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Abstract

We describe several optimizations which can be em-
ployed in a dynamic binary translation (DBT) system,
where low compilation/translation overhead is essential.
These optimizations achieve a high degree of ILP, some-
times even surpassing a static compiler employing more so-
phisticated, and more time-consuming algorithms[9]. We
present results in which we employ these optimizations in
a dynamic binary trandation system capable of computing
oracle parallelism.

1. Background and M otivation

Binary tranglation has attracted a great deal of attention
lately [5, 10, 11, 18, 25, 26, 27]. Much (though not all) of
this work has focused on functionally correct and efficient
trandation, as well as efficient translated code. There has
been some work on optimizations uniquely suited to binary
trandlation, such as determination of run-time constants for
use in dynamic constant propagation, as well as other forms
of value prediction. There has aso been work on hardware
structures which can expedite various forms of value pre-
diction[17, 19].

However, we are not aware of any published work de-
scribing ILP extraction techniques efficient enough for use
in a dynamic binary translation (DBT) framework. Al-
though there is no hard and fast rule for what constitutes
efficient enough, two criteriagenerally apply:

e An interactive user should observe no erratic perfor-
mance due to time spent in trangation, especially ini-
tia trandation, e.g. an application initially taking a
long time to respond to keyboard or mouse input.

e As a fraction of the overal runtime, the time
spent in trandation should be small. Alternatively,
code/trandlation reuse should be high.

We have previously described an efficient technique for
instruction scheduling for ILP [9, 10], including control
and data speculation. In this paper, we describe sev-
eral additional ILP extraction techniques suitable for use
in such a binary trandation system. These techniques
cover copy propagation, combining, load-store telescop-
ing, and scheduling through indirect branches. We have
implemented all of these techniquesin our DAISY system,

and have found overhead to be quite low — approximately
4000 Power PC operationsto translate one Power PC opera-
tion [10]. Although we have not yet implemented them, we
also describe algorithmsfor efficient tree height reduction,
softwar e pipelining, and unification.

The rest of the paper is organized as follows. Section 2
describes and illustrates each of the optimizations. Sec-
tion 3 provides results showing the parallelism available
when the optimizations described in Section 2 are applied.
Section 4 discusses some related work, and Section 5 con-
cludes.

2. Optimizations: Algorithmsand Examples

For ease of understanding, we begin by providing a brief
review of our scheduling algorithm, which is described in
more detail in [9, 10]. Our algorithm maintains a ready
timefor each register and other resourcein the system. This
ready time reflects the earliest time at which the value in
that register may be used. For example if the instruction
addi r3,r4, 1 haslatency 1 and is scheduled at time 5,
then theready timeforr 3 is5 4+ 1 = 6. When an opera-
tion such asxor r5, r3, r9 isscheduled, our algorithm
computesitsearliest possibletimeteqyi;es: @ the maximum
of the ready timesfor r 3 and r 9. Our algorithmis greedy,
and so searches forward in time from ¢.4,ie5¢ UNtil atime
slot with sufficient resources is available in which to place
theinstruction.

Resources fall intotwo broad types. First the appropriate
type of functional unit (e.g. integer ALU) must be available
on which to execute the instruction. Second, a register must
be available in which to place the result of the operation. If
the operation is scheduled in order (i.e. after predecessor
operations in the origina code have written their results to
their original locations), then the result isjust placed where
it would have been in the original code. For example if
addi r3,r4, 1isscheduledinorder, theresultis placed
inr 3. If the operation is executed speculatively then the
result is placed in a register not present in the origina ar-
chitecture, and then copied into the original register in orig-
inal program order. For example, ifaddi r 3, r4, 1isex-
ecuted speculatively, it might become addi r 63, r4, 1,
with copy r 3, r 63 placed in the original location of the
addi . Clearly the target architecture must have more reg-
isters than the original base architecture under this scheme.



2.1. Copy Propagation

There are avariety of instructionsin the Power PC archi-
tecture [14], and in most architectures for copying a value
from one register to another. For example

addi r3,r4,0

or r3,r4,r4d
oril r3,r4,0
rlinmr3,r4,0,0, 31

are all examples of operationswhich copy r 4 tor 3 in Pow-
erPC. For high ILP, it isimportant to avoid including such
instructionsin a dependence chain. For example, consider
the following fragment of Power PC code,

addi r3,r4,0
xori | r5,r3, OXFFFF

There is no real dependence between the addi and the
xor . These instructions can be performed in parallel as

addi r3,r4,0 xori | r5, r4, OxFFFF

In other words the earliest time #.4.1;.5¢ for both the
addi andthexori | isthe same, since both only depend
onthevalueinr 4.

We implement copy propagation in order to recognize
and deal with such cases. The heart of our copy propaga-
tion agorithm is a data structure:

typedef struct _renane {

int tinme;
int renane_r eg;
struct _renane *prev,

} RENAME

This RENAME structure is kept for each integer register,
e.g RENAME r eg[ 32] for an architecture such as Pow-
erPC with 32 integer registers . All entries are initiated
with the identity entry, for example:

reg[r4].tine = 0;
reg[r4].rename_reg = ré4;
reg[r4].prev = NULL;

Then as a copy instruction like addi r3,r4, 0 is
scheduled at time dlot t , ther 3 RENAME entry is updated:

t;
r4;
& eg[rd];

reg[r3].tine
reg[r3].renanme_reg
reg[r3].prev

(This assumes that register r 4 has not been modified in
scheduling the current group of instructions.) In this way
we know that fromtimeO tot - 1, thevalue currently inr 3
can be obtained from r 4, and that after time t , the value
can be obtained from r 3 itself. The update of this data
structure can be done in constant time, while searching it
intheworst case (where every instruction copy propagates
the previous value) takes time proportiona to the number
of instructions. In practice, however, we have found copy
propagation chains almost always contain only a few en-
tries, typically 1.

1The RENANE structure may also be kept for floating point or condition
coderegisters.

