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Abstract. Performance evaluation is an important engineering tool that pro-
vides valuable feedback on design choices in the implementation of multi-core 
systems such as parallel systems, multicomputers, and Systems-on-Chip 
(SoCs). The significant advantage of analytical models over simulation is that 
they can be used to obtain performance results for large systems under different 
configurations and working conditions which may not be feasible to study using 
simulation on conventional computers due to the excessive computation de-
mands. We present Caspian1, a novel analytic performance model, aimed to 
minimize prediction cost, while providing prediction accuracy. This is accom-
plished by using a G/G/1 priority queueing model which is used for arbitrary 
network topology with wormhole routing under arbitrary traffic pattern. The ac-
curacy of this model is examined through extensive simulation results. 

Keywords: Performance evaluation, Analytical model, Multi-core systems, 
G/G/1 queueing model. 

1   Introduction 

Multi-core system designers are constantly confronted with the challenge of designing 
high performance system while simultaneously meeting constraints such as communi-
cation latency, network throughput and design costs [4]. The problem of identifying 
multi-core system configurations is further exacerbated for the following reasons. 
First, multi-core systems are evolving into increasingly complex systems with a large 
number and type of components such as processors, memories, routers, and queues. 
As a consequence, designers must deal with a large architectural design space consist-
ing of several interacting parameters. Furthermore, new workloads are composed of a 
large spectrum of programs with widely differing characteristics. System designers 
have addressed these problems in the past by exploring the design space using de-
tailed simulations. However, this approach has high simulation costs due to the low 
speed of cycle-accurate simulators.  
                                                           
1 The Caspian Sea is the largest enclosed body of water on Earth by area, variously classed as 

the world's largest lake or a full-fledged sea. It lies between the southern areas of the Russian 
Federation and northern Iran [Wikipedia]. 
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Fig. 1. A general structure for a node in a generic multi-core system 

Performance models are frequently employed by multi-core system vendors in 
their design of future systems. Typically, engineers construct a performance model for 
one or two key applications, and then compare future technology options based on 
performance model projections. An analytical model that accurately characterizes the 
relationship between multi-core system performance and various implementation  
parameters would, in theory, obviate the need for detailed, expensive, and time con-
suming simulations. As an alternative to analytical models, in this research a tunable 
analytical modeling technique for multi-core system performance has been proposed 
and evaluated. The proposed approach, which is developed for wormhole flow con-
trol, provides buffer utilization, channels throughput, achievable throughput of the 
network, average waiting time for each channel, and average packet latency. These 
metrics can be conveniently used for design and optimization purposes, as well as 
obtaining quick performance estimates. 

The main contribution of the work is a novel performance model, Caspian, for 
multi-core systems which can generalize the traditional delay models. Finally, the 
proposed model provides not only aggregate performance metrics, such as average 
latency and throughput, but also useful feedback about the network behavior. Hence, it 
can be invoked in any optimization loop for multi-core systems for fast and accurate 
performance estimations. 

2   Performance Analysis 

If the performance is measured in terms of average packet latency, then maximizing 
the performance is equivalent to minimizing the end-to-end packet latency. In this 
section, we derive an analytical performance model for multi-core systems using a 
G/G/1 [2] priority queueing model. It can be used for any arbitrary network topology 
with wormhole routing under any arbitrary traffic pattern. 

2.1   Assumptions and Notations 

We consider input buffered routers with 1p +  input channels, 1q +  output channels, 

and target wormhole  flow control under deterministic  routing algorithm. This form of  
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Table 1. Parameter notation 
 

tr Spent time for packet routing decision (cycles) 
ts Delay of crossbar switch (cycles) 
tw Spent time for transmitting a flit between two adjacent router (cycles) 
M The size of a packet (flits) 
L The average packet latency (cycles) 

R Routing function 

R
N
 The router located at address N 

PE
N
 The processing element located at address N 

N

i
IC  The ith input channel of router R

N 

N

j
OC  The jth output channel of router R

N
 

N
jS  set of all source nodes for packets which pass through 

N

j
OC  

N
jD  set of all destination nodes for packets which pass through 

N

j
OC  

P
latform

 specific param
eters 

 

