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Abstract—Multi-Processor Systems-on-Chip (MPSoCs) utilizing
Network-on-Chip (NoC) architectures are widely adopted in do-
mains such as autonomous driving, wearable devices, and the Inter-
net of Things (IoT) due to their strengths in energy efficiency, relia-
bility, and communication performance. However, NoCs are inher-
ently susceptible to permanent faults in cores, links, and routers,
which compromise system performance, energy consumption, and
reliability. Most existing fault-tolerant approaches address only
specific fault scenarios and often neglect broader impacts on
system-level metrics, such as communication efficiency, energy
consumption, and load distribution. In this work, we address the
fault-tolerant task mapping problem under multiple permanent
faults across different components. Using Adapt NoC as the target
platform, we develop a permanent fault model that supports
topology reconfiguration and formulate a mapping problem aimed
at minimizing energy consumption and communication overhead
while ensuring load balance. To solve this, we introduce the Fault-
Tolerant Topology Generation and Task Mapping (FTTGTM)
method, which comprises a topology generation strategy based on
an enhanced Feasibility-Pump approach, a dynamic programming-
based frequency allocation scheme, and real-time task scheduling
strategies. Experimental results demonstrate that, compared to
the existing fault-tolerant methods, FTTGTM handles multiple
permanent faults in cores, links, and routers more effectively,
achieving an average 67.7% energy consumption reduction, while
ensuring reliable scheduling with low communication overhead.

Index Terms—Flexible NoC Architecture, Permanent faults,
Task Mapping, Topology Reconfigurable

I. INTRODUCTION

The continuous evolution of System-on-Chip (SoC) technol-
ogy has driven the transition from single-processor SoCs to
Multi-Processor SoCs (MPSoCs) to accommodate the rapidly
increasing computational demands [1], [2]. Early MPSoC de-
signs commonly employed shared-bus interconnects. However,
as the number of cores increased, bus-based communication
suffered from limited bandwidth and poor scalability [3].
To address these limitations, Networks-on-Chips (NoCs) have
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emerged as a scalable and efficient interconnect paradigm [4],
enabling parallel data transfer among cores and improving
overall communication efficiency. The complex communication
structure of NoCs makes them susceptible to permanent faults,
which may arise from manufacturing defects, device aging and
temperature, or environmental variations [5], [6]. These faults
can lead to data loss or transmission failures, thereby posing a
serious challenge to NoC reliability.

Permanent faults can occur in various NoC components,
including cores, links, and routers [7]–[9]. Existing fault-
tolerant techniques are typically classified by the type of
faulty component. For example, to handle core faults, task
reallocation [10]–[14] and redundancy-based schemes [15], [16]
enable workload migration to healthy cores to sustain system
functionality. For link and router faults, fault-tolerant routing
algorithms [17]–[20] and router redundancy approaches [21],
[22] can be employed to reroute packets and bypass defective
components. Existing fault-tolerant schemes mainly address
faults in specific components and rely on static redundancy
without topology reconfiguration, offering limited adaptability
to multiple faults. Moreover, system-level performance metrics,
e.g., energy efficiency and real-time response, are not fully
considered, leading to inefficient resource use and degraded
communication performance.

To address these challenges, reconfigurable NoC architectures
have been proposed, e.g., Adaptive NoC (Adapt NoC) [23],
allowing dynamic reconfiguration of network topology in re-
sponse to detected faults. By incorporating adaptable routers,
adaptable links, and centralized links, Adapt NoC achieves a
balance between fault tolerance and performance efficiency.
This paper proposes a reconfigurable and fault-tolerant task allo-
cation and scheduling framework for Adapt NoC. The proposed
framework adjusts task mapping and communication patterns
based on current network configuration, ensuring both reliability
and performance sustainability in the presence of multiple
permanent faults. Our main contributions are as follows:
(1) We propose a fault-tolerant model for Adapt NoC that

reconfigures core-to-router connections and activates adapt-
able links to bypass permanent faults. The task mapping
problem is formulated as a Mixed-Integer Nonlinear Pro-
gramming (MINLP) model with objectives of minimizing
energy consumption, communication latency, and achieving
load balance.

(2) We develop a hybrid optimization framework, termed
Fault-Tolerant Topology Generation and Task Mapping
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TABLE I
COMPARISON OF FAULT-TOLERANT TECHNIQUES IN NOC-BASED MPSOCS

Method Type Objective Function Adaptability to
Multiple Faults

System Efficiency
Considered Limitations

Task Reallocation
(e.g., [10], [11], [14], [24], [25])

Reliability [10]; energy [11] or
communication cost [14], [24], [25]
under fault-tolerant constraints

Partial (Core) Limited
(focus on reliability)

Lack of communication cost
and energy optimization

Redundancy-Based Mapping
(e.g., [15], [16], [21], [22], [26])

Remapping cost [15];
communication cost [16], [26];
or reliability [21], [22]

Low (Core, Router, Link)
(static redundancy) Not explicitly High resource overhead;

poor adaptability

Fault-Tolerant Routing
(e.g., [17]–[20])

Communication efficiency
under fault-tolerant constraints Moderate (Link, Router) Some

(e.g., congestion-aware)
Lack of energy optimization;
routing-level only

Reconfigurable NoC
(e.g., [8], [27]–[30])

Reliability [8], [27]; reliability and
communication efficiency [28]–[30] High (Link, Router) Some

(energy/latency)
Task mapping and scheduling
usually not integrated

Proposed: FTTGTM
(This Work)

Energy efficiency, communication
latency, and load balance

High (multi-fault)
(Core, Router, Link)

Yes
(energy, delay, load balance)

Offline; no reconfiguration
overhead modeling

(FTTGTM), which includes: a) a fault-tolerant topology
generation and task mapping strategy based on the enhanced
Feasibility-Pump (FP) method with low computational com-
plexity; b) a dynamic programming-based frequency allo-
cation strategy for energy optimization; c) a real-time task
scheduling strategy under system constraints.

(3) Simulation results demonstrate that FTTGTM achieves
high-quality task mapping and topology generation with
linear running time and only a 26.8% average reduction
in solution quality compared to the optimal. It also reduces
average energy consumption by up to 50.6% compared to
the existing fault-tolerant methods while lowering commu-
nication overhead.

The remainder of this paper is organized as follows: Section II
presents relevant background and literature review; Section III
introduces the system and fault models; Section IV formulates
the fault-tolerant task mapping problem; Section V details the
proposed FTTGTM method; Section VI evaluates its perfor-
mance; and Section VII concludes the paper.

II. BACKGROUND AND RELATED WORK

As NoC architectures become more complex and densely in-
tegrated, permanent faults due to manufacturing imperfections,
aging, and environmental factors pose serious threats to system
reliability and performance. Numerous fault-tolerant approaches
have been developed to mitigate these challenges, broadly
categorized into task reallocation, redundancy-based designs,
fault-tolerant routing, and reconfigurable NoC architectures.

Task reallocation techniques enhance system reliability by
dynamically assigning workloads to functional components. Fu
et al. [10] proposed an ant colony optimization-based algorithm
for fault-tolerant task allocation in the presence of core faults.
Naghavi et al. [11] explored task replication and reallocation
to tolerate core faults, duplicating high-criticality tasks and
applying reliability-aware Dynamic Voltage/Frequency Scaling
(DVFS) to save energy while preserving schedulability. How-
ever, these approaches often overlook the impact on system
performance and communication overhead. To address this,
Kumar et al. [25] proposed graph-based models that optimize
both energy efficiency and performance under core faults.
Cheng et al. [24] utilized active replication to schedule task

backups across cores before deadlines, thereby minimizing
communication overhead and improving system reliability under
multiple core faults. Kadri et al. [14] developed a reinforcement
learning-based mapping framework that dynamically adapts to
faults while maintaining high throughput.

Redundancy-based fault tolerance employs spare compo-
nents, such as cores, routers, and links, to replace failed compo-
nents. Wu et al. [15] used spare cores and a row-column shifting
algorithm to minimize communication delay and congestion
during fault recovery. Bhanu and Soumya [16] utilized Integer
Linear Programming (ILP) and Particle Swarm Optimization
(PSO) for spare-core mapping in mesh-of-tree NoCs, reducing
latency and energy consumption. Moreover, Chang et al. [21]
implemented router-level redundancy by placing backup routers
at strategic locations. Xu et al. [22] proposed a design with
redundant routers and links to provide alternate paths and reduce
latency. Bhanu et al. [26] tackled link faults via PSO-guided
spare link placement, along with an application mapping heuris-
tic and table-based routing. It improves latency, throughput, and
energy efficiency, but ignores the faults in cores or routers.

Fault-tolerant routing is another key strategy that reroutes
traffic around faulty components while maintaining throughput.
Charif et al. [17] proposed turn-prohibition rules for deadlock-
free routing around faults. Zhang et al. [18] introduced a
deterministic routing algorithm that precomputes disjoint paths
offline and then updates local routing tables to maintain connec-
tivity. Romanov et al. [19] developed a self-organizing scheme
where routers adjust their forwarding rules by local fault states.
To balance reliability and congestion, Liu et al. [20] employed
Q-learning to make fault-aware real-time routing decisions.

