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Abstract

Vehicular ad hoc networks (VANETS) enable direct wireless communication between mov-
ing vehicles for safety and cooperative driving. Routing in VANETs is challenging due to
high mobility, frequent topology changes, and variable node density. The Greedy Perime-
ter Stateless Routing (GPSR) protocol maintains only a one-hop neighbor position table
through periodic beacon exchanges, making it highly scalable. Each node forwards packets
to the neighbor geographically closest to the destination. However, this distance-only
criterion leads to a low packet delivery ratio (PDR). Existing improvements, such as Weight-
Based Path-Aware GPSR (W-PAGPSR) combining distance progress, velocity direction,
neighbor density, and link duration, incorporate multiple factors but complicate param-
eter tuning and lack a unified neighbor quality metric. This paper proposes Directional
Propagation Capacity Index—-GPSR (DPCI-GPSR), integrating neighbor information into
a single directional metric capturing propagation capacity. Two enhancements are intro-
duced: (1) an eight-direction DPCI computing a composite propagation capacity index per
sector, exchanged via Hello packets, and (2) a trapezoidal link quality function treating
30-200 m as optimal while penalizing edge-zone neighbors. Implemented in NS-3 with
SUMO-generated mobility, results across four node densities (30-120 vehicles), five concur-
rent sender-receiver pairs, and 15 random seeds show DPCI-GPSR achieves 63.08-98.39%
PDR, outperforming both W-PAGPSR (52.38-80.14%) and standard GPSR (50.23-66.31%).

Keywords: vehicular ad hoc networks; VANET routing; GPSR; greedy forwarding; link
quality; PDR; NS-3 simulation

1. Introduction

Vehicular ad hoc networks (VANETSs) enable direct vehicle-to-vehicle (V2V) communi-
cation for safety-critical applications such as road safety warnings and traffic information
dissemination [1-4]. However, high node mobility, rapidly changing topology, and variable
node density pose significant challenges for routing protocol design [5,6]. Geographic
routing protocols, which forward packets based on node positions obtained via the Global
Positioning System (GPS) and shared through periodic beacons (also known as Hello pack-
ets) [7], have emerged as a scalable solution. Among them, the Greedy Perimeter Stateless
Routing (GPSR) protocol [7] is the most widely studied in the literature: it selects the neigh-
bor geographically closest to the destination in greedy mode, and falls back to perimeter
forwarding via the right-hand rule when greedy forwarding reaches a local maximum.
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However, GPSR’s distance-only forwarding criterion introduces two fundamental
problems. First, it frequently selects neighbors near the communication-range edge, since
minimizing the remaining distance to the destination often corresponds to choosing the
farthest reachable neighbor, where link quality degrades due to path loss and Medium
Access Control (MAC)-layer contention. Second, it lacks awareness of a neighbor’s onward
forwarding capability, potentially routing packets into dead-ends. These limitations cause
frequent packet drops and unnecessary perimeter mode transitions, resulting in a low
packet delivery ratio (PDR), particularly in sparse networks. Existing improvements
incorporate metrics such as velocity, direction, density, or link lifetime into composite
scores [1,3,8], but introduce scenario-dependent tuning parameters and lack a unified
neighbor quality metric. Cross-layer approaches model link quality through physical-layer
measurements [2], but increase protocol complexity.

This paper proposes Directional Propagation Capacity Index-GPSR (DPCI-GPSR), a
novel enhancement to GPSR that operates entirely at the network layer without requiring
cross-layer information. The main contributions are as follows:

1. We propose a DPCI that integrates neighbor forwarding capability into a unified
metric, providing two-hop propagation awareness through standard Hello packet
exchange without requiring cross-layer information.

2. We design a trapezoidal link quality (LQ) function that explicitly models the non-
linear relationship between sender-to-neighbor distance and link reliability at the
network layer, penalizing both edge-zone and excessively close neighbors.

3. We design a controlled evaluation with five concurrent sender-receiver pairs whose
separation is maintained above 600 m, preventing artificially high PDR caused by
direct one-hop or two-hop delivery between nearby nodes.

4. We implement and evaluate DPCI-GPSR in Network Simulator 3 (NS-3) with Simula-
tion of Urban Mobility (SUMO)-generated vehicular traces, demonstrating significant
PDR improvements over both standard GPSR and the state-of-the-art Weight-Based
Path-Aware GPSR (W-PAGPSR) across four node densities (30-120 vehicles).

The remainder of this paper is organized as follows: Section 2 reviews related work
on GPSR improvements and identifies the protocol limitations that motivate this study.
Section 3 presents the design of DPCI-GPSR, beginning with a motivating scenario that
illustrates the shortcomings of standard GPSR, followed by the proposed mechanisms.
Section 4 describes the simulation environment, including the controlled sender—receiver
nodes distance methodology. Section 5 presents the experimental results across four node
densities. Finally, Sections 6 and 7 discuss the findings, identify current limitations, and
outline future research directions.

2. Related Work

The inherent limitations of GPSR [7]—link breakage under high mobility, stale neigh-
bor information, and routing voids—have motivated a wide range of improvements,
spanning multi-parameter weighted forwarding, cross-layer LQ modeling, position predic-
tion, deep reinforcement learning (DRL), security enhancement, energy-aware routing, and
others. Sections 2.1-2.3 review the three categories most relevant to this work; Section 2.4
briefly summarizes the remaining directions; and Section 2.5 consolidates the identified
limitations that motivate the proposed design.

2.1. Multi-Parameter Weighted Forwarding Optimization

The largest group of GPSR improvements replaces the single distance metric with
composite weight functions.
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(1) Link stability and duration-based methods prefer stable neighbors by restricting the
candidate area using a predefined parameter A and selecting nodes with maximum cumula-
tive communication duration, while also replacing the right-hand rule with minimum-angle
selection in perimeter mode [5]. Another approach computes link lifetime from relative ve-
locity, distance, and transmission range across six movement scenarios [9]. These methods
reduce link breakage but consider only one or two indicators, and the predefined A in [5] is
static (fixed at 0.3).

