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Abstract—Network-on-Chip (NoC) presents a promising solu-
tion for on-chip communication in highly integrated System-on-
Chips (SoCs). This work addresses critical challenges in NoC
design, including routing construction, application mapping, and
particularly the issue of deadlocks in the widely-used wormhole
routing method. In this paper, an Integer Linear Programming
(ILP) approach for deadlock-free routing is proposed, applica-
ble to arbitrary network topologies. We systematically analyze
deadlock-free routing construction for mesh and torus topologies
under uniform random traffic and provide alternative solutions
to turn models. In the context of application-specific NoCs,
application mapping, and deadlock-free routing are integrated
within a single ILP. Through evaluation with several benchmark
applications, it is demonstrated that the ILP method consistently
delivers optimal solutions and could obtain better results than
various heuristic methods within an acceptable time. Fault tol-
erance is also explored and existing techniques are incorporated
into the ILP approach. As an illustrative example, application
mapping and a 1-link-fault-tolerant deadlock-free routing for the
MP3 application on a mesh network is performed.

Index Terms—Network-on-chip, integer linear programming,
deadlock-free, routing construction, application mapping, fault
tolerance.

I. INTRODUCTION

With the continuous increase in the integration of com-
ponents on a single chip, traditional bus-based System-on-
Chip (SoC) architectures have encountered performance bot-
tlenecks. In response to this challenge, architectures with
Network-on-Chip (NoC) have been proposed [1], [2]. Method-
ologies from network communication are introduced into
on-chip communication. An NoC typically comprises inter-
connected switches and processing elements (PEs), which
are responsible for providing system functionality. PEs are
connected to these switches via network interfaces (NIs)
[3]. Communication between PEs is achieved through the
transmission of data packets.

NoCs can be designed using either regular or application-
specific (irregular) topologies. Regular topologies, such as
mesh-based topologies, offer the advantage of reusing estab-
lished topological design, reducing both design time and cost.
In contrast, application-specific topologies provide greater
flexibility and the potential for enhanced performance. How-
ever, they come with the drawback of a more intricate design
process, resulting in higher overall design cost.

On a given topology, routing methods determine the path of
packets from the source to the destination for each communi-
cation flow. These routing methods are typically classified into
two categories: deterministic routing and adaptive routing. In
deterministic routing, routing paths are pre-determined while
adaptive routing takes the current state of the network into
account in making routing decisions. For most application-
specific NoCs with communication flows known in advance,
deterministic routing is often preferred as it can reduce system
complexity. The routing can be implemented with routing
table, or with more efficient compressed representations such
as logic-based distributed routing (LBDR) [4] and its variants.
Moreover, as the routing is determined at design time, it may
be hard-coded into combinational logic and optimized using
standard logic level optimization techniques, and would not
require memory. Consequently, finding the optimal routing is
a fundamental challenge in NoC design.

In an application-specific NoC, individual PEs may offer
varying functions and generate irregular communication flows.
Besides routing, the crucial design task is determining the
binding between each PE and its respective switch, as this
association significantly impacts routing. The synergistic op-
timization of application mapping and routing can yield a
substantial increase in system performance.

Wormhole routing [5], due to its good performance, par-
ticularly in term of high throughput and minimal buffering
requirements, is widely adopted in NoCs. However, a notable
drawback of wormhole routing is the higher risk for deadlocks.
Deadlocks occur when no packets can progress towards their
destination due to resources occupation. The root cause of
these deadlocks is the presence of cyclic dependencies of
resources within the routing channels.

In this paper, we introduce an Integer Linear Programming
(ILP) method for the construction of deadlock-free routing
paths in NoC architectures. The main contributions of the work
are:

o Formulating an ILP approach for the optimal construction
of deadlock-free routing paths, applicable to a wide range
of network topologies.

o Systematically constructing and evaluating deadlock-free
routing under uniform random traffic for regular topolo-
gies, providing alternative solutions to the well-known



turn models.

o Simultaneously addressing application mapping and
deadlock-free routing construction within a single ILP
framework.

