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ABSTRACT

A hardware managed register stack, Register Stack Engine
(RSE), is implemented in Itanium® architecture to provide a
unified and flexible register structure to software. The compiler
alocates each procedure a register stack frame with its size
explicitly specified using an alloc instruction. When the total
number of registers used by the procedures on the call stack
exceeds the number of physica registers, RSE performs
automatically register overflows and fills to ensure that the
current procedure has its requested registers available. The
virtual register stack frames and RSE aleviate the need of
explicit spills by the compiler, but our experimenta results
indicate that a trade-off exists between using stacked registers
and explicit spills under high register pressure due to the uneven
cost between them. In this work, we introduce the stacked
register quota assignment problem based on the observation that
reducing stacked register usage in some procedures could
reduce the total memory access time of spilling registers, which
includes the time caused by the loads/stores due to explicit
register spills and RSE overflows/fills. We propose a new
inter-procedural algorithm to solve the problem by allocating
stacked registers across procedures based on a quantitative cost
model.

performance significantly for the programs with high RSE

The results show that our approach can improve

overflow cost, e.g. perlbmk and crafty, improved by 14% and
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1INTRODUCTION

The register alocation is to minimize the memory access
time by choosing a subset of al variables that can be placed in
registers and assigning a register to every variable in the subset.
Prior researchers have studied register alocation extensively in
the literature [1][2][3][4][5]. When avariable is not allocated to
a register, it is spilled to memory and explicit load and store
instructions are inserted to fetch and store its value, respectively.
In addition to the spills due to the limited number of registers,
there are also many spills (i.e. save and restore scratch registers)
inserted due to the variables live across call sites. Different
approaches [5][6][7][8][9] have been proposed to eliminate
some spills around call sites.

The register file of Itanium® architecture contains 128
integer, 128 floating-point, 64 predicate, and 8 branch registers.
As an aternative to traditional register files, the integer registers
are divided into two areas: r0-r31 are static registers, which are
visible to all procedures, and r32-r127 are stacked registers,
which are visible only to a given procedure. A register stack
frame is the set of stacked registers allocated to a specific
procedure. Every procedure starts by alocating a register frame
using the alloc instruction. When the total size of procedure call
stack exceeds the capacity of physical stacked registers, RSE
ensures that the requested number of registersis available to the
alocation request by saving physical registers into the backing
store in memory [10] without explicit program intervention. The
saved registers are called overflowed registers. As a procedure
returns, its corresponding register stack frame is popped and
RSE restores the caler’'s previous-saved registers from the
backing store area. The restore operations are called register



fills.

Each register has an associated cost. For permanent
registers (callee-save), compilers save and restore the registers
a prolog and epilog, respectively. For scratch registers
(caller-save), compilers save and restore the registers across call
sites. Compilers manage these two kinds of registers explicitly.
RSE manages stacked register overflow/fill without explicit
program intervention. When a register stack overflow occurs,
RSE stalls the program execution to wait for the completion of
saving overflowed registers. Likewise, RSE fills aso stall the
execution. The cost associated with stacked registers overflow is
implicit because the cost only shows up when register stack
overflow/fill happens — the total size of procedure call stack
exceeds the capacity of physica stacked registers. Using more
stacked registers decreases spill overhead (spill variables to
memory) at the expense of potential increases of register stack
overflow and fill.

Without modeling the cost of stacked register overflow in
register allocation, the compiler perceives a simplistic view that
using stacked registersis at no cost. Namely, the compiler holds
only partial view about the overhead of register allocation. As a
result, the compiler tends to maximize the usage of stacked
registers so as to minimize the spill overhead. This simple view
is adequate if the overhead of register stack overflow and fill is
low. However, the view becomes inadequate for cal intensive
programs that have deep call chains because they are more
likely to incur more register stack overflows and fills. Our
experimental study shows that perlbmk and crafty of
SPEC2000Int exhibit 23.8% and 4.8% of RSE cost in overall
execution time, respectively.

To minimize the total spill-to-memory cost, we need to
choose the right storage classes for variables. It is not always
profitable to keep a variable in a register than memory. We
propose a new inter-procedural algorithm that balances
assigning stacked registers to variables and spilling variables to
memory. The algorithm has the following main features:

(1) It uses an inter-procedural framework to allocate a

register stack frame for each procedure. Specificaly, we

use a 3-step process. Step-l estimates an intra-procedure
register usage. Step-ll
analysis to assign quota of stacked register usage for every

performs an inter-procedura

procedure with the goal of minimizing the total number of
spills to memory for the whole program. Step-111 compl etes
the actual register allocation for each procedure with its

given register quota.
(2) Our method is based on a quantitative cost model of
invocation frequencies of function calls and the cost of
memory accesses due to spills and RSE traffic. We use a
weighted call graph —i.e. a call graph where each edge is
annotated with the invocation frequency obtained from
profiling feedback.
(3) Our algorithm traverses the call graph by identifying
the hot regions according to the maximum accumulated
RSE overflow/fill costs of the regions. The hot regions are
analyzed one at a time, and stacked registers are alocated
to the procedures within a region. During this process, the
register demand might be underestimated during step-
comparing to what may be actually needed. Insufficient
register quota may result in additional register spills during
step-111. Hence, athough the algorithm has the merits of
teking the advantage of profiling information as well as
leveraging inter-procedural  framework to obtain a
whole-program view of register usage, its effectiveness has
to be carefully evaluated.

