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Abstract.  The ever increasing gap in processor and memory speeds has
a very negative impact on performance. One possible solution to over-
come this problem is the Kilo-instruction processor . It is a recent pro-
posed architecture able to hide large memory latencies by having thou-
sands of in- ight instructions. Current multiprocessor sy stems also have
to deal with this increasing memory latency while facing oth er sources of
latencies: those coming from communication among processes. What we
propose, in this paper, is the use ofKilo-instruction processors as com-
puting nodes for small-scale CC-NUMA multiprocessors. We evaluate
what we appropriately call Kilo-instruction Multiprocessors . This kind
of systems appears to achieve very good performance while sbwing two
interesting behaviours. First, the great amount of in-igh t instructions
makes the system not just to hide the latencies coming from the mem-
ory accesses but also the inherent communication latenciesinvolved in
remote memory accesses. Second, the signi cant pressure irposed by
many in- ight instructions translates into a very high cont ention for the
interconnection network, what indicates us that more e ort s need to be
employed in designing routers capable of managing high tra c levels.

1 Introduction

The gap between processor speed and memory latency is contiously widening,
making the problem of the Memory Wall harder and harder [1]. In the multipro-
cessor design arena thtMemory Wall reveals as an exacerbated problem, since
remote memory accesses exhibit larger latencies and they tiato share network
bandwidth with coherency and synchronization tra c.

In this paper we will study the in uence of Kilo-instruction processors on the
performance of small-scale CC-NUMA multiprocessors. Theyare a very novel
and promising processor architecture designed to deal withong latency instruc-
tions and consist in maintaining thousands of in- ight inst ructions [2] [3]. When
running numerical applications, Kilo-instruction processors have demonstrated
its ability to e ectively maintain high values of IPC while i ncreasing memory
latencies.



By using a convenient simulation framework, which combinesRSim [4] and
SICOSYS [5], we will analyze the behaviour of Kilo-instrucion based CC-NUMA
multiprocessors. As we will see, our rst results using an ieal network show
the enormous potential of the Kilo-instruction processors when using them as
computing nodes not only for hiding local DRAM latencies but also for the
remote ones. A deeper analysis, using realistic networksgeweals the existence
of heavy demands on packet throughput required by each nodesince larger
re-order bu ers translate on higher density of remote acceses. Next, we show
that current interconnection networks cannot cope with this high tra c levels,
so newer and faster networks have to be designed.

In short, the analyzed behaviour of this multiprocessor sygem takes us to
some statements: theKilo-instruction processors are very suitable to achieve
high sustained performance results when the memory latencys incremented,
and its utilization increases network contention, which opens a new research
area in building new and better packet routers capable to suport this amount
of tra c.

The paper is organized as follows. In section 2, we describelated work. In
section 3, we describe the simulator used and the benchmarkisvolved in our
study. We show and analyze the results obtained in our simultions in section 4.
In section 5, we explain possible solution to the problems fond in the analysis.
In the last section we give the most relevant conclusions.

2 Related Work

Many techniques have been proposed and used in the past to rade the negative
e ects due to memory latency in uniprocessors. Cache memorff] [7] exploits the
spatial and temporal locality exhibited by most programs. Prefetching fetches
data from memory before it is requested, and can be done by swfare [8], by
hardware [9] or even by a combination of both [10]. Later, theconcept of having
another thread analyzing more complex prefetching, bringng data from memory
to L2 cache, has been introduced in [11].

In multiprocessors, we can also successfully use the samelmiques to hide
the communication latency. However, to reduce the memory lgencies we also
have to take care of the memory consistency model, where these of a relaxed
model can be useful [12]. In this way the use of a large re-ordéu er seems to
be very helpful [13] [14]. To reduce communication latencynew interconnection
network models and new routing algorithms and artefacts areébeing studied [15].

A recent technique to deal with long latency memory accesses the men-
tioned Kilo-instruction processor. It proposes having thousands of in- ight in-
structions by combining di erent mechanisms that overcome the problem of
up-sizing the critical resources: re-order bu er [2], instuction queue [16] and
physical registers [17]. These mechanisms are feasible sincritical resources are
shown to be underutilized in present out-of-order processs [18].