« Incorporating fault tolerance techniques to achieve appli-
cation mapping, optimal deadlock-free routing, and fault
tolerance within a single ILP.

The remaining paper is organized as follows: Section II re-
views related work in this field. Section III provides a detailed
description of the method employed in this work. Section
IV presents the experimental setup, results, and subsequent
discussions. Section V illustrates the incorporation of fault
tolerance techniques into our approach. Finally, section VI
concludes the work.

II. RELATED WORK

Deadlock-free routing in networks utilizing wormhole rout-
ing has been analyzed since the inception of this routing
method. In [5], a deadlock-free routing method was presented
by introducing virtual channels. Since then, various approaches
have been developed. One approach is the creation of virtual
channels [6], where multiple packets are allowed to share the
same physical channel. Although virtual channels offer flex-
ibility, they increase network complexity and can sometimes
result in decreased performance, making them less desirable
in many NoC configurations.

Another notable approach is the turn model [7]. This model,
including its variants such as XY turn model, odd-even turn
model [8], and repetitive turn model [9], prohibits specific
turns within the network to prevent cyclic dependencies on
resources. Alternatively, forbidden turns can be represented
using integer numbering of links [10], allowing only turns to
links in either ascending or descending orders.

Similar approaches have been employed in NoCs for con-
structing both deterministic and adaptive routing. For example,
an odd-even turn model has been applied to 2D mesh-based
NoCs in [11], and an adaptive routing algorithm for 3D mesh-
based NoCs is described in [12]. In [13], the analysis of
turns in hexagonal NoCs is performed. However, it is worth
noting that forbidding turns without knowledge of the actual
communication flows can lead to performance degradation, as
it may restrict the optimal routing path between two PEs, even
when this is not necessary. A comprehensive discussion of the
necessary and sufficient conditions for deadlock can be found
in [14], [15].

The synthesis of NoCs has been addressed in many prior
works, with a primary emphasis on application mapping.
Several of these studies utilize ILP-based methods. Authors
of [16] developed an ILP approach to achieve energy-efficient
application mapping. In [17], a method for application map-
ping that includes spare cores for mesh networks is explained.
The same authors analyzed a mesh-of-tree-based NoC in [18].
However, these works are primarily based and valid only on
a single particular topology. In [19], an ILP-based method for
synthesizing application-specific topologies is introduced. Fur-
thermore, in [20], [21], ILP methodologies that consider fault

tolerance for application-specific topologies are described. It is
worth noting that neither of these works has presented results
that are guaranteed to be deadlock-free.

In addition to ILP-based methods, heuristic-based ap-
proaches have been utilized for NoC synthesis. For instance,
in [22], the authors proposed a heuristic that utilizes ILP
relaxation. In [23], an algorithm for mapping applications
onto a mesh NoC under bandwidth constraints is presented.
Simulated annealing is utilized in [24], while in [25], [26],
authors present a particle swarm optimization based method
and Kernighan-Lin based partition heuristic for application
mapping, respectively. Furthermore, a genetic algorithm is
presented in [27]. Unlike ILP-based methods, heuristic-based
approaches do not guarantee the delivery of optimal solutions
for the problem. Also, these approaches do not guarantee the
absence of deadlocks.

III. METHOD
A. Problem Definition

Definition 1~ (Switch Graph Gg): A directed graph
Gs(Vs, Eg) represents the topology of the switch network,
where each vertex in Vg denotes a switch, and each edge in
FEg denotes a link between two switches. Bidirectional links
are represented with two directional edges.

Definition 2 (Communication Graph G¢): A weighted
directed graph G¢(Ve, Ec, w) represents the communication
flow among PEs, where each vertex in V> denotes a PE, and
each directed edge in E¢ denotes the communication flow
between two PEs. The weight w of the edges indicates the
required bandwidth for the communication flow.

The primary goal of this method is to identify the optimal
deadlock-free routing paths in G g for all communication flows
within GG based on selected criteria.

