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Abstract 

To achieve higher processor pel3rormance requires 
greater synergy between advanced hardware features and 
innovative compiler techniques. Recent advancement in 
compilation techniques for predicated execution has pro- 
vided signifcant opportunily in exploiting instruction level 
parallelism. Howevel; little research has been done on how 
to eficiently execute predicated code in a dynamic microar- 
chitecture. In this papel; we evaluate hardware optimiza- 
tions for executing predicated code on a dynamically sched- 
uled microarchitecture. We provide two novel ideas to im- 
prove the eficiency of executing predicated code. On a 
generic Intel Itaniirm processor pipeline model, we demon- 
strate that, with some microarchitecture enhancements, a 
dynamic execution processor can achieve about 16% per- 
formance improvement over an equivalent static execution 
processor: 

1. Introduction 

In today’s modem processor design, one important 
method of increasing performance is executing multiple in- 
structions per clock cycle. The performance of such pro- 
cessors depends on the amount of instruction level paral- 
lelism (ILP) exposed by the compiler and exploited by the 
microarchitecture. Thus, in the attempt to reach higher per- 
formance, cooperation between compiler and microarchi- 
tecture has become increa5ingly important. 

Predicated execution is an architectural model where an 
instruction is guarded by a Boolean operand whose value 
decides if the instruction is executed or nullified. To ex- 
plore ILP, a compiler can take full advantage of the pred- 
icated execution model by applying a technique called if- 
conversion. In short, if-conversion [ 11 is an optimization 
that converts control flow dependence into data flow de- 

pendence. With if-conversion, the compiler can collapse 
multiple control flow paths and schedule them based only 
on data dependencies. To achieve enhanced performance 
with predicated execution, if-conversion requires a detailed 
analysis [ 1 13 on the dynamic program behavior and the dy- 
namic resource availability [31. On the hardware side, some 
important issues on predicated execution may involve in its 
scalability for and compatibility with future-generation ma- 
chines. Given the availability of increasing transistor bud- 
gets, one can expect the incorporation of increasingly more 
advanced microarchitecture mechanisms. Furthermore, it is 
important to ensure that a legacy base of predicated code 
will continue to perform well on future processor genera- 
tions. 

An example of an advanced microarchitecture is that of 
a dynamic, or out-of-order, execution model, which is in 
general more complex than a static execution model. Static 
execution runs code in the order as scheduled statically by 
the compiler. On the other hand, dynamic execution permits 
the processor to dynamically adjust instruction scheduling 
to the run-time behavior of the program. Because of its 
ability to adapt to the run-time environment, dynamic ex- 
ecution has been employed in many modem processor de- 
signs [8][4][7]. The potential performance gains of a dy- 
namic execution engine are facilitated by the following two 
techniques: 

0 Register renaming: Registers are renamed to eliminate 

0 Dynamic scheduling: Instructions are reordered to re- 
false dependencies. 

duce unnecessary stalls. 

There has been a great deal of work on designing dy- 
namic execution processors, but relatively less research on 
designing those processors with instruction set architecture 
having full predication capability. Of the research on pred- 
ication, some have been done on supporting partial predi- 
cation [ 131, or conditional moves, found in many dynamic . .  

tKdpana Rm&ishnan is with Sylantro Systems 910 E, execution processors such as the Alpha processors. Most 
studies have focused on how predication affects branch pre- Hamilton Avenue, Campbell, CA 95008. 
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diction [14][12][15]. However, there has been little pub- 
lished research on the issues involving register renaming 
and dynamic scheduling with the presence of predication. 

In this paper, we study issues with implementation of 
dynamic microarchitectures for an instruction set with full 
predication, and identify potential performance bottlenecks 
specific to predicated code. To resolve these performance 
obstacles, we propose microarchitecture solutions that can 
be realistically integrated into a conventional dynamic ex- 
ecution microarchitecture. The next section discusses in 
detail the two performance issues on executing predicated 
code on a dynamic execution machine. Sections 3 and 4 
introduce two novel ideas called select micro-op (or select- 
pop for short) and predicate slip, which in combination can 
provide about 16% performance improvement over a com- 
parable static machine, and 7% more than a generic dy- 
namic implementation. Section 5 reports the results of our 
performance simulations and Section 6 concludes the paper. 

2. Two Performance Challenges 

To identify potential performance obstacles for a dy- 
namic execution processor in handling predicated code, we 
first propose a generic dynamic microarchitecture a9 our 
baseline performance model. From this model, we observe 
two performance issues that are induced by executing pred- 
icated code on a dynamic execution machine. With careful 
analysis of the stall conditions in the pipeline, we also iden- 
tify the root causes behind certain conditions that result in 
performance loss. 

