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Abstract|A compiler is frequently unable to make
use of algorithm-speci�c instructions which DSP's (dig-
ital signal processors) provide. To force their use, pro-
grammers use language extensions to de�ne intrinsic
functions. Traditionally, these intrinsic functions are
implemented with assembly language instructions on
the target processor. We propose and implement a new
approach to intrinsic functions where the programmer
targets a compiler's intermediate representation rather
than the assembly language of a particular processor.
The bene�ts of our approach are both portability and
improved performance. We compare the performance
of the traditional approach with our new approach for
four GSM (Global System for Mobile communication)
speech coders. We also examine the interaction of our
new approach with two major optimizations|pro�le-
directed function inlining and aggressive loop optimiza-
tion. We �nd that, compared to the traditional ap-
proach, ours bene�ts greatly from removing barriers to
these optimizations. We �nd that without inlining or
loop optimization, our new approach speeds up execu-
tion by a factor of 1.12 compared to the traditional
approach; however, with both loop optimization and a
moderate amount of inlining, we �nd a speedup of 2.38.
We �nd a similar improvement in achieved instruction-
level parallelism.

Keywords| Speech coders, intrinsic functions,
pro�le-directed function inlining, loop optimization,
software pipelining, modulo scheduling, speedup, code
growth, instruction-level parallelism, performance
analysis.

I. Introduction

ANSI C is the most commonly used language for
digital signal processor (DSP) programming, but it is
not the best language for this task [1][2]. It lacks ways
to specify several types of DSP-speci�c computations,
essentially ensuring that a compiler will not generate
eÆcient machine code.

Intrinsic functions address some of these problems,
allowing a programmer to specify the use of speci�c
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lower-level instructions. Traditionally, intrinsic func-
tions have been implemented with assembly instruc-
tions. Our new approach to intrinsic functions imple-
ments them with instructions selected from the com-
piler's intermediate representation.

Our results show that our new approach to intrinsic
functions is a signi�cant improvement over the tradi-
tional method. Besides being portable, it provides sub-
stantial increase in performance by providing more op-
portunities for optimization and ILP (instruction-level
parallelism) compared to the traditional method.

De�nitions| An intrinsic function has the ap-
pearance of a function call in C source code, but
is replaced during pre-processing by a programmer-
speci�ed sequence of lower-level instructions. The re-
placement speci�cation is called the intrinsic substitu-
tion or simply the intrinsic. An intrinsic function is
de�ned if an intrinsic substitution speci�es its replace-
ment. The lower-level instructions resulting from the
substitution are called intrinsic instructions.

A. Motivation for intrinsics

Figure 1 shows L add, a function used by GSM
(Global System for Mobile communication) speech
coders which performs a saturating add of two 32-bit
signed 2's-complement integers. Lines 3 and 4 check if
saturation is necessary, and line 5 provides the cor-
rect saturated value. Since the most negative 2's-
complement value MIN 32 is 0x80000000 (all bits are
zero but the sign bit) line 3 checks if the input param-
eters have the same sign; if not, saturation is never
necessary. Line 4 checks if the result of the addition
and one of the inputs (either one can be used) have the

0 Word32 L_add (Word32 a, Word32 b) {

1 Word32 c;

2 c = a + b;

3 if (((a ^ b) & MIN_32) == 0) {

4 if ((c ^ a) & MIN_32) {

5 c = (a < 0) ? MIN_32 : MAX_32;

6 }

7 }

8 return (c);

9 }

Fig. 1. Saturating add function used in GSM coders.



same sign; if not, given that both of the input param-
eters have the same sign, over
ow has occurred, and
saturation is necessary. Line 5 provides the correct
saturated value based on the sign of one of the inputs.

The L add function, as expressed in C, requires three
branches, four logical operations, and an addition, be-
sides function call overhead. In contrast, DSP's typi-
cally have a single instruction which can perform the
saturating add in one cycle; however, this instruction
cannot be generated by the compiler automatically. In
order to specify the use of the saturating add instruc-
tion, a DSP programmer de�nes L add as an intrinsic
function.

