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Discrete event simulation and
agent-based modelling of
distributed situation awareness in
patient flow management
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Patient flow management heavily relies on effective communication or transactions of situation
awareness (SA) amongst hospital staff to minimize patients’ length of stay. Modelling SA transactions
quantitatively could help identify inefficiencies and test potential solutions. This paper presents
quantitative modelling of distributed situation awareness (DSA) with discrete event simulation (DES)
and agent-based modelling (ABM) to capture and assess the transactions and distribution of SA for
intrahospital transportation in patient flow management. The quantitative model was built on a
qualitative DSA combined network for intrahospital transportation, observations, and historical data,
followed by validation with t-tests by comparing transport time and number of patients transported
between model outputs and historical data. Further, the model was used to test two proposed
interventions for eliminating SA deficiencies revealed by prior qualitative DSA research: (1) updating
the charge nurse before picking up patients, and (2) updating the X-ray unit before arriving. T-tests

on the simulation results of 1500 replications revealed that the first intervention yielded significant
reductions in mean transport time and cancelation rate, while the second intervention yielded a
significant increase in transport time compared to the historical operational data. To our knowledge,
this work is the first quantitative modelling research on DSA that is being assessed against operational
data. The findings affirm that DSA is a promising framework for analyzing communication and
coordination in complex systems and assessing system-level SA quantitatively.

Keywords Distributed situation awareness, Healthcare management, Discrete event simulation, Agent-based
modelling

The literature continues to call for advances in theoretical and methodological foundations of situation
awareness (SA) for studying and assessing sociotechnical systems'~*. Some approaches to study SA focus on
individual level® or team level® that emphasize on psychological processes of individual or groups of human
agents in “knowing what is going on”17-1°. These theories are invaluable for understanding and supporting how
to develop or acquire individual and team SA but they tend to consider machine or technology as some external
artifacts rather than integral part of system level operations. Artman and Garbis!! first discussed SA at a system
level, advocating that the entire system could represent the unit of analysis in which SA is distributed across
human and non-human agents. Taking this systems perspective, Stanton'? formulated the Distributed Situation
Awareness (DSA) theory that considers SA as an emergent property of the collaboration between all human
and non-human agents in a sociotechnical system!®. The DSA theory represents system level SA in terms of a
network of information or SA exchange between human and machine agents for a set of tasks'*.

DSA appears to be an effective theory for studying and assessing SA from a systems perspective as complex
systems cannot be fully understood by studying parts in isolation because complex operations also rely on
the interactions amongst human and non-human agents that must be analyzed collectively’®. DSA research
has presented descriptive models of different domains to illustrate that system-level SA can be meaningfully
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characterized by distribution and transactions of SA amongst agents'>1316, Besides the description of system
operations, Griffin et al. Griffin et al.'” employed qualitative DSA models to identify inefficient SA transactions
for the Kegworth accident involving a Boeing 737-400. The model highlighted erroneous exchange of SA
between the pilot and the engine instrumentation system about the engine fire to take proper actions. However,
the existing research omits design implications from the description of DSA beyond identifying inefficiencies.
DSA presents further opportunities, specifically in terms of testing and evaluating current and proposed systems
designs for improving system-level SA that ideally would translate to system performance.

Quantitative DSA research

While abundant in qualitative evidence, DSA research lacks quantitative studies affirming the merits of the
theoretical perspective and modelling techniques for improving DSA in system design and operation. To date,
the literature appears to contain only two studies employing quantitative methods to study DSA. In the first
study, Stanton'® employed Social Network Analysis (SNA)!*%° to characterize SA distribution and transactions
between agents for the task of returning the submarine to a periscope level. In particular, SNA provided three
metrics: closeness, which is the shortest path from one agent to every other agent in the network; betweenness,
which is the frequency of an agent intercepting the path between two other agents; and emission and reception
degrees, which are the number of ties emanating from and going to each agent in the network. The emission
and reception metrics revealed that the Officer for Tactical System communicated over 40 times about close
contact objects with the Sound Control Controller but less than eight times with the rest of the staff, thereby
indicating the relative amount of SA transactions between agents. Further, the SNA indicated high betweenness
for the Officer of the Watch, which served as a bridge to transmit SA from Warship Electronic Chart Display
and Information System to Engineering Officers. The closeness metric was equally high for the Captain and
Officer of the Watch, which meant both have to communicate with every member of the team. In summary,
the SNA is an effective technique for modelling SA distribution and transaction between agents beyond the
three-part qualitative modelling method proposed by Stanton et al.'2. The emission and reception, betweenness,
and closeness metrics in SNA provide quantitative characterizations and thus performance indicators of SA
distributions across agents. However, the literature does not contain any studies on the correlation of SNA
metrics with other DSA and performance indicators.

In the second study, Kitchin and Baber?' used agent-based modelling (ABM) to simulate 100 runs of
hypothetical three-agent teams, assigned to detect vehicle passing through a tollbooth and report vehicle in legal
violation based on vehicle shape, color, speeds, and zone. ABM simulated two types of agent interactions: (1)
distributed reporting, in which agent X observes, agent Y decides, and then agent X acts to store the information
(i.e., store the violation communicated by agent Y) while agent Z observes other possible violation; or (2) shared
reporting, in which agent X observes and orients, agent Y decides, and then agents X and Z act to store the
violation according to decision of agent Y. ABM results indicated that distributed reporting was both faster and
more accurate than shared reporting of vehicles in violation. ABM could capture task characteristics, which can
be altered for testing hypothetical interventions. However, this study was not based on any real-world operational
data of complex systems and thus could only indicate feasibility of ABM for modelling and evaluating DSA.

Quantitative research has yet to deliver an assessment methodology of DSA or evaluation of any interventions
in any real-world applications. DSA has only been studied quantitatively in a hypothetical and small scaled
operation to demonstrate feasibility for comparing process designs. To attest any real-world merits of DSA for
design, DSA modelling methodology must be developed and evaluated with real-world operational data and
performance statistics to illustrate existence of DSA and assess the potential success of a design or intervention?2.
Thus, DSA requires advances in methodological research on building quantitative models at the same level of
representativeness as the qualitative DSA research counterparts.

Overview of this research

This article advances quantitative DSA research by employing discrete event simulation (DES)* and agent-
based modelling (ABM)?* to model DSA and interventions for patient flow management of intrahospital
transportation in level 1 trauma center. This research is built on the work of Alhaider et al.?> on a qualitative DSA
model, which identified deficiencies and proposed interventions for the intrahospital transportation in same
trauma center. This study employed DES and ABM for translating the qualitative model to quantify the impacts
of the DSA deficiencies and potential benefits of the DSA interventions. This work thus connects qualitative
and quantitative DSA research methods and provides a method for formal measurement and evaluation of DSA
interventions for improving systems design in communication and coordination.

The remainder of this article is organized as follows. The next section provides a background on modeling
and simulation techniques in hospital settings followed by the quantitative modelling process. Then, the
statistics testing of the simulation model and interventions testing are presented. The last section discusses
the contribution of this research, and the benefits of incorporating simulation and modelling for quantifying
impacts of potential interventions to improve SA distribution and transactions.

Background on hospital modeling and simulation

Simulation modeling has become an essential tool for analyzing hospital systems, providing evidence-based
insights to improve patient flow, resource allocation, workforce scheduling, and operational efficiency. Various
modeling techniques have been employed to study processes ranging from admission and discharge planning?6-25,
to triage and service coordination®-*!, to diagnostic and therapeutic workflows involving shared equipment
and staffing®?-*. Simulation has also supported decisions regarding staff deployment under uncertainty*>-%’
and the performance of communication-based interventions*®3°. These models differ in their methodological
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foundations but share a common aim of improving hospital function under resource constraints, dynamic
patient demand, and variability in human performance.

DES is the most widely adopted method due to its capability to model hospital workflows in time-sequenced
events involving queuing, scheduling, and resource assignment. Discrete event simulation (DES) models the
system at discrete instances in time when the system state changes (e.g., arrived patient departs for a hospital
unit for a procedure), allowing the user to test real-world and hypothetical operations and examine operational
changes®’. McGuire? and Samaha et al.*® modeled ED patient flow to evaluate how triage processes and
fast-track units affect throughput. Zeng et al.*> applied DES to radiology departments, showing that scanner
availability and staff shifts directly impact service times. In the surgical context, VanBerkel and Blake*! simulated
perioperative systems, illustrating how PACU delays create upstream bottlenecks in the OR. TariVerdi et al.?®
used DES for a surge-response simulation across multiple hospital units, explicitly modeling bed capacity
and nursing staff availability. Their findings revealed the importance of synchronized discharge and transport
processes for alleviating congestion. DES has also supported evaluations of patient admission strategies during
epidemic preparedness and the integration of smart logistics in hospital transport®.