2.1. Baseline Dynamic Microarchitecture 

There are several variations of a dynamic execution pro- 
cessor. Typically. the dynamic portion of the processor con- 
sists of a register renaming mechanism, which maps be- 
tween temporary and architectural files, a reorder buffer, 
reservation stations, and execution units, With all these 
generic components, the dynamic execution pipeline for our 
12-stage integer pipe baseline model is also generic. The 
dynamic pipeline begins with a 2-stage rename, followed by 
a register read stage, a 2-stage schedule, an execute stage, 
and finally a retire stage. In the schedule stage, the instruc- 
tions first occupy the reorder buffer and then wait in the 
reservation stations until the data of the source operands be- 
come available. After the data are loaded into the register, 
the instruction enters the execute stage. In the final retire 
stage, the instructions are retired in order from the reorder 
buffer. 

Conventional dynamic execution microarchitectures em- 
ploy the use of reservation stations, to remove dispatch 
blockages due to pending data dependencies in predicate- 
free code. Likewise for executing predicated code without 
introducing any special hardware, our baseline model treats 

the guarding predicate of an instruction as one of the source 
operands. Thus, our reservation stations check for pending 
predicate dependency before dispatching the predicated in- 
structions. 

2.2. Example 

To facilitate illustrating the performance issues and our 
solutions, we use a code snippet from the per1 source code 
in SPECint95. The function is blockhead in the file c0ns.c. 
In the middle of this function is an if-and-else statement that 
picks a variable pointer arg and immediately references it. 

ARG *arg; 
if (tail->ucmd.acmd.ac-expr) 

else 

if (arg) { 

1 

arg = tail->ucmd.acmd.ac-expr; 

arg = tail->c-expr; 

.... 

The control flow graph along with translated pseudo- 
machine instructions from the C source code is shown Fig- 
ure 1. The instructions are numbered from I1 to 17, and as- 
sume that r 5 4 contains the pointer t a i 1. Instructions I 1 
through I 3 in the top block correspond to the if conditional 
test. Instruction 11 calculates the location of the pointer 
tail+ucmd.acmd.ac-expr and I2 loads thatpointer 
into r2 1. Instruction I 3 compares the loaded pointer with 
zero, or null pointer. If the pointer is not null, the program 
falls through to the left block containing 15. Instruction I 5 
in this if block simply assigns the previously loaded pointer 
in r21 to r44, a pointer to arg. On the right, the else 
block contains instructions 14 and I 6 that load the pointer 
tail+c-expr and assign it to r44. The control flow 
merges to the bottom block containing instruction 17. This 

cmp p9,p8=r21,0 
( p 9 )  block13 

15: mov r44=r21 14: add r50=&c_expr,r54 
16: Id r44=[r50] /I 11 (~6) block16 

Figure 1. Control flow graph and pseudo code 
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11: add r22=&ucmd.acmd.acaxpr, r54 
12: Id r21=[r22] 
13: cmp p9, p8=r21,0 
14: (p9) add r50=&caxpr, r54 
15: (p8) mov r44=r21 
16: (p9) Id r44=[r501 
17: cmp p6,p7=r44,0 

( ~ 6 )  br block16 

Figure 2. After If-conversion 

instruction reads from r 4 4  to perform the conditional test 
on arg. 

The compiler can recognize this simple hammock as a 
possible candidate for if-conversion. If-conversion would 
eliminate the split to the i f  and else blocks by predicating 
and merging the instructions in those blocks. After applying 
if-conversion, the new straight-line pseudo-machine code is 
shown in Figure 2. The branch that followed instruction I 3  
is removed. In addition, instruction I 5 is predicated by p 8 
and instruction I 4 and I 6 by p 9. 

In Sections 2.3 and 2.4 we show that this code, compiled 
for static execution, can cause unnecessary stalls at the re- 
naming and scheduling stages in our baseline dynamic exe- 
cution processor. 

23. Register Renaming 

As the instructions enter the renaming stage in our base- 
line processor, all registers are renamed and each register 
definition is assigned a unique physical register. Occasion- 
ally, the renaming mechanism may need to stall the pipeline 
if some predicates are not fully resolved. This situation oc- 
curs when the renaming unit processes multiple instructions 
that, guarded by different unresolved predicates, write to a 
common architectural register. As usual, each definition of 
this common register would be assigned a unique physical 
register during renaming. When a consumer instruction that 
uses the common register reaches the rename stage, the re- 
naming would become ambiguous. Without evaluating the 
predicates that guarded the definitions of the common reg- 
ister, the renaming unit cannot yet map the common reg- 
ister to the correct physical register. Thus, the processor 
needs stall the consumer instruction until the predicates are 
resolved. The stall would induce bubbles in the pipeline and 
may result in performance loss. 

