
 

A Performance Evaluation of 2D-Mesh, Ring, and 

Crossbar Interconnects for Chip Multi-Processors 
 

Jesús Camacho Villanueva
1
, José Flich

1
, 

José Duato
1 

1
Universidad Politécnica de Valencia 

{jecavil, jflich, jduato}@gap.upv.es 

 

 

ABSTRACT 

As the number of processing nodes on chip multi-processors 

(CMPs) keeps increasing, providing efficient communication with 

the on-chip interconnect becomes increasingly critical. With 32-

core CMP designs on the drawing table of engineers, there is a 

demand for accurate simulation models that capture all the com-

plexities and interactions of the different design layers including 

the application, operating system, cache hierarchy, coherency 

protocol, and other on-chip resources. These components cannot 

be modeled anymore in isolation as unpredicted performance 

anomalies may arise once all the system variables are taken into 

account. 

In this paper, we present a simulation framework for CMP sys-

tems, focusing our attention on the on-chip network. We show 

preliminary results for the choice of key network parameters (to-

pology, flit size) with respect to the behavior and performance of 

applications running on top of different network configurations. 

This paper tries to convey the need for an overall CMP system 

simulator as a way to accurately characterize the actual behavior 

of the on-chip network. 

 

Categories and Subject Descriptors 
B.4.4 Performance Analysis and Design Aids - Simulation 

General Terms 
Measurement, Performance, Design. 

Keywords 
Interconnects, on-chip networks, chip multi-processors, multipro-

cessor simulations. 

 

1. INTRODUCTION 
As the number of cores on a CMPs is increased, the on-chip core 

interconnect becomes an increasingly critical component. Here, 

we are mainly interested in a sub-class of CMP architectures that 

allow for tightly-coupled symmetric multiprocessing (SMP). Fig. 

1 shows a typical organization of such a system, e.g. as exempli-

fied by the UltraSPARC T1 processor [4]. There are n cores 

each containing a processor and a first-level (L1) cache.  
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The cores are connected to a second-level (L2) cache through a 

crossbar interconnect1. The L2 cache is shared and split into m 

banks. In the example of the UltraSPARC T1 processor, n = 8 

and m = 4. CMPs with 8 cores are shipping in systems now [4], 

CMPs with 16 cores have been announced, and CMPs with 32 

cores are already on the drawing table. The use of a crossbar as 

shown in Fig. 1 is attractive as it simplifies the overall design of 

the system thanks to properties like fixed latency and the capabili-

ty to broadcast packets. By offering a fixed latency between any 

core and any L2 bank, memory accesses can be easily pipelined 

and interleaved. Further, by being able to broadcast packets, oper-

ations such as cache invalidate operations can be efficiently im-

plemented. 

 

 

Fig. 1: Typical CMP system with Crossbar Interconnect. 

As denser process technologies allow for integrating more and 

more cores on a single die, the question arises how well crossbar 

architectures that rely on a single monolithic switch scale. In [8], 

the authors report on their experience with synthesizing a crossbar 

switch in 65 nm technology and conclude that for switches with a 

radix greater than 30 the area overhead and degradation in clock 

frequency become intolerable.  

Given the limited scalability of crossbar switches we have 

been examining alternative interconnect topologies that make use 

of smaller switches that can be distributed and integrated into the 

cores thus allowing for a tiled organization. In particular, we 

looked at other popular interconnect choices like 2D-meshes and 

rings. Both 2D-meshes and rings are advantageous when inter-

connecting larger numbers of nodes as the length of the link con-

necting two neighboring nodes does not depend on the number of 

nodes (which is not true for the crossbar). Further, it is 

                                                           
1 This configuration with the processor cores and the private L1 

cache on one side and the banked shared L2 cache on the other 

side of the crossbar is sometimes referred to as “dancehall” confi-

guration. 
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straightforward to lay out 2D-meshes and rings in a plane unlike 

other interconnects such as tori or trees. Though the ring exhibits 

a longer average distance between two nodes than the mesh, it has 

its advantages such as an extremely simple routing protocol. 

Many proposals have appeared that improve the performance 

of the on-chip interconnect. Proposals span from topology selec-

tion to router architecture, and many other topics have been cov-

ered like flow control, routing algorithms, arbiter design, etc. For 

a general overview refer to [2][3]. However, most of the proposals 

have evaluated the network in isolation by mostly using synthetic 

traffic patterns or traces. 