Despite these contributions, DES typically models staff as fixed resources and does not capture the
dynamic decision-making or communication between actors. Most implementations assume ideal or instant
communication, limiting their ability to account for delays stemming from miscommunication or mismatches
in situational awareness.

Agent-based modelling (ABM) complements DES by representing human actors as autonomous decision-
makers who interact and adapt based on local conditions. ABM generates outcomes by simulating interactive
behaviors with other agents and the environment**>%3, Liu and Wu*® simulated accountability frameworks
and showed how physician behavior and workload redistribution affected care quality and coordination.
Majid et al.’® showed that ABM captured role flexibility and human variability more effectively than DES in
complex workflows. ABM has also been used in hybrid settings to simulate personalized care planning and staff
adaptation under variable patient conditions. However, ABM often abstracts operational details and may be
challenging to validate without rich behavioral data. Hybrid simulation models integrate the precision of DES
with the adaptability of ABM, offering a broader lens on both system dynamics and human behavior. Gunal
and Pidd?! and Jacobson et al.** developed multi-department hybrid models that track patients across EDs,
inpatient wards, and outpatient clinics. These models were able to highlight systemic inefficiencies that arise
from uncoordinated local policies. Vazquez-Serrano et al.*® also emphasized hybrid modeling as an emerging
standard for capturing operational and behavioral dimensions concurrently. Still, most hybrid models continue
to assume ideal communication and do not explicitly model breakdowns in knowledge sharing or awareness
transfer.

While many simulation models have advanced understanding of hospital operations, several methods fall short
when addressing dynamic coordination and human-system interaction. Methods such as queuing models?”+46:47,
Markov processes*®=>°, and Monte Carlo simulations>">* have been widely used to evaluate patient wait times,
resource allocation, and flow dynamics. However, these methods often rely on simplifying assumptions about
steady-state conditions, independent arrivals, or homogeneous service times, which limit their adaptability
to environments with dynamic arrivals, constrained spaces, and variable priority levels*>*3, Small structural
changes in the system often require substantial reworking of the models or reliance on approximation methods.
Moreover, these models generally do not capture operational coordination, such as communication lags or real-
time human decision-making.

Even more flexible approaches like agent-based modeling and system dynamics (SD)**’ tend
to abstract away resource and process-level granularity, and seldom account for the informational quality or
breakdownsin distributed awareness. Asaresult, existing models offer limited support for evaluating coordination-
sensitive processes such as intrahospital transport, where delays frequently stem from misaligned information
rather than purely physical constraints. This gap highlights the need for integrated simulation frameworks that
explicitly model both physical flows and the quality of information transactions among human and system
agents. Other approaches include Petri nets have also been used to have to simulate patient flow and resource
utilization, offering formal precision in capturing system dynamics and discrete event behaviors®®>°. However,
most hospital simulation models focus on material flows (patients, beds, equipment) and underrepresent the
critical role of informational coordination.

While simulation studies have addressed numerous hospital processes, some operational domains remain
particularly vulnerable to coordination breakdowns and are less comprehensively modeled. One such domain
is intrahospital patient transport, which involves complex, time-sensitive movements of patients between care
units, diagnostic services, and procedural areas. In this context, delays frequently result from asynchronous
readiness, limited transport resources, and communication gaps between departments. Meephu et al.®* and
Ermling®! both used DES to evaluate prioritization and scheduling strategies, showing that transport staff
allocation, patient readiness timing, and task bundling significantly affect wait times and resource use. Vinicius
et al.*? integrated DES with real-time scheduling to improve transport responsiveness and reduce idle time.
However, these models assumed perfect information flow, overlooking the role of communication lags or
awareness mismatches between units. As a result, they could not capture the informational coordination failures
that frequently underline intrahospital transportation inefficiencies.

Across all model types, simulation studies have primarily emphasized the coordination of physical resources
(e.g., patients, staff, equipment, and beds) while largely overlooking the quality of information exchange and
communication handoffs. Yet, in time-sensitive processes like intrahospital patient transport, delays frequently
arise from breakdowns in communication and misaligned situational awareness rather than physical constraints.
Despite their known operational impact, knowledge transactions and awareness failures are rarely modeled
explicitly in hospital simulations.

35,38,51,54,55
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To address this gap, the present study integrates the DSA framework into a hybrid DES-ABM simulation
of patient transport. Unlike prior models that treat communication as idealized or implicit, this approach
explicitly simulates stochastic information handoffs and awareness breakdowns among agents. By linking
communication success to measurable outcomes such as delay and cancellation, the model offers a novel way to
assess coordination performance and inform hospital system design from a cognitive perspective.

Method

This study employed DES and ABM to simulate the current and hypothetical operations of interhospital
transportation atalevel 1 trauma center for studying and assessing SA distribution and transactions quantitatively.
In this study, the DES model simulates all the tasks within the interhospital transportation as a series of discrete
events while ABM complements DES by simulating various cognitive states (i.e., SA) and actions of the agents.
Taken together, the integration of DES and ABM effectively can represent events as outcome of actions taken
(i.e., task elements) by particular human agents (i.e., social elements) possessing specific SA (i.e., knowledge
elements) that would comprehensively cover the three elements specified in the DSA theory. Portions of the
methods and conceptual framework build upon the author’s earlier work®3-%> with permission and appropriate
adaptation for the present study.

The model in this study adopts a pragmatic approach to represent DSA, treating effective communication
between agents—particularly the success or failure of critical message-passing—as a proxy for system-level SA.
While formal definitions of DSA emphasize shared understanding, coordination, and the ability to anticipate
events, our simulation does not directly track the cognitive state of each agent or their shared knowledge base.
Instead, we infer that improved DSA is functionally reflected in better operational outcomes, such as reduced
delays and cancellations. This proxy approach aligns with the limitations of our data and the operational focus
of the study.

Ethical approval
The study protocol was approved by the Virginia Tech Institutional Review Board (#17-383).

Modelling steps

This DSA simulation model focused on the processes of transporting patients and equipment between multiple
locations, including the critical knowledge or SA communicated between agents as adapted from prior DSA
modeling efforts®>4. The simulation model was developed with three major steps: (1) building a conceptual
model, identifying processes and SA distribution and transactions; (2) collecting quantitative data through
observations, interviews, and queries on a database; and (3) using DES and ABM to develop a quantitative model
evaluating patient flow and DSA interventions.

Selection of processes and services

The services and process flows modeled in this simulation were selected based on their direct relevance to
intrahospital transportation operations, as defined and overseen by the Carilion Transfer and Communication
Center (CTaC; the hospital's command and control center for patient flow). Inclusion criteria required that
each process: (1) be actively coordinated by CTaC and the intrahospital transportation team in the hospital,
(2) generate observable data within the patient flow management system (i.e., TeleTracking™), and (3) involve
observable and measurable tasks and SA transactions between agents. Processes outside the transportation team’s
purview (e.g., triage, discharge planning) were excluded, as they fall outside the operational responsibilities of
the transportation team. This focused scope allowed for accurate measurement of transport-related performance
and evaluation of DSA within CTaC’s operational boundaries.

Conceptual model development

The conceptual model was derived from the qualitative DSA model of intrahospital transportation (i.e., combined
network for clinical transportation) in Alhaider et al.2>, as shown in Fig. 1, and further refined with additional
interviews and observations. The intrahospital transportation team consists of dispatchers, team leaders, and
transporters. The combined network in Fig. 1 captures the three elements of DSA (i.e., social, task, and knowledge)
of intrahospital transportation when initially managed by CTaC. The network identified unnecessary task loops
(dotted line) due to missing or inaccurate SA transactions when transporters arrive to pick up patients but are
unprepared because ward nurses fail to provide the SA on patient needs, condition, and/or (hand-off) readiness.
The operational data affirming this deficiency were captured by TeleTracking, which records patient transport
services (i.e., time. location, completed jobs, cancelation/delay cause; refer to Alhaider et al.%. The analysis of
SA interactions was informed by the Event Analysis of Systemic Teamwork (EAST) framework!>%7, which has
been widely used to model distributed cognition/SA in complex sociotechnical system. Observational data were
analyzed to map agent interactions, knowledge requirements, and communication links, following procedures
used in previous studies®®7°,

To verify and refine the qualitative model (Fig. 1) for completeness of intrahospital transportation functions
and accuracy, interviews involved CTaC intrahospital dispatchers, intrahospital transportation team leaders in
the hospital, and clinical transporters, followed by eighteen hours of observation on the intrahospital dispatchers
in CTaC and seventeen hours on transporters in the hospital. Figure 2 presents the conceptual model of processes
(depicted by the small grey boxes), types of agents and communication between them (depicted by colored
circles and arrows connecting them, respectively), and the SA of each agent (depicted by the dotted box inside
each process)®.

