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Abstract

A future NoC architecture must be general enough to allow volume pro-
duction and must have features to specialize and configure to match and
meet application’s performance requirements. In this report, we present a
methodology to specialize the routing algorithm in NoC routers to optimize
its communication performance while ensuring deadlock free routing. Du-
ato’s theory of deadlock free routing is extended to incorporate application’s
communication requirements to improve routing adaptiveness. We demon-
strate through analysis and modeling and evaluation that routing algorithms
produced by our methodology have higher adaptiveness and higher perfor-
mance as compared to general purpose deadlock free routing algorithms.

Keywords Networks on Chip, adaptive routing, deadlock-free routing, applica-
tion specific.

1 Introduction

Advances in technology now make it possible to integrate hundreds of cores (e.g.
general or special purpose processors, embedded memories, application specific
components, mixed-signal 1/0 cores) in a single silicon die. The large number
of resources that have to communicate makes the use of interconnection systems
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based on shared buses inefficient. One way to solve the problem of on-chip com-
munications is to use a Network-on-Chip (NoC)-based communication infrastruc-
ture. These architectures emphasize the separation between computing and com-
munication, and guarantee a good degree of design reuse and scalability.

In just the last few years Network on Chip (NoC) has emerged as a dominant
paradigm for synthesis of multi-core SoCs. A large number of different NoC archi-
tectures have been proposed by different research groups [10, 16, 5, 15, 18] based
on this paradigm. The proposed architectures differ in many aspects like topology
and routing algorithms used in the underlying on-chip communication network.
Fixed tile size based mesh topology is favored by many research groups because
of its layout efficiency and the resulting electrical properties of the signals.

It is now possible to envision a scenerio in which a mesh topology NoC chip,
populated with an application area specific set of cores, will be available as off the
self standard product. Such a chip will have the potential of high volume of produc-
tion to justify its large non-recurring expenses. One can easily imagine such a chip
for multi-media processing area. Such a chip should implement an adaptive rout-
ing algorithm for on-chip communication in order to provide good performance in
the presence of traffic variations within an application and among applications in a
specific area. However, adaptive routing algorithms, if not designed carefully, have
a danger of causing traffic deadlocks. A good adaptive routing algorithm should
have both low average latency for messages and freedom from deadlocks. Worm-
hole switching technique used in communication networks is more efficient than
store and forward technique and is therefore proposed by several researchers as
the most suitable for on-chip communication [7]. However, this technique is more
prone to deadlocks than other switching techniques. Many deadlock free routing
algorithms have been proposed for mesh topology networks in literature [4, 11].
In most of these algorithms freedom from deadlocks is achieved at a high loss
of adaptivity. Odd-Even routing algorithm [4] provides deadlock free routing in
a homogeneous mesh topology NoC architecture. A limitation of the Odd-Even
routing algorithm is that it can not ensure deadlock freedom for a irregular mesh
topology in which cores could occupy more than one tile. Bolotin et al. [3] have
proposed hard coded paths for deadlock safe routing for an application. In their
approach, the possibility of deadlock for the application communication scenario
is analyzed and solved off-line. Any change in traffic patterns results in a complete
re-analysis of deadlock freeness and may result in changes to be made to affected
paths. A non-minimal deadlock free routing algorithm is described for a irregular
mesh topology NoC with regions in [11]. This algorithm is biased in favor of some
area of the network as compared to the other area.

Duato has proposed a general theory to develop adaptive deadlock free rout-
ing algorithms for communication networks which use wormhole switching tech-
nique [6]. Duato’s method is based on generating a Channel Dependency Graph
(CDG), in which every channel is a node and there is a directed edge from a node
i to j if channel j can be used after channel i for some communication among
resources in the network. A cycle in the CDG indicates a possibility of a dead-



lock. Duato’s method restricts some combinations of channels so that cycles could
be avoided in CDG. Such a routing algorithm can be implemented using routing
tables inside routers in the network [2].

