, depend-
ing on its context. The flow control cost expresses the cost
of jumps which may be involved in carrying out the eval-
uation of the node, including short-circuit evaluation. We
compute the value of these costs according to rules which,
in turn, depend on properties of the same node, and pos-
sibly its father and children nodes. The attributes and the
rules are an original contribution of this work. A brief
explanation of the remaining attributes follows.

Attributes k tells whether an expression is constant-
value or not. If it is, then e assumes that constant value. We
take the effort of fully determining constant expressions,
because constant expressions are resolved and eliminated
at compile-time by compilers; therefore they have no exe-
cution cost.

Attribute ¢ is the result type of a node, represented in
an appropriate type representation which is beyond the
scope of this paper. To resolve ¢, we implement the entire
type system and declaration semantics of the C language.
Type information is necessary to evaluate the cost of oper-
ations which depend on operand type (e.g., arithmetics),

J. Low Power Electronics 2, 1-11, 2006
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and to determine when conversions take place, and what
is their cost.

Attribute v is the valueness of an expression, that is,
whether its R-value or the L-value (or both, or none)
are used. In memory-oriented operations, the valueness
determines if a read or a write operation is performed,
and allows to distinguish associated costs. Immediate right
operands of simple assignments ‘=" have ‘L’ valueness,
while immediate right operands of compound assignments
(e.g. “+= ‘— = ‘x=...) have ‘RL’ valueness, and
operands of unary ‘&’ have no valueness. In all the other
cases, the valueness is ‘R.” These rules are associated with
a number of the exceptions, whose discussion is beyond
the purpose and the space constraints of this paper.

Attribute r, the restricted type, is required to define the
cost of expressions involving the dot ‘> operator, which
exhibits unique anomalies. r is the type of the value actu-
ally subject to a data transfer operation in the assembly
translation of the father of a dot node, which is a (non
strict) subset of 7. In case of a struct member assignment,
it is » who determines its cost, rather than z.

Attribute b, the register-boundedness is required to dis-
tinguish assignments which have no cost (e.g., due to
coalescing) from ones which actually involve transfer
of data.

The above attributes are sufficient to fully determine ci
and cc. When the cost of flow-control instructions (cf) is
concerned, another attribute is needed: f, the translation
flavor. The value of cf is zero for expressions which do
not cause splits or joins in the control flow (e.g., arithmetic
operators), and nonzero for logical and relational expres-
sions, and for iteration, selection, jump, and call instruc-
tions. cf depends on how a node was translated depending
on its context, i.e. on f. The same expression may be trans-
lated differently depending on whether its numerical or log-
ical value is relevant in its context. Knowing which flavor
is selected is important because flavors differ in cost. For
example, the translation of expression ‘a+b,” when appear-
ing in a larger arithmetic expression, such as ‘(a+b)*c,
has a translation consisting of an add instruction, leaving
its result in a register to be used by the translation of the
‘x’ operator. On the other hand, when ‘a+ Db’ appears as
a condition of an ‘if’ statement, its translation comprises
a conditional jump instruction, which leads the execution
flow either to the ‘then’ or ‘else’ branches. The computa-
tion of the actual flavor of each symbol is done according
to the abstract translation model described below.

The evaluation of attributes f and cf relies on a formal
model of translation from C code to abstract instructions
which we created. This model also is expressed as an
attribute grammar (not to be confused with the previous
one) defined over the AST of the C language, with four
synthesized attributes: 7, R, TT, and TF, which can be
evaluated in a single, bottom-up pass. Statement nodes
only have one single-entry single-exit translation, sto-
red in attribute 7. Expression nodes also have 7T, and
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also two single-entry double-exit translations, attributes 77
and TF, called the jump-if-true and jump-if-false transla-
tions, respectively. T is used when the numerical value of
the expression is required (as in the example ‘(a+b)*c’
above), which is left in a register R. T7T, and TF are used
when the logical value is required (as in ‘if (a+Db) ....")
Our model describes how to compute 7', R, TT, and TF of
a node in terms of the same attributes of its child nodes,
providing a complete translation scheme from C to abstract
assembly, with register allocation and instruction selection.
The scheme is short-circuit correct, free from jumps to
jumps and useless move instructions, and we have verified
its consistency against the output of GCC over the ARM,
Intel 486, and UltraSparc architectures.

The complete set of rules for the determination of the
attributes in the above attribute grammars, together with
all the details which have been omitted for sake of brevity,
are available in Ref. [20].

3.3. Determining Execution Counts

Our technique needs to determine the execution count n;
per each node. To do so, it prepares an instrumented ver-
sion of the original code, compiles it, and runs it over
realistic input data. This section describes the method we
employ in order to generate this instrumented code.