Unlike static redundancy or routing-based methods, recon-
figurable NoC designs enable dynamic topology adaptation in
response to faults. Xu et al. [27] introduced a reliable NoC
with multifunctional reconfigurable channels for adaptive path
and link configuration. Narayanasamy et al. [28] proposed
topology reconfiguration algorithms to minimize energy and
latency under permanent link and router faults. Ouyang et
al. [29] combined adaptive routing with topology migration
to cope with router-level faults. Khalil et al. [8] presented a
dynamic reconfiguration strategy that uses virtual channels and
crossbar reallocation to maintain fault-free data transmission
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(b) Adaptable router fault example.
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(c) Mesh link fault example.

Fig. 1. Adapt NoC topology and permanent fault examples.

while reducing energy and latency. Zhou et al. [30] proposed
Reconfigurable Bidirectional Links (ReBLs), which dynam-
ically adapt to and mitigate permanent link faults through
hardware (links) reconfiguration.

Compared with existing works, which typically focus on
specific fault scenarios (e.g., link- or router-level faults) or
optimize a single objective such as reliability or communication
efficiency, this paper considers a more comprehensive system-
level joint design problem. Specifically, we address multi-
component permanent faults across cores, links, and routers,
while jointly optimizing energy consumption, communication
latency, and load balancing through integrated topology recon-
figuration, frequency allocation, and task scheduling. Table I
summarizes the key features and limitations of existing fault-
tolerant methods, highlighting the novelty of our proposed
FTTGTM framework in addressing multi-component permanent
faults with system-level efficiency.

III. PERMANENT FAULT-TOLERANT MODEL

1) System Model: The target platform is a two-dimensional
Adapt NoC architecture organized as a mesh topology con-
necting heterogeneous cores, adaptable routers, and intercon-
necting links [23]. The platform contains M = NM × NM

cores Θ = {θ1, . . . , θM} and M adaptable routers AR =
{AR1, . . . , ARM}, indexed by M = {1, . . . ,M}. Fig. 1(a)
shows a 3 × 3 Adapt NoC, which consists of four elements:
Adaptable Routers (ARs), Adaptable Links (ALs), Concentra-
tion Links (CLs), and Mesh Links (MLs). Adaptable links
interconnect routers in both horizontal and vertical directions
to enable flexible, high-throughput communication and fault
bypassing, while mesh links provide the default, regular com-
munication. Concentration links allow multiple cores to connect
to a single router. These features enable the NoC to dynamically
reconfigure its topology to bypass faulty components, mitigate
congestion, and maintain performance under permanent faults.

Due to router limitations, each router can only connect a
limited number of cores, denoted by Nlimit. In the fault-free
scenario, many-to-one core-to-router mappings may result in
underutilized routers and inefficient resource usage. To prevent
this, we adopt a one-to-one mapping between the core and the
router. Each core θk connects to router ARk via a dedicated
concentration link CLk,k, forming the concentration link set
CL = {CL1,1, . . . , CLM,M}. The mesh link set is denoted as

ML = {ML1,2, . . . ,MLNM−1,NM
}, and the adaptable link

set as AL = {AL1,2, . . . , ALNM−1,NM
}.

The architecture supports DVFS [31], enabling energy opti-
mization by adjusting the operating Voltage/Frequency (V/F) of
cores and routers. Each core θk operates at one of NP V/F lev-
els, VFP = {(vPk,1, fP

k,1), . . . , (v
P
k,NP

, fP
k,NP

)}, while each link
supports NL V/F levels, VFL = {(vL1 , fL

1 ), . . . , (v
L
NL

, fL
NL

)},
and all links operate at a uniform V/F level. In static scheduling,
reconfiguration and DVFS operations are relatively infrequent
compared to task execution, and their overheads can be incor-
porated into task execution costs.

The system’s energy consumption primarily contains: Com-
puting energy (Ecomp): consumed by cores executing tasks;
Communication energy (Ecomm): includes energy usage of
links and routers. We define P comp

k,l as the power consumption of
core θk with (vPk,l, f

P
k,l), and P link

g as the power usage of a link
at (vLg , f

L
g ). The energy to transmit one bit of data via a router

is ERbit, dependent on the router architecture of NoC [32].
2) Task Model: The real-time application is modeled as a

Directed Acyclic Graph (DAG) comprising N dependent tasks,
denoted as a six-tuple {T , E ,S,W,D,H}. For instance, tasks
in control algorithms such as EKF or PID used in drone systems
can be represented using DAGs [33]. Here: T = {τ1, . . . , τN}:
the set of real-time tasks; E : directed edges representing data
dependencies; edge ei,j indicates τj depends on τi; S: weights
si,j assigned to edges ei,j , denoting the data volume to transmit
from τi to τj ; W: set of Worst Case Execution Cycles (WCEC),
where ωi ∈ W is the WCEC of task τi; D: deadlines, with
each task τi required to finish before Di ∈ D; H: the overall
scheduling horizon. If the tasks have different periods, the
scheduling horizon H can be set as the least common multiple
of all task periods. Due to dependencies, a task τi cannot
begin execution until it has received all required data from its
predecessors, while successors of τi can only begin once τi
completes, and its output data has been transmitted. In addition,
the start time of τi should be larger than its arrival time.

3) Permanent Fault Model: Permanent faults are assumed
to be detected in advance [18], and we mainly focus on a
fault-tolerant design that addresses failures in cores, routers, and
communication links. To simplify the model, permanent faults
in cores and routers are abstracted as faults in their associated
links [21]. Accordingly, each link can be in one of three states:
enabled, disabled, or faulty.
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We define the state matrix of concentration links as A =
[ak,m]M×M , where ak,m ∈ {1, 0,−1} denotes the state
of link CLk,m as enabled, disabled, or faulty, respectively.
Similarly, B = [bm,n]M×M and C = [cm,n]M×M repre-
sent the state matrices for mesh links and adaptable links,
respectively. For example, when a permanent fault affects
router AR4 (as shown in Fig. 1(b)), a set of associated
links becomes faulty: the concentration link CL4,4, mesh links
{ML1,4,ML4,1,ML4,5,ML5,4,ML4,7,ML7,4}, and adapt-
able links {AL1,4, AL4,1, AL4,7, AL7,4, AL4,5, AL5,4, AL4,6,
AL6,4}. The states of these links are updated to −1. Note
that the above matrix description is a general mathematical
formulation. The proposed system can flexibly construct and
operate under different topologies and connectivity patterns.

Due to the reconfigurable architecture of the Adapt NoC,
core-to-router mappings can transition from one-to-one to
many-to-one, thereby enhancing computational resource utiliza-
tion. For example, as illustrated in Fig. 1(b), core θ4 may be
reassigned to a functioning router such as AR7. Additionally,
consider the scenario depicted in Fig. 1(c), where permanent
faults occur in mesh links {ML7,8, ML8,7, ML8,9, ML9,8}.
The system compensates by enabling adaptable links {AL7,8,
AL8,7, AL8,9, AL9,8, AL7,9, AL9,7}. Consequently, the mesh
link states are updated from 1 → −1, and the corresponding
adaptable link states are updated from 0 → 1.

4) Topology Generation Model: Topology generation in
Adapt NoC involves determining core-to-router and router-to-
router interconnect structures by enabling or disabling con-
centration, mesh, or adaptable links. To simplify the problem,
we assume that each core θk can be connected to at most
one adaptable router ARm. Under fault-free conditions, Adapt
NoC maintains a regular 2D mesh structure. In the worst-
case scenario, if all concentration links connected to a core
θk are faulty (i.e., ak,1 = . . . = ak,M = −1), the core
becomes isolated. To prevent invalid connections, we impose
the following constraint:

∑
m∈M

yk,m ≤ min
{∑

m∈M
(ak,m + 1), 1

}
, ∀k ∈ M,

(1)
where yk,m = 1 indicates that core θk connects to router ARm

via concentration link CLk,m; otherwise, yk,m = 0. The term∑
m(ak,m + 1) accounts for the available (non-faulty) links. If

all links are faulty, this sum becomes zero, ensuring
∑

m yk,m =
0 and disabling the connection.

Additionally, to account for the limited connection capacity of
routers, the number of cores connected to any adaptable router
ARm must not exceed Nlimit:∑

k∈M
yk,m ≤ Nlimit, ∀m ∈ M. (2)

We model inter-router communication by examining the
in-degree and out-degree of data flows for each router. Let
ηi,j,m,n = 1 if the communication for edge ei,j passes through
routers ARm and ARn; otherwise, ηi,j,m,n = 0. For exam-
ple, consider tasks τi and τj mapped to cores θ2 and θ9,
respectively. The communication path for edge ei,j originates at
AR2 (source) and terminates at AR9 (destination). Intermediate

routers like AR3 and AR6 lie on the path. The flow balance
condition for each router ARn is expressed as:

∑
m:Ln,m∈L

ηi,j,n,m −
∑

m:Lm,n∈L
ηi,j,m,n =


1, n = s,

−1, n = d,

0, n ̸= s, d,

(3)

where s and d denote the source and destination routers. L =
{Ls,d | Ls,d ∈ ML ∪ AL, bm,n ̸= −1, cp,q ̸= −1} is the
set of active links (either mesh or adaptable) not affected by
permanent faults. Note that Ls,d denotes the set of all paths
from s to d following the minimal dimensional-order routing.

