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Abstract—As microprocessor technology continues to scale For example, there are multiple instances where wires are
into the nanometer regime, recent studies show that interconnect pipelined in the Pentium 4 processor [4], [5] and lack of

delay will be a limiting factor for performance, and multiple gcpy jnterconnect design information could lead to sub-optimal
cycles will be necessary to communicate global signals across thed . decisi duri th v desi lorati
chip. Thus, longer interconnects need to be pipelined, and the esign decisions during the early design space expioraton

impact of the extra latency along wires needs to be considered Process. As frequencies continue to scale [3], more wires
during early micro-architecture design exploration. In this paper, Wwill need to be pipelined and hence it becomes necessary to
we address this problem and make the following contributions: perform early micro-architecture evaluation with interconnect

(1) a floorplan-driven micro-architecture evaluation methodology planning.

considering interconnect pipelining at a given target frequency

by selectively optimizing architecture level critical paths. (2)

use of micro-architecture performance sensitivity models to A. Prior Work

weight micro-architectural critical paths during floorplanning ’

and optimize them for higher performance. (3) a methodology  In [6], Cong et al. first proposed an early micro-architecture

to study the impact of frequency scaling on micro-architecture - gyaluation methodology with consideration of physical infor-

performance with consideration of interconnect pipelining. : :
For a sample micro-architecture design space, we show that mation. Assuming a target fr9q‘ﬂency’ the al_"thors mOd?I the
considering interconnect pipelining can increase the estimated latency of each block and the timing slack available at the input

performance against a no-wire-pipelining approach between 25% and output pins and perform timing-driven floorplanning to
to 45%. We also demonstrate the value of the methodology in optimize for the performance of the micro-architecture config-

exploring the target frequency of the processor. uration in terms of BIPS. This helps in identifying interconnect
bottlenecks created by layout constraints. The work success-
|. INTRODUCTION AND MOTIVATION fully demonstrated that such a combined approach is necessary

to identify the quality of micro-architecture configurations.

A severe limitation of this approach is that the cycle time
determined by the layout process for maximum BIPS and
_IPC the cycle time assumed for pipelining the block may not
cycle_time match. This is due to the fact that interconnect pipelining is
where IPC is the throughput instructions per cyclelt can be not considered and long wires result in a cycle time larger
seen that maximizing the BIPS requires optimizing both thiban the target. Thus, it is necessary to consider pipelining
IPC and the cycle time. Traditionally, this is done by evaluatirigr interconnects and not just the raw wire delay during
the micro-architecture for a set of chosen target frequenciesarly micro-architecture performance evaluation. As pipelining
At each frequency, architects estimate the latency of the blockfferent wires can have varied impact on the IPC of the
in the architecture and use this information to experimentaligicroprocessor, it is important to understand the criticality
study the IPC through architecture simulations. The microf pipelining different wires based on their impact on perfor-
architecture and the target frequency are chosen based onntaace.
best BIPS estimated through simulations. The circuit designersRecent works [7][8][9] have looked at the problem of floor-
then work on the physical design of the processor to meet thianning with interconnect pipelining and proposed different
target frequency goals. interesting solutions in this regard. In [7], the authors propose

With the advent of deep sub-micron technology, it has be-technique to optimize a floorplan for throughput by wire
come a well-known fact that wire delay [1], [2], [3] contributepipelining instead of optimizing the cycle time. Ekpanyapong
significantly to overall system performance. As the actuat al. [8] formulated the micro-architecture floorplanning prob-
interconnect delay can only be derived from a physical layoletm as a mixed-integer linear program where the wire weights
of the processor, early micro-architecture planning and optiere extracted from detailed micro-architecture simulations.
mization without considering interconnect delay is no longéthey demonstrated that using weights derived from simula-
a valid approach to optimizing the processor performand@ns provided better floorplan solutions in terms of system

The throughput of a microprocessor in BIPS lpitlion
instructions per secon given by

