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Abstract  

 

Patient monitors are one of the most commonly used devices in hospitals. These devices are used for 

continuously monitoring patients’ vital signs. The number of different physiological parameters that 

can be monitored by a single patient monitor is high. The monitoring is performed by different types 

of sensors which are connected to patient and the patient monitor. A patient monitor must be able to 

simultaneously operate with many types of sensors and it must be able to represent the acquired data 

in a meaningful way. 

GE Healthcare aims to study new methods to introduce new parameters to their patient monitors. 

Currently, integrating a novel parameter to a patient monitor’s software is a time-consuming process. 

GE uses both in-house sensors and sensors developed by third-party manufacturers. As software on 

GE’s patient monitors is a proprietary asset, all software work must be performed by GE engineers. 

The Plug & Play parameters feature was introduced to ease the process of integrating new parameters. 

The main concept of the feature is to introduce an application programming interface that third-party 

manufacturers could use to introduce new parameters on GE’s patient monitors. Parameter 

applications, standardized parameter models and generic parameter model were studied, of which an 

approach using a generalized parameter model was considered the most competitive option. A well-

implemented generalized parameter model could reduce the software work on GE’s side drastically 

and would enable third-party manufacturers to create novel parameters and sensors flexibly. 

A prototype implementation based on the generalized parameter model approach was produced. The 

prototype managed to present the main concept of the approach. The features implemented in the 

prototype were displaying numerical measurement data, waveform data, labels describing the data 

and triggering of alarms. The prototype proved the generalized parameter model to be a viable 

approach to implementing the desired Plug & Play parameters feature. However, there are still 

numerous design details that need to be considered before the feature can be fully developed. 
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Tiivistelmä 

 

Potilasmonitorit ovat yksi yleisimmistä sairaaloissa käytetyistä laitteista. Niitä käytetään potilaan 

elintoimintojen kokoaikaiseen seurantaan. Yksi potilasmonitori pystyy yleensä seruaamaan useaa 

fysiologista parametria yhtäaikaisesti. Näiden parametrien seuranta tapahtuu potilasmonitoriin 

kiinnitettävillä sensoreilla. Potilasmonitorit pystyvät yhtäaikaisesti toimimaan useiden erilaisten 

sensorien ja sensorityyppien kanssa sekä esittämään sensoreista saadun datan 

sairaalahenkilökunnalle. 

GE Healthcare haluaa tutkia menetelmiä, joilla uusien parametrien ja sensorien integroiminen GE:n 

potilasmonitoreihin olisi helpompaa. Tällä hetkellä uusien parametrien integroiminen monitorien 

ohjelmistoon on työläs prosessi. GE käyttää monitoreissaan sekä omia sensoreitaan että kolmansien 

osapuolien suunnittelemia sensoreita. Koska potilasmonitoreissa käytettävä ohjelmisto on GE:n 

omaisuutta, eivät kolmannet osapuolet voi osallistua uusien parametrien toteutukseen 

ohjelmistopuolella. 

Plug & Play parametrit -ominaisuuden tarkoituksena on helpottaa uusien parametrien 

integrointiprosessia. Plug & Play parametrit toteuttaa rajapinnan, jonka kautta myös kolmannen 

osapuolen sensorivalmistajat pystyisivät osallistumaan laajemmin uusien parametrien integrointiin. 

Ominaisuuden toteuttamistavoista tutkittiin parametrien toteutus erillisessä sovelluksessa, 

standardisoidut parametrimallit sekä geneerinen parametrimalli, mikä osoittautui parhaaksi 

vaihtoehdoksi. Oikein toteutettuna geneerisen parametrimallin avulla parametriin vaadittavan 

työmäärä GE:n puolella vähenisi runsaasti. Myös täysin uusien parametrien luominen onnistuisi 

joustavasti. 

Valitun toteutustavan pohjalta rakennettiin prototyyppi, joka onnistui todentamaan haluttuja 

ominaisuuksia. Prototyypin avulla numeerista dataa, aaltokäyriä sekä erilaisia arvoihin liittyviä 

yksiköitä pystyttiin esittämään monitorin ruudulla. Näiden lisäksi hälytyksiä pystyttiin 

aiheuttamaan. Prototyyppi todensi, että geneerinen parametrimalli on mahdollinen toteutustapa Plug 

& Play parametrit -ominaisuuden toteuttamiseen. Ennen lopullisen ominaisuuden toteuttamista 

täytyy kuitenkin selvittää vielä useita totetutukseen liittyviä yksityiskohtia. 
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1 Introduction 

GE Healthcare is looking for methodologies to renew the integration process of new 

parameters to its patient monitors. The current integration process is time-

consuming and should be updated to suite the needs of the quickly developing 

health technology industry. Plug & Play parameters is a suggested feature that could 

ease this integration process. The aim of this feature is to change the way that 

parameters are integrated to GE’s patient monitors. The objectives of this feature 

would be not only to benefit GE, but all parties involved in the patient monitoring 

business. 

1.1 Objective and Structure 

The objective of this thesis is to investigate a Plug & Play parameters feature. The 

aim is to study how patient monitors and parameters are used in hospitals, identify 

the impact of Plug & Play feature on the monitoring. The Plug & Play feature and 

its benefits will be examined mainly from GE’s perspective, but also the other 

parties involved will be taken into account. This thesis will also evaluate and 

discuss different technical approaches to implement the feature on GE’s patient 

monitors. A proof-of-concept implementation will be produced based on one of the 

investigated methods. The scope of the prototype implementation will be described 

in the prototype section. 
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2 Background 

This chapter provides background information on the company GE Healthcare and 

the products in question. This chapter also introduces patient monitors and patient 

monitoring in hospitals to the reader. The general workflow inside the hospitals is 

also discussed. 

2.1 GE Healthcare 

GE Healthcare is a multinational medical technology and digital solutions 

developer. It develops and manufactures medical imaging and diagnostic 

technologies, patient monitoring systems, digital infrastructure and data analytics 

tools. GE Healthcare employs around 50,000 employees globally, of which around 

700 are working in Finland. GE Healthcare Finland Oy is a subsidiary of GE 

Healthcare with a headquarters located in Vallila, Helsinki. The Vallila department 

is specialized in both manufacturing and developing GE’s patient monitoring 

devices and systems. Other products manufactured in the Helsinki factory are 

ventilatory and anaesthesia related products. [34, 35]  

2.1.1 GE’s Patient Monitors 

GE Healthcare has several patient monitoring solutions. The main product family 

CARESCAPETM currently includes four monitor models of which three are aimed 

towards high acuity care areas and one is aimed towards transportation and mobile 

use. The Bx50 series of CARESCAPE monitors includes three patient monitors 

named B450, B650 and B850. These three monitors are targeted into different price 

ranges and have features accordingly, the most expensive monitor being most 

modular. All these monitors are highly configurable and suite the needs of hospital 

units that require intensive patient monitoring providing a wide range of 

parameters. These monitors are usually stationary devices, but they can be moved 

around the hospital if required. [22] All these three monitors are being produced 

and developed in Vallila. 
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Figure 1 GE's CARESCAPE B650 [25] 

 

The portable device CARESCAPE ONE is a recent addition to CARESCAPE 

monitoring family. It is a smaller and transportable patient monitoring device, 

aimed towards intra-hospital transport needs. It shares many of the parameters with 

full size bedside monitors. The connection ports are different than in CARESCAPE 

bedside monitors, so the sensors for bedside monitors cannot be attached to 

CARESCAPE ONE and vice versa. However, it can be used as a data acquisition 

device and be docked to the bedside monitor, and when needed, it can be undocked 

and used as an independent monitoring device during patient transport to preserve 

continuity of monitoring. [36] CARESCAPE ONE is also produced and developed 

in Finland. 

 

Figure 2: GE's CARESCAPE ONE is a transportable patient monitor [36] 
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2.2 Patient Monitoring 

Patient monitors are one of the most used devices in hospitals. They are used for 

constantly monitoring patients’ vital signs and physiological condition. Commonly 

monitored parameters are heart rate, blood pressure, respiration and the oxygen 

saturation of blood. Continuously monitoring these values can be essential to detect 

changes in the patients’ health status and the monitoring can be of great importance 

on how a patient is treated. [1] The World Health Organization considers 

continuous patient monitoring to be “extremely crucial” during surgical operations. 

[51] 

The patient monitors can be found from various units of the hospitals such as from 

the operating rooms (OR), intensive care units (ICU), post-anaesthesia care units 

(PACU), critical care units (CCU), emergency rooms (ER) and occasionally from 

wards. [7] The variety of physiological parameters that can be monitored by patient 

monitors is numerous. Patient monitors are also able to measure many of these 

simultaneously. The number of parameters monitored can vary between the care 

units. [1] For example, in ICU a patient monitor might need to monitor and display 

ten or more different parameters at the same time. These parameters are usually 

displayed as numerical values or waveforms on the patient monitor screen. [6] 

Among the monitoring features, the patient monitors can also be used for entering 

patient data and test results, for checking the trended parameter data and to 

communicate with the hospital central system. The main users of patient monitors 

are nurses, doctors and other medical personnel. [23] 

Usually, the patient monitors themselves have no built-in sensors, and the 

measurement of physiological variables is done by external devices and sensors 

attached to the monitor. High-end patient monitors are modular and capable of 

communicating with a wide range of external medical devices and sensors. These 

external sensors function as a data acquisition device and transform the biological 

signal received from the patient to electrical signals and further transmit it to the 

monitoring device. The sensors, modules and cables can be thought of as an 

interface between the patient and the monitor. How the acquired data is handled and 

processed on the monitor can vary between the parameters, but usually the patient 
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monitor stores the data, visualizes it on the screen and possibly sends it forward to 

some central monitoring platform or patient database. [7] 

The general users of patient monitors are nurses, physicians and other medical 

personnel such as anaesthesiologists and respiratory therapists. Their ability to 

operate technical devices can vary greatly based on their education, experience and 

personal interests. The intensity of patient monitor use can range from light use 

such as occasionally checking vital signs of a patient recovering after an operation, 

to intensive use during a surgical operation. The medical personnel must be able to 

handle large quantities of information coming from not only the patient monitor, 

but from other medical devices too. Such devices can be an anaesthesia machine, 

IV pump, ventilator and imaging equipment. Interpreting a large amount of 

information simultaneously from different places can become overwhelming, thus 

the design of the devices should be intuitive to enable fast access to information. 

[1, 23]  

2.3 Workflow in Hospitals 

A workflow between hospitals can vary a lot and there are no international 

guidelines on how the workflow is organized. The practices and devices used in 

each hospital can vary. Thus, there is a need for flexible solutions and devices which 

can be used in a way that suits each hospital’s needs. [61] 

A patient can be transferred between different care units inside or even between 

hospitals several times during their stay. For example, a patient who has undergone 

an operation is transferred to PACU or ICU in which the recovery of the patient is 

constantly monitored. After the required stay in the intensive care, the patient is 

then transferred to the ward. The ward is for patients whose condition is considered 

more stable and do not require as close vital sign monitoring. Thus, patient monitors 

are rarer in wards. Often smaller and more practical single-parameter devices, such 

as a thermometer or a blood pressure meter, are used when pervasive monitoring is 

not required. [61] However, the workflow is not always as linear, and sometimes 

the patient might require additional operations or extended stay in intensive care, if 

complications arise during the recovery. In such situations, the patient can be 
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transferred between the OR, the ICU and the ward multiple times during their stay. 