We propose a profiling method, named generalized
basic block profiling, which yields exact rather than
approximated execution counts (as methods based on sta-
tistical program counter sampling do), can be performed
on a host platform rather than the target platform, and
guarantees minimal runtime overhead. It is an improved
version of Ball-Larus basic block profiling.?! In partitions
all the nodes in classes named Generalized Basic Blocks
(GBB), and selects for profiling one node in each class,
named pivot. Generalized basic blocks are maximal classes
of nodes which are always executed the same amount of
times, irrespectively of their position in the source code.
This technique is more efficient than basic block profiling
because GBBs are, in general, larger than basic blocks.
For example, consider the fragment of code in Figure 4(a),
where we assume that there are no other flow control state-
ments (e.g., goto, break, continue, return statements, or
setjmp()/longjmp() system calls). With basic block profil-
ing, this code corresponds to 7 basic blocks, so 7 probes
are inserted, as in Figure 3(b). On the other hand, general-
ized basic block profiling recognizes that code in sections
A, D, and F is executed always the same number of times,
and thus only 5 probes are inserted, see Figure 3(c). With
reference to the example of Section 3.1, the nodes in that
source code belong to three different generalized basic
blocks, as shown in Figure 5 (where node #81 is a node
which appears before the fragment).

Once the GBBs and the pivots are determined, our tech-
nique rewrites the original code in order to insert profil-
ing calls at each pivot. When a pivot is a statement “‘s;,” it

7
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/* code section A */
if (conditionl ())

/* code section B */
}else {
/¥ code section C */

}

/* code section D */

if (condition2 ())
{

/* code section D */
} else {

/* code section E */

}

/* code section F */

/¥ code section A */

if (condition1 ())

Scarpazza and Brandolese

{

/* code section B */

} else {

/* code section C */

}

/* code section D */

if (condition2 ())

/* code section D */

}else {

/* code section E */

}

/* code section F */

/* code section A */

if (condition1 ())

[[/* code section B */

}else {

[[/* code section C */

}

/* code section D */

if (condition2 ())

[/* code section D */

} else {

[7* code section E */

}

/* code section F */

_

(©

(@) (b)
basic block profiling
example code (7 probes)

Fig. 4. Example illustrating generalized basic block profiling.

is rewritten as a compound statement “{__profile__(nnn);
s;},” where __profile__() is function which increments the
execution count for the node whose number is passed as an
argument. Because of conditional expressions and short-

generalized basic block profiling

(5 probes)

For example, the code fragment from Section 3.1 is

rewritten as follows:

74 for (i=rev=0; (__profile__(121), i < NumBits);
(__profile__(123), i++))

o . . . 75 {
circuit evaluation, also expression nodes can be pivots. . .
: : PR . e 76 rev=(rev << 1) | (index & 1);
When a pivot is an expression “e,” it is rewritten within a 77 index >> = 1:
comma expression “(__profile__(nnn), e).” 78}
#81:
#140:
Statement For
3>_
#118: #121: #123: #139:
Operator = Operator < Operator ++ Compound Stmt
#114: #117: #119: #120: #122: #133: #138:
Terminal “i” Operator = Terminal ‘i’ Term. “NumBits” Terminal “i” Statement Statement
#115: #116: #132: #137:
Terminal “rev”|| Terminal “0” Operator = Operator >>=

_—/

#124: #131: #128: #129:
Terminal “rev’| | Operator | Terminal “index”| | Terminal “1”
#127: #130:
Operator << Operator &
#125: #126: #128: #129:
Terminal “rev”|| Terminal “1” | |Terminal “index”|| Terminal “1”

Fig. 5. The generalized basic blocks corresponding to the code in the example. A thicker frame denotes the nodes selected as pivots.
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Program sources

L]

| Step 1: Analyzing |
)

decorated syntax tree |
¥

| Step 2: Instrumenting |
¥

| instrumented source code |

~gce

profiling library )

; | C

¥
| instrumented object code
| Step 4: Linking |

| Step 3: Compiling |
|
1

| Step 5: Running the instrumented executable |

Key: l:’ data
| execution counts | < abstract instr. costs >
| | I:l tool
I * O library
>| Step 6: Post-processing |
pseudo-
l D compiler

| time, energy statistics

Fig. 6. The tool flow which implements our proposed methodology.

Only two profiling probes are inserted. Nodes #117 and
#118 are executed the same number of times as node #81
(in the code before the fragment, not reported here), while
all the nodes corresponding to the loop body are in the
same GBB as node #123 (as from Fig. 5).

Note that these transformations are transparent: The
resulting code preserves the same semantics. On the aver-
age, the application of this technique results in GBB con-
taining approximately 100 nodes. This means that only
1 probe is executed every 100 nodes, which results in sim-
ulation times only 2.2 times longer than the original code.