2.2. Combining

Combining is in some ways a generalization of copy
propagation. For example, consider the following Pow-
erPC code fragment of af or al | loop:

LOOP:
| bz r4,1(r3)
stb r4,101(r3)
addi r3,r3,1
cnpi cr0,r3,100
bne cr0, LOOP

Even though thisisaf or al | loop (assuming the num-
ber of iterationsis not greater than 100), the apparent |oop
carried dependence on r 3 prevents scheduling of the loop
asaforal | loop— unlesscombiningis performed.

Figure 1(a) shows the loop with 2x unrolling, and indi-
cates some of the dependences between operations, in par-
ticular those caused by apparent dependences on the loop
induction variable inr 3. Figure 1(b) shows how these op-
erations might be scheduled on an infiniteresource machine
with unit latencies. Shaded/thickly outlined operations are
from the second iteration of the loop. This schedule con-
sumes 4 cycles for two iterations, and also consumes 5 is-
sue dlots. Figure 1(c) shows how these operations might be
scheduled on the same machine after taking advantage of
combining. Shaded operations directly benefit from com-
bining. Thickly outlined boxes indicate operationsfrom the
second iteration. Only 2 cycles are required for the two it-
erations, but 9 issue dots are consumed.

Note that Figures 1(b) and (c) use parallel semantics.
In other words for operations executed in the same cycle,
all input values are read before any output values are com-
puted. For examplethecopy r 3, r 63 inthesecond cycle
of Figures 1(c) does not change the input value of r 3 read
by other operations in the second cycle. For this simple
case, branches are evaluated |eft-to-right within the cycle,
and if any branch takes, operations to the right of it in the
cycle are not performed.

The combining in Figure 1(c) consists of computing
the proper adjustments to immediate integer values used in
| bz, stb, addi, and cnpi . For example, the address
from which | bz loads in the second iteration is 2(r 3) ,
i.e. r3orig + 2, since the addi incrementsr 3 by 1 each
iteration.

Other forms of combining are possible. For example
if the operationadd r3,r3,r4 occursinaloopandr 4
isloop invariant, the value in r 3 can be computed for any
giveniterationasr 3,.;4 + Iter_num x r 4. Combiningis
also not restricted to loops. For example, even if the follow-
ing fragment isnotin aloop

| bz r4,1(r3)
addi r3, r31
| bz r5,1(r3)

thesecond | bz can have its address computed viacombin-
ing:

Ibz r4,1(r3) addi r3,r3,1 I bz r5,2(r3)



LOCP:

I bz ra,1(r3)

sth r4,101(r3)

addi  r3,r3,1

cnpi cr0,r3,100

beq cr0, LOOP. exi t

I bz r4, 1(r3)

sth r4,101(r3)

’: addi r3, r3,1
cnmpi cr0,r3, 100
bne cr0, LOoP :l
(a) Unrolled Loop with Some Dependences

VLOOP:
I bz r4,1(r3) addi r63,r3,1
sth r4,101(r3) copy r3,r63 cnpi  cr0,r63, 100 | bz ra,1(r63) addi r62,r63,1
beq cr0, LOOP. exi t sth r4,101(r3) | copy r3,r62 cnpi  c¢r0,r62, 100

bne  cr0, VLOOP

(b) Parallel Schedule for Unrolled Loop with no combining

VLOOP:

| bz ra,1(r3) addi r63,r3,1| cnpi cri15,r3,99 |[Ibz r62,2(r3) addi

rée1,r3,2

cnpi  crl4,r3,98

sth r4,101(r3) | copy r3,r63 copy cr0,cri5 beq cr15, LOOP. exi t

copy r4,r62

sth r62,102(r3) | copy r3,r61 | copy cr0,cril4 bne cr 14, VLOOP

(c) Parallel Schedule for Unrolled Loop with combining

Figure 1. Effects of Unrolling and Combining

In order to efficiently implement the most common type
of combining —for integer add and subtract operations, we
use a data structure, similar to that used for copy propaga-
tion:

typedef struct _conbine {
int tine;
int conbi ne_r eg;
int of fset;
struct _conbine *prev;

} COMBI NE;

(Other types of combining are similarly treated.) As
with copy propagation, a COVBI NE structure is kept for
each integer register. The only change from the RENAME
structure is the new of f set field, which is used to track
how large a value must be added to comnbi ne_reg at
ti me. Thusin the example just above, prior to scheduling

theaddi r 3, r 3, 1 operationthe COVBI NE structurefor
r 3 isNULL. Afterwardsit is
reg[r3].tine = 0;
reg[r3].conbine_reg = r3;
reg[r3].of fset = 1;
reg[r3].prev = NULL;

Thusif we schedul e a subsequent operation, suchas| bz
r5, 1(r 3), performing an immediate addition or subtrac-
tionon thevalueinr 3, we can immediately determine that
if the operationisto be scheduled at time 0, 1 must be added
to the value:

1+1(r3) = 2(r3)

Aswith copy propagation, the update of the COVBI NE
data structure can be done in constant time, while search-
ing it in the worst case (where every instruction combines

the previous value) takes time proportiona to the number
of instructions. Again, in practice, however, we have found
combining chains almost always contain only afew entries,
corresponding to the degree to which we unroll loops (typi-
caly 4).

Note that it is important to maintain both copy-
propagation and combininginformation, since combining
can be used only on asmall subset of operations. For exam-
ple, if we encountered the operationxor r3,r4,r5 and
had a copy-propagated value for r 4 inr 8 at the time at
which we wish to schedule the xor , we could merely re-
place r 4 withr 8: xor r3,r8, r5. However, if we had
only a combineable value, say r 4+7, of r 4 at the desired
scheduling time, nothing could be done, i.e. thexor would
have to be scheduled later, possibly increasing the critical
path.