3 Simulation Environment

3.1 Experimental Tools and Benchmarks

A detailed network simulator called SICOSYS [5] has been intgrated together
with the RSIM multiprocessor simulator [4] providing a powerful execution-

driven environment to emulate a complete CC-NUMA multiproc essor using local
caches, a directory-based coherency protocol and a switciénterconnection net-

work.

SICOSYS allows us to take into consideration most of the VLSInetwork
implementation details with high precision, but with much | ower computational
requirements than hardware-level simulators. The maximumerror observed with
respect to a standard hardware simulator is less than 4%, pnading in all cases
pessimistic estimations [5]. The microarchitecture modded by RSIM is close
to the MIPS R10000 processor, and it has been adequately cogured in order
to simulate a Kilo-instruction processor able to manage up to 2048 in- ight
instructions.

Table 1. Computation node parameters of the simulated system

[ RSIM Processor Microarchitecture |

Issue policy Out-of-order
Fetch/Decode/Commit width 4/4/14
Branch Predictor 2-bit agree, 2048 entries
Shadow Mappers 64
I-L1 not modeled
D-L1 size 16KB 4-way, 64B line
D-L1 latency 3 cycles
D-L2 size 128KB 4-way, 64B line
D-L2 latency 20 cycles, tag 4 cycles
Memory latency 250, 500 & 1000 cycles
Mem. & Dir. interleaving 128
Directory Bu er size 2048 entries
Coherence Protocol MSI
Consistency Protocol RC
Bus size/latency 512 bits/3 cycles
MSHR size/coalesc. 64 entries/16
Integer General Units 4 (lat/rep 1/1)
Integer Mult/Div (lat/rep 3/1 and 13/13)

FP Functional Units 2 (lat/rep 3/1)
Address Generation Units

1Q, LQ, Physical Registers proportional to ROB

Due to the limitations imposed by the complexity of the simulated system,
16KB L1 cache and 128KB L2 cache have been used. The benchmarkmployed
in this study have been tuned according to these cache size€ther parameters
of the simulated system are shown in table 1. The memory constency model
used is Release Consistency. This relaxed consistency mdaeers good perfor-
mance results because it allows relaxing program order bewen all operations
to di erent locations.



To carry out a realistic evaluation, we fed our simulation platform with three
representative applications selected from the SPLASH-2 ste: Radix, FFT and
LU. The problem size for FFT is 256K complex data points. This value corre-
spond to the problem size established in [19]. Due to the higldemand for com-
putational resources, the problem size of LU has been reduderom its default
size of 512x512 to 256x256. The problem size for Radix has brealso reduced
from one million integer keys to a half-million using the defwlt radix of 1024.

Our study is based on assuming memory latencies of 250, 50041000 cycles.
The rst value is used because is a reasonable number for cugnt systems, and
the last two values because we want to go a step further on andake into account
future latencies.

3.2 Interconnection Network Models

We are going to consider two types of interconnection netwdks. Firstly, an un-
realistic network design will be used in order to establish a upper bound for
the maximum achievable performance. This network, which wewill denote as
ideal network, will consist of a two-stages pipelined crossbar operatingt the
processor frequency. Secondly, a realistic network desigwill be considered for
establishing practicable performance gains, so topologyouter architecture and
wire technology have to be carefully chosen.

Due to its good performance and its extended use [20] the seled topol-
ogy is the bi-dimensional Torus in which four input/output | inks are used for
communicating neighbouring network nodes.

Taking into account the characteristics of the current wire technology we
have set the router operation frequency at 666 MHz. In additon, links will be
bi-directional supporting 32 data bits in each direction. It means in turn, that
the phit size managed by the network (number of bits transmitted in parallel
per port and network cycle) is set to 32 bits. Coherency prot@ol packets have
been implemented to be 16 bytes long.

