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Abstract

In this paper, we define a hardware Evaluation 8t
MSIL and we propose a conservative implementatizar o
the EPIC architecture. This new hardware evaluateck,
named virtual stack, is based upon the EPIC archite’s
register files. An additional register renaming iogto
offload the run-time type checking performed by the
Common Language Runtime is also proposed. Finalty,
introduce a mechanism to overcome the sequenttateaf
the evaluation stack allowing the code generatobétter
use the parallel instructions execution of instiot
bundles. The virtual stack’s final purpose is tmgiify the
implementation of fast one-pass JIT compiler.

Keywords: EPIC, MSIL, Hardware Virtual Stack.

1 Introduction

The Itanium processor family’s architecture — &sown
as EPIC for Explicit Parallel Instruction Computerhas
been introduced to satisfy enterprise backend s&€remd
high performance computing clusters’ performance
requirements. In the same time, virtual machines their
associated languages and frameworks such as Jaka an
.NET have become ubiquitous thanks to the gredtvaoé
development and deployment flexibility they providene
association of both technologies provides a cormggll
hardware and software stack to fuel modern apjpticst

The aim of our work is to provide a hardware supfar
the Microsoft Intermediate Language (MSIL) evaloati
stack based upon the EPIC architecture. Our mgectbe
is to simplify the implementation of an inexpensivee-
pass just-in-time (JIT) compiler and to offer a dveare
mechanism to reduce the run-time type checkinglmaa.
This work provides a promising intermediate appho&x
optimize the managed code performance which stands
between a pure software solution and a special28&-
based architecture.

Although our work targets specifically the EPIC
architecture, it may be applied to any other VLIVktuit.
Similarly, any stack based language ad facto benefit
from the proposed hardware assist for stack omersti

In section 2, an overview of some related worksimjm
an efficient support of MSIL is given. In section ®e
introduce our hardware virtual stack (HVS) basedruthe
Itanium 2 processors’ register stack. In this segtive also
describe a conservative implementation of the HW®ro
EPIC. In section 4, we propose a simple translation

mechanism between the MSIL instructions and theCEPI
instruction set architecture (ISA) enhanced with ld\W'S.

Using our performance evaluations, summarized in
section 5, we demonstrate that the proposed mexhasia
promising technique to simplify the implementatiarf
inexpensive JIT compilers. We present our conchssim
section 6.

2 Related work

Hardware assist for virtual machine execution is a
common approach to either improve pure performamnde
provide a flexible execution environment for embedd
devices. Java and .NET are both targeted by mailtipl
industrial implementations and academic projectih \&
certain advantage to Java essentially due to ittieea
availability and adoption. Examples of such spéxta
processors are the Sun Picojava, Imsys Cjips, adilEOP
processors/FPGA4][2][3][4]. These are good examples of
custom designs implementing a dedicated stack engior
example, The DTC Lightfoot Java Processor Core,dmas
on-chip data stack composed of 8 32-bit registesth (its
tos directly connected to the ALU and a dedicatatl/fl
circuit) [5]. The IBM zSeries Application Assist Processors
(zAAPs) also provides a dedicated hardware assist t
asynchronously execute eligible Java code withie th
WebSphere JVM under the central processors’ cofijol
Stacks, as a hardware abstraction are not only bigeldva
or .NET. Other languages, such as Forth or C careftie
from such hardware implementatipfi[8][9].

Specifically on the embedded end of the spectrum, a
strong interest is shown for the Microsoft .NETnfi&work,
essentially to offer the framework’s design and use
flexibility to R&D engineers, yet assuring a fair
performance, claimed to be better than software
interpretation. JVM and .NET CLR were successfully
implemented using FPGA$10][11][12]. Among these
implementations, one is interestingly focusing ba tight
weighted .NET MicroFramework, a bootable runtime
targeting devices with very limited resourcgk3]. Its
MicroBlase soft-core does MSIL interpretation rathiean
JIT. This is a general trend, which is sometimelsaeced
by AOT cross-platform development capabilities.

