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ABSTRACT 
Getting precise alias information in a language that allows 
pointers, such as C, is expensive. One reason is that alias analysis 
should generate conservative (safe) alias information. Alias 
analysis assumes possible aliases when it can’t prove there are no 
aliases. The conservative alias information may greatly affect 
compiler optimizations. In this paper, we present a general 
framework to allow speculative (unsafe) alias information to be 
used in several compiler optimizations such as redundancy 
elimination, copy propagation, dead store elimination and code 
scheduler. Speculative alias information is not guaranteed to be 
correct. Run-time verification and recovery code are generated to 
guarantee the correctness of the optimizations that use speculative 
alias information. In the framework, the key idea is to use data 
speculative code motion (DSCM) to move the instruction that will 
be optimized away to the instruction that causes the optimization. 
During DSCM, verification and recovery code are generated. 
After the DSCM, the optimization becomes non-speculative and 
the moved instruction can be optimized away. 

1. Introduction 
Alias analysis plays an important role in compilers of language, 
such as C, which allows pointers. Precision of alias analysis can 
greatly affect the quality of optimized code. More than eighty 
papers have been published in alias analysis. It is still quite hard 
to get precise alias information in an efficient way [1]. One basic 
requirement of alias analysis is safety. If alias analysis can't prove 
there is no alias between two memory references, it should assume 
there is possible alias between the two memory references. 
Otherwise, the results of the alias analysis may be wrong. Safety 
requirement may reduce precision of alias analysis dramatically. 
Most possible aliases generated by alias analysis do not happen at 
all. With safety requirement, increasing precision of alias analysis 
becomes quite expensive which may make alias analysis 
impractical. 

Precise alias information is important in compiler 
optimizations. In Figure 1, two motivation examples show how 
imprecise alias information may affect compiler optimizations. In 
the left part of Figure 1, lines represent possible aliases. The 
possible alias between p and q (line 1) prevents possible 
redundancy elimination on *q in s3. The possible alias between p 
and r (line 2) prevents possible copy propagation on *p in s5. The 
possible alias between p and r (line 3) prevents possible dead 
store elimination in s4. In this example, three compiler 
optimizations (redundancy elimination, copy propagation, dead 
store elimination) are inhibited by possible aliases. If we ignore 

these possible aliases, it is quite easy for these optimizations to 
find these optimization opportunities. 

 

 

 

 

 

 

 

 

 

 

 
 
In the right part of Figure 1, the load (dimptr->dflag) in s1 

does alias with the store (dimptr->dflag) in s2. When the loop is 
unrolled, the load in s1 can’t be scheduled before the store in s2 
from the previous iteration because of the alias. Since this alias 
happens infrequently at run-time, it may be still profitable to 
schedule the load in s1 before the store in s2 from the previous 
iteration to hide the load latency if we can recover when alias 
happens.    

Getting precise alias information is expensive because where 
a pointer may point to is hard to know at compile time especially 
when it points to heap objects which don’t have a name. At run 
time, where a pointer points to can be easily figured out since the 
value of the pointer is available. It is easy to verify alias relation 
between two memory references at run time. Normally, only a 
simple compare instruction is needed. More and more instructions 
can be issued in a single cycle on modern processors. For 
example, IA64 processor [10] can issue six instructions in one 
cycle. If there are not enough independent instructions, some 
resources are wasted. Run-time verification of alias relation may 
be a good candidate to use these otherwise wasted resources.    

A compiler optimization normally has two parts, analysis 
part and code transformation part. The analysis part finds 
optimization opportunities based on IR and information such as 
alias information. Code transformation part modifies IR to 
generate the optimized code. 

S1:         =   *q 

S2:     *p=  b 

 

S3:         =    *q 

 

S4:      *r= … 

 

S5:        =   *p 

S6:    *r = … 

 

Figure 1: Motivation Examples 

1 2 

3 

for (termptr = antrmptr; termptr;    

      termptr = termptr->nextterm) 

{ 

       dimptr= netarray[termptr->net]; 

 s1: if (dimptr->dflag==0) 

           continue; 

 s2: dimptr->dflag=0; 

