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Abstract

Compilers for VLIW and superscalar machines in-
creasingly use dynamic application behavior or profiling
information in optimizations such as ingruction schedul-
ing, speculative code motion, and code layout. Hence it is
extremdly useful to develop inexpensive techniques that
gather accurate profiling information. This paper pres-
ents novel edge profiling techniques that greatly reduce
run-time overhead by efficiently exploiting instruction
level parallelism between application and instrumenta-
tion. Best results are achieved when speculatively exe-
cuting a software pipelined version of the instrumentation
code. For an 8-wide issue machine, measurements for the
SPECint95 benchmarks indicate a 10-fold reduction in
overhead (from 32.8% to 3.3%), when compared with
previous techniques.

Keywords: Edge profiling, profiling instrumentation,
specul ative code motion, software pipelining.

1. Introduction

Current research in compilers for VLIW and super-
scalar machines focuses on exposing more of the inherent
paralelism in an application to obtain higher performance
by better utilizing wider issue machines and reducing the
schedule length of a code. Because there is generaly in-
sufficient paralldism within individual basic block in
integer applications, a significant part of the available
instruction level pardlelism is extracted from sequences
of consecutively executed basic blocks. Compiler tech-
niques such as trace, superblock, or treegion scheduling
[2]12][3] [4][5] in graight line code and modulo schedul -
ing [6][7] in loop code, exploit such parallelism by mov-
ing operations beyond their original basic block. This
results in significant speedups when the compiler accu-
rately predicts sequences of blocks. To better guide such
ingtruction level pardlelism enhancing compiler tech-

*Copyright 1998 IEEE. Published in the Proceedings of PACT ‘98, 12-18
October 1998 in Paris, France. Personal use of this material is permitted. However,
Permission to reprint/republish this material for advertising or promotional purposes
or for creating new collective works for resale or redistribution to servers or lists, or
to reuse any copyrighted component of this work in other works, must be obtained
from the IEEE. Contact: Manager, Copyrights &etmissions/BEE Service Cen-
ter/ 445 Hoes Lane/ P.O. Box 1331/ Piscataway, NJ 08855-1331, USA. Telephone: +
Intl. 732-562-3966.

niques, dynamic application behavior or profiling infor-
mation is often gathered during initial or pre-production
runs of an application. One of the most frequently used
forms of profiling information is edge profiling, which
counts the number of times a given branch is taken or
fallen through.

As the use of profiling information is becoming in-
creasingly prevalent in compiler optimizations, ranging
from aggressive function inlining and instruction sched-
uling, to code layout, it is important to develop profiling
techniques that gather accurate information cheaply. One
approach to profiling uses dedicated hardware monitors,
which gather runtime statistics in dedicated registers that
are periodically stored into memory [8]. When hardware
monitors are not available, edge profiling information
may be sampled during interrupts from the branch predic-
tion mechanism [9], or even from the application’s pro-
gram counter. The profiling overhead of the hardware
approach is low, e.g. between 0.4% and 4.6% slowdown
in SPECint92 [9], with its overhead occurring mostly
while reading the hardware monitors and saving their val-
ues into memory. The profiling information is then esti-
mated from these sample values.

Anocther approach to profiling uses code instrumenta-
tion, which augments the original code with additional
operations that maintain probes counting the profiled
events. In edge profiling [10][11][12][13], for example,
current tools profile the taken frequency with which a
branch is traversed by adding a probe along the taken
path. A probeis a new basic block in which a counter is
incremented each time this transition (from the branching
block to the block targeted by the branch) occurs in the
application. The code instrumentation approach is precise
and flexible, in that unlimited mix of available informa-
tion can be precisely recorded, without intervention of the
operating system. However, the profiling overhead of this
approach issignificantly larger, e.g. between 5% and 91%
slowdown for SPEC92 [11], with its overhead occurring
largely because of the additional operations and schedule
length of the probes. Our edge profiling measurements
confirm this overhead, which averages at 32.8% for SPE-
Cint95 compiled for an 8-wide machine.

In this paper, we propose nove edge profiling tech-
niques targeted for wide issue machines, which signifi-
cantly reduce the code instrumentation overhead by
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Figure 1. Introductory example

leveraging the unused machine resources. We achieve an
overhead close to the hardware approach by a combina-
tion of two techniques. First, we investigate code motion
schemes that diminate the need for additional basic
blocks, and thus enhance the ingruction level paraldism
between the operations of the application and the opera
tions of the probes. Second, we investigate software pipe-
lined probes where the updating of a given probe is
disseminated among consecutive instances of probe up-
dates, just like software pipelined loops distribute the
execution of a loop iteration among consecutive loop it-
erations of the software pipeined loop.