The solution presented in this paper differs framvpus
ones in that it corresponds to an in-between agproa
leveraging a general purpose enterprise class gsoce



while providing hardware assist for stack operatiam a
very conservative way.

3 Hardwarevirtual registers

3.1 MSIL memory mapping to EPIC

The MSIL execution engine uses three types of local
memories and one external memory. Each memory @aateg
represents typed data sl@ig].

- Argument Table (AT)

- Evaluation Stack (ES)

- Fields — accessed by method (CF — Community ofiB)el
- Local Variables Table (LVT)

The AT is directly mapped to the Register StackiEmg
(RSE) calling mechanisifi5]. The parameters of treloc
instruction are computed using the methods’ avity the
.maxstacldirective.

The LVT can be either mapped as the AT to the RSE
calling mechanism or be mapped into the 32 loweiegs-
purpose (GP) and floating-point (FP) registers. Theice
is in the hands of the JIT compilers’ implementénsthis
study, we will focus on the hardware implementatdrhe
evaluation stack.

3.2 Typed stack

One of the main feature of MSIL is the use of tyg&atk
[14][16]. In other words, the type of the stack entries
dynamically changes during the evaluation. There ar
defined types in MSIL. Table 1 presents our mapging
these types into the native GP and FP registers.

MSIL types Register mapping
int32 GP (64-bit)
native int GP (64-hit)
int64 GP (64-bit)
float32 (80-bit floating-poin} FP (82-bit)
float64 (80-bit floating-poin} FP (82-hit)

& (managed pointer) GP (64-hit)
ObjectRef(instance pointer to an GP (64-bit)
object)

Table 1: MSIL typesand register mapping

3.2.1 Stack dynamictypes

To implement the dynamic typing of the ES, we first
introduce a hardware virtual stack (HVS). Thisuwaitstack
is the representation of the MSIL ES. Neverthelassye
will disclose shortly, the HVS doesn’t store anytada
Implementation wise, the virtual stack arbitrardistracts
the higher 64 GP and FP registers of the Itaniumegssors
— out of 128 GP and FP registers. From this poivet,HVS
is the only stack visible to the instructions. TH¥S also
embeds a translation logic which converts the atdoé an
HVS element (also called virtual register) into tddress
of a physical register in the processor’s registes.

By convenience, and for the remainder of the paper,
will call ES the abstracted subset of the GP andegisters.
As we will detail later on, the HVS ensures thereot type

of associations between the virtual registers haphysical
registers during the stack operations (implipitsh and
pop).

The HVS is implemented as a 64-entry table andéebi¢
register called virtual top of stackt¢s. Each table entry —
also called slot — is 8-bit wide. The slot typefiéld) is
encoded in the 2 high-order bits as shown in Tabl&éhe
third type (t1t0=10) is reserved to handle an inmoey
stack. The fourth type (t1t0=11) is reserved andeggtes
an exception if detected.

t1l t0 Type

0 0 General purpose
0 1 Floating-point

1 0 In-memory

1 1 Exception

Table2: HVSdlot type encoding

The residual 6 bits of a slot (tee field) encodes the
physical address of the associated register. Thsigdl
address is provided as an offset into the regigee(Figure
1). In complement to the HVS itself, two 6-bit retgirs
stores the address of the top of stack for the @GdP P
stacks (called respectivefyosandftos).

Finally, two extra registers are usetl(2 bits) andra (7
bits). Thert register selects which top of stagjtds or ftos)
is used during theushandpop operations (Table 3) while
ra holds a physical register address (between 0 &nd 6
0x40h).

t field Top of stack to use
0 gtos

1 ftos

2 gtos

3 Reserved

Table3: HVSxtossdect (x =g |f)

3.2.2 Register allocation and stack operations

A pushinto the HVS begins by checking for a stack
overflow exception ontos If no exception is raised, then
is set with the appropriate type for the pusheda.dahis
type is deduced from the instruction’s major opcgbliés
40:37) and the bundle’s template bits (bits JBj]. The
value stored inttws|vtos]is computed as if( << 6) |xto9.
With xtosbeing eithegotsor ftos (systematically noted x =
f | g in this article)ra (computed as 0x40h xto9 is fed
into subsequent pipeline stages. Listing 1 dessritee
process in pseudo-code.