B. ILP Formulation

In NoCs with regular topologies, dedicated ports on the
switches are reserved for the links to NIs of PEs. Typically, in
mesh-based topologies, one port is allocated on each switch
for the link to a PE. In other cases, such as tree-based or hybrid
topologies, multiple ports may be available for connecting to
multiple PEs. In the context of this ILP, we assume that the
bindings between PEs and switches are known. Consequently,
the PEs can be identified by the switches to which they are
connected.

To construct the ILP, the following variables are defined:

R(; j)(u,v): a binary variable that indicates whether com-
munication (4,7) in G¢ routes through link (u,v) in Gg.
R jy(u,v) = 1 when the communication routes through the
link.

BW (u,v): an integer variable that represents the required
bandwidth of link (u,v) in Gg.

Ti5)(u,v,w): a binary variable that indicates whether the
turn from (u, v) to (v, w) in Gg is in the routing path of (3, j)
inGe. T ;)(u,v,w) = 1if the turn is part of the routing path.
Turns refer to transmissions between different ports within a
switch, including straight-through transmissions.



N (u,v): an integer variable used to number each (u,v) in
Gs. To prevent deadlock, turns are only allowed from edges
with higher numbers to edges with lower numbers, i.e. in
descending order. It is also possible to formulate the ILP to
allow turns only in ascending order.

Typical performance criteria for NoCs include factors such
as latency, bandwidth requirement, production cost, and run-
time costs, such as communication cost or energy consump-
tion. These criteria serve as objectives of the ILP. For example,
when the goal is to minimize the number of total hops (thereby
the average latency), the ILP can be formulated as follows:

Y Y Rupluw) (1)

(i7j)€Ec (u,v)EEs

Minimize:

Subject to:
Z (Ri,5)(u,v) — R 5)(v,u))
vi(u,w)EEg
1 ifu=1
=< -1 ifu=j Yu € Vg, V(i,j) € Ec
0 ifu##1i, u#j,
2)
R(iaj) (’LL,’U) =+ R(i,j)(vau) S 17 V(U,U) € ESa V(Z7]) € EC’
3)
BW(u,v) = Y (R (uv) xw(i,j)), V(u,v) € Eg
(i,j)€Ec
“)
BW (u,v) < BWhax, Y(u,v) € Eg 5)
T(Z,j) (U, v, w) = mln(R(Z,J) (’U/, U)a R(z,j) (’U7 ’LU)), (6)
Yo i (u,v), (v,w) € Fg, u+#w, ¥(i,j) € Ec
N(u,v) = N(v,w) > 1 if T(; j)(u,v,w) =1, o

Vo (u,v),(v,w) € ES7 u;éw, V(Z,]) € EC

The constraint (2) defines routing paths for each communi-
cation flow. The constraint (3) ensures that no turning backs
(i.e. u-turns) are allowed. Constraints (4) and (5) calculate and
restrict the required bandwidth of each link in the network,
with BWhax representing the predefined maximum allowed
bandwidth for the links. Constraints (6) and (7) are employed
for deadlock avoidance. The constraint (6) indicates whether
a turn from switch u through switch v to switch w is
in the routing path of communication (4,5). The constraint
(7) assigns an integer number to each link, allowing turns
only from links with higher numbers to links with lower
numbers. This prohibition of cyclic dependencies of resources
effectively prevents deadlock. Constraints with min, max, and
if are transformed into a set of < and > constraints by the
ILP framework.

The constraint (5) requires a definition of the maximum
allowed bandwidth. Normally, this is obtained from the spec-
ification of the yet to be designed NoC. The optimal value
can also be acquired directly from the ILP by replacing

the objective (1) to an objective minimizing the required
maximum bandwidth:

Minimize: BWp,x = max (BW (u,v)) (8)

(u,v)€Es
However, the number of hops is no longer restricted by
the ILP. This may lead to results containing routing paths
with a very large latency, even if the required bandwidth
is minimized. To address this, the objective (1) has to be
transformed into a constraint:

s.t. Z R(i,j)(u7v) < Lmaxs V(Z,]) € Ec 9
(u,v)EEg

where Lp.x is the predefined maximum allowed number of
hops for each communication flow (7,j) € E¢c. Ly should
be specified as part of the system requirements.

