Prism: A Case Study in Beha vioral En tit y-Relationship

Mo deling and Design

�

Kevin Sulliv any Ira J. Kaletyz

David Notkiny

yDepartment of Computer Science and Engineering

zDepartment of Radiation Oncology

University of W ashington

Seattle, W

A 98195

ira@radonc.washington.edu, fnotkin,sulliv ang@cs.washington.edu

Novem b er 20, 1993

Abstract

W e describ e the collab oratively develop ed Prism , a tightly integrated but architecturally

exible environment for mo deling, visualizing, and simulating radiation treatment plans

for cancer patients. Despite signi�cant adv ances in function, we built Prism at low cost in

e�ort and co de size. The key was using b ehavior al entity-r elationship (ER) mo deling to craft

an architecture, and ob jects representing abstr act b ehavior al typ es (ABTs) to implement

it. In more detail, we mo del a system as a set of indep endently de�ned entities used

directly by clients but made to work together by b ehavioral relationships connecting them.

W e implement this mo del in an imp erative programming framework by representing b oth

entities and relationships as instances of classes that de�ne, announce, and register with

events in addition to de�ning and calling op erations. Prism provided a realistic test of the

b ehavioral ER mo deling and design metho d.

�

This work was supp orted in part by grant numb er R01 LM04174 from the National Library of Medicine

and contract numb er N01 CM97566 from the National Cancer Institute, and a grant from General Electric

Medical Systems, and by the National Science F oundation under Grant Numb ers CCR-9113367 and CCR-

8858804 and by SRA (T okyo Japan).

1 In tro duction

W e discuss a collab oration in which Sulliv an and Notkin help ed Kalet and colleagues use

b ehavior al entity-r elationship (ER) mo deling and design, a software analysis and design

technique [Sulliv an and Notkin 92], to build a tightly integrated but architecturally exible

environment for planning radiation treatments for cancer patients [Kalet et al. 91, Kalet et

al. 92].

In this collab oration, each of our groups had its own goals|Sulliv an and Notkin in

software engineering and Kalet and his colleagues in radiation oncology

. Kalet had de�ned

the requirements for a radiation treatment planning (R

TP) system that was richer and

more tightly integrated than previous systems in this domain, and needed a metho d to help

realize the system on a mo dest budget. Sulliv an and Notkin sought to test their claim that

their metho d can ease the development and evolution of sophisticated, tightly integrated

environments.

In earlier e�orts [McCab e 91, Griswold 91, Sulliv an and Notkin 92] Sulliv an and Notkin

or close asso ciates controlled b oth the metho d and the requirements against which the the

metho d was tested. In this case, Kalet had de�ned the requirements b efore collab oration

b egan. Nor did Sulliv an and Notkin control detailed design or implementation. Rather,

Sulliv an worked with Kalet on the overall architecture, which Kalet then elab orated and

implemented. Thus, in addition to providing a fairer test of the approach, this e�ort also

provided exp erience in transferring the approach to another group.

The collab oration succeeded. Kalet is now routinely applying b ehavioral ER mo deling

and design. Prism implements the original sp eci�cation with only minor changes. The

system is tightly integrated, broad in scop e, and has a very exible architecture. Kalet

attributes our success in building this system on a small budget largely to the conceptual

and architectural b ene�ts of b ehavioral ER mo deling and design. Despite the anecdotal

quality of the evidence, this e�ort substantially increases our con�dence in the abilit y of

this approach to ease development of serious (alb eit not immensely complex) integrated

environments.

This pap er describ es b oth the application and the role of our approach in building it.

Section 2 intro duces the radiation treatment planning domain, places the Prism system

in context with related systems, and details Prism using an example session. Section 3

discusses the software engineering challenges p osed by requirements for a combination of

tight integration and architectural exibility

, and go es on to present b ehavioral ER mo deling

and design as a solution concept. Section 4 shows how we applied the tenets of our approach

to design and integrate several key subsystems. W e fo cus on mo deling and design idioms

that provided leverage needed to make rapid progress in building Prism. Section 5 presents

co de sizes and the like. Section 6 ev aluates this e�ort and discusses future work.

2 Radiation T reatmen t Planning

2.1 The Application Domain

An R

TP system is a collection of software to ols used by dosimetrists to design radiation

treatments for cancer. Dosimetrists are exp ert treatment planners. A treatment delivers

a prescrib ed dose to cancerous target regions without overdosing other organs. A plan

basically de�nes a three-dimensional con�guration of radiation b eams and other sources

relative to a patient that satis�es the given constraints.

Designing treatments can b e hard. Challenging cases require care and exploration. The

space of p ossible geometric and anatomical con�gurations is huge" di�erent p eople have

di�erent shap es; tumor lo cations and typ es v ary; etc. An R

TP system helps by supp orting

mo deling and visualization of plans, computation of dose distributions, visualization of

plans and dose distributions, and management of a database of patients, plans, treatment

machines, etc. An R

TP system that promotes exploratory planning can lead to treatments

that would otherwise b e missed [Rosenman et al. 89].

A key goal for Prism is to give dosimetrists a p owerful exploratory system: one provid-

ing a to ol set that is broad in scop e, dynamically con�gurable, and tightly integrated. By

broad in scop e, we mean that the to ols supp ort diverse planning tasks: mo deling, dose com-

putation, visualization, data management, etc. By exible, we mean that the dosimetrist

can instantiate to ols at will, not b eing constrained to a �xed dialog or layout. Finally

, by

tightly integrated, we mean that all active to ol instances work together interactively and

incrementally

. When a patient mo del or plan changes, all graphical renderings displayed by

any to ol should b e up dated accordingly

, for example.

2.2 Related Systems

Many R

TP systems have b een built [Goitein et al. 83, Kutcher 88, F raass et al. 87,

Rosenman et al. 89], including several at the University of W ashington [Kalet and Jacky

82, Jacky and Kalet 87b]. None of these e�orts achieved breadth of scop e, integration and

exibility

. This is not surprising, in light of T aylor et al.

\: : : a well-integrated environment is easiest to achieve if the environment is

limited in scop e and static in its contents and organization. Conversely

, broad

and dynamic environments are typically lo osely coupled and p o orly integrated.

Unfortunately

, p o orly integrated environments imp ose excessive burdens up on

users, and small static environments are quickly outgrown [T aylor 88, p. 2]."

This has clearly b een the case in the radiation treatment planning domain. First, in

many systems, di�erent planning tasks are handled by di�erent, stand-alone, \Unix-like"

to ols that run as separate pro cesses and are lo osely integrated through shared �les. Kalet’s

�rst system integrated mo deling, dose computation, and visualization to ols in this way . T o

mo dify the anatomical mo del, the dosimetrist has to terminate the dose display

, run and

then terminate anatomy mo deling to ols, execute the dose computation program, and then

restart the dose display program.

Second, many existing environments are static and in exible at runtime. This is often

apparent in the user interfaces. One op erates in Kalet’s second system by traversing a broad

and deep menu tree to change plans, up date anatomy mo dels, tailor visualization parame-

ters, store mo dels in the database, etc. The visualization subsystem itself is in exible, to o.

It displays a �xed set of graphical views in a �xed layout. These limitations make it hard

quickly mo del and simulate patients and treatment plans.

Third, to the extent that existing systems are broad and integrated, their architectures

tend to b e in exible and evolution-unfriendly . F or example, despite its ob ject-oriented

architecture [Jacky and Kalet 86, Jacky and Kalet 87b], Kalet’s second system do es not

easily accommo date integration of prototyp e AI-based planning to ols [Kalet 92c, Paluszyn-

ski 89a]. Architectural in exibility inhibits b oth research on uses of software in radiation

treatment planning and also exploitation of research results by making it hard to integrate

new to ols|whether prototyp es or not|into the overall treatment planning environment.