(2) Multi-criteria weight methods combine various subsets of distance progress, rela-
tive speed, movement direction, neighbor density, link quality, and communication dura-
tion into composite formulas, though the specific factor combinations vary significantly
across papers [1,3,4,8]. For example, W-PAGPSR [1] combines distance progress, movement
direction (via cosine similarity), reliable neighbor density, and cumulative communication
duration; WA-GPSR [3] integrates link lifetime, communication time, density, and relative
speed but excludes explicit direction; GPSR-M [4] uses current and predicted distance
combined with SNR; and DVA-GPSR [8] combines distance, density, relative speed, and
direction angle. Some use manually tuned constant coefficients [3,8], while W-PAGPSR
employs the CRITIC method for objective weight determination, achieving a 24.47% reduc-
tion in packet loss rate and a 48.34% reduction in delay compared to GPSR [1]. Despite
their comprehensiveness, static weight coefficients cannot adapt to dynamically changing
network conditions, and even data-driven approaches compute fixed weights from a static
dataset rather than adapting in real time.

(3) Density and filtering-based methods use traffic density as a filtering criterion: a
speed-density relationship model discards candidates on congested road segments [10];
priority-based Hello packets with direction, speed, and density fields enable two-stage
candidate screening [11]; and an adaptive Coefficient of Dependence (CoD) dynamically
adjusts beacon intervals based on multiple factors, including neighbor count, message
frequency, driving direction, and distance [12].

(4) Sequential packet distribution across multiple neighbors is a distinct approach that
spreads successive packets (within a short time window destined to the same receiver)
across up to k different next-hop neighbors in order of proximity—the first packet goes
to the nearest neighbor, the second to the second-nearest, and so on [13]. This temporal
spreading aims to balance load across neighbors for multimedia streaming, but it is not
simultaneous multi-path transmission of the same packet.

Notably, none of these methods model the relationship between sender-to-neighbor
distance and LQ within the communication range.

2.2. Cross-Layer Link Quality-Aware Methods

Cross-layer approaches integrate physical-layer and MAC-layer measurements into
routing. CLWPR [2] employs a piecewise Signal-to-Noise-and-Interference Ratio (SNIR)
weighting function derived from a Two-Ray Ground propagation model to penalize
communication-edge neighbors where SNIR degrades below a threshold, combined with
road distance, the MAC Frame Error Rate (FER), and node queue utilization—the only ex-
isting work that explicitly models the non-linear degradation of link quality as a function of
distance within the communication range. Other approaches compute the Packet Error Rate
(PER) from the Signal-to-Noise Ratio (SNR) for FANETs [14] or use an empirically measured
FER and queue occupancy [15]. The fundamental limitation of all cross-layer methods
is dependence on PHY/MAC-layer information, which increases protocol complexity,
inter-layer coupling, and implementation difficulty.
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2.3. Position-Prediction-Based GPSR Improvements

Position prediction addresses stale neighbor information by estimating future node
locations. The simplest approach uses linear extrapolation from two consecutive beacon
timestamps [16]. For FANETS, velocity vector prediction combined with an uncertainty
regression variable improved PDR by up to 15% in UAV experiments [17]. An adaptive
Kalman filter based on a Gaussian motion model supports 3D routing with realistic omni-
directional antenna modeling [18]. A combined approach integrates failed node screening
with a weighted metric considering distance, link lifetime, and two-hop neighbor count,
achieving a 57.54% delay reduction and a 22.16% packet loss reduction [19]. While effective
at mitigating stale information, these methods generally assume simplified motion models
that degrade under complex maneuvers.

2.4. Other Improvement Directions

Other GPSR improvement directions include DRL [20-24], security and trust enhance-
ment [25-28], energy-aware routing [29-31], path-aware forwarding [6,32], urban topology
awareness [33-35], adaptive beaconing [36], and hybrid topology—position routing [37].
These directions address different aspects of GPSR and are not directly related to the LQ
and propagation awareness problems targeted in this work.

2.5. Summary and Protocol Limitations

Table 1 summarizes all reviewed protocols by category. The “Perim.” column indicates
whether the protocol improves the perimeter forwarding mode of GPSR: “v'” denotes an
explicit improvement, “Replaced” means the original perimeter mode is entirely substi-
tuted by a new mechanism, “Modified” indicates partial modification, and “~” means
no change. In the “Key Results” column, the symbols 1 and | denote an increase and a
decrease, respectively.

Three key limitations emerge: (1) most weighted methods [1,3,5,8-13] do not model
distance-dependent LQ degradation at the network layer; (2) forwarding decisions gener-
ally lack directional propagation awareness—although [19] introduces a two-hop neighbor
count, it does not provide a unified directional metric of onward propagation capacity;
and (3) within the weighted-sum forwarding paradigm, existing methods [3,5,8] rely on
static coefficients that are manually tuned or empirically selected and cannot adapt to
varying network conditions. While DRL-based approaches [20-24] bypass this problem
entirely by replacing the weighted-sum formulation with learned policies, they require
offline training and incur high computational overhead, limiting their deployment on
resource-constrained vehicular nodes. DPCI-GPSR directly addresses the first two limita-
tions through a network-layer trapezoidal LQ function and a DPCI exchanged via Hello
packets. The third limitation—lightweight adaptive parameter tuning within a weighted-
sum framework—remains an open challenge and is discussed as future work in Section 7.
The following section details the proposed design.

Table 1. Summary of reviewed GPSR-based routing protocols.

Protocol Ref. Sub-Category = Key Method Domain Perim. Key Results

GPSR [7] Original Greedy + right-hand rule MANET - Baseline

Weighted: Link Stability & Duration

MM-GPSR  [5] Duration Cumul. duration + min angle VANET v PDR 1, Delay |

GPSR-L [9] Lifetime Lifetime from 6 velocity cases VANET - PDR 1 20—40%
Weighted: Multi-Criteria Formula

WA-GPSR  [3] Multi-weight LLT + duration + density + mobility =~ VANET - PDR T, Delay |
W-PAGPSR  [1] CRITIC weight  Dist. + dir. + density + duration VANET v PLR | 24%, Delay | 48%
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Table 1. Cont.