Some ILP solvers, such as Gurobi [28], support multi-
objective optimization given that priorities are assigned to
each objective. This functionality enables finding solutions
with the smallest average latency under minimized bandwidth
requirements.

C. Application Mapping

The assumption that bindings between PEs and switches
are known is not always valid, especially in the context of
application-specific NoCs, where optimal bindings can be
challenging to determine. In this work, application mapping
and routing are integrated within a single ILP.

A binary variable Bd(i,u) is defined, indicating whether
the NI of PE ¢ in V- is (bidirectionally) linked to switch w in
Vs. Bd(i,u) = 1 when PE ¢ and switch u are bound.

While the same objectives can be used, for application-
specific NoCs, more complex models are typically involved.
An example of a straightforward model used to calculate the
runtime communication cost C'C' found in [26] is

cC = Z (Number of hops(z, j) x w(i,7))
(i,j)€Ec

= > (> Rap(wv)xw(ij)

(i,j)€Ec (u,v)EEs

(10)

There are other models used to estimate the energy con-
sumption of the NoC, such as those employed in [29], [30].
These models can also serve as objectives of the ILP. The
constraints from (3) to (7) remain applicable. Only constraint
(2) needs to be replaced, and two more constraints will be
added. As a result, the ILP is formulated as follows:

Minimize: C'C' (1
Subject to:
Z (R(i,j)(uw) - R(i,j)(va u))
vi(u,w)EEg
= Bd(i,u) — Bd(j,u), Yu € Vg, ¥(i,j) € E¢
(12)
> Bd(i,u) =1, Vi€ Vo (13)

ueVs
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Fig. 1. Deadlock-free routing under uniform random traffic on a 3 X 3 mesh

> Bd(i,u) < 1, Vu € Vs (14)

i€Ve
and (3) to (7)

The constraint (12) defines the communication flow for each
(i,7) € Ec¢. If switch w is bound to PE i, indicating u as
a source, the right side of the equation equals 1. If switch
u is bound to PE j, indicating » as a drain, the right side
becomes —1. For all other cases, it remains 0. This corresponds
to the right-hand side of (2) in the previous subsection. The
constraint (13) enforces that each PE must be bound to exactly
one switch. The c “onstraint (14) restricts that each switch can
be bound to maximum of one PE. Notably, these constraints
are specifically valid for mesh-based topologies. For other
topologies, such as tree-based, where a switch has multiple
ports for connecting to the NIs of PEs, the constraints need to
be modified accordingly. In the case of mesh-based topology,
if the number of switches is greater than the number of PEs,
not all switches may be bound to a PE.

IV. EVALUATION

The proposed ILP has been implemented using Python
and Gurobi solver v10.0 [28] on 64-bit Linux workstations
equipped with an Intel Core™ i9 3.2GHz CPU with 24
physical cores and 128GB of RAM.

A. Topology Analysis

To systematically analyze the deadlock-free routing gen-
erated by the ILP, we have constructed a G with uniform
random traffic, where each PE sends packets to every other PE.
For simplicity, the required bandwidth of each communication
flow is set to 1. Three switch graphs G g are created for mesh-
based regular topologies: a 3 X 3 mesh, a 4 x 4 mesh and a
4 x4 torus. The ILP is solved using a multi-objective approach
that first minimizes the maximum required bandwidth and then
minimizes the latency.

In Fig. 1, the results of the 3 x 3 mesh is displayed. On the
left side, each link is labeled with its required bandwidth, while
on the right side, the numbering of each link is displayed along
the edge. Routing is only allowed in paths with descending
order to prevent deadlocks. The forbidden turns are displayed
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Fig. 3. Deadlock-free routing under uniform random traffic on a 4 X 4 torus

with red arrows. The results of the ILP shows an identical
routing as in the XY turn model. The routing restrictions are
only a subset of those in XY turn model, because only those
turns are forbidden that could actually used by communication
flows otherwise. This confirms that the XY turn model pro-
duces optimal solutions under unified random traffic for the
objectives.