Throughputpips =



performance against pure wirelength objectives. The woBentium 4 [4] has more than 20 pipeline stages, while Intel

by Long et al. [9] is closer to the one presented here asHtescott [13] has more than 30 pipeline stages. Such an
employs a CPI estimation method using the trajectory piecabstraction also helps in understanding the impact of frequency
wise linear model [10] during floorplanning. For each bus iacaling and interconnect delay along critical microarchitectural

the design, the authors study the impact of extra latency alopgths during early design planning. Finally, we assume that
the bus when it is pipelined, and use a table lookup methtdue overall functionality of the microarchitecture after wire

to extract the CPl when different buses are pipelined durimipelining can be fixed either manually or using some formal

floorplanning. They showed that this approach can improve ttechniques [14].

estimated CPI by around 28% compared to the CPI obtained

using wirelength optimization alone. I1l. M ETHODOLOGY

We differ from prior works in that we look at system : .
P y As mentioned earlier, the overall performance of the proces-

level critical paths instead of two-pin connections. Micro- r measured in instructions per second (BIPS) is maximized
architecture performance is dependent upon a set of critiégl P

loops [11], and our work attempts to minimize the latenc Y optimiz?ng bqth the IPC and the cyc_le time. S_incg simulta-
along these loops during floorplanning. Also, optimizing conjieous optimization of IPC and cycle time considering layout

plete paths gives a global view of the design and reduces fH]éDaCt is a difficult problem, we split this into a two-step

time spent in estimating the impact of individual wires on thBMOCESS: ) o
performance. 1) For a given target frequency, optimize the floorplan and

maximize the IP& with consideration of interconnect
pipelining estimation.
2) Apply Step 1 for different target frequencies and identify

In this work, we propose a methodology to evaluate a  the pest BIPS solution for the micro-architecture.
micro-architecture with interconnect pipelining estimation and

explore different target frequencies. Specifically, our contribu-At a fixed target frequency, the IPC of the processor for
tiogs include: 9 q - =P y: a given workload is a function of: (a) the properties of each

) ) . micro-architectural block, and (b) latency in number of cycles

« Early floorplanning methodology for evaluating microy,q,gh critical micro-architectural paths. The block properties
architectures with consideration of interconnect pipelinaeiyde instruction and data cache sizes and associativity,
ing at a given target frequency by selectively optimizing,mper of entries in the register file, the issue width of the
latency-sensitive high-level critical paths [11] in the aryrgcessor etc. Critical micro-architectural paths include branch
chitecture. o misprediction resolution latency, dependent instruction wakeup

« Use the idea of performance sensitivity models [5], [13}ency, etc. Typically, there are very few critical paths at a
to estimate the changes in the IPC due to extra latengyn jevel (around 15 to 20). Since the path latencies come
from the wires along the paths during floorplanning. Agom poth blocks and wires, the early floorplanning process
these sensitivity models are independent of the targel, nrovide estimates of extra latency contributed by wires

frequency and only use the abstract notion of latenGyich can be used to estimate the performance in terms of
they can be used to optimize the floorplan for any targgips.

B. Contributions and Paper Outline

frequency.
« Application of the proposed technique to evaluate the Target Micro-architecture Blocks
impact of interconnects on the performance at different Frequency and Critical paths
target frequencies. i | |
The remainder of the paper is organized as follows: Sec- Area/Delay Estimation | | Performance Sensitivity
tion Il discusses the overview of the proposed approach. for Blocks Extraction

Section IlI-B presents the use of IPC sensitivity models to \ \
understand the impact of latency on critical paths on the
performance of the architecture. Section III-C describes the

proposed floorplanning methodology which considers inter- Floorplanning with Block and

. .. . . . Wire Pipelining Estimation
connect pipelining and its impact on performance using the
IPC sensitivity models. Experimental results are presented in l
Section IV. Section V summarizes the paper and discusses Detailed Architecture Performance
future research directions. Simulation

|

BIPS
Il. ASSUMPTIONS

As the work presented here is targeted toward providirigg- 1. Overall flow of the proposed approach.

feedback to architects during very early design stages (everkigure 1 outlines the proposed approach to optimize for IPC
before the pipeline stages and HDL are generated), we assypg fixedtarget frequency. The input set consists of: (a) a set

that a given microarchitectural block can be pipelined tgf architecture level blocks along with their area and delay,
any depth [5], [12] as required by the target cycle time.