The intrinsic substitution has two immediate perfor-
mance bene�ts. First, since the intrinsic instruction(s)
are more eÆcient than the sequence of instructions gen-
erated by the original C source, their use should re-
duce both instruction and cycle counts. Second, func-
tion call overhead is eliminated. For DSP's, the use
of intrinsic functions often makes the di�erence be-
tween real-time and non-real-time performance on a
given processor.

Ideally, a compiler could synthesize DSP instruc-
tions, such as a saturating add, as a peephole opti-
mization, but we are not aware of any compilers which
do this. The problem of recognizing the patterns of
these instructions is part of the overall instruction se-
lection problem; this problem is often approached as
selecting a minimal-cost covering of a program DAG
(directed acyclic graph). Aho's dynamic programming
algorithm [3] solves a restricted version of this prob-
lem and is used in many compilers including the DSP
compiler CodeSyn [4]. Liao gives an overview of work
on the more general problem [5]. CodeSyn provides an
example of why automatic recognition of instructions
like saturating addition is so diÆcult. CodeSyn stores
two types of patterns for representing instructions|
control-
ow patterns and data-
ow patterns. Even
supposing that a saturating add were always expressed
the same way in C, recognition of it would require a si-
multaneous match of both a complex control-
ow pat-
tern and a complex data-
ow pattern.

II. Related work

Traditionally, intrinsic functions have been imple-
mented with assembly language instructions. Most
C compilers provide an asm statement for generating
assembly instructions directly. When used for imple-
menting intrinsic functions, these assembly statements
are used as macro replacements for C function calls,
are maintained through intermediate representations,
and specify the generation of a particular sequence of
assembly code. While providing the performance ad-

#define L_add(a,b) \

({int __value, __arg1 = (a), __arg2 = (b);\

asm ("add_sat %2,%1,%0": "=d" (__value):\

"d" (__arg1) : "d" (__arg2)); \

__value; })

Fig. 2. A GCC asm intrinsic substitution for L add.

vantages described above, this method of specifying in-
trinsic functions has several disadvantages.

Figure 2 is an example of a GCC [6] asm intrinsic sub-
stitution for the L add function, for a target machine
with an add sat instruction which performs a saturat-
ing add. This asm statement de�nes two integer input
registers arg1 and arg2, an integer output regis-
ter value, and a template for insertion of the reg-
ister references into an assembly instruction|add sat

%2,%1,%0. GCC makes no attempt to interpret the as-
sembly mnemonic itself. The assembly language tem-
plate may contain multiple instructions. In our exam-
ple, each C reference to L add eventually becomes a
single add sat assembly instruction.

There are two disadvantages to using assembly in-
structions for implementing intrinsic functions. First,
assembly instructions are not portable. Of course, us-
ing machine-speci�c code can be extremely e�ective for
performance; with suÆcient knowledge of the target
machine, a programmer can construct an optimal set
of assembly instructions. However, obtaining this level
of performance comes at the expense of portability;
even for an object code compatible, higher issue rate
machine, it is likely the assembly instructions would
need to be rewritten in order to further reduce cycle
counts.

Second, assembly instructions inhibit many opti-
mizations|most of all instruction scheduling. One
simple example of this is that the scheduler cannot ac-
count for any latencies of instructions in a GCC asm

statement, since the scheduler treats it as a block of un-
known assembly instructions. E�ectively, the entry to
and exit from each assembly statement is an optimiza-
tion barrier. In the context of a multiple-issue proces-
sor, the scheduler cannot schedule any other instruc-
tions concurrent with the ones in an assembly state-
ment, since it does not know which processor resources
they will consume. Also, for an asm statement with
more than one instruction, the statement must remain
a block; none of the individual instructions can be pro-
moted or demoted in the overall schedule to �ll delay
slots or overlap execution with other instructions. Fi-
nally, the compiler should assume that assembly in-
structions could have side e�ects which change the
state of the machine (a programmer may use them for



exactly that purpose, such as to change a saturation or
rounding mode), and so should not move instructions
over the assembly instructions.

