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Abstract

The trend towards integrating multiple cores on the same
die has accentuated the need for larger on-chip caches. Such
large caches are constructed as a multitude of smaller cache
banks interconnected through a packet-based Network-on-
Chip (NoC) communication fabric. Thus, the NoC plays a crit-
ical role in optimizing the performance and power consump-
tion of such non-uniform cache-based multicore architectures.
While almost all prior NoC studies have focused on the de-
sign of router microarchitectures for achieving this goal, in
this paper, we explore the role of data compression on NoC
performance and energy behavior. In this context, we examine
two different configurations that explore combinations of stor-
age and communication compression: (1) Cache Compression
(CC) and (2) Compression in the NIC (NC). We also address
techniques to hide the decompression latency by overlapping
with NoC communication latency. Our simulation results with
a diverse set of scientific and commercial benchmark traces
reveal that CC can provide up to 33% reduction in network
latency and up to 23% power savings. Even in the case of
NC — where the data is compressed only when passing through
the NoC fabric of the NUCA architecture and stored uncom-
pressed — performance and power savings of up to 32% and
21%, respectively, can be obtained. These performance bene-
fits in the interconnect translate up to 17% reduction in CPI.
These benefits are orthogonal to any router architecture and
make a strong case for utilizing compression for optimizing the
performance and power envelope of NoC architectures. In ad-
dition, the study demonstrates the criticality of designing faster
routers in shaping the performance behavior.

1. Introduction

The last few years have witnessed a major upheaval in mi-
croprocessor architectures. The relentless increases in clock
frequencies that shaped the scene in the late 1990s and early
2000s have almost come to a standstill. Architects hit what
has come to be known as the power wall; higher frequencies
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lead to higher power consumption, which, in turn, spawned
cooling and reliability issues. Furthermore, the exploitation
of Instruction-Level Parallelism (ILP) through deep pipelin-
ing and complicated out-of-order superscalar cores seems to
have reached a plateau: the inevitable and anti-climactic law
of diminishing returns has set in. Architects have to look else-
where to jump-start the quest for higher performance and frugal
power envelopes.

The solution to thinning ILP gains has come in the form of
the multi-core/CMP revolution. The enabler for this promis-
ing design paradigm is the steadfast shrinkage of technology
feature sizes into the nanometer regime. By utilizing a num-
ber of simpler, narrower cores on a single die, architects can
now provide Thread-Level Parallelism (TLP) at much lower
frequencies. The presence of several processing units on the
same die necessitates oversized L2 and, where applicable, L3
caches to accommodate the needs of all cores. Burgeoning
cache sizes are easily facilitated by the aforementioned explo-
sion in on-chip transistor counts. However, the implementa-
tion of such large cache memories could be impeded by ex-
cessive interconnect delays. While smaller technology nodes
are associated with shorter gate delays, the former are also re-
sponsible for increasing global interconnect delays [1]. There-
fore, the traditional assumption that each level in the mem-
ory hierarchy has a single, uniform access time is no longer
valid. Cache access times are transformed into variable laten-
cies based on the distance traversed along the chip, and has
spurred the Non-Uniform Cache Architecture (NUCA) [8] con-
cept. A large, monolithic L2 cache is divided into multiple in-
dependent banks, which are interconnected through an on-chip
interconnection network.

What can clearly be surmised from the NUCA mechanism
is the enormous strain placed on the interconnection backbone.
The network fabric undertakes the fundamental task of provid-
ing seamless communication between the processing cores and
the scattered cache banks. Although its intricacies are often
ignored or underestimated, the on-chip interconnect in large
NUCA-based CMPs is of utmost importance. Most prior work
in CMP NUCA designs uses a packet-based Network-on-Chip
(NoC) [11] architecture. Widely viewed as the de facto solu-
tion for integrating the many-core architectures, NoCs are be-



coming increasingly popular because of their well-controlled
and highly predictable electrical properties and their scalabil-
ity. However, research in NoC architectures clearly points to
some alarming trends; the chip area and power budgets in
distributed, communication-centric systems are progressively
being dominated by the interconnection network [35]. The
ramifications of this NoC dominant design space have led to
the development of sophisticated router architectures with per-
formance enhancements [19, 26], area-constrained methodolo-
gies [21], power-efficient and thermal-aware designs [31], and
fault-tolerant mechanisms [29].
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Figure 1. Cache Compression (CC) and NIC Compres-
sion (NC) schematic

While all prior studies have exploited the router micro-
architecture design for optimizing the NoC performance and
power envelope, the essence of this paper revolves around the
idea of employing data compression [5, 6, 33, 17] for addi-
tional gain in performance and power. The effect of compres-
sion on the interconnection network of NUCA-based CMPs
is currently not clear. Toward that extent, this work analyzes
the impact of compression on the underlying NoC. The ram-
ifications on network performance, router complexity, buffer
resources, and power consumption are investigated in-depth by
conducting a series of experiments involving the major archi-
tectural components of a typical NoC router. Intuitively, data
compression would reduce network load, and, in effect, lower
average network latency and power consumption, leading to
application level performance improvement. The motivation of
this paper is to quantify this gain for critical design decisions.
In this context, we explore two data compression techniques for
NUCA-based CMP systems, as illustrated abstractly in Figure
1. The two techniques explore combinations of storage and
communication compression.