2.3 Prism

Prism thus serves two purp oses: it supp orts treatment planning in clinical practice, and

it provides a platform for research on software technologies in treatment planning. In the

second role, Prism provides something like a framework [Johnson 92], to b e sp ecialized and

extended with additional to ols. F or example, a to ol that computes target treatment volumes

based on mathematical mo dels of tumor shap e and typ e, patient movement, etc. is now

b eing devised and integrated. This to ol was not foreseen in the original requirements, but

was easy to integrate b ecause the Prism architecture is integration- and evolution-friendly .

Both roles|pro duction environment and research platform|demand a combination of

tight integration and architectural exibility

. Tight integration of to ol instances within a

session is needed for e�cient treatment planning. Graphical views should provide immediate

feedback when mo dels are changed, for example. A exible software architecture is also

needed to supp ort the planning task. In particular, the dosimetrist should b e able to

instantiate to ols and con�gure the environment at will. The system must supp ort non-

deterministic instantiation of to ols during a session. Finally

, architectural exibility is

needed to accommo date the integration of new to ols over the lifetime of the system|as

research concepts are tested, re�ned, and adopted or rejected.

The strength of Prism is that is combines architectural exibility|in execution and

evolution|with tight integration. The simple but p owerful anatomy mo deling to ols can

stay on the screen with dose display to ols, for example. When the anatomy is up dated,

the dose distribution to ol is easily activ ated to compute and display the new distribution.

T o help users understand three-dimensional treatment plans, Prism allows any numb er of

views of a given plan, and a given view can either b e displayed or not.

T o give a sense of Prism, we discuss a session, using \screen dumps" to help illustrate. It

is hard to give a sense for how dynamic Prism is in the written medium. F or those wanting

a more dynamic exp erience, the Prism source co de is freely av ailable.

1

1

F or information on obtaining Prism, contact Kalet at an address given on the title page.

Figure 1: A transverse slice.

This �gure illustrates the Cartesian patient co ordinate system, and shows a transverse slice

through the patient. Images in image studies are oriented in this way .

2.3.1 Image Studies

Image studies are the basis for mo deling and visualization in Prism. An image study is a

sequence of two-dimensional, radiographic images|usually computed tomography or mag-

netic resonance scans. Figure 1 illustrates one slice in a study . W e build three-dimensional

mo dels of the patient anatomy and tumors by tracing contours against successive slices. All

contours tagged as b elonging to a given organ de�ne the geometric mo del of that organ.

These mo dels, augmented with information such as density and radiation tolerance, are the

basis for visualization, dose computation, and other Prism activities.

2.3.2 Master Control: The Patient Panel

Prism to ols are presented in p anels. A p atient p anel app ears in the upp er left of Figure 2.

The patient panel is the to ol presented to users on start-up. It is used to select p atient c ases

from the database; load asso ciated image studies; edit patient administrativ e data (e.g.,

name, hospital ID numb er), display anatomical mo dels and treatment plans in abbreviated

form, invoke to ols to display and edit these mo dels, store up dates in the database, etc.

Figure 2: A Prism screen.

The b ottom part of the patient panel presents several sele ctors. In user interface jargon,

these are multiple sele ction lists. Selectors display the patient mo del in abbreviated form

and allow elements to b e added, deleted, and selected for further editing in new to ol panels.

Each selector thus presents a multi-v alued attribute of the patient case. There is one for the

set of organs de�ned for a patient, another for the tumors, and so on. When the user loads

a patient case from the database, the lists are �lled in. Pushing the add button ab ove a

selector adds a new element. Selecting an item with the middle button deletes that element.

Selecting an element with the left button instantiates a new to ol to display and edit the

selected ob ject (e.g., organ or plan).

2.3.3 T o ol Invo cation: The Plan Panel

Selecting a plan in particular instantiates and displays a plan p anel to display and edit that

sp eci�c plan. The highlighted PLAN-439 item in the plan selector indicates that that plan

has b een selected and that there is a corresp onding plan panel active on the display

. The

plan panel for this plan app ears in the �gure, but is mostly obscured b elow the patient and

b eam panels. (The b eam panel, discuss b elow, is the one with the three dials.) Throughout

Prism, to ol instances are invoked in this way . T o edit the radiation target volume named

T ARGET, for example, one would select the T

ARGET button in the target selector. This

p oint-and-click to ol invo cation is what provides the user with a highly exibly runtime

environment.

6

Figure 3: A second Prism screen.

2.3.4 Physical Mo deling: The Easel Panel

The large panel in the lower left of Figure 3 presents the e asel p anel instantiated by the

user’s selecting this target volume. The easel has several ma jor comp onent parts. Down the

left are attributes such as the color in which the contour is displayed, and the Z co ordinate

of the current slice. Across the top is the �lmstrip . Each fr ame in the �lmstrip presents a

slice of the patient mo del, with the image for that slice in the background and contours for

organs, tumors, targets, etc. at that p osition overlaid. The �lmstrip provides a scrollable,

visual menu for selecting slices for editing. The large area in the middle of the easel is the

canv as, on which editing op erations actually take place.

T o edit a slice, the user scrolls through the �lmstrip to �nd the desired slice, and then

clicks on the desired frame. The third frame is selected here (indicated by highlighting,

which is hard-to-see in this window dump). The image and contours for the selected frame

are then brought up on the canv as. All contours at that slice are displayed, but only the one

for the entity b eing edited can b e changed. In this case it is a contour of the target volume,

outlined with small squares to highlight and supp ort editing of this contour. The user can

add, delete, and move these vertices. The Cle ar button b elow the �lmstrip deletes the entire

contour. In addition to a Manual drawing mo de, the easel supp orts automatic contouring

based on following edges in the background image. The easel op erates on a copy of the

contour de�ned for the underlying patient mo del. If the user presses the easel’s A c c ept , the

newly edited contour is inserted into the patient mo del, replacing the older contour.

7

2.3.5 Visualization: Views and View Panels

T o supp ort visualization of patient cases, including anatomy

, tumors, b eams, etc., Prism

allows the user to de�ne any numb er of views of a given treatment plan. Prism supp orts

orthographic and p ersp ective views. Orthographic views come in three kinds: transverse,

coronal, and sagittal. These are p erp endicular to the Z ; Y ; and X axes of the patient

co ordinate system, resp ectively

. Prism also supp orts p ersp ective views, from radiation

b eam origins|\b eam’s-eye" views.

A selector on each plan panel lists the views for the plan. When adding a view, the user

is queried for the kind of view. Views p ersist even when not displayed. T o display a view,

the user selects it using the selector. This creates a view p anel, which displays the view

and allows its parameters to b e set|p osition of viewing plane along view axis, whether an

image is displayed in the background, etc. A view panel displays all information de�ned for

a plan visible in the view.

Figure 2 presents �ve orthographic views panels. The large one in the upp er right is

transverse. It presents the same slice as in the easel in Figure 3, but also displays two

radiation b eams|as two pairs of diverging lines. One enters from the upp er left; the other

from upp er right. The target volume is in the intersection of the b eams, but is imprecisely

aimed: the b eams hit other organs, including the kidneys (white ov als) and spinal cord

(white, irregular shap e). This kind of information and the abilit y to see and change it

easily are critical to the dosimetrist.

The two smaller panels b elow display transverse slices ab ove and b elow the one in the

large panels. The smaller panel in the lower right presents a sagittal view. The squares

depict intersections of contours (parallel to the transverse views) with the sagittal viewing

plane. The smaller panel to the left displays a coronal view. The overlapping parallelograms

depict intersections of the b eams with viewing planes. Since b eams are shap ed as generalized

pyramids they intersect with viewing planes in such p olygons.

Finally

, the lower right panel in Figure 3 presents a b eam’s-eye view. This view is taken

from the p ersp ective of the b eam that, in the view ab ove, enters from the upp er left. The

view depicts a sequence of transverse slices through the patient, as seen from the side. The

outer contours represent skin; the inner ones others, organs, target volume, tumor, etc.