This is not unreasonable as modern processors such as Intelt a fixed frequency, maximum IPC corresponds to maximum BIPS.



(b) a set of critical micro-architecture level paths which affe®. IPC sensitivity Model
the performance of the processor, (c) IPC sensitivity modelsSinCe estimating IPC is a crucial part of our micro-

corresponding to thg critical paths and bl(.)CkS’ and (d_) a targetnitecture evaluation framework, we discuss our approach
frequency under which the p'erformancej is to be 0ptlmlz(Ed'here. Traditionally, the IPC of a micro-architecture configu-
The delay of each block is the maximum delay betwegqion js optained by detailed cycle-accurate simulation using
any input to any output of the block without any pipeliningyerformance simulators such as SimpleScalar [17]. As this is
This delay is used to estimate the number of pipeline stage§me.consuming process, such simulation methods cannot be
required to cover a path at the given target frequency based, Q. i the inner loops of physical planning tools. In order to
the roorpIan constraiqts. The IPC sensitivity models provide, e accurate IPC values, the work in [6] used an IPC table
the relative changes in the IPC of the processor when th&nqrated by simulating all the architecture configurations to
latency of critical paths changes based on the layout. Thgge oypiored and obtaining the IPC for each configuration at
models are generated to be independent of the target freq”egcéfresumed target frequency. Though this method provides

(and only parameterized using latency), and hence can be Usgdrate IPC numbers, we identify the following problems
for different target frequencies. with such an approach:

Since the target frequency is fixed, the maximum IPC Micro-architecture simulations to generate IPC for a large
corresponds to the maximum BIPS and hence the floorplannef ) . 9 S A9
set of configurations and target frequencies is very time-

optimizes for the IPC of the processor directly. The floorplan- consuming, and hence this approach is not scalable when

ner uses the IPC sensitivity models as a guide to optimize : . : ) .
2 . exploring several configurations during the early design
for the latency through critical paths subject to the layout . . .
process, in spite of its accuracy.

constraints. The output of the floorplanner is an estimation. Such tables also limit the search space — ie., it is

of the block and wire latencies for each of the critical paths ) ! Lo

that produced the best IPC estimate. This information is then necless?jr); thatt feach arch@ectl_Jre Ic?g;‘lggra_tlon da?t every

fed to the detailed micro-architecture simulator in order to ﬁfg (\):Iue %rgt(;mrezquency IS simulatedprion and 1ts

get accurate IPC estimation. The IPC from the simulator and '

the input target frequency provide an accurate measure of the€veral techniques [18], [19] have been proposed by

throughput in BIPS for the given micro-architecture. architecture researcherg t.o quickly estima_te the IPC of Fhe
By changing the target frequency, we can evaluate the BIP&CESSOr bgsed on statistical gnd/or analytical methods. Since

for the micro-architecture and accurately identify the operatiflgese techniques try to predict the actual IPC value, they

frequency that provides the best performance. In what followd€ not accurate enough to be used as a guide during the

we explain the notion of IPC sensitivity models and the detaif0rplanning process.
of the floorplanner. We observe that it is not necessary to know the exact