To guide fault-aware topology generation, we define the
transmission overheads for each link type under a given V/F
level (vLg , f

L
g ). TCC

m,n,g: time to transmit one data unit via
concentration link CLm,n; TCM

m,n,g: via mesh link MLm,n;
TCA

m,n,g: via adaptable link ALm,n. The overheads of faulty
links are set to +∞. The topology generation model operates
offline, determining the fault-tolerant task mapping and NoC
configuration in advance without requiring runtime remapping
or hardware reconfiguration. To minimize energy and commu-
nication overheads, under multiple faults in cores, links, and
routers, the topology generation model reconfigures Adapt NoC
into mesh-like, torus-like, or irregular structures, through the
topology-related parameters, e.g., yk,m and ηi,j,n,m.

5) Illustration Example: To validate the effectiveness of the
proposed FTTGTM method, we compare it against three exist-
ing fault-tolerant approaches: the Energy-Aware and Reliability-
Aware Mapping method (EARAM) [25], the Router-Level Re-
dundancy Fault-Tolerant method (RLRFT) [21], and the Perma-
nent Fault-Tolerant Mapping method (PFTM) [24]. We consider
a benchmark task set derived from the LU decomposition
application [34], consisting of N = 9 dependent tasks. Faults
are randomly generated [21]. The fault scenario includes a
permanent failure in router R5 and mesh link CL2,3.

EARAM addresses only core-level faults, reassigning tasks
from faulty to operational cores while minimizing communica-
tion overhead. Fig. 2(a) shows the resulting task mapping and
scheduling, which yields a total energy consumption of Etotal =
231 mJ and total communication delay of tcomm

total = 0.54 s.
RLRFT, in contrast, incorporates structural redundancy by

introducing spare routers (Ra, Rb, and Rc) into the topology,
as depicted in Fig. 2(b). This structure tolerates one permanent
router fault per column. The method applies the Heterogeneous
Earliest Finish Time (HEFT) algorithm for scheduling (see
Fig. 2(f)), resulting in Etotal = 345 mJ and tcomm

total = 0.48 s.
PFTM employs an active replication strategy, assigning both

primary and backup tasks to separate cores to enhance reliabil-
ity. As shown in Fig. 2(g), this method achieves a significantly
reduced communication delay of tcomm

total = 0.09 s, but at the cost
of higher energy consumption, with Etotal = 582 mJ.

Fig. 2(h) presents the task allocation for the LU decomposi-
tion case on a 3× 3 Adapt NoC. Using the proposed FTTGTM
method, we generate a fault-tolerant topology and task mapping
(see Fig. 2(d)). The method achieves a communication delay of
tcomm

total = 0.25 s, which is significantly lower than both EARAM
and RLRFT, while reducing energy consumption to Etotal =
175 mJ, therefore outperforming all comparison methods. Fault
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(e) Task scheduling of EARAM.
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(f) Task scheduling of RLRFT.

𝜏7𝜏2 𝜏8 𝜏9

Core

Time𝜃1

𝜃2

𝜃3

𝜃7

𝜃6

𝜃5

𝜃4

𝜃8

𝜃9

𝜏3

𝜏4

𝜏5

𝜏6

𝜏′8 𝜏′9𝜏′1 𝜏′2𝜏′3

𝜏′4 𝜏′5

𝜏′6 𝜏′7

𝜏1

Execution Time Data Transmission

(g) Task scheduling of PFTM.

𝜏9

𝜏1

Core

Time𝜃1

𝜃2

𝜃3

𝜃7

𝜃6

𝜃5

𝜃4

𝜃8

𝜃9

𝜏2

𝜏3

𝜏4

𝜏5

𝜏6

𝜏7

𝜏8

Execution Time Data Transmission

(h) Task scheduling of FTTGTM.

Fig. 2. Topology and task scheduling comparisons of EARAM, RLRFT, PFTM, and our method.

TABLE II
MAIN NOTATIONS USED IN PROBLEM FORMULATIONS

Binary Variables

xi,k
= 1 if task τi is assigned to core θk ,
else xi,k = 0.

yk,m
= 1 if core θk is connected to router ARm

through link CLk,m, else yk,m = 0.

ηi,j,m,n
= 1 if the communication for edge ei,j passes
through link Lm,n, else ηi,j,m,n = 0.

vm,n
= 1 when using the mesh link to connect
routers ARm and ARn, else vm,n = 0.

cPk,l
= 1 if core θk operates with the V/F
(vPk,l, f

P
k,l), else cPk,l = 0.

cLg
= 1 if all the links operates with the V/F
(vLg , fL

g ), else cLg = 0.

pi,j
= 1 if task τi starts execution before task τj
is completed, else pi,j = 0.

Continuous Variables

Umax the maximum core utilization rate.
tsi (tei) the start (end) time of executing task τi.

tsi,j (tei,j)
the start (end) time of message transmission
for edge ei,j .

tcomm
i,j,g

the communication time with the V/F
(vLg , fL

g ) for edge ei,j .

positions are integrated into the fault-tolerance task mapping
problem, enabling the problem solution to perform topology
generation, task allocation, and scheduling with minimal energy
and communication overhead.

IV. PROPOSED TASK MAPPING PROBLEM FORMULATION

We aim to develop a fault-tolerant scheme that jointly per-
forms topology generation and task scheduling when permanent
faults affect components such as cores, routers, and links in
an Adapt NoC. Our scheme will not change the hardware of
Adapt NoC. We formulate the problem as a MINLP model,
with objectives to minimize total communication delay and
system energy consumption while achieving load balance. Let
N ≜ {1, . . . , N} denote the set of tasks, NP ≜ {1, . . . , NP }
the core V/F levels, and NL ≜ {1, . . . , NL} the link V/F levels.

Table II summarizes the key variables used. Based on these
definitions, we present the system constraints as follows:

A. Constraint Formulation

1) Task Allocation Constraints: Each task τi must be as-
signed to exactly one core for execution:∑

k∈M
xi,k = 1, ∀i ∈ N . (4)

2) Topology Generation Constraints: Due to potential faults
in cores or routers, core-to-router and router-to-router intercon-
nect topologies must be reconstructed accordingly. We incorpo-
rate (1) and (2) to verify the effectiveness of the concentration
link. Based on the set of enabled links L, we express the routing
path constraint for each communication edge ei,j as:∑

m:Ln,m∈L
ηi,j,n,m −

∑
m:Lm,n∈L

ηi,j,m,n =∑
p∈M

xi,pyp,n −
∑

q∈M
xj,qyq,n, ∀ei,j ∈ E , ∀n ∈ M, (5)

[∑
g∈NL

(TCM
m,n,g − TCA

m,n,g)c
L
g

]
vm,n ≤ (1−ηi,j,m,n)Z,

∀ei,j ∈ E , ∀m ̸= n ∈ M, (6)

where Z is a large positive constant. (5) enforces flow conserva-
tion and routing correctness for source, destination, and interme-
diate routers based on task-to-core and core-to-router mappings,
as detailed in Appendix A. (6) selects the router interconnection
(mesh or adaptable link) that offers minimum communication
cost based on link availability and V/F configuration.

3) Frequency Assignment Constraints: To reduce energy
consumption using DVFS, each core is assumed to operate at
a single fixed V/F level for all assigned tasks, while all links
operate at a uniform fixed V/F level. The operating V/F level
for each core and the overall link system is restricted as follows:∑

l∈NP

cPk,l = 1, ∀k ∈ M, (7)∑
g∈NL

cLg = 1. (8)
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4) Task Dependent Constraints: For dependent tasks, data
transfer must occur in order. The timing constraints for each
communication edge ei,j are defined by:

tei ≤ tsi,j , tei,j = tsi,j+
∑

g∈NL

cLg t
comm
i,j,g ≤ tsj , ∀ei,j ∈ E .

(9)
The communication time tcomm

i,j,g includes router-to-router and
core-to-router delays and is given as:

∀ei,j ∈ E , ∀g ∈ NL, tcomm
i,j,g =∑

m,n∈M

[
vm,nTC

M
m,n,g + (1− vm,n)TC

A
m,n,g

]
ηi,j,m,nsi,j︸ ︷︷ ︸

(a) Router-to-router transmission

+

∑
k,m∈M

(
TCC

k,m,gxi,kyk,m + TCC
k,m,gxj,kyk,m

)
si,j︸ ︷︷ ︸

(b) Core-to-router transmission

. (10)

5) Task Non-overlapping Constraints: To ensure non-
preemptive execution on a single core, we introduce ordering
constraints among independent tasks assigned to the same core:

tei ≤ tsj + (2− xi,k − xj,k)H + (1− pi,j)H,

tej ≤ tsi + (2− xi,k − xj,k)H + pi,jH,

∀i ̸= j ∈ N , qi,j = 0, ∀k ∈ M. (11)

These constraints enforce sequential execution when τi and τj
are mapped to the same core, controlled by the binary ordering
variable pi,j , as detailed in Appendix B.

6) Real-Time Constraints: Each task τj must complete exe-
cution before its deadline Dj :

tej = tsj+
∑

k∈M

∑
l∈NP

xj,kc
P
k,l

ωj

λj,kfP
k,l

≤ Dj , ∀j ∈ N ,

(12)
where λj,k is the task-to-core heterogeneity factor indicating
task execution efficiency [35], as the same task assigned to
different cores leads to different task execution time and energy.

