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Abstract—In this work, we propose SVR-NoC, a learning-
based support vector regression (SVR) model for evaluating
Network-on-Chip (NoC) latency performance. Different from the
state-of-the-art NoC analytical model, which uses classical queu-
ing theory to directly compute the average channel waiting time,
the proposed SVR-NoC model performs NoC latency analysis
based on learning the typical training data. More specifically,
we develop a systematic machine-learning framework that uses
the kernel-based support vector regression method to predict
the channel average waiting time and the traffic flow latency.
Experimental results show that SVR-NoC can predict the average
packet latency accurately while achieving about 120X speed-up
over simulation-based evaluation methods.

Index Terms—Network-on-Chip, learning, performance model

I. INTRODUCTION AND RELATED WORK

Network-on-Chips (NoCs) have been proposed as a promis-
ing solution to solve the complex on-chip communication
problems [1]. To obtain the optimal architecture, automatic
synthesis with design space exploration is required. Because
of this, NoC latency models are widely adopted instead of the
time consuming simulations to allow fast evaluations, so to
explore a larger design space [2].

Most NoC latency models are based on the classical queuing
theory and treat each input channel in the router as an M/M/1,
M/G/1/N [2] or G/G/1 [3] queue. Indeed, these models provide
good estimations when the following assumptions hold: 1)
The packet length satisfies an exponential distribution, and
therefore the packet service time in the router is exponentially
distributed as well [2], [3]. 2) The traffic is assumed to follow
a Poisson distribution at all traffic sources [2], [4].

However, in real applications, these assumptions may not
hold and the accuracy of the analytical model is compromised.
In order to relax some of the assumptions above, in this work,
we develop machine-learning techniques to model the NoC
latency. Given the target NoC platform, we propose a learning-
based method to create an estimation model by training with
data-sets obtained from the latency profiles. Support vector
regression (SVR) [5] and cross validation (CV) are utilized
during the training process to achieve higher accuracy, while
avoiding training data overfitting.

978-3-9815370-0-0/DATE13/©2013 EDAA

Local

Figure 1. a) An example of core communication graph (CCG) b) The source
queue and channel queues in the path from node O to 8

The rest of this paper is organized as follows. In Section II,
we introduce the basic assumptions, notations and the router
model. Section III details the SVR-NoC framework. In Section
IV, we present the experimental results. Finally, Section V
concludes this work.

II. NOC ROUTER REGRESSION MODEL

A. Assumptions and basic notations

We target a mesh-based NoC platform with wormhole flow
control and deterministic XY routing. Various buffer sizes and
pipeline depths are accommodated in the model. As shown in
Figure 1, the communication traffic has been characterized by
a core communication graph (CCG(V, F')), which is a directed
graph where each vertex in V' denotes a node in the NoC and
each edge f(s, d) represents a traffic flow transmitted from the
source node s to the destination node d. Table 1 summarizes
the parameters and the notations used in the framework.

B. Channel and source queuing regression model

For a specific traffic flow f 4, the average latency between
the source s and destination d, L, 4, is given by [4]:

Lsa=8Qs + X1 giryep, ,(CQuair + Hs) + [3] (1)

The first two terms represent the header flit latency and the
third item is the transfer time of its body flits. The overall
NoC average latency is then given by:

L= s Ssev 2aev(Aaa X Lea) - (@)



Table 1. Model parameters and definitions

[ Parameters| Description |

Training stage Prediction engine

Synthetic/application traffic patterns New traffic Inputs (Test data pool)

As shown in Eq. 1, the source queuing delay S@Qs and
average channel waiting time C'Qy, q4;r are the two key com-
ponents that determine L, 4 and L, and so we model them
via two regression functions fggo and fcg. We denote the
features in learning fgo and fcg by two vectors Xcg =
[mcqla Teg2y "t 7xcqn] and XSQ = [xsqh LTsq2y " ;msqn]a re-
spectively. The proposed supervised SVR-NoC learning frame-
work is applied on the training data set to formulate the
model as the relationship between the selected features and
the queuing delays:

CQp.air = feo(Xcq);  SQs = fsq(Xsq)  (3)
III. SVR-NOC LEARNING FRAMEWORK

A. SVR-NoC methodology

Figure 2 shows the SVR-NoC framework, which consists
of two parts, namely the training stage and prediction engine.
In the training stage, different traffic patterns are fed into
the system level NoC simulator to observe the status of the
channels in the routers and the source queues. The channel
queue feature X ¢ includes the packet arrival rates AR and
the forwarding probabilities F' in the router. The source queue
feature X g¢ includes the injection rates X at the traffic source
and the neighboring channel waiting times C'(Q. SVR approach
is then used to obtain the fcq and fsg models, respectively.