Besides scheduling, other optimizations are impeded
by the barriers imposed by assembly instructions. In-
structions before and after assembly instructions can-
not be combined. Also, since the assembly instructions
are opaque to the compiler and force the placement of
operands in registers, the instructions cannot partici-
pate in many optimizations, including constant propa-
gation and common subexpression elimination.

Several compilers implement intrinsic functions by
promoting assembly instructions to C keywords. Texas
Instruments' TMS320C6x compiler [7], for example,
has intrinsic instructions which are a subset of their
`C6x instruction set [8]. As with asm statements, a
programmer using this type of intrinsic function imple-
mentation is still writing for a particular architecture.

Many vendors provide optimized, target-dependent
libraries for important functions. If libraries are pro-
vided for all targets the compiler supports, then this
approach provides some portability. However, if li-
braries are used to implement intrinsic functions, then
intrinsic instructions are embedded in a function call,
and many of the same barriers to optimizations exist
as with assembly instructions.

III. Our method

The traditional method of implementing intrinsics is
with assembly instructions. Our approach to intrinsics
intelligently handles a set of instructions taken from
the compiler's intermediate representation rather than
from a target assembly language. Using this approach,
we achieve both portability and improved performance.

A. Analysis of traditional method

Section II discussed the disadvantages of implement-
ing intrinsics using assembly instructions: they intro-
duce architectural dependence and inhibit optimiza-
tions, especially instruction scheduling. These disad-
vantages have a common cause: the compiler does not
understand the assembly instructions. Therefore, it
must make nearly worst case assumptions, partition-
ing the assembly instructions from surrounding code.

If the compiler understood the semantics and side
e�ects of the computations described by the assembly
instructions, it could avoid their disadvantages. To-
ward this end, either the compiler could interpret the
assembly instructions, or the computations could be
described by some language other than assembly, but
still suÆciently close to it to describe the computations
eÆciently. An intermediate approach would solve one
of the disadvantages: asmsafe statements could be de-

�ned which convey that there are no side e�ects; this
would allow optimizers to move instructions over the
asmsafe statements, but other disadvantages would re-
main.
Teaching the compiler to read assembly language is

an architecture-dependent task; this is the approach
is taken by assembly-language optimizers. Instead, we
take the second approach, and describe the computa-
tions in an architecture-independent form. Speci�cally,
we promote speci�c instructions from our compiler's
low-level IR (intermediate representation) to new C
keywords.

B. Our implementation

Our approach to intrinsics intelligently handles a set
of intrinsic instructions, avoiding all three of the dis-
advantages of using assembly instructions as intrinsic
instructions. Our intrinsic instructions are selected in-
structions from the compiler's intermediate represen-
tation rather than from a target assembly language;
these instructions become a set of new C keywords.
We avoid the optimization disadvantages of assem-

bly language intrinsic instructions because the com-
piler understands the meaning of the intrinsic in-
structions. They are not unknown operations but
speci�c known ones. Furthermore, our approach is
architecture-independent, since our intrinsic instruc-
tions do not specify assembly language instructions in
a target architecture but instructions in the compiler's
intermediate representation.
A programmer uses our intrinsics by specifying a

substitution such as:
#define L add(a,b) ( add sat(a,b)).

