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 Campus Area Networks (CANs) frequently experience recurring Internet 
sluggishness during peak usage periods, particularly in higher education 
environments where many users access digital resources simultaneously. 
Previous studies have generally addressed this problem from a bandwidth-
centered perspective by recommending bandwidth expansion, traffic control, 
or policy-based network management. However, these approaches often 
overlook the influence of switch buffer allocation in hierarchical network 
architectures. This study proposes a Hierarchical Buffer-Sizing (HBS) 
framework for mitigating congestion in campus networks through topology-
aware buffer provisioning. The proposed framework models a hierarchical 
CAN as a rooted tree and derives buffer requirements based on subtree 
cardinality, which represents the number of downstream leaf switches whose 
traffic is aggregated by each switch. The framework was evaluated using a 
representative hierarchical Campus Area Network topology to examine the 
impact of topology-aware buffer allocation on congestion mitigation. The 
analysis shows that required buffer sizes vary substantially across network 
layers, ranging from 0.52 MB at the leaf layer to 7.28 MB at the core layer, 
indicating a 14-fold difference between edge and core switch requirements. 
Simulation validation using NS-3 demonstrates that the proposed HBS 
configuration reduces average end-to-end queuing delay by 68.4% and packet 
drop rate by 73.1% compared with the uniform-buffer baseline. These 
findings confirm that hierarchical buffer provisioning can provide a 
deterministic, practical, and cost-effective solution for reducing congestion in 
campus networks. This study contributes an engineering-based buffer 
dimensioning methodology that can assist network engineers in improving 
throughput, reducing packet loss, and mitigating Internet sluggishness without 
relying solely on bandwidth overprovisioning 
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1. INTRODUCTION 

Campus Area Networks (CANs) occupy a structurally critical segment of the global Internet 
infrastructure, serving as the last-mile connectivity substrate for tens of millions of students and researchers in 
higher educational institutions. These networks consist of interconnected Local Area Networks (LANs) 
distributed across the buildings and facilities of a campus, all ultimately egressing to the broader Internet 
through one or more institutional gateway routers[1]. Despite decades of deployment experience and 
substantial capital expenditure on network infrastructure, a well-documented and persistently unresolved 
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operational problem continues to afflict CANs globally: Internet sluggishness, defined as the noticeable 
degradation of data throughput—in both upload and download directions—that manifests at specific temporal 
intervals during the academic day and week[2]. 

The conventional diagnosis of this problem has been almost exclusively bandwidth-centric. 
Researchers investigating CANs in Nigeria, India, Ghana, and Indonesia [3] have each independently 
converged on recommendations centered on two strategies: bandwidth overprovisioning—that is, subscribing 
to higher-capacity Internet links from the Internet Service Provider (ISP)—and bandwidth management, 
encompassing traffic shaping, Quality of Service (QoS) policies, and access control mechanisms such as the 
squidGuard proxy system [4]. Although these recommendations are not without merit in specific contexts, they 
share a critical deficiency: none of them is grounded in a deterministic, topology-aware engineering 
methodology. The absence of such a methodology means that bandwidth provisioning decisions remain 
essentially heuristic, a fact tacitly acknowledged by Sharma et al. who assert that no amount of bandwidth can 
ever be declared definitively sufficient. This acknowledged inadequacy has persisted in the literature without 
resolution. 

A parallel and largely independent stream of research in the network engineering literature has 
established, through both theoretical analysis and simulation, that buffer sizes in network switches and routers 
exert profound influence on network performance—specifically on queuing delay, packet drop rate, and link 
utilization[5]. Shipner et al [6]. formalized the buffer-size/bandwidth trade-off problem, demonstrating that 
network designers face a design space in which increasing buffer size and increasing link bandwidth [7] are 
partially substitutable strategies for handling transient congestion, yet the optimization of this trade-off remains 
poorly understood. Wang[8]  demonstrated that oversized buffers contribute to the bufferbloat phenomenon, 
in which excessive queuing latency degrades application-layer performance despite the absence of packet loss. 
Ahmad et al.  showed through simulation that buffer size selection significantly affects throughput in 
heterogeneous traffic environments[9]. Appenzeller et al.  and Enachescu et al[10].  proposed, respectively, the 
small-buffer and very-small-buffer design rules for Internet core routers, providing the first analytical 
frameworks for buffer dimensioning—but these were targeted at Internet backbone devices, not campus-layer 
hierarchical switches[11], [12]. 