IPC obtained through simulations for a configuration during
floorplanning. As long as the relative IPC degradation due
A. Area and Delay Estimation to extra latency along critical paths can be captured, it can
For the purpose of modeling area and delay, the micr(kgSe used to gL."de any physical p'a”r?mg process. Though this
. [hay not provideexactIPC values, this method allows us to
processor components can be categorized as below based 0 : . -
their implementation style: qwckly estimate the changes in the IPC due to any variation
in the latency of the blocks and paths as determined by the
« Array Structures: Data and instruction caches, cachgorplan. Furthermore, this method has also been successfully
tag arrays, all register files, register alias table, brangRed in micro-architecture research [5] for early design space
predictors and large portions of the instruction windowdya|yation.
and load/store queue. _ To clarify the idea of a sensitivity model, Figure 2 shows
« Fully Associative Content-Addressable Memories: Iny simple architectural critical path that corresponds to the
struction window/reorder buffer wake-up logic, load anghtency of the availability of data accessed from the data cache.
store order checks, TLBs etc. _ ~_ The results shown here were collected for a baseline archi-
. Compmatpnal Logic gnd Wl.res: Functional units, INtecture and methodology presented in Section IV by simply
struction window selection logic, dependence check '09'9arying the latency of this path and keeping all other path
and result buses. latencies fixed. We can see from Figure 2 that the IPC drops
The area and delay of each logic block depends very mulay nearly a constant factor (around 2.4% on average) with each
on the implementation, particularly the transistor sizes amdtra cycle latency along this path. This trend also appears to
internal capacitances that makes up the circuit. We mods consistent across different cache sizes. Thus, if the latency
the area and delay of the blocks using assumptions simitdrthis path increased by 2 cycles during floorplanning, we
to Wilton and Jouppi [15] and Palacharla et. al. [16] in whichpproximate the new IPC &3 —0.024) x (1 —0.024) relative
the authors analyzed the delay of many of the microprocessorthe old IPC.
logic blocks. In both these works, the delay was analyzed byThe total latency of a given micro-architectural path is made
breaking the circuit into stages and calculating the RC for eaap of the latency through the blocks and the wires along
stage. The delay of the block was derived by adding the delaye path, as shown in Figure 3. Since the models should be
along the critical path of the block. applicable under different target frequencies, the minimum



load data bypass loop

| architectural parameters. However, in this work, we assume

that the effect of each path or block latency on the IPC is
,,,,, D-cache . e .

independentand we apply the individual models separately.

Thus, if P, Ps,..,P, are the critical paths consideretk,, fp,,
.., fp, correspond to the IPC sensitivity models (as described
earlier) for these paths respectively, ahd, dp,, .., dp, be
the increase in the latency of these paths, then the new IPC is
computed as

IPCpew = IPCygse X fPl((SPl) X fP2<5P2) X Xan((SPn)'

where0 < fp,(dp,) <1, fori=1,2,..,n.
We would like to clarify that generating such sensitivity
models requires performing a number of architectural simu-

from register file

(@)

1.24

1.22

12

118

IPC

116

114

112 lations which are time-consuming. However, once the models
are generated, it is fairly straightforward to apply them, and
Hy 1 2 s 4 5 they are scalable when exploring larger solution spaces.

Latency (cycles)
(b) .
C. Floorplanning

Fig. 2. lllustration of the sensitivity model for the load use latency path. . . .

The floorplanning problem that we investigate here con-
. . . . siders only the die area and the performance of the system.
latency of any pathP in the mlcro-archnectu_re Is set to owever, it is not hard to see that the floorplanner can be easily
the number of blocks along the path, assuming each blogkiojeq to trade off performance for other constraints which

will correspond to one cycle latency. We denote this USINGem from power and thermal considerations. Formally, we

basethency(B), and uselPCase 10 represent the lP.C of define the performance-aware area-constrained floorplanning
the micro-architecture when the latency of every path is eq oblem as follows:

to its minimum latency. Given:

wires « target cycle timel, ..

« clocking overhead, ¢ head

« list of blocks in the micro-architecture with their area,
dimensions and total logic delay

« set of critical micro-architectural paths with performance
sensitivity models for the paths

« required widthW,. and heightH,. of the floorplan

Fig. 3. lllustration of total latency through the micro-architecture path. Objective:  Generate a floorplan which obeys die size

aonstraints and has the best performance in terms of BIPS.