In a recent publication [1], the effect of the interconnect on 

the performance of real applications executed on a detailed full-

system simulator was shown. By using a detailed network simula-

tor (GARNET) in a full-system simulator, the authors demonstrat-

ed that the network influenced the execution time of the applica-

tion significantly, and, most importantly, that not considering the 

network component may lead to incorrect conclusions. 

In this paper, we follow the same approach used in [1] by add-

ing a detailed network simulator in GEMS, which stands for the 

Wisconsin Multifacet General Execution-driven Multiprocessor 

Simulator [6]. However, we extend the research by exploring the 

effects of key network parameters on the execution of real applica-

tions. In particular, we explore the effect of topology selection and 

network capacity. While the only topology considered in [1] is the 

mesh, we examine four interconnect types including an ideal 

fixed-latency network, a mesh, a ring, and a crossbar. 

In summary, the contributions of the paper are twofold: First, 

we present a detailed network simulator and its integration into a 

full-system CMP simulator. Second, we explore the effects of two 

key network parameters on CMP performance. 

The remainder of the paper is organized as follows. In Sec-

tions 2 and 3, we describe the simulation tool and model, respec-

tively. In Section 4, we present the simulation results, and, in 

Section 5, we conclude the paper. 

 

 
(a) 

 
(b) 

Fig. 2: Gap Network Simulator (a) and Simulation Events (b). 

2. NETWORK SIMULATOR 

Our work is based on Virtutech Simics [5] which is a full-system 

simulation framework, extended with the Wisconsin GEMS tool-

set [6]. In this section, we describe the network simulator as well 

as its connection to the GEMS system.  

We have added our own network simulator, referred to as 

gapnet, to GEMS. GEMS already provides two network simula-

tors, simple and garnet. simple is the original simulator (with no 

concept of network contention) which was later complemented 

with garnet allowing for a more accurate network model [1]. The 

gapnet simulator adds new functionality not present in garnet, e.g. 

support for collective communication, wormhole and virtual cut-

through switching, virtual channels and virtual networks. The 

topologies that can be simulated include 2D-mesh, ring, torus, 

crossbar, and irregular topologies.  

Gapnet is an event-driven simulator, initially providing a set 

of several events, some of them are shown in Fig 2.b. An event 

models a particular action within the network and triggers one or 

several new event with a parameterizable delay. The behavior of 

the network is modeled as a set of consecutive events, mimicking 

the advancement of flits through the network. The list of events is 

fully customizable and can be extended by new ones. 

The GEMS system is also event-driven and provides a cycle-

accurate simulation of events. Whenever GEMS advances the 

simulation time by a cycle, a function in gapnet is called that 

processes newly arrived events. In this way, gapnet stays fully 

synchronized with GEMS, acting as a slave module. 

The link between GEMS and gapnet is implemented by means 

of an interface module (see Fig 2.a) with two entry points (in each 

direction) for both GEMS and gapnet. Whenever GEMS has a 

message ready to be sent, it calls the interface. The interface, then, 

processes the message and takes the required actions, for instance 

packetizing the message (if required), building a collective primi-

tive (if required) and computing the address of the destination 

entity. The interface uses a memory space shared with gapnet in 

order to maintain state information (packet state). In the same 

way, whenever gapnet delivers a packet, the interface is called 

and, if required, the corresponding destination in GEMS (a 

blocked process) is woken up. 

 

3. SIMULATION MODEL 

In this section, we briefly describe the organization and characte-

ristics of the simulated CMP system. 

 

 

Fig. 3: Simulated CMP. 

3.1 CMP Model 

The simulated CMP system is shown in Fig. 3. It has 32 cores 

with each core containing a SPARC CPU, an L1 cache and a L2 



 

cache. The L1 cache is private and shared by both instructions and 

data. The L2 cache is shared though physically distributed. The 

chosen parameters for the caches are given in Table 1. With this 

organization, the CMP can be partitioned into tiles each contain-

ing a processor core, a private L1 cache, and a slice of the L2 

cache. A tiled organization as outlined scales much better to high-

er core counts than the dancehall configuration described earlier. 

The reason is that the latter configuration makes it more and more 

difficult to provide fixed interconnect latencies between any core 

and any L2 location. 