Note that thevtos update happens very early in the
address translation process and each addressatmans
working with a local copy oftos This mechanism will be
detail in section 2.2.4.

push() {
if (loverflow) {
rt = decod_instruction_type(major_opcode,




bundle_bits);
switch (rt) {
case 00: /* mapped to GP registers */

hvs[vtos] = ((rt << 6) | gtos);
ra = 0x40h + gtos++;
break ;
case 01: /*mapped to FP registers */
hvs[vtos] = ((rt << 6) | ftos);
ra = 0x40h + ftos++;

VTOS
—

break ;
case 10: /* mapped to memory */
[* optional */
break ;
default
; [* exception */
}
vtos++;
}
}
Listing 1: HV S push pseudo-code
FP
Fr | Value
HVS .
Vr | Type | Address e |
0 |oo 000000 64 |*
6 1111 FTos
x1 |00  [oo0w0 ,’ !
x o1 000011 n 127
63 GP
i | Gr |Value
0 X
e [x
P T
127

Figure 1: Logical view and usage of the HV'S.

A pop from HVS starts by a check for a stack underflow
exception orvtos If no exception is raised, theh is set
with the appropriate type (computed as for thesh
operation by using the instructions’ encodingys[vtos]is
then decoded into registex (receiving the physical register
address) and into the typefield). t is compared tat for
type mismatch (which raises an exception). Relynghe
hardware to perform the type checking reduces the
associated run-time overhead. Finaillfos and xtos are
updated andra is fed into subsequent pipeline stages.
Listing 2 shows the process in pseudo-code. Spikk / fill
mechanism of the RSE is used to handle stack owver a
under flows using the backend mem§i§].

pop() {
if ('underflow) {

rt = decod_instruction_type(major_opcode,
bundle_bits);
#ifdef TYPE_CHECK
if (rt != (((hvs[vtos]) & (0xCOh)) >> 6)) {
raise_exception();

}

#endif /* TYPE_CHECK */
ra = 0x40h + (hvs[vtos] & 0x3Fh);
switch  (rt) {
case 00: /*mapped to GP registers */
--gtos;
break ;
case 01:
--ftos;
break ;
case 10: /* mapped to memory */
/* Optional */
break ;
default
: /* exception */
}

vtos--;

}
}

/* mapped to FP registers */

Listing 2. HV'S pop pseudo-code

3.2.3 Non-sequential HV'S stack operations

As described earlier, the HVS stores in its virtual
register's address field the index heldxXtgsregister during
thepushoperation.

At this stage, we introduce an enhancement tontiuidel
to allow a non-sequential allocation and de-alli@cabf the
ES’s physical registers. To permit this enhancedenowo
64-bit vectors are defined, called general-purpasgster
use vector (GPRUV) and floating-point register wsetor
(FPRUV). Each bit of these vectors is associatedato
physical register of the ES. The vectors are usduteaps:
a set bit indicates that the associated physiogikter is
used; and a reset bit indicates that the associgsical
register is unused and is therefore free to beatém. These
two vectors permit the allocation of a new physieggister
during the HVSpush operation in a non-sequential way.
Rather than performingtos++, the HVS implements two
register address allocation functioris/g xpruv_alloowith
x =g | ). Listing 3 shows the process in pseuddec

hvs_gpruv_al l oc() {
for (i=0;i<64;i++){
if ('gpruv[i]) break ;
gpruv[i] = 1;
gtos = i;
}
hvs_fpruv_all oc() {
for (i=0;i<64;i++){
if (Mfpruv[i]) break ;
fpruv[i] = 1;
ftos = 1i;

}

Listing 3: HVShvs_gpruv_alloc and hvs_fpruv_alloc

The enhancegushandpop pseudo code using the non-
sequential allocation enhancement is given in hist.

