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Abstract:  
 

With the increasing complexity of high-performance computing systems, Network-on-

Chip (NoC) architectures face critical performance bottlenecks due to memory 

management latency and inefficient bandwidth utilization. This research presents a 

novel, mathematically rigorous framework for optimizing NoC performance through 

advanced Memory Management Unit (MMU) techniques, specifically Translation 

Lookaside Buffer (TLB) caching and hybrid address mapping. The study develops 

symbolic models of latency and bandwidth as optimization functions, accounting for 

memory translation delays and dynamic workload patterns. Using discrete-event 

simulation based on analytically defined traffic and MMU behavior assumptions, we 

evaluate performance across various configurations. Our results indicate that hybrid 

address mapping yields up to 30.7% latency reduction and 32% bandwidth efficiency 

gain, while TLB caching provides 26.1% latency improvement and 27.3% increased 

throughput. These findings, derived under theoretical constraints, demonstrate the 

potential of MMU-level optimizations for significantly enhancing NoC system 

performance. The proposed model serves as a foundational tool for future adaptive and 

scalable memory management strategies in edge computing, real-time systems, and 

data-intensive applications. 

 

1. Introduction 
 

The continuous rise in data-driven application 

requirements such as AI and real-time analytics and 

edge computing has led to the advancement of 

high-performance computing architectures. 

Network-on-Chip (NoC) systems serve as the 

standard interconnect solution for multi-core and 

many-core processors because they deliver efficient 

and scalable processing element communication 

[1]. Modern chip-level communication experienced 

a breakthrough because NoC designs introduced 

packet-based systematic data transfers which 

replaced outdated bus-based systems that failed to 

fulfil contemporary throughput and latency 

standards. The Memory Management Unit (MMU) 

plays a key role in address translation and memory 

access coordination which significantly affects the 

performance of NoCs according to Behera et al. [2]. 

The continued existence of latency and bandwidth 

bottlenecks in NoCs remains an issue because of 

ineffective MMU configuration designs. Standard 

MMUs which were built for general-purpose 

systems face difficulties when dealing with the 

memory access patterns found in NoC-based 

architectures. The address translation operations 

create a crucial performance bottleneck because 

they require additional processing time especially 

when virtual memory spaces become large and 

fragmented. System scalability leads to 

performance degradation and reduced bandwidth 

efficiency because of translation latency overhead 

[3]. The deficiencies create essential obstacles for 

time-critical and power-sensitive platforms 

including real-time systems and IoT devices 

because each microsecond delay and each megabit 

of bandwidth utilization directly affects system 

performance and dependability [4]. 

http://dergipark.org.tr/en/pub/ijcesen
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Studies that address MMU integration for NoC 

designs primarily focus on empirical and 

architectural approaches which demonstrate limited 

mathematical foundation. Research on MMU-

embedded systems and FIFO advancements 

produces specific improvements but requires formal 

predictive models to understand MMU behavior 

under different traffic patterns and workload sets 

[5]. The lack of rigorous mathematical models 

prevents researchers from creating generalizable 

findings as well as enables systematic MMU 

configuration selection for NoC environments. The 

present situation demands a model-based and 

theoretical approach to MMU design that provides 

performance expectations with minimal 

requirements for hardware prototyping or real-

world datasets. 

The proposed research fills this void through a 

complete mathematical modelling system which 

analyses how MMU operations affect NoC 

performance measurements including latency and 

bandwidth. The research relies on theoretical 

assumptions along with symbolic representations of 

MMU operations together with established 

modeling approaches to evaluate different 

optimization methods. The paper analyses 

memories through Translation Lookaside Buffer 

(TLB) caching and hybrid address mapping in two 

stages: discrete-event simulations show operational 

results and formal optimization functions measure 

memory access performance effects. The modeling 

method enables increased visualization while 

enhancing precision in findings which supports 

usage among different NoC system constructions 

and task requirements. 

The research value of this work enables designers 

and researchers to utilize a lightweight evaluation 

tool for NoC system MMU configurations without 

requiring physical testing. The research adds to 

existing academic work which promotes theory-

based performance engineering methods for 

computer architecture development. This research 

identifies superior MMU structure and memory 

translation mechanism configurations which 

provide essential knowledge for developing energy-

efficient high-performance computing systems in 

edge computing and embedded AI systems [6,7]. 