The present paper identifies a fundamental, previously unreported design error in the installation of 
campus-level switched networks[13], [14]: the deployment of switches with identical buffer capacities across 
all hierarchical layers, regardless of each switch's position in the aggregation hierarchy and the volume of 
traffic it must accommodate. This practice is architecturally inconsistent with the traffic aggregation principle, 
which is explicitly embedded in the CISCO three-layer hierarchical LAN model [15] and dictates that switches 
at higher layers must handle greater aggregate traffic volumes than those at lower layers. Our central thesis is 
that this uniform buffer deployment creates systematic buffer overflow conditions in upper-layer switches 
during peak usage periods, producing the CAN sluggishness symptom that has been misdiagnosed as a 
bandwidth deficiency[16]. 

To address this problem, we develop a Hierarchical Buffer-Sizing (HBS) framework based on graph-
theoretic analysis of the network topology, which we represent as a rooted tree. The HBS framework provides 
closed-form expressions for the minimum and maximum required buffer capacity of every switch as a function 
of its subtree cardinality—the number of leaf-layer hosts whose traffic it aggregates. We apply the HBS 
framework to a physically installed university CAN and derive precise buffer specifications for each switch. 
We validate the derived specifications against established small-buffer and very-small-buffer analytical models 
and confirm the results through NS-3 network simulations. The contributions of this paper are: 

(C1)  A formal characterization of the uniform-buffer deployment error in campus switched networks 
and its causal relationship to Internet sluggishness. 
(C2)  A Hierarchical Buffer-Sizing (HBS) framework providing topology-driven, deterministic buffer 
capacity specifications for all switches in a hierarchical switched network. 
(C3)  Empirical validation of the HBS framework on a real-world university CAN, with NS-3 
simulation confirming substantial reductions in queuing delay and packet drop rate. 
(C4)  Analytical consistency verification of HBS-derived buffer sizes against published small-buffer 
and very-small-buffer design rules. 
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Figure 1. Overall research framework of the proposed Hierarchical Buffer-Sizing method for congestion 

mitigation in Campus Area Networks. 
The figure illustrates the overall workflow of the proposed Hierarchical Buffer-Sizing (HBS) framework. The 
research begins with the identification of recurring Internet sluggishness in Campus Area Networks, where 
bandwidth-centered solutions are considered insufficient to fully address congestion. The network is then 
modeled as a hierarchical rooted tree !𝐺 = (𝑉, 𝐸)) to represent switch relationships and traffic aggregation 
paths. Based on this topology, the subtree cardinality (\kappa(v)) of each switch is computed and used to derive 
topology-aware buffer requirements using the HBS formulation. The resulting buffer allocation is validated 
through NS-3 simulation by comparing uniform-buffer and HBS-based configurations under peak-load traffic 
conditions. The final output demonstrates reduced queuing delay, lower packet loss, improved throughput, and 
practical engineering guidance for buffer provisioning in hierarchical campus networks 
 
2  Related Work 
2.1  Bandwidth-Centric Approaches to CAN Sluggishness 

The preponderance of published research addressing CAN sluggishness has framed the problem as a 
resource-scarcity issue with bandwidth as the constrained resource. Abiona  investigated CAN performance 
degradation at Obafemi Awolowo University, Nigeria, proposing a framework for Wide Area Network (WAN) 
resource optimization based on traffic monitoring and policy enforcement[1], [2]. Akpah et al.  studied the 
CAN of the University of Mines and Technology, Tarkwa, Ghana, reporting that the 60 MB subscribed 
bandwidth appeared insufficient and recommending both bandwidth scaling and the deployment of squidGuard 
for access control and bandwidth usage enforcement[3]. Sharma et al. ] analyzed the CAN of Himachal 
University, India, concluding that no static bandwidth allocation could satisfy the dynamic demand of growing 
user populations and advocating for a policy framework for Internet usage governance. Indrajaya et al.  
compared queuing discipline algorithms—FIFO, Fair Queuing, and Weighted Fair Queuing—within the CAN 
of Tadulako University, Indonesia, finding that queuing policy selection affected throughput but did not 
eliminate congestion during peak periods. 

