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Abstract. Many simulation-based performance studies of interconnection net-
works are carried out using synthetic workloads under the assumption of inde-
pendent traffic sources. We show that this assumption, although may be useful 
for some traffic patterns, can lead to deceptive performance results for loads 
beyond saturation. We propose the utilization of non-independent traffic 
sources that better reflect the behavior of parallel applications. A performance 
study of a restrictive injection mechanism in used to illustrate the different re-
sults obtained using independent and non-independent sources. 

1   Introduction 

Performance studies of interconnection networks may be carried out via a choice of 
methods, ranging from the construction and measurement of hardware prototypes, to 
the utilization of overly simplified simulations. During the first stages of a new inter-
connection project, a fast simulation environment is critical, because it allows re-
searchers to test and tune their design. Once a good tradeoff between expected per-
formance and cost has been attained, the design can be rounded off using more 
detailed simulators. The evaluation of expensive prototypes goes just before the 
manufacture (and, again, evaluation) of the final product. In all these stages, evalua-
tion has to be done using some kind of workload that resembles, with the higher pos-
sible fidelity, the actual workload that will be processed by the final network.  

For many practical reasons, most studies are carried out using synthetic workloads, 
running a simulator for a large number of cycles (simulated time) to get performance 
results with the network in steady state. Although this may not be realistic, we con-
sider the obtained results as indicators of the level of performance the network could 
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provide under real conditions. For some SPLASH applications such as Radix or LU, it 
has been shown to be a reasonable approach [10].  

The definition of a synthetic workload requires the selection of the injection proc-
ess, the spatial traffic pattern and the message size [4]. This can be done in a per-node 
basic, although very often all nodes share the same behavior. The spatial pattern de-
termines the distribution of destinations for each source node. The injection process 
determines the temporal distribution (in other words, when a packet is generated). The 
size distribution determines the message length.  

Traffic patterns include permutations such as bit-reversal or matrix transpose, uni-
form (also called random), hot-spot, and hot-region. Each of them represents a worst-
case scenario: uniform has not locality, permutations make an uneven use of re-
sources, and hot-spot and hot-region embody patterns in which some areas or nodes 
receive a higher proportion of the traffic.  

Regarding the injection process, nodes are “programmed” to inject packets using 
some probability distribution. Each node progresses independently of the others. In-
jection times usually follow a Poisson or Bernoulli distribution, which are smooth 
over large time intervals. Recent works added on-off models that better characterize 
the self-similarity of traffic in some applications [11]. 

In general, we cannot assume that applications running on a parallel computer use 
fixed-size messages. However, networks often impose a maximum packet size and 
messages have to be segmented to fit in several of those packets. For this reason, most 
studies are done with fixed-size messages of 8-32 phits [2, 4, 10, 11]. In some cases, 
message length follows a bimodal distribution which reflects network workload for a 
cc-NUMA system [9]. In this study, we will limit our discussion and experiments to 
fixed-size packets, although conclusions are valid for other length distributions.  

The set of processes that compose a parallel application can advance tightly or 
loosely coupled, with all the possibilities in between. However, they are never totally 
uncoupled. This is not reflected in an injection process that assumes each node is an 
independent traffic source. The purpose of this paper is to show that performance re-
sults obtained for heavy loads with the usual injection process are misleading because 
they do not reflect the way actual parallel applications make use of the communica-
tion subsystem. To better illustrate this, we define an experimental setup designed to 
evaluate the impact on network performance of a restrictive injection mechanism, and 
we compare the results obtained using independent sources with those obtained using 
burst-synchronized traffic. 

The rest of the paper is organized as follows. Section 2 defines all the relevant pa-
rameters of our experimental setup. Section 3 presents, discuss and compare the dis-
parate results obtained using independent and non-independent traffic sources. Sec-
tion 4 summarizes the findings of this work. 

2   Evaluation environment 

In this section we define the experimental setup used to illustrate the impact of the 
choice of synthetic workload (focusing on the injection process) on the simulation re-
sults. First, we present our network simulator and the interconnection network as 
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modeled for this study. Then we describe the context in which the injection process is 
analyzed, and the rest of simulation parameters.   

