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Abstract

An integrated approach to performance analysis in

terms of throughput and response time to satisfy cus-

tomer requirements is particularly important for work-


ow systems where human and computerised processes

are intertwined. A basic framework for performance

engineering is proposed, which bridges the gap between

the design of computerised information systems and of

organisations in which they are embedded. The frame-

work is based on the Structure and Performance spec-

i�cation method (SP), and is illustrated through the

presentation of a blood bank information system.

1 Introduction

Organisations increasingly depend on computerised

work
ow systems which assist case workers in deliver-

ing services to customers. An integrated approach to

performance analysis of work
ows in terms of through-

put and response time to satisfy customer require-

ments is needed [17]. The total information system,

consisting of the work
ow system and the case work-

ers, must have acceptable performance in terms of re-

sponse time, throughput, and utilisation of the avail-

able resources. Performance engineering of informa-

tion systems aims at developing systems with accept-

able performance [16]. Performance engineering has

until now almost exclusively dealt with the perfor-

mance of computerised information systems. This pa-

per addresses performance engineering of the total in-

formation system consisting of both the computerised

work
ow system and the case workers who use it. For

the organisation, this paper relies on a mechanistic
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view [12]. A comprehensive theory of organisational

performance must also take other views into account,

e.g. the social view.

This paper builds on a thesis where the perfor-

mance engineering method outlined below was ex-

plored via two case studies [1].

I. Specify system requirements:

IA. Determine objectives of performance model.

IB. Specify system boundaries.

IC. Estimate workload.

ID. Determine performance requirements.

II. Create performance model:

IIA. Establish static model.

IIB. If necessary, establish dynamic model.

III. Guide system development.

IV. Verify and re�ne overall performance model.

One of the two case studies, the The Gas Sales

Telex Administration Case Study has been presented

in [1, 3], and the other case study, namely the The

Blood Bank Case Study (BLOODCASE) is described

in this paper.

The blood bank system and the performance prob-

lems encountered, provided a motivation for seeking a

single framework where both organisations and com-

puter based aspects of system performance could be

combined. This was described at a conceptual level

in [2]. In this paper we revisit BLOODCASE, focus-

ing on step IIA of the method, static modelling, and

particularly on the interaction between case workers

and the computer system.

The rationale for static modelling is described in

Section 2. BLOODCASE is introduced in Section 3.

The original transfusion process of BLOODCASE is

described in Section 4, and the computerised trans-

fusion process in Section 5. Performance problems

in the manual subsystem is investigated in Section 6.
0.00 (C) 1998 IEEE0.00 (C) 1998 IEEE0.00 (C) 1998 IEEE



A conceptual framework which governs the approach,

the basic framework is introduced in Section 7. The

underlying modelling paradigm Structure and Perfor-

mance is described in Section 8 and illustrated with

respect to BLOODCASE. Section 9 discusses similari-

ties between human and computerised resources, while

di�erences are discussed in Section 10. Section 11 of-

fers some conclusions.

2 Rationale for Static Modelling

Models of performance usually focus on the dy-

namic behaviour of systems, using techniques such as

queuing network analysis [9] or discrete-event simula-

tion (e.g. [5]) to examine the e�ect on system response-

time and capacity of di�erent design alternatives and

workloads. This dynamic modelling depends upon the

availability of quantitative estimates of the demand

placed on each resource of the system by each task.

The resource demands are used as input parameters

to the dynamic model, which then computes the e�ects

of contention for resources among competing elements

of the workload.

In this paper, the focus is on the step which pre-

cedes dynamic modelling, namely the calculation of

resource demand. This is often known as static mod-

elling. The reason for this focus is three-fold: Firstly,

resource demands set the upper bounds on the perfor-

mance a given system can deliver. Secondly, as system

development becomes more compartmentalised, with

for example the performance of an application depend-

ing upon several layers of intervening software compo-

nents, appropriate representation of system structure

for static modelling becomes technically demanding

and requires methodological support. This is espe-

cially true where mixed human and computer infor-

mation systems are involved. Thirdly, for the type of

problem considered, the techniques of dynamic mod-

elling are well understood, and may be applied in a

routine way. However the accuracy of the dynamic

model depends critically upon the accuracy of the re-

source demands which are its input parameters.