We investigate the performance of the proposed edge
profiling techniques for a Tinker-8 machine [5]. Our best
scheme results in a dowdown between 1.3% and 6.4%,
for a 3.3% average in SPECint95, when no prior profiling
information is available. When profiling information is
available, and extensive ILP transformations are per-
formed, our best scheme results in a slowdown ranging
from 0.3% to 9.2%, for a 3.7% average in benchmarks
from SPECint95 and multimedia applications.

The rest of the paper is organized as follows. The
performance of previous code-instrumentation edge pro-
filing techniques in the context of wide issue machinesis
investigated in Section 2. We present novel code motion
schemes and software pipelined probes in Sections 3 and
4, respectively. We investigate issues related to profiling
highly optimized code in Section 5. We conclude in Sec-
tion 6.

2. Traditional edge profiling techniques

In this section, we describe some of the traditional
code instrumentation techniques used to gather edge pro-

2.1 Overview of terms

A control flow graph (CFG) consigts of vertices and
edges, where each vertex correspondsto abasic block (i.e.
a sequence of operations with no side entrance and side
exit), and each edge represents the flow of control from
one basic block to another. For example, consider the
segment of a CFG shown in Figure 1a. In this example,
vertex v; consists of some straight-line code terminating
in a branch operation. The flow of control from v; to v,
and vs is represented by the edges e, and e, 3 respec-
tively.

A path is a sequence of n vertices connected by n-1
edges. A cycle is a path where the last edge connects the
last vertex back to the first vertex. Another characterigtic
of an edge, is its weight. The weight of an edge corre-
sponds to the frequency with which the edge is traversed.
Thus it is anonnegative number and the weights assigned
to the input and output edges of a vertex are governed by
Kirchoff's law. In particular, the sum of the weights of all
input edgesis equal to the sum of the weights of all output
edges, for each vertex in the CFG. A spanning tree of a
CFG is a maximum subset of edges without a cycle. Fur-
thermore, a maximum weight spanning tree is a spanning
tree where the sum of the weights associated with the
edges in the spanning tree is maximum.

2.2 Selection of edgesto profile

To gather edge profiling information, a naive solution
would be to profile every edge in the procedure under
consideration. An improvement to this technique is to
only profile the output edges of vertices with two or more
output edges. In this approach, the weight of the remain-

ing edges is inferred using Kirchoff's law. While this
technique significantly reduces the number of profiled
edges, Knuth [10] showed that it still profiles more edges
than necessary. For a given CBZand spanning treg,

filing information. Recall that edge profiling gathers in-
formation on the taken and fall through frequency at each
branch in a procedure.



Knuth stated that it is sufficient to profile all edges in G-
T, since the weight of the edges in spanning tree T can be
deduced from the remaining profiled edges in G-T. If the
weight of the edges is known or can be guessed, it is ad-
vantageous to search for a maximum weight spanning tree
since we do not want to profile frequently executed edges.
An agorithm for constructing a maximum weight span-
ning tree is described by Tarjan [14]. A maximum weight
gpanning tree of the CFG in Figure l1ais represented by
bold edges in Figure 1b. The remaining edges identified
with dotswill be profiled.

A problem though, is that the weight of the edges is
not generaly available, since it is precisely this profiling
information that we aim to gather. We must thus fall back
on using static structurd predictors as proposed by Ball
and Larus [11][15][16]. In this paper, we use the tech-
nique described in [15] for non-loop branches. Predicted
output edges are assigned 60% of the total incoming
weight. We assume each loop to be executed 10 times.

V2: *k*
p1(UN) := (r1==r2);
Branch Vs’ ? p1;

g —a
Vs~ r20 := &counter-2-5;
r21 := load r20;
r2l:=r21+ 1;
storer20, r21; Branch Vs;
A
|V5: * %k |

Figure 2. Probe in additional block (traditional scheme)