Protocol Ref. Sub-Category Key Method Domain Perim. Key Results
GPSR-M [4] Enhanced Urban + highway adaptation VANET - PDR 1
DVA-GPSR [8] Multi-weight  Dist. + speed + density + angle VANET - PDR 1, Tput
Weighted: Density & Traffic Filtering
GPSR-SD [10]  Density filter ~ Speed-density model VANET - PDR t, Delay |
Hu-GPSR [11]  Priority Priority flag + speed/dist. prob. VANET Replaced PDR{, Ovhd |
CoD-GPSR [12]  Adaptive CoD beacon + OinO selection VANET - Ovhd |, Collision |
Weighted: Sequential Distribution
GPSR-kP [13]  Sequential k-neighbor sequential distribution VANET - QoS 1 (video)
Cross-Layer Link Quality
CLWPR [2] Cross-layer SNIR + MAC FER + queue VANET - PDR 1, Delay |
GPSR-CB [14]  Cross-layer SNR + PER + ACK + backbone FANET v PDR 1, Tput 1
GWPRP [15]  Cross-layer 3D + FER + queue + stability FANET - PDR 1, Ovhd |
Position Prediction
PP-GPSR [16]  Linear Linear extrapolation + threshold VANET - PDR 1, Delay |
GPSR-PPU [17]  Uncertainty Velocity pred. + uncertainty var. FANET v ]Ii l:t)frz }é[{/o !
KOGPSR [18] Kalman 3D Kalman + antenna model FANET Replaced PDR T, Delay |
. . Delay | 57%,
GPSR-MPNS [19]  Screening Node screening + LLT + 2-hop FANET - PLR | 22%
Other Categories
ONGPSR [20] RL Deep Q-network MANET Modified PDR 1
DDQN-MTGPSR [23] RL DDQN multi-objective opt. FANET v PDR 1, Delay |
EM-GPSR [29] Energy Energy balance + remaining lifetime =~ MANET - Energy 1, PDR 1
SU-GPSR [30] Energy Speed-up mode + energy harvesting WSN Replaced Energy 1, PDR 1
S-GPSR [27]  Security Trust-based defense WSN - Security 1
SE-GPSR [28]  Security DH + HMAC auth. VANET - Security 1
AGPSR [6] Path-aware Trust status + cont. greedy VANET Replaced PDRf, Delay |
PA-GPSR [32] Path-aware Deny + Recently Sent Table VANET Modified PDR, Delay |
GpsrJ+ [33] Urban Junction prediction + bypass VANET v Hops |
GPCR [35] Urban Junction coordinator VANET Modified PDR
GeoDTN + Nav [34] Urban+ DTN Nav prediction + DTN hybrid VANET v PDR 1 (sparse)
AFB-GPSR [36] Beacon Fuzzy adaptive beaconing MANET - Ovhd | 35%
OLSR + GPSR [37] Hybrid OLSR + GPSR + fuzzy hello FANET v PDR 1, Ovhd |

3. Design of DPCI-GPSR

This section first illustrates the routing limitations of standard GPSR through a case
study, then presents the design of DPCI-GPSR, which modifies the greedy forwarding
mechanism through an eight-direction DPCI, a trapezoidal LQ function, and a two-pass
next-hop selection algorithm.

3.1. Case Study: Routing Limitations of Standard GPSR

To illustrate the limitations of standard GPSR, consider the six-node scenario depicted
in Figure 1, in which the vehicle labels 0-5 denote Node 0 through Node 5, respectively.
Node 0 (sender) transmits packets to Node 5 (receiver), separated by 500 m. The communi-
cation range is Rmax = 250 m. Table 2 summarizes the inter-node distances relevant to the
forwarding decisions.

In standard GPSR, greedy forwarding selects the neighbor N* that minimizes the
remaining distance to the destination D:

N* = argl{]neif\l/d(Ni,D), (1)

where N is the set of one-hop neighbors and d(-, -) denotes Euclidean distance.
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(265, 305)
(240, 290)

(550, 150)
5
(400, 50)
3
4

————— > Standard GPSR greedy forwarding path (7 hops)

———> DPCI-GPSR greedy forwarding path (3 hops, 0 wasted)

Figure 1. Motivating scenario: routing path comparison between standard GPSR and DPCI-GPSR in
a six-node VANET topology.

Table 2. Key inter-node distances in the motivating scenario.

From To Distance (m) Within Ryax?
Node 0 Node 1 236 Yes (94.4%)
Node 0 Node 3 158 Yes (63.2%)
Node 1 Node 2 29 Yes (11.6%)
Node 1 Node 5 340 No
Node 3 Node 5 380 No
Node 2 Node 5 324 No
Node 3 Node 4 220 Yes (88.0%)
Node 4 Node 5 180 Yes (72.0%)
Node 0 Node 5 500 No

Applying this rule to the scenario in Figure 1 reveals two fundamental problems.

Problem 1: Distance-only criterion and communication-edge bias. At Node 0, the
candidate neighbors are Node 1 (d(1,5) = 340m) and Node 3 (d(3,5) = 380m). Standard
GPSR selects Node 1 because it is closer to the destination. However, Node 1 is located at
236 m from Node 0, which is 94.4% of Rmax—deep in the communication-edge zone where
IEEE 802.11p links suffer from elevated packet error rates due to path loss and fading. The
distance-only criterion systematically biases next-hop selection toward these unreliable
edge-zone neighbors.

Problem 2: No forward propagation awareness. After reaching Node 1, the only
forward neighbor (satisfying d(N;, D) < d(1, D)) is Node 2, located merely 29 m away.
Node 2 is a dead-end: it has no reachable neighbors toward the destination (4(2,5) = 324 m,
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d(2,3) =259m, d(2,4) = 289 m—all exceeding Rmax). In a low-density environment, a
29 m step forward provides negligible geographic progress, and the probability of finding a
viable next hop from such a position is extremely low. Standard GPSR has no mechanism
to anticipate this dead-end before committing to the path. Consequently, the packet enters
perimeter recovery mode at Node 2 and backtracks through Node 1 to Node 0, resulting in
a total path of:

0—=1—2—= Irecovery) = Ogrecovery) =3 =4 —5

requiring seven hops, of which three are entirely wasted on the dead-end detour. In
contrast, the goal of DPCI-GPSR is to enable Node 0 to directly select Node 3 at the first
hop, completing delivery in only three hops (0 — 3 —+ 4 — 5), as shown by the solid
arrows in Figure 1.