We implemented the approach in the Open Research
Compiler (ORC) [11] and evauated its effectiveness on
Itanium® systems using the SPEC2000Int programs. We have
made the following key observations.

(1) Our agorithm is quite effective in improving

execution performance, up to 14%, for the benchmarks in

Spec2000Int that have high RSE overhead.

(2)  For those benchmarks without obvious performance

improvement, our algorithm shows no performance

degradation except one with dight degradation of 1.2%.

(3) More concrete analysis shows that the usage of

stacked registers in some call-intensive procedures is

reduced and as such leads to the reduction of the RSE cost.

(4)  Our agorithm appears to be effective in finding out

hot regions causing most RSE cost in these benchmarks.

2 BACKGROUND ON REGISTER STACK
ENGINE

Genera registers r32 to r127 form a register stack that
operates as a circular buffer containing the most recent created
frames [10]. A procedure can allocate a register frame on the
register stack using alloc instruction if the procedure needs to
store values in the stacked registers. Each register stack frame
includes four parts: 1) input registers, 2) loca registers, 3)



output registers, and 4) rotating registers. Input and rotating are
included as part of the local area. The size of a register stack
frame is local+output, which can be up to 96 registers, specified
by an alloc instruction as the following format:
alloc <target_reg>=ar.pfsin,local,out,rot

where the ar.pfs is the Previous Function State register to restore
the previous state upon return. RSE is responsible for mapping a
register stack frame to a set of physical registers. This processis
done by the hardware and transparent to the compiler. When a
procedure is called, the stacked registers are renamed such that
the caller’'s first register in the output area becomes r32 for the
calee. That is, the frame of the caller and callee overlaps — the
output area of the caller is the input area of the callee. When the
callee returns, the register renaming is restored to the caler’'s
configuration. This mechanism preserves the stacked registers
of the caller without storing them to memory. RSE manages
register stack overflows and fills automatically, transparent to
application software.

3. MOTIVATING EXAMPLE
PROBLEM FORMULATION

In this section we introduce the cost model for RSE

AND

overflows and fills. We also present a motivating example and
formulate the problem to minimize the total spill-to-memory
cost.

3.1 Cost of RSE Overflowg/Fills

An overflowed register stack frame due to a procedure call
will be filled upon return from the procedure. Since programs
do not usualy exit in the middle of a call path, we consider that
the overflow and fill of a register stack frame always come in
pair. Even in the case of setjmp/longjmp, a register stack frame
is part of architectura state, and the overflow and fill of the
register stack frame still occur in pair.

Here is an experiment that studies the RSE cost in the
Itanium® processors to overflow and fill each stacked register.
The program used in the experiment includes four procedures A,
B, C, and D, where A cdls B, B cals C, and C cals D.
Procedures A, B, and C together use up all of the 96 stacked
registers. Therefore, the number of overflows/fills equals to the
number of stacked registers used by procedure D.

In this experiment, the size of register stack frame allocated
by procedure D varies from 1 to 96 in an increment of 1, and we
measure the RSE cost in CPU cycles using pfmon — a tool used

to read the performance monitors in Itanium® processors and
report the dynamic behaviors of program execution. The result
is shown in Figure 1. We can see that the RSE cost increases
linearly with the increase of stacked registers alocated by
procedure D. Each stacked register overflow/fill costs about 1
cycle except a big gap from 56 to 57, which we have not fully
understood the reason yet. Therefore, we could assume that the
RSE cost is a linear function of the number of register stack
overflowsffills.
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Figure 1. Dynamic RSE Cost vs. Sack Frame Size in
Procedure D