Duato’s method takes only the network topology as input and generates many
routing algorithms which will work for all possible communication traffic situa-
tions in the network. This method can be used for generating deadlock free routing
algorithms for both regular and irregular networks. One can view all minimal
adaptive deadlock free routing algorithms for mesh topology NoC, like Odd-Even
routing algorithm, as specific instances of routing algorithms generated by Duato’s
method.

A NoC system, which is specialized for a specific application or for a set of
concurrent applications, can be considered as a semi-static system. We can have
the information about the set of pairs of cores which communicate and other pairs
which never communicate. But it may not be possible to know the dynamic vari-
ations in the communication traffic among the pairs. This information about com-
munication pairs can be useful for generating deadlock free algorithms which are
more adaptive than algorithms where this information was not available or used.
We call algorithms using this information as Application Specific Routing Algo-
rithms (APSRAS).

In this report, we extend Duato’s theory and present a method to generate rout-
ing algorithms for communication networks when the communication graph of the
application is known. We apply the extended method to generate a routing algo-
rithm for a mesh topology network. We have analyzed the generated algorithms
for a large number of synthetic communication graphs as well as a graph corre-
sponding to a real application. We show through analytical analysis that generated
algorithms have significantly higher adaptivity as compared to the well known
deadlock free routing algorithms especially when the communication traffic has
neighborhood behavior. We have also evaluated and compared the performance
of APSRAs with Odd-Even algorithm through modeling and simulation. Again,
we observe that the average latency of routing algorithms generated through our
methodology is smaller for low traffic load.

The report is organized as follows. Section 2 provides the terminology, a set
of definitions and the theorem at the heart of the proposed methodology. Section 3
presents the APSRA design methodology. Adaptivity analysis and comparison
with current deadlock free adaptive routing algorithms for different traffic scenarios
is presented in Section 4. Section 5 reports dynamic performance evaluation results
for both synthetic and real traffic scenarios. Finally, Section 6 concludes the report
and outlines some directions for future work.

2 Terminology and Definitions

In this section we define the concept of Application Specific Routing. In an em-
bedded system scenario the communication traffic between the different cores of



a system-on-a-chip is usually well characterized. In particular, after the task map-
ping phase of the NoC design flow, we have a complete knowledge about the pairs
of cores which communicate and other pairs which never communicate. This addi-
tional information can be exploited to design an application specific routing algo-
rithm which is highly adaptive and is also deadlock free. This information can also
be incorporated in Duato’s theory for systematic design of deadlock free routing
algorithms for communication networks [6].

Given a directed graph G(V,E) where V is the set of vertices and E is the set
of edges, we indicate with e;; = (vj,v;) the directed arc from vertex v; to vertex v;.
Given an edge e € E we indicate with src(e) and dst(e) respectively the source and
the destination vertex of the edge (e.g., src(ejj) = v; and dst(ej;) = v;).

Definition A Communication Graph CG = G(T,C) is a directed graph where each
vertex t; represents a task, and each directed arc ¢;j = (t;,t;) represents the commu-
nication from t; to t;.

Definition A Topology Graph TG = G(P,L) is a directed graph where each vertex
p;i represents a node of the network, and each directed arc lij = (pj, pj) represents
a physical unidirectional channel (link) connecting node p; to node p;.

Definition A Mapping Function M : T — P maps ataskt € T onanode p € P.

Let Lin(p) and Loy (p) respectively be the set of input channels and output
channels for node p. Mathematically:

Lin(p) = {Il I € LAdst(I) = p}

Low(p) = {l| I € LAsrc(l) = p}.
Definition A Routing Function for a node p € P, is a function R(p) : Lin(p) x P —
O(Lowt(p))- R(p)(1,q) gives the set of output channels of node p that can be used

to send a message received from the input channel | and whose destination is g € P.
We assume that R(p)(l,q) = 0 is g is not reachable from p.

The [J indicates a power set. We indicate with R the set of all routing functions:
R={R(p): peP}.