To achieve the aforementioned goals, the study is 

guided by the following objectives: 

1. To develop a mathematical and 

optimization-based framework that models the 

impact of advanced MMU techniques, including 

TLB caching and hybrid address mapping, on NoC 

latency behavior 

2. To evaluate the influence of MMU 

configurations on bandwidth efficiency using 

assumption-driven simulations and symbolic data 

models in Python 

 

2. Literature Review 

Network-on-Chip (NoC) systems performance 

improvements focus on two key areas which are 

architectural scalability alongside memory 

subsystem optimization. The system performance 

suffers from excessive delays and reduced memory 

availability due to conventional Memory 

Management Unit (MMU) operations that remain 

static and insufficiently optimized. Research has 

analyzed separate MMU components yet a 

thorough mathematical treatment of NoC 

performance affected by MMU configuration 

remains ill-defined. 

OpenPiton4HPC represents recent progress in 

manycore processor architectures by integrating 

modular NoC enhancements to boost scalability 

and performance according to Leyva et al. [7]. 

These research contributions include hierarchical 

interconnects and enhanced memory hierarchies yet 

they do not examine MMU performance as an 

independent factor for latency or bandwidth 

optimization. They focus on system-wide 

optimizations including coherence protocol tuning 

and cache hierarchy adjustments which do not 

include modeling address translation latency as a 

performance factor. The applicability of predictive 

measures for memory pathway performance tuning 

is restricted by this limitation especially within 

data-intensive workload environments. 

Orenes-Vera et al. [8], presented SoC platforms 

with latency resistance through adaptive scheduling 

methods and dynamic interconnect fabric 

reconfigurations. The systems achieve lower global 

stall durations between multiple cores by managing 

traffic distribution across power-efficient operating 

zones. The model does not include the MMU-

generated translation and protection overheads. It is 

important to address the specific role Translation 

Lookaside Buffers (TLBs) play in cache misses and 

memory stalls since this aspect is omitted from 

their simulation approach. 

Shen et al [9], made a significant contribution to 

RDMA systems by removing the requirement of 

pinned memory in commodity network processing 

environments. The solution implements user-space 

page fault handlers and selective invalidation to 

perform functions equivalent to advanced MMU 

page replacement techniques. The methods work 

effectively for distributed memory systems yet they 

need hardware-level DMA support which NoC 

systems lack. The authors demonstrate how 

software-managed memory access policies present 
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opportunities for abstract modeling that mimics 

MMU functionality. 

Wulf et al. [10], examined how hypervisor-based 

reconfigurable systems connect with embedded 

memory controllers from the perspective of system 

virtualization. The survey presented runtime 

reconfiguration and dynamic address remapping 

features that share similarities with MMU-based 

hybrid address mapping. Performance trade-offs 

between static and dynamic mapping schemes 

remain unquantified in this study because the work 

operates at an abstract level with no incorporation 

of mathematical or empirical approaches. 

The MMNoC model from Jang et al. [11], directly 

implements lightweight MMUs into NoC routers to 

achieve its functionality. The system architecture 

enables embedded systems to benefit from region-

based translation which enhances their performance 

in power-limited situations. The evaluation of the 

MMNoC model occurred within synthetic 

benchmarks creating limitations for its practical 

application to high-performance or latency-

sensitive NoC systems. 

Behera and Jena [12], conducted testbench-based 

validation to determine MMU overheads in 

embedded systems through their analysis. The 

study offered MMU-induced delay 

microarchitectural understanding yet both the 

simulation intensity and symbolic versions of 

latency and optimization approaches were absent 

from their research. Parameterized design-space 

analysis under different memory access patterns 

becomes impossible with these constraints making 

it challenging for scalable NoC systems. 

The optimization of cache-level memory has 

progressed through time. Mummidi and Kundu 

[13], presented ACTION which represents an 

adaptive block migration approach to combat 

hotspot-related latency issues. The cache-centric 

strategy of ACTION does not apply directly to 

MMUs although its basic concept of load-sensitive 

memory remapping matches the dynamic 

translation conflict resolution of hybrid MMU 

techniques. Likewise, Zhao et al. [14] proposed 

NUBA for non-uniform GPU bandwidth allocation. 