W e anticipate adding r o om views |p ersp ective views taken from arbitrary p oints in the

treatment ro om|but we have not yet sp eci�ed or implemented them.

2.3.6 Integration: Easels and Views

The mo deling and view to ols are tightly integrated. When the user presses Accept, new data

is inserted into the patient mo del. This causes all graphics to b e incrementally up dated to

re ect the changes. Even frames in easel �lm-strips are corrected. If a dose distribution is

displayed, and if the change a�ects the distribution, the data is inv alidated and erased from

all renderings where it app ears. In general, changes made to one part of the environment

cause changes throughout, as necessary

, to maintain global consistency

. It is in this sense

that the system is tightly integrated.

8

2.3.7 Integration: Views with Views

Visualizing three-dimensional con�gurations from a set of two-dimensional views is hard.

Visual hints indicating how views relate to each other can help. Prism provides hints in the

form of lo c ators. A lo cator is a line app earing in one orthographic view that depicts the

intersection of the viewing plane of some other view. Lo cators show how views are oriented

relative to each other, helping the dosimetrist fuse disparate views into a three-dimensional

understanding.

Consider the sagittal view in the lower right of Figure 2. This view depicts a slice that

divides the patient into left and right parts. Where the viewing plane intersects the patient

is given by the vertical lo cator in the transverse view, ab ove: the sagittal view is down the

middle of the patient. Symmetrically

, the horizontal lo cators in the sagittal view show the

relative p ositions of the three transverse views. The horizontal lo cator in the transverse

views depict the intersection of the coronal view in the lower left. The vertical line in

the sagittal view shows the intersection of the coronal view. The horizontal lo cator in the

coronal view presents the intersection of sagittal view.

Views are integrated with each other through lo cators. The problem is to keep lo cators

and views consistent with each other. The viewing planes of views can b e changed, and

lo cators can b e \dragged." The p osition of the viewing plane of a view can b e up dated

using the Pos text line on a view panel. If a viewing plane is changed, the lo cators for that

view in other views up date. Symmetrically

, if a lo cator is dragged in one view, the view-

ing plane of the corresp onding view is changed. Thus, not only do lo cators provide hints

ab out relative orientations; they also let the user change relative orientations. The user can

animate a viewing plane passing through the patient in one dimension by dragging a cor-

resp onding lo cator in another view. This tight integration signi�cantly eases visualization

and exploration of three-dimensional treatment con�gurations.

2.3.8 Physical Mo deling: The Beam Panel

T o review, one edits a plan by selecting it using the plan selector on the patient panel.

This creates a plan panel. F or this discussion, the key features of the plan panel are the

two selectors for radiation b eams and views. T o add a b eam, one uses the b eam selector.

T o edit a b eam, one selects the corresp onding item. That instantiates a b eam panel. On

the plan panel just visible on the far left of Figure 2, we see that the \left lateral" b eam is

selected. This instantiated the b eam panel, with the dials, in the lower left.

The left side of the b eam panel presents widgets for editing the kind of treatment

machine pro ducing the b eam (Clinac 4), the color in which the b eam is displayed in views,

etc. Across the top are dials used to adjust the b eam orientation relative to the patient.

One mo dels rotation of the couch the patient lies on; another mo dels the p osition of the

gantry that supp orts the b eam apparatus, rotating on an axis parallel to the o or; the third

mo dels the axial rotation of the collimator through which the b eam passes on its way to the

patient. The b ottom part of the panel displays several sliders. Three adjust the lateral and

longitudinal p ositions and the height of the couch. The rest adjust the collimator ap erture.

9

2.3.9 Integration: Beam Panels with Beams and Views

Beam panels are integrated with views in the sense that changes to a b eam are re ected

in all views that display the b eam. As the couch dial is dragged around, for instance, the

pair of nearly parallel lines in the transverse views rotate, and the depiction of the patient

in the b eam’s-eye view seems to rotate in three dimensional space. Changes in most b eam

parameters also inv alidate any dose distribution that has b een computed, causing views to

erase depictions of out-of-date v alues.

An interesting asp ect of the b eam panel is in the integration of the panel with the

b eam it displays. A user can change the machine attribute of a b eam (set to \Clinac 4" in

this example). Changing the machine may change the collimator used to shap e the b eam,

since di�erent machines have di�erent collimation systems. This, in turn, may require a

change in the collimator part of the b eam panel, since di�erent collimation systems have

di�erent capabilities, hence interfaces. With a Clinac 4, two sliders are required, since there

are two \jaws" that can b e manipulated. Other devices have more degrees of freedom,

and so need an interface with more sliders. With a \multi-leaf collimator," a slider-based

interface is not su�cient; a contour editor for sp ecifying the desired b eam cross-section is

more appropriate. Thus, when the user changes the machine attribute, the user interface

presented by the b eam panel may itself change, to allow editing of a b eam shap ed by a

di�erent kind of collimator.

3 Beha vioral ER Mo deling and Design in Prism

The Prism functional requirements call for a system dynamically con�gured by the user,

broad in scop e, tightly integrated, and easy to evolve. This presented an interesting, di�cult

software engineering problem: it was unclear how to meet these requirements on a limited

budget. It was easy to imagine an architecture where each to ol typ e would b e de�ned

to manage its interactions with a dynamically changing set of other to ol instances; but

the tangled structure that would result would b e costly to build, debug, and extend. It

was evident to Kalet that the requirements could not b e met within budgetary and time

constraints using common (e.g., ob ject-oriented) metho ds. The problem was to obtain the

required tight integration without losing architectural exibility|the key to controlling

development costs and easing evolution.

The b ehavioral entity-relationship mo deling and design approach develop ed by Sulliv an

and Notkin [Sulliv an and Notkin 92] purp orted to reconcile integration with architectural

exibility

, and with ease of software development and evolution. Kalet found the metho d

su�ciently app ealing that he decided to adopt it for the Prism pro ject.

Our metho d involves an approach to analysis, design, and implementation. In this

section we present the metho d in a nutshell, and illustrate it by showing how we analyzed,

designed, and implemented a new interface widget as a simple \integrated environment" in

which two simpler widgets work together. The widget we discuss is a dialb ox , de�ned in

the SLIK user interface to olkit, used to build all Prism interfaces [Kalet 92].

10

3.1 Our Metho d

Our metho d is based on the notion that the con ict b etween integration and architectural

exibility is reconciled by viewing and implementing systems as collection of visible, in-

dep endent entities integrated in a network of separate b ehavioral relationships. Entities

provide the b ehaviors used by system clients|e.g., a dial on an interface, a set of organs in

a mo del of a patient. Behavioral relationships make the entities work together as they are

manipulated by clients. A simple b ehavioral relationship might assert that when a dial is

moved, a text representation of its angle is up dated accordingly and, similarly

, that when

the text is changed, the dial up dates.

The approach provides a clean mo del of integration. T o make given to ols work together,

we identify the b ehavioral relationship we want b etween them, and implement the relation-

ship as a separate comp onent. This also leads to a exible architecture. When to ol instances

are created at run time, we integrate them with other instances by instantiating b ehavioral

relationships to connect them together. W e can make a stand-alone dial work together with

a text display by creating a relationship ob ject that makes them work together. When

a new to ol typ e is de�ned, we integrate it with existing to ols by de�ning new b ehavioral

relationship typ es. In many cases, existing typ es need not change.

T o provide the essential details, we sum up our analysis, design, and implementation

metho ds in a few lines each. Then we illustrate their use for the simple case of the dialb ox

widget. W e refer interested readers to more \theoretical" discussions elsewhere [Sulliv an

and Notkin 92, Sulliv an 94].

3.1.1 Analysis

� First, identify and represent key entities as visible, indep ende nt ob jects. An ob ject is

visible if it can b e directly referenced and used by any client. It is indep ende nt if it is

not de�ned to reference any ob jects outside of itself.

� Second, identify and represent b ehavioral relationships as separate ob jects. W e use

the term me diator to refer to an ob ject that represents a b ehavioral relationship.