SP is a static modelling paradigm which enables

us to relate overall resource demand to the proper-

ties of the system and its components in a very gen-

eral way [8]. It therefore assists the calculation of the

global e�ects of local changes. Because of its empha-

sis on system structure, SP can be readily combined

with other formal methods of system description, used

in the design process [13]. In BLOODCASE the PrM

method was used, as described in Section 3.
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3 The Blood Bank Case Study
(BLOODCASE)

BLOODCASE comprised performance engineering

of a transaction-oriented information system which

was developed for a major hospital in Norway. Pro-

cess models were speci�ed in the experimental CASE

tool PPP [7] and were annotated with parameters de-

scribing estimated use of software resources, showing

the practical feasibility of a method for using per-

formance engineering tools integrated with common

CASE tools [1]. While there were no performance

problems in the computerised parts of the blood bank

system, severe problems were discovered in the inter-

action between humans and computers.

Figure 1 depicts a simpli�ed process modelling

(PrM) view of the blood bank. PrM which is part

of the PPP experimental case tool, and is an exten-

sion of data 
ow diagrams (DFDs) [7], which speci�es

processes and their interaction in a formal way. Trig-

gering and termination of processes are speci�ed using

ports, making the semantics formal. The interaction

between processes is speci�ed using 
ows, which is ex-

tended to denote control 
ow and material 
ow as well

as data
ow. No distinction is made between 
ows car-

rying data and 
ows carrying material.

The basic human roles in the blood bank are

donors, patients and laboratory engineers. The blood

bank consists of the four main processes, donor ad-

ministration, blood stock administration, transfusion

administration and laboratory administration:

Administrate Donors Assisted by laboratory engi-

neers, donors give raw blood which are stored in

the blood bank. The blood bank is the name of

the cabinet where all the di�erent blood products

are stored.

Administrate Blood Stock Makes sure the stock

of blood will meet future demands for blood.

Blood is also purchased from other blood banks.

Transfusion After testing, blood products are trans-

fused to patients.

Laboratory Performs several tests on blood. Raw

blood consists of several blood products which

are grouped according to the AB0 and the Rh

test system. These test systems reduce the risk

of giving patients blood products which do not

match the patients blood type, which would usu-

ally have fatal consequences.
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Figure 1: Top level blood bank model. These four information subsystems can be decomposed into 34 processes [6].
Ward Blood bank

Request for Blood Products Find Blood Products

Deliver Blood Products

Physical Crossmatch of Blood Products

Figure 2: The manual transfusion process in the blood bank organisation.
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Figure 3: The transfusion process in the blood bank as it was implemented. Manual processes are indicated by

boldface process symbols.
4 The Original Manual Transfusion

Process

In the rest of the presentation we focus on the trans-

fusion process where performance problems in the in-

teraction between humans and the computer were dis-

covered. The transfusion process takes care of the

transfusion of blood from the blood bank to patients

in need for blood. Figure 2 shows informally the main

(sub)processes of the transfusion process, and is a de-

composition of process 3 in Figure 1. The processes of

Figure 2 are carried out by humans, and the relevant

processes are:

Request for Blood Products The ward of the pa-

tient requests one or more blood products for

the patient from the blood bank. This request

is brought to the blood bank organisation on a

sheet of paper.

Find Blood Product The blood bank organisation

�nds suitable blood products in the physical

blood bank.

Physical Crossmatch of Blood Products

Laboratory engineers mix a sample of donor blood

with patient blood, looking for indications of mis-

match.

Deliver Blood Products Blood products are deliv-

ered to the ward and the transfusion process is

terminated as seen from the blood bank organisa-

tion's point of view (given that no complications

arise).
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5 The New Computerised Transfusion

Process

To improve the e�ciency of the blood bank, and to

ease the interaction between the patient ward and the

blood bank, it was decided to develop a blood bank

information system. To the transfusion process �ve

computerised (sub)processes were added, which also

brought about changes to the human (sub)processes.

