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ABSTRACT ing effectively with these features is of particular importance when

We describe the design issues in an implementation of the ESA/BQ%)e.a”ng with architectural ransitions, i.e., if the semantics of an ex-
architecture based on binary translation to a very long instructio ting program are _to be preserv_e_d on a new archltecture,_ either in
word (VLIW) processor. During binary translation, complex ESA/39 e course _of architectural transition (e.g., binary translation from
instructions are decomposed into instruction “primitives” which arelegacy architectures such as VAX or x86 to more modern processors

then scheduled onto a wide-issue machine. The aim is to achieg&iCl @ Alpha or IA-64) or architectural convergence using a binary
high instruction level parallelism due to the increased schedulin%‘;jlrlSIatlon layer. ) . ) )
and optimization opportities which can be exploited by binary Ve use the DAISY approach to implement multiple different archi-
translation software, combined with the efficiency of long instruc-tecture such as IBM System/390, RS/6000 and AS/400 on a com-
tion word architectures. A further aim is to study the feasibility mon target VLIW processor to achieve archltectura! convergence.
of a common execution platform for different instruction set archi-Previous work [1][2][3] has shown the prospect of using a common
tectures, such as ESA/390, RS/6000, AS/400 and the Java VirtuRfocessor core for implementing multiple ISAs, and thereby reduce
Machine, so that multiple systems can be buititard a common the number of cores which have to be implemented to execute code

execution platform. for the different architectures. This paper presents a first evaluation
of such a convergence system.
In fact, the VLIW convergence processor core becomes a new open
1. INTRODUCTION gencep P

architecture, where other “computer architectures” are software lay-
We describe the implementation of the IBM System/390 arChiteCers on a sing|e’ generic engine. By |dent|fy|ng a common set of
ture based on dynamic binary translation to dynamically architecéxecution primitives for a simple VLIW architecture, the efficient
instruction sets on a simple, high performance VLIW architectureexecution of several different instruction set architectures on a sin-
This approach is based on DAISY (Dynamically Architected In-gle processor core becomes possible. A convergence platform offers
struction Set from Yorktown) from IBM Yorktown [1]. Like DAISY,  added flexibility, cause architectures are implemented through soft-
our work represents a dynamic compilation algorithm which can reware as opposed to hardware, and cost advantages because fewer

spond to changing program profiles and adapt the code to workloagrocessor cores need to be designed, validated, tested and manufac-
specific conditions. tured.

In the course of this architecture study, we have addressed a NURjzs have performed a detailed trace-based analysis to determine sys-
ber of System/390 design aspects required to implement a compliapg, performance, including cache and TLB effects, translation cost

high-performance implementation of this CISC architecture. Thesgy, jnterpretative overheads. The performance potential is encour-
problems include self-modifying code, atomicity of complex CISC aging.

instruction_s in the presence of precise interrupt:?, re-o_rder_in_g megﬁynamic optimization and response to changing program profiles
ory operations to achieve high performance while maintaining M is particularly important for wide issue platforms to identify which

memory consistency, access registers used to increase the rangqiructions should be executed speculatively. Dynamic response
addressable memory, the pervasive use of register indirect branches

e . o ; as’inherent in this described approach offers significant advantages
and its impact on the predictability of program control flow, asmgleover a purely static compilation approach as exemplified by Intel’s
. . . . . 'YA-64 architecture. From what has been disclosed, I1A-64 relies
existence of an execute instruction which composes new '“s"UCt'Oﬁuray on static profiling which makes it impossible to adapt to pro-
words and executes them on the fly.

am usage.

Dealing with such unusual architecture features is quite |mportant|§\/ith the dvhamic compilation approach which is included in our
practice, but often ignored by novel architecture researchers. Deal- € dyna P PP

platform, software can profile code and schedule in response to chang-

ing program profiles, as well as adapt optimization and scheduling

to the particular generation of the microprocessor at the core of a

binary translation-based system. The internal system architecture is
Permission to make digital or hard copies of all or part of this work for Unexposed, i.e., much like microprogram code, it will change with
personal or classroom use is granted without fee provided that copies ardifferent generations of this system and is not accessible to program-
not made or distributed for profit or commercial advantage and that copiesners. The re-optimization capability is particularly important for a

bear this notice and the full citation on the first page. To copy otherwise, toplatform such as ESA/390, for which a large body of legacy code
republish, to post on servers or to redistribute to lists, requires prior Specm‘éxists

permission and/or a fee. o . . . .
Copyright 1999 ACM 0-89791-88-6/97/0%5.00 We first give an overview of the binary translation system in sec-



tion 2. An overview of the architectural features of the target ar- 250

chitecture to support the convergence of heterogenous instruction
architectures under binary translation is given in section 3. The per: 200
formance modeling aspects of binary translation architectures arg@
explored in section 4 and our tool chain is described in 4.2. We dis-ﬁi
cuss preliminary performance results in section 5. We compare oug 45,
approach with related work in section 6 and draw our conclusion§
in7. €
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2. BINARY TRANSLATION APPROACH

In this section, we describe the execution based dynamic compil
tion algorithm. In what follows, thetfase architecturg4][5] refers

to the architecture with which we are trying to achieve compatibility,
e.g.,PowerPCor ESA/390

While previous binary translation efforts have concentrated on achiev- 0
ing an acceptable fraction of the performance of the base architec- .
ture, a DAISY-style approach is more ambitious. DAISY aims to
implement the emulated architecture with performance significantly
better than 1 cycle per instruction. Several strategies are combined
to achieve this goal: ’
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¢ Translation of code to a wide issue machine to achieve hig
instruction level parallelism. By targeting a wide issue ma--
chine, execution bandwidth is increased. Since instruction
are scheduled statically, no complex issue and dispatch logi
is required.
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¢ Ability to optimize code in the translator. Code can be opti-
mized and tuned based on usage patterns. This is especially
important for exploiting the performance potential of new pro-
cessors when workloads have been compiled using instruction .
selection and scheduling rules for a different model. o

ccl go li m88ksim perl interactive
¢ Dynamic code adaptation through the use of instrumentation
and runtime feedback. Frequently executed code can be 0piig re 1: These charts show the impact of group formation aggres-
mized more aggressively to boost performance based on staligyeness on average dynamic path length and code expansion by
tics gathered through hardware basgd Instrumentation. Dyéomparing moderate (mod) and aggressive (agg) group extension
namic code adaptation balances the inflexibilities imposed b)bolicies. More aggressive group extension leads to longer average
static schedules. dynamic group length, but also increases code expansion.