2.1   The simulator 

For this work we use FSIN (Functional Simulator for Interconnection Networks). This 
is an in-house developed simulator, very similar in design to ChaosSim [3], specifi-
cally designed to simulate adaptive virtual cut-through (VCT) networks based on 
router architectures like the one shown in Fig. 1. We could have used ChaosSim or 
FlexSim1 [12], but the availability of an internally developed tool allowed us to easily 
modify the code to get more detailed information of the network behavior.  
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Fig. 1. Architecture of the adaptive VCT router used in the experiments. 

FSIN can be parameterized in many ways. A configuration file specifies: 
− The topology of the network (mesh, torus, midimew) and the number of dimen-

sions (1, 2 or 3). 
− The architecture of the router: switching technique, number of virtual channels 

(VCs), buffer sizes, number of injection channels, routing function, crossbar arbi-
tration, etc. 

− The workload: the message size (fixed), a range of spatial patterns, and the “nor-
mal” or “burst” mode of operation. In “normal” mode each node has an independ-
ent source of traffic. The “burst” mode will be explained later. 

 
The router architecture shown in Fig. 1 represents a virtual cut-through (VCT) 

router with three VCs per physical channel, to map a deadlock-free oblivious (dimen-
sion-order routing) sub-network and a minimal adaptive sub-network. One of the VCs 
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per, and they validate the data obtained from FSIN.  
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is used for the escape sub-network, relying on Bubble Flow Control (BFC) [10] to 
avoid deadlock in each dimension. The adaptive sub-network uses the other two vir-
tual channels. Any blocked packet in the adaptive sub-network can resort to an escape 
path to break a potential deadlock cycle [5]. Such combination provides low-cost, 
deadlock-free adaptive routing. 

Each VC has a buffer with capacity for 8 packets (128 phits). In order to reduce the 
number of figures and better focus our discussions, in this paper we show results for a 
32x32 tori. However, conclusions are valid for other network configurations. 

2.2   The evaluation context 

The choice of synthetic workload has a definite influence on any kind of performance 
experiment we may carry out. In order to be more specific, and to show this influence 
in a particular (but relevant) context, we describe an experimental setup that was used 
to study the advantages of implementing restrictive injection techniques to prevent 
network congestion. A side-effect of that study was the redefinition of the temporal 
distribution of packets for the synthetic workloads used in the experiments, as re-
ported in the next section. 

Congestion control mechanisms limit injection when the network reaches a given 
level of congestion, which can be estimated locally or globally. Local methods are 
simple because each node restricts its own injection based on the congestion level of 
its own router. Global methods estimate network congestion on the network as a 
whole, so that a mechanism is needed to gather and distribute this information. For 
this paper, we apply a local method called in-transit-priority restriction (IPR): for a 
given fraction P of cycles, priority is given to in-transit traffic; in those cycles, injec-
tion of a new packet is only allowed if it does not compete with packets already in the 
network. P may vary from 0 (no restriction) to 1 (absolute priority to in-transit traf-
fic), although in this paper we will consider only the two extreme cases. This method 
is used in IBM’s BG/L [1] and in the Alpha 21364 network [7]. A more detailed dis-
cussion of congestion control mechanisms can be found in [6].  

2.3   Network workload 

We have considered fixed-size packets of 16 phits. The traffic patterns used in the ex-
periments are:  
− UN: uniform traffic. Each node selects destinations randomly in a packet-by-

packet basis. 
− TR: transpose permutation. In a 2-D network, the node with coordinates (x, y) 

communicates with node (y, x). 
− SH: perfect-shuffle permutation. The node with binary coordinates (ak-1, ak-2, ..., a1, 

a0) communicates with node (ak-2, ak-3, ..., a0, ak-1)—i.e., rotate left 1 bit. 
 