The first scheme, known as Cache Compression (henceforth
abbreviated to CC), compresses data after the L1 cache, prior
to sending it to a shared L2 cache bank (i.e. compression ben-
efits both storage and network communication). Compressing
data in the cache is a technique aimed at improving memory
and, ultimately, system performance by squeezing more infor-
mation into a fixed-size cache structure.

The second scheme, called Compression in the NIC (ab-
breviated to NC), employs compression at the Network In-
terface Controller (NIC), prior into injection in the network.
NC implies the use of uncompressed storage data in the cache
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banks, with only the network communication traffic being com-
pressed. A simple compressor/decompressor module can be in-
tegrated in the NIC to facilitate this technique. The NC scheme
has the important advantage that it does not require any mod-
ification in the L2 cache banks. This attribute affords NC
plug-and-play capability, which is crucial in modern System-
on-Chip (SoC) implementations that comprise several Intel-
lectual Property (IP) blocks from various vendors. In many
cases, these IP blocks may not be modified (known as hard IP
cores); CC would, therefore, not be applicable in such envi-
ronments. Moreover, the inclusion of NC in this study aims
to characterize and quantify the effect of compression purely
in the NoC of a NUCA CMP. On the downside, NC requires a
compressor/decompressor unit in the NIC of every node in the
network, as can be seen in Figure 1. This is in contrast to the
CC scheme, which requires such units only in the CPU nodes.
It will be shown that the additional area and power overhead
is minimal, since the compressor/decompressor unit is very
lightweight. However, performance is also affected because
the NC mechanism involves compression and decompression
operations for both read and write requests, while CC involves
only one of the two operations for a given memory request (de-
compression for reads, compression for writes). To mitigate
the performance overhead of decompression, we overlap the
decompression phase with network traversal. This mechanism
hides some of the decompression latency overhead by com-
mencing progressive decompression as soon as the header flit
of a packet reaches its destination NIC.

To facilitate a complete system evaluation, including pro-
cessor, memory and NoC systems, we have developed an inte-
grated NoC/cache simulator for CMP architectures. We have
used a diverse set of benchmarks, ranging from scientific ap-
plications to commercial workloads, for in-depth performance
analysis on 8- and 16-core systems with varying number of L2
banks, connected through a 2-D mesh. Overall, the major con-
tributions of this paper are the following:

e First, to the best of our knowledge, this is the first work
to comprehensively characterize and quantify in detail
the effect of data compression on the on-chip network
of a NUCA-based CMP. The effects of both CC and NC
schemes on the network behavior are analyzed in terms of
average network latency, power consumption, and buffer
utilization. We also extend the analysis to estimate the
benefits at the application level.

Overall, the CC scheme provides on an average 21%
reduction in network latency with maximum savings of
33%. Similarly, power consumption is reduced by an av-
erage of 7% (23% maximum). At the application level,
we observe, on an average 7% reduction in CPI compared
to the generic case.

The NC scheme on an average provides network latency
reduction of 20%, (32% maximum), while power con-
sumption reduces on an average by 10% (21% maximum).
The novelty of this scheme is that it does not need any
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Figure 2. Data Pattern Breakdown

modifications to the cache architecture and can be adopted
in generic SoC/multi-core platforms.

o Finally, a direct corollary of this analysis is the very inter-
esting conclusion that existing NoC architectures are so
elaborate and over-designed that they do not adequately
match the speed of the processing cores. This mismatch in
speed is detrimental to the overall performance. Instead,
lean and lightweight on-chip routers are preferred in terms
of operating frequency and they can over-compensate for
any lack of sophistication.

The rest of the paper is organized as follows: Section 2
presents the two compression schemes to be investigated in
this paper; the experimental platform and workload used in
this study are presented in Section 3; Section 4 is devoted to
performance evaluation and, summary of related work is pre-
sented in Section 5. Finally, the concluding remarks are drawn
in Section 6.