       …… 

} 
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The above observations inspire our data speculation 
framework. In this paper, data speculation means speculation on 
data dependence. In our framework, a speculative alias analysis 
(SAA) is used to find highly possible aliases and ignore all others 
even when it can’t prove there is definitely no alias. The results of 
alias or data dependence profile [26] can also be used in our 
framework. The analysis part of an optimization does analysis 
based on the results of SAA instead of conservative alias 
information to find more optimization opportunities. The code 
transformation part of an optimization which is relatively simpler 
than analysis part is modified to generate verification and 
recovery code. Verification code verifies alias relations that are 
ignored by SAA and optimizations. When verification code finds 
one alias relation that is ignored by SAA and optimizations does 
happen at run-time, recovery code is called to recover program to 
correct status. We use data speculative code motion (DSCM) 
which refers to code motion with potential data dependence 
violation to model the problem of verification and recovery code 
generation. According to the type of the moved instruction 
(memory read or write), direction of the motion (up or down) and 
the type of the crossed instruction (memory read or write), there 
are six cases of DSCM. The verification and recovery code 
generation for one case may be shared by different optimizations. 

The rest of the paper is organized as follows. In section 2 we 
describe SAA. In section 3 data speculative code motion and it’s 
verification and recovery code generation are discussed. In section 
4 implementation of our framework is showed. In section 5 we 
measure the performance of our framework on SPEC CPU2000 
benchmark. In section 6 we describe related work. In section 7 we 
present our conclusions.  

2. Speculative Alias Analysis 
Alias analysis tries to determine when two memory references 
refer to the same memory location [1]. Alias analysis has to make 
conservative assumption about alias relation because of the safety 
requirement. Our SAA is different from traditional alias analysis 
we mentioned above. If SAA doesn’t think there is high 
possibility that two memory references are aliased, SAA just 
assumes there is no alias between the two memory references. 
SAA doesn’t guarantee the correctness of the results. Without the 
safety requirement, SAA can use some aggressive heuristic rules 
and becomes very simple. 

We use access paths [3] to represent memory references. An 
access path (AP) of a memory reference is a non-empty string that 
consists of variable name, field name of structure, dereferences, 
and so on, to reach the memory location of the memory reference. 
For example, the access path of memory reference of a->b->c can 
be represented as “a*.b*.c” (* represents dereference). We use 
similar rules as in [3] to generate access paths for memory 
references. One main difference is that our access path can include 
index of array references which cannot be in their access path 
because it is not safe. In alias analysis, heap objects normally are 
named by where they are allocated. It is hard to distinguish two 
heap objects if they are allocated at the same place. We name heap 
objects when they are accessed using the access path. This gives 
us an opportunity to distinguish heap objects even when they are 
allocated at the same place. 

Heuristic rules are used to find highly likely aliased memory 
references. Two heuristic rules and when they should apply are 
showed below.  

� Rule 1: Apply when two memory references have same 
access path. If variables on this access path are not 
explicitly changed between the two memory references, 
the two memory references are aliased. Otherwise they 
are not aliased. � Rule 2: Apply when two memory references have 
different access path. Two memory references are not 
aliased if their access paths are different. 

In SAA, for each memory reference in a procedure, access 
path is generated.  After that, alias relations between memory 
references are generated based on the two heuristic rules using the 
access paths of memory references. 

3. Data Speculative Code Motion 
Data speculative code motion (DSCM) refers to the code motion 
with potential data dependence violation. Here we limit data 
dependence to data dependence caused by memory references 
since data dependence caused by registers does not need 
speculation. According to the type of the moved instruction 
(memory read or write), the direction of the motion (up or down) 
and the type of the crossed instruction (memory read or write), we 
classify DSCM into six cases that are showed in Figure 2. In each 
case, the dotted arrow lines represent the direction of the code 
motion. The solid arrow lines represent control flow. The 
summary of the six cases is given in Table 1. In this paper, ld 
represents a memory load and st represents a memory store.  
 
 
 
 
 
 
 
 
 
 
 
 

 moved 
inst 

crossed 
inst 

direction may violate 
dependence 

case 1 ld st up true 
dependence 

case 2 ld st down anti 
dependence 

case 3 st ld up anti 
dependence 

case 4 st ld down true 
dependence 

case 5 st st up output 
dependence 

case 6 st st down output 
dependence 

Table 1: summary of six cases of DSCM 

From the view of code motion, it’s equivalent for case 1 and case 
4, case 2 and case 3, case 5 and case 6. We consider that they are 
different because their verification and recovery code generation 
are different. We only generate verification and recovery code for 
the moved instruction. The crossed instruction is not changed. 
Moving a ld up or down across a potential aliased ld may violate 

ld 

Figure 2: Six cases of DSCM 

st st ld 

ld 

st 

st 

ld st 

st 

st 

st 
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input dependence [12]. Normally, violation of input dependence 
would not affect the correctness of the program. So the input 
dependence violation is not considered in our framework. 