We use two types of injection processes:  
− Normal: independent traffic sources, each one following a Bernoulli distribution 

with a parameter that depends on the applied load. This load is varied from 0 to 1 



Traffic Sources and their Influence on the Evaluation...      5 

phit/cycle/node. The simulator runs for a warm-up period of 100.000 cycles, plus a 
measurement period of 100.000 cycles. 

− Burst-synchronized: non-independent sources, to reflect the synchronized nature 
of parallel applications. The injection method is similar to that described in [2]. 
The same workload (b packets) is assigned to each source of traffic. A burst starts 
with an empty network. Nodes inject their b packets as fast as the network accepts 
them. The burst ends when all packets of all the traffic-generating nodes have been 
consumed. In the experiments, the simulator runs for 5 bursts of 1K packets. 

3   Performance for independent and burst-synchronized traffic 
sources 

In this section we discuss the impact that the choice of workload—actually, the choice 
of injection process—has on results reported by simulators. The evaluation of the in-
fluence on performance of a restrictive injection mechanism (IPR) on our adaptive 
VCT torus network is provided only to illustrate this issue. We could have selected 
different router architecture, topology, congestion-control mechanism… It would not 
matter because conclusions would be the same: performance results vary widely with 
the choice of applied workload. 

3.1   Performance of the network under independent sources 

As we stated before, most performance studies assume a network in which nodes are 
continuously generating packets, following the same injection process. Under this as-
sumption, the figures of merit for performance are latency (time from packet genera-
tion until its delivery) and throughput, which is measured as the number of packets 
delivered in a given time interval divided by the interval length and the network size. 
In other words, this is the average load accepted by the network (i.e., the network 
throughput), which is expected to be even amongst the network nodes. 

Fig. 2 represents a typical plot of one of these studies. We show the results of run-
ning the simulator under three different traffic patterns (UN, TR and SH), without and 
with IPR, using the normal injection process. 

For the UN pattern, results show that utilization of a restrictive injection mecha-
nism eliminates the throughput loss for loads beyond congestion. However, we cannot 
extend this conclusion to the permutations. In fact, results indicate that restrictive in-
jection is counterproductive for TR and SH traffic under heavy loads.  

Another indicator of network performance of widespread use is channel utilization: 
the higher the channel utilization, the better, because more resources are being pro-
ductive. Let us focus on TR traffic without/with IPR. Fig. 2 indicates that, in satura-
tion, throughput is higher without IPR. However, simulation results also indicate that 
channel utilization is higher with IPR. So, a question arises: does IPR increase per-
formance, or not?  
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Fig. 2. Applied load vs. throughput (phits/cycle/node) for UN, TR and SH patterns, with-

out/with IPR. 

3.2   Discussion of results 

In [4], Dally & Towles suggest that performance of a network for a given traffic 
pattern in which the node injection rate is not the same for all nodes should be re-
ported as the lowest injection rate that matches the desired workload. Following this 
approach, in Table 1 we report maximum, minimum and average injection rates for 
the six configurations under study. Notice the vast differences between these values 
for the TR and SH permutations. 

Table 1. Maximum, minimum and average network throughput (phits/cycle/node), for applied 
loads beyond saturation, for UN, TR and SH patterns, without/with IPR. 

IPR off IPR on IPR off IPR on IPR off IPR on
Max. 0,219 0,267 0,559 0,716 0,973 0,974
Min. 0,194 0,217 0,013 0,000 0,002 0,000
Avg. 0,205 0,243 0,132 0,098 0,125 0,119

UN TR SH

 
 
Dally & Towles also state that average and minimum rate differ in some routers 

due to their unfair design; however, the differences shown in Table 1 are not caused 
by an unfair routing or arbitration method, but by the fact that network resources are 
used unevenly by the applied workload. We should note that the time a packet awaits 
in an injection buffer before entering the network depends not only on the arbitration 
method, but also on the local router state. Under UN traffic, the network load is 
evenly distributed, so that all nodes have a similar view of network status and are able 
to inject packets at a similar rate. However, under non-uniform loads the degree of 
utilization of resources (buffers, output channels) may vary widely from one router to 
another. Therefore, at high loads, nodes connected to busy routers2 have lower 
chances to inject their load than nodes in less used areas—a difference that causes 
wide variations in the number of packets injected by each node. 