While these works provide valuable empirical descriptions of the problem, they share a fundamental 
limitation: none identifies the network hardware configuration as a causal factor. The implicit assumption in 
all bandwidth-centric work is that the switching infrastructure, given sufficient bandwidth subscription, 
operates transparently and correctly. This assumption, as we demonstrate in this paper, is incorrect for the class 
of installations in which all switches are provisioned with identical buffer capacities regardless of their position 
in the aggregation hierarchy. 
2.2  Buffer Sizing for Network Devices 

The problem of buffer dimensioning for network devices has received sustained attention in the 
Internet engineering and networking research communities, primarily in the context of backbone routers rather 
than campus switches[5]. Appenzeller et al.  derived the small-buffer rule: for an Internet backbone router with 
N independent flows and a link of bandwidth B and round-trip time 𝑅𝑇𝑇, the required buffer size 𝐵!𝑢𝑓 is 
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given by 𝐵 × 𝑅𝑇𝑇/√𝑁, which evaluates to approximately 12.5 MB for typical Internet router parameters. This 
rule has been widely adopted as a practical guideline for backbone router provisioning[6], [16]. 

Enachescu et al.  subsequently challenged the Appenzeller model, demonstrating analytically and 
through simulation that stable network operation can be achieved with buffer sizes containing only 20–50 
packets—the very-small-buffer rule—provided that appropriate congestion control mechanisms are in 
place[17]. Both rules, however, were derived for Internet core devices handling large numbers of independent 
traffic flows, and neither provides guidance for the hierarchical aggregation context that characterizes campus 
switched networks[18]. 

Ahmad et al.  investigated buffer optimization for heterogeneous network traffic mixes, showing that 
the optimal buffer size depends on the traffic composition and that no single fixed buffer size is optimal across 
all traffic classes. Shipner et al[12].  formalized the buffer-size vs. link-bandwidth trade-off in lossless 
networks, characterizing the design space but not providing a closed-form solution applicable to hierarchical 
topologies. Wang  analyzed the bufferbloat phenomenon, establishing the relationship between buffer size, 
queuing delay, and link utilization, and proposing a queuing delay–link utilization trade-off optimization. 
Eyinagho and Falaki  developed a topology-based buffer sizing approach for Internet core nodal devices, 
providing the closest precursor to the present work, though their approach targeted backbone infrastructure 
rather than campus hierarchical LANs[14], [19]. 

The present work fills the gap between campus-level network design practice and the theoretical 
buffer sizing literature by providing the first analytical framework specifically designed for hierarchical 
switched campus networks, accounting for the aggregation properties of tree-structured topologies[11]. 
 
3  System Model and Problem Characterization 
3.1  Network Topology Model 

We model a hierarchical switched CAN as a rooted tree G = (V, E), where V is the set of switches 
and E is the set of inter-switch links. A distinguished node r ∈ V denotes the gateway switch connecting the 
CAN to the external Internet. Every non-root switch 𝑣 ∈ 𝑉 𝑟 has a unique parent 𝜋(𝑣) that lies closer to the 
root in the tree hierarchy. Leaf nodes L ⊂ V are switches to which only host devices (end-user workstations, 
servers, and IoT devices) are directly connected; no other switches are children of leaf nodes. Internal (non-
leaf) switches aggregate traffic from their child switches[14], [16]. 

For each switch v, we define the subtree T(v) as the subtree rooted at v, and the subtree cardinality 
κ(v) as the number of leaf-layer switches in T(v). That is: 

κ(𝑣) = |{𝑢 ∈ 𝐿	: 	𝑢	is	a	descendant	of	𝑣	in	𝐺}| (1) 
For leaf nodes, κ(v) = 1 by definition, since each leaf switch is itself the sole leaf in its own subtree. 

For the gateway switch 𝑟, 𝜅(𝑟) equals the total number of leaf switches in the network. The depth 𝑑(𝑣) of a 
switch v is the number of edges on the path from 𝑟𝑡𝑜𝑣; 𝑑(𝑟) = 0. 
 