push() {
if (loverflow) {
rt = decod_instruction_type(opcode,
bundle);
switch (rt) {




case 00: /* mapped to GP registers */
hvs_gpruv_alloc();
hvs[vtos] = ((rt << 6) | gtos);
ra = 0x40h + gtos;
break ;
case 01: /*mapped to FP registers */
HVS_fpruv_alloc();
hvs[vtos] = ((rt << 6) | ftos);
ra = 0x40h + ftos;
break ;
case 10: /* mapped to memory */
break ;
default
; /* bypass / exception */
}
vtos++;

}

}
pop() {
if (lunderflow) {
rt = decod_instruction_type(opcode,
bundle);
#ifdef TYPE_CHECK
tf = (((hvs[vtos]) & (0xCOh)) >> 6);
if (rt!=tf){
raise_exception();

}
#endif /* TYPE_CHECK */
ra = 0x40h + (hvs[vtos] & 0x3Fh);
switch (t) {
case 00: /* mapped to GP registers */
gpruv(ra] = 0;
break ;
case 01: /* mapped to FP registers */
fpruv[ra] = 0;
break ;
case 10: /* mapped to memory */
break ;
default
; /* bypass / exception */
}
vtos--;
}
}

Listing 4: Non-sequential HV S push and pop

3.24 HVSuseby EPIC instructions

Most EPIC instructions are triadic. Only three flog-
point instructionsf(na xmaandfselec} have a four register
form. Let’s review the HVS use by tlimainstruction as a
case study. ThBnainstruction’s form is:

(ap) fma.pc.sf f1 =13, 4, f2

The operation carried-out is f1 = (f3 x f4) + f2Il Ahe
register operands are encoded using 7 bits.

When solicited by afmainstruction, the HVS translates
fi, f2, f3 and f4 (let’s call them fx) initial 7-bvalues called
here virtual register indexes, into fx' 7-bit vafyecalled
here physical register indexes. As explained, maysi
register indexes point to registers in the FP tegifle. The
translation takes place only if the msb of fx it #ethe msb
of fx is not set, then no translation is performéid.is
noticeable that only the msb value has to be sethky
compiler when encoding for the instruction.

We will signal it using the 1xxxxxx value in the
remainder of this paper. It is also recommendear-€larity

purpose — that the compiler uses a unique and deciat
value when targeting the ES (the HVS translation).

Let's assume that all the registers of fama instruction
are virtual and needs to be translated. In thig €2sf3 and
f4 are all translated as described in thep operation
(enhanced or not), and f1 is translated as destiibbehe
pushoperation. The translated register addressesaasegd
down the next pipeline stage. The process is suimathin
Listing 5. Note that the compiler can decide nostire the
result of thefma instruction in the ES, but rather decide to
transfer it into any register not used by the E®.dD so, it
suffices to clear f1's msb.

T (msb(i4 == 1)) {
f4' = pop();

it (msb(i3 == 1)) {
f3' = pop();

it (msb(i2 == 1)) {
2’ = pop();

if (msb(fl ==1)) {
f1' = push();

Listing 5: HVSfmainstruction registers

From an implementation point of view, there is one
translator for each stack (general-purpose, flgatioint
and the optionally in-memory), and each of therabke to
carry-out up to four register address translationgarallel.
Each address translation unit works with a logdak Each
local vtos value is quickly computed at the instruction
decoding stage. This latency is absorbed by cotisecu
stages. Listing 6 shows the process applied to fihe
instruction.

[* fast serial vtos update / copy */
if (msb(f4 ==1)) {

vtos4 = vtos--; call
register_address_translator4();

}
if (msb(f3 == 1)) {

vtos3 = vtos--; call
register_address_translator3();

}
if (msb(f2 == 1)) {

vtos2 = vtos--; call
register_address_translator2();

}
if (msb(fl == 1)) {

vtos1 = vtos++; call
register_address_translatorl();

}

[* parallel address translation */
register_address_translator4() {

4’ = pop(); [* using vtos4 */
register_address_translator3() {
13’ = pop(); I* using vtos3 */

register_address_translator2() {
2’ = pop(); I* using vtos2 */
}




register_address_translatorl() {
f1' = push(); /* using vtos1 */

Listing 6: HVSfour register addresstranslation process
with early vtos update and copy

The translation mechanism from virtual register radd
into physical register address described for timea
instruction is generalized to any EPIC instructiging at
least one register as source or destination opeFand an
implementation point of view, a multi port memosytsed
to allow simultaneous stack accesses.