                                                        
2  “Busy” routers are those that are traversed by numerous in-transit packets.  
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Let us focus again on the TR permutation. In a 32x32 network, and assuming that 
all nodes inject at the same rate, the average distance packets traverse is 16.516. In 
fact, this is what the simulator reports when network operates below the saturation 
point. The map of packets injected per node is flat (except for those nodes in the di-
agonal, which do not generate traffic for themselves), as shown in Fig. 3a. 

1 5

9

1
3

17

21

25

29

S1

S6

S11

S16

S21

S26

S31

0

500

1000

1500

2000 1500-2000
1000-1500
500-1000
0-500

 
(a) 

1 5

9

1
3

17

21

25

29

S1

S6

S11

S16

S21

S26

S31

0

500

1000

1500

2000 1500-2000
1000-1500
500-1000
0-500

 
(b) 

1 5

9

1
3

17

21

25

29

S1

S6

S11

S16

S21

S26

S31

0
1000
2000

3000
4000

5000

6000

5000-6000
4000-5000
3000-4000
2000-3000
1000-2000
0-1000

 
(c) 

1 5

9

1
3

17

21

25

29

S1

S6

S11

S16

S21

S26

S31

0
1000
2000

3000
4000

5000

6000

5000-6000
4000-5000
3000-4000
2000-3000
1000-2000
0-1000
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Fig. 3. Maps of injected packets for TR traffic. Each surface point (x, y) represents the number 
of packets a node with coordinates (x, y) injected in 100.000 cycles. (a) Below saturation, no 

IPR. (b) below saturation, IPR. (c) beyond saturation, no IPR. (d) beyond saturation, IPR. 

The scenario changes drastically when saturation is reached. Some nodes can inject 
packets in their routers at very high rates, while others can hardly access the network, 
because their routers devote most resources to passing-by packets. The simulator re-
flects this in a change in average distance (17.12) and in a very different map of in-
jected packets (Fig. 3c). Note that “lucky” nodes (those that have more opportunities 
to inject packets) are located close to the diagonal and in a pair of bands parallel to it. 
It gives the impression that the network is unfair for TR traffic.  

When the IPR congestion control mechanism is added to the network, nothing 
changes below saturation (Fig. 3b). However, beyond saturation the unfairness reap-
pears magnified (Fig. 3d): the “lucky” area in the diagonal disappears, and the parallel 
bands are smaller and higher than without IPR3. As nodes in these bands are injecting 
packets addressed to distant destinations, the average distance rises up to 23.47.  

                                                        
3  A digression of interest, although not related with the main topic of this paper: we have a col-

lection of nodes capable of injecting more than 4000 packets in 100.000 cycles, while some 
others are unable to inject a single one. This illustrates the extreme case of unfairness: starva-
tion. Any routing mechanism that favors in-transit traffic (imposing restrictions to the injec-
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Under UN traffic the network does not exhibit this kind of unfairness, because re-
sources are used evenly. For non-uniform workloads the utilization maps are not flat, 
and differ in the shapes of the “hot” and “cold” areas (those that benefit from and 
those that endure the unfairness). As an example, Fig. 4 shows the utilization maps for 
the SH pattern for loads beyond saturation, without and with IPR. 

To conclude this discussion, simulations report that the implementation of a con-
gestion-control mechanism is counterproductive for all traffic patterns under study—
except for UN. We consider this result to be correct in the context of infinite, inde-
pendent sources of traffic, such as in local area networks. However, applications run-
ning in a parallel system do not work that way. 
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Fig. 4. Maps of injected packets for SH traffic beyond saturation. (a) IPR off. (b) IPR on. 