The computerised transfusion process is depicted in

Figure 3. Process Find Blood Products (3.3),

Physical Crossmatch of Blood Products (3.6),

and Deliver blood products (3.8) are done by hu-

mans without computer support. The other process

components are:

Fetch Patient Data (3.1) Patient data is fetched

from the blood bank computerised information

system.

Request Blood Products (3.2) Blood prod-

ucts are requested based on information from the

ward. The information on the paper with the re-

quest from the ward must here be typed into the

computerised information system.

Get Requisition Overview (3.4) A

laboratory engineer investigates the requisitions

made for a patient

Computerised Crossmatch of Blood Product (3.5)

A laboratory engineer performs a computerised

crossmatch between the donor blood and patient

blood.

Register Result of Physical Crossmatch (3.7)

Invoked for each blood packet requested for the

patient.
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6 Performance Problems in the Man-
ual Subsystem

BLOODCASE was done to investigate the mod-

elling of computer performance problems. The study

showed that there were no problems with the com-

puter capacity, but after the system was put in op-

eration, a severe performance problem was discovered

in the interaction between the computer and the sta�

of the blood bank [2]. The introduction of the com-

puterised information system actually slowed down

the performance of the organisation. This experience

changed the direction of the research into developing

an approach for performance modelling that takes hu-

man aspects and computer aspects into consideration

within the same modelling framework. To understand

the problems with the transfusion process, this sec-

tion �rst introduces some background material about

both the manual and the computerised version of the

transfusion process. A solution to the problems is then

presented in Section 8 which is based on the perfor-

mance engineering method of Brataas' thesis [1]. The

problem processes are:

Get Requisition Overview (3.4)

The computerised process took approximately 1

minute to execute, and was therefore never used.

Part of the reason for this long time was that the

patient's name had to be reentered, even if it was

already present in the system. The system devel-

opers had not properly understood the work
ow,

and they did therefore not discover that process

3.4 would succeed process 3.3, which makes reen-

tering of data unpractical.

Computerised Crossmatch of Blood Product (3.5)

This process was not performed as prescribed, be-

cause it was much more convenient to look di-

rectly into the physical blood bank than to type

in the necessary data and wait for the answer

from the computerised information system. In-

stead, requests for blood packets were handwrit-

ten in a book, and fed into the computerised infor-

mation system after the whole process had been

terminated. Whenever the laboratory engineers

wanted to look something up, this book was more

convenient to use than the computerised informa-

tion system.

Register Result of Physical Crossmatch (3.7)

This process also created problems, because the

process had to be performed once for every packet

of blood which was requested for a patient. When
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up to 10 blood packets for one patient were

needed in a hurry, this was not very practical,

and created another argument for the informal

book-based approach.

The basic problem in these three cases was the slow

interaction between the manual and the computerised

information system. If too much data had to be en-

tered or if too many screen images had to be invoked,

this would sometimes slow down the work
ow and

hence the performance of the organisation.

Accuracy of the information in an information sys-

tem is important. Therefore, it is more critical if up-

date operations are neglected, compared to retrieve

operations. Thus, there are no serious problems

if computerised retrieve operations like process Get

Requisition Overview (3.4) and processComput-

erised Crossmatch of Blood Product (3.5) are

not used, but replaced by some manual processes.

However, this could have been discovered by including

manual work for entering data in a performance model

used during development of the computerised infor-

mation system. But the process Register Result of

Physical Crossmatch (3.7), which updates infor-

mation is more important. This process will therefore

be considered more closely in Section 8.

The information system processes (i.e. the com-

posite manual/computerised processes) were not ex-

plained in the information system documentation, and

this made it very hard to get an overview of the rela-

tions between the di�erent screen images which were

used to enter and display information. It required

careful study of the original documentation to �nd

implicit information which could give some clues to

understand the total information system processes. In

addition, interviews had to be performed. If the infor-

mation system processes had been recorded in the �rst

place, understanding the transfusion process would

have been easier.