Finally, the router core employed is the Bubble Adaptive (BADA) router [21],
so the realistic network will be denoted asBADA network. BADA router uses
fully adaptive routing and Bubble Flow Control for avoiding packet deadlock
[22]. It has a six-stages pipeline and two virtual channelsifmplemented as FIFO
queues) per input port. This routing mechanism has been reagly implemented
in the Torus network used by the IBM BlueGene/L supercomputer due to its
high performance and scalability [23].

4 Experimental Results

4.1 Kilo-instruction Multiprocessors

In this subsection, we are going to evaluate &Kilo-instruction Multiprocessor
system. This system will be made of 16 processors. Each prasor employed
will be that described in table 1 and the network will be the ideal network cited
in section 3.2.
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Fig. 1. IPC obtained by having di erent numbers of in-ight instruc  tions for the se-
lected SPLASH-2 benchmarks, assuming an ideal network and a memory latency of
500 cycles

The following results are useful in three ways. First, we wahto demonstrate
that the desirable e ects of a Kilo-instruction single processor can be extended to
a multiprocessor system. Second, we want to know what the magtude of those
e ects is. Third, they are also useful to establish an upper ound for possible
performance enhancements.

Figure 1 give us the results for the experiment above descrid, rst using
just one processor and then using the mentioned 16-processosystem. In this
gure, we can observe, for each benchmark, how the increasgnamount of in-
ight instructions, starting from 64 (the baseline), in ue nces the resulting IPC.

Observing the results for one processor, there are improveemts between
170% and 370% approximately for all the benchmarks, using a @8 entries
ROB over the baseline. Having a look to the results for 16 proessors we can also
appreciate improvements. We have limited improvements forthe LU benchmark,
about 37%, and still considerable improvements for Radix ad FFT benchmarks,
166% and 227% respectively.

The reason of having minor improvements, and better baselia IPCs, when
running on 16 processors lies in the fact that there are less 2 cache missing
loads, since we divide the same problem size between more pessors. This fact
is shown in gure 2a. This is meaningful for our analysis, sirte we still observe
signi cant improvements when using larger ROBs, as shown ingure 1, despite
the decrement of the L2 miss rates, the important factor in Kilo-instruction
processors

The second important fact we can draw from gure 2a is that appears a
prefetching e ect when using larger ROBs and signi cant L2 miss rates are
found. This prefetching e ect is caused by the execution of many instructions
(loads included) due to the presence of a big ROB. Although tlis instructions
are ushed after branch mispredictions, the speculative ercution of load in-
structions can prefetch useful data.

Figure 2b shows the percentage of the total execution time irwhich the ROB
has all of its entries occupied. Note that this not strictly means the processor



L2 miss rate

3,0

25 1

2,01

151

1,0 4

0,5

0,0 1

FFT

38.47

RADIX

1 processor

Lu

FFT

RADIX

16 processors

(a) L2 miss rate

WROB 64
OROB 2048

LU

Time % with ROB full

100

90 -
80
70 1
60 -
50
40 1
30 A
20 1
10

FFT

RADIX

1 processor

LU

EROB 64
OROB 2048

16 processors

(b) Time % with rob full

Fig.2. Simulation results

is halted since, once the ROB is full, the same number of instiction can be
committed and fetched in the same cycle. These results are ingly related to
the L2 miss rate, since the higher the miss rate the higher thepercentage of
the time the ROB is full. So, due to the lower multiprocessor L2 miss rates,
lower percentages in which the ROB is full are achieved, whatindicates an
underutilization of larger ROBs.
Once studied the set of proposed benchmarks, we have demonrsted that

the performance increase obtained b¥ilo-instruction processors in uniprocessor
systems is also achieved in multiprocessor systems.

4.2 The Impact of the Interconnection Network

In this subsection we analyze the behaviour oKilo-instruction Multiprocessors
when using a realistic interconnection network: a bi-dimersional 4x4 Torus net-
work with BADA routers. We will also employ an ideal network i n order to
establish a performance upper bound.

We start our analysis considering a high-end microprocessarunning at 4
GHz with a 64 entries ROB and DRAM memory latency of 500 procesor cycles.
We consider three experiments: ideal network and memory (z® latency), only
ideal network and BADA network. The results are shown in gure 3.