These two problems remain largely unaddressed in the existing literature. Multi-
parameter weighted methods [1,3,5,8,9] incorporate various combinations of link stability
indicators such as relative velocity, communication duration, and neighbor density, but
these parameters characterize only the immediate one-hop link between the current node
and its candidate neighbor; they provide no information about whether that neighbor can
continue to propagate the packet toward the destination. Cross-layer approaches such as
CLWPR [2] model link quality degradation through physical-layer SNIR measurements,
but again only for the next hop, without directional awareness of the forwarding landscape
beyond it. Position prediction methods [16-19] estimate future neighbor locations to
mitigate stale information, and [19] further counts the effective neighbors of each candidate
as a scalar proxy for onward connectivity—yet this metric is direction-agnostic and does not
distinguish whether those neighbors lie toward or away from the destination. Consequently,
none of the above approaches exploits the angular structure of the forwarding landscape
to identify which direction still offers viable multi-hop paths. The following subsections
present the mechanisms that enable this improvement.

3.2. Directional Sector Foundation of DPCI

DPCI-GPSR divides the 360° plane around the current node into eight directional
sectors of 45° each, as illustrated in Figure 2. The direction of a neighbor N; relative to the
current node S is determined by

1
0= atanZ(yNi —Ys, XN, — JCS) X %, )

and mapped to one of eight sectors: EAST, NORTHEAST, NORTH, NORTHWEST, WEST,
SOUTHWEST, SOUTH, SOUTHEAST.

Given the main direction dpin from S to D, the directional weight for each sector
d is computed using cosine decay, a standard projection of forward progress onto the
destination direction with rear-facing sectors clipped to zero:

T
Wraw (d) = max(O, cos(A(d, Arain) X Z))' 3)
where A(d, dmain) is the shortest circular distance (0—4) between two sectors. The weights
are normalized as:

w(d) - wraw(d)

=77 4
Z}Z:() Wraw (k> ( )
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NwW NE

S

Figure 2. Eight-direction sector model. The 360° plane around the current node S is partitioned into
eight equal sectors of 45° each, centered at the cardinal and intercardinal directions.

Referring to Figure 1, the main direction from Node 0 to Node 5 is approximately
EAST. Node 1 lies in the NORTHEAST sector and Node 3 in the SOUTHEAST sector;
both are adjacent to the main direction and receive comparable directional weights. The
eight-direction model does not itself determine the next hop, but provides the directional
framework for the DPCI computation described next.

3.3. DPCI Computation Process

With the directional framework established, the next step is to quantify the forwarding
potential of each sector. For each direction d, the DPCI value at node S is computed as
follows. Let {Ny, Ny, ..., N} be the neighbors in direction d. The normalized distance
weight for each neighbor is:

w; = rnin(d(RS’Ni), 1.0), (5)

max

where Rpay is the maximum communication radius (250 m). The maximum weight and
redundancy effect are:

Wmax = max(wi), Reum = Z wi, (6)
! W; #Wmax

Reffect =1 — e*’Y'Rsum, )
where 7 is the redundancy decay parameter. The DPCI value for direction d is:
DPCI(d) = Wmax + (1 — Wmax) * Reffect- 8)

DPCI € [0,1] reflects the coverage quality of direction d: wmax captures the farthest
reachable distance, and Rt captures the redundancy provided by additional neighbors.

Each node computes its eight DPCI values and broadcasts them in periodic Hello
packets. The weighted DPCI of a neighbor N; toward the destination direction is:

7
WeightedDPCI(N;) = ) DPCly, (d) - w(d), ©)
d=0
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where DPCIy, (d) is the DPCI value reported by neighbor N; for direction d. Figure 3
illustrates the directional weights when the main direction dp,in is EAST: the cosine decay
assigns the highest weight to the EAST sector (w = 0.414), equal weights to the two adjacent
sectors NE and SE (w = 0.293 each), and zero weight to all other sectors beyond +45° from
the main direction.

NE
w=0.293
dmam
@ —w=0414E > @
S D
w=0.293
SE

Figure 3. Directional weight example between nodes S and D. Only three sectors toward the
destination receive non-zero cosine decay weights (E: w = 0.414, NE/SE: w = 0.293). Sectors beyond
+67.5° from dpain are clamped to zero and omitted.

The eight-sector granularity is chosen because, as Figure 3 shows, the cosine decay
weighting concentrates on exactly three forward sectors—the main destination sector and
its two immediate neighbors—with normalized weights {0.414,0.293,0.293}, while the
remaining five rear-and-perpendicular sectors receive zero weight. By design, a coarser
six-sector partition would merge narrowly forward and forward-lateral relays into a single
60° sector and lose this distinction, whereas a finer twelve-sector partition would reduce
the expected number of neighbors per sector. The 45° granularity is chosen as a design
compromise between directional resolution and per-sector population.

Algorithm 1 summarizes the periodic DPCI computation procedure executed by each
node at every Hello interval.

Algorithm 1: Periodic DPCI computation and Hello broadcast
Input: Neighbor table A/, maximum range Rmax, redundancy decay 7y
Output: Eight DPCI values DPCI(d) ford =0,1,...,7

1 foreach directiond € {0,1,...,7} do

2 N < neighbors in sector d;
3 if Nj = @ then
4 | DPCI(d) + 0;
5 else
6 foreach N; € N; do
7 | w;  min(d(S, N;)/Rmax, 1.0);
8 Wmax < max;(w;);
9 Rsum Zzu,;éwmax Wi,
10 Reffect < 1 — =7 Rsum,
11 DPCI(d) < wWmax + (1 — Wmax) - Reffect;

12 Broadcast DPCI(0), DPCI(1), ..., DPCI(7) in Hello packet;
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In the scenario of Figure 1, Node 1 has only Node 2 in its forward direction at 29 m,
and Node 2 has no reachable neighbors beyond it. This yields a very low Weighted DPCI for
Node 1 (~0.048), reflecting its inability to propagate packets further toward the destination.
In contrast, Node 3 has Node 4 at 220 m in the EAST sector, and Node 4 in turn has Node 5
at 180 m, producing a substantially higher Weighted DPCI (~0.543). Through the DPCI
values exchanged in Hello packets, Node 0 gains two-hop forwarding awareness and
identifies that the path via Node 1 leads to a dead-end (addressing Problem 2).