3.2 A Motivating Example

n=0;

i =60 quota
function AQ { Sru: 6 o
for (i = 0;i<100;i++) Iscs=2
{ 100 ; 100
} Eg} ! sru=50 qugta
function B0 { O} Iscs=0.5

function C() { w0
n=n +1; Sru=60 sruzgp  duota quota
if (n<100) { } Iscs=3 Iscs=1.5 60 60
else { DQ;} 1 1

sru=60 quota
1 Iscs=2 L 60

function DQ { s
for (j=0;j<100;j++){ 00

EO; Sruz50 Quota
) Iscs=0.8 %

function FQ {EQ:}
function EQ {}

¢ Result of Quota
a Example Program

b Call Graph Assignment

Figure 2. A Motivating Example

Let us illustrate the inter-procedural quota assignment of
stacked register usage problem (step-1l of our method — see
introduction) based on the Itanium® architecture with a simple
program P as shown in Figure 2(a). In Itanium® processors, the
upper bound of stacked registers is 96. Later in this paper, we
will use variable bound to represent the upper bound of stacked
registers. The following are obtained for each procedure from
our method: (1) stacked registers usage (sru) and (2) the
load/store operation cycles saved (Iscs) by a given stacked
register usage. These can be calculated by an intra-procedure



register alocator (in step-1). The Iscs for a specific stacked
register usage is the total spill cost of all live ranges using the
stacked register in step-1. For simplicity, in this example, we
assume that the cycles saved for each stacked register usage is
the same for all stacked register usage in a specific procedure.
We use Iscs as the value of the load/store cycles saved by each
stacked register per procedure invocation. Due to control flow in
programs, a load/store operation is not always executed each
time the procedure isinvoked. Therefore the Iscs value may be a
fractional number.

We represent the caller-callee relations and the stacked
register usage on a Weighted Call Graph G. Each edge (e.g.
edge (p,q) where p isthe caller and q is the callee) has the total
invocation frequency of the procedure (e.g. number of timesqis
invoked by p) annotated on the edge. Each node representing a
procedure is annotated with its stacked register usage estimation
-- sru and Iscs. Figure 2(b) shows the call graph G for example
program in Figure 2(a). Note that we have ignored the
overlapping of input/output register frames between adjacent
procedures in the cal chain so far for simplicity, and an
extension to take thisinto account is discussed in Section 6.

At step-I1 of the outlined, we want to identify “hotspots’ —
program points where the cost/benefit of stacked register
allocation appears to be most significant. One way to identify a
hotspot is to calculate the total accumulated stacked register
usage, i.e. the product of edge frequency and the stacked
register usage (sru) per invocation. For procedures A, B, C, D, E
and F — the values are 60, 5000, 6000, 60, 5050, and 60
respectively. In this case, we identify C as the hotspot of the call
graph, and it can grow to a hot region along the most frequently
cdled path. Here the hot region can be viewed as a
call-intensive trace. For example, procedure B is added to the
hot region because that the invocation frequency from B to C is
above a certain threshold. Similarly, A is also added to the hot
region. However, D is not included because the call frequency
of C—»D is only 1, which is below the threshold. As a result,
A—B—C is identified as one hot region. If we continue the
process, D—E and F are identified as two other hot regions.

We can now perform stacked register quota assignment
for each hot region. In order to reduce the load/store cycles for
explicit spills as much as possible, stacked registers shall be
assigned to procedures where the savings of spill cost exceed
the cost of using the stacked registers. We can allocate the
stacked register usage frame for the procedures in a hot region

based on an order of their Iscs values.

When the accumulated stacked register usage on the call
path in a hot region exceeds 96, the quota assigned to some
procedures during step-1 shall be reduced in order to reduce the
total spill-to-memory access cycles. In Section 3.1, we
mentioned that measured cost for each register stack
overflow/fill is about 1 cycle, and this cost is called per_cost in
the rest of this paper. Hence, each single stacked register usage
exceeding 96 will cost 100 cycles, since the invocation
frequency of A—>B—C is 100. In procedure B, each stacked
register assignment could save 50 cycles (100x0.5 = 50) by
load/store  spill
instructions, but it incurs 100 cycles of RSE cost. Hence we

diminating the corresponding explicit
should not assign any stacked registers to B, and its quota will
be taken away. This will save 2500 (50x50) load/store cycles.
For procedure A, however, it is worth keeping its quota. At the
end of processing, procedures A, B and C will be assigned a
quota of 60, O, and 60 stacked register usage, respectively.
Similarly, we can perform the stacked register assignment for
hot regions D—E and F. The final allocation is shown in Figure
2(c).

3.3 Problem Formulation

For architectures, like Itanium® processors, which have a
deep register stack, the spill-to-memory access time tmen access
can be separated into two partss memory access cycles
associated to explicit load/store spill operations ten s and
memory access cycles associated with RSE trg coq. We often
need to make a tradeoff between tgi cox @d tig cog fOr €ach
procedure, i.e., between the explicit spills in intra-procedure
register alocation in individua procedures and the
inter-procedure register stack allocation, to minimize tyem access:

We assume that the following are given: weighted call
graph G of a program P and hardware parameters in the target
architecture, such as the upper bound of stacked registers
(bound) and the cost for each register stack overflowffill
(per_cost), etc. We formulate the inter-procedure stacked
register quota assignment problem as to determine stacked
register usage budget for every procedure peG, which
minimizes the overall spill-to-memory access time trem access:

4 SOLUTION AND METHODOLOGY
We use a threestep process to implement the
inter-procedural framework to allocate stacked registers for each



procedure.