7) Utilization Balance Constraints: To achieve load balance,
we define Uk as the utilization of core θk and constrain it
relative to the system’s maximum utilization Umax:

Uk =

∑
i∈N

∑
l∈NP

xi,kc
P
k,l

ωi

λi,kfP
k,l

H
≤ Umax, ∀k ∈ M, (13)

B. Objective Function

We aim to jointly optimize i) total communication delay, ii)
total energy consumption, and iii) load balancing among cores.
The total communication overhead is computed as:

tcomm
total =

∑
ei,j∈E

∑
g∈NL

cLg t
comm
i,j,g . (14)

The system energy consumption includes both computation
and communication components:

Ecomp =
∑

i∈N

∑
k∈M

∑
l∈NP

xi,kc
P
k,l

ωiP
comp
k,l

λi,kfP
k,l

, (15)

Ecomm =
∑

ei,j∈E

∑
g∈NL

cLg t
comm
i,j,g P link

g︸ ︷︷ ︸
(a) link energy consumption

+

∑
ei,j∈E

(∑
m∈M

∑
n∈N

ηi,j,m,n + 1
)
si,jERbit︸ ︷︷ ︸

(b) router energy consumption

, (16)

where ERbit is a constant [36], and
∑

m,n ηi,j,m,n+1 estimates
the number of routers traversed for edge ei,j . The total energy
is Etotal = Ecomp + Ecomm.

We introduce weight parameters µ1, µ2, and µ3 to balance
the three optimization goals: communication overhead, energy
consumption, and utilization, which satisfy µ1, µ2, µ3 ∈ [0, 1]
and µ1+µ2+µ3 = 1. The overall objective function becomes:

min
(
µ1t̄

comm
total + µ2Ētotal + µ3Umax

)
, (17)

where Ētotal = Etotal/Emax and t̄comm
total = ttotalcomm/tmax

comm are
normalized metrics. Emax and tmax

comm are the upper bounds of
energy and delay, given by the worst-case energy consumption
and system latency for normalization.

C. Problem Formulation and Linearization

For clarity, we define the variable vectors and tensors used
throughout the problem as follows: x = [xi,k]N×M : task-
to-core mapping; y = [yk,m]M×M : core-to-router mapping;
v = [vm,n]M×M : router link type (mesh/adaptable); η =
[ηi,j,m,n]N×N×M×M : routing indicator; cP = [cPk,l]M×NP

:
core V/F levels; cL = [cLg ]1×NL

: link V/F levels; p =
[pi,j ]N×N : task execution order indicator; tsP = [tsi]1×N ,
tsL = [tsi,j ]N×N : task and communication start times;
tcomm = [tcomm

i,j,g ]N×N×NL
: communication time; U = Umax:

maximum core utilization.
Given all previously defined constraints and objective, the

permanent fault-tolerant task mapping problem is as in (18):

min
x,y,η,v,cP ,cL,

p,tsP ,tsL,tcomm,U

(
µ1t̄

comm
total + µ2Ētotal + µ3Umax

)
(18)

s.t.


(1), (2), (4) − (13),
xi,k, yk,m, ηi,j,m,n, vm,n, c

P
k,l, c

L
g , pi,j ∈ {0, 1},

Umax, tsi, tsi,j , t
comm
i,j,g ≥ 0,

∀i, j ∈ N , ∀k,m, n ∈ M, ∀l ∈ NP , ∀g ∈ NL.

Problem (18) includes nonlinear expressions involving prod-
ucts of binary variables (e.g., xi,kyk,m, xi,kc

P
k,l, vm,nc

L
g ,

and vm,nηi,j,m,n) and binary–continuous combinations (e.g.,
cLg t

comm
i,j,g ). As such, it is a Mixed-Integer Nonlinear Program-

ming (MINLP) problem, which is known to be NP-hard.
To solve problem (18) efficiently with tools like Gurobi™

or IBM® ILOG® CPLEX®, we apply linearization as in [37],
and reformulate it into an equivalent Mixed-Integer Linear
Programming (MILP) model, as detailed in Appendix C.

Remark 4.1: DVFS switching overhead depends on the initial
and target V/F levels [38], e.g., fs and fe. The switching
time and energy can be modeled as tswitch(fs, fe) = tX

fe−fs
fe

and Eswitch(fs, fe) = P switch
s · tswitch(fs, fe), respectively,

where tX and P switch
s are the corresponding transition time

and power parameters. On this basis, we can obtain switching
overheads regarding links and cores, and update time and energy
constraints accordingly, e.g., (9), (12), (15), and (16). Using a
similar method [39], we can model and analyze the costs of
topology reconfiguration.
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V. PROPOSED FAULT-TOLERANT TASK MAPPING METHOD

To address (18) efficiently, we propose a low-complexity
Fault-Tolerant Topology Generation and Task Mapping
(FTTGTM) method that efficiently handles permanent faults
across cores, routers, and links. Our method comprises three
key components: 1) Fault-tolerant topology generation strategy;
2) Frequency allocation strategy; 3) Task scheduling strategy.

1) Fault-tolerant Topology Generation Strategy: As task-to-
core allocation and network topology directly influence system
performance, energy, and communication costs, FTTGTM first
addresses the joint design of topology generation and task
allocation. This involves determining variables such as task-to-
core mapping xi,k, core-to-router connection yk,m, link routing
ηi,j,m,n, and mesh/adaptable link selection vm,n.

For tractability, we fix the operating V/F levels of cores and
links to cP∗

k,l and cL∗
g , respectively. Given known ηi,j,m,n, the

link-type selection term [
∑

g∈NL
(TCM

m,n,g−TCA
m,n,g)c

L
g ]vm,n

in constraint (6) becomes computable, allowing us to omit (6)
at this stage. Furthermore, to linearize the nonlinearity in
expressions such as xi,kyk,m (appearing in (14) and (16)), we
adopt the auxiliary binary variable zi,k,m and corresponding
linear constraints. Thus, the problem can be formulated as:

min
x,y,η,
z,U

[
µ1t̄

comm
total

(
cL∗
g

)
+ µ2Ētotal

(
cP∗
k,l , c

L∗
g

)
+ µ3Umax

]
(19)

s.t.



(1), (2), (4), linear constraints introduced by zi,k,m,∑
m:Ln,m∈L ηi,j,n,m −

∑
m:Lm,n∈L ηi,j,m,n =∑

p∈M zi,p,n −
∑

q∈M zj,q,n, ∀ei,j ∈ E ,

Uk =

(∑
i∈N

∑
l∈NP

xi,kc
P∗
k,l

ωi

λi,kfP
k,l

)
/H ≤ Umax,

xi,k, yk,m, ηi,j,m,n, zi,k,m ∈ {0, 1}, Umax ≥ 0.

To solve problem (19) efficiently, we design an improved
Feasibility Pump (FP) algorithm [40], modified to enhance
both convergence and solution quality. Let x(n) = {xi,k,
yk,m, ηi,j,m,n, zi,k,m, Umax} denote the solution in the n-th
iteration. Let z = cTx be the objective function, and x̂(n)

be the integer-rounded version of x(n). The Hamming distance
between relaxed and rounded solutions is:

∆(x(n), x̂(n)) =
∑

j∈I,x̂j=1
(1− x∗

j ) +
∑

j∈I,x̂j=0
x∗
j , (20)

where I denotes the set of integer (binary) variables.
We introduce two key enhancements:

(1) Objective Combination: To improve integer solution qual-
ity, we define a combined objective function incorporating
both the original cost and distance: ∆a(x, x̂) = (1 −
an)∆(x, x̂)/∥∆∥ + anc

Tx/∥z∥, where an ∈ [0, 1] is an
iteration-dependent trade-off factor. Smaller an favors fea-
sibility; larger values improve objective quality.

(2) Constraint Strengthening: To reduce the iteration count,
we add an upper bound constraint cTx ≤ UBn based on:

UBn = bnz
∗ + (1− bn)∆

∗
a(x, x̂), (21)

where bn ∈ (0, 1), z∗ is the objective value from the relaxed
problem, and ∆∗

a is the evaluated distance at iteration n. As
n increases, UBn tightens, accelerating convergence.

By relaxing binary variables into [0, 1], we transform (19)
into a Linear Programming (LP) problem, referred to as the

Algorithm 1: Fault-Tolerant Topology Generation
Input : Link state matrix A, mesh link state matrix B, adaptable link

state matrix C, core frequency allocation cP∗
k,l , and link

frequency allocation cL∗
g .