Under these conditions, the impact on system performance othe intercon-
nection network is almost negligible. By using an ideal netwrk, it is only possible
to achieve, in the most favouring case, a performance gain wer 10% in respect
to a realistic network . On the one hand, DRAM latencies domimate over the
remote accesses. Actually, the base-latency in a realisticetwork is only around
35 processor cycles. On the other hand, the network does nouser from con-
gestion because there are few in- ight remote accesses anckice, a low tra c
volume to be managed.

The previous scenario totally changes when the number of ROBentries is
progressively incremented. Figures 4a, 4b and 4c show the germance achieved
for ROB sizes between 64 and 2048 entries and memory latency 850, 500, and
1000 cycles for the FFT, LU and Radix benchmarks respectivel
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Fig. 3. How the type of network impact the performance of three SPLAS H-2 bench-
marks, with 64 in- ight instructions and a memory latency of 500 cycles

When analyzing the FFT benchmark, we can clearly appreciatethe bene ts
obtained when incrementing ROB sizes. It can be also seen thahere are not
important di erences between 250 and 500 cycles memory latecy. In both cases,
the performance of an ideal network using processors with 2B entries ROBs is
quite close to that achieved when using a combination of an idal network and
an ideal memory. Latencies of 1000 cycles are more di cult totolerate. There
is still a margin of improvement around 15% in respect to the performance
upper bound. When using a realistic network as BADA, we can se that we are
obtaining just 65% of the maximum achievable performance @eal memory and
network). Performance di erences between ideal and BADA néworks are lower
when using high memory latencies.

For the LU benchmark, maximum performance for an ideal netwak can be
obtained by using smaller ROBs. No additional improvementscan be appreciated
by using ROBs bigger than 1024 entries. Although an ideal netork provides a
performance quite close to the upper bound for 250 cycles, itan be seen that
the higher the latencies the lower the performance gains. BRA networks only
achieve around 80% of the maximum achievable performance fall the con-
sidered latencies. As in the FFT case, the di erences betwaeideal and BADA
networks decrease when augmenting memory latencies.

Although performance gains are achieved with Radix when augenting the
ROB sizes, a di erent behaviour can be observed. The perforrance exhibited
by an ideal network is quite sensitive to memory latencies fo a 2048 entries
ROB. For 250, 500 and 1000 cycles, an ideal network just obtai around 80%,
72% and 53% of the maximum achievable performance. In contst, the system
performance remains, more or less, stable when varying memplatencies in the
case of realistic BADA networks. BADA only can achieve arourd 50% of the
bene ts provided by a combination of an ideal network and an ideal memory.
This application could clearly bene ciate from having bigger ROBs.

We can see that, under a realistic scenario, the ability to ahieve higher
values of IPC by using big ROBs will depend on the interconnetion network
e ectiveness. As stated before, the use of standard instruton windows generates
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Fig. 4. Performance of three SPLASH-2 benchmarks running on 16 processors, using
di erent types of network and assuming three di erent memor y latencies

a relatively low tra c volume and the interconnection netwo rk can cope with it.
Nevertheless, bigger instruction windows implies higher ates of remote accesses
which in turn, brings a higher pressure over the network. In sich situations,
contention among packets arises and consequently, remoteeesses exhibit longer
latencies. During some execution phases, computing nodesjéct such a volume
of tra c that the network enters on a saturated state being it unable to drain
packets at the same rate as they are generated. In this degradl scenario, remote
access latencies exponentially grow up. In consequencettadugh there are more
in- ight remote accesses they su er from enormous latencis. In short, we can see
that augmenting the instruction window size bene ciates local memory accesses
but can be tremendously dangerous for the remote ones.