Mediators are dep ende nt|de�n ed to reference the ob jects they integrate.

3.1.2 Design

� First, design ob jects as instances of abstr act b ehavior al typ es. An ABT de�nes a class

of ob jects in terms of an abstract state space, applicable op erations, visible activities,

and resp onses to the activities of other referenced ob jects. The distinction b etween

this and an abstract data typ e is that one ABT-based ob ject can extend the b ehavior

of another by resp onding to its visible activities.

� Second, design b ehavioral relationships as ob jects (mediators) that reference the ob-

jects they relate and that integrate them by resp onding to their activities, calling

their op erations, and storing lo cally any additional information needed to maintain

the sp eci�ed relationships.

11

3.1.3 Implemen tation

� Implement abstract b ehavioral typ es as classes in ob ject-oriented programming lan-

guages. Implement abstract state in terms of hidden instance v ariables. Implement

applicable op erations as public metho ds. Implement visible activities as public in-

stance v ariables whose v alues are event obje cts (see b elow). Implement resp onses to

activities of other ob jects as registrations of hidden metho ds with the event-v alued

instance v ariables of the other ob jects.

� Implement event ob jects as instances of event classes supp orting three op erations.

If E is an event ob ject, then E :Reg ister (op; ob) should cause E to store the as-

so ciation b etween the op eration op and the ob ject ob: E :U nr eg ister (op; ob) should

break this asso ciation. E :Announce(p

1

; : : : ; p

n

) should iterate over all registered op; ob

pairs, applying the registered op erations to the corresp onding ob jects: i.e., calling

ob:op(p

1

; : : : ; p

n

): The p

i are the parameters that de�ne the signatur es of b oth the

events and the metho ds that they \implicitly" invoke.

3.2 Example: The DialBo x Widget

T o illustrate these ideas, we discuss how we applied them to mo del, design, and implement

a user interface widget called a dialb ox. The dials in the b eam panel (see Figure 2) are

instances of this kind of \to ol," which can, itself, b e seen as a tiny integrated environment.

The key comp onents|the to ols|of a dialb ox are a dial and a text line . The angle of

the dial can b e changed by \dragging" the dial with the mouse. The text in the text line

can b e changed by typing a new v alue in the window. Both comp onents also have \API’s"

2

,

program callable interfaces for getting and setting their v alues. These to ols are integrated

in that as either changes the other up dates so b oth continue to display the dial angle. As

the dial turns, the text line up dates rep eatedly until the dial’s motion stops. When the user

typ es a new v alue to the text line and presses Enter, the dial snaps to the given angle.

It is sometimes desirable to treat it not as a system of related comp onents but as a

unity|a single ob ject. A dialb ox is instantiated in entirety

, for example: one need not

create then glue together several comp onents. T o supp ort the view of the widget as a unity ,

we sp ecify that the dialb ox as an ob ject has its own \API" with op erations to get and set

the (common) angle of the underlying dial and text line comp onents.

3.2.1 Analysis

When given requirements for a \complex" b ehavior, such as the dialb ox, we b egin an

analysis by asking if we can view it as a system of indep ende nt b ehaviors integrated in a

network of b ehavioral relationships. W e have no mechanical pro cedure for �nding a \go o d"

decomp osition. Our approach is heuristic. W e are guided, however, by concerns for issues

of indep enden ce, relationship, and visibility

. What pieces can we use, develop, understand

2

This stands for applic ations pr o gr amming interfac e, or some small v ariant of this phrase.

12 architectureofthedialb ox\integratedenvironmenThe rectanglesrepresent indep endent entities;thediamondrepresents theb ehavioraltionshipthatintegratesThe dark arrows denote the dep endence of the on the entities. The light arrows suggest the entities are visible:

used directly by clienindep enden Giva breakdown into parts, is there a simple statement of the b eharelationship needed to integrate the visible structure do the clients of a \want" to Reasonable answers for the dialb ox are fairly obbreak it into two indep endenenlinked by one b ehavioral relationship, as pictured in Figure entities are dial and a text line. The relationship is the v alue of one changes, the other mb up dated to re ect the cbreaks the system into two entities that we implementest, and (re)use indep enden, plus a relationship that is easy to as a unit in its own righAthe design level the task is to represent the entities and relationships as ABT while preserving the indep endence and visibility structure of the analysis mo presents the essential features of our text line and dial are de�ned as p endent b ehavioral relationship is represented as an ABT (a mediator) resp onds to the activities of each entity by up dating the other to maintains the in the face of client In more detail, the dial and text line

ABTs de�ne op erations to and Set their v events that are announced when these v alues change|NewInfo and NewAngle is dep ende nt, referencing the dial and text integrates these entities bresp onding to their event announcements and calling their op Sp the mediator registers its onNewInfo(x)op eration with the text

NewInfo(x) eventhe event is announced, the op eration is invoka new angle a for the dial by converting the up dated text|which is passed as an evenan angle, and then it calls

Dial.Set(a) to up date the dial with the new b ehavior is symmetrical for changes to the circularity that up date causes another causes another etc.|can b e broken in several wais for mediator to maintain a bit indicating whether an up date is in invoked, mediator checks the not set, the mediator sets it and p erforms the up the mediator just returns

[Sulliv an and Notkin

design of the dialb oxheavylinesindicatedep enden cies b etweenob dialandtextlinearep endent. mediatordep end s on b oth. The dashed arrowsrepresent registrationsof op erations at the tails of the arrowswith the events at the lighter solid arrorepresent invo cations of the op erations at the heads by the op erations at the is straightforward to implement ABTs in common programming problem is representing evenis not hard [Notkinet 93]. is esp ecially in ob ject-oriented languages, which already supp ort ob jects with states and op erations. case, we represent events in ob ject interfaces as instance v ariables holding event ob event ob ject maintains an asso ciation b etween the event it represents and the ob andop erationstob e invokedwhenthe eventisannounced [Sulliv anandNotkinEvenimplementation environmentforPrismisCommonLisp[Steele90]CLOS

[Bobrow et 88].

�rst task was to supp ort ob jects having events as was op erations in their inused event ob ject-v alued instance v ariables for An event ob ject is an instance of an event class with op erations to and gisob jects and op erations and another op eration to Ae the evenThe mechanism is simple.

Source co de app ears in Figure An event ob ject maintaian asso ciation list that records ob ject/op eration

Up creation, the list is emptop implemented as macros, are dd-notify an ob ject () an op eration to b e applied to the partremoves any op eration already presenfor the part, then stores the new op eration.

emove-notify removes any registration for part. Ae iterates over the list, applying the op eration part of each entry the asso ciated partparameters and gs are passed to the invoked op identi�es the ob ject announcing the evenAenco des other parameters for evenThwhen a text line announces

NewInfo(x) by calling the announce op eration this event ob ject, is a reference to the text line and gs the new text string x event () (defun make-event() (defmacroadd-notify(partyevent ‘(setf(adjoin (list,party ,operation(remove,party ,event:test #’eq :key (defmacroremove-notify(party ‘(setf,event (remove,party ,event:test #’eq :key (defun announce(objectevent &rest (dolist(entry event); event is an (apply (secondentry) (firstentry) objectLisp/CLOS implementationof event ob jectsin EnImplementhe text line ob jectsp eci�ed inFigure 5is nowtheentitiesaresimilar,wejustdiscussdialstoresanumericalrepresenanangle,de�nesop erations toget andsetthis v alue, andmakes changesvisible bannouncing an d evenproblem is in representing and announcing even7 presents the dial class declaration and shows how we guarantee that event is announced when used to up date the angle idea is to CLOS wrapp er metho class includes a slot holding an event ob wrapp which is automatically executed whenever called, announces the eventhe wrapp er up dates the dial graphics; we do not discuss graphics any implementing the mediator is source co de app ears