Output: Solution x = {xi,k, yk,m, ηi,j,m,n, zi,k,m, Umax}.
1 Solve the linear relaxation problem of (19) to obtain the initial

solution x(0)∗ and the objective function value z∗;
2 Round xj ∈ x(0)∗(j ∈ I) to obtain the rounded solution x̂(0);
3 Initialize n = 0, and set a0 = a and b0 = b;
4 while ∆(x(n), x̂(n)) > 0 and n < nmax do
5 Update an = a0/n and bn = b0;
6 Calculate UBn through (21);
7 Solve the FP problem to obtain the solution x(n)∗ and calculate

the distance function ∆(x(n), x̂(n));
8 if ∆(x(n), x̂(n)) = 0 then
9 Solution is found, and return x(n)∗;

10 else
11 Round xj ∈ x(n)∗ (j ∈ I) to obtain the rounded solution

x̂(n)∗, and set x̂(n+1) = x̂(n)∗;
12 if x̂(n+1) = x̂(n) and n < nmax then
13 Select nf integer variables from x̂(n+1), invert their

values, and obtain x̂(n+1);
14 end
15 Update n → n+ 1;
16 end
17 end
18 if n = nmax + 1 and ∆(x, x̂) > 0 then
19 Substitute x∗

i,k ∈ x(n)∗ into problem (19), and solve it to obtain
the solution x(n+1)∗;

20 end

FP-relaxation. According to [41], if ∆(x∗, x̂) = 0, then x∗ is a
feasible integer solution. The FP iteration proceeds as follows:
(1) We begin by solving the linear relaxed problem (19) and

rounding the resulting solution (Lines 1–3), yielding the
initial solution x(0)∗ with objective value z∗. Subsequently,
we round the binary variables xj ∈ x(0)∗ (j ∈ I) to obtain
x̂(0), and initialize the iteration count n and factors a0, b0.

(2) We iteratively solve the FP problem using an improved
FP method with a combined objective and strengthened
constraints (Lines 4–17). In the n-th iteration, we update
factors an = a0/n and bn = b0. Note that an decreases with
iterations, prioritizing solution quality initially and then fast,
feasible integer solutions. We then calculate the new upper
bound UBn using (21) and solve the FP problem to get
x(n)∗ and the distance ∆(x(n), x̂(n)). If ∆(x(n), x̂(n)) = 0,
a feasible integer solution for (19) is found. Otherwise,
we round continuous variables xj ∈ x(n)∗ (j ∈ I) to
obtain x̂(n)∗, setting x̂(n+1) = x̂(n)∗. If x̂(n+1) = x̂(n),
we randomly invert nf binary variables in x̂(n+1) to avoid
cycles. We then increment n → n + 1 and continue if
∆(x(n), x̂(n)) > 0 or n < nmax.

(3) We assess the solution’s feasibility after iterations
(Lines 18–20). If n = nmax + 1 and ∆(x(n), x̂(n)) > 0,
a feasible integer solution for (19) was not found. The
iterations stop, and we take the integer part x∗

j ∈ x(n)∗ (j ∈
I). Substituting x∗

j into (19), we calculate the maximum
utilization Umax using (13), as task allocation xi,k and core
V/F cPk,l are known. Consequently, (19) is transformed into
a smaller-scale Integer Linear Programming (ILP) problem,
which we solve to obtain a feasible integer solution x(n+1)∗.

2) Frequency Allocation Strategy: To further reduce energy
consumption while meeting real-time constraints and minimiz-
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Algorithm 2: Frequency Allocation
Input : Task allocation variable x∗

i,k , core-to-router connection
variable y∗k,m, router-to-router connection variable η∗i,j,m,n,
and communication time tcomm∗

i,j,g .
Output: Frequency allocation variables of cores and links cP∗

k,l and
cL∗
k .

1 Sort tasks in T based on the dependencies as T̂ ;
2 Calculate gi(c

P
k,l, c

L
g ) for each task τi with (23);

3 Initialize n = 0 and F0(cPk,l∗ , c
L
g ) = 0;

4 for each τi ∈ T̂ do
5 Update n → n+ 1;
6 Solve (24) to obtain the optimal decision Vn;
7 Calculate Fn(cPk,l∗ , c

L
g )(g ∈ NL) with (24) and Vn;

8 end
9 Set cL∗

g = 1(g = g∗) and cL∗
g = 0(g ̸= g∗ ∈ NL) based on VN ;

10 for each k ∈ M do
11 Solve l∗ = argminn∈N ,xi,k=1 Fn(cPk,l, c

L
g∗ );

12 Update cP∗
k,l = 1(l = l∗) and cP∗

k,l = 0(l ̸= l∗ ∈ NP );
13 end

ing communication overhead, optimizing the operating V/F of
cores and links is necessary. When problem (19) is solved,
we can substitute task allocation variable x∗

i,k, core-to-router
connection variable y∗k,m, router-to-router connection variable
η∗i,j,m,n, and link allocation variable v∗m,n obtained in the pre-
vious subsection into the original problem (18). Note that once
the value of x∗

i,k is determined, both task allocation and core
workloads are fixed. To reduce computational complexity, the
utilization balance constraints (13) are omitted. Hence, the sub-
problem of optimizing energy consumption and communication
overhead is given by

min
cP ,cL,p,

tsP ,tsL

(
µ1t̄

comm∗
total + µ2Ē

∗
total

)
(22)

s.t.


(7), (8), (11), tei ≤ tsi,j ,

tei,j = tsi,j +
∑

g∈NL
cLg t

comm∗
i,j,g ≤ tsj , ∀ei,j ∈ E ,

tej = tsj +
∑

k∈M
∑

l∈NP
x∗
j,kc

P
k,l

ωj

λj,kfP
k,l

≤ Dj ,

cPk,l, c
L
g , pi,j ∈ {0, 1}, tsi, tsi,j ≥ 0,

where tcomm∗
i,j,g = tcomm

i,j,g (x∗
i,k, y

∗
k,m, v∗m,n, η

∗
i,j,m,n) is the com-

munication time for edge ei,j at V/F (vLg , f
L
g ), calculated

through (10) by using the obtained values x∗
i,k, y∗k,m, v∗m,n, and

η∗i,j,m,n. Similarly, Ē∗
total = Ētotal(x

∗
i,k, η

∗
i,j,m,n, t

comm∗
i,j,g ) and

t̄comm∗
total = t̄comm

total (tcomm∗
i,j,g ) are the normalized communication

overhead and energy consumption, respectively, by using the
obtained values x∗

i,k and η∗i,j,m,n.
According to (22), the frequency allocation of cores and links

directly affects the scheduling results, as well as the communi-
cation and energy consumption overheads. Thus, we propose a
frequency allocation strategy based on dynamic programming
to optimize communication and energy consumption overheads,
summarized in Algorithm 2. The specific steps are as follows.
(1) We sort the tasks τi ∈ T according to task dependency

ei,j ∈ E , and obtain the sorted task set T̂ (Lines 1–3). Since
each core can execute tasks with different operating V/F
levels, and all links in Adapt NoC operate at a single V/F
throughout the scheduling period, we treat the frequency
allocation sub-problem (22) for cores as a multi-stage
decision problem. In the n-th stage, the frequency allocation
strategy assigns the V/F (vPk,l, f

P
k,l) for task τi executed

on core θk and the V/F (vLg , f
L
g ) for links, respectively,

while optimizing energy consumption and communication
overhead to obtain the decision Vi = {cP∗

k,l , c
L∗
g }, where the

overhead function of task τi is given by

gi(c
P
k,l, c

L
g ) =

µ0

∑
k∈M

x∗
i,kc

P
k,l

ωiP
comp
k,l

λi,kfP
k,l︸ ︷︷ ︸

(a)

+(1− µ0) c
L
g t

comm
i,g︸ ︷︷ ︸
(b)

, (23)

where µ0 ∈ [0, 1] is an adjusting factor that determines the
proportion of energy consumption and communication time
in the overhead function, and tcomm

i,g =
∑

ej,i∈E t
comm∗
j,i,g is

the sum of the communication time between task τi and
its predecessor tasks. (23)-(a) is the energy consumption
of executing task τi, and (23)-(b) is the communication
overhead between the task τi and its predecessor tasks.

(2) We apply the dynamic programming scheme to achieve fre-
quency allocation (Lines 4–9), where we use the recursive-
based scheme to sequentially determine the optimal fre-
quency allocation variables Vi = {cPk,l∗ , cLg∗} for each task
τi ∈ T̂ . As we have N tasks, there exist N iterations. In
the n-th (n ≤ N ) iteration, we assume that in the previ-
ous (n − 1)-th iteration, the frequency allocation of tasks
{τ1, . . . , τi−1} has completed, and we aim to determine the
V/F used to execute task τi ∈ T̂ , to minimize the cost of
frequency allocation:

F ∗
n(c

P
k,l∗ , c

L
g∗) = min l∈NP ,

g∈NL

{
Fn−1(c

P
k,l∗ , c

L
g ) + gi(c

P
k,l, c

L
g )
}
,

(24)
where Fn(c

P
k,l, c

L
g ) is the cost of frequency allocation

with the core V/F (vPk,l, f
P
k,l) and the link V/F (vLg , f

L
g )

in the n-th stage. According to (24), we minimize the
sum of frequency allocation costs, including the link cost
Fn−1(c

P
k,l∗ , c

L
g ) for the previous (n− 1) iterations and the

overhead gi(c
P
k,l, c

L
g ) for executing task τi, and obtain the

optimal frequency allocation Vi = {cPk,l∗ , cLg∗} of task τi.
Note that the initial link cost F0(c

P
k,l∗ , c

L
g ) is set to 0.