blocks ip-flops

total latency = block latency + wire latency

For a pathP, the actual latency may be higher dependin

on the target frequency and the impact of interconnects after o ) )
floorplanning. The IPC sensitivity model foP gives the The floorplanner used in this work is based on a simulated

relative IPC due to increase in the path latency, and therefor%@eagng [er]] framework usinglsequence pair [22] z:]nd isl
a value in the rang, 1). The IPC sensitivity to the latency of d€rived from the open-source tool Parquet [23]. Since the too

a path is studied by varying its latency alone, keeping all oth hreacfy considered f(ijxed r?ie sizfe constrainftshwz extended th;
path latencies constant. The sensitivity is approximated usi orp an}er tohcons! grt € perbqrmgnce of the e5|gn.|n;,te3
well known mathematical models (constant, linear, piece-WiQ a wirelength optimization objective. We use a weighte

linear, etc.) if the response is predictable, or as a Iook&ﬁmbmat'on of area and performance as follows:

function, if the response cannot be captured using a simple cost — w
mathematical model. For example, the response for the cache 1PC
latency path in Figure 2 is modeled as a constant facthe area_cost tracks the violation of the die area constraints
degradation per extra cycle latency. Thus; i$ the percentage and is calculated as in Parquet [23] while the computation of
degradation per extra cycle, ardis the number of extra the IPC of the floorplan configuration is explained below.
latency cycles over the minimum path latency, then the newAs mentioned earlier, the IPC of a floorplan configuration
IPC is computed using the sensitivity mod&ld) = (1 —¢)° is a function of the latencies of critical blocks and microar-
relative t07 PChpgse. chitecture paths. L€&f., .. be the target cycle time. Typically,
Such sensitivity models can be generated for individual portionT,,.-neqq Of the cycle time is used to account for
blocks and paths assuming all other parameters are fixedtlwr skew, jitter, latching and other clocking overheads for a
can be used to study the sensitivity to simultaneous changggen technology [12], [5]. The remaining tint,s.f.; =
along multiple paths or blocks, depending on the accura@y,.i. —Tovernead IS €SSeNtially the computation time available
required. The work presented in [20] shows how to develdp each cycle for useful work, and we use this time to calculate
higher-order models to consider interactions among multipllee number of pipeline stages for a block or a path.

+ (1 — w) * area_cost



Given a floorplan configuration, we now discuss how to

Instruction Cache

Decode Width

32KB, 32B/block, 2-way
4

compute the latency oP. Let block(i) represent the-th ROB Size | 128 entries

block along P, and e(i — 1,i) represent the edge between 'ISSUE (\?A;!gtuhe 22 entries
. . ssue Wi

blocksi — 1 and i along Py. If P has?z bIocks_ anQn -1 Register File| 128 entries

edges, the total delay through the entire path is given by Load/Store Queug 32 entries

L1 Data Cache

16KB, 32B/block, 4-way,

3RW portg

n-l oo o Unified L2 Cache| 1MB, 64B/block, 8-way
delay(Py) = Z delay(block(i)) + Z delay(e(i,i+ 1)) TABLE |
i=2 i=1

i.e., delay(Py) is the sum of the block and wire delays from
the output of the first block o, up to the input of the last

BASELINE PROCESSOR PARAMETERS

Block | Area (mm?) | Delay(ps) | AR (H/W)
block on P Branch Predictor 0.275 530 1.20
To calculate the delay for an edgég, j), we fix the connect- I-cache 0.656 556 1.20
i i : ; it ; D-cache 0.701 881 0.37
ing pins on the blocks andj at the positions obtained from Mapper 0.356 681 200
the intersection of the center-to-center line between the blocks Register File 1.208 415 1.30
and the corresponding block boundaries. We then compute the Issue Queue 0.279 671 2.30
length of the edge(i, j) as the manhattan distance between Irz’sm'ﬁ 023 ot 100
the two pin locations and use this informa_tion to compute the FPAIU 0.350 1820 1.00
delay along that edge. Once the propagation delay thrétigh FPMult 0.591 1820 1.75
is known, the number of pipeline stages required to cover that | Load/Store Unit 0.400 400 1.25
. L2 cache 15.200 1890 1.49

delay at the given target frequency can be calculated as —

latency(Pk) — "MW LIST OF BLOCKS IN THE CHOSEN MICRGARCHITECTURE AND THEIR
Tuseful PROPERTIES

The increase in the latency &}, compared to its base latency )
is given by To perform our evaluation, results were collected for 23

SPEC2000 [24] benchmarks. The programs were compiled
on a DEC Alpha AXP-21164 processor using the DEC C and