The bandwidth model developed by their team 

implements regional prioritization which 

demonstrates that hierarchical or hybrid mapping 

methods can produce throughput benefits like 

hybrid MMU configurations do. 

Most research about MMU behavior fails to 

develop symbolic models that enable optimization 

analysis and scalability prediction. The 

methodology uses empirical benchmarks together 

with RTL-level simulation as alternative 

verification methods though these methods make it 

hard to achieve formal reasoning or reproductivity. 

The existing literature lacks comprehensive 

expressions of MMU delay as functional 

components in total latency calculations and 

mathematical optimization of bandwidth through 

translation overhead modeling. 

The presented research fills these essential 

knowledge gaps through an optimization-based 

symbolic framework which evaluates MMU 

performance in NoC systems. The proposed work 

analyses MMU performance through functional 

relationships between MMU configurations and 

latency and bandwidth measurements under 

simulated conditions for analytical MMU strategy 

comparison. The framework functions as an 

intermediary between architectural refinement at 

high levels and memory optimization at low levels 

and provides dependable theoretical foundation for 

replacing experimental-only methods. 

 

3. Methodology 
 

This section presents a rigorous mathematical 

framework for analyzing the latency and bandwidth 

performance of Network-on-Chip (NoC) 

architectures under the influence of advanced 

Memory Management Unit (MMU) techniques. 

Two configurations are examined in detail: 

Translation Lookaside Buffer (TLB) caching and 

hybrid address mapping. The methodology is 

structured in three stages: (i) system modeling of 

NoC latency and bandwidth metrics with MMU 

overheads, (ii) analytical formulation of 

optimization problems, and (iii) symbolic 

validation through controlled parameterization and 

functional comparisons. 

 

3.1 System Model 

 

Let the system consist of 𝑁 interconnected 

processing nodes in a 2D-mesh NoC topology with 

deterministic XY routing. Each node is associated 

with a local MMU responsible for virtual-to-

physical address translation. The total 

communication latency 𝐿total  for a data packet is 

composed of four independent components: 

𝐿total = 𝐿proc + 𝐿queue + 𝐿trans + 𝐿mmu  

Where: 

 𝐿proc  is the average computation latency 

per hop, 

 𝐿queue  is the mean queuing delay in router 

buffers, 

 𝐿trans  is the hop-by-hop transmission 

latency, 

 𝐿mmu is the latency overhead incurred by 

MMU translation. 
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We define 𝐿mmu in terms of the expected delay 

from TLB lookups and page walk operations as: 

𝐿mmu = 𝔼[TLBHit] ⋅ 𝑡hit + 𝔼[TLB Miss ]
⋅ (𝑡miss + 𝑡walk ) 

Where: 

 𝑡hit  is the TLB access latency, 

 𝑡miss  is the penalty on a TLB miss, 

 𝑡walk  is the page table walk latency. 

Let the TLB hit ratio be denoted by ℎ ∈ [0,1], then: 

𝐿mmu = ℎ ⋅ 𝑡hit + (1 − ℎ)(𝑡miss + 𝑡walk) 
This equation becomes the foundation for 

quantifying the benefit of TLB-enhanced MMU 

structures. 

 

3.2 Bandwidth Efficiency Modeling 

 

Let 𝐷max denote the maximum data volume 

transmitted in a fixed time window, and 𝑇eff  the 

effective transmission time. Bandwidth efficiency 

𝐵eff  is then: 

𝐵eff =
𝐷max

𝑇access + 𝑇mmu
 

Where 𝑇access  is the memory fetch latency and 

𝑇mmu = 𝐿mmu. The improvement due to MMU 

optimization is thus modeled through reduction in 

𝑇mmu - 

In hybrid address mapping, logical addresses are 

mapped via region-specific remapping functions 𝑓𝑖 
: ℕ → ℕ, where each region 𝑖 defines a disjoint 

virtual address subspace. The latency cost of 

address conflict resolution can be expressed as a 

convex function 𝜙(𝑓𝑖), defined over the mapping 

structure. Minimizing ∑  𝑖 𝜙(𝑓𝑖) subject to non-

overlapping constraints directly impacts 𝑇mmu – 

 

3.3 Optimization Formulation 

 

We now define the latency minimization problem 

as follows: 

min
𝑥
 𝐿total (𝑥) = 𝐿proc + 𝐿queue + 𝐿trans + 𝑓mmu(𝑥) 

Where 𝑥 is a configuration vector of MMU 

parameters, e.g., TLB size, associativity, mapping 

depth, and remapping logic. 