3.25 HVSuseby instructions bundles

In this section we review the HVS use during busdle
execution. EPIC architecture defines a bundle goap of
three instructions encoded in 128 bits (Table 4).

7: 1d4 rIxxxxxx = [FIXXXXXX]
[*slot 0 */

8:  add rlxxxxxx = rIXXXXXX, rLXXXXXX
[*slot 1 */

9:  add rIxxxxxx = rIXXXXXX, rLXXXXXX
[* slot 2 */

10:}

Bits 127-87 86-46 45-5 4-0

Content instructio | instruction instruction | template
n slot 2 slot 1 slot 0

Size (in bits) 41 41 41 5

Table 4: Encoding of an instruction bundle

An EPIC processor can execute several bundles in

parallel. For example, the Itanium 2 processor siredule

Listing 7: Two sample bundles

By convention, the HVS will perform the registedagkss
translation starting with the instruction in slot@nd
continuing up to the end of the parallel executi@ndow
(end of second bundle or first explicit / implisitop). The
result of our two sample bundles’ execution is swamped
in Table 5, Table 6 and Table 7. To improve applce’
ILP and efficiently use of the underlying architeg, it is
the compiler’s responsibility to leverage the ndoeking
mode. It is also the compiler's responsibility teeuor not
the HVS. For the former, a first bit is used tonsigthe
HVS capability (to be checked at runtim& the CPUID
instruction). A second bit is used in an MSR toaiyically
activate or deactivate the HVS.

By setting / resetting this bit at run time, thegessor can
be reconfigured into its default mode, bypassing HVS
logic. When the code requires the use of the HY& M
can,via the MSR, re-activate the HVS.

for execution up to two bundles in parallel durthg same
clock cycle. If there are no dependencies betwéensix
instructions of two consecutive bundles, then dlk t
instructions are executed simultaneously, assuitiagthe
data and the execution units are available.

Let’s first review the HVS use by a single bundfeone
of the three instructions of a bundle is using fhS, then
there is no impact on the bundle’s execution atBelcause
of the sequential nature of stack operatignst/ pop), any
instruction that pushes a result into the HVS witluce an
implicit stop after its instruction slot[15]. It is
recommended that the compiler enforces the usemiicé
stop bits when building the bundles holding indiars
using the HVS to ensure the correctness of theidhgaos.

Yet, we are introducing a second execution modechwhi
doesn’t enforce implicit stops (a.k.a. non-blockimgde).
In this mode, the target stack-level gbashinto the HVS is
determined by the instructions’ rank — or slot —tire
bundle, which is computed using the bundle’s tenegbéts.

Listing 7 shows two sample bundles using the ekplic
bundle marking. The first bundle (lines 1 to 5y@nposed
by an integer ((qprdd r1 = r2, r3) and a floating-point
instruction {ma. The second bundle (lines 6 to 10) is
composed by twadd instructions.

1 {.mfi [* template bits */

2 add rIxxxxxx = rIxXxxxxx, rIxXxxxxx [*slot 0*/
3 fma FIXXXXXX = FIXXXXXX, FLXXXXXX, FLXXXXXX

[*slot 1 */

4: nop.i [*slot 2%/
5:}

6: {.mii /* template bits */

instructions pop count push count

add 2 1
fma 3 1
nop 0 0

ld 1 1

add 2 1
add 2 1
total 10 5

Table5: Two bundles scheduled for parallel execution

Stacksinitial state

HVS GP FP
a
b
C *
d a
e b
f f
9 o] *
h h C
i i d
i i e

Table6: Initial HVS state. * representsxtos. The
sequential stack allocation notation isused for clarity.