The cache coherency protocol is a two-level directory protocol 

and referred to as MESI_CMP_directory in the GEMS environ-

ment [6]. Caches are non-inclusive and blocking. 

The cache parameters are derived from published numbers for 

CMPs such as the SPARC64 VIIIfx processor [7] which has a 

32 kB L1 data cache, 32 kB L1 instruction cache, and a 5 MB L2 

cache – it is our assumption that a next-generation process tech-

nology will allow doubling the capacity of the cache memories.  

 

3.2 Interconnect 

Four interconnect types are being considered: an ideal intercon-

nect, a crossbar, a 2D-mesh, and a bidirectional ring. The ideal 

interconnect is characterized by fixed delays for the transport of 

messages from any node to any other node; it is free of any con-

tention and, thus, provides an unlimited amount of bandwidth. 

The crossbar is included in our analysis even though we know that 

its implementation is questionable given the size of CMP system 

considered; it does, however, provide a reference with a well-

understood and widely used interconnect topology. The simulated 

2D-mesh is organized as a 4 by 8 array. Routing is based on X-Y 

dimension order routing, that is, messages are first sent in X-

direction and then in Y-direction. The ring topology is a bidirec-

tional ring, where the direction is chosen based on the shortest 

distance between source and destination. 

Table 1: Cache Parameters. 

 L1 cache L2 cache 

Size 128 kB 8 MB 

Associativity 8-way 16-way 

Line Size 64 B 64 B 

Hit Latency 3 cycles 6 cycles 

 

The latency characteristics of the interconnect are given in 

Table 2. The link lengths are derived from our assumption that the 

cores are laid out with a pitch that corresponds to one clock cycle. 

Thus, for the 2D-mesh and the ring, the length of the link between 

two neighboring cores corresponds to the pitch of one cycle. For 

the crossbar, we assumed that the 32 cores are laid out as a tiled 

2D-array. We assumed a link latency of 5 cycles which corres-

ponds to the rounded Manhattan distance between a corner core 

and the center of the array (this calculation ignores the die area 

that the actual crossbar switch consumes).  

Given the different radices of the switches used, we assumed 

one cycle latency for the smaller switches used for the ring and the 

2D-mesh, and two cycles latency for the more complex 32-port 

crossbar switch. In case of the crossbar, the multi-cycle latencies 

assumed for the links and the switch translate into a pipelined 

design with the links and the switch broken up into several pipe-

line stages. 

 

Table 2: Interconnect Parameters. 

 Ideal Crossbar 2D-Mesh Ring 

Link Latency [cycles] - 5 1 1 

Switch Delay [cycles] 1..128 2 1 1 

 

A critical parameter of any interconnect is its transporting ca-

pacity. In our analysis, we are using different flit sizes as a way to 

change the capacity. The flit is the minimum amount of data in-

formation that can be flow-controlled through a link. The flit size 

is an important parameter of the network at two levels. At the 

architectural level, and assuming the use of wormhole switching, 

different flit sizes will lead to different contention levels within 

the network, and thus to different performance levels. At the de-

sign level, a larger flit size will lead to more expensive router 

designs that consume more area and power. Also, other issues 

such as wiring complexity and crosstalk will arise. In this paper, 

we are interested in the architectural side of the choice of flit size, 

in particular, its influence on performance. 

 

3.3 Benchmarks 

We have chosen a subset of the SPLASH-2 benchmarks consist-

ing of FMM, LU, Radix, Radiosity, FFT, Barnes and Raytrace [9]. 

The characteristics of these benchmarks are listed in Table 3. The 

benchmarks were chosen such that we have a good mix of applica-

tions in terms of their usage of numerical types and synchroniza-

tion primitives. Our characterization of the benchmarks’ use of 

synchronization operations is based on the characteristics given in 

[9]: “little” translates to an average time spent in synchronization 

operations of less than 10% and “moderate” corresponds to 30%. 

All the simulation results have been obtained by averaging the 

results of 12 different simulation runs of which each used a differ-

ent seed. The provided results are obtained only for the parallel 

part of the application. 

 

Table 3: Benchmark Characteristics. 