In our example, both the mov instruction I 5  and the Id 
instruction I6 assign their results to the same architectural 
register r 4 4 ,  and they are guarded by p 8  and p 9 ,  respec- 
tively. Figure 3 shows the instructions before and after re- 
naming. To distinguish from the architectural registers, we 
use alphabetical letters to identify the physical registers. Af- 
ter renaming, the definitions of r 4  4 by I 5 and I 6 are as- 
signed to rA and rB, respectively. With unresolved predi- 
cates, the renaming of r 4 4,  the source operand of the con- 

Before Rename 
15:' (p8) mov r44=r21 
16: (p9) Id r44=[r501 
17: cmp p6,p7=r44,0 

After Rename 
15: (pQ) mov r A = r E  
16: (pR) Id rB=[rF] 
17: cmp pS, pT=r (A? or B?) , O  

Figure 3. Renaming issue 

sumer instruction 17, cannot yet be determined for using 
either rA or r B .  Thus, until the predicates are resolved, the 
processor needs to stall I 7 to prevent it from entering the 
rename stage. 

Figure 4 illustrates the example code advancing through 
the pipeline. We assume that all integer operations take 1 
cycle and load instructions 2 cycles. Instruction I 3 defines 
the predicates used by 1 4 ,  I 5  and I 6. As instruction I 7 
arrives before the rename stage at cycle n, it has to stall 
until I 3  produces the predicate value at cycle n+ 4. At that 
point, the predicates are resolved and the processor knows 
which copy of r 4  4 defined by either I 5 or I 6 can be used. 
Only then, instruction I 7 can begin at cycle n+ 5 to advance 
through the pipeline and rename its source operand to either 
rA or r B .  This would result in 3 bubble cycles. 

One interesting observation is that any consumer instruc- 
tion is not required to wait for the resolution of all guarding 
predicates. It only needs to wait for the youngest defin- 
ing instruction that is guarded true. Thus, the consumer 
first waits for the predicate of the last defining instruction 
to become available. If the predicate turns out true, the con- 
sumer can immediately use its defined physical register, de- 
spite the outcome of other defining instructions. If the last 
defining instruction is nullified, the consumer then waits for 
the predicate of the second-to-last defining instruction. This 
prioritized checking scheme for the predicate values affects 
performance depending on the order those values become 
available. 

2.4. Dynamic Scheduling 

The other performance limitation occurs during schedul- 
ing when the predicated instructions continuously wait in 
the reservation stations for their predicate-defining instruc- 
tions to complete. In our baseline dynamic execution 
model, when a predicate has not yet been produced, all in- 
structions that depend on this predicate need to wait in the 
reservation stations. Even if all the other source operands 
are available, the instruction cannot be executed until the 
predicate is ready. 

In situations where some predicates have not been re- 
solved, the reservation stations will start to pile up with 
those instructions with unresolved guarding predicates. As 
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Figure 4. Pipeline stall before rename 

a result, the reservation stations may get saturated quickly 
and induce backpressure on the pipeline. This may result 
in performance loss because of the unresolved predicates at 
the scheduling stage. 

2.5. Problem Analysis 

The root cause of the performance limitation in both reg- 
ister renaming and scheduling is from the unresolved pred- 
icates. In addition, the renaming issue is triggered by the 
existence of overlapping variable lifetimes in the program 
code. 

2.5.1. Unresolved predicates. We believe that the major 
factor contributing to the unavailability of predicate values 
is the long execution path to the predicates. The predicate- 
defining instructions are usually on the critical path. From 
our example, the predicate-defining I 3  depends on the Id 
instruction 12. If I2 triggers a cache miss, the predi- 
cate will not be known until after the miss has been ser- 
viced. This then lengthens the execution path to the res- 
olution of the predicates. Also, in future processor gener- 
ations, predicate-defining instructions may take longer to 
execute as most predicates are produced by compare in- 
structions. Under normal implementation, compare instruc- 
tions require a serialized propagation of bit-wise operations. 
Thus, as the clock frequency and the operand size increase, 
compare instructions may result in multi-cycle latency. 

2.5.2. Overlapping variable lifetimes. Through com- 
piler analysis, a variable is deemed live at a point of the 
control flow graph if its value at that point can reach a 
subsequent use. The same variable may be defined else- 
where along another control flow path. These paths of mul- 
tiple variable definitions may meet, resulting in overlapping 
variable lifetimes. When the compiler picks these paths 
for an if-converted region, the variable definitions would 
be assigned a common register, with each variable lifetime 

guarded by a predicate. The if-and-else statement in our ex- 
ample exhibits overlapping lifetime of variable arg in two 
paths as shown in Figure 1. 