Definition Given a communication graph CG(T,C), a topology graph TG(P,L),
and a routing function R, there is an application specific direct dependency from
licLtol; € Liff

dst(l;) = src(lj) (@)
JceC: I e R(dst(li))(l;,M(dst(c))) 2
Condition (1) states that there exists a possibility for a message to use I; imme-

diately after I;. Condition (2) states that there exists a communication that will
actually use |; immediately after I;.



Definition An Application Specific Channel Dependency Graph ASCDG(L, D) for
a given CG, a topology graph TG, and a routing function R, is a directed graph.
The vertices of ASCDG are the channels of TG. The arcs of ASCDG are the pair of
channels (l;,1;) such that there is an application specific direct dependency from I
to |j.

Note that there will be no cycles of length one in ASCDG if we assume unidirec-
tional channels.

Theorem 2.1 A routing function R for a topology graph TG and for a communi-
cation graph CG is deadlock-free if there are no cycles in its application specific
channel dependency graph ASCDG.

Proof The ASCDG is a sub-graph of the Duato’s channel dependency graph (CDG) [6].
Two cases need to be considered.

Case 1: Both ASCDG and corresponding CDG are acyclic. In this case the
proof follows the proof of Duato’s theorem [6].

Case 2: ASCDG is acyclic but corresponding CDG has cycles. In each of these
cycles in CDG there will exist an arc linking two channels I; and I; such that there
exists no communication pair which can use |; followed by |;. We call such cycles
as false cycles and can be ignored for analysis for deadlock freedom. The resulting
CDG will then be acyclic.

3 APSRA Design Methodology

An overview of the APSRA desigh methodology is depicted in Figure 1. The inputs
are the communication graph CG, the topology graph TG and a mapping function
M. The outputs are the routing tables for each node of TG.

Theorem 2.1 gives a sufficient but not necessary condition for an adaptive rout-
ing function R to be deadlock-free. If the application specific channel dependency
graph ASCDG is acyclic then R is deadlock-free, otherwise we cannot say anything
about the deadlock freeness of R.

The basic idea of APSRA is that a cycle in ASCDG can be broken by restricting
the routing function of some node while ensuring destination reachability of each
communication pair. In this section we present a heuristic to remove an application
specific dependency (i.e. break a cycle of the ASCDG) in such a way as to mini-
mize its impact on the avearge degree of adaptiveness of R. Before we start, some
definitions are needed.

Definition A Path from a node psto a node pyq is a succession of channels {I1,12,...,Ix}, I; €
L such that:
dst(li) =src(li+1),i=1,2,...,n—1,
ps = src(ly),
pa = dst(ln).
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Figure 1: Overview of the APSRA design methodology.

Given a communication ¢ € C we indicate with ®(c) the set of all minimal paths
from node M(src(c)) to node M(dst(c)). We indicate with @ (c) the i-th path of
d(c).

For each edge d of the ASCDG let A(d) be the set of pairs (c, j) where c is
a communication whose j-th path contains both channels associated to d. More
precisely

A(d) ={(c,j)|ceC, j e Ns.t.src(d) € gj(c) Adst(d) € gj(c)}.
Theorem 3.1 Given an ASCDG(L,D) and d = (l;, ;) € D then A(d) # 0.

Proof = d = (l;,l;) € D then 3 ¢ € C such that I; € R(dst(l;))(l;,c) that is, there
exists a communication ¢ which has a path that contains both I; and ;. This path
belongs to ®(c) and suppose it is the j-th path of ®(c) named ¢;(c). Then the pair
(c, j) belongs to A(d) because src(d) = I; € gj(c) and dst(d) =I; € g;(c).

< Leta = (c,]j) € A(d), then 3g;(c) € ®(c) that contains both src(d) =
and dst(d) = I;. The condition (1) is satisfied by construction because d € D.
The existence of the path ¢;(c) states that a communication c traveling on |; can
immediately use I;. This means that the routing function at node dst(l;) allows this
turn. Therefore I; € R(dst(l;))(l;,M(dst(c))) and the condition (2) is satisfied too.