3.1 Verification and Recovery Code Generation 
We need verification code to find out if one particular DSCM is 
correct or not. When verification code finds out one DSCM is 
wrong, recovery code should be executed to recover program to 
correct status. DSCM may violate possible data dependences. 
Comparing the memory reference address of the moved ld or st 
and the memory reference address of the crossed ld or st can tell 
us if data dependence violation happens or not. What should be in 
a recovery code and when recovery code should be executed 
depend on the case of DSCM. Normally, the recovery code should 
include the moved instruction. If the direction of DSCM is up, we 
can execute the recovery code at the original place of the moved 
instruction. If the direction of DSCM is down, we may execute 
recovery code as soon as we find DSCM is not correct. There are 
four parts to support one particular DSCM.  � Flag initialization: set a flag to indicate that DSCM is 

successful. � Verification instruction: by comparing the addresses of 
the moved memory reference and the crossed memory 
reference, verify if DSCM is successful. If it is not, the 
flag set in initialization is cleared. � Check instruction: check if DSCM is successful. If it is 
not, execute recovery code. � Recovery code: a copy of the moved instruction.  

We select case 1, case 4 and case 6 of DSCM as examples to show 
how to support DSCM. The flag initialization, verification 
instructions, check instructions and recovery code are showed in 
Figure 3. 
 
     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Case 1 moves a ld up across a potential aliased st. In the 
result code, s1 sets a flag to 1 to indicate the code motion is 
successful. S2 executes the ld that is now before the st. S3 is to 
verify if DSCM successful or not. If the address (r4) of the ld is 

equal to the address (r1) of the st, then the code motion violates 
true data dependence and the flag is cleared to indicate DSCM 
failure. S4 executes the st which is not changed. S5 is a check 
instruction to check the flag. If the flag is 0 that indicates DSCM 
failure, then recovery code S6 is executed. In this example, the 
recovery code is the original ld.  

Case 4 is similar as case 1. The difference is that after the 
verification instruction (s2), the check instruction (s3) is executed 
immediately to decide if recovery code (s4) should be executed or 
not because if DSCM fails, the following ld needs the result of the 
st. The check instruction (s3) can be optimized away since 
flag==0 is equivalent to r1==r4. If DSCM fails, there is one 
possible optimization. We may skip the following ld because we 
know that the result of the ld should be value r2. This 
optimization is not included in our framework because we want to 
keep the crossed ld unchanged to simplify our framework. In case 
4 DSCM, the moved instruction (s7) is guided by a condition (s6). 
Whether we should executed the moved instruction or not 
depends on the status of DSCM. If DSCM succeeds, we execute 
the moved instruction. Otherwise, we do not.    

In case 6, we do not need check instruction and recovery 
code. If DSCM fails, we know that the crossed st overwrites the 
moved st. The moved st (s5) is guided by a condition (s4) which 
is the same as case 4 DSCM.  

3.2 Optimizations Using the Results of SAA 
When an optimization is based on the results of SAA, we call this 
optimization a data speculative optimization because the result of 
the optimization is no longer always correct because of possible 
data dependence violation. We use four compiler optimizations to 
show how to relate the problem of generating code to guarantee 
the correctness a data speculative optimization to the six cases of 
DSCM. The idea is to use DSCM to move the instruction that will 
be optimized away to the instruction that causes the optimization. 
During the DSCM, verification and recovery code are generated. 
After the DSCM, the optimization becomes non-speculative and 
the moved instruction can be optimized away. 

3.2.1 Data Speculative Dead Store Elimination 
 
 
 
 
 
 
 
 
 
 
 
 
Dead store elimination [23] [8] eliminates unnecessary stores of 
which the results are not used. For the example in the left part of 
Figure 4, if we ignore all the possible aliases, the store in s1 is 
dead when the left path is taken. Traditional dead store 
elimination wouldn’t consider the store in s1 dead because the 
result of the store may be used if possible aliases happen. In data 
speculative dead store elimination, the store in s1 is dead because 
all possible aliases are ignored. In this example, the store in s1 is 
the instruction that will be optimized away. The store in s2 is the 
instruction that causes the optimization. We use DSCM to move 

Case 1: 

Before DSCM: 

st [r1] = r2  

ld r3 =[r4] 

 

After DSCM: 

s1: flag =1 

s2: ld r3 = [r4] 

s3: if (r1 == r4) 

         flag =0 

s4: st [r1]= r2 

s5: if (flag == 0) 

s6:     ld r3=[r4] 