2.6. Related Work 

There are several solutions to alleviate the stall condi- 
tions at the renaming stage for our generic model. A popu- 
lar way is to transform the predicated instruction to another 
instruction format similar to the C-style conditional expres- 
sion, namely result = (cond) ? exprl : expr2. This C-style 
operation obtains the result from one of the expressions de- 
pending on the outcome of the conditional operator. Thus, 
for the predicated instruction, the physical destination regis- 
ter is assigned from the result of instruction computatoin or 
from the previously renamed register, depending on the out- 
come of the predicate. Although this method would avoid 
stalling the pipeline before the rename stage, it serializes the 
execution of every predicated instruction due to the depen- 
dence on the prior renamed register, thus reducing the effec- 
tiveness of dynamic execution. Also, for every predicated 
instruction, the C-style conditional format would require an 
extra input operand, which could impose substantial chal- 
lenge on high-speed circuits. 

To remove the extra input load on the C-style conditional 
move, the Alpha processor decomposes its cmov instruction 
into two micro-ops [5]. The first micro-op combines the 
predicate and the previously renamed register into a tempo- 
rary register. Then the second micro-op selects from either 
the source operand or the temporary register according to 
the predicate information embedded in the temporary regis- 
ter. For processors designed with more uses of predicates, 
this approach may not be feasible due to the creation of ex- 
cessive micro-ops. 

To overcome the performance obstacles, in the following 
two sections we introduce two new techniques to enhance 
our baseline microarchitecture. Both techniques solve the 
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Figure 5. Insertion of phi-node 

performance problems elegantly without dynamically mod- 
ifying the predicated instruction format. The key idea be- 
hind these techniques is not to implement complex hard- 
ware circuitry to solve difficult tasks, but to postpone the 
tasks down the pipeline and solve them with some reason- 
able change to the existing dynamic execution microarchi- 
tecture. 

3. Select-pop 

To handle the performance issue associating with over- 
lapping variable lifetimes, we propose a novel concept 
called select-pop that would eliminate the ambiguity of re- 
naming by effectively postponing the renaming task. With- 
out transforming the predicated instructions, this technique 
would reduce the stall cycles while enable dynamic renam- 
ing of registers. 

3.1. Rationale behind select-pop 

The idea of select-pops is derived from the static single- 
assignment (SSA) [2][6] representation that is widely used 
in leading-edge compilers. Single-assignment form guaran- 
tees that every target operand is uniquely defined by only 
one instruction. Thus, when a variable is defined in sev- 
eral basic blocks throughout the control flow graph, each 
definition instance of the variable is subscripted so that it 
can be differentiated from other definition instances. Mul- 
tiple definition instances may reach a common use of the 
variable, thus it becomes ambiguous as to which of the sub- 
scripted variables should be used in the consumer instruc- 
tion. To solve this problem, the compiler inserts a $-node 
as a special placeholder at where two definition instances 
merge. The two subscripted definition variables are used 
as the source operands of the new $-node, and a new sub- 
scripted variable is created as the new destination operand. 
From that point on, all subsequent uses of the variable are 
replaced with the new subscripted variable defined by the $- 
node. The subscripting and inserting of $ node is illustrated 
in Figure 5. 

3.2. Select-pop mechanism 

Register renaming in a processor model acts similar to 
subscripting a variable in compiler. As described in Sec- 
tion 2.3, when a common defined register guarded by differ- 
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Before Rename 
15: (PE) mov r 4 4 = r 2 1  
1 6 :  ( p 9 )  Id r 4 4 = [ r 5 0 ]  
1 7 :  c m p  p 6 , p 7 = r 4 4 , 0  

After Rename 
15:  (pQ) mov rA=rE 
1 6 :  (pR) Id r B = [ r F l  

1 7 :  cmp pS,  pT=rC,  0 
select  rC  = rA, r B  

Figure 6. Injection of Select-pop 

ent predicates is renamed to different physical registers, the 
consumer instruction cannot rename its source register cor- 
rectly until the predicates are resolved. In light of the SSA 
representation, we propose that the processor dynamically 
introduce special operators named select-pops to defer the 
exact renaming resolution of physical registers. By inject- 
ing it into the instruction stream, the select-pop is used to 
indicate that multiple renamed registers defined under dif- 
ferent predicates may have reached a common use. Those 
multiple renamed registers and their guarding predicates are 
assigned to the source operands of the select-pop. A new 
renamed register allocated for the result of select-pop can 
then be referenced by all subsequent consumer instructions. 
As the select-pop later executes, one of its source operands 
is assigned to the result according to the outcome of the re- 
solved predicates. 

With the select-pop mechanism, the consumer instruc- 
tions do not need to stall for the resolution of the guarding 
predicates of the defining instructions. At the rename stage, 
the consumer instructions can safely reference to the desti- 
nation of the select-pop, knowing that the select-pop will, 
upon execution, choose the correct value among all the re- 
named registers. Thus, the renaming ambiguity is delayed 
and later elegantly deciphered via the execution the select- 
pops. In essence, the goal of using select-pop is to postpone 
the resolution of the renaming ambiguity to the latter stages 
of the pipeline, hence allowing the renaming activity in the 
early stages to continue. 