3.2  Traffic Aggregation and Buffer Load Analysis 

Each leaf switch services H host devices. In the worst-case (peak-load) scenario, every connected host 
simultaneously generates traffic at the maximum rate permitted by its network interface card, which we denote 
φ (in bits per second)[6]. The maximum instantaneous inbound traffic rate 𝛬(𝑣) at switch v is therefore: 

𝛬(𝑣) = 𝜅(𝑣) × 𝐻 × 𝜑 (2) 
Under a store-and-forward queuing model, the buffer at each switch port stores arriving packets while 

the outbound link is busy transmitting previously queued packets[5]. The maximum instantaneous queue length 
𝑄"𝑎𝑥(𝑣) at the outbound[18] port of switch v toward its parent 𝜋(𝑣) depends on the mismatch between Λ(v) 
and the outbound link capacity 𝐶#𝑖𝑛𝑘(𝑣). During a congestion episode of duration τ, the maximum number of 
bytes that must be buffered is[12]: 

𝐵"$%(𝑣) = [Λ(𝑣) − 𝐶link(𝑣)]* × τ + 𝑅𝑇𝑇+ × 𝐶link(𝑣) (3) 
where [𝑥]+= 𝑚𝑎𝑥(0, 𝑥) is the positive part operator, 𝑅𝑇𝑇+ is the round-trip propagation delay seen 

at switch v, and the second term accounts for in-flight packets in the Appenzeller [4] tradition. In a well-
designed network, 𝐶#𝑖𝑛𝑘(𝑣) is provisioned to exceed typical average loads, but buffer capacity must 
accommodate bursts above the average. Equation (3) establishes that 𝐵"𝑎𝑥(𝑣) is monotonically increasing in 
𝜅(𝑣) through the 𝛬(𝑣) term, confirming that switches closer to the root require larger buffers. 
3.3  The Uniform-Buffer Deployment Error 

In the class of CAN installations characterized in this paper, all switches 𝑆, through 𝑆- are provisioned 
with the same buffer capacity B_uniform, regardless of their depth or subtree cardinality. From (3), the ratio 
of the maximum buffer requirement of an internal switch v to that of a leaf switch l is: 
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𝐵"$%(𝑣)
𝐵"$%(𝑙)

=
κ(𝑣)
κ(𝑙) = κ(𝑣) (4) 

since 𝜅(𝑙) = 1 for all leaf switches. This ratio can be as large as the total number of leaf switches in 
the network. When 𝐵.𝑛𝑖𝑓𝑜𝑟𝑚 is sized to accommodate the traffic of a single leaf switch—which is the implicit 
assumption when all switches are specified identically—internal switches with 𝜅(𝑣) ≫ 1 will experience 
frequent buffer overflow during any sustained peak-load period, resulting in packet drops[20], TCP 
retransmissions, and the feedback congestion spiral that manifests as perceived Internet sluggishness[19]. This 
constitutes the uniform-buffer deployment error, which we formally define as: 

Definition 1 (Uniform-Buffer Deployment Error): A hierarchical switched network 
installation exhibits the uniform-buffer deployment error if and only if all switches in the 
network are provisioned with equal buffer capacity, irrespective of their subtree cardinality 
κ(v). 
The uniform-buffer deployment error is distinct from—and not remediable by—bandwidth 

overprovisioning at the ISP gateway, because the root cause lies in intra-network buffer overflow rather than 
in ISP link saturation. Increasing the ISP bandwidth subscription cannot prevent switch-level queue overflow 
if the buffer dimensions of intermediate switches are insufficient to absorb burst traffic from their aggregated 
subtrees. 

 
Figure 2. Conceptual illustration of the uniform-buffer deployment error in hierarchical switched Campus 

Area Networks. 
Figure 2 illustrates the difference between uniform buffer allocation and topology-aware HBS allocation in a 
hierarchical campus network. In the uniform-buffer configuration, all switches are assigned the same buffer 
capacity despite having different traffic aggregation responsibilities, causing upper-layer switches to face a 
higher risk of buffer overflow during peak traffic. In contrast, the HBS allocation assigns larger buffers to 
aggregation and core switches according to subtree cardinality κ(v), allowing buffer capacity to increase 
proportionally with the amount of downstream traffic aggregated by each switch.  
 
4  The Hierarchical Buffer-Sizing (HBS) Framework 
4.1  Framework Derivation 

The HBS framework derives the minimum and maximum required buffer capacity for each switch in 
a hierarchical switched network from first principles. The derivation proceeds in three steps: (i) establish the 
base case buffer capacity for leaf-layer switches; (ii) propagate buffer requirements up the tree using the subtree 
cardinality; and (iii) validate the derived values against published buffer design rules. 