2. Compression Techniques
2.1. Cache Compression

Cache compression is a well-studied technique and re-
searchers have used various compression techniques over time
[37, 5, 23]. The current state-of-the-art compression design
uses frequent-pattern compression [4], which is a significance-
based compression scheme. It compresses some frequent pat-
terns such as consecutive Os and 1s in data streams. In our
investigation of the workloads, we observed a few patterns
occurring with very high frequencies, as illustrated in Figure
2, corroborating the effectiveness of the aforementioned com-
pression technique. For example, as shown in Figure 2, appli-
cations like apache, ocean and zeus have more than 60% of
consecutive Os, while on the other hand, applications such as
mgrid and swim have very little frequent patterns, rendering
them mostly uncompressible. The advantage of this frequent-
pattern compression method is that high compression ratios can
be achieved. The disadvantage, however, is that the scheme is a
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variable-length compression method. This implies that decom-
pression cannot be done in parallel, and the cache set structure
is complicated due to the variable length cache lines.

Cache compression allows to store more data in the same
cache size. This can be achieved by using higher associativ-
ity for the same physical set size and by additional hardware
to handle variable cache line sizes in every set. A cache ar-
chitecture to handle variable length cache lines is depicted in
Figure 3(a). In this design, the traditional hardware granularity
of one cache line is now reduced to a segment within a set. As
in [5], one segment consists of 4 compressed words with one
set containing 32 segments. Each cache line may consist of one
to eight segments, depending on its compressibility. The tag is
thus modified to accommodate a 3-bit length value (i.e. up to 8
cache lines). We use a 1-bit compression status flag indicating
whether the line is compressed or not. Although in this work
we do not use the adaptive scheme of [5], we still use this bit
to optimize the on-chip interconnect throughput by sending the
uncompressed packet over the interconnect without the tag, if
none of the words were compressible in a particular cache line.

The additional hardware modules required to enable the use
of the cache compression scheme are shaded in Figure 3(a).
The critical path for a cache lookup is also shown in detail in
the adjacent flow graph (the additional modules in Figure 3(b)
are shaded in grey).

Every cache line starts at a variable segment offset from the
start of the set, depending on the cumulative length of all previ-
ous valid cache lines. Therefore, the start address of each cache
line needs to be computed. A parallel prefix adder is employed
for this purpose. The adder can operate in parallel with the tag
comparators. Since the granularity of a cache line has been re-
duced to a variable number of segments, a cache line can now
potentially start from any segment offset in the set (each set
has 32 segments) and, similarly, end at any segment. Hence,
the straightforward output from the tag comparators can no
longer be used to drive the output driver multiplexer circuits
[32]. Instead, the monolithic output driver circuits must be
broken into many smaller drivers to account for the increased
segment granularity in each cache line. These drivers are con-
trolled by a 32-bit controlling mask, with each bit representing
one segment in the entire set. A bit-mask generator is, thus,
added to the circuitry, which takes the cumulative length and
current length as inputs to generate a bit-mask that will acti-
vate only those segments belonging to the valid matched cache
line. The bit-mask is subsequently fed to the data output driver
circuits.

In order to support variable-line size, the tag array access
and data array access components need to be decoupled, as
in [15, 34]. Further, contiguous storage invariant needs to be
maintained at all times. This is required to avoid any internal
fragmentation within the set, and, more importantly, to sim-
plify the data-array lookup. If holes of invalid segments are al-
lowed to permeate the valid cache lines, then the system would
need to keep track of the starting addresses of each valid cache
line in addition to the line length. To maintain a contiguous
storage space, segments within the cache set must be moved
when certain events occur. We call the operation of moving
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Figure 3. Cache Configuration To Support Variable Line Size

segments within the set compaction.

Compaction is needed under two circumstances: (1) On a
write hit, and when the data to be written back is larger than the
original compressed line (fat write) and (2) On a replacement,
and when the line chosen to be replaced is not the exact same
size as that of the fresh line being brought into the set. Note that
more than one line may need to be replaced to accommodate a
new line. This process may require more than one compaction
operation.

Before the compaction operation commences, the set needs
to be locked and cannot service further requests. Compaction
is not on the critical delay path, as the processor is not stalled
for a write, and, in the case of a miss, the fetched data is sent
back immediately while the set is simultaneously locked to pre-
vent further access. However, the locking of the set may cause
performance degradation since the set is no longer available
until compaction is complete. Fortunately, our experiments
indicate that the number of compactions required is relatively
low, and the time period between consecutive compactions is
large enough to accommodate the compaction time. Our ex-
periments show that the average number of cycles between two
consecutive compactions to a bank is around six thousand cy-
cles with a minimum of around two hundred cycles.