 

Case 4: 

Before DSCM: 

st [r1] = r2  

ld r3 = [r4] 

 

After DSCM: 

s1: flag =1 

s2: if (r1 == r4) 

        flag =0 

s3: if (flag==0) 

s4:     st[r1] = r2 

s5: ld r3 = [r4]  

s6: if (flag == 1) 

s7:      st [r1] = r2 

Case 6: 

Before DSCM: 

st [r1] = r2  

st [r3] = r4 

 

After DSCM: 

s1: flag =1 

s2: if (r1 == r3) 

         flag =0 

s3: st [r3] = r4  

s4: if (flag == 1) 

s5:      st [r1] = r2 

Figure 3: support of DSCM, case 1, 4 and 6 

 
 

S1: *p= …. 

S2: *p = 
… 

 

    S1: 

S2: *p = S1: *p = 

Figure 4: data speculative dead store elimination 

possible 

aliases 

verification 
and recovery 
code are 
generated 
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s1 as showed in Figure 5. The dotted lines show the direction of 
the code motion. After the DSCM, the optimization becomes 
simple non-speculative dead store elimination and the result is 
showed in the right part of Figure 4. The correctness of the data 
speculative dead store optimization is equal to the correctness of 
the DSCM during which verification and recovery code are 
generated. In the DSCM, a st is moved down which may require 
case 4 and case 6 of DSCM. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.2.2 Data Speculative Partial Redundancy Elimination 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Partial redundancy elimination [24][7][25] can eliminate loads or 
computations of which the results are already available. For the 
example in the left part of Figure 6, if we ignore all possible 
aliases, the result of the load (*p) in s2 is available when the left 
path is taken. Traditional partial redundancy elimination can’t 
eliminate the load in s2 because there are possible aliases and *p 
may be modified after s1. In data speculative partial redundancy 
elimination, after all possible aliases are ignored, the load (*p) in 
s2 is the instruction that will be optimized away. The load (*p) in 

s1 is the instruction that causes the optimization. We use DSCM 
to move the load in s2 as showed in Figure 7. The dotted lines 
represent the direction of the DSCM during which verification 
and recovery code are generated. After the DSCM, the 
optimization becomes simple redundancy elimination and the 
result is showed in the right part of Figure 6. The correctness of 
the speculative optimization is equal to the correctness of the 
DSCM which requires case 1 of DSCM.  

3.2.3 Data Speculative Copy Propagation 
 

 
Figure 8: data speculative copy propagation 

 
Figure 9: DSCM for data speculative copy propagation 

Copy propagation can replace a load if a store to the same 
memory location can be found before the load. For the example in 
the left part of Figure 8, if all possible aliased are ignored, the 
load (*p) in s2 will get the result of the store in s1 which is t. So 
the load in s2 can be replaced by value t. Traditional copy 
propagation can’t do this because of possible aliases. *p may be 
changed after s1. In data speculative copy propagation, after all 
possible aliases are ignored, the load (*p) in s2 can be optimized 
away. The load in s2 is the instruction that will be optimized 
away. The store in s1 is the instruction that causes the 
optimization. We use DSCM to move the load (*p) in s2 as 
showed in the left part of Figure 9 or move the store in s1 as 
showed in the right part of Figure 9. After the DSCM, copy 
propagation becomes simple because the store and the load are 
near each other now. The result of the optimization is showed in 
the right part of Figure 8. Moving *p in s2 up requires case 1 
DSCM. Moving *p in s1 down requires case 4 and 6 DSCM. 
During DSCM, verification and recovery code are generated. If 
we use case 1 DSCM, the verification and recovery code 
generation can be shared with data speculative partial redundancy 
elimination. If we use case 4 and 6 DSCM, the verification and 
recovery code generation can be shared with data speculative dead 
store elimination. 