[61] 

Transferring a critical patient is always a hazardous task, as the transfer can cause 

various adverse physiological alterations on patient. Thus, constant patient 

monitoring is often required even during the transfer. Also, the possibilities to react 

to the complications during the transfer are usually more limited. The transfer 

should be performed according to the hospital guidelines and usually pre-transfer 

stabilization and preparation are required. These guidelines can vary between 

hospitals. [14] 

From a patient monitoring perspective, there are two main options to retain the 

constant monitoring during the transfer process. First, some hospitals have 

additional monitoring equipment which is temporarily attached to the patient during 

the transfer, and in this case both the origin and destination units have their own 

stationary patient monitors. This method requires a lot of disconnecting and 

reattaching of cables. The second option is that the hospitals transfer both the patient 

and the monitoring equipment. This method requires less cable management, as no 

sensors are detached from the patient for the transfer. However, different units of 

the hospital can have their own patient monitor configurations and settings, which 

means that some parameter settings might need to be reconfigured or new sensors 

might need to be attached after the transfer. In the end, the aim of the transfer is to 

maintain the continuity of the medical care. [14, 61] Despite the method of transfer 

in use, it would be beneficial that the monitoring devices could function with any 

of the sensors available in the unit.  
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3 Interoperability of Devices 

The following chapters discuss the concept of device interoperability and its core 

concepts. Plug & Play architecture is also introduced, and how it is currently used 

in other fields of technology. The last chapter concludes how Plug & Play 

parameters try to achieve this device interoperability. 

3.1 Plug and Play 

Plug and Play is a broad term that has been adopted into many fields of technology. 

Originally, the term was a used by Microsoft and Intel for PC to automatically 

handle a hardware installation. [43] Nowadays, Plug and Play usually refers to a 

device’s or a system’s ability to be easily extensible and modifiable. [40] For 

example, plug-and-play architecture has been adopted in the automotive industry, 

where it refers to the possibility of optional safety and infotainment software as well 

as hardware components being added to the vehicle without unexpectedly 

disrupting other components. [41, 42] The term has also been adopted into electrical 

grid development, in which smart ways to distribute and generate power to the 

network are being produced in a Plug and Play fashion. Some of the most notable 

examples are many of the USB devices, such as keyboards and webcams which 

automatically install their drivers and are ready to operate after a few seconds. [43] 

The concept of Plug and Play tries to minimize the adverse impact of a change to 

the system. [38] The paper by Stoustrup addresses the issue Plug & Play tries to 

solve from the perspective of large industrial manufacturing systems. Industrial 

processes are described to be live systems in the sense that they are subject to 

constant change in terms of instrumentation (sensors and actuators) and in terms of 

subsystems that are added or removed. Also, the majority of the design 

methodologies offered to modify the control system require a complete redesign of 

the system even when a small change is intended to be made. Constantly 

redesigning the whole control system is not feasible due to the costs it produces. 

The paper suggests that Plug & Play controlling systems could be a solution to this 

problem. [33] 
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The same facts and issues can be applied to the patient monitoring systems, which 

are also live systems and must be able to handle changes in instrumentation during 

the operation, as sensors must be easily connectable in runtime. Thus, patient 

monitoring could also benefit from the Plug and Play architecture. 

3.2 Medical Device Interoperability 

The need and desire to connect medical devices to each other and other systems, 

technologies and products has raised interest in the healthcare community. This 

interconnectivity between medical devices has been usually characterized as 

interoperability. The interoperability has been seen to promote innovations and 

produce new models of health care delivery by sharing information across systems 

even when products by different manufacturers are used. The ways in which the 

shared information can be used includes displaying, storing, analyzing, 

automatically acting or controlling another product. [5] 

The most important considerations in the production of interoperable healthcare 

products is the safety of the patient and the operator. Appropriate safety 

considerations must be taken into account during the product design. Inadequate 

interoperability can lead into exchange of inaccurate and misleading information. 

It may also lead into other malfunctions of the device. Ultimately, a poorly 

implemented interoperability can lead to patient injury or even death. [5] 

Facilitating the systems to talk to one another is difficult. On the surface, it is 

achievable to get one system to feed data to another in some predefined format, but 

problems often occur when it comes to interpreting the data and acting on it 

appropriately. [25] 

As the medical devices are increasingly connected to each other and other 

technology, it is important that the devices can exchange information effectively 

and safely. Advancing the interoperability of the medical devices will increase the 

efficiency in patient care. The U.S Food and Drug Administration (FDA) has stated 

their support to promote the development and availability of the interoperable 

medical devices, as interoperability is one of the factors affecting the overall 

usability of medical devices. FDA has reported that approximately 250,000 deaths 

annually in the U.S are caused by medical errors, and about a third of these are 
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related to the medical device usability issues. [4] Thus, providing hospitals intuitive 

and easy to operate devices is crucial. 

In a qualitative study made in Germany hospitals in 2019, 15 different ICU staff 

members were interviewed for future requirements of patient monitoring in the 

ICU. In the interviews, the ICU staff put high emphasis on the usability factors of 

the monitors such as the intuitiveness and visualization. For the future monitoring 

systems, wireless, non-invasive and interoperable sensors were highly desired. [1] 

Another study concluded that working with the cables and making the connections 

is bothersome, when changing patient’s position or transferring them. [52] There is 

clearly a demand from the clinical world to push the patient monitors to be more 

intuitive and workflow to be more practical, as the time spent on operating the 

machine, is out of the time spent with the patient. Reducing the operation 

complexity should also reduce the amount of errors and increase patient safety. [1]  

3.3 The Stages of Interoperability 

The Healthcare Information and Management Systems Society (HIMSS) has 

developed a definition for interoperability of medical devices and systems. The 

definition consists of four stages, which describe the depth of interoperability. 

HIMSS asserts the interoperability amongst all health technology manufacturers by 

promoting data exchange schemas and standards. According to HIMSS, 

interoperability can enable effective healthcare delivery as boundaries between 

healthcare systems and organizations are not causing unnecessary complexity to 

data exchange. [27] 

The first stage of interoperability is foundational interoperability. In the first stage, 

interoperability allows the data transmitted by one device to be received by another. 

This stage is fundamental for all interoperability and serves as a base for all the 

communication between devices. This stage interoperability does not require any 

interpretation of the data from the receiving device. [26, 27] 

The second stage of interoperability is structural interoperability, which defines the 

format of the data that is transmitted between devices. The main concept of this 

stage is to form standardized formats on how the data is packaged. This stage can 

be considered to achieve syntactic interoperability, as the two systems have a 
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common syntax for the exchanged data. The key aspect of structural interoperability 

is that it enables the “uniform movement” of data from device to device while 

maintaining the purpose of the data to be preserved and unaltered. However, the 

structural interoperability does not provide a higher level of understanding of the 

data, as the content of a structured message might not be standardized. It is 

important to keep in mind that each healthcare setting is different in terms of 

business relationships, politics, data collected, database structures and software 

systems. Thus, it can be difficult to find a common language that would suit every 

need. [26, 27] 

The third stage of interoperability is semantic interoperability. Semantic 

interoperability refers to the ability of systems and devices to both exchange and 

use the data that has been transmitted. Standardization of the data is the key to 

achieve semantic interoperability. However, finding the universal standard that 

could fit all the need of medical devices is difficult. There are over 40 standards 

development organizations in health IT arena, which reveals the issue behind the 

standardization of communication methods in health technology field. [26,27] 

HISS defines also the fourth interoperability stage, which is organizational 

interoperability. This stage includes organization level governance, policy and 

considerations to facilitate a seamless and real-time communication between 

organizations, entities and individuals, such as hospitals, research facilities and 

patients themselves. This type of interoperability should not be performed on the 

patient monitor side, but the integration of these types of systems must be done on 

a higher level of the monitoring system’s hierarchy. [27] Thus, the fourth stage is 

out of the scope of this study. However, some consideration must be done towards 

the organizational communication, as the intra-hospital systems should be capable 

to handle the data collected by patient monitors. These systems include central 

monitoring systems and patient databases. One could consider interoperability of 

these systems as a precursor to organizational interoperability. 

3.4 Interoperability and Plug & Play Parameters 

Semantic interoperability is the level of interoperability that the Plug & Play 

parameters implementation is aimed at achieving. The sensor devices and patient 
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monitor should be able to both exchange and use the data meaningfully. Reaching 

only syntactic interoperability is not enough as the monitor needs to be able to use 

the data it receives. Semantic interoperability will allow the monitor to take in the 

data and perform valid operations on it. For example, a monitor could receive an 

integer value from a sensor, and from syntax know, that it really is an integer value. 

However, this level of interoperability does not mean that the monitor would know 

how to use the received value. In the monitor, the integer value type could be used 

in numerous different ways; it could be a data point, a calibration coefficient, a 

version number of a sensor or almost anything else using numbers. In order to use 

the data received, the monitor and sensor must have a common language to inform 

each other of the context of the value and thus define how the value is intended to 

be used. The type of interaction can also vary between devices from unidirectional 

data exchanges to more complex interactions such as exerting commands and 

control over medical devices. 

How this type of communication should be implemented is not a trivial question, 

which can be seen from the number of different standards in the health industry. 

One method to implement the feature would be to use standardized architectures 

and communication protocols. Another method would be to use labelling to specify 

non-standard interface requirements and characteristics. [5] 
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4 Principles of Plug & Play Parameters 

GE Healthcare already advertises that sensors can be attached to their monitors 

through miniaturized plug-and-play micro-modules. In this context, the plug-and-

play refers to monitors’ ability to recognize the attached sensor and start the 

operation without the need of manual configuration. [39] Monitors can however 

operate only with sensors that are supported by it. Both the monitor and the sensor 

need to first be programmed to function with each other to enable the advertised 

plug-and-play functionality. The Plug & Play parameters aims to take this concept 

one step further by making not only the individual sensors plug-and-play ready, but 

also to make the parameters plug-and-playable. 

Plug & Play Parameters aims to solve this by defining a parameter interface, which 

could be used for integrating new parameters and sensors more effortlessly. 

Currently, when a new parameter or sensor is added to GE’s portfolio, the software 

usually needs to be modified on several levels. This makes the integration of a new 

parameter a slow process on the software side. Also, all the work on the codebase 

must be done by GE engineers, since the software is GE’s asset and is not available 

for other companies. Openly distributed parameter interface would enable the third-

party developers to have a bigger role in the integration process as the interface 

would allow them to do a part of the software side development. The interface 

would allow the third-party party developers to access only certain restricted parts 

of the software, while keeping most of the patient monitor software available only 

for GE. Such an interface and third-party party involvement would ease the 

integration process of new parameters. 

A similar relationship between the product owner and third-party manufacturers 

can be found from mobile phone industry, where the third-party applications have 

become a norm and necessity. Two major phone operating system developers, 

Apple and Google, both provide tools for third-party manufacturers to create 

applications on their platforms. Android operating system, owned by Google, has a 

free developer toolkit which third-party developers can use to create applications 

on Android devices. This is considered one of the reasons Android has become a 

popular operating system on phones and tablets. Similar tools are also provided by 

Apple. In addition to this, both manufacturers provide online app stores which third-
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party developers can use for distributing and monetizing their applications. 