(3) After N iterations, we obtain frequency allocation decisions
{V1, . . . , VN} for tasks {τ1, . . . , τN}. We have to adjust
frequency allocation results (Lines 10–13), as the obtained
results {V1, . . . , VN} may violate the frequency assignment
constraints (7) and (8). For the link frequency allocation
decision cLg∗ , we select the value of the N -th iteration (the
last iteration) as the final result, since the solution found by
dynamic programming converges gradually. On the other
hand, when calculating core frequency allocation decision
cPk,l∗ , we consider task-level DVFS, i.e., each task has a
specific execution frequency. However, in constraints (7),
we consider core-level DVFS, i.e., each core uses the same
frequency to handle the assigned tasks. Since each core θk
may execute multiple tasks τi ∈ N , where xi,k = 1, we set
l∗ = argminn∈N ,xi,k=1 Fn(c

P
k,l, c

L
g∗) for core θk to execute

the assigned tasks, to make sure that the cost is minimal.
3) Task Scheduling Strategy: The previous fault-tolerant

topology generation and frequency allocation processes can
determine the variables of task allocation x∗

i,k, core-to-router
connection y∗k,m, router-to-router connection η∗i,j,m,n, link se-
lection v∗m,n, core frequency allocation cP∗

k,l , and link frequency
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Algorithm 3: Task Scheduling
Input : Sorted task set T̂ , task allocation x∗

i,k , core frequency
allocation cP∗

k,l , link frequency allocation cL∗
g ,

communication time tcomm∗
i,j,g .

Output: Start/end execution time ts∗i /te∗i , start/end communication
time ts∗i,j /te∗i,j , frequency allocation variables of cores cP∗

k,l

and links cL∗
k .

1 Get scheduling results according to Algorithm 4;
2 for each τi ∈ T̂ do
3 while tei > Di do
4 Set cP∗

k,l∗ = 1 → cP∗
k,l∗+1 = 1 (k ∈ M);

5 Update the scheduling results through Algorithm 4;
6 end
7 end

allocation cL∗
g . On this basis, for task τi in the sorted task set T̂

and edge ei,j ∈ E , the start execution and communication times
tsi and tsi,j can be calculated by (9) and (12), as follows:

tsj =

max
ei,j∈E

{
tsi,j +

∑
g∈NL

cL∗
g tcomm∗

i,j,g︸ ︷︷ ︸
(a)

,
∑

k∈M
x∗
j,kEnd(θk)︸ ︷︷ ︸
(b)

}
,

(25)

tsi,j = tei = tsi +
∑

k∈M

∑
l∈NP

x∗
i,kc

P∗
k,lωi

λi,kfP
k,l

, (26)

where End(θk) is the end time of the current task executed by
core θk, (25)-(a) is the end communication time of edge ei,j ,
and (25)-(b) is the end time to execute tasks on core thetak.
Due to dependencies between tasks, we consider that the start
execution time of task τj is the maximum value between the end
communication time of τj’s predecessors and the end execution
time of the core executing τj . Note that the start execution
time of task τj is set to 0 if task τj is an entry task. The start
communication time tsi,j of each edge ei,j is calculated by (26),
which is set to the end execution time tei of predecessor τi.

Note that the above task scheduling strategy ignores the real-
time constraint (12). Therefore, we need to adjust the scheduling
results that violate the real-time constraint. For example, if tei >
Di (∃i ∈ N ), we increase the core V/F to execute task τi
to reduce task execution time and update the core frequency
allocation variables to cP∗

k,l∗ = 1 → cP∗
k,l∗+1 = 1 (k ∈ M). The

above task scheduling strategy is shown in Algorithms 3 and 4,
and finally, we can obtain task scheduling results that satisfy
real-time constraints.

4) Complexity Analysis: Algorithm 1 applies an iterative
scheme, solving the LP-relaxation of problem (19) up to nmax

times in the worst case. If no feasible integer solution is found,
an additional ILP must be solved as a fallback. Therefore, the
overall computational complexity of Algorithm 1 is O(nmax +
1). Next, Algorithm 2 performs task sorting based on data
dependencies in T , which incurs a computational complexity of
O(N2). Then, it assigns frequencies to cores and links per task
τi, and adjusts the frequency levels for each core θk, resulting
in an additional cost of O(N + M). Thus, the complexity of
Algorithm 2 is O(N2 +N +M).

Finally, Algorithm 3 handles real-time task scheduling using
Algorithm 4 to compute execution time parameters for each

Algorithm 4: Scheduling Time Calculation
Input : Sorted task set T̂ , task allocation variable x∗

i,k , core
frequency allocation variable cP∗

k,l , link frequency allocation
variable cL∗

g , communication time tcomm∗
i,j,g .

Output: Start/end execution time ts∗i /te∗i , and start/end
communication time ts∗i,j /te∗i,j .

1 Initialize tsi = 0 and tsi,j = 0, and set End(θk) = 0 (k ∈ M);
2 for each τj ∈ T̂ do
3 if task τi is the initial task then
4 Set tsj = 0, and apply (26) to calculate tej ;
5 else
6 Calculate tsj and tsi,j through (25) and (26);
7 Update End(θk) = tej(x

∗
j,k = 1);

8 end
9 end

TABLE III
EXPERIMENT SET-UP

Platform Model

Core fP
k,l (GHz) 2.10, 1.81, 1.53, 1.26, 1.01

Type 1 P comp
k,l (mW ) 654, 500, 371, 267, 185

Core fP
k,l (GHz) 0.4, 0.3, 0.2, 0.1, 0.1

Type 2 P comp
k,l (mW ) 292, 157, 87, 32, 32

Link fl,k (MHz) 200, 400, 600, 800, 1000

P link
k (mW ) 160, 180, 520, 880, 1600

Platform bω = 32 bps ERbit = 0.01 nJ
M = 3 × 3 NP = 5, NL = 5

Task Model

LU (N = 9), GE (N = 14), FFT (N = 15), LE (N = 16),
MW (N = 24), synthetic DAGs (N ∈ [10, 50]), ωi ∈ [4 × 107, 6 × 108]

Di = δ(Dmax − Dmin,i) + Dmin,i, H = Dmax

Dmax =
∑

i∈CPT

[
ωi

λi,maxfP
max

+
∑

ej,i∈E 2 × (NM − 1) ×
sj,i

bωfL
max

]
Dmin,i =

ωi
λi,maxfP

max
+

∑
ej,i∈E

sj,i

bωfL
max

Adjustable Parameters

Nlimit δ µ1, µ2, µ3 λ1/λ2

Min/Max/Step 1/4/1 0/1.2/0.1 0/1/0.1 0.2/1/0.2

task τi. This operation has a complexity of O(N). If any tasks
fail to meet real-time constraints, scheduling adjustments are
triggered. In the worst-case scenario, frequency allocation for
each core may be modified up to M ×NP times, where NP is
the number of available V/F levels per core. In the worst case,
the complexity of Algorithm 3 is O(M ×NP ×N).

Combining the above, the overall computational complexity
of the proposed FTTGTM method is O(N2 + (NP × M +
2) × N +M + nmax + 1). Given that the number of tasks N
is typically much larger than the number of cores M and the
number of V/F levels NP , i.e., N ≫ M and N ≫ NP , the
complexity then simplifies to O(N2 +N + nmax).

VI. SIMULATION RESULTS AND ANALYSIS

1) Simulation Setup Overview: We consider a heteroge-
neous Adapt NoC as the target platform, where two types
of heterogeneous cores, Type 1 (Transmeta® Crusoe™) and
Type 2 (Intel® PXA250™), are deployed, and the core parame-
ters are adopted from [42]. The platform scale is set to 3×3 [14],
[21], as it is sufficient to capture the essential performance and
reliability trends, and keeps the target problem computationally
tractable. In addition, the cores and links can support the DVFS
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technique: Type 1 and Type 2 cores support 5 and 4 discrete V/F
levels, respectively, while links support 5 discrete V/F levels.
For the sake of problem formulation, we extend the number
of V/F levels for Type 2 cores to 5, i.e., fP

k,5 = fP
k,4 and

P comp
k,5 = P comp

k,4 . Therefore, the number of V/F levels for cores
and links can be set to NP = 5 and NL = 5, respectively. Due
to heterogeneity across cores, the efficiency of different cores
executing the same task may differ. Therefore, we introduce
the heterogeneity factor λi,k [35], where the value of λi,k is
within the range [0.2, 1]. To facilitate the comparison of the
heterogeneity among the cores in Type 1 and Type 2, let λ1

and λ2 denote the heterogeneity factors of the cores in Type
1 and Type 2, respectively, and we will evaluate the influence
of heterogeneity factor ratio λ1/λ2 on the proposed FTTGTM
method. Besides, let Nlimit denote the upper bound of the
core number connected to a router, and we set Nlimit ∈ [1, 4],
depending on the scale of the target platform.

We evaluate the fault-tolerant performance and scheduling
overhead of the proposed FTTGTM method against exist-
ing fault-tolerant approaches: Energy-Aware and Reliability-
Aware Mapping (EARAM) [25], Router-Level Redundancy
Fault-Tolerant (RLRFT) [21], Permanent Fault-Tolerant Map-
ping (PFTM) [24], Deterministic-Path Routing Algorithm
(DPRA) [18], and fault-tolerant method with Corvus Seek Al-
gorithm (CoSA) [28]. Moreover, we adopt realistic application
DAGs, including Laplace Equation (LE), LU Decomposition
(LU), Gaussian Elimination (GE), and Fast Fourier Transform
(FFT) [34], [43], and further randomly generate DAGs with
TGFF [44], where the task number N ranges from 10 to 50.