Stacksfinal state

HVS GP EP
a+b *

cd+e a+b

[f] [f]

g+h g+h *
i+] i+] cd+e

Table7: Final HVS state. * representsxtos. The
sequential stack allocation notation isused for clarity.




4 Trangdating MSIL into EPIC code

The .NET IAS can be mapped, almost 1:1, into th&CEP
IAS [17][16][19]. Our 1:1 single-pass software translator
from MSIL into EPIC assembler uses this propertgt's.
study the simple function that computes the surfafcan
irregular triangle using the Heron formula in daubl
precision. Its disassembly is partially given isting 8.

01: IL_0000: Idarg.0 /Istack=a

02: IL_0001: Idarg.1 /Istack=b

03: IL_0002: add /Istack=a+b
04: 1L_0003: Idarg.2 /Istack=c

05: 1L_0004: add /Istack=a+b+c
06: IL_0005: Idc.r8 0.5 /Istack=0.5

07:IL_000e: mul

08: IL_000f: stloc.0

09: IL_0010: Idloc.0 etc...
10: IL_0011: Idarg.0
11:1L_0012: sub
12:1L_0013: Idloc.0
13:1L_0014: mul
14:1L_0015: Idloc.0
15:1L_0016: Idarg.1
16:1L_0017: sub
17:1L_0018: mul
18:1L_0019: Idloc.0
19:IL_0Ola: Idarg.2

20: IL_001b: sub ISN2=x*(x—a)*
21:1L_001c: mul Il (x=b)*(s—c)

/Istack= 0.5*(a+b+c)
IIx=05*(@+b+c)

Listing 8: Partial disassembly for the Heron function

The result of this inexpensive one-pass translatising
the HVS is given in Listing 9. With the exceptiof the
loading of the 0.5 constant which requires tworingions
with the Itanium processors (lines 5 and 6), eacBILM
instruction translates into one EPIC instructiomnl éine use

translated, depending on their type, translated tine F32-
f63] and [14-r27] scratch registers.

Note that in this exampldadd is used as a move
instruction.fadd andfsubare respectively synonyms fofia
andfms This makes sense since the Itanium 2 processor ha
11 issue ports, among those are two highly optichize
floating-point ones. For clarity, we can signalttfa= 0.0
andfl =1.0.

At no additional expense the translator performsjng
its single translation pass, several optimizatimmenhance
the use of the processor’s resources and the HViRong
those, it fuses sequences of stack operationseférs
arguments and local variable registers directly argkn
applicable, schedules store and load operatiotseteame
clock cycle (Listing 10). A look-ahead window isedsto
detect independent instructions.

At the end of the code generation, the instructemg the
scheduled clock cycles counts are reported for eoisqn.
These code quality metrics doaver is better

01: fadd.d f64=f8,f9 ;; /l'ldarg.0,ldarg.1,add
02: fadd.d f64=f10,f64 /l'ldarg.2,add
03: movl  r2=0x3fe0000000000000 ;;

04: setf.d f64=r2 ;; //'ldc.r8 0.5
05: fma.d f64=f64,f1,f64 ;; /I mul

06: fadd.d f32=f64,f0 ;; // stloc.0
07:fadd.d f64=f12,f0 ;; //'1dloc.0

08: fsub.d 64=f64,f8 ;; /I ldarg.0,sub
09: fma.d f64=f64,f1,f32 ;; // Idloc.0,mul
10: fsub.d f64=f32,f9 ;; /Ndloc.0,ldarg.1,sub
11: fma.d f64=f64,1,f64 ;; /I mul

12: fsub.d f64=f32,f10 ;; /Ndloc.0,ldarg.2,sub
13: fma.d f64=f64,1,f64 ;; /I mul

Listing 10: Fused trandation of MSIL into EPIC

of the HVS makes the translation straight forward.