Compaction needs two additional hardware modules(not
shown in Figure 3(a)): a Compaction Detection Module, and a
Compaction Buffer of the size of one set. A single compaction
operation will first require a read from the set, followed by two
writes to the set. To limit the area overhead imposed by the
compaction scheme, only one set buffer per cache bank is used;
thus, the buffer needs to be shared by all sets in the bank. In
order to read/write data from the set during a compaction oper-
ation, the column decoder logic needs to be coordinated by the
Compaction Detection Module to enable the right segments for
read and write-back to the set.

The area overhead for compression in a cache bank has been
calculated in [5] to be approximately 7%, but without taking
into account the compressor/decompressor circuit. In our anal-
ysis, we have accounted for cache compaction and additions
to the basic cache structure in order to investigate the impact
on access time. The additional compaction buffer per bank
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(size of one set), adds a minimal 0.1% overhead. To calcu-
late the timing overhead, the baseline cache timing parameters
were taken from CACTI 4.2 [32] and the additional modules
including compressor/decompressor circuit were implemented
in Verilog, synthesized in 90 nm and scaled to 45 nm [9]. The
additional modules add 0.41 ns to the critical path. This re-
quires two additional clock cycles for each cache access to
support a variable line, segmented cache for a 4-GHz proces-
sor. This result is significant, because it shows that cache com-
pression does, indeed, affect the cache access time. The area
overhead and dynamic power consumption of the compres-
sor/decompressor circuit from our implementation were found
to be 0.183 mm? and 0.273 W, respectively.

2.2. Compression in NIC

For architectures that do not employ cache compression, we
can use compression in the NIC prior to injecting traffic into the
network. This scheme needs a compressor and decompressor
in each NIC, and thus, adds to the area and timing overheads. In
this paper, we show that some of the compression and decom-
pression latency can be hidden by utilizing a pipelined router
design.

Frequent-pattern compression can be realized in five cycles
[4]. In the first cycle, the length of each word is decoded using
the prefix tags. In the next two cycles, the starting bit address
of each word is computed by cumulatively adding the length
bits of each word. In the fourth and the fifth cycles, a par-
allel pattern decoder decodes the contents of the compressed
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data bits into uncompressed words using their respective pre-
fix bits. This overhead is on the critical path of the L2 hit la-
tency. Prior work has tried to reduce this latency by an adaptive
scheme based on the LRU stack depth in the cache [5]. Here,
we present an optimization based on the observation that in a
packet-based network, it is possible to overlap the decompres-
sion with the network latency. The decompression pipeline can
be designed such that we need not wait for the entire cache line
to arrive before we can start the decompression phase. Since
at the ejection port we can get at most one flit per cycle in a
wormhole switched network, decompression may commence
as soon as the header flit of the compressed cache line arrives.
This flit contains the prefix tags and all the necessary infor-
mation for the first three stages of the decompression pipeline.
After the tail flit arrives at a NIC, we can complete the final
two steps of the decompression stage and commit the data to
the L1 cache and/or processor. This technique will save three
clock cycles per decompression operation, effectively reducing
the overhead from 5 cycles to 2 cycles. Figure 4 demonstrates
the three cycle saving that can be accrued from the proposed
scheme.

3. Experimental Platform

In this section, we describe our complete CMP platform in-
cluding the processor core and the underlying NoC architec-
ture, the router model and the workloads used for the perfor-
mance analysis.
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3.1. Baseline CMP Architecture

Without loss of generality we assume an 8-core CMP at 45
nm technology size as our baseline architecture. Each core has
split private L1 cache (instruction and data cache each 32 KB
in size). All the cores share the 4 MB last level cache (L2).
The L2 cache is split into 16 banks, each of size 256 KB. A
6x4 mesh network( as shown in Figure 5) connects these banks.
Each L2 cache bank has a router associated with it. Each router
connects to four adjacent routers in the four cardinal directions.
The detailed configuration is given in Table 1. We implemented
a detailed trace-driven cycle-accurate hybrid NoC/ cache sim-
ulator for CMP architectures. The memory hierarchy imple-
mented is governed by a two-level directory cache coherence
protocol. Each core has a private write-back L1 cache. The L2
cache is shared among all cores and split into banks. Our coher-
ence model includes a MESI-based protocol with distributed
directories, with each L2 bank maintaining its own local direc-
tory. The simulated memory hierarchy mimics SNUCA [8].
The sets are statically placed in the banks depending on the
low order bits of the address tags. The network timing model
simulates all kinds of messages: invalidates, requests, replies,
write-backs, and acknowledgments. The interconnect model
implements a state of art low-latency packet-based NoC router
architecture.