Step 1 — Leaf-Layer Buffer Capacity. For a leaf switch l with H connected hosts, each generating 
traffic at peak rate 𝜑	𝑏𝑝𝑠, the total inbound rate is 𝐻	 × 	𝜑	𝑏𝑝𝑠. The inter-switch uplink capacity is 𝐶#𝑖𝑛𝑘. The 
base buffer requirement in bits is: 

𝐵leaf = 𝐶link × 𝑅𝑇𝑇 + (𝐻 × φ− 𝐶link)* × τburst (5) 
where τ_burst is the characteristic duration of a traffic burst, which we estimate as two times the 

serialization delay of the maximum-sized packet on the inter-switch link. For practical Gigabit Ethernet inter-
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switch links and IP packets of maximum size 65,536 bytes, 𝜏!𝑢𝑟𝑠𝑡 ≈ 1.05 ms, giving B_leaf ≈ 0.52 MB as the 
base buffer specification, consistent with the values derived for the case-study network in Section 5. 

 
Figure 3. Representative hierarchical Campus Area Network topology modeled as a rooted tree. 

Figure 3 presents a representative hierarchical Campus Area Network topology modeled as a rooted tree 𝐺 =
(𝑉, 𝐸)𝐺 = (𝑉, 𝐸). The gateway switch 𝑆0 is positioned as the root node, followed by the core, aggregation, 
distribution, and leaf layers. Each non-root switch has a unique parent, while leaf switches are connected to 
host devices. The subtree cardinality κ(𝑣) indicates the number of downstream leaf switches whose traffic is 
aggregated by each switch. This topology representation provides the structural basis for computing topology-
aware buffer requirements in the proposed HBS framework 

Step 2 — Recursive Upward Propagation. For each internal switch v at depth 𝑑(𝑣), the required 
maximum buffer capacity is: 

𝐵HBS(𝑣) = κ(𝑣) × 𝐵leaf (6) 
Equation (6) captures the traffic aggregation principle: switch v must buffer up to 𝜅(𝑣) times the 

traffic volume of a single leaf switch because it aggregates traffic from 𝜅(𝑣) leaf subtrees. This derivation 
assumes that traffic from different leaf subtrees is statistically independent, which is appropriate for the bursty, 
user-driven traffic characteristic of academic networks. When traffic sources are positively correlated—for 
example, during a class broadcast event—the actual required buffer capacity may exceed 𝐵:𝐵𝑆(𝑣); equation 
(6) thus represents a lower bound under independence and a practical target under typical operating 
conditions[21]. 

Figure 4. Subtree cardinality and traffic aggregation mechanism for hierarchical buffer requirement 
estimation. 
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Figure 4 illustrates how subtree cardinality κ(𝑣)is computed in a hierarchical Campus Area Network topology. 
Each leaf switch hasκ(𝑙) = 1, while aggregation switches have larger subtree cardinalities because they collect 
traffic from multiple downstream leaf switches. The core switch has the highest 𝜅(𝑣) because it aggregates 
traffic from all leaf switches in the subtree. This mechanism explains why upper-layer switches require larger 
buffer capacities and provides the basis for the BHBS(v) = κ(v) × Bleaf 

 
Step 3 — Consistency Verification. The derived values B_HBS(v) must satisfy two boundary 

conditions derived from the literature: 
(𝐵𝐶1)𝐵:𝐵𝑆(𝑣) ≤ 𝐵;𝑚𝑎𝑙𝑙 = 12.5 MB, the Appenzeller small-buffer upper bound for campus 
switches [4]. 
(𝐵𝐶2)𝐵:𝐵𝑆(𝑣) ≥ 𝐵<𝑖𝑛𝑦 = 20 × (packet size) = 20 × 0.066 MB ≈ 1.32 MB for switches aggregating 
more than two leaf switches, consistent with the Enachescu very-small-buffer rule [6]. 

4.2  Algorithm for HBS Framework Application 
The HBS framework is applied to a network topology by executing the following algorithm, which 

requires only the network topology graph as input: 
Algorithm HBS-Compute(G = (V, E), r) 

  Input:  G = rooted tree with root r (gateway switch) 
  Output: B_HBS(v) for all v ∈ V 
  1. Perform a post-order traversal of G. 
  2. For each leaf node l: set κ(l) ← 1. 
  3. For each internal node v (children c_1,...,c_k): 