2.3 Probe along edge

To profile an edge, we may construct a new basic
block along this edge, and add the profiling insrumenta
tion inside that new basic block. Condder in Figure 1,
basic blocks v, and vs, joined by the profiled edge e, 5. We
present the ingtrumented code for edge &5 in Figure 2.
Note that modified or additional code is italicized. The
code in v, shows a comparison between the contents of
two registers and a branch depending on this comparison.
Since edge &5 is profiled, we add a new basic block
which increments the counter associated with this edge. In
this new basic block, vs' in Figure 2, we first need to set

the address of the counter in a register (“r20 := &counter-
2-5"), since the PlayDoh semantics do not allow loads
from literal addresses [17]. Then, we load the counter,
increment it and store the new value in memory (“r21 :=
load r20”, “r21 :=r21 + 1", and “store r20, r21" respec-

sponding to an unconditional flow of control from one
block to another. In this case, we need not construct a new
basic block; we can just add the additional code to the end
of the preceding basic block. In doing so, the compiler
may overlap the execution of operations from the previ-
ous basic block with the operations of the probe. As a
result, the overhead due to code instrumentation may
range from O to 5 cycles, instead of the fixed 5 cycle pen-
alty when a new basic block is created.

2.4 Edge selection revisited

As seen in the previous section, it is advantageous to
profile edges corresponding to unconditional branches.
Thus, we would like to alter the selection of edges for
profiling accordingly. In this paper, we do so by simply
increasing the weight of output edges from vertices with
two or more output edges by 10% before forming the
maximum weight spanning tree. Hence these edges will
be more likely to be included in the maximum spanning
tree, and thus less likely to be profiled. Edges exiting
from unconditional branch statements will thus be more
likely to be marked for profiling.

Consider our example shown in Figure 1c. In the
original maximum weight spanning tree of Figure 1b,
edges,, ande; s, are marked for profiling. If we increase
their weight to 33,4 ande,s will now appear in the
maximum weight spanning tree. Theig andes s are now
marked for profiling. Hence, the added profiling code
need not appear in separate basic blocks, but can be added
to the end of vertices,\and .

2.5 Perfor mance evaluation

We briefly describe here the benchmarks, compiler
and machine model used in this paper. We used the SPE-
Cint95 benchmark suite. Classic optimizations were ap-
plied to each benchmark program using the IMPACT
compiler. The benchmarks were then converted to the
Rebel textual intermediate representation by the Elcor
compiler from Hewlett-Packard Laboratories. Instrumen-
tation was implemented within the LEGO research com-
piler, which has been developed by the TINKER group at
N.C. State University. After instrumentation, the applica-
tions were scheduled using depth first search priority for
basic blocks and Bringmann’s scheduling priority [2] for
superblocks. The machine model used was a Tinker-8
machine [5], which is an 8 issue wide processor with 3
integer units, 2 memory units, 2 floating point units, and 1
branch unit. It is a statically scheduled very long instruc-
tion word (VLIW) architecture. All operations have a unit

tively). We see that each time the probe is traversed, we latency except for load (2 cycles), floating-point multiply
add 1+2+1+1=5 cycles to the execution time (load opera- (3 cycles) and floating-point divide (9 cycles).

tion takes 2 cycles here).

The results for the SPECint95 benchmarks are shown

As stated above, we create a new basic block for eachin Figure 3. Slowdown includes instrumentation overhead
profiled edge. Consider, however, a profiled edge corre- generated by the additional instrumentation operations,
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assuming perfect cache and branch prediction. The dow-
down excludes the 1/0 overhead generated when perma-
nently storing the profiling information into files. Along
refers to the instrumentation of the probe along an edge or
merged with the preceding block in the case of single out-
put edge (i.e the traditiond Probe-along-edge).
AlongModif corresponds to the case where we search for
additional instances of merged profiling code (see Section
2.4). For both Along and AlongModif, we investigate 3
aternatives. (1) using precise weight (Weight), (2) using
estimated weight as indicated in Section 2.2 (Guess), and
(3) using unit weight for all edges (Unit). Note that exact
profiling information is not expected to be available, and
is only provided here to evaluate the two other weight
policies.

Firg, note that AlongModif significantly outperforms
Along, e.g. reducing the slowdown from 26.3% to 22.1%
when used in conjunction with the Weight policy, on av-
erage over SPECint95. Second, note that when guessing
the weight, we get a considerable decrease in the over-
head as compared to assuming unit weight. In fact, this
holdstrue for all benchmarks. On an average, using Guess
instead of Unit decreases the overhead from 45.2% to
32.8% for the Along scheme, and from 35.7% to 26.2%
for the AlongModif scheme.