33. Example 

We use our example from Section 2.2 to demonstrate the 
benefit of using select-pops. The register renaming with the 
injection of select-pops is shown in Figure 6. After both 
definitions of r44 are renamed to rA and rB, the select- 
pop is injected to select from both of these physical registers 
and assigns the result to a newly allocated rC. After that, 
instruction I 7 that follows immediately can rename its r4 4 
to rC without stalling the pipeline. Once the select-pop is 
later executed, it transfers the value from either rA or rB to 
rC according to the outcomeof the resolved predicates. The 
exact syntax of the select-pop is explained in Section 3.4.2. 
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Figure 7. Pipeline with injection of select-pop 

2 0  
1 r 6  p 9  r 1 4  p 4  r 2 1  P O  r 1 7  p2 
1 r 2 4  p 2  

Figure 7 shows the pipeline diagram with the use of 
select-pop. When the condition to stall I 7  is detected at 
cycle n, the select is subsequently injected at cycle n + l  
so that 17 can immediately follow. Comparing with the 
baseline scheme, the select-pop eliminates the three bub- 
ble cycles. Although select-pops introduce an extra layer 
of dependency to move the value from one selected regis- 
ter to the other, we save more cycles with efficient dynamic 
execution. 

3.4. Select-pop Microarchitecture 

We separate the microarchitecture support for select- 
pops into two components, one dealing with generating the 
select-pops, and the other one with executing the select- 
pops. In this paper, we propose to support select-pop with 
four source operands, SO, SI, s2, and s3. 

3.4.1. Register Alias Table with predicates. To sup- 
port the generations of select-pops, we propose to augment 
the register alias table (RAT) with predicates. The register 
alias table is used by the renaming unit to map from archi- 
tectural register identifiers to physical register identifiers. 
When an in-flight instruction enters rename, the RAT looks 
up the physical identifiers of the source operands as well as 
assigns the result operand with a new physical identifier. 

In the augmented RAT, each entry is expanded to have 
multiple slots, with each slot recording the identifiers of the 
physical register as well as the guarding predicate of the 
instruction that defines this physical register. A logic view 
of the augmented RAT is shown in Figure 8. The number of 
architectural registers determines the number of rows in the 
RAT. Each row (entry) is assigned an architectural register 
whose identifier is used to index to the entry. To support 
the select-pops with four source operands, each row of this 
table consists of a valid bit and four slots. 

In the rename stage, the augmented RAT operates in 

three steps for the result register of an in-flight instruction. 

0 Index into the RAT with the architectural identifier of 
the result register. 

0 For the located entry, check the predicate of the in- 
flight instruction. 

- If the instruction is not predicated, clear the entire 
entry. 

- If the predicate matches one of the predicates in 
the slots, clear its a5sociated slot. 

Allocate a new physical register and append to a slot 
the physical identifier along with the identifier of the 
guarding predicate. 

A select-pop is needed only when two or more slots 
are occupied. However, to avoid injecting excessive select- 
pops, select-pops are injected only when they are needed. 
This demand-driven policy for injecting select-pops is when 
there are more than one occupied slot in the entry, plus when 

0 The use of the register is encountered at the rename 

0 All slots in the entry are occupied and a new physical 
stage, or 

identifier is being allocated, or 

:: 3 1  
. .  I I I I 

n 1 I r 7  ~ 1 2  I r 1 5  ~3 I 

Figure 8. Augmented Register Alias Table 
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0 One of the guarding predicates in the slots is re- 
defined. 

When any of the above conditions is met, a select-pop 
is generated. Physical identifiers in all of the occupied slots 
are copied to the source operands of the select-pop. A new 
physical register is allocated for the destination operand. 
The entire entry in the RAT is then cleared and replaced 
with the new physical register identifier. Once the select- 
pop is formed, the processor inserts it into the instruction 
stream. 

3.4.2. Select-pop execution. The select-pop enters into 
the reservation station like any other instructions. Before 
execution, any of the four source operands is a candidate 
that holds the value for the destination operand. Except for 
SO, each of the source operands is associated with two sta- 
tus bits, the v-bit and the p-bit. These status bits are used 
to control the selection of the source operands. The first 
one of the status bits, the v-bit, is to specify whether the 
register is ready. The second one, the p-bit, is to indicate 
whether the renamed definition register has been architec- 
turally committed. When the other source operands are nul- 
lified, the select-pop chooses SO, the default physical reg- 
ister, which would always be committed. Thus, SO is not 
associated with a p-bit, but only with a v-bit. This format 
handles at most three parallel predicated instructions writ- 
ing to the same register. 

The priority information of the source operands is also 
inherent in the select-pop, with s3 representing the highest 
priority. When the status bits of s3 indicate the operand is 
valid and ready, the select-pop can immediately be executed 
without waiting on the resolution of the rest of the source 
operands. The priority of the source operands is laid out, 
from left to right, in the program order that the instructions 
are fetched. Thus, the youngest defining instruction always 
has the highest priority. 