Also training of personnel contributed to the de-

crease in e�ciency of the computerised transfusion

process. The transfusion process may be improved by

entering patient data directly from the ward. Actu-

ally, this was also implemented with the computerised

information system, but su�cient training of the ward

personnel had not been done [15]. An information sys-

tem is an interaction between humans and the com-

puterised information system, and is not stronger than

the weakest link in the chain, in this case training of

personnel.
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Figure 4: Basic framework for performance engineering in work
ow organisations.
7 Basic Framework

A work
ow system handles the accesses to work-


ows, and typically contains the four basic ele-

ments [11]: (1) Work
ows to reach business goals. (2)

Human resources performing work
ows based on busi-

ness rules. By de�nition, work
ows involve more than

one person. Roles which are independent of speci�c

people are important for work
ow, by increasing the


exibility. (3) Computerised resources invoked by the

human resources for executing work
ows. (4) Data

accessed by the tools. The same data may be used

by several computerised resources. The same comput-

erised resources may also be used by several human

resources, and the same human resource may be used

for several work
ows.

Work
ows is often centred around (electronic) doc-

uments which 
ow between the environment and the

organisation and within the organisation. Probably

the most basic di�erence between work
ows is the

degree of predictability: (1) routine work
ows have

deterministic resource demands, (2) template work-


ows have statistical resource demands, e.g. some sub-

processes may be optional, and (3) ad-hoc work
ows

have unpredictable resource demands, often because
1060-3425/98 $101060-3425/98 $101060-3425/98 $10
the next subprocess is not determined before the cur-

rent subprocess is �nished.

As illustrated in the basic framework in Figure 4,

work
ow processes use organisational resources like

departments and sectors which again use humans.

Work
ow processes also use software resources like

databases or �le systems which �nally use hardware

resources like disks, networks and CPUs. Note that

the term resource is used more narrowly than the ordi-

nary use of this term. In this paper, a resource is reac-

tive. A resource carries out work which is initiated by

an actor. Actors start work
ows and use the results of

work
ow. Thus humans have a dual role in this frame-

work. A human will often by and actor. On the other

hand, humans may also act as part of organisational

resources which may perform work. A clear distinction

cannot be made between actors and resources, because

a person or a computer hardware subsystem o�ering

operations to other actors, and therefore acting as a

resource, may also become an actor when demanding

work from other resources. An actor may also exe-

cute part of his own work
ow, and will then become

a resource. Viewing a person or hardware subsystem

as an actor or a resource depends on the abstraction

level.
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In the �gure, the solid lines inside of each ellipse

describe relationships between the objects in each el-

lipse, whereas the dotted lines describe relationships

between objects in di�erent ellipses. The six ellipses

in Figure 4 together constitute a work
ow system.

Each resource o�ers operations to resources at

higher levels of abstraction and uses operations from

resources at lower levels of abstraction. Resources

can either be existing or projected . In a performance

model, the properties of a resource are described via

parameters. For existing resources, measurements

may be used to provide these parameters. For pro-

jected resources, estimation is necessary.

8 Structure and Performance (SP)

SP is a method for describing the hierarchical and

modular nature of a system and for analysing the re-

source requirements of its component parts [8, 18]. In

SP a resource which provides a related set of services

or operations is known as a component. More formally,

a component implements a data type, i.e. a data struc-

ture de�ned by the operations which can be performed

upon it. Until now, SP has almost exclusively been

used to model computerised information systems. To

illustrate SP, we introduce a model of a very simple

manual information system, the blood bank applica-

tion in Figure 5.

As described in Section 6, the process Register

Result of Physical Crossmatch (3.7) was critical.