3.2.4 Data Speculative Code Schedule 
The code transformation of a code scheduler is similar as a code 
motion. Starting from cycle 0, scheduler selects the best candidate 

S1: *p = t 

S2:      = *p 

S2:      = *p 

S1: *p = t 

S1: *p = 

S2:   = *p 

possible 

aliases 

possible 

aliases 

S1: *p = t 

S2:      = *p 

S1: *p = t 

S2:      = t 

possible 

aliases 

verification and 
recovery code are 
generated 

S1: *p = … 

S1: *p = … 

S2: *p = … 

S1: *p = … 

Figure 5: DSCM for data speculative dead 
store elimination 

possible 

aliases 

possible 

aliases 

  

S1: t = *p 

S2:  = *p 

 S1: t = *p 

 S2: = t 

S3:t = *p 

Figure 6: data speculative partial redundancy 
elimination 

verification 
and 
recovery 
code are 
generated 

possible 

aliases 

     S1: t = *p 

           *p 

S2:  = *p 

S3:   *p 

Figure 7: DSCM for data speculative 
partial redundancy elimination 

possible 

aliases 

possible 

aliases 
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to issue in this cycle. We can consider the process as selecting the 
candidate and moving it from the original place to cycle 0. When 
cycle 0 is full or no instructions can be issued in the cycle, code 
scheduler advances the cycle to cycle 1 and repeats the process 
until all instructions are scheduled. Since DSCM is one kind of 
code motion, it is quite nature to map the code transformation of 
code scheduler to DSCM. There is one thing we need mention. 
Code scheduler may move any instructions and, as far as we 
discussed, DSCM only moves load or store. When an instruction 
is moved across a check instruction of a memory instruction that it 
directly or indirectly depends on, the moved instruction should be 
added to the recovery code of the check instruction. An example 
is showed in the next section. 

4. Implementation of the Framework 
The data speculation framework is implemented in Open Research 
Compiler (ORC) [4]. ORC generates code for IA-64 [5] [10]. The 
performance of our framework is highly dependent on application 
characteristics and the implementation. We use two architectural 
features, speculation and predication, which are available on IA-
64 to implement our DSCM support. Compiler optimizations such 
as partial redundancy elimination, dead store elimination, copy 
propagation, code scheduler have been implemented in ORC. In 
Figure 10, structure of related parts of ORC is showed. ORC 
uses WHIRL (Winning Hierarchical Intermediate Representation 
Language) as it’s IR.  

 

 
Figure 10: Structure of Related Parts of ORC 

Alias analysis is an important part in ORC. Most optimizations in 
ORC need the results of alias analysis. Alias analysis in ORC has 
two parts. First part is a points-to analysis which is based on a 
non-standard type system [2]. Second part is a rule based alias 
analysis. Base rule which refers to that two memory references are 
not aliased if their base is different, offset rule which refers to that 
two memory references are not aliased if their base is the same 

and their memory ranges define by the offset and size fields does 
not overlap, type rule which refers to that two memory references 
are not aliased if their types are different, for example, memory 
reference to type float cannot be aliased with a reference to type 
integer, and so on are included in rule based alias analysis. Based 
on the results of alias analysis and IR, static single assignment 
(SSA) form is created [9][6]. Copy propagation, partial 
redundancy elimination [7] and partial dead code elimination [8] 
are applied in SSA form. After these optimizations, SSA form is 
transferred back to WHIRL. Before ORC schedules code, WHIRL 
is transferred to OP (machine-level operation) which is not 
showed in Figure 10. A dependence graph is built for the code 
scheduler. During the construction of the dependence graph, the 
results of alias analysis are used. Based on the dependence graph 
and resource constrictions, code is scheduled. 
 

 
Figure 11: Structure of Data Speculation Framework 

Figure 11 shows the structure of our framework. Original alias 
analysis (AA) is replaced by SAA. Now the construction of SSA 
and dependence graph is based on SAA. We compare the results 
of AA and SAA. If an alias relation is in results of SAA and is not 
in the results of AA, we know SAA is wrong about this alias 
relation. We delete this alias relation from the results of SAA. If 
an alias relation is in results of AA and is not in the results of 
SAA, we know SAA is speculative on this alias relation. We keep 
this alias relation in a speculative alias set. DSCM support can use 
this set to find out quickly if one code motion needs speculation 
support or not. Only DSCM support need access the speculative 
alias set. In our framework, we re-use the original optimizations. 
The code transformation part of the optimizations is modified to 
notify DSCM support what kind of code motion it will need. For 
one code transformation, information about which instruction is 
moved and where is the destination of the motion is given to 

SAA IR 

SSA 

Copy Propagation 

Partial Redundancy Elim 

Partial Dead Code Elim 

IR 

Build Dependence Graph 

Code Scheduler 

Alias Analysis 

DSCM Support 

Speculative alias set 

Alias Analysis IR 

SSA 

Copy Propagation 

Partial Redundancy Elim 

Partial Dead Store Elim 

IR 

Build Dependence Graph 

Code Scheduler 
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DSCM support. Based on this information, DSCM support 
decides the case of DSCM and generates verification and recovery 
code. After this, the moved instructions may be optimized away 
by the optimizations.    