For each critical path, the latency of the path is determin&d™+ compilers under an OSF/1 V4.0 operating system using
as mentioned above. We process the paths according to thdl COmpiler optimization {04 -ifo ). Each program has
criticality (and the impact on IPC) from the highest to thgga_n s.|mulate.d using thef set for that appllcathn_ .fof 10.0
lowest so that blocks which are on multiple paths get pipe“néﬁllllpn instructions after fast- forwaerg past the initialization
according to the most critical path that passes through tA@rtion of the benchmark (as described in [25]).
block. Once the latencies have been computed, we use th& order to consider the impact of pipelining based on
IPC sensitivity models to estimate the new IPC based on tifgérconnect delays, we use the following critical blocks and
IPC estimation method discussed in Section II-B. paths in this study:

0p, = latency(Py) — baseLatency(Py)

« ALU : latency through the ALU and the bypass logic.
o DCACHE : latency though the L1 data cache.

To experimentally study the methodology presented in this*® LZCACH_E - latency for access to L2 cache.
work, we chose a baseline out-of-order superscalar processot MPLAT : latency through the branch resolution path,

micro-architecture with a pipeline as shown in Figure 4. The Which is the time between when a branch is predicted
baseline processor parameters are shown in Table I. and when the actual outcome of the branch is known.

IV. EXPERIMENTAL VALIDATION

Table Il lists the blocks in our micro-architecture along with

z sl s y ” El—r* w their respective area and delay numbers. The delay shown in
el s ¢ £ g the table is the total logic delay through the block, assuming no
i = * = EIJ—— - pipelining. The area and delay of the blocks were derived using
the method in Section IlI-A for a futuristic 70n process
Fig. 4. Superscalar pipeline explored in this work.

technology. Based on [12], we assume that the clock cycle

The simulator used in this study was derived from theverheadTy, ¢ reqq IS 46ps, Which corresponds to roughly
SimpleScalar 3.0 tool set [17], a suite of functional and timing.8FO4 for 7@m technology parameters. Thus, for a 4Ghz
simulation tools for the Alpha AXP ISA. The timing simulatortarget cycle time, we séft, ;. s = 250ps - 46ps = 204ps and
executes only user-level instructions, performing a detailede this to calculate the number of pipeline stages required
timing simulation of a dynamically scheduled microprocessdn cover a given path delay. As we study the impact of semi-
Simulation is execution-driven, including execution down anglobal interconnects in the micro-architecture, we assume that
speculative path until the detection of a fault, TLB miss, all the signals are routed in the routing layers meant for semi-
branch misprediction. We modified the simulator to modegjlobal wires. The delay of interconnects is derived using the
the pipeline in Figure 4 and made it configurable so th#EM models [26] which consider several optimizations such
the impact of different critical path latencies can be studieds wire sizing, buffering and sizing, etc.



A. Sensitivity Models [block_delay/cycle_time]. We ignored the impact of wire

In order to study the impact of extra latencies througf€lays, and the latency of each path was the sum of the
these critical paths, we performed a number of architectdagencies of the blocks along that path. Based on these latency
simulations and summarize the results in Figure 5. Since tigmbers, we obtained the actual IPC through simulations and
actual latency of the paths depends on the target frequerfe@mpared the change in the IPC to the values predicted using
these results are obtained without any assumption on the sensitivity models. The error between these two values for
target frequency and mainly by using the baseline proces%rthe configurations is shown in Figure 6. We can see that the
parameters listed in Table I. We can see from Figure 5 that

[D4Ghz m5Ghz O6Ghz O7Ghz M8Ghz |

14 —¥ 10 4
8
64

Percentage Error

06 | [~—MpLAT 8]
- ALU 10 4
—a— DCACHE 124
> L2CACHE 144

° Configurations
1 2 3 4 5 6 7 8 9 10 . ) . . .
Extra Latency (cycles) Fig. 6. Error in tracking IPC changes using the sensitivity models.