I. Perform an estimation of intra-procedural register usage.
In the current implementation, this estimation is obtained
from the feedback of a first-pass intra-procedural register
allocation.

Il. Perform an inter-procedural stacked register quota
assignment to guide the register allocation in step 111 based
on the estimation from step |. The detailed algorithm of this
stepisin Section 4.1.

I11. Use the result of step Il as the input information to
perform intra-procedural register alocation for each

procedure.

4.1 Algorithm

In this section, a heuristic algorithm is proposed to perform
the inter-procedural stacked register quota assignment (see step
Il above). The algorithm is shown in Figure 3. The inputs to the
algorithm are: aweighted call graph G, the RSE cost per register
stack overflow/fill (per_cost), and the upper bound of stacked
registers (bound). Stacked register usage (sru) of every
procedure and load/store cycles saved (Iscs) by each stacked
register usage are initialized based on the stacked register usage
estimation of the intra-procedural allocation (step 1).

The algorithm begins with function Main(G). First, it takes
a weighted call graph G and partitions G into a set of hot
regions, H, by calling function Find_Hot_Region(G) (line @)1
repeatedly. For each given hot region h in H, every stacked
register usage r used in a procedure p within h is inserted to a
list L in a descending order of Iscs by calling function
Construct_Sorted_List(h) (line @). Then quota assignment of
stacked register usage is obtained by calling function
Quota_Assignment(L ,h) (Iine).

In the weighted call graph G, we are interested in only
those hot regions where the cost/benefit of stacked register
dlocation appears the most Function
Find_Hot_Region(G) (line ) is called repeatedly to partition
G into hot regions. A node (procedure) with the maximum
weight is selected from G asthe initial hotspot. Here the weight

significant.

of a procedure is the total accumulated stacked register usage,
i.e, the product of its called frequency and stacked register
usage. Because call-intensive procedures tend to have a high
RSE cost, a hot region is extended forward from the hotspot to
the most frequent callee if satisfying the following equation

! Here Iine@ correspondsto line 5 in Figure 3.

(line[21 to[26):

calles_threshold(x, y) = 3= TeIX )

call _freqx)

called_ freq(y)
called_ freg(hotspof)

Here t and t' are two threshold values decided by a compiler.
The term caller_threshold(x,y) can be defined similarly, and the
hot region can be extended backward from the hotspot. Function
Find_Hot_Region(G) is called repeatedly to identify additional
hot regions from the remaining procedures in G i.e, the
procedures not in any hot region yet.

The identified hot regions in set H are processed one at a
time. Every stacked register usage r by the procedures in hot
region h isinserted into alist L in a descending order of Iscs by
calling function Construct_Sorted_List(h) (Iine).

Each procedure p in a hot region is then assigned with a
stacked usage caling
Quota_Assignment(L,h) (line @). In this function, count is

register quota by function
used to record the number of accumulated stacked register usage.
Itisinitialized to zero (Iine@). Stacked register usager inL is
checked one a a time (line @ If the accumulated stacked
register usage in the hot region does not exceed bound (line )
and the procedure p in which r isused is not self-recursive (line
@), the usage is retained and the quota of procedure p is
increased by one because there is no RSE cost incurred by its
usage. If p is self-recursive, we assume that all stacked registers
used in p will be overflowed to memory upon each invocation
to itself. Therefore, if the accumulated stacked register usage
does not exceed bound and p is self-recursive?, the RSE cost
caused by r is computed (line ) asfollows:
Call_Edge Freq(p—p)* per_cost

If Iscs is greater than the RSE codt, the usage is retained and the
quota of p is increased by one. At the same time, the value of
count is also increased by one. Otherwise, this usage is
eliminated to reduce the overall memory access time.

Here we aso assume that if the accumulated stacked
register usage exceeds bound, each additional stacked register
usage in p causes aregister stack overflow/fill per invocation of
p. Hence, if the accumulated stacked register usage exceeds
bound, the RSE cost caused by each additional stacked register
usage could be computed as the product of the frequency p is
caled from its callers in the hot region and the RSE cost per
register stack overflow/fill per_cost (Iine to @). Note that

2 Our agorithm does not consider the mutual recursion becauise
this is not common in our benchmarks, such as SPEC2000Int,
and the extension to treat this problem is straightforward.