The conceptual model depicts clinical/intrahospital transportation at the Carilion Clinic from transport
request to patient drop-off at room/exams/discharge. First, the nurse placing the transport request (Np) starts
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Fig. 1. Combined network illustrating DSA for the clinical transportation (i.e., intrahospital transportation)
function. Black circles denote task and white circles denote knowledge. Acronyms beside circles denote agents,
plain text is associated with task and italic text is associated with knowledge. The red dotted arrow indicates

a

task loop for rescheduling transports due to deficient SA transactions, specifically leaving information

necessary for preparing a transport, the red circled SA/knowledge elements Alhaider et al.?>.

the process of “created request (arrival)” (top left of Fig. 2) entering relevant SA about the transport request (i.e.,
patient or equipment information) into TeleTracking (TT). The transport request stays pending until a clinical
transporter (CT) becomes available to pick up the request. For equipment, the CT obtains the information from
TT (i.e., burgundy colored text in the dotted box) to determine where to go and what equipment is required.
Then, the CT travels to the origin of the transport request to pick up the equipment from the technician (Tech)
and proceed to the drop-off destination and inform the charge nurse at drop-oft (Ncd) upon arrival.

For patient transport request, the CT obtains the SA on the transport from TT (denoted as burgundy colored

text in the dotted box) to determine what are the necessary equipment (e.g., wheelchair, monitor, stretcher) and
destination before traveling to the patient’s origin. Then, the CT travels to the patient and the process afterwards
depends on the purpose of the transport:

1.

For medical service from the patient room in a one-way trip, the CT seeks SA from the department informa-
tion systems (DISs) for the floor (i.e., white board, computer monitor, nurse at desk) to locate the Ncp. If
available for hand-off, the Ncp communicates relevant SA on patient vitals and needs to CT, who ensures
patient is ready for the transport. Then, the CT proceeds to preparing the patient for transport (that often
involves disconnecting and connecting the patient to different medical equipment). The CT formally picks
up the patent and calls the Virtual Care Center (VCC), the department which monitors patients, to confirm
a successful pick up. The CT then transports the patient and transmits SA to the Ned regarding patient ar-
rival at destination, patient health conditions provided by the Ncp, and patient vitals from the Pm during
the transport. Finally, the CT connects the patient to their medical equipment at destination and marks the
transport as completed in TT.

For discharge from the patient room in a one-way trip, the CT informs nurse at desk DISs (i.e., nurse at desk)
without any involvement of the Ncp. The CT ensures completion of discharge paperwork, prepares the pa-
tient, and formally picks up patient. Then, the CT proceeds with the patient to the lobby/gate for drop-offs
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Fig. 2. Conceptual model for intrahospital transportation for picking up patients (one-way and round trip)
and equipment at Carilion Clinic. Each solid box indicates a process accomplished to transport patients.
Circles in each process refer agents involved and the arrow indicate the communication form (i.e., on-way or
two-way) between agents. Dotted triangles in each process show the knowledge utilized in different colors
referring to agents holding that knowledge. Large, dotted boxes resemble two major processes captured in
TeleTracking named dispatch period (red colored) and patient period (burgundy colored).

and marks the job completed in TT. The CT does not call VCC for pick up confirmation because discharge
patients are not virtually monitored.

3. For transport to and/or from a medical procedure or service (e.g., X-ray, Computed Tomography Scan) in a two-
way trip, the CT starts hand-off with the Ncp to gather SA on patient and formally picks up the patient. The
CT does not call the VCC for confirmation of pickup because post-service patients are not virtually moni-
tored. For most of these patients, the CT connects the patient to a portable monitor (Pm) for monitoring pa-
tient vitals during the trip. Then, CT transports the patient to the destination or hospital unit performing the
procedure and transmit SA to the nurse at exam (Nex) regarding patient arrival and vitals. The CT waits for
Nex to indicate the completion of the procedure and prepares the patient for the return trip. Finally, the CT
transports the patient back to origin of the transport and transmits SA to the Necd regarding patient arrival,
changes in patient vitals or conditions during the trip or procedure to Ncd. The CT also connects the patient
to the medical equipment in the room and then marks the job as completed in TT.
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Simulation model development

In this study, DSA is operationalized through the success or failure of information transactions, specifically
whether critical cues reach the appropriate agent at the right time. This approach serves as a pragmatic proxy
for system-level DSA, focusing on measurable outcomes in the intrahospital transportation process, such
as delay and cancellations, which reflect the effectiveness of SA transactions. The model emphasizes dyadic
communication protocols (e.g., nurse-transporter hand-ofts) due to their critical role in the transportation
workflow, as captured by TeleTracking data and observations. While this approach does not directly measure
the distribution of shared knowledge elements across all agents or allow compensatory SA sharing, it aligns
with the study’s objective to quantify the impact of SA transactions on operational performance in a complex
sociotechnical system.

Data collection

To translate the conceptual model into a simulation model, operational data were extracted from a hospital
historical database via TeleTracking while SA transaction and accuracy data were collected by observations as
described in previous data collection protocols®.

Transport time data from TeleTracking patient flow management system
The TeleTracking data provided the following seven types of operational data on intrahospital transportation
from February 2020 to September 2021:

1. Transport request origin and destination (transport count): Every transport request was defined by origin and
destination location. The data showed the count of trips from origins of transports from TeleTracking and
their destinations. These values were used to assign percentages on the destinations for each origin (in creat-
ing job requests/arrival rates as described in subsequent sections).

2. Transport request time stamps: The transport request time stamps were used to compute arrival rates of every
type of transport requests as defined by the origin and destination (Fig. 2 depicted a job request as “create
request”).

3. CT worker names: The names of CT assigned for every transport job were used to estimate the number of
transport workers in different shifts. The simulation model included twelve two-hour shifts per day. The
number of workers per shift was estimated by number of distinct workers names during those hours.

4. Patient transport time: Patient transport time is the duration of transporting patients to a unit as represented
by the dispatch period and patient period. Dispatch period is the duration between the time when CT accepts
the request and picks up the patient whereas, patient period is the duration from patient pick-up to job com-
pletion. Patient transport time is the summation of the dispatch period and patient period.

5. Equipment transport time: Equipment transport time is the duration for transporting some equipment to
a unit. Equipment pick-up period is the duration between the time when CT accepts the request and picks
up equipment. Equipment drop-off period is the duration from equipment pick-up to transport completion.
Equipment transport time is the summation of the Equipment pick-up period and Equipment drop-off period.

6. 6. Transport status: The transport status indicates whether a transport (grouped by the origins) was com-
pleted, delayed, and canceled. For delayed and canceled (i.e., deficient) transports, the CT also entered a
pre-scripted reason (Table 1).

The proportions of transport status and pre-scripted reasons for deficient transport were computed for the
simulation based on transport data of patients and equipment across different origins and destinations. The
transport data were used to compute discrete probability (or multinomial) distributions for assigning status to
the transport job requests in the simulation (Table 2).

Deficiency reason Definition
Equipment The transporter was not aware of the equipment patient need and was not available during pick up time
Elevator The elevator is unavailable or occupied

The nurse was not ready, busy, not available, or task incomplete for patient’s pick-up when the

Nurse related transporter arrived; or the nurse transported the patient without informing the transporter

Round-trip nurse related | The nurse team at exam was not ready when the patient arrived

Patient related Patient was not ready or refused

Procedure Medical procedure was in progress when the transporter arrived

Doctor needed Doctor needed to see the patient and was late when the transporter arrived

Ride no ready Patient transport method outside the hospital for discharge was not ready
Pharmacy Pharmacy prescription or lab results were not ready when the transporter arrived

The patient did not fall within the transport qualification due to hospital policy; or other reasons that

Criteria not met were not indicated by the transporters and TeleTracking does not show

Table 1. Definitions of deficiency reasons.
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Distribution # | Description

1 Proportions of all transports as either non-deficient (i.e., completed) or deficient transports (i.e., delayed or canceled)

2 Proportions of deficient transports into various categories pre-scripted reasons for deficient transports

3 Proportions of deficient transports for each pre-scripted reason as either delay or cancelation without delay

4 Proportions of delayed transports for each pre-scripted reason as either completion with delay or cancelation with delay

Table 2. Multinomial distributions used for describing job status.