Figure our implementation, the mediator is the dialb ox de�ned by defclass, a dialb ox has a dial and a text line as its visible the dialb oinitialization routine these ob jects and assigns them to their in the dialb ox ob initialization routine also registers the mediator op erations the events of the dial and text line ob �rst, d handles cto the dial; the second, up dates to the the registratiinstructions () the v ariable db refers to the dialb ox|the party to b e next expressions reference the event ob jects in the dial and text line ob NewAevent is represented by an event ob ject in the dial’s d slot, in turn found through the the-dial of the dialb ox parameters preceded by hash (#) are the op erations to b e invoked when the events are \up date" op erations are similarso we just present up the text line when the dial cparameters passed to this op identify the noti�ed party

(the event announcer

(and the new op uses a busy bit to prevent circularit,as discussed ab ovBetwsetting clearing , the op eration up dates the string v alue of the text line, then announces dialb ox event.

event supp orts clients that treat the dialb ox as a

dial define a dial ((angle:type single-flangle :accessor:initarg(angle-changed:type angle-changed :accessorangle-chang:initform(ev:make-event))(defmethod(setfangle) :around(new-angle(d (dial-erase-pointereraseolddial(call-next-method);invoke inner(dial-draw-pointerdraw new (ev:announce d (value-changed d)new-angleannounce value-channew-anglsetf must return

7:Key features of the implementation of the dial dialbox the dialbox/mediator

((the-dial

:type dial

:accessor references a (the-text

:type textline

:accessor the-text) ; and a text

(angle-changed

:type and exports an :accessor angle-chang:initform

(ev:make-event))

(busy

:accessor busy

:initform and avoids circularitie(defun make-dialbox

(radius

&rest other-initargs)

(let*

((db

(apply

#’make-instance

’dialbox(setf

(the-dial

(apply

#’make-dial radius

:parent

(window

(the-text

(apply

#’make-textline width height

:info

"0.0"

:parent

(window

(ev:add-notify db (angle-changed

(the-dial db))

#’upon-angle-changed)

(ev:add-notify db (new-info

(the-text db))

#’upon-new-info)

(defun upon-angle-changed(db ann (unless

(busy avoid circularit(setf

(busy db) (info

(the-text convert angle

(format nil "~5,1F"

(mod val string;

update

(ev:announce db (angle-changed db) announce dialbox

(setf

(busy db) avoided circular8: Key features of the implementation of the dial/text line

Noconsider what happ ens when aclient changes the dial angleusing wrapp metho d is invoked by Common Lisp b efore executes. dial graphic is o withinthegraphicis redrawn,andthentheangle-cevenisinvokesthemediatorop eration.checks thebusy bit,�nds no up date inprogress,convertsthenew angletoastringandthev alueofthetextcausesthe textline’s new-info event tob eannounced,whicinvokes the mediator’s op op eration checks the busy but �nds an up date in Conreturns to the text line (its event announcementext line up date completes and returns to the Nothe announces its d event. the mediator clears the busy state and original op on the visible dial ob ject completes with the whole dialb oin a consistent and Design Problems and Prism architecture is based throughout on these analysis, design and implementatimetho this section, we discuss �ve Prism subsystems to show how we applied tenets of our approach to realize the required integrated Prism functions while architectural exibilitestart withmultipleselectionlists|theinterfacewidgetsthatdisplaylistsoftumors, and plans on the patient panel, b eams and views on the plan panel, and so Next, we discuss how these widgets are used in selector uses a selection to display a set of ob jects, such as organs, to supp ort addition and deletion of elemenand tosupp ort instantiationof to ols toedit elemenwe discuss ators, the displayin view panels to depict intersectionsb etween we present arcfor keeping graphical renderings|views, easels, �lm strips, etc.|consistent underlying entities, such as b eams and organs, are cwe discuss our mo for changing the interface presented by the b eam panel as the b eam typ e is cSelection A multiple selection list (hereafter menu ) displays a list of can b e added and deleted from the menu, and they can b e selected and selected, itemishighlighted;when deselected,itisunhighlighAnalysibasedour analysis ofthe menub ehavior onknowing how we would usemenusidea for selectors|discussed nextsection|is to have a menu in two relationships.The

�rst is a one-to-one corresp ondence b etween an ob ject set the set of organs of a patient) and all the items in the mensecond is a corresp b etween selected menu items and active to ol wa, if is added to the patient, an item must app ear in the list; and if an item represen

mo delofamultipleselectionA multiple selection list is viewed as a pair of sets of button is an item displaybyamenuthatcanb eselectedorsetof buttons calledItems contains buttonsdisplayedbythe menset,d,containsexactlythesubset ofb ehavioralrelationshipensurethatthisconstraint ismaintainedbuttons are selected and deselected, inserted and anorganis selected,ato ol mustb einstantiated forediting thatimplementhe b ehavior sp eci�ed in the Prism requiremenOur analysis of the menu itself resulted in the mo del illustrated in Figure view menu as maintaining two sets of sets are entities into which one can insert from which one can delete references to buttons themselves are entities can b e selected or The typical usage is for a client to insert unselected into , then to select and unselect them, and �nally to delete them from

Inof these sets and the buttons they contain is achieved by the b eha(the relationship imp oses the constraint that the selected is the subset of Items conexactly those buttons that are Thif a itemsb ecomes selected|b ec ause a user invokes its ctop eration|it must then b into the cte d set. relationship makes the entities work our implementation do esnotprecisely have thisstructure, this analysis signi�cantly the design, implementation, andintegration of themenu comp onendesign and implementation, we merged the two sets and the b ehavioral relationship insingle ob design and implementation, the menu supp orts op erations to delete, select, and deselect select and deselect op erations are the equiv alenof insertion into and deletion from the selected menu also announces events button insertion, deletion, selection, and e designed buttons as ABTs with op erations for selection and deselection, and evento indicate these activitikey to the menu design is that when a button is inserted inthe menu, the menu registers with the button to b e noti�ed of its selection and events.

When a button in the menu is selected by the user, the menu is turn announces its own event.

mimics the button b eing inserted into the is a button is deleted from the menu, the mencancels its registrations with the button ob implementation oftheseideasisstraightforwardusingtheideasandsourceco presenab ovbrevit, we omitimplementationdetailsforthisand subsequenare used throughoutPrism todisplay the contents ofmo dels (e.g., the b elonging to the patient), and to allowelements to b e added, deleted, and selected editing.are,however,otherways thatmo delscanb eceases integratinew to ols by making mo dels visible, so any to olcan op erate directly on a mo del, changing, and deleting organs and b the faceof manipulations,itisto keepthe interface presentedto thedosimetristconsistenan organ is added,a newshould app ear in the organ menIfthename of anorgan is changed,the namedisplayby the corresp onding item should up Moreover,wcan meet the requirement that b e able to change the name of an organ by allowing the user to change the name, with a constraint that the organ name b e up dated . the faceof client accesses, all asp ects of the Prism environment should b e kept consistennodiscuss how we met this requirements, fo cusing on selectors in Analysi10 presentsour analysis mo del of the organ other are analogous.

fact, all are instances of the same class, parameterized at instantiation time to di�erent kinds of ob jects and The primary entities in the analysis mo del are a set of organs, a set of easels, and a meno each set is asso ciated zero or more elemenasso ciations change dynamically elemenare added and two main b ehavioral relationships, mainthe one-to-one corresp ondences discussed ab ovan organ is added to the set,acorresp ondingitemb e added tothe menan item isselected, requires addition of a new easel to the easel Convif an easel is closed by user,thatthecorresp ondingbuttonb e deselected;and soThe relationship dep ende nt on relationship SM. This is b ecause

MEresp creatingpanelsforselected menuitems,but apanel mustb econnected tothe asso withthe itemasso ciationb etween organsand itemsismainby SM. Thus, when a menu item is selected, �nd out to which the new panel should b e attacb ottom half of the �gure depicts the individual elements of the sets (organs, easel panels) and the b ehavioral relationships b etween OB requiresasso ciatedand button names b e equal; ifeither changes, the othermust b e up arrowtheeaseltotheorgandenotesadep endenc e oftheeaselontheorgan. ebasically relationship b etweenthe easel display andthe organ into the easel b ecauseeasels never used intheabsence oforgans(orgenerallysome volumetob e is dep endent, this merging made the easel dep ende n