/I Inputs: call graph G, sru (stacked register usage), and Iscs (load/store cycles saved by register usage) for each
procedure, and register usage estimation of intra-procedural register allocation.
procedure Main(Call_Graph G) {

PR O ~NOUIR_RW N

RO

P=; /Pisthe set of procedures already in hot regions
got Region_Set H=J; // the set of hot regions, initialized to empty.
o

Hot_Region h = Find_Hot_Region(G); //Find a hotspot viatraversing the call graph G
if(MH=HUh;
} while (h!'= @)

for each Hot_Region he H { ] )
List L = Construct_Sorted_List(h); / Construct a sorted list for hotspot h.
/I Assign each procedure a quota.
Quota_Assignment(L, h);

Hot_Region )
procedure Find_H g_Reglon(Call_Graph G){

}

Hot_Spot h ;
Cdll_Graph_Node hotspot = NULL;
max_weight = 0;
for each procedure pe G && p ¢ P{
if weight(p) > max_weig
hot_spot = p;

t
max_wei{ght = weight(p); }
=hu {hotspot}; P=Pu { hotspot};
//Extend from a hotspot to a hot region
Call_Graph_Node x = hotspot; ) )
Call_Graph_Node y = the most frequently invoked calleein x;
while ((y ¢ h) && callee threshold(x,y) && y ¢ P){
h=hu y%; P=PU{y};
x =y; y = the most frequent callee of x;
x = hotspot;
y = the most frequent caller of x;
while ((y ¢ hot sgot) && caller_threshold(x,y) && y ¢ P){
h=hUy}; P=PuU{y};
X =y; y ='the most frequent caller of x;

return h;

List
proEeg%(_a Construct_Sorted_List (Hot_Region h) {

for each procedurep € h { )
for each stacked register r used in p {
insert r to L in a descending order of Iscs(r);

returnL;

procedure Quota_Assignment (List L, Hot_Region h) {

count = 0; //Number of accumulated stacked register usage in hotspot h.
for every stacked register usagerin L . . o
Call_Graph_Node p = Procedure(r);// p is the procedure in which r is used
if (count < bound) {// the bound is'96 on Itanium _
if (!Self_Ft{ecursve(p)) { // no RSE cost considered
count++;

p—quotat+; )
} else{ // pissaf-recursive
cost = Call_Edge Freq(p—p)* per_cost; ) ) o
if (Iscs_l(r) >cost) { // Keeping r asa stacked register is beneficia
I het number of accumulated stacked register usage isincreased by one.
count++;
p—quota++;//The quota of procedure p isincreased by one.

HIEnd of else ) )
} else { //count >= bound, i.e.,accumulated stacked register usage exceeds bound
for each callee s of procedure p and seh
) cost = cost + Call_Edge Freq(p—succ)*per_cost;
if (Iscs(r) > cost) {

count++;
E—>quota++;
}}}/End of else

Figure 3. Algorithm for Stacked Register Quota Assignment



/ISet of Hot regions

//Set P, which contains all procedures
already in hot regions

P={C} P={AB,C}

//Set of Hot regions
H=0 H={{AB,C}}

[[Current hotspot in G /ICurrent hotspot in G /ICurrent hotspot in G
Hot_Spot = {C} Hot_Spot = {C} Hot_Spot = {F}
/ICurrent Hot region /[Current Hot region /ICurrent Hot region
h={C} h={A,B,C} h={F}

//Set P, which contains all procedures
aready in hot regions

//Set of Hot regions
H={{AB,C}{D.E {F}}

//Set P, which contains all procedures
aready in hot regions
P={A,B,CD,EF}

(a) Snapshot when thefirst
hotspot found

(b) Snapshot after thefirst hot

region found

(c) Snapshot after all hot

regions found

/ICurrent Hot region in processing
h={A,B, C}

//Sorted List for Hot region
L=rairaz...Tago lcilca. .- lceolB1rB2- - MBS0
/IQuotafor every procedure
A=60,B=0,C=36

/IVaue of count

count = 96

/ICurrent Hot region in processing
h={A,B, C}

//Sorted List for Hot region
L=rairaz...Tago lcilca. .- lceolB1rB2- - MBS0
/IQuotafor every procedure
A=60,B=0,C=60

/IVaue of count

count = 120

(d) Snapshot for count=96
(Processthefirst hot region)

(e) Snapshot after thefirst hot
region processed

Figure 4. Snapshots of Application of Our Algorithm to the M otivating Example

the overlapping of input/output register frames between adjacent
procedures in the call chain is ignored in the accumulated
stacked register usage computation, and an extension to ded
with this problem is discussed in Section 6. RSE cost and Iscs
are checked (line @ to decide whether r should be kept or not.
If a stacked register usage should be kept, the number of
accumulated stacked register usage in the hot region is increased
by one. Hence, every procedure gets a quota used to guide the
intra-procedural register allocation in step [11.