The results of 4 x 4 mesh and torus are presented in Fig. 2
and Fig. 3. The red numbers in the left side serve as indicators
of the system’s bottleneck. It is important to note that some
straight-through connections are considered mathematically as
turns and therefore marked as forbidden, such as the turn from
switch 1 through switch 5 to switch 9 on the 4 x 4 torus
network. In torus, unlike mesh, straight-through transmissions
alone can cause a deadlock, so this must be avoided. The
results reveal that, while the center of the mesh NoC requires
more bindwidth, routing is evenly distributed on the torus
NoC.

It is worth to emphasize that the solver finds only one
optimal solution for the ILP, and the results presented in
the figures represent just one possible optimal routing under
uniform random traffic. The forbidden turns, as depicted, are
not the only way to achieve the minimum required bandwidth
shown on the left side of the graphs and the smallest average
latency. While well-known turn models with evenly distributed



TABLE I
COMPARISON OF COMMUNICATION COST (IN MB/S) FOR BENCHMARK APPLICATIONS USING DIFFERENT ALGORITHMS

Application | Number of PEs | Mesh sizes DF ILP NMAP [23] PSMAP [25] Kernighan-Lin [26]
Comm. cost | Comm. cost Gap Comm. cost Gap Comm. cost Gap
PIP 8 4x2 640 640 0% 640 0% 640 0%
PIP 8 3x3 640 - - - - - -
MP3 13 4x4 17.021 18.171 6.32% 17.021 0% 17.091 0.41%
MWD 12 4x4 1120 1184 5.40% 1120 0% 1248 10.25%
VOPD 16 4 x4 4119 4265 3.43% 4119 0% 4189 1.67%
DVOPD 32 8 x 4 9570 10253 6.66% 9752 1.87% 9972 4.03%
TABLE 11
COMPARISON OF CPU TIME AND COMMUNICATION COST (IN MB/S) FOR BENCHMARK APPLICATIONS USING DF ILP ON DIFFERENT TOPOLOGIES
Application | Number of PEs | Sizes Mesh Torus Hexagonal
CPU time | Comm. cost | CPU time | Comm. cost | CPU time | Comm. cost
PIP 8 4x2 0.23s 640 0.05s 640 0.06s 640
PIP 8 3x3 0.09s 640 0.24s 576 0.26s 576
MP3 13 4 x4 1.67s 17.021 0.84s 17.021 3.32s 16.521
MWD 12 4 x4 0.39s 1120 0.37s 1120 0.57s 1120
VOPD 16 4 x4 5.99s 4119 21.52s 4103 8.07s 3731
DVOPD 32 8 x4 | 15381.37s 9570 24297.01s 9506 12267.38s 8826
TABLE III
COMMUNICATION COST (IN MB/S) FOR APPLICATION DVOPD USING DF ILP WITHIN LIMITED CPU TIME
Time limit Mesh Torus Hexagonal
Comm. cost Gap Comm. cost Gap Comm. cost Gap
600s 10167 5.87% 9888 3.86% 9034 2.30%
1200s 9682 1.16% 9704 2.04% 8842 0.18%
2400s 9650 0.83% 9522 0.17% 8826 0%
3600s 9624 0.56% 9522 0.17% 8826 0%
7200s 9570 0% 9506 0% 8826 0%
Optimum 9570 - 9506 - 8826 -

forbidden turns may also achieve optimal results as confirmed
above, the distribution of forbidden turns in the ILP results is
uneven.

The ILP introduced in this work is not limited to a specific
topology, making it versatile for generating and analyzing
forbidden turns in NoCs with various topologies. One major
advantage is that, unlike turn models where the forbidden
turns are defined without considering the specifics of com-
munication flows, the ILP incorporates parameters from the
communication flows. This approach considers factors such as
varying bandwidth requirements in real-world NoC communi-
cations. In cases where bandwidth requirements differ, turn
models may not always deliver optimal results because they
lack awareness of these variations. Additionally, the ILP can
accommodate complex energy models aimed at reducing long-
term running costs, a level of flexibility that turn models may
not provide. Consequently, the ILP ensures optimal results
even in scenarios with varying communication parameters and
complex energy considerations.