L T . .
Fig. 5. Sensitivity of the micro-architecture to critical components in th§6n5|t|V|ty models are Wlth_m 5% error in tracklng the changes
pipeline. in IPC for the chosen design space.

the latency through the ALU (along with the bypass logic As mentioned earlier, for a larger solution space, some of
latency) impacts the performance most. This is because dhgse paths could be interacting and it may become necessary
delay through the ALU affects the latency between dependdft Study their interaction using advanced techniques as in
instruction execution. The L1 data cache latency degrades tR8]- However, as the above results show that these models
performance to a lesser extent as only memory operations af@ sufficiently independent for our sample design space, we
dependent upon this latency. Finally, the performance seeR{gsent results here which assume no interaction among these
to be quite tolerant of the latency through the L2 cache as wegths.

as the branch misprediction resolution path. This is due to the

small number of L1 data cache misses as well as high brangh ¢ect of Wire Pipelining

prediction accuracy due to advanced algorithms. Consequent i , i i o

to the sensitivities shown in Figure 5, we usecstantfactor | e Work in [6] did not consider any wire pipelining and
based sensitivity model for the critical paths ALU, DCACHEProduces cycle time estimates based on the longest delay of
and L2CACHE, and aiece-wise lineamodel for the path critical mterconngctlons. In order to understand the dlffer—.
MPLAT. ence between this approach and the proposed approach with

To understand the accuracy of using these models W€ PiPelining, we used the MEVA tool [6] and generated
estimate the changes to IPC, we generagight micro- performance results at different target frequencies ranging

architecture configurations by varying the properties of sonf@™M 4Ghz to 8Ghz for each of the eight configurations in

of the blocks as listed in Table Ill. We chose five difour design space. The BIPS results from this experiment are
shown in Figure 7. Also, for these configurations, we generated
No. | Width D-cache | ROB/IQ/LSQ/RegFile| Area performance data using the proposed approach where long
1| 47474 | 16K, 3 RW 128/32/32/128] 0% : P ;
o | aaia | 16K 3 RW veo/oaioazes| 1ok |nter<_:onnects were pipelined based on the floorplanner in
3| 8/8/8 | 16K, 3 RW 128/32/32/128| 19% Section 1lI-C. These results are shown in Figure 8.
4 | 8/8/8| 16K, 3 RW 256/64/64/256| 41%
5| 4/4/4 | 32K, 2 RW 128/32/32/128| -1% 6
6 | 4/4/4 | 32K, 2 RW 256/64/64/256| 6% [a¢che mson sche orche Maohe]
7| 8/8/8 | 32K, 2 RW 128/32/32/128| 19% s
8 | 8/8/8 | 32K, 2 RW 256/64/64/256| 41%
TABLE Il !

ARCHITECTURE CONFIGURATIONS USED IN THE STUDYWIDTH DENOTES
THE DECODHISSUE/COMMIT WIDTH OF THE PROCESSOR IN THAT ORDER

BIPS
w

AREA IS THE RELATIVE CHANGE FROM THE BASELINE PARAMETERS 2
WHICH ALSO CORRESPONDS TO CONFIGURATION..

ferent target frequencies from 4Ghz to 8Ghz to study the o 2 s 4 s e 1
accuracy of the models when the frequency is changed. Configuration

For this study, the Iatency of each block was obtained &®- 7- BIPS for the architecture configurations based on the approach from
previous work where wires are NOT pipelined.



@4Ghz W5Ghz 06Ghz 07Ghz W8Ghz

2 latency through any path or block, and the wire latency

5 will only increase the latency through these components.
7 - Based on these latency numbers, we use the architecture
simulator to obtain the IPC and calculate the BIPS at
£, each frequency.

3 « layout: Based on the proposed approach, we obtain the

block and wire pipelining solution from the floorplan at

) each of the target frequencies and generate the BIPS
based on these latency numbers for the blocks and the