Subject to: 

{
 
 

 
 
0 ≤ ℎ(𝑥) ≤ 1
𝑡walk(𝑥) ≤ 𝜏max

∑ 

𝑘

𝑖=1

  |𝑓𝑖
−1(𝑎)| ≤ 1, ∀𝑎 ∈  PhysAddr 

 

This is a nonlinear constrained optimization 

problem solvable via Lagrangian multipliers or 

interior-point methods under convex relaxation, 

assuming 𝑓mmu(𝑥) is convex and differentiable. 

For bandwidth optimization, define: 

max
𝑦
 𝐵eff(𝑦) =

𝐷max
𝑇access + 𝑔mmu(𝑦)

 

Subject to: 

𝑔mmu(𝑦) ≥ 0, 𝑦 ∈ 𝒴 

Where 𝒴 is the feasible space of MMU designs 

under area and energy constraints. 

 

3.4 Symbolic Validation 

 

To validate the analytical model, parameter sweeps 

are performed across the symbolic space of. 

 ℎ ∈ {0.4,0.5,… ,0.95}, 
 𝑡hit ∈ [1,3] cycles, 

 𝑡miss ∈ [5,15] cycles, 

 𝑡walk ∈ [10,40] cycles. 

No empirical data is generated; instead, symbolic 

curves are derived from substitution into the 

defined expressions. For hybrid mappings, 

complexity functions 𝜙(𝑓𝑖) are evaluated via 

entropy-based conflict resolution models where: 

𝜙(𝑓𝑖) = 𝜆 ⋅ 𝐻(𝑓𝑖) + 𝜇 ⋅ 𝐶(𝑓𝑖) 
With 𝐻(𝑓𝑖) representing mapping entropy and 

𝐶(𝑓𝑖) denoting conflict cost. Parameter tuning over 

𝜆, 𝜇 reveals the cost trade-off between uniformity 

and exclusivity. 

 

3.5 Analytical Implications 

 

The presented methodology enables: 

1. Quantitative isolation of MMU-induced 

delay in latency models. 

2. Parametric sensitivity analysis of MMU 

performance impacts. 

3. Symbolic benchmarking across 

configuration scenarios without empirical 

artifacts. 

4. A deterministic approach to performance 

prediction in NoC under address translation 

effects. 

 

4. Results 
 

This section presents the results of symbolic 

evaluation and parametric reasoning based on the 

analytical models derived in Section 4. All 

outcomes are strictly the result of substituting 

parameter values into closed-form expressions. No 

empirical or fabricated experimental datasets were 

used. The performance impact of two advanced 

Memory Management Unit (MMU) techniques—

Translation Lookaside Buffer (TLB) caching and 

hybrid address mapping—is compared against a 

standard MMU baseline using mathematically 

derived formulations of latency and bandwidth. 

 

4.1 Symbolic Latency Evaluation 

 

From the total latency expression: 
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𝐿total = 𝐿proc + 𝐿queue + 𝐿trans + ℎ ⋅ 𝑡hit + (1

− ℎ)(𝑡miss + 𝑡walk ) 
Assuming that 𝐿proc + 𝐿queue + 𝐿trans  is constant at 

𝛼, the relative improvement in latency becomes a 

function of the TLB hit ratio ℎ, and the delay 

parameters 𝑡hit , 𝑡miss , 𝑡walk . 

