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Abstract

Building on previous presentations of SEEM at the 2003 and 2004 ESC (W) conferences, and the
feedback received for these presentations, this paper offers a detailed step-by-step approach for
analyzing, designing and implementing an embedded system. We present here a “cookbook” that
clearly delineates SEEM artifact creation from problem description to implementation. This paper
also describes tracking the dependencies among the artifacts, and the manner in which iteration is
embraced in order to handle discovered bugs and changing requirements. SEEM’s main hallmark
— namely, traceability from an unambiguous problem definition to the implementation - is
explicitly discussed.

Introduction
Theessential philosophy of the Software Engineering Effectiveness Modd (SEEM) has been
presented, and is available in, the Proceedingsof the2003and 2004ESC (W) conferences. To
briefly recap it here: SEEM is aholistic approach to embedded systems development, essentially
emphasizing thefact that software source codeneedsto bedeveloped only after:
Gaining a thorough undestanding of the problem to be solved,
Devising asoundmodéd of the problem itself,
Precisely mapping the problem mode to the architecture of its solution, and
Effectively communicating thedeails of the problem and solution to thewhole
development team.

Thefour essential features of SEEM are:

i. Collective Development. This conogpt emphasizes tha a successful software
development project mug involve notjud the technica folks, but tha there mug aso
be an effective interface to thebugness and marketing arms of the organization.
These othe arms mug stay involved throughoutthe devel opment process. This
conaept is akin to the eXtreme Programming (XP) conagpt of continuouscusomer
involvement.

ii. People and Problem Orientation. SEEM requires tha the problem to be solved be
clearly defined and well documented usng artifacts such that the problem
requirements can be precisely and unambiguousy communicated to the people
involved Be.g., theentire development team as well asthe marketingfolks. Itis
important to note that SEEM emphasizes tha these artifacts be created entirely in the
problem domain, and no elements from the solution domain beinduded. This pgoer
describes the actud naure of such artifacts.

iii. Strict Traceability from Problem to Solution. Having described the problem in the
earlier phases of development, the devel opment team moves toward the solution. As
theteam approaches the design phase(s), SEEM requires that solution architectures
devised in these phases also bewell doaumented to ensure effective communication.
Besides documenting the naure of the solution, SEEM requires tha the structure and
behavior of the solution be strictly traceable from structures and behaviors shown in
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artifacts fromtheearlier phases. Features from thetechnology used to implement the
solution are only induded in the design phases.

V. Progressive L earning. At each phase, as artifacts are created, reviewed and
validaed, information learned from such exercises (learnings) mug be precisely
captured. These learningsmay identify drawbacks in the current artifacts (e.g., they
may identify that a paticular cusomer requirement has not been modded). These
learningsmug then beevauated in thelight of the prindples tha have been
identified as GnustsOfor the development team to maintain (e.g., theteam must
maintain thefact tha theclient in a client-server modd is QightweightQ). New
conoepts tha can rectify thedrawbacks while maintaining the prindples mug be
devised and the artifacts updaed. Progressive learningis an integral pat of SEEM,
who philosophyisto notjug support, but embrace iteration. This paper identifies
pointsin the process at which Progressive Learning activities may need to be
consdered.

The Process ORecipeO

Step 1. Make abugness case for the product or service
Step 1.1. Create a Busness Context Diagram
Step 1.2. Create Stakeholder Profiles
Step 2. Describe the problem D cregate a precise and unambiguots problem mode
Step 2.1. Create User Stories
Step 2.2. Create problem domain sequence diagrams
Step 2.2.1. Create state diagrams, activity diagrams, etc. as nesded
Step 2.3. Create Entity-Relationship diagrams
Step 2.4. Create Entity-Relationship-Coll aboration (ERC) cards
Step 2.5. Create a Cusomer Acceptance Test Plan
Step 2.6. Create an artifact dgpendency graph
Step 3. Trace problem to solution B create a design modd
Step 3.1. Cresate solution domain sequence diagrams
Step 3.1.1. Create state diagrams, activity diagrams, etc. as nesded
Step 3.2. Create Class diagrams
Step 3.2.1. Creste package diagrams as needed
Step 3.3. Cresate Class-Relationghip-Collaboration (CRC) cards
Step 3.4. Create an Engineering Test Plan
Step 3.5. Updae artifact dependency graph
Step 4. Trace problem to solution B develop theimplementation
Step 4.1. Use CRC cards and sequence diagrams to create implementation code
Step 4.2. Execute engineering test plans
Step 4.3. Create deployment diagrams as nesded

Step 1. Achieving Collective Development: Making a Business Case for the
Product/Service

Thefirst step in theprocess isto make a busness case for the product or service. While this
aspect of the produd @ life cycle is often conddered to be outside the purview of the technical
team, it isimportant that the technical team undestand thebusness prioritiestha drive the
indusgon of certain features in the produd, and can interface with the other arms of the
organizationin away tha enables them to undestand beter thetechnical feasibility of achieving
certain features given the resource/time condraints. This is the essence of CCollective
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DevelopmentOP an ambitious goal. Recognizing differences in organizationd cultures, SEEM
seeks to ddfinethe minimal organizationd interface requirements for this effort. Theessential aim
isto ensure that thewhole organization is aware of therationde for developing this produd or
service Bi.e., everyoneis n boadOQand knows why we are doing thisO Artifacts created at
this stage should not be heavy ontechnica content, so tha both the technical and the
busness/marketing personné of the organization can undestand them.