In our dynamic execution model, the reservation station 
receives the results of execution through the bypass net- 
work. For the select-pop, the reservation station obtains two 
broadcasted signals for each of its source operands. One 
wire is to signal that the computation of the operand has 
completed and the bypassed data is ready. This is hooked 
up to the v-bit of the source operand. The other wire indi- 
cates that the bypassed data is to be committed or discarded. 
This goes to the p-bit of the source operand. 

The logic that realizes the dispatching condition with the 
source fan-in of 4 is depicted in the middle of Figure 9. 
When the highest priority operand (s3) is available, v3 be- 
comes l.  Depending on p3, which is the predicate value, 
the select-pop can be immediately dispatched if p3 is 1. If 
p3  is 0, the select-pop needs to wait for its lower priority 
operands to become available. 

Once the select-pop is dispatched for execution, the 

value from one of the source operands is transferred to the 
destination register. The logic that executes the select-pop 
with source fan-in of 4 is depicted in the lower portion of 
Figure 9. This logic is simply a cascade of three 2x1 mul- 
tiplexers. The p-bit is used to toggle the multiplexer select. 
One should note that this is a logical view of the select-pop 
execution. The actual circuitry can be implemented in dif- 
ferent ways. When a p-bit is set to 1, the output obtains the 
data from the corresponding source operand. Conversely 
when a p-bit is set to 0, the data is fetched from the out- 
put of another cascaded multiplexer. This logic correctly 
realizes the priority specified in the select-pop. Once the 
execution of select-pop completes, the reservation station 
then receives the result broadcasted for all its uses. 

4. Predicate Slip 

To deal with performance issue in scheduling, we pro- 
pose an idea to free up the reservation station entries as 
soon as instructions are ready for execution, regardless of 
the value of the guarding predicate. This is called predicate 
slip. 

4.1. Rationale behind predicate slip 

In the conventional computation model, there are three 
types of data dependencies: RAW, WAR, and WAW. Dy- 
namic scheduling tries to reduce the stalls of the true or 
RAW dependencies, while register renaming eliminates the 
false dependencies, WAR and WAW. Predication is used to 
transform a control dependency to a (true) data dependency, 
that is, the dependency between the write of predicate reg- 
isters and the use of predicate registers for guarding instruc- 
tions. However, predicate dependency is not truly a RAW 
dependency; predicate dependency has a special property: 
Different from the roles of other source operands, thepredi- 
care does not contribute to the result of the instruction com- 
putation. However; it dictates whether the result is to be 
committed. 

This property implies that the predicated instruction can 
always be executed regardless of the value of the predi- 
cate since it does not alter the outcome of the computation. 
Thus, the guarding predicate can be independently refer- 
enced at a different stage in the pipeline. Predicate slip pro- 
vides performance improvement by taking full advantage of 
this special property on predicate dependency. 

4.2. Predicate slip mechanism 

The idea of predicate slip is to postpone the checking 
of the predicate values until just before the predicated in- 
structions are retired. That is, the predicated instructions 
are dispatched from the reservation stations as soon as 
their true (non-predicate) dependencies are satisfied. Thus, 
without checking for predicate dependency, we continu- 
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Figure 9. Dispatch and Execution of select-pop 

ously dispatch the predicated instructions like any other un- 
predicated instructions. This is equivalent of predicting a 
true predicate for all the predicated instructions by assum- 
ing that their results will be committed. 

We delay the checking of the predicate values until af- 
ter the instructions are executed. This way, the instructions 
will not needlessly occupy the entries in the reservation sta- 
tions. Once they slip through execution, the predicated in- 
structions are temporarily held in the reorder buffer. The 
results of the slipped instructions cannot be written back 
to the register files, nor can they be bypassed for the con- 
sumer instructions. A slipped instruction waits in the re- 
order buffer until its guarding predicate eventually becomes 
available. If the predicate is evaluated true, the instruction 
can be architecturally committed and retired. Also, the re- 
sult is broadcasted through the bypass network. Otherwise, 
the result is discarded. 

Predicate slip satisfies the property on predicate depen- 
dency since it guarantees that the predicated instructions 
can be safely slipped without altering the result of execu- 
tion. By slipping the instruction ahead, predicate slip not 
only de-allocates reservation station entries ahead of time 
but also helps shorten the execution path. One should also 
note that select-pops are not considered as candidates for 
predicate slip, since the predicates used in select-pops di- 
rectly contribute to the outcome of the computation. 