Publishing new applications has become a simple process and it benefits all parties. 

[62] 

This third-party development is usually beneficial for both the interface provider 

and for its user. In the presented App store example, Google and Apple benefit from 

the third-party development by reducing their workload on creating applications to 

their devices, as this is done by the third-party developers. A device with more 

applications and functionalities is usually more desirable for customers. The third-

party developers on the other hand gain access to this widely used platform and get 

their product available for more users. [2] Apple’s slogan “There’s an app for that” 

could in the future be adopted by GE in terms of parameters. [62]. 

The Plug & Play parameters feature could be the first step towards establishing a 

similar relationship between GE and the sensor manufacturers. This interface would 

benefit both GE and the original equipment manufacturers (OEMs). GE could 

distribute part of the software development process to the OEM to reduce its 

workload. Also, the monitor with more supported sensors and parameters is a more 

desirable choice for hospitals. The OEM on the other hand would benefit from the 

fact that it would be less dependent on GE’s workforce and schedules and get the 

sensor faster to the markets. An OEM developed sensor being supported on GE 

patient monitors also gives the OEM access to wider markets as many hospitals 

already have GE patient monitors. 

Which parts of the software should be made accessible for OEMs, is not a simple 

question. However, this is one of the key questions as it directly relates to the 

amount of work that can be transferred from GE to OEMs. If it is assumed that the 

total amount of work to integrate a new parameter stays the same, all the work that 

OEM can do is out of the work required by GE. The deeper the access to the 

software that is given to OEM, the more work OEM can most likely do, and thus 

integration requires less work from GE’s side. However, the objective of Plug & 

Play parameters is not to only distribute the work more evenly, but to also reduce 

the total amount of work. The interface would also clearly define, what is possible 

to do with parameters. It is not always exactly clear for sensor manufacturers, what 

is possible to be done on monitors. Vice versa it is not always clear for GE what a 
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sensor manufacturer wants. [53, 56] Despite the Plug & Play parameters, getting a 

parameter into monitors in hospitals is not only a matter of implementing software, 

but it also involves a lot of designing, testing, regulatory and legal work and 

marketing. [56] 

4.1 Competitors’ Solutions 

A few of the other patient monitor manufacturers have already moved towards more 

interoperable patient monitoring solutions. Philips, a major competitor of GE 

Healthcare, has IntelliBridge product family which provides solutions to make 

many medical devices and systems able to communicate with Philips’ patient 

monitors. Philips provides third-party manufacturers with an IntelliBridge Open 

Interface protocol, which can be used for communicating with the host device. On 

the bedside monitors, at least numerical values, waveforms and alarms are 

supported from over 130 medical devices. The connectivity is achieved with an 

additional module, which is connected between the patient monitor and external 

device. Despite the interoperability with large number of devices, the system does 

not support any novel parameters in a plug-and-play fashion. [16,17] 

Another competitor of GE Healthcare, Mindray, has produced a similar 

interoperability solution. Mindray Benelink is a module, which can interface an 

external medical device to Mindray bedside devices. Parameters received from the 

external device are included into monitor graphics, alarms and trends. All the record 

data can also be passed to an electronic medical record of a patient. Considering the 

number of external devices supported by Benelink, the Benelink seems to be a more 

restricted system than Philip’s IntelliBridge, as approximately 50 external devices 

are supported of which majority are ventilators and anaesthesia devices. The 

Benelink does not either allow new parameters in a plug-and-play fashion. [18] 

4.2 Concepts of New Parameters 

The development of Plug & Play parameters could start a new era in multi-

parametric monitoring, as the integration of a novel parameter to the monitoring 

platform would be a simpler process, than it is nowadays. There are already 

physiological variables that are not supported by GE monitors. The following 
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chapters briefly discuss possible parameters to be added. All of them are found to 

be clinically relevant. 

Blood glucose levels could be a parameter to be added to the patient monitors. 

Blood glucose level monitoring is a necessity for diabetics, and diabetes is one of 

the most common chronic diseases worldwide. A fluctuation of blood glucose 

levels can lead to both short-term and long-term complications. [45] A diabetic who 

is being treated in a hospital and is unable to self-monitor their blood glucose level, 

could be attached to a blood glucose sensor that would be connected to a patient 

monitor. The monitor would store and visualize blood glucose values and raise an 

alarm, if blood glucose levels go above or below the desired range. It has been 

shown that inadequate control of blood glucose level of surgical patients relates to 

increased morbidity and mortality rates. A similar correlation has been found with 

patients in critical care. [44] Currently, blood glucose monitoring is done manually 

by a nurse during the surgery and intensive care. [46] There are already continuous 

and wireless blood glucose meters on the markets from several manufacturers, 

which could help in monitoring the glucose levels. [47] Integrating such a sensor to 

a patient monitor’s use could both benefit the patient and the hospital staff as this 

would free the nurses’ time for other tasks.  

Postoperative delirium is a common but often undiagnosed cognitive complication 

following a major operation. It is defined to be an acutely altered and fluctuating 

cognitive status which can manifest as inattention and an altered level of 

consciousness. It is approximated that over 50 % of postoperative delirium cases 

are unrecognized by clinical teams. The risk factors for developing postoperative 

delirium can be both patient-specific and operation-specific. Risk factors include 

pre-existing dementia, old age, functional impairment and operations considered to 

cause a high degree of stress on the body. [48] A relationship between delirium and 

extended hospital stay, premature withdrawal and increased mortality rate has been 

found. [50] In some occasions, delirium can be reversible once its cause has been 

removed. [49] There are two common methods to diagnose delirium, which both 

include performing cognitive tests on a patient. These bedside tests include 

determining patient’s attention, calculation, recall and language capability and its 

fluctuations overtime. The tests are usually performed once a day by a nurse. [48] 
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A parameter that measures the cognitive status and consciousness of a patient could 

be implemented. A device performing a simple automated cognitive test could be 

interfaced with a monitor. The device could be as simple as a few buttons that can 

light up. Occasionally, the patient would be required to take an automated test in 

which the patient must press the buttons in the order they lit up. The parameter 

could be used in ICU and PACU to continuously assess the cognitive state of the 

patient. The monitor would store the results and transmit them to central monitoring 

system, from which the mental status could be monitored even remotely. 

4.3 Plug & Play Parameters Interface 

The objective of a Plug & Play feature would be to change the current parameter 

integration process in a way that the third-party developers could take a part in the 

software development process. In whichever way this feature is implemented, it has 

certain API (application programming interface) characteristics. The objective of 

an API is to provide an abstraction of the system it represents and specify how other 

developers can use its interface to access its components. The size of an API can 

vary from a single function to hundreds of classes, methods, enumerations and data 

types. Modern applications are typically built on top of many APIs, where some of 

these can also depend on further APIs. [19] 

The benefit of using an API is that a well-defined API provides its user a simple 

interface to a specific service or a piece of software. An API also provides 

flexibility. Use of an API allows its developers to do updates on components it 

hides, without breaking systems which are dependent on the changed parts. Without 

the use of an API, the future updates must be more restricted, so that they do not 

break the API user’s implementation. Also, the user of an API does not need to be 

aware of all the bits and pieces of how the backend works but can access its features 

through a simple interface. [19] 

The APIs allow businesses to expand beyond their usual boundaries and potentially 

drive revenue from markets which were not formerly accessible to them. The 

expansion can be performed by other companies using the API. The API value chain 

usually involves three participants: The API provider, the API consumer and the 

end user, also referred to as customer. The API provider decides which parts of its 
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assets it makes accessible through the API. The API consumer is the developer who 

uses the API to produce something that the customer uses. In order for the API to 

be successful, all three parties must benefit from the API. [3] From Plug & Play 

parameter’s point of view, GE would be the API provider, OEMs the API consumer 

and the hospitals using the sensors and parameters would be the API customer. 

Figure 3 illustrates this relationship. 

 

 

Figure 3 The relationship of GE, OEMs and hospitals in API business 

 

In API design, one should not give any special treatment for any possible client, as 

this can result in unwanted dependencies, which can cause issues in the future. The 

API should be independent of the clients. Some of the client required features might 

conflict with each other, the development timeline can be missed, the API might 

get too complex and difficult to use and maintain if all the features are tried to be 

brought in. However, a feature required by client can be later extended to the API 

by keeping the core design the same. However, if the design does not fulfil any 

needs of the clients or the internal developers, the API becomes pointless. Thus, it 

is important to characterize the core features and implement them early and leave 

all the “nice to have” features for the future. [2] Considering the scope of this 

project, only the fundamental features of parameters are implemented in the 

prototype and the possible extra features are only discussed. 

Plug & Play parameters will implement an API that can be used for implementing 

parameters on GE’s patient monitors. The benefit of using an open API is that also 

OEMs could have access to this feature, and thus be able to implement their own 
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parameters. This kind of an API would preserve the rest of the monitor software as 

GE’s asset. 

API business involves numerous different monetization models to drive revenue 

from the use and development of an API. The API can be made free to use, the 

developer can ask for payment from the API user or vice versa, or there can be some 

indirect business arrangements. All these main categories have several more 

subcategories. [3] Currently, small sensor manufacturers are eager to get their 

product to be supported by GE patient monitors, and with the current integration 

process, are willing to pay for the integration. Larger manufacturers do not have the 

same mentality, and the getting payment from them is not as evident. [53, 57] To 

fully study what is the best solution for GE, sensor manufacturers and end users, 

after Plug & Play parameters is implemented, could be a topic for a whole new 

thesis.  
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5 Basics of Parameters 

Parameters are the main feature of the patient monitors and have a key role in the 

competence of such a product. [53] Parameters are a lot more than just numerical 

values and waveforms on the monitor screen. In this chapter, the main features of 

the parameters are investigated in more detail. The purpose is also to emphasize the 

importance of these features when designing a parameter. Many of these features 

are common for all parameters but there are also some which are more parameter 

specific. Two main features were identified and are discussed first. The more 

parameter specific or less significant features are introduced last. Some parts also 

include discussion on how the feature will be affected by Plug & Play 

implementation. 

5.1 Graphical User Interface 

The screen of the patient monitor is the main method to communicate with the 

monitor. It can be thought of as a main interface between the monitor and medical 

personnel. The graphical presentation of the data has a key role in patient treatment, 

especially in OR and ICU environments, where constant monitoring and fast and 

accurate data interpretation have a crucial role. [13] The data acquired from the 

sensors is visualized and presented on the patient monitor’s screen. Traditional 

monitoring displays present the data numerically, but also the waveform 

presentation of data is available for many parameters. In waveforms, the wave 

structure describes the measured values. Waveforms present the data from some 

continuous time interval, whereas the numerical presentation presents a single 

discrete value. [11, 13] A modern patient monitor can also visualize the data in 

many other ways. Different types of graphs and images can be also used. Trending 

data of parameters are usually not presented on the main screen but are accessible 

in submenus. [13] 
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Figure 4 Graphical user interface used in GE's monitors 

 

The GE monitors are equipped with colour display touch screens, which are used 

for both controlling the unit and to present the data to the user. In GE’s GUI design, 

the main screen is divided into parameter windows, which each present one 

parameter’s values in numerical form. The waveforms on the other hand are drawn 

horizontally in the middle area of the main screen, beside the corresponding 

parameter’s window. Some other visual components, such as images and arrows, 

are used. Similar GUI design is commonly used in all modern patient monitors. [13] 

Depending on the depth of control on the overall system the OEMs are given 

through Plug & Play feature, there is a possibility that OEMs can affect the way 

that the data is visualized. If the OEMs are given access to design their own 

graphical features, it must be made sure that these features follow certain rules set 

by GE. If complete freedom in design is given to the OEMs, the GUI gets cluttered 

and the interpretation of the presented values gets increasingly difficult. This is 

something that should be avoided as the intuitiveness and accessibility of data on 

the screen is something that is greatly desired by nurses and physicians. [1, 23] 
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5.2 Alarms 

Patient monitors also produce visual and audible alarms to alert about mild to acute 

changes in a patient’s condition. The cause of an alarm may require immediate 

intervention which makes alarms a helpful and crucial tool for medical personnel. 