Process name

Process
SA

Travel time: @
Process time:

DSA assessment score

@ Sender Transaction Receiver
Expected Agent’s name Method Agent’s name
SA needed
Actual Yes No Yes No Yes | No
SA Score Qor1l Oor1l Oor1l
Delay due to SA: @
Cancelation due to SA:

Fig. 3. The DSA observation sheet recorded: (1) required SA for the process (Circle #1), (2) process name
(Circle #2), (3) collection times (Circle #3), and (4) worker/SA assessment (Circle #4), where score 0 indicates
delay/cancellation due to SA issues and 1 confirms adequate SA.

Transport requests in TeleTracking system may be canceled due to various operational constraints as shown
in Table 1. Each canceled request is logged with a specific status and deficiency reason. If re-requested, the
transport is assigned a new trip ID and treated as a separate event. In this study, canceled and repeated requests
were not merged but analyzed individually to reflect their distinct impacts on resource use and workflow,
consistent with how they are recorded and managed in practice.

7. Delay time. The delay time shows the duration for every pre-scripted reason of deficient transport that would
be added to the normal transport time (i.e., the transport time of a non-deficient transport).

In this simulation, destination capacity is indirectly incorporated through the workflow defined by Carilion
Clinic’s TeleTracking system. A transport request is only generated once the destination confirms availability
and readiness to accept the patient. This reflects actual hospital operations, where only the receiving unit can
authorize transport, and sending units, such as ward nurses, cannot initiate requests on their own. As a result,
bottlenecks caused by downstream capacity constraints are naturally reflected in transport delays or cancellations
recorded in the data.

SA data from observations

The TeleTracking patient flow management system does not capture any data on the sub-processes carried out
during the dispatch and patient periods in which SA elements were being transacted between agents to minimize
the risk of delays and cancelations. To simulate SA distribution during the dispatch and patient periods, clinical
transport staff were observed and followed during the daytime shift (10 am-4 pm) at Carilion Roanoke Memorial
Hospital for approximately 150 h over four months to collect data on the SA transactions. The observations
covered 318 transports from the time of the request until drop-off and recorded on the DSA observation sheet
(Fig. 3).

The DSA observation sheet recorded which agents held and transacted the SA necessary for efficient
transports and which sub-processes might have deficient SA distribution. The fields on the necessary SA and
process name can be pre-filled based on the conceptual model. If SA (e.g., patient vitals, nurse information)
is not applicable for a sub-process of the transport, SA ratings are omitted. Note that an “agent” may be an
information system. In the sheet, delay or cancelation, related to SA or not (e.g., broken bed, emergency with
other patients, complications in patient health), was further detailed with (1) what deficiency reasons (Table 1)
could be associated with SA and (2) where in the transport process could the reason occur. The DSA observation
sheet thus helps identify which SA transactions fail and the failure percentages with respect to particular reasons
of delay or cancelation.

Data distribution fitting

RISK® modelling and analysis software application was used to identify statistical distribution for the quantitative
data from TeleTracking and observations. The distribution fitting process began by generating histograms for
visual comparison of candidate distributions and their parameters (mean, standard deviation, upper limit).
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Goodness-of-fit tests then evaluated the optimal distribution match, followed by visual verification comparing
fitted distributions with the empirical histogram. Table 3 presents an example of the fitted distributions for
completion time of the processes and sub-process for transport requests from the 8 floor in hospital. (Note that
“create request” and “await assignment” time were based on TeleTracking data rather than records from the DSA
observation sheet.)

TeleTracking data on the transport status were also fitted into distributions and Table 4 presents an example
of all the fitted transport status of completed transports, delayed, and canceled for the simulation model of the
8th floor in the hospital.

The DSA observation sheet further identified SA-related transport deficiencies. Table 5 shows the proportion
of the reasons for delays and cancelations attributable to deficient SA and the corresponding multinomial
distribution.

Simulating current operations
The conceptual model (Fig. 2) was converted into a simulation by first building a DES of the major processes
followed by ABM within several of these major processes.

Process modelling with discrete event simulation
The clinical transportation simulation started with arrival of the request from each origin and ended at patient/
equipment drop-off. The processes and agents were modelled with five simulation objects, which are self-

contained modelling constructs defined by distributions and parameters based on TeleTracking and observation
data®:

1. Arrival (source) is an object generating transport requests at specific arrival rates by the nurse placing re-
quests (Np). Arrival rate was modelled separately for each origin.

2. Process (server) is an object representing a process in the conceptual model with properties of completion
time according fitted distributions from data, resources requirements, and other conditions for completing
the process. There is a one simulation process object for every sub-process in the conceptual model.

3. Complete (sink) is an object for terminating the transport request as defined by either cancelation or comple-
tion.

4. Agent (entity) is an object defining a moveable resource unit in the modelled system (i.e., clinical transporter,
patient, and transport request). Each entity in the population is tracked separately.

5. Travel path (path) is an object representing a pathway between two sub-processes with a specified distribu-
tion of process time.

Using these five object types, six types of routes prescribing different sequence of sub-processes were simulated:

1. One-way floor pick-up simulates the one-way patient pick-up from patient wards to another hospital units
performing medical procedures.

2. Round-trip floor pick-up simulates the round-trip patient pick-up from patient wards to CT-Scan or X-ray.

3. Tests pick-up simulates the patient pick-up from hospital units performing medical procedures to a patient

ward.
Processes Data source | Candidate distribution
Create request TeleTracking | Interarrival table for every hour of the week
Await assignment TeleTracking | Transporters allocation per shift
Pick up request and equip Observation | Triangular (12, 13, 18) seconds
Travel to origin Observation | Log-logistic (2.924, 1.0985) minutes
Collect hand-off Observation | Erlang (2.8, 4) minutes
Prepare and pick-up the patient | Observation | Pert (1.5, 3, 15.718) minutes
Call VCC Observation | Uniform (12, 25) seconds
One-way
Travel to destination Observation | Loglogistic (2.924, 1.0985) minutes
Drop off patient Observation | Loglogistic (2.4884, 0.91) minutes
Round trip
Travel to destination Observation | Loglogistic (2.924, 1.0985) minutes
Prepare for procedure Observation | Triangular (6.33, 7.81, 12.367) minutes
Wait and prepare for return Observation | Triangular (0.715, 0.745, 2.494) minutes
Travel to origin Observation | Loglogistic (2.924, 1.0985) minutes
Drop off at floor Observation | Person VI (6, 5, 1.495) minutes

Table 3. Statistical distributions and data modelling for the processes for the 8 floor transports.
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Steps for fitting distributions for deficient and non-deficient transports

Deficient

Total Non-deficient | Delay | Cancel | Fitted distribution

1. Portion deficient from non-deficient transports 5321 1790 2574 | 957 {)Féi;)ﬁdem’ non-deficient; 0.3,
2. Portion deficient transports by pre-scripted reasons 3531 - - -
x, =Equipment 885 (25%) | - - -
x, =Elevator 240 (7%) | - - -
x,=Nurse related 754 (21%) | - - -
x, = Patient related 362 (10%) | - - - (x1,X2,X3,X4,%X5,x6,X7,X8,X9;
X, =Procedure 411 (12%) | - - _ 82(2)?: 8:%,)0.21, 0.1, 0.12, 0.02, 0,
X¢=Doctor needed 58 (2%) - - -
x,=Ride not ready - - - -
X, =Pharmacy 17 (1%) - - -
X, = Criteria not met 804 (22%) | - - -
3. Portion deficient transports for each pre-scripted reason into delay and cancelation 3531
without delay
Equipment 885 - 867 18 f (delay, cancelation; 0.97, 0.03)
Elevator 240 - 237 3 f (delay, cancelation; 0.99, 0.01)
Nurse related 754 - 596 158 f (delay, cancelation; 0.79, 0.21)
Patient related 362 - 189 173 f (delay, cancelation; 0.52, 0.48)
Procedure 411 - 390 21 f (delay, cancelation; 0.95, 0.05)
Doctor needed 58 - 38 20 f (delay, cancelation; 0.65, 0.35)
Ride not ready - - - - -
Pharmacy 17 - 12 5 f (delay, cancelation; 0.74, 0.26)
Criteria not met 804 - 362 442 f (delay, cancelation; 0.44, 0.56)
4. Portion de'lay transports for each pre-scripted reason into completion with delay 2592
and cancelation with delay
Equipment 867 B 716 151 f() .(lcg))mpleted, cancelation; 0.82,
Elevator 138 - 138 0 f(completed, cancelation; 1, 0)
Nurse related 596 - 436|160 J(;_(ZC;’)mpleted’ cancelation; 0.73,
Patient related 189 - 17 |7 {)g;’)mplmd’ cancelation; 0.61,
Procedure 390 B 365 25 ](;‘(g%mpleted, cancelation; 0.93,
Doctor needed 33 B 17 21 f0 .(ch)mpleted, cancelation; 0.44,
Ride not ready - - - - -
Pharmacy 12 - 12 0 f(completed, cancelation; 1, 0)
Criteria not met 362 - 308 |54 {)Ff;’)‘npletEd’ cancelation; 0.85,

Table 4. The distribution fitting for transport status from the 8th floor to tests.