Binary translation of ESA/390 code is based on our experience with
the translation of PowerPC code to VLIW architectures. Transla:

tion occurs incrementally, into acyclic tree-like groups with a single! "€ the nextcode fragmentis interpreted and compiled into VLIWSs,

entry point, multiple exits and no joins within aayp. until a stopping conition is detected, and then next code fragment,

The dynamic translation algorithm interprets code when a fragmer‘ﬂnd S0 on. If and when a program transfers control to an entry point
of base architectureode is executed for the first time. Amse of a code fragment for which VLIW code already exists, it branches

architectureinstructions are interpreted, the instructions are alsd® the already compiled VLIW code. Recompilation is not required
converted to execution primitives (these are very simple RISC-styld! this case. - o _

operations and conditional branches). These execution primitivesn€ compilation of the tree region is not necessarily ever complete.
are then scheduled and packed into VLIW tree regions which arf may have “loose ends” that may call the translator at any time.
saved in a memory area which is not visible toiase architecture T hese calls guard the transition to previously untranslated entry points.
Any untaken branches, i.e., branches off the currently interprete/hen control passes from previously executed code section into
and translated trace, are translated into calls to the binary translaté€W base architecture code the translator starts translation at that
Interpretation and translation stops when a stopping iionchas ~ Point. Thus, dynamic compilation is potentially a never-ending task.
been detected. The last VLIW of an instruction group is ended by dhe translator is also invoked when a particular code segment is ex-
branch to the next tree region. ecuted frequently. Identification of hot program regions is based
As each VLIW tree region is translated, a number of optimization®n hardware profiling support in the form of a counter array cache.
are performed to enhance the available instruction parallelism. The¥éhen profiling identifies a hot program region, the translator restarts
include expansion of register-indirect branches into a series of coigroup formation and translation, this time forming larger groups
ditional branches to increase scheduling oppatiesi7], copy prop-  With more aggressive optimizations.

agation, combining, load/store telescoping, and unification [8]. Spebicreasing the size of groups extends scheduling and optimization
ulation is used aggressively within a translation group, although repossibilities, thereby increasing performance potential. Atthe same
sults are committed in-order to the architected processor state tione, it also increases code size by duplicating frequently executed
maintain precise exception behavior. instructions multiple times. This expansion has to be carefully con-



trolled to avoid instruction cache thrashing, or else performance will

suffer. A E
Thus, a delicate balance has to be struck between expanding group testhace g
size to increase instruction level parallelism and reducing code d v I —
plication to achieve good instruction cache performance. Figure | B B F
details the achievable dynamic group length andltiesucode ex- teshae kg, teshese kg
pansion for several SPECIint95 benchmark using group formatio v tend dor ! Hend aor
strategies of varying aggressiveness, as will be described in sec- C C
tion 5. Unlike static compilation techniques, the dynamic frame- teshae kg

work is more flexible in making code duplication decisions and per-
formance trade-offs, since the amount of duplication can be cali-
brated depending on the workload characteristics. Figure 2: DAISY branch conversion: A flow graph (left) is trans-
Having thus described the general framework of our binary transated into a sequence of code fragments (right). To resolve register-
lation effort, we turn our attention to issues specific to the translaindirect branches without requiring serialization, these branches are
tion of CISC architectures, and ESA/390 in particular. Unlike sim-translated into a sequence of tests for known base register values.
pler RISC architectures, some CISC instructions can result in long
instruction execution times, and represent veritable subprogram-,

To increase scheduling freedom, we expand CISC instructions int | e,
RISC-like operation primitives, as they are interpreted for the firsi

time. Group formation, scheduling, and optimization then occurs ol
those simpler primitives.

2.1 Resolving branch target addresses

Historically, implementations of the ESA/390 architecture (and its trand /ator
predecessors) have supported only a register-indirect addressingn | C

for brancheg.In [7], we have previously described our mechanism ~

for dealing with register indirect branches when translating code

from the PowerPC architecture: each register indirect branch is cofigure 3: Mimic and DAISY/390 branch conversion: Mimic guards
verted into a sequence of conditional branches, testing for previousbach code fragment with a prolog to check for compile-time as-
seen target addresses. This approach allows speculative executiiimptions and transfer to the translator if they are violated. In
over the multiple targets of indirect branches, and allows code gemAISY/390, incremental dataflow information is used to eliminate
eration to include the (typically few) branch targets when formingbase register tests.

groups during translation.

While this approachis appropriate for handling register-indirect branch-

es on the PowerPC architecture, it is inappropriate for ESA/390n [9], May describes the problems associated with translating branch-
This is due to the different usage patterns of register-indirect brancles on S/370 and its solution in the context of a problem-state binary
On PowerPC, register-indirect branches are used for dispatching switgislator called Mimic. In Mimic, this is solved by basic flow anal-
statements, or to call subroutines. As a result, each indirect brangfis within a code block. When a code block is entered, a prolog
will have its own set of probable register-values. checks the value of the base register just once upon entry into the
On the other hand, typical ESA/390 code, particularly that genereode block. If the base register has changed, then the translator is
ated by compilers, uses these register-indirect branches by loadingrivoked to retranslate the code block, otherwise the code block is ex-
known address (typically the beginning of the current function) intoecuted without further checks (see figure 3). This approach allows
a base register and then using the displacement to specify an oimination of a significant number of tests, but still requires tests on
set relative to that known location (beginning of function block) to every group entry. This penalty can still be quite significant.

address branch targets. Thus, the base register for register-indirg5A|SY/390 uses an alternative approach: instead of adding a guard-
branchegirtually alwayshas the same value within any given func- jng test to each translation unit, we use incremental dataflow anal-
tion. When using register-indirect branch optimization as describegsis between blocks to minimize the need for code which checks
in [7], each register indirect branch is expanded into a sequence cogompilation assumptions about the contents of base registers.
sisting of testing the baseregister, and conditionally branching o th@nen a block i translated, dataflow information for the current code
translator if it has changed, before control is passed to the target agock is generated for code optimization techniques performed at the
dress (see figure 2). o _ code block level [8]. This includes information such as the constant
Since these instructions may be placed in thica path (just be-  propagation. This information can then be used when compiling
fore a basic-block ending branch), this can lead to significant pefhe next code block to perform better optimization. Such optimiza-
formance penalties. Since the base register value is not expectedgn includes the elimination of base register compares which would
change, branching is really independent of the value in the base reguard conditional branches, or the optimization of other code, such
ister. Thus, to achieve optimal performance, tests for the contents gf constant expressions, and so forth.

base registers should be eliminated for maximum performance. Ur¢ ;e information is used across translation units, special care has
fortunately theoreticallythe value of the base register could changéy, pe taken to deal with control flowjoins. Since at compilation time,
during the execution, so this assumption cannot be made withoyss_group information is only available for one edge in a control

determining that it is safe. flow join, different information may pass along the new edge. This
! APC-relative branching mode is now supported in the architecturéituation must be detected. When a control flow join at the entry

but many workloads still use the traditional register-indirect branchof a translation group occurs, several combinations can occur for
ing. dataflow information passing along a newly added edge and the in-




information carried by new edge 2 . 2 Execute II’]S'[I'U Ctl ons
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=

%n X ? Y ESA/390 supports execute instructions, wheresubject instruc-

B tion at a specified address is read from memory, is modified by in-
5 |X join  |test & |clone serting fields from a register specified in the EX instruction, and then
8 clone executed by the processor as part of the instruction stream.

g |? join  |join  |join Afirst pass implementation of the execute instruction capability con-
g sists of emitting code to

g Y clone |test & |join

< 1 1. load the target instruction

2 clone oal g ’

Figure 4: Control flow joins with incremental data flow analysis 2+ ¢0mpose the instruction,

3. testfor a particular bit pattern, and if successful,

formation used to compile the group:

As shown in figure 4, each dataflow information item can either have
a determined value (denoted as X or Y) or be unknown (denoted
as ?). If an edge is added to the entry of an existing translation
unit, and the information carried by the new edge is compatible with
optimizations based on previous dataflow information, a direct jump

from the end of one translation unit to the beginning of the existin
9 g gSeveral tests can be chained in a tree-shaped translation block, yield-

translation unit can be used to pass control. : ol tati imilar to Mimi h | EX-onl
When a conflict between edge-carried dataflow information and pr INg an implementation similar to Mimic, where severa -only
locks are compiled, and the respective assumption checks in sev-

viously used dataflow information is detected, a translation grou . X ; N

with the same entry address is cloned. The new group can then ugtreal_ EX-only bIO_CkS are Cha"_”ed’ until a valid translation '.S found.
different dataflow information to translate the new group. The new//Nil€ the described translation strategy offers a correct implemen-
group can be compiled using weaker or no dataflow information tg&tion for all possible cases of Eubject instructiorevaluation,
reduce the danger of code explosion. Consider an example whep@timized code can be generated for a number of cases.

constant propagation is used to propagate a value X for some reghese cases correspondto afew idioms commonly found in ESA/390
ister across a translation group boundary. If at a later time anoth&@de:

entry to the same group carries a value Y in the same register, an ) ) )

incorrect result would be produced. To resolve this situation, anew ¢ EXis used to implement variable-length storage-to-storage

group is generated using either the new value of Y, or without any ~ OpPerations by filling in the length field of a memory-to-memory
dataflow information. (SS) operation subject instruction.

4. execute translated code corresponding to that source opera-
tion, or,

5. if no match is found, invoke the translator to add a further test
for the newly discovered bit pattern and its translation.

If information has been used for optimization of a translation group, . . . .

and an edge does not carry any dataflow information for an item ® EX s used to synthesize register-to-memory operations from
used in generating the target translation unit, a test may be inserted ~ immediate-to-memory (S) operations by inserting the value
to query if a particular value matches the value used for code gen- ~ Storéd in a general purpose register into the immediate field
eration of the target group. If the test succeeds, then control can be ~ Of an Sl subject operation.

passed directly to the existing code block. Otherwise, this case is L L . .
handled as a join with incompatible dataflow information. In these cases, the subject instruction is often included in the read-

The approach outlined here works best for information which rareI)Ptnly ;:_onstar:jt .‘:OOl %f th;asflénctlosnl, _antd thf comblnbatlctm OfIEtXC;nc'j.
carries conflicting information along different edges at a join point.s ruction and Its subjec or stinstruction can be transiated di-
This is the case for base registers in register-indirect branches %ctlylnto avarlabl_e length storage-to-storage operation, or a register-
used in ESA/390. If frequent, incompatible joins are encountere 0-memory operation, respectively. Similar to the handling of self-

code explosion may cause more harm than gain due to excessi%oqifying coc_ie, sf[ore operations into the_EX subject inst_ruction_lo-
translation cloning cation would invalidate all translations which reference this location

- . . EX ject.
The compatibility checks are easy to perform during binary trans?s subject

lation. Each group entry can be associated with a list of assum
tions which were used in optimizing the group. Each group exit (tip;z3 _(?onstant p00| ) ) ) )
also contains a list of relevant control flow information reaching that he original System/370 architecture did not supply immediate-to-
point. A simple check can then determine compatibility of dataflowregister operations. Instead, constants were stored in a per-function
at a group exit with information used at the following group entry. constant pool (similar to the Java Virtual Machine) and accessed
The propagation of base register addresses for register indirect bra)iff! Storage-to-register operations. .
resolution is an example of using incremental dataflow analysis t§nmediate-to-register operations (RI) have only been recently intro-
perform constant propagation at runtime. This approach is suitabf@uced, and are not present in several important workloads. To op-
for all information which is propagated forward along the controltimize performance and facilitate optimization, references to read-
flow. Control flow joins with contradictory information are resolved ONly constant pools can be replaced by inline constants. However,
by cloning parts of the control flow graph or retranslatfon. to preserve 100% architectural compdlltrj_o (e, for_ setting refer-

ence bits and accurate page fault behavior), probing references need
2If code is interpreted several times before attempting translatiorf P€ inserted into a translation group if data accesses are eliminated
more information about data and control flow may be used to redud@r data on pages other than the one holding the instruction stream
such conflicts. for the current translation group(s).




3. HARDWARE SUPPORT Our deferred materialization approach is based on recording suffi-

The DAISY VLIW processor core supports the execution of differ- Ci€nt information to recreate the condition code value in the case of
entinstruction set architectures, such as PowerPC, ESA/390 and tAB €xception being raised. However, unlike previous approaches,
Java Virtual Machine. Instruction prefetching provides the requiredh® recording is not done dynamically by copying parameters and
instruction fetch bandwidth, and instrumentation support hardwar1® computing operation into a temporary space. Instead, the live
is used to adapt to dynamically changing path profiles. ranges of the input parameters are extended to the end of the live-
The DAISY long instruction word processor includes features suc ess range of the condition code computed from them. In addition,

as control and data speculation, static out-of-order execution, arige operation used to compute the condition code value is recorded

delayed exception handling. DAISY is based on a high-pen‘ormanc@t compile timen a structure associated with the translation group.

branch architecture which provides multiway branching capabilitied "€S€ operations can be performed at compile time, so no execution

in every cycle, to achieve good performance even on integer Worlgme_overheqd is involved. Howgver, since t_hg mfo_rmatlon is statlc_,
loads with frequent control flow instructions this information cannot be carried across join points. Because in

the DAISY translation approach, control flow joins occur only at the

The instruction format of the VLIW instructions is based on a lim- translation group boundaries (a translation unit is characterized by a
ited variable length encoding, which was designed to reduce the group y

: A - ' - - ingle entry, multiple exits, and no join points inside the translation
complexity of the instruction allgnme_nt logic. In the e_ncodlng useaZroup), conition codes are fully materialized at group exits. Typ-
for these experiments, VLIW instructions have a multiple of 4 oper- . " L
ations and can either branch to the sequential VLIW instruction o'rca"y’ groups are terminated by cafidnal branches, so condition

. g code materialization at this point should not incur any itiloal
perform a multiway branch. cost
Java data types and operations are very similar to those of PowerPC_

; R . - ondition code renaming can occur using one of two approaches. In
assuming a JIT compiler f”?‘ complles_ JA\./A by_te codes m_to RISCthe results presented here, operation primitives to compute the con-
primitives and then parallelizes the primitives into VLIW instruc-

. . , - . dition codesaccording to the semantics of any given instruction are
tions [2][10]. In the following sections we will focus on the issues g v g

h : L ) introduced. Each ESA/390 instruction is then “cracked” into mul-
involved in achieving commonality between 5/390 and PowerPC. tiple execution primitives which can be renamed and scheduled in-

The PowerPC 32, 16 and 8 bit integer data types are a superset@inandently. To reduce code expansion, this can be combined with
those of ESA/390. S/390 addresses can be 31 or 24 bits and their ifjae rreq materialization of condition codes based on static informa-

plementation will be discussed in subsection 3.3. A DAISY VLIW jion [12]. Performance benefits which can be obtained from this
processor supporting rtiple system binary translation will have §eferred materialization are currently not modeled.