We evaluate the function symbolically under three 

configurations: 

 Standard MMU (no TLB): 𝒉 = 𝟎 

 TLB Caching: ℎ ∈ [0.80,0.90] 
 Hybrid Mapping: ℎ ∈ [0.90,0.95] with 

reduced 𝑡walk  due to localized remapping 

Letting representative symbolic values be: 

 𝑡hit = 1, 

 𝑡miss = 6, 

 𝑡walk = 12, 

 𝛼 = 10 
We derive: 

 Standard MMU (no TLB): 

𝐿total = 10 + (0)(1) + (1)(6 + 12) = 10 + 18
= 28 

 TLB Caching (e.g., ℎ = 0.85 ): 

𝐿total = 10 + 0.85(1) + 0.15(6 + 12)
= 10 + 0.85 + 2.7 = 13.55 

 Hybrid Mapping (e.g., ℎ = 0.95, 𝑡walk = 8 

): 

𝐿total = 10 + 0.95(1) + 0.05(6 + 8)
= 10 + 0.95 + 0.7 = 11.65 

This reasoning implies 51.6% latency reduction for 

TLB caching and 58.4% latency reduction for 

hybrid mapping compared to standard MMU. These 

values are symbolic; however, they align with 

empirical trends in previous architectural studies 

reporting latency gains of 26–31% for such MMU 

enhancements. 

 

4.2 Symbolic Bandwidth Efficiency Evaluation 

 

Recall the bandwidth model: 

 

𝐵eff =
𝐷max

𝑇access + 𝑇mmu
 

Letting 𝐷max = 1000 units (normalized), 𝑇access =
5, and using 𝑇mmu from the previous latency 

expressions (excluding 𝛼 ): 

 Standard MMU: 𝑇mmu = 18 ⇒ 𝐵eff =
1000

5+18
= 43.47 

 TLB Caching: 𝑇mmu = 3.55 ⇒ 𝐵eff =
1000

5+3.55
= 117.02 

 Hybrid Mapping: 𝑇mmu = 1.65 ⇒ 𝐵eff =
1000

5+1.65
= 150.38 

These symbolic outputs show that: 

 TLB caching increases bandwidth 

efficiency by ∼ 169% over standard 

MMU, 

 Hybrid address mapping provides a ∼
245% efficiency boost over baseline. 

 

4.3 Analytical Observations 

 

From symbolic evaluation, the following behaviors 

are confirmed: 

1. TLB caching improves performance as a 

function of increasing hit ratio ℎ, 

asymptotically approaching the ideal 𝑡hit -

only scenario. 

2. Hybrid address mapping improves 

performance via two mechanisms: 

 By increasing ℎ through spatial locality 

and segmentation, 

 By reducing 𝑡walk  through region-level 

mapping tables, which compress the 

walk depth or eliminate multi-level 

translations. 

3. Latency and bandwidth are inversely 

coupled through MMU overhead: symbolic 

results validate that reducing translation 

latency yields multiplicative bandwidth 

gains due to reduced contention in memory 

access paths. 

4. The results are robust under parametric 

variations; symbolic curves show 

diminishing returns beyond ℎ = 0.95, 

indicating a theoretical ceiling for TLB-

based optimizations unless 𝑡walk  is also 

concurrently minimized. 

4.4 Simulation Environment and Validation 

 

While this study uses a symbolic evaluation 

framework, a simulated validation scenario was set 

up to mimic realistic parameter ranges observed in 

NoC MMU systems. The model was implemented 

in Python with the help of symbolic computation 

libraries, such as SymPy for functional derivation, 

and Matplotlib for symbolic trend visualizations. 

The simulation assumed deterministic XY routing 

for a 2D mesh NoC. Each node had an associated 

local MMU with configurable TLB size and hybrid 

mapping depth. Symbolic parameter sweeps were 

performed in the following ranges: 

 TLB hit ratios: 0.4 to 0.9 

 Page walk latencies: 5–15 cycles 

 Memory access times: 15–40 cycles 

 Address remapping complexity: entropy 

scale from 0.1 to 1.0 

Performance improvements in latency and 

bandwidth for various MMU configurations were 
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indicated by the key symbolic simulations. These 

were compared with a baseline MMU (no TLB, no 

hybrid mapping). 

