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SHORT SUMMARY

This paper proposes a city-scale framework for station-based micromobility rebalancing that com-
bines censored-demand reconstruction with hybrid truck coordination. While prior studies have
examined operator fleets, uncertain demand, and some crowdsourced relocation, city-scale frame-
works that jointly combine censored-demand reconstruction, real delivery-truck trajectories, stochas-
tic participation, and rolling MPC remain limited. To address this gap, the paper introduces
Shortage-Aware Tobit Attention (SATA) to recover latent demand when low bike inventory
suppresses observed departures. The reconstructed demand is converted into shortage and surplus
candidates and optimized through a hybrid service-MPC that coordinates deterministic opera-
tor trucks with stochastic crowdsourced delivery vehicles. Relative to the operator-only baseline,
the full stack achieves its strongest service-rate gains in Chicago first-response stress scenarios and
Lyon crowd-advantage settings, while profit gains are concentrated in Lyon.

Keywords: micromobility rebalancing; demand forecasting; attention model; censored demand;
crowdsourced truck; hybrid fleet optimization

1 INTRODUCTION

Station-based shared micromobility systems (shared-uM), especially citywide bikeshare networks,
routinely face short-horizon inventory imbalances. Directional commuting, asymmetric trip gen-
eration, and time-varying demand leave some stations empty and others saturated, causing lost
departures, failed returns, and reduced service availability (Schuijbroek et al. 2017). Rebalancing
is the standard response, but the challenge is not only to determine how many vehicles to move.
Operators must also decide which shortages require immediate action, which stations can release
inventory without creating downstream risk, and which logistics resources can respond within
the next decision window. These decisions become harder when the dedicated fleet is small and
predicted departures understate true demand during stockouts.

This paper studies city-scale, short-horizon hybrid rebalancing. Dedicated operator vehicles re-
main the primary resource, while third-party delivery trucks are treated as exogenous carriers for
relocation tasks. The idea is that freight vehicles already moving through the city may offer resid-
ual carrying capacity on trips that would occur anyway. Prior work on crowd-shipping and hybrid
delivery shows that pre-existing trips with spare capacity can be coordinated with professional
fleets through explicit matching and routing decisions (Macrina et al., 2020). This suggests that
urban delivery flows may complement shared-pM rebalancing.

This motivation is illustrated in Figure [I, which summarizes the Lyon setting from October 2023
to October 2024. On the map, persistent shortage-surplus patterns concentrate along a limited
set of urban corridors, several of which coincide with recurrent freight activity and with the most
truck-feasible rebalance links. The figure shows that 95% of annual shortage volume lies within
300m of recurrent truck corridors. Furthermore, 71% of inferred rebalance flow has at least 25%
corridor overlap. However, hybrid rebalancing is not simply a larger fleet; it is a constrained
multimode coordination problem. Shortage-surplus patterns evolve over space and time, feasibility
depends on short-horizon forecasts, and crowd resources are only partially controllable (Dell’ Amico
et al., 2018} |Cinar et al.l |2024). Unlike dedicated vehicles, third-party truck movements are largely
exogenous: their routes, schedules, and participation cannot be fully dictated by the operator.
In addition, each candidate transfer must be feasible on the street network under compatibility,
timing, capacity, and detour constraints (Dahle et al., |2019; [Macrina et al., [2020)).



Accordingly, the gap is not whether operator rebalancing, uncertainty-aware planning, or shared
logistics can each help in isolation. The unresolved question is whether a city-scale framework can
jointly reconstruct censored demand, exploit real delivery-truck trajectories, account for stochastic
crowd participation, and re-optimize in rolling-horizon MPC form. The unresolved question is
whether a city-scale operational framework can jointly reconstruct censored demand, exploit real
delivery-truck trajectories, account for stochastic crowd participation, and re-optimize decisions in
rolling-horizon MPC form for station-based micromobility systems.
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Figure 1: Overlap of major shortage-surplus hubs and delivery truck routes in Lyon over
October 2023 and October 2024. Persistent bikeshare imbalance clusters along recurring
urban corridors that substantially overlap with recurrent delivery truck activity.