3.4. Distance-Aware Trapezoidal Link Quality Function

The DPCI provides two-hop forwarding awareness, but the selection process also
requires a mechanism to model distance-dependent link reliability. It should be noted that
the proposed LQ function is not intended as a strict physical-layer link quality metric; rather,
it is a routing-oriented link quality that jointly captures two network-layer concerns: (i) link
reliability, reflected by the penalty applied to communication-edge neighbors beyond
200m, where the IEEE 802.11p link is known to degrade due to path loss and fading;
(ii) forwarding efficiency, reflected by the penalty applied to neighbors closer than 30m,
where the physical link is actually the most reliable, but the geographic progress is too
small to justify a hop. In other words, the sub-30 m penalty does not represent poor link
quality in the traditional sense—it represents inefficient use of a hop. Combining both
concerns into a single piecewise function allows DPCI-GPSR to evaluate candidates with
one unified metric at the network layer, without consulting any physical-layer information.
Based on this design intent, we define a trapezoidal LQ function LQ(dsy) based on the
distance dg = d(S, N;) between the current node and the candidate neighbor:

dsn

% dSN < 30m

1.0 30m < dgy < 200m

-2
LQ(dsn) = 11.0-05- 5%7000 200m < dgy < 220m (10)
dsn — 220
. * - <
0.5 (1 r— 220) 220m < dsy < Rmax
0 dSN > Rmax

Figure 4 visualizes the shape of this function. The 30-200 m range is treated as the
optimal transmission zone with LQ = 1.0. Neighbors closer than 30 m are penalized for
wasting hops. Neighbors beyond 200 m receive increasing penalties, and those beyond
220 m are aggressively penalized to prevent selection of communication-edge nodes. The
200/220 m breakpoints are sized to the worst-case V2V relative velocity in our SUMO
mobility (two vehicles at the 15m/s per-vehicle speed cap moving head-on, giving an
upper bound of ~30m/s): under the 1s Hello interval, a neighbor at 220 m can therefore
drift up to 30 m within one beacon period and remains marginally inside the 250 m com-
munication range; neighbors beyond this threshold may exit the range before the next
forwarding decision. The 30 m lower bound reflects an efficiency rather than reliability
concern, intended to avoid frequent re-selection among nearby relays that yield negligible
geographic progress.

Applying this function to Figure 1: d(0,1) = 236 m falls in the 220-250 m penalty zone,
yielding LQ = 0.23, which substantially reduces Node 1’s effective progress (addressing
Problem 1). Meanwhile, d4(0,3) = 158 m lies in the optimal zone with LQ = 1.0. For
the secondary hop, d(1,2) = 29 m falls below the 30 m threshold (LQ = 29/30 ~ 0.97);
combined with Node 2’s near-zero DPCI, this 29 m step is identified as a dead-end path
that wastes hop count without meaningful progress (addressing Problem 2).
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Figure 4. Trapezoidal LQ function LQ(dsy). Four zones: hop waste penalty (0-30m), optimal
transmission zone (30-200m, LQ = 1.0), rapid decay (200-220 m), and edge penalty (220-250m,
LQ — 0).

3.5. Two-PassNext-Hop Selection with DPCI Integration

With both the DPCI (forwarding awareness) and LQ function (link reliability) defined,
this section presents the unified selection algorithm that combines them. DPCI-GPSR
employs a two-pass selection algorithm to determine the next-hop node.

Pass 1: Determine maximum effective progress. For each forward neighbor N; (satisfy-
ing d(N;, D) < d(S,D) and N; # lastHop), the effective progress is:

effProgress; = (d(S,D) — d(N;, D)) x LQ(dsn;,)- (11)
The best effective progress is:
bestEffProgress = max (effProgress;). (12)
1

Pass 2: Compute composite utility. The normalized distance factor for each neighbor is:

bF, _ 4(5,D) ~d(N;, D) 13)

Rmax

Let LQ; = LQ(dsn,), WDPCI(N;) = WeightedDPCI(N;), e; = effProgress;, and
emax = bestEffProgress. The distance factor similarity threshold 64¢ controls whether
a candidate receives the DPCI bonus: only neighbors whose effective progress is within a
factor 64 of the best are eligible, preventing low-progress neighbors from being selected
solely due to high DPCI values. The composite utility takes a multiplicative-plus-additive
form so that LQ acts as a reliability gate (collapsing the utility to zero for unreliable links),
while the WDPCI provides an additive bonus reflecting downstream propagation among
the surviving candidates:

U(N) _ DF; - LQ; + WDPCI(N{) if e; > emax - Og¢ (14)
l DF; - LQ; otherwise

The next-hop node is selected as:

N* = arg max U(N;). (15)

1
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Algorithm 2 summarizes the two-pass next-hop selection procedure, integrating the
trapezoidal LQ function and the DPCI-weighted utility computation into a unified forward-
ing decision.

Algorithm 2: Pseudocode of two-pass next-hop selection in DPCI-GPSR
Input: Current node S, destination D, neighbor table N, threshold 64
Output: Next-hop node N* or PERIMETER_MODE
// Filter forward neighbors

1 N+ {Ni eN | d(Ni,D) < d(S,D)},‘

2 if N/ = @ then

3 L return PERIMETER_MODE;

// Pass 1: Determine maximum effective progress
4 foreach N; € N’ do
5 L LQ; «+ LQ(d(S,Ny));
6 e; + (d(S,D) —d(N;, D)) x LQ;;
7 emax < max;(e;);
// Pass 2: Compute composite utility
8 Compute main direction dpain from S to D;
9 Compute directional weights w(d) ford =0,1,...,7;
10 foreach N; € N do
1 DF; < (d(S,D) — d(N;, D))/ Rmax;
12 | WDPCL < Y7_, DPCly,(d) - w(d);
13 if e; > emax - Gdf then
14 | U(N;) + DF; - LQ; + WDPCI;;
15 else
1 | | U(N;)+ DF;-LQ;