4. Lobby pick-up simulates patient pick-up from the hospital lobby.
5. Discharge simulates the patient pick-up from inpatient wards to discharge.
6. Equipment pick-up simulates the equipment pick-up and transport from one location to another.

Figure 4 presents an example of simulating one-way patient pick-up from the 8™ floor inpatient ward to a
hospital unit performing medical procedures using Simio simulation software. Part 1 includes an arrival object
to generate transport requests based on the arrival rate distribution. Part 2 involves assigning the transport
request to an available clinical transporter in their shifts. Transporters would then check transport requirements
and pick up equipment and perform hand-off with the nurse based on the fitted distributions in Table 3. The
handoft may lead to cancelation or preparation of the patient for transport. Patient preparation may also lead
to cancelation or continuing the transport that involves calling the virtual care unit to confirm pick up status.
Process times for hands off, prepare patients, and call virtual care are based on the fitted distributions in Table
3. In Part 3, the transporter formally picks up the patient for transport and then drops off patient at destination
with process time based on the fitted distributions in Table 3. Finally, Part 4 is an artificial simulation object
(sink) to denote job completion.
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Deficiency reason

% Delays and cancelations attributable to deficient DSA

Delay distribution

Cancel distribution

Additional description

Missing equipment

55% f (SA, non-SA; 0.55, 0.45)

5% f (SA, non-SA; 0.05, 0.95)

Nurse did not mention what the patient needed for the trip

Elevator 0%

0%

NA

Nurse related

35% f (SA, non-SA; 0.35, 0.65)

30% £ (SA, non-SA; 0.30, 0.60)

Nurse was not aware the transporter is coming to pick up the patient
Test team was not ready and/or aware of the incoming patient

Round-trip nurse related | 10% f (SA, non-SA; 0.10, 0.90)

0%

The CT-Scan and X-ray team was not aware the patient arrived for

the exam

Patient related

40% f (SA, non-SA; 0.40, 0.60)

25% f (SA, non-SA; 0.25, 0.75)

Patient was not informed of the transport and needed some time to

prepare (e.g., bath, finish food)

Procedure 0% 0% NA
Doctor needed 0% 0% NA
Ride no ready 0% 0% NA
Pharmacy 0% 0% NA
Criteria not met 0% 0% NA

Table 5. The percentages of delays and cancelations attributable to deficient DSA.

Part 2

]

Cancel handoff Cancel prepare patient

Part 1 =

1]
B 5 - - - - 05N -+ 05N - - EEN -
v I | B
o

Clinical transporters ]

Part 3 Part 4

< Waiting for Pick up request and < call
Arrival of request antlgirerit ok reulrsiionte Nurse handoff Prepare patient Viteacare e
> Pickup patient at test Complete
Transport request t
entity
- 2
Patient pickup
Patient entity

Fig. 4. Simplified processes modelling for one-way patient pick-up from ward. Model is divided into four parts
for explaining the validation process in the next section. Part 1: Transport request generation (arrival). Part 2:
Assignment to clinical transporter (CT), equipment pick-up, and nurse hand-off, with process times, prepare
patient, and call VCC from Table 3. Part 3: Patient transport and drop-off. Part 4: Job completion (sink).

SA modelling with agent-based modelling

To model SA transactions and their operational impact, agent-based objects (e.g., transporters, nurses) were
embedded with a state variable of SA and SA-dependent decision making for performing several sub-processes
to complete a job request. In Simio, a state variable can be used to represent the utilized knowledge of the object
according to some user-defined logic or statistical distribution for the clinical transportation at Carilion Clinic,
the simulation model defined ten knowledge state variables (Table 6).

After defining the states, SA transactions were simulated with (Simio) “add-on steps” that define the logic for
transacting SA from one agent to another agent for a change in the SA state variable. Table 7 outlines four generic
add-on steps within an object to model SA transactions. These steps are built into a process object that requires
a transporter to decide on how to continue with the transport.

Figure 5 shows the connection between the add-on steps in Simio. The state variables are first assigned
numerical values with percentage to differentiate deficient from non-deficient transports for every origin based
on multinomial distributions (e.g., Tables 4 and 5). Then, a decide step follows to direct agent either to a set node
step for proceeding to the next sub-process; or to another decide step for directing the agent to encounter a delay
step and then proceed to the next sub-process, or to a set node step for job cancelation. These add-on steps define
how the agent objects proceed with sub-processes with and without delays and cancelations. For example, Fig. 6
shows the Simio add-on steps for simulating the “hand-oft” process in one-way transports from the 8th floor
to show portions of delays and cancelations due to deficient SA about equipment, nurse, and patient. Table 5
specifies that 55% and 5% of equipment-, 35% and 30% of nurse-, and 40% and 25% of patient-related delays
and cancelations were due to deficient SA, respectively. Alhaider® described the exact implementation in Simio.
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State variable Definition

Equipment A knowledge element about equipment availability for the transport

Elevator A utility state about the elevator status

Nurse related A knowledge element about nurse availability, preparedness, and awareness of transport

Round-trip nurse related | A knowledge element about nurse availability, preparedness, and awareness of transport

Patient related A knowledge element about patient preparedness

Procedure A knowledge element about the status of an exam from or patient’s undergoing exam
Doctor needed A knowledge element about the doctor’s work on the patient prior the transport

Patient ride A knowledge element about patient transport method outside the hospital for discharge
Pharmacy A knowledge element about pharmacy/lab that the patient needs prior the transport
Other A utility state about unidentified factors in TT that affect transport performance

Table 6. The user-defined states used to build knowledge in the system and their modelling values.

Add-on step | Definition

Assign Assign values to a state variable

Decide Determine the change of states for each process through a probability or condition
Set Node Set the destination processes of any agent (e.g., proceed or cancel)

Delay Delay the completion in the step for a specified duration (i.e., probability distribution)

Table 7. The add-on steps used to model the states and actions for distributing SA for processes.

e AssignSAforStates Complete SA? Next Process

O—o—( Assign H Decide H il )—o—
Can Proceed? Delay Next Process
( Decide H Delay H N?Jzte )—’—
Cancel

Set
Node

Fig. 5. A simplified construct of a built-in add-on steps to distribute SA for a process. Steps include: (1) Assign
(set SA status, e.g., deficient or non-deficient), (2) Decide (evaluate SA adequacy), (3) Set Node (direct to
proceed or delay/cancel), and (4) Delay (add time for deficient SA, per Table 5).

Full simulation model

Combing the DES and ABM in the Simio software, the full simulation model included six separate types of
routes highlighted in different colors in Fig. 7. The model consisted of 28 patient origins, 29 equipment origins,
12 destinations, and more than 200 simulation objects.

Simulating interventions

The full simulation model was modified (after verification and validation) to test two interventions derived from
deficiencies highlighted in the DSA combined network model to enhance communication and coordination
(i.e., SA transactions):

A. Update charge nurse: Design procedure or behavioral rules for the transporters (CT) to update the charge nurse
(Ncp) on the estimated time of arrival (ETA) and the patient being picked-up when the transporters accept the
transport request. The DSA network model from Alhaider et al.> showed a deficiency related to missing/
poor SA on patient preparedness, condition, and needs. The Ncp needs to be aware of the incoming trans-
port to ensure patients are ready and equipment needed is available before the transporter arrives, thereby
minimizing cancelations and delays.