;upport for both IBM and IEEE floating point _forma_ts, aIIowi_ng An alternative approach may rename condition codesin concertwith
it rtnc') |mp|ement_ both ESA/390 an_d Powerlic "’!“‘h”?e“fl operationseg /390 general purpose registers, and compute the condition code
This does not introduce any major complications in the design of, 15n4em with the integer result. The integer result and the condi-

the fl_o_ating point unit_, since_ IEEE floating poin_t S“"?“T‘?es the C8fion code can then be committed to the processor state separately,
pabilities of IBM floating point formats. Execution primitives also i, 5 gingle operation. This treatment is similar to the treatment

include support for decimal excess-six arithmetic, which is impor-Of the carry and overflow flags of the PowerPC XER register in the

tant for some business-oriented ESA/390 applications. DAISY architecture [1].

3.1 Condition code flags 3.2 Instruction atomicity

Most ESA/390 instructions set the condition code as the bgpet  ESA/390 instructions are to be executed as atomic units, i.e., excep-
of an arithmetic operation. Previous binary translation work hasions and interrupts are either recognized before or after the instruc-
been mostly concerned with reducing the cost of materializing contion appears to have executed. While atomicity is simple to achieve
dition codes of one architecture on another architecture with dissimfor RISC-style register-to-register operations as implemented by the
lar condition code semantics [9][11]. This is not a problem for a pro-convergence platform, instructions involving multiple memory oper-
cessor core specifically designed for binary translation of ESA/39ands pose several challenges. These are specifically related to the
since condition codes can be architected to work with similar seimplementation of virtual memory, storage protection and asynchron-
mantics. ous interrupts.

A more serious problem associated with condition codes for thig\tomicity rules are a particularly hard requirement for storage-to-
work is the introduction of an output and anti-dependency chain bgtorage (SS) operations, where all possible error conditions, e.g.,
the pervasive setting of theondition code. This serializes all in- page faults and protection faults in any part of the operands, must be
structions in a given ESA/390 program and limits the performanceetected before any architected state is altered.

which can be obtained on a wide issue architecture through increas&d achieve the semblance of atomic behavior, DAISY/390 uses two
instruction level parallelism. To address this issue, the conditiompproaches to deal with synchronous and asynchronous interrupts.
code computations must be eliminated, or the condition code mugtsynchronous interrupts are deferred until a later ESA/390 instruc-
be renamed. tion boundary. Typically, these boundaries correspond to group bound-
While most condition code results are never used, their computatioaries, or other well defined points while the remaining code is exe-
is hard to eliminate in the context of 100% accurate architecturaguting with interrupts disabled. Since translation units are acyclic
emulation because the accuracy of liveness analysis is limited in fuind of bounded height, there is an acceptable upper bound on the
emulation. Any instruction which can raise a synchronous exceptiodelay of such asynchronous interrupts corresponding to the maxi-
represents a potential control flow to the exception handler. This inmum distance from a group entry to its exit.

cludes all operations with memory operands, which can experiendgnlike asynchronous interrupts which can be delayed, synchronous
a page fault. As a result, traditional liveness analysis cannot elimiexceptions need to be detected and serviced before any architected
nate many computations. In [12], we present a method for the desrocessor state, particularly memory, is altered. This is ensured by
ferred materialization of condition codes with zero execution timea combination of the binary translation platform and the translation
overhead. strategy.



To support software-based instruction reordering and speculation, STobaT el
the DAISY register file contains registers corresponding to the archi- A
tected machine state of the base architecture and additional rename
registers. In addition, the DAISY processor supports silent and de-
ferred exceptions which are propagated for speculative results [13],
and ensures VLIW atomicity (i.e., either all or none of the results
computed in a VLIW are committed to the processor state).
The translation strategy renames all re-ordered and/or speculatively L N
computed results to a rename register, and commits them to the ar- fective adiess TLB i N
chitected base architecture machine state in-order. Operations (such CAM
as memory stores) whose results cannot be renamed are executed
in-order. Together with the atomicity of VLIWSs, this ensures that ) ) ) )
. . . . . effective address generation translation context selection address resolution
processing can never skigyondhe precise exception point. When
an exception is raised and the currently executing VLIW is nullified, _. ) . .
an exception can be raised at a point corresponding to an instructidzﬂgu.re 5 Common_ memory managementarchltecture for emulating
address preceding the precise exception point. Interpretation is thgﬁultlple base architecture addressing schemes.
used from that point to find the actual exception point.

Memory-to-memory (SS) operations which work on memory ranges 3 Memory access semantics

pose some additional requirements, since they generate multiple rg;, architectural challenge in the design of a processor supporting

;ults Whi.Ch must b? "?“°mi°a"y commitied. To ensure this behaVanth PowerPC and ESA/390 execution is the correct and efficient
ior, additional code is inserted by the translator to probe all memo

i . I')l/mplementation of the memory access model. These are quite dif-
pages before actually changing any architected processor state. C‘?@r’ent for the PowerPC and ESA/390 platforms.

sider the example of the MVC (move character) storage-to-stora%ihe PowerPC architecture uses a segment-based addressing model.

AR/SR mode

address context

AR# address-space

register file

operation which probes the end of the memory range (which cou he segments are selected based on the high-order 4 bits of the ef-

s_traddle apage boundary_ and raise an exception after processing &tive address. In multiprocessor systems, PowerPC processors use
first page) before attempting to transfer the first byte: a weak consistency model.

Dueto its long history, ESA/390 supports hiple addressing schemes.
Addresses can be either 24 or 31 bits wide, and are interpreted ac-
cording to several addressing modes. The most general of these
modes uses access registers. Access registers are segment registers
which are selected by the name of the base register used for address
= formation. (Thus if a memory address is computed using base reg-

ister r12, the access register arl2 is used for resolving the effective

to physical address mapping.) In hiprocessor implementations,

MVC L=256, O(fp), 1024(fp)

LPROBE  255(fp) /I probe for reading ESA/390 is “firmly consistent®.
To support both PowerPC and ESA/390 adequately, a migrant ar-
SPROBE  1279(fp)  // probe for writing chitecture must support both styles of address generation, memory
addressing, and consistency. At its simplest, address formation con-
for (i = 0..255) // copy loop sists of three steps:
LBZ RTMP,i(fp) effective address computationAccording to an architectures in-

struction set, an effective address is computed.

STB  RTMP,1024+i(fp) translation context selection The context used for a translation step

is selected. The context can consist of several different as-
pects, such as whether address translation is enabled, the pro-
cessor is in problem or system state, the segment referenced
by a particular address, etc.