The NoC router adopts the deterministic X-Y routing algo-
rithm, finite input buffering, and wormhole flow control. The
power estimates extracted from the synthesized implementa-
tions are also fed to the simulator to compute overall power
consumption.This platform is used in conjunction with the
Simics full system simulator [25], which is used as memory
reference generator. All the additional hardware logic men-
tioned in this paper was implemented in structural Register-
Transfer Level (RTL) Verilog and then synthesized in Synopsys
Design Compiler using a TSMC 90 nm standard cell library.
The library utilized appropriate wire-load approximation mod-
els to reasonably capture wire loading effects. The area and
power numbers then obtained were scaled down to 45 nm tech-
nology [9].

3.2. Baseline Router Architecture

A generic NoC router architecture is illustrated in Figure 6.
The router has P input and P output channels/ports. In most
implementations, P=5; four inputs from the north, east, south
and west directions, and one from the local Processing Element
(PE). The Routing Computation unit, RC, is responsible for di-
recting the header flit of an incoming packet to the appropriate
output Physical Channel/port (PC) and dictating valid Virtual
Channels (VC) within the selected PC. The routing is done
based on destination information present in each header flit,
and can be deterministic or adaptive. The Virtual channel Al-
location unit (VA) arbitrates amongst all packets requesting ac-
cess to the same VCs and decides on winners. The Switch Al-
location unit (SA) arbitrates amongst all VCs requesting access
to the crossbar and grants permission to the winning flits. The
winners are then able to traverse the crossbar and are placed
on the output links. Simple router implementations require



TPC-W: We use an implementation of the TPC-W bench-
mark [2] from New York University consisting of two tiers
- a JBoss tier that implements the application logic and in-
teracts with the clients and a Mysql-based database tier that
stores information about items for sale and client information
- under conditions of high consolidation. It models a online
book store with 129600 transactions and 14400 customers.
Java ServerWorkload: SPECjbb. SPECjbb2000 is a Java
based benchmark that models a 3-tier system. We use eight
warehouses for eight processors, we start measurements 30
seconds after rampup time.

Static Web Serving: Apache. We use Apache 2.0.43
for SPARC/Solaris 10 with default configuration. We use
SURGE [7] to generate web requests. We use a repository
of 20,000 files (totalling 500 MB). We simulate 400 clients,
each with 25 ms think time between requests.

Static Web Serving: Zeus. Zeus is the second web server
workload we used. It has an event-driven server model. We
use a repository of 20,000 files of 500 MB total size, 400
clients, 25 ms think time.

SPEComp: We used SPEomp2001 as another representative
workload. We present the results from apsi, art, mgrid and
swim due to space constraints.

SPLASH 2: SPLASH is a suite of parallel scientific work-
loads. Each benchmark executed sixteen parallel threads
running on a eight way CMP.

Mediabench (mm). We use eight benchmarks (cjpeg, djpeg,
jpeg2000enc, jpeg2000dec, h263enc, h263dec, mpeg2enc
and mpeg2dec) from the Mediabench II [3] suite to cover
a wide range of multimedia workloads. We used the sam-
ple image and video files that came with the benchmark.
For throughput computing we simultaneously executed all
benchmarks on each individual core for 30 back-to-back
runs.

Table 2. Workloads

a clock cycle for each component within the router. Lower-
latency router architectures parallelize the VA and SA using
speculative allocation [30], which predicts the winner of the
VA stage and performs SA based on that. Further, look-ahead
routing [14] can also be employed to perform routing of node
i+1 at node i. These two modifications have led to two-stage,
and even single-stage [26], routers, which parallelize the var-
ious stages of operation. In this work, we assume the use of
a two-stage router. Furthermore, since compression would re-
sult in variable size packets, the router architecture is modified
accordingly.

In our experiments, the flit size was chosen to be 80 bits (64-
bit data payload and 16-bit network overhead). At any given
time, both data and control packets flow in the network. Data
packets are typically much larger than control packets. Our
exploration indicated that control packets range in size from
39 to 64 bits. Thus to avoid internal fragmentation in control
packets, we choose a flit size that could accommodate at least
a 64-bit payload.

The contemporary state-of-art routers, with wormhole rout-
ing and several VCs per physical channel, have achieved max-
imum operating frequencies well below 1 GHz [27, 12, 19] at
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larger technology nodes. Even after scaling to 45 nm technol-
ogy [9], the single-stage router of [27] can reach only about
1 GHz. The router in [12] can reach 2 GHz, but it is deeply
pipelined (5-stage router). However, various CMP designs
[8, 6] demonstrate a processor clock speed within 5 to 10 GHz.