S DP →
 The probability of a packet generated by PE

S
 to be delivered to PE

D
 

α N The average packet injection rate of PE
N
 (packets/cycle) 

N
i jλ →  The average packet rate from 

N

i
IC  to 

N

j
OC  (packets/cycle) 

N
jλ  The average packet rate to 

N

j
OC  (packets/cycle) ( )N N

j i ji
λ λ →=∑  

N
jμ  The average service rate of 

N

j
OC  (packets/cycle) 

N
jb  The average service time of 

N

j
OC  (cycles) ( )1/N N

j jb μ=  

( )2N
jb

 
The second moment of the service time of 

N

j
OC   

N
jB

C  The CV (coefficient of variation) for service time of the 
N

j
OC   

N
i jA

C
→

 
The CV for interarrival time of packets from 

N

i
IC  to 

N

j
OC  

N
i jρ →

 The fraction of time that the 
N

j
OC  is occupied by packets from 

N

i
IC  

N
i jW →

 The average waiting time for a packet from 
N

i
IC  to 

N

j
OC  (cycles) 

A
pplication specific param

eters 

 
routing results in a simpler router implementation and has been used in many practical 
systems [3]. So in this research we use the deterministic routing for deadlock free 
routing. The structure of a single node is depicted in Fig. 1. Each node contains a 
router and a Processing Element (PE) capable of generating and/or receiving packets.  

Packets are injected into the network on input port p+1 (injection channel) and 
leave the network from output port 0 (ejection channel). Generally, each channel  
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Fig. 2. A two hop packet from node A to 
node C 

Fig. 3. Queueing model of a channel of an arbi-
trary topology 
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connects output port j of node N to input port i of node M. So, we denote this channel 

N

j
OC  (jth output channel of router N) or 

M

i
IC  (ith input channel of router M).  Mes-

sages are broken into some packets of fixed length of M flits, as listed in Table 1 along 
with other parameters. The routing decision delay for a packet, crossing time of a flit 
over the crossbar switch, and transfer time of a flit across a wire between two 
neighboring routers are tr, ts, and tw, respectively. Also the transfer time of a flit across 
the injection and ejection channels are considered to be tw. 

Let S DP →  be the probability of packet transmission from the source node at router 

S ( SR ) to the destination node at router D ( DR ). Likewise, the traffic arrival rate of 

the header flits from N

i
IC  to N

j
OC  is given by N

i jλ →  packets/cycle. Also we assume 

that the packet injection process to the router RN has a general distribution with mean 
value of α N packets/cycle. The average packet latency (L) is used as the performance 
metric. Similar to previous works [1], [7], [8], we assume that the packet latency spans 
the instant when the packet is created, to the time when the packet is delivered to the 
destination node, including the queuing time spent at the source. We also assume that 
the packets are consumed immediately once they reach their destination nodes. 

2.2   Analytical Model 

In Fig. 2 consider a packet which is generated in IP
A
, and reaches its destination (IP

C
) after 

traversing R
A
, R

B
, and R

C
. The latency of this packet ( A CL → ) consists of two parts: the 

latency of header flit (
A C

hL →
) and the latency of body flits (Lb). In other words 

A C A C
h bL L L→ →= +  (1) 

A C
hL →  is the time from when the packet is created in IPA, until when the header flit 

is reached to the IPC, including the queueing time spent at the source node and inter-

mediate nodes. In Fig. 2, A C

hL →  can be computed as 

1

0

  

  

A C A
h p i w r s

B
w r j k s

C
w r l s w

L W t t t

t t W t

t t W t t

→
+ →

→

→

= + + +

+ + + +

+ + + + +

 (2) 
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where N

i jW →  is the mean waiting time for a packet from N
iIC  to N

jOC . Note that in 

Fig. 2 the channel between B and C can be addressed with B

k
OC  or C

l
IC . Since the 

body flits follow the header flit in a pipelined fashion, Lb is given by  

( )( )1b s wL M t t= − +  (3) 