[7] Alarms help to prevent harm caused to the patient by providing quick 

recognition of and reaction to critical conditions. It has been shown that usage of 

both visual and acoustic alarms decreases the reaction time of anaesthesiologist to 

relevant changes in parameters from a minute to only seconds. [59, 60] The alarms 

can also be used for notifying about device malfunctions, such as sensor 

disconnections from the patient or disconnections from other parts such as gas or 

water supply. [15] On one hand, the alarm rising from device malfunctions are 

usually raised in the sensor itself which then notifies the patient monitor about the 

issue. On the other hand, the alarms caused by the altered physiological conditions 

are usually raised on the monitoring device, after the values have been interpreted. 

Typically, parameters have set value limits in which the value is desired to be. If 

the value falls out of this range, either by increasing or decreasing out of these set 

limits, an alarm is triggered. For many parameters the limits can be adjusted by the 

medical personnel. [15] 

Alarms use both acoustic and visual warnings to inform about the condition of the 

patient. Different alarm priorities can be distinguished from each other by using 

various tone sequences and by utilizing different colours to represent the acuteness 

of the alarm. Various algorithms are used for detecting the abnormal conditions 

from the measured signal. An ideal alarm algorithm would always perfectly capture 

the underlying physiological condition and would only raise the alarm when a 

prompt action is required. The ever-increasing medical progress and the increasing 

number of physiological parameters that can be monitored inevitably leads into 

more possible alarms to be recognized. High alarm frequency can have adverse 

effects on the treatment. Constant false alarms or too narrow alarm limits can cause 

alarm fatigue on nurses, which can eventually lead into true alarms being 

unrecognized. Frequent alarms can also increase patient stress and disturb the rest 

which can lead to undesired effects. [15] 
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5.3 Uncommon and Minor Features 

5.3.1 Electronic Medical Records 

Previously, almost all the patient related data ranging from diagnoses to laboratory 

tests were stored in paper-based files. In recent years, there has been a shift towards 

electronic patient records that can provide detailed information about a patient’s 

history. Use of electronic patient records can enable fast access to patient data which 

can enhance and provide new possibilities in terms of treatment. [12, 26] 

The electronic medical records (EMRs) provide the healthcare personnel 

information in formats that were not possible with paper charts. EMR have been 

reported to increase both the quality of care and patient safety by providing easy 

access to all patient data. [10] With EMRs, the health care providers can more easily 

track the condition of the patient over longer time periods and adjust the treatment 

to suit the patient. Efficiently managed EMR can also improve the communication 

between clinical staff and different units of a hospital, if the data can be easily 

accessed by all the members taking part in the treatment. With improved access to 

medical data, there is also a reduction in duplications and costs. Some EMRs also 

provide the patient with access to their own patient data through the use of patient 

portals and personal health records, which can offer the patient a possibility to 

engage in and better manage their own care. [8] The electronical data can also be 

exchanged more easily between organizations and be used in clinical research. [10] 

Considering all the benefits of EMR, it is important that the parameter can store the 

data in some intuitive and meaningful manner. Although, the EMRs are handled 

and stored by an external system, they need to be taken into consideration when 

designing a parameter on the patient monitoring device. The EMRs need to be taken 

into consideration too, when designing an API for OEMs to use. It has been reported 

that it is sometimes difficult for the health care providers to determine where 

various types of information should be documented and where some specific 

information can be found. Sometimes there is no consensus between different units 

of a hospital on what is the right place to store specific information. [9, 61] It has 

also been reported that adaptation of a new EMR system can lead to productivity 

loss relating to medical staff for the first few months due to the learning process of 
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a new EMR system. [10] Thus, it is important that the data is stored in some uniform 

manner despite the OEM or the sensor, so that the learning process can be 

minimized when switching between sensor manufacturers. The tools provided to 

OEMs must allow and restrict only specified information to be stored, so that the 

EMR system does not get filled with OEM specific features and some sort of 

uniformity inside and between parameters can be preserved. 

5.3.2 Interplay of Parameters 

Interplay of Parameters refers to the co-operation of two or more parameters. 

Currently each of the parameters tends to concentrate on monitoring a single 

physiological condition from the patient which is then presented on the monitor. In 

the long run, increasing the number of simultaneously monitored parameters 

indefinitely can lead to adverse effects. The ever-rising number of monitored 

parameters can negatively affect the work of nurses and physicians. Interpreting 

information from multiple data sources can be time-consuming and can require a 

lot of knowledge and expertise on how parameters correlate with each other and the 

physiological status they represent. [13] Thus, an algorithm combining multiple 

parameters could ease the process of interpreting multiple parameters 

simultaneously. 

Use of multiple parameters can also be helpful when there is no direct way to 

measure a physiological parameter, such as pain intensity. There have been 

experiments to measure pain straight from the patient by using three separate 

parameters: heart rate, breath rate and electrical conductivity of the skin. The data 

is then ran through a neural network classifier that outputs the pain intensity level 

felt by the patient. The use of neural networks and artificial intelligence also 

provides interesting possibilities for future development in parameter design. [24] 

Surgical Plethysmographic Index (SPI) can be used to determine the patient’s 

hemodynamical response to surgical stimuli during anaesthesia. It is used to 

measure whether the anaesthesia level is sufficient to cover the pain reaction 

induced by surgery. SPI utilizes two separate parameters, pulse rate and 

photoplethysmographic amplitude, which are combined to calculate the SPI. SPI 
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can be found from GE’s parameter portfolio and it is an example of how parameters 

could be combined to produce further information about the patient’s state. [20, 21] 

5.3.3 Parameter Priority 

Some physiological parameters can be measured with several different types of 

sensors. For example, heart rate can be derived from electrocardiography (ECG) or 

oxygen saturation (SpO2) sensors. In a case of two or more competing 

measurements, the source with higher priority will be the one to be presented on the 

screen. How is this priority determined if there are two or more same parameter’s 

sensors from different OEMs? 

5.3.4 Parameter Specific Procedures 

Many parameters also have some special procedures that can be sensor or parameter 

specific. Such procedures can include performing a start-up sequence, calibration 

of the sensor, relearning algorithm variables or fetching some special value from 

the sensor. To initiate such a procedure the host device might need to send a signal 

to the sensor device to start the process. This type of bidirectional communication 

also needs to be taken into account when fully developing a Plug & Play parameters 

feature. 

5.3.5 Localization 

Localization refers to different language versions of the device. Among the 

numerical data, there are usually some texts and labels visible on the patient monitor 

screen. [13] All the menu texts, parameter names, units and the on-screen keyboard 

can be localized based on the language of the facility or country the device is used 

in. Currently, GE patient monitors support around 20 languages. Localizations 

provided by OEMs can be an interesting improvement for Plug & Play parameters 

for the future.  
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6 Implementation Methods 

This chapter discusses the implementation approaches of Plug & Play parameters 

feature. First, the reader is briefly introduced to the current implementation and its 

disadvantages. Then, three different implementation approaches will be discussed, 

each in its own subchapter.  

6.1 Current Parameter Implementation 

GE’s patient monitors have the capability to operate around 20 different parameters. 

On the software side, these parameters are implemented separately, each having its 

own component. These components and their supporting structures are constructed 

during the bootup of clinical software running on the monitor. When a sensor is 

attached the component handling the parameter provided by the sensor is already 

ready to be used. These components share many structural similarities and 

subcomponent types. In general, all parameters have subcomponents such as 

parameter mechanics, models, alarms, view for display, waveforms and trends. All 

these subcomponents are built separately for each parameter, meaning that an alarm 

component from ECG cannot be reused for SpO2, as these subcomponents contain 

very parameter specific variables. A simple example would be that an ECG alarm 

component contains an alarm for arrhythmias which are not defined for the SpO2 

parameter. Another example would be that from ECG component one cannot find 

value for oxygen saturation and mechanics to handle it. 

When a new parameter is added, the parameter component and all its 

subcomponents need to be constructed to include every feature that the specific 

parameter might have. Some low-level structures can be reused between 

parameters, but the majority of the implementation must be done from scratch. Even 

when a new sensor for an already existing parameter is added, refactoring of the old 

parameter component is required to include all the sensor specific features. The core 

implementation is usually the same for all sensors from the same parameter, but the 

sensor specific features create branches to the implementation. Thus, the inherent 

problem with the current implementation is that the parameters are not 

standardized, and all the OEMs’ specific features must be implemented separately. 
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6.2 Applications for Parameters 

Currently, only a small amount of data processing is done on the monitors, and most 

of the data is processed on the sensor-side. GE uses two types of sensor modules, 

active cables and E-modules. Active cables are only available on CARESCAPE 

ONE whereas E-modules are aimed towards bedside monitors. [22, 35] Both of 

these types have data processing capabilities on them, thus almost all the needed 

data algorithms are found on the sensor. However, there are parameters that 

currently require some processing on the host side, such as ECG and CO2. 

One of the ideas to implement Plug and Play parameters feature is to provide OEMs 

the ability to implement software that is run on the patient monitor. In this 

application, the OEM could possibly perform calculations, trend the data, cause 

alarms and produce elements to be shown on the GUI. GE would then provide an 

interface or interfaces for this application to access the components on the 

monitoring software that can make these actions happen. As the sensors are already 

capable to do the majority of the data processing and can output processed data, a 

question of whether sensors even need to access the processing power of a monitor 

is raised. The benefits for the sensor manufacturer would be a possible decrease in 

sensor producing costs due to decreased processing power required on the sensor 

side. On the other hand, producing a monitor application can be costly too. 

However, the software needs to be produced only once and manufacturing sensors 

from more expensive parts cumulatively adds the costs. 

In a case in which OEMs could have their own application running on the monitor 

that gets the data from the sensor, processes it and possibly performs some other 

actions, the implementation would still at some point require a parameter interface 

between the monitoring software and sensor application. Almost inevitably, there 

will come a time that the monitor software needs to access the parameter 

information on this OEM produced application, whether it was for the interplay of 

parameters or to send the data forward to other systems. Essentially, the nature of 

this required interface would be the same, whether the data was coming from the 

sensor or from an application running on the monitor. In both cases, the monitoring 

application has to be able to handle the received data in the same way. The 
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difference would be that in the first one the data is coming from an external device 

and in the other one from the inside of the monitor. 