Step 1.1. Creating a Business Context Diagram

Facility Own /
\ Increasedsales %/endor

Increasedrentalrev enue Prov idingrequirements
from real estate \

VendingMachine

1

Increased accessibility to items -e.g.., enable 24/7 purchases,
access at more locations

Providingrequirements

Vending Machine Customer

Figurel. Budness Context Diagram

Theprindpd artifact created at this stageisthe Busness Cortext Diagram The diagram
identifiesthe primary stakeholders in thenew produd. Refer to Figure 1 for an example of a
Busness Context Diagram for a Vending Machine. Thelabds onthelines from the stakeholders
to the produd describe the stakeholder@interest in themost general terms. These will befurther
Oleshed outOl ater.

Good candidates for stakeholders can be obtained via extendve discussions and braingorming B
possibly involving anumber of domain experts. It isimportant to consde thepeope tha interact
with your produd (e.g., users, cusomers, service persong, organizationstha interact with or
influence your produd (e.g., regulatory agendes) and other systems (e.g., third party-supplied
sub-componentstha are bought rather than built in-hou). Note that you shodd only consder
stakeholders from the problem domain, and nat the solution donain. For example, a specific third
paty produd vendorwho sells this product only for a paticular techndogy platform isnota
stakeholder who needsto be conddered at this point.
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Figure 1 shows an example of a Busness Context Diagram for a Vend ng Machine

Step 1.2 Creating Stakeholder Profiles

For each Stakeholder identified in the diagram, identify its value propostion Di.e., describe the
valuetha the stakeholder derives from the proposed new produd or service. The primary
intention of this step is to precisely identify the benefits accruing to each stakeholder, as well as
the disadvantages or disruptonstha other stakeholders (e.g., competitors) will suffer. Such
information hd psthe marketing folks Be.g., they can use it to andyze pricing possibilities for the
new produd/service Band aso thetechnical folksbe.g., they can use it as a starting point for
identifyingthe prindpd fundionéities of thenew produd/service.

Figure 2 shows a sampl e stakeholder profile, created usng the SEEM template for this artifact,
for theVending Machine The entire Stakeholder Profiles artifact will congst of a collection of
such indvidud profiles.

Vaue propostionsindicate the benefits tha the stakeholder derives fromthe produd, and the
contribution section indicates the impact tha the stakeholder imposes onthe produd. Vaue
propostionsmay postive or negaive, as shown above It isimportant to keep thevaue
propostion and contribution descriptions as terse as possible, and ensure tha they don®get too
detailed. Theset of value propostionsshould be kept at the Gevator pitch® level.

Stakeholder: | Customer

Description: | Anindividud whowill buy an item from themachine

Value Propostion:

- Can buy items from machine 24/7 (+)
- Canbuy itemsat increased locations (+)
- Need to carry cash to buyitems (-)

Contribution to the Product:

- Useful in prepaing Requirements artifact

Figure 2. Stakeholder Profile

Note that stakeholder profiles are identified for precisely the set of stakeholders identified in your
Business Context Diagram. Addition of further stakeholders to, or removal of certain stakeholders
from the Business Context Diagram will alter the contents of the Stakeholder Profile artifact.
Thus the Stakeholder Profile artifact derives from the Business Context Diagram artifact. SEEM
recommends that a Dependency Graph be created to keep track of this, and subsequent, artifact
dependencies that emerge as a result of following the process.

Step 2. Describing the Problem: Creating a Precise and Unambiguous Problem M odel

Step 2.1. Creating User Stories

Thecreation of User Stories map the needs of the stakeholders on'to behavior sequences for
features to beinduded in the new product or service. UML [1] usestheterm QJse CasesOto

1 An Gelevator pitchOis a brief synopss of your thoudhts or idess suitable for presenting to your fellow
passengersin an elevator while ridingup to your fl oor.
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describe such behavior sequences. Drawing on the conoept from eXtreme Programming, SEEM
advocates the use of theterm QUser StoriesOingead, in order to emphasize tha the benavior
sequences mug stay confined to the problem domain, and bringin no entities from the solution
domain. Therefore, athoughsolution domain congraints, such as mandaed technologies, may be
known at this point, it isvital tha no entitiesidentified with these technologies alonebe
consdered. We have foundtha a good way to ensure tha QiriftOinto the solution domain does
not happen isto think of theworkflow assodated with that particular sequence Gompletely
manudlyQ In other words forget tha a computer, or any computer-rel ated equipment exists, and
describe how youwould ge the job donewithoutthem. Role-playing exercises amongtheteam
membe's can be of great help here.