To evaluate the effectiveness of the FTTGTM method, we
consider permanent faults that occur randomly across com-
ponents, including cores, routers, and links. Note that we
assume that each permanent fault is independent of the others.
Then, we introduce the network efficiency Φ to measure the
communication efficiency of different NoC topologies, which
is defined as the average value of the communication efficiency
between all node pairs in NoC, i.e., Φ =

∑
s̸=d∈G ϕs,d

M×(M−1) , where
M × (M − 1) is the number of communication node pairs
in NoC, and ϕs,d = 1/hs,d is the communication efficiency
between nodes s and d, which is the inverse of the shortest
communication path hs,d between the nodes. Since perma-
nent faults can degrade the communication efficiency of NoCs
and reduce the global efficiency Φ, we evaluate fault-tolerant
performance for different methods in terms of Φ. Table III
summarizes the main parameters involved in the simulations.
Note that we can apply the proposed method to fault-tolerant
task mapping problems with different parameters, since changes
in the parameters do not affect the structure of our problem.

2) Results and Discussions: First, we evaluate the impact
of the number of cores connected to routers Nlimit on the
scheduling results, as shown in Fig. 3. We consider the task set
of LE and set δ = 0.5, µ1 = 0.3, µ2 = 0.4, and µ3 = 0.3.
Note that we consider the normalized performance metrics,
using the maximum scheduling overhead as a benchmark, to
avoid the influence of different units and magnitudes. Fig. 3(a)
considers the no-fault situation, and we set the global efficiency
to Φ0. In this case, the Adapt NoC topology is a mesh, where
each core is connected to a single router; thus, the normalized

(a) Φ̂0 = 1 (No fault) (b) Φ̂1 = 0.85

(c) Φ̂2 = 0.78 (d) Φ̂3 = 0.54

Fig. 3. Comparison of objective function, energy consumption, and commu-
nication overhead under different Nlimit in no-fault and three-fault situations
with LE application.

scheduling overheads for different Nlimit values are identical.
Fig. 3(b) considers the permanent faults that occur in the links
{AL2,8,AL8,2,AL5,8,AL8,5,AL2,5,AL5,2}, and the normalized
global efficiency is Φ̂1 = Φ1/Φ0 = 0.85. The results show
that the FTTGTM method can generate a fault-tolerant topology
when Nlimit = 2. Therefore, increasing Nlimit will not change
the generated topology, and the scheduling overhead remains
unchanged. When the number of permanent faults increases,
Adapt NoC needs to connect more cores, i.e., Nlimit needs
to be increased so that the FTTGTM method can generate the
fault-tolerant topology. As shown in Fig. 3(c) and Fig. 3(d),
the normalized global efficiencies are Φ̂2 = Φ2/Φ0 = 0.78
for the faulty links {AL9,6, AL6,9, AL9,8, AL8,9, AL3,9,
AL9,3, AL7,9, AL9,7} and Φ̂3 = Φ3/Φ0 = 0.54 for the
faulty router AR6, and the overhead for Nlimit = 3 is less
than Nlimit = 2. Therefore, for different failure scenarios, the
FTTGTM method can generate a fault-tolerant topology with
the minimum scheduling overhead by adjusting Nlimit.

Second, we compare the fault-tolerant performance of the
FTTGTM method with the RLRFT and topology-fixed methods,
which adopt common structures, including Torus, Mesh, and
Zmesh. We consider the task set of LE and set λ1/λ2 = 0.6,
δ = 0.5, Nlimit = 2, µ1 = µ3 = 0.3, and µ2 = 0.4. Consider-
ing permanent faults with different quantities that occur in dif-
ferent components, we take the global efficiency in the no-fault
situation as a benchmark and evaluate the normalized global
efficiency Φ̂ and scheduling overheads, including normalized
energy consumption (En.) and communication overhead (Com.),
see Fig. 4 and Table IV. In Table IV, the symbol × indicates that
the scheduling method fails to cope with the permanent faults,
and the energy consumption and communication overhead are
normalized to the fault-free case for the sake of comparison.
Moreover, Cases 1-4 correspond to four scenarios involving
random combinations of core, link, and router faults.

Fig. 4 shows that the global efficiency of the FTTGTM
method is higher than that of the other methods. Since the
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(c) Core, link, and router faults

Fig. 4. Comparison of the normalized global efficiency Φ̂ under different fault situations with LE application.

TABLE IV
COMPARISON OF THE SCHEDULING OVERHEADS UNDER DIFFERENT FAULT SITUATIONS WITH LE APPLICATION.

Fault FTTGTM⋆ RLRFT Torus Mesh Zmesh

Position Number En. Com. En. Com. En. Com. En. Com. En. Com.

Link

2 1.00 1.00 1.92 1.51 1.10 1.56 1.11 1.56 1.10 1.56
4 1.00 1.01 2.14 1.60 1.11 1.61 1.15 1.74 1.12 1.67
6 1.01 1.04 2.14 1.60 1.19 2.03 × × 1.25 2.29
8 1.01 1.04 2.14 1.60 1.19 2.03 × × 1.35 2.82

Router

1 1.12 1.66 2.14 1.60 1.01 3.18 × × × ×
2 1.21 2.11 2.14 1.60 1.23 3.78 × × × ×
3 1.25 2.33 2.14 1.60 1.42 4.10 × × × ×
4 1.34 2.81 × × × × × × × ×

Core

1 1.04 1.04 1.50 1.42 1.33 2.39 1.34 2.39 1.34 2.39
2 1.06 1.06 1.85 1.92 1.73 2.85 1.74 2.85 1.74 2.85
3 1.11 1.11 2.17 1.97 2.45 3.92 2.45 3.92 2.45 3.92
4 1.23 1.23 × × × × × × × ×

Case 1 1.02 1.13 2.16 1.81 1.40 3.73 × × 1.37 4.01
Case 2 1.00 1.00 2.10 1.25 1.38 3.62 × × × ×
Case 3 1.00 1.00 2.13 1.57 × × × × 1.36 3.84
Case 4 1.00 1.00 2.32 1.75 × × × × 1.27 3.18

topology-fixed methods can only use the normal components
of the original topology for computation and communication,
the global efficiency Φ̂ is lower than that of the FTTGTM and
RLRFT methods. Furthermore, the RLRFT method cannot han-
dle multiple router faults in each column; for example, it fails
to schedule when the number of router faults is 4. However, the
FTTGTM method can achieve finer-grained topology generation
via structures such as adaptable links and routers and can handle
multiple faults across components.

On the other hand, Table IV illustrates that the FTTGTM
method has a lower energy consumption and communication
overhead than other methods and can achieve feasible schedul-
ing results even when the number of permanent faults is large.
This is because the FTTGTM method utilizes adaptable links
and routers to generate a fault-tolerant topology, thereby min-
imizing energy consumption and communication overhead. In
contrast, the RLRFT method uses redundant routers to achieve
fault-tolerant topology reconstruction, but when there are few
or no permanent faults, redundant routers are not fully utilized,
resulting in higher energy consumption and communication
overhead than other methods. Furthermore, the topology-fixed
methods cannot provide diverse topology connection options
and fail the task scheduling when the number of faults is large.

Third, Table V compares En. and Com. across FTTGTM
and baseline methods under three scenarios: Case a: Faults in
{ML2,5,ML4,5}; Case b: Fault in router R1; Case c: Faults
in core θ2, router R4, and {ML2,5,ML5,2}. The normalized
global efficiencies of Cases a, b, and c are Φ̂a = 0.99,
Φ̂b = 0.85, and Φ̂c = 0.78, respectively. In all faulty scenarios,

FTTGTM achieves minimal performance degradation, reducing
energy by 50.6% and 84.8% compared with EARAM and
PFTM, respectively. Even under severe fault conditions (e.g.,
Case c), it incurs only moderate increases in energy (up to 17%)
and communication cost (up to 86%), compared to the no-fault
case. At the same time, other methods degrade significantly
or even fail to complete scheduling (e.g., RLRFT, DPRA, and
CoSA). Unlike EARAM’s graph-based and PFTM’s replication-
based task reallocation, which both incur high communication
overhead under multiple core faults, FTTGTM efficiently re-
configures the topology and remaps tasks with minimal per-
formance loss. RLRFT utilizes static spare-router redundancy,
which increases energy consumption while tolerating only one
fault per mesh column, thereby failing under multiple faults.
Moreover, DPRA relies on the precomputed paths, and CoSA
lacks flexible task mapping, leading to unbalanced load and
higher communication latency. Note that the above methods do
not explicitly optimize the energy issues. Although FTTGTM
considers energy efficiency as an objective, its energy reduction
also benefits from topology reconfiguration, task remapping, and
DVFS adjustment. We consider energy consumption and com-
munication overhead as the costs introduced by fault tolerance.
FTTGTM mainly focuses on offline optimization and static task
DAGs, which may limit its applicability in dynamic scenarios.

Fig. 5(a) compares the optimal objective function values
of LE application under no-fault situations with five groups
of weight settings, where the settings cover both balanced
configurations (e.g., {0.3, 0.4, 0.3}) and asymmetric configura-
tions (e.g., {0.1, 0.6, 0.3}). The results show that the weight
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Fig. 5. Weight parameter evaluation with LE application and FTTGTM on solution quality, runtime efficiency, and scalability with synthetic DAGs.