Thus, the OEMs’ ability to implement software on a monitor does not fully answer 

the question of how Plug & Play parameters should be implemented, because the 

real objective is to find the common way for a sensor and monitor to communicate 

about a parameter. The OEM provided applications on a monitor are a very 

interesting concept for the future but are not the key to implementing the Plug & 

Play parameters feature. 

6.3 Standardized Parameter Models Approach 

One of the approaches to implement the Plug & Play parameters feature is to 

construct a standardized parameter model for each parameter. A parameter model 

is a model that includes features that a parameter has. These features include all the 

numerical variables, waveforms, statuses, configurations and anything else that is 

required for a parameter to operate. For example, an SpO2 parameter model could 

include numerical variables for oxygen saturation and for pulse rate. The same 

model could have plethysmographic measurement in a wave format and provide a 

status indicating that there is interference on the measurement signal. A similar 

model can be constructed for any parameter. The difference between the parameter 

models will be the variables they contain. An ECG parameter model would have a 

completely different set of variables. The more variables are brought into the model, 

the more versatile the model becomes, as it can fulfil a larger set of parameter 

specific features. By standardizing these models, it is ensured that a model contains 

only a well-specified set of variables. 

The main objective of this approach is to construct a parameter model for each 

parameter separately. These parameter models contain a full specification of 

parameter features that are supported by the monitor. The model specifications can 

be made public and distributed to the OEMs. The OEMs can then develop sensors 

that provide the data by the rules of the models. A parameter API can be 

implemented to handle the exchange of data between sensor and monitor. The API 

will only take in well-specified data. Interpreting and manipulating the sensor’s 
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values on the monitor side becomes simple, as the monitor is fully aware of what 

type of data it receives through the API. 

6.3.1 Health Level 7 

A widely used standard in the health tech field is a Health Level 7 (HL7) made by 

a multi-national organization carrying the same name. HL7 tries to solve the 

standardization issue by defining an international language to represent all the 

medical data ranging from patient information to lab results. Their aim is to provide 

a framework for the exchange, integration, sharing, and retrieval of electronic 

health information. The messaging format is kept independent of the transportation 

methods, which makes HL7 a flexible method to transfer data between a variety of 

systems. [30] 

It is stated that HL7 is more aimed towards application-to-application 

communication, rather than to be used between closely coupled client-to-host 

communication. [30] Considering the nature of the communication between the 

monitor and the sensor, it could be considered to belong to the latter category. This 

makes HL7 a less desirable format to be used in a Plug & Play feature and as a 

communication method between a sensor and a host. There are some closely related 

examples of HL7 usage in real-time monitoring, where the raw data from the sensor 

is outright encapsulated to a HL7 document when the host receives it. [31] 

Although, the objective would be to encapsulate the data before the transfer to save 

bandwidth. Even though HL7 might not be directly used in Plug & Play 

implementation, it might become necessary when the data is transferred from the 

patient monitor to other systems. 

6.3.2 Sapphire Communications Protocol 

GE has its own, rather new, data model specification Sapphire. Sapphire Data 

Model is a structured data model, that is produced and moderated by GE. One of 

the desirable features of Sapphire Communication protocol is that the models 

support self-describing binary formats. The model is described by XMD (XML 

message definition) files, which contain all information about the used model and 

the instructions to decode the data related to it. As the name suggests, XMD has an 

XML-like structural containment hierarchy, which allows metadata to be brought 
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in by the model. The design allows all the further data to be transferred in binary 

format and with the help of the XMD descriptor, the data can be decoded. The use 

of binary encoded data allows fast transfer of data. Also, as such communication 

protocol does not require resending the model descriptions each time data is 

transmitted, the total transmitted data will be much less than with e.g. HL7 

standardized models. [28] The figure 5 illustrates the benefit of using Sapphire 

protocol against a HL7 based solution. 

 

 

Figure 5 The number of bytes required by Sapphire Communication Protocol 

compared to HL7 based communication (PCD), when a single numerical value and 

250 ms long waveform are transmitted. [28] 

 

The Sapphire models are moderated by the Sapphire Review Board. All change 

proposals to the models must go through a multistep Sapphire change process. The 

process includes creating a change request, a review by the Sapphire Review Board, 

documentation modifications and documentation approval. [28] The Sapphire 

already has 20 data models designed for common parameters such as for ECG, 
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INVP and SpO2. However, some parameters are still missing their models such as 

CO2. [29] 

6.3.3 Evaluation 

The main benefit of the parameter specific model approach is that it fully 

standardizes a parameter. This type of standardization does not currently exist on 

GE’s side and is greatly desired. [53] A standardized parameter model would allow 

any sensor that is implemented by that standard, to communicate with GE’s patient 

monitors. The standardized model approach would integrate well to the existing 

parameter implementation on patient monitors’ clinical software, in which all 

parameters are already handled as their own entities. However, this approach would 

change the implementation in a way that all data comes through a well-defined and 

standardized interface, and the implementation would not need to worry about 

which sensor the data is coming from, as the interface abstract the sensor-side. 

The main question in this approach is, how large the models are made, meaning, 

what are the variables that are included in each parameter’s model. Not every OEM 

might need all the variables provided, while some OEMs might not find a desired 

variable from the model. What is the right size for each model is a difficult question. 

Making a model too small in terms of variables can make it unusable. On the other 

hand, making the model too large can add unwanted complexity to it. By default, 

the model should be some sort of superset of all variables that GE and OEMs 

currently use in their sensors. Majority of the variables can be drawn from the 

current parameters, and the Sapphire’s parameter models provide a great starting 

point in terms of known variables. 

The standardized parameter models approach will require all variables, alarms and 

configurations to have methods that they are handled with. Many of the functions 

could be reused from the existing software to deal with the variables chosen to the 

parameter model. The standardization would, however, need to discard the 

manufacturer specific implementations. Although many of these features would be 

made available in the parameter standard. Parameters that need to perform data 

processing or any form of calculations on a monitor side would still require GE’s 

engineers’ involvement in the integration process. However, this could be solved 
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by forcing these parameters or sensors to perform the calculation on the sensor side 

and making them deliver fully processed data to the monitor. However, this might 

require the OEM to use more expensive parts on the sensor to compensate for the 

loss of processing power access on the main unit. How willing the OEMs would be 

to do transfer to this type of arrangement, is not a simple question. 

One other limiting factor regarding the standardized model approach is that it lacks 

flexibility. Only the specified set of variables, alarms, configurations etc. can be 

handled. For example, if OEM comes up with a clever new algorithm to detect some 

adverse physiological condition, the alarm for the condition is most likely not 

included in the standard. The specification for the alarm must be first added to the 

model, which is usually something the OEM cannot do itself as many of the models 

are regulated by some organization or company. If Sapphire models were to be 

used, this modification to standards would be done by the Sapphire Review Board. 

The same procedure must be performed for any variable that the OEM wants to 

introduce to the model. Only updating a model is not enough, as the implementation 

for this new feature must be made on the monitors software. As with current 

parameter implementation, this modification must be done by GE engineers. Thus, 

the standardization would not significantly reduce the workload on GE’s side when 

implementing a new feature to a parameter or when implementing a totally new 

parameter. The whole process that is required to introduce a new variable to the 

standard can discourage third-party developers to innovate new features to existing 

parameters, not to mention to fully develop a new parameter from scratch. 

This type of implementation would, however, have a significant impact on those 

sensor manufacturers, who only implement features that are already introduced into 

the standard. This would greatly reduce the integration time of these types of 

sensors, as the OEM can deliver a finished product that can communicate with the 

monitor without a need to involve GE’s software team. This would open doors for 

new sensors manufacturers to get their product on GE’s monitors easily. A sensor 

manufacturer might produce a more accurate, more reliable and faster working 

sensor, which does not introduce any new features but would still be an upgrade to 

the old one. Integrating such a sensor should be easy to do with the standardized 

parameter models. This way, a new technology could still be introduced to sensor 
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markets. Also, sensors from different price ranges and with a range of optional 

functionalities could be supported, and there would be more variety for hospitals to 

choose from. Not everyone might need the most expensive sensor with all of the 

features, but a cheaper one with the main functionalities could do just fine. Opening 

the market for all types of sensors would be beneficial for all parties.  

6.4 Labelled Data Approach 

Another option to implementing the Plug & Play feature is to have a sensor provide 

labelled data to the monitor. But unlike the standardized parameter model, in which 

the sensor outputs data specific to variables in a parameter model, the labelled data 

would not define what specific type of data it is sending but define, what to do with 

the data. The idea is that an API would take in label-value pairs, interpret the pair 

based on the label and handle the value according to rules that are defined for the 

label. What are these labels and what type of rules they define are the key questions 

of this approach. 

6.4.1 The Two Dimensions of the Approach 

The use of labels can be thought to have two different dimensions which both 

measure the specificity of the implementation. These dimensions are illustrated in 

the figure 6. The label implementation can be thought to have a spectrum of how 

specific these labels are about the operations they define. The one end of the first 

dimension defines labels that are very specific about what to do with the data. Such 

a label could be “draw measurement to coordinates x=50 and y=30, use font Arial 

and font size 30”. At the other end of the dimension, the labels provide only a broad 

indication about the operation that should be performed. This type of label could 

for example be “draw” attached with the data that is supposed to be drawn on the 

screen. 
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Figure 6: Two dimensions of the approach 

 

Another dimension in this approach is how parameter specific the labels are made. 

Should every parameter define its own set of labels and rules they are handled with? 

On one end of the dimension, the labels are very parameter specific and define 

functionalities that are specific to a parameter. Such a label could be “activate ECG 

alarm with message”, where the message to be shown is included as a value. On the 

other end of the dimension, the labels do not inform anything about the type of the 

parameter but are more general operations like “activate alarm with message”. In 

the first example, there could be some ways that ECG alarms differ from other 

alarms, thus this must be separately indicated. The second example on the other 

hand assumes that all the alarms and their messages behave in the same way and 

there is no need to specify what parameter it belongs to. 

6.4.2 Generic Parameter Model 

Implementing a Plug & Play parameters feature with this approach is a question of 

finding the sweet spots on these two spectrums. If the labels are made very 

parameter specific, the method would not fundamentally differ much from the 

standardized parameter model approach, as all the features must be implemented 

specific to a parameter. Ideally, we could implement all the parameters by the same 

set of rules and would not need to care about from which sensor or parameter the 

data really comes. The idea comes from the fact that many parameters have 

similarities in the way that they behave; parameters display numerical values, create 

waveforms, have alarms which trigger when a set threshold is crossed and so on. If 

all these features that parameters have could be found and a union could be formed 

of them, a generalization of a parameter could be created. This would be a superset 

of all the parameter features. Most likely, many of the features could be found on 
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several different parameters, thus making the union smaller than the sum of the 

features in each individual parameter. This type of parameter model is referred to 

as the generic parameter model hereinafter in this thesis. The generic parameter 

model could represent any parameter that uses only the features found in the 

generalized model. In a sense, this manifested parameter is only one of the feature 

combinations of an almost infinite number of possible parameters offered by the 

generic model. 