4.1 DSCM Support 
In our implementation, DSCM support can generate verification 
and recovery code for case 1, 4 and 6 DSCM. Case 2, 3 and 5 are 
not implemented.  

4.1.1 Case 1 DSCM 
IA-64 architecture includes instructions ld.a (advanced load) and 
chk.a (advanced load check) for case 1 DSCM [5]. Ld.a is like a 
normal load but also stores the destination register number and 
memory address it loads from in ALAT (Advanced Load Address 
Table). A store instruction will invalidate any entry in ALAT that 
has same memory address as the store. Chk.a checks the entry set 
by a ld.a and will trigger a branch to invoke recovery code if the 
entry is invalid. One example is showed in Figure 12. Recovery 
code for case 1 DSCM consists of the moved load instruction. 
When computation instruction which directly or indirectly 
depends on the moved instruction is moved across the 
corresponding chk.a instruction, this instruction is also added to 
recovery code. 

 
Figure 12: verification and recovery code for case 1  

4.1.2 Case 4 and case 6 
We use predicate register on IA-64 to hold the result of 
verification instructions. There are 64 predicate registers on IA64. 
On IA64, a compare instruction can set two predicate registers 1 
or 0 at the same time. For example, p1, p2 = cmp.ne 2, 3 will set 
predicate register p1 to 1 and p2 to 0. Instructions on IA-64 are 
guided by predicate register. If the predicate register of an 
instruction is 0, then this instruction is changed to a NOP during 
execution. We use this feature (predication) to generate more 
compact code for verification and recovery code. For case 6, no 
recovery code is needed because when alias does happen during 
execution time, we know the moved st is killed by the crossed st. 
The result code is showed in the right part of Figure 13. For case 
4, the result code is showed in the left part of Figure 13.   

 
Figure 13: verification and recovery code for case 4 and 6 

4.1.3 DSCM crosses multiple aliased sts or lds 
As far as we discussed, DSCM only moves a ld or st across one 
aliased ld or st. In order to move a ld or st across multiple aliased 
lds or sts, we need a flag to indicate if a verification instruction or 
a check instruction should be skipped. After recovery code is 
executed, all the following verification instructions and check 
instructions should be ignored. For case 1, we only have one 
check instruction after which there is no more verification and 
check instructions. For case 4 and case 6, we need generate check 
instruction for every crossed aliased memory reference. In the 
following example in Figure 14, we move the first st across two 
sts and two lds. All verification instructions except the first one 
are guided by predicate register pr1 which is set to 0 when DSCM 
fails. All check instructions are guided by predicate register pr2 
which is set to 1 when DSCM fails. After recovery code is 
executed, pr2 is set to 0. When pr1 and pr2 are all 0, all the 
following verification instructions and check instructions are 
ignored.  

 
Figure 14: A st is moved across multiple lds and sts 

In the example, s2, s6, s9, s13 are the instructions which will set 
pr2 to 0 if pr2 is 1. After pr2 is changed from 1 to 0 (at this time, 
pr1 is already 0), all the following verification and check 
instructions are ignored. 

Code after r4=r2+1 is 
moved across the chk.a: 

ld.a r2 = [r3] 

r4 = r2 + 1 

st [r1] = … 

chk.a, recovery code 

 

Recovery code: 

     ld r2 = [r3] 

     r4 = r2 +1 

 

 

Code before case 4 DSCM: 

st [r1] = r2 

ld r3 = [r4] 

 

Code after case 4 DSCM: 

pr1, pr2 = cmp.ne r1, r4 

pr2 : st [r1] = r2 

ld r3 = [r4] 

pr1: st [r1] = r2 

Code before case 6 DSCM: 

st [r1] = r2 

st [r3] = r4 

 

Code after case 6 DSCM: 

pr1, pr2 = cmp.ne r1, r3 

st [r3] = r4 

pr1: st [r1] = r2 

Code before DSCM: 

 

st [r1] = r2 

st [r3] = r4 

ld r5 = [r6] 

st [r7] = r8 

ld r9 = [r10] 

Code after DSCM: 

S1:  pr1, pr2 = cmp.ne r1, r3 

S2:  pr2: pr2 = 0 

S3:  st [r3] = r4 

S4:  pr1: pr1, pr2 = cmp.ne r1, r6 

S5:  pr2: st [r1] = r2 

S6:  pr2: pr2=0 

S7:  ld r5 = [r6] 