2.3. Load-Store Telescoping

L oad-Store Telescoping looksfor cases when aload op-
eration must alias with a previous store operation. When
such cases are found, the dependence chain can be changed
to avoid any access to memory. For example,

xor r3,r5r6
stw r3,8(rl)
lwz  r4,8(rl)
xori | r7,r4, OXFC

Assuming (1) that there are no changes to r 1 between
the st w and the | wz and (2) that no other store opera
tions occur between the st w and the | wz that may write



to8(r 1) 2, such code can be transformed into the follow-
ing parallel code:

xor r3,r5,r6

stw r3,8(rl) copy r4 ,r3 xoril

copy r4,r4 copy r7,r7’

Even if condition (2) does not hold and an ambiguousin-
tervening store or load does occur, load-store telescoping
may be employed if the hardware supportsaload-verify op-
eration [20] or some other means to detect an correct mem-
ory aliasing when it occurs. Load- veri fy loadsavalue
and compares it to the value in its “ destination register” .
This destination register typically holds the value that was
previously loaded, eg. r4’ above. If the reloaded value
and the value in the “ destination register” are the same,
then no change has occurred and execution can continue
normally. Otherwise a trap occurs and execution must be
fixed up and restarted. Thus the example above becomes:

xor r3,r5,r6

stw r3,8(rl) «copy r4 ,r3 xoril

Ilwz.ver r4 ,8(rl) copy r4,r4 copy r7,r7

L oad-store telescoping holds special potential when
trandlating unoptimized code in which most values are
maintained in memory (typically the stack) and loaded and
stored each time they are used. Such memory references
can be eliminated from the critical path. Furthermore, since
we propose to use this approach in a dynamic binary trans-
lation context, load-store telescoping can be done entirely
transparently and unoptimized code can approach the per-
formance of optimized code.

The importance of load-store telescoping is amplified
by the use of combining, as combining allows us to deter-
minethat two different address expressions actually refer to
the same location. For example,

stw r31,8(rl)
addi rl, rl,-64
| wz r3,72(rl)
xori | r4,r3, OXEE

After scheduling the st w and the addi at time O, the
COMBI NE structureforr 1 is

reg[rl].tine = 0;
reg[rl].conbine_reg = rl;
reg[r1]. of f set = -64;
reg[rl].prev = NULL;

Thus, when the | wz is scheduled at time O, the address
towhichit refersiscomputed as 72- 64(r 1) = 8(r1l),
i.e. thesameasthest waddress. Theresultingparallel code
makes use of both combining and load-store telescoping
to do everything in asingle cycle:

2|n a multiprocessor context, we may also require that no loads occur
from the addressat 8(r 1) , so as to maintain sequential consistency, i.e.
sothat alater load in the original code does not get an earlier value than an
earlier load [16].

r7’,r3,0xFC

r7 13 OxFCaddi rl, rl,-64

stw r31,8(rl) addi rl,rl1,-64 |
copy r3,r31 xoril r4,r31, OXEE

We aso observe that the original register (eg. r31)
may have its value available even earlier, by copy propa-
gation, combining, or further load-store telescoping. In
other words, these optimizations can be repeatedly com-
posed to find the earliest time at which avalue is available.
For example, consider the PowerPC code fragment above
prefixed with additional operations:

stw r9, 256(r 18)
| wz r31, 256(r 18)
stw r31,8(rl)
addi rl, rl,-64

| wz r3,72(rl)
xori | r4,r3, OXEE

By two applications of load-stor e telescoping plus com-
bining, thefollowing single-cycle parallel code is obtained:

stw r9,256(r18) copy r31,r9 stw r9,8(rl)
copy r3,r9 xoril r4,r9, OXEE

In order to perform load-store telescoping, we keep a
list of al storesthat we have seen on the current scheduling
path. For each of these stores, we maintain several pieces
of datain order:

e To determine if subsequent loads alias with the store.
Some of the information necessary for thisincludes

— The base address register.

— The displacement from the base register.

— Combining information about the base register.
— The size of the store operation: 1/2/4/8 bytes.

e To determine the copy propagation and combining
information associated with the source register of the
store, eg. r9instw r9, 256(r 18) above. This
requires keeping a RENAME and a COVBI NE struct for
the source register of the store.

Giventhislist of storesand their associated information,
each time aload is encountered, it is compared to all previ-
ous stores on the path to see if it must alias. If such amatch
is found, then the source register of the store can be used
in place of the load as illustrated above. There are a few
small additional detailsto make thiswork, and to make this
work with indexed loads and stores likestw r 3, r4, r 5,
but these do not change the general framework under which
load-stor e telescoping operates. For example, even though
a load-store pair may dias, resource constraints may not
allow us to take advantage of load-store telescoping prior
to the store, and after the store, the source register may be
killed.

In the worst case, this algorithm is O(N?) in N, the
number of operations, since operations could aternate be-
tween stores and loads with the result that % loadswould be

N/2 . 2
compared toup to & storesfor atotal of Ziz/l i= 40



V50:

cnpl.indir cri5, PPC_LR, 0x1000
cnpl.indir cri4, PPC LR, 0x2000
cnpl.indir cri3, PPC LR, 0x3000
b V51

V51:
beq cr15, V1000
beq cr 14, V2000
beq cr 13, V3000
b V52

V52:

b <Translation w/Start Corresponding to PPC_LR>
OR

<Binary Translator if no translation exists>

V1000:
# Translated Code from PowerPC 0x1000

V2000:
# Translated Code from PowerPC 0x2000

V3000:
# Translated Code from PowerPC 0x3000

Figure 2. Translation of Indirect Branch

comparisons. However, in practice loads make up about
30% of most code and stores about 15%. This results in
about 0.15N + 0.0225N?2 comparisons on a typical path.
A typical path has approximately 100 operations resulting
in about 240 compares, or about 2.4 compares per opera-
tion. In any case, our scheduler uses a window to bound
the maximum length of any path (to about N = 250 opera-
tions). For such afixed upper bound NV, the running time of
thisalgorithm, is of course, constant.