The add sat instruction speci�ed is an instruction in
our compiler's low-level IR, not necessarily an instruc-
tion in the assembly language of the target architec-
ture.
The �rst advantage of writing intrinsic substitutions

to the compiler's IR is that intrinsics as such disappear
in the IR. Instructions in the IR are equivalent whether
they resulted from standard C statements or intrinsic
substitutions; intrinsic instructions need not be han-
dled in an extraordinary way. They can fully partic-
ipate in optimizations with non-intrinsic instructions.
Whether instructions are generated by intrinsic substi-
tutions, peephole optimizations or some other method
is of no consequence. (We think the IR of a DSP com-
piler should include DSP-oriented instructions; while
this complicates the IR, it allows for better quality out-
put.)
The second advantage of writing intrinsic substitu-

tions to the compiler's IR is that the program remains
portable. The target architecture can be changed with-
out any modi�cation to the intrinsic substitutions used,



and the compiler can accommodate the change (pro-
vided that the compiler has been ported to the the tar-
get architecture). If the target architecture supports
an intrinsic instruction directly, it can be used. If not,
it can be expanded as necessary, perhaps even making
a function call to a library; in this case, the speedup
from using an intrinsic substitution is negated. We
used the function-call strategy to emulate our intrinsic
instructions for HP and Sun workstations to verify the
correctness of our work.

The ability to target di�erent architectures without
modifying the intrinsic substitutions used, while bene-
�tting from those intrinsics when the architecture has
relevant support, is a signi�cant bene�t to an embed-
ded system programmer or designer. Implementing in-
trinsic functions with instructions from the compiler's
IR rather than instructions from a particular architec-
ture's assembly language is a signi�cant step toward
the goal of a high-performance, retargetable DSP com-
piler.

There are two disadvantages of writing intrinsics to
the compiler's IR. First, the intrinsic substitutions are
now compiler-dependent; however, this is also true of
many asm statements. Second, some of the IR is ex-
posed to the programmer. Our implementation ex-
poses only DSP-speci�c instructions which are diÆcult
to generate from C. An alternative approach is to con-
struct a programmer interface describing allowable in-
trinsic instructions, which may or may not be directly
implemented in the IR; as long as the compiler handles
the them intelligently and is able to isolate them from
the target architecture, all of the same advantages can
be maintained.

IV. Experiments

We claim a performance advantage over traditional
assembly language intrinsics, in addition to portabil-
ity. To validate our claims, our experiments compare
the performance of traditional intrinsics with our ap-
proach, and compare the interactions of each type with
aggressive ILP-improving optimizations.

Since the main performance bene�t of our approach
comes from removing optimization barriers, we call the
traditional intrinsics blocking intrinsics and our ap-
proach non-blocking intrinsics.

The two aggressive optimizations we study are
pro�le-directed function inlining and aggressive loop
optimizations. We choose these because we expect the
combination of non-blocking intrinsic substitutions and
inlining of functions in inner loops to create better can-
didates for aggressive loop optimization.

A. Benchmarks

We examine four ETSI GSM (European Telecommu-
nication Standards Institute Global System for Mobile
communications) speech applications: the half-rate en-
coder and decoder [9], and enhanced full-rate encoder
and decoder [10]. These four applications are impor-
tant for GSM cellular systems. All of these applications
share ETSI-de�ned basic operations for emulation of
fractional arithmetic using integer arithmetic. The in-
trinsic functions we de�ne are among the most often
called of these basic operations.
Each ETSI application has a series of test vectors as-

sociated with it. In addition to the variables described
below, we could examine the performance variations
among test vectors and average over them, but we do
not; our previous research has shown the performance
of our compiler on these ETSI applications to be rel-
atively insensitive to the test vector used for pro�ling.
The performance di�erence between code pro�led and
run with the same test vector and pro�led and run with
di�erent test vectors is in the range of 1{5% [11]. Each
test vector consists of a number of speech frames, and
we choose, for each application, the test vector with
the single most computationally intense frame.

B. Target

The target of all of our experiments is an ideal 8-
issue VLIW processor. It is capable of only one branch
per cycle but otherwise can execute any combination
of instructions; every execution unit is capable of ex-
ecuting any arithmetic or memory instruction. It has
64 general-purpose registers and a two-cycle memory
latency. It has a perfect instruction cache, but no data
cache; typical DSP's do not have a data cache, but
use fast on-chip SRAM memory. Like most DSP's,
it has a single-cycle multiplier and saturating arith-
metic instructions, but unlike many DSP's, it does
not have multiply-shift or multiply-accumulate instruc-
tions. Our VLIW processor does not require �lling
of empty slots with no-op instructions. This target
is intended to resemble new, wide DSP's such as the
Star*Core 140 and the Texas Instruments 'C6x.