Simpli�ed mo del of the Prism selector patient mo del contains a set of panel subsystem presents this set supp insertion, deletion, and selection for ensures that menucontains onebuttonforeachorgan. InstancesofthedispatchedbSM, keep organ and button names consistent with each

ME there is one easel for each selected Eaceasel is connected to the designated �nd out which organ that is, map a given, selected button to organit represensave space, we only discuss some of the key features of the selector subsystem at design level. First,wrepresent instances of the as mediator ob design for these ob jects is mo deled on the dialb ox presented SM similar to each other, so we only discuss the design of e start discussion with a simple but key asp ect of design of the organ sets in Prism|panels, tumors, plans, etc.|are represent the organ set at the design level as an ABT. The set ABT has twop one to insert an element, one to delete Eacop eration takes a reference the element as a ABT also de�nes events d(x) and d(x), x is a reference to the ob ject inserted or a client calls the op eration insert(x),

the d evenis announced if and only if x is actually added to the set, which happ if and only if x was not already in the Representing multi-v alued attributes as set ABTs|e.g., the organs in a patient|is of the cornerstones of the Prism provides an explicit runtime representation entry and exit of elements into and from asso ciatiothan having maintain consistency in the face of ation and deletion of ob jects, we do so in the of insertions into and deletions from this is easy b ecause set ABTs events that can b e monitored by amediatorto represent straightard,based on the of the dialb othe references the organ set and the mensupp four priv ate op erations, one to handle each relev ant activitand of organs and the mediator is created, it receives references to the set menu and registers these op erations with their evenAruntime, it uses a \busy bit" avoid circular up dates, as in the dialb ox In addition, the mediator maintains a relation (in the form of a relation ABT) as of its uses the relation to record corresp ondences b etween individual organs Eacasso ciation is stored as a pair of references, one to the organ, one to button. relation is used b oth by the mediator itself, and by clients. In particular, queries this relation to �nd out to which organ to attach an easel when menu item is o see how the works, consider what happ ens when an organ is The mediator, having registered for deletion events, is invokIt resp onds by checking busy bit, which it �nds clear (no up date in mapsthe organthatwasjust the relationto�nd the corresp onding deletes the corresp ondence therelation, thendeletes thebuttonfrom themeninvokesthemediatorrecursivthemediator

�ndsits busybit set,soit just returns(to thementhe menreturns back to the mediator. The mediator returns to the the insert op completes with the set, the mediator’srelation, and the menu all consistenis one additional an organ and a button asso ciated, we want their names to stay consistenimplement this, the an idiom we call deploying critical adv antage to the metho d of plementing b ehavioral relationships as ABT-based ob jects is that they can b e created can register with other ob jects is the basis for integrating to ols as are activ ated in The basic idea is that in addition to maintaining a relation b etween two collections, mediator also maintains a set of mediators (of a di�erent kind) resp onsible for integratirelated elements of these collections. In this case, an instance of the OB to integrate each asso ciated organ and Thwhenanasso ciationits relation

(seeab ove), it creates anOB instance,giving it referencesto theorgan andOB then registers dynamically with their events and keeps them consistent

When the asso cation, it also deletes the corresp onding The ability to integrate entities, without change, by interp osing mediators eases inas well as evolution over the life time of a Deplosubmediators for eacentryin a relationis arun-time exampleof the leveragegainedby separatingb eharelationships,and isa key idiomused extensivelyin the Prismdiscusssophisticated usages of this idiom in the next

11: ThePrismators The lo cators subsystem contains a set of views and a set of lo set of holds zero or more view instances; similarly for the lo cator sets are inbyab ehavioral relationship view-set/lo cator-set)VSLS keeps the lo cator consistent as views are added and also inserts lo cators into and deletes from the views that are to display it also deploys VL submediators to klo cators consistent with the views they idea of deploying submediators in corresp ondence with the elements in a relation vided the basis for solutions to several more di�cult design this we discuss how we handled lo cators.

Recall

(see

Section

2.3.7) that each orthographic displays one every other orthographic view that intersects the given

Thwhenever a new view is created, a lo cator has to b e added to eacg view intersected by new view, and lo cators have to b e added to the new view for each of these inthe p osition of each lo cator in the view in which it is displayed has to b kept consistent with the p osition of viewing plane of the view it representhe Z p of a transverse view is changed, the lo cators view in coronal and sagittalhave to b e up Similarlif the user drags one of those lo cators, the Z p osition of corresp onding transverse view must b e up dated.

supp orts a kind of crudeanimation:

asalo catorisdragged,theviewitrepresentsapp earstopassthroughthe patientmo along theviewing itdo esthis, it renderssuccessiveslices ofthe patient anatomb eam lo cations, dose distributions,

Analysithese requirements are similar to the earlier sevsets have to b kconsistent as elements are added and deleted, and corresp onding elements have to wtogether while they are key idea for the lo cators subsystem was that we had set of views needed to maintain a relation enco ding intersections. than a corresp ondence, we need a b ehavioral relationship that maintains the cts

Supp two viewsAandB intersect|p erhapsAistransverseandB iscoronal. the intersects relation contains the tuples (and (A)since each view inthe Corresp to these tuples are two lo cators L

(and L

(;A: The �rst displayed in A to represent the intersection of B with A: The second app ears in B the intersection with A: The lo cator system essentially consists of a set of views and set of lo cators, and tuples in the latter are in one-to-one corresp ondence with tuples the intersectsviewsareaddedanddeleted,theb ehavioral relationshipVSLS

maintains the intersects relation and up datesthe lo cator set VSLShastwo additional when it adds a lo cator to or deletesit from lo cator set, it also displays the lo cator in or removes it from the corresp onding

Thmediator maintains the one-to-n relationship from views to lo cators,as presented in Second, each lo cator has to remain consistent with the view it representhis, deploys submediators, one instance of VL to integrate each lo cator displayed a view A with the view B that the lo cator represenA key b ene�t of the Prism architecture is that it enabled conception and developmenof this machinery indep endently of all the other relationships in which the individual and the set of views participate. The other relationships are suggested by the dashed and relationship diamonds in the have already discussed some of of views is related to the menu in the views selector of the plan name each view is related to the name displayed by the corresp onding menu of the individual views and of the view set allow these entities to participate in and b by many di�erent relationships at the same design and implementation follow from the analysis mo set of views app ears design and implementation as a visible set ABT. The views are also de�ned indep endenand changed the representation of the lo cator set in design to reduce the numb of classes and ob Sp we eliminated the set of lo cators in favor of each having its own set of lo cators|those it displaLo are this distributed ab out did realize

VSLS as a mediator that registers with and resp ondsto and deletion events of the view a view is added, the mediator up dates the intersects relation, which it mainby comparing the new view against each view in the view views di�erentaxesintersect,andviewsondi�erent axeshavedi�erentPrismclasstransvcoronal,sagittal|so intersectioniscomputedbycomparingthesenamesdi�er,theviewsineachintersection,themediator createsb othalo and a addsthe lo cator to the set of lo cators in the view in which lo is tob e displayed;and itinstantiatesthe submediatorgivingit references to thisview to the view the lo cator submediator registers with that view and with lo cator and thereafter maintains consistency b etween a view is deleted, mediator reverses this pro lo cators are moved or view planes changed, maintain

Prismgraphicsrenderingsubsystemisanalogous totheselector andlo cator b ehavior relationship requires that each element in each of the ob ject sets on left b e rendered by a graphic in each of the views in the view set on the righin this

�gure, corresp onding elements are related by submediators, as in the b ehavioral entity-relationship metho d not only pro duced an analysis mo del e�ectively separated concerns; in addition we obtained a design and implementation which the machinery for handling the relationship b etween the view and lo cator sets entirely separate from the machinery for the relationship b etween the same view set key prop erties of the analysis mo dels|the indep endence and y enand the explicit representation of integration concerns|are preserved at the and implementation levHasolved the selectors and lo cators problems collab orativ,Kalet applied the of deploying submediators to the subsystem resp onsible for keeping graphical consistent with the treatment plans they requirement was to incremenup date all renderings|e.g., in views, easels, frames in �lmstrips, etc.|when the sub changes:

anset of organs, tumors, target volumes, any element of any of these

Figure 3, if the easel is used to change the shap e of the target volume

(outlined squares) then at least three renderings are up frame in the �lm strip in easel, the transverse view in the upp er right, and the b eam’s-eye view in the lower right.