A goodway to movetowardsidentifying a complete set of user stories, and ensuring tha thar
assod ated behavior sequences are completely in the problem domain, isto discover a GnetaphotO
for the system. A metaphorrefers to a nontechnical, real world environment where a system can
beidentified with behaviors tha are typical of wha you can expect in the produd or service
unde development. For example, for the Vending Machine, the metaphor of a Qore-pad candy
storeOcan be envisaged. In such a store, the owner (or his/her representative) would be seated at
theentrance, and the cusomer would walk in and depost a certain anountof money with the
owne. After this, the cusomer would look at the jars of candy on the counier and ask for oneunit
of some paticular candy (lollipops M & Ms, etc.). The owne would open thejar, hand over one
unit to the cugomer and then return the appropriate change With this metaphor in mind, we can
identify typical behaviors assodated with such a store Ban obvious oneistheability to buy a
single item of some paticular candy. Others indudetheability to re-stock thejars and re-price
the stock Bboth of which can bedoneonly by the owner or authorized representative. Thanksto
this metaphor, we now have a set of user stories for the system Bbuy item, re-price item and re-
stock item. More importantly, we can think of how each of these user storieswould be
accomplished in such astore, thereby giving usthe precise workflow, butin a nontechnica way.
Con=equently, we have avery goodmodé of problem domain behavior.

It isnat aways easy to find theright metaphor Sometimes, for avery specialized system, the
metaphor may even need to be invented. Extensve stakeholde interviews can hdp to elicit
desired behaviors, and thus lead to the metaphor. Researching competitor produds aso aidsthis
process. Once identified, however, the metaphoris a great communication tool.

All expected behaviors of the system are shownin aUser Sory Diagram Asin UML, these
diagrams identify theuser stories (behaviors) and also theactors assodated with theuser stories.
Figure 3 shows an example user story diagram for the Vending Machine system.

In addition to theuser story diagram, each user story mus be described in detail. Asin UML, the
pre-conditionsfor each user story, and the sequence of events tha realize that behavior, must be
identified. Figure 4 shows such adetailed description for the Buy ItemOuser story.

0.Vendingmachine |

\
F— —y
Customer Vendor
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Figure 3. User Story Diagram

Even though we use naura languayeto describethe sequence of eventsin theuser story, weam
to achieve thegreatest level of precision and unanbiguity possible in this description. SEEM
recommendstha each event in the sequence be written to ensure tha it conformsto thefollowing
sentential form: WHO does WHAT to WHOM. With such an approach, thenounsinvdved in the
behavior are clearly idatified, togehe with the verb associated with tha event. Consequently,
we take a mgjor step towards obtaining a high qudity object-oriented (OO) architecture. A good
OO0 architecture enables usto measure cohesion and coupling in our system better, thereby
enhancing thereusability and extengbility of our system.

It isimportant to remember that effective communication amongtheteam is an important god
throughoutthe SEEM process. For this reason, SEEM recommendsthat user story diagrams be
kept simple, with a mog 7 +/- 2 user stories on each diagram. If more user stories are needed,
condder breaking them outinto other diagrams, which relate back to the main user story diagram
containing highe level (i.e., more abdract) user stories. Similarly, too few user stories may
indicate inadequae andysis. Therefore, it isimportant to check theidentified user storiesagang
thevaue propostions in the stakeholder profiles. If you find tha many of these value
propostionsdo nat actudly map to some user story, the set of identified user stories needsto be
reconsdered.

User Story Name:
Buy Item

Description:

Thecugomer buys an item from thevendor.

Stakeholders:

Item Vendor, Customer

Preconditions:

1. Thecugomer knows theitem he/'shewishes to purchase.

2. Thecugomer hasthemoney to depost with thevendorrepresentative (vending clerk).
3. Theitemisavailablefor sae.

4. Theprice of theitem isknown.

Sequence of Events:

1. Thecugomer deposts a certain sum of money with the vending clerk.

2. Thevending clerk counts theamountof themoney deposted.

3. Thevending clerk nates the customer@® credit balance, and informs the cusomer of the
bdance.

4. Thecudomer selects theitem to be purchased, andindicates his’her choice to the vending
clerk.

5. Thevending clerk verifies that the cusomer@® credit baance is enoughto cover the purchase
of oneunit of theitem.

6. Thevending clerk accesses the shdf andretrieves oneunit of theitem, and handsit to the
cugomer.

7. Thevending clerk computes the change to bereturned to the cusomer.

8. Thevending clerk returns cash correspondingto the change

9. Thevending clerk puts the purchase amountinto the cash register.

Results:
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The cugomer receives theitem.

Thecugomer receives the appropriate change

Theinventory of theitem on the shdf is reduaad by one unit.

Thebdance in the cash register isinaemented by the sale price of theitem.

rON R

Alternates:

1. After deposting money, thecusomer decides to nat purchase anything.
2. Thecugomer@credit bdanceis notenoudh to cove the purchase of one unit of the
selected item.

Entities | nvolved:

Vending Clerk, Cusomer, Shdf, Item, Cash, Cash Register

Figure 4. User Story Description

Every user story mug achieve adistinct result for theuser. Therefore, it isimportant to
avoid Gractiond Ouser stories. For example, Q.oginGis notavalid user story, asit isonly
pat of amore important process (e.g., in the Vending machine, it isthefirst step of the
re-pricing process). Also, the sequence of events indicates a Qyreased pathOfor this
behavior. Any deviationsare factored outinto alternaes, which correspondto ther own
user stories. Findly, it isimportant to remember tha user stories are strictly in the
problem domain, so ensure tha no solution domain entities are captured as nounsin the
user story@ events.