17 N* <= arg maxy, U(N;);
18 return N*;

As introduced in Figure 1, at Node 0 the two-pass algorithm proceeds as follows. In
Pass 1, Node 1’s effective progress is heavily penalized by LQ(236) ~ 0.23, while Node 3
retains full progress with LQ(158) = 1.0. In Pass 2, Node 3 receives an additional DPCI
bonus (WDPCI =~ 0.543) because its effective progress is competitive, whereas Node 1’s low
DPCI (~20.048) reflects the dead-end ahead. The resulting utility of Node 3 far exceeds that
of Node 1, and the packet follows the path 0 — 3 — 4 — 5 in only three hops. Through
this combined mechanism, DPCI-GPSR is expected to exhibit density-adaptive behavior:
in sparse networks, the DPCI lookahead steers packets toward directions that still have
viable relays, enabling more aggressive long-range propagation; in dense networks, the
DPCI bonus differentiates among numerous competitive candidates to select neighbors
with the strongest onward forwarding capacity, thereby reducing redundant hops.

Section 4 describes the simulation setup used to evaluate DPCI-GPSR across multiple
node densities.

4. Simulation Setup
4.1. Road Network and Mobility Generation

The road network is a 1000 m x 1000 m grid with 6 x 6 intersections at 200 m spacing.
Each road segment consists of one lane per direction, and all intersections use priority-based
traffic control without traffic lights. Figure 5 illustrates the 30-node scenario.
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Vehicular mobility traces were generated by a Python (version 3.11.15) script inter-
facing with SUMO via TraCl. The script uses Python’s random.seed() to determine all
stochastic decisions—initial node placement on road edges, destination selection, and
relay speed assignment—while SUMO computes the deterministic shortest path (Dijkstra)
between each assigned origin—destination pair. For each of the four node densities (30, 60,
90, 120), 15 different seeds were used (seed = Nppges X 1000+ i,i = 1,...,15), with each
seed producing a distinct scenario (different initial node positions, destinations, and relay
speeds), yielding 60 independent mobility trace files in total. A fixed seed reproduces an
identical trace, ensuring full experimental reproducibility. DPCI-GPSR was implemented in
NS-3 (version 3.29) by extending the open-source GPSR module; all 60 traces are consumed
by NS-3 under identical protocol configurations.

Bl Pair 1: 0(Sender) 1(Receiver)
1000 1 4 BEEA Pair 2: 2(Sender) 3(Receiver)
. B3 Pair 3: 4(Sender) 5(Receiver)
a Il Pair 4: 6(Sender) 7(Receiver)
E= Pair 5: 8(Sender) 9(Receiver)
I Relay
800 - :-7 =] = — =
B
600 - =
£
E . | i
g i
B
400 A =
!J B
200 -:ll
(1]
]
B
B
0 T
0 200 400 600 800 1000

X (m)

Figure 5. Network topology of the 30-node scenario (seed 1), showing the five sender-receiver
communication pairs (colored) and relay vehicles.

4.2. NS-3 and Protocol Parameters

Table 3 summarizes the simulation parameters. Five sender-receiver pairs are config-
ured: nodes (0, 1), (2,3), (4,5), (6,7), and (8,9). The remaining nodes serve as relay vehicles,
initially distributed evenly across all road edges with random destinations at least 400 m
away and speeds uniformly sampled from [5.0, 15.0] m/s. All randomness is controlled by
a deterministic seed formula: seed = Npoges X 1000 + 7, where i is the sequence number
(1-15), ensuring bit-identical reproducibility.
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Table 3. Simulation parameters.

Parameter Value
Map size 1000m x 1000 m
Grid layout 6 X 6 intersections, 200 m spacing
Lanes 1 per direction

Communication pairs
Number of nodes

Pair node speed

Relay node speed
Communication range (Rmax)
TX power

Data rate

Propagation model
MAC protocol
Packet size
Send interval
Simulation duration
Random seeds
Oat
v (redundancy decay)
Hello interval

5 (nodes 0-1, 2-3, 4-5, 6-7, 8-9)
30, 60, 90, 120
8.0m/s (normal); 4.0/12.0m/s
(correction)
Uniform [5.0, 15.0] m/s
250m
28.5dBm
OfdmRate3MbpsBW10MHz (Wireless
Access in Vehicular Environments, WAVE)
TwoRayGround
IEEE 802.11p
512 bytes
1s
500s
15 per configuration
0.55
2.0
1s

4.3. Sender—Receiver Nodes Distance Control

A distinctive aspect of this evaluation is the controlled separation between sender—
receiver pairs. Since Rmax = 250m, a pair distance below 500 m would allow delivery in one
or two hops, bypassing the multi-hop forwarding decisions that differentiate the protocols
under comparison. The 600 m lower bound ensures that each packet must traverse at least
three intermediate hops, making the routing protocol’s next-hop selection strategy the
decisive factor in delivery success.

A three-layer distance control mechanism operates at each simulation time step:

1.  Proactive route extension. When a node’s remaining route is two edges or fewer, a
new destination is assigned at least 600 m from its paired node, ensuring continuous
movement away from the partner.

2. Route safety check. The upcoming five edges of each node’s route are inspected. If
any edge passes within 500 m of the paired node, the route is replaced with a new
destination at least 700 m away.

3. Reactive speed correction. When pair distance falls below 600 m, the sender is slowed
to 4.0m/s and the receiver is accelerated to 12.0 m/s. When the distance is restored,
both revert to the normal speed of 8.0m/s.

The constraint is one-sided: pairs are only forced apart when the distance falls below

600 m and are free to drift further apart without intervention.