B. Update X-ray unit: Design procedure or behavioral rules for the transporters to update the X-ray unit on ETA
prior to arrival. Observations revealed that the transporters encounter delays upon arrival at the X-ray unit
due to lack of awareness of the patient arrival time. The X-ray unit often does not have staff available to open
the examination room for the patient and begin examination immediately upon the patient arrival.
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Fig. 6. The add-on steps for modelling deficiency associated with handoft sub-process. Yellow steps indicate a
delay, and green steps indicate a proceed to the next sub-process. Boxes one through seven represent distinct
stages of the add-on process, included for clarity and are described in Alhaider®.

Fig. 7. The simulation model for the clinical transportation function in Simio. The simulation model shows
the arrival of requests in the back, followed by the transporters picking up the transport requests. The
simulation is divided into seven different process paths; each path follows different process times and processes
sequence.

Updating the charge nurse
The intervention of updating the charge nurse would require the transporter assigned to the request to call and
inform the inpatient floor/ward nurse about ETA, name of patient to be picked up, and transport destination
of the patient, thereby distributing these SA elements to the nurse for timely preparation of the patient for
“hand-oft”. To incorporate this intervention into the Simio model, a new simulation object representing the
calling process (i.e., short phone call) with a minimum of 10 s and a maximum of 20 s was inserted before
“hand-off” object (refer to blue box in Fig. 8). The time range was an estimation based on mock calls performed
by the transporters during observations. This inpatient floor intervention process was simulated only for one-
way transports from 6th floors to seven destinations. This inpatient floor (i.e., origin) was chosen because the
number of transport requests exceeded one thousand.

To reflect the change in SA of the nurse as a result of the call by the transporter, new add-on steps were
embedded in the “hand-off” process (i.e., the simulation object immediately after the calling process). Figure 9
shows two generic add-on steps for this intervention: assign (Contact Nurse) step and decide (Reached Nurse?) step.
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Fig. 8. Simplified processes modelling for one-way patient pick-up from the 6th floor, incorporating the
charge nurse update intervention (blue process).

Contact nurse Reached nurse?

Fig. 9. The two add-on steps used for the intervention to update the ward nurse.

Fig. 10. Add-on steps for intervention to update the ward nurse for nurse related deficiency. The blue boxes
refer to where the intervention was implemented for SA-related delay and cancelation. Boxes one through five
represent distinct stages of the add-on process, included for clarity and are described in Alhaider®*.

The assign step portioned transports into either good or deficient SA, so the following decide step would apply
the logic that charge nurse with good SA would lead to transport proceeding without delay or/and cancelation
but charge nurse with deficient SA would lead to transport proceeding with a delay or/and cancelation. As a
phone call cannot guarantee perfect SA transmission, we simulated that the transport would lead to 50%, 75%,
and 100% of transport without delay or cancelation after the phone for sensitivity analysis.

Figure 10 presents an extension to hand-off process in Fig. 6 by incorporating new add-on steps denoted in
blue ovals. Alhaider® described the exact implementation in Simio.
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Updating the X-ray unit

The intervention to update the X-ray unit would require the transporter assigned to the request to call the X-ray
staff regarding ETA and name of patient, thereby distributing these SA elements to improve timely preparation
of the X-ray room. To incorporate this intervention into the Simio model, a new simulation object representing
the calling was added after “Pick-up patient”. The estimated duration for this intervention process (i.e., short
phone call) followed a uniform distribution with a minimum of 20 s and a maximum of 25 s based on mock
calls. This inpatient floor intervention process was simulated only for round-trip transports from fourteen floors
to the X-ray unit. The intervention modelling in Simio followed the same method described for the intervention
to update the charge nurse.

Results

Model verification and validation

The simulation model was verified with the three steps prescribed by Banks?® by visually inspecting the
animation of the model, running the model to ensure the output parameters are reported, and ensuring outputs
are consistent with expectation. After the verification, validation was performed with statistical comparisons
between simulation outputs against the historical operational data concerning transport request/arrival and
completion (Part 1 and 4 of the simulation model in Fig. 4, respectively). Table 8 presents the metrics on

transport arrivals and completions for comparisons.

TeleTracking
Model part Detailed simulated processes Detailed simulation metrics metrics
Number of
transport
1—Job/transport Request Arrival | Transport request arrival Number of transport requests processed for each department ;er?)lé:z;se d
for each
department
2.1 Job pick-up and requirement check Time to check job requirement
Time to pick up equipment
. . Delay time for equipment pick-up
2.2 Equipment pick-up Number of jobs canceled and reasons
Number of jobs completed
Travel time
2.3 Travel to patient origin Delay time
Number of jobs delayed
Time to collect hand-off
Delay time for hand-off
2.4 Nurse hand-off Number of jobs delayed and reasons
Number of jobs canceled and reasons
Number of jobs completed
Time to prepare patient
. . . Delay time to prepare patient
?\fgg;wnt preparation and call Virtual Care Number of jobs delayed and reasons Average
Number of jobs canceled and reasons transport
Number of jobs completed time for
N every
1. One-way trip transport
Travel time request
2.6.1.1 Pick-up patient and Travel to destination | Delay time origin (delay
Number of jobs delayed duration
2—]Job Completion - included)
Time to relay hand-off to nurse
Delay time for hand-off Delay
i elay time for hand-o reasons
26.1.2 Nurse hand-off Number of jobs delayed and reasons Number of
Number of jobs completed canceled
Time to prepare patient jobs
2.6.1.3 Patient preparation and drop-off Number of jobs delayed and reasons Number of
Number of jobs completed transports
completed
2. Round trip
Travel time
2.6.2.1 Pick-up patient and Travel to destination | Delay time
Number of jobs delayed
2.6.2.2 Patient preparation for procedure Time to prepare patient
Time for procedure
2.6.2.3 Procedure time waiting Delay time
Number of jobs delayed and reasons
2.6.2.4 Prepare patient for return trip Time to prepare patient
Travel time
2.6.2.5 Travel to origin Delay time
Number of jobs delayed
. . Time to prepare patient
2.6.2.6 Patient preparation and drop-off Number of jobs completed
Table 8. The validation metrics for the clinical transportation simulation model.
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6 floor mean transport times (min) and t-test
statistics
One way t-test results

Destinations | TT Mean | Simu. Mean | St.dev | df |t P
Fluoroscopy | 24.33 24.31 0.1824 |99 | 1.0965 | 0.2755
MRI 21.32 21.30 0.1974 |99 | 1.0132 | 0.3134
Nuclear med | 21.35 21.34 0.2131 |99 | 0.4693 | 0.6399
Ultrasound 23.48 23.47 0.1975 | 99 | 0.5063 | 0.6138
Vascular Lab | 23.48 23.50 0.2014 | 99 | 0.9930 | 0.3231
Dialysis 23.26 23.27 0.2147 |99 | 0.4658 | 0.6424
Other 19.66 19.67 0.2941 | 99 | 0.3400 | 0.7346

Table 9. Simulation results validation for average time for a transport job requests from the 6™ floor.

Q-Q Plot for the 6th Floor to Fluoroscopy
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Fig. 11. Q-Q plot comparing simulated (fitted distribution) and historical transport times for the trips from
6" floor to one destination.

A series of one sample t-tests were performed to compare metrics between the simulation outputs and
TeleTracking operational data (i.e., real-world historical output). To keep article length reasonable, Table 9
presents a subset validation results for the average transport time of one-way transport requests from the 6 floor
to seven destinations. Refer to Alhaider® for the full set of results that include all the metrics in Table 8. All t-test
comparisons included simulation outputs from 100 replications between February 2020 — August 2021 (same as
the historical dataset in TT). All results showed no significant difference in the number of transports generated
from different departments, average completion time for transport jobs, and number of cancelations by origins
at the alpha value of 0.057!. Given that the simulation included add-on steps mimicking SA transactions between
agents, these results also indicate that DES and ABM can jointly model DSA. Further, the simulation model
would be suitable to assess proposed interventions for eliminating deficiency associated with SA.

As an illustrative example of the model validation process, a Q-Q plot was generated for a representative
transport route (from the 6th Floor to Fluoroscopy), as shown in Fig. 11. This sample comparison helps visualize
how well the simulated data reproduce the overall distributional shape of actual transport times, including
variability and tail behavior.

Intervention evaluation

A series of one sample t-tests compared metrics between the simulation outputs of 1500 replications and historical
operational data for transport from the sixth floor to various test exam or treatment locations. The intervention
was deemed effective if the t-tests could reveal significantly better average transport time and cancelation rate for
all inpatient floor destinations at the alpha value of 0.05.