The generic parameter would provide the sensor manufacturer framework that can 

be used for creating the parameter on the monitor. Instead of parameter forming 

from well-specified variables, the parameter is in fact composed of operations that 

are performed on the sensor provided data. For example, the OEM wants to develop 

an SpO2 sensor, which produces one numerical value and one waveform. The OEM 

wants these values to be displayed on the monitor screen and the OEM wants that 

there are title texts that indicate what these values represent. Instead of specifying 

what these values exactly are, the OEM labels data to be presented as numerical 

values and as waveform on the screen. The monitor takes in these values with their 

attached labels and performs an operation on the value based on the label. In this 

case, the sensor will attach numerical values with label that indicates that it wants 

the value to be presented as a numerical value on the screen. Similarly, the 

waveform data will be attached with a label that signifies that the value should be 

added to the waveform drawn on the screen. The sensor will also provide text to be 

presented on the screen, that add titles to numerical value and waveform. For a user 

observing the monitor screen, the presented data will look like an SpO2 sensor data. 

On the other hand, the monitor is not aware of what parameter it is presenting on 

the screen, as it handles the received data solely based on the labels and operations 

they represent. From monitors point of view, the parameter on the screen could be 

any parameter that just happens to have one numerical value and one waveform 

with some titles describing them. This approach differs greatly from the 

standardized parameter model method, in which the monitor only accepts parameter 

specific data. To implement the sensor software, the sensor manufacturer needs to 

know which label produces which effect. These labels should be included in the 

Plug & Play parameters documentation, which OEMs can use when developing the 
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sensor-side software. To come up with all the features that are needed to create a 

parameter can be difficult. 

6.4.3 Evaluation 

The main principle of this method is that the sensor could provide data that is linked 

to a functionality. Instead of providing a value labelled with exact data type, for 

example a heart rate data point, the sensor provides information of the operation 

that needs to be performed on the data. In this approach, the Plug & Play parameters 

creates an API that the sensor manufacturer can use to provide the data in a way 

that it is bound to an operation that the monitor then performs on the data. These 

operations can be for example adding a value to trending or displaying a value on 

the screen. 

If the generic parameter model approach is implemented well, it should reduce the 

workload on GE’s engineers drastically, as any new parameter using only the 

already-existing features could be fully implemented by OEMs. What would be left 

for GE would be to implement new labels and operations that the OEMs could use. 

Currently, implementing a new parameter would require a creation of a completely 

new parameter component on clinical software. This component would define the 

mechanics of the parameter, trending, UI elements, alarms and so on. All this needs 

to be done by GE engineers. The generic parameter approach would instead allow 

the OEM to determine how the parameter acts on the monitor. With a large enough 

set of features, the parameters can become very flexible as the OEM can decide 

what features to use. If a sensor manufacturer wants to add a new numerical value 

to its sensor, it could be easily integrated to the generic parameter model as the 

generic parameter model already has many ways to handle numeric data, as such 

data is used in almost all parameters. The model would for example have methods 

to display the value, trend it and trigger an alarm if some threshold is crossed. The 

OEM would need to define which operations it wants to use. This would reduce the 

work of maintaining already existing parameters as a new element, such as a new 

alarm, can be easily added to a parameter and it can be done by the OEM. 

Integrating a sensor specific feature would not be a burden anymore, as the specific 

parameters implementation does not need to be aware of how different 

manufacturers sensors with same parameter differ from each other. It would be 
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enough that the OEMs are able to implement these features with existing operations. 

Nowadays, a new sensor specific alarm needs to be added by GE staff to the monitor 

software, in which the alarm must be made specific to that exact sensor. Integrating 

a sensor specific alarm creates yet again a new branch to the parameters core 

implementation. In the generic parameter approach, this does not happen. Giving 

OEMs easy methods to implement their own special features can lead into new 

innovations on what data is gathered from the patient. 

The current software, however, would need major refactoring to implement Plug & 

Play parameters through the generic model approach. Instead of creating 

predetermined parameter components at start up, the software would need to be able 

to construct a new parameter entity when a sensor is attached. This fact extends to 

all existing components which are dependent on the parameter components. Also, 

many additional features would need to be created. For example, if an OEM wants 

to create an alarm that triggers when a numerical value crosses some threshold, 

there must be means to register such an automatic monitoring to the parameter. 

Also, the mechanics that manifest this automatic alarm triggering must be first 

created by GE. Identifying all these features that an OEM might want to use is 

difficult and would require a large amount of work. Some examples, however, can 

be drawn from the existing parameters, but it is certain that new ones must be 

implemented too. 

This type of generic parameter approach, however, would make the interplay of 

parameters more difficult as the parameters would not be as explicitly defined. The 

monitor would not know which sensor’s data to use, since the generic model does 

not specify the parameter type. With the standardized parameter model approach 

this is not a problem, as the monitor is fully aware of the attached parameters. One 

solution to solve this issue would be to add additional labels for those parameters 

that are used in some interplay manner. Also, integrating this type of a parameter 

concept to other systems and devices that are very specific about the date type they 

use, can be difficult. 
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7 The Purpose of the Prototype 

One of the objectives of this thesis is to produce a prototype implementation of Plug 

& Play parameters feature. The aim of the prototype is to demonstrate the feasibility 

of the chosen implementation approach. The last chapters go through the general 

outline of the prototype, discuss the implementation details and how these represent 

the generic model approach and finally discuss the obstacles, limitations and 

features that did not make it to the prototype but still raise interest. 

The generic model approach was chosen to be the core of the prototype. Based on 

the previous evaluation, if implemented with great care into detail, the generic 

parameter model provides great flexibility and simplicity to the creation of a new 

parameter. The generic parameter model differs from the current parameter 

implementation more than the standardized model approach, thus leading the 

parameters to a completely new direction. Prototyping the approach can reveal 

aspects that were difficult to consider or missed during the evaluation. With the 

prototype, it is easier to conclude whether a generic parameter model is the right 

path to take. 

7.1 Scope of the Prototype 

To fully develop a Plug & Play parameters feature could not fit the scope of this 

thesis. In fact, it would probably require the work of an entire software team for a 

couple of years to develop from scratch. Keeping this in mind, only core features 

were chosen to be implemented. The following three core features were identified: 

1. Construction of a parameter from generic model 

2. Receiving the parameter data 

3. Presenting the received data 

The listed features capture the core concept of how parameters function. The first 

element is implementation method dependent and is specific to the chosen generic 

parameter model method. The other two are more universal for all parameters. 

However, both of these are constructed on top of the generic model and will be 

largely dependent on the first element and the success of the generic model. Thus, 

if the second and third features can be fulfilled, the generic model approach can be 
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thought to be successful as it achieves to fulfil the aspects which are common for 

all parameters. For data representation purposes, numerical values, alarms and 

waveforms were chosen to be the first priority as they are visualizable, which makes 

them a great method to demonstrate the functionality of the prototype. If some value 

from the model can be presented in some way, it implies that other values can be 

presented too. Thus, if all the above features can be successfully implemented, it 

makes the generic parameter model a feasible method to be used in Plug & Play 

parameters feature.  
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8 Prototype Implementation 

The main idea behind the prototype implementation is that the parameters can be 

generalized. This means that all parameters follow some set of common rules, 

which dictate how the parameters function. The only difference between the 

parameters would then be the exact values it provides, not the methods that it is 

handled with. If a model is made based on these rules and it is defined, how different 

parts of the model can be used, it should be possible to handle all the parameters 

with just one general model. This will be the main principle in the prototype 

implementation. 

The prototype will implement features that allow the measurement data to be 

presented on the screen in either numerical or wave form. Also, alarms need to be 

handled accordingly. To enable the use of these features, we need to create three 

different components which can handle these operations. Based on these features, 

the parameter’s output can be divided into three different types. In the prototype, 

three following types were acknowledged: 

1. Numerical data 

2. Waveform data  

3. Status data 

Each of these types will be handled according to a set of rules and functions. For 

example, a rule can be written that defines how a numeric value is visualized, and 

numeric value will always be visualized by that rule, no matter which parameter it 

is from. 

Of course, some distinction between the sensors and parameters must be drawn, and 

not every sensor or parameter for example tries to visualize its numeric values on 

the same spot on the screen. Thus, each sensor or parameter should form its own 

entity on a monitor. This way the generic parameter entities can be also handled 

separately. For example, each of them can have their own parameter window, 

labels, units and other configurations stored on the monitor. Storing the values 

sensor specifically also means that the sensor does not need to provide all of the 
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data and the information about how it should be handled, but the monitor can reuse 

data the sensor has already provided. For example, labels on the parameter window 

are usually static texts, so it is convenient that the sensor does not need to resend 

these texts all the time and inform the monitor to display them, but the monitor will 

keep displaying these features until the sensors signal otherwise. In a sense, a sensor 

only needs to communicate when it wants to change the state of the generic 

parameter on the monitor and send only those values it wants to be changed. 

 

 

Figure 7: The general structure of prototype. White rectangles are to be implemented 

  

These generic parameter model instances will be constructed and stored on the 

monitor. The figure 7 simplifies the general structure of the prototype 

implementation. The dashed boxes are components that a Plug & Play parameter 

prototype implements. The arrows indicate the direction of the data flow. A 

connected device needs to be able to initialize a generic parameter model on the 

monitor and populate it with its data. This initialization of a model will be done by 

a configuration file the sensor sends to the monitor when it is attached. This file 

should include all the features the sensor intends to use on the monitor. The 

configuration file can also include all initial data the sensor wants the model to 

have. These can include texts and labels to be displayed on the screen, measurement 

units, alarm messages and so on. 
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The parameter API will work as a messenger in this process and propagate the data 

from the sensor to its corresponding model on the monitor. The API will provide 

methods for the sensor to build a desired parameter entity and also provide methods 

to manipulate it. The constructed parameter instance can be then used by other 

components on the monitor such as by UI, alarms and trends. The generic parameter 

must also implement an interface that these other components can use to access the 

data. 

8.1 A Configuration File 

When a sensor is attached, it sends a configuration file to the monitor. The 

configuration file is used for initializing a parameter model. A configuration file 

was chosen to be an XML (Extensible Markup Language) formatted file. XML is a 

widely used standardized markup language defining a syntax on how data 

containing files are formatted. XML benefits from being flexible, easily extensible 

and in a human-readable format. XML format wraps the data inside tags, which 

describe the data. A basic unit of an XML file is an element. An element consists 

of everything between its starting tag and ending tag, including the tags themselves. 

Element can thus contain tags, attributes, text data and other elements, usually 

referred as child elements. [37] 

XML format suits the purpose of a configuration file well, especially for prototype 

implementation, as it is easy to modify and tinker with. XML files are already used 

in various ways in current monitor software, so the libraries for parsing the XML 

files were easily available. There is no reason why XML format would not also suit 

the needs of a full Plug & Play implementation. The inefficiency of XML files in 

frequent communication demonstrated earlier with HL7 format does not apply to 

configuration file, as it is only sent once when sensor is connected. 



 

42 
 

8.2 Configuration File Structure and Semantics 

To ensure interoperability, some organizations or individuals might agree to use 

only certain tags on some specific domain such as on real-estate listings or vector 

graphics. A set of tags is usually referred to as an XML application. [37] In Plug & 

Play parameters implementation, GE Healthcare would be the organization defining 

the XML application, a set of approved tags, which other developers could use. 