S8:  pr1: pr1, pr2 = cmp.ne r1, r7 

S9:  pr2 : pr2 = 0 

S10:  st [r7] = r8 

S11:  pr1: pr1, pr2 = cmp.ne r1, r10 

S12:  pr2: st [r1] = r2 

S13:  pr2: pr2 = 0 

S14:  ld r9 = [10] 

S15:  pr1: st[r1] = r2 

 

Code before case 1 DSCM: 

st [r1] = … 

ld r2 = [r3] 

r4 = r2 + 1 
 

Code after case 1 DSCM: 

ld.a r2 = [r3] 

st [r1] = … 

chk.a r2, recovery code 

r4 = r2 + 1 
 

Recovery code: 

     ld r2 = [r3] 
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5. Experimental Results 
We use seven benchmarks from SPEC CINT2000 and four 
benchmarks which are written in C from SPEC CFP2000 to 
measure the effectiveness of the framework. The measurements 
were performed on Itanium2 processor [[10]. We measure the 
speedup for each benchmark relative to its base case, which is 
optimized with –O3 option of ORC. In the following graph, we 
list the percentages of run-time performance (cpu cycle) 
improvements. Pfmon [11] is used to collect performance data. 
All benchmarks run with reference input.   
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Figure 15: improvement of cpu cycle 
 In Figure 15, improvement of performance (reduction in cpu 
cycle) is showed. There are three benchmarks (equake, art, ammp) 
having performance improvement above 15%. They are all from 
SPEC CFP2000. Floating memory reference dominates the 
memory references in the three benchmarks. Data speculative 
optimization opportunities are good in the time-consuming part of 
the three benchmarks. Most performance improvement comes 
from data speculative redundancy elimination and code scheduler. 
Data speculative redundancy elimination can delete redundancy 
load and computation. Data speculative code scheduler can allow 
more overlap between instructions to hide load and computation 
latency. For equake, speculative redundancy elimination in 
procedure main and smvp contributes about 7% improvement. 
Data speculative code scheduler contributes about 13% 
improvement. For art, about 5% improvement is from data 
speculative redundancy elimination. About 27% improvement is 
from data speculative code scheduler. For ammp, about 5% 
improvement is from data speculative redundancy elimination. 
About 10% improvement is from data speculative code scheduler. 
For all other benchmarks, the improvement ranges from 0.5% to 
5%. The performance improvement of data speculative 
redundancy elimination is not good in integer benchmarks 
because the integer load latency is only 1 cycle when the load hits 
cache. If a load results a cache miss, normally, this load is not 
redundant. For data speculative code scheduler, the performance 
improvement is also not good. Link list traversal dominates 
memory references in the most integer benchmarks. It’s hard for 
code scheduler to overlap memory references to two elements in a 
link list because of register data dependence.   

Speculation fail rate, load number reduction and store 
number reduction are showed in the following table. We compute 
speculation fail rate as number of failed check instructions divided 
by number of advanced load since speculation opportunities in 
dead code elimination and copy propagation is very little. We use 
pfmon to collect these numbers. 

 

Benchmark Speculation 

fail rate 

Load number 

Reduction 

Store number 

Reduction 

equake 0.20% 31.6% <0.01% 

art 0.02% 10.0% <0.01% 

mesa <0.01% <0.01% 0.12% 

ammp 8.20% 17.2% 35.6% 

mcf 1.50% 4.6% <0.01% 

bzip 0.50% 1.3% <0.01% 

twolf 0.18% 5.8% 9.28% 

vortex 0.17% 1.5% <0.01% 

parser 0.67% 0.2% 0.58% 

vpr 0.02% 6.5% 0.31% 

gzip 0.10% 0.6% <0.01% 

 
The penalty of recovery code is very high because, normally, 
recovery code is not in instruction cache and at least we have one 
branch mis-prediction for the check instruction. The speculation 
fail rate for most benchmarks is below 1% that avoids high 
penalty of recovery code. Ammp has a high fail rate about 8% 
because there are many stores between advanced load and it’s 
corresponding check instruction which results high possibility of 
false conflict in ALAT because ALAT only keeps partial address 
of an advanced load. When we change check instructions to 
NOPs, another 7% improvement of performance can be achieved.  

The load number reduction indicates the opportunities of 
data speculative redundancy elimination. From the data, floating 
benchmarks have larger load number reduction. From my 
experience, floating benchmarks are less optimized by the 
programmers. Normally, larger load number reduction results 
bigger improvement of performance.   