C. Measurements

For each trial, we measure three things|code size
as a static count of instructions, instructions executed
as a dynamic count, and the cycle count for comple-
tion. The baseline measurement for each benchmark is
with no intrinsics, no inlining, and no loop optimiza-
tion. Speedup is computed as cycle count divided by
baseline cycle count. Code growth is computed as code
size divided by baseline code size. IPC (instructions
per cycle) is computed as dynamic instruction count



Number Weight Function Substitution
1 0.2191 L mult mul, asl sat
2 0.1613 L add add sat
3 0.0549 L sub sub sat
4 0.0433 L shl asl sat
5 0.0213 saturate sat
6 0.0209 mult mul, asl sat, asr
7 0.0177 shr asl sat, sat
8 0.0151 extract h lsr, extract16
9 0.0110 extract l extract16
10 0.0094 L shr asl sat
11 0.0032 shl asl sat, sat
12 0.0018 norm l norm
13 0.0001 L abs abs sat
14 0.0001 abs s lsl, abs sat, lsr
15 0.0001 norm s norm, sub

0.5794 Total

Fig. 3. Intrinsic substitutions used. Weight is the
fraction of total execution time when intrinsics are
not used, as measured by gprof, average over all
benchmarks.

divided by cycle count. A geometric mean over all of
the benchmarks is computed for speedup, code growth,
and IPC.

D. Intrinsics

We de�ne intrinsic substitutions for functions in our
benchmarks based on two criteria. First, we only de-
�ne an intrinsic when there is clear gain from it (i.e.,
there must be obvious DSP-speci�c instructions for im-
plementing a given function). Second, we only de�ne
intrinsics for functions representing more than 0.01% of
the program execution time. Based on these criteria,
we use the intrinsic substitutions shown in Figure 3.
We apply them in the order shown in the �gure: for
example, when we use three intrinsic functions, they
are L mult, L add, and L sub. We vary intrinsic sub-
stitutions applied from 0 (none) to 15 (all), and we
apply both blocking and non-blocking varieties of the
intrinsics.
Other common DSP intrinsic instructions, such as

modulo addressing or bit-reversed addressing can be
handled by our mechanism. However, since these are
not used by our benchmarks, we do not discuss them
here.

E. Other optimizations

The use of non-blocking intrinsics, in addition to di-
rect bene�ts, has indirect bene�ts, because of interac-
tions between intrinsics and other optimizations. The
two optimizations we isolate in this study are pro�le-

directed inlining and aggressive loop optimizations.
Other standard optimizations are always used [3].

The use of non-blocking intrinsics has substantial in-
direct bene�ts, similar to those provided by function
inlining. Since we replace function calls with simple
instructions, each replacement removes a barrier to op-
timization. Loops containing function calls that are
replaced by intrinsic instructions become better candi-
dates for unrolling or modulo scheduling optimizations.
These bene�ts point toward increased instruction-level
parallelism.

E.1 Pro�le-directed inlining

Our compiler applies pro�le-directed function inlin-
ing [12]. Pro�le information is collected by instrument-
ing the benchmark code with probes, compiling, and
running with a training input. Then, at a high-level in-
termediate code, starting with the most-often-reached
call site, functions are inlined, provided they meet a
set of criteria. Inlining is controlled by the amount of
code expansion allowed across the whole application.
A code expansion ratio is selected and function calls
are inlined until the code size exceeds the allowed size;
a ratio of 1.2 indicates that a 20% overall expansion is
allowed. We vary inlining from a ratio of 1.0 (none) to
a ratio of 2.6.