Up dates are incremental in that only graphics for sp eci�c elements are changed, or deleted|e.g., the graphic for a single concurrent hardware, incremenmaintenance is imp ortant for go o d runtime p Figure 12 presents our analysis mo solution is analogous to those for and lo cators.

those subsystemswe de�nedmediators that maintained relations b etwandthatdeployed submediators to integrate elemenrelation for the subsystemwasabijectionb etween setsandforlo cators,intersectionswithinacasethemediatormaintains aduct relation: eachelementineachsub ject(organs, tumors, mb e depicted (consistently) in each view in the view pro duct is b etween the union of the sub ject sets and the view The mediatorthus creates a graphic for each ob ject/viewpair, which it insertsinto view, and it deploys a submediator b etween the ob ject and the graphic to maintain in theface ofcIn the case of contoured volumes|organs, target vetc.|there is a submediator for each the user changes the target volume conin the easel

(Figure 3) and presses ept multiple submediators are invoked to up date corresp onding graphics in the v arious on the other hand, a view is added the view set, the main mediator creates m graphics and deploys m submediators|one each ob ject to b e displayed in the new The design and implementation of this mo del is straightforward based on the examples.

structure paid o� when

Kalet discovered that the initial design for was unwork problem was in using X windows

[Schei er and Gettto render multi-laered pictures, with contoured ob jects over background mediator-based architecture made it easy to �x the problem b ecause all graphics co was lo calized in the eacwas resp onsible for rendering its ob ject in replaced the graphics pip eline without touching the OSVSmediator, or ob ject sets, or the ob jects, or the view sets, or the Moreovthese changes windep enden t of relationships b etween the view set and selector panel, b etween the ob sets and the selectors, b etween the lo cators and views, mediator arce�ectivseparatedthese, weexaminetheproblemof adjustingtheuserinterface thatthetheb eampresents to accommo date changes in the kind of b eam b eing theb panelin Figurekeyasp ectsofthepanelarethebuttonontheleftthatdisplathe kind of treatment machine sp eci�edas generating the b eams

(Clinac 4), and the of the panel used to adjust the collimator that shap es the b eam

(the b ottom two sliders the Ifthe user pressesthe machinebutton, amenu ofmachinetyp es p ops oneselected,themachinetyp eattribute of theunderlyingb eamisup problemdi�erentkindsofmachineshavedi�erentlimation systems,anddi�erentcollimator

typ es have di�erentnumb ers of parametersthatcan b e adjusted, so changingthe mactyp e may require a di�erent \sub-panel" for adjusting collimator fortheClinac-4requirestwokindofmachineneeds fouranentirely di�erentinterface toshap etheb eamap erture|onethat usesaconeditor,as in the Use questionwe askedwhen designingthispartofthe systemwaswhethertouse to mo del di�erent kinds of b eams and b eam �rst tried de�ning an abstract b with sub classes sp ecialized by kind of collimator then by other parameters (such particle typ resultseemed arbitrarWhsp ecialize �rst by collimator typ e byparticletyp triedotherorders, to hadtwo problemswiththisapproacFirst,evordering seemedarti�cial. b ecause the sp ecialization dimensions are indep enden typ es o ccupy a matrix, a hierarchPtyp e and collimation system are indep endent ; neither is sub to the Second,changing a b eam’s machineattribute could have required changingtheclassoftheb eam b eingedited andalsodynamicreplacementofb eamNew sub classes would have to b e created when machine typ es cdo es supp ort dynamic typ e conversion, we found that mechanism to b e to o complex conwith the y of the Analysiwe de�ned a single b eam class with attributes|slots containing ob jects and v indicate sp include particle typ e and collimation used inheritance to mo del di�erent kinds of collimatochange the collimator typ e a b eam, we assign an instance of a di�erent collimator subtyp e to its collimator e mo deled the b eam panel in the same wa, with a collimatorsub-panel as an Thismadeiteasytomaintainthecorresp ondence b etweenmachinetyp eandcollimator

typ withintheb eam, and tointegratethe b eamand b eam themactyp echanges,thecollimator ob jectintheb eamiseasilya thetyp e collimatoassignedtoab eamchanges,theb eamannounces anevenmediator the b eam and the b eam panel resp onds by replacing b oth the collimator sub-panel and \submediator" that is resp onsible for connecting the sub-panel to the collimatorob is just a simple adaptation of concepts presented for the subsystems discussed ab ovconclude this section with the observ ation that the Prism architecture and our approacto crafting it di�ered from common metho ds in two wawe have develop ed a way of thinking ab out systems|one that emphasizes b oth indep end ence and visibility entities, and the separate, explicit representation of the b ehavioral relationships needed integrate we use event mechanisms in a stylized way to map b ehaanalysis mo dels into structurally similar designs and implementations. applied approach throughout Prism, at all levels of \granularit," and in solving reasonably design problems of several di�erent is implemented in ab out 18,000 lines of Common LISP (CL) [Steele 90] and CLOS brow et and 4,500 lines of Pascal. It also has 11,000lines of X do cumenThe Lisp co de handles mo deling, visualization, and �le managemenPascal, from an earlier system, computes dose distributions. Of the Lisp, ab out 4,200 lines user interface widgets, sets, relations,and evenclasses take 2,700; �le 1,000; panels, 5,200;views and other graphical renderings, 3,100; mediators, 1,300 mediatorsthatlinkpanels toob jects,which arecounted withpanels);and \other"co takesab out500 co dedensity is ab out 30 characters p erline, with blank lines concisedo cumentationtextcomparison,

Kalet’s

�rstsystem has 47,000

Psecond system, still in use, has 41,000 lines of Pascal,

5,000 for dose tions. with another system, the basic functions taking 18,000lines in Prism takab out 60,000of C [Kernighan and Ritchie] and C++ [Stroustrup 86] in TIS of which ab out 14,000 are for interface functions taking linesofPascal inPrism, take ab out12,000 lines ofCinTIS

Prism p erformsadequately onhigh-endworkstations. euseHP9000 series

700wstations fordevelopmentandpro costliest op erations byfarareforpictures withbackground Bacimagedisplaycan b e turned o�in agivpanel for faster resp Up to interface widgets|menus, buttons, etc.|are ably

Evenregistration, unregistration, and announcement are p erformed many but thecost in memory and CPU is negligible in comparison with these other e built

Prism on a mo dest budget in p erson-hours and with a small pro ject e�ort lasted from

Jan,

1990 to presenp eople were involved at di�erent The total e�ort was ab out 4.5 p erson years. Of this, requirements sp eci�cation, which wdone b efore collab oration b egan, to ok 24 p erson months. and implementation, fo cus of the collab oration, to ok

Develectron b eamdose calculation co deto is p runs withoutsource co de mo di�cationusingAllegroCommonand Lucid CL onSun Sparcstations(2and runs using AllegroCL on station5000, IBM RS6000, SiliconGraphics Indigo, and HP9000series 700 workstations.