After the training stage, the obtained SVR models are used
in the prediction engine to estimate the latency performance
for different traffic patterns. The prediction engine can be
embedded in the NoC synthesis framework for the inner-loop
design evaluation. We first apply the channel regression model
fcoto predict the average channel waiting time CQ. Then the
predicted C'Q) features, together with other features extracted
from CCG, are applied to the fgg function to evaluate the
source queuing delay. The traffic flow latency and the overall
latency are computed according to Equations (1) and (2).

B. Feature extraction for training data

1) Channel queuing feature vector: The average waiting
time in the channel dir of router £ (CQpq4ir ) depends

|
|
|
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Figure 2. SVR-NoC methodology overview

Table 2. Training features for regression

Feature | Elements | Elements Description
vector | notation
dir Xcol0] The direction of current
channel
Xcq | AR} Xcoll:95] The arrival rate vector of
current router k
ART ® | Xca [6: 25] The arrival rate vector of
four neighboring router of k
Fy, Xcq[26:50] Forwarding probability
matrix of router k
As Xs0[0] Arrival rate at source s
Xsq | CQsiocal] XsQll] Average waiting time in
local buffer of router s
CQn(s),e] XsQl2:5] Average waiting time in ch
of neighboring router n(s)

not only on its packet arrival rate ARy q; but also on the
contention among the channels within the same router, as
well as the traffic conditions in the neighboring routers (such
as congestion in the downstream router). We use the arrival
rate matrices of the current and the four neighboring routers
(NLE,S,W neighbors) together with the forwarding probability
matrix F}, in the current router to form the feature vector X (.
Both arrival rate matrix AR, and the forwarding probability
matrix F}, at node k can be calculated offline based on the
application CCG. ARy, qir is given by

ARpair = Y vsev 2ovaev (As,d X R(s, d, k, dir)) “)

where R(s,d, k,dir) indicates whether the channel is part
of the routing path set P; 4.

The forwarding probability F} ; ; denotes the portion of
traffic that arrives at channel 7 of node %k being forwarded
to the output direction j and is given by:

Ae s.d ki
Py = Zesy Sveey Qe 9 Ah 10D s)

where g¢(s,d,k,i,7) returns 1 if the routing path Ps 4
contains the channel (k,4) through the output direction j, or
0 otherwise.

In Table 2, we list all the elements in the channel queuing
feature vector Xcq.



2) Source queuing feature vector: The time that a packet
needs to wait in a particular source queue depends on the traf-
fic generation rate at the processor and the network congestion
status, which are reflected by the arrival rate and service rate,
respectively. Therefore, the packet generation rate Ag and the
average waiting time C'Q)s 1ocq1 Of the local buffer in the router
s are first included in Xg¢g as shown in Table 2.

However, the channel average waiting time C'Qs jocqr can-
not be obtained from the input CCG. In the training stage,
we extract the CQg ocqs from the simulatign\ results. In
the prediction engine, we use the estimated CQ, ,, Vvalue
obtained from the previous fcg module instead.

As shown in Table 2, to achieve a better inference on the
level of network congestion and a higher accuracy, we also
need to include the average waiting time of the local router
channel CQ,(s),ch, in the Xsq vector.

C. Support vector regression for fcq and fsg

After obtaining the feature vectors Xcg and Xgg, we
apply e-SVR [5] to learn the two nonlinear models fcg and
fso, respectively. We will present the e-SVR formulation for
the channel average waiting time function fcg while similar
procedures can be applied for fsq.

1) Primal form formulation: Without loss of generality, we
begin by assuming fcq is a linear function. Given a set of [
training data points, i.e., {(Xcg1,CQ1), - (Xcoi,CQ1)},
where Xcgi € R is the it" sample feature vector with
dimensionality of d (d = 51 as shown in Table 2) . Under
the linear model assumption, C'QQ can be expressed as:

cQ = f(Xcq) = Zle WiTeqi + b= wT Xcq+b (6)

where w € R?, b € R . Let ¢ be the maximum prediction
error that we can tolerate. We introduce two slack variables, &
and £*, to represent the error larger and smaller than the target
value by more than ¢, respectively. In order to prevent data
over-fitting when learning f(X¢¢) from the training samples,
a regularization term proportional to ||w||? is added into the
objective function [6]. To find the optimal fcq, the problem
can be formulated as :

minimize L||w|>+C x Zézl(fz‘ +&)

(WI'Xcqgi+b)—CQ; <e+&
CQi— (WI'Xcqi+b) <e+ &
fiagi‘k Z 0;6 2 0

where C' > 0 is the regularization parameter that determines
the tradeoff between the importance of the fitting accuracy and
the regularization term for preventing data over-fitting.