Updating the ward nurse
Table 10 presents the simulation outputs and t-test results on the intervention to update charge nurse for perfect
transports from the sixth floor, showing statistically significant reduction in time per transport, cancelation,

Scientific Reports |

(2025) 15:30068 | https://doi.org/10.1038/s41598-025-15344-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

*$159) 03 JOO[J Y39 3} JOJ SINU pIem Y} djepdn 0) UOTIUSAISIUT UO SI[NSII J$3}-} PUE SOTISTe)s Arewrung “Of d[qeL,

€eT|  8se| 16 10000>d | ¥1°0S | 66¥T | 15690 (0881 TL8T) 9L8T | 99°61 nYPO
8L | 68€L| LovL 10000>d | %221 | 66¥1 | ¥19C°0 (IF'TT ‘6€T0) 0V'TT | 9T€T stsAferq
L| wel| 6v6l 10000>d | 18'%S | 66¥1 | S€650 (L9TT 19T ¥9°CC | 8F'ET | QquTIe[nosep
Ut 996 €8 | TLe1| sSPT| 10000>d | S'67T | 66F1| 6781 (96°THE FOTHE) ThE | SV | 100000>d | LOLF | 66VT | OFTLO (#97TC‘95'T2) 09'CC | 8F'€T |  pumosenyn %00T
Ss| €906| 8116 10000>d | 9°TET | 66¥T | 8650 (LF0T'SF0T) 9%°0C | SE'TT | powr TeapnN
89| LL69| 8S0L 10000>d | 8001 | 66¥1 | S9TE0 (6¥°0T S¥°07) Ly0T | TE1T NN
W | Fe6E| 9€TF 10000>d | 01'89 | 6671 | TZ€H0 (65°€T'ss'€T) LssT |  €cHr | Adodsoronyg
0TT |  TL€| 16 10000>d | 1L°€¥ | 66¥T | 72890 (2681 °98'81) 6881 | 99°61 LYo
12| 96€L| L9%L 10000>d | €8'€8 | 66¥1 | 818T0 (9977 ¥9°TT) S9°TT | 9T€T sisA[erq
9-| ss6T| 6v61 10000>d | €1°2€ | 66¥1 | 89790 (66T ‘€6'T2) 96'TT | 8F'€T | QT Iemosep
urw z 1y ¥9 | T6€T| SSPT| 10000>d | L08T | 66T | €¥'8T (£6'89€ “L0°£9€) 89€ | ¥S¥ | 100000>d | 68°€E | 66F1 | 0L69°0 (16TT€8'CT) £8CC | 8F'€T|  pumosenin %SL
¥S| 906 | 8116 10000>d | 1€'98 | 66¥T | 89%C0 (180T 6£°07) 08°0T | SE'IT | paw IedpnN
Tr| 9v0L| 8soL 10000>d | L¥'8L | 66¥1 | 19670 (€L0T1L00) TL0T | TETT TN
S6| IHOV| 9€T¥ 10000>d | LT6F | 66V1 | €TEH0 (08'€T*9L'€T) 8L€T | €ehT | Adodsoronyg
01| o06¢| T6F 10000>d | €0V | 66¥T | TIOLO (L6'81‘68'81) €681 | 99°61 BYPO
Lv| 0TvL| LoVL 10000>d | T9'I€ | 66¥1 | LOEEO (10°€T “L6'T0) 66'TT | 9T'€T sisA[erq
ve-| €861 6v61 10000>d | 86'€T | 66¥1 | ST8S0 (0S'€TFT'€T) LTET|  8F'ET| quTIemosep
urw €17 0L| S8€T| sS¥T| 10000>d | T60T | 66¥1 S61 (66°'66€ 10°86€) 66€ |  ¥S¥ | 10000>d | SE0T | 66¥1 | 019L0 (TU'€TP0'€T) 80°€T | 8F'cc |  punosenn %05
L1-| sg16| 8116 10000>d | 88'%€ | 66¥1 | 601€0 (6012 °S0'TT) LO'TT | SEIT | paw TedpnN
86-| OTIL| 8SOL 10000>d | S€'97 | 66¥1 | 08€€0 (IT1TL0'T2) 60'TC | TE'TT NN
$OT | T€0¥ | 9€T¥ 10000>d | 261 | 66¥T | 0LLF0 (80%C $OPT) 90T |  €€hT | Adoosoronyg

nature portfolio

//doi.org/10.1038/s41598-025-15344-7

| https

30068

(2025)15

Scientific Reports |


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

and total transport time on average across all destinations. However, some destinations experienced longer
transport time when only 50% and 75% of the transport are free of delays and cancelations. When 50% of the
transport proceeds without delays and cancelations, the overall reduction is only 0.34 (95% CI 0.32, 0.37) minute
reduction per transport but 55 fewer cancelations during the period; for 75% of the transports without delays
and cancelations, the reduction is 0.60 (95% CI 0.58, 0.63) minute per transport and 86 fewer cancelations; and
for improvement on 100% of the transports without delays and cancelations, the reduction is 0.85 (95% CI 0.83,
0.89) minute per transport and 112 fewer cancelations. The cancelation numbers would translate to a reduction
of 2% for 50%, 3% for 75%, and 4% for 100% of the transports without delays and cancelations. The accumulated
difference in transport times from the 6t floor to all destinations were 213 min, 412 min, and 566 min for 50%,
75% and 100% of the transports without delays and cancelations, respectively.

Updating X-ray unit

Table 11 presents the summary statistics and t-test results regarding the intervention to update X-ray unit about
ETA and patient information for all the origins. The results revealed a statistically significant increase in time
per transport across all destinations. When the intervention improved SA only led to 50% of the transports
without delays and cancelations, the increment was 0.42 (95% CI 0.38, 0.47) minute per transport; for 75% of the
transports without delays and cancelations, the increment was 0.41 (95% CI 0.36, 0.46) minute; and for 100% of
the transports without delays and cancelations, the increment was 0.40 (95% CI 0.36, 0.45) minute.

Discussion
This DSA research is the first to translate a qualitative DSA model into a simulation model with real-world
operational data of intrahospital transportation, contributing to the literature in three distinct ways.

Modelling and simulation of DSA

The first contribution is the methodological advances for modelling DSA using DES and ABM with real-world
operations data. This research is also interdisciplinary, applying operations research techniques for validating
a human factors theory. Specifically, this article presents a methodology to develop a simulation model of
the task (when), social (who), and knowledge (what) elements prescribed in the DSA theory for a real-world
intrahospital transport operation, and the simulation results to provide validating evidence based on the
non-significant t-test comparisons between the simulation outputs and the historical data. Prior quantitative
DSA models in the literature lack details on SA distribution and transactions that correspond to real-world
system performance. Stanton'® used SNA to quantify SA distribution and transactions between agents to
provide quantitative characterizations of SA distributions across agents; however, the study did not correlate
SNA metrics to any system performance indicators. Kitchin and Baber?! used ABM to investigate two types
of agent interactions to distribute SA for a hypothetical monitoring task but lacked the representativeness of
complex, real-world operations. The successful translation of the combined network in the Alhaider et al.
study into a validated simulation model shows that our methodology of employing DES and ABM to model DSA
complements existing qualitative model research.

The modelling approach in utilizing DES and ABM to jointly model processes/activities and SA distributed
amongst agents is particularly unique for the healthcare domain. On one hand, the healthcare literature contains
ample DES studies on patient flow management or other hospital processes’>”> but these simulation models
neglect knowledge or SA of the workers that affect the effectiveness and efficiency of the processes. On the
other hand, the DSA literature contains an ABM study on distributing SA for a hypothetical traffic monitoring
task?! but lacks any investigation into the use of DES for modelling operations affected by SA distributed
amongst agents. In summary, the methodology of employing DES and ABM to study DSA represents a novel
and significant advancement to the literature, and the simulation results highlight the merits of evaluating DSA
of a real-world system.

Assessment of DSA interventions to improve patient flow

The second contribution is the advance in assessing interventions for improving DSA. The simulation of
intrahospital transportation was able to assess the two interventions of updating the charge nurse and the
X-ray unit that were derived from the qualitative combined network model in Alhaider et al.?*. The simulation
results indicated that only the intervention to update the charge nurse would yield significant improvement in
transport time and cancelation rate, whereas the intervention to update the X-ray unit would likely increase
in the transport time. Even though the qualitative combined network model suggested two interventions that
might have been equally effective, the simulation refuted the effectiveness for the intervention of updating the
X-ray unit. These results illustrated the utility of quantitative methods in assessing DSA interventions based on
findings from qualitative methods prior to implementation.