3.3   Performance of the network under burst-synchronized traffic 

As we stated before, application processes are somehow coupled, because they 
work to perform a given task in a cooperative way. Most (if not all) applications use 
synchronization barriers, perform collective operations or use other mechanisms that 
make all the processes advance at a similar rate. It is true that worst-case performance 
for data exchanges is important (as shown in [8]) because it may halt progress of 
computation nodes, which are not able to perform additional operations, or communi-
cate any further, until the data exchange has been completed. However, we cannot 
conceive a realistic scenario in which, in the same parallel application, a process is 
sending packets to its selected destination ad infinitum while other nodes do the same 
at a much smaller rate. 

We have made a complete performance analysis similar to that reflected in Fig. 2, 
but using burst-synchronized traffic. Fig. 5 shows the time to complete 5 bursts of 1K 
packets for the six scenarios under consideration. For comparison purposes, Table 2 
shows their throughput computed as the total workload delivered divided by the com-
pletion time. For this workload, maps of injected packets are meaningless (all nodes 
inject exactly the same number of packets), and the reported average distance trav-

                                                                                                                                    
tion of new packets) may suffer from starvation. It may be possible to demonstrate that a 
given router is starvation-free; however, this is not a proof of fairness under all kinds of traf-
fic. 
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ersed by packets is always the expected one4. Under burst-synchronized workload, the 
use of restricting injection policies is positive for the three traffic patterns: the time to 
deliver the 5 bursts of packets is lower with IPR than without it.  

This conclusion contradicts that of Section 3.1. Which one is correct? As both are 
based on synthetic workloads, both are just approximations to the reality. In our opin-
ion, burst-synchronized traffic results more appropriate for the kind of evaluation we 
are performing, because it introduces a synchronization mechanism that avoid unfair-
ness in the use of network resources, while at the same is able to test the network un-
der heavy loads. 

0

200

400

600

800

1000

1200

1400

1600

UN TR SH

Traffic pattern

K
cy

cl
e

s 
to

 c
om

pl
e

te
 5

 b
ur

st
s

IPR_off
IPR_on

 
Fig. 5. Time to deliver 5 bursts of 1K packets for UN, TR and SH patterns, without/with IPR. 

Table 2. Network throughput (phits/cycle/node) averaged for 5 bursts under UN, TR and SH 
patterns, without/with IPR. 

IPR off IPR on IPR off IPR on IPR off IPR on
0,192 0,220 0,087 0,123 0,055 0,060

UN TR SH

 

4   Conclusions and future work 

The goal of this paper is not to discuss the impact of IPR on network sustained 
throughput, but to report the different results obtained under two different injection 
models. We aim to show that the assumption of independent sources can lead to in-
correct conclusions for loads beyond saturation. We need alternative synthetic work-
loads that better reflect the coupled behavior of real parallel applications. 

The best choice would be to apply real workloads, but this presents a series of dif-
ficulties. One is to establish which those workloads would be. Then, if we use traces, 
they have embedded some characteristics of the system where they were captured, 
that may be inappropriate for the system under test. The alternative of using execu-
tion-driven simulation is extremely costly. Thus, the bulk of interconnection network 

                                                        
4  In this context starvation is not an issue: if the network somehow favors some nodes, they 

will send their workload faster than others, but will eventually stop, allowing the rest of the 
nodes to progress faster, until all of them have sent their packets. 
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research is done using synthetic workloads that allow us to test the network capabili-
ties in many ways. 

We need to understand how each workload makes use of the network resources, 
and draw conclusions using more than a single figure of merit. In the case described 
in this paper, an uneven utilization of resources produced meaningless throughput re-
sults at heavy loads. Our solution was to switch our simulations to burst mode, with 
large bursts. This workload introduces some synchronization points (something typi-
cal of parallel applications) and is able to saturate the network for large periods of 
time, with the advantage of assuring that all nodes inject the same number of packets. 

For the future, we plan to extend our simulation tools with a variety of traffic 
sources. We are working on a tool, TrGen, which would provide a variety of methods 
to generate traffic. Our goal is to integrate this tool with our simulator (FSIN) to 
widen the range of possible experiments.  
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