3. Profiling code motion
In Section 2, we saw that the profiling overhead was

reduced from 32.8% to 26.2%, on an average and without
initid profiling information, when explaiting the instruc-
tion level parallelism among profiling and application
operations in basic blocks with unconditional branches. In
this section, we investigate techniques that further overlap
the execution of the application and the profiling code, by
transforming the profiling code such that it may be di-
rectly inserted in the application’s basic blocks. Two
schemes are investigated here: one where the profiling
code is inserted before each profiled edge, and another
onewhereit isinserted after each profiled edge.

3.1 Probebefore edge

In the first scheme, referred to as Probe-before-edge,
profiling code is inserted just before each profiled branch.
Specifically, the profiling operations associated with a
profiled edge e, are inserted in vertex v , just before the
branch generating the transition from vertex vy to vy. In
this scheme, the profiling code is speculatively executed
since the profiling operations are executed regardiess of
the outcome of the branch. Nevertheless, the counter as-
sociated with edge e, should only be incremented if the
control flow is transferred from vy to v,. Thus, we should
guard the profiling operations associated with edge e,
using the same predicate as the one governing the transfer
of control from vy to v,.. For example, if e, corresponds to
a taken-branch path, we use the predicate guarding the
branch to guard the profiling operations as well; other-

Vo r22:= &counter-2-4; r20 := &counter-2-5; *kk
r23:=load r22; r21 :=load r20; xHx
r23:=r23+ 1; r21:=r21+ 1, p1l(UN), p2(UC) := (rl==r2);
sorer22,r23 ? p2; storer20,r21 ? pl; Branch Vs ?p1;
. |
V4 il 5 *kk

Figure 4. Probe in previous block (probe-before scheme)



V4: * %%
r20 := &counter-4-6; Branch Vg 73;

Vo

V3: * k%
r20 := &counter-3-67p3; Branch Vg 73;

VS- * k%

r20 := &counter-5-6; Branch Vg 7p3;

v

r21:=loadr20; il
r21:=r21+1; *oxk
storer20, r21; r20:= &dummy-counter xRk

Figure 5. Probe in successor block (probe-after scheme)

wise, e, corresponds to the fall-through path and the
complement of the predicate guarding the branch is used.
Guarded or predicated operations [18][19] are operations
that are conditionally executed based on the value of an
additional Boolean operand (referred to as the predicate
of the operation).

Consider the ingrumentation of a fragment of the
maximum-weight spanning tree depicted in Figure 1b,
including vertices v,, V4, and vs. This fragment, shown in
Figure 4, shows the application code as wdll as the pro-
filed operations for edges e,, and &5 . Modified or addi-
tional operations are italicized. Consider first the code
associated with edge e, which is found in the middle
column of basic block v,. Since e,5 corresponds to the
branch-taken path, the store operation is predicated by the
same predicate guarding the branch: pl. Note that only
the store is predicated, while both the load and the incre-
ment operations are unconditionally executed. They could
be predicated as well, but it may lengthen the critical path
by trapping the long chain of profiling operations (here: 4
operations in 5 cycles) between the predicate-setting and
the branch operations.

In the presence of an indirect branch, it may be diffi-
cult in general to compute a predicate for each edge asso-
ciated with the indirect branch. In such case, we could
revert to the traditional scheme summarized in Section 2.
In this paper, however, we insert al but the store opera-
tion prior to the indirect branch and introduce the store
operations directly in the jump table.

Overdl, the Probe-before-edge scheme reduces the
static number of operations (since no additional opera
tions are required and the unconditional branches intro-
duced by the traditiond scheme are diminated) but
increases the dynamic number of operations (since pro-
filing operations are speculatively executed). However,
the instrumentation and application code may be executed
in paralld.

3.2 Probeafter edge

In the second scheme, referred to as Probe-after-
edge, most of the profiling code is inserted after each pro-
filed branch. Like Probe-before-edge, this scheme fully
overlaps the execution of application and profiling code;

this scheme, however, will attempt to reduce the number
of additional profiling operations by alowing a single
|oad-increment-store operation sequence to update many
distinct probe counters. In addition, Probe-after-edge can
also be implemented on a machine without support for
predicated execution.

In the Probe-after-edge scheme, we split the tradi-
tional profiling code into two parts: the address-setting
operation (e.g. "r20 := &counter-2-5" in vertex vs', Figure
2) and the probe-update operations (e.g. "r21 := load
r20", "r21 :=r21 + 1", and "store r20, r21" in vertex vs,
Figure 2). While the address-setting operations are moved
just like in the Probe-before-edge scheme, before each
profiled edge, the probe-update operations are moved
after each profiled edge. That is, the probe-update opera
tions associated with a profiled edge e, is inserted at the
beginning of vertex v,. Note that the probe-update opera-
tions are not specific to a counter, since they only load,
increment, and store the counter whose address is in a
specific register (e.g. r20 in Figure 2). Thus, by using a
common register to specify the counter address, only one
instance of the probe-update operations is required. This
common counter address register is referred to below as
the CCA register.