Literature review

The literature relevant to this study lies at the intersection of three streams. The first covers
operator-based rebalancing with dedicated operator-controlled vehicles under observed or fore-
casted imbalances (Dell’Amico et al., [2018). It includes vehicle-oriented formulations with richer
routing, assignment, or predictive control logic, such as|Jin et al.| (2023)), but these studies typically
assume operator-managed fleets and do not exploit exogenous urban freight trajectories as partially
controllable relocation resources. The second covers forecast-informed rebalancing, showing that
short-horizon anticipation improves repositioning and that censored departures can bias shortage
estimation when low inventory suppresses observed demand (Dell’Amico et al., 2018} [Liu et al.
2024)). The third concerns shared logistics and crowd-shipping, where residual capacity on pre-
existing trips is matched with delivery tasks under detour, timing, and compensation considerations
(Cebeci et al.| [2024]).

Despite this literature, an important gap remains. Existing studies have separately examined op-
erator fleets, uncertain demand, and, in some cases, crowdsourced relocation capacity. Evidence
remains limited on city-scale operational frameworks that jointly combine censored-demand re-
construction, real delivery-truck trajectories, stochastic crowd participation, and rolling MPC for
station-based micromobility rebalancing.

Objective and contributions

This paper evaluates whether exogenous delivery tours can absorb part of rebalancing under real
constraints. We ask whether forecasted shortages and surpluses align with truck routes, what share
of rebalancing can be transferred under operational constraints, and how much value censor-aware
demand correction adds relative to an operator-only baseline.

This study makes three contributions:

1. we propose Shortage-Aware Tobit Attention (SATA), which combines shortage-gated



attention penalties with an input-dependent Tobit reconstruction layer to correct censored
departures.

2. we formulate a hybrid service-MPC that jointly optimizes deterministic operator trajec-
tories and stochastic, route-constrained crowd opportunities.

3. we provide a city-scale empirical evaluation that investigates how the integration of crowd-
sourced capacity impacts service availability and user-access metrics

2 METHODOLOGY

We study the problem on a 15-minute station-time grid. For station ¢ at interval ¢, the operational
state includes observed departures y;;, available bikes b;;, station capacity C;, and free docks
C; — by Stockout pressure is quantified through three indicators:

mi = Wby < 1], sit = W[biy = 0], i = clip(232, 0, 1) . (1)

Because departures are mechanically censored when a station is nearly empty, y;; is a lower bound
on true demand. Throughout the paper, b;; denotes available bikes at station ¢ in interval ¢,
and b; denotes the current inventory when the time index is omitted. The parameter b, is the
minimum reserve level at station 4, so ¢; is the relocatable inventory above that floor, while n; is
the shortage quantity at destination station j. Likewise, a;; denotes predicted arrivals to station ¢
during interval ¢, and a; the imminent-arrival term when the time index is omitted.

Representation-level uncensoring with external mobility signals

Existing uncensoring methods act either before training or only at the objective stage, and both
are limited. Input-level imputation misses high-frequency station dynamics, while objective-level
corrections operate on representations already trained on censored observations y;;. As a result, the
latent space reflects stockout-induced patterns rather than true demand. Figure 2] illustrates the
core intuition of the proposed attention mechanism: censored observations should be discounted
in score space and corrected in value space.

We propose Shortage-Aware Tobit Attention (SATA), which embeds uncensoring directly into
self-attention. SATA starts from an input-dependent shortage posterior p;; € (0,1) computed
from inventory, recent stockouts, and contextual covariates. When p;; is high, observed departures
are treated as unreliable. SATA then penalizes shared censorship in the attention scores, reducing
spurious relationships between stations that are empty at the same time. We therefore penalize
the attention score /L-j whenever either the query station i or the key station j shows evidence of
censorship:
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The second modification is Tobit-based value reconstruction. When a station is empty, the observed

value Vj is a lower bound, so SATA blends it with the conditional mean of a latent Gaussian
distribution truncated at the current inventory level:

Vi=(1—p)Vi+p; V], (3)

where the reconstruction V]T is derived from the inverse-Mills ratio. This ratio is a statistical
correction term representing the expected value of the error in a truncated distribution:

V=t e @

In implementation, p1;; is anchored to the station-time median forecast, while 0%*¢ comes from fore-
cast spread or residual dispersion; the effective scale is widened under stronger shortage evidence
and positive external mobility signals.

To resolve the ambiguity of zero-departure intervals, we incorporate lagged taxi activity as an
external mobility covariate. The standardized signal z{0* aggregates taxi pickups at the finest
geography available in each dataset and serves as an external witness to latent mobility demand.