43. Example 

We again use our example to demonstrate how predi- 
cate slip benefits dynamic execution. Using predicate slip 
mechanism, our reservation stations can now dispatch any 
instruction when all except predicate dependences are sat- 
isfied. Figure 10 shows the latter portion of our dynamic 
pipeline. Instructions I4 and I5 arrive to the reservation 
stations at cycle n+3, and they depend on the predicate gen- 

erated by 13. With predicate slip, this predicate dependence 
is ignored and all three instructions 13, 14, and I 5 can be 
dispatched from the reservation stations simultaneously. At 
the end of the execution, the predicate generated by 13 is 
resolved and broadcasted. At cycle n+5, the processor de- 
termines whether I4 or I5 is to be committed. Because 
of its ability to slip the instruction through, the processor is 
able to shorten the execution path and save one cycle in this 
example. 

4.4. Predicate Slip Microarchitecture 

To support predicate slip, only minor changes are needed 
on the existing microarchitecture. 

First, the logic that checks for predicate dependency in 
the reservation station is removed. A check bit and a pred- 
icate identifier are then attached to each entry in the re- 
order buffer. After the predicated instruction slips through 
execution, the check bit is set and the predicate identifier 
is recorded. In conventional implementation, the reorder 

n 
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n + 2  

n+3 

n+4 

n+5 

n+ 6 
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Figure 10. Pipeline with predicate slip 
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buffer is a circular queue that advances its pointer after an 
instruction retires from the buffer. When the check bit of 
an entry is set, the circular pointer needs to stop advanc- 
ing and look up the value of the guarding predicate. The 
pointer continues to hold until the predicate value is fetched. 
Thus, extra wires are needed for fetching the predicate val- 
ues from the predicate register file to the reorder buffer. At 
that time, if the predicate is true, the instruction is retired. 
If it is false, the reorder buffer entry is clear. 

5. Performance Evaluations 

This section presents performance evaluation of two mi- 
croarchitectural enhancements: select-pop and predicate 
slip. 

5.1. Performance Models 

For performance evaluation, we use Intel’s Itanium sim- 
ulation environment including the tools and workload. The 
Itanium architecture [9][ 103 supports advanced architec- 
tural features such as speculation and predication. These 
architectural features enable compilers to extract more in- 
struction level parallelism by using such special optimiza- 
tions as if-conversion. 

Our simulation environment includes a static (in-order) 
execution research model and a baseline dynamic execution 
research model. To maintain a reasonable comparison be- 
tween the two models, we simply configure the dynamic 
pipeline model with four more stages (2 for renaming and 
2 for scheduling) than the static pipeline model. For the 
four extra stages in the dynamic pipeline, two stages are ac- 
counted for the register rename and the other two for the 
dynamic scheduling. In addition to the baseline dynamic 
model, we build a second dynamic pipeline which imple- 
ments the proposed microarchitectural enhancements. 

Using the same benchmark binaries, comparison of re- 
sults between the two dynamic pipeline models can demon- 
strate the headroom to improve dynamic pipeline perfor- 
mance. Also, comparison of results between static pipeline 
model and dynamic pipeline model will reveal the benefits 
of those two different microarchitectures. The performance 
gains achieved from dynamic microarchitectures may also 
shed some light on new compiler optimizations to more ef- 
fectively utilize dynamic techniques. 

5.2. Results 

The benchmarks evaluated in our experiment include the 
entire SPECint95 suite except gcc. An Intel research com- 
piler is used to compile the benchmarks, targeted for the 
generic static execution model. Figure 11 shows the per- 
cent improvement of dynamic execution over static execu- 
tion. For each benchmark, there are four dynamic execution 
runs measured against the static execution run. The first run 

is with our baseline dynamic model. The second one is the 
dynamic execution run with predicate slip, and the third one 
is with select-pop. The last run is with both techniques ap- 
plied. The results of these runs are compared with the static 
execution run. 

The result. indicates that our dynamic baseline model 
has on average 9.1% performance increase over the static 
model. Note that this performance result should be taken in 
perspective. On one hand, future advancement in compiler 
technology should bring the performance of static execution 
closer to the dynamic execution. On the other hand, fur- 
ther improvement in dynamic microarchitecture may raise 
the performance of dynamic execution even higher. Hence, 
the exact performance gap between the static model and the 
baseline dynamic model reported in this paper may differ 
for future binaries. In general, these two approaches for im- 
proving performance are complementary. 

On average, both of our novel microarchitecture tech- 
niques give additional performance improvements over the 
baseline dynamic model. Predicate slip yields roughly 1.2% 
more and select-pop about 6.4%. The combined effect is 
at least 7.7%, which is slightly more than the sum benefits 
with both techniques separately applied. We believe this 
observation is attributable to the select-pop enabling more 
predicated instructions to pass through the rename stage and 
enter the reservation stations. As a result, it allows more 
opportunity for the predicate slip to slip more instructions 
through the execution units. 