The MVC instruction can move at most 256 bytes, while the ESA/390

page size is 4K, so two probe instructions to the ends of the source
and destination storage operands, respectively, are enough to rule
out further page faults during the execution of the MVC instruction.address resolution A CAM (content addressable memory) lookup

A special optimization is applicable to short memory-to-memory is performed using the effective operation and the translation
operations where all changes to the architected state can be per-  context. If the CAM lookup is successful, the physicaladdress
formed in a single VLIW instruction. Since VLIW instructions ex- is returned. Otherwise, an exceptional condition is indicated.

hibit the atomic execution property, no pre-probing of the operands ) )

is necessary. If a synchronous exception occurs, then the state M/ have designed a common memory management unit to address
mains unchanged and control can be passed to the exception hdfe issues posed by supporting segment register and access register
dler. This execution property is important for the efficient transla-Pased memory address translation by following the above analysis
tion of SS operations such as MVC (move), NC (and), OC (inclusivdsee figure 5). The combined memory managementunitimplements
or), and XC (exclusive or) which operate on short memory data ané1€ steps in a generic manner so as to map different base architec-
which can be translated into very effective code withoutitmithl tures onto this common MMU, such as PowerPC, ESA/390, or Intel
operand probing overhead. The binary translator must ensure th%806-

such operations are committed all together, which may entail skips|, firmly consistent memory, load operations on one processor may
ping to the next VLIW if there is not enough space to commit thembe moved above logically preceding store operations on the same
all in the current VLIW being filled. processor. [14]




The address space identifier register file can be accessed with etismatch, and the appropriate reaction is then to invoke the base
ther the high order effective address bits to support effective-addre§SA/390 storage key protection mechanism.

based segment selection (e.g., as used in PowerPC), or by using 8averal performance improvements are possible to increase the per-
explicit segment specifierinside the VLIW load/store primitive (e.g.,formance of the merged MMU (at the cost of generality). These
using the access register number in ESA/390). The SR/AR selectarclude adding a special mode bit to ignore a number of high or-
can be specified either using two distinct flavors of load operationsier bits in the tag match of the TLB CAM, thereby eliminating the

or a global mode bit in the processor state. need for address truncation in the effective address generation phase.
The address space identifier file does not necessarily hold the sarffdternatively, multiple mappings could be maintained in the TLB
values as segment or access registers hold. Their only use is in prtGAM which represent the same 24 bit address with different 8 bit
viding address bits which are used to match in the TLB CAM, i.e. prefixes mapping to the same physical address.)

there would typically be a mapping between each address space and - . .

the contents of an address specifier register. -3.3  Compatibility with other architectures

The TLB CAM used to perform the actual translation step can con] "€ common MMU facility can also be used to translate other mem-
sist of a multi-levelcache-based structure to combine low latency®"Y franslation models, such as Intel x86. In Intel x86 mode, the ac-
operation with high hit rates. The TLB CAM is reloaded by a CeSSaddress specifierregister would be selected based on the instruc-
software-based reload mechanism to efficiently suppoitipreibase tion-specific segment (or the segment override prefix). Slmllarly,
architectures. The software-based page table reload handler is fther addressing modes can be reduced to the present MMU design.
voked on a TLB CAM miss and interprets the page tables following

the architecture specifications of the base architecture. 4. PERFORMANCE OF A BINARY TRANS-
Strong memory consistency (sequential consistency) can be achieved | ATION PLATFORM

using the load data verific_ation scht_ame descri_bed in[15]. _This scheg}ﬁary translation performance is composed of several aspects, such
performs a load and verify operation at the in-order point for anyaq the performance of the target architecture and the cost of perform-
load operation which has been performed out-of-order with respegiy the transiation. Combining these different performance aspects
to other memory operations. If a data difference is found, fixug, oyiges an overall view of system performance. This approach is
code is invoked to re-execute the load operations and all dept,ano_l ilar to the MACS approach of characterizing different aspects of
operations. Strong memory consistency subsumes ESA/390's fir@y stem performance [16]. Unlike the MACS approach, these bounds
consistency and the weaker PowerPC memory semantics. are derived not by experimental means, but by simulation and ana-
. . lytical modeling of a binary translation system.
3.3.1 PowerPC compatible operation %/o model the ?:iifferent aspects of binary translation performance,
In PowerPC-compatible operation, the effective addressis generateg have developed a trace-based tool chain coupled with some ana-
by adding displacement and base registers. The address space idgfical modeling to explore the performance potential. Trace-based
tifier file is selected using the high order 4 bits of the effective ad-analysis allows the evaluation of arbitrary program sequences, in-
dress. In addition, global context information selects different mapeluding operating system code.
pings according to whether address translation has been enabledTife results presented here were collected under the OpenMVS op-
not. erating system, which provides a hosted POSIX execution environ-
If a TLB CAM miss occurs, a native VLIW exception occurs and ment under MVS. Results include not only the application code, but
the software page fault handler interprets the page tables accordiagso operating system code. Thus, this approach gives access to a
to the PowerPC page table format. more realistic workload model compared to user-level application
code which is often used in such experiments.
3.3.2 ESA/390 compatible operation

In ESA/390-compatible operation, the address generation step céh:_l‘ Componems of Performance ) .
include the application of a 31 or 24 bit address mask to reducg fIr'St cracking step decomposes the CISC instruction stream into
the address width in accordance to the selected ESA/390 addressfRipC-like primitive operations, which are then used by all further
mode. This effective address is then translated using address-sp&8¢€ssing steps. Using simple instruction primitives offers increas-
specific page tables according to several different address translati§ flexipility in subsequent scheduling and optimization steps.
modes’ The page tables are indicated as translation context and thig'€ number of primitive operations generated for each source in-
TLB CAM only contains fully resolved effective to physical addressStruction is a measure of both the architectural fit between the base
mappings. and the target platform, as well as the architectural complexity of
The access register number is used to access the address space ig?e%_bas_e arCh't\‘/efltwe' _T'?? expanilon ra_1t|02from complex ESA/390
tifier file which provides additional context information. The global Instructions to primitives is shown in 2. .

address context supplies further bits, such as the PSW storage k&{/'€" translation groups (which take the form of tree reg'°r?s) are
which is used to implement the ESA/390 storage protection modelfirst formed, a measure we refer to as infinite resource CPI is used
The TLB CAM then tries to translate a triple consisting of effective to guide the group formation. The infinite resource CPI within a

e A rticular path of a group, is equal to thétical dependence chain
address, address space specifier and global context to a physical grucu'ar p: - . .
dress. A miss in the translation can occur for a number of reasons. Rngth in this path divided by the number of ESA/390 instructions

miss can indicate that the software page table reload function nee!:?sthe path. Such CPI could be theoretically obtained by an infinite

to be invoked because no translation for the given effective addre gsource mac_hlne, and serves as a CPI Iower_l:_)ound. By building
o . arger translation groups, more scheduling oppatiemare discov-

has been loaded for the specified address space. Alternatively, a L e o

ed, resulting in a lower overall infinite resource CPI, which in turn

i in the PSW k ion may hav . 4 -
mismatch in the PSW storage key section may have caused a t%én (ifinstruction cache pehi@s are managed) lead to lower overall