 

A well-formatted XML file must have a root element. The root element usually 

depicts the topic of the whole document. [37] The root element for a configuration 

file is parameter, and all the information about the parameter must be compiled 

inside it. The figure 8 presents an arbitrary ECG sensor, which has 1 numerical 

<?xml version="1.0" encoding="UTF-8"?> 

<parameter> 

    <name key="a">PnPEcgSensor</name> 

    <title key="b">ECG</title> 

    <numeric key="c"> 

        <label key="d">HR</label> 

        <unit key="e">/min</unit> 

    </numeric> 

    <waveform key="f"> 

        <label key="g">Lead I</label> 

        <unit key="h">mV</unit> 

        <samplerate key="i">250</samplerate> 

    </waveform> 

    <waveform key="j"> 

        <label key="k">Lead II</label> 

        <unit key="l">mV</unit> 

        <samplerate key="m">250</samplerate> 

    </waveform> 

    <waveform key="n"> 

        <label key="o">Lead III</label> 

        <unit key="p">mV</unit> 

        <samplerate key="q">250</samplerate> 

    </waveform> 

    <status key="r"> 

        <message key="s">Arrhythmia</message> 

        <priority key="t">3</priority> 

    </status> 

    <status key="u"> 

        <message key="v">Lead off</message> 

        <priority key="w">3</priority> 

    </status> 

</parameter> 

Figure 8 Arbitrary ECG sensor's configuration file 
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measurement for heart rate, three waveform measurements for leads I-III and a 

status for arrhythmia and lead disconnection. The parameter uses all the tags 

available in the prototype implementation. The figure also shows how each element 

associates to others. A parameter tag can have child elements with the following 

tags: name, title, numeric, waveform and status. Each parameter element can 

contain only one name and title element. A parameter can have multiple numeric, 

waveform and status elements as demonstrated in the figure 8. 

Name tag provides a name for the parameter or a sensor. The name is not displayed 

anywhere. It was added to help to identify the parameters on the software side. 

Title tag provides a text that is displayed on GUI on the top-left corner of a 

parameter window. A title ties the values on a parameter window together as a 

parameter can have multiple numeric values each with its own label. For example, 

a temperature parameter window could display multiple numerical values which 

each represent a value from different parts of the body. 

Numeric tag starts a new numerical measurement component. All the information 

for numeric measurement must be contained inside numeric tagged element. A 

parameter can have multiple numeric child elements with each having their own 

data. A numeric can have two different child elements, label and unit. Label 

provides the text displayed beside the numerical value on the parameter window. 

Unit can also be displayed on the GUI. 

Waveform element contains information about waveform type measurement. Label 

and unit can be used similarly as with numeric values. Samplerate tag provides the 

sample rate of the waveform which is an important variable when drawing and 

validating the waveform. 

Status element provides information about status condition. Alarms for example 

are status conditions can be registered to the parameter model through status tag. 

Status element can have 2 different child elements, message and priority. Message 

is the text displayed on the screen when the status is active. Priority tag defines the 

importance of the status condition. The value can range from 0 to 4, which is the 

current priority range used in the monitor software. The higher the priority value is, 

the more acute the alarm is, with 0 causing only informatic status. 
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In prototype each tag is programmed to have a fixed way to deal with the with the 

value it contains. For an example, waveform element’s child element unit has a pre-

programmed way to handle the elements value. The way that each element is 

handled is an important feature in the implementation. The figure 9 presents how 

each element associates to GUI. 

 

Figure 9: The elements of XML file illustrated on monitors GUI. 1. title, 2. numeric, 

3. numeric unit, 4. numeric label, 5. waveform, 6. waveform label, 7. status 

8.2.1 Key Attributes 

Attributes are name-value pairs attached to elements and are a part of a standard 

XML syntax. Attributes are placed inside the starting tag of an element and are 

usually used to provide metadata about the element. Attributes can be accessed by 

the parser. [37] In the prototype, all of the tags, except parameter, can be 

accompanied with an attribute named key. Key attribute is a core concept of the Plug 

& Play parameters implementation. When the configuration file is parsed, the keys 

will be tied to functionalities on the monitor according to the element tag they were 

provided in. The keys and their corresponding functionalities will be stored on the 

monitor for later use. 
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The keys are necessary for the monitor to be able to interpret the messages sent by 

the sensor during the operation. In most cases, this means that a key can be used to 

manipulate a variable its element was providing. For example, in figure 8 the 

parameters name will be linked with a key “a”. Later, the sensor can change the 

name value found on the monitor by sending a message including key “a” 

accompanied with a new value for name. One could think that key “a” then provides 

the sensor with a way to display a title on the screen. Elements are not obligated to 

have key attribute, but if the attribute is missing, the element’s value cannot be 

modified later, and it will be fixed to the value initially provided in the configuration 

file. 

The keys must be unique, so no two elements can have the same key value inside a 

single parameter. Otherwise, the keys and their functionalities would get mixed 

which would lead into undesired behaviour. However, two parameters can use the 

same set of keys, as the keys are stored and handled separately for each parameter. 

For the prototype, the keys were chosen to be single letters. To preserve the 

uniqueness of the used keys, a set of possible keys must be large enough that even 

a more complex parameter with many variables can be constructed. Alphabets 

would only provide a couple dozen keys which would be insufficient for larger 

parameters. Finding the right sized key set is balancing between the efficiency of 

communication and the complexity of a parameter. If the available key universe is 

made bigger allowing the construction of more complex parameters, keys require 

the use of more bytes to ensure the uniqueness of the keys, which on the other hand 

leads into more data transfer between a sensor and a monitor. Thus, the objective is 

to find the smallest set that could also allow complex enough parameters. If a key 

could be fitted into one byte, it would allow the use of 256 unique keys. With four 

bytes, the key universe already expands to over four billion keys, which should be 

more than enough. Even with a small key size, a large number of unique keys can 

be achieved.  

8.3 Further Communication 

A sensor must have a method to further communicate with the monitor. This 

communication is performed by short messages with a specific structure. These 

messages can be sent after the parameter model is fully initialized, meaning that a 
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sensor can start messaging after the configuration file is sent and read. The 

messages can be used for manipulating the model state on the monitor, to deliver 

measurement data, trigger alarm and in various other ways. The message structure 

was designed to cause as little overhead as possible. Use of short messages is an 

efficient way to transfer information. In the prototype, the messages are text-based 

and consist of three different parts. The format of the message is presented in figure 

10 and each of the parts are discussed separately. However, the text-based messages 

cannot compete with the efficiency of Sapphires binary encoded data transmission. 

To make transmission more efficient the data could be bundled (e.g. waveform 

data) and packed to fit into less bytes. The monitor could then decode the message 

as in Sapphire Communication Protocol. 

 

 

Figure 10: A message should contain three parts in the presented order 

 

A parameter identifier is used for defining which parameter entity the message is 

targeted to. In the prototype, the identifier can be an integer ranging from 0 to 9. 

The use of a parameter identifier was necessary in the prototype implementation 

because all the messages are received from the same source. This type of parameter 

identifier might become unnecessary in proper Plug & Play implementation as there 

are easier methods to detect from which sensor the data is coming from. The easiest 

is to bind a certain input channel on a monitor to a certain parameter entity, as 

different input channels have their own IDs. For example, CARESCAPE ONE has 

eight medical USB ports for sensors, each of which can be easily identified. [36] 

Key in the message defines, how the value is handled on the monitor. The key must 

match one of the key attributes that were received in the configuration file. If a 
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matching key is found, the value can be handled based on the element in which the 

key attribute was initially received. There are separate, pre-programmed, handlers 

for each element type. The value is then passed to the handler that was linked with 

the key during the initialization. By sending messages, the sensor can refer to and 

manipulate the variables that were initialized during the parameter configuration. 

8.4 Technical Details 

The following chapters will go through some of the technical details of the 

implementation. The prototype implementation was built on top of the latest 

production version of monitor’s clinical software. Many of the existing features 

were reused in the prototype, such as the GUI and alarm implementations. 

However, some modification to these components were still required. Some 

structural and naming conventions used in the existing software are also used in the 

prototype. 

The clinical software is written in C++, which is a commonly used language 

supporting structures used in object-oriented programming. Following the rules of 

object-oriented programming, the parameter model consists of classes, which 

divide the generic model into smaller and reusable pieces. [54] The UML class 

diagram in figure 11 describes the core implementation of the prototype. A 

parameter can be thought to consist of numerical values, waveforms and statuses. 

All these components were divided into their own classes. 
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Figure 11: The core structure of prototype implementation 

 

A ParameterManager class orchestrates the whole process of constructing, 

managing, and destroying a parameter. A single ParameterManager instance is 

created when the monitor is booted up. The ParameterManager has an entry method 

which is looped throughout the runtime of the monitor. The entry method is 

performed in its own thread, so it does not block other operations on monitor. The 

ParameterManager checks for new messages, and if a message is received, it 

handles it based on the type of the message. It can either instantiate a new parameter 

object or pass a key-value pair forward. It also holds the ownership of Parameter 

instances created and can destruct them for example when a sensor is disconnected. 

A Parameter class can be thought to contain and manage everything that is included 

inside the parameter element in a configuration file. It contains the name and title 

of the parameter and has the ownership of Numeric, Waveform and Status instances 

that are associated with that parameter. XMLParser is used for configuring a 

parameter object, and all the Numeric, Waveform and Status objects that are owned 

by the parameter instance. Parameter class is responsible for handling the key-value 

pairs parsed from the messaged received from the sensor. It calls the functions 
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mapped to keys when a key a received through a message. Each Parameter instance 

has its own key-function mapping. 

Numeric, Waveform and Status classes can be thought to expand the Parameter 

class by providing the parameter entity more features. These classes have set and 

get methods to manipulate their stored values. The setter methods will get mapped 

to keys which are received in the configuration file. For an example, <numeric 

key=”a”> element would map Numeric object’s setValue method to key “a”. 

8.4.1 Configuring a Parameter 

Parameter object maps all the keys to functions based on the element the key was 

associated with in the parameter’s configuration file. If the key was an attribute 

inside a numeric element, the handler function is also bound to correct numeric 

instance. The configuration procedure is described in a sequence diagram in figure 

13. It presents the configuration process for the configuration file presented in 

figure 12. The XMLParser has separate functions for parsing numeric, waveform 

and status elements. When the parsing of the file is finished, the XMLParser 

informs ParameterManager whether the configuration process was successful. 

 

<?xml version="1.0" encoding="UTF-8"?> 

<param> 

    <name key="n">SpO2sensor</name> 

    <numeric key="m"> 

        <label key="t">SpO2</label> 

        <unit key="u">%</unit> 

    </numeric> 

</param> 

Figure 12: A simple configuration file that defines an arbitrary SpO2 parameter 

with one numeric value 
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Figure 13 Sequence diagram of configuring a parameter based on the configuration 

file in figure 12 

 

8.4.2 Receiving a Message 

ParameterManager object receives messages from the DataReceiver. It passes the 

messages to a right parameter object based on the parameter identifier found on the 

message. The parameter instance then checks for the key from its key-function map. 

