
In figures l-b through l-e, the speedups level off for and after
a given size of the lookahead window. Moreover, as the degree

increases, the upper bound of IPC values moves away from the

degree itself. This degradation is due to data dependencies of
which the impact is much more important when the degree is high

(a processor of degree 2 leads roughly to a 2.0 IPC). Thus, ertlarg-

ing the lookahead window would not drastically increase the per-
formance because additional instructions would be, for the most

part, dependent on at least one other instruction previously en-
queued in the window.

However, the results are given for sizes of the lookahead win-
dow up to 256 entries. Nowadays, the PowerPC 604, for instance,

implements a 16-entry window. Therefore, sizes higher than 100

seem unrealistic for the next few years, but their associated results
are plotted for comparison. One can notice tha~ es previously out-

lined, such results do not show substantial wins.

Table 4 summarizes the best trade-offs concerning the size of
the lookehead window and the implied performance according to
the different out-of-order issue processors. The performance
degradation with regard to a 256-entry window for each degree, is
less than 6 VO. Perhaps a better-suited compiler will give improved
results for large window but certainly not enough to change our

conclusions.

Note that speedups are related to our scalar processor which

gives art IPC lower than one (0.945 IPC on CINT92 and 0.75 on
CFP92). This explains why speedups of any out-of-order super-
scahu processor can be higher than the degree.

Table 4 — Size of L.ookahead Win&ws (integer programs)

4.3 CFP 92

Figure 2-a plots the mean performance of simulation results on
the 14 floating-point programs, given in IPC, according to the size

of the lookahead window. Figures 2-b through 2-e show the

speedups with superscaler processors of degree 2, 4, 6, end 8 re-

spectively.
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We have not included in this paper the individual results for

each CFP92 benchmark. One has to know however that their be-
havior, according to the size of the Iookahead window, is highly
dissimilar as shown with the low and high bars. In spite of these
individual results, the curves of the harmonic means in figure 2-a
increase steadily. Therefore it seems that averaging those 14
benchmarks eliminates arty singulw vahres.

Figures 2-b through 2-e clearly state that a large lookahead
window is necessary for floating-point programs to best exploit
ILP. This is due to the fact that the floating-point programs in-
volve more depen&ncies then the integer progrants and/or the la-
tencies are longer (the mean IPC is lower). Floating-point pro-
grams require therefore a larger anticipation in order to overlap
several parallelizable operations like independent and successive
iterations of the same loop. As a resul~ the curves do not level off
anymore for sizes of the window lesser than 256.

From those results, we cannot determine cost-effective sizes of
the Iookahead window: high IPCS mean unrealistic sizes of the
window. Thus, we keep the sizes chosen in sub-section 4.2, know-
ing that the processor cannot exploit the whole ILP of the floeting-
point programs. Table 5 shows the best alternatives. It presents
the degradation of performance with regard to the performance of
a 256-entzy window contlguration

Table 5 — Size of Lookuhead Windows (jloating-point programs)

5. Configuration of Integer and Memory Units

5.1 Universal Integer Units

In usual programs, most instructions belong to the integer and

load/store instruction classes (see table 3). In order to evaluate

first how much and which integer and load/store units are needed
we do not limit the issuing of the other instruction classes. Thus,

any fueable instruction, except for memory access and mono-cy-

cle integer instructions, will be issued.

Low

H-mean

Size of the Lookahead Window

(b) Degree 2

Size of the Lookahead Wtndow

(d) Degree 6

5
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3
2
1
0

.-*

Size of the Lookahead Window

(c) Degree 4

Size of the Lookahead Wtndow

(e) Degree 8
Figure 2 — Impact of the Size of the Lookahead Window on Performance in Floating-Point Programs
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We fiist deal with two types of units :

* integer units which process only mono-cycle integer instruc-

tion,

0 the single load/store unit which implements multiple accesses
on the memory hierarchy.