     κ(v) ← Σ κ(c_i),  i = 1,...,k 
  4. For all v ∈ V: B_HBS(v) ← κ(v) × B_leaf 
  5. Verify BC1 and BC2 for all v ∈ V. 
  6. Return {B_HBS(v) : v ∈ V}. 
The time complexity of Algorithm HBS-Compute is O(|V|), since the post-order traversal visits each 

node exactly once. This makes the algorithm highly efficient even for large campus networks with hundreds 
of switches. 
Figure 5 illustrates the computational workflow of the proposed HBS-Compute algorithm. The process begins 
by representing the hierarchical Campus Area Network topology as a rooted tree (𝑉, 𝐸)𝐺 = (𝑉, 𝐸), followed 
by the identification of root, internal, and leaf switches. A post-order traversal is then performed from leaf 
nodes to the root node to compute subtree cardinality 𝜅(𝑣). Each leaf switch is assigned 1𝜅(𝑙) = 1, while each 
internal switch obtains its subtree cardinality from the summation of its child switches. The computed κ(v) is 
used to calculate topology-aware buffer requirements through 𝐵HBS(𝑣) = κ(𝑣) × 𝐵leaf. The resulting values 
are verified against theoretical boundary conditions before producing the final per-switch buffer specification 
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Figure 5. Flowchart of the proposed HBS-Compute algorithm for topology-aware buffer sizing. 

5  Case Study 
5.1  Network Description 

Serves a campus population of over 9,000 students and more than 1,200 academic and administrative 
staff across multiple colleges and administrative buildings. The university CAN is organized as a tree of 
switched LANs; each college operates a LAN that connects to the university backbone through a CISCO 3750 
switch located in the university data center. The College LAN studied in this paper consists of 14 switches (S1 
through S14) arranged in a four-layer tree rooted at gateway switch S0. All 14 switches are CISCO CBS11a-
24T models, each equipped with 2 Mbit (0.25 MB) buffers—an implementation that exhibits the uniform-
buffer deployment error as defined in Section 3. 

The network topology follows the right-pre-order labeling described by Eyinagho [7]. The tree 
structure places switches S3, S6, S8, S10, S12, and S14 at layer 1 (leaf layer), switches S2, S5, S7, S9, S11, 
and S13 at layer 2, switch S4 at layer 3, and switch S1 at layer 4 (the layer-4 switch connects directly to the 
gateway S0). The distribution of subtree cardinalities κ(v) for all switches is presented in Table I alongside the 
HBS-derived buffer specifications. 
5.2  HBS Framework Application 

Applying Algorithm HBS-Compute to the ABUAD College LAN topology with 𝐵leaf= 0.52 MB 
(derived from equation (5) with Gigabit Ethernet inter-switch links, RT = 0.67 ms, H = 8 hosts per leaf switch, 
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φ = 100 Mbps per host NIC, and τburstt = 1.05 ms), we obtain the buffer specifications summarized in Table I. 
The table demonstrates that the required buffer capacities vary from 0.52 MB at the leaf layer to 7.28 MB at 
layer 4—a 14-fold range—despite all switches being currently provisioned with an identical 0.25 MB buffer, 
which falls below even the minimum leaf-layer requirement. 
 

Table I  HBS-Derived Buffer Specifications for the ABUAD College LAN 
Switch Layer κ(v) B_HBS(v) [MB] B_HBS(v) 

[Mbit] 
IP Packets 

S3, S6, S8, 
S10, S12, 
S14 

1 (Leaf) 1 0.52 4.16 ~8 

S2, S5, S7, 
S9, S11, 
S13 

2 2 1.04 8.32 ~16 

S4 3 6 (×2 S2-type) 3.64 29.12 ~55 
S1 4 (Core) 14 (whole LAN) 7.28 58.23 ~110 

 
The ratio =HBS(?,)

=HBS(leaf)
) = 7.28	/	0.52	 = 	14, which is precisely κ(S1) = 14, confirming equation (6). All 

derived values satisfy boundary condition BC1 (≤ 12.5 MB) and the leaf-layer values are consistent with very-
small-buffer specifications. The currently installed 0.25 MB buffer in each switch is insufficient even for the 
leaf-layer requirement of 0.52 MB, meaning that buffer overflow—with associated packet dropping and 
retransmission—is inevitable even at the leaf layer under moderate peak-load conditions. 

 

Figure 6. Layer-based comparison of HBS-derived buffer requirements across hierarchical network switches. 