Bench-

mark 
Instr 

(M) 
FLOPS/ 

Instr 
Reads/ 

Instr 
Writes/ 

Instr 
Shared  

Reads/ 

Instr 

Shared  

Writes/ 

Instr 

Time  

spent in  

Synchr. 
FMM 1250 0.34 0.18 0.03 0.17 0.02 little 
LU 494 0.19 0.21 0.10 0.19 0.09 moderate 
Radix 51 --- 0.24 0.14 0.24 0.14 little 
Radiosity 2832 --- 0.18 0.10 0.09 0.00 moderate 
FFT 35 0.17 0.11 0.09 0.11 0.09 little 
Barnes 2003 0.12 0.20 0.16 0.11 0.05 little 
Raytrace 829 --- 0.25 0.10 0.19 0.03 little 

 

4. PERFORMANCE ANALYSIS 

We first evaluate the performance of a CMP system if an ideal 

network with a constant delay is used. Then, we look at the per-

formance of the three interconnect topologies and show how it 

changes for different interconnect capacities. 

 

4.1 Evaluation of an Ideal Network with a 

Constant Network Delay 

We first analyze the performance of a CMP system that uses an 

ideal network. In particular, we model a network where all mes-

sages experience the same fixed latency, regardless of contention 

issues (thus, infinite network bandwidth is assumed). This analysis 



 

shows the impact of the network speed on applications perfor-

mance and also allows us to better understand the implications of 

the network subsystem on the CMP system in general and the 

coherency protocol in particular. 

Table 4: Ideal Network. Results normalized to the 1c case. 

App netw 

delay 

cycles msgs 

 

pages 

 

L1D 

misses 

instr 

 

FMM 8c 1.14 1.02 1.01 1.02 1.11 

 16c 1.30 1.02 1.02 1.03 1.23 

 32c 1.61 1.03 1.05 1.05 1.46 

 64c 2.71 1.09 1.10 1.10 2.32 

 128c 7.09 1.22 1.27 1.27 6.51 

LU 8c 1.29 1.10 1.09 1.13 1.26 

 16c 1.68 1.19 1.18 1.27 1.63 

 32c 2.64 1.33 1.28 1.40 2.37 

 64c 4.50 1.46 1.39 1.56 4.08 

 128c 29.02 2.82 2.55 2.75 28.32 

Radix 8c 1.32 1.09 1.01 1.05 1.31 

 16c 1.64 1.11 1.02 1.06 1.59 

 32c 1.94 1.11 1.03 1.07 1.71 

 64c 4.08 1.15 1.07 1.14 3.89 

 128c 11.38 1.29 1.19 1.33 11.50 

Radiosity 8c 0.99 1.01 1.52 1.02 1.02 

 16c 2.30 1.74 2.41 1.64 2.40 

 32c 1.19 1.10 3.39 1.08 1.15 

 64c 1.48 1.18 5.37 1.21 1.36 

 128c 2.49 1.47 4.30 1.64 2.60 

FFT 8c 1.41 1.04 1.02 1.02 1.30 

 16c 1.88 1.02 1.03 1.05 1.71 

 32c 2.93 1.08 1.07 1.11 2.61 

 64c 6.00 1.17 1.14 1.22 5.41 

 128c 13.00 1.21 1.26 1.31 12.10 

Barnes 8c 1.17 0.98 1.00 0.99 1.14 

 16c 1.39 0.97 1.00 0.99 1.31 

 32c 1.83 0.98 1.01 1.01 1.68 

 64c 2.85 1.00 1.05 1.04 2.53 

 128c 16.17 1.58 1.37 1.65 15.09 

Raytrace 8c 2.71 1.16 1.36 1.36 2.40 

 16c 4.20 0.97 1.03 1.04 3.98 

 32c 7.20 0.90 0.98 1.00 7.67 

 64c 13.29 0.86 0.81 0.86 16.84 

 128c 23.72 0.80 0.80 0.87 29.88 

 
Table 4 shows, for each application, several parameters: the 

number of cycles needed to run the application, the number of 

messages generated by the coherency protocol, the number of 

pages accessed by the application, the number of L1 data misses, 

and the number of instructions executed. These results have been 

obtained for a network with constant network delay (CND) rang-

ing from one cycle to 128 cycles. Results are normalized to the 1c 

delay case (not shown). The first observation (column cycles) is 

that some applications are more insensitive to network latency 

than others. For FMM, LU, Radix, Radiosity, and Barnes, the 

increase in network delay leads to a moderate increase in execu-

tion time. However, for FFT and Raytrace, the increase is much 

more pronounced (most prominently for Raytrace). Another inter-

esting observation is the impact of network delay on the flow of 

execution, in particular, on the behavior of the coherency proto-

col. For Radiosity, the number of page reclaims has increased 

more quickly than for the rest of applications. And in Raytrace, 

the L1 data misses become lower when increasing the latency. 