The only unknown parameter for computing the latency is N

i j
W → . This value can be 

calculated in a straightforward manner using a queuing model. The basic element in 
the model is a G/G/1 priority queue (the customer interarrival time and server's service 
time follow general distributions and queues have one server to provide the service). A 
router is primarily modeled based on nonpreemptive priority queuing system [11]  

Now, let us consider, for instance, the jth output channel of RN ( N

j
OC ). As can be 

seen in Fig. 3, this channel is modeled as a server in a priority queueing system with 

1p +  classes (
1

NIC  to 
1

N

p
IC + ), with arrival rates ( )1 1N

i j i pλ → ≤ ≤ + , served by one 

server (
N

j
OC ) of service rate N

jμ . Note that since all incoming packets are similar, the 

service times of all packets are equal. Both interarrival and service times are inde-
pendent and identically distributed with arbitrary distributions.  

Since the input channels (except injection channel) have one flit rooms, we should 
compute the average waiting time for the head of class i. Using a technique similar to 
that employed in literature for priority queues [2], [11] we can write 

( )
1 2

1
1

/ 1 ,                   1,

1
,    1 .

1

N N
j i j

N N N
i j i j i j N

i jN
i j

R i p

W
W i p

ρ

ρ σ
σ

→

→ + → + →
+ →

+ →

⎧ − = +
⎪⎪= ⎨ + −

≤ ≤⎪
−⎪⎩

 (4) 

where N

j
R  is the residual service time of 

N

j
OC  seen by an incoming header flit and 

1pN N
i j i jk i

σ ρ+
→ →=

=∑  . In a G/G/1 queueing system, N

j
R  is approximated by [2]: 

2 2

0 2

N N
i j jp A BN N

j i j Ni
j

C C
R ρ

μ
→

→=

+
≈∑  (5) 

Since we do not have enough insight about the first and second moments of interarri-

val time, we suppose that N
i jA

C
→

 is constant for all input channels in the network and 

equal to the coefficient of variation (CV) of the arrival process to network 
(

N
i j

AA
C C

→
= ). So, we can rewrite Eq. (5) as 

( ) ( )2
2 21

2
N
j

N N N
j j j A B

R b C Cλ≈ +  (6) 
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Therefore, to compute N

i j
W →  we must calculate the average arrival rate over 

N

j
OC  

( N
jλ ), and also first and second moments of the service time of 

N

j
OC . Assuming the 

network is not overloaded, the arrival rate over 
N

j
OC  can be calculated using the fol-

lowing general equation 

N S S D
j

S D

Pλ α →

∀ ∀
= × ×∑∑ R ( ), N

jS D OC→  (7) 

In Eq. (7), the routing function R ( ), N
jS D OC→  equals 1 if the packet from PES 

to PED passes through 
N

j
OC ; it equals 0 otherwise. Note that we assume a determi-

nistic routing algorithm, thus the function of R ( ), N
jS D OC→  can be predetermined. 

Although N
jλ  can be computed exactly for all topologies by Eq. (7),  service time 

moments of the output channels cannot be computed in a direct manner by a general 
formula for any topology and any routing algorithm. To compute the moments of the 
service time of the output channels we first divide the channels into some groups 
based on their routing order and then an index is assigned to the groups opposite of 
the routing order, from ejection channel to injection channel. Then, we estimate the 
first two moments of the service time for the output channels. Determination of the 
channel service time moments starts at the ejection channel and works backward to 
the source of the packets. Therefore, the contention delay from lower numbered 
groups can then be thought of as adding to the service time of packets on higher num-
bered groups. In other words, to determine the waiting time of channels in group k, we 
must calculate the waiting time of all channels in group 1k − . This approach is de-
pendent to the topology and routing algorithm. Here we derive an analytical perform-
ance model for for e-cube routing [4] in a hypercube network. Due to the popularity 
of the hypercube network for multicomputer vendors [4], our analysis focuses on this 
topology but the modeling approach used here can be equally applied for other to-
pologies after few changes in the model.  