“For the sake of simplicity, we will explain operation only of the finite resource CPI. _ o )
most complex, access register based mode. All other memory tranBY scheduling the translation groups for a specific target machine,
lation modes can be reduced to the access register mode. the constrained machine CPI is obtained. This accounts for the lim-




its imposed by the machine architecture, such as the number dhe CPI contribution of the translator is then
ALUs, FPUs, load/store units, and communication costs between : : '
clusters of ALUs and register files. This adder also includes instruc- CPItRr = primary translations: 4000 + secondary translations 800
tions added for system operation, such as commit operations to the reuse rate
machine state, multiprocessor consistency, and translation consis- o )
tency (which must be checked when crossing instruction pages). A final CPI degradation is due to exception ove_rhead. To redqce
Afinite instruction cache adder accounts for pipeline stall cycles du® number of groups starting atarbitrary instruction addresses (i.e.,
to instruction cache misses. Instruction cache performance is infit various instruction addresses where an exception was received),
pacted by the translation strategy and the optimization performednterpretive execution is entered after executing a return from the
Instruction cache performance is directly proportional to reuse angX¢eption handler until an existing group is encountered.
indirectly proportional to code size. Code size is afunction of VLIW his overhead is modeled as follows:
encoding and of code duplication. Thus, while more sophisticated cPI __ interpretion cost unique primitives
translation schemes generate longer groups with higher infinite cache EXC ™ ~exception rate total groups 2
ILP, this is counterbalanced by instruction cache ftesgdue to
code duplication and lower re-use.
A number of hardware design decisions have been made particulay.2  Evaluation Tool Chain
to address this issue. To reduce the impact of code size, we usesgstem performance of a binary translation architecture is evaluated
variable length instruction encoding. In addition, instruction cacheysing a tool chain of several modeling tools which model the var-
prefetching for fetching the two most recently used successor linggus performance aspects of a dynamic compilation system. The
is employed to reduce the miss rates. data generated by these tools are combined with analytical models
Instruction cache performance is further impacted by the operatiofy derive overall system performance.
of the binary translator. Every time the translator is invoked, it will The system evaluation tool chain consists of the following modeling
displace the translated code from the instruction cache. We modgig|s:
this by computing the rate at which the translator is invoked, and
periodically flushing the first-level instruction cache. group former A tree-region former cracks complex ESA/390 in-
The average rate of translation events is computed as follows structions into instruction primitives and forms tree-regions

A accordingto the execution-based strategy described previously
translation interval in VLIWs= —ooo0 ratex primitives * primitive CPlinfini in [7]

group formation events P infinite cache '
The tree-region former models the initial group formation and

group extension and computes infinite resource CPI informa-
tion which is used to guide the group formation process.

The finite data cache adder (and finite data TLB adder) accounts
for pipeline stalls due to data cache misses (and data TLB misses).

Compared to in-order execution of memory operations, speculatiog |y scheduling A VLIW scheduler schedules the VLIW prim-
and memory reordering add burden to the memory hierarchy. For itives in each tree region and generates VLIW code accord-
our current coherence and disambiguation approach [15], experi-  nq tq the clustering, functional unit and register constraints.
ments show an overhead of about 70%. We account for this overhead Tree-region based optimizations as well as speculation is per-

with a speculation factor 1.7, i.e., we multiply by 1.7 the nu_mber formed during this phase.

of stall cycles reported by the (non-speculating) memory simula- )

tor. Since the target architecture implements a stall-on-miss policy, ~ 1he VLIW scheduleralso determines the number of cycles for
modeling data cache effects is purely additive. each exit (tip) of_a tree-region. When the ent_ry tc_> exit cy_cle
Like the instruction cache, the data cache is impacted by the opera- ~ count for the various paths_ through a tree region is combined
tion of the translator. The translator accesses a number of data struc- ~ With program control flow information gathered by the tree-
tures through the data cache thereby displacing the data of the base ~égion former (tip trace), a finite resource CPI can be com-
system. Data accessed by the binary translator includes: ESA/390 puted.

code, intermediate code representation, generated native VLIW co
as well as meta data such as group descriptors mapping groups to
starting addresses and mapping memory areas to groups.

The average rate of translation events is computed as follows

‘IW memory layout A VLIW instruction memory layout tool
lays out VLIWs in memory according to architecture require-
ments.

reuse ratex memory operations I-cache simulation A multi-level instructioncache simulator per-
forms instruction stream prefetching ahi/misssimulation
and computes the CPI contribution of instruction memory ac-
cess.

translation interval in data refs=

group formation events

The actual cost of translating instructions is computed using an an-

alytical model based on the number of translations which have 0qy_cache/D-TLB simulation A multi-level datacache and data TLB

cu_rred. Whe_n p_rimi_tives are first included in a group, each trans- simulator performs hit/miss simulation and computes the CPI
lation of a primitive is assumed to take 4000 cycles to account for contribution of data memory accesses.

decoding, optimization, etc. This is a conservative estimate based

on our experience with DAISY which yielded about 4000 PowerPALP measurement has to be adjusted for the difference in complex-
operations to translate orowerPCoperation. When a group is ity between typical RISC and CISC architectures. This adjustment
later extended, these instructions have already been translated, cannot be achieved by merely lowering the ILP goal. Due to the
they only need to be decoded and rescheduled at a lower cost lafrge variance in complexity in CISC instructions, it is important to
800 cycles. Our accounting of the cost per primitives reflects thaccount for the non-uniform distribution of instruction complexity.
higher cost of translating more complex instructions which expandhis can lead to high peak of instruction issue demands to achieve
into multiple primitives. the requested ILP.



[ Cache | Size | Linesize [ Assoc] Latency ||

L1l 32K 1K 8 1

L2—I 1.5M 2K 6 3

L1-D 32K 256 4 3 B oxcCPl
L2-D 512K 256 8 6 @ trCPI

L3 le'e) T W tIbCPI
DTLBL | 128 Entries|  — 2 2 © o deachech
DTLB2 | 1K Entries - 8 4 B finRsrcCP|
DTLB3 0 — O infRsrcCPI

Table 1: Cache and TLB Parameters.

cc1 (mod)
cc1 (agg)
go (mod)
go (agg)

li (mod)

li (agg)
perl (mod)
perl (agg)

Without some smoothing, even a moderate ILP goal may lead to
massive code explosion as groups containing a high complexity CISC
instruction are extended to compensate for the low S/390 CPI of
complex instructions. This can lead to massive code explosion wit

m88ksim (mod)

m88ksim (agg)
interactive (mod)
interactive (agg)

t anv sianificant aains in instruction level leli I~Figure 6: Group extension aggressiveness: more aggressive exten-
outany significant gains in instruction level paralielism. sion of groups yields higher infinite resource ILP. This is counter-

An eb>|<arr|1(ple of St.UCh hlgoh-(iompl?xFlztIySrgglonr? are string anﬁ MeMpalanced by finite resource constraints and instruction cache effects.
ory block operations. On typical RISC architectures, such operar, 5cpieye optimal performance, a more aggressive hardware design
tions are represented as loops consisting of primitive memory ope

! . “~and good control over instruction cache effects are necessary.
ations. On ESA/390, these operations are often coded to use a single 9 i