0 R S paths.
1 2 3 4 5 6 7 8
Configuration
Fig. 8. BIPS for the architecture configurations based on the proposed 56 : : : — :
approach with interconnect pipelining. Sl L o e
54 |
Figures 7 and 8 show a few interesting results. First, s2f S

the previous approach (Figure 7) always estimates a lower
performance for all the configurations. This is due to the phe-
nomenon explained through our example in Fig@fewhere
long wires determine a cycle time larger than the targeted cycle Tyt
time at each frequency. Analyzing the floorplan output, we
found that typically such long delay wires were connected to
the execution units from either the branch predictor or the data azr
cache. Since these wires are not pipelined, this results in very 4 ‘ ‘ ‘ ‘ ‘
low estimates of performance for the configurations. However, ey
based on the results from the proposed approach (Figure 8),a¢€9. Overestimation of the BIPS for the architecture configurations when
found that these interconnects with large delays were pipelinggact of wire latency is ignored. Data also shows importance of wire latency
and the impact of the extra latency due to this wire pipelinir( t&"9¢t frequency exploration.
did not degrade the IPC significantly. This, coupled with the The results in Figure 9 show the average oadr eight
fact that we were able to achieve the target frequency, resufigurations. Our first observation is that the BIPS esti-
in a much higher estimate of the BIPS compared to the methwdted without considering any layout information in Fig-
used in [6]. We can see that the improvement in the estimataet 9 is overly optimistic and considerably higher than the
performance is anywhere between 25% to 45%. BIPS estimated with layout information, especially at higher
Secondly, we find that identifying the interconnect bottleifequencies. This is expected because wire latency from
necks (as in the previous approach) is alone not sufficighe layout can only degrade performance, and this effect
in identifying the quality of individual configurations. Foris completely ignored when layout is not considered. The
example, Figure 7 shows that configuration 5 performs betwifference between the two approaches is very small for lower
than configuration 3 at 5Ghz, while we can see that this fiequencies (4Ghz and 5Ghz) because the wires that were
not the case in Figure 8. Also, Figure 7 shows a relativepjipelined at this frequency were on the less critical branch
insignificant performance difference between configurationsmjsprediction resolution path (MPLAT), which has the least
5 and 7 at 8Ghz. However, based on the proposed approdaipact on performance. However, at higher frequencies (6Ghz
we see a remarkable difference in BIPS between 4, 5 andand above), wires on some of the most critical paths such as the
as seen in Figure 8. ALU bypass and the data cache access are pipelined, and this
Finally, the results in Figure 7 make us to conclude thatgnificantly degrades performance as shown in the Figure 9.
performance drops significantly with increasing frequencfs these paths are highly sensitive to extra latency, we see a
However, we see from Figure 8 that in most cases, perfategradation of 8%-10% when considering the impact of wire
mance increases with frequency, even if the increase is tatency on the performance.
significant. Secondarily, Figure 9 also shows the importance of explor-
ing the target frequencies with consideration of wire latency
Oimpact. Without wire delay, the BIPS obtained at 6Ghz and
ar{bove appears to be around 8% better than the BIPS at lower
To demonstrate the need for the proposed approachfigquencies. However, a layout-driven approach shows that
identifying good target frequencies, we present results for twee BIPS does not really vary significantly after 5Ghz target
cases in Figure 9. frequency, and the benefit of increased frequency is offset by
« nolayout: Without considering any layout information,the impact of interconnect latency. As the dynamic power
we use[%l to calculate the latency of the pathsonsumption is a function of the processor frequency, such
and blocks. For example, a block with 530delay will be insights into performance variation with increasing frequency
pipelined to 3 cycles at 2(8 cycle time and 4 cycles at helps when choosing the right power/performance tradeoff.
150ps cycle time. Notice that this is a lower bound on th& hese results together underline the importance of early micro-
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architecture planning with consideration of wire latency.

V. CONCLUSIONS

In this work, we presented a micro-architecture evaluation

methodology with floorplanning and interconnect pipelininqlg]

Specifically, we coupled architecture performance sensitiv-
ity models with traditional floorplanning to optimize for

micro-architectural critical path latencies. Experimental reso
sults demonstrated that interconnect pipelining based approac
improved the estimated performance between 25% to 45%.

Also, results showed the value of simultaneous optimization 6!

architecture and physical design in providing insights into the

behavior of the processor at different operating frequencies. &3l

future work, we would like to study the use of higher order IPC

sensitivity models and consider power/thermal effects durings]

physical evaluation of microprocessors.
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