E.2 Loop optimization

We examine the e�ect of aggressive loop opti-
mization|modulo scheduling [13] and loop unrolling.
When a loop can be modulo scheduled, we do so. When
it cannot, we unroll it. We favor modulo scheduling
over the relatively large code expansion of loop un-
rolling; however, since modulo scheduling has limita-
tions on the loops it will schedule, we can apply un-
rolling to more loops. We examine two cases|with
and without aggressive loop optimization. Whether or
not aggressive loop optimization is applied, we perform
standard loop optimizations [3].

V. Results

We present our results in two sections. The �rst sec-
tion compares the performance of blocking and non-
blocking intrinsics without the application of function
inlining or aggressive loop optimization, and the sec-
ond section examines the interactions of these opti-
mizations with blocking and non-blocking intrinsics.

A. New versus old intrinsics

Figures 4 and 5 show speedup and IPC provided by
both blocking and non-blocking intrinsics. The appli-
cation of all 15 blocking intrinsics results in a speedup
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of 1.93, and the application of all 15 non-blocking in-
trinsics results in a speedup of 2.16, an improvement
of 12%. The application of all 15 blocking intrinsics
results in an IPC of 1.22, and the application of all
15 non-blocking intrinsics results in an IPC of 1.38, an
improvement of 13%.

IPC is lowered by application of intrinsics, especially
for blocking intrinsics. This is because the application
of intrinsics lowers both the number of instructions exe-
cuted and the cycle count, but lowers the number of in-
structions executed proportionally more. With block-
ing intrinsics, this e�ect is exaggerated. The next sec-
tion will show that the use of inlining and loop opti-
mizations improves IPC for non-blocking intrinsics.

Figures 6 and 7 show the schedule improvement ob-
tained in one critical inner loop. With blocking intrin-

Cycle Instructions
1 lsl
3 load
3 |
4 add
5 sat (1)
6 load
7 |
8 lsl
9 asl sat (2)
10 add sat (3)
11 load
12 |
13 lsl
14 asl sat (4)
15 add sat (5)
16 mul
17 and
18 asr
19 and
20 bne
21 sat (6)
22 add sat (7)
23 lsr
24 extract
25 mul
26 asl sat (8)
27 mul
28 asl sat (9)
29 sub sat (10)
30 add bgt
31 extract
32 mov blt

Fig. 6. Schedule for inner loop with blocking intrinsics.
Ten intrinsic substitutions occur in the loop.

Cycle Instructions
1 lsl add
2 load load load extract
3 |
4 lsl add lsl
5 asl sat (2) sat (1) asl sat (4)
6 add sat (3) mul
7 add sat (5) and
8 add sat (7) asr
9 lsr sat (6) and
10 extract mul bne
11 mul asl sat (8)
12 asl sat (9)
13 sub sat (10)
14 bgt mov
15 blt

Fig. 7. Schedule for inner loop with non-blocking in-
trinsics. Ten intrinsic substitutions occur in the
loop.



sics, the loop body is scheduled for 32 cycles at an IPC
of 0.97. With non-blocking intrinsics, the loop body is
scheduled for 15 cycles at an IPC of 2.07. The annota-
tions on the �gures show the overlapped scheduling of
intrinsic instructions.

B. Other optimizations

The following paragraphs present our results for
speedup, code growth and IPC versus number of intrin-
sics, inlining expansion ratio, and loop optimization for
our benchmarks. Since the graphs cannot show all vari-
ations simultaneously, they are drawn along axes we
consider most likely for production use|all intrinsics,
1.4 inlining expansion ratio, with loop optimization.