Multiple cache por~ can be implemented in various ways. One

obvious way is the use of double-speed memories as implemented
in the IBM Power 2 [SmWe94], and another is to use an inter-

leaved structure in order to access multiple banks simultaneously

provided there is no conflict. This latter solution is implemented

in the Intel Pentium @te93] and the SGI TFP [Hsu94]. In the Dec

Alpha 21164, 2 mirrored banks are implemented in order to fea-

ture 2 load pints [Dee 95]. Consequently, no access can be issued

simultaneously with a store.

As caches are not modeled, we do not attend to a spec~lc
cache structure. Thus, the only issuing restriction on memory in-

structions is the number of ports available.

Figures 3-a through 3-d show the mean performance from
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simulations on the integer programs (given in IPC) according to

the number of integer units and of memory ports.

Figure 3-a clearly states that, in a processor of degree z 2 in-
teger units and 2 memory ports give 99V0 of the ideal performance
(unlimited number of functional units). However, 2 integer units
and 1 memory port is certainly the most cost-effective configura-

tion, reaching 9570 of the idd performance. Moreover, adding in-
teger units gives roughly no increase of performance.

Figure 3-b highlights the requirement on 2 data cache ports. A

processor of degree 4 featuring three integer units and two data

cache ports represents a substantial win (92.1 Yo),

The same arguments apply in a processor of degree 6 but for
four integer units and three data cache ports as shown in figure

3-c, passing beyond 92% of the iderd performance.

Finally, as shown in figure 3-d, a processor of degree 8 re-
quires one additional integer unit and one additionrd memory port.
Consequently, the performance degradation is lower than 9 %.

Another important point to emphasize would be the addition in
each configuration of one more memory port, Ir[de~ this would
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Figure 3 — Performance Effect of Integer Units and of Da/a Cache Ports
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nearly lead to a 5910 improvement. Nevertheless, such conilgura-
tions me not cost-effective because of the hardware cost of adding

one cache port. Moreover, varying the number of address process-

ing do not give better alternatives.

Results are not reported here for floating-point programs : the

outlined cxmtlguratiorts behave the same way concerning memory

ports.

Table 6 summarizes these results.

Integer/Memory/Address

Table 6 — Configurations of Functwnal Units (integer units and
memory ports)

5.2 Shift Units

Up to now, we consider that mono-cycle integer units were

handling all classes of integer instructions as in the PowerPC 604,

namely arithmetic, logic and shift instructions (integer and shift
instruction classes). We must consider, as in the MC881 10, the
case where some units handle part of these classes. Mixed alter-
natives have also to be considered. For instance, a configuration
can feature several units handling both instruction classes and oth-

ers handling one of them. Note that such a solution does not in-

crease the complexity of the control (i.e. the cycle time) since a

(a) Degree 2

(b) Degree 4

priority list of units associated with each instruction class, can be

set up in order to help the dispatch. Moreover, the priori~ has to

favour the instruction d~patch in units handling only one instruc-
tion class.

In figures 4-a through 4-d, ISFU is a unit handling arithmetic,
logic and shift instructions, IFU is a ttnit handling only arithmetic
and logic instructions while SFU stands for a unit which handles
only shift instructions. The listed contlgurations are ordered by in-
creasing costs.

From all these results, it is clear that the extreme alternatives
are not good solutions since they are either too costly or they give
poor performance. In a processor of degree 2 or 4, a single ISFU
has to be implemented while the others are IFUS. Such cotilgura-
tions give more than 99.870 of the perfortmmce of cortf@trations
with only ISFUS. We thus have an economy on silicon area with a

negligible performartce loss. on the contrary, replacing one more

IFU by one ISFU in processors of degree 6 and 8 are cost-effec-

tive, and leads to a large increase of performance of 1.19. and 2.4
% respectively.

Furthermore, simulations which are not reported here, show
that featuring one or several functional units handling multi-cycle
instructions gives the same results.

Finally, table 7 below summarizes all these observations and

gives the cost-effective configurations. As in previous tables,
speedups are given related to our in-order scalar urocessor.