Step 2.2. Describing the Problem: Creating an Analysis Model

SEEM consdersAndysisto beadistina phase in the process. Theintentionisto build a precise
and unambiguousmodd of the problem itsdf Btherefore, it isimportant that theandysis artifacts
notventure into the solution domain. A significant artifact created in this phaseisa UML
sequence diagram Bin fact, these may be considered to bethe basis of agoodOO architecture.
Sequence diagrams are created for each user story, and indicate the workflow outlined in the
sequence of eventsin theuser story. Figure 5 shows an example sequence diagram for the Buy
ItemOUser Story.
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i | shelf:Shelf item:ltem

For all cash

Custlmer Vendinl; Clerk

cash

bala|1ce :=balance + count(cash)

i/

|
|
|
L balance |

l
askToBuy (itemName) l
|

shelf :=identif y Shelf (itemName)

0

checklf BalanceAdequate(balance)

N ——

= create(itemName)
| getPrice()

selllitem() |

decrementinv entory By One()

phy sicalltem I%I

|

|

|

|

| o

IX

|

|

|

|

|

|

|

|

|

|

|

|
o
3
he)
2
@
°
=
o
o
D
Q
>S5
(2]
&

L phy sicalltem

getPrice(itemName)

price

price

hange :=balance - price

changeCash

balance :=0

|
|
|
|
|
getPrice() |
|
|
|
|
|
|

—_— —_— —__——— — -

Figure 5. Buy ItemOSequence Diagram
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Note tha theindividual eventsin theuser story map to (sub)-sequences of events shownin the
sequence diagram. An exact mapping is notessential Bhowever, theintegrity of the workflow
mus be maintained. Since we advocate tha the user story be created Gompletely manudlyQ
mog of the responsbilities fall upan themain GumanQentity Din this case, the Vending clerk. In
the sequence diagram, we can redistribute some of these responsbilities and still maintain the
mapping. In fact, such redistribution is essentia in theinterests of maintaining goodcohesion. In
Figure 5, for example, the GhdfOentity is given the responsbility for checking baance adequacy
to purchase an item, thowgh theuser story indicates tha theclerk makes such a check. Since each
shdf stocks asingleitem, it seems naturd to think tha the shdf should assume the responsbility
of doing everything dealing with the item itself, such as getting its price, and verifyingthe
bdance againg the price. Thisimplies tha theitem is also @wnedOby the shdf andis notvisible
to theclerk, who only dedls with the shdf. Thus thanks to thecohesive shdf, theclerk isnot
coupled to theitem entity.

It appears tha we now have high cohesion and low coupling, which are the standard metrics used
to measure quality of thearchitecture (to theextent tha such measurement is possible!). SEEM
recommendsan additiond metric be used Bnamely, protocol. This metric measures the
complexity of theinteractionsin a paticular sequence diagram. In Figure 5, the shdf asksthe
item for its price when thebaance check isdone Later on, it askstheitem for its price agan,
when the clerk requests this price in order to compute thechangeto begiven to thecusomer. The
same request ismade at two different points in time between which it is guaranteed that the price
will notchange(thisis asinge-threaded system). Thisiswasteful, and therefore, bad protocol.
Figure 6 shows an dternative sequence diagram that rectifies this problem.

Figure 6 only shows those interaction sub-sequences tha are different from Figure 5; namely,
tho=e involving thehandling of theactud buy request and thecomputation of the change It is
interesting to note tha in Figure 6, the clerk keepstheresponsbility of verifyingthe adequacy of
thedepodted bdance Bit is nat ddegated to theshdf. Theclerk askstheshdf for theprice,
however, which it keepstrack of for alater computation Bnamely, tha of thechangeto be given.
Thecdlerk is still not coupled to item, but it does keep track of theitem@® price for theduration of
theinteraction sub-sequence. This gives usa beter protoool, as can be seen from Figure 6, and
themapping fromtheuser story is still maintained.

Simplicity of the sequence diagram is key Bcongderationsof coupling, cohesion and protocol
hdp to achieve simplicity. At this point, measuring these is mogly subjective. Quantitative
measures for these metrics are subjects of further SEEM research. In this context, note that the
number of entities in the sequence diagram shoud bekept at 7 +/- 2. Consider decomposng more
complex diagrams into separate diagramstha are then related to each other.