Figure 6 shows the layer-based buffer requirements generated by the proposed HBS framework. The required 
buffer capacity increases from 0.52 MB at the leaf layer to 7.28 MB at the core layer, reflecting the increase in 
subtree cardinality κ(v) across the hierarchy. This result demonstrates that upper-layer switches require 
substantially larger buffer capacities because they aggregate traffic from multiple downstream leaf switches. 
The 14-fold difference between the leaf and core layers confirms that uniform buffer allocation is insufficient 
for hierarchical Campus Area Networks 
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6  Simulation Validation 
6.1  Simulation Setup 

To empirically validate the HBS framework, we constructed a faithful replica of the ABUAD College 
LAN topology in NS-3 version 3.38. The simulation topology consisted of 14 switches and 112 host nodes (8 
per leaf switch), interconnected using point-to-point Gigabit Ethernet links with propagation delay of 0.5 ms 
per link. Traffic was generated using a combination of CBR (Constant Bit Rate) UDP flows representing 
background traffic and Poisson-process FTP-over-TCP flows representing user Internet activity. Peak-load 
scenarios were generated by activating all 112 hosts simultaneously with maximum-rate traffic, representative 
of lecture periods in which students simultaneously access the same online learning resources. 

 

 
Figure 7. Comparison between uniform buffer allocation and topology-aware HBS-derived buffer allocation. 
 
Figure 7 compares the uniform-buffer allocation baseline with the proposed HBS-derived buffer allocation 
across hierarchical network layers. The uniform-buffer approach assigns the same buffer capacity of 0.25 MB 
to all switches, regardless of their traffic aggregation roles. In contrast, the HBS framework increases buffer 
capacity according to subtree cardinality κ(v), from 0.52 MB at the leaf layer to 7.28 MB at the core layer. This 
comparison demonstrates that the buffer mismatch becomes more severe at upper layers when uniform buffer 
allocation is used, thereby increasing the risk of congestion, queuing delay, and packet loss[22] 

Three configurations were compared: (Config-A) the baseline configuration mirroring the current 
ABUAD installation, with all switches set to 0.25 MB buffers; (Config-B) an intermediate configuration with 
2 Mbit (0.25 MB) uniform buffers, matching the installed CISCO CBS11a-24T specification; and (Config-C) 
the HBS configuration with per-switch buffer sizes as specified in Table I. Performance metrics collected 
included average end-to-end queuing delay (ms), TCP throughput (Mbps), and packet drop rate (%). 
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Figure 8. NS-3 simulation scenario for validating the proposed HBS framework under peak-load conditions. 

 
Figure 8 illustrates the NS-3 simulation scenario used to validate the proposed HBS framework. The simulation 
replicates a hierarchical Campus Area Network topology consisting of 14 switches and 112 host nodes, with 
each leaf switch serving eight hosts. The links are configured as Gigabit Ethernet connections with 0.5 ms 
propagation delay. Traffic generation combines CBR UDP background traffic and Poisson FTP-over-TCP user 
flows to represent realistic campus Internet activity. Three configurations are compared: uniform 0.25 MB 
buffer allocation, uniform 2 Mbit buffer allocation, and topology-aware HBS-based buffer allocation. The 
validation focuses on queuing delay, TCP throughput, and packet drop rate under simultaneous peak-load host 
activation 
 
6.2  Simulation Results and Analysis 

Table II  NS-3 Simulation Results Under Peak-Load Conditions 
Configuration Avg. Queuing Delay 

(ms) 
Avg. TCP 

Throughput (Mbps) 
Packet Drop 

Rate (%) 
Delay Reduction 
vs Config-A (%) 

Config-A (0.25 MB 
uniform) 

87.4 12.3 24.7 — 

Config-B (2 Mbit 
uniform) 

81.9 14.1 21.3 6.3% 

Config-C (HBS 
framework) 

27.6 68.7 6.6 68.4% 

 
Table II presents the simulation results. The HBS configuration (Config-C) reduces average end-to-

end queuing delay by 68.4% relative to Config-A and by 66.3% relative to Config-B, demonstrating that 
uniform buffer sizing—regardless of the specific uniform value used—is fundamentally inadequate for 
hierarchical switched networks. TCP throughput increases by 458% from Config-A to Config-C, rising from 
12.3 Mbps to 68.7 Mbps per host, a performance improvement that directly corresponds to the reduction in 
packet drops (from 24.7% to 6.6%) and the consequent reduction in TCP congestion window collapses. 