Notice that for LU the number of cache misses also increases sig-

nificantly. Illustrating a case of unpredictable interactions, we can 

see how in Radiosity the number of cache misses fluctuates as the 

network delay increases, with the 16c delay case being the singu-

lar case. The explanation of this behavior is that there are three 

times as many L1 data misses in supervisor mode than observed 

for other latencies. This increase is associated with synchroniza-

tion operations generated by the application. This effect can also 

be seen in the increase of executed instructions due to synchroni-

zation primitives unsuccessfully testing locks. 

 

4.2 Mesh vs. Ring 

We first try to determine how execution time changes if we re-

place the crossbar with a 2D-mesh or a ring. Intuitively, we expect 

the 2D-mesh to enable higher performance as the average distance 

between two nodes is shorter in a 2D-mesh than in a ring. If we 

look at the execution time measured for applications FMM, LU, 

FFT, Radix, Raytrace, Radiosity, or Barnes in Fig. 42, this is ex-

actly the case. In the best case, we see an improvement of 28% for 

mesh16B over ring16B (Fig. 4g). Note, that in this example, the 

execution time for the crossbar lies in-between the ones measured 

for the 2D-mesh and the ring. This finding is not necessarily true 

for all applications and configurations. For example, mesh16B and 

ring16B show very similar results for Radix and Radiosity – in the 

former case, the ring performs even slightly better than 2D-mesh. 

 

4.3 Network Capacity 

We looked at flit sizes of 4, 8, and 16 bytes3. Figs. 4a-g gives the 

execution times for each combination of flit size and interconnect 

topology. We expect to see a decrease in execution time with an 

increase in flit size. The simulation results, however, show vary-

ing degrees of this trend. For FMM, LU, FFT, Barnes, and Ray-

trace, a significant improvement in performance can be observed 

for all three topologies when increasing the flit size from 4 bytes 

to 8 bytes. There is, however, marginal improvement when the flit 

size is further increased to 16 bytes. This indicates, that the inter-

connects experience saturation for 4-byte flits but offer enough 

capacity for 8- and 16-byte flits to keep up with the cores. 

When running applications Radix and Radiosity, it is only the 

ring and crossbar but not the mesh that show improved perfor-

mance when the flit size is increased from 4 to 8 bytes. In all cases 

except for one case discussed in the next section, it is the mesh 

topology that achieves the best performance. 

The network load seems to be low since the throughput 

(measured as the number of flits delivered by a node each cycle) is 

always less than 10% of the total capacity. 

Looking at a flit size of 4B for which the interconnect shows 

some signs of saturation, the mesh topology allows to reduce ex-

ecution time by 19% when compared to the ring, ranging from a 

minimum savings of 7% in Radiosity to a maximum savings  of 

32% in Radix. When compared to the crossbar, the average reduc-

tion is 26%, ranging from 12% in Radiosity to 42% in Raytrace. 

We can further draw some interesting conclusions by compar-

ing the performance of the different combinations given by topol-

ogy and flit size. For example, we find that ring16B and mesh4B 

                                                           
2 In this section, we consider an unsaturated interconnect which, 

as we will see later, is given by flit size 16B. 
3 The capacity of the input buffers of the interconnect switches is 

always five flits. 



 

provide similar performance, or that ring16B provides slightly 

better performance than xbar8B. These are interesting insights not 

seen when simulating the network only. We can see how a design-

er could decide, based on the provided results, to trade a 2D-mesh 

with a flit size of 4B with a ring with a flit size of 16B. Obviously, 

these decisions must be made by considering other additional 

input parameters relating to design constraints and the viability of 

implementation characteristics (wiring complexity, power con-

sumption, and area requirements). 

 

4.4 An Example of Unpredictable Performance 

An interesting anomaly is observed when executing Radiosity for 

configuration mesh8B. As can be seen in Fig. 4d, the execution 

time for this case is about twice as much as for any other case. At 

closer inspection, we find that many more messages are generated, 

about twice more than for any other case (this data is not included 

in the paper due to space constraints).  