Examination into the underlying data distributions for the simulation suggests a likely explanation for the
contrast in performance impact between the two interventions. The underlying operations data presents a major
difference in base rates of the delays and cancelations that could be affected by SA between the two types of
patient transport. On one hand, patient transports from the 6 floors to various test units in the model had
40% delay and 15% cancelation (Alhaider® revealed similar findings for two other floors). On the other hand,
the percentage of delays for round-trip to and from the X-ray unit is 6.44% and only 10% of those delays are
associated with SA. Consequently, the additional work of updating the charge nurse versus the X-ray unit yielded
different performance impacts. While the explanation is not entirely surprising, the simulation method proved
invaluable for evaluating DSA interventions derived from qualitative DSA model.
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Quantitative evidence supporting DSA modelling for patient flow management

The third contribution is the empirical evidence demonstrating the value of modeling DSA using quantitative
methods for the real-world application of patient flow management. This study provided a foundation on how
to simulate DSA embedded in intrahospital transportation and new protocols for improving SA and transport
time. The simulation results affirm the practical recommendation to the level 1 trauma center on facilitating
communication between the intrahospital transportation team and charge nurses regarding arrival of transport
services for more reliable patient pick-ups. The charge nurse often places a transport request to be scheduled
for several hours later, and the patients mostly do not get picked up on the exact time. The recommended
intervention to update the charge nurse would support timely preparation even for their busy work nature. The
evidence could compel other medical centers to adopt the DSA modelling methodology to assess and improve
their patient flow management.

Cost-effectiveness of the DSA simulation model

Although developing a detailed simulation model requires initial investment of time and resources, the potential
return for healthcare systems is substantial. By identifying inefficiencies and bottlenecks in intrahospital
transport operations, the model supports data-informed decisions on staffing, scheduling, and workflow
optimization, leading to improved patient throughput and more efficient use of personnel. In high-volume or
capacity-constrained settings, these improvements can yield measurable cost savings and increased productivity.
The model also enables strategic scenario testing, allowing evaluation of proposed interventions prior to
implementation. In environments lacking robust transport tracking infrastructure, this approach provides
a structured framework for future data collection and performance benchmarking. While benefits are more
immediately realized in data-rich settings, the underlying logic and operational insights offer value for broader
system improvement even in data-limited contexts.

Summary of research contributions and practical implications

The outcome of this study provided a quantitative DSA model that can assess SA distribution and transactions.
A major contribution of this study is the integration of simulation and modelling techniques in the DSA
methodology that can (1) translate the conceptual DSA network into a quantitative model, and (2) assess
alternative communication protocols for SA distribution. Prior utilization of DSA framework in the literature
does not assess performance as a function of DSA, despite the use of some quantitative methods to describe
the systems level SA. This study, to our knowledge, is the first to quantitively test different interventions for
eliminating system inefficiency based on DSA models. The assessment of SA distribution and transactions
can help identify the best alternative of communication designs for improving SA and patient flow. For the
level 1 trauma center, this specific study provides specific recommendations on communication design for the
intrahospital transportation staff, potentially improving their SA transactions and thereby improving patient
transport accuracy, waiting/delay time, and cancelation.

While prior simulation studies of intrahospital transportation have focused primarily on operational efficiency
through scheduling or optimization frameworks, the present study builds on this foundation by introducing
a cognitive-systems-based approach that explicitly models communication quality and distributed awareness
as operational variables. This adds a new perspective to intrahospital transportation simulation by connecting
delays to informational breakdowns, not just physical constraint, and supports a more comprehensive evaluation
of coordination-sensitive hospital processes.

Proxy measures for DSA

The simulation model developed in this study uses downstream performance indicators, such as transport delays
and cancellations, as proxies for evaluating improvements in DSA. Instead of measuring SA as a cognitive or
internal state, the model focuses on whether critical information cues are transmitted to the appropriate agents
in a timely manner. This transactional framing enables quantification of information flow efficacy as a pragmatic
surrogate for system-level DSA. While the model does not capture real-time distribution of knowledge across
agents due to limitations in the TeleTracking data, which primarily records operational outcomes, it offers a novel
perspective for modeling DSA in complex healthcare systems. This approach represents an initial step toward
operationalizing SA through observable system performance. Future work could enhance this framework by
incorporating knowledge-tracking mechanisms or richer observational data to directly assess the distribution
of SA.

Future work

The DSA modelling methodology presented in this article cannot capture any complex temporal and social
dynamics in the system. That is, task, knowledge, and social elements evolve over time especially when these
elements encounter abnormal events. For example, the social interactions and decision-making might go beyond
the involvement of the nurses and transporters when patients face serious health conditions, which can change
drastically in a short amount of time. Future research should include extended observations to understand unique
system dynamics in these abnormal conditions and how agents adaptively distribute their SA for employing
ABM or other techniques to model such dynamics. In addition, the quantitative and qualitative DSA modelling
processes in this study were tedious, involving adaptation of many tools and software applications. A single DSA
modelling tool that can capture the task, knowledge, and social elements of a system and then translate them
easily into a DES and ABM simulation environment would help alleviate a lot of mechanical work for greater
focus on intellectual endeavors and practical benefits.
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Limitations
While the model and findings offer useful insights, several limitations should be acknowledged to clarify the
scope, interpretability, and generalizability of the results.

Model scope and assumptions

The model was developed based on observed processes and transport transactions in a single healthcare facility.
The selection of included services and flow pathways was based specifically on activities directly associated
with internal patient transport that could be consistently defined in terms of time, quantity, and quality. As
such, peripheral but related processes—such as initial or secondary triage, discharge gating, or room readiness—
were excluded. These choices allowed us to focus on what the hospital defines as “transport” but may omit
other process interactions that affect real-world delays. Additionally, the simulation used static staffing levels
and assumed fixed transport protocols, without dynamic adjustment for real-time occupancy or variable shift
patterns. While capacity constraints were respected at the level of transport approval (i.e., no transfer request is
approved unless the receiving unit has space), the impact of downstream bottlenecks on emergent queuing or
task reprioritization was not modeled explicitly.

Communication and SA representation

This study uses delays and cancellations as proxy indicators for DSA outcomes. Although this allows for
quantifiable analysis of information transactions, the model does not track knowledge elements or agent-specific
awareness states over time. Compensatory awareness, where one agent’s understanding may mitigate another’s
gap, is not modeled. The framework assumes binary success or failure of communication events, limiting its
representation of the nuanced, layered nature of real-world SA and coordination.

Data collection constraints

The model is built on retrospective data from a hospital’s TeleTracking™ system, which captures detailed process
timestamps and deficiency reasons but lacks information on patient priority, clinical acuity, and agent-specific
decision-making. Consequently, urgent versus routine transport requests could not be differentiated, and some
workflow complexity may be underrepresented. Repeated or canceled transports are treated as distinct events,
which may obscure inefficiencies rooted in systemic or procedural causes. Additionally, the absence of real-time
observational data introduces potential classification bias in transport status or communication events.

Generalizability and adaptability

While the model is grounded in detailed, real-world data and supports meaningful what-if analysis, it is not
directly generalizable to other facilities without adaptation. Variations in hospital staffing (e.g., nurse and
transporter roles), transport systems (e.g., TeleTracking vs. other platforms), and department layouts may affect
how the model performs. For example, the model reflects Carilion Clinic’s specific transport protocols and
TeleTracking system, which may differ in other hospitals. Further, adaptation of the framework to other settings
would require tailored data collection, stakeholder input, and adjustment to match specific hospital workflows.

Conclusion

This article advances DSA research by developing a methodology for translating qualitative DSA network
models into quantitative models built on combining discrete event simulation and agent-based modelling. The
method was applied to develop a DSA simulation model containing more than 200 simulation objects to reflect a
real-world intrahospital transportation from 28 patient origins to 12 destinations in a level 1 trauma center. This
DSA simulation model was validated by comparing simulation outputs against historical data for seven types of
intrahospital transportation. Further, the simulation was used to evaluate two DSA interventions for improving
patient flow, highlighting how quantitative methods are critical to assess findings and recommendations from
qualitative research. The novel DSA modelling methodology applied to a real-world patient flow management
system advances the understanding of system-level SA as it emerges from agent interactions. While the model
evaluates SA-dependent performance rather than internal awareness states, its use of operational proxies (e.g.,
delays and cancelations) offers actionable insights for optimizing communication and healthcare workflows.

Data availability
All data relevant to the study are included in the article and additional data can be obtain from https://vtechwor
ks.lib.vt.edu/items/4c9df8bc-3d37-4cb7-b6ae-73b0b4658022.
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