01: fadd.d f64=f8,f0 ;; /l'ldarg.0
02: fadd.d 64=f9,f0 ;; /l'ldarg.1
03: fadd.d f64=f64,f64 ;; /l add

04: fadd.d f64=f10,f0 ;; /l'ldarg.2
05: fadd.d f64=f64,f64 /l add

06: movl  r2=0x3fe0000000000000 ;;

07: setf.d f64=r2 ;; //'1dc.r8 0.5
08: fma.d f64=f64,f1,f64 ;; /l mul

09: fadd.d {32=f64,f0 ;; /I stloc.0
10: fadd.d 64=f12,f0 ;; //'1dloc.0
11: fadd.d f64=f8,f0 ;; //'ldarg.0
12: fsub.d {64=f64,f64 ;; /I sub

13: fadd.d f64=f32,0 ;; /l ldloc.0
14: fmad.d f64=f64,f1,f64 ;; /l mul

15: fadd.d 64=f32,f0 ;; // loadloc.0
16: fadd.d f64=f9,f0 ;; Il loadarg.1
17: fsub.d {64=f64,f64 ;; /I sub

18: fma.d f64=f64,1,f64 :; /I mul

19: fadd.d f64=f32,f0 ;; //'ldloc.0
20: fadd.d f64=f10,f0 ;; /l'ldarg.2
21: fsub.d {64=f64,f64 ;; /I sub
22:fma.d f64=f64,1,f64 ;; /I mul

Listing 9: 1:1 trandation of MSIL into EPIC

The translation uses the following conventions. it
argumentsrg.0, arg.1, etc.translates intof8-f15 and [r32-
ré3] registers, based on their typkc.0, loc.l, etc. are

In addition to comparing our translator versionsl (&nd
fused), we are benchmarking ourselves with stathefart
compilers (the testing methodology is detaileddot®n5.1
— Listing 11).

01: fma.d f15=f8,f1,f9

02: movl  r2=0x3fe0000000000000 ;;
03: setf.d f14=r2 ;;

04: fma.d f13=f15,f1,f10 ;;
05: fma.d f12=f14,f13,f0 ;;
06: fms.d f11=f12,f1,f8
07:fms.d f9=f12,f1,f9 ;;
08: fms.d f8=f12,f1,f10 ;;
09: fma.d f7=f12,f11,f0 ;;
10: fma.d f6=f7,f9,f0 ;;

11: fma.d f8=f6,f8,f0 ;;

Listing 11: Code generated by an optimizing compiler

5 Experimental results
5.1 Test methodology

This section presents the methodology used to atalu
the potential performance impact of the HVS onnapdiistic
JIT translator and the benchmark used to compareiial
approach versus state-of-the-art JIT and nativepdens.
We tested the Kasumi algorithj20].



Kasumi is a block cipher algorithm that producestebit
output from a 64-bit input under the control of 28bit
key. This application by its profile provides a goérst
approximation for integer dominated branchy codeisl
therefore representative of the enterprise-clapdicapions
targeting systems based on the Itanium family msaes. A
larger number of applications will be evaluated the
future.

We have implemented the confidentiality algorithB f
[21] —built upon Kasumi— in managed C++ and in a
reference native C++ code. Both codes are stridéntical
in their computational kernels. The f8 implememtathas
an integer-branchy profile. The relative importarufethe
key functions is shown in Figure 2.
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18%

33%

Figure2: Retired instructionsdistribution

To collect the data for our comparisons, we first
generated the MSIL code for the application by citingpit
for the CLR[22][23].

The MSIL code is then translated into EPIC assemble
using our 1:1 and the fused translator targetiegHk'S. To
collect the JITed data, we are using the VTunegoerénce
analyzer[24][25], dumping the disassembly of the JiTed
and compiled methods’ run traces.

Finally, to compare our translations and JITed dodine
best code generation techniques, the reference code
was compiled using the highest optimization le@3(I1PO
and PGO enabled26].