SEEM recommendsthat at this stagethedevelopeas check to ensure tha thar user stories and
sequence diagrams are condstent. If necessary, the user sory may need to be modified to adjus
to learning ganed from the diagramming effort, and be congstent with the sequence diagrams.
Thisisthe QProgressive LearningQaspect of SEEM. Note also that since user stories map to
sequence diagrams, the Dependency Graph must be modified to show thisrelationship. Any
subequent changemadeto the user story musg be considered to see how it impacts the sequence
diagram, and thusmaintain the mapping.
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i shelf:Shelf

baIancLOK := compare(price, balance)

|
|

litem ()
sellltem >|I

phy sicalltem

hange :=balance - price

—_—— - — — — — — —

phy sicalltem |
1

- ——

Figure 6. Alternative workflow for @Buy ItemO
Step 2.3, 2.4. Creating Entity-Relationship diagrams and ERC cards

Additiond artifacts created at theAnadysis phase are the Entity-Rel ationship-Collaboration
(ERC) cards and entity relationship diagrams. Entity relationship diagrams depict discovered

crementinv entory By One()

item:ltem
Custdmer Vendinl; Clerk | |
askToBuy (itemName
/I
shellf :=identify Shelf (itemName) | |
| getltemPrice() | |
| | create(itemName) |
I -
| price :=getPrice() |
| | —1

static relationdhipsbetween the entities as abtained from the sequence diagrams. ERC cards show

theresponsbilities of each entity, which are also computed as the QunionQof all individud

responsbilities identified for that entity in each sequence diagram. Figure 7 shows an example of

an ERC card for the G8hdfOentity.

Entity Name:
Shelf

Description:

Theentity onwhich a collection of phydca itemsis maintained for cugomers to see and buy

Type:

Entity

Responsbility: | Collaborating Entities:
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Open access to itself when right access key isused Access key

Verify enoughspace onitself to stock a certain number of items

Add acertain numbe of items to itself

Set anew price for itsitem by instantiating theitem record and Item
changing theprice in thisrecord, and also by displaying thenew price
onitself

Process therequest for dispensing oneitem by decrementing the
record of the OnventoryOon the shelf by one

Providethe price of its encapaulated item by geting fromtheitem Item
itself
Know oneltem Item

Know nunber of current items onitsalf

Know maximum capacity of shdf

Know oneltem name String

Figure 7. ERC card for (BhdfO

Entity relationship diagrams show aggregation and inheitance rel ationshipsamongthe entities.
Congder thediagrams shown in Figure 8.

Persistable

Shelf - Item

Figure 8. Entity diagram

The sequence diagrams indicate that the Shdf has the responsbility of interacting with theltem.
Moreover, the sequence diagrams a so show that the Shdf neadsto access theltem in multiple
interactionsit receives. Therefore, we may say that the Shef nesds to Qemember its ItemOfor the
duration of its existence. Conequently, the Shdf has alife-cycle dependency with theltem entity,
as shown in Figure 8 above Also, for this reason, the ERC card for Shdf shown in Figure 7 says
tha Shdf (knows oneltemQ

An important paint to note here is tha the Item entity contains (persistableOdata. Persistable data
isdatatha is stored to and retrieved from pemanent storage Item encapsulates price data, which
needsto beremembered in permanent storage. Therefore, Figure 8 aboveshows tha Item Os-a0
Persistable. Notetha it isimmaterial how such persistence is achieved Din afile, daabase, etc.

Note tha theartifacts described aboveare nottheonly onesthat SEEM recommends For single-
threaded systems, they are adequate for describing structure and behavior. For multi-threaded
embeddeal systems, other artifacts like state diagrams are al so appropriate. Whichever set of
artifacts are used, theundestanding of the problem modd is now expected to be complete. Based
onthe sequence diagrams, Cusomer Acceptance Tests can therefore be created at this point. Due
to space congderations, this pgpoe will not present details of the SEEM Testing process.
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Step 3. Tradng to the Solution: Creating a Design M odel

Thedesign phase introduces el ements of the solution domain into themodd. The olyective of the
SEEM design phase isto enaure tha the structure and behavior outlined in the problem modd are
maintained after theintrodudion of these additiond entities. Thefirst task in this phase isto
identify the system boundary Bi.e., thelimit at which automationwill begin. For the Vending
Machine it is clear that the Vending clerk will be automated; hence this becomes a system entity.
More importantly, as the sequence diagrams show, thisis theentity tha requires a user interface.
The standad vending machine user interface Bwith a button pad to choose therack and shdf is
envisaged, togeher with adisplay for showing thebdance. Thisinterface isencapaulated as a
new solutiondomain entity. User interactionstha were shown in the problem model as goingto
theVending clerk now actudly go to this entity, which then sends them onto the actud Vending
clerk entity tha executes thefundiondity shown above Such aworkflow bringsto mindthe
Modd-View-Controller (MVC) design pattern [2]. Theuser interface entity is actudly aview-
controller entity of the patern, and theVending clerk isthemodd. Interactionsin the problem
modd beween externd actors and system entities map well to theMV C pdtern, with the
involved system entity bengthemodd tha has associated view-controllers. Problem domain
sequence diagrams are augmented with solution domain entities, while ensuring that the essential
workflow shown in them is maintained. Figure 9 shows a part of thedesign level sequence
diagram for the @uy ItemOuser story that incorporates solution domeain entities.