If the key is found, the parameter instance calls the function that was mapped with 

the key. The value part of the message is then passed as a parameter to the function 

to be called. The called function handles the value. The process of receiving and 

handling a message is illustrated in figure 14. The diagram presents the sequence 

taking place when a message “0m97” is received after the parameter is configured 

by the file presented in previous chapter. The message will be passed to Parameter 

object 0, which calls the function mapped to key “m”. Numeric object’s value 

variable will be set to 97 by setValue function. 
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Figure 14: A sequence diagram describing the process of receiving message 

"0m97" after the parameter is configured with file in figure X 

 

8.4.3 Data Generator 

A data generator was implemented to produce data for the monitor and to simulate 

a behaviour of a sensor. One of the requirements set for the data generator was that 

it should be run on a separately of the clinical software. By making the data 

generator separate from the host, it could be ensured that the generator is truly an 

independent entity and does not manipulate the host device in other ways than 

through the desired communication channel. Also, by separating the data generator 

from the host, the generator would better resemble an authentic sensor device. 

The data generator was implemented as a separate process from the clinical 

software, so from the monitoring software’s point of view, the generator could just 

as well be a separate device. The data generators main functions were to send the 

configuration file and further messages to the clinical software. The process of 

establishing connection is presented in figure 15. The communication between the 

data generator and the clinical software was established over local network. An in-

house developed networking package supporting TCP (Transmission Control 

Protocol) sockets was used to establish a communication channel between the two. 

Network sockets are network endpoint abstractions, which are used for receiving 

and sending data between two over-the-network connected applications. The 

application providing the service is commonly referred to as a server application, 

whereas the application initiating the connection is referred to as a client. Each 

socket has an address consisting of an IP and port number. In socket programming, 
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the server is set to listen to a port and to wait for a client to connect. A client can 

connect to the server application by knowing the server’s socket address. Finally, 

the connection is established when the server accepts the client’s connection 

request. [32]  

 

Figure 15 The process of establishing connection between simulator and clinical 

software (ESP) 

 

Considering the nature of these two sides, the most practical option was to make 

the clinical software function as server and data generator as client. This way, the 

prototype’s communication mimics the relationship of a patient monitor and 

sensors well; a patient monitor is waiting for a sensor to connect while it can also 

simultaneously serve multiple sensors. 
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8.4.4 Interfacing Parameter to Other Components 

Parameter instances can be dynamically constructed and destructed in runtime, so 

they do not exist when all other components on the monitor, such as UI and Alarm 

engine, are constructed. Current parameter implementation assumes that all the 

parameter components are already instantiated when these other components are 

created. For the purpose of this prototype, several structures needed to be created 

that implement the interfaces required by the UI and alarm components. The 

implemented structure somewhat imitates the way that parameters were used to be 

constructed on monitor. The structure is described in figure 16 UML class diagram. 

The naming convention from existing software was used and term Model appears 

on several classes’ names. In reality, these classes mostly implement wrappers that 

are used to interface Parameter to other components of the existing software. 

 

 

Figure 16: UML class diagram presenting the interfacing of Plug & Play 

parameter to existing software components. 
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S5PlugNPlay class was implemented to create all the structures that are required 

for interfacing Parameter to other components. The naming is done based on 

conventions on existing software. S5PlugNPlay also instantiates a 

DPlugNPlayFacade. A Facade pattern provides a unified interface to a set of 

interfaces in a subsystem. Usually only one Facade object is needed, so Facades are 

often Singletons. [55] S5PlugNPlay can be accessed through DPlugNPlayFacade. 

This Facade provides means to add a Parameter to be displayed on the UI and to 

provide status information to the alarm engine. A parameter can also be removed 

from use through the Facade. 

NumericTextModel and StatusModel classes follow adapter design patterns and 

implement wrappers for Numeric and Status classes which implement the interfaces 

that UI and alarms components use (TextIf, AlarmConditionAbs). [55] These 

classes can hold a pointer to Numeric and Status objects from which they receive 

the needed values. 
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9 Test Setup and Results 

An arbitrary SpO2 sensor was created to test the prototype. The configuration file 

for the sensor can be found on figure 17. The sensor defines one of each available 

data types to be used. Numerical element for SpO2, waveform for 

photoplethysmographic measurement and one status for indicating that the sensor 

device has disconnected from the patient. All the labels and units were also provided 

accordingly. 

 

 

The simulator was programmed to send the configuration file, numerical values, 

waveform data and status state to the monitor. First the connection was established, 

and the configuration file was sent. After the configuration file was sent, the 

simulator was set to start sending ascending numerical values once in a second and 

sine wave waveform data in 25 Hz frequency. On the background, the simulator 

sent the state of the status twice a second, the state at the start being inactive. After 

ten seconds, the simulator changed the status from inactive to active. To test that 

the UI text elements and other values can be modified by the sensor during the run, 

<?xml version="1.0" encoding="UTF-8"?> 
<parameter> 
    <name key="a">SpO2sensor</name> 
    <title key="b">PnPSpO2</title> 
    <numeric key="c"> 
        <label key="d">SpO2</label> 
        <unit key="e">%</unit> 
    </numeric> 
    <waveform key="f"> 
 <label key="g">Pleth</label> 
 <unit key="h">mV</unit> 
    </waveform> 
    <status> 
        <message key="i">SpO2 disconnected</message> 
        <priority key="j">3</priority> 
    </status> 
</parameter> 
 

Figure 17 The configuration file used in the test run 
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the priority of the status was changed to 1 (informatic) and the unit of numeric 

element was set to 1/100 after ten seconds. 

9.1 Results of Simulation 

The patient monitor managed to successfully construct the parameter entity from 

the configuration file. Also, the numerical values and waveforms and all their labels 

and units were displayed correctly. The monitor also achieved to detect the status 

change which raised an alarm causing a status message to be displayed on the 

screen. A screen capture from the test run after the simulation was ran for 15 

seconds can be seen in figure 18. The parameter window at the bottom-right corner 

presents the numerical measurement and its labels. The waveform can be seen on 

the top side of the screen. The alarm caused by the sensor’s disconnection from the 

patient is indicated by a yellow box with a status message inside. 

The simulation also demonstrated that the other variables such as units and priority 

of status can also be changed during the operation. The figure 19 presents the screen 

after the unit and status priority were changed. The colour blue in the message box 

indicates that the status is of lower priority than a red coloured message. The unit 

of PnPSpO2 parameter window has also changed to 1/100. 
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Figure 18 Screen capture of the patient monitor screen after 10 seconds of running 

the simulation. 

 

Figure 19 Screen capture of patient monitor screen after 15 second of running the 

simulation. Alarm priority and unit of numerical data are changed. 
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10 Discussion 

The sensors and modules are very independent devices and do not rely on 

processing power of the patient monitors, but rather use patient monitors for 

visualizing, trending and forwarding the measurement data to other systems. This 

raised the idea that the concept of a parameter could be generalized and handled by 

a set of predefined rules. This worked as the driving force to implement a generic 

parameter model, that the sensors and patient monitor could use to communicate. 

A prototype was built upon the generic parameter model idea. The prototype 

succeeded to implement a generic parameter model and initialize it with data 

received from a sensor. It also achieved to receive data based on the created model 

and visualize numerical values, waveforms, other UI elements and trigger alarms. 

Despite the achievements, there are details that were ignored or were not fully 

implemented. The prototype had to cut several corners in the presentation of the 

data on the screen. One of the difficulties was to integrate dynamically changing 

elements to the current software’s way to handle them as fixed values. All existing 

parameter handlers and GUI elements are constructed in boot up. This made it 

difficult to feed data from a model that did not exist during the boot up. Due to this 

constraint, some hacky solutions were used. This also limited the number of 

displayed parameters to only one, even though behind the curtain the 

implementation can handle up to ten parameters. Although, this is not really a fault 

in Plug & Play implementation approach, but a realisation of the fact that this type 

of approach would require refactoring of other parts of the software too. This type 

of Plug & Play implementation could initialize all the components after a sensor is 

connected. 

10.1 Features for Future 

The next chapters discuss ideas and features that did not make it to the prototype 

but are concepts that can either be important when a Plug & Play parameters feature 

is fully implemented or are features that should be looked more into. 
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10.1.1 Configuration File Constructed UI 

The configuration file could be used for configuring the UI elements. For example, 

in a situation where a sensor can output two values of which only one is wanted to 

be displayed on the screen. In this case, in a configuration file one could define 

whether the value is displayed or not. Figure 20 presents an example of a numeric 

element with a visibility tag. The visibility element also has a key which can be 

used for toggling between visible and hidden states. Similar notation could be used 

for the position of the value on the parameter window. In fact, many properties 

which are currently hard coded to current UI design, could be configured by the 

sensor in runtime. 

 

10.1.2 Bidirectional Communication 

Keys could also be used for sending information to a sensor. For example, 

configuration file could also implement a button element to the UI. This button 

could be configured to have a functionality. Such a functionality could be that the 

button causes the monitor to send some message back to the sensor. This message 

could be predefined by the configuration file or made to contain some useful data. 

This message could for example make the sensor start a configuration procedure.  

10.1.3 XML Validation 

To ensure the validity of configuration XML documents, an XML schema could be 

used. An XML schema defines the rules for the document by defining which tags 

can appear in a document, to which elements an element can associate to and what 

attributes are allowed for each element. A Schema can also enforce more specific 

rules about the contents of the elements, such as their type, allowed values, value 

ranges etc. [37] Defining a schema would make it possible to check the validity of 

<numeric key="a"> 

    <location x="30" y="50" /> 

    <size val="20" /> 

    <visible key="b">True</visible> 

</numeric> 

 
Figure 20 A snippet of configuration file presenting the elements for visual 

features 
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the parameter before constructing it rather than doing the necessary validity checks 

during construction. It is more efficient to check the file first than to do it during 

the construction and deconstruct all structures after an ineligible value is faced. 

Also, the schema can be distributed to the OEMs who can use it as a validation tool 

for their own software.  
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11 Conclusion 

Integrating a new parameter to GE’s software can be a time-consuming process. 

Current parameter implementation does not allow third-party manufacturers 

involvement in this process, and all software changes must be done by GE 

engineers. The Plug & Play parameters feature could ease the process by creating 

an API that third-party manufacturers could use to help. Implementing the Plug & 

Play parameter feature on GE’s patient monitor would benefit not only GE, but also 

third-party sensor manufacturers and hospitals. The Plug & Play parameters reduces 

the workload of GE engineers to integrate a new parameter or feature. The benefit 

for OEMs is that their sensor can be integrated much faster to monitors, and it would 

also make GE’s patient monitors accessible for many new sensor manufacturers. 

Hospitals on the other hand benefit from the fact that they can always have the latest 

technologies available. Better tools in monitoring and diagnostics eventually lead 

into increased patient safety. 

Three different approaches to implement the Plug & Play feature were investigated. 

The generic parameter model showed that it could work as a basis for the Plug & 

Play parameters due to its flexibility and simplicity to add new parameters. The 

proof-of-concept implementation based on the generic model achieved to 

successfully create a parameter entity on the monitor from a file sent by an external 

sensor, receive measurement data from the sensor and visualize the received data. 

It also managed to receive status conditions and trigger alarms. However, there are 

still several design details, the most notable ones concerning networking and 

interplay of parameters, that need to be tackled and better investigated before 

starting to fully develop the feature. Considering all advantages, the generic 

parameter model is a promising approach to implementing the Plug & Play 

parameters feature on GE’s patient monitors and make them more accessible for 

new sensor manufacturers and parameters. 
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