CISC memory-to-memory operation such as MVC (move character

string), CLC (compare character string), and TRT (translate and testy the moderate group extension approach, a code segment has to
used to locate a byte in a string by string operations such as strlefzcount for 5% of the execution to be eligible for group extension.
or index). An MVC instruction may require 512 RISC primitives. The path length limit on during group enlargementis 180 primitives.
Thus to attain ESA/390 ILP of 3, a machine which could issue 1536, more aggressive group extension strategy extends code segments

primitives at once would be required. hen th 9 i i im-
We have addressed this problem by internally measuring ILP iﬁ\{t\;vs::rhi%r?;;ct)mé;%rﬂ?.l& of the total execution, with a 250 prim

primitives as generated by the instruction cracking step. The primi—. . .
tive goal is derived from the ESA/390 ISA ILP goal by multiplying Figure 6 compares the two extension approaches. Aggressive group
the ESA/390 goal with the dynamic instruction expansion factorformation shows significant improvement in infinite resource CPI.
This dynamic expansion factor is derived as (This comes at the expense of somewhat increased translation time
since more group formation events occur.) Infinite resource ILP
appears to scale logarithmically with path length, so significant in-
creases in pathlength are necessary to improve performance notice-

primitives per trace segment
ESA/390 instructions per trace segment

expansion factoe

_ ) _ _ ably.
The expansion factor can be determined either dynamically, or as|ggwever, much of the improvement in infinite ILP is lost when

fixed constant based on typical workload characteristics. the instructions are scheduled for a 16-way VLIW machine, mak-
ing the case for an even wider, more aggressive hardware platform.
5. RESULTS AND DISCUSSION However, as previously mentioned, another aspect of binary transla-

To establish the performance potential of the described approach, wien performance is code expansion control. In all cases, instruction
modeled several integer workloads from the SPECint95 benchmaxdache performance is worse for aggressive group formation.

suite and an interactive workload containing significant portions ofThis effect is most pronounced for the go benchmark. Since go
system level code (device drivers, network, 1/0O) in addition to a usehas very unpredictable branching behavior, group formation builds
workload. Binary translation was targeted at a DAISY VLIW ar- groups with low reuse. Aggressive group extension further exacer-
chitecture executing a tree-VLIW with up to 16 operations and &ates this problem leading to even higher code duplication and lower
multiway branch per cycle. reuse numbers. Many early group exits (as demonstrated by the low
Cache and TLB parameters are given in table 1. To achieve higaverage dynamic path length spent in a group), unpredictable cache
throughput and low latency for instruction fetch, DAISY uses a parprefetching, and low cache re-use are the result. Thus, while other
titioned instructioncache consisting of separate “mini I-caches” for benchmarks compensate for higher code expansion by improved in-
each cluster of two ALUs, which contain the instructions for thatfinite cache ILP due to improved average dynamic group length, go
cluster as well as some duplicated control information. This reducesuffers from code expansion without the benefits derived by other
the wire length during cache access and allows to build faster mentbenchmarks.

ory arrays and large logical line sizes. In addition, each VLIW en-These results indicate that binary translation performance is very
codes the next line address to further reduce fetch latency. susceptible to the workload. Thus, an adaptive response to measured
Experiments were devised to specifically explore different trade-offsystem performance may be desirable. By using adaptive feedback
in the system operation, such as group formation strategies or tieom measured system behavior, excessive instruction cache miss
impact of ESA/390 specific optimization opporities. A first set  rates and/or early group exits may call for a reduction in group for-
of experiments compares two different levels of eagerness in groupation aggressiveness while high prediction rates and low instruc-
formation. Both levels use the same settings for initial code creatiortion cache misses may indicate an opportunity to extend groups and
based on a translation path length of 24 primitives and an initiaincrease optimization increases.

infinite resource primitive ILP goal of 9. We have computed the overhead translation and exception handling



CPI components directly due to the binary translation scheme witkervice identity The DEC/Compag FX!32 x86 to Alpha translator

worst case parameters of a low reuse ré®é and high synchronous [18] relies on the identity between OS services offered by Mi-
exception rate (one exception evey = 10% instructions). While crosoft Windows NT on different platforms, and dispatches
these parameters are more conservative than actually observed pro- each function to a corresponding function on the native oper-
gram behavior, the CPI degradation due these adders is still low. ating system.

Experiments further indicate that the conversion of register-indirect

branches to relative branches based on incremental dataflow anafyB! interface emulation Sun’s WABI [11] intercepts calls to the
sis improved performance up to 15% compared to a baseline using ~ Windows ABI and implements similar functionality using na-
the previously described optimizations for register-indirect branches  tive libraries.

[71. . . . .

Table 2 summarizes trace statistics and performance results for tfgecution of native OSSystems such as SoftWindows or SImOS
selected benchmarks. The table gives the code expansion in pro-  [19] boot the operating system and use virtual devices to ac-
cessor pages referenced. The expansion is affected by a number of €SS the services of the host operating system.

paramet_erg,_ which include the instruc_tion en_coding, the number cEefore the inception of the DAISY project, no machines have been
VI.‘IW. primitives generated per CISC instruction, and the code dl."designed exclusively as target platforms for binary translation. The
plication. This is counterbalanced by improvement of code dens'%EC/Compaq Alpha was however designed to ease migration from

which is due to the fact that only those portio_ns of a page which althe VAX architecture, and offered a number of compatibility fea-
actually executed are translated and stored in the VLIW translatlopures These includé similar memory management capabilities to

cache. R .
. . ease migration of the VAX/VMS operating system, and support for
We also report average dynamic pathlength, i.e., the number of Cyg \/Ax fioating point formats. DEC’s original transition strat-

cles WhiCh execution actually_ spends_in a typical code_ fragmen%gy called for static binary translators to support program migra-
Dynamic average pathlength is a function of the group size and thﬁ’on. Two translators supported these migration strategy: VEST
branch predictability. As branch predictability erodes acrossesr ({

. A . S ) or VAX/VMS migration to Alpha/OpenVMS and mx f igra-
sive branches, the likelihood of taking a path which is not includeq;,, om DEC Ul?rix on the MFPS arghitecture to to OSIc:)rl :)nrlmglg?zc

in the group grows. Avergge dy”?‘mic group length cc_)rrelates_ high')&lpha [20]. Later, the FX!32 dynamic binary translator was added
to overall performance since optimizations, speculation and iNstruGy ' aase migration’from Windows on x86 to Windows on Alpha

tion sc_he_d_ullng are pgrformed at _the group level. Recently, Transmeta has announced an implementation of the Intel
The primitive expansion column lists the average number of VLIW, gg 1o cessor based on binary translation to a VLIW processor [21].
primitives generated for each CISC instruction. The processor described is based on a VLIW with hardware support
for checkpointing architected processor state to implement precise

6. RELATED WORK exceptions using a rollback/commit strategy. Rollback of memory

Previous work in inter-system binary translation has largely focuse perations Is suppqr‘[ed using a_gated store buffer [22].

on easing migration between platforms. As a result, performanc everal hardware implementation _schemes are related to the out-
goals are typically more moderate, i.e., to achieve acceptable pél’-wd software sche_me. The Pentium Pro and_ AMD K8 perform
formance levels, not to exceed native implementations. translation to RISC-like execution primitives. This allows the expo-

. ) ) sure of parallelism within CISC instructions similar to the approach
Several systems attempt to emulate various portions of the Wlndowgken in this work. However, the amount of re-arranging of code

on Intel x86 system to execute binaries on alternr_:\tlve platforms. Th\‘lnvhich can be performed to achieve high instruction level parallelism
target platforms are typically RISC platforms which were never de-is limited due to hardware complexity
signed for either binary translation or ease of x86 compatibility. In he present approach is differ?ent fr(I)m the DIF approach of Nair
fact, there is often a significant mismatch between the Intel x86 ané\ind Igopkins [5?5 Our approach schedules operaﬁgns dfipteu
the tar(get platform. 'lrypical ?roblemsdconsist of floating EOifrllt for- aths to avoid ser.ializing due to mispredicted branches. Also, in the
mats (accurate emulation of x86 code requires an 80 bit oating o L : X