2) Dual problem expansion: To solve the optimization
problem in (7) and (8), we denote by L the Lagrangian of
the primal form and introduce the Lagrangian multiplies «;,
o ,m;,m; [6], where:

Hw|2+C xS (&6 +€) = X (s +n7€7)
- 2211 a; X (e+& —CQi+wl'Xcgi +b)
— Y af x (e+& +0Qi — W Xeqi — b) (9)

)

(8)
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Figure 3.

It follows that the partial derivatives of £ with respect to
the primal variables (w,b,&;, &) are zero for the optimality
point in the primal form [6]. Hence, the primal variables
(w,b,&,&) can be represented by «;, «f after setting
OpL =0wL =0¢, L = 0¢: L = 0. By substituting the primal
variables in (7) and (8) with their dual variable representations,
the dual optimization problem can be obtained [5] as follows:

—lzl (a; — af)(a; — ) XE o Xcq;
max 21 i,j=1\ i l] j ) CQirCQj
—e3 (0t af) + X, CQulas — af) (10)

subject to Eézl(ai —af) =0and a,af €10,C] (11)

This is a quadratic programming problem and can be solved
efficiently in polynomial time.

3) Kernel trick for nonlinear extension: In [6], it is shown
that the linear model formulation in (10)-(11) is still valid if
we substitute X ng‘XCQJ’ with a variety of kernel functions:

k(Xoq, Xeg) = (X)) T@(Xeg)

From the analytical delay model, it is suggested that the
router delay is a non-linear function of the extracted features.
Therefore we use the Radial Basis Function (RBF) kernel
[6] (k(x,x ) = exp(—v - ||x — x||2)), where 7 is a tuning
parameter to make a non-linear extension of the (10)-(11). The
formulation after extension is still a quadratic programming
with only a few additonal efforts needed.

12)

D. Cross-validation and grid-search

To find the global optimal learning model, we need to
search over different combinations of (e, C,~) in (7)-(8). In
this work, we adopt a v-fold cross-validation approach [6].
The cross-validation accuracy is equal to the root mean square
error (RMSE) of all the v runs. Figure 3 shows the root
mean square error surface for e=0.5 with different (v, C)
combinations during fcg regression. Various combinations
of (¢,C,~) values are tried and the one with the best cross-
validation accuracy (i.e. the lowest RMSE) is selected. .

IV. EXPERIMENTAL RESULTS

A. Experimental setup and training data preparation

We use Booksim2.0 [7] to simulate the router and NoC
performance on 4 x4 and 8 X8 meshes. Various synthetic traffic
patterns including wuniform random, transpose and tornado
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Figure 4. Comparison with analytical model
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Figure 5. Latency prediction for trained traffic patterns

[8] are used as inputs to the target router architecture to
obtain the training data-set. The training data set contains
fifty different runs under each traffic pattern, which provides
sufficient training data for the SVR learning engine as well as
reasonable training time.

B. Experimental results

1) SVR-NoC for synthetic traffics and real applications :
We first compare the SVR-NoC with state-of-the-art analytical
model proposed in [2]. In this comparison, 4 X 4 meshes with
random and transpose traffic are considered. We assume a
constant data packet length of six flits and the depth of all
channel buffers is equal to eight flits in the simulation. As
shown in Figure 4, the analytical model incurs more than 10%
error in predicting the network criticality. On the other hand,
the SVR-NoC can predict the network saturation point very
accurately, with less than 3% error for both traffic patterns.

Next, we show the SVR-NoC performance for the trained
and un-trained traffic patterns in Figure 5 and 6. Figure 5
shows the simulations results for random traffics under various
pipeline depth H; and buffer depth B combinations as well
as the non-speculative and speculative router architectures
[8]. Figure 6 shows the results for two new synthetic traffic
patterns (bitreversal, random permutation). The SVR-NoC
demonstrates high accuracy in both cases with less than 5%
error in predicting the network criticality status. We also use
a real benchmark, multimedia application MMS [9] for the
comparison and demonstrate the accuracy of SVR-NoC in
Figure 7. As shown in Figure 7, the maximum difference
between the simulation results and the SVR-NoC regression
results is less than 10% and the average error is about 4.5%.

2) Runtime comparison: The average simulation time on an
8 x 8 mesh for 1 x 108 cycles is about fifteen minutes while
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the SVR-NoC predictive framework takes about eight seconds.
The latency estimation method using an analytical model [2]
takes about six seconds. We can see that the SVR-NoC has
a similar run-time with the analytical model and has a 120X
speedup over the simulation-based prediction.

V. CONCLUSION

In this work, we propose a machine-learning based approach
for NoC performance prediction. We demonstrate the model-
ing accuracy by using independent test data sets. The SVR-
NoC model achieves less than 10% error for various traffic
patterns with about 120X speedup compared to the simulation-
based estimation.
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