B. Application Mapping

For application mapping, we have selected several common
benchmark applications, including PIP, MP3, MWD, VOPD,
and DVOPD [26]. The objective of the ILP is to minimize

the communication cost. To evaluate the performance, the
results are compared with values provided in [26], using
various heuristic algorithms such as NMAP [23], PSMAP
[25], and Kernighan-Lin [26]. Please note that these heuristic
approaches do not account for deadlock avoidance, potentially
having deadlock risks in their results.

The results are presented in Table I. In the fourth column,
the results obtained using our deadlock-free ILP approach are
listed. For PIP, we have also created a variant which maps the
application on a 3 x 3 mesh NoC. Notably, the ILP consistently
delivers the best results among all the algorithms. The table
also shows the gap between the results. It is observed that
all algorithms can achieve optimal solutions for PIP, which
consists of eight PEs. However, as the number of PEs and com-
munication flows increase, heuristic algorithms start providing
sub-optimal solutions. For instance, with DVOPD involving
32 PEs, none of the heuristic algorithms could produce the
optimal solution. Due to variations in the computing power
of the workstations running these algorithms, we could not
directly compare CPU times with the heuristic methods.

In addition to mesh topology, we also applied the deadlock-
free ILP to map benchmark applications onto torus and hexag-
onal NoCs. The results, along with the CPU time using the ILP
method, are presented in Table II. For 4 x 2 PIP and MWD,
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all three topology NoCs yield the same communication cost.
However, the torus topology NoC demonstrates advantages for
scenarios involving 3 x 3 PIP, VOPD, and DVOPD. While
the hexagonal NoC delivers further improved results for MP3,
VOPD, and DVOPD.

Figure 4 displays the mapping of the MP3 application
with bandwidth specified in kB/s, while Figure 5 shows the
mapping of DVOPD with bandwidth specified in MB/s. To
enhance clarity, the number labeled on the PEs in G¢ shown
in (a) are directly labeled on the switches in G shown in (b)
to (d).

Solving the ILP is a rapid process for PIP, MP3, MWD, and
VOPD, typically taking only seconds. However, for DVOPD,

the ILP solver takes significantly longer time period, namely
15,381 seconds on mesh, 24,297 seconds on torus, and 12,267

seconds on hexagonal NoCs.

One should note that the ILP approach guarantees optimal
results, whereas none of the aforementioned heuristic methods
can achieve the same level of optimality. Therefore, employing
the ILP is a valuable option, particularly in mass production
scenarios where even slight improvements can yield substan-
tial long-term benefits.

Spending a long time to find the optimal solution does
not imply that the ILP cannot deliver results comparable to
heuristic methods within a limited time frame. Modern ILP
solvers often produce good results within a short time, well
before reaching the optimal solution. To illustrate this, we
applied the same ILP for benchmark application DVOPD with
time constraints, and the results are presented in Table III.
As shown, the results after 10 minutes are already superior
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to NMAP, and within 20 minutes, the ILP surpasses all
other methods. After 40 minutes, the gaps to the optimal
solution are less than 1%, and after 2 hours, the ILP achieves
optimal solutions on all topologies. Fig. 6 illustrates the results
obtained during the solving process. In summary, the ILP
is capable of delivering significantly better results within an
acceptable time period.

V. FAULT TOLERANCE

The growing integration density makes the NoC increas-
ingly vulnerably and many efforts have been made for design-
ing fault tolerant NoCs [31]. There are ILP-based approaches
available [17], [20], [21]. However, none of them take dead-
locks into consideration. In [20], a fault-tolerant design method
considering link faults is proposed. The work [21] extends
the approach to also consider switch faults. The principles of
these ILP methods can be incorporated with our ILP approach,
allowing us to address application mapping, optimal deadlock-
free routing and fault tolerance within a single ILP.

Following the approach in [20] with the consideration of
link faults, an additional parameter K is introduced, which
indicates the degree of fault tolerance. For each communica-
tion flow (i,7) € G¢, the goal is to find K disjoint routing
paths in Gg.