We analyzed the router pipeline to discover that the arbi-
tration stage is the bottleneck of the pipeline, and this stage
determines the clock frequency. We also observed from our
circuit-level implementation and timing analysis that reducing
the number of VCs increases router frequency considerably.
Thus, routers can achieve almost 4 GHz at 45nm technology by
cutting down the VCs to two per physical channel. Another im-
portant conclusion from our experiments is that cutting down
the number of VCs by half marginally affected network latency
in all workloads. This can be attributed to low injection rates
seen in the interconnect. Thus, we gain in router clock speed
with a low penalty in performance.

3.3. Workloads

For the performance analysis, we use a diverse set of work-
loads comprising of scientific and commercial applications.
The workload details are summarized in Table 2.

4. Performance Evaluation

It is intuitively clear that compression can give us diverse
benefits, depending on the on-chip/off-chip bandwidth char-
acteristics and the compressibility of the workloads. In this
section, we quantify these benefits in terms of network centric
parameters such as network latency, memory latency, power
consumption, and buffer utilization, and the application centric
CPI parameter. The results are discussed under four subsec-
tions. First, we conduct a co-evaluation of CMP cores and NoC
router architectures to understand the impact of router clock cy-
cles on overall system performance. This study indicates that
a router-to processor clock ratio of 1:1 is essential for perfor-
mance optimization, and is used in the rest of the study. Sec-
ond, we report the benefits of compression on network perfor-
mance, followed by a scalability analysis of the two cases(CC
and NC). Finally, we conduct a application level CPI analy-
sis. We, thus, compare three cases; a generic NoC without any
compression (gen), compression in the cache (CC), and com-
pression in the NIC (NC). For clarity of discussion, most of the
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Router-to-Processor Clock Ratio

latency results are normalized with respect to the generic case.
4.1. Network and Processor Co-evaluation

Except for a few studies [12, 24], almost all prior work in
NoCs has focused only on the network design aspects with-
out considering a holistic approach involving the processor and
memory systems. Similarly, the processor/memory designs for
CMPs [6] have neglected the details of the NoC architecture,
and have usually assumed a fixed network latency. A con-
sequence of this disjoint approach is that while some of the
recent papers have assumed high processor clock rates (4-10
GHz), contemporary NoCs are yet to approach the processor
clock rate [27, 12, 19]. This is primarily because of the sophis-
ticated router architectures. This mismatch between processor
and NoC design could have significant performance implica-
tions, since one network clock cycle could be equivalent to
multiple processor cycles. The ramification of this mismatch
needs quantification for providing useful design guidelines. In
[28], the authors have analyzed the impact of using NoC in a
NUCA-based CMP. In contrast, our work focuses on compres-
sion and studies its effect on the interconnect. In this section,
we analyze the impact of the NoC design on overall system per-
formance by varying the ratio of processor and router operating
frequencies.

Figure 7 demonstrates how interconnect scales with the ra-
tio of router clock to processor clock for four representative
workloads in an 8-core system with 16 cache banks, connected

221

as a 2-D mesh. Figure 7(a) illustrates how the network latency
grows fast as the router to processor clock ratio changes from
(1:1) to (1:4). Since the L1 to L2 cache communication fol-
lows a request-response communication model, the memory
response time includes the round trip time in the interconnect.
Thus, we see that at a clock ratio mismatch of 1:4, the L2 access
time can increase as much as by 170 cycles, making on-chip la-
tency comparable to off-chip latency.

min-net ™ off-chip other
|

zeus
wns
tpcw
swim
sjbb
ray
ocean
mm
mgrid
barnes
art :

|

apsi

apache ;

0% 20% 40% 60% 80% 100%

Figure 8. Average Memory Response Time Break-
down

Figure 7(b) breaks down memory latency into three cate-
gories. First, is the component of average memory response
time spent over the on-chip interconnect (in-net). The transac-
tions which use the interconnect consist of L1 cache fills, L1
write-backs, and the coherence messages. Second, is the com-
ponent of average memory response time spent off-chip (off-
chip). This is the time required to access the off-chip DRAM.
The component of average memory response time spent in L1
accesses, L2 accesses, and the queuing time of the cache con-
trollers are all clubbed together in the third category (other).
Figure 7(b) shows that as the clock mismatch grows, the time
spent in the interconnect becomes disproportionately larger
than time spent off-chip or time spent within the cache con-
trollers. These results indicate that it is essential to design-
ing faster routers to cope with the processor speed. Otherwise,
the NoC will be a major performance bottleneck. Thus, in the
rest of the study, we use a router-to-processor clock ratio of
(1:1) to analyze the impact of compression without any bias
in the relative speed. From an interconnect perspective, it is
useful to segregate applications with respect to their on-chip
(interconnect bound) and off-chip (memory bound) bandwidth
demands. Applications which have high L1 miss rates will in-
evitably consume significant L2 on-chip bandwidth, and inter-
connect latency will dominate the overall memory latency, thus
they will have high in-net component. For applications with
high L2 miss rates the off-chip component will dominate the
average memory latency. For application which are not mem-
ory intensive and get satisfied with L1 itself (i.e. low L1 miss
rates) the other component will dominate the average memory
latency.