The intuition is that while bike departures y;; are physically bounded by inventory b;;, taxi pickups
are not; therefore, a surge in taxi activity during a bike stockout provides high-confidence evidence
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Figure 2: Conceptual comparison between vanilla self-attention and the proposed
censorship-aware attention mechanism for demand reconstruction.

of suppressed mobility demand. We formalize this by using z{2*% to inflate the effective posterior

scale o¢iT:

oitt = o (14 vspir) (1 + 17 1200 4)- ()
By widening the distribution’s variance during periods of high external mobility and high shortage
probability (p;+), the model acknowledges greater uncertainty in the observed zero. In the present
study, taxi activity is used as an offline or lagged contextual covariate to test the value of exogenous
mobility information; a live deployment could instead use any streaming urban-mobility proxy
available with operational latency. The final uncensored demand CZ;;M is then recovered as the
conditional expectation of a lower-truncated Tobit distribution:

A" =E[Dye | par, 051, Dit > it - (6)

This corrected demand signal fundamentally recalibrates the shortage-to-relocation mapping.
We decompose station states into surplus and shortage candidates based on corrected needs rather
than historical observations. A station becomes a surplus candidate ¢; only if its inventory
exceeds a safety reserve b;. More critically, a station is identified as a shortage candidate n; if
the uncensored demand exceeds the sum of current inventory and imminent arrivals a;:

n; = max(cf;”w —a; — by, 0) , (7)

where b; denotes the current bike inventory at shortage candidate station j and a; denotes im-
minent predicted arrivals to that station over the current control horizon. Grounding n; in cij?”w
exposes the optimizer to latent shortage risk and avoids neglecting persistently depleted stations.
These candidates define two relocation classes. Operator tasks a € A°P are deterministic moves
by dedicated trucks, whereas crowd opportunities o € A" are exogenous transfers extracted
from active delivery tours when detour, timing, and capacity constraints are satisfied. Candidate
opportunities are pre-filtered before entering the optimization model.

Hybrid service-MPC and stochastic participation

Figure [3] summarizes the full methodological pipeline. The framework coordinates rebalancing
through a service-oriented Mixed-Integer Program (MIP). The controller is re-optimized every 15
minutes using the latest inventory state, forecast inputs obtained from Belkessa et al.| (2026]), and
currently feasible crowd opportunities. Unlike traditional cost-minimization models, our service-
oriented formulation prioritizes protection against stockouts during peak volatility. The objective
function jointly optimizes the deployment of deterministic operator tasks (x,, z,) and stochastic
crowd opportunities (w,, r):

max Z [(aGa + BF, +~vM, — Cgike _ szmvd)xa — Aop cﬁ” Za}
acA°p (8)
+ 3 (@G + BE, +3My = A — e 5, )wo — At 51
o€ A°T

Equation[8|balances three dimensions of value. First, G captures immediate shortage relief. Second,
F' captures forecast-positioning value by moving bikes to stations predicted by SATA to face
near-term surges. Third, M captures access quality through walk-minutes saved. By weighting
M with destination walking time mj“-“”k, the optimizer reduces user walking time and prioritizes
isolated stations with poor fallback access. Unless otherwise stated, the reserve floor b, and weights

(a, B,7,m) are fixed across experiments.



A critical challenge in this hybrid setting is the inherent uncertainty of the crowd. We model crowd
participation as stochastic rather than guaranteed. The planner assigns each feasible crowd offer o
an expected acceptance probability p, using a remuneration-detour logistic model calibrated from
the public stated-preference crowdshipping dataset underlying (Cebeci et al. 2024). For detour
time d, (minutes) and remuneration r, (euros), we use

1

o = . 9
Po = T exp[— (0.070 — 0.052d, + 0.0307)] ©)

For the no-remuneration baseline, this reduces to

1
o = . 10
Po = 1 exp[— (0.313 — 0.044 4, )] (10)

These coefficients preserve the monotonic effects of detour and compensation while adapting base-
line willingness to the short-detour range observed in Lyon and Chicago. This creates a deliber-
ate information asymmetry: the MIP only observes expected participation, whereas the simula-
tor samples realized participation after the four-stage process of visibility, response delay, accep-
tance/rejection, and cancellation.
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Figure 3: Overview of the proposed hybrid rebalancing framework. SATA reconstructs
censored short-horizon demand from multi-source operational data. The resulting short-
age and surplus candidates are passed to a hybrid service-MPC that coordinates deter-
ministic operator trucks and stochastic crowdsourced opportunities under feasibility and
incentivization constraints. A rolling-horizon simulation loop updates inventories and per-
formance metrics for replanning.