4.4. Sender—Receiver Node Distance Validation: Controlled vs. No-Control

To validate the necessity of the distance control mechanism, we compare the controlled
configuration against a no-control variant where sender—receiver pairs move freely with
random route extensions, identical to relay nodes. Table 4 presents the results.
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Table 4. Controlled vs. no-control sender—receiver distance comparison (15-seed average).
Avg. Distance (m) Time < 250 m >600 m Rate
Nodes No No No
Controlled Control Controlled Control Controlled Control
30 757 459 0.4% 20.6% 81.6% 28.0%
60 761 446 0.4% 22.3% 83.9% 26.5%
90 776 443 0.1% 21.7% 86.5% 25.2%
120 752 433 0.6% 23.1% 81.3% 23.2%

The controlled configuration achieves an average sender-receiver separation of
752-776 m, while the no-control variant averages only 433-459m. More critically, the
no-control configuration exposes a fundamental limitation in simulation fairness. As
shown in Figure 6, over the 500 s simulation, sender—receiver pairs in the no-control setting
spend approximately 21% of the time within each other’s direct communication range
(<250m). During these periods, packets are delivered directly without traversing any
relay node, meaning that no routing optimization plays a meaningful role, yet these trivial
deliveries inflate the measured PDR. Furthermore, only about 25% of the simulation time
maintains a separation of >600m, indicating that pairs predominantly operate within
one-hop or two-hop range—substantially reducing the difficulty of packet delivery, as
reflected by the average distance of only 433—459 m.

In contrast, the controlled configuration limits direct-range encounters to approxi-
mately 0.5% of simulation time, maintains an average separation of around 750 m, and
keeps pairs above 600 m for over 80% of the duration. This testing environment avoids
the confounding effect of trivial direct deliveries and provides a fair basis for comparative
evaluation against other routing protocols.

Bl Controlled No Control 100 Bl Controlled No Control |
301 | 86.5
81.3
Q 23.1 < 80 |
< 206 7 <
1) 20 Y 2221 | )
18} 707 77 77 o0 —
) 0 0 0 & 60
- 777 777 777 -
o 757 77 777 =
9 o o %% g
3 7 4 5 40 2
o 7 A
7 - 20 1
04/ 010/ 06
0—== T - 0
30 90 120 90
Node Density Node Density
(a) Time within 250 m range (b) >600 m compliance rate

Figure 6. Controlled vs. no-control sender-receiver distance validation. (a) Percentage of time within
250 m direct communication range. (b) >600 m compliance rate.
4.5. Baseline Protocols and Evaluation Metrics

Three protocols were compared under identical conditions. All three share the same
perimeter forwarding implementation; the comparison focuses exclusively on the greedy
forwarding mode:

e  GPSR [7]: Standard greedy perimeter stateless routing, serving as the baseline.
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¢ W-PAGPSR [1]: Weighted perimeter-assisted GPSR, using a composite score of distance
progress, velocity direction, neighbor density, and communication duration for greedy

next-hop selection.

e DPCI-GPSR: The proposed protocol with trapezoidal LQ function and eight-direction
coverage index.

Performance is evaluated using three metrics: (1) packet delivery ratio (PDR), the ratio
of received to sent packets; (2) average end-to-end delay, the mean delivery latency; and
(3) throughput, the effective data rate (kbps). All results are averaged over 15 independent
seeds, and each metric is reported under both the controlled and the uncontrolled mobility
settings introduced above.

5. Results
5.1. PDR Across Node Densities

Figures 7 and 8 present the average PDR across the four node densities under con-
trolled and uncontrolled mobility, respectively.

‘ 97163 98139
100 9315 P —————— ® |
80.14
= 80 - “‘.\""“‘ ____________ A B
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E 62.43
60 |-
- GPSR
- A- W-PAGPSR
@+ DPCI-GPSR
40 : L L i
30 60 90 120

Number of Nodes

Figure 7. Average PDR (%) under controlled mobility (15-seed average, 95% CI).
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Figure 8. Average PDR (%) under uncontrolled mobility (15-seed average, 95% CI).

Under controlled mobility, DPCI-GPSR achieves the highest PDR at all four densities,
recording 63.08%, 93.15%, 97.63%, and 98.39% at 30, 60, 90, and 120 nodes; W-PAGPSR
records 52.38%, 76.00%, 79.22%, and 80.14%; and GPSR records 50.23%, 66.31%, 63.35%, and
62.43%. The 95% CI half-widths for DPCI-GPSR are 3.61, 1.18, 0.61, and 0.47 pp, narrowing
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as density increases. Paired t-tests on the per-seed values yield p < 0.001 at all four densities
for both DPCI-GPSR vs. GPSR and DPCI-GPSR vs. W-PAGPSR.

Under uncontrolled mobility, the absolute PDR levels are higher for all three protocols.
DPCI-GPSR records 83.96%, 96.79%, 98.35%, and 99.03%; W-PAGPSR records 76.58%,
86.84%, 88.40%, and 88.96%; and GPSR records 75.49%, 81.59%, 81.52%, and 81.71%. DPCI-
GPSR remains the highest at every density, with 95% CI half-widths of 1.89, 0.97, 0.65, and
0.22 pp. Paired t-tests yield p < 0.001 at all four densities.

5.2. End-to-End Delay and Its Relationship with PDR

Figures 9 and 10 present the average end-to-end delay for delivered packets under the
two mobility settings.

| T
25 _m GPSR 2192
- A- W-PAGPSR 20185
/(; @ DPCI-GPSR
)
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°
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10 | | | |
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Number of Nodes

Figure 9. Average end-to-end delay (ms) under controlled mobility (15-seed average, 95% CI).
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Figure 10. Average end-to-end delay (ms) under uncontrolled mobility (15-seed average, 95% CI).

Under controlled mobility, average end-to-end delay ranges from 12.49 ms (GPSR at
30 nodes) to 21.92ms (DPCI-GPSR at 120 nodes), increasing monotonically with density for
all three protocols; GPSR records the lowest delay at every density. Under uncontrolled
mobility, delay falls to 7.07-8.89 ms across all configurations. The relative ordering and
statistical significance of inter-protocol differences are analyzed in Section 6.
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5.3. Aggregate Throughput

Figures 11 and 12 present the aggregate throughput summed over the five sender—
receiver pairs.
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Figure 11. Aggregate throughput (kbps) under controlled mobility (15-seed average, 95% CI).
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Figure 12. Aggregate throughput (kbps) under uncontrolled mobility (15-seed average, 95% CI).