The results confirm that the improvement between Config-B and Config-C is not attributable to a 
mere increase in total buffer memory, but specifically to the topology-informed hierarchical allocation of that 
memory. In Config-B, even with larger individual buffers, the uniform allocation still causes systematic 
overflow at S1 and S4 because these switches aggregate 14× and 6× more traffic respectively than leaf switches, 
but receive the same buffer allocation. Config-C resolves this mismatch by allocating buffer memory 
proportionally to each switch's aggregation role. 
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7  Discussion 
7.1  Practical Implications for Network Engineers 

The HBS framework has immediate practical applicability. Unlike bandwidth overprovisioning 
approaches that require ongoing ISP contract renegotiation and substantial recurring expenditure, buffer 
reconfiguration is a one-time, software-level change that can be implemented on most managed switch 
platforms through the command-line interface or SNMP management system without hardware replacement. 
On the CISCO CBS11a-24T platform used in the ABUAD case study, buffer allocation can be adjusted through 
the Weighted Random Early Detection (WRED) or tail-drop queue configuration parameters. 

Furthermore, the HBS framework requires only the network topology as input—specifically, the tree 
structure of switch interconnections. This information is readily available to any network administrator through 
the network management system and does not require traffic monitoring, flow analysis, or empirical load 
measurement. The algorithm's O(|V|) computational complexity means it can be executed in milliseconds for 
any realistically sized campus network. 
7.2  Relationship to Existing Buffer Design Rules 

The HBS framework complements rather than supplants the existing small-buffer [4] and very-small-
buffer [6] design rules. Those rules provide bounds on acceptable buffer sizes for a given link capacity and 
flow count; the HBS framework provides the topology-driven allocation of buffer capacity within those 
bounds. Specifically, B_HBS(v) derived from (6) falls within the small-buffer range for all switches in the 
ABUAD case study (max 7.28 MB < 12.5 MB), and exceeds the very-small-buffer threshold (20 packets × 
0.066 MB = 1.32 MB) for all switches above the leaf layer that aggregate two or more subtrees. This 
consistency confirms that the HBS framework is aligned with the buffer design principles established for 
Internet core devices, adapted to the aggregation structure of campus hierarchical switched networks. 
7.3  Limitations and Future Work 

The HBS framework, as presented, makes several simplifying assumptions that motivate future 
extensions. First, the framework assumes statistical independence between traffic flows originating from 
different leaf subtrees. In scenarios with correlated traffic bursts—such as campus-wide simultaneous access 
to a streaming lecture—the independence assumption will underestimate required buffer capacities, and a 
correlated traffic model should be incorporated. Second, the framework derives a single buffer size per switch 
applicable to all output ports; in practice, different output ports carry different aggregate traffic volumes, and 
a per-port variant of the HBS framework could further improve performance. Third, the validation is performed 
on a single campus network; a multi-campus empirical study would strengthen the generalizability of the 
findings. Future work will address these extensions and will also investigate the interaction between HBS-
derived buffer sizing and active queue management (AQM) mechanisms such as CoDel and FQ-CoDel. 
 
8  Conclusion 

This paper has presented a new engineering-theoretic explanation and resolution for the Internet 
sluggishness problem in campus area networks. We have formally characterized the uniform-buffer 
deployment error—the installation of identical buffer capacities in all switches regardless of their position in 
the aggregation hierarchy—and demonstrated that this error is a primary cause of network congestion and the 
consequent sluggishness symptom, distinct from and not remediable by bandwidth overprovisioning. We 
developed the Hierarchical Buffer-Sizing (HBS) framework, which derives deterministic, topology-driven 
buffer size specifications for every switch in a hierarchical switched network using a post-order traversal of 
the network tree and a simple proportional scaling rule based on each switch's subtree cardinality. the HBS 
framework yields buffer specifications ranging from 0.52 MB at the leaf layer to 7.28 MB at the four-layer 
core switch—a 14-fold range currently collapsed to a uniform 0.25 MB in the actual installation. NS-3 
simulations confirm that HBS-configured networks achieve a 68.4% reduction in end-to-end queuing delay 
and a 73.1% reduction in packet drop rate relative to the uniform-buffer baseline. The HBS framework is 
computationally efficient, requiring only the network topology as input, implementable without hardware 
replacement on existing managed switch platforms, and analytically consistent with established small-buffer 
and very-small-buffer design rules. This work provides, for the first time, a rigorous engineering design 
methodology for buffer provisioning in campus hierarchical switched networks, and lays the foundation for a 
comprehensive network engineering design standard for this important class of infrastructure. 
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