As per our benchmark metrics, we collect the irtdioun
count — excludinghops— and the scheduled clock cycles.
Both benchmark metrics atewer is better Figure 3 and
Figure 4 compares the quality of the code generbyethe
translators and the reference JIT compiler, whegerge 5
depicts the average IPC for all code generationhoukst.
Instructions count doesn't refer to an executi@terbut to
the code generated by the compilers and the ttansla

Although the code generation time is an esserdaibf, it
was impossible to accurately record the JIT cortipita
duration with our experimental setup. However, the

translator’s run time is at least a magnitude ofdss than
the JIT and the native compiler’s run times.
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5.2 Analysis

Overall, the number of instructions generated ey 1t
translator is, as expected, equivalent to the numolbdL
instructions. If in most of the cases, the requirexiruction



count is lower or equal to the MSIL reference (F04lin
average), several constructs used for the traoslagiquires
from 1:2 up to 1:17 instructions generation ratiosttisfy

the EPIC architecture. Branching and compares using
predicate registers, loading floating-point conttaror
performing divisions are such cases. For exampte, i
key_schedulethe translators are unable to perform strength
reduction and translate divisions by even valudés shift
operations and have to perform divisions (whichnist
implemented in hardware).

The fused translator reduces the number of instnst
generated by 65.9% in average [-18.5%;-108.3%].ti&n
major functions in term of instructions retired itgr run-
time (84% of the total retired instructions), thasdéd
translator outperforms the JIT compiler, and isseldo be
par with the native compilers (Figure 3). Our testtew that
multiple improvements in the generated code’s tyaie
possible at the expense of additional passes. ¥amge,
vector processing using the SIMD capable executioits
of the processor can reduce the instructions cbyr in
the computational kernel ddey_schedulend bring us in
par with the native compiler.

In complement of the instruction count we also oders
the scheduled clock cycles to evaluate the gertbaide’s
quality. This count is the code generator’'s besedaling
and is not necessarily equal to the number of syaquired
to execute the instruction bundles as they mayodhice
extra clock cycles on data dependencies when angetse
memory sub-system (caches included). The 1:1 ttorsl
doesn’t take any advantage form the VLIW architectof
EPIC and schedules 1 instruction per clock cyckes for
the instruction counts, some variations are notidaed to
generation of additional code, which doesn't dependhe
evaluation stack and hence, can be scheduled more
aggressively. The fused translator performs basiruction
scheduling optimizations while it fuses stack ofiers. A
look-ahead window is used to explore the IL codpusace
searching for independent load and store instrostidhose
can be advantageously scheduled in the same pair of
bundles for the same clock cyc[@3]. This is mainly
noticeable inkey_schedulavhere sequences of two loads
and two stores are scheduled per clock cycle. Gmnage,
the number of scheduled cycles is reduced by 81% [-
43.9%;-108.9%]. Because of our short look-aheaddain
(12 IL instructions), the fused translator doesilbw for
deep ILP improvements (Figure 4). This accountstiar
strong IPC deficit in the translated code when omgare it
to the code generated by the optimizing [1.43-2]9&Xd
the JIT [1.43-2.07X] compilers (Figure 5).

Although the non-blocking mode of the HVS coulduall
for additional improvements of the ILP by identifgi and
scheduling independent processing paths togetherdid/
not perform such optimizations in the scope of thisk as
it would require a multi-pass approach, moving uwsaya
from our initial objective

6 Conclusions

We defined an MSIL hardware evaluation stack
(Hardware Virtual Stack, or HVS) based on the EPIC
architecture. As it is defined, the HVS also predda
hardware support to offload the run-time type clmgk
performed by the CLR. In addition, several enharmoedes
are proposed for the HVS to allow for non-sequéntia
register allocation and a non-blocking paralletktaccess.
The — optional — use of the HVS allows the creatbmery
simple, one-pass MSIL code translator into EPI@iadder.

Based on our testing and benchmarking versus sfate-
the-art optimizer and JIT compilers, our translagpplying
a limited number of optimization techniques, perisr
fairly. Most of the future improvements need todfs®n the
IPC increase in the generated code. The non-blgakiode
of the HVS is the path that we plan to explore tbhieve
this goal in the future.

Although we are not capturing the advantage of @tsh
run-time of our translators and the performanceebien
provided by offloading the run-time type checkiogy data
allows us to still consider that the HVS is a preimj
technique and meets its objectives.
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