Consider the ingrumentation of a fragment of the
maximum-weight spanning tree depicted in Figure 1c,
including vertices vs, Vg, Vs, and Ve This fragment, shown
in Figure 5, shows the application code as well asthe pro-
filed operations for edges eze, €46 and esg . First consider
the address-setting operations for e;6. The CCA register is
register r20 here, and r20 is set in vertex vs with the
counter address associated with e3. Similar address
setting is performed for edges e,s and es5 . The probe-
update operations are inserted at the beginning of vertex
Vs, Which isthe sink vertex of all three edges. And since a
common address register is used, one instance of opera-
tions performs the loading, incrementing, and soring,
regardless of the actual counter been updated.

Note that if some input edges of vertex vg were not
profiled, say e, the probe-update operations would till
update some counters each time e istraversed. A smple
solution is to initially set the CCA regigter to the address
of a dummy counter, and change the CCA register value
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only before traversing a profiled edge. This is the reason 13.8%. On average over SPECIint95, the After-Weight
why (1) the address-setting operations are predicated and scheme performs best, and After-Unit slightly outper-
(2) the CCA register is set to the dummy counter address forms After-Guess. In 5 of the 8 individual benchmarks,
initidly and after completion of each probe-update se- the Unit policy does better than the Guess policy. This

quence (see “r20 := &dummy-counter” operation in ver- somewhat surprising result may be explained by the fact
tex v, Figure 5). It should be noted that the resetting of that the After scheme is relatively successful in hiding the
the CCA register in vertex, say, could be omitted if all latencies of the profiling code. Thus it appears more im-
the output edges of are themselves profiled. portant to minimize the total number of profiled edges (as
The above scheme can be adapted for machines with-attempted by the Unit policy) than the estimated weight of
out predicated execution by following the two conserva- the profiled edges. Other policies than those reported in
tive observations below. First, each vertex with some Figure 6 were evaluated, such as using the modified
incoming, profiled edges should use a distinct CCA reg- weight proposed in Section 2.4, but did not result in sig-
ister. Second, the CCA register of a vertex, waywith nificant changes.
some incoming profiled edges should be set to either a Comparing the best schemes that do not rely on exact
legitimate or a dummy counter address, by all the prede- profiling information for SPECint95, we see that the Be-
cessors of. fore-Guess scheme significantly outperforms the best tra-
Compared to Profile-before-edge, this scheme may ditional scheme of Section 2 (AlongModif-Guess), by
result in significantly lower static and dynamic counts of reducing the slowdown from 25.5% to 13.8%. The After-
operations. Its impact on the critical path is somewhat Unit does even better, further decreasing the slowdown to
different: Profile-before-edge forces the schedule time of 7.9%.
the profiled branch to be no less than the latency of the .
probe (5 cycles here); and Profile-after-edge forces the 4. Software-pipelined probes
schedule time of the first branch (of a vertex with some In the previous sections, we saw that the overhead
incoming, profiled edges) to be no less than the latency of due to profiling could be greatly reduced by overlapping
the probe-update (4 cycles here). the execution of the application and profiling code. To
further reduce the impact of code instrumentation, we
must also address the latency impact of the probes. So far,
We now evaluate the performance of the Probe- each probe requires at least 4 cycles; as a result, no basic
before-edge Hefore) and Probe-after-edge Afer) block in which profiling code has been introduced can
schemes in control flow graphs where edges are selectedhave a latency of less than 4 cycles. In this section, we
using max-weight spanning trees that are built using ei- address this latency issue by software pipelining the
ther exact profiling informationWeight), guessed profil- probes.
ing information (Guess), or unit weight {Unit). Again,
exact profiling information is not expected to be available,
and is only provided here to evaluate the two other weight Here we present a method by which the probes may
policies. be software pipelined. For the sake of presentation, we
On average over SPECInt95, the Before-Weight assume here that the probe code is executed in a loop, i.e.
scheme performs best and Before-Unit worst, with Be- only the profiling operations are repetitively executed. We
fore-Guess right in the middle, with a slowdown of will present shortly how to relate the probe code to the

3.3 Performance evaluation

4.1 Software-pipelined probe along edge
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rest of the application.

Fird, let us consider the profiling operations (e.g. the
operations in vs’ of Figure 2) and their dependences, il-
lustrated in Figure 7a. In a dependence graph, vertices
correspond to the operations, and edges correspond to the
dependence among operations. In Figure 7a, we distin-
guish between (1) a flow dependence (solid edge), which
corresponds to a value produced by the source vertex and
used by the sink vertex, and (2) a memory dependence
(dotted edge), which orders two memory operations due
to apossible aliasing of their memory addresses.