2.4. Indirect Branches

Indirect (or register) branches can cause frequent serial-
izations in our approach to dynamic binary trandation (in
which thereis no operating system support for binary trans-
lation and al code from the original architecture is trans-
lated including OS code and low-level exception handlers).
Such seridizations can significantly curtail performance,
and hence it isimportant to avoid them.

This can be accomplished for indirect branches by con-
verting them into a series of conditional branches back-
stopped by an indirect branch. This is similar to the ap-
proach employed in Embra [30]. However, Embra checked
only a single value for the indirect branch, whereas we
check multiplevalues.

For example, consider a PowerPC indirect branch bl r,
(Branch to Li nk Regi st er) which, the first 100 times
it is encountered, goes to 3 locations in the original code,
0x1000, 0x2000, and 0x3000. Then the binary trans-
lated code for thisbl r might as depicted in Figure 2.

We make several pointsabout Figure 2:

e The PPC_LR value is kept in an integer register such
asr 33 that is not architected in Power PC.

cnpl  cro, r4, 100 vt cnpl  cro,r4, 100 Ve cnpl  cro,r4, 100
beq cro, L1 [xor  r63,r8,r9] [xor  r63,r8,r9]
agdi r3.13,-1
b L2 b V2 b V2
L addi  r3,r3,1 (V2 V2
beq cr0, TAKEN beq cr0, TAKEN
L2 or 17,1819 addi  r3,r3,-1 addi r3,r3,-1
b V3 b V3
(a) PowerPC Code Fragment
TAKEN: TAKEN:
addi r3,r3,1 addi r3,r3,1
b VK b VK

= )
G ) )

(c) VLIW Code with Unification

(b) VLIW Code without Unification

Figure 3. Effects of Unification

e Trandated operations from 0x1000, 0x2000, and
0x3000 can be speculatively executed prior to
V1000, V2000, and V3000 respectively as resource
constraints permit.  Such speculative execution can
reduce critical pathlengths and enable better perfor-
mance.

o If additional return points such as 0x4000 are discov-
ered in the future, the trandated code can be updated
to account for them — up to some reasonable limit on
the number of immediate compares performed.

e A special form of compare, cnpl . i ndi r isused be-
cause in Power PC and most architectures, the register
used for the indirect branch (e.g. PPC_LR) holds an
effective (or virtual) address, whereas for reasons out-
lined in[9], it isimportant to reference tranglations by
real address. The cnpl . i ndi r operations in V50
in Figure 2 trandate the PPC_LR value to a rea ad-
dress before comparing it to the immediate (real ad-
dress) value specified.

e It is aso helpful if the cnpl . i ndi r operation can
specify a 32 or 64-bit constant, so as to avoid a se-
guence of instructionsto assemble such an immediate
value.

2.5. Unification

Our basic scheduling algorithm results in groups of in-
structions which are trees [10]. This can result in signif-
icant code explosion if the original code contains many
i f-then-el se diamonds, as most integer code does.
Figure 3(a) illustrates such a diamond in PowerPC code.
If another such diamond occurred, the resulting tree for the
group would have 4 total paths, while a 3rd diamond would
result in 8 paths, etc. In other words code growth is expo-
nential in the number of diamonds (and more generaly in
the number of join points). We use a variety of techniques
tolimit the size of groups[9, 11]. However, once groupsare
formed, we can still use unification to further reduce code
explosion.



Returningto Figure 3, Figure 3(b) illustrates VLIW code
that might be generated from the PowerPC code in Fig-
ure 3(a) without unification. All operations starting with
the xor in Figure 3(a) are duplicated on both paths of the
VLIW code as shown in Figure 3(b). (We have not specu-
lated as much as is possible in this example, so as to sim-
plify and highlight unification effects.) Clearly thereis no
need to compute the same xor result into both r 63 and
r62 in Figure 3(b). Unification notices this duplication
and computes the result only once, asin Figure 3(c).

Unification is a form of value numbering [6], which
is often employed in common subexpression elimination.
With value numbering, as each expression is encountered,
it is assigned a value number, typically an index into ahash
table based on the input values/registers to the expression.
Then as each new expression is encountered, its value num-
ber is compared to existing value numbers. If there is a
match, then the earlier result can be reused and the value
need not be recomputed.

In our context, expressions come from individual ALU
operations.  As each operation is scheduled into a
VLIW ingtruction, a hash of the operation is stored in a
uni ficati on field associated with the VLIW instruc-
tion. When subsequent operations are scheduled, they
check the uni fi cati on field of the VLIW instruction
into which they are being scheduled. If the same expression
is aready computed in that VLIW, then there is no need to
waste resources recomputing the value. Although the ex-
ample in Figure 3 illustrated this for the case when oper-
ations beyond a join point are duplicated because of mul-
tipath scheduling, unification can be used for operations
coming from arbitrary locations.

Actualy the situation is slightly more complicated than
just described. To check if this current operation (CURR)
may be unified with a previously scheduled operation
(PREV) in the uni fi cati on field of a VLIW instruc-
tion, three conditions must be checked:

1. The input registers must be the same. Renaming
and copy propagation, as described in Section 2.1,
dlightly complicate this check, as illustrated in Fig-
ured. Theand r7,r 3, r8after L2: inFigure4(a)
seems a likely candidate for unification as it occurs af -
ter ajoinpoint. However, as can be seen in Figure 4(b),
r 3 maps to different registersin VLIW instruction V2
where the and is scheduled. If the beq is taken, the
valueforr 3 islocated inr 61 in V2. However, if the
beq isnot taken, thevaluefor r 3 islocatedinr 63 in
V2.

Thus before checking the uni fi cati on field of
VLIW instruction Vx, the scheduler must map &l in-
put registers R of operation op to the registers R in
which the value of Rresidesin Vx.