Definition Given a routing function R and a communication ¢ € C the degree of
adaptiveness for c is:
[®(c)]
a(C) = =——=
(c) TMP(c)’
where TMP(c) represents the total number of minimum paths from node M(src(c))
to node M(dst(c)).

For mesh based topologies this number is (dx +dy)!/dx!dy! where dx and dy rep-
resent the distance in x direction and y direction between the source node and the
destination node resepctively.

Definition The average degree of adaptiveness a is the average of the degree of
adaptiveness for all the communications.

1

a=——
ICl &

a(c).

3.1 Main Algorithm

Given a communication graph CG, a topology graph TG and a mapping function
M the APSRA methodology can be summarised as follows:

1. Let R be a minimum fully adaptive routing function.

2. Build the ASCDG relative to R, CG, TG and M.

3. If ASCDG is acyclic then extract routing tables (cf. Section 3.3) and stop.
4. Extract a cycle from ASCDG.

5. Use an heuristic to cut an edge (i.e., remove a dependency) of the cycle and
update R (cf. Section 3.2).

6. Goto 2.

3.2 Cutting Edgewith Minimum L oss

Let Dc = {d1,dz,...,dn} € D be a cycle in the ASCDG(L,D). To break the cycle
we have to remove a dependency d; that means make A(d;) = 0.

To make A(d;) = @ we have to restrict the number of admissible paths for some
communications. This however has an impact on the degree of adaptiveness of the
routing function. The heuristic has to select the dependency d; to be removed in
such a way to minimise the impact on the degree of adaptiveness.

Let a be the current degree of adptiveness and ay the degree of adaptiveness
when we remove a dependency d € D¢. The objective is to minimise the difference



o — ag, or equivalently maximise aq.

max ag = max [®a(0)l _
deDc deDc \C] TMP(c)

|P(c)\{a€A(d):a.c=c}|

=max —
deDy \cycE TMP(c)
(c)]—|{a€A(d):a.c=c}|
e \cy ZC TMP(c)

B 1 |®(c)] {a€A(d):a.c=c}|
RN (CE TMP(c) _C; TMP(c)
That is equivalent to:

{a€A():a.c=c}| . 1

min = min -
deDe £ TMP(c) deDc TMP(a.c)

acA(d)

In short, the heuristic states that to minimise the impact on adaptiveness we have
to select as a candidate dependence to be removed the d € D, which satisfy the
following reachability constraint:

A (0] >1, ©)
(c.j)eA(d)
and minimise the quantity:
1
- (4)
(c.ifEna TMP(©)

The inequality (3) ensures that all the communications which use the links src(d)
followed by dst(d) will have alternative paths after d is removed. The removal of
a dependency d impacts on ®(c) as follows:

v(c,J) € A(d) = @(c) = ®(c) \ {gj(c)}.

It is easy to show that our heuristic results in an optimum adaptivity when
there is a single cycle in ASCDG. Optimality is not gauranteed in the case of
multiple cycles. For a globally optimal solution, we need to consider all the cycles
simultaneously.

Restricting the routing functions in various network nodes may also affect
reachability of certain communications. The order in which the cycles in ASCDG
get treated may finally decide if the constraint (3) can be met for all cycles or not.
This implies that if we look at cycles in one order only then we may not get a
routing path for some communications. In fact, in the worst case, we may have
to exhaustively consider all possible combinations of dependencies, one from each
cycle in ASCDG, to be removed to find a feasible mimimal routing for all commu-
nicating pairs.



3.3 Routing Tables

For each node p € P, and for each input channel | € Ljn(p) there is a routing table
RT (p,1) in which each entry consists of 1) a destination address d € P and 2) a set
of output channels O € [J(Lox (p)) that can be used to forward a message received
from channel | and destined to node d. Formally

RT(p,1) = {(d,0)| d € P, 0 =R(p)(l,d) AO # 0}.