The Prism

Pascal co deis

ISOlevel 0 compliant and runs without mo di�cation on all of ab ovesoftware approach that issuccessfulin thelabcanfail inApproacb e tested in realistic trials b efore large-scale e�orts are staked on provided realistic trial for b ehavioral ER mo deling and Kalet’s p ersp ective, it workHerealizedasophisticatedsystemonamo destbudget, withafewp eople, andended with small, exible implemenCan we attribute success to b ehavioral ER mo deling and might, b e due tothe use ofCommonLisp, ortoexp erience buildingearliersystems,ortoattention paid than in previous e�orts to requirements sp eci�cation, analysis mo and ofthese factorssurelyhelp collab oration was notaconexp erimenso wecan’t quantify thecontribution of our approacEvwithout a exp erimentaldesign,however,there areusefulwaystoev aluatethe

PersonalcommunicationwithGreggT racton,DepartmentofRadiationOncology

,Universityof

First,wcanaskthe clients,Kaletet al., whether theapproachhelp b oth domain exp erts and have signi�cant exp erience using mo dern

(e.g., ob ject-orientecto built radiation treatment planning do they have a vested inin b ehavioral ER mo deling and basic claim is that without the conceptual structural b ene�ts ofthesemetho ds,meetingthefunctionalrequirementsforPrismwhavetakenfarmoreresources thanweresp entorav ailable;and theresultingarcwouldstill haveb eenin exible,unfriendlytointegration ofto ols yetto b edevelop Second, we can ask whether our metho ds help ed make the clients more e�ective softwaanswer is yes, but the transition was harder than exp problem wthat the approach represents a signi�cant change in how we mo del, design, and implemenas the transition from a structured to an ob ject-oriented style requires a visceral understanding, so do es shifting from ob ject-orientation to b ehavioral mo deling and Sup one can b elieve this is a small exp several memb ers of this pro ject shows that the shift is large. The approach cannot b applied mec, but has to b e in,we can ev aluate the artifacts using well-accepted

(although still imp erfect) sign quality coupling and cohesion

[Stevens,

Myers, and Constantine

74];

tion hiding

[Parnas

72];

structural continuity

[Dechamp eaux

93];

concepts is outside the scop e of this pap system is evidently factored into interesting stand-alone entities integrated by mediators that represent intuitively b eharelationships.New mediator typ es and instances can b e deployed to inindep enden t to ols and ob metho d did reconcile tight integration with a cant degree of architectural exibility in a signi�cant environment that is b eing released hospital uture is scheduled for hospital use in Decemb er, release will vide an opp ortunity for studying the impact of our architecture on ease of handling cb exp ected and unexp Prism as a framework for ev aluating exp erimento will involve unexp ected chow the architecture resp onds as planning engines and other prototyp e to ols are integrated will provide a go o d test of approach in the face of unexp ected cAcknowledgments.Unger kindly provided a great deal of technical

Reference[Bobrow et al. D.G.

Bobrow et al. Common

Lisp

Ob ject

System

Sp eci�cation

Do cumen88-002R. ACM SIGPLAN es 23, Septemb er

[Dechamp eaux de Champ eaux, D. Lea, and . aure, d System velopment,

(Reading,

MassachAddison esley), et al.B. A. raass and D. L. McShan,

\3-D reatment

Planning I. Ovof a Clinical

Planning

System," in I. A. D. Bruinvis, . H. v an der Giessen, H. J. v and F. W. Wittk amp er, eds., dings oftheNinth

International e

on the Use of Computers in adiation apy,

(Amsterdam: 1987, 273{277.

[Goitein et al. M. Goitein and others, \Multi-dimensionalreatment I Eye-view, Back Pro jection, and Pro jection Through CT Sections," Journal of adiation gy gy and Physics 9, 1983, pp. 789{797.

[Griswold Griswold am estructuring to Aid e e, Dissertatiechnical Rep ort 91{08{04, Department of Computer Science and University of ashington, August, [Jacky and Kalet Jac. and Kalet, I.J., \An Ob ject-Oriented Approach to a Scienti�c Application," OOPSLA ’86 ct d amming Systems, and ations ence dings, Meyrowitz, N., ed., 1986, pp. 368{376.

[Jacky and Kalet Jac. and Kalet, I.J., \An Ob ject-Oriented Programming cipline for Standard Pascal,"ations of the ACM 30,9, pp. 772{776, Septemb [Johnson Johnson and V.F. Russo, \Reusing Ob ject-Oriented Designs," UniversitIllinois at Urbana-Champaign, echnical Rep ort UIUCDCS-R-91-1696, [Kalet and Jacky I. Kalet, and J. Jac, \A Research-Oriented reatment System," Computer ams in dicine 14, pp. 85{98, [Kalet et al. Kalet, J. Jac, S. Kromhout-Shiro, B. Lo ckyear, M. Niehaus, Swand J. Unger, \The Prism Radiation reatment Planning System," ecRep ort 91-10-03,Radiation Oncology Department, University of ashington, Octob er 31, [Kalet et al. I. Kalet, J. Unger, C. Sw, S. Kromhout-Shiro, J. Jac, and \Prism Graphical User Interface Sp eci�cation," echnical Rep ort 92-02-02,diation Oncology Department, University of ashington, Seattle, March 18, [Kalet I. Kalet, \SLIK Programmer’s Guide," echnical Rep ort 92-02-01, Department, University of ashington, Seattle, March 17, [Kalet I. Kalet, \Arti�cial Intelligence Applications in Radiation Therap," in in adiation gy Dosimetry, T atment Planning, and apy, J.A. , ed., 1992, pp. 1058{1085.

[Kernighan and Ritcand Ritchie, The C amming

[KutcKutcher, R. Mohan,J.S. Laughlin,G.Barest,L. Brewster,C. Chue, Berman, and Z. uks,

\Three

Dimensional

Radiation reatment

Planning,"

Dosimetry dinof anInternationalosiumonDosimetryin2, Vienna, Septemb er, 1988,pp. 39{63.

[McCab e T. McCab e. ProgrammingwithDeva GraphicalEnvironmenMastersThesis,Universityof ashington.[Notkinet al.Notkin,D.Garlan,W.G.Griswold,andK.Sulliv an,\Adding Invo cation to Approaches," e dings of the JSSST osium on ct T chnolgies for d e (Novemb er 1993). The will app ear as a Springer-V erlag Lecture Notes in Computer Science v[Paluszynski Paluszy Designing adiation apy for er, an to d Optimization, Ph.D. Dissertation, University of ashington, [Parnas L. Parnas, \On the Criteria to Be Used in Decomp osing Systems into Mo ules," ations of the ACM 5,12, pp. 1053{58, Decemb er, [Rosenman et al. J. Rosenman, G.W. Sherouse, H. uchs, S. Pizer, A. Skinner, K. Novins, and J. epp er, "Three-dimensional Display echniques in Therapy reatment Planning", International Journal of adiation gy, gy Physics 16, 1989, pp. 263{269[Schei er and Gettys R.W. Schei er and J. Gettys. \The X Window System," AT ansactionsaphics, ,pp. 79{109, [Steele Steele, Jr. COMMON LISP, the anguage, second edition, (Burlington, DigitalPress), [Stevens, Myers, and Constantine Stevens, G. Myers, and L. Constantine, tured Design," IBM Systems Journal 13,2, pp. 115{39, Ma, [Stroustrup Stroustrup, The C++ amming anguage, Massachusetts), [Sulliv an and Notkin Sulliv an and D. Notkin, \Reconciling Environment InSoftware Evolution," ACM T ansactions on e ering and ds, July [Sulliv an Sulliv an, onciliation and deling and Design, Ph.D. Thesis, University of ashington Departmenof Computer Science and Engineering, orthcoming in aaylor,

R.W.Selb,M.oung,F.C.Belz,L.A.Clarke,J.C.Wileden,OsterwA.L. olf,oundationsforthe Arcadia EnvironmentArchitecture,"ings of ACM SIGSOFT/SIGPLAN e ering osium on al e Development onments, . Henderson, Ed., Boston, Massachusetts, Novemb 28{30, 1988, pp.