By introducing an array, denoted as Ay, ranging from O to
K (e.g. Ax = [0,1] for 1-fault tolerance), the ILP variables
are modified to the following:

R(; jy,x(u,v): a binary variable that indicates whether the
communication (4,5) in G¢ routes through link (u,v) in Gg
for the kth disjoint routing path.

T 5),1(u, v, w): a binary variable that indicates whether the
turn from (u,v) to (v,w) in Gg is in the kth disjoint routing
path of (4, j) in Ge.

While the same objectives as in section III are employed
for the ILP, it is important to note that under normal circum-
stances, only the Oth routing paths are utilized. Consequently,
optimization efforts can be focused solely on the Oth route to
reduce the CPU time for the solving process. Other up-to- K'th
routes are reserved for fault cases, hence if no optimization

is required, the primary goal is to ensure that they remain
deadlock-free.
The ILP is formulated as follows:

Subject to:
Z (Rijyk(u,v) = Rei gy k(v, 1))
vi(u,v)EEg
= Bd(l>u) - Bd(]7 u)7 Vu € Vg, V(l,j) € Ec, Vk € Ag

15)

R gy, (u,0) + R j) k(v,u) < 1,
V(u,v) € Es, V(i,j) € Ec, Vk € Ax
(16)

Z Rijyk(u,0) <1, V(u,v) € Es, V(i,j) € Ec (17)

keEAK
Z Z R(w)k u,v) X w(i, 5)),

(i,j)EEc k€AK

BW (u,v)
(18)
Y(u,v) € Eg

T(i,j),k(“vvaw) = min<R(z’,j),k:(U7U)a R(i,j),k(an))a
Yo : (u,v), (v,w) € Eg, u#w, ¥(i,j) € Ec, Vk € Ax
19)
N(u,v) = N(v,w) > 1 if T jyr(u,v,w) =1,
Yo : (u,v), (v,w) € Eg, u+#w, Y(i,j) € Ec, Vk € Ak
(20)
and (13), (14), (5)

Constrains (15) to (16) and (18) to (20) have been adapted
and modified from section III to determine K distinct routing
paths for each communication flow (4,j) in Ggo. A new

constraint (17) is introduced to ensure that the K different
routing paths are link-disjoint.
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Fig. 7. Application mapping and 1-link-fault-tolerant deadlock-free routing
of MP3 application

Fig. 7 presents the result of the ILP for application mapping
and 1-link-fault-tolerant deadlock-free routing of MP3 applica-
tion. Links used by the Oth paths, which corresponds to routing
paths in normal situations, are displayed in red. The required
bandwidth for each edge takes into consider the routing in
both normal and fault scenarios. For any communication flow,



there are two link-disjoint routing paths available, with the Oth
path being the optimal one. For example, communication from
PE 3 to PE 0 is routed through switches 3, 4, 1, and O in the
fault case. Similarly, communication from PE 12 to PE 4 is
routed through switches 12, 9, and 4 in the normal case and
through switches 12, 10, and 4 in the fault case.

VI. CONCLUSION

In this work, we have proposed an ILP method for deadlock-
free routing that can be applied on any NoC topology. We
have utilized this ILP to systematically construct routing
methods for mesh and torus topologies under uniform random
traffic. Although we confirm that well-known turn models may
achieve optimal results under certain circumstances, the ILP
provides solutions alternative to the turn models and ensures
optimal results even in scenarios with varying communication
parameters and complex energy considerations.

One notable feature of the ILP method is its ability to
simultaneously solve application mapping while constructing
the deadlock-free routing. We have applied this method to
several benchmark applications and compared the results with
various heuristic methods, demonstrating that the ILP consis-
tently delivers optimal solutions. It is important to note that
while larger NoCs may require significant CPU time to achieve
an optimal solution, modern solvers can still provide close-to-
optimal results within acceptable time.

Furthermore, the incorporation of fault tolerance techniques
allows us to achieve application mapping, optimal deadlock-
free, and fault tolerance within a single ILP. As an example,
a 1-link-fault-tolerant deadlock-free routing and application
mapping for the MP3 application on a mesh network has been
demonstrated.
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