Our first thought was that a higher L1 miss rate is responsible 

for the additional messages. Looking at the miss rates in Table 5, 

we do, however, find that the miss rate is not too different for this 

configuration than for the other ones; in fact, it is slightly lower 

for mesh8B than for mesh4B and mesh16B. 

But analyzing the L1 misses further we did, however, find 

significant differences. Looking at Table 6, we notice that the 

absolute number of misses in user mode is about the same for all 

flit sizes, but that it differs significantly in supervisor mode, where 

the number of misses is about twice as much for mesh8B than for 

mesh4B and mesh16B. This observation leads to the conclusion 

that there is a significant additional overhead caused by synchro-

nization operation for flit size 8B. 

Our explanation for this phenomenon is that the particular la-

tency parameters lead to timing characteristics of the interconnect 

that interact with the execution of the program and the resulting 

data access pattern in a way that results in more synchronization 

overhead, and, in turn, to an increase in generated messages.  

This anomaly should neither be treated as an error as we have 

explained, nor as the basis for selecting a given network topology 

or configuration. In fact, this anomaly should be treated as a dem-

onstration that the system considered as a whole may have unpre-

dictable performance variations for certain combinations of pro-

gram behavior and network configurations. These effects are not 

captured adequately with simpler performance tools that isolate 

and analyze only parts of a system.  

 

 
(a) FMM 

 

 
(b) LU 

 
(c) Radix 

 
(d) Radiosity 

 

(e) FFT 

 

(f) Barnes 



 

 

(g) Raytrace 

Fig 4: Execution Times. 

Table 5: L1 Miss Rates. 

  mesh ring xbar 

FMM 16B 0.17 0.16 0.17 

 8B 0.17 0.16 0.16 

 4B 0.16 0.15 0.15 

LU 16B 0.19 0.17 0.19 

 8B 0.20 0.17 0.18 

 4B 0.19 0.16 0.15 

Radix 16B 0.35 0.33 0.33 

 8B 0.35 0.37 0.36 

 4B 0.38 0.30 0.29 

Radiosity 16B 0.09 0.09 0.09 

 8B 0.07 0.09 0.09 

 4B 0.09 0.09 0.09 

FFT 16B 0.36 0.29 0.32 

 8B 0.36 0.28 0.29 

 4B 0.31 0.26 0.22 

Barnes 16B 0.15 0.13 0.14 

 8B 0.15 0.13 0.13 

 4B 0.14 0.13 0.13 

Raytrace 16B 0.84 0.52 0.38 

 8B 0.82 0.53 0.32 

 4B 0.68 0.38 0.20 

 

Table 6: L1 Miss Types in Radiosity. 

 16 8 4 

User 537,136 541,517 539,187 

Supervisor 198,764 480,737 201,876 

Total 735,901 1,022,255 741,063 

 

5. SUMMARY AND FUTURE WORK 

In this paper, we are advocating the use of a complete CMP sys-

tem simulator that considers all the main system components in a 

single framework, including the application, the operating system, 

the cache hierarchy, the coherence protocol, and the network. 

Several noteworthy conclusions are obtained from the evalua-

tion of application performance and behavior when changing the 

topology and the network capacity (by varying the flit size). In 

some cases, the network delay induces unpredicted application 

and coherence protocol changes leading to a significant increase 

of the overall execution time. One main conclusion is that the 2D-

mesh reduces application execution time when compared with a 

ring and a crossbar. Also, we have seen that trading off the two 

variables considered (topology and flit size) may lead to network 

configurations with comparable performance. As an example, 

similar performance is achieved for wide rings (16 bytes) and 

narrow meshes (4 bytes). 

We plan to extend the work presented in this paper in the fol-

lowing areas: 

- Multicast support: We would like to better understand the per-

formance improvement by providing support for multicast oper-

ations as used by the cache coherency protocol. 

- Cache hierarchy: Our current simulation environment is limited 

with two levels of caches only. We realize that the increasing 

number of transistors on a chip die is not only used for adding 

cores but also for adding cache levels. Thus, we are planning to 

extend our simulator with the capability of an L3 cache. 

- Commercial workloads: We would like to extend our analysis to 

commercial applications that exhibit different behavior with re-

spect to cache misses and the use of the coherence protocol. 
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