TABLE V
COMPARISON OF THE SCHEDULING OVERHEADS OF FOUR REAL TASK SETS UNDER DIFFERENT FAULT SITUATIONS AND APPLICATIONS.

Realistic
Applications Fault FTTGTM⋆ EARAM PFTM RLRFT DPRA CoSA

En. Com. En. Com. En. Com. En. Com. En. Com. En. Com.

LE
Case a 1.00 1.00 1.75 1.37 2.27 1.25 1.65 0.93 1.82 1.19 1.80 1.09
Case b 1.02 1.13 1.48 1.25 1.74 2.29 1.83 1.25 1.82 1.19 1.81 1.14
Case c 1.12 1.66 1.79 1.25 × × × × × × × ×

LU
Case a 1.00 1.00 1.83 1.56 2.50 1.68 1.75 1.20 1.98 1.26 1.98 1.26
Case b 1.05 1.22 1.84 1.50 2.30 2.49 1.89 1.31 1.98 1.26 1.98 1.26
Case c 1.17 1.86 1.39 1.50 3.87 4.00 × × × × × ×

GE
Case a 1.00 1.00 1.01 1.40 2.18 1.47 1.55 1.10 2.04 1.34 1.99 1.10
Case b 1.02 1.09 1.76 1.48 2.14 2.56 1.61 1.21 2.04 1.34 2.01 1.22
Case c 1.17 1.77 1.71 1.40 × × × × × × × ×

FFT
Case a 1.00 1.00 1.27 0.90 1.94 1.09 1.68 0.92 1.78 0.95 1.76 0.88
Case b 1.05 1.20 1.79 0.90 1.51 1.35 1.68 0.92 1.78 0.95 1.83 1.07
Case c 1.11 1.54 1.47 0.90 3.90 4.29 × × × × × ×

combinations {0.3, 0.3, 0.4}, {0.3, 0.4, 0.3}, and {0.4, 0.3, 0.3}
(i.e., Weight Comb. 1, 2, and 3) in Weight Set 3, produce closer
objective function values, indicating a stable balance among
the optimization objectives. We set µ1 = 0.3, µ2 = 0.4, and
µ3 = 0.3, with a higher priority on energy efficiency due to its
importance in the MPSoC designs.

Finally, Fig. 5(b)–5(d) compare the solution quality and
the running time of the FTTGTM method and the MILP-
based optimal method. We consider synthetic task sets with
N = {10, 20, 30, 40, 50}, and set δ = 0.5, Nlimit = 2, and
λ1/λ2 = 0.6. We take the optimal value of the objective func-
tion as a benchmark and consider the reduction ratio of solution
quality robj = objFTTGTM−objOPT

objOPT
× 100% as a performance

metric, where objFTTGTM and objOPT are the objective func-
tion values of FTTGTM method and the MILP-based optimal
method, respectively. As shown in Fig. 5(b), under different
task numbers N and fault situations, the maximum quality
reduction of FTTGTM is around 36.9% (26.8% on average),
compared with the optimal method. Fig. 5(c) compares the
average running time of the FTTGTM method and the MILP-
based optimal method for different numbers of tasks. Although
the MILP-based optimal method can obtain the optimal solution,
its running time increases exponentially with the number of
tasks. Therefore, the FTTGTM method can achieve a balance
between solution quality and computation time, yielding a high-
quality solution in linear time. Fig. 5(d) evaluates the FTTGTM
performances under different NoC scales (3 × 3 → 10 × 10).
As the feasible region of problem (18) increases with core
number M , and it is a minimizing problem, the objective
function value decreases with M . In addition, more faults will
activate different components of the Adapt NoC to provide fault
tolerance, thereby increasing energy consumption and commu-

nication overhead. The computation time of FTTGTM increases
linearly with M (no faults); for the given M parameters, the
computation times across different cases are similar since they
have the same problem size.

VII. CONCLUSION

This paper presented a comprehensive fault-tolerant task
mapping approach for real-time systems with permanent faults,
using the Adapt NoC as the target platform. We formulated the
permanent fault-tolerant task mapping problem as a MINLP
problem that jointly optimizes energy consumption, commu-
nication delay, and load balancing under multiple fault con-
ditions. To address the inherent complexity of the MINLP
formulation, we proposed the FTTGTM method, which inte-
grates a reconfigurable topology generation strategy, dynamic
frequency allocation, and real-time task scheduling. The method
effectively accommodates multiple permanent faults in diverse
components: cores, routers, and links, through topology recon-
figuration and task mapping refinement. Extensive simulations
demonstrated the superiority of the proposed method over state-
of-the-art approaches. FTTGTM achieves an average 67.7%
reduction in energy consumption compared to existing fault-
tolerant schemes, while maintaining low communication over-
head and fault tolerance through integrated topology, frequency,
and scheduling optimization. In future work, we aim to extend
our model to address hybrid fault scenarios, incorporating both
transient and permanent faults.

APPENDIX A
EXPLANATION OF TOPOLOGY GENERATION CONSTRAINT

Constraint (5) defines the routing path structure and can be
interpreted through several cases depending on the roles of
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the routers involved. For the edge ei,j , assume that tasks τi
and τj are assigned to cores θp∗ and θq∗ , i.e., xi,p∗ = 1 and
xj,q∗ = 1. Further, suppose these cores are connected to routers
ARs∗ and ARd∗ via yp∗,s∗ = 1 and yq∗,d∗ = 1. We have the
following three cases: 1) If n = s∗ (i.e., the source router),
then

∑
p∈M xi,pyp,s∗ = 1 and

∑
q∈M xj,qyq,s∗ = 0, and (5)

simplifies to
∑

m:Ln,m∈L ηi,j,n,m −
∑

m:Lm,n∈L ηi,j,m,n =
1, which corresponds to the routing constraint at the start
node (i.e., out-degree minus in-degree equals 1); 2) If
n = d∗ (i.e., the destination router), then

∑
p xi,pyp,d∗ =

0 and
∑

q xj,qyq,d∗ = 1, and the equation becomes∑
m:Ln,m∈L ηi,j,n,m−

∑
m:Lm,n∈L ηi,j,m,n = −1, enforcing the

end-node constraint; 3) If n ̸= s∗ and n ̸= d∗ (i.e., an interme-
diate router), then both summations are 0, and the expression
reduces to

∑
m:Ln,m∈L ηi,j,n,m −

∑
m:Lm,n∈L ηi,j,m,n = 0,

ensuring flow conservation at intermediate nodes.

APPENDIX B
EXPLANATION OF TASK NON-OVERLAPPING CONSTRAINT

Constraint (11) enforces the sequential execution of tasks τi
and τj on the same core using the ordering variable pi,j . For
the independent tasks τi and τj with qi,j = 0, if both tasks are
mapped to the same core, e.g., θk, as xi,k = xj,k = 1, (11)
is relaxed to tei ≤ tsj + (1 − pi,j)H and tej ≤ tsi + pi,jH .
On the one hand, if τi is scheduled before τj (i.e., pi,j = 1),
we have tei ≤ tsj and tej ≤ tsi + H , enforcing a sequential
execution order of τi → τj on core θk. On the other hand,
if pi,j = 0 (i.e., τj precedes τi), then we get tej ≤ tsi and
tei ≤ tsj +H . However, if τi and τj are assigned to different
cores, as xi,k+xj,k ≤ 1, (11) is changed to tei ≤ tsj+αH and
tej ≤ tsi + βH , where α and β are constants (1 ≤ α, β ≤ 3),
and (11) is always satisfied.

APPENDIX C
LINEARIZATION OF THE PROPOSED TASK MAPPING PROBLEM

The fault-tolerant task mapping problem in (18) is a MINLP,
and we apply the linearization method in [37] to handle the non-
linear items caused by the products of binary-binary variables.
First, we introduce auxiliary variables zi,k,m, αi,k,l, βm,n,g , and
γi,j,m,n to replace xi,kyk,m, xi,kc

P
k,l, vm,nc

L
g , and vm,nηi,j,m,n,

respectively, and then add the following constraints into (18):
1) zi,k,m ≤ xi,k, zi,k,m ≤ yk,m, and zi,k,m ≥ xi,k + yk,m − 1;
2) αi,k,l ≤ xi,k, αi,k,l ≤ cPk,l, and αi,k,l ≥ xi,k + cPk,l − 1; 3)
βm,n,g ≤ cLg , βm,n,g ≤ vm,n, and βm,n,g ≥ cLg + vm,n − 1;
4) γi,j,m,n ≤ ηi,j,m,n, γi,j,m,n ≤ vm,n, and γi,j,m,n ≥
ηi,j,m,n + vm,n − 1. Similarly, we set δi,j,g = cLg t

comm
i,j,g and

introduce constraints 0 ≤ δi,j,g ≤ cLg t
max
i,j , δi,j,g ≤ tcomm

i,j,g ,
and δi,j,g − cLg t

max
i,j − tcomm

i,j,g + tmax
i,j ≥ 0 to deal with the

nonlinear items caused by the products of binary-continuous
variables, where tmax

i,j is the upper bound of communication
time for the edge ei,j . Through the above transformations, (18)
is reformulated as an equivalent MILP problem.
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