2. For combineable ops, the value of the PREV regis-
ter and offset must be the same as those for CURR in
the VLIW in which PREV occurs. Thisis similar to
the previous case, and is illustrated in Figure 5. Fig-
ure 5(a) has a PowerPC code fragment in which the

———
V1:

add r9,r11,r12 add  r9,ril,ri2

cnpli cr0,r9,5 beq cr 0, TAKEN
beq L1 copy rB‘
xor r3,r4,r5 copy r7,r62

b L2 b Vi

|
I
I
1 V3:
|
I
I
l
|
L1: : -
|
|
I
|
|
|
I
l

xor ré63, r4,rs5
xor r61,r5,r6
Lo V2

xor 13,1516 TAKEN:copy raire)‘

v | 0, 5
e [Ceony .0 |
copy r7,r60
D
o] b w
and r60,r61,r8
b V3|

‘and  r7,r3,r8

(@) PowerPC Code Fragment (b) VLIW Code for Fragment (Unification not Possible)

Figure 4. Unification not possible when input
register mappings differ.

fina addi r7,r3, 8 operation occurs after a join
point. However, in the VLIW code for this fragment
in Figure 5(b), it can be seen that thisaddi operation
needs different offsets: 7 and 9 because r 3 is modi-
fied differently on either side of the diamond. Hence
thisaddi cannot be unified.

. The destination register set by PREV must not be
killed before CURR on the current path. This problem
isillustrated in Figure 6. Figure 6(a) depicts a frag-
ment of PowerPC code. The fina xor statement is
after ajoin, i.e. it occursif both branches are taken or
if the first branch falls through and the second branch
is taken. However, depending on the order in which
these paths are visited, unification of the xor may not
be possible.

Figure 6(b) shows the skeleton of the group after
scheduling the operations on the path where the first
branch is taken (the path beginning at the top and end-
ing at the lower right withb Q). (Note that the groups
in Figure 6 are composed of multiple VLIW instruc-
tions, not just one VLIW.) The xor result is specula
tively placed inr 63. r 63 is subsequently live over
the shaded areain Figure 6(b).

Figure 6(c) shows the skeleton of the group after
scheduling the operations on the path when both
branches fall-through (the path edning at the lower left
withb P). The and result is for some reason unable
to be speculated al the way to the start of the group,
but can be speculated past the second branch. Since
the xor vaue of r 63 isnot live on this path, r 63 is
used to hold the and result. Thisvalueof r 63 islive
over the newly shaded area in Figure 6(c).

Figure 6(d) shows the skeleton of the group after
scheduling the operations on the path when the first
branch falls-through and the second is taken (the mid-
diepathendingatb Q). Unification of thexor isnot
possible because the result on path T1 isinr 63 and
r 63 islive with the and result along part of the path
between T3 and the start of the group, as is indicated
by the shading.

A smart register allocator could clearly come up with
an assignment that would allow unification here.
However, our register alocator is simple, greedy, and



addi

(a) PowerPC Code Fragment

[
| N\ (
V1 V2:
cnpl  cr0,r4,100 | cnpl  cr0,r4,100 beq cr 0, TAKEN
beq cro, L1l : addi r63,r3,-1 copy r3,r63
addi r3,r3,-1 | addi r62,r3,1 ’ copy r7,r61 ‘
b L2 ! | addi r61,r3,7 | b V3
[ .
. : TAKEN:
Y addi r3rs1 | [addi r60,r3,9 | copy r3,r62
| b V2 ) [ copy 17,160 |
L2: r7,r3,8 I b VK
[
[

(b) VLIW Code Fragment (Unification Not Possible)

Figure 5. Unification not always possible with combining.

never backtracks, so as to work within the time con-
straints of dynamic binary translation [9, 10].

As with load-store telescoping, in the worst case, an
operation must be checked against all previously scheduled
operationsto see if unification is possible, yielding O (N %)
complexity, where N is the number of operations sched-
uled. However, in practice, we expect theuni fi cati on
field lookup to yield a very small number of operations to
check as unification candidates, thusyielding atypical run-
timethat isO(N).

2.6. Tree Height Reduction

Tree height reduction is illustrated in Figure 7. Fig-
ure 7(a) depicts a sequence of 7 add operationsthat form a
dependence chain requiring 7 cycles to execute. Figure 7(b)
shows how those add operations can be rearranged so that
all results are computed in 3 cycles (at the cost of perform-
ing 13 add’s instead of 7 and at the cost of doing up to 5
add’sinone cycleinstead of only 1).

The basic idea of tree height reduction is that opera-
tionsin alinear dependence chain of length N can often be
rearranged into a tree of operations of height [log2(N)] by
using the laws of associativity ((a + 5) + ¢ = a + (b + ¢)),
commutativity (e + & = b+ a), and distribution (a(b + ¢) =
ab + ac).

With our form of dynamic binary translation, which re-
quires precise exceptions, all intermediate results must be
computed as well, even if they eventually turn out to be
dead. Thisis so that if an exception occurs, al registers
will have their expected value from the original code. The
shaded operations in Figure 7(b) are those needed to com-
pute the final result in r 16. Bold dependence arrows are
also drawn between these needed operations. Dependences
between other operations are drawvn with smaller depen-
dence arrows (or none at all in some cases to avoid clutter).

The requirement that intermediate results be computed
prevents a straight-forward application of Brent's algo-
rithm, which for any arithmetic expression with N op-
erations, uses associativity, commutativity, and distribu-
tion to build in O(NlogN) time, a tree of height at most
[4logs(N —1)] —1 and using at most 3N function units[3,

4]. Brent’s algorithm could be applied multiple times so as
to compute each intermediate result not generated in creat-
ing the final result. However, in addition to increasing the
time required for tree-height reduction, this approach may
also require an excessive number of function units. Brent’s
algorithm could also be applied if it can be guaranteed (1)
that no synchronous exceptions (such as page fault) can oc-
cur during execution of the expression in original program
order and (2) that all intermediate resultsin the expression
are dead. Alas, condition (1) requires that no loads occur
anywhere in the expression, even if they are not part of the
expression, and (2) is generally difficult to guarantee in our
binary trandation approach where full control flow graphs
are not built.