Table 7 — Configurations of Functional Units (CINT92)

6. Floating-point Units

In most superscalar processors, all floating-point instructions
are handled by specific floating-point units. ~ implies that the

integer and floating-point data paths are decoupled as in the

PowerPC 604. In order to exploit best ILP, it seems that several

floating-point units have to be implemented. Table 1 shows vmi-
ous ways of implementing such units.

(c) Degree 6 (d) Degree 8

Figure 4 — Performance of Various Configurations of the Integer Um”ts
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Figure 5 reports on the impact of the number of issues of each sidered processors of degree 2, 4, and 6, as well as a more aggres-

floating-point instruction class on performance. The conflgura- sive processor of degree 8 while taking into account only register

tions listed in table 7 ae used in this section. Figure 5 states that and memory data dependencies. We have therefore ended up with

only one issue is required for all these classes except for divides cot-dlgurations which are expected not to cloud the results of fur-

which distinctively feature a non-pipelined execution with a long ther studies. The defined corti3gurations feature 5 units in a pro-

latency. Furthermore, the number of executed divides is low, and

thus multiple issues are required primarily to allow simultaneous
executions. A divide unit can therefore be merged with another
unit without a significant loss of performance as long as sub-units

are implemented.

Consequently, we deftne ajloating-point unit (FPU) as a unit
capable of servicing all classes. In such a unig divides do not stall

following issues since such instructions are executed in rm inde-

pendent sub-unit.

CL

(a) Degree 2 ~
m

Figure 6 plots the speedup of cordlgurations according to the

number of floating-point units. For a processor of degree 2, a

configuration with one unit provides 939’0 of the performance of a
configuration featuring rm inftnite number of FPUS. Processors of
degree 4, 6, and 8 require 2 FPUS to achieve 96 %, 949., and

92 Y. respectively. Table 8 gives the associated speedups.
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Table 8 — Configurations of Functional Units (CFP92)

7. Occupation Rates of the Functional Units

Tables 9 and 10 report on the occupation rates of the previ-
ously defiied conilgurations of functional units.

8. Concluding Remarks

In this paper, we have summarized the results of simulations
intended to determine cost-effective configurations of functional
units in order to exploit instruction-level parallelism in out-of-

order superscah processors. Throughout the paper, we have con-
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cessor of degree 2, and up to 9 units in a processor of degree 8.

These configurations are listed in table 11’.

Table 9 — Occupation Rates (CINT92)

Table 10 — Occupation Rates (CFP92)

Table 11 — Final Configurations of Functional Units

The two three-dimensional graphs summarizes speedups with

regard to the in-order scalar processor, with the same assumptions

M Previously. We consider the increase of the size of the Ioo~-
head window and of the degree of the processor (X axis), and the

addition of functional units and of data cache ports (Y axis). We
are mainly interested in comparison with the executive configura-
tion of the PowerPC 604 (16-entry lookahead window, degree 4,

base).
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Figure 7 — CINT 92

* the load/store uni~ whatever the number of memory ports may
be, is deseribed as a single unit.

The fust chart, which concerns integer benchmarks, confkrns
our choices. For a given degree, bigger conilgurations present
roughly no win. The chart also brings to light that adding one

cache port and one IFU to a PowerPC 604 configuration improves
the performance by more than 36 %. Our best configuration which
is a processor of degree 8 with 4 cache ports and 3 additional inte-

ger units, gives a 2.86 speedup with regard to the executive con-
figuration of the PowerPC 604. On the contrary, lowering the

number of issues to two instructions par cycle leads to a 14 % per-

formance degradation.

Throughout this study, we assume that these improvements
can be made without &grading the cycle time.

D>W16 ‘

Figure 8 — CFP92

The second chart presents simulation results on floating-point
programs. The same results can be highlighted. The speedup of
the best cotilguration with regard to the executive contlguration

of the PowerPC 604 is 2.09. One can note that adding a floatirtg-

point unit to a PowerPC604 cordlguration gives only a 6.7 % im-
provement of performance.
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