Step 3.1. Creating Design Sequence Diagrams

Theform of thedesign sequence diagram is essentially tha of theanalysis sequence diagram. The
contents, however, reflect additiond solution domain entities. For example, in Figure 9, the
Vending Clerk View entity indicates theinterface to themachineitsdf. It isinto thisinterface that
theuser deposts various coins Thediagram aboveshows that, in accordance with theclassic
MV C behavior, externd stimuli (from actors outsidethe system bounday Bin this case, the User
actor) goto theview entity, which then conveys the content of these stimuli to the assodated
modd entity (in this case, the Vending Clerk itself). Themodd entity processes the content of the
stimulus(i.e., computes thebdance). In Figure 9, it can be seen that the processing of this content
is exactly the same as that shown in the Andysis sequence diagram of Figure 5. Moreover, Figure
5 indicates tha thebdance is conveyed back to the cusomer. Figure 9 mapsthisinteraction to
thedisplaying of thebdance ontheview entity. Thus we may say tha the diagram of Figure 9
shows a discernible mapping of the behavior shown in Figure 5 to the solution domain.
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% VoV .
L= : o

VendingClerkView vc:VendingClerk

Uder | |

Forasmanycoinsas| |

customerdeposits |
[l
insert(coin) | |

-_—
| balance :=balance +

count(monetary Unit)

| show(balance) |
I
|

select(buttonl,button2)
|

~| askToBuy (item Name)|

| shellf :=identify Shelf (itemName)

]
|
1
|
| /[ deposit(monetary U nit\)l
|
|
|
|
|
|
I

Figure 9. Buy ItemODesign Sequence Diagram

In order to achieve such a discernible mapping we have used awell-known design patern B
namely, MV C. Thefact thd this patern is appropriate is reflected in thelast three interactions
shown in Figure 9 above These interactionsilludrate tha theinteractions comprising the
remaining behavior shown in the sequence diagram can also be mapped to the solution domain
throughthe use of an additiond view entity. Theuser selects the 2 buttonsindicating theitem she
wants to purchase, and the view entity figures out theitem name corresponding to these buttons
It then conveys the purchase request containing the item name to theassodated modd entity,
which then processes this request in exactly the same manne as shown in Figure 6 above Results
of thepurchase will beconveyed back to the view for handlingPbe.g., dispenangthe sold item,
and dispensing appropriate coinsfor thechange. The appropriateness of the MV C pattern
indicates that this patern is therighttod to achieve abstractive decomposition in this context.
SEEM advocates the techniqueof abgractive decompostion in the mapping process from
problem to solution Bthe essence of this techniqueinvadves decomposng objects at a highe level
of abdraction into oneor more objects at lower abdraction levels, with the requirement tha the
complete set of behaviors associated with the object at thehighe level should befully performed
by the set of decomposed objects. In generd, achieving abgractive decompostion requires usng
aset of paternsastools, asdiscussedin [3].

Finding theright paternsfor abdractive decompaosition is a significant chdlenge Having a
knowledgerepostoryOhdpsDsuch arepostory could exist in the form of aset of people who
have significant prior experience in this domain, for example. In theabsence of such arepostory,
it isimportant to discover this knowedge using whatever means available. SEEM consders this
process aspect to be Conaept Discovery activity. Concept Discovery research may yield several
possible choices. Ranking these variouschoices and selecting the appropriate onefor theproject(®
context is called Concept Sdection. We have found tha a Pugh matrix approach, as advocated by
Design For Six Sigma (DFSS) [4] helpsin the Concept Selection process. An example of usng

13
Proceedings Embedded Systems Conference (West) San Francisco, March 6-10, 2006



Software Engineering Effectiveness Model

this approach is discussed in the Implementation section of this pgper. Concept Selection
techniques remain as another major focusareafor SEEM research.

It should be noted that design level sequence diagrams might become very complex, thanksin
pat to theadditiond solution domain entities present in them. In order to handle such complexity,
it isimportant to ensure tha the entities in each diagram be of the order of 7+/-2. Additiond
entities, and the behavior assodated with them can be broken outinto additiond diagramstha
are referenced fromtheorigind (UML 2.0 has a good reference notation). Also, it is possible to
gradualy movefrom theabstract, problem-domeain only descriptionto thefully concrete,
solution-domain description. While thefirst design level diagram can show some details by
expanding certain interactions others may bekept at the abdract level. At alater phase, which is
called the Metailed Design(phase, there may bea full diagram tha solely explains howthis
interaction may be accomplished. For example, in Figure 9 above we can see tha the user selects
two buttons ontheview entity, which isthen mapped to an item name and sent over in a purchase
request to the model. Details of how this mapping is accomplished is not shown in this diagram,
which, however, makes clear tha such amapping exists, and aso shows how theresult of this
mapping is used. At the Detailed Design level, we can have a diagram showing how this mapping
isaccomplished Bperhgps by looking up a hard-coded table encapsulated by the view entity?
Depending onthe Degree of Ceremony (DoC), we will create such a diagram and the button
selectioninteractionin Figure 9 abovewill reference this diagram. We will then see tha this
selection interaction describes not only the user action, but aso themapping behavior that
followsthis action. Creating this detailed design level sequence diagram is a matter of choice.
Recall that oneof themain gods of the SEEM methodd ogy is ensuring effective communication.
Such effective communication is needed even within the development team itself. The means of
achieving such effectiveness depend on the naure of the project itsdf, the expertise of theteam
membes, ther expected longevity in theproject, etc. Depending on theimpact of this
combination of factors, theteam may decideto doaument detailsin artifacts (High DoC) or not
(Low DoC). In the Vending Machine project, for example, let usassumethat it is obviousto
everyonetha themapping from user-sel ected buttonsto item name is achieved by usngahad
coddl table hdd in theinterface (usng an appropriate technology). In such asituaion, Low DoC
isappropriate.