: o - L resent approach, there is virtually no limit to the length of a path
_pom;lformat)_,_ the prOVISIOn-Of appropriate primitives for ComDUt_Within a tr?art)a region or the ILP ac¥1ieved. In DIF, theglength cFJ)f a
ing the condition flagaccording to x86 semantics, etc. (single-path) region is limited by machine design constraints (e.g.,

Several techniques h"".V? been deye_loped for coping V.V'th thes_e_l -8 VLIWS). Our approach follows an all software approach as op-
sues, such as determining when it is safe to use native Cond't'ofj'

code computation or the (dynamically) deferred materialization o osed to DIF which uses a hardware translator. This all-software
P y y echnique allows aggressive software optimizations hard to do by

302?::%1 ‘;?gizg‘c’;'gg?mgmg ?e(r:soc;?njit::lngn?:t(;ﬁ:ig?ifatr;lctja 'tsarhardware alone. Also, the DIF approach involves almost three ma-
P 9 y y ines: the sequential engine, the translator, and the VLIW engine.

used at a later point (a form of unspeculation [17]). In the case o h our approach there is only a relatively simple VLIW machine.

DAISY, we have resolved these issues by defining appropriate IOrirn1"race processor4] are similar to DIF except that the machine is

itives where a software solution seemed expensive. This is in kee%- : .

. . o . ut-of-order as opposed to a VLIW. This has the advantage that dif-

It?gngg:i thl?hgﬁilh?cf;uackr f g{;&g?ﬁﬁgggggiﬁce through binary ferent trace fragments do not need to serialize between transitions
. 9 € mp : . between one trace cache entry and another. However, when the pro-

Another difference from previous approaches is how we deal Wm—gr m takes a path other than what was recorded in the trace cache, a

system issues. Previous systems typically operate in user mode a ialization can occur. The present approach solves this problem by

usea host operating system to provide Services such as paging af} orporating an arbitrary number of paths in a software trace cache
device access. In contrast, a system executing under DAISY native ntry, and by very efficient zero overhead multiway branching hard-

manages such devices, requiring exact access behavior for memoyy= o [25]
mapped I/O accesses, reporting of page faults, etc. '

Several approaches exist to providing system services to programs
running under binary translation systems: 7. CONCLUSION
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trace statistics CPT components inf. fin.

Benchmark| Group | Code| avg.| prim. inf fin | insn| data| TLB | trans-| exc | cache| cache
Fm'n Exp. | Pthlen| exp.| Rsrc| Rsrc| cache| cache lation CPI CPI

ccl agg 1.78 105 1.62] 0.25| 0.21| 0.06| 0.06| 0.0I| 0.04]0.00| 0.45| 0.62
ccl mod 1.78 44| 1.62| 042| 0.10| 0.03| 0.06| 0.01| 0.02| 0.00| 0.53| 0.65
go agg 44.95 55| 1.36| 0.38| 0.06| 0.39| 0.08| 0.00| 0.08| 0.00| 0.44| 1.00
go mod | 14.72 30| 1.36| 0.55|-0.02| 0.08| 0.08| 0.00| 0.03|0.00| 0.53| 0.73
I agg 3.97 214 | 1.59| 0.18| 0.18| 0.03| 0.02| 0.00| 0.07| 0.00| 0.35| 0.48
li mod 1.14 46| 159| 0.39| 0.06| 0.01| 0.02| 0.00| 0.02| 0.00| 0.45| 0.50
m88ksim agg 9.48 202| 152| 0.17| 0.14| 0.02| 0.01| 0.00| 0.12{ 0.00| 0.31| 0.46
m88ksim | mod 1.60 55| 1.52| 0.33| 0.07| 0.01| 0.02| 0.00| 0.02| 0.00| 0.40| 0.46
perl agg 2.70 131| 1.81| 0.19| 0.30| 0.05| 0.08| 0.02| 0.04| 0.00| 0.49| 0.68
perl mod 1.29 54| 1.81| 035 0.21| 0.01| 0.08| 0.02| 0.02| 0.00| 0.55| 0.69
interactive | agg 1.25 127| 2.49| 0.25| 0.36| 0.03| 0.15| 0.01| 0.03|0.01| 0.61| 0.84
interactive | mod 1.00 79| 2.49| 035| 032 0.03| 0.16| 0.01| 0.03| 0.01| 0.67| 0.89

Table 2: Preliminary CPI results are reported as cycles per ESA/390 instructions.

In this paper we have attempted to address in detail the issues @eption CPI overheads. While further study is required, the initial
implementing a binary translation VLIW for a very complex legacy results are encouraging. The performance potential is based the abil-
architecture. S/390 introduces many unusual problems that needity to decompose complex CISC operations into simpler operations
be solved while building an aggressive wide issue processor, that apeimitives which can be scheduled in parallel. Strategies used to
not common in newer RISC architectures. These problems includeoost performance are profile-directed feedback into the group for-
self modifying code, atomicity of complex CISC instructions in the mation process to adapt to changing program behavior, collection of
presence of precise interrupts, reordering memory operations in tlgataflow information during the binary translation process, and ILP
presence of MP memory consistency, access registers, pervasive esenpilation techniques to increase available instruction level paral-

of indirect branches, execute instructions, single condition code sé&tlism.

by almost all operations, program event recording, and so on.

Our solutions in this paper have included the use of incrementag
dataflow information to determine the target addresses of regist
indirect branches and maintaining precise exceptions at CISC in-
struction boundaries. We achieve this by pretesting for exception
situations before modifying architected state. Additional optimiza-
tion possibilities are the elimination of spuriouswition code com- 9.
putations using a compilation scheme based on deferred material-
ization. A VLIW exception handler materializes “dead” condition 1]
codes which are visible to exception handlers only before transfer-
ring control to a translation of the native exception handler. Attack-
ing this package of unusual points allows us to deal with processor
design issues which are quite important in practice, although not
typically considered by research studies on novel processor archij2]
tectures.

Next, we have taken steps toward designing common VLIW hard-
ware to support different architectures such as PowerPC, S/390 and
the Java Virtual machine. Such a convergence architecture has the
potential to become an new kind of open system, where “computer
architectures” are in fact software layers on a single generic, sim-
ple wide issue engine, which can lead to significant cost savings and
flexibility. While previous work did state goals of hardware com-

monality and convergence [1][3], this is the first paper to address
binary-translation based hardware convergence issues of multiple
architectures in detail. [

In addition to primitives gpporting the mliple layered architec-
tures, our design includes a configurable memory management unit
which can be used to emulate different memory addressing seman-
tics, such as segmentation and access register based models. This
approach is based on a software-managed TLB which translates ef;
fective to physicaladdressesunder the control of architecture-specific
translation context bits which are managed in software. The soft-
ware TLB handlers are responsible for appropriately selecting the
address translation context and interpreting page tables. 6]

Third, we have performed a detailed trace based preliminary study
for measuring the performance potential of such a convergence ar-
chitecture, including cache, TLB, translation, interpretation and ex-
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