Because of these difficulties, we propose a different,
template-based approach. For clarity, we illustrate this
approach on expressions using only one type of associa-
tivelcommutative operation, e.g. add. However, templates
could also be made for other commonly occurring cases,
such as certain combinations of add and nul ti ply. In
this case, the distributive law can be applied as well. Our
tree height reduction approach proceeds as follows:

e As each associative/commutative operation is sched-
uled, a check ismade of itsinput registers:

1. If neither of them is the result of an operation
that is associative/commutative with the current
operation, then there isno chance for tree height
reduction of this operation.

2. If (8) one of the input registers, X comes from
an operation that i s associative/commutative with
thisone, and (b) the other input has an acceptable
availability time, then

— Set the depth counter associated with this
scheduled operation to one plus the value of
the depth counter associated with the sched-
uled operation producing X.

— Set the associ ative/comutative
pointer associated with the current sched-
uled operation to the scheduled operation
which produced X.



beq cro, T1
bgt crl, T2

xor r63,r4,r5

and ré.r7,r8 beq cr0

b P copy r3,r63
T2: ....
b TO b Q
T1: xor r3,r4,r5
Q
(a) PowerPC Code Fragment (b) Group after scheduling path from start to T1

xor r63,r4,r5
xor r62,r4,r5

xor r63,r4,r5

beq cro0 Conflict over r63 beq cr0

and r63,r7,r8

copy r3,r63 copy r3,r63

bgt cri

b Q b Q
copy ré,reé3 copy r3,r62
b P b T2 b P b Q
(c) Group after scheduling path from start to T2 (d) Group after scheduling path from start to T3

Figure 6. Unification sometimes fails because the destination register is live with another value.

add r4,r3,r5
|j>add ré,rd, r7 j
add r8,r6,r9i
|:add r1o,r8,r11
add r12,r10,r13
|: add rl4,r12,r15
add rl6,ri14,r17

(a) Associative operationsin linear dependence chain.

add r4,r3,r5 add r63,r7,r9 add r62,r11,r13 add r61,r15,r17 add r59,r13,r15
add r6,r4,r7 add r8,r4,r63 add r60,r62,r61 add r58,r59,r11
add r10,r8,r11 add r16,r8,r60 add r12,r8,r62 add r14,r8,r58

(b) Operations after scheduling with tree height reduction.

Figure 7. Example of Tree Height Reduction



An acceptable availability time is any time that
isless than the time of the operation starting this
associativity dependence chain, i.e. the operation
with depth = 0.

3. If both of the input registers come from opera-
tions associ ative/commutative with this one:

— If input X would not have acceptable avail-
ability if input Y were chosen, but Y would
have acceptable availability if input X were
chosen, then choose X, and proceed as in
).

— If neither input X nor Y would have accept-
able availability if the other were chosen,
then give up on tree-height reduction for
thischain.

— If both inputs X and Y would have accept-
able availability if the other were chosen,
then choose the one that would yield the
highest depth and continue that dependence
chainasin (2).

o If the depth of an associative/commutative depen-
dence chain reaches a “good” value, reschedule the
operations in the chain using a tree height reduction
template. The example in Figure 7 depicts atemplate
for depth = 7.

Possible “good” values are 7 or 15: (1) The values 7
and 15 provide a full binary tree of computations. (2)
They have good height reductionratios, 7 : 3 or 15 : 4.
In either case a marginally higher height would pro-
duce a worse ratio (8 : 4 or 16 : 5). (3) The val-
ues 7 and 15 reflect plausible length sequences of de-
pendent associative/commutétive operations. Longer
chains are somewhat unlikely and in any case can ben-
efit from tree height reduction of shorter sequences
within them. Shorter chains would receive relatively
little benefit from tree height reduction.

Thisagorithmis O(N) in N the number of operations:

e The data structures are updated in constant time as
each operation is scheduled.

e Each operationisscheduled at most twice— originally
and once more with tree height reduction.

e The number of operations required for tree height re-
duction is linear in the number of operations in the
associ ative/commutative dependence chain.

Thisloopisinitially scheduled as any other code asil-
lustrated in Figure 8(b). More specifically three VLIW
instructions encompassed by the bracket comprise the
initial schedule. Figure 8 numbers the scheduling
steps, and the text by the circled 1 also indicates the
initial schedule. Note that the 9 PowerPC operations
have already been reduced to 3 VLIW instructions.

Giventheinitial schedule, Step 2 isto separate thefirst
VLIW ingtruction V1 from the other two VLIW in-
structions V2 and V3 by a fence as denoted with 3in
Figure 8.

This V1 becomes the loop prolog. A copy V1’ of V1
that can be thought of as the first VLIW instruction
of the second iteration is appended after V3 as shown
with Step 4.

Step Sillustratesthe heart of the algorithm. Thegoal is
to schedule/software pipeline al operations from this
2nd iteration V1' into VLIW's V2 and V3. For this
goal to be met, two conditions must hold:

— All operationsfrom V1’ must be scheduleablein
the preceding VLIW’s V2 and V3.

— The set of operationsin V1' must produce the
same outcome with parallel semantics aswith se-
guentia semantics. If not, V1’ must be modified
s0 as to have correct sequential semantics. Inthis
example, no changes are required. However, if
V1’ wrotetor 3 and later read fromr 3, thefirst
write would need to be assigned a different reg-
ister target, with that target being copied tor 3
after the last (bottommost) read fromr 3 inV1' .