The routing table of a node p € P is the union of routing tables of each input
channel of p:
RT(p)= J RT(p,D).
I€Lin(p)
The size of the routing tables depends on both the size of the NoC and the com-
munication density (i.e., the ratio betwen the number of communications and the
number of tasks).

4 Adaptivity Analysis and Comparison

In this section we test APSRA methodology by using three different communica-
tion scenarios: two synthetic, and one that models a real multimedia application.

In both synthetic communication graphs the number of nodes (tasks) is fixed
whereas the number of edges (communications) is a parameter that characterise
the communication scenario. We define the communication density p as the ratio
betwen the number of communications and the number of tasks. The synthetic
communication graphs are generated randomly based on two different assump-
tions. In the first synthetic communication graph each task can communicate with
every other task with equal probability. In the second one, tasks communicate with
a probability depending on the distance of the nodes where they are mapped on.
More precisely we define the one-hop probability ohp as the probability that a task
ts can communicate with another task ty when the minimum number of hops from
M(ts) to M(tq) is equal to 1. The communication probability from ts to tq such that
the minimum number of hops from M(ts) to M(tq) is equal to h is given by:

CP(1) =ohp
{ CP(h) = 3 [1 - 55 CP()]

The mapping function is defined as M(t) = pjop| Where the symbol % is the mod-
ule operator and |P| is the number of network nodes.

We compare APSRA to adaptive routing algorithms based on the turn model [9]
and to the Odd-Even turn model [4]. We first analyse the different algorithms in
terms of degree of adaptiveness. Figure 2 shows the average degree of adaptive-
ness and the standard deviation of degree of adaptiveness for different NoC size
and for two communication densities (o = 2 and p = 4). Each point of the graph
has been obtained evaluating 100 random communication graphs and reporting the



N
4
©
@

—— APSRA
—— Negative First 0.9t
—=— North Last
—+— Odd Even
—— West First

—— APSRA

—— Negative First
—=— North Last
—+— Odd Even
—v— West First

o
©

o
©

o
o

Average degree of adaptiveness
o
3

o
o

©
'Y

10 2 3 4 5 6 7 8 9 10

0.4r

o
w
a

o

w
o
w
a

0.251

St.Dev. degree of adaptiveness
o
N
(&)

St.Dev. degree of adaptiveness
<)
w

0.15f —— APSRA —— APSRA
—— Negative First —— Negative First
o1l —=— North Last 0.21 ¢ —=— North Last
. —— Odd Even —— Odd Even
—— West First —— West First
0.05 1 1 1 1 T T , 0.15 1 T T ,
2 3 4 5 6 7 8 9 10 2 3 4 5 6 8 9 10
Mesh size Mesh size

Figure 2: Average degree of adaptiveness and standard deviation for different NoC
size and for random generated communication graph with two different communi-
cation densities.

mean value and the 90% confidence interval. As expected the algorithms based
on turn model outperform in degree of adaptiveness. Unfortunately the degree of
adaptiveness provided by the turn model is highly uneven [4]. This is because at
least half of the source-destination pairs are restricted to having only one minimal
path, while full adaptiveness is provided for the rest of the pairs. This is confirmed
by the high standard deviation values these algorithms exhibit [Figure 2(b)]. On
the other side, Odd-Even is the worst one in terms of average degree of adaptive-
ness but it is more even for different source-destination pairs. APSRA outperform
the other algorithms for small NoC size, but performance decrease very fast as
NoC size increase and communication density increase. At any rate this traffic
scenario is not very representative for a NoC system. Usually, in fact, cores that
communicate most are mapped close to each other [14, 17, 1].

The second traffic scenario overcome this problem. Figure 3 shows results ob-
tained for ohp = 0.4. In this case APSRA outperform the other algorithms both in
terms of adaptiveness and standard deviation. Quantitatively, APSRA provide very
high level of adaptivity in average over 10% and 18% respectively for turn model
based algorithms and Odd-Even for p = 2, and over 7% and 15% respectively
for turn model based algorithms and Odd-Even for p = 4. Moreover, the degree
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of routing adaptiveness provided by APSRA is more even for different source-
destination pairs.