B.1 Speedup

Figures 8 through 13 show our speedup results.
Speedup is shown relative to a baseline with no intrin-
sics, no inlining, and no aggressive loop optimization.
The highest mean speedup we observe is 6.91. This

occurs with all non-blocking intrinsics, maximum in-
lining, and loop optimization. With blocking intrin-
sics, this speedup is 2.83, so non-blocking intrinsics
produces a factor of 2.44 improvement.
As Figure 8 shows, the addition of intrinsics pro-

duces a steady increase in speedup. The increase is
often not in proportion with the weight of the intrinsic
(see Figure 3)|intrinsic 6 (2% weight) shows very lit-
tle increase, while intrinsic 10 (< 1% weight) shows a
large increase. This shows that the increase in speed is
due as much to the removal of barriers to optimizations
as to the reduction in execution time of the intrinsic
functions themselves.
As Figure 9 shows, even a small amount of inlining

allows intrinsics to contribute signi�cantly to the over-
all speedup. This �gure shows that with all intrinsics
and loop optimization, increasing the inlining expan-
sion ratio from 1.0 (none) to 1.05 increases speedup
from 2.08 to 4.55. This trend results from often-called
functions which themselves contain calls to intrinsic
functions. For example, a function L mac is one of the
most often called in our GSM benchmarks, and this
function is short, calling only L mult and L add in se-
quence. Once L mult and L add are implemented as in-
trinsics and L mac is inlined at call sites in loops, these
loops become excellent candidates for optimization.
As Figures 10 and 13 show, non-blocking intrinsics

make a huge di�erence when combined with loop op-
timization. For all intrinsics and maximum inlining,
blocking intrinsics only allow loop optimization to in-
crease speedup from 2.57 to 2.83, an increase of 10%,
while non-blocking intrinsics allow loop optimization
to increase speedup from 3.85 to 6.91, an increase of
79%.

As Figures 8 and 11 show, all benchmarks respond
similarly to the application of intrinsics and inlining.

B.2 Code growth

For the sake of space, we do not report detailed code
growth results here. Typically, increasing the number
of intrinsics reduces code size, o�setting some expan-
sion due to inlining expansion and loop optimization.
For our typical case of all non-blocking intrinsics, 1.4
inlining expansion ratio and loop optimizations, the to-
tal code growth is 27%.

B.3 IPC

Figures 14 through 19 show our instruction-level par-
allelism (ILP) results, measured in instructions per cy-
cle (IPC). For all benchmarks, the baseline IPC's (no
intrinsics, no inlining, and no loop optimization) are
approximately 1.5. All of our graphs and discussion
cite absolute IPC, not relative IPC.
The highest IPC we observe for the benchmark mean

is 3.79, where the maximum possible with our target
architecture is 8. This occurs with all non-blocking in-
trinsics, maximum inlining, and loop optimization. If
blocking intrinsics are used, the IPC is 1.29 (less than
baseline), so non-blocking intrinsics produce a factor
of 2.94 improvement over blocking intrinsics. With a
more moderate inlining expansion ratio of 1.4, the IPC
for non-blocking intrinsics is 3.68, while the IPC for
blocking intrinsics remains 1.29. Our non-blocking ap-
proach interacts very well with other optimizations to
improve IPC, while the blocking approach does not.
Figures 14 through 16 show that increasing applica-

tion of non-blocking intrinsics increases IPC steadily
and signi�cantly, when inlining and loop optimization
are performed. Figures 14 and 16 show that the in-
creasing application of blocking intrinsics reduces IPC
even when inlining and loop optimization are per-
formed.
Figures 17 through 19 show that increasing inlining

increases IPC greatly at �rst, but less for larger in-
lining ratios; this is with non-blocking intrinsics and
loop optimization. Even a small amount of inlining
produces large gains in IPC, just as it produced large
gains in speedup, and for the same reason. Figure 18
shows that the more non-blocking intrinsics used, the
more di�erence increased inlining makes. On the other
hand, Figures 17 and 19 show that blocking intrinsics
prevent inlining from contributing to increased IPC.
Figures 16 and 19 show that loop optimization dra-