4.2 Time Complexity of Inter-procedural Quota
Assignment Algorithm
Theorem 1 proves the time complexity of the algorithm
(step I1) isO(n?).
Theorem 1 The time complexity of the algorithmsin Figure 3 is
O(n?), where n is the number of functionsin the call graph.
O  Proof : To traverse the cal graph once is O(n). In the
worst case, each time the traversed path will include only

one function, and we need to traverse the call graph n times.

The time complexity is O(n?).

Normally, each selected path includes more than one
function, and after selecting the few top hot paths, all hot
regions in the call graphs are formed. Hence, the average
running time of the algorithm tends to be linear with respect to n
in practice.

4.3 Case Sudy

Figure 4 shows a few snapshots in applying the algorithm
to the motivating example in Figure 2. The procedure with the
max weight is selected as the first hotspot. Here C has the
maximum weight of 6000, so it is selected as the hotspot and
placed in hot region h (line . The snapshot is shown in
Figure 4(a). The algorithm considers to extend the hot region
from C to D, but D does not satisfy callee_threshold(x,y) (line
). Therefore D is not included in the hot region. The
algorithm also considers to extend the hot region backward from
Ctoitscaler B, and B satisfies caller_threshold(x,y) (line ).
Hence, B is added to the hot region (line @) The hot region
continues to extend backward from B to A as A satisfies
caller_threshold(x,y) and is included in the hot region. Figure
4(b) shows the snapshot after the first hot region is identified.
Among the procedures not yet in any hot region, the algorithm
continues to identify more hot regions. The snapshot after all hot
regions are found is shown in Figure 4(c).

The three identified hot regions are processed one at atime
(Iine@ to ). Hot region {A, B, C} is processed first. A sorted
list L is constructed by calling Construct_Sorted_List(h) (line
@). L is shown in Figure 4(d). The quota assignment for the
caling
Quota_Assignment(L,h). When count equals to bound (the

curent hot region is done by function
bound is 96 on Itanium®), the snapshot of processing the first

hot region is shown in Figure 4(d). Once count is greater than



96, each additional stacked register usage (from ras; to rgsg) is
decided by checking the Iscs and the induced RSE cost (Iine
to @). After thefirst hot region is processed, the quotafor A, B,
and C are 60, 0, and 60 respectively, as shown in Figure 4 (e).
The other two hot regions are then processed, and the final

result is shown as Figure 2(c).

5 EXPERIMENTAL
ANALYSIS

5.1 Experimental Environment
The hardware platform for our experiments is based on an

RESULTS AND

HP machine with a 733MHz Itanium® processor and 2 Mbytes
L2 cache. The implementation is done in the Open Research
Compiler (ORC) [11]. ORC employs many Itanium® specific
data and control

integrated  with
micro-scheduling, and predicate analysis, etc. Its global register

optimizations, such as if-conversion,
speculation,  instruction  scheduling
alocation is an integration of register allocation approaches by
Chow [2][8] and Briggs [3], respectively. SPEC2000Int
programs are used to evaluate the effectiveness of our approach.
All SPEC2000Int binaries are generated by ORC with all of the
optimizations, which include intra-procedural optimizations,
profiling feedback, inter-procedura analysis, and function

inlining.

5.2 Experimental Results

Our experiments show the following main results:

1 Performance of execution is improved significantly for

some programs. Our experiments show this algorithm is

quite effective for some benchmarks, raising the execution

performance up to 14%.

2 For other benchmarks without performance
improvements, our algorithm has no negative effect to the
execution performance except for gzip with dlight
performance degradation of 1.2%.

3 Through further analysis, we find that al those
benchmarks with obvious performance improvement have
considerable RSE cost. Because our algorithm reduced the
RSE cost of these benchmarks effectively with the register
spill cost under control, the total effect is positive in cutting
the overall memory accesstime.

4 An anadlysis shows that the stacked register usage in some
call-intensive procedures is clearly reduced, which leads to

significant RSE cost reduction in benchmarks.

5 Our algorithm appears to be effective in finding the hot
regions causing the most RSE cost in the weighted call
graph of these benchmarks.
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Figure 5 shows the percentage of RSE cost in the total
execution time for all 12 SPEC2000Int programs. Program
perlbmk has almost 24% of execution time on RSE cost, and
crafty has 4.8% on RSE cost. The RSE issue is significant in
these two programs. Programs gcc and eon also have non-trivial
RSE costs, which account for 1.89% and 1.2%, respectively.
The RSE cost is insignificant in the other programs, below
0.5%.

Figure 6 shows the percentage of performance improved
by the proposed agorithm. All test cases with noticeable RSE
costs have clear performance improvements. Program perlbmk
has the highest improvement at 14%. For crafty, eon and gcc,
the performances are improved by 3.7%, 3.01%, and 1.2%,
respectively. Another observation is that the programs with
negligible RSE costs do not have adverse performance impact,



except for gzip degraded dlightly by 1.2%.