The first 2 instructions (V2, V3) of Figure 8(c) show
the result of scheduling the operations from V1’
into V2 and V3. The shaded areas indicate changes
from Figure 8(b). Note that operations from V1’
are scheduled along both the taken and fall-through
paths of bl t cr 0, TAKEN1 in V3. More precisaly,
addi r63,r6, 1 becomes addi r59,r63,1 in
V2 aong the taken path, while becoming addi
r56,r6, 1 adong the fall-through path. Likewise
addi r61,r5,1 becomes addi r57,r5,1 in
V2 aong the taken path, while becoming addi
r 55, r 61, 1 along the fall-through path. Unification
as described in Section 2.5 allows| wz r 3, 0(r 62)
and addi r58,r62, 4 to be common aong both
paths. After these steps, al results needed in V1’
are available at the time of V3. Thusr 3, r 63, r 62,

2.7. Software Pipelining

A variation of enhanced pipeline scheduling [8] can be
used efficiently with dynamic binary translation. Figure 8
gives an example illustrating the use of the algorithm.

andr 61 are appropriately updated along both non-exit
paths through V3 as indicated by the highlighting in
Figure 8(c). The now empty V1’ isdiscarded.

e Once this has been done, we mimic Steps 2, 3, 4, and

e Figure 8(a) depicts a simple PowerPC loop which 5 with Steps 6, 7, 8, and 9. More precisely, in Steps 6

countsin r 6 the number of entries in an array which
arelessthan 9 and in r 5 the number of entries which
are greater than or equal to 9. The loop has 9 opera-
tions.

and 7, V2 isfenced off from V3 and V2 is added to the
loop prolog after V1 from Figure 8(b). Step 8 copies
V2 totheend as V2’ , and Step 9 software pipelinesall
of the operationsof V2’ into V3.



LOOP:
I wz

cnpli

r3,0(r4)
cro,r3,9
bl t cr0, L1

addi r5,r51

b L2
L1:

addi r6,r6,1

L2: .
addi

cnpl

bl t
LOOP_EXI T:
(a) Initial PowerPC Code

r4,r4,4
crl,ra,r7
crl, LOOP

| I
i
3 V1: 1st Iter i
| | wz r3,0(r4) !
1 addi r63, re, 1 3
| r62,r4,4 |nitial Loop Prolog !
I
| I
| i
i I
! FENCEL @ ‘ 2nd Loop Prolog
| I
| i
! cro.r3,9 Initial VLIW Code 3 o
3 cnpl  cri5,r62,r7 ! Im"z
i V3 ) addi
! Va3: 1 addi
! bl t cr 0, TAKENL 1 addi
! copy r5,r61 i addi
! copy r4,r62 1 e
! copy cri,cri5 i
| bge cri15, LOOP_EXIT ! V3:
| b v | bl t
| TAKENL: i copy
! copy r6,r63 1 copy
: copy r4,r62 : copy
! copy cril,cris i bge
! bge cri15, LOOP_EXIT ' copy
! ! copy
! ! copy
! @ ! copy
! . i b
! Want to schedule ) TAKENL:
! all operations from i copy
I here into V2 and V3. 1 copy
: 1 copy
3 i bge
! - ) | copy
! (b) After Initial VLIW Scheduling ! o
‘””77”””””””””””T 777777777777 copy
: copy
! Copy V2 b
i
O
! Software Pipelining:
i Want to schedule ‘cnpl
I all operations from U
| here into V3. addi
I addi
1 addi
i addi
i addi
(c) After 1st Hhase of Softwar e Pipelining

V3

€ro. 13,9 3 @ After copying operations |
cris. rez, r ! from V2" into V3. |
r60, 0(r62) ! !
r59,r63,1 ! V3: |
r58,r62, 4 | bl t cr 0, TAKENL :
157,15, 1 | copy 5,161 !
156,16, 1 1 copy r4,r62 I
r55,r61, 1 @ 3 copy crl,cri5 :
FENCE2 | bge cr15, LOOP_EXIT 3
! copy r3,r60 I
cr 0, TAKENL I copy 63,156 |
r5,r61 | copy r62,r58 1
r4,r62 | copy r61,r55 1
crl,cris 1 cnpli cro0,r60,9 i
cri15, LOOP_EXI T 1 cnpl  cri5,r58,r7 !
r3,r60 i lwz 160, 0(r58) !
163, r56 i addi r59,r56, 1 !
162,158 i addi  r58,158, 4 !
ré6l. r55 ! addi  r57,r61,1 !
V2! : addi r56,r6,1 |
! addi r55,r55,1 1
6,163 | TAKEN? V8 3

I :
ré.réz i copy 16,163 i
crl, crlbs : copy r4,r62 :
crl5, LOOP_EXIT : copy cri,cris :
rs, r6o ! bge cri5, LOOP EXIT| 1
63,159 ! copy r3,r60 |
162,158 ! copy r63,r59 |
ré61,r57 | copy r62,r58 i
V2! | copy r61,r57 1
1 cnpli cro,r60,9 :

I

i cro.rs, o ! cnpl  cr15,r58,r7 '
cris, 162,17 w Iem - GO, M, 1
r 60, 0(r 62) 1 addi  r59,r59,1 !
r59,r63, 1 i addi r58,r58,4 !
r58,r62, 4 ! addi r57,r5,1 !
r57,r5,1 ! addi r56,r63, 1 |
156,16, 1 3 addi  r55,r57,1 1
155,161, 1 ! b V3 !
' |

(d) After 2nd Phase of Softwar e Pipelining

Figure 8. Example of Software Pipelining using variation of Enhanced Pipeline Scheduling

Figure 8(d) shows the final result of this software
pipelining — a loop which executes one iteration per
cycle. Once again shaded areas show changes from
Figure 8(c). Since all operations from iteration 1 have
been scheduled, the a gorithm stops. Noticethat multi-
ple instances of the same operation in the same VLIW
can use asingle resource in many implementations.

As thismethod of software pipeliningisin some sense a
variation on our basic scheduling algorithm, it has a worst
case performance of O(IN?), although in practice we expect
it to be much closer to O(N) [9].

3. Oracle parallelism results

Inthis Section wewill provide some examples that show
the combined effect of three optimizations discussed in this
paper (copy propagation, combining, and load/store tele-
scoping), on oracle ILP, using SPECint95 and TPC-C
traces for Power PC.