Under controlled mobility, DPCI-GPSR achieves the highest aggregate throughput
at every density, recording 13.63, 20.12, 21.09, and 21.25 kbps at 30, 60, 90, and 120 nodes;
W-PAGPSR records 11.31, 16.42, 17.11, and 17.31 kbps; and GPSR records 10.85, 14.32, 13.68,
and 13.49 kbps. Under uncontrolled mobility, the throughput floor at 30 nodes is higher
for all three protocols (16-18 kbps); DPCI-GPSR reaches 18.14, 20.91, 21.24, and 21.39 kbps;
W-PAGPSR records 16.54, 18.76, 19.09, and 19.22 kbps; and GPSR records 16.30, 17.62, 17.61,
and 17.65 kbps.

5.4. Computational and Communication Overhead

This subsection compares DPCI-GPSR with GPSR and W-PAGPSR on four overhead
dimensions: per-Hello packet size, aggregate control channel throughput, per-decision
computation, and per-node memory.

The Hello packet sizes are 18, 38, and 34 bytes for GPSR, W-PAGPSR, and DPCI-GPSR.
At a1 Hz beacon rate and 60 nodes, this yields control channel throughputs of 1.08, 2.28,
and 2.04 KB/s, each below 0.5% of the 6 Mbps minimum IEEE 802.11p WAVE rate. Both the
periodic DPCI computation and the two-pass next-hop selection are O(N) in the number
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of one-hop neighbors, the same order as W-PAGPSR’s weighted-sum decision, and the
per-node memory footprint remains within a few kilobytes for typical neighbor-table sizes.
In summary, the overhead of DPCI-GPSR is of the same order of magnitude as both
GPSR and W-PAGPSR across all four metrics, with the communication overhead (per-Hello
payload and aggregate beacon throughput) being slightly lower than that of W-PAGPSR.

6. Discussion
6.1. PDR Behaviour Across Density and Mobility

Under controlled mobility, W-PAGPSR’s PDR rises from 76.00% at 60 nodes to 80.14%
at 120 nodes and then plateaus, while DPCI-GPSR continues to scale (93.15%, 97.63%,
98.39% across the same range); the gap widens from 17.15 pp at 60 nodes to 18.25pp at
120 nodes.

At 30 nodes, GPSR (50.23%) and W-PAGPSR (52.38%) have heavily overlapping 95%
CIs, whereas DPCI-GPSR (63.08%) separates clearly from both baselines (gap of 4.28 pp
from the upper bound of W-PAGPSR'’s CI).

The same ordering holds under uncontrolled mobility, where DPCI-GPSR maintains
a +9.95 to +10.07 pp advantage over W-PAGPSR at 60-120 nodes despite the higher abso-
lute baseline.

6.2. Delay—PDR Trade-Off

GPSR shows the lowest mean delay at all densities, but with PDR only 50-66%, this
average is computed over the delivered-only subset and is therefore subject to survivorship
bias rather than being directly comparable to higher-PDR protocols. The fairer comparison
is therefore between W-PAGPSR and DPCI-GPSR, both of which maintain above 75% PDR;
their 95% ClIs overlap at every density under uncontrolled mobility and at three of the four
densities under controlled mobility.

The only statistically distinguishable difference is at 60 nodes under controlled mo-
bility, where DPCI-GPSR achieves 15.59 ms versus 17.70 ms for W-PAGPSR with non-
overlapping CIs. At 120 nodes, the mean ordering reverses—DPCI-GPSR’s 21.92 ms ex-
ceeds W-PAGPSR’s 20.85 ms by 1.07 ms—but the 95% Cls overlap, so this difference is not
statistically significant; the modest mean gap is acceptable given the 18.25 pp PDR gain at
the same density.

The 2-3-fold absolute-delay gap between the controlled (12.49-21.92 ms) and uncon-
trolled (7.07-8.89 ms) settings is structural: the enforced > 600 m sender—receiver separa-
tion requires 2-3 hops under the 250 m communication range, while uncontrolled mobility
frequently allows direct one-hop delivery.

6.3. Throughput

Aggregate throughput tracks PDR closely under the constant 5-pair offered load (each
pair sending one 512-byte packet per second). DPCI-GPSR records the highest throughput
at every density in both mobility settings, reaching 21.25 kbps at 120 nodes under controlled
mobility and 21.39 kbps at 120 nodes under uncontrolled mobility.

7. Conclusions
7.1. Summary
This paper presented DPCI-GPSR, which enhances GPSR’s greedy forwarding through
(i) a trapezoidal LQ function that penalizes unreliable edge-zone neighbors and (ii) an eight-
direction DPCI exchanged via Hello packets that provides two-hop forwarding awareness.
Across 30-120 nodes under both controlled and uncontrolled SUMO mobility, DPCI-
GPSR consistently achieves the highest PDR. In the more demanding controlled set-
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ting (>600 m enforced sender—receiver separation), DPCI-GPSR reaches 98.39% PDR at
120 nodes versus 80.14% for W-PAGPSR and 62.43% for GPSR, with 21.25 kbps aggregate
throughput; the corresponding end-to-end delay is within 1.07 ms of W-PAGPSR. Under un-
controlled mobility, the absolute margins are smaller, but DPCI-GPSR remains the highest
in PDR and throughput at every density.

All conclusions are drawn from a single 1000 m by 1000 m grid topology under fixed
weighting parameters; the two-mobility design (controlled and uncontrolled) is the princi-
pal stress test of the present work.

7.2. Future Work

Two complementary directions are identified for future work. First, future work will
extend the evaluation of DPCI-GPSR to real city road networks, with systematic fusion and
ablation studies that jointly consider DPCI scores, inter-node distance, and the LQ function
to clarify the optimal combination of the directional propagation metric, the original GPSR
greedy criterion, and the edge-zone reliability constraint.

Second, the eight-direction DPCI vector, which jointly encodes maximum reach and
neighbor redundancy per sector (Equations (5)—(8)), is well suited as a state representation
for deep reinforcement learning forwarding policies. Following the Dueling Deep Q-
Network (DQN) formulation of DLGR-2DQ [24], a learning agent can dynamically re-
weight the eight DPCI directions to replace the trapezoidal LQ function and the fixed
composite utility, aiming to substantially improve delivery performance in low-density
scenarios while preserving the strong PDR achieved at higher densities.
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