5.3 Analysis

In order to optimize between RSE cost and spill cost due to
the alocation of stacked register usage, the algorithm proposed
in this paper must achieve the following two objectives:

(A) In the cal graph, the agorithm can identify the hot
regions responsible for the most RSE cost in the
program.

(B) It can make a good tradeoff between RSE cost and
spill cost introduced by reducing stacked register
usage in call-intensive functions.

In SPEC2000Int, perlbmk, crafty and gcc are chosen to be
analyzed to demonstrate the effectiveness of the proposed
approach. Perlbmk and crafty are chosen because of their
performance improvement. Gcc is chosen because it is a large
and complex program.

We will show (A) first whether an algorithm could find out
hot regions responsible for the most RSE cost. We will then
show if the additional stacked register usages exceeding bound
in these hot regions are greatly reduced, most of the RSE cost
should be eliminated. In our algorithm, any additional stacked
register usage exceeding bound will not be permitted if the
incurred RSE cost is greater than the cycles saved by its usage.
Since RSE cost is per_cost*called freq(p), we could set the
per_cost extremly high to reduce most RSE cost. Here we
choose the top 10 hottest regions from the weighted call graph
of each program and set the per_cost(RSE cost per register stack
overflow/fill) to be 20 cycles, which is much higher than the
real cost (about 1 cycle, see Section 3.1), to reduce most of the
RSE cost without considering the increase of register spill cost.

Experimental results in Figure 7 show that the RSE cost in
perlbmk and crafty almost disappeared (the bar represents RSE
cost negligible after optimization in perlbmk), while the RSE
cost in gec is also reduced from 1.5% to 0.5%. The experiments
show that this algorithm appears to be effective in finding hot
regions causing most of the RSE cost.

Next we will show (B) that this algorithm makes a good
tradeoff between the intra-procedure spill cost and the
inter-procedural RSE cost. In Figure 8 we can see that when the
algorithm is employed, crafty, perlbmk, and gcc have their
total spill-to-memory access time reduced to obtain 3.2%, 18%,
and 0.9% reduction in the total execution time, respectively.
Performance improvement for perlbmk is 13%, which is less

than the spill-to-memory access time reduction in the overall
execution time. On the other hand, gcc improves its total
performance higher than the gain in the spill-to-memory access.
This is due to different results from instruction scheduling,
which improves the quality of scheduling.
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Figure 9 shows the percentage of the RSE cost in overall
execution time with and without optimizations. According to
Figure 9 aimost al of the RSE cost disappearsin perlbmk after
the optimization. For crafty and gcc, though the RSE cost with
optimization is clearly reduced compared to that without
optimization, but some RSE cost still remains. From the above
discussion, we know that the RSE cost reduction is at the
expense of register spill cost. The key to this algorithm is to
make a good tradeoff between them.

Table 1 Register Spill Cost Comparison between With and
Without RSE Optimization

Function Name Crafty Perlbmk Gee

3.96E+06 | 2.5E+03 1.06E+07

Spill Cycles
without RSE

Optimization

9.74E+07 | 2.6E+09 2.25e+07

Spill Cycles
with RSE

Optimization

Table 2 Sacked register Usage Comparison between With
and Without RSE Optimization

Function Perlbmk Crafty Crafty
Name Regmatch Evaluate | EvalutePawns
Without 73 35 52
With 25 27 21
Function Gce Gce Perlbmk
Name Recog 5 Canon_reg | Perl_pp_meth
od
Without 13 21 13
With 10 16 1

We aso count the number of cycles due to register spills.
Table 1 shows that al three programs have register spill cost
increased after RSE optimization. Perlbmk has an increase of
2.6E+09 cycles in register spills, which explains why while
amost al of the RSE cost (24%, Figure 9) is eliminated, the
overall spill-to-memory access time reduction is only 18%
(Figure 8). From these data, we know that though the register
spill cost increases, it is compensated by a larger reduction in
RSE cost. Therefore, this leads to the reduction of total
spill-to-memory accesstimein Figure 8.

Table 2 compares the stacked register usage of some
call-intensive procedures. We can see that these procedures use
fewer stacked registers after RSE optimizations. For example,
the regmatch procedure in perlbmk uses 73 stacked registers
during intra-procedure register allocation, but uses only 25
stacked registers by adopting the proposed approach. The above

data show that this algorithm can make a good tradeoff between
RSE cost and register spill cost by reducing the stacked register
usage in procedures of hot regions guided by the assigned quota.