Figure 8 shows the percentage of time an application spends



in-network, off-chip and others. Here we see that applications
art, ray, tpcw have high in-net component, thus they are likely
to benefit more from NC than CC.

4.2. Network-Centric Evaluation
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Figure 9. Normalized Performance

Figure 9(a) depicts the impact of compression on network
latency per message and Figure 10 shows the actual latency
numbers per flit in clock cycles. The network latency is broken
down into queuing latency, blocking latency and actual transfer
time (trans latency). We find, on an average, 21% improvement
going up to a maximum of 33% with the CC scheme, while the
NC scheme provides equally competitive 20% and 32% aver-
age and maximum latency reduction, respectively. The queu-
ing latency and blocking latency per flit do consistently de-
crease across all benchmarks (except for swim and mgrid since
these applications have little room for compression as depicted
in Figure 2), as we consume lower network bandwidth due to
compression. The actual network transfer time (translat) does
not decrease considerably because the flits still need to traverse
the same number of hops. However, the message latency de-
creases as number of flits per message (Figure 11) reduces due
to compression. Figure 11 indicates that the average flit size for
some of the highly compressible applications such as apache
and zeus reduces by more than 50% due to compression. It
must be noted from Fig. 9(a) that two or three cycles are saved
for data packets per message in addition to savings in blocking
and queuing latency per flit. However, only around 42% of the
total number of packets in our applications are data packets,
so we do not see a significant difference in per flit latency sav-
ings and per message latency savings. We also see that network
bound applications (Section 4.1) art, ray, tpcw perform better
for NC than CC scheme. This can be attributed to the fact that
CC always has a 2 cycle overhead for ever L2 cache access
due to additional complexity in the cache set structure(Section
2.1). Thus, if the application has a small off-chip component
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and high in-net component, the CC scheme does give benefit
in terms of additional cache capacity, but incurs the cache ac-
cess time overhead.

Figure 9(b) shows the impact of compression on memory re-
sponse time. This time is measured in cycles from the issue of
a memory request from the core until the response is sent back
after going through the memory hierarchy. The actual mem-
ory latency (in cycles) for each application with respect to the
generic case is given at the bottom of the figure. We find, on
an average, 10% and 9% improvements with the CC and NC
schemes, respectively, with the exception of mgrid and swim
applications. The cache compression actually increases the L2
cache miss rate for mgrid from 65% to 68% due to conflicts.
NC still shows marginal improvement for mgrid as we do not
affect the cache behavior in NC. swim has very low compress-
ibility, thus it does not provide benefits in any scheme.

Figure 12(a) shows the improvements in power conserva-
tion to be on an average 10% for NC and 7% for CC. One
interesting observation is that, although the NC scheme needs
a compressor and decompressor in each NIC (thus increasing
the area and power overhead), the overall power consumption
is still better than the generic router due to reduction in net-
work latency and buffer space. Figure 12(b) also shows aver-
age buffer utilization reduction by 47% for both CC and NC
schemes respectively. Lower buffer utilization implies that we
can reduce the buffer size without affecting performance. This
in turn would lead to substantial power saving in the network.

4.3. Scalability Study

The previous experiments have been conducted with an 8-
core CMP with 16 L2 cache banks. In this section, we inves-
tigate the scalability of the compression schemes using a 16-
core system with varying number of cache banks but keeping
the last level level cache size constant at SMB. The results are
plotted in Figure 13 (a). We choose SPECjbb as a represen-
tative commercial workload for these experiments. We scale
the workload accordingly for the 16-core system. The graphs
show average network latency reduction (in % with respect to
the generic case) for 16, 32, 64 node cache banks, configured
as 2-D mesh networks. Results for the 8-core CMP are also
plotted for comparison. The results indicate that as the net-
work size increases from 8 to 16 cores, compression results in
equivalent latency reduction for the same processor to cache
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bank size ratio. Hence, data compression in larger multi-core
systems is expected to provide similar performance and power
optimization. It can also been be seen that improvements with
both the CC and NC schemes scale down with network size.
This is intuitive since by increasing the network size for a con-
stant L2 cache size, the probability of blocking and queuing in
the network will be lower, thus reducing benefits. However,
the slope is not steep, thus improvements scale down grace-
fully. Also, if the technology allows for a larger cache in a
multi-core chip, data compression would be more attractive.