We consider a system which is composed of 2n processing cores interconnected by 
an n dimensional hypercube (Hn). Packets are injected into the network on crossbar 
input port 1n +  and leave on output port 0. A dimension-i channel connects output 
port i of a node to input port i of another node that differs only in the ith bit of its ad-
dress. (In this paper, the least significant bit is bit 1). The 1n +  input channels of each 
router are represented with 1n +  (injection channel) and 1 to n (dimension 1 to n). 
Also these channels are assigned to priority classes from index 1n +  (the highest pri-
ority) to 1 (the lowest priority), respectively. It is assumed that a static total ordering 
of input channel priorities exists. The packet arriving on the higher priority input 
channel will receive use of the crossbar output first. E-cube routing specifies that a 
packet sent between two nodes be first routed in the most significant dimension in 
which the addresses differ, then in the next most significant dimension in which they 
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differ, etc. Finally, it is fed to the destination node via ejection channel. By restricting 
the order in which the dimensions may be traversed, the possibility of cycles is re-
moved, eliminating deadlock.  

We divide the output channels of the hypercube network into 2n +  groups based 
on their dimension numbers. Injection and ejection channels are located in group 

1n +  and 0, respectively, and physical channels are located in groups 1 to n.  In the 
ejection channel (group 0) of RN the header flit and body flits are accepted in tw and Lb 
cycles, respectively. So, we can write 

0
N

w bb t L= +  and since all packets have the same 

service time, there is not any variation in the service times. In other words 
0

0NB
C = . 

Now, we can determine the value of 
0

N
iW →  where 1 i n≤ ≤ .  

The moments of service time for N

j
OC , j > 0, are obtained by tracing each of the 

12 j − paths from output j to the network outputs (ejection channels). Since each of 
these paths is not equally probable, the service time moments are weighted mean of 

each path service time. If N

j
S  and N

j
D  be the sets of all possible source and destina-

tion nodes for a packet which passes through N

j
OC , respectively, a passing packet 

through N

j
OC  are destined to N

j
M D∈  with the probability of 

/N N N

j j j

S M S D

S S S S D D
P P

→ →

∀ ∈ ∀ ∈ ∀ ∈∑ ∑ ∑ . The contention delays along each path are ran-

dom variables; however each is only a fraction of the packet length for all packet rates 
that can be sustained on the hypercube.  

For example, consider the output channel in dimension 2 of R0 ( 0

2
OC ) in an 

n-dimensional hypercube. One possible path from 0

2
OC  to a network output is  

directly to ejection channel of the adjacent node R2, for an average service time of 

( )1
2

2 0w r s w bL t t W t t L→= + + + + +  where 2

2 0
W →  was already computed. The second 

path from 0

2
OC  to a network output is through dimension 1 of R2 and  

ejection channel of R3, for an average service time of 

( ) ( )2
2 3

2 1 1 0w r s w r s w bL t t W t t t W t t L→ →= + + + + + + + + +  where 3

1 0
W →  was already com-

puted and 2

2 1
W →  can be computed with the same approach. So, the first and second 

moments of the service time can be estimated as 
 

0 0
2 2

0 0 0 0
2 2 2 2

2 3

0
2 1 2

S S

S S S S

S D S D

S S D D S S D D

P P
b L L

P P

→ →
∀ ∈ ∀ ∈

→ →
∀ ∈ ∀ ∈ ∀ ∈ ∀ ∈

= +
∑ ∑

∑ ∑ ∑ ∑
 

and 

( ) 0 0
2 2

0 0 0 0
2 2 2 2

2 3
20 2 2

2 1 2

S S

S S S S

S D S D

S S D D S S D D

P P
b L L

P P

→ →
∀ ∈ ∀ ∈

→ →
∀ ∈ ∀ ∈ ∀ ∈ ∀ ∈

= +
∑ ∑

∑ ∑ ∑ ∑
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Now, we are able to calculate the coefficient of variation of the service time in 0

2
OC , 

( ) ( )0

2

222 0 0

2 2
/ 1

B
C b b= − , and then the mean waiting time for 0

2
OC  seen by other chan-

nels ( 0
2 ,  2iW i→ > ) can be computed with Eq. (4). After computing the mean waiting 

time of all channels in group 2, the mean waiting time for other output channels 
(channels in groups 3, 4, …, 1n + ) can be calculated using the same approach. Now, 
we can calculate the packet latency between any two nodes in the network by Eq. (1). 
The average packet latency is the weighted mean of these latencies as 