In order to obtain a better understanding of these phenomena gures 5a and
5b show how the execution time is expended among di erent syiem activities for
a FFT execution and 500 cycles memory latencies. The executh time has been
divided in four di erent parts: "busy" for processing instr uctions, "local mem"
for intra-node memory accesses, "remote mem" for inter-nod memory accesses
and "sync" for synchronization primitives. Figure 5a plots relative values for each
analyzed run and gure 5b shows the same results when they araormalized
in respect to the slowest run. It can be seen how an ideal netw& with 2048
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entries ROBs can nearly behave the same that a system havinglso an ideal
memory. Consequently, their execution times are the same.tlis also clear the
ability of big ROBs to hide local memory latencies when usingboth an ideal
network and a BADA network. Nevertheless, it is easy to see tke performance
degradation caused by the latency increase of the remote mewny accesses. These
long latencies are clearly caused by contention among packein a saturated
network, which constitutes the system bottleneck. This bad operation causes
that, in the best of the realistic cases, processors are stped almost half of the
execution time waiting for data.

In order to have a better insight about this congestion we aregoing to ana-
lyze two snapshots of the network behaviour. Set of gures 6 Isows the trac
throughput and packet latencies supported by the network wren executing the
benchmark. In some execution phases, which correspond tolab-all collective
communications, the network throughput is around 14 phits mnsumed every net-
work cycle, close to the maximum of 16 phits. Hence, in such ecution phases
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the network is saturated regardless the window size. Althogh in such phases
the network is able to manage a slightly higher load by using iy ROBs, it is
not translated into a superior performance when consider tie whole application.
In contrast, intensive computing phases in which no remote acesses exist can
bene ciate from the ability of big ROBs for hiding more local latencies.

Having a look to gure 6b we can observe how the network contetion neg-
atively impacts on the remote access latencies. As we increant the number of
in- ight instructions, remote accesses are also incrememd but the network is
unable to cope with them. In such cases, an important part of he tra c gener-
ated by the computing nodes cannot be injected in the networkcausing a clear
increment of the latency experienced by packets. As the sysim is saturated,
the latency provoked by the network itself remains nearly the same regardless
the ROB size. Nevertheless, the waiting times at the interfae injection queues
experience a notable increase leading to higher overall lahcies. In general, the
bigger the window size the higher the number of in- ight instructions and hence,
a superior tolerance of the memory accesses. Nevertheleshis e ect is coun-
terbalanced by a high packet population count, which saturaes the network
avoiding the achievement of performance gains close to theléal case. Fortu-
nately, using big ROBs can hide local latencies and, in someases, compensates
the degradation caused by network congestion. It is very illistrative to compare
the bars corresponding to BADA routers for 1024 and 2048 enies ROBs.

To end this section, we are going to have a quick look at the pdormance
behaviour when scaling up the system size. Figure 7 shows a FRunning on an
8x8 BADA Torus when using memory latency of 250, 500 y 1000 precessor cy-
cles. When comparing a realistic network with an ideal one tlere is a noticeable
degradation even when using standard ROBs of 64 entries. Thigap grows up
when increasing the ROB because when we scale the system upettmaximum
achievable throughput decreases and the average latencydreases. This decreas-
ing in throughput is not manifested in terms of phits managedby network cycle
but in terms of a lower rate of phits injected by individual computing nodes.
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Fig. 7. The network impact with 64 processors and running FFT, assum ing a varying
memory latency



5 Reducing the Interconnection Network Bottleneck

Two approaches can be considered for improving the networkwhich has been
proved to be a bottleneck inKilo-instruction Multiprocessors . They are based on
providing the network with either technological or archite ctural enhancements.
Although both solutions are not mutually exclusive, we are ging to analyze
them separately.

On the one hand, employing technological approaches, netwk performance
can be clearly improved by using wider communication links @ making them
work at higher frequencies. By augmenting frequency, the nevork load will
decrease because of the reduction of the ratio between pragsor and network
cycles. All the previous analysis was done using 32-bits patlel links operating
at 666 MHz, which can be considered a high value for current o-chip wire
technologies. Nevertheless, that frequency can be increed in the future by
using either new wire technology or higher integration levés. A similar e ect
could be achieved by widening the network links. The designemay have to
choose between both approaches depending on design and casinstrains. In
order to simulate a practicable design we are going to emplow simpler router
which facilitates the implementation of links operating at higher frequencies. For
this purpose, we will use a router with deterministic Dimendon Order Routing
(DOR) and Bubble Flow Control for packet deadlock avoidance[22]. This router,
which is denoted as BDOR, consists of a ve-stages pipelineral employs FIFO
queues located at the input ports.