Bad performance in this process is particularly critical

when several blood packets are needed in a hurry. The

need for blood packets may be described by the oper-

ation get blood product in the blood bank applica-

Laboratory
  engineer

get blood product 

enter data

Blood bank
 application

    Blood bank
computer system

Figure 5: A sketch of the resources needed for ear-

lier prediction of potential problems. The legend is in

Figure 4.
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tion in Figure 5. This operation is indicated with a

circle in the Blood bank application resource. For

this get blood product operation, resource consump-

tion for both the Blood bank computer system and

the manual information system with the laboratory

engineer must be speci�ed. We will focus on the

manual resource laboratory engineer in this paper,

because it was the human interaction (with the com-

puter system) which was problematic, and not the

computer system. The performance for the blood

bank computer has been estimated in [1].

Operations in SP are typed. The basic types of

operations in SP are processing operations, memory

operations and communication operations. Typing of

operations in SP is indicated by the thickness of the

links in SP models as shown in Figure 5. Processing

operations have solid lines, memory operations have

bold lines and communication operations have dotted

lines.

8.1 Complexity Speci�cations

Each link between two components is represented

by a work complexity speci�cation matrix. An example

is shown below:

C
Blood bank application

Laboratory engineer =

enter data

get blood product
�

10
�

In this example, the component blood bank

application with the operation get blood product

devolves work on the component laboratory

engineer with the operation enter data. This com-

plexity speci�cation corresponds to the link between

these two components in Figure 5. The number 10

in this simple matrix means that on the average,

there has to be 10 enter data operations for each

get blood product operation.

The work devolved by blood bank application

to a component at a lower level, e.g. laboratory

engineer is calculated by adding the work for all pos-

sible paths between the two components. The work

along each path is calculated by multiplying the com-

plexity matrices for each link along the path.

In this case there is only one link. More complex

examples are shown in [1, 3], and as a representative

example we show the complexity speci�cation between

the server and the diskh (disk handler) for the blood

bank computer system [1]:

C
server

diskh
=

COBOL sql msg read block write block

COBOL

select

select list

update

"
1

1

1

6

1

44

1 1

#
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The server component o�ers the three SQL

database operations (singleton) select, select list and

update, and in addition o�ers COBOL statements for

processing. These four server operations devolve

work on the four disk handler operations COBOL

(statement), SQL message, read block and write block.

In this complexity speci�cation it is for example shown

that the operation select list on the average uses 6

sql msg operations and 44 read block operations.

8.2 Resource Demands

The mapping between the devolved work on a com-

ponent and the time required to carry out the oper-

ations is speci�ed by a set of resource demand vec-

tors. As an example of resource demands, the re-

source laboratory engineermay o�er the operation

enter data, which may take 20 seconds, or 0.33 min-

utes:

DLaboratory engineer = enter data
�

0:33
�

When a complexity speci�cation is combined with

a resource demand vector, the total resource demands

are calculated:

D
Blood bank application

Laboratory engineer = C
Blood bank application

Laboratory engineer �DLaboratory Engineer

Using the earlier expressions for DBlood bank application

Laboratory engineer

C
Blood bank application

Laboratory engineer
, we get:

D
Blood bank application

Laboratory engineer = get blood product
�

3:3
�

Thus, entering data 10 times, one time for each of

the 10 packets of blood, will result in a response time

of about 3:3 minutes, when contention is not consid-

ered. A contention model could easily have been in-

troduced if necessary.

The distinction between work and load is important

in SP. Work is de�ned as a vector ~w of operations

applied on a given component or resource in SP. For

work, there is no information about time: how long

time an operation takes or the sequence of operations.

Load may be modelled as a transaction rate �, for

an open system, or as a concurrency N , for a closed

system, where N represents the number of continually

active processes, e.g. user terminals. Taken together,

work and load de�ne the workload for some system.
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If for example �ve patients need blood packets, this

workload may be expressed as:

W
Blood bank application
Today;Normal =

get blood products�
5

�

When a load model and a work model are com-

bined with a contention model, we have a performance

model. In this case, the interaction only with the com-

puter system will take around 5 � 3:3 = 17 minutes.

With such response times, we obviously have perfor-

mance problems.