Because a single counter may be incremented many
timesin arow (e.g. when a basic block branches back on
itsdlf, corresponding to a self-edge in the CFG), the ad-
dress stored by the current probe may alias with the ad-
dress loaded by the next probe. Thus, assuming that the
probes arein aloop, the store in the current iteration must
be issued before the load in the next iteration, as shown
by the memory dependence from the store operation to the
load operation in Figure 7a. This dependence is associated
with a dependence distance of 1 (i.e dependence to the
next iteration) and generates a cycle in the dependence
graph.

We may now use the dependence graph in Figure 7a
to search for a high-throughput modulo schedule. Modulo
scheduling [6][7] is a software pipelining technique that
exploits the instruction level parallelism present among
the iteration of a loop by overlapping the execution of
consecutive loop iterations. It uses the same schedule for
each iteration of aloop and initiates successive iterations
at a constant rate, i.e. one initiation interval (11 clock cy-
cles) apart. A modulo schedule for this loop is shown in
Figure 7b; it uses repetitively the same schedule, and has
an initiation interval of 2 cycles. In computing this
modulo schedule, we assumed the Tinker-8 resources
modd and latencies, except for the load latency, which
was assumed to be 1 cycle (we will see shortly that the 2
cycle load latency will not be violated by assuming a la-
tency of 1 cycle here). Given these assumptions, the
modulo schedule in Figure 7b is valid and respects all
dependencies, when ordering the operations in a given
cycle from left to right. In particular, the store of the cur-
rent iteration is scheduled in the same cycle as the load of

the next iteration (see for example cycles 5 and 7), satis-
fying the PlayDoh semantic between dependent memory
operations. Moreover, the modulo schedule achieves the
maximum throughput permitted by the dependence cycle
with one new iteration initiated every 2 cycles.

This modulo-scheduled version of the probe code
may now be used in the Probe-along-edge as follows.
Given a set of edges to profile, we create a basic block
along each profiled edge (except for one-output vertices)
and insert in it the code corresponding to cycles 4 and 5 of
Figure 7b. As a result, each time the probe code is en-
countered, (1) the counter of the probe seen 2timesago is
incremented and stored, (2) the counter of the previous
probeisread from memory and (3) the counter address of
the current probeis set into the CCA register.

Consider the ingrumentation of a fragment of the
maximum-weight spanning tree depicted in Figure 1c,
including vertices v;, and vs. This fragment, shown in
Figure 8, shows the application code as well as the pro-
filed operations for edges e;3 and e3. Modified or addi-
tional operations are italicized. Consider for example
vertex v’ generated by the profiled edge e;3, where the
first 3 columnsin vertex vs' correspondto the operations
in cycles 4 and 5 in the three first columns of Figure 7b,
respectively.

As mentioned, the operations in the first column of
v3' increment and store the va ue of the counter associated
with the profiled edge that was traversed two probes ago.
It expects in registers r21 and r22 the address and value
of that counter, respectively. The operation in the second
column of v3' loads the value of the counter associated
with the profiled edge that was traversed one probe ago. It
expects in register r20 the address of that counter, and
will save in registers r21 and r22, respectively, the ad-
dress and the value of that counter to be used the next
time that a profiled edge is traversed. Finaly, the opera-
tion in the third column of v3' sets the address of the
counter associated with edge es 3, in register r20.

Note that the dependence between the load and the
increment operations of the modulo scheduled probe will
always be satisfied since there are at |east two cycles (the
load latency in Tinker-8) between the time at which the
load isissued and the time a which the increment will be
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Figure 9. Software pipelined probes in previous basic bl ock (Before software pipelined)

issued. Consider, for example, the load operation from vs'
and the increment operation from vs' or vg'. In the most
constraining case (wheretheload in v3' is scheduled in the
last cycle and its value is used in the first cycle of vs' or
Ve'), there will be at least 2 cycles between the load and its
use: first, the cycle in which the load of v3' is issued and
second, the cycle in which the branch of v; to either v3' or
Ve isissued. Moreover, since it is unlikely that branches
are scheduled in the first cycle of any basic block, longer
load latencies will be effectively tolerated, e.g. in the case
of acache miss.