6 DISCUSSION

There are two aspects in which we can further refine our
algorithm: the overlaps of register stack frames and region
selection. As computing the accumulated stacked registers
within a region, the current implementation of our approach
double counts the overlap areas that are used for passing
arguments between two adjacent procedures. Double counting
the register usage of argument passing may cause an over
estimation of the number of accumulated stacked, resulting in
reducing quotas allocated to procedures.

The current region selection is essentialy a call-invocation
trace. The trace is expended toward both directions by
traversing the most frequently invoked callee/caller path—from
a node to its most frequently invoked callee/caller, respectively.
Under some circumstances, the call-invocation trace may not
capture a global view of register usage. For example, for the
contrived call graph depicted in Figure 10, our algorithm selects
C as the seed and extends the hot region along the callers to get
ahot region R that isA—B—C.

90 100
sru=30 e
Iscs=0.5
90 100

Figure 10. Example of Call Graph
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Although the call edge frequency C—D is also high, D is
not on the most frequently invoked call path and therefore is not
included by the hot region. When selecting the next hot region,
our algorithm excludes A, B and C because they have aready
been in region R. Hence, the second hot region is D itself. The
current quota assignment assigns A, B, and C with register
quotas 50, 0 and 50, respectively. Procedure D’s quota is 30.
The quota assignment incurs high RSE cost along the path
A—D—C. To dleviate the issue, we can refine the region
selection to form a region that contains multiple call paths
instead of just one single path. The register allocation then tries
to balance stacked register assignment among multiple call



paths so as to reduce the RSE cost from the whole region's
perspective.

In this agorithm, we assumed that if the accumulated
stacked register usage within hot region exceeds bound, each
additional stacked register usage will cause a register stack
overflow/fill. Though this assumption is correct for most
conditions, it is not always true.

. n=o: sru=50
functlor_l AQ { . function AQ { Iscs=0.5
for (i = 0;i<100;i++){ for (i = 0;i<100;i++) {

BO: (
n }?0' 100
function B { fﬁng:igz;ﬁ() { ° |:£z:‘105
3} ¢0: if (n<100)

E...} 100
i else

function €O { { for (i=0;i<100;i+){ @ Sru=s0

¢0:h} 5
} function CQ) { ... } Iscs=2

a Program | b Program I1 ¢ Call Graph

Figure 11. Programswith Same Call Graph

In Figure 11, there are two programs(l and 1) having the
same weighted call graph G. For program I, if the accumulated
stacked register usage along a call path in G exceeds bound,
each additional stacked register usage will cost 100 cycles; but
for program I, each additiona stacked register usage of C
exceeding bound only cause 1 cycle, for the first time C is
caled by B. For the other 99 times invocation of C, because
register stack contains only register stack frames of B and C,
and the accumulated stacked register usage of the two
procedures does not exceed bound, so there is no RSE cost. One
can do value instrumentation of dynamic average stack fill/spill
cost for every procedure to get more accurate feedback. We are
improving our algorithm in this area as possible future work..

7 RELATED WORK

Douillet et a. [12] proposed a multi-alloc method in order
to reduce overflows and fills from backing store. Because
different control flow paths use different numbers of stacked
registers, by inserting multiple alloc instructions on different

paths, the stacked register usage could be reduced in some paths.

Although the method is interesting, their experimental results
are not satisfactory. Weldon et a. [13] did a quantitative
evaluation of the register stack engine and proposed a
hardware-based
unnecessary spill/restore on different control flow paths. In

optimization algorithm to  eliminate

ORC, stacked registers are classified into two types: stacked

callee registers and stacked caller registers. For those live ranges
that need stacked registers but do not cross cal sites, the
compiler assigns them stacked caler registers, i.e, output
register. With this method, the overlapping part of input/output
areas between two adjacent procedures is enlarged. As such,
more register stack frames are likely to fit within 96 physica
stacked registers. Settle et al. [14] proposed a method of
inserting multiple alloc instructions at call sites depending on
liveness analysis. But the effectiveness of their method was not
clear from their experimental results.

8 CONCLUSION

In Itanium® architecture, without modeling the cost of
stacked registers, the compiler may hold a perception that using
more stacked registers to eliminate spill cost is dways awin. In
reality, sometimes, the cost of using stacked registers exceeds
the saving of spills. Our experimental results indicate that thisis
likely to cause high RSE overhead for the programs that are call
intensive and have deep call chains. In this paper, we propose a
new algorithm that reduces RSE cost based on an
inter-procedural register alocation framework. Our approach
uses a quantitative cost model of stacked register usage. The
inter-procedural framework assigns a register quota for each
procedure based on a tradeoff analysis between spill saving and
RSE overhead. The results show that our approach is effective
and improves performance significantly for the programs with
high RSE overflow cost, e.g. perlbmk and crafty, improved by
14% and 3.7%, respectively. Our approach does not appear to
cause performance deterioration to other programs without
much RSE cost.
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