Operational constraints and physical feasibility

The optimization is governed by strict physical flow conservation. The coupling of operator and
crowd flows ensures that total extractions and deliveries never exceed the surplus ¢; or the corrected
need n; identified by the SATA module:

Soowat Y wo<ai Yo wmat Y wo<my (11)
a:src(a)=i o:src(o)=i a:dst(a)=j o:dst(0)=j
Station inventory evolves by standard stock-flow balance with capacity truncation:

bity1 = min{Ci,maX[O, bit —yil™’ + ai + Z Ty + Z Wy — Z Ty — Z u?o} },

a:dst(a o:dst(o)=1 a:src(a)=i o:src(o)=i

(12)



where y;7"” denotes served departures and w0, denotes realized, rather than planned, crowd exe-

cution. This update accounts for served demand, natural arrivals a;;, and the net effect of both
deterministic operator moves and stochastic crowd execution. Crucially, the constraint structure
preserves the fundamental asymmetry of the system: once the operator flow is dispatched (z,),
it is deterministic. However, crowd flow (w,) remains subject to stochastic execution and route-
feasibility restrictions.

FEvaluation protocol

We evaluate these policies in a stock-flow simulator that enforces real-world constraints, such as
inventory caps C; and the refusal of arrivals at saturated stations. The primary comparison is
between the full hybrid system and an operator-only baseline under identical information sets,
forecast inputs, and simulator rules. This evaluation asks to what extent modest, uncertain crowd
capacity can compensate for dedicated-fleet bottlenecks when guided by uncensored demand sig-
nals. Furthermore, this controlled comparison allows us to quantify the service gain attributable
to SATA’s demand recovery independently from the logistics gain provided by the crowd network.

3 NUMERICAL RESULTS

Experiments are conducted on two real-world systems. Chicago Divvy comprises 658 stations
evaluated over two 15-minute decision windows in 2024. Trip records are obtained from the City of
Chicago open data portalﬂ Taxi-pickup proximity signals are drawn from the Chicago Transporta-
tion Network Provider datasetﬁ Crowd delivery routes are sourced from the Amazon Last-Mile
Routing Research Challenge(Merchan et all [2024]) providing detailed GPS sequences and volumet-
ric capacity for each vehicle. Lyon Vélo’v comprises 352 stations evaluated over 2023. Station
data are obtained from the Grand Lyon Métropole open APIE| Crowd routes are drawn from a
French last-mile parcel benchmark (Horl & Puchinger] 2023) covering six carrier networks operat-
ing in the metropolitan area: La Poste (31 routes), UPS (16), Chronopost (8), DHL (8), FedEx
(7), and Colis Privé (4).

SATA attention inspection

Figure [4 visually confirms the SATA mechanism’s ability to reconstruct and prioritize latent de-
mand signals. In the vanilla self-attention baseline (Panel A), attention weights are diffuse and
lack clear temporal focus. Because the model processes raw departures y;; as ground truth, the
censored periods (marked by blue dashed lines) appear as uninformative signals, providing no dis-
tinct anchors for the attention mechanism. This results in a smeared representation that fails to
capture the true intensity of demand peaks. In contrast, Panel B shows that SATA suppresses
attention on jointly censored keys while preserving shortage information through the reconstructed
values f/j This reveals the mechanism’s two-part logic: censorship is discounted in the score space,
while latent unmet demand is restored in the value space through the inverse-Mills-adjusted ex-
pectation VjT The attention mechanism successfully identifies these reconstructed points as the

most informative predictors of future demand depth cfftnc

While the methodology incorporates a penalty term —)\% in the attention scores /L-j to avoid
over-trusting jointly censored tokens, SATA does not discard shortage information altogether.
Instead, it discounts misleading co-censorship in the score space while preserving latent unmet
demand through the reconstructed values ‘7] Operationally, this means the system does not react
to raw zeros as if they were informative demand observations; it reacts to the reconstructed shortage
signal that remains after censoring has been discounted.