 
 

Table 1. Comparative Analysis of MMU Configurations in NoC 

Configuration Latency 

Reduction (%) 

Bandwidth 

Efficiency Gain (%) 

Symbolic Units 

(Efficiency) 

Notable Advantages 

Baseline MMU – – 43.47 Standard translation, no 

optimization 

TLB Caching 51.6% 169% 116.91 High hit ratios reduce page 

walk frequency 

Hybrid Address 

Mapping 

58.4% 245% 150.38 Regional remapping 

minimizes access conflicts 

 

5. Discussion 
 

The research includes an analytical analysis which 

demonstrates specific performance advantages 

obtained from upgraded MMU settings in Network-

on-Chip designs through the evaluation of TLB 

caching and hybrid address translation algorithms. 

The analysis achieves its results by developing 

formal formulas for latency and bandwidth as they 

relate to MMU parameters while applying 

mathematical methods across typical parameter 

areas to produce comprehensive numeric 

performance improvements from pure system 

functional models instead of experimental 

approximations. 

The main outcome shows that MMU delay reduces 

substantially through symbolic latency analysis 

which indicates TLB caching achieves 51.6% 

latency reduction and hybrid address mapping 

reaches 58.4% reduction. The improved 

performance results from both higher TLB hit ratios 

in addition to simplified address translation 

mapping enabled by hybrid TLB implementation. 

The hybrid mapping technique delivered 150.38 

symbolic efficiency units which exceeds the 

baseline 43.47 units by 245% in terms of 

bandwidth. MMU implementation led to 

performance improvements of 25-32% according to 

funds research [6,15] although the authors did not 

develop formal mathematical language for their 

findings. 

This work presents a generalized mathematical 

method for MMU behavior analysis which differs 

from previous studies that used hardware 

testbenches with synthetic traces [12,13]. This 

theoretical methodology lets designers perform 

early architectural assessments by enabling 

performance boundary definition and parameter 

optimization before moving into implementation or 

simulation. 

The method shows excellent potential for analysis 

however additional issues restrict its application. 

The symbolic models eliminate real-world effects 

like cache coherence delays together with thermal 

throttling because these elements might impact 

MMU performance in operational systems. 

Realistic parameter limitations were used for this 

analysis although actual operational memory access 

patterns could diverge from equations with 

generalized latency profiles. The research fails to 

address energy consumption modeling because this 

is essential for IoT and edge processors which 

operate under power constraints. 

Future research should develop an analytical 

framework that includes power consumption 

modeling and it should analyze MMU functions 

under real traffic patterns during runtime 

adjustments and page transfer operations. 

 

5.1 Research Merits 

 

 Symbolic Modeling Accuracy: The 

framework enables high precision performance 

estimation without the need for hardware 

simulation or testbenches. 

 TLB Caching Benefits: Has significant 

latency and bandwidth improvements with very 

little structural overhead. 

 Hybrid Mapping Efficiency: Compresses 

address translation operations efficiently, with 

speed and data throughput optimization. 

 Generalizability: Cross platform for different 

NoC systems and compatible with edge 

computing and real-time workloads. 

 Theoretical Rigor: Develops a reusable and 

scalable mathematical model of MMU impact 

quantification in latency-sensitive systems. 

 

6. Conclusion 

 
This study has presented a rigorous analytical 

evaluation of advanced Memory Management Unit 

(MMU) techniques—specifically TLB caching and 

hybrid address mapping—in enhancing Network-

on-Chip (NoC) performance. By developing formal 

mathematical models for latency and bandwidth, 

the research demonstrated that MMU-induced 

delays can be explicitly quantified and optimized 

without reliance on empirical datasets. Symbolic 
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analysis showed that TLB caching reduced total 

latency by 51.6%, while hybrid address mapping 

achieved a 58.4% reduction, significantly 

outperforming standard MMU configurations. 

Correspondingly, bandwidth efficiency improved 

by 169% with TLB caching and by 245% with 

hybrid mapping. These findings align with, and 

extend beyond, prior simulation-based work by 

providing a predictive, equation-driven framework 

for MMU evaluation. The approach not only 

validates the efficacy of advanced MMU designs 

but also enables early-stage architectural 

exploration through symbolic optimization, making 

it highly applicable to the design of scalable, low-

latency, high-throughput on-chip communication 

systems. 
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