The result shows that the baseline dynamic model does 
not always outperform the static model. Tivo benchmarks, 
m88ksim and go, have the results of baseline dynamic runs 
lower by 15% and 3%, respectively. For m88ksim, a pro- 
cessor simulation program, the compiler can schedule the 
code well due to its regular data structure and access pat- 
terns. Thus, the static execution processor can efficiently 
run those highly optimized code, which leaves little oppor- 
tunity for the dynamic execution to further improve the per- 
formance via dynamic scheduling. As the result, the dy- 
namic execution processor is relatively slower because of its 
added hardware complexity. But with select-pop technique 
added to the dynamic model, the performance of m88ksim 
becomes better than that of the static model by about 8%. 
Similarly for go, the dynamic execution with both of our 
techniques can still outperform the static model by roughly 
1%. 

The baseline dynamic runs of ijpeg and li show a mod- 
erate 7% improvement over the static run. Vortex improves 
about 14% and compress 19%. By applying both predicate 
slip and select-pop, the improvement of compress reaches 
close to 30%. In particular, for perl, both techniques can 
boost the dynamic execution performance up to 40% over 
the static model. Comparison of both techniques indicates 
that select-pop can reduce more stall cycles than predicate 
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Figure 11. Performance improvement of dynamic execution 

slip in most of the benchmarks. Only in li. predicate slip is 
more beneficial. Overall, the result confirms that our tech- 
niques can further exploit the benefit of dynamic execution 
by removing the unnecessary stalls. 

5.2.1. Implementation overhead from select-pop 
generation. Unlike predicate slip, which is easier to im- 
plement, the microarchitecture for select-pops can be im- 
plemented with different approaches. To quantify perfor- 
mance tradeoffs, we focus on modeling different imple- 
mentations for generating select-pops by assuming differ- 
ent number of cycles required for rename. The augmented 
version of register alias table can potentially require more 
rename stages than the default two stages that were previ- 
ously assumed in the baseline dynamic model. Thus, the 
effect of using multi-stages for rename is modeled and the 
result is depicted in Figure 12. 

Figure 12 shows, with select-pop applied, the percent 
improvement of dynamic execution runs with and without 
predicate slip over the static execution run. For both dy- 
namic runs, the rename is extended from the default two 
stages to as many as five stages. A five-stage rename may 
be unnecessarily deep, but it serves to demonstrate the effect 
of a pessimistic implementation. For the combined tech- 
niques, the performance improvement on average drops a 
bit more than one percent for every stage added to the re- 
name. Extending from two to five-stage rename, the perfor- 
mance drops close to 5%. 

5.2.2. Overhead ffom select-pop execution. The im- 
pact of executing select-pops in different latencies is mod- 
eled. Because of its semantically inherent priority of evalu- 
ation, the priority multiplexer logic for executing select-pop 
in the worst case can be implemented via cawading. Cas- 
caded logic may potentially require more cycles to execute. 

Figure 13 shows the percent improvement of dynamic 

runs with select-pop over the static runs. For each bench- 
mark, the latency of select-pop is varied from 1, 2, 3, 5, to 
7 cycles. The result indicates that the execution latency of 
select-pops does not affect the performance as much as the 
injection of select-pops at rename. As the execution latency 
of select-pops is varied from 1,2, to 3 cycles, performance 
barely changes. Even when the latency reaches 7 cycles, the 
average performance drop is still less than 3%. We believe 
the reason is threefold. First, in a dynamic execution model, 
the long latency of the select-pops is overlapped with the 
execution of other independent instructions. Second, most 
of the select-pops may not be on the critical paths of the ex- 
ecution. And finally, our select-pop injection mechanism is 
demand-driven, so that the number of select-pops dynami- 
cally introduced is relatively small. 

6. Concluding Remarks 

In this paper, we investigate the important issues re- 
garding efficient execution of predicated code on future dy- 
namic processors. We first identify two potential sources of 
pipeline stalls on the critical path directly attributed to pred- 
icate handling in a baseline dynamic processor. Then we 
propose two microarchitectural techniques, namely predi- 
cate slip and select-pops to overcome these stall problems 
and enable more efficient execution of the predicated code. 
The microarchitecture described in this paper can be real- 
ized without increasing much complexity in hardware. Us- 
ing SPECint95 compiled for the Itanium instruction set and 
the research processor models for both static and dynamic 
pipeline, we have conducted evaluations of performance 
tradeoffs for different processor configurations. We have 
found that predicate slip can provide moderate performance 
improvements; our result shows an average improvement of 
1%. For select-pops, the performance results unveil that the 
6% benefit gained even exceeds the potential penalty of ex- 
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ecuting long latency select-pops. Both microarchitectural 
techniques in combination can bring about additional 7.7% 
performance boost on top of the 9.1% gain from the base- 
line dynamic execution. Overall a dynamic execution ma- 
chine with the proposed optimizations can achieve a total 
of 16% performance improvement over the static execution 
machine. 
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