9 Similarities between Human and
Computerised Resources

Initially, we reacted against the idea of bringing hu-

mans into the same framework as the computer, be-

cause we felt this would reduce humans to the level of

machines. However, BLOODCASE showed the need

for viewing the two together. A comprehensive the-

ory of organisational performance must also take other

views than the mechanistic into account [12]. A mech-

anistic view is not harmful in itself; it is harmful used

in isolation. This paper tries to develop a basic frame-

work, which is needed prior to addressing more com-

plex problems.

For many purposes, viewing humans and comput-

ers in the same way makes sense [10]. As an exam-

ple of a similarity between human and computerised

resources, both computers and humans may be multi-

programmed. Both can for example read and type at

the same time.

Context switching is another example of a similar-

ity. The context of a work
ow is lost when a person

starts another work
ow, and it will take some time

before the context of the old work
ow is restored. For

computers the overhead of context switching between

processes, where working registers have to be reloaded,

is well-known.

Both in organisations and in computer systems, a

resource may move freely between several levels of ab-

straction, e.g. a human may type on the keyboard (low

level), analyse the content of the screen and change

it (higher), or assess the wider e�ects of following

the routine required by the computer program (even

higher level). A CPU in a computer will also work at

several levels of abstraction, because it is used by for

example both a DBMS and �le system, the latter on

a lower level of abstraction than the former.
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10 Di�erences between Human and
Computerised Resources

The most important di�erence between hu-

mans/organisations and computers is that humans

cover all the other organisational views of Morgan out-

lined in [12], not only the mechanistic view. When

our framework is used to compare humans and com-

puters, it is therefore very important to in addition

take the other organisational views into account. As

an example, in the struggle for e�ciency (a mechanis-

tic concept concerned with \doing things right") it is

easy to loose sight of e�ectiveness (where all the other

views are also relevant: \doing the right things"). Im-

provements of organisational e�ciency may for exam-

ple lead to painful stress injuries, which is not very

e�ective for the persons involved. As another exam-

ple of unbalance between e�ciency and e�ectiveness,

increases in information system e�ciency in an organi-

sation may be taken out in terms of increased amount

of information, improved quality of the information

and better presentation, but not in increased e�ec-

tiveness of the organisation, which BLOODCASE is

an example of. Again, this leads to suboptimal solu-

tions.

Humans are creative and take initiatives (make re-

quirements) and can perform ad-hoc work (for satis-

faction of needs which are hard to formalise). Hence,

it is not possible to specify a human process exactly,

in contrast to a computer process where this is possi-

ble [19]. There will often be a gap between the spec-

i�cation of a human process and the way it is actu-

ally performed. This gap should in the ideal case be

non-existing for routine work
ows. But even here the

human ability to �x 
aws is often vital as has been

shown in BLOODCASE, where the personnel used the

old manual routine to get acceptable performance dur-

ing high workload. Adaptive behaviour is related to

the concept of ad-hoc processes, which requires further

study.

Another important di�erence is that the character-

istic time elements between human and computerised

resources di�er with several orders of magnitude [4].

11 Conclusions and Further Work

Application of the framework to BLOODCASE was

encouraging. The problem with the transfusion pro-

cess described in Section 6 shows the tight coupling be-

tween a computerised information system and a man-

ual information system. These systems do not use
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the same type of resource, and it is shown how the

basic framework in this paper will solve the problem.

The framework places human beings at the top of the

hierarchy, in the sense of "actors" or initiative tak-

ers. However, the framework also treats humans in

the same way as computers, as "resources" used to

process, communicate, store and retrieve information.

Apart from the Gas Sales Telex Administration

Case Study [1, 3], more complex examples of the in-

teraction between humans and computers are needed

to thoroughly evaluate this framework. More work is

also needed in the following areas:

Integration with goals To improve a process, one

must know something about the intentions as de-

scribed by Yu [19]. Yu's thesis models goal and

softgoal relationships in addition to resource and

task relationships. It would be interesting to inte-

grate these relationships into the PPP/SP frame-

work.

Integration with task analysis Task analysis [14]

is the study of how people actually do work with

software on a low level of abstraction: i.e. at the

level of key strokes in user interfaces.
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