In Table 1 are the results on oracle parallelism (infinite
resource PowerPC |IPC) on the first 300K instructions in
each trace, turning on these three optimizations one by one,

then two at a time, and then all together. The IPC mea-
sure here is Number of Original PowerPC instructions/
Number of VLIW cycles for an unboundedly wide VLIW.
Note then that copy operations and speculative operations
that do not contribute to the final result are not counted to-
wards |PC.

As can be seen, thereisa synergy between the optimiza-
tions such that the combined effect is sometimes greater
than the individual effects. The combination of the opti-
mizations described in the present paper can unleash a very
high amount of oracle ILP on integer applications. The la
tencies used for thisexample were: 3 cycles for loads (4 for
algebraic and partword loads); other latencies were similar
to a Power PC 604.

In Table 2 we providethe variation of oracle IPCwiththe
length of thetrace, for the case where al three optimizations
are enabled. The oracle IPC can fluctuate as trace sections
with lower or higher parallelism are navigated.

Of course, realistic machineswill obtain much less paral-
lelism, although these optimizations are likely to help there
as well. In a separate paper [11], we describe a dynamic
trandlation technique for obtaining a large window of in-



[ Prog [ NoOpt [Cpy [ Cmb | Te | Cpy+Cmb | Cpy+Te | Cmb+Tel [ All |
compr 57.0 [ 57.0 58.0 | 588 58.3 59.0 59.0 59.3
gcc 919 | 92.7 92.1 | 139.1 93.0 139.1 2933 | 2944
go 3441344 688 | 472 68.8 646.6 5263.2 | 5263.2
ijpeg 18.0 | 18.0 18.0 | 729 18.0 73.0 3731 | 3745
| 217 | 225 222 | 2712 23.1 27.2 1181.1 | 1960.8
ma8k 98.7 | 98.8 | 1056.3 | 106.5 11194 106.7 2857.1 | 3000.0
perl 286 | 29.7 29.7 | 339 311 339 85.8 87.4
tpcc 25.8 | 26.7 270 | 500 28.1 51.3 58.1 60.9
vortex 332 [ 332 ] 1933 ] 384 1943 38.4 4959 | 499.2

Table 1. Oracle parallelism (IPC) with and without optimizations

Prog [ 100 [ 1K [ 10K [ 100K [ 200K [ 250K [ 300K ||

compr 6 | 40 74 575 360 176 59
gce 51 48 | 476 | 4762 | 9524 702 294
go 5] 25| 208 | 1754 | 3509 | 4386 | 5263
ijpeg 10 | 53 13 125 250 312 375
| 6 | 42| 238 | 2041 | 2326 | 2336 | 1961
m88k 7 ] 56| 556 | 1923 | 2667 | 2941 | 3000
perl 8| 37 35 29 58 73 87
tpcc 7| 14 44 67 55 58 61
vortex 8 | 40 | 370 | 1099 702 583 499

Table 2. Variation of oracle IPC with trace
length

structionsso as to enhance the effect of scheduling. That pa-
per providesresultsfor a 16-issue clustered machine, taking
into account realistic CPI factors such as finite issue width
and cache effects.

4 Related work

Most of the optimizationswe have described are not new.
Much of the contribution of thiswork isinstead to show ef-
ficient implementations of these optimizations suitable for
use in a dynamic binary tranglation system in which com-
pile/trandatetimeisvery limited. More specifically:

e Copy propagation is a basic optimization described
in[1].

e Combining is a form of constant propagation [1],
whose application for extracting ILP was described in
[21].

e Load-store telescoping of the sort we describe is
unique to dynamic binary trandation, since in order
to be generaly applicable, it must be possible to re-
cover if Load-store telescoping turns out to be im-
permissible in a particular instance. Moshovos and
Sohi described a hardware-based method for perform-
ingasimilar function [19]. However, the window over
which hardware works is much more limited. In addi-
tion, the power of load-store telescoping is multiplied
in our context because of its interaction with copy
propagation and combining. Also, when load-verify
failures occur often, the code fragment is recompiled,
thistime not performing the telescoping on the offend-
ing load. This technique puts a bound on the overhead

of our approach, whereas hardware approaches may
have to deal with incorrect guesses repeatedly.

e The problem of scheduling through indirect
branches is related to memory aliasing [12, 13] and
in particular the problem of determining all possible
call sites for a function, and the problem of trying to
determine all possible functions an indirect call may
invoke. However, these all involve static analysis. Our
approach takes advantage of the fact that it is done
at runtime, and merely looks at the actual locations
targeted by indirect branches and adds direct branch
checks for those values. A related approach was
described in [30] for use in the Embra simulation
system.

e Unification has roots both in value numbering [6] and
the scheduling work of Nicolau and Ebcioglu [22, 7].
The approach described here is global in scope and
quite efficient, but not as genera as the Nicolau and
Ebcioglu approach.

e Software pipelining has a long history. Rau and
Glaeser proposed modulo scheduling [24]. The ap-
proach here, however is much more closely related to
enhanced pipeline scheduling [8], and again empha-
sizes an efficient implementation.

e A comprehensive tree height reduction agorithm
was first proposed by proposed by Baer and Bovet [2].
This approach used only associativity and commuta-
tivity in performing its reduction. Brent [3] extended
this approach by also making use of the distributive
property. Thisearly work applied only to operationsin
a single basic block. Nicolau and Potasman [23] pro-
posed a tree height reduction technique capable of
handling operations from multiple basic blocks. How-
ever, their algorithm was O(N?) in the number of op-
erations IV, whereas our agorithmis O(N). In addi-
tion, our approach supports generation of the interme-
diate results needed for precise exceptions.

Considerable work has also been done on the limits of
paralelism and oracle parallelism [29, 28, 15]. None of
this work however examined the effect of performing op-
timizations such as load store telescoping and combining
while scheduling for oracle parallelism.



5. Conclusion

We have described the implementation of several op-
timizations which can be employed in a dynamic binary
tranglation system, where low compilation/translation over-
head is essential. These optimizations have allowed us to
achieve a high degree of parallelism in our DAISY experi-
mental 1L P compiler and tool set, and even to measure oracle
parallelism.
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