Another interesting scalability result would be to see the ef-
fect of wider channels/links on achieved performance improve-
ments. We plot these results in Figure 13 (b). We vary the
flit/link size from 4 bytes to 32 bytes. As can be seen, the im-
provements scale down for both NC and CC. The reason for
this degradation is two fold. On one hand, the injection ra-
tio into the network reduces, causing reduction in blocking and
queuing in the network. This makes compression less effective.
On the other hand, since number of flits per message reduces
with wider flits, the overlapping of decompression latency with
communication latency is not always possible. However, as
the number of cores and banks increase with technology scal-
ing, the available bandwidth per channel will also scale down,
which in turn will limit the width of links and hence the flit
size.
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4.4. Application-Centric Evaluation

In this section, we analyze how the savings in network la-
tency due to compression translates to the application level. We
use the Simics[25] full system simulator instantiated with the
g-cache model to measure the CPI for different applications.
The last level (L2) cache latencies ( Figure 10) are obtained
from our NUCA-based cache simulator, as discussed earlier,
and we back-annotate these latency values to simulate the 8-
core CMP system. We use an in-order core model. Figure 14
shows the normalized CPI reduction for each application us-
ing CC and NC respectively. We find an overall CPI reduction
of 5%. It should be noted that, the overhead of cache access
latency or the benefit of cache capacity increase was not in-
cluded, specifically, to quantify the network effect.

5. Related Work

In this section, we provide a brief summary of prior work
overlapping the techniques presented in this paper. Compres-
sion has been explored not only at various levels of the memory
hierarchy [5, 6, 33, 20, 13, 23, 36] to increase effective stor-
age size, but also in macro-networks, off/on-chip buses to im-
prove bandwidth, reduce crosstalk, and improve bus scalability
[18, 10]. Recently, researchers [5, 6] have analyzed the impact
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of compression on the memory system performance in a CMP
environment. It is shown that L2 cache compression can give
a performance speedup up to 26%. However, this study does
not consider the details of the underlying NoC architecture. It
assumes a constant-delay interconnect model. Our paper uses
[5] as the baseline architecture, and extends it to analyze the
NoC performance and power consumption behavior.

Many prior works [16, 34, 20] have looked at variable-size
cache lines, but for different motivations than ours. The theme
has been mostly to reduce the overhead of fetching an entire
cache line when; due to false sharing or low spatial locality,
most of the line is unused. These proposed techniques do not
require a segmented cache architecture; they mostly build on
sector caches [22]. Sector caches are different from segmented
caches as all the cache lines are still physically of constant size,
although logically they may be thought of as of variable size.
Instead, we use variable-line cache set in order to support cache
compression. The basic contribution of this paper in this area
is to present a detailed segmented cache architecture, and to
analyze the associated timing overhead.
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6. Conclusion

Data compression is a well-known technique for enhancing
the performance of communication architectures. Compres-
sion has also been applied in designing the memory hierarchy
to increase the effective storage size in uni-processor and multi-
core systems. In this paper, we examine how compression can
be be utilized in deriving additional performance and power
benefits in on-chip interconnects within the context of multi-
core/CMP systems. In particular, the objective of this study is
to quantify these benefits through a holistic evaluation of the
CMP architecture.

In this context, we explore two data compression tech-
niques, called Cache Compression (CC) and Compression in
the NIC (NC), for NoC architectures. We also analyze the de-
sign details of the cache architecture and the NIC compression
scheme to estimate the area, power, and performance over-
heads. Our performance results indicate that the CC scheme
can reduce the network latency by up to 33% (average 23%),
and the power consumption by up to 24% (average 7%). In
terms of application-level performance, we observe up to 17%
decrease in CPI compared to the generic case. Similarly, the
NC scheme can provide competitive latency, power and CPI
reductions of up to 32%, 26%, and 13%, respectively. These
benefits are orthogonal to, and additional to, the inherent NoC
architecture, and are significant considering the overall NoC
design objectives. Another useful insight of this integrated
NoC and memory system evaluation is the criticality of de-
signing faster NoC routers to cope with the processor speed.
Otherwise, the NoC will become the major bottleneck in over-
all system performance. Thus, in contrast to sophisticated but
rather slow router designs that employ complex arbitration and
flow control mechanisms, the study indicates that NoC routers
should rely on simple architectures to increase the router speed.

In summary, all these results indicate that compression
would benefit the NoC design in terms of lower network la-
tency, lower power consumption and improved application per-
formance. In particular, the CC scheme will have the dual ben-
efit of helping the cache performance and the NoC performance
in a CMP. The NC scheme does seem to be as effective as the
CC scheme, and thus is a viable option since we can squeeze
performance and power benefits without modifying the cache
architecture.
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