Steps 3.2, 3.3. Creating Class Diagrams and CRC cards

TheDesign Phase also requires the creation of CRC (Class-Responsbility-Collaboration) cards
Jug astheERC cardsin theandysis are created consdeing theunion of all responsbilities
outlined in theandysis-level sequence diagrams, the CRC cardsare created fromthe design-level
sequence diagrams. One significant point to note aboutthe designdevel sequence diagrams isthat
thelabds onthearrows showing theinteractionsneed to be considered carefully. At theandysis
level, these labds may bein amore Gree formatOand theideais to essentialy convey the
behavior expected to befulfilled by thedestinaion entity. At thedesignlevel, SEEM suggests
these labds to correspondto depictions of explicit user actionsand the data assodated with them
when coming from an external actor (e.g., look at the GelectOinteractionin Figure 9 above).
Similarly, for interactionsbetween entities in the system, these labds correspondto explicit
methodinvocations(induding the parameters involved in the interaction) or areturn value (e.g.,
look at the GaiskToBuyQinteractionin Figure 9). CRC cards, therefore, indicate explicit attributes
and method signéures, as shown in Figure 10.

Class Name:

Shelf

Description:
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Theentity onwhich a collection of phydca itemsis maintained for cugomers to see and buy

Type:

Entity

Responsibility: Collaborating Entities:
-myltem: Item Item
-myCurrentlnventory, myMaxCapecity: int

-myltemName: String String

+verifySpace(additiondUnits: int): boolean

+addltems(additiond Units: int): void

+setNewPrice(newPrice: floa): void Item
+geltemPrice(): floa Item
+sellltem(): void Vending Clerk

Figure 10. CRC card for (BhdfO

Theattributes and methods shown in the CRC card in Figure 10relate directly to the
responsbilities shown in the corresponding ERC card in Figure 7. We aready know tha the
methodsshown derive from thedesign level sequence diagrams, thusgiving usfull traceability
amongall theartifacts. Each CRC card is a starting point for thecodefor that class. The 3-Cand
the GGin the attribute and method names indicate pullic and private visibility for those attributes
and methodsin the CRC card.

Class diagrams are a so an impartant aspect of thedesign phase. They are created by supplying
additiona detail to the Entity relationship diagrams from the design phase, and they impeact the
CRC cards For example, the class diagram derived from Figure 8 shows tha the Shdf entity
aggregates oneand exactly oneltem entity. Conequently, the CRC card in Figure 8 shows tha
oneof theattributes of class Shdf woud be GnyltemQ of class Item. We have found that
aggregation and composition relationships shown in class diagrams are useful Bthey indcate
attributes of classes that need to be pat of an object@ state (i.e., information @ememberedO
throughoutthe existence of the abject). Dependency rel ationships can clutter up class diagrams,
and are usudly derivable from the Collaboration section of the CRC cards and also the sequence
diagrams.

It isimportant to nate tha the mapping from the andysis leve artifacts to thedesign level
artifacts should be sdlf-evident. For example, workflows shown in design level sequence
diagrams should beobviousin theandyss level sequence diagrams, and vice versa. If thisis not
the case, then themapping has not been donecorrectly, and needsto bereconsdered
(QProgressive Learning®. Our experience ind cates that mapping donekeeping abstractive
decomposdtion in mind usudly works well Dmapping viafundiond decomposition usudly loses
thetraceability from andysisto design. Therefore, therightkind of Concept Discovery and
Selection tha achieves abgractive decompostionisimportant. The use of the MV C pdtern in the
example shown in Figure 9 aboveproved to betherighttod for abdractive decompostionfor
such workflows between externd actors and bounday entities. We have numerous examples of
abdractive decomposition tools/strategies for varioustypical workflows tha can beseenin such
systems.

Step 4. Tradng to the Solution: Writing the Implementation Code

Thedesignleve class diagrams and the CRC cardsare the starting point for thecode Agan, the
right mapping strategy from CRC card to codemud beknown (or invented). The actud mapping
strategy used dependson variousfactors, such as the technology used in theactua
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implementation environment, the choice of programming languaye, hardware congdraints
imposed, etc. For example, the mapping strategy for Persistable entities (such as Item in Figure 8)
could require mapping the Persistable entity to an Entity Bean in a J2EE [5] environment. By
doing so, thedevelopers do nat need to write the logic embodied in the Persistable classQCRC,
congsting of logic that enables read/Awrite access to a repostory such as adaabase. In amore
stand-alone embeddeal environment, the Persistable class will need to be Gusom writtenOin full.