As a more realistic communication scenario we consider a generic MultiMedia
System which includes an h263 video encoder, an h263 video decoder, an mp3
audio encoder and an mp3 audio decoder [12] (see Figure 4). The application is
partitioned into 40 distinct tasks and then these tasks were assigned and scheduled
onto 25 selected IPs. The topological mapping of IPs into tiles of a 5 x 5 mesh-
based NoC architecture has been obtained by using the approach presented in [1].
The routing algorithm generated by APSRA is fully adaptive for this specific ap-
plication whereas algorithms based on turn model and Odd-Even have an average
degree of adaptiveness of 0.93 and 0.90 respectively.

5 Performance Evaluation
We also evaluated APSRA using a flit-level simulator developed in SDL [8] to ver-

ify if the promising analytical results of adaptiveness also translate to increase in
performance. We compare APSRA with ODD Even because the latter has been

11
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proved to exhibit the best performance among different traffic scenarios [4]. The
evaluations were made using wormhole switching with a packet size of 10 flits. In
our model, each router has an input-buffer size of 2 flits and an output-buffer size
of 1 flit. If multiple output ports are available for a header flit, a random selection
is made. The maximum bandwidth of each link is set to 1 packet per cycle. We use
the source packet generation rate as load parameter. For each load value, latency
values are averaged over 60000 packet arrivals after a warm-up session of 30000
arrived packets. We present results on average latency where throughput levels are
below saturation. We define latency as the duration, in terms of network cycles,
between creation of a packet at the source until the last flit has reached the desti-
nation. The delays between packets are varied according to a Poisson distribution.
First we show results from transpose and random with locality generated commu-
nication patterns, simulated on an 8 x 8 network. For random with locality pattern,
the latency values are averaged over 10 different mappings. In Figure 5(a), we see
that on lightly loaded situations, our algorithm gives a decrease in latency of about
4% in the random with locality set-up. However, closer to saturation Odd-Even
algorithm performs better. For the communication traffic corresponding to trans-
pose pattern APSRA has a significantly higher performance. Here the advantage
in latency also grows with increased load.

We also made simulations on the application specific scenario, described in [12].
We set the packet generation rate different at the sources, corresponding to the data
to be transferred to each destination node. The data rates are then equally scaled up
to see the effect of increased load. In this situation, shown in Figure 5(b), APSRA
has an advantage of lower latency, but the saturation point occurs at similar load
levels. Note, that the output rate corresponds to the source with the highest rate, as
this is a bottleneck in this case.

APSRA clearly has an advantage in terms of lower latency on lightly loaded
networks, due to its higher adaptivity. However, when networks become congested
and randomness is used in traffic patterns, the adaptivity no longer pays off. This is
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a phenomena also documented in earlier research [4, 13, 19]. We believe though,
that such situations are not likely to be the case for real NoC.

6 Conclusions

In this report, we have made a case for application specific routing in NoC systems
and proposed a methodology to design such routing algorithms. Our methodology
is general and can be applied to design application specific deadlock free routing
algorithms for any topology. We have shown that, for homogeneous NoC architec-
ture with 2-dimensional topology, algorithms designed by our methodology offer
higher adaptivity and higher performance as compared to the general purpose rout-
ing algorithms. We plan to use our methodology to generate deadlock free routing
algorithms for non-homogeneous mesh topology NoC incorporating concept of re-
gions and compare their performance with other proposed solutions. However,
higher performance comes at the cost of larger router tables. We are currently
working on techniques for loss-less compression of these routing tables. There are
aspects of application specific communication other than communication topology
which can be exploited to further increase the communication performance in NoC
systems. Information about traffic classes and the information about communica-
tion schedule are definite candidates for this purpose.
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