matically increases IPC, when used together with non-
blocking intrinsics and inlining. Without loop opti-
mization, non-blocking intrinsics and inlining produce
relatively small gains in IPC. With blocking intrinsics,
loop optimization only produces small gains in IPC.
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Fig. 9. Speedup versus number of intrinsics for se-
lected degrees of inlining. Non-blocking intrinsics,
mean of benchmarks, loop optimization.
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Fig. 10. Speedup versus number of intrinsics with
and without loop optimizations with blocking and
non-blocking intrinsics. Mean of benchmarks, 1.4
inlining expansion ratio.
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Fig. 11. Speedup versus inlining expansion ratio for
all benchmarks and mean with non-blocking in-
trinsics, mean only with blocking intrinsics. All
intrinsics, loop optimization.
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Fig. 12. Speedup versus inlining expansion ratio for
selected numbers of intrinsics. Non-blocking in-
trinsics, mean of benchmarks, loop optimization.
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Fig. 13. Speedup versus inlining expansion ratio with
and without loop optimizations with blocking and
non-blocking intrinsics. Mean of benchmarks, all
intrinsics.
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Fig. 14. IPC versus number of intrinsics for all
benchmarks and mean with non-blocking intrin-
sics, mean only with blocking intrinsics. 1.4 inlin-
ing expansion ratio, loop optimization.
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Fig. 15. IPC versus number of intrinsics for selected
degrees of inlining. Non-blocking intrinsics, mean
of benchmarks, loop optimization.
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Fig. 16. IPC versus number of intrinsics with and
without loop optimizations with blocking and
non-blocking intrinsics. Mean of benchmarks, 1.4
inlining expansion ratio.
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Fig. 17. IPC versus inlining expansion ratio for all
benchmarks and mean with non-blocking intrin-
sics, mean only with blocking intrinsics. All in-
trinsics, loop optimization.
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Fig. 18. IPC versus inlining expansion ratio for se-
lected numbers of intrinsics. Non-blocking intrin-
sics, mean of benchmarks, loop optimization.
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Fig. 19. IPC versus inlining expansion ratio with
and without loop optimizations with blocking and
non-blocking intrinsics. Mean of benchmarks, all
intrinsics.
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Fig. 20. Summary of the e�ect of intrinsics on perfor-
mance, for both traditional blocking and our non-
blocking intrinsics, with pro�le-directed inlining
and loop optimization.

VI. Future work

We have not measured the performance of our new
approach to intrinsics for other DSP applications.
However, the e�ect of applying intrinsics to other ap-
plications can be estimated. On the mean, 58% of the
baseline execution time in our benchmarks is replaced
by our 15 intrinsic substitutions. If this execution time
could be reduced to zero, the \ideal" speedup would be
2.38. With non-blocking intrinsics alone (no inlining or
loop optimization), our speedup is 2.16, only 9% from
the (unachievable) ideal. Therefore, we conclude that
the e�ect of applying intrinsics to an application can
be estimated by assuming that the time spent in func-
tions which are replaced by intrinsic instructions is re-
duced by a factor near one; our data suggest 91%. Fur-
thermore, we anticipate that other applications which
bene�t substantially from intrinsics alone will also be
loop-intensive, and will bene�t from the positive inter-
actions among non-blocking intrinsics, pro�le-directed
inlining, and aggressive loop optimizations.

VII. Conclusions

We have presented a new approach to intrinsic func-
tions which has two substantial advantages over the
traditional blocking assembly language method. Our
non-blocking method provides both portability across
architectures and substantially better performance.
As summarized in Figure 20, for the four GSM

speech coder benchmarks, our new approach to intrin-

sic functions has better performance than traditional
assembly language intrinsics, and interacts substan-
tially better with other optimizations. Without pro�le-
directed inlining or aggressive loop optimization, our
approach has 12% better performance (2.16 speedup
compared to 1.93 speedup). With pro�le-directed in-
lining and aggressive loop optimization, our approach
has 138% better performance (6.62 speedup compared
to 2.78). Improvement in IPC is similar, 13% with-
out other optimizations (1.38 compared to 1.22) and
185% better with them (3.68 compared to 1.29). We
conclude that the substantial improvement of our ap-
proach over the traditional method is due primarily to
our method's removal of barriers to optimizations.
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