The only minor difference between the code in Fig-
ures 7b and 8 is that the address of the previous counter is
copied in atemporary register, r22, in Figure 8. This copy
operation is needed here as the flow dependence from the
address operation to the store operation in Figure 7a spans
more than 11 cycles. No additiona operation is needed in
the PlayDoh I1SA as load operations may specify an addi-
tional address destination regigter.

In addition to creating the additional basic blocks and
adding the software pipdined probes, the modulo sched-
ule must be properly initidlized and drained. It can either
be done once per function call, resulting in a larger over-
head but limiting the scope of the registers used by the
modulo schedule to that of the function, or it can be done
once per program, resulting in minimum overhead but
requiring three global registers (r20, r21, and r22 in Fig-
ure 8). In any case, initialization of the modulo schedule
simply consists of setting the counter address registers
(here: 121 and r22) to that of a dummy counter, and the
draining of the modulo schedule just before returning
from the function or exiting the application. In this paper,
we initidlize and drain the software pipelined once per
application.

Compared to the traditional scheme of edge profiling,
this scheme reduces the cost of a probe in an additional
basic block from 5 cycles down to 2 cycles for a Tinker-8
machine, and requires no additional operations.

4.2 Software-pipelined probe before edge

We combine here the software pipelined version of
the probe seen in Section 4.1 with the insertion of the pro-
filed code before each profiled branch seen in Section 3.1.
Recall that in the Probe-before-edge scheme, the profiled
operations corresponding to edge e, are speculatively
executed in vertex vy just before the branch associated
with e.,. When desling with software pipelined probes,

we insert the ingrumentation code at the same location
than in Section 3.1 and insert the software pipelined ver-
sion of the code instead of the traditional one. In particu-
lar, we use the same profiling code as used in vertex vs' of
Figure 8.

Consider, for example, the same fragment of the code
investigated in Figure 3, Section 3.1. This fragment, il-
lustrated in Figure 9, shows the application as well as the
software pipdined probes for edges e,4 and e,5. Note that
since the load, increment, and store operations are not
specific to a given probe, their code does not need to be
replicated, as was the casein Section 3.1. Indeed, only the
address-setting operation must be replicated and guarded
by the appropriate predicate, as shown in Figure 9.

Note, however, that since the software pipelined code
is speculatively executed, we must produce a new counter
address, regardiess of whether a profiled edge will be
traversed or not. Suppose, for example, that edge e, 4 was
profiled, but not e,s. Since vertex v, has a profiled output
edge, the software pipelined probe is introduced in v, and
will be speculatively executed regardless of whether the
profiled edge e 4is actudly traversed. In other words, the
counter associated with the profiled edge that was trav-
ersed two probes ago will be incremented and stored, as
well as the counter associated with the profiled edge that
was traversed one probe ago will be read from memory,
regardless of whether the profiled edge e,4 is actualy
traversed. As a result, we must feed the software-
pipelined probe with a new counter address (e.g. a new
value in register r20, here) in al cases, even when the
non-profiled edge e;5 is traversed. In these cases, we set
the new counter address to the address of a dummy coun-
ter.

Compared to the non-software pipelined code in-
serted before each profiled edge, this scheme should re-
duce the cost of a probe since the latency of the
instrumented code is reduced from 5 cycles down to 2
cycles, for a Tinker-8 machine. Moreover, it diminates 3
additional operations per profiled edge for each vertex
with two or more profiled output edges.

4.3 Software-pipelined probe after edge

In this scheme, we use the same code motion as used
in the Probe-after-edge, presented in Section 3.3, and we
use the software-pipdined profiling code shown in vertex
v3' of Figure 8 to update the counters. Better performance
is expected asthe latency of the probe-update is decreased



[ Best Traditioral (Along, Modified-Guess)

B Before, Guess

0O After, Unit

0 Softviere-Pipelined, Along, Modifiec-Weight
B Softwere-Pipelined, Before, Guess

0 Softwere-Pipelined, After, Unit

Slowdown factor
e
X

Figure 10. Sondown for software pipdined probes

from 4 cyclesto 2 cycles, without additional operations.
4.4 Performance Evaluation

We now evaluate the performance of the software
pipelined probes in conjunction and compared to the three
best schemes of Sections 2 and 3, namey Along-
Modified-Guess, Before-Guess, and After-Unit schemes.