2 1 2 1

0 0

n n
S D S D

S D
L P L

− − → →
= =

= ×∑ ∑  (8) 

3   Model Validation 

The proposed analytical model has been validated through a discrete-event simulator 
that mimics the behavior of the network at the flit level. To achieve a high accuracy in 
the simulation results, we use the batch means method [9] for simulation output 
analysis. There are 10 batches and each batch includes up to 500,000 packets depend-
ing on the traffic injection rate and network size. Statistics gathering was inhibited for 
the first batch to avoid distortions due to the startup transient. The standard deviation 
of latency measurements is less than 2% of the mean value.  

For the destination address of each packet, we have considered the uniform and 
hotspot traffic patterns [10]. Packets are transferred to the local PE through the ejec-
tion channel as soon as they arrive at their destinations. Nodes generate packets inde-
pendently of each other, and which follows a Poisson process. It means that the time 
between two successive packet generations in a PE is distributed exponentially, so for 

the first time we run the model program with 1
A

C = . The Poisson model simplicity 

made it widely used in many performance analysis studies, and there are a large num-
ber of papers in very diverse application domains that are based on this stochastic 
assumption [5]. 

Using the proposed performance model, the CV of the interarrival time (CA) can be 
adjusted to account for conformity between model and simulation results. Fig. 4 
shows the flow chart used for tuning of the performance model. The model is run with 
various CA until the predicted latency by the model is matched to its corresponding 
simulated value. The tuning procedure is run for the H8 with tr= ts= tw=1 and CA = 
1.0498 is obtained for average packet generation rate of λ = 0.045 packets/cycle and 
packet length of M = 32 flits. Result of this tuned model has been presented in Fig. 5. 
The horizontal axis in the figure shows the traffic generation rate (packets/cycle) at 
each node while the vertical axis shows the mean packet latency (cycles). Tuned CA is 
shown to give good quantitative agreement of model to simulation for a wide range of 
packet generation rate and packet length.  
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                                    (a)                              (b)  

Fig. 6. The average packet latency predicted by the tuned model against simulation results for 
(a) H10, and (b) 7x7 mesh network with hotspot traffic 

Fig. 6(a) illustrates average packet latency predicted by the tuned model, plotted 
against simulation results for H10 network. (CA = 1.0035). Furthermore to verify the 
model accuracy for other topologies and non-uniform traffic pattern, we have modeled a 
7x7 mesh network under hotspot traffic [10]. According to hotspot traffic pattern, there 
is a hot node in the network to receive the packets.  Each node sends packets to the hot 
node with probability h, and sends packets to other nodes with probability 1− h. In our 
experiments, we consider the node 24 in the center of the network as a hot node with 
hotspot rate h = 0.1. The comparison results is shown in Fig. 6(b) (CA = 0.8653).  

In [6], we have used Caspian and presented a performance-aware mapping algo-
rithm which maps the IPs onto a generic System-on-Chip architecture such that the 
average communication delay is minimized. 

Fig. 5. The average packet latency pre-
dicted by the tuned model against simula-
tion results for an H8 

Fig. 4. Flow chart showing the strategy 
of the performance model tuning to 
simulation 



 Caspian: A Tunable Performance Model for Multi-core Systems 109 

4   Conclusions and Future Work 

A novel methodology for predicting the communication performance of multi-core 
systems was proposed. The choice of the hypercube and mesh networks as the  
underlying interconnection architecture serves mostly as an example. In fact, our 
methodology can be modified to arbitrary topologies by adapting the analytical mod-
els accordingly to the target topology. Moreover, although we have evaluated our 
algorithm only for multi-core systems with dimension order routing, the approach is 
general enough to be applied to other deterministic and oblivious routing schemes. 

We plan to advance this research in several directions. One possible direction is to 
extend this approach to multi-core systems with realistic workloads. Another impor-
tant extension is to accommodate interconnection networks that support adaptive rout-
ing. The main challenge comes from the difficulty involved in the calculation of the 
arrival rate for each channel as multiple routing paths are possible in adaptive routing. 
Finally, we are extending this work for routers with finite size buffers. 
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