For store number reduction, only two benchmarks (ammp, 
twolf) have large store number reduction. In our framework, data 
speculative dead store elimination and copy propagation don’t 
give much performance improvement. We checked the benchmark 
ammp for the reason that high reduction in store number doesn’t 
result high performance improvement. In the important procedure 
of ammp, we found opportunities for speculative dead store 
elimination. An example code is showed below. 

  
In the example, a1->VP is aliased with (*nodelist)[inode].q100, 
(*nodelist)[inode].sqp, and (*nodelist([inode].q010. The rule 
based alias analysis in ORC can detect there is no alias among a1-
>VP, a1->dpx and a1->q. Since all stores are type float, pointers 
which are 64 bits integer are not changed based on the type rule. 
In the example, after copy propagation on a1->VP, the store to a1-
>VP in s1 is speculative dead store because it is overwritten in s4 
and (*nodelist)[inode.sqp in s2, (*nodelist)[inode].q010 in s4 may 
need the result of the store. Deleting the store in s1 contributes 
very little performance gain because the store can overlap with the 

S1: a1->VP += k*(*nodelist)[inode].q100; 

S2: a1->dpx += k*(*nodelist)[inode].sqp; 

S3: k = c1*a1->q*yt; 

S4: a1->VP += k*(*nodelist)[inode].q010; 
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load (a1->dpx) in s2. Similar example can be found in benchmark 
twolf. For all other benchmarks, data speculative dead store 
elimination and copy propagation have very limited optimization 
opportunities.    

6. Related Work 
Speculation is quite common in compiler and computer 
architecture. Branch prediction [13] can let processor fetch 
instructions before the condition of the branch is known. If the 
prediction turns out to be wrong, the processor has to discard all 
instructions that were fetched based on this prediction. Data pre-
fetch is another example of speculation. Compiler can generate 
pre-fetch instructions to bring data from memory to cache to hide 
load latency. In data pre-fetch, no recovery action is required. Pre-
fetching unused data into cache may hurt performance. But it will 
not affect the correctness of the program.   

Normally, the results of speculative alias analysis cannot be 
used in compiler optimizations since the results may be wrong. In 
[14] [20] [21], the results of their speculative alias analysis are 
used in their speculative multithreading compilers to generate 
better thread. They rely on the recovery ability of multithreading 
processor to guarantee the correctness.  

Speculative optimizations on single processor have been 
studied in several papers [15] [16] [17] [18] [19] [22]. The key 
idea is to provide some kind of check and recovery mechanism to 
guarantee the correctness of speculative optimizations. In these 
papers, hardware support for speculative optimizations is studied 
and used. In [15], a compiler framework for control and data 
speculation in a code scheduler is presented. Three main tasks in 
scheduling speculative instructions: marking speculative 
dependence edges, selecting speculative instructions as scheduling 
candidates, and check insertion and DAG update are fully 
integrated with the rest of the instruction scheduling phase. In 
[22], a speculative SSA form incorporating data speculation 
information is created for SSAPRE [7] which takes SSA form as 
it’s input IR. SSAPRE is modified in [22] to consider speculative 
SSA form as input IR. In [15] [22], speculative information is 
explicitly presented in IR and optimizations are modified to 
handle the speculative information. Our data speculation 
framework is designed to easily change traditional non-
speculative optimizations to speculative optimizations. Major 
modification on optimizations is in their code transformation part. 
Speculative instructions are not treated differently from ordinary 
instructions in the optimization analysis part. Further more, the 
verification and recovery code generation is shared among 
speculative optimizations.   

  

7. Conclusion 
In this paper, a general compiler framework is presented to allow 
traditional optimizations such as partial redundancy elimination, 
partial dead store elimination, copy propagation, code scheduler 
to use speculative alias information instead of conservative alias 
information. The key idea in the framework is to use data 
speculative code motion to move an instruction that will be 
optimized to the instruction that causes the optimization. During 
data speculative code motion, verification and recovery code are 
generated to guarantee the correctness of the optimizations that 
now are based on speculative alias information. After data 
speculative code motion, the optimization becomes trivial.  We 
further classify data speculative code motion into 6 cases. In this 

paper, the verification and recovery code generation for case 1, 4, 
6 are implemented using data speculation and prediction features 
on IA64 [5]. Case 1 can be shared among data speculative partial 
redundancy elimination, data speculative code scheduler, data 
speculative copy propagation. Case 4 and 6 can be shared by data 
speculative dead store elimination, data speculative copy 
propagation.   
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