On the other hand, employing architectural approaches, newvork performance
can be improved by using more aggressive router architect@s. For this pur-
pose, we will consider an evolved router architecture den@d as HPAR (High-
Performance Adaptive Router) [15] with 32-bits parallel links operating at 666
MHz. HPAR inherits most of the characteristics of BADA route rs but it em-
ploys multiport output memories in order to reduce the negatve e ects of the
so-called Head-of-Line (HOL) blocking.

IDEAL
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Fig.8. How the network frequency and link width impact the performa nce running
FFT and using di erent memory latencies



In order to evaluate the performance improvements providedby each one of
the previous enhancements, we are going to analyze the FFT lbehmark for a
2048 entries ROB when varying the router clock cycle, the litks width and when
employing HPAR routers.

Figures 8a and 8b show the obtained IPC values when considerBOR and
HPAR routers for di erent memory latencies. In most cases, we can observe that
long memory latencies are worst tolerated. Nevertheless,hiere are some cases
(slow BDORs and HPAR) in which slower memories can return hider bene ts,
since fast memories can easily ood the network, which causehigher contention.

Analyzing the general behaviour, we can see that performaregains are no-
ticeable but even using network links operating at one third of the processor
frequency (1.33 GHz), the network contention still provokes a performance degra-
dation around 25% in respect to the ideal case. Moreover, theost of having 32
parallel data wires clocked at such frequencies can be prdbitively high if not
impracticable. Furthermore, the exibility required by me dium to high scale mul-
tiprocessors able to accommodate a considerable number obdes makes that
frequency simply unreachable. Nevertheless, integratingll the network nodes
together with the network itself in the same die should make mssible the at-
tainment of such a clock cycle. This is a clear indication forexploring On-Chip
Kilo-instruction Multiprocessors .

In addition, it is possible that on-chip multiprocessor dedgns allow the use
of wider data links. We have done some experiments varying té link width as
re ected in gure 8b. We can conclude that the e ect of widening the links
is quite similar to augmenting their frequencies. In this way, doubling the link
width (from 32 bits to 64) returns the same bene ts that doubl ing their frequen-
cies (from 666 MHz to 1.33 GHz). It should be mentioned here tht widening
the network links can provoke an undesirable added network entention. This
phenomenon is related to the fact that smaller packets origiate a higher num-
ber of collisions among their headers requiring more arbitation cycles in which
bubbles can appear in the router pipeline.

As stated before, an alternative solution for improving network performance
relies on architectural enhancements. Some proposals cdssin improving the
router local memories [24] and avoiding HOL blocking [25][8][27], among others.
In order to have a clue about the e ectiveness of such solutins, both gures
8a and 8b show the system performance when using HPAR netwosk When
comparing its performance against the one obtained by BDOR w can see that
by using HPAR we can obtain bene ts which have nearly the samee ect that
either doubling the network frequency or doubling the link width. It must be
noticed that these gains come in HPAR with a nearly negligibke cost as they
only need an additional small amount of router silicon area.

6 Conclusions

From previous works done onKilo-instruction processors we can conclude that
a clear way to tolerate increasing memory latencies is to maitain a large num-



ber of in- ight instructions. With this paper, a rst evalua tion of what we call
Kilo-instruction Multiprocessors , we have demonstrated that this is also true for
multiprocessor systems.

Therefore, employingKilo-instruction processors as computing nodes in CC-
NUMA multiprocessors can provide signi cant performance improvements. The
reason is that not only the memory latency is tolerated but also the commu-
nication latency, what appears when performing remote memry accesses and
sending coherence and synchronization messages.

An other conclusion from our work is that the increase of comnunication
tra ¢, due to the aggressive speculation imposed byKilo-instruction processors,
make the interconnection network a relevant factor. The ablity of the multipro-
cessor system to achieve high IPC rates will depend on the ediveness of the
interconnection network.

In short, Kilo-instruction Multiprocessors are a novelty in the multiprocessor
design arena that open new directions where more researchrcée useful. These
directions include new multiprocessor models and new interonnection networks.
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