4. EXPERIMENTAL RESULTS

In this section we describe the setup and the results of the
experiments we conducted in order to evaluate the accu-
racy of our methodology.

We have implemented it in the form of a tool flow
(Fig. 5), which externally acts as the popular compiler
GNU GCC. This allows current projects to be built trans-
parently within our framework, with their original make-
files and source files, without any modification by the
user. The tool flow accepts as an input any ANSI C 90
compliant source code. Our tool determines the AST of
the input code, decorates nodes with their single-execution
consumptions, and selecting the pivots for profiling. Then

J. Low Power Electronics 2, 1-11, 2006

it rewrites an instrumented source code with profiling calls
inserted at each pivot. The code is compiled with a regular
compiler, linked against our profiling library and run on
real data. Finally, profiles are post-processed, determin-
ing the consumption of all the nodes in accordance with
models described.

Our methodology is general and could be adapted to
any single-issue processor. Nevertheless, we choose a
specific architecture and simulator in order to evaluate its
accuracy. We have chosen Simlt-Arm:’ It simulates a pop-
ular processor and it is currently the reference point in
ISSs for the embedded design community. We employ
SimlIt Arm v. 2.0.3, which includes the GNU GCC v. 2.95
compiler. We have augmented Simlt results with absorbed
current data, reusing the same platform information as
JouleTrack:® A platform hosting a StrongArm SA-1100
processor running at 206 MHz and with a supply voltage
of 1.5 V. We have compared our flow against Simlt over
a set of benchmarks taken from MiBench,? the reference
benchmark suite in the embedded community which
includes automotive, consumer, network, office, security,
and telecom applications. Note that Simlt simulates entire
applications, including the C library (which must be stati-
cally linked) and user-mode portions of operating system
calls, while our flow focuses on the application, for which
the source code is given. Therefore, we have employed

9
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Table IV. Experimental results: Estimated versus reference energy and
execution time for the benchmarks.

Energy (mJ) Execution time (ms)

Benchmark Ref.  Estim. Error (%)  Ref. Estim.  Error (%)

adpem-s 46.1 419 —9.1 1663 1564 —6.0
adpem-1 9102 7221 —20.7 3289.9 27105 —17.6
bitcount-s  65.7 550 —16.3 2428 2040 —16.0
bitcount-1  981.9 977.1 —0.5 3628.6 36492 +0.6
blowfish ~ 1067.0 7483 —29.9 37427 33710 —9.9
CRC32 383 354 -75 1322 1296 —2.0
FFTs 2079 207.1 —04 764.6 7703 +0.7
FFT1 32132 32648 +1.6  11851.5 121425 425
IFFT-s 205.1 2073  +1.1 7551  771.0 +2.1
IFFT-1 3181.8 32662 42.7 117447 121478 +3.4
jpeg 879 912 +3.8 3009 3285 46.0
rijndael 63.8 714 +12.0 213 2573 +163
sha-s 21 219 -09 789 786 —04
sha-l 2294 2247 -2.1 8200 8183 —02
susan 1332 1280 -39 4779 4730 —1.0

those benchmarks where the overall weight of library
and operating system calls was either negligible or easily
estimable separately. We report in the results in Table IV,
with the full list of the benchmarks we employed, together
with their consumed energy and execution time estimated,
respectively with SimIt-Arm and our methodology. Figures
show close correspondence between reference and esti-
mated data. The estimates exhibit good quality-of-result
indicators: The coefficients of correlation between real and
estimated data are 0.9960 for energy and 0.9987 for execu-
tion time. The average modulo percentage errors are 7.49%
for energy and 5.65% for execution time. As far as simu-
lation speed is concerned, statistics over the same bench-
marks show, for our source-level flow, simulation times
which are on an average 10,350 times shorter than Simlt-
Arm. In short, 1 second of source-level simulation replaces
3 hours of ISS simulation.

5. CONCLUSION

This paper describes a technique to estimate the time and
energy consumed by each element of a given source code,
when the program is run with given, real input data over
a single-issue processors. The technique is devoted to the
core portions (datapath and register file) of the processor,
and its estimates can be easily integrated with estimates
regarding the memory hierarchy, generated with dedicated
tools in literature.

The method is based on an abstract translation model,
which formally describes how arbitrary C code is trans-
lated to a set of abstract assembly instructions. It proved to
be accurate and remarkably faster than instruction-set sim-
ulation. It provides to the designers a detailed insight in the
source-level causes of energy and time consumption. Addi-
tionally, it externally operates as regular GCC compiler,
therefore it can be applied transparently to most existing
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projects with no changes. Finally, it does not require the
availability of the platform onto which the code will be
targeted, but rather relies on a pre-characterization of that
platform.
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