As shown in Figure 10, the software pipelined probes
perform significantly better by reducing the slowdown, on
average, from 25.5% to 9.6% when profiling code is in-
serted along each profiled edge, from 13.8% to 3.3% for
profiling code inserted before each profiled edge, and
from 7.9% to 3.7% when profiling code is inserted after
each profiled edge. Focusing now on the performance of
the software pipelined probes, the Before-Guess scheme
outperforms the After-Unit scheme by 0.4% for the entire
SPECIint95. It significantly outperforms the After-Unit
scheme in three individual benchmark: 147.vortex, 130.1i,
and 132.ijpeg by 2.7%, 1.8%, and 1.4%, respectively. The
After-Unit outperforms the Before-Guess scheme most
significantly in 129.compress and 134.perl, by 1.3% and
0.9%, respectively.

5. Profiling for Highly Optimized Code

In the previous section, we considered the instru-
mentation of code for which no profiling information was
available. Once instrumented, the application is typically
run on some sample inputs to gather relevant profiling
information. This profiling information is then used to
aggressively optimize the application eg. applying Su-
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Figure 11. Sondown when ingrumenting highly optimized code.

perblock formation and I LP enhancement optimizations.

Consider, for example, an application software being
marketed. The software vendor generally does not have
the knowledge or time to make extensive runs to gather
profiling information. He could run some test examples,
optimize the code and send a profiled version of that op-
timized code to the customer. The customer can then test
the pre-release as well as gather more extensive profiling
information, which will be used by the vendor when ship-
ping the final version of the code. In this scheme, profil-
ing is performed on an aggressively optimized code so
that the customer may run the pre-released code on exten-
sive test examples. We thus investigate the profiling of
aggressively optimized code here (IMPACT superblock
formation and superblock ILP optimization [3]). The ma-
jor differences are: (1) it may be harder to find unused
machine resources for the instrumentation, as the applica
tion is better optimized; (2) we may now use the profiled
information to select attractive edges to profile.

We present in Figure 11 the results obtained for the
highly optimized code. The overhead averaged 15.9%
(from 1.3% to 50.2%) for the traditional scheme. The dis-
tributions for our schemes are also shown in the figure.
By software pipdining the traditional scheme, we have
managed to reduce the overhead to an average of 8.5%
(from 2.9% to 32.3%). The two novel policies of instru-
menting the probe, which were introduced in Section 3,
further reduce the overhead. For the Software Pipelined-
After scheme, the overhead averaged 6.0% (from -1.3% to
22.8%) and for the Software Pipelined-Before scheme,




our average overhead dropped further to 3.7% (0.3% to
9.2%). On most benchmarks, the Before policy outper-
forms the After policy, and this is best demonstrated for
126.gcc and 134.perl.

6. Conclusions

As the use of profiling information is becoming in-
creasingly prevalent in compiler optimizations, ranging
from aggressive function inlining and instruction sched-
uling, to code layout, it is important to develop profiling
techniques that gather accurate information cheaply. In
current technology, compilers use mainly edge profiling,
which counts the number of times a given branch is taken
or fallen through. One approach to edge profiling is to
instrument the code such that each time a profiled edge in
the CFG is traversed, a specific counter is incremented.
This approach is precise and flexible, but usualy results
in large profiling overloads (between 5% and 91% slow-
down for SPEC92 [11]). Our edge profiling measure-
ments confirm these overheads, which average a 32.8%
for SPECint95 compiled for an 8-wide machine.

In this paper, we propose novel edge profiling tech-
niques targeted for wide issue machines, which signifi-
cantly reduces the code ingrumentation overhead by
leveraging the unused machine resources. First, we modi-
fied in Section 2.5 the selections of the edges profiled by
modifying the estimated weight, resulting in more uncon-
ditiond branches to be profiled. This technique
(AlongModif-Guess) reduced the overhead from 32.8% to
26.2%, on average over SPECint95. Second, we investi-
gate code motion schemes that eliminate the need for ad-
ditional basic blocks, and thus enhance the instruction
level parallelism between the operations of the application
and the operations of the probes. Best results are obtained
with After-Unit, which reduces the overhead to 7.9%.
Third, we investigate software pipelined probes, where
the updating of a given probe is disseminated among con-
secutive instances of probe updates. Best results are ob-
tained with Before-Guess, which reduces the overhead to
3.3%, on average over SPECint95.

Experiments with highly optimized code (when su-
perblock and ILP enhancing transformations are applied)
indicates that smilarly low overload may be achieved.
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