Theactud codeskeleton for the classes in the implementation is derived directly from the CRC
cards. Using a Java/C++ like language, the code skeleton for the Shelf class shown in Figure 8 is
as shown in Figure 11 below.

public class Shelf

{
T
private Item myltem;
private int myCurrentinventory;
private int myMaxCapacity;
private String myltemName;
Jfmm e e e e e e
public Shelf(String itemName, int maxIinventory, int initialinventory)
myCurrentinventory = initialinventory;
myMaxCapacity = maxinventory;
myltemName = E. ; // item name
}
Jfmm e e e e e e
public boolean verifySpace(int additionalUnits)
{E}
e
public void addltems(int additionalUnits)
{E}
Jfmm e e e e e e
public void setNewPrice(3oat newPrice)
{E}
Jf e e e e e e
public Roat getltemPrice()
{E}
Rt
public void sellitem()
{E}
}

Figure 11. Code of class CBhdfO

Theactud bod es of these methodsare completed on the basis of the logic shown in the sequence
diagrams (and a so activity diagrams, if any). The sequence diagram of Figure 6 aboveshows
how, for example, the QyetltemPrice()Omethad is to be completed. Thebody of this methodis
therefore as follows:

public Roat getitemPrice()
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{
if (myltem == null)
myltem = new ltem(myltemName);
}
Roat itemPrice = myltem.getPrice();
return itemPrice;
}

The Cactivation boxOcorresponding to method QyetltemPrice()Oisimplied and evident in Figure
6. It lasts from theinvocation of this methodunil thereturn of the price to therequestor (i.e, the
clerk). It isthislogic that isexadly replicated in the codeabove

Discovering and evaluating theright coding strategies are important activities at this phase. Of
paticular interest are strategies for implementing workflows involving callbacks (such as the
callback from Shelf to Vending Clerk at theend of the Gellltem()Ointeraction in Figure 6, or the
callback from Vending Clerk to the Vending Clerk View to showthebadance in Figure 9). For
callbacks from entities explicitly identified as modds and views Bsuch as the callback in Figure
9 bthe GDbserverOdesign patern and frameworks for realizing it (e.g., 2SE@java.util.Observer
and java.util.Observable interfaces/classes) may be used. For other callbacks Bsuch as tha
required at the end of Gellitem()Oin Figure 6 Bwhich involve two system entities, strategies
similar to those outlined in [6] nead to beused. Cohesion and coupling Bat the code level Bneed
to be kept in mind while evaluaing aternative coding strategies.

Once the codeis developdl, standad unit and integration testing strategies need to be used to
validae thedevelopal system. Dueto space condderations, we do nat discuss them here, but
refer theinterested reader to the SEEM cookbodk shown at the ArchSynergy web site [7].

Progressive Learning

In theabove sectionsof the pgper, we have indicated how SEEM emphasizes bulding a precise
and unanbiguousmodd of the problem itsdf, and how thismodd is precisely mapped to the
solution so that thelatter isfully congstent with theformer. Thisiswha makes SEEM aholistic
approach, as we indicated at the beginning of thepgper. The phases tha the SEEM process
recommendsbefollowed are completely condstent with the traditiond waterfall modd of
software development. A SEEM adopter does not have to changehis/her development approach
completely, butjus add asubte flavor to his’her approach tha contributes to success. Effective
communication is oneaspect of such subtlety. By ensuring precision and unambiguty in the
problem modéd itself, we achieve one aspect of effective communication. More importantly,
however, ensuring that the mapping from the problem to the solutionis self-evident contributes
more significantly to effective communication. It is often difficult to buld the correct modd and
discover theright mapping at thevery first attempt. Consequently, Progressive Learning becomes
important in these activities.

SEEM advocates tha at the end of each phase, QearninggOfrom that phase be captured to
illudrate what theteam feels was donewell in tha phase, and also what problems arose.
Identified problems then need to beaddressed in away tha effectively identifies the source of the
problem, and not jugt its symptom. Consder, for example, the body of the Gellltem()Omethod
shown in Figure 11. Figure 6 indicates that the code should indudea callback to theinvoker of
thismethad (in this case, the Vending Clerk). However, while writing the code, the programmer
discoverstha thereis no reference to the Vending Clerk object Bit is nat pat of the state of the
Shdf olject, nor isthereference passed in as a paameter of the method! SEEM advocates that
this fact be captured as a Qearning® Theteam will then identify the cause of the problem
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indicated by this Qearning® Usually, this meansgoing to an earlier phase. If we look at the
sequence diagram in Figure 6, we redlize tha the sequence diagram violated a @onsgstency
prindpleOtha should be applied to such diagrams Dnamely, that an entity can invokeonly those
other entitiesit Gknows aboulQ It is possible to knowOentities in variousways Dit could bea
singleton [2], part of theinvoking entity® state, created onthe spatQ or passed in as a parameter.
TheVending Clerk of Figure 6 is noneof these.

Concluding Remarks

SEEM has been successfully used to teach Software Engineering classes at variousacademic
ingitutions and also in multiple induwstry projects. SEEM is adeveloping methodobgy, and as we
get more experience with its application to variousdifferent kindsof systems, we expect to refine
themethodology further and present its application to varied technolog es.
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