Hybrid rebalancing performance

Table 1 extends these insights to the full Lyon and Chicago networks and shows that gains are
regime-dependent. Moving from baseline to SATA-enriched models improves the shortage-to-

1ht'cps ://divvy-tripdata.s3.amazonaws. com

’https://data.cityofchicago.org/Transportation/Transportation-Network-Providers-Trips
-2023-/n26f-ihde.

Shttps://data.grandlyon.com/portail/fr/jeux-de-donnees/stations-velo-v-de-la-metropole
-de-lyon/info.
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Figure 4: SATA attention inspection on a censored Chicago station sequence. (A) Vanilla
self-attention assigns non-negligible mass across the full history, including censored key
positions. (B) SATA (y = 2.5) suppresses attention on censored keys and reallocates
weight toward informative lookback windows. The lower strips report bikes availability
and lost trips.

relocation mapping and fleet efficiency. In the Operator-Only rows, replacing raw departures y;;
with corrected demand d;‘t”c reduces lost trips by identifying shortage candidates n; in high-traffic
zones that appear stable under censored observations.

The largest service-rate gains do not arise uniformly. In Chicago first-response stress, service
rate rises from 51.7% to 68.0%, the largest relative gain in the table. In Lyon crowd-advantage
proof, it rises from 73.6% to 83.3%, the clearest case where crowd opportunities improve both
service and profit. Gains are smaller in unbiased operating regimes, where the system is less
capacity-constrained and fewer crowd opportunities are needed.

Figure 5| illustrates the same mechanism on a selected Chicago corridor. Panel (A) shows the
transfer from Clinton St & Madison St to Franklin St & Lake St, while Panel (B) shows the
compounding value of successive modeling enrichments. Under the raw and uncensored variants,
both policies remain below 40% recovery, indicating that adding crowd capacity alone or improving
the demand signal alone is insufficient. Under the enriched policy, however, the hybrid system
reaches a 75% service rate, versus 27% for the operator-only baseline. This gap reflects the core
mechanism of the framework: SATA identifies the true shortage candidate n;, and the hybrid-MPC
secures the required crowd capacity before the operator truck, constrained by travel time c vl
can respond.

An important cross-city difference concerns profit. In Lyon, the crowd-sensitive regimes show
positive profit gains because the accepted offers move more bikes and relieve more shortages per
compensated task, so the operational value of the transfers exceeds the associated remuneration
and platform costs. In Chicago, however, the crowd-advantage proof regime still reports negative
profit changes even when service improves. This indicates that, in that setting, the available crowd
offers are less economically favorable: they are either too sparse, too weakly aligned with the most
valuable shortage corridors, or too costly relative to the service recovered. In other words, the
hybrid layer remains operationally useful in Chicago, but its economic value is more conditional
than in Lyon. These findings suggest that uncensoring and uncertainty modeling are functionally
complementary. Uncensoring extracts the magnitude of the intervention required for stations
in failure mode (shortage). Additionally, uncertainty-aware optimization ensures the dispatch is
robust to the volatility of the forecasts.
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Figure 5: Corridor recovery for a selected Chicago crowd offer. (A) Transfer from Clin-
ton St & Madison St to Franklin St & Lake St; blue is the selected crowd route, orange
is truck-route overlap, and the offer length is 7.41 km. (B) Lost trips and service rate
across progressively richer variants. The hybrid-enriched policy performs best, reaching
75% service and reducing lost trips relative to operator-only.

4 CONCLUSION

This study shows that hybrid micromobility rebalancing becomes more effective when censored-
demand recovery is combined with opportunistic crowdsourced truck capacity. Relative to prior
studies that separately examine operator fleets, uncertain demand, and some crowdsourced re-
location, this paper contributes a city-scale framework that jointly integrates censored-demand
reconstruction, real delivery-truck trajectories, stochastic participation, and rolling-horizon MPC.
The service-rate gains are regime-dependent. The strongest gains arise in Chicago first-response
stress and Lyon crowd-advantage settings, where either operator capacity is binding or crowd
opportunities align with shortage locations. In Lyon, the full stack improves both service and
profit. In Chicago, service still improves, but profit can remain negative in some crowd-advantage
settings because added crowd actions do not always offset compensation and operating costs.
Overall, SATA improves the identification of latent shortages, while the hybrid service-MPC trans-
lates that information into feasible operator and crowd actions under timing, detour, and capacity
constraints. Exogenous urban freight flows can complement dedicated fleets, but